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Abstract

This thesis investigates the dynamics and potential application of D-brane systems in Type
IT String Theory. In the first section we investigate the dynamics of a single brane in the
N S5-brane ring geometry, and further develop the tachyon-radion correspondance which
maps dynamical brane solutions to open string tachyon condensation on unstable branes.
We show that the resulting Geometrical Tachyon exhibits many of the properties of the

open string tachyon.

In the second section we investigate the dynamics of N coincident Dp-branes in various
brane backgrounds. This involves the use of matrix degrees of freedom and non-commutative
geometries known as fuzzy spheres. We study the collapse of these fuzzy spheres in Dp-brane
and IN.Sb-brane backgrounds, before generalising the results. We also examine the D1 — D3
intersection in a general background, from the macroscopic and microscopic viewpoints.
This section closes with the microscopic description of (p, ¢) strings in the Warped Deformed
Conifold. We calculate the tension spectrum and find agreement with the macroscopic
solution in the limit of large flux. Using the finite ¢ prescription for the Myers action, we

conjecture a form for the string tension when there are a finite number of D-strings.

The final section emphasises the cosmological aspects of such dynamics. We being by
using the Geometrical Tachyon as a toy model of tachyonic inflation. We then construct a
hybrid inflation scenario using the Geometrical Tachyon coupled to the open string tachyon.
Both models compare well to the experimental data. Finally we develop a new model of
DBI inflation using multiple branes at the IR tip of a warped throat. We study the theory in
the large N limit and show how it is similar to the single brane models. We then extend the
analysis to the case of finite IV, which we expect to be more phenomenologically viable. In
the large N limit we find that inflation is possible, but the amplitude of gravitational waves
is large. This is not the case in the finite N limit, which can allow for small perturbations

unusual levels of non-gaussianities making it a testable prediction of string theory.
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CHAPTER 1
INTRODUCTION.

Despite the many advances made in theoretical physics over the last half-century, there still
remains a fundamental problem - namely the reconciliation of Quantum Mechanics (QM)
with General Relativity (GR). These two great paradigms of theoretical physics underpin
virtually all our current understanding of the universe around us, but seem almost totally
incompatible. This is problematic if our goal is to develop a fully unified theory of physics
which describes everything in the universe. Indeed unification has proven to be important
in theoretical particle physics ever since it was first realised that electricity and magnetism
were two descriptions of the same force, namely electro-magnetism (EM). Later it was
demonstrated how to combine the Weak nuclear force with the force of EM into the so-
called Electro-Weak (EW) force, and most theorists are confident that there is also a Grand
Unified Theory (GUT) which unifies the EW and Strong nuclear forces. However the
remaining known force of nature, gravity, stubbornly refuses to be unified with the other
forces - lacking a consistent quantum mechanical description. This problem has potentially

been resolved through the formulation of string theory [10].

The basic idea of string theory is to give up on the notion of point particles, instead the
fundamental objects of the theory become strings. These strings are vanishingly small with
a size somewhere around the Planck length, which is I/, ~ 1.6 x 1073%m. The length of the
string is denoted by I, and an important parameter in the theory is given by o/ = (2. Just
like strings on a guitar, these strings can vibrate at different frequencies with each frequency
corresponding to a different fundamental particle to an observer located at some distance
from the string. The strings come in essentially two varieties, open strings and closed
strings and it was shown that upon quantisation the closed string gave rise to a massless
spin-two particle which we identify as the graviton. Thus a quantum theory of gravity
emerges naturally within the string theory picture. However there is a price to pay for this
description. The original version of the theory, the bosonic string, contained no fermions
and was only perturbatively consistent if the dimension of space-time was d = 25+ 1. Once
fermionic degrees of freedom were included, the string became the superstring to reflect the
fact that it was supersymmetric. However the superstring was only consistently defined
in d = 9 + 1 space-time dimensions, still far removed from the D = 3 + 1 dimensions
we observe in our universe. Moreover it was shown that the theory was not unique, in
fact there were five different superstring theories which were all related to one another via

a set of non-perturbative dualities [13]. This fact led to the discovery of an even higher
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dimensional theory known only as M-theory, which exists in D = 10 + 1. Fortunately this
theory is expected to be unique and has become the focal point for constructing a Theory
of Everything (TOE).

One of the many interesting aspects of these non-perturbative dualities relating the
different superstring theories was the discovery of higher-dimensional objects known as
branes. These objects had in fact been discovered within the context of supergravity some
years before [10, 11], but it was only within the confines of superstring theory that a real
understanding of these objects was possible. We will be interested in the so called type II
superstring theories for the majority of this thesis, which are closed string theories, and we

will sketch out the origins of these branes in flat ten-dimensional space-time.

String theory contains many antisymmetric gauge fields. Now, it is a general rule that
in d space-time dimensions a gauge field can have at most d/2 — 1 antisymmetric indices.
The reason is that the corresponding field strength is written (in the notation of differential
geometry) as

F=dA (1.1)

for an [n] form gauge field, where the operator d maps [n| forms to [n + 1] forms. Now field
strengths with more than d/2 indices are in fact related to field strengths with less indices
through contraction with the epsilon tensor. This is known as Hodge duality and implies
that

Fpy = *F(g—n)- (1.2)

For example let us consider a three-form field strength in d = 4. By contracting the three
form indices with the four-dimensional epsilon tensor we see that it is dual to a one-form
field strength. i.e F(3) = *4F(1). This implies that the two-form gauge field is dual to
a scalar. The benefit of using differential form notation is that the antisymmetric field
strength F' is independent of any metric . What does this all mean? It seems natural to

integrate the antisymmetric gauge fields over some [n] cycle. In the case of a one-form we

" [ae [ [4,(%) ws

which implies that the integral of A, is equivalent to the integral of the gauge field contracted
with the tangent vector of a curve parameterised by z#(7). This effectively means that we
are contracting the gauge field with the world-line of a particle, where the world-line is
parameterised by 7. This is exactly the prescription for describing a charged particle in
standard Quantum Mechanics. If the gauge field has [n] indices, then the extension is
obvious. We contract the gauge field with tangent vectors representing some n-dimensional
surface, and then integrate over the coordinates of that surface, This can be interpreted as

some world-volume rather than a world-line and we say that there must exist some charged

LThis is not true for *F which does depend on the space-time metric.
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n-dimensional surface. The problem now amounts to determining which form fields are

present within superstring theory.

The superstring allows for the possibility of differing boundary conditions for the world-
sheet fermions. If the fields are periodic then they have so called Ramond (R) boundary
conditions, whilst if they are anti-periodic they have so called Neveu-Schwarz (NS) boundary
conditions. Now the modes on any closed string can be decomposed into left and right
moving parts, and since it is supersymmetric we expect there to be a spinor groundstate
for each of these movers which we denote by |s > and |s >g. Each spinor is actually a 32
dimensional Dirac spinor in the ten-dimensional theory, so the ground state is actually in
the 32 ® 32 representation. However these spinors are reducible and it can be shown that
each of the 32 decomposes into two Weyl spinors 16 and 16’ which have opposite chiralities
[10]. If we further demand that unphysical states decouple from the spectrum then we
have the physical state condition that 16 — 8 and 16’ — 8. Basically this means that
the original groundstate can be written in terms of products of eight-dimensional spinors.
There are actually two inequivalent choices that we can make on the groundstate, namely
if the spinors have the same chirality 8 ® 8 then we have the type IIB superstring theory,
whereas if the spinors have different chirality 8 ® 8 then we have type IIA superstring
theory. Because the ground state is a tensor product of spinors, this can be decomposed
into a sum of antisymmetric tensor representations of the group SO(8) It turns out that
both ITA and IIB share the same NS-NS sector? where the decomposition gives the following
massless fields

808=00B,, ®Gu =1528035 (1.4)

with ¢ being the dilaton, B, being the antisymmetric two form field and G, being the
symmetric spin-two graviton. For the R-R sector® we obtain the following massless fields

for type IIA and type IIB respectively;

88 = [l1]a[3
88 = [0]®[2]® 4]+ (1.5)

where we have introduced the notation [n] to denote an antisymmetric tensor with n indices,
and the 4 subscript denotes that the tensor is self-dual in the sense of Hodge duality. The
same decomposition also occurs in the remaining NS-R and R-NS sectors, which give rise

to a total of two gravitinos.

Looking at the RR type ITA solutions (1.5) we see that there exists a one-form and a
three-form gauge potential. These will clearly couple to a zero (space) dimensional object

(or point particle), and a two-dimensional object. By Hodge duality we see that there will

%We will refer to this simply as the NS sector.

3We will write this explicitly as the RR sector.
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also exist a five-form and a seven-form gauge potential, which will couple to a four and
six dimensional object. Conversely in IIB we see that there are couplings to an object
of dimension minus one (an instanton), a one-dimensional object (a string) and a three-
dimensional object. Again under Hodge duality we see that there will also exist a five-
dimensional object. Thus ITA has even dimensional objects, whilst IIB has odd dimensional
ones. In fact these objects were already known to exist as solutions of classical 1IA/B
supergravity [11], so it seemed remarkable that they arose naturally in a string theory
context. The NS sector also contains an antisymmetric two-form, which couples to a one-
dimensional object, which is actually just the fundamental string, and also a five-dimensional

one via Hodge duality.

Understanding the physical nature of these objects was the subject of the second string
revolution. Polchinski showed [12] that these membranes (or branes for short) were actually
solitonic hypersurfaces on which the fundamental open string could end. These objects
existed even in the purely closed type II string theories. The endpoints of an open string
attached to such a p-brane satisfied p+1 Neumann boundary conditions, and 9 — p Dirichlet
conditions in the transverse directions. Thus they became known as D(irichlet) p-branes
(or Dp-brane for short), carried one unit of charge associated with the p + 1 form gauge
potentials coming from the RR sector and are half-BPS objects. The five-dimensional object
in the NS sector was given the name N S5-brane, however it is different to the D-branes
because the open string cannot end on its worldvolume. However a non-perturbative duality
known as S-duality [13]allows us to interchange the D5-brane with the N S5-brane, aswell
as the D1-brane with the fundamental string. In fact another duality, known as T-duality,
relates all of the D-branes to one another by compactifying various world-volume directions

onto a torus.

1.0.1 Introducing the Abelian DBI action

The low energy theory for the open strings on the Dp-brane is given by the Dirac-Born-
Infeld (DBI) action, which is a modification of the Born-Infeld action used in the study of
non-linear electrodynamics [17]. As we have seen, the Dp-brane is a (p+ 1)-dimensional ob-
ject that carries RR-charge and allows fundamental open strings to end on its surface. The
massless modes of these strings form a U(1) gauge theory with a gauge field A, and (9 — p)
real scalar fields ¢’ *. The action for this U(1) gauge theory was derived by Leigh [15] using
CFT techniques, and by the other authors in [15] via the path integral formalism. The CFT
approach relies on calculating the o/ corrections to the 3 function in both the open and
closed string sector, which can be done by assuming a leading order expansion in the back-
ground fields. The vanishing of the § function then exactly matches the equations of motion

coming from the DBI action. The path integral approach requires an explicit calculation

4There are also world-sheet fermions which will be neglected in this thesis.

15



of the partition function for open strings with mixed boundary conditions propagating in a

background of massless string modes, but yields the same result.

The leading order terms in the action give rise to a dimensionally reduced Super Yang-
Mills theory, however there are also higher order o corrections which are inherently stringy
in origin. Provided that the field strength of the gauge field is constant these o corrections

can be resummed and we obtain the following action

Sppr = —T, / P ee=?/—det (P[G + Blap + AFap.) (1.6)

The overall coefficient T}, is the tension of the brane [10], which is given by the following

expression .
T, - M (1.7)

(2m)Pgs
where M, = I7! is the mass associated with the string scale and g5 is the asymptotic value
of the string coupling constant. Note also that A\ = 2o’ is the inverse of the fundamental
string tension. The above action describes the coupling of the brane to the massless, closed
string modes of the NS sector, which is simply the bulk string frame metric G, the
NS two-form B, and the dilaton ¢. The symbol P indicates that we must pull-back the
respective tensor fields to the world-volume of the brane. In the canonical basis we see that

in the static gauge this operation is given by
P[Elw = Eab + AEaiOpd' + AEin0a0’ + N2 Eij0u¢' 0y (1.8)
and therefore we expect to recover the usual canonical kinetic terms upon expansion of

the action. The massless modes of the RR sector can also be included by introducing the
5

Scs = ,up/P (Z C(n)€B> e (1.9)

where C(;,) denotes the n form RR potential. There is a summation over all the allowed

following Chern-Simons term

values of n so that the Dp-brane is charged under the C(; ) form with charge j,. However

supersymmetry imposes the important relation that p, = +7p.

What is noticeable about this action is that there are couplings to RR potentials of lower
dimensions. Since these potentials will also couple to branes of lower dimension, this implies
that a Dp-brane may be thought of as a bound state of a Dp-brane with ), D(p — 2k)
branes, where k € Z [68], or as an intersection of such branes [16]. Schematically we can see

that if there is non-trivial first Chern-class on the brane (i.e non-zero magnetic flux) then

SStrictly speaking this is known as the Wess-Zumino action, however we will use the Chern-Simons
notation as it is more general.
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the Chern-Simons term can be expanded to give couplings of the form

Scs ~ / C(p+1) + /\C(p_l) ANF+... (1.10)

where the dots denote possible couplings to forms of a lower degree (with suitable numerical

factors), and the wedge product is the totally antisymmetric tensor product between form
fields.

The fact that the Dp-brane carries a U(1) gauge field allowed for a world-volume de-
scription of gauge theories. There was a lot of work concerned with brane intersections, in
order to engineer configurations which had the same gauge group as the standard model.
The study of time dependence was neglected, primarily for technical reasons related to the
CFT description. However time-dependent solutions are important if string theory is to de-
scribe dynamical processes such as cosmology [76, 105]. Therefore it is a worthwhile cause
to learn as much as possible about the dynamics of branes within a string context. This

was the genesis for the work in this thesis.

In chapter two we will discuss the relationship between the dynamics of a probe brane
in a certain N S5-background, and the condensation of an open string tachyonic mode
on an unstable D-brane. This is an example of the Tachyon-Radion correspondance. In
chapter three we will introduce the action for multiple coincident branes, and study their
dynamics in a variety of non-trivial backgrounds. We will also use this technology to
construct the macroscopic and microscopic theories of the Blon spike on a brane in an
arbitrary background, and then consider a related physical application in cosmology and
gauge theory by modelling strings in the Warped Deformed Conifold. The final chapter
is devoted to a study of inflationary cosmology using brane dynamics. We present three
different models of inflation and investigate how they can be reconciled with experimental

evidence. This thesis summarises the collected works of [1] - [9].
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CHAPTER 2

THE TACHYON-RADION
CORRESPONDANCE.

2.1 Introduction.

We have already seen that Dp-branes exist in type II string theory due to the fact that
there are non-zero RR fields. However we also note that there is the NS two-form field
By which acts as the source for fundamental strings. Using ten-dimensional Hodge duality
we see that this implies the existence of a field strength H; = xHs (where Hs = dBs),
which is associated with a six-form field B(g). This means that there must be some (5 + 1)
dimensional brane that carries this charge which is called the N S5-brane. The N S5-brane
is a hypersurface in ten dimensions in much the same way as the D5-brane of type 1IB
string theory. However the fact that the NS two-form exists in both type ITA and type IIB
means that the N .S5-brane also exists in both sectors of the theory. One could also have
deduced the existence of the N S5-brane using the properties of S-duality, beginning with
the D5-brane of type IIB string theory and then performing duality transformations on all
the relevant fields. We find that this implies that the tension of the N S5-brane goes like
1/g2, making it far heavier than the D-branes in the perturbative regime [26]. Thus the
N S5-brane (or 'fivebrane’) is indeed a solitonic object at weak coupling. Another difference
between the fivebrane and the D-branes is that the fundamental string cannot end on the
world-volume of the fivebrane due to conservation of charge. In contrast we have defined
the D-brane as the hypersurface where the fundamental string can end, which implies that
the D-brane is a source for closed strings. The fivebrane is clearly not a source for closed
strings, however it is possible for D-branes themselves to end on the fivebrane, making it
a useful object to study. If we place the fivebrane in flat ten-dimensional spacetime then
it preserves exactly half of the supersymmetries, much like the D-branes. Therefore it is
again a half-BPS object. However we state without proof that it preserves a different half
of the supersymmetries to that preserved by the D-brane, and so if we place a fivebrane
and a D-brane so that they are parallel in the spacetime they will completely break the
bulk supersymmetry and a non-zero force should exist between them [21]. This means that
the D-brane will be attracted towards the fivebranes, and we can study the brane dynamics
using the Abelian DBI action.

In the main introduction we briefly explained the existence of the stable D-branes in

type II string theory, however there also exist unstable (or non-BPS) branes. In type IIB
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2.1. INTRODUCTION.

we saw that only branes of odd dimension were charged under the RR fields, however that
is not to say that even dimensional branes do not exist in the theory. In fact they do exist,
but are uncharged objects and hence unstable. This instability can be represented by the
presence of a tachyonic mode on the worldvolume of the brane and therefore described by
a theory of open strings. This was carried out in detail by Sen, where he examined the
condensation of this tachyonic mode using boundary conformal field theory. He conjectured
that the decay of D-branes can be completely described by tachyon condensation, and that
the energy difference between the tachyonic false vacuum and the true open string vacuum
should completely account for the tension of the decaying brane [28]. A simple way to study
this condensation process relies on the use of an effective action for non-BPS branes [31],

the bosonic sector of which can be written as follows

S=-T, / PHLEV(T) \/ —det(n, + 0,10, T + \F,) (2.1)

where V' (T') is the tachyonic potential for the open string mode T - which in this expression
has dimensions of length. This is an effective action describing the massless string modes
arising from the NS-sector of the theory, and can easily be generalised to non-trivial back-
grounds. This action forms the basis of most work on open string tachyon condensation,

and there is now a vast amount of literature dealing with this subject [28].

It was first suggested in [26] that this system is remarkably similar to the dynamics of a
Dp-brane in the fivebrane background, provided that the symmetry of the transverse space
is broken to become SO(4) — SO(3) x U(1) and the probe D-brane is confined to motion
along the S'. One can show that there exists a map between the Abelian DBI in this
background and the non-BPS DBI in a flat background, and is referred to as the Tachyon-
Radion correspondance. At its simplest level this correspondance allows us to identify the
condensation of the open-string tachyon with the dynamics of D-branes, at least at the
classical level. This leads to the possibility that we can formulate an alternative formalism
to describe the open string tachyon vacuum - which is currently only really understood

using String Field Theory.

In this chapter we will consider brane dynamics in a different background to the ones
presented in [21], namely that generated by a ring of NS5-branes !. In fact the two back-
grounds are related to one another via a non-trivial space-time duality transformation. They
are also clearly related in the large distance limit, since the ring distribution will appear
to be pointlike to a sufficiently distant observer. We will first investigate the relativis-
tic dynamics of a brane in such a background, before later developing the tachyon-radion

correspondance.

See [23] for other related work.
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2.2. THE NS5-BRANE RING SOLUTION.

2.2 The NS5-brane ring solution.

We wish to study the dynamics of a Dp-brane in the background gravitational potential
generated by a ring of k, static NS5 branes in type II string theory. In order to do so we
must first introduce the solutions for the background fields which were first obtained by

CHS [19]. The resulting expressions for the metric, dilaton and NS B-field are as follows

ds* = dr,de” + H(z")da™dz™

2
gsg(j) _ e2(d)—¢o) _ H(:En)
Hmnp = _Egrmpaqu (22)

where p = 0..5 label coordinates parallel to the N S5-brane, roman indices m,n run over
the four transverse dimensions, whilst g5 is the asymptotic value of the string coupling.
As usual Hp,py is the 3-form NS field strength for the B field, and H(z") is a harmonic
function describing the location of the NS5 branes and which satisfies the Poisson equation
in the transverse space. The general solution for a total of k fivebranes located at arbitrary

positions with respect to a given origin, can be written as follows

k

1

_ 2
=1

where I, = Vo is the fundamental string length. This expression clearly simplifies when
the branes are all coincident, however we wish to investigate the dynamics of branes in
a slightly more complicated geometry such as that described by a ring of branes. The
harmonic function for the ring solution can be obtained from the extremal limit of the
rotating NS5 brane solutions, however this is generally a very complicated expression and

does not yield itself to simple analytic solutions.

We can consider a limit of this particular solution where we have a continuous and
uniform distribution of branes along a circle of radius R, which we can interpret as a
smearing of charge around a ring [20]. Essentially this means that & must be large and thus
the individual branes are not resolvable. The harmonic function in this ’continuum’ limit

is therefore given by

k2

H=1+ :
VU =3+ af+ 27 + 2 + 28)” — 407 - B)(«§ + 27)

(2.4)

where we have written the ring radius as R = \/m , which is oriented in the xg —
x7 plane in the transverse Euclidean space. The full geometry under question originally
possesses an SO(1,5)x SO(4) symmetry, however since we are considering a ring distribution
it is evident that this breaks the SO(4) symmetry down to SO(2) x SO(2). This suggests

that we should use polar coordinates rather than Cartesian coordinates to make full use of
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2.2. THE NS5-BRANE RING SOLUTION.

the symmetry of the problem, as we can identify two distinct planes. Let us introduce the

following parameterisations for these planes
xg = pcos(f), wx7=psin(f) (2.5)
xg = ocos(p), wxy=osin(g),

and so the harmonic function in this instance reduces to the following expression

ki2
V(R2 + p? + 02)2 —4AR?2p?

H(p,o) =1+ (2.6)

We now wish to probe this background using a Dp-brane, described by the DBI action.
This is possible provided that the probe brane does not back-react upon the ring geometry.
A way to ensure that this doesn’t happen is to take the limit & >> 1. Since 1/k is a
measure of the o/ corrections to the background, this limit ensures that the supergravity
approximation is reliable. Fortunately the N .S5-brane solution exists for both type ITA and
IIB, so we are not forced to specify the dimensionality of the probe brane 2 We will orient
the probe parallel to the five-branes, and use the residual reparameterization invariance to
go to static gauge. As a result the transverse directions to the NS5 branes induce scalar

fields on the Dp-brane world volume, whose behaviour is described by the DBI action

S=-T, / dp+1<e—¢\/ —det(Gy + By + 2mI2F,,). (2.7)

where T}, is the Dp-brane tension, F),, is the field strength for the U(1) gauge field, whilst
G, and By, are the pullbacks of the metric and the B field to the brane:

Gu = 0,X%9,XPGap (2.8)

Here A,B =0,1,2,...,9 run over the full ten dimensional bulk spacetime and G sp, Bap
are the bulk closed string fields.

2.2.1 Dynamics of the probe brane.

For simplicity we will be interested in homogeneous solutions to the equations of motion,
where the transverse scalars dependent only on time. This will also ensure that coupling to
the B field vanishes and so we will ignore it from now on. We will also consider a non zero
(but constant) electric field on the brane world volume, i.e Fy,, = E,,. Note that nonzero

electric fields on the brane world-volume can be interpreted as dissolved (fundamental)

?However in the S-dual picture we have a ring of D5-branes and are thus in type IIB string theory, forcing
us to restrict our analysis only to odd dimensional branes.
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2.2. THE NS5-BRANE RING SOLUTION.

F1-strings. So we can write the induced metric on the brane as follows
G = N + H(@")6000(5° + p%6% + 67 + 0¢%) (2.9)

and upon substitution of this into the action (2.7) we obtain

S = _Tp/dp+1<\/H—1 — % — 62— p202 — 522 — H-1F? (2.10)

where we have defined F? = E™E,, as the constant electric field strength in dimensionless
units by absorbing the factors of A = 27i2. Also we have assumed that F? is small in order
to obtain the relatively simple form of the action (2.10). The fact that we are using polar
coordinates implies that we can consider the probe brane motion in a two-dimensional plane,
which significantly simplifies the analysis and also allows us to include angular momentum

about the origin. From (2.10) we can deduce the following expressions for the canonical

momenta:
m, - mo . ‘
\/H—l(l — F2) — (p% + 62 4 p?62 + 02¢?)
o, = —f - -
\/H—l(l — F2) — (p2 4 62 + p262 + 02¢2)
.
Le = mp 0 . .
\/H—l(l — F2) — (p? + 02 + p?0% + 02¢?)
5
Ly = mo ¢ (2.11)

\/H—l(l — F2) — (p2 + 62 + p202 + 024?)

where m = T,, [ dP( represents the effective ‘mass’ of the probe brane. In what follows it
will be useful to rescale these momenta to remove this mass dependence, and so we are left

with the following physical expressions

I, =1,/m, 1,=1l,/m, (2.12)

Eg = Lg/m, E(z, = L¢/m

It now becomes a fairly straightforward procedure to calculate the canonical energy density

of the brane using the Legendre transform

E

= _ — (2.13)
H\/H_l(l—Fz) _(p2_|_o'-2_|_p292_|_0-2¢2)

E 1
m

implying that in these conventions the energy is dimensionless. The above expression yields

the following equation for the motion of p and o, using the fact that the energy must be
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2.2. THE NS5-BRANE RING SOLUTION.

conserved:

= 2
o .o (1—F?) 1 2 L
= - _[1+22 42 2.14
(p? +62) Hpo) BB + o +— (2.14)

Since the RHS of this equation must be non-negative, it imposes constraints on the maximal
strength of the electric field. In order to see this we first set the angular momentum terms
to zero, implying that the following constraint must be satisfied due to the non-negativity
of the LHS:

H(1-F%>1/E% (2.15)

In order to determine the full constraint it is necessary to specify the trajectory of the
probe brane. Since our coordinate choice has broken the original SO(4) symmetry down
to SO(2) x SO(2), it is simpler to treat the dynamics as being confined to one or both of
these planes. We will consider the simplest scenario where the motion occurs in only one
plane i.e in the plane parallel to the ring (and inside the ring, where o = 0), or in the
plane transverse to the ring (i.e p = 0)3. In the first instance setting o to zero reduces the

harmonic function (2.6) to the following

kl2

Hp) =14+ —"—.

(2.16)
Which can easily be seen to be singular at p = R when the probe brane hits the ring. Upon
insertion of the harmonic function into the constraint equation we find:

k2
|R? = p?|

1
(1-F%)—F°> 7 1. (2.17)
which tells us that F? must be less than unity, in agreement with what we expect from the
definition of the DBI action, and also that the energy density should be large. We can also
consider the case of motion transverse to the disk plane by fixing p = 0 and considering

motion in the ¢ plane. This gives us a new harmonic function, namely

il

H(o) =1+ —1%
(o) +]R2+J2]

(2.18)
which can be seen to be nowhere singular as expected because the probe brane never will
never hit the ring. The constraint condition, however, is essentially the same as that for
the case of motion in the plane. Following on from the work of Kutasov [21] we will define

the general effective potential for the system to be the equal to the negative of the kinetic

(1-F2) 1 Lz L3
Ver = — + = 1+—=+—=]. 2.19
' H(p,0)  H(p,0)%E? p* o? (2.19)

term

3The most general solution would obviously correspond to motion in both planes simultaneously.
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2.2. THE NS5-BRANE RING SOLUTION.

In general this potential will give rise to interesting dynamical solutions, however we expect
to capture most of the important behaviour by restricting our analysis to planar motion.

The two most important cases are discussed below.

2.2.2  Probe motion in the ring plane.

As discussed previously the ring plane is identified with the coordinates p and 6, and the
harmonic function is given by (2.16). It is known that multiple coincident N S5-branes
produce an infinitely warped throat which is asymptotically connected to Minkowski space.
The region of interest for this geometry is essentially that of the throat and so we will define
the ’throat geometry’ as the solution where we neglect the factor of unity in the harmonic
function - which decouples the Minkowski part of the solution. In the case of the ring the
warped geometry is far more intricate, however for convenience we will refer to the throat
as the region near to the five-branes. In this instance we must ensure that kl2 >> R? for

our analysis to hold near the origin.

Because of the circular distribution of the N S5-branes there are two disconnected regions
in the plane corresponding to the spacetime inside or outside of the ring. Of course, the full
equations of motion are complicated and need to be solved numerically (see later), but we
can make some progress by considering various approximating limits. Let us first consider
the case of p << R, which puts the probe brane very close to the centre of the ring, and
so we can essentially neglect factors of p in the expression for the harmonic function. The
equation of motion now reads

s (1—-F%HR? R

2 = B 2.2
P l2 E2k2] (2.20)

Recall that the electric field is a constant, and also the energy density F is a conserved
charge. This allows us to find the following solution (where we have dropped any constants

of integration in order to illustrate the dynamical behaviour)

Rt R2
— _ 2\ _ S
P =k, %1 %) E2ki2’ (2.21)

i.e is linear in the bulk time ¢. Thus at t=0 we expect the probe to be at the centre of the
ring, which is the furthest distance from the NS5 branes in the region under consideration,
and as time evolves it moves outwards due to the gravitational force from the fivebranes.
Obviously (2.21) will only be valid in the small p regime and so this solution can only be
trusted for early times. Furthermore, we can see that the solution becomes time independent

if the following constraint is satisfied

R2
B2k

(1—F?) (2.22)
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2.2. THE NS5-BRANE RING SOLUTION.

and the probe will always remain at the origin. This condition acts as a constraint on
the possible energy of the probe brane. For the moment let us set the gauge field to
zero, therefore for the brane to remain fixed at the origin requires £E? = R?/(kl?), and
so E must be small in order to be consistent with our assumptions about the harmonic
function. Effectively this means that the self energy of the brane is exactly cancelling out
the attraction due to gravity. Including the non zero gauge field relaxes the constraint upon
the total energy of the brane, such that for a near critical field this condition can be satisfied
for larger values of the energy density. We shall not consider such a solution in this thesis,

as we are interested in purely dynamical situations.

We can also consider the regime where the probe is located far from the ring, i.e p >> R,

but with k2 still larger than p. The equations of motion are now modified slightly to become

o (1=F?)p !

= — — 2.2
P ki2 E2k214 (2.23)
which gives us the solution
1 tv1 — F?
- == cosh| ———— (2.24)
P Elg\/k(1— F2) Vil

This is the same expression that Kutasov found for a probe moving in the background of
a stack of coincident NS5-branes [21], and reinforces our claim that the ring distribution
appears pointlike at large distances. The above solution informs us that at ¢ = 0 the probe is
at its maximum distance from the sources, and as time evolves it is gravitationally attracted
towards the ring. Of course we must be aware that this solution is no longer valid in the
regime where the probe is near the ring, since the pointlike approximation will clearly no

longer be valid.

So far we have made decent progress by simply considering the asymptotic limits of
the solution, but in order to understand the ring background we must try and find explicit
solutions for the equation of motion in the region close to the ring. In order to do this we

have resorted to a numerical approach *.

Consider first the case with Ly = Ly = 0. Figs 2.1 and 2.2 show numerical solutions for
the distance function p(t). In Fig 2.1 we have taken the dimensionless energy density to be
E = 0.6 and the electric flux F = 0 or F' = 0.8. We have assumed a positive initial velocity
for the probe brane and a starting value of p outside the ring. (In this and all subsequent
plots we have taken kI2/R? = 1 for simplicity). It is clear that in this case trajectories of the
probe brane are bound to the ring and cannot escape to infinity. The effect of turning on
the electric flux on the probe is to increase its ’effective mass’ which results in the maximum

distance away from the ring being reduced. Fig 2.2 is the same situation but with E = 1.5.

“In fact we can find interpolating analytic solutions, which will be discussed in a later section.
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2.2. THE NS5-BRANE RING SOLUTION.
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Figure 2.1: Plot of the radial coordinate p vs ¢, for E=06,Ly = Ly = 0 and taking electric
flux F =0, 0.8.

In this case both solutions describe a probe that can escape the ring and move to infinity,
the case with no electric flux having a greater escape velocity. This is to be expected since
we know that the presence of an electric field acts to reduce the velocity of the probe brane.
Similar plots for starting positions inside the ring (or trajectories where the initial velocity
is towards the ring starting from p > R) show trajectories that eventually hit the ring at
p = R although strictly speaking, one cannot follow these trajectories right to the ring
location as in this region there are large stringy effects which need to be included in the

analysis.

These solutions can be understood in terms of the effective potential V. s¢(p/R) plotted
for various values of E and F. Fig 2.3 shows four such plots, taking e.g. E = 0.6 or 1.5 and
F =0 or 0.8. These plots cover the region from p = 0 at the centre of the ring, to values

outside.

2.2.3 Probe motion transverse to the ring plane.

As in the previous section we initially consider the situation when o << R. The equation

of motion in this plane is similar to the one for motion in the ring plane, and we obtain the

Rt R?
— _F2y -
o= i \/(1 F?) 3 (2.25)

solution
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Figure 2.2: Plot of the radial coordinate & vs t, for E =15Ly = Ly = 0 and taking
electric flux F' =0, 0.8.
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Figure 2.3: Plot of the effective potential Vi sy vs &, for E = (0,15),Ly = Ly = 0 and
taking electric flux F' = 0.6, 0.8.
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Figure 2.4: Plot of the distance & of the probe from the ring plane vs ¢, for E = 0.98, Ly =
Ly = 0 and taking electric flux F' = 0. This describes motion of the probe through the
centre of the ring at p =0

The same comments apply to this solution, except that in this instance the probe brane
is no longer moving towards the NS5 branes as time evolves, since it is moving in the
transverse plane to the ring. Again we must be aware that this linear solution is only valid
for small o. If we now consider the case where o >> R, then we can again imagine that at
large enough distances the ring distribution will appear pointlike and we expect to recover
a similar solution to that obtained in the previous section. This is indeed the case, and the

solution is

L t”l_F2> (2.26)

1
— = —= cosh| ———
o Bl,/k(1-F?) ( Vil
Where the same comments must apply when considering the critical value of the electric
field.

Once again we can understand the solutions inbetween small or large values of o/R by
using numerical methods. Given that a probe is attracted to the NS5 ring if it is positioned
above it, we might guess that a brane with small enough energy, falling towards the centre
of the ring from above the plane of the ring, would pass through its centre and then extend
below it to some maximum distance and then be attracted back through the centre of the
ring and so on. That is we might expect a special solution describing the oscillatory motion
of the probe through the ring centre. Such a solution should match on to the linear solution
described above when the probe is at a small distance either above or below the ring plane,

i.e when 0/R << 1. Fig 2.4 shows a plot of the numerical solution in this instance.
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Figure 2.5: Plot of Vr #(p=0,0) relevant to the study of probe motion through the centre
of the ring. F = 0.98, Ly = Ly = 0, whilst the electric flux is taken to be F' = 0,0.6.

The linear behaviour of o(¢) as a function of ¢, for small values of o /R is clearly evident
from Fig 2.4, and so matches our analytic solution. In this plot the probe starts from
% = 1.3 at t = 0 and reaches a maximum distance below the ring of about 4.5R. After this
time the probe is attracted back up through the ring and the process repeats. The motion
thus describes oscillation between the two zeros of the effective potential V,¢r(o) which
is plotted in Fig 2.5. What is also noteworthy about this particular solution is that it is
stable to stringy corrections since we can control the minimum distance the probe comes to
the ring by making the ring radius sufficiently large. In reality however, we know that the
D-brane carries charge which we would expect to be radiated away during this oscillatory

phase as closed string modes [21, 30].

In the plot of Fig 2.5 we have also shown the effect turning on some electric flux has
on Vgrp. It is clear that it results in making this potential more positive everywhere and
hence reduces the range and period of the oscillation through the center of the ring. What
is particularly interesting is that there exists a critical value of the flux F' (in fact this
is around 0.6) beyond which oscillation is not possible and the probe is stuck at the ring
center. The existence of this critical value of the flux F' (for a given fixed energy density

E) can easily be understood.

The energy density of a probe brane carrying flux F', which is at rest above the ring
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2.2. THE NS5-BRANE RING SOLUTION.

plane at distance o (with p = 0) must satisfy the following equation
L (1 F)H(R,0) =0 2.27
= — (1= F)H(R.0) = (2.27)

where the harmonic function H(R,o) is given in (2.18). Now we see that for given E,
turning on the flux, F, on a probe brane which was initially at some point o above the
ring plane means that in order to satisfy this equation the probe has to move closer to the
plane, thus increasing the value of H(R, o). But as we keep increasing F' this cannot carry
on indefinitely as there is a maximum value that H(R, o) can take (for fixed value of the
background charge), which is its value at the centre of the ring. Thus there is a critical
value of flux for a given E. Of course one has to bear in mind that we cannot make the

factor of 1 — F? too small as we are assuming that our derivations are only perturbative in
F.

So far we have only considered radial trajectories with vanishing angular momentum,

at this point we must also consider the probe dynamics when the momenta are non zero.

2.2.4 Motion in the ring plane with Ly # 0

If we retain the angular momentum term in (2.14) we must try to solve the expression

5 (1—F?) 1 L?
P2 = 7o) B (1 + p—;’) (2.28)

As in the previous sections we begin by considering the limit p << R, which puts the probe
brane inside the ring. We find that the solution in this instance is given by the following

expression;

2 _ t2(E*kI2(1 — F2)22 — 2R2~E2k:l§t2(1 — F?) + R*? + E?K2ILL
E2k214(E2kI2(1 — F2) — R?)

p (2.29)

This somewhat complicated expression reduces to (2.21) in the limit Ly = 0. At the opposite
end of the spectrum in the p >> R regime, we find that the solution is given by

1 1 EZ
P = —cosh [ ———4 /(1 - F2) — L
P EVELG/(1 - F?) - L3/ki2E? VL, KI2E

(2.30)

which again reproduces the earlier result in the limit of no angular momentum, and shows
us that the momentum term has the effect of slowing the decrease of p in the t — oo limit.
Furthermore this equation provides us with bounds on the angular momentum, since it
must satisfy the constraint

L} < (1 — F?)kI2E2. (2.31)
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If Ly saturates this bound then the only solution is 1 /p = 0. Thus we see that increasing
the flux automatically leads to a reduction in the angular momentum. This is in agreement

with our intuitive picture of the flux providing extra mass on the brane.

In order to study trajectories of the full theory without resorting to the special limits
in p discussed above we again look to numerical solutions. We expect that solutions to
the full theory will describe the probe brane in an unstable orbit about the ring. This is
confirmed in Fig 2.6 which is a parametric plot in the (p, #) plane of a solution which starts
at (£ = 1.1, = 0) at t = 0. In this plot we took E =1.02,Ly = 0.98R and F = 0.2
and we see the trajectory spiralling outwards from the ring. Starting with different initial
conditions would produce e.g. trajectories that spiral towards the ring (either starting from

inside or outside) and eventually ending on there.

x_1

—2

—5 -

S/ § W 2 i 8

Figure 2.6: Plot of brane trajectory in the xz¢ — x7 (i.e p,6 ) plane, for E =1.02, % =0.98
and taking electric flux F' = 0.2

2.2.5 Motion transverse to the ring plane with f«b # 0.
Since we expect the analytic solutions to be similar to those discussed in the ring plane, we
present the numerical solutions associated with this case.

Fig 2.7 shows the plot of V.y; vs £ with all other values as above. The same function

is also shown for E = 0.75, in which case the spiral trajectories cannot escape to infinity.

Figure 2.8 shows a 3-d plot of the effective potential for non-zero values for Ly and Lg

and E = 3.29 respectively. For this value of the energy we expect trajectories corresponding
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Figure 2.7: Plot of Visrvs% with E = (0.75,1.02), L—R9 = 0.98 and taking electric flux
F =02

Veff

-0.002 o
-0.004
-0.008 -
-0.008
—0.01
0.012 A
0.014 1
0.018 -
-0.018 -~

0.4 14
Figure 2.8: A 3-d plot of Vs vs }% and % with E = 3.29, L—}g =1.2, L—}g’ = 1.4 and taking
electric flux F =0

32



2.3. TACHYON MAP.

to the probe brane moving away from the ring to escape to infinity, which corresponds to
Vers becoming negative at large distances in o, p as can be seen in the plot. On the other
hand probe branes moving towards the ring feel a generic repulsion due to the presence of
a centrifugal barrier coming from the angular momentum terms in V.;. This would lead
to scattering of the probe brane off the ring which happens also in the case of point like
source of NSH-branes, in the presence of angular momentum. The plot also shows a ‘gap’ in
the centrifugal barrier located at the ring location ¢ = 0, p = 1 so that its possible for some
trajectories to still end on the ring itself (ignoring possible stringy corrections). A numerical
study is needed to distinguish these various possibilities. Unfortunately this requires solving
the full set of non-linear equations of motion for p, o, 8 and ¢ which requires methods that
go beyond those we used earlier. Nevertheless it would be interesting to explore the nature

of trajectories in this case.

2.3 Tachyon map.

The dynamics of a probe brane in the ring background were discussed in the previous section
using a combination of analytic and numerical methods. In this section we introduce the
concept of the 'tachyon map’, which we hope will shed new light on these solutions, and also
give us more understanding of the behaviour of the open string tachyon in string theory.
The reasoning for this was suggested by Kutasov [26] and extended by Sen [27], namely that
the rolling tachyon [28] and the late time dynamics of D-branes in non-trivial backgrounds

lead to vanishing of the spatial components of the energy-momentum tensor.

Upon substitution of the background metric into our DBI action (2.10) for time depen-
dent scalar fields, and setting the U(1) gauge field to zero (we will discuss non-vanishing

electric fields later) we obtained the following action

S =1, [ @ T Hp o) (7 + 57 (2.32)

where we have also set the angular terms to zero to consider purely radial motion. It is
important to remember that the action is only well defined if the higher order derivatives are
vanishingly small, i.e we are demanding that 0;0;p ~ 0. The crucial point is that this form
of the action is reminiscent of that describing the open string tachyon, which is governed

by a Born Infeld action of the form

S =— / dPICV(T)/1 + 9, TOFT, (2.33)

where V(T') is the tachyon potential (there are also other actions describing the behaviour

of the open string tachyon ® which are more appropriate in other regions of field space). We

®See [28] and references therein.
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are also absorbing factors of A into the definition of the tachyon field to give it dimensions
of length. Using the techniques of boundary conformal field theory Sen argued that the
tachyon potential is an even, runaway function of 7T, with the maximum value occurring at
T = 0, and tending to zero as T — +oo. One particular representation of this potential is

given by
1

V(T) ~ cosh(T/Ty)’

(2.34)

where Tj is a theory dependent constant.

In fact it is possible for us to define a map from one action to the other, whereby we

rescale our 'radion’ fields (p, o) to become ’tachyonic’ fields with a potential given by

Tp

VH(p,0)

This mapping can be thought of as a worldsheet duality map. On one hand we begin with

V(T) = (2.35)

a theory where there is a Dp-brane moving in the background of a ring of fivebranes, whose
solutions we have already analysed. Performing the tachyon map is equivalent to considering
a non-BPS brane moving in 10D Minkowski space, but now with a non-trivial, tachyonic
open string mode on its world-volume. This new mode is a Geometrical (or Geometric)
Tachyon, as it clearly has a geometrical origin. The string mode will be tachyonic in the sense
that it’s dynamics are governed by an unstable potential which forces the field to roll toward
the true vacuum - exactly as in the case for the open string tachyon. In fact we will treat this
Geometrical Tachyon as being as fundamental as the open string tachyon in the rest of this
chapter. One may ask about the justification for such a proposal. However it is clear that
once we start thinking in terms of the Geometrical Tachyon as a field in its own right, we can
use much of the technology associated with tachyon condensation to probe the dynamics of
the theory. This will also allow us to ’lift” our theory back to the bulk supergravity picture
and shed new light on the fivebrane background. In addition it was shown by Kutasov how
to construct a theory which mimicked Sen’s tachyon potential using coincident fivebranes -
where the transverse symmetry was broken from SO(4) — SO(3) x U(1). The suggestion
was that this provided a geometrical origin for the open string tachyon [26]. Another reason
is that massive open string states have also been found using string field theory, which have
a potential of the form V(¢) ~ exp(%Qqﬁz) and so it may well be that there are a whole
class of other tachyonic theories, with different potentials, that remain to be discovered. In
any event, we expect that our analysis will shed new light on the conjecture by Kutasov,

and also be an alternative way of discussing brane dynamics in non-trivial backgrounds.

Referring back to our ring solution it is clear that we can consider 3 different types of
motion for the probe brane, namely motion in the ring plane with p < R, motion in the ring
plane with p > R and motion completely perpendicular to the ring plane. We will study
each of these cases separately for simplicity. In the following chapter we will often switch

between the tachyon picture (in Minkowski space) and the bulk supergravity picture (ring
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2.3. TACHYON MAP.

background) in order to better understand the physics of a given solution. We hope that

this will not confuse the reader.

2.3.1 Inside the ring.

Setting ¢ = 0 and assuming that p < R we find that the harmonic function reduces to

(2.16), where we are assuming the throat approximation

kl2

H(p) = 37 (2.36)

Although the use of polar coordinates was employed in the first section it will actually be
more convenient to revert back to the full Cartesian form, where p? = Z-a:?, 1=06,7. It is
more usual to consider the tachyon mapping as being one dimensional, as this is essentially
the case for the open string tachyon. In what follows we will consider the brane to start at
z; = —R, and follow its motion through the origin until it reaches x; = +R i.e the entire
interior diameter of the ring. The tachyon map in this instance is given by the following

expression
T(a;) = / JH @) dzs, (2.37)

which can be trivially integrated to give

T(z;) = \/ki2 arcsin(z;/R), (2.38)

and therefore the harmonic function written in terms of the Geometrical Tachyon field

becomes
klg

)= R (17/4)

We know that p = 0 is an unstable point, since a probe brane initially located at the origin

H(T (2.39)

will move toward the ring if perturbed due to its gravitational attraction, and from the
tachyon map we find that T'(x;) = 0 at this point. The maximum values of the field are
therefore Thax = iﬂ\/@ /2, which occur when the probe brane strikes the ring, of course
we are neglecting stringy corrections which renders this limit invalid. The corresponding

potential for this Geometrical Tachyon field is given by
V(T) = T8 cos(T/+/ki2), (2.40)
where we are defining the unstable brane tension through the following expression

T];mstablc — TPR (2‘41)

VEZ
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2.3. TACHYON MAP.

It is interesting to note that the tension of the unstable brane at this point is proportional
to the radius of the ring. The tachyon potential clearly has its maximum at T = 0, and
tends to the value j:ﬂ\/k_lg /2 as p — £R, corresponding to the point where the probe is
attached to the ring. This agrees with the general descriptions of the potential proposed
in [28]if we consider kl? >> 1 (strictly speaking this should be the kI? — oo limit). The
potential contains the mass of this tachyonic field, which can be seen by expanding about

T = 0, corresponding to the perturbative vacuum. The resulting action is given by

2

unstable T r
Sm—/deCTp tabl <1—m+...> V1-T2 (2.42)

which implies that

2

Note that this is extremely small when compared to the usual (mass)? term for the open
string tachyon, MZ = —1/2 (in units where o/ = 1) due to the additional suppression by
the factor kI2, which in the supergravity picture is simply the charge of the background

branes.

We can also calculate the components of the energy momentum tensor associated with
this tachyonic field which will become relevant later. The expression is exactly the same as

that for the open string tachyon, derived from the effective action

V(T)

V1-12
Tyj = —6;V(T)V1 -T2 (2.43)

Too =

where the pressure goes to zero at late times as expected for tachyonic matter. This can
easily be seen since V(T') tends to zero as the tachyon rolls towards either of its maximal

values.

2.3.2  Outside the ring.

In this case we have p > R and so the harmonic function simplifies to the following

ol

H(p) = oy (2.44)

Using the same method of analysing the tachyon map as in the previous section, with x; > R

and z; < —R being the allowed range of the probe, we obtain

| 2
T(z:) = In <||‘Z|| + % - 1) . (2.45)
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2.3. TACHYON MAP.

This tachyon is clearly zero at the ring x; = +R, and tends to co as |z;| >> |R| in
accordance with our boundary conditions. For simplicity we split the solution into two
different branches, namely domains where |z;| >> |R|, and |z;| =~ |R)|.

\23:,])
T(x;)) — In x;| >> |R
(#:) () et n

|2;]

|B|

T(z;) — ln< > \zi] ~ |R] (2.46)

and consequently the tachyon potential can be approximated by

V(| >> |R) = —2 /T 1

2,/ kl?

S

S

This potential vanishes at T' = 0 where the probe brane hits the ring, and as expected it
gives us a pressure-less fluid at late times. The form of the potential indicates that the
probe brane will be gravitationally attracted to the ring, which is what we would expect
from the analysis of the previous section. However if it is expanded for small T" we find that
the field is actually massive, but we will continue to refer to it as a Geometrical Tachyon

field so as to avoid any possible confusion.

2.3.3 Transverse to the ring.

If we now consider the case of motion transverse to the ring, i.e with p = 0 and ¢ =
\/ x% + xS, the harmonic function becomes (2.18) where we have dropped the absolute value

notation as this is a strictly positive definite function

kl2

H(a):m.

(2.48)

Since, in the bulk picture, we are considering brane motion passing directly through the
origin of the ring, we again resort to Cartesian coordinates to parameterise the space.

Performing the tachyon map yields the following solutions as a function of x;,j = 8,9.

T(z;) = +/kl2arcsinh(z;/R),

V(T) = i;lz csgn [ cosh(T/\/k:_lg)] cosh(T/~/ki2), (2.49)

where the csgn function is defined as follows

(2.50)

csenly] = { 1 Re(y)>1

—1 Re(y)<1’
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2.4. GEOMETRICAL TACHYON KINKS.

Thus we find that at 7" = 0 the tachyon potential is at a minimum, whilst for 7' — +oo
we have V(T) — +oo. Immediately this suggests that the scalar mode must be massive,
i.e its mass? is positive definite, mimicking the solution [82]. Furthermore the fact that
the potential has a clearly identifiable minimum allows for the prospect of field oscillation
around this point - which is obviously not realised in the case of the open string tachyon.
In our idealised scenario this oscillation can happen indefinitely since we are neglecting
stringy effects, however as we have already pointed out - a realistic analysis must account
for the emission of closed strings as the brane passes back and forth through the origin
which will modify our tachyon solution by a decay factor. Eventually the field will come
to reside at the minimum of the potential (the origin in the ring picture), which we know
to be the unstable point of the theory and thus susceptible to quantum fluctuations which
will destabilise the field.

In this section we have seen that the tachyon map can be defined in each of the three
solution branches, but that only in the case where we have motion inside the ring do we
actually recover a 'real’(i.e. negative mass?) field. We will examine this field in more detail

in the next section.

2.4 Geometrical Tachyon kinks.

Using our tachyon map we are able to map the open string radion’ to a Geometrical Tachyon
field. We want to argue that this is due to the fact that we are considering brane motion
in a compact, bounded space where the ring of INS5-branes acts as the boundary to the
solution located at the radial distance R from the origin. For future convenience we will
represent this field by 7" rather than 7', which we will reserve exclusively to denote the open
string tachyon. We will also write the unstable tension as being 7} in order to simplify the
expressions. Let us recapitulate by considering the following action for our new tachyon

field, given by

S=_ / LV (T —det (i + 0, T0,T + ), (2.51)

where

VE2

Note that this action is slightly different to that of the usual open string tachyon because

V(T):T;cos< T ) (2.52)

this is obtained from a duality map from a Dp-brane to a Dp-brane. In reality we know
that the tachyonic mode on a non-BPS brane occurs because we are embedding the brane
into the wrong theory - for example if we embedded a D2-brane into type IIB string theory.
The fact that the N S-fivebranes exist in both IIA and IIB, and are related to one another
only through a T-duality in the transverse directions, implies that our Geometrical action
can have the same dimensionality as the original probe brane action. Also note that we

have added the gauge field in by hand in order to make the action look the same as that
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2.4. GEOMETRICAL TACHYON KINKS.

for a non-BPS brane.

In general the scalar field will be a function of all the world-volume coordinates, however
for simplicity we will consider the case directly related to the rolling radion mode, namely
a time dependent field, and will also set the gauge field to zero. The energy momentum
tensor associated with such a tachyon field is given by (2.43) with T replaced by T. We
could solve the full equations of motion to determine the dynamical behaviour of the tachyon

field, however it is far simpler to use the conservation of the energy momentum tensor
0Ty =0, (2.53)

which shows us that the Ty, component must be conserved in time. Strictly speaking this
should be the covariant derivative acting on the energy-momentum tensor, but as we are
in Minkowksi space with no gauge field this reduces to an ordinary partial derivative. This
allows us to write the first equation above as

T
V@ = ~ = constant. (2.54)

1172

Upon substitution of the potential we can integrate this equation to determine the full time

dependence of the tachyon [29]. As an intermediate step we write

V(T)?
,-Y2

(8, T)? + = 1. (2.55)

This expression tells us immediately that there are no kink solutions® possible when the

<T—pu>2 > 1 (2.56)

v

following condition is satisfied

using the classification in [29]. Additionally we see that if the above condition becomes an
equality, then the only solution we expect to obtain will be the trivial T (t) = 0 - which is
the constraint that the probe brane is fixed at the origin when we revert to the bulk picture.

Performing the integral gives us, up to any arbitrary constants which we neglect,

sin(T/VEE) [
\/1 — u? cos?(T//kI2)

where we have written v = T}/, and Sn is the Jacobi Elliptic function. Fortunately

\/];?u] (2.57)

this equation is invertible and we obtain the following solution for the evolution of the

5Timelike kinks usually correspond to S-branes [85], with a Euclidean DBI action. They are intimately
related to the open string tachyon, however we will not investigate the analogue of the Geometrical S-brane
in this thesis.
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Geometrical Tachyon.

k2’

) 2 t
1—u?Sn [m,u}

Sn [L u] V1—u?
T(t) = \/kI2 arcsin

(2.58)

Now using the conservation equation we see that at ¢ = 0, T = 0, which gives us a constraint

on the allowed values of the parameter u. In fact we find the velocity condition
OT)? = (1 —u?), (2.59)

implying w lies in the range 0 < u < 1 in agreement with (2.56). We also remind the reader
that u = 1 corresponds to T' = 0, and that if u = 0 then the tachyon is moving at the speed

of light. Thus although our tachyon has negative mass-squared, it is still causal.

The solution (2.58) is effectively the solution to the full equation of motion for the Dp-
brane discussed in the first section. In that analysis we resorted to numerical simulation to
determine the probe brane dynamics, however using the tachyon map has yielded an explicit
solution for the whole region of parameter space consistent with our approximations (and
neglecting stringy effects). We plot solutions for various values of w in Figure 2.9. It is
interesting to see that in the u — 0 limit, the motion of the probe brane is ultra relativistic.
Whilst for u — 1 the probe accelerates toward the ring with much smaller velocities. This
solution is intuitively understood since, if there is tachyon rolling, the decreasing potential
must be compensated by an increase in the derivative in order for v to remain constant
(unless, of course, the tachyon field is moving at the speed of light). Not plotted in this
figure is the T'(t) = 0 solution, which corresponds to the probe brane being trapped at the

origin.

Recall that our solution in this region was valid between z; = —R and z; = R, indicating
that at some point the field must pass through the origin. Typically we expect this to give
rise to some kind of topological defect, which is precisely what occurs in the case of the open
string tachyon. In that instance the tachyon field yields a kink solution on the world-volume,
which can be interpreted in the effective theory as a co-dimension one object - namely a
D(p — 1)-brane. However the original action corresponded to a non-BPS brane, so once the
open string tachyon condenses the brane can become stable and will therefore become BPS.
Therefore it is interesting to find the equivalent relation in our picture, knowing that our
tachyon field has a potentially much smaller mass. We may expect to find a kink solution if

we consider the tachyon to be dependent upon a solitary spatial direction, namely 7' = T (z).
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Figure 2.9: Solution curves for the evolution of the time dependent tachyon T with varying
values of u. The maximum value of the tachyon field is /2, which corresponds to the
probe brane being stuck to the ring, thus the continuation of the curves beyond the time
this happens is unphysical. For simplicity we have set \/k:_lg = 1.

In this case conservation of the energy momentum tensor implies

V(T)

——————— =~ = constant. (2.60)
14 (0.T)?

An initial inspection of this equation reveals that there is no kink solution if © < 1, and that
if this constraint becomes an equality then again, the only solution will be T(a:) = 0. From
the conservation equation we expect that v will be zero. This is because a kink solution
requires T(:E) = :|:7T\/k:_l§ /2 for x # 0, and consequently the potential must be zero. This
implies that v is zero since the derivative of T will be finite. At 2 = 0 we find that the
derivative term blows up in the denominator of the energy momentum tensor, and so once
again we find that v — 0. It will transpire that « corresponds to the width of the kink, and
since we expect it to be zero this implies that a BPS D(p — 1) brane has zero thickness.

This discussion has actually been general, and is also valid for the open string tachyon.

If we now proceed with our integration, we find that the solution is given by

\/u2—1S U u —1
U " ,/k;lg’ u ’

where once again we have defined u = T} /v and Sn is the Jacobi elliptic function. Now we

T(z) = \/ki2 arcsin (2.61)

make an important observation. For small v we find © >> 1 and so the second term in the

Jacobi function can be approximated by unity. Using the properties of Sn, namely that

Sn(z,1) = tanh(z), (2.62)

41



2.4. GEOMETRICAL TACHYON KINKS.

our expression for the tachyon reduces to

T(x) = \/kl2 arcsin <tanh [%l) . (2.63)

This is clearly a kink solution which interpolates between +./ki27/2 due to the arcsin
function, for non-zero z, whilst at x = 0 we find 7'(z) = 0. Furthermore by differentiating
the full solution (2.61) we find that at = = 0 we have

(02T |p—0 = Vuz — 1 (2.64)

This can be made infinite by sending u to infinity, and so we recover the usual solution for
tachyonic kinks as in the case of the open string tachyon. In terms of the bulk picture, this
corresponds to a brane attached to the ring at —R for x < 0, and at +R for x > 0. At x =0
we obtain the usual soliton solution which stretches across the entire diameter of the ring.
This kink solution is interesting since the Geometrical Tachyon only oscillates between the
two zeros of the potential, and not the two minima. The open string tachyon also has this
behaviour, but it has a runaway potential which is effectively of zero width, whereas the
Geometrical Tachyon potential is clearly of finite width. This is not the case for topological
defect solutions in field theory, which tend to stretch from one minima to another in order

for them to be stable. Furthermore we can compute the energy density £ of the kink using
£= / dzV (/1 + (0,12 (2.65)

In the large w limit we obtain, after some algebra

U > 2
E = T, \/klg/_oody sech®(y)
= o \/Ri2

= 2RT,. (2.66)

Clearly the energy corresponds to a kink solution which is stretched across the diameter of

the ring. If we compare this to the energy bound we find
mkl2/2 B
TG = —1ag / dT V(T), (2.67)
—7n/kl%/2
which reduces to
Taﬁ = —2?’],15Tpu\/ klg (268)

Thus we can see that both integrals yield the exact same result, implying that this is indeed

the lowest energy configuration for the solution.
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We now investigate what happens when we couple an electric field to the kink to create
a charged soliton. For simplicity we choose a constant electric field which is perpendicular
to 9,1, so e.g. E; = FEb;, where 2* # 2 Expanding the action (2.51) for small A, and
incorporating the factors of {2 into the field definition allows us to write the components of

the energy-momentum tensor as

Top

eV (T 1 — B2 + (0,7
V(T)

Tro .
V1B 4 (9,1

(2.69)

There will also be a constant conserved displacement field, which can be derived by varying

the action with respect to Ay.

Do EV(T) '
V1 B2+ (9,1)?

(2.70)

We note that using a perturbative expansion in A allows us to consider ¥ — 1, where £ =1

is the critical value for the field. Using the conservation of T,, we can write

D
E = 5= constant. (2.71)

The presence of the electric field modifies the kink solution only slightly, and in fact we find
the following expression for the scalar profile

~ 2 E2 1 A/22 E2 1

T(x) = /kiZarcsin <—””+usm \;% “ +u . (2.72)

There is an interesting case where the electric field takes its critical value, as we no longer

have to consider the large v limit in our solution since it reproduces (2.63) exactly . This
generally implies that the kink solution can be non-singular. If we allow u = 1 in the full

solution (2.72), then the tachyon is entirely dependent upon the electric field, E. In fact it

T(z) = \/kI2 arcsin <E5n \/TZE,E]) . (2.73)

Using the expansion properties of the Jacobi function we find that for E close to unity, we

reduces to

have a solitary kink solution of finite width, whilst for small £ we find an tiny array of
small kink-antikink solutions which have period z = 2nmw/kI2.

We want to know which of these solutions are stable, so we must integrate the energy

" Although we have to be careful about the validity of our action in such a limit.
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momentum tensor over the x direction on the world sheet. The final result valid for all « is

m) | -

Top = —21asT, \/ kI2EllipticE ( "

where we have used the periodic properties of the Jacobi functions. This clearly shows us
that the minimum energy configuration occurs when

(u? + E% - 1)

d =1 (2.75)

u
which implies that v — oo or F = 1, with u being arbitrary. The first case corresponds to
the uncharged kink solution of infinitesimal width, implying that the electric flux is diluted
to the point where it is effectively zero. The second solution requires that the electric field
takes its critical value, and the resulting kink solution can be deformed to one of finite
width. Furthermore all the possible kink configurations will have the exact same energy.
Thus the introduction of electric flux introduces a fixed point into the theory, since a small
electric field will find it energetically more favourable to increase to its maximum size. This
tells us that the stable kink solutions will either be uncharged, or fully charged under the
U(1) gauge field. By this we mean that the stability requires either a zero field, or a critical
field.

Interestingly in the time dependent kink solution with critical field strength, we find
that T (t) = \/k‘_l?w/ 2 for all time, corresponding to the probe brane being permanently
attached to the ring in the bulk picture. Physically this is to be expected since flux on the
brane effectively increases the 'mass’, forcing the probe further into the throat generated

by the fivebranes.

2.5 Dynamics of Non-BPS branes.

The existence of the unstable Dp-brane at the point p = 0,0 = 0 is reminiscent of a Non-
BPS brane. Thus it is also useful to consider the coupled dynamics on a Non-BPS brane
in this ring background along the lines of [22]. Recall that a Non-BPS Dp-brane is related
to a BPS D(p — 1)-brane, since the latter is a soliton solution on the world-volume of the
former. The Non-BPS brane action is similar to the usual DBI governing the behaviour
of the BPS Dp-brane, except that it has a tachyon on its world-volume, and an additional

tachyon potential controlling the overall brane tension. The action® is of the form (2.33)

S =— / dP“gV(T)\/ —det(G + 0,T0,T). (2.76)

8Note that we choose this form of the action rather than the alternative proposal in Kutasov [31], since
the form of the harmonic function makes it difficult to find space-time symmetries. It would be interesting
to look for symmetries, if any, using the alternative form of the action, and compare the results to those
obtained in the following section.
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The form of the action suggests that the tachyon is effectively playing the role of an extra
direction in field space. We shall insert this brane into the NS5-ring background and
examine the dynamics. Now there will be two scalar fields present, the open string tachyon
and also the radion field parameterising fluctuations of the brane in the transverse directions.

The action for this system becomes, upon using (2.2)

S =— / dp“g% \/ —det(nuy + H0,X™0, X, + 0,70,T). (2.77)

Where we employed the static gauge, and X" are the transverse scalars on the world-
volume. We now use the tachyon map to redefine the radion field, recalling that T is the

geometrical tachyon the action becomes:

S=_ / @V (T, T ~det(n, + 0,T0,T + 8,70,T). (2.78)

Note that we are able to couple the two tachyon potentials together into product form,
with V(T,T) = V(T)V(T), V(T) being the potential of the Geometric Tachyon. This is
already suggestive of something interesting. The Geometrical Tachyon potential is that
already derived in (2.40). We have implicitly assumed that the fields do not mix at the
leading order classical level in order to justify the tachyon mapping. This is actually a highly
non-trivial step since we are demanding that only half the scalar fields transform under this
mapping operation. We will try and remain general about the form of the tachyon potential
V(T) by insisting that it meets the criteria described in the previous section. Note that this
behaviour is easily satisfied by the 1/ cosh(7/v/2) potential which is valid for the superstring
tachyon in units of the string length. In addition we note that the form of the action allows
the two tachyons to decouple from each others equation of motion. Thus we may look at the
dynamics by explicitly solving these equations, or by conservation of the energy momentum

tensor.

The form of the action in (2.78) suggests that we could obtain this action by demanding
that the open string tachyon is a complex field, where we have factorised the tachyon into
its real parts. As such this suggests that the best way to carry out our analysis should be to
(re) introduce a complexified field given via U = T + T This is usually done when we have
a Dp and a Dp-brane and are looking for vortex solutions [28], since the brane/anti-brane
pair will annihilate with each other to form co-dimension two objects such as fundamental
strings and D1-branes (or D-strings). One can see this from K-theory which tells us that

only objects of even co-dimension can form in such a process.

This is interesting in its own right, however for simplicity we will consider the evolution
of the two fields separately to emphasise their differing origins. We can now proceed with

our analysis of solutions to the equations of motion for the non-BPS action.
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2.5.1 One spatial direction.

To begin with we will consider the simple case where T'= T'(x) and T = T'(z), where z is
an arbitrary direction on the world-volume. Here and in the remainder of the section we

shall set /2 = 1. Denoting the derivative with respect to x by a prime, we can write the

S:_/QH%VQVBV1+T?+T? (2.79)

which allows us to calculate the associated energy momentum tensor, with components

Tog = —NagV(T,T)V1+T?2+T?
—V(T,T
Tow = (T.7) (2.80)

V14+T2 47172

Where «, 8 run over the 0,2...p — 1 directions perpendicular to . We will assume that

action as follows.

the open string tachyon has the usual kink solution, namely that as z — oo, T'(z) — +00
and V(T') — 0. Using the conservation of the energy momentum tensor, 9,7, =0 Vz, we
see that this is automatically satisfied by the kink solution since the open string tachyon
component of the potential rolls to zero as the tachyon condenses. Furthermore, this is true
irrespective of the behaviour of the Geometrical Tachyon since they are decoupled fields.
In fact it turns out that the xx component of the tensor must vanish for all x, not just the
derivative. In any case, this physically corresponds to the appearance of a co-dimension one
brane located at the origin of the ring, which is just the BPS D(p — 1) probe brane used to
probe the background. Alternatively we may find that it is the Geometrical Tachyon which
condenses first, in which case the brane will be stretched across the diameter of the ring
leaving an unstable soliton at the origin. It would be interesting to see what happens when
both fields condense at the same time as this is the more general expectation - however the

resulting analysis is complicated.

2.5.2 Two (or more) spatial directions.

We can now extend the analysis to consider dependence upon two (or more) spatial direc-
tions, namely T = T'(z), T = T(yj), where j = 2...p+ 1. The associated components of

the energy momentum tensor in this instance are

Tas = —nagV(TT (L4 @:T)2)(1 +(9,,T)2)
Tpp = VTT—VH(%N)2
xr — ( ) )\/W
T, = v H YT (2.81)
L+ (9, 1)
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2.5. DYNAMICS OF NON-BPS BRANES.

Now we find there are two conservation conditions, 0,1y, = 0 and 9,,T,,,. = 0. These
simply state that T, is independent of z and T, is independent of the y;’s. We look
for the usual tachyon kink solution in the z direction, which satisfies both conditions in
the limit that x — £o0o. At the point £ = 0 we expect that the derivative of the tachyon
field becomes infinite, which means that 7T, vanishes. But there is still the conservation of
Ty, to consider. In order for this to hold for all y; we must ensure that V(T) — 0, which

means that the Geometrical Tachyon must also condense. But this tachyon also has a kink

solution associated with it, and so the conservation conditions are automatically satisfied.

We know that the condensation of the open string tachyon yields a BPS D(p— 1) brane,
but we may well enquire about what the subsequent condensation of the geometrical tachyon
correspond to? Naively we may assume that it gives rise to a Non-BPS D(p — 2)-brane, but
this brane would be unstable and have no tachyonic modes left which could condense and

stabilise it. Therefore we must look for an alternative explanation

More generally, using the factorization properties of the Non-BPS brane action, we may

write the brane descent relations for both kink solutions and find the total energy,
00 awk/2 _
&= / V(T)dT/ V(T)dT. (2.82)
—00 —mVk/2

In order to do this integration we must first specify the form of the open string tachyon

potential, which we will take to be

V(T I (2.83)
cosh(ﬁ)
with T7'°" the non-BPS brane tension. The first integration yields
7Vk/2 o
£ =m/21" / V(T)dT (2.84)
—Vk/2

However we have already seen that the configuration of the BPS D(p-1) brane is itself
unstable due to the geometrical tachyonic mode also forming a kink. If we integrate over
this potential we find

£ = 2nRT"V2 (2.85)

This can be written as
€ =(2RT,) x 27 (2.86)

where we have used the relation 7, I?O" = \/§Tp, T, being the usual BPS D-brane tension.
One possible interpretation of the form of the energy (2.86) is as follows. The first factor in
(2.86) is the energy of D-brane stretched along the diameter of the ring which we calculated
earlier (2.66). The additional factor of 27 can be thought of as coming from ’smearing’ the

stretched brane around the inside of the ring. Thus the process of condensation acts to
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2.5. DYNAMICS OF NON-BPS BRANES.

deform the brane when we view it in the bulk picture.

2.5.3 Space and time dependence.

Let us now consider mixed dependence for the two fields. We will assume that the Geo-
metrical Tachyon is time dependent, whilst the open string tachyon is spatially dependent.

This allows us to write the the components of the energy momentum tensor as follows

S 1+(a T)2
T, = —6;V(I,T) ¢ 1+ (0,1)2)(1 - (%T)?)
_ /1= (8pT)2
Tpo = —V(T,T)Yee— . (2.87)
1+ (0,T)?

We again appeal to the conservation equations to determine the behaviour of the kink
solution. If we assume there is a kink in the x direction, then we find that there are only
two possibilities for the Geometrical Tachyon. We either have a kink in the time direction,
or the field must condense. Since we have already established that there is no stable kink
solution, we again find that the tachyon condenses, and this implies that the Dp-brane
moves toward the ring in the bulk picture. Looking explicitly at the conservation equation

for the T, component we find the expected decoupling behaviour

. (ﬂ) ~0. (2.88)
14 (0.T)?

This allows us to integrate the equation to determine the x dependence of the open string
tachyon, provided we specify the explicit form of the potential. If we choose the usual form

(2.83) then upon integration we obtain the solution

sinh (%) - 1T_p2 sin (%) (2.89)

where p is an arbitrary constant of integration. If we now substitute for 0,7 in the Tgg

component of the stress tensor we find

V(T) p

1 — (0oT)2) P> + (1 — p)?sin (%)

(2.90)

This is the same result that Kluson derived for branes moving on a transverse R? x St [22],
and can be interpreted as an array of D(p — 1)-branes and D(p — 1)-antibranes. Since there
is a map between the rolling of the time dependent Geometrical Tachyon and the motion

of a probe Dp-brane we can see that these branes simply move toward the ring i.e they are
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2.6. COMPACTIFICATION IN A TRANSVERSE DIRECTION.

gravitationally unstable as one would expect.

2.6 Compactification in a transverse direction.

In [26] Kutasov established the relationship between BPS and Non-BPS branes by compact-
ifying one of the transverse directions in the coincident N S5-brane background. Since we
have already seen that Geometric Tachyons can exist when the brane is probing a compact
space, we may well enquire if there will be tachyonic modes if we compactify one of the

transverse directions in the ring background.

Due to the symmetry of the transverse space, it is easiest to consider a compactification
in the o plane. We remind the reader that the harmonic function in this case is given by
(2.18). We will choose to compactify the xg direction into a circle of radius L. The resultant

expression for the harmonic function becomes

> k12
H = 5 .
Z (R? + 23) + (w5 — 2w Lm)?

m=—00

(2.91)

This sum is easy to do, since it is very similar in form to the one in [26, 27], and we obtain

the final form of the function

k2 sinh(|z|/L)
~ 2LJ|2| (cosh(|z|/L) — cos(y/L)),

(2.92)

where we have defined z = \/R?+ 22 and y = xs. In this form the harmonic function
is exactly the same as that for a coincident fivebrane background where we compactify a
direction within the S3 onto a S! , except that if we set the xg fields to their minimum

value we find z = R.

As usual we insert a Dp-brane into this background and then perform the tachyon map

which leads to the following solution for the Geometrical Tachyon field

T(y) = \/ 2L k’lis(ifi(f)’/ L) EllipticF (6, 1) (2.93)

where EllipticF is the incomplete elliptic integral of the second kind and we have made the

following definitions:

a = cosh(|z|/L)
d = arcsin <\/(1 ) (G cos(y/L))> (2.94)

2(a — cos(y/L))
2
1+a

49



2.6. COMPACTIFICATION IN A TRANSVERSE DIRECTION.

By setting the xg fields to zero we see that the behaviour of the tachyon is dependent
upon the ratios R/L and y/L. We can see that as y — 0, the numerator of 6 — 0 and
using the properties of elliptic integrals we find that T — 0. This is to be expected since
Kutasov [26] essentially argues the same thing, namely that the tachyon starts at some
initial value T = Tmax at the point y = wL, and then rolls toward zero as y — 0. However
we see that there is also the ratio R/L in the tachyon solution, which we would expect to
explicitly determine the value of T since this term dominates the cosine term associated

with the motion around the compact dimension. We can calculate the maximum value for

- | 2LkI2sinh(R/L) _ . . / 2
Tz = \/R(l n cosh(R/L))ElhpthK < HTW) , (2.95)

where we have introduced the elliptic integral of the first kind. We can make some approx-
imations to determine the behaviour of the field. Firstly we take the limit R/L << 1

Pon \/ 2LkI2 sinh(R/L)) N ( e cosh(R/L)) (296

the tachyon

R(1+ cosh(R/L) cosh(R/L) — 1

which can be seen to tend to infinity. In the converse limit we can approximate the tachyon

field by
5 2 _
T~ 2L£ls arcsin (\/a(l cos(y/L))) . (2.97)

2(a — cos(y/L))

~ [2LKI2 7
Tma:c ~ 2 a0 2.
R 2 (2.98)

and will roll to zero as y — 0. Clearly the maximum value of the tachyon field will be

which yields a maximum value of

determined by the exact ratio of R/L and also the number of source branes.

We can also determine the tachyon potential in this instance by inverting the solution

(2.93). After some manipulation using elliptic functions we obtain

S 2LR (1-a)(1+a)
= \/k’lg sinh(R/L) \/1 —a—2Sn2[A(T),r] (2.99)

where a and 7 are the same as before, whilst A(T) is defined to be

L R(1+a)
A(T) = T\/klgL sinh(R/L)’

This is a complicated potential, and does not yield simple analytic solutions. Furthermore
we see that it is not defined for R/L << 1 or even R ~ L due to the presence of the Jacobi
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function in the denominator. Thus, it is only valid for the R/L >> 1 case and we must also
assume that the tachyon never becomes too large! The potential can only be zero if L =0
which means that the compact dimension is of zero size, and a probe brane moving along it
will be essentially stuck at the origin. For all other values of R and L the minimum of the
potential is at some fixed non-zero value. The unstable maximum of the potential should
occur when T = Tmam. For the case when R/L >> 1 we find that

Voa(T) ~ 2LRcosh(R/L) (2.100)

As the tachyon field decreases, the potential decreases, passing through its minimum at
T = 0 which in the brane picture corresponds to the probe passing through the origin.
Thus we anticipate that the tachyon field in this instance will be massive, as it was for the
case in an earlier section. This again suggests that we will obtain massive fields when we

compactify, unless the compact space is bounded by fivebranes.

Compactifying one of the directions in the plane of the ring is also possible, however
we will not consider it here. The main difficulty lies in the fact that there is a crossover
between harmonic functions in different regions of the covering space, but there is also the
additional problem of the complicated form of the functions. It appears likely that there
will be a geometrical tachyon in this instance when the probe is confined to the region
y=R...2nL — R, since it is bounded by NS5 branes. But there is also the possibility of
new Geometrical Tachyons in the region 27 — R ... R which should map onto the tachyon
field discussed earlier. Once again we would expect the ratio R/L to fully specify the scalar

dynamics.

2.7 Discussion

In this chapter we have investigated the dynamics of probe branes in a non-trivial back-
ground, and shown how this leads to an alternate description in terms of a tachyonic field.
In particular we have focused on the fivebrane ring solution, which extends the work of
[21]. Most of the dynamical trajectories are attracted to the ring, however we found an
interesting oscillatory solution which is stable to stringy corrections. The dynamics of the
brane are more easily described in terms of the Geometrical Tachyon solution, obtained by

mapping the BPS D-brane action to that of a non-BPS brane in flat space.

If we restrict ourselves to dynamics in the plane (and inside) of the ring, then we find
a Geometrical Tachyon, which has a mass? given by m? = —m?/k, which is significantly
smaller than that associated with the usual open string tachyon in the large & limit. The
dynamics in the transverse direction, or outside of the ring and in the ring plane, could be
mapped to massive scalar fields on the worldvolume. Therefore it appears that the tachyonic

nature of the scalar field is entirely due to the trajectory of the brane being bounded so
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that there exists a Zo symmetry. We then restricted ourselves to a more detailed analysis of
the Geometrical Tachyon using the methods proposed in [29]. We found that the solution
admits similar co-dimension one defects to those obtained in the case of the open string
tachyon, and therefore suggests a novel description for the process of tachyon condensation.
The corresponding kink solution also appears to have a geometrical description in terms of
the fivebrane background, although the width of the kink was found to be significantly larger
than those associated with the open string tachyon, and also more sensitive to the strength of
any coupled gauge field. We also discussed a hybrid theory where the Geometrical Tachyon

and open string tachyon were coupled together in a modified non-BPS action.

The main objective of this chapter was to emphasise the tachyon-radion correspondance
using a non-trivial but highly geometric background. The correspondance relates the dy-
namics of Dp-branes with the condensation of an open string tachyonic mode on a non-BPS
Dp-brane. In fact these two descriptions are thought to be equivalent through a new con-
jecture due to Sen [27], and based on the original proposal by Kutasov [26]. Recall that
the string background is taken to be the coincident fivebrane background, where one of
the transverse directions is compactified on a circle of radius . The Geometrical Tachyon
corresponds to a Dp-brane located on this circle at the point 7, and moving towards the
fivebranes. It has a negative mass? given by m? = —m?2/k? exactly as in our solution. In the
language of Sen the Geometrical field is known as G-type, whilst the open string tachyon
on a non-BPS brane in flat space is known as U-type. If we take the limit of k — 2 of the
G-type solution, then we recover the U-type solution which suggests that they are different
descriptions of the same underlying theory. However we know that the o/ corrections to
the DBI action vary like 1/k, which implies that one cannot naively take the k& — 2 limit.
Fortunately Sen identified a third kind of solution known as S-type, which corresponds
to a non-BPS brane in the coincident fivebrane background, which wraps the transverse
circle. His conjecture is that this S-type solution is exactly dual to the G-type solution.
The interesting feature is that one can safely take the £k — 2 limit of the S-type theory,
and therefore there is indeed a direct relationship between the G-type solutions and the
open string tachyon. This is important because the tachyon vacuum in the G-type solution
corresponds to a D-brane localised in the core of the N.S5-branes, and therefore using the

conjecture, we may learn something new about the U-type vacuum.

This conjecture has been applied to the original configuration due to Kutasov, however
it has not been developed in the ring case. We would expect the conjecture to hold however,
since the coincident fivebrane background is clearly related to the ring background, and in
fact can be mapped to it in the near horizon region ?. The S-type solutions in this case would
correspond to non-BPS branes wrapping the radius of the ring - between the fivebranes.

However a more detailed analysis of this scenario remains an outstanding problem.

9However there are some technical issues involved with this mapping.
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CHAPTER 3

COINCIDENT D-BRANES AND THE
NON-ABELIAN DBI ACTION

3.1 Introduction

One of the most interesting and possibly most phenomenologically important aspects of
D-brane physics is that each brane carries a U(1) gauge group. As demonstrated in the
previous chapter, one can learn a great deal about the classical dynamics of solitary branes
in various supergravity backgrounds - which also implies that we are learning about the
dynamics of U(1) gauge theory. However the Standard Model of particle physics is not a
simple Abelian gauge group, instead it is the non-Abelian group SU(3) x SU(2) x U(1) L.
Therefore it is important that non-Abelian gauge groups can be realised in a string theory
context, which is possible using multiple coincident branes. However the full description of

multiple branes is still unresolved

The work in this chapter will study the dynamics of multiple branes in various brane
backgrounds, where we again use the probe approximation to simplify the analysis. We
will also study multiple non-BPS branes in these backgrounds, which have the additional
complication of open string tachyon fields on their worldvolume. After this we will write
down the dynamical solutions valid for more general backgrounds, with and without world-
volume gauge fields. We will also construct the microscopic and macroscopic descriptions
of the D1-D3 intersection in the general case. Finally we will discuss a relevant physical
application of the non-Abelian DBI action when we develop a model of cosmic (p, ¢)-strings
in the Warped Deformed Conifold.

3.1.1 The Non-Abelian DBI action.

To begin this section we will introduce the effective action for IV coincident Dp-branes. As
branes approach one another we know that the massless string states form representations
of a U(N) gauge group. We can see this in a simple example where two branes approach
one another, which we denote by [1] and [2]. At large distances the 1 — 2 and 2 — 1 strings
are massive and dominate the dynamics giving rise to a U(1)? gauge theory. There are also

massless 1 — 1 and 2 — 2 string states which start and end on the same brane and have

1n fact there is also an additional discrete Zs subgroup required for invariance of all the SM fields.
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a negligible contribution. Once the branes reach the order of the string scale, the 1 — 2
and 2 — 1 strings also become massless and therefore combine with the 1 — 1 and 2 — 2
strings to form four (i.e 22) massless modes, which is the dimension of the group U(2).
Thus we have an enhancement of the symmetry from U(1)? — U(2) as the branes coalesce.
Generalising this, we anticipate that for IV branes we should find the symmetry enhanced
from U(1)N — U(N). This is a non-Abelian gauge group and so we have the following

transformation for the world-volume vector field
A, = AT, Fup = Oa Ay + i[Aa, Ay (3.1)

where T; are N? generators satisfying Tr(7;7;) = Nd;;. The scalar fields must also now
transform under the gauge group, where we choose them to transform in the adjoint repre-

sentation. Gauging the symmetry implies that the covariant derivative is now
Dagbi = 8a¢i + Z'[Aaa ¢Z] (3'2)

If the scalars commute with each other then we may simultaneously diagonalise them. The
resulting eigenvalues can be interpreted as being the individual positions of each of the N
branes [33]. Therefore even though the scalars in the non-Abelian DBI are matrix valued,
they still allow us to interpret them as fluctuations of the branes in analogy with the Abelian
description. However the fact that the transverse scalars are matrix valued suggests that we
should consider space-times with non-commutative geometries, which is a generalisation of
the more familiar commutative (classical) geometry. In fact calculations involving Matrix
theory [38] further solidify this notion, and thus it appears that non-commutative geometry

is an essential ingredient when considering multiple branes.

Calculating the precise form of the non-Abelian action is extremely difficult due to
the matrix nature of the fields, however it can be determined from the vector scattering
amplitude on the disc [35]. Then using T-duality it is possible to obtain the non-Abelian
DBI action for branes of all dimensionalities, noting the fact that under T-duality we see
that ¢Pt! — Ap+1) and Ay — ¢P with the other components remaining unchanged. It was
proposed that the resultant non-Abelian action takes the following form which we will refer
to as the Myers action [33] 2

o =T, [ @GSTr (072 faet(@y/~det((Bun + Bl Q1 — 9)9E] + AFun) )

where we have made the following definitions

A =272, Eu =P[Gu +Bu], and Q=08 ;+i\¢), ¢|Ey. (3.3)

2See [34] for an alternative proposal.
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The coupling of the closed string RR fields to the action is given by an analogous modifi-

cation of the Abelian Chern-Simons action
Scs = ,up/STr(P[ei)‘Wd’ Z B, (3.4)

As usual P|...] represents the pullback of the spacetime tensors to the brane worldsheet,

which is now non-Abelian of course
PlElab = Eab + AEaiDy' + AEipDa¢’ + N Ei5Do¢’ Dy¢? (3.5)

with a, b corresponding to worldvolume indices, and 7, j being transverse directions. Note
that we are employing the relation 2! = A¢’ in order to work with scalar fields having
canonical mass dimension. The validity of the Myers action, together with its origin, have
been discussed in a number of papers [36], with an interesting result coming from the work
of Howe at al, who showed that by including boundary fermions and quantising using a
suitable gauge choice, it is possible to exactly reproduce the Myers action. This suggests

that the Myers action is a good starting point for discussing the theory of coincident branes.

In the Chern-Simons term (3.4) there is also a new interior product which is given by

the following expression acting on an arbitrary p form

i0igCP) = <o, IO\ dx®”

1 "
2 =2 Ldz®. (3.6)

Note that this is explicitly non-zero because the scalar fields are matrix valued. The action
is further complicated by the symmetrized gauge trace, which is the maximally symmetric
trace over the fields [33]. This prescription involves taking the symmetric average over all
the possible orderings of the F,;, D¢, [¢', ¢’] and any individual scalars arising from per-
forming a non-Abelian Taylor expansion of the background fields. The low energy expansion
of the resulting theory agrees with the results obtained by string scattering amplitudes up to
order F*, however at sixth-order and above we need to incorporate additional commutators
of the field strength in order to obtain the correct physics [33, 37]. Fortunately the ST'r
prescription can be simplified by consideration of the large N limit. In this case we can
replace the symmetric trace by a trace, since the corrections will be subleading in powers

of 1/N. This limit will be the main assumption employed in this chapter.

It is well known, and we have already stated, that a Dp-brane is electrically charged
under the (p+1) form RR potential, with a charge 41,. As usual supersymmetry constraints
impose the additional condition that p, = £7,,. Whilst the Abelian Chern-Simons action
included couplings to RR charges of lower dimension, the non-Abelian Chern-Simons action
shows that a Dp-brane can couple to RR charges of higher dimensionality, and thus permits
the possibility of a brane dielectric effect whereby a lower dimensional brane expands into

a higher dimensional one. For example if we expand the Chern-Simons action to leading
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order with no B field and no worldvolume gauge field, we find
)\2
Scs = pp / STr(PICPTY 4 iXigisCPH3) — 7(%%)20(%5)]). (3.7)

where the first term acts as a source for Dp-branes, whilst the second term is clearly sourcing
D(p + 2)-branes. Performing the pullback operation on these fields leads to expressions
involving covariant derivatives of the scalars, and is thus generally complicated. Turning on
non-vanishing Chern classes and including non-zero B fields further increases the complexity

of the theory, and leads to more interesting brane couplings.

3.1.2 Fuzzy spheres as non-commutative geometry.

At this stage we should briefly introduce the concept of the fuzzy sphere, as this is integral
to much of the work in this chapter [18]. Consider first the classical unit two-sphere 52,

which has an algebra of complex valued functions that can be expanded as follows
i i, 1 i j
f(ﬂf):fo-i-fiﬂf +§fijﬂjﬂf + ... (3.8)

where roman indices run only over 1,2, 3 and we must satisfy the additional constraint that
z'z? = 1. Each of the coefficients in the expansion are traceless and symmetric, since we
know that the Euclidean coordinates are commutative. We can now consider truncating this
expansion to a finite number of terms using a series of non-commutative approximations.
Consider first the zeroth order term fy. This reduces the algebra of the sphere to the
algebra of complex numbers Ag(S?) = C which means we can only identify a single point
on the sphere. Let us now also include the linear term in the expansion, which implies
that we now have a four-dimensional vector space. If we endow this vector space with an
appropriate product then we can form another algebra .4;(5?). The simplest option is to
choose this vector product to be isomorphic to the algebra of 2 x 2 complex matrices. This
can be done by identifying the coordinates x with the SU(2) Pauli matrices o¢, as this
continues to respect the original SO(3) symmetry of the sphere. This means that we are
now able to distinguish two points on the sphere, one for each of the eigenvalues of the
matrix 03. The next truncation is to include the quadratic terms. If we now identify the
coordinates with the three dimensional representation of the SU(2) algebra, then we can
identify three points on the sphere. Thus we describe the sphere with only a finite number
of identifiable points as being 'fuzzy’. This truncation can clearly be continued up to the
nth term which gives us the algebra A, (S%) = N2, implying that the associated vector
space is N2 dimensional. As before we identify the coordinates with matrices in some N
dimensional representation of the gauge group In this thesis our convention for the SU(2)

algebra will be to use [T, T7] = 22’62-]-ka, where the 7% are the N dimensional generators.
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Identifying the coordinates with these generators yields the following constraint
. 1 L
T'T' = Cly — NTT(T’T’) =N2-1 (3.9)

where we have introduced the NV x N identity matrix 1y, and the quadratic Casimir C' =
N? — 1. In order to normalise this with the spherical constraint we must identify the
coordinates in the following manner. Firstly we promote the 2 to matrices X*, and then we
see that the appropriate normalisation requires X = T?/N in the large N limit. Therefore

we find that the spherical constraint in this language becomes

1 . 1
which agrees with the classical solution up to 1/N? terms as expected. If we look at the

commutator of these coordinates we find that

. 1 .
[XZ, X]] = m [Tzv T]]
1
= N%eijkx’f (3.11)
and therefore in the limit that N — oo we again recover the classical notion of commutative
space. Of course as N gets larger the sphere becomes ’less fuzzy’ since we can identify an

increasing number of points.

The example of the fuzzy S? serves to introduce the basic concept of a non-commutative
geometry, however one must be careful because this is a particularly simple example where
we can safely take the N — oo limit. In general this may not be the case, as can be
seen when one considers higher dimensional even fuzzy spheres i.e S?* where k € Z. We
will comment on these solutions in a later section. The fuzzy sphere description arises in
the Myers action because we will (initially) choose three transverse coordinates to be non-
commutative - whilst ignoring those parallel to both sets of brane worldvolumes. This allows
us to consider the problem either through the dynamics of multiple brane configurations,

or the expansion/collapse of a fuzzy sphere.

Pre-empting much of the work in this chapter, we will employ the following definition

for the physical radius of a general fuzzy sphere which is valid in the large N limit
2= Lrr(xix) = ATr(gis) .12
rT = — = —I7T .
N N ’

where we have implicitly identified the transverse scalars with the SU(2) generators as in
(3.10)

Now that we have set the stage, we can use our Dp-brane solutions to determine the

dynamics of a collapsing fuzzy sphere in various backgrounds. Some early work on this
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3.2. DYNAMICS IN Dp AND NS5-BRANE BACKGROUNDS

topic included [40]. We will assume that the N branes will not backreact on the background
geometries, which implies that the background charges must be substantially larger than N

if we are to neglect any 1/N corrections to the Myers action in what follows.

3.2 Dynamics in Dp and N S5-brane Backgrounds

3.2.1 D-Brane Backgrounds.

We consider the standard type II supergravity background solutions for M coincident Dp-
branes, where p is even for type ITA and odd for type IIB string theory. These source
branes are all assumed to be parallel in the sense that their world volumes are oriented in
the same directions, and they are all static. This will ensure that our solutions are as simple
as possible. Furthermore we will only consider Dp-brane backgrounds where p < 7. The
reason for this is to allows for the possibility of decoupling the open/closed string interactions
in the study of gauge/gravity duality [14]. Decoupling the massive string modes requires
us to send o/ — 0, however if we also want to decouple interactions we additionally need to
send I, — 0 (typically we require that gi,, remains finite where g% v = gs(2m)P2 (o )¥
in the study of gauge/gravity duality). However since l4 = g.a/?, we see that requiring
gy M to remain finite in the decoupling limit implies that I, ~ o o . Although we will not
decouple the string modes in this thesis, we will still use this as a guiding principle for our
background solutions. It will then be straight-forward to modify our analysis in this limit
to study the dynamics of gauge theories. The 10-dimensional bulk spacetime is assumed to
be infinite in extent, and we assume that there are no gravitational moduli in the problem.
The solutions for the metric, dilaton and R-R field are given by the following expressions
[10, 11, 23]

ds* = H_1/277de“d:£” + H'?2dz™da
e = HB-P)/4
Cop = 1—H (3.13)
where pu, v represent directions parallel to the background branes, whilst m, n are transverse
directions transforming under an SO(9 — p) symmetry The harmonic function H again

satisfies a Laplace equation in the transverse Euclidean space. In general it can be written

as a multi-centred function of the transverse coordinates:

— 1+Z - XZ|7 . (3.14)

which for coincident D-branes clearly reduces to

ky
H=1+ 1 (3.15)
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3.2. DYNAMICS IN Dp AND NS5-BRANE BACKGROUNDS

where, r = /2, 2™ and k, = (2\/7_1)5_pMF(%)gSlZ_p. As usual [, is the string length and

gs 1s the asymptotic value of the string coupling.

Into this background we wish to insert IV probe Dp/-branes where we must ensure that
N < M and also that p > p’ in order to satisfy the supergravity constraints (note that we
will neglect the case of p’ = —1 in IIB, which corresponds to the D-instanton). Because
there is more than a single probe brane we can no longer use the Abelian DBI action, as
the extra massless string modes enhance the gauge symmetry on the world-volume. This

can clearly be regarded as an extension of [23] to the non-Abelian case.

Most of the interesting physics will take place in the 'near horizon geometry’, which
is an approximation that we will frequently make reference to. This simply means that
we will neglect the factor of unity in the harmonic function and just concentrate on the
radial dependence. Not only will this simplify the analysis, but it effectively decouples the

asymptotic Minkowski space from the problem.

In this analysis we are assuming that all the probe branes are parallel to the source
branes, therefore we find that the leading order contribution to the Chern-Simons coupling

reduces to:

Sos =y [ STHPIC?) (3.16)

which, upon insertion of the background solutions, becomes
Scs = +q/dtNH_1 (3.17)

up to an arbitrary constant, where ¢ = +1 corresponds to a D-brane probe and ¢ = —1
corresponds to an antibrane. Clearly we could consider more general couplings in this action
even without turning on any gauge fields, but this is left for future endeavour. Now, in the
Abelian case we know that there is only a coupling if p = p/ or if p = 6,p’ = 0 [23]. Since we
are neglecting higher order corrections to the Chern-Simons action, we effectively have the

same situation and so we must remember to include these couplings in our effective theory.

To simplify the analysis as much as possible we will only consider time dependent so-
lutions for the transverse scalars. This will ensure that there are no caustics in the action.
We will also set Fy;, to zero, and allow the only fields to be excited on the branes to be those
which are not in the angular directions. This will also ensure that the B field will drop out

of the action.

3.2.2 Radial Collapse.

In this section, we will consider the purely radial motion of N Dp/-branes in the background
of M Dp-branes, where we must ensure that M >> N for us to be able to trust our effective

action. Provided we can perform this tuning of the background charge, we will treat the
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3.2. DYNAMICS IN Dp AND NS5-BRANE BACKGROUNDS

N-branes as being probes of the geometry. Physically this corresponds to the leading order
dynamics of the theory, where there are expected to be back-reactive corrections which may
in principle be calculated. We anticipate that these corrections would be most important
when the probe branes are close to the background branes, as it is here that the warped
geometry would be most sensitive to other branes. The detailed calculations relevant here
are beyond the scope of the current work, where we will concentrate on what are effectively

the ’zeroth’ order solutions.

For simplicity we begin with the p = p’ case, where the dimensions of the branes are all
equal. In general there are difficulties associated with the p # p’ cases which also arise when
using the Abelian DBI action. It becomes necessary to search for various conserved charges
in order to solve the equations of motion. However we should also note that in the Abelian
case there exist supersymmetric solutions when p — p’ = 4, and also when p = 6,p' = 0

where the probe brane doesn’t feel the gravitational force from the background branes [23].

3.2.3 Dynamics in the p = p’ case.

Inserting the background solutions (3.13) into the non-Abelian DBI and Chern-Simons

actions we find that at leading order

S =T, /dp’HgSTr (H‘l\/(l — HX2¢i¢76:;)(1 — %VHW, @I, M))

/ N
Sex = 41y @18 a9

where we have made the approximation Q% ~ §%, and only expanded the second square root
term to leading order. Our approximation that the inverse matrix Q¥ is treated as unity to
leading order in lambda is consistent as long as our solution only probes distances greater
than the string length. As the fuzzy sphere radius starts approaching [s we anticipate that
higher order terms in Q% (and in the square root of det(Q) ) would need to be kept for
consistency. This approximation has been used by other authors who have investigated

fuzzy spheres in the non-Abelian DBI theory, see [33] for example.

In order to simplify the expression to something more useful we need to expand the
commutator terms. The simplest ansatz possible is to make the transverse scalars all com-
muting, however it has been shown that the system will be unstable since it will not be at its
minimal energy. This can be easily be verified by expanding out the last term in the action.
Instead we opt for the more familiar SU(2) ansatz which parameterises a non-commutative
object known as a fuzzy 2-sphere as described in the introduction. The reason for choosing
SU(2) is that it is the simplest non-Abelian group one could consider. Moreover as we are
limiting our analysis to values of p < 6 we see that there will always exist at least an SO(3)

isometry group in the transverse directions as can be read off from the metric in (3.13). We
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3.2. DYNAMICS IN Dp AND NS5-BRANE BACKGROUNDS

could also consider higher dimensional gauge groups, however they will lead to restrictions
on the dimension of the supergravity background as we will see later. It is also possible
to allow the scalars to transform in reducible representations of SU(2), which could lead
to very interesting dynamical effects and even fuzzy sphere nucleation however we will not

study this possibility in this thesis.

After this motivation we choose to identify our scalar fields with the gauge group gen-
erators as follows
¢ =RMHT', i=1,2,3 (3.19)

where the T? are in the N x N irreducible matrix representation of SU(2) algebra
[T%, T9] = 2ie;;,T". (3.20)

Note that since the scalar has canonical mass dimensions in (3.19), so too must the radius
R(t) - however we will see shortly that this is not a physical radius and therefore is an
acceptable parameterisation. The remaining fields ¢*,i = 4,5... are set to zero or more
generally to constant matrices that commute with the SU(2) generators. Let us make
some comments concerning the generality and validity of this 'round’ fuzzy sphere ansatz
in (3.19). Our ansatz sets the non-Abelian transverse fields ¢° either to be SU(2) valued
fields (the fuzzy sphere ansatz) or to constant commuting matrices. The latter are taken
to commute with both the SU(2) generators and themselves. These latter fields have no
potential because they commute with everything, so the assumption that they are constant
is consistent with their equations of motion; they simply parameterise flat directions of the

theory.

There remains the related issue of what is the most general time dependent configu-
ration for these fields. For example one would anticipate that there will be non-spherical
fluctuations due to tidal effects in the direction of motion in the curved backgrounds which
should alter the geometry of the fuzzy sphere...maybe leading to a fuzzy ’egg’. But these
are deformations of the spherical solution, so we would argue that in the first instance one
should study these first and then investigate fluctuations about the solutions. This is what

we will concern ourselves with in this thesis

To check that our spherical ansatz is at least a consistent one, we consider the equations
of motion for the non-Abelian fields ¢’ in a general curved background as will be derived

in a later section in this chapter. Let us consider a background metric of the form
ds? = —goodt® + gmdxadznbéab + gzzdzidzjéij (3.21)

where a,b run over the p worldvolume directions and i, j are transverse directions to the

source. This background could obviously be generated by a stack of coincident branes, or
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something more exotic. The NS-sector of the non-Abelian action then takes the form

/ _ o 1 S
§=-T, / st <e a1 - A?gzzgoolw&-j)\/ L= N2l ol w])
(3.22)
Note that restricting the metric components gogg = gpx = gz_zl — H'/? the above action
reproduces that in (3.2.3) above. Working to leading order in A the equations of motion for

@' from this action can be seen to yield

d - ’ S
(€ 000 % g.:01) = gL16', 160, 6], (3:23)

where we are implicitly using the large IV limit to ensure that the STr reduces to a trace -
which must be imposed on both sides of the equation. Now let us consider the more general
ansatz for the ¢

¢ =RHOT + )Y, i=1,2,3 (3.24)

where the matrices Y represent some non-spherical orthogonal directions to the SU(2)
generators T°, and without loss of generality we assume that Tr(7T°Y?) = 0. Using this
property one can easily obtain the equations of motion for R(t) and (3(t) by substituting
the above ansatz into (3.23). In the limit when we send ((t) — 0 (i.e our original fuzzy
sphere ansatz) the equation of motion for 3(t) becomes

~2¢ ,p/2 ,~1/2

E(e 900" g::8) = WQEZTT([Tiy (17, T"]Y7) (3.25)

Due to the orthogonality of both 7% and Y7, the second trace factor in (3.25) vanishes so
6_2‘;59%290_01/ 2 gzzﬂ is a constant. We can choose this constant to be zero and hence B also
vanishes. It is therefore consistent to set 3(t) = 0 at the outset as in our spherical fuzzy

sphere ansatz (3.19).

Returning then to our spherical fuzzy sphere ansatz for ¢' as argued before, we choose
the generators to be in the irreducible representation of the algebra since this will correspond
to the minimum energy configuration [33]. We will repeat the following expressions again for
convenience. The physical radius of the fuzzy sphere is given by the following relationship
at large N

2
P2 %TT(&WU) — \2R(1)°C, (3.26)

where C' is the quadratic Casimir of the representation defined by

3

> (19?2 = C1y, (3.27)

i

and 1y is the NV x N identity matrix. We also note that for the irreducible representation,

C = N?—1, which can be approximated by N? in the large N limit. For most of our analysis
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this will be the limit of interest, since there are many complications with the symmetrized

trace prescription at finite N 3.

Combining all this information allows us to write the final form of the action as follows

S =T, / dp’+1<NH—1\/ (1 — HN2R2C)(1 + 4X2HCRY) + T} / d”'“(%. (3.28)

which is obtained by expanding the square root and dropping all the terms that are order
1/N? or higher. This ensures that the remaining terms are all proportional to the identity
matrix and therefore the symmetrization is not necessary. Taking the trace and then re-
summing the terms should re-produce (3.28). Note that we have not restricted ourselves
to a specific orientation for the brane, therefore we have written the action in terms of the
integer ¢ = £1. From the definition of the harmonic function we see that the large r limit
corresponds to Minkowski space, and the non-Abelian action reduces to its usual flat space
form [33, 45, 50]. We can now calculate the associated canonical momentum and energy

density from the action, which are defined as follows

o . [0 +4x2HCR!
-1 _ ywpe, [LENHORY (3.29)
T (1= H\2R20)

(3.30)

p_E _N [A+4NCHRY) qN
T, H\ (1-HXR:(C) H’

where the momentum is the derivative of the Lagrangian with respect to R, and the energy
is constructed via Legendre transform. In addition we have divided out by a factor of [ dr'¢
which loosely corresponds to the 'volume’ of each Dp’-brane. To construct the potential
energy we will find it useful to switch to the Hamiltonian formalism, where we write the

energy in terms of the conjugate variables.

> gN
H)\2C H’

E= \/N2H—2(1 +4N2CHRY) + (3.31)

which allows us to define the non-Abelian static potential via Vg = E(II = 0).

Vag = NH™? (\/ 1+ 42CHR - q) , (3.32)

In order to consider the collapse of the fuzzy sphere, it will be more convenient to work in

term of the physical radius r rather than R. In which case the potential can be written

_ 4Hr4

3The work in this section was performed well before [53], which conjectured an exact prescription for the
symmetrized trace of SU(2) generators.
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which is the gravitational potential generated by the background branes located at » = 0.

It is useful to compare this result with that coming from the Abelian case [23]. The
most direct means of comparing the two cases is to consider the scenario where there are
N independent probe branes separated by a distance larger than the string length. The
corresponding potential would then simply be N times the potential due to a single probe
brane, at leading order. - )

i —q

y/abelian _ — 7 (3.34)
This potential vanishes for ¢ = 1 reflecting the BPS nature of the branes, but a potential is
generated for anti-branes as we would anticipate. Clearly we see that there is an additional
term present in (3.33) compared to (3.34) arising from the non-Abelian nature of the effective
action, which we interpret as the energy of the fuzzy sphere. This extra term generates a
non-zero potential regardless of the value of ¢, indicating that the solution is no longer
BPS. It is instructive to consider the behaviour of the potential in the different regions of
spacetime, but first we must ensure that there are no limiting constraints to be imposed on

the solution.

Since the energy is conserved in time we can solve this equation for the physical velocity

to obtain the equation of motion, which in turn will yield a constraint on the dynamics.

o 1 [ N2 AHr*
M= 1 Bh 1 V) 1+ ¥Te, ) (3.35)

Since this equation is non-negative we see that the following constraint must be satisfied,

when we set the Chern-Simons part to zero,

N? 4Hr?
1> —-<1+—7.
E2H? NC
We consider what happens when we are in the near horizon geometry, as the constraint

reduces to the following expression

N2 [T\ 2 A, rP—3
1>—=—(— 1+ -2 3.36
=5 () (et a0
For p > 3 the leading term in the expression is expected to be dominant and so we are

effectively left with the following constraint
NZ /7P 2
1>—==1—] . 3.37
=5 (%) 63
Now the near horizon approximation implies that the term in parenthesis is already vanish-
ingly small, which in turn implies that the ratio N/ E can take a wide range of values and

still satisfy this constraint. We must emphasise at this point that the classical analysis may

break down as the fuzzy sphere collapses toward zero size, since the back reaction upon the
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source branes will no longer be negligible and there will doubtless be correction terms to the
energy which will invalidate this constraint. Furthermore there will also be the problem of
open string tachyon modes, which will arise as the branes approach distances comparable to

the string length. If we now consider the limiting case where p < 3, the constraint equation

4 (r7P\ ot

when we take the large IV limit. This solution has explicit dependence upon the ratio of the

becomes

radius to the string length, which we would expect to be larger than unity in order for us to
have any faith in the effective field theory description. This implies that the energy density
can again be reasonably arbitrary as the supergravity constraint implies that the other term
is already vanishingly small. To be safe we will assume that £ >> N in what follows, as
there is no ambiguity in the constraints if this is fulfilled. Interestingly if we reinstate the

Chern-Simons contribution we find, to leading order, that the same constraints apply.

For completeness we now turn out attention to the large r region i.e asymptotically
flat space. This means that we are approximating the harmonic function by unity. In the
Abelian case there are no constraints to be imposed, and so the probe branes can move
to an infinitely large distance from the sources [23]. In the non-Abelian case however, we
can obtain an equation for the maximum radius of the fuzzy sphere which can be written

(dropping a factor of unity)

N2CE? 2qN
4
~ 1 = .

from which we deduce that the orientation of the Dp’-branes plays the role of a small cor-
rection term provided we take our E > N approximation. This maximal distance represents
the limit of our effective action, and it is likely that higher order correction terms will allow
us to consider limits such as 7,4, — o0. We note, however, that this maximal distance
is dependent upon the energy of the probe branes, and that by tuning the energy we can
effectively consider an unbounded solution in Minkowski space. If we take the large N limit

and use the binomial theorem for the Chern-Simons contribution, this equation simplifies

EX qgN ~ qN
rae ~ A 2 (14 :\/szg<1+—~+...> 3.40
2 ( 2F > 2E (3:40)

which shows that the size of the fuzzy sphere is only dependent upon the energy of the solu-

to

tion. This is what we expect from our knowledge of dielectric branes and Giant Gravitons
[57], which are expanding brane solutions sourced by non-trivial background fields. Even
though we are only looking at a relatively simple example, we would expect to find some

similarities between these problems.

Armed with this knowledge from the constraints we may proceed to investigate the

behaviour of the effective potential. A quick calculation shows that the potential has no
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turning point, therefore we shouldn’t expect any stable bound states between the fuzzy
sphere and the background branes. It will be easier to consider the throat region and the
Minkowski region as two decoupled regions of space-time, as this will simplify our analysis.
Any solutions to the equations of motion can then be patched together using appropriate

boundary conditions. In the throat region, for vanishing r we find the potential becomes

Nr™=p ([ Akyrr=3
Vg ~ 1+ —2_ _gq|. A1l
f o ( + 20 Q> (3.41)

Now for p > 3 we may again ignore the radial contribution in the square root, provided
that
A2C\ PP
r<< | —
( Ak ) 7

and correspondingly we find that the potential is well approximated by

NP
V:aff ~ (1 - Q)7 (342)
p
which we can see is identically zero if ¢ = 1, and is attractive if ¢ = —1. This is the same

behaviour as seen for arbitrary p in the Abelian case, and implies that the configuration
can become BPS at sufficiently small distances. However the size of this stabilisation radius
is likely to be smaller than the string length, where our effective action is not valid. Now if

we consider p < 3 we find the potential is given by

NP 4k
Vg ~ P —q]. 4
LR ( N2Cr3—p q) (3:43)

which is attractive for all valid p in this region. Therefore we see that to leading order, the

probe branes are always gravitationally attracted toward the source branes.

In the large r limit, remembering that there is a maximum radius for the fuzzy sphere

solution to hold, the potential becomes.

4rd
VeffNN< W—Q>7 (3'44)

which we see will tend to a positive constant depending upon the exact size of the maximum

radius. If we substitute our solution (3.39) into the potential, we find

~ 2N -
Vefme,/H?q—qNNE, (3.45)

where we have explicitly expanded out the square root term using our energy constraints.
Thus the potential energy is effectively the energy density at large r. Before proceeding to

solve (3.35), it is worth mentioning that the ’velocity’ of the collapse is a decreasing function
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of time. This is in stark contrast to the fuzzy sphere in a flat Minkowski background, where
we find that at small r, the velocity is a substantial fraction of the speed of light [50]. The
curved geometry of spacetime in the near horizon limit acts in such a way as to slow the
rate of collapse, in fact for an observer on the background branes it would take an infinite
amount of time for the sphere to reach zero size. Only if we switch to conformal time will we
see a finite time solution. This is an example of the usual red shift phenomenon in General

Relativity.

In the large r region, we see that the harmonic function is well approximated by unity
and we would expect to find the usual equations of motion for collapsing fuzzy spheres
in flat space [51]. Using the fact that the energy is conserved in time, we can integrate
the equation of motion to obtain the general form of the radial collapse in terms of Jacobi

elliptic functions. By carefully selecting our initial value of ry to be
NCE (E
ro = (— + 2q> , (3.46)

we find that the equation of motion is given by

2 t 1
r(t) = £roJacobiCN |24/ —L, — (3.47)
C 1 + Arg \/§
A2C

The form of this solution has been extensively discussed in [51], and so we will not say
much about it here. In this instance we know that the regime of validity for the solution is
P >> k, and so we find a simple monotonically expanding/contracting solution without
collapse toward zero size. Thus the effective action should remain a valid description of
the dynamics, and we do not have to worry about the physical nature of the coordinate
system being employed. Interestingly this solution appears to be valid for arbitrary values
of p since all the p dependence arises in the form of the harmonic function, and gives rise to
another example of the so called p-brane democracy. Unfortunately the precise form of the
equation of motion in this limit will make it difficult to obtain smooth analytic solutions

interpolating between flat space and the near horizon geometry.

Turning our attention to the throat solutions, we see that the complicated form of the
equation of motion also makes analytic solutions difficult to obtain. One case where we can
make some progress is the p = 3 background, as the 'fuzzy’ term loses all radial dependence
in this instance. The time evolution is given in terms of a hypergeometric function, and it

thus difficult to invert to obtain a closed form expression for r

Vks 1 =1 7 N?%#8 Ak
—tg~ At~ R 2 — — = 1 ) A4
tto S W77 R e (3.48)

In the limit that the sphere collapses toward zero size, we can expand the hypergeometric
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function using the well known series expansion

k‘3 N27"8 4k‘3
APV Ly (P AT § . 3.49
T g | e ) (349)

which implies that at very late times the solution behaves as

(3.50)

The collapse of the sphere is described by the positive branch of the above solution, and
is in fact an example of a simple power law solution. This power law behaviour can be
explicitly seen at late times in the general case by assuming that the dominant contribution
to the denominator of (3.35) is unity. The resulting integral is trivial to perform and we

obtain the general late time solution (dropping constants of integration)

I (A B (3.50)
2\/kp ’ '

the solution for p = 5 must be calculated separately, but is simply proportional to an

exponential

r ~ exp (iﬁ) . (3.52)

Thus we have shown that the solutions obey simple power law equations of motion as r — 0.

Of course, we must be careful in our interpretation of these results as we expect corrections

to affect the validity of our effective action as the fuzzy sphere collapses.

Whilst we cannot analytically solve the equations of motion in the throat limit unless
we assume the r — 0 limit, we can attempt to solve them numerically, which gives us
some indication of the late time dynamics as measured by observers on the source branes.
Figure 3.1, for example, shows the numerical solution for D0 and D0 branes. In order to
generate this solution we took Iy = 1, gs = 0.1, N = 100, £ = 200 and M = 1000, whilst
retaining the full form of the harmonic function but taking the large N limit. Although the
parameter space of solutions is large, we expect the numerical solutions to be representative
of more general behaviour. In fact we investigated the dynamics for various ranges of energy,
and found approximately the same solutions with all the solution curves collapsing onto one
another at very small distances. The analytic solution clearly shows that the radius collapses
rapidly when the metric is approximately flat, but decelerates as the sphere enters the near
horizon geometry. We expect that our solutions will break down as the probes near the
source branes, although it is useful to recall that DO-branes can probe distances smaller
than the string length and so the solution may be valid for some time [44]. The plot shows
that the brane and anti-brane follow similar trajectories as they cross into the near horizon

region and are thus indistinguishable. Our analysis of the potential suggests that it should
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Figure 3.1: Numerical solution to the equations of motion for the D0-brane background.

vanish for the D0-brane solution as r — 0. Clearly our plot shows that this must happen

at a distance smaller than the string scale.

Figure 3.2 shows the solutions for the D4 and D5-brane backgrounds using the same
parameters, but ignoring the Chern-Simons term. The five brane solution indeed tends

toward an exponential at late times as expected from our simplified analytic solution.

Figure 3.3 shows the solution for the D3 and D3-branes. In this instance we can clearly
see that the fuzzy sphere associated with the D3 solution collapses faster than the D3 solu-
tion when they are in flat space. This is because the D3-branes are more strongly attracted
to the sources than the D3-branes. However as they cross into the near horizon geometry,
both spheres tend to the same radius as the Chern-Simons term becomes negligible which

accounts for the similarity in their dynamics.

The difficulty in analytically solving the integral equation of motion is related to the
fact that it describes curves on hyper-elliptic Riemann surfaces, with the infinitesimal time
playing the role of a holomorphic differential [51]. The velocity and the radius can each be
regarded as two complex variables related by a single constraint. We can use the simplified

Riemann Hurwitz formula to calculate the genus, g, of the underlying surface

g = %(B _9), (3.53)

where B refers to the number of branch points - which is the same as the degree of the

corresponding polynomial in the equation of motion. This is a special case of the general
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Figure 3.2: Solutions for D4 and D5 brane backgrounds, ignoring the Chern-Simons cou-
pling.
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Figure 3.3: Solutions for the fuzzy sphere sourced by D3 and anti D3-branes.
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expression

g:n(G—l)—Fl—Fg, (3.54)

where G is the target space genus - which is zero because the target space object is a sphere,
and n is the degree of the mapping between the covering space and the target space - which
is two in this case. It is fairly straight forward to see that the p = 6 and p = 5 cases
correspond to genus 2 surfaces, p = 3,4 give rise to genus 3 surfaces, p = 2,1 are genus 5
surfaces and p = 0 defines a genus 7 surface. Thus as we decrease the dimensionality of the
background branes, we find surfaces of higher and higher genus. Obviously this leads to the
difficulty in obtaining an analytic solution to the equation of motion. Even if we include
the Chen-Simons term in the equation of motion, this doesn’t modify the number of branch
points. As in [51]it may be possible to reduce the integral for the genus 3 and 5 surfaces

into integrals over products of genus 1 surfaces using the special symmetries present.

It is important to note that the fuzzy sphere solutions in flat space correspond to a genus
1 surface (a torus), which provides a hint as to why it is possible to find an an explicit
solution to the equation of motion. By contrast the Riemann surfaces corresponding to
collapse in curved backgrounds are actually of a higher genus, with the branch points on
the complex plane being totally unresolvable when the cycles are large. This is suggestive
that the higher genus surfaces naturally have more structure, which makes analytic solutions
difficult. However this may be resolved by keeping higher order terms in the effective action,

or by including finite N effects.

3.2.4 Dynamics in the p # p’ case.

We now turn our attention to the more general case where p # p’. However, as we are only
looking at the leading order terms in the action we find that there is no Chern-Simons term
except for the p = 6,p' = 0 case. But we will neglect this contribution in this thesis, and
focus solely on the NS sector. The action in this instance is a simple extension of (3.28),

and can be written in the following way

S=—T, / a1 NH@—p’—‘*)/‘*\/ (1+4HX2CR*)(1 — H)\2CR?), (3.55)
which clearly reduces to the expression in the previous section when taking the p = p’ limit.

We will again divide out by the 'mass’ of the brane to find a closed form expression for the

canonical momentum, which turns out to be

. ) ) 20 R4
M= NHPP-D/4\20R M, (3.56)
1 — HXNCR?

71



3.2. DYNAMICS IN Dp AND NS5-BRANE BACKGROUNDS

and the corresponding energy is obtained via Legendre transformation in the usual manner.

B o~ nNpe-r-oa [LH4HNCRY (3.57)
1 — H\2OR? '

112
HX2C

= \/ N2ZH®-P=9/2(1 + 4HXN2CRY) +

Extending the results from the previous section we will define the effective potential as

follows
AH7r4

_ —p'—4)/4
Vepg = NHPP=9/4 [1 4 Tk (3.58)
which is clearly the general extension of (3.32) when there is no Chern-Simons coupling
term. Omnce again we see that the additional energy density due to the fuzzy sphere is

responsible for generating a non-trivial potential.

Using the conservation of energy we also have a modified constraint condition

N2 (—p'-4)/2 AHr4
12— <1 n %) . (3.59)

In the near horizon geometry we see that the RHS blows up as as the radius tends to zero
when p — p’ > 4 which, because of the dimensionality of the branes, implies that for the
p = 6,p' = 0 case the energy must go to infinity as the fuzzy sphere collapses in order to
satisfy the constraint. All of the other solutions are satisfied for arbitrary energy in this
limit. This tells us that the D6-D0 solution will not collapse to zero size, instead it will
be energetically favourable for the fuzzy sphere to expand in the near horizon geometry. In
the large r limit we again expect there to be a maximum size for the fuzzy sphere solution,

which is given by (3.40) when we take the large N limit.

By analysing the behaviour of the effective potential we should get a general under-
standing of the dynamics of the fuzzy sphere as the probe branes are attracted towards the
source branes. In general we see that the potential is always attractive, implying that the
fuzzy sphere will eventually collapse down toward zero size. The case where this isn’t true is
when p = 6 and p’ = 0, which has a repulsive potential at small radius exactly as expected
from the energy constraints. We will have more to say about the D6-D0 configuration in a
later section as this is an example of the gravitational Myers effect [55], and is relevant for
constructing a microscopic description of the Quantum Hall soliton. The other case where
the potential does not vanish is when p — p’ = 4, corresponding to the cases p = 6,p' = 2;
p=>5,p =1and p=4,p = 0. In these cases we see that the potential tends to N with
vanishing radius. Again this should be expected as the branes are all parallel and this is
precisely the supersymmetry preserving condition in the Abelian theory, however this may

well occur at distances beyond the regime of validity of our effective theory.

Solving the equations of motion in the general case is far from trivial, as the integral
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equation gives rise to a description of Riemann surfaces of varying genus. For completeness
we have written the genus associated with all the possible values of p,p’ in the following
table. Note that as the factor p — p’ increases, the genus of the surface associated with
the solution decreases. For example in the p — p’ = 4 case (not including p = 6), we see
that the Riemann surface becomes a simple two-sphere. This is interesting as we know
that this is exactly the supersymmetry preserving condition in the Abelian theory, and a
quick calculation verifies that the Abelian equation also yields a genus 0 surface even in
the p = 6,p’ = 2 case. This poses the question of whether there is some deeper connection
between the preservation of supersymmetry and the underlying Riemannian geometry. An
example solution can be found in the p = 4,p’ = 0 case which will be valid when r satisfies
the following constraint, A2E? >> 4ksr. Upon integration we find
4FEky

r~1ryEt—

et (3.60)

where we must take the negative branch of the solution to approximate the collapsing fuzzy

sphere.

p |6 5 4 3 2 1
P |6]4|2]0|5[3[1[4(2|0]|3]1

genus [ 2 |2 (1 (1 2]1]0|13|2|0|3|1|5]2]|5

3.2.5 Corrections from the symmetrized trace.

In our work so far we have only considered the leading order Lagrangian, and neglected
any 1/N corrections. This was essential in order to avoid the complications introduced by
the symmetrization over the fields. However some of these terms can be calculated allowing
corrections to the effective potential to be found [50]. We remind the reader that to lowest

order, we have calculated the energy density to be

E:%R—c.
SR

Based upon arguments in [50] we know that the corrections to next order are given by

E, = (1 — 306—2> E (3.61)
3 0C? ’

We differentiate our expression for F in order to find the next order corrections to the

effective potential. Note that for static BPS configurations such as the D1-D3 intersection

in flat space, all the symmetrized trace correction terms are zero [51]. This will be important

for later discussions. We don’t anticipate the same situation occurring here because the

Chern-Simons coupling is independent of C at leading order and will drop out when we
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differentiate the Lagrangian. Since it is this coupling which (in the Abelian case at least)
preserves the bulk supersymmetries, we expect that higher order corrections will, in general,

not be BPS configurations and so we should find non-zero correction terms to all orders.

Our calculation gives us the following first order correction to the potential (where we

write V1 = Veg + AVeg)
{N HP—1p'+4)/4,8

AVug = (3.62)

3/2°
4Hr4
BXC3 (1+ 4

where we have made explicit use of the near horizon approximation to simplify the result.
Once more we find that the solution depends heavily upon the dimensionality of the branes
involved. Firstly we will consider the case when p > 3. In this instance the correction term

becomes;

AV

N 8 1 (p—p'+4)/4
SN b( ) , (3.63)

AT

where we have introduced the quantity b = k@~ +9/4 to simplify the notation. In general
the factor of p — p’ can only take the integral values of 6,4,2 or 0, and so it is easily noted
that the potential tends to zero as r — 0 for all values of p and p’ in this particular range.
If on the other hand we consider the case where p < 3 then p — p’ is limited to be either 2

or 0. The correction term in this instance reduces to

8 (p—p'+4)/4 2 3/2
AVN8N7"b 1 A2C (3.64)
3\LC3 \ rT-p 4k,rr=3

This potential again tends to zero with r for all values of p and p’, which is in agreement
with our general expectations from the behaviour of the leading order term. Thus the
correction doesn’t alter the overall dynamics of the fuzzy sphere, and we don’t find any
bounce solutions. However it should be noted that if we relax our throat approximation
and look at large r, we would expect to find differing behaviour. For example [50]showed
that there are bounce solutions for the DO0-solution in flat Minkowski space when the 1/N
sub leading order terms are taken into account. It is well known that DO-branes may probe
distances much smaller than the string length, however the curved backgrounds we have

been studying in this section appear to impose constraints upon this behaviour 4.

3.2.6 Remarks on the D6-D0 solution.

In this section we will briefly comment on the p = 6,p’ = 0 solution as there is a similarity
with the Quantum Hall Soliton [56], which we will briefly introduce below.

The stringy QHS was introduced as a way of establishing the link between condensed

“In fact it was shown that this ’bounce’ was dependent on the order of the correction, and in fact vanishes
when computed using the finite IV proposal for the symmetrized trace.
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matter physics and string theory. To construct the QHS we imagine a type ITA background
of k coincident D6-branes with k strings emerging from them. The transverse space to the
D6-branes can be parameterised by R x S2, and we wrap a D2-brane over the S2. However it
is known that this configuration is unstable, and so we are forced to introduce N D0-branes,
which are dissolved into the D2-brane world volume. Since it is well known that D6 and
DO-branes repel each other (due to the energy becoming infinite at small distances), this
extra repulsion stabilises the QHS. The D6 is charged under the seven-form RR gauge field
#C'(1), which is the dual of the field charging the DO0-branes. This is analogous to the fact
that F-strings cannot end on N S5-branes since they are either electrically or magnetically
charged under the NS two form field. It was further shown that the world-volume of the

spherical D2-brane is the surface where the quantum hall fluid lives.

This is a purely macroscopic Abelian construction in terms of the D2 picture, however
our Non-Abelian construction can provide information on the dual microscopic picture. This
is because we can consider N DO-branes in the supergravity background of M coincident
D6-branes. We expect that the fuzzy sphere ansatz will play the role of the D2-brane with
flux on the Abelian side, furthermore we anticipate that the D0-branes can be regarded as
being the endpoints of fundamental strings which start on the background D6-branes. The
only difference is that we are neglecting the open string contributions from the background
branes to the probe branes. This is similar to the Myers Dielectric effect [33], except that it
is the gravitational field that 'puffs up’ the D0-branes rather than non-trivial Chern-Simons
terms. Consequently this phenomenon has been labelled the 'Gravitational Myers Effect’
in the literature [55]. From the previous section we know that the effective potential for

this (bosonic) configuration can be written as follows

4Hrt
V= NVH[1+ =5, (3.65)
Ac
where the harmonic function, H, can be approximated in the near horizon limit by
77 Msls
2r
We now determine that the potential has a minimum at the distance
T213N2\ /3
Tmin = < M‘” ) (3.66)
Js

where we have explicitly employed the use of the large N limit. This is exactly the same
result that was obtained for the stability of the spherical D2-brane with flux in terms of the
Gravitational Myers effect effect [55]. We wish to compare this result to the one calculated

in [56], which relied on the D2-brane theory. In that paper they used a coordinate rescaling
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to simplify the initial background metric. The scaling is given by

Mg\~
r=p{= :

and consequently the equation for the stabilisation radius (denoted by p.) is given by

N 2/3 ls
gy = N7 (3.67)
2
Performing the same rescaling in our Non-Abelian dual picture gives the result
(N7)2/31
Px = T o153 (3.68)

which is almost identical to the Abelian theory. In fact the discrepancy between the two
radii is due to the contribution from the k strings on the Abelian side, which has been
neglected in our analysis. In fact the string contribution appears to alter the stabilization
radius only by a factor of 272/3. If we reconstruct the Abelian action for the QHS, but
neglect the stringy contribution and allow for time dependent radial solutions we obtain

the following

AN 2), (3.69)

S =T / d3¢CHr? sin(e)\/ (1 — Hr?) (1 +

where we are using spherical coordinates to parameterise the D2-brane worldvolume and

the flux on the brane is given by
N sin(6
19(15 - 2 ( )7

which satisfies the usual quantization conditions. For a more rigorous explanation of the

(3.70)

derivation we refer the reader to [56] for more details. We can integrate out the angular

dependence to find an exact expression for the Lagrangian

NN ) . (3.71)

_ 2 .2
E——T247T7’ H\/(l—HT ) <1+W
Using this we can easily construct the static potential for the Abelian theory in the near

horizon geometry, which we find to be
kr A2N2
V=—\/l4+ —. 3.72
M\ T 2gilr® (3.72)
Although this appears to be different from the non-Abelian potential, they are in fact
identical as can be verified with a simple expansion. Thus the theories are in fact dual
to one another, which we can further exhibit by analysing the equations of motion for the

radion fields. Using subscripts A (for Abelian) and N (for non-Abelian) to represent the
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two theories, we find the result

1 167212 H?r* A2N?

.9 2
4 = — 1 - - —_—a 1 1 .

" H < E? { 4Hr4 }) ’ (3 73)

1 T2N2H 41‘17'1
'2 0
TN = _<]_7{]+W}>'

If we take the large N limit and carefully expand these equations, using the definition of
the brane tension in each case, we see that they are identical. This was noted for the case
of a fuzzy sphere in flat space, and as expected this duality continues to hold in a curved
geometry. On the Abelian side we find an explicit example of the gravitational dielectric
effect, whilst on the non-Abelian side we have the gravitational Myers effect. It would be
useful to include the terms coming from the strings in our work, as this would be the dual of
the QHS, however this is expected to be complicated as the strings are charged under U (M)
on one end and U(N) on the other. The corresponding trace over the Chan-Paton factors
will be expected to yield an extra term in the DBI forcing the fuzzy sphere to stabilise at

a smaller radius due to the tension of the strings.

As a further remark we should note that this macroscopic/microscopic duality only holds
for the p = 6,p' = 0 case. We could consider a different background source such as D4,
D2 or DO0-branes, with a single probe D2-brane wrapped over a transverse S? whilst the
remaining transverse coordinated are set to zero. Unfortunately the corresponding solutions
do not map across to the non-Abelian construction where we would have DO-branes probing
each of these background solutions. This is because we are losing information about the

theory by setting some of the Abelian degrees of freedom to zero.

It is interesting to examine the stability of our solution with regards to D0-brane emis-
sion. It was argued for the QHS that there is an energy barrier proportional to IV, preventing
the tunnelling of D0-branes out of the D2 brane. In fact it requires energy to be put into
the system to remove the D0-brane. Therefore the QHS appears to be stable with respect
to particle emission . The potential at the stable radius in our dual picture can be written
explicitly as
( M 95)4/3 N2

V=N —= —
2(Nm)2/3 a0

(3.74)

where we are using the dimensionless potential obtained from E. We now revert to proper

time as measured by an observer on the fuzzy sphere, which allows us to re-write the

5[56] also noted that there could be possible nucleation of the D2-brane causing another D2 brane to
appear inside the original one. Although we can consider multiple fuzzy spheres by selecting an ansatz which
is a reducible representation, this does not correspond to the QHS picture on the Abelian side. It would be
certainly interesting to consider a non-Abelian description of this.
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minimised potential with respect to proper time

N Mg, NZ
Vi(N) =\~ |1+ 55 (3.75)

Now imagine that the soliton emits a single DO0-brane into the bulk, the change in the

potential - to leading order in 1/N, and taking the large N limit - can be approximated by

Vi(N) — V(N — 1) ~ ﬂ/Nings. (3.76)

We now need to compare this with the potential energy of a single DO-brane attached to
a fuzzy sphere located at the stabilisation radius. Although our effective action is valid as
a large N expansion, we can use it to determine the potential for a single brane provided
that we neglect the back reaction terms between brane and fuzzy sphere. By adding this

contribution to the one calculated in the previous line we see that

Mag; 3 1
Vi ¥ —= (/= + —= |, .
ol ﬁ( N+\/§> (8.77)

which is larger than the potential of the stable fuzzy sphere. Thus we conclude that the
solution appears to be stable with regard to emission. This gives us an estimate of the
binding energy of the DO0-branes in the near horizon region, which we interpret as the

energy barrier needed for quantum tunnelling
Ebinding ~ Vgs\/ﬁy (3'78)

where we have made use of the ratio v = M/N to simplify the result. In the QHS picture
this corresponds to the definition of the filling ratio. Clearly the barrier is an increasing

function of N, thus in the large N limit we would expect the fuzzy sphere to be stable.

The supergravity description is then the following. If the fuzzy sphere is initially large,
then the metric is approximately Minkowski and we have our usual collapsing solution
with velocity approaching that of light. As the DO0-branes enter the near horizon geometry
they decelerate (from the D6 viewpoint) until they oscillate around the minimum of the
potential, eventually forming a bound state at 7,,;,. If on the other hand, the fuzzy sphere
is initially small, then the gravitational dielectric effect forces the configuration to expand
until it reaches the stabilisation radius - at which point it settles into its bound state after

oscillation.

3.2.7 Inclusion of Angular Momentum.

Our analysis thus far has only considered radial dynamics, which is not the most general

solution possible. Therefore it would be interesting to include something akin to angular
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momentum in our theory - which will be the focus of the next section. In the Abelian case
the inclusion of angular momentum terms in the action is essentially trivial since all the
coordinates commute [23]. This will clearly not be the case in the Non-Abelian version
and so we must choose a specific ansatz for the scalar fields. A fuzzy cylinder ansatz was
introduced in, which was able to rotate about three independent axes. However this ansatz
proves to be restrictive on the dimensionality of the background brane solutions limiting
them to p < 3, although it may be useful in describing dual versions of supertubes and
we will have a closer look at it in the next section. Instead we choose a different ansatz

corresponding to rotation in the ¢% — ¢7 plane [42],

¢ = R(t)cos(0)Ts,

o7 = R(t)sin(0)T3,

¢® = R(t)Tn,

¢° = R(t)Tv. (3.79)

This means that the resulting theory will only be valid for p < 6 - as we require four
transverse directions for this ansatz, and so we will not be able to consider rotation in the
Gravitational Myers effect. The action for this particular ansatz can be calculated and we

find (again assuming large N)

N
S =—T, / Y NHE A \/ (1+4HXN2CRY)(1 — HXN*CR? — HX*R?0%)2).
j=0
(3.80)
where )\; is the jth eigenvalue of the matrix (73)? (using a matrix representation for the
diagonal generator). If we expand the action out to leading order this enables us to isolate

the A\; dependence and we can perform the sum to obtain

N

N CN

M= (N?-1)=—. 81
Z J 12( ) 12 (3:81)
7=0

In general, the inclusion of angular momentum for the fuzzy sphere is non-trivial. If we

employ a convention where the subscript on the A implies summation over that variable

then we find the exact solution for the static potential in physical radius is given by

1
* 12

. N H @' =4)/4 AH <HNr
eff = .
\/1 — HA2R262)? ¢

242 - _
1 - Eere 1 - HA2R292A§) ,
(3.82)
where 6 corresponds to the angular velocity of the fuzzy sphere. By setting this term to zero
we recover the result for the purely radial collapse, as we would anticipate. Even though we
cannot find a closed form solution for the potential we can still make some comments about

the dynamics of the fuzzy sphere. Interestingly we expect that the potential will vanish in
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the r — 0 limit, as the only case where there is the possibility of a bound state is when
p —p' > 4 corresponding to the p = 6,p’ = 0 case we investigated in the previous section.
Unfortunately our choice of ansatz doesn’t allow for this to be investigated here. This tells
us that the angular momentum term cannot counteract the gravitational force exerted by

the source branes, and the fuzzy sphere will always collapse.

3.2.8 Alternative ansatz.

Thus far our analysis has been exact but does not allow us to obtain closed form solutions
describing the full dynamics, so it is useful to consider an alternative ansatz which allows
us to incorporate angular momentum in a clear manner. Since we require two transverse
scalars to define a plane in the transverse space, and at most each plane is parameterised
by one of the generators of the representation, we are led to the conclusion that we should
use six transverse scalars to introduce angular momentum. This will obviously place severe
restriction upon the dimensionality of the branes that we can consider in our solution, since
not all background solutions admit spacetimes with six-transverse directions. In fact we
find that at most we can consider a D3-brane background. We choose to parameterise
the six transverse scalars as follows - temporarily dropping the group generators from our

notation:

¢ = R(t)cos(h) $* = R(t)sin(6)
#* = R(t)cos(h) ¢* = R(t)sin(6)
#° = R(t)cos() #° = R(t)sin(6) (3.83)

Thus we are breaking the SO(6) symmetry of the transverse space down to SO(2) x SO(2) x
SO(2), and choosing the same angle 6 to parameterise the three planes. This may seem a
rather restrictive ansatz but it will actually allow us to make some progress. The action in

this case becomes

S=-Ty, / dP ¢ STr <H<P—p’—4>/4\/ 1 — H)\2C(R? + R262))(1 + 4>\2HR4C’)> . (3.84)
with a possible Chern-Simons term, defined up to a constant factor
_ D q
Scs = +Tpr6p, /dtﬁ. (3.85)

Since both terms in the Born-Infeld part of the action are proportional to the identity

matrix, we find that the STr reduces to Tr to leading order in large N. Finally we obtain

S =T, / e NH(p—p’—4>/4\/ (1 — HX2C(R? 4+ R262))(1 4+ 4\2HRAC). (3.86)
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We can now proceed as usual by switching to the Hamiltonian formalism and writing the

canonical energy density as

N 1 .2
E=,|N2H@--4/2(1 + 4\2C HR* 2+ = |. .
(1+4X2C R)+H>\2C< +R2> (3.87)
Reverting to the formulation in terms of the physical radius r, we find that the effective
potential becomes
AH7 L2
g = N2HP—P'=4/2 (1 4 — — )
vam (1+4my, 2 355)

Where we must remember that this equation is only valid for p < 3, and that both the

energy density and the angular momentum are conserved charges.

For ease of calculation we choose to rescale the potential by a factor of N. This is
possible because there is an N? term in the angular momentum density. The resulting

non-Abelian and Abelian potentials are written below for comparative purposes

4 T2
Ver = \/H(P—P'—4)/2 <1+ A ) + L

\2C Hr?’

. L2
Vabehan — Hp-p-4)/2 L — 3.89
\/ T Ee (359

Simple analysis of the potential in the non-Abelian case shows that it is a monotonically
decreasing function for all valid p and p’ in this regime. Therefore there is no possibility
of the formation of bound states, in the same way that there are no bound orbits in the
Abelian theory. Once again it is useful to look at the equations of motion to determine
if there are any constraints to be imposed on the solution. We wish to consider a case

where the energy density and the angular momentum density are constant. Thus we find

) . (3.90)

If we assume that the angular momentum takes some fixed, non-zero value - then we

the following expression

1 1 , AH 7t L?
2 b _ 2 r7(p—p'—4)/2 i
7 H<1 = [NH {1+)\2C}+Hr2

can consider how the constraint equation is modified in the asymptotic limit of r — 0

21.(p—p'—4)/4 J2,.5—
1>i AN “ky ky Ler>™P (3.91)
= E2 \ X207y ((7—p)(p—p'—4)+6-2p)/2 kp ’ '

This appears to have a complicated dependence upon r, however because of the restrictions

from the ansatz we know that there are only two possible cases we can consider, i) p—p’ = 2
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and i7) p — p’ = 0. The first case reduces the constraint to the following
L4 72 5-
12~—<r + L2 P). (3.92)
E2

It is clear that as r vanishes the contribution from the angular momentum term also van-
ishes and the energy density can be relatively arbitrary, as already discussed. The second
condition implies a similar result, however the dimensionalities of the branes involved plays

a role in determining how quickly the leading term vanishes.

3.2.9 Non-BPS branes.

It is well known that BPS branes can be interpreted as solitonic solutions of Non-BPS branes
[28], so it is natural to enquire about the dynamics of these branes in various backgrounds.
In this section we will look at the action for NV Non-BPS branes in the Dp-brane background
and try and study the dynamical evolution of the fuzzy sphere in this instance. This will
not be as straightforward to analyse as the BPS case, as there is the additional complication
of open string tachyon modes condensing on the world volume. We begin this section by

introducing the non-Abelian extension of the non-BPS Dp-brane action [39].

S =— / dp+1CSTrV(T)e_(¢_¢°)\/ — det(P[Ew + Eui(QY — 8)15 Ejp] + AFup + Tup)

x/det Q5. (3.93)

As usual there is an overall factor of the tachyon potential multiplying the entire action,
and the rest of the fields are defined in the same way as before. In addition there is a new
tensor, T,;, containing all the open string tachyon terms. The expansion of this tensor can

be written as follows
Ty = AD,TDYT — D, T[z", T)(Q 1)ij[a?, T)DyT + ... (3.94)

In what follows we will assume that the tachyon potential takes the same form as the single
brane case, namely
1
T)= ——, 3.95
) cosh(T'//2) (3.95)

which tends to an exponential for large 7' in agreement with calculations from BSFT [28].

Inserting the D-brane background solutions, we find that at leading order the action

reduces to

(9%, ¢7][¢7, 87]).
(3.96)

We are absorbing o’ factors into the definition of the tachyon (7') to make it dimensionless

/ / . . 2
S =Ty, /dp e STrV(T)HPP —4>/4\/(1 — XN2H$? — HV/2XT2?)(1 — %
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and we are assuming, like the transverse scalars, that it is purely time dependent. We are
also assuming that the tachyon is real in this model. Generally we would expect the tachyon
to be a complex field, however for our purposes this only served to make things even more
analytically complicated. The explicit time dependence of the tachyon also ensures that the

Chern Simons term vanishes to lowest order when we employ the static gauge 6

The overall multiplication factor, V(7T'), is the potential for the tachyon field which
describes the changing tension of each of the branes. We will again rescale it so that it is
dimensionless. The form of the tachyon potential is not known in general, however using
arguments from boundary string field theory, Sen argued that it is exponentially vanishing
at large values. As a result it has become somewhat standard in the literature to use
an inverse cosh potential to describe the rolling tachyon. This is perfectly valid for flat
space calculations, however the form of the potential may well be modified in non-trivial
backgrounds. For simplicity we will assume that the inverse cosh potential is a reasonable

description of the open string decay even in curved space.

As usual, the simplest ansatz for the transverse scalars is to use the standard SU(2)

ansatz, ¢' = R(t)T". In which case we find that the action becomes

S =Ty / P e NV (T)H PP /4 \/ (1 — NX2CHR? — NH'Y/2T?)(1 + 4HX2CRY), (3.97)

where we have traced over the SU(2) indices. As it stands, this form of the action is
perfectly acceptable for us to analyse the dynamics of the brane. However the presence of
the world-volume tachyon makes things difficult since it will not decouple from the equation
of motion for the radion. It turns out that we can re-write the action in an equivalent form

which is more useful for analysing the dynamics. In order to do this we choose to rescale

the tachyon field such that B
T T
— =sinh [ — |, 3.98
V2 (x/i ) (399

which transforms the action into the following form

NHP p'=4)/ AHr4 H1/2/\T2
S =— /dp g \/ Vel \/ — Hr2 — (3.99)

Where we have introduced a new parameter, F', which controls the changing tension of the

probe branes
T2
F(T)=1+ PR

and we have also chosen to write the rescaled tachyon field in terms of T for ease of notation.

(3.100)

This form of the action allows us to investigate the dynamics of the Non-BPS brane when

This is because the CS term goes like [ dT A C where our parameterisation of C ensures that it has one
leg in the time direction.
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the tachyon field is large. At this juncture we must point out that there may also be
objections to using this form of the tachyon potential, as we are assuming that it will hold
true in a gravitating background. It is well known that there are many effective descriptions
for the tachyon field, with each one defined on a specific section of tachyon moduli space
[31]. However as there has been little progress in constructing non-Abelian versions of these
effective actions, we must use the DBI and hope that it provides an adequate description

of the physics at late time.

It turns out that making the field redefinition will still not be enough to simplify the
problem, and so we are also forced to consider the throat geometry around the source
branes. In terms of field space definitions we are probing the large 7', small r region of the
theory. We can now use the Noether method to find the charge associated with a scaling
symmetry on the brane world volume. We postulate that the fields and the time scale as
follows:.

t'=r%, +=0% T =1T. (3.101)

Inserting these transformations into the action yields the following constraints,

Blp-3)=0, a=-p, ~y=-ap. (3.102)

The first of these is the most important, since we have two possible solution branches.
Firstly we can have § = 0, which automatically implies that & = v — 0 and so there are no
field symmetries. However the second solution gives p = 3, which implies that the scaling
variables are arbitrary. What we have found is that the symmetry on the world-volumes of
the probe branes imposes a constraint on the allowed dimensionality of the background. If
we were to allow extended transformations, for example a rescaling of the string coupling,
we find that the background constraint becomes p = 5. Only in the case where we rescale
all the fields, the string coupling and the string length can we eliminate this background

constraint and have a theory valid in all backgrounds.

For brevity we will only consider the basic case in this thesis. Extending this to the
more general case remains an outstanding problem. As the scaling variables are arbitrary,

we find it convenient to choose o = —1, thus the scalings become
t=rY% o+ =Ir, T =TT, (3.103)

and we find a representation for the conserved charge generating these transformations,
which is
D =tE + Il + p'TPr, (3.104)

where E,II and Py are the canonical energy density, radial momentum and tachyon mo-
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mentum respectively. Now it is useful to write the energy density in canonical form

. IN? (kg P2 dkg | TI27% T2P2r2
E=y=—0 (= 1 A 1
\/T2 <r4> { +)\2C}+ ks * 22V/ks (8-105)

where we have written k3 to denote the constant charge of the D3-brane background. Using

this expression we find the equations of motion for the radion and tachyon fields reduce to

I . T?Prr?
- Y (3.106)
Eks 2EMEs

Note that in this instance, neither II or Pr is a conserved charge which makes it difficult
to solve the equations of motion. However due to our world-sheet transformations we have
discovered a charge, D, that is conserved and so we can use this to simplify the equations of
motion. In order to do this we will have to consider specific decompositions of the symmetry
charge, as the general expression does not lead to simple analytic solutions. This will be

the focus of the next subsection.

3.2.10 Decomposition of charge.

Even with the existence of the conserved charge (3.104), this does not allow an easy split
between the variables 7 and T which would allow us to solve (3.106).”. In order to try and
find analytic solutions (even approximate ones) we need to impose further conditions on
the canonical variables in a manner consistent with the equations of motion. Let us write

the conserved scaling charge D in (3.104) as the condition
® = (tE + Il +p'TPr — D) = 0. (3.107)

This constraint is preserved under Hamiltonian flow since it can be verified that & =
d®/dt +{H,®} = 0 where {, } defines the usual Poisson bracket and H is the Hamiltonian

defined in (3.105) . Now let us decompose ® = ®; + $5 where

b, = Elt—l—T‘ﬁ—Dl
dy = Est+pTPr— Dy (3.108)

with By + E» = E and Dy + Dy = D. If we now impose, for example, the additional
constraint that ®; = 0 (and hence 3 = 0 as a consequence) then this would allow us to

solve for r(t) and T'(t). However we must check that this additional constraint is preserved

"The only exception is the case p’ = 0 which we shall discuss later.
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under Hamiltonian flow, i.e that

. 4D
by = d—tl +{H,®&1}=0 (3.109)

This leads to the following algebraic constraint between r and 1" :-

oo 2N (kg 2 Ak

The case p’ = 0 is special in that the original constraint, ® = 0, can be used to solve the r, T
system completely (see later). For now we will assume that p’ # 0 . Since we are considering
p' < p =3 we only need consider the case when p’ = 2. It’s clear from (3.110) that E,>E
if this constraint is to be solved exactly. But one can then show an inconsistency appears
when this algebraic constraint is applied to (3.106). Thus at best we can only solve (3.110)
approximately. One such solution is to take Ey ~ E and assume 7T is large. We remind the
reader that we already assumed that T is large in order to obtain the scaling symmetries

earlier. We can now proceed to solve the r, T system of equations.

Solving for the radial equation of motion we find

1 1 t
r? N T% Ekg

(2D, — Et) (3.111)

Now for small values of Dy the dynamics of the probe obeys a 1/t relationship. The exact
description of the dynamics will depend on the relative sizes of Dy and E. If E >> Ds,
then the quadratic term will be dominant. This ensures that the solution starts at some
maximal distance and tends to zero. Conversely if Dy is much larger than E, then the
linear term is dominant and this describes an expanding solution which will break down
when the supergravity constraint is no longer satisfied. However when the two charges are
of the same order of magnitude we find a turning solution. The sphere initially expands
from ¢ = 0 until it reaches a stationary point at t = Do /E, before collapsing toward zero

size.

Using the second constraint to solve for the tachyon momentum yields the solution to

the tachyon equation of motion

(3.112)

Varg
o))

TNToexp<

where the function f(t) is proportional to arctanh(tE — Dy). Thus the general behaviour of

the tachyon solution is that it is an exponential function of time.

The results obtained so far have all been for the case p’ = 2. In order to determine
the dynamics of the p’ = 0 case corresponding to N coincident D-particles we see that the

tachyon dependence drops out of of the conserved charge. This is an unusual case, since
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when the tachyon condenses we will be left with D-instantons. Initially solving for the

radial equation of motion, we find the expression

L2 L ep—1h) (3.113)

2 T% FEks
which is a similar solution as the one obtained in the charge decomposition above for p’ = 2.
Therefore we also expect to find a similar turning solution for the fuzzy sphere parameterised
by the time t = D/ E. We have no other constraint to impose on the equation of motion for

the tachyon field, but we can write the tachyon momentum in terms of the other canonical

Wk - 2r? Ak 24
P2 = VEsA <E2 T {1+ 3}——T>. (3.114)

forms

T22 N \2C k3

In general we can use this solution to exactly solve for the tachyon field, however this is
extremely difficult and we will find it much more useful to find an approximate solution.

From the above equation we see that the supergravity solution implies r*/ks << 1, and so

we can effectively neglect the contribution from the final two terms. Inserting this into the
equation of motion yields the solution
1/2
VEk = - tE—-D
T ~ Tyexp AR In \/Ekg —13t(2D —tE) + M , (3.115)
2 Vi

which we expect to provide a reasonable approximation as » — 0, and once again shows the

increasing exponential dependence of the tachyon field. Again the contribution from the

two charges can change the dynamics of the field, as described earlier.

The general solution for the tachyon field is expected to be background dependent,
however we see that in the D3-case it is roughly exponential in all cases. The fuzzy sphere
appears to always collapse, but there is an intricate relationship between the tachyon con-
densation and the radial modes which depends upon the conserved charges. When both
terms appear in the radial equation of motion we see that there can be turning solutions
describing an initial expansion which eventually contracts within finite time. This is a result
of the tachyon condensation which decreases the tension of the branes so that they feel a
weaker gravitational attraction. However the combination of the charges in the tachyon
solution also implies a turning point for the tachyon field and so the tension eventually
increases and the fuzzy spheres collapses - provided that the tachyon solution still remains

valid.

3.2.11 NSbH-brane background.

The analysis in the previous section was concerned with coincident Dp-brane backgrounds,

but we wish to extend this to the NS5-brane background. This particular background

87



3.2. DYNAMICS IN Dp AND NS5-BRANE BACKGROUNDS

is important for several reasons as in many cases there is an exact conformal field theory
description allowing BCFT calculations [21]. Secondly there is an interesting duality which
relates six dimensional string theory on the IV.S5-brane world-volume, known as Little String
Theory (LST) [43], to supergravity in the bulk permitting an understanding of the dynamics
in terms of defects of the LST. Aside from this - as we saw in the first chapter of this thesis,
there is an interesting relationship between brane dynamics and tachyon condensation in
these backgrounds. Much of the construction of the non-Abelian theory follows a similar
line to that of the D-brane backgrounds

For simplicity we will restrict ourselves to the analysis of coincident fivebranes. The
background supergravity solution was presented in the first chapter, see (2.2). Note that
there are no bulk RR fields in this solution because the NS5-branes don’t carry these
charges. The probe branes themselves do carry RR charge, which would be emitted as
closed string radiation as the branes move through the background [30]. This has important
consequences as we know that the Abelian theory is only valid for probe brane dimensions
3 < p < 5, due to the emission of these string modes. This result was calculated from the
CFT perspective, so we expect it to be correct. Performing the equivalent calculation for

multiple branes is significantly harder, and remains an open problem.

We now insert the background solution (2.2) into our non-Abelian action. Once again
we expand everything to leading order and assume that the transverse scalars are time
dependent, which will ensure that our solutions are homogeneous and thus there will be no

formation of caustics. Finally we arrive at the following form of the action

S = —Tp/dp“gSTr (H—W \/1 — HX20i 5y \/1 — 1/2X2H2[¢i, ¢I ][, ¢i]> . (3.116)

Recall that the N .S5-branes have a tension that goes as 1/¢2, whilst the Dp-branes each have
tensions proportional to 1/gs, thus the five-branes are heavier in the large k limit, however
as we are considering the large N limit we may find there is considerable back reaction
upon the throat in the target space which may deform it substantially. As far as this thesis
is concerned we will always assume k >> N in order to minimise this effect, however we
should bear in mind that this may not always lead to a physical solution. Following on from
the previous sections we will assume the usual SO(3) ansatz for the transverse scalars and

the resulting action reduces to®

N :
S = —Tp/deC\/—F\/(l — H)2R20)(1 + 4\2CH2RY), (3.117)

with C' being the usual Casimir of the N-dimensional representation. Switching now to

8For simplicity we do not include angular momentum though this can be done as in the case of the
D-brane backgrounds.
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physical coordinates we arrive at the final form of the action useful for our analysis

S = —Tp/d‘”“g‘\/%\/(l — Hi?) <1 - 4?22(;4), (3.118)

from which we can derive the usual canonical momenta and energy densities, where we have

explicitly divided out the 'mass’ of each brane.

q _ NHP 1+4H2r4 1
- VH NC 1 - Hi?
. N a2t 1
B = ! (3.119)

——\/1+ :
vVH NC /1 - Hi?

We solve the equation for the energy, which is conserved, to obtain the following constraint

on the dynamics of the probe branes assuming a fixed energy density

N2 AH %
1> = <1 + T(;> . (3.120)

As usual the interesting physics occurs in the near horizon geometry of the five-brane
background, and so we will drop the factor of unity from the harmonic function when
referring to this limit. We will also anticipate that there is a maximum size for the fuzzy
sphere in the large r region, which is again identified with Minkowski space. In the throat

we find that the constraint becomes

N?p? Ak}
1> ki <1 + 20 ) (3.121)

which is automatically satisfied for the radial part since we know that H >> 1 in this

region. This actually allows us to find the following constraint on the energy density

E2 7,2 k2
> (14— . 122
NZ = k2 ( + W2C> (8122)

The supergravity solution tells us that 72/kl? must be extremely small, and we can select
k/N to be small even when k and N are individually large, thus the last term can be tuned
to be O(1) and implies that E is larger than N. Thus like the majority of the Dp-brane

solutions we find that the fuzzy sphere can collapse down toward zero size.

One caveat to this assumption is that the dynamical D-branes will shed their energy as
they fall toward the five-branes, and could eventually form a (k, N) bound state in analogy
to the (k, 1) state in the Abelian case. As we have already seen, one of the main differences
between the usual fuzzy sphere solutions in flat space and those in curved background is
that the velocity term decreases with the radius. In flat space we find that the collapsing

configuration approaches the speed of light at late times and thus the 1/N corrections due
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to the symmetrized trace become important. Clearly we don’t see the same behaviour in
this case, in fact a six dimensional observer on the INS5-brane world volume will record
that it takes an infinite amount of time for the fuzzy sphere to collapse to zero size. This
is interesting as it appears that the energy of a collapsing fuzzy sphere in flat space is the
same as an essentially static sphere in a space-time throat ?, and is clearly related to the

formation of a bound state of (p, q) fivebranes.

In the large r region corresponding to Minkowski space, we find that the constraint

becomes
AN?p4
1>

~ EXC
which translates into the condition that the fuzzy sphere has a maximum radius given by

(3.123)

EXC1/2

max — 124
r 5N (3.124)

which, as expected, is the same as the value obtained in the Dp-brane backgrounds in the

absence of Chern-Simons terms.

We now look at the static potential associated with the fivebrane background. Following
the parameter conventions employed in the Abelian cases [21], we easily find that the

potential can be written in the following form

N2 AH?%r4 1
‘/eff == @ <1 + W) - ﬁ (3125)

The interesting question is what happens in the throat, since we know that in the large r
region the potential will be a simple monotonically increasing/decreasing function, which

goes like
4o

TR
Dropping the factor of unity as before we find that in the » — 0 limit the potential becomes

Vors (3.126)

(3.127)

2.4 214 2
Vs N2y <1 4k:ls> r

~ 7E2k2l§ o ) k_lg

which indeed tends to zero with r, for fixed E as expected

In any case, we wish to solve the equation of motion for the probe branes in the throat.

Because the energy is conserved, the solution - up to constants of integration - is simply

1 N2 4k2]% t
- = = - 1 5 h 12
" \/E%lg < +2e > cos < kl?) ; (3.128)

9Provided one is in the correct reference frame.
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which is actually a simple extension of the solution for a single probe Dp-brane in the

Abelian theory [21], which was shown to be

= L > (3.129)

1
- h
N (v 2B

where we have also included the angular momentum contribution for completeness. This

extra term acts as a deceleration parameter, slowing the velocity of the probe brane.

Let us make some brief remarks on the solution (3.128). If we perform a Wick rotation
on the time coordinate for the collapsing solution, we find a periodic solution in terms of
a cosine function. This can be interpreted as the collapse and subsequent bounce of the
fuzzy sphere in imaginary time - although the physical interpretation of this solution is not
clear we expect it to approximate the time dependent solution for Euclidean branes. This
sinusoidal behaviour can also be seen if we switch to conformal time where an observer sees
that the collapse occurs in finite time. In this case we would expect 1/7 to be proportional to
sin(t) which again is suggestive of a periodic collapse and expansion. However this solution
would indeed probe the non-perturbative region of the theory, and it is not clear if the
corrections (e.g quantum, 1/k and back-reaction) would admit such a solution. One further
thing to note is that using S-duality we may map this solution to that of the coincident D5-
brane background being probed by coincident D3-branes. This agrees with our expectation

that the D5-brane background yields exponential solutions at late times.

We may enquire about the validity of this classical solution in the throat region. Using
our time dependent ansatz we see that the dilaton is also a time dependent function, in fact

for a radially collapsing solution we find that the dilaton behaves as

Ng 421 ¢
¢ _ s s
e = —=/1+ 2C cosh( k‘lg) . (3.130)

Note that quantum effects can be neglected provided that gs = e? << 1, however as we
know that E >> N from our constraint equation we expect that the classical analysis will
provide an accurate description of the solution, at least for early times. This can be ’'fine
tuned’ for specific values of k and N so that the classical solution continues to hold at late
times. If we do not wish to fine tune the solution, then we must uplift to M-theory in order
to study the dynamics. However there is no M-theory analogue of the non-Abelian action!©
which makes this step impossible. Simple analysis shows that a theory of coincident M 5-
branes must also contain a theory of M2-branes which intersect along one dimension of the
M5-branes. This means that the massles degrees of freedom will not vary as N? like in

ten-dimensions, in fact they vary like N3/2,

However see [47] for a recent development.
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3.2.12  Correction from symmetrized trace.

Thus far we have investigated the dynamics of the action at leading order, and seen that the
fuzzy sphere will generally collapse down to small size. It is expected that the effective action
will break down at distances comparable with the string length, and thus 1/N corrections
will become important. In order to deal with this situation we will look at the next order
terms arising from corrections to the symmetrized trace. As we have already seen we can

write the first order correction to the energy as [50]

- 2  H? -
El = <1 - §0W> E(),

which yields the corrected energy

- N 2Ck* 2k2C
Fl=——— | W(k,C — . 3.131
! VHV1 — Hyr? < (k. C) + 3W(k,C)3/2m4C4 3W(k‘,C’)7T2C’3> ( )
Where we have introduced the following simplifying notation
k2

This term can be thought of as a mass term, by seeing how it arises in the context of the
energy. In the Dp-brane case (and in flat space) this term is an explicit function of the
radius, and we have the notion of a position dependent mass. However in the near horizon
of the NS5-brane background this term reduces to a constant. Because we are using the
supergravity approximation in our analysis, we are taking £ and N to both be large, and
so this 'mass’ term is positive but small since we are also demanding k/N to be small. If
we now employ the canonical formulation of the energy, we can set the II terms to zero to

find the corrected potential for the probe branes up to leading order in 1/C

N 2k
Vi = NG (W(k, C) — W) . (3.133)

The potential clearly does not vanish with this correction because the new term is suppressed
by k/N. In fact, even taking into account higher order corrections, the potential is nowhere
vanishing since the corrections are not functions of r. Thus the symmetrized trace correction

does not appear to yield exotic behaviour, such as bounce solutions.

3.2.13 Non-Abelian tachyon map.

It has been shown in the case of a single probe brane, that the unstable dynamics in the
N S5-brane background are more easily understood in terms of the rolling tachyon, since

the energy momentum tensors have similar behaviour at late times. We may ask what
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the implications are when we have multiple coincident branes with a U(N) symmetry on
their worldvolumes. This relationship can be explicitly demonstrated by mapping the probe
brane action into that of the tachyon action in flat Minkowski space. This is particularly
simple in the Abelian case, but we wish to show that it is also possible in our non-Abelian
construction. The corresponding non-Abelian action for tachyons in a flat background, to

leading order, can be written
S =-T,V, / ANV (T)V'1 -T2, (3.134)

Because the tachyon field does not take values in the SU(2) algebra we find that the action
is simply N times that of a single non-BPS brane. In fact this corresponds to a configuration
of branes each separated by distances larger than the string length, as found in constructions
of Assisted Inflation [97]. In this scenario each of the tachyons is assumed to follow a similar
trajectory toward the late time attractor point, namely 77 ~ T5... ~ Ty = T. Here V,,
is the effective 'volume’ of each brane, whilst V(T') is the tachyon potential which we will

again assume to be of the form;

1

ViT) = cosh(T/Tp)’

(3.135)

We remind the reader of the action for the probe brane in the N.S5-background, which we

have already shown to be of the form

NW (r) ;
S = —Tpr/dt T VI HR, (3.136)

where, for simplicity, we have absorbed the potential term into our definition of W(r).
Clearly we can map this action to that of the non-Abelian tachyon by making the identifi-

cation

Wi(r)
R

Using the near horizon approximation we can solve for the Geometrical Tachyon in terms of

dT = vHdr, V(T)= (3.137)

the physical radius of the fuzzy sphere. The result, up to arbitrary constants of integration,
is simply an exponential as expected from the Abelian case which allows us to write the

tachyon field as
T ~ \/E2In(r). (3.138)

The solution tells us that as r — 0,7 — —oco as expected, whilst as r — e we find
T — Tinas- Clearly this is not the general behaviour associated with the open string tachyon
solution, which we should have expected from the Abelian theory, but we may anticipate

that the decay of the fuzzy sphere will also be describable in terms of this rolling tachyon
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solution. Using our field redefinition, we write the expression for the tachyon potential as

V(T) = \/k‘il? (1 + %) exp (%) : (3.139)

The form of the potential shows that it had its maximum at T = 0, and tends to zero

for T — —oco. The exact maximum will be defined by the number of source branes, as
expected from the Abelian case. However note that there is a correction term present here
due to the fuzzy sphere, which does not occur in the leading order tachyon action as we
know that the tachyonic scalar field is a commuting variable. Therefore although we can
capture the general behaviour of the tachyon action, we must go beyond leading order to
find closer agreement. If we construct the Energy-Momentum tensor associated with this
rolling tachyon solution, omitting the delta functions which localise the tensor on the brane

world-volumes, we obtain

Ty = NV(T)~
1 — (0,T)2
Tij = —NV(T)\/1— (0T)2 (3.140)

which shows that the pressure tends to zero as the potential tends to zero, i.e, when the
probe branes approach the fivebranes at late times. This is because the probe brane will
emit energy in closed string modes as the fuzzy sphere collapses, and the resulting mat-
ter will be non-Abelian pressureless fluid. One must also imagine that because the fuzzy
sphere collapses in the near throat region of the fivebranes, becoming pointlike at distances
approaching the string length, the harmonic function approximation may fail, and there
will certainly be quantum corrections to take into account. This is due in part to the back
reaction of the probes on the source branes and the throat, therefore in order to determine
the physics of this non-Abelian fluid it will be necessary to calculate this back reaction
term and incorporate it into the action. In any case, it would be useful to compute the
dynamics of this configuration using the exact CFT on the world volume which would help

shed further light on the validity of the classical solution.

3.2.14 Non-BPS branes in fivebrane backgrounds.

We have already started developing the technology to deal with this solution in the case of
Dp-brane backgrounds, where the action of our coincident probe branes is once again given
by (3.93). As usual we expand everything to leading order, and we will drop any gauge

field term so that all the covariant derivatives reduce to normal derivatives. The resulting
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action can be written as follows

S = —/dp“gSTr—‘i/(? \/(1 + HX20p¢!0°p16; + Ao TOT') <1 — %H2[¢i7 9] [7, ¢i]>.
(3.141)

We again use the fuzzy sphere ansatz for the radially dependent transverse scalars which

reduces the action to a more tractable form

S =— /dpﬂgN@ \/(1 — HX2CR? — \T2)(1 + 4H2)\2CR%). (3.142)

VH
The presence of the open string tachyon will again generally prohibit exact solutions to the
equations of motion for the radion field unless we take various asymptotic limits. This is
obvious, as the form of the action shows that the conjugate momenta associated with the
radion and tachyon fields will not be conserved. Once again it will be useful to perform
symmetry transformations on the various fields, as in the Dp-brane case, which will allow

us to solve the equations in specific regions of field space.

We will assume the ’canonical’” form for the tachyon potential as in (3.95). We insert
this into the action, and once again switch to using physical coordinates. Again note that
the current form of the potential will make it difficult to find symmetries of the action as it
stands, thus it will be more useful to perform the same field redefinition as we did for the

coincident Dp-brane background

T . . ( T )

— =sinh [ — |,

V2 V2

and for convenience we re-write T = T for ease of calculation, although we will always
imply that this is the re-definition of the original tachyon field. As mentioned previously
there may be objections to performing this kind of field redefinition using the non-Abelian

action in this gravitational background. Assuming that this won’t be too problematic, we

can now proceed to analyse the resulting action,

N T2 AH2p4
S Tp/d g\/_ <1 Hy > <1+ Vel > (3.143)

where we have introduced the following definitions

T2 kl?
F=[1+>"— H=1+-—2. .144
<+2>, + 3 (3.144)

We can now try to find the conserved charge associated with transformations of this action,
and use that in conjunction with the energy density to solve the equations of motion.
Unfortunately we see that this is still non trivial unless we make further approximations,

thus we will look at the theory in the large T" and small r limit. Since the large tachyon
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field gives rise to a gas of closed strings arising due to tachyon condensation, we expect to
find that the radial field on the probe branes will describe the late time dynamics of this

gas. The action in this instance, reduces to

V2Nr | iz N2 - k2
VERT 72 T2 w20’

At this juncture we will revert back to the W (k, C') notation to simplify things, and further-

S = —Tp/d?’“g (3.145)

more, we postulate that the action be invariant under the following transformations [22]
T = XI',r = A\r, where A = 1 + € and infinitesimally we find

0T = €T, or = er, (3.146)

for some parameter €. Note that this is a scaling transformation that acts both on the
world-volume fields and the transverse scalars. Presumably there is some relation here to

the space-time uncertainty principle [48]
AtAX > o (3.147)

where distances on the world-sheet are inversely related to distances in the bulk. Since the
N S5-brane world-volume theory is related to a Little String Theory (LST), it would be

interesting to find out the implications of the transformations for fields in the LST.

Varying the action, we determine that the charge associated with this symmetry is given
by

(3.148)

D_ Nrv2 [ k% N INT W(k,C)
T\/klg r T \/1 . kl;227‘2 B 29}2’12 ’

which can be seen to have dimensions of length. We also determine the canonical energy

density associated with the action, using the canonical momenta of the radion and the
tachyon fields. For brevity we will simply state the resultant dimensionless energy density

and not the individual momenta

Nryv2W (k,C) 1

2 2.2 o
T+\/kl? \/1 B kl;; B 2?;52

E=

(3.149)

It can be seen that both E and D are conserved, as expected, and it will be useful to
combine both of these charges to form a solitary conserved charge
D ki 2XT

= = — 3.150
Q=z="""+7" (3.150)
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which after some manipulation can be used to define the tachyon field via

t

T = C,exp ot kAT (3.151)
2)

where Cj is a constant of integration. Furthermore from (3.150) we can also find the time

dependence of the tachyon field in this condensing limit.

T=T <i - ﬁ) : (3.152)

Aml2  Aqr

As we are probing the large T region of field space, we expect that the dominant contribution
to the charge will come from the radial modes. Now that we have written the tachyon field
in terms of this conserved charge we can attempt to solve the radial equations of motion.
Note that this would be extremely challenging if we had tried to proceed from the original
form of the action without finding another conserved charge. We will initially consider the
case where (Q = 0. This obviously implies that we are setting D — 0 (or taking the energy
density to be extremely large), which may seem strange, however we have used the charge
to construct an expression for the tachyon field and so it is valid. By setting () = 0 we are
identifying the condensation of the tachyon field with the inverse of the radion field on the
probe branes (up to some power), and so small r will automatically imply large 7. The
simplicity of this approach is now clear, since we began with two distinct fields and have
effectively coupled them via the conserved charge thus only requiring us now to solve for one
of the fields. We now substitute the expressions for the tachyon into the energy equation,

which will now solely be a function of 7.

- NW(k,C)r¥yv2 1
7 - NWk )7; V2 — (3.153)
CoVRE 1 MB2 (14 k)
and for future reference, we will introduce the simplifying notation
NW(k 2 k
B:M, y=1+-—, x=k2 <1+£> (3.154)
ECy\/kl? 4 4

Rearranging the energy equation allows us to solve for r(t), which we find to be, up to

% ~ <B cosh [#Dl/y, (3.155)

where t( parameterises some initial time for the dynamics. This solution describes an

constants of integration

expanding fuzzy sphere which reaches its maximum size at ¢t = ¢y and thereafter collapses

down to zero size. We easily find that the maximum radius will be given by

~ 1/y
/112

NW (k,C)V2
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The physics behind this solution can be understood. As the fuzzy sphere expands the
tension of the non-BPS branes is increased as the tachyon moves closer to the top of its
potential (assumed to be located at ' = 0 ). Thus the expanding solution has a natural
‘braking force’ that restricts it to expand to a certain size. Conversely in the collapsing
phase, the non-BPS branes feel a decreasing tension which goes to zero as the solution

collapses toward the origin.

We can also determine the constant of integration by demanding that T' = Ty at t = £,
and since we are in the large T region of field space we will assume that |Ty| >> 1. After

some manipulation we find

k/4Am
NW(k,C)V?2
Co =TV (E(P—\/E)) : (3.157)

and therefore we can completely determine the behaviour of the tachyon near condensation,
in the approximation where Q = 0. It is natural to now consider the case where Q # 0,
however we should note that this case is not solvable exactly, and we must be forced into

approximations. If we insert the full expression for the tachyon field into the energy equation

we find L 2.9 2 2 k 2,2
L (Q Qkr | K7 ) _ B2e-QtA 2y (3.158)

r2 4 \ 12 12r r2

Now at late times we see that the RHS of this equation will become vanishingly small, and
so we neglect it in our analysis. This allows us to rewrite the LHS as a quadratic equation,

which we solve to find

P Qk +2\/kn(4nl? + ki2 — Q?)

r (Amk + k2)12 =5 (3159)

and upon integration we can determine the late time behaviour of the fuzzy sphere
r ~ roexp(ft), (3.160)

with the corresponding late time solution for the tachyon field given by
Qt
T ~ exp 75y exp(—kQt/8x). (3.161)

Now if we look for a collapsing solution we must take 5 to be negative in (3.160), where we
must bear in mind that the solution is only valid for late times. In this case the tachyon field
will be large even if the charge @) is small, and so our analysis is consistent. Furthermore
having non-zero ) appears to imply that there will not be a bounce solution, rather the
probe branes will eventually approach the source branes and the fuzzy sphere will collapse
toward zero size. This can be seen from (3.159) which suggests that for a real solution,

we must ensure that (47 + k)I2 > Q2. In the large k limit this is approximated by the
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constraint kl2 > Q2. Clearly if this is saturated then we find

Q

AYCE 3.162
p= (41 + k)12 ( )
which is dependent upon the sign of (). If we accept the constraint, then for 5 to be negative
we require

dm(4ml? + k12 — Q%) > Q%k, (3.163)

which becomes
42 > Q* (3.164)

when we ensure k >> 1. Clearly the only way to satisfy this constraint is to assume that @
is vanishingly small. This is inconsistent with (3.150) for both expanding and contracting
solutions. It would be interesting to see if this holds when we keep higher order tachyon

terms in the action.

One way of interpreting the physical aspect of the conserved charge is that it parame-
terises the deviation from the single field duality we found when we identified the tachyon

field with the inverse of the radial mode.

3.2.15 Higher (even) dimensional fuzzy spheres.

So far our analysis has dealt with collapsing fuzzy two-spheres in curved backgrounds, thus
it would be useful to extend this to higher (even) dimensional fuzzy spheres [52]. The
procedure for dealing with higher dimensional fuzzy spheres is essentially the same as for
the S2, although technically it is far more complicated. We will briefly sketch out how
one can do this, but our interest lies in the dynamics of such solutions and not in their
mathematical construction. So many results will simply be stated without proof. We will
briefly look at the fuzzy 4-sphere before commenting on how our analysis can generalise to
the fuzzy 2k sphere where k is an integer. In the following discussion we will concern ourself
with D-brane backgrounds for simplicity. We cannot consider the N.S5-brane backgrounds
in this instance because we require at least 2k + 1 transverse scalars to describe the fuzzy
S2k,

Let us begin by constructing the fuzzy S* solution, where we need five transverse scalar

fields satisfying the following ansatz
¢' = +RG", i=1...5. (3.165)

This will obviously imply that we can only look at p < 4 backgrounds. The G* matrices

above arise through the totally symmetric n-fold tensor product of the gamma matrices of
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SO(5), which have dimension

N:(n—i-l)(n—é—2)(n+3)' (3.166)

For a detailed description of these constructions we refer the interested reader to [51, 52]
and the references therein. In terms of the physical radius we find a similar relationship to

the case of the SU(2) algebra, where we write
r=MCR, (3.167)

note that in this instance R must be positive definite and the Casimir is given by products
of the G%, as usual, where we have G'G® = Clyxy = n(n + 4)1yxy. We can now use
this ansatz in our non-Abelian DBI effective action, which we again treat as a lowest order

expansion. The resultant action may be written [51]

S =T, / P HCNHPP DA HN20R2 (1 4+ 4AHN2CORY) + T,y / dp’“g%,
(3.168)
where the Chern-Simons term only couples to the action for p = p’ as usual. From this
action we can derive the usual canonical momenta and energy, which yields the following

static potential in terms of physical distances

/ 4HT4
—p/—4)/4

Vopp =Ty NH@7=4/ (1 + 25 ) , (3.169)
note that this appears to gave exactly the same basic structure as the fuzzy S? potential
except that now p < 4 because of our ansatz. Before we comment on this solution, we
should discuss the extension to the fuzzy S®. We again use the G’ matrices which are now
representations of SO(7) as ¢ runs over seven transverse dimensions. Again the G’s arise
from the action of gamma matrices on the traceless, symmetric n-fold tensor product of the
spinor, and we have the following relationship between the dimension of the matrices and
the number of branes

(n+1)(n+2)(n+3)*(n+4)(n +5)

N = . 1
360 (3.170)

The relationship between the physical radius and the transverse scalar ansatz is the same as
before except that the Casimir has a different definition G'G* = Clyxny = n(n +6)1yx .
This suggests that we can make the following generalisation. For the fuzzy S2* sphere
in ten dimensions, where k < 4 we require 2k + 1 transverse scalar fields which can be
parameterised by the action of SO(2k + 1) gamma matrices on tensor products of the

spinor. If we assume that this is correct then we propose to write the general form of the
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action for fuzzy S?! in a curved D-brane background

S=-Ty / dp’+1gNH<P—p’—4>/4\/ (1 — HX2CLR2)(1 + 4HN2C, RY)* + Ty, / dp’“g%.

(3.171)
Where we have written Cj, to indicate that the Casimir refers to the gauge group SO(2k+1).
The factor of k imposes restrictions upon the dimensionality of the background branes, in
fact the maximum value of p iS Pmaz = 8 — 2k. Thus we see that for the fuzzy S® we can
only consider DO-branes probing the DO-brane background. Using the general form of the

action we define the effective potential, in physical coordinates, to be

, AHr\ M
Vorp = NTy {H@’—P —44 <1 + A2C:> — @O ¢ - (3.172)

In general we see that the bosonic part of the potential will always tend to zero in the near
horizon region, implying that the fuzzy spheres will collapse toward zero size. Thus the only
case of interest relates to p = p’ when there is the additional term coming from the bulk

RR charge of the background branes. In the small radius limit we find that the potential

NT, A, rp—3\ /2

We can differentiate this potential to see if there are any solutions corresponding to stable

reduces to

minima at which point the fuzzy sphere may stabilise, however we see that there are no real
solutions (as leading order) again implying that all fuzzy spheres are unstable in D-brane

backgrounds with the exception of p = 6,p’ = 0 which we discussed in a previous section.

The generalised form of the equation of motion can be written as

1 N272 g (—p'—4)/2 AH AN */?
7‘»2:—{1— L <1+ s ) ; (3.174)

E? A2Cy,

where we are using a generalised expression for the energy. If we again assume that the
velocity and the radius can be treated as complex variables with the equation of motion as a
constraint, we can calculate the genus of the underlying Riemannian surface. Interestingly
the results are similar to those obtained in an earlier part of this chapter, with the number
of branch points being the same, though the the genus is dependent upon the dimensionality

of the branes and on the non-Abelian group structure.

3.3 Dynamics in more general backgrounds.

In section 3.2 we considered specific background solutions, however we now wish to develop
a more general formalism to deal with arbitrary backgrounds of a specific type. Namely

backgrounds whose metrics are block diagonal. We also want to investigate solutions where
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there is a non-zero, homogeneous U (1) gauge field on each of the branes. In general because
of our matrix ansatz, we know that the gauge fields are generically non-Abelian, so this
is somewhat of an idealised solution. However it is the first step in constructing a more

complete description of non-Abelian brane dynamics.

We will begin by restricting ourselves to type II string theory in ten dimensions, and
assume that there is a curved background generated by some source with M units of flux.
The only constraint we will impose on the form of the background metric is that it is

diagonal, with a symmetry group given by SO(1,q) x SO(9 — q)
ds® = —goodt® + gppdr®dzbéy, + gzzdzidzjéij (3.175)

where a,b run over the ¢ worldvolume directions and i, j are transverse directions to the
source. This background could obviously be generated by a stack of coincident branes, or
something more exotic. Although there will generally be RR or NS charge generated by

this solution we will only focus on the VS sector of the DBI action for simplicity.

As usual we will use the Myers action to describe the coincident Dp-branes, where the
open string couplings on the world-volume are controlled by the inverse of the F-string
tension as A\ = 27a’. Recall that o/ = [2 is the slope of the Regge trajectory and equal to

the square of the string length.

We are interested in the dynamics of this configuration, and so we will demand that
our transverse scalar fields are time dependent only, namely ¢ = ¢(t). Additionally we will
begin by using diffeomorphism invariance to position the branes parallel to the gravitational
source, but displaced along one of the transverse directions. On each of the world volumes
we will also turn on an electric field using Fy, = £, where a,b = 1...p are world-volume
directions, and we implicitly assume that we take the Ag = 0 gauge and that the gauge
field commutes with itself. It will often be convenient to write e2 = o Ea€® for simplicity.
After calculating the determinant using (3.175), the kinetic part of the action can be seen

to reduce to the following form

Skin = =T / a1 STy <€_¢\/g£:c900(1 — X2g..g00 1905 — A252g;;go—01)> , (3.176)

where we must still perform the symmetrized trace over the adjoint indices. As usual let
us take the scalar fields to be valued in SO(3), the fuzzy sphere ansatz. Strictly speaking
this ansatz should be imposed upon the complete equations of motion and not upon the
action, however it transpires that the ansatz is indeed consistent. Upon substitution into

the kinetic part of the action written above we find it reduces to

Skin = —Tp/deCSTT (e“z’\/ggmgog(l - A2gzzg(]_()1R2aiai - /\2629590190_01)> . (38.177)
We also note that the metric components are generally functions of the transverse coordi-
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nates, which implies that they will be proportional to a trace over the group generators.
However the radial coordinate implicit in the ansatz is not of the correct dimensionality
and thus we are forced to revert to the physical distance in the metric. The implications for
this are potentially far reaching, as we are assuming that the metric (and dilaton) terms are
singlets with respect to the symmetrized trace. With these remarks in mind, and using the
definition of the quadratic Casimir C1y = (N? — 1)1, we can pull various terms through

the trace operation and write the full action as follows

S=-T, / PN G2\ (1= oagog NCR? — god gy N262) (1 + 4g2 N CRY),
(3.178)
where we are making the reasonable assumption that the dilaton is a scalar function, and
of course - we are taking the large NV limit. Varying the Lagrangian density with respect
to R and &® yields the canonical momenta for the radial mode and the displacement field

respectively, the latter term being

TV —¢ xéz 1/2 1 4)\2 4 42 2.a
pr = TVoe P9k g V1 CRQZZ(“ ) (3.179)

\/1 _ gzzgo_(]l)\2CR2 _ g;:(}g()—(]l)\2€2 Gz2900

where we note that D® is the electric flux along the x® direction on each of the world-
volumes and is related to the charge of the fundamental string. As usual the canonical

momenta allows us to construct the Hamiltonian via Legendre transform

—¢ p/2 1&\/%
b ToVoNe ?ger goy /14 42 N CRE (3.180)

V1= 9e-00 M2OR2 — gilgpgha2e?

At this juncture we note that R is not the physical distance of the probe branes from the

source, however the two distances are related via the usual expression

2
r? = %Tr(gbigbj(sij) = \2CR?

and so we may write the physical Hamiltonian as follows

T,V,Ne=¢g2l2 gl/? 1o2 A
Hophys = pVpIVE€ " gzz Jpo 1+ izzzg , (3.181)
V1= 020007 — g g N2
or we can write it in the often more convenient Hamiltonian formalism
_ . p/2 p/2\2 4rig? goolI?2  D2g.2900
Hphys = \/ (TprNe g 900 ) (1 + 3 sz + 220 + ;; . (3.182)

In the above expressions we have defined V), as the p-dimensional volume element of the

branes. Note that when p = 0, corresponding to coincident DO-branes, the electric field
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contribution vanishes, as it must since the world-volume cannot support a rank two field
strength tensor. In general the Hamiltonian will be conserved, however €* will not. This is
because it is the flux that is the conserved charge on the D-brane, and not the gauge field.
However because of our homogeneous ansatz we find that the electric field is conserved in
this instance, and so we may write it in the following suggestive way

De

€= —, 3.183
7 (3.183)

which shows us that the electric field is conserved and quantised with D units of charge.

3.3.1 Minkowski space dynamics.

We have tried to keep the background space-time as general as possible, however in this
section we will consider the dynamics of these branes in the flat space limit. The situation
can be described as follows. We have N coincident Dp-branes with three excited transverse
scalar fields parameterising a fuzzy two-sphere, the physical radius of which is given by r.
The flat space Hamiltonian can be written simply as

1 4rt

{ = 1 184
H ,/1_7:2_)\262 + )\207 (3 8 )

where we introduce the simplifying notation H = H/ (T,VpN), and note that 7 corresponds
to the velocity of the collapsing fuzzy sphere. Furthermore with this definition of the
Hamiltonian we lose all dependence on the dimensionality of the probe Dp-branes. Thus
in the Minkowski limit all the p-branes yield the same equations of motion. As is usual
with this type of problem it is far more convenient for us to use dimensionless variables. By

making the following definitions

2 2 Ae (3.185)
z= r, T=4|—=t, €=M\, .
MWC MO

the Hamiltonian and effective potential can be written as follows

!
—_
5+
I
W~

1424
Var = \1—o (3.186)

The electric field must satisfy the usual constraint e? < 1 in order for the theory to remain
valid. The other constraint can be seen to be 1 > 2% 4 €2, which implies that the velocity
of the collapse is reduced by a factor v/1 — 2, which is less than the speed of light. For an
arbitrary field strength we see that the fuzzy sphere will tend to collapse down to zero size

as expected.
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Our Hamiltonian has no explicit time dependence and is therefore a conserved charge
which will allow us to obtain a solution to the equation of motion. We choose the initial
conditions 2(0) = 0 and z(0) = 2 to indicate an initially static configuration at some
arbitrary distance zg. By integrating the equation of motion and using the many properties

of Jacobi Elliptic functions, we arrive at the solution [50, 51]

—e2)Tz
v 2(11 s z;j_o, %] , (3.187)

Note that zg corresponds to the initial radius of the fuzzy sphere (in dimensionless variables).

z(T) = £zpJacobiCN

Taking the positive sign initially, one sees that as time evolves the fuzzy sphere collapses.
The speed of the collapse is dependent upon the strength of the electric field, because an
increasing field implies that the branes move more slowly. The physical interpretation of
this is that the extra flux on the world-volume acts as extra 'mass’, which acts to reduce the
velocity. If there is a critical electric field which saturates the bound e? = 1 then the fuzzy
sphere will be static for all time. This is different to the result obtained when considering
the dynamics without gauge fields, which always implied collapsing solutions - at least to
leading order in 1/N. Eventually the sphere reaches zero size, however the periodic nature
of the solution appears to imply re-expansion into a region of negative z. This is due to
the ambiguity in taking the positive sign for the physical radius. A similar remark applies
when taking the minus sign in the above solution. Note that in both cases, it is the R?
term that appears in the DBI action and therefore no potential for discontinuities when we

use the different sign choices for the physical radius.

The zeros of the elliptic function occur when the amplitude equals K(k), where K is
the complete elliptic integral of the first kind. This allows us to calculate the collapse time

t, for the fuzzy sphere to be

1+25 1 1
=2 —K(—= ], 1
Ve w () (3159

which agrees with our intuitive notion that by increasing the electric field, the collapse takes

longer to occur.

3.3.2 1/N Corrections in Minkowski space.

In this section we will investigate the corrections to the theory arising from the symmetrized
trace prescription. These corrections were first derived in [50], and we refer the interested
reader to that paper for more details. In flat space it was emphasised that as the fuzzy
sphere collapses its velocity approaches the speed of light, and therefore higher order terms
in 1/N ought to become important in order to fully describe the dynamics. This is due

to the fact that the energy will increase as the velocity increases. However the presence
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of an electric field on the brane world-volumes reduces the velocity of the collapse by the
factor v/1 — €2 and thus the leading order Lagrangian may remain valid - although there
are difficulties associated with near critical electric fields and the DBI. In curved space the
gravitational red shift appears to reduce the velocity of the fuzzy sphere to sub-luminal
speeds, however there was found to be no turning point solution in the static potential and
therefore no formation of non-Abelian bound states (with the exception of DO0-branes in
the D6-brane background.)

The important result from is that the corrections to the Lagrangian an be written as a

series expansion in powers of C, thus our Hamiltonian can be shown to be the 0th order in

H = (1— 20 9 +1—4(J28—+...> Ho. (3.189)

this expansion

3 0C2 45 9C*
It will be convenient in what follows to return the original action for a flat background, and

define the following dimensionless parameters

i = 4\CR* (3.190)
2 = NCR?
2 — 222

where the last expression has already been introduced in the previous section. The first
two equations can be regarded as defining complex parameters, constrained by a single
equation - namely the conservation of energy, and can be regarded as a 'radial’ variable and
a ’velocity’ variable respectively. In terms of these complex parameters we can define the
Hamiltonian to be
- 1+7

where U can be regarded as a position dependent mass term, whilst + is the modified
relativistic factor. If we now apply the leading order symmetrized trace correction to this

form of the Hamiltonian we obtain the following solution

y

Hi=Ur— g

[BUA(1 — €2)? —4U**(1 — €*) — 2U%7*(1 — €®) + 4U? — 1], (3.192)

which represents the 1/N correction to the Hamiltonian in flat space. The first thing to

note is that when there is a critical (or near critical) electric field, the corrected Hamiltonian

Hy ~ v (1 — (4U27_1)> , (3.193)

reduces to
5 6CU4
which is clearly imaginary and therefore does not correspond to a physical solution. We can

avoid this problem by rotating the background metric to a Euclidean signature and studying
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the effects of over-critical electric fields, however we will not do that in this instance 1.

More generally we will have an arbitrary non-critical electric field, however we can still
learn about the physical interpretation of the energy corrections. We first consider the static

solution, i.e zero velocity, in which case the Hamiltonian becomes

U (U2 - U* 1)
= 1-— . 194
= i (1 ) (3159

The correction terms will be non-zero except for when we choose U = 1, or when U — o0

corresponding to large radius. In this latter limit we would expect the geometry to resemble
the classical geometry of the two-sphere. It should be noted that there is no value of r for
which the energy will vanish. If we now consider the case where R — 0, the energy reduces

to

(72(1 — 62)2 — 272(1 — 62) + 1)) ] (3195)

Hi = 1-—
1=7 < 20
The correction term will be minimised by sending § — 0, however it can be seen that the

Hamiltonian itself will vanish if the velocity term satisfies

1
=2 2 2
=1-e)|([1l-—F— ]| ~(1—-e¢ 3.196
=) (1- sy ) ~ 0= (3.196)
where we have explicitly taken the large N limit. Note that when the electric field is zero
this condition reduces to §2 = 1, implying that the branes are moving at the speed of light.
Therefore in general we see that increasing the strength of the electric field reduces the
velocity of the branes, as expected, and therefore can reduce the energy of the configuration

when it is located at the origin.

3.3.3 Curved space dynamics.

The dynamics of the fuzzy sphere in curved backgrounds are generally non-trivial due to
the additional contributions from the metric and dilaton. Thus we can only obtain exact
solutions by specifying the form of the background. We repeat the physical Hamiltonian

here for convenience.

_ 2 1/2
_ € ¢g£é -g(]é 4932,7'4
H= 1+ <5~
_ —1:0 _ o—1,-1y2.2 A2C
1 922900 T 9zx Goog NE
which allows us to define the static potential as follows
_¢ p/2 1/2 4 2 4
V=& Yo 900 1+ izg (3.197)
V1 gt g 262

\We refer the interested reader to the recent work [60] for more information.
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The unknown dependence of the metric components upon the physical radius prevents us
from determining the general behaviour of the fuzzy sphere in this background. However
we can see that the maximum value for the electric field will be a function of the transverse
variables and therefore the radius of the fuzzy sphere. The general solution for the maximal

< YIOJrz (3.198)

5mam — )\

field value can be seen to be

In our analysis we will assume that the electric field does not saturate this bound in order
to keep the action finite and real. There has been extensive work on overcritical fields on
D-branes, but this will not be relevant here. Using the conservation of the Hamiltonian we

find the general expression for the velocity of the collapsing fuzzy sphere

. 57‘( Hgo(]
v (ngzvc*) (3.199)

Now for general supergravity solutions we expect the metric components corresponding
to the SO(1,q) directions to correspond to either flat, or decreasing monotonic functions
of the physical radius. Conversely we would anticipate that the g,, functions are either
flat, or increasing monotonic functions of 7 - becoming singular when we reach zero radius.
Therefore the general expression for the velocity suggests that it is a decreasing function of
the physical radius regardless of the specific values of the ratio of II/H, provided that it is
finite. The implication for this is that the sphere would take an infinite amount of time to
collapse to zero size, neglecting any open string effects at short distances. This ’braking’
behaviour is in contrast to what happens in flat space, where the fuzzy sphere collapses at
an ever increasing velocity. However this is in a gravitational background and we expect
the velocity term to be red shifted by the factor goo/g.., thus by switching to proper time

variables we would find that the collapse occurs in finite time.

The acceleration of the sphere turns out to be

. 17 ) g;z>
i = _ ) 3.200
ngz)\2c <gOO gZZ ( )

where primes denote derivatives with respect to the physical radius. The equation can be
seen to be zero in three cases, firstly when 7 is zero which is the trivial solution as the
sphere is static. Secondly when ¢,, — oo which implies that we must take » — 0 and so
the effective action breaks down, and finally when we have the case gop = In(g,,). Provided
the derivatives of the metric function are continuous, we see that the acceleration will never
become singular and so we would expect the DBI to provide a reasonable description of the

dynamics of the coincident branes.

At this point it is useful to consider some concrete examples of non-trivial backgrounds

in order to fully understand the dynamical collapse of the fuzzy sphere.
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Dg-brane background

The supergravity solutions are simply those presented in the previous section, which we
will not repeat here. We will however switch notation to use ¢ instead of p to denote the
spatial dimensionality of the D-branes. We can read off the the various metric components

and insert them into the physical Hamiltonian to obtain

- H(a—p—4)/4 AH 4
H= + == 3.201
VI_HP _HN2? N2C (3.201)
and the expression for the static potential becomes
H(a—p—4)/4 AH A
= (3.202)

AT
= mea V' tee

The last expression tells us that the electric field can diverge as the radius of the fuzzy

sphere collapses.

N S5-brane background.

Again this background was investigated in some detail in the previous chapter, so we do not
re-write the supergravity solutions. The expression of interest for us is the static potential,

which can be seen to reduce to

AH?%p4

1 -
t e

1
Vier — 3.203
T VHVT - e ( )
implying that the maximal electric field bound is €,,q, < A™'. It is straight-forward to see
that there is no turning point for the potential, except when we take r to be large which
corresponds to the global maximum. The implication is that there is no radius at which
the fuzzy sphere may stabilise at, and therefore nothing to halt the progress of the probe

branes toward the five-branes even with the inclusion of an electric field.

F-string background.

We can also consider the background sourced by M fundamental strings, where for con-
sistency we should limit the dimensionality of the probe branes to p < 1 in order to fully
justify our assumption about neglecting backreaction effects, the resulting late time config-

uration is a bound state of fundamental strings and D-strings more commonly referred to
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as a (p, q)-string [68, 69]. The supergravity background solution is [10, 11]

ds®* = H_lnw,—i—dz“dzb&ab (3.204)
o g
252216 M
o= 14 270
r

where now pu,v run over one temporal and one spatial dimension. The static potential for

the bound state can be written

1] 44\ T2H D2
Verr = g\/HTf <1+ A2C> + 525 T o (3.205)

where we have rescaled the D1-brane tension such that 74 = T1V4N. Thus we effectively
have a (D, N)-string bound state. We are at liberty to consider various limits of the poten-
tial, however the general behaviour is that it is always a monotonically decreasing function
of the radius. For the D-string dominated solution we find the Hamiltonian scales like the

tension of the string on a fuzzy sphere, namely

2 4
T4 4r
~ 1 2
H \/H< +)\20> (3.206)
Conversely, taking the F-string dominated solution we find that the Hamiltonian scales
with the displacement field

1D}
HX
which shows that both configurations will be gravitationally attracted toward the F-string

H ~ (3.207)

background as this is the lowest energy state. The background string coupling tends to
zero with the physical radius of the fuzzy sphere, which means that our world-volume
description can be trusted to very late times. As the strings move closer together we expect
the formation of a new (D + M, N)-string bound state. The binding energy of which can

be shown to be of the form

B ~ \/Tl (D + M)? (3.208)

This result mimics the behaviour in the Abelian theory [24] where it was shown that the
condition gs — 0 with gsN >> 1 prevented the emission of closed string states and as such
could be regarded as a semi-classical field theory. We close this section with a remark about
the electric field in this instance. In the large radius limit we find that the displacement

field can be well approximated by

271 Ne oo

VO =222

D~ (3.209)
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where €4, reflects the strength of the field at large distances where the harmonic function
is approximately unity. As the sphere collapses the electric field is driven to its critical
value, resulting in an increase in the displacement field. This behaviour can be seen via the
expression

D® = HA\2H?c, (3.210)

where the right hand side naturally becomes large as the radius shrinks. This tells us that
exactly at the threshold point of the bound state, the electric field reaches its critical value
and the string becomes tensionless. A more detailed analysis with the inclusion of angular
momentum modes would tell us a great deal about the formation of this bound state. We
have also assumed here that the closed string modes will be suppressed, however a more
detailed investigation would be useful as the supergravity constraints impose the strong
condition M >> N if we are to neglect back reaction. This is potentially useful in the

investigation of cosmic superstring networks [67].

3.3.4 1/N corrections in Curved space.

As in the flat space case we can consider higher order corrections to the energy in powers
of 1/N coming from the application of the symmetrized trace. We will find it convenient

to define the following variables
a=e? %29%2 B=1\1+4g2. RIN2C ~=(1-¢%—g..g0R*)2C)""/2, (3.211)

where €2 = g} go_ol)\zsz and therefore the Hamiltonian reduces to H = «fy. We know
that this energy is the zeroth order expansion in powers of 1/N and using (3.189) we find
that the first order Hamiltonian is remarkably similar to that constructed in the flat space

instance

ay

(30'7%(1 =€) = 48" (1 = ¢*) = 26%° (1 — *) + 457 — 1) (3.212)

In deriving this expression we are explicitly assuming that the metric components are unaf-
fected by the symmetrized trace prescription. Note that the energy to all orders will depend
on the « factor, and therefore when this is zero the energy of the configuration will be zero.
As we have argued, in general the metric functions ggp and g, are decreasing functions of
r so that they vanish when r — 0, thus we may expect that the energy will always tend
to zero. However we have no way of knowing the general behaviour of the dilaton term
with respect to the radial distance. What is clear is that minimising « is equivalent to
minimising the energy. We begin by considering the case of zero electric field. We choose
to set € = 0 rather than taking the limit of the metric components to zero as this will imply
that «, and therefore the energy, is zero. We further wish to consider the static case with

the branes at an arbitrary distance away from the source. This reduces the Hamiltonian to
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the following form
«

6C 33

There will be no correction terms when 8 = 1, which corresponds to the two cases R — 0

Hy=af — (262 — g*—1). (3.213)

or g2, — 0. The first of these implies that 7 — 0 and so the branes will be on top of the
sources where we expect the DBI to break down. The second case corresponds to sending
r — 00 because the metric component is generally an increasing function as r — 0. This
latter limit is unphysical in our situation, and so we see that the sphere energetically favours
collapse from a static position. There will also not be any corrections as  — oo, which

implies that either r — 00,0 leading to the same remarks as above.

We now insist on keeping the electric field turned on, although the modification to the

Hamiltonian in the static limit is very similar to the zero field case. The solution reduces

5 ap (26° - p*—1)
Hl—m<l— T > (3.214)

In this case the correction terms will only vanish as § — oo, which corresponds to the case

to

of infinite energy for the fuzzy sphere. Thus for finite electric field we see that the solution
will still collapse toward zero size, provided that the dilaton term does not blow up in the
small 7 limit. In fact this is what distinguishes the D6-D0-brane system from the others
as this is precisely where the dilaton term becomes large as the same time that the other
metric components are going to zero. The resultant energy profile is not monotonic but
yields a stable minimum in which a bound state can form. The case of critical, or almost

critical field, is similar to the flat space scenario, where the energy becomes imaginary.

3.3.5 Brane Intersections in Curved Space.

Thus far our our analysis has dealt with parallel brane configurations, however this is not
the only place non-commutative geometry enters into string theory, as we can also consider
intersecting branes. The simplest intersections have been investigated in a series of papers
where N D1-branes intersect with either D3, D5 or D7-branes in flat space-time. There
are two dual world-volume descriptions of the intersection. The first is from the higher
dimensional brane viewpoint, where the D1-brane is realised as an Abelian Blon spike
solution protruding in a transverse direction [49]. The second, dual, description is from
the non-Abelian viewpoint of the D-strings, which can be seen to blow up into the higher
dimensional branes when we use non-commutative co-ordinates to parameterise a fuzzy
funnel [45] The simplest and most investigated example of these has been the D1 — D3
intersection, where the Abelian side consists of a Blon solution on the D3-brane world-
volume. For the D3 case it is necessary to turn on a homogeneous magnetic field on
the brane, since the D-string acts as a magnetic monopole solution on the world-volume.

By contrast the D5 world-volume description is more complicated because there is a non
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vanishing second Chern class on the world-volume which alters the description of the Blon

solution.

In this section we will investigate the D1 — D3 intersection in the generic, static curved
background labelled by the metric solution (3.175), with the inclusion of a constant electric
field along the string world-volume [46]. As such, in contrast to the previous section, we
will not consider € as a dynamical degree of freedom. In fact the addition of a constant
electric field turns the D-string into a (p, ¢)-string as the electric field can be interpreted
as the dissolving of the fundamental string degrees of freedom into the world-volume. We
will assume that the string is oriented in the Xy — Xg plane, where we will take Xo = ¢ and
X9 = o to parameterise the embedding coordinates. We will again take the gauge Ag = 0
and assume that the gauge field commutes with the transverse scalars. The kinetic part of

the action reduces to the following expression

S=-T / d*cSTr <e_¢\/ 900922(1 = A2042.900 bada + A2gmgzz1¢g¢ék2€2g&]lgz‘zl)> ,
(3.215)
where a dot denotes derivatives with respect to time, and primes are derivatives with respect
to 0. In the above we use the standard notation of representing the matrix-valued world
volume scalar fields as ¢, which are not to be confused with the dilaton field ¢. As in [45]
we simplify our analysis by only considering fluctuations of the D-strings perpendicular to
their world sheet that are also parallel to the world volume of the source branes. As such

we look to employ the modified SU(2) ansatz
¢" = R(t,0)T", a=1,2,3,

where the T" again are the generators of the algebra and a = 1,2, 3 label coordinates parallel
to the source branes. Inserting the ansatz into the full action, and taking the large N limit

produces the following

S = =11 / d20, N e_¢\/(9009zz)(1 - )\2ng1‘90—0le + )\2ng1‘92_le/2 - )\2529&)192_2'1)

V(1 +4X2CR4g2,), (3.216)

where we have neglected higher order corrections to the DBI, and also ignored any potential

Chern-Simons term which may arise from the background source.

The metric components are typically functions of the 9 — ¢ transverse coordinates to
the source branes. By our simplification above, we can consistently set the transverse
coordinates to zero with the exception of xg = o, and thus all the metric components are
now explicit functions of o. We will also assume that any dilaton term is purely a function
of ¢ in order to simplify our analysis. In most of what follows we will only consider the

near horizon approximation, however we will occasionally make reference to the Minkowski
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limit.
In what follows we shall be interested in either the time dependent solution or the

spatial solution. It will be the latter that defines the fuzzy funnel. In any case the diagonal

components of the energy-momentum tensor for the above action can be written as follows

Ty — V90095 (1L+ANCORTGE) (1 + N OR gnrgz:! — Joo 922 A*€%)
V1= XCR gagort + N2CORRg,002) — g g 262
e/ 90092-(1 + AN2CR1g2,)(1 — N2CR?grrgog — 9oo 922 A262)

V1 = NCR2 g + NCR2gu0g2 — gog g 422

TO'O'

. (3.217)

where we have explicitly divided out each term by the factor 77 NV; which is independent
of any space-time coordinates and will not affect the equations of motion. We must now
consider the static and dynamical cases separately if we wish to find simple solutions to the

equations of motion.

3.3.6 Funnel solutions.

We can now attempt to find solutions by specifying the background explicitly. We know that
in flat Minkowski space the solutions correspond to funnels, where the lower-dimensional
branes blow up into a solitary D3-brane. We may expect these funnel type solutions to
occur in curved space as well, however the form of the solution will be different. Firstly

consider a stack of Dg-branes, which have the usual supergravity solution
ds?® = H_1/27]de“dx” + Hl/zdxidxjdij, e? = Hla=3)/4

where u, v are world-volume directions and 4, j are transverse directions. The warp-factor
H is a harmonic function in the transverse directions, which since we are only considering
fluctuations of the D-string parallel to the Dq world volume implies they are only dependent
on Z?:g_q(:ni)2 = ¢2 and we assume ¢ = 1,3, 5 only because we are looking at type IIB
string theory. The equation of motion can be satisfied by the following expression

1

2
RZ= N2CH-!

(H<q—3>/2{1 FANCRYH (1 — M\22)? — (1 - )\252)> . (3.218)
Note that for critical electric fields the RHS of the expression vanishes which implies that
R =constant and therefore no funnel solution exists regardless of the background. For
near critical fields the solution is approximately constant until we reach the point where
R diverges. Thus the general behaviour is that increasing the strength of the gauge field
forces the funnel to alter its shape. The stronger the field, the wider the funnel and the

larger the fuzzy sphere radius. Temporarily setting the electric field to zero brings us back
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to the D-string solution, and the equation of motion reduces as follows

1

2
R = NCH-1

<H<q—3>/2{1 FANCR'HY - 1) , (3.219)

which can be seen to be trivially solved when ¢ = 3 since the eom reduces to R’ = 2R? and

we recover the funnel solution 12

-1

R(o) = 3o — o0 (3.220)
The radius of the funnel diverges at ¢ = oy where the D-strings blow up into a D3-
brane. Note that the minus sign indicates this is a D3-brane and not a D3-brane, since
the latter will be unstable in the background. In fact the harmonic function drops out of
the equations implying the funnel solution is insensitive to the curved background. This is
due to the vanishing dilaton term. If we insist on the inclusion of the electric field in the
D3-brane solution then we can shift variables in the integration to obtain a solution, which

is a simple deformation of the standard funnel as we would anticipate

-1
21— X22(0 — 0p)

R(c) ~ (3.221)
The effect of increasing the electric field is to force the funnel to open up more at smaller
values of o. In fact for near critical fields we expect the funnel to diverge before the point
09, implying that the D3-brane is located at a different position to the case of zero field.

The structure of the equation of motion prohibits us from finding an exact solution in the
D5 and D1-backgrounds.

We can also look at the N.S5-brane background, where the supergravity solutions are
given in (2.2), but where we now use M instead of k. The solution with zero electric field
can be parameterised by R’ = 2R?\/H, with H(c) given by [19] with 72 = ¢2. In the first
instance, if we look in the throat approximation (i.e dropping the factor of unity in H) we

find the funnel solution .

2/ MBn(o/ay)

Here we have selected the cut-off distance o to represent the location of the D3-brane in the

R(0) (3.222)

transverse space. Because the dilaton term tends to blow up as we approach the fivebranes,
we must worry that our solution (being weakly coupled to neglect backreaction) may not be
valid deep in the throat geometry. Therefore this solution can be trusted when the curvature
of the bulk geometry is relatively small. Interestingly we see the funnel solution is invariant
(up to a sign) under ¢ — 1/0, which is related to the large/small duality problem and

standard T-duality solutions in type II string theory [51]. The change in sign reflects the

12Note that this is also the BPS condition in flat space, however the D3-brane will also be supersymmetric
in the D3-brane background and so this is also the BPS condition in this instance.
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change in orientation of the D3-brane, however as both D and D-branes are unstable in
the fivebrane background the minus sign is technically irrelevant. It may be possible to
probe further into the throat using the corrections from the symmetrized trace. The idea
would be to use the fact that g, N is constant, but take a slightly larger value for the string
coupling. In order to compensate for this we must reduce the number of D-strings and
therefore extra 1/N terms will become important. Using the prescription developed in [50]

we can calculate these corrections and check to see how the funnel solution is modified.

We can also extend our solution above to the case where we keep the full expression for

H. This yields an interpolating solution between the throat solution and Minkowski space,

given by
R(0) = ! (3.223)
g) = .
2 2 2 2 2 oly/M2+4/M2+03]
2 <\/Mls + 02— /M2 + 02+ \/Mlsln{ao[ iy T

which can be seen to yield the two asymptotic solutions when we take the appropriate limit.
This solution is particularly interesting because of the cut-off imposed in the integral. On
one side of the D3-brane we have a semi-infinite string solution (solution with +sign in
(3.223) whilst on the other (- sign choice) we have a string of finite length. In the throat
approximation we can relate the two solutions through a o — 1/0 duality. The finite length
of the string implies that the energy of the solution is finite. This differs dramatically from
the Minkowski space solution where the energy will be infinite as the string is of infinite
length. The profile of the solution therefore relates a finite energy configuration to an
infinite energy configuration. This behaviour may well have an interesting analogue in the

Abelian world-volume theory.

The corresponding funnel solution in the background of fundamental strings (3.204)
can be obtained from the following expression R?> = 4R*/H, which gives, in the throat

approximation,

_2\/E

0.4_0.4’

R(0) = (3.224)

obviously diverging strongly in the limit that ¢ — ¢g. Of course there are many other kinds
of backgrounds that we are free to consider. As an example we could look at the static
Maki-Shiraishi solutions [59] corresponding to a static black hole geometry. In this case we
see that R(0) o 0°/% — ag’/ % which implies that the funnel only diverges at large values of
o, very far from the event horizon of the black hole. This class of metrics also allows for
time dependent solutions, corresponding to gases of D0-branes and may play an important

role in the study of matrix cosmology.

Finally we note that even though it is difficult to obtain an analytic solution of the

funnel profile in Dg-brane (for ¢ # 3)- backgrounds, progress can be made in the large R
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approximation. In this case we find from (3.218)
R~ 2H1=3)/4 R? (3.225)

which can be integrated to yield approximate (large R) solutions.

3.3.7 1/N Corrections to the Fuzzy Funnel.

We are interested in the corrections to the funnel solutions we have found, particularly
those arising from the symmetrized trace prescription. In flat space the funnel is a BPS
configuration and thus insensitive to any corrections to all orders. In curved space we have
seen that the funnel solution will not generally correspond to a BPS configuration as the
bulk supersymmetries will be broken, or at least non-linearly realised. Using (3.189) we
can calculate the leading 1/N corrections to the Hamiltonian. As usual it is convenient to

introduce the following expressions to simplify the results

a=e?/gug:z, B=\1+402CRYZ,, 7= \/1 + N2CR2g,,95: — €2,

where we have also introduced the simplification e = /\26290_01 gz} This allows us to write
the first correction to the Hamiltonian, assuming of course that the dilaton term is not a
function of the Casimir

a [2082 -1 -1+e?) (B -1° B(H*-1+¢€")

Hi=afy— o5 { 2 - ~ } . (3.226)

Now, setting the electric field to zero implies that the correction terms will cancel out to
zero when 3 = . This can actually be seen just by demanding minimisation of Hy, however
we can also see that the correction terms vanish upon implementation of the symmetrized

trace. The minimisation yields a constraint on the curvature which is given by the following
R? = 4R*,00... (3.227)

In flat space this is just the BPS condition which leads to the simple funnel solution. In
certain backgrounds where the g,, components equal the inverse of the g,, components -
for example Dg-brane backgrounds - we also recover the simple funnel solution. However
we know that this is only a solution to the equation of motion in the D3-brane background,
and so we seem to have found solutions satisfying the minimal energy condition but which
do not solve the equations of motion. In the NS5 and F-string backgrounds we see that
this energy condition coincides with a solution to the equations of motion, and so we expect
those particular funnel solutions to be minimal energy solutions. This suggests that the
symmetrized trace corrections are zero for configurations which are in their minimal energy

states. In flat space the minimal energy state coincides with the BPS condition which is
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why we do not have corrections. In general the lowest energy configuration may not be
BPS but will still receive no corrections from the symmetrized trace. The general solution

consistent with energy minimisation can be written as

1 1
+ - + (3.228)

:2fda\/m 2 [dof(o)

We expect simple power law behaviour for f(o) ~ 0™ and so the solution can be written as

R(o)

F(n+1)

R ~ )
() (o1 — 061+1)

(3.229)

where n can be positive or negative, but not equal to —1. The case where n = 1 corresponds
to flat space. In the above expression we have neglected the dimensionality constant coming
from the function f. When n = —1 the solution reduces to the inverse logarithm solution we
find in the N S5-brane background. Note that when n is negative we do not obtain funnel
solutions as the radius of the fuzzy sphere never diverges, instead it monotonically increases
with the distance from the sources. This indicates that these solutions do not expand into

higher dimensional branes, and will not have an Abelian world-volume description.

Even though the funnel configuration appears to satisfy the energy minimisation condi-
tion, the energy itself still has dependence on the location of the funnel in the throat through
the o term. For the three cases where we find explicit brane solutions, namely the D3, NS5
and F-string backgrounds this term reduces to unity. In the D5-brane background we see
that « o< 1/0 and so the solution minimises its energy when it is far from the sources and
thus is well approximated by the simple funnel solution. The D1-brane background yields
a « o3 and so the funnel is only a solution when it is on top of the background branes,
which is where our effective action will no longer be valid. This perhaps explains why we
were unable to find analytic solutions to the funnel equation of motion. We should note
at this point that g, — 0 with ¢ in the D5 case, implying that the tension of the branes
will become infinite and again our action will be invalidated. In the D1 case we see that
the coupling becomes strong as ¢ — 0, therefore the tension of the branes is small but our
assumption that g;/N < 1 must be violated. It appears that both these backgrounds cause
the effective action to break down and so we cannot trust our solutions except at large o,
where the background is essentially flat and we recover our simple funnel solution. The
reason why this is not the case in the NS5-brane background is because their tension goes

as 1/¢2, and so the coincident brane solution has a much larger mass than the N D-strings.

Setting aside the minimal energy condition for a moment we can make some observations
about the energy of the funnel including the leading order correction terms. Firstly we

consider the case R’ = 0 corresponding to no curvature. The energy can be written as

Hi = afyV1—e? (1 + M) . (3.230)

6C 34
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Clearly when 3% = 1 there will be no (leading order) corrections to the energy, a condition
that can be satisfied either by taking R — 0 or g2, — 0. The first condition corresponds
to no curvature, with the strings located at an infinite distance away from the background
source. The second condition is the more interesting as it generally implies that o — 0,
or that the strings are located at the source. The resultant energy for the strings is then
determined by « - provided we have a sub-critical electric field, and so we see that minimising
« is equivalent to minimising the energy. We can also consider the case where we take R = 0,

to see the effect this has on the energy and its corrections. The resultant expression becomes

)\2 /2 - -1
M) . (3.231)

Hi=ay (1
' cw<+ Gyt

Again we see that the correction term vanishes if we demand the curvature to be zero,
or alternatively we can set g,g,} — 0 either as a product or individually, which basically
implies that ¢ — 0 as usual. We see once more that « plays the dominant role in determining
the energy, and that if this term can vanish then so can the energy. This helps to explain
why we cannot obtain analytic solutions for the D5 and D1-backgrounds, as in these cases
the a term is a function of o which implies that the energy will either diverge, or tend to
zero with o, depending on the dimensionality of the source branes. Therefore the energy
is dependent upon the space-time variables. For the D3, NS5 and F-string backgrounds
we find that @ = 1 and thus it is the shape of the funnel itself which dictates the minimal

energy configuration.

3.3.8 Time Dependence and Dualities.

In the time dependent case we again use the conservation of the energy-momentum tensor

to obtain the equation of motion

R2 900(1 B g()(] gzzlA2 2)A
A2 Cgmmg(]ogzz(l + 4>\20309m)( E_](]_()lgz_zl )\262) ’

(3.232)

where the coefficient A is written as follows
A= _(62(¢0_¢)900922(1+4A20R4992:x)(1 gOO gzz A € ) 900922(1+4)\20R09x1‘)(1 900 gzz )‘2 2))

In deriving this expression we have imposed the initial conditions that R(t = 0) = Ry when
R = 0, and the metric components at this initial point have been denoted by a bar. Note
also the factor of e?® in the solution which reflects the initial value of the dilaton subject
to these boundary conditions. In fact this equation is remarkably similar to the static one,

which can be calculated to yield

R? — 922(1 — goo gzzl)‘z °)B
/\ Cgmmg(]ogzz(l + 4)\20R09x:v)( g(]_()lgz_zl/\252) ’

(3.233)
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where the coefficient B turns out to be simply —A. If we consider the case where the D-
string is located far from the sources in flat Minkowski space, the metric components and

the dilaton can be set to unity. In this limit the two equations of motion reduce to

4(1 — A22)(RE — RY)

2
B = 1+ 4)\2CR} (3.234)
g AL N)(R' - R
1+4X2CR} 7

which are clearly invariant under the following invertible world-sheet transformation ¢t — io,
which is nothing more than Wick rotation [51]. If we re-write these equations using dimen-
sionless variables as in (3.185), introducing a similar transformation on the o coordinate,
then we find that the two equations of motion are related via z = i2’. Therefore knowledge
of one of the solutions (3.187) automatically implies knowledge of the other solution as

follows

z(1) = =£zpJacobiCN

V2(1 — ez
MT;%O’ %] (3.235)

20

. 2(1-€?)ozo 1 )
JacobiCN [71%3 ’\/i]

z(o) = £

In the last line we have used one of the various properties of elliptic functions. As discussed
in an earlier chapter, the last equation defines a periodic array of D3/D3-branes connected
by the fuzzy D1-funnels. There are two important comments to be made at this point.
Firstly that the equation of motion for a collapsing fuzzy sphere is the same as that of a
time-dependent funnel in Minkowski space. Secondly the world-sheet transformation we
employed on the equation of motion has a geometric interpretation. Instead of performing
a Wick rotation on the time variable, we can instead identify 7 with o provided we also send
z — 1/z. Using the definition of the elliptic function we can easily verify that this is true.
Therefore we have a concrete example of the so called large/ small duality that pervades all
string theories, as a collapsing fuzzy sphere of radius R is dual to a brane-anti-brane array

with interpolating funnel solutions of maximal radius 1/R [51].

In the more general case it is clear to see that we recover the static equation from the

time dependent one by performing the following transformation
e — 0, t — io, Joo — G2z (3.236)

This corresponds to a Wick rotation on the worldsheet and a space-time transformation
in the bulk, and is therefore a highly non-trivial symmetry. However we can see that the
transformation is not invertible, unlike in Minkowski space, due to the o dependence of the
metric components. If we start with the static equation and rotate the spatial coordinate

such that 0 — —i7, then the metric components (as well as the curvature term) become
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time dependent - corresponding to some form of time dependent background 3. If we take
this solution and then Wick rotate the time variable again we recover the spatial dependent
equation. Thus it appears there is a mapping from the time dependent equation to the static
one, but not vice-versa. The static equation is invariant under a double Wick rotation, which
appears to be the only automorphism of that particular equation. This implies that the
large /small duality is broken in this instance by the presence of curved spacetime, which we
ought to expect since the time-like and space-like Killing vectors cannot be rotated into one
another due to the additional spatial dependence of the metric components. In flat space
the metric, and therefore the Killing vectors, are invariant under Wick rotation and so the

field theory solutions ought to respect this symmetry.

There is, however, a particularly interesting transformation in curved space when the
metric components ggpg and ¢,, are inverses of each other - as in the case for Dg-brane
backgrounds in the near horizon limit. Writing the harmonic function in terms of the

dimensionless distance variable 2

1

~ 5
Z7—q

H (3.237)

then it is straightforward to see that the transformation to the static equation is nothing

more than T-duality, taking Z — 1/Z.

One further comment should be made here with regard to the interpretation of the
dynamical solution. In the Minkowski limit we saw that the time dependent funnel solution
yielded the same equations of motion as the collapsing fuzzy sphere. This led [51] to
postulate the existence of a duality between contracting fuzzy spheres and funnels. In
curved space we see that this interpretation is no longer valid, since the equations of motion

coming from the collapsing fuzzy sphere are different - as shown in section 2.

3.3.9 The Dual Picture - D3 world-volume theory.

Our work on constructing funnel solutions in curved space has yielded some interesting
results. At this stage we would like to check our assumption that the funnels do in fact
lead to the emergence of D3-branes, which can be done in the dual D3 world-volume theory
[49]. We begin with the effective action for a solitary D3-brane in a general background

with vanishing Kalb-Ramond two form

S::—T{/dﬁk‘¢¢—dd«%b+AF@L

The D-strings in this theory will appear as magnetic monopoles on the D3-brane, thus we
must ensure a non-trivial magnetic field is turned on. We choose this to be F, = €gpeBe,

with roman indices running over the world-volume. Finally we must also ensure that one of

!3Unfortunately these are not the spacelike D-brane supergravity solutions constructed in [85].
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the transverse scalars - o is excited. As usual we neglect higher derivative terms in the DBI

action, and employ the use of static gauge. The result for the static solution is as follows

S=-T; / d4Ce_¢\/goog%m(1 + X2g..052 (Vo)? 4+ N2g72 B2 + Mg..g52(B.Vo)?). (3.238)

It should be noted that the scalar field has canonical dimension of L™!, which we need to
be careful of when interpreting our solutions - particularly when trying to show that this
is indeed the dual picture configuration. The equation of motion for the transverse scalar
is complicated in curved space, and not readily amenable to analytic solutions. Thus we
will attempt to find the spike profiles by searching for configurations which minimise the
energy, a tactic which worked for several backgrounds in the non-Abelian case where the
energy minimisation condition corresponded to the equations of motion [45]. The energy

density in the static case simply equals —L therefore we may write

H = Ty / d3(e‘¢\/goog%x(1 + 220,072 (Vo)? 4+ N2g72 B2 4+ Mg..972 (B.Vo)?)

T / d*¢e™\/ go0gs \/ |/ 9202 Vo + gt B + (15 220202 P BV 0)2,

where in the last line we have written the determinant as the sum of two squares. We see

that there is an energy bound given by

H > Ts/d‘"’Ce“z’\/goog%xll T N2 3 B.Na|, (3.239)
which is saturated provided that the o-field satisfies the following constraint

B= :F60«/gmgzz, (3.240)

which can be seen to reduce to the usual flat space constraint B = ¥Vo as required.
The expression for the energy bound (3.239) seems to be the sum of two terms where the
second one is topological in nature. We wish to show that this expression has a simple
interpretation in terms of the energy of the D3-brane and the energy of a warped spike

solution. We will write the first term as follows
Hps = Tg/dgg“e_d’ 90092 - (3.241)

Now in flat space the energy of the D3-brane is simply T; [ d3¢, however as we are in a
generic curved background we must also include the contribution from a non-trivial dilaton.
This means the energy is modified to become T [ d3Ce™? which is exactly the equation we
wrote down for the energy of a warped D3-brane. Thus our intuition about the first term is
correct, namely that it corresponds to the energy of the brane in curved space. The second

term is a simple extension of the Blon spike solution, generalised to a curved background.
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We return now to (3.240) which gives us important information about the profile of
the spike solution. It is clear that the second term here is a total derivative if the B field

satisfies the modified Gauss law equation

—

V.(v/g00g-2¢ ?B) = 0. (3.242)

This modification of the Gauss law appears to be due to red-shifting of the magnetic field
for an observer in the UV end of the background geometry. Such red-shifting effects are
common in warped metrics. Under these circumstances the second term would then be
determined by the boundary values of o(r) and so we would find a contribution to the
energy proportional to o(r = 00) — o(r = 0) which could be interpreted as the energy of a

string stretching along the ¢ direction i.e the D-strings of the non-Abelian theory.

In the case of background /NS5 branes or F-strings, which are both charged under the
NS field, it is easy to check that (3.242) reduces to the familiar flat-space Gauss constraint
due to the cancellation with the metric components i.e V.B = 0. In the case of Dg-brane
backgrounds, which are charged under the RR fields, such a cancellation between the dilaton

and metric components does not occur and the Gauss law condition reduces to
V.(e®B) =0. (3.243)

We wish to solve the general spike solution using (3.240). In general we may expect a power
series solution for the metric functions which will be given by f(&), where & refers to the
physical coordinate distance. Note that o is related to the physical distance via & = [20.
As in the non-Abelian section we will take f(G) ~ 6", where n can be positive or negative
but not unity. It will be convenient to switch to spherical coordinates in which case the
magnetic field will only have a radial dependence, and we will take the traditional ansatz

for the field to be
Q

A2’

where @) corresponds to the magnetic charge of the U(1) field. Equating both sides of

B=+ (3.244)

(3.240) gives us the physical solution for the spike

Gl 5.614-1 o ing(n + 1)

.24
Anr (3.245)

where we have neglected a dimensionality factor which makes f(5) dimensionless. With
reference to the general solution on the non-Abelian side (3.228) in physical coordinates we
find

ntl _ gl inlg(n + 1)‘

o " e (3.246)

If we demand that both of these solutions are equal - to leading order in N - we need to
impose the following quantisation condition on the magnetic charge, namely Q = 47%N.

This condition, with the appropriate choice of sign, ensures that the equations from the
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non-Abelian and Abelian theories are the same in an arbitrary background. The n = —1
case, which arises in the fivebrane backgrounds, will give rise to a logarithmic funnel profile

and not the simple power law solution.

In the specific case of the N S5-brane background we find that the spike solution from

the Abelian action, &(r) satisfies the following equation

=2
1 4nvM | 52 o/ M Vet
VAR O g STV [ VEM —c (3.247)

r Q 2M Q %_1

where ¢ is a arbitrary constant of integration. In the throat approximation where % <1

this equation can be solved explicitly for the spike profile

L —Ql, > B <—7TlSN>
— Goexp [ —22 ) — 5ge : 3.248
7 = Goexp <4m«\/M Goexp | —A (3:248)

More generally the complete solution above in (3.247) can be seen to be exactly equivalent

to the solution for the fuzzy funnel discovered on the non-Abelian side in (3.223) with an
appropriate definition of the constant ¢ in terms of the D3-brane location parameter oy and

using the quantisation of magnetic charge @ found earlier.

Now in flat space the fact that a spike profile saturates the energy bound is normally
sufficient to argue that such a profile solves the equations of motion. However in the case
where there is a throat present due to the NS5 source branes, this is not the case. From
equation (3.240) with g,, and g,, appropriate to the throat geometry, we can scale & — &
and still satisfy this equation. However under the same scaling, the energy of the warped
D3-brane scales like

Hps — Hps3 (3.249)

and so the energy of the brane can now be reduced by sending [ — 0, indicating that
the D3-brane - or funnel solution on the non-Abelian side - will be unstable. This shows
that the static spike profile (3.247) is unstable and wants to decay. Thus by considering a

time-dependent profile rather than static, we can find a solution to the equations of motion.

In general looking for analytic ¢t and r-dependent solutions to the equations of motion
looks very difficult. However assuming the throat approximation, a simple solution, which
describes the motion of the funnel as a whole, can be obtained by using separation of
variables. Such a solution can be expressed as F'(t)o(r), where we have introduced a di-
mensionless time-dependent profile, F'(t) for the spike. It is easy to see that F'(t) drops out
of (3.240) so that & (r) still describes a static spike profile as in (3.248). F(t) is determined
by demanding F'(t)&(r) solves the complete equations of motion. We find that the energy
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density of the brane reduces to the simple form

=~ 2 = 2prpe) 2
€=V |1+ X VAE <i>‘ <1 _ A ME ) , (3.250)

\/Mlg ls ago l§F2

where V3 is the volume element of the D3-brane. Demanding the conservation of energy
(equivalent to solving the equations of motion) we can solve for for F(t), noting that the

absolute value of the second term is independent of time. The solution can be seen to yield

1 1 tls

where Fy is the initial condition on the profile. There are two important comments to make

here. Firstly that the solution appears to be valid for any point on the world-volume, even
at the location of the monopole » = 0. Secondly the solution for the profile is exactly the
same functional form as that of a D3-brane with no magnetic flux in the same background,
as shown by Kutasov in [21]. This suggests that the Blon spike will not feel any tidal forces
due to the gravitational attraction of the fivebranes. We may now write the full solution to

the equation of motion (again in the throat approximation) as follows

Nwlg

T(O-7t) = _ 5
AWM (2 [1 4 e~ 1/VMN]) 48, + AV In(2)

(3.252)

which we can simplify by considering the solution at late times - and neglecting the constants

arising from the initial conditions

N7l
AV In (010) il

r(o,t) ~

(3.253)

which shows that the radion field is proportional to 1/t in this limit. We now want to
consider how this appears on the non-Abelian side, however we note that even when we
include time dependence in the action the equations of motion are highly non trivial and do
not yield a simple analytic solution. We should check that the solution (3.253) is actually a
solution of the theory. We again factorise the scalar field into a time dependent piece and

a spatial piece and make the ansatz

1

2y/MZIn (2) + BF(t)

where B is some arbitrary constant. It can easily be seen that R’ = 2R%V/H and R = BEF'R?,

where H is the usual harmonic function for the N S5-brane solution. If we substitute these

R(o,t) = (3.254)
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two equations into the energy density equation for the fuzzy funnel we obtain

by OViNQ 4 4N2CRY)%/?
V1+4X2CR* — X2CB?RF?’

(3.255)

which must be conserved in time. This requires that the F term must vanish from the
expression. The simplest solution is to take F' = 0, however this implies that F' is constant
in time and so we are just introducing a constant shift into the equation of motion. A non-
trivial solution can be obtained by setting F2B2 = 4, which has the solution F(t) = 2t/B.
This reproduces the same functional form for the equation of motion as we derived from
the Abelian theory, however we need to check the interpretation of the resultant expression

for the energy density, which can be seen to yield
E — TyViN(1 +4X2CRY)3/2, (3.256)

Expanding the solution we can see the first term corresponds to the energy density of
N coincident D-strings, as we would expect. The higher order terms correspond to non-
linearities arising from the fuzzy funnel solution representing the warping of the D-strings
in the transverse space. Thus we argue that this ansatz for the equation of motion is a
solution of the theory since we are left with the minimal energy configuration. Therefore
both solutions agree at late times. Furthermore it was argued in [21] that we can trust
the macroscopic description even deep in the IR end of the geometry provided that the
energy of the brane is large enough. Therefore we expect our solution to capture the vast
majority of the evolution of the system. Of course, our analysis is based upon the fact that
we are ignoring the back reaction upon the geometry. Again this requires fine tuning of the
various parameters in the theory to accomplish this. Hopefully using the prescription for

the symmetrized trace at finite N will alleviate this problem entirely.

Similar analysis can be carried out for both the F-string and Dg-brane backgrounds.
The static spike profile in the F-string background, obtained by solving (3.240) is consistent
with the static funnel profile obtained in the same background on the non-Abelian side. The
same scaling argument about such static solutions being unstable, as discussed in the NS5
case above, is not naively applicable here. What we can verify is that at least in the static
case, the equation for the spike on the Abelian D3-world volume side and the fuzzy funnel

on the non-Abelian side agree.

Finally we discuss the situation for Dg-background geometry with ¢ # 3. Here things
are obviously more complicated due to the red-shift of the magnetic field. However we can
use some intuition from our knowledge of the Abelian theory to understand the physics. It
is known that for supersymmetry to be preserved we require the D3-brane to be embedded
in either a D3-brane or D7-brane background. In this case the funnel solution will be
completely solvable. For all other brane backgrounds the supersymmetry is broken, and

the D3 feels a gravitational potential drawing it toward the background branes. Thus our
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static funnel solution will not be compatible with the full equations of motion, and so we
would require a time dependent ansatz. Interestingly in the D5-brane background we know
that open string modes stretching between the funnel and the source branes will become

tachyonic at late times, potentially distorting the funnel.

3.3.10 Higher Dimensional Fuzzy Funnels.

We can generalise the non-Abelian results we have obtained to the higher dimensional theory
using the results from the previous chapter. This means we are considering the fuzzy S
spheres, which are labelled by the group structure of SO(2k+ 1) in ten dimensions [51, 52].
This will obviously imply that we require 2k + 1 transverse scalars in the DBI action, where
k < 3 and the funnels are now blowing up into nD(2k+1)-branes in an arbitrary background.
Of course the higher number of transverse directions will impose serious constraints upon
the dimensionality of the possible background sources, in many cases we will be left with
unphysical situations such as type IIA, or potentially non braney solutions. The geometry of
these higher dimensional fuzzy spheres is interesting to study in its own right, for example
we know that the fuzzy S® can be written as a bundle over the classical six-sphere. In
the classical limit we find that the fibre over the sphere belongs to the group SO(6)/U(3),
which implies that constructing a dual picture is non-trivial [52]. The geometrical analysis
is revealing as we can calculate the charge of the branes directly from the base space. The
general topology of our higher dimensional funnel configuration will now be R x S?*, and

we must modify our gauge group ansatz to read
¢ = +RGY, (3.257)

where the G' matrices satisfy G'G* = Cy1x and lie in the irreducible representation of the
particular gauge group. The Casimir in this case will be labelled by a k index so that we
know which group structure it conforms to. The relationship between N and n means that
the dual picture is far more complicated. For example in the k£ = 2 case we know that the
D-strings blow up to form several D5-branes, which have a non-trivial second Chern Class
on the world-volume. This makes the dual picture difficult to analyse and we will not do
it here - but see [45] for a more detailed derivation of the D1 — D5 and D1 — D7 solutions
in flat space. The general relationship between the physical distance and the scalar field

ansatz can be written as follows

r = ky/CpAR, (3.258)

which is similar to the SU(2) case, except there is no ambiguity over the choice of sign, and
we emphasise that the Casimir will be dependent upon the number of higher dimensional

branes in the funnel solution.
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The generalisation of the non-Abelian action to leading order is expected to be given by

S =T, / PN\ 0092 (1 + N2Cigragrt R?)(1+ ANCRRIGZ V2, (3.250)

and therefore with our usual rescaling of the tension we can find the spatial component of

the energy momentum tensor

e_d)\/ googzz(l + 4)\20kR4g:%:c)k/2

T
7 \/1 + )‘2CkR,2g:c:cgz_z1

(3.260)

Our work in the lower dimensional case has shown that we can obtain solutions to the
equations of motion, consistent with the energy minimisation principle, when the « term is
constant. If we assume that this is true for our background metric then we can write the

general equation of motion for the funnel as follows

R’2:L(1 AIN2CLR 2 ’f—1). 3.261
A quick check shows that with £ = 1 the solution reduces to R’f = 4R*g,129.- as expected
from our efforts in the preceding sections. Of course setting a to be constant also imposes
additional constraints on the possible supergravity backgrounds that exist. Interestingly
the higher dimensional solutions will all have a variant of this solution as their lowest order

expansion in A. The k = 2 and k = 3 solutions can be written as follows

RZ = 8 (R4gmgzz + 2)\2C2R8ggxgzz) (3.262)

16
R? = 12 <R4gmgzz+4A203Rgg§;xgzz+§A40§R12gimgzz>

which shows that there are apparent recursive properties for these equations. Note that
these expression agree exactly with the ones derived in [45] when taking the flat space
limit, where these results were obtained via minimisation of the energy and found to be
perturbatively stable. Clearly we do not expect this to be the case in a general background

due to the additional o dependence of the metric components.

In general these equations are difficult to solve, but can in principle be written in terms
of elliptic functions. We will try and make some progress by assuming trivial solutions
for the g, components which can be absorbed into a redefinition of R, and power law
behaviour for the g., components. In the k = 2 case we can find approximate solutions to

the equation of motion. In the large R region, the second term is dominant and a quick
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integration yields the following solution

Ry(0) =

-1 1/3
<4A\/@(am+1 — 06”“)> m# —1 (3.263)

_ 71 v _
Falo) = <4M@n<a/oo>> m=t

Note that m = 0 corresponds to the flat space limit and agrees with the solution in [45].
When R is small the solution is dominated by the leading term and we recover the usual
funnel solution derived in previous sections. Clearly this implies the existence of an inter-
polating region where the solutions cross over from one another. Upon equating the two

terms we find that the cross over occurs at

1 1/4
Rep ~ (—W (12) ; (3.264)

which implies, in physical coordinates, that » >> ;. Moving on to the & = 3 case we find it
complicated by the appearance of an extra term. Of course in the large R limit this will be
the dominant contribution to the integral and we find a similar solution to the one sketched
out above with the power now being 1/5 rather than 1/3 , and the dependence on A and C'

will also be slightly altered. The crossover in this case will happen at the point

3 7 1/4
cr ™ 1 o> ) 2
R (8)\203 { + 3}> (3.265)

which will again imply that the physical distance is much larger than the string scale. The
general conclusion here is that higher dimensional fuzzy spheres lead to funnel solutions
which are modified version of the lower dimensional ones, although we ought to bear in
mind that these solutions are potentially only valid in flat space as physical brane sources
satisfying the background constraints may not exist. The general behaviour for the funnel

in the large R limit can be seen to be
R ~ g~ (m+1)/(2k=1) (3.266)

and so the higher dimensional effects play a more important role as o — 0.

We now switch our attention to the leading order 1/N corrections for the general fuzzy
funnel. As usual we choose to work in terms of the variables «, 3,7, where now 3 is the

general function for arbitrary k. The leading order correction can be calculated to give

— 550, _

; 1 (k2 =DE7*F 1) (2 =1)?  ky(k = 2)(B7F — 1)
leaﬁ’Y{l <7 3T 7273 += 234/k

which clearly reduces to the standard expression when & = 1. This is actually valid for
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k = 4 provided we take the flat space limit. Now we see that in general the correction
terms will be non-zero, even if we assume the funnel configuration where g = ~. This is
actually reminiscent of the flat space solutions where the higher dimensional fuzzy funnels
are corrected under the symmetrized trace. Taking k = 2 for example we find that the

corrected energy becomes

iy = am{l 1 <2(72 -HB-1) (- 1)2>}7 (3.267)

Ezre” 3 273

which implies that the correction terms only vanish for 2 = 1. The non-trivial solution
to this implies that R’ = 0, or that the radius of the sphere is a constant function of o.
Furthermore we see that the correction term will always be positive, therefore the higher
order corrections reduce the energy and so we expect the solution to be unstable. It is only

the D1 — D3 funnel which is the lowest energy configuration in an arbitrary background.

Many of the arguments presented in this section have been quite technical, and one may
wonder whether there is any physical application for the Myers action beyond the intrinsic
mathematical aspects. In the next section we will suggest an application of this formalism
by taking a closer look at the (p, ¢)-string system that was briefly mentioned before. Because
of the gauge/gravity duality, this string configuration is of potential interest from both a

cosmological and a gauge theory perspective.

3.4 Application: (p,q) strings in the Warped Deformed Conifold.

An interesting inflationary model within string theory is the hybrid inflation scenario of the
D3-D3 annihilation [87]. The different branes experience a Coulombic attraction forcing
them towards one another, and so the inter-brane distance can play the role of the inflaton.
Once the branes reach distances comparable to the string scale, an open string tachyon
forms which causes inflation to end. Despite many technical difficulties with this model,
it has been placed on reasonably sound footing by embedding the mechanism into semi-
realistic models arising from flux compactifications [108]. The branes annihilate in a warped
throat, which is separated from the Standard Model throat by the internal compactification
manifold. One of the predictions of this model, however, is that strings will be created
during the annihilation process - after inflation has ended. To illustrate this let us consider
the annihilation of one D3-brane with a D3-brane. K theory tells us that the remnant brane
must have co-dimension two [10], which means that there will be a remnant D-string left
after annihilation which is charged under a linear combination of the original U(1) x U(1)
symmetry. The other linear combination of U (1) charge must vanish (as there is only a single
residual brane). However the annihilation also leads to the creation of confining flux lines,
which can be interpreted as (fundamental) F-strings. The result is that generically we will

have remnant cosmic (super) strings [66]. This is clearly incompatible with the experimental
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data, which can be seen to fit a ACDM inflationary model with great accuracy [88-91]. In
fact the current observational bounds impose a constraint on any cosmic string tension
through the relationship Gu < 107, where y is the string tension [67, 76]. Thus we are left
with one of three likely possibilities:

e D3-D3 inflation is not a viable mechanism.

e Only a few strings are formed during this process, which mean they contribute negli-
gibly to the CMB.

e The warping of the throat is so severe that the tension of these objects is essentially

Zero.

Although it may well turn out that the first of these is correct, we consider the other two
possibilities in this thesis. In fact one may argue that it is indeed a combination of these
two statements which leads to the correct answer. Namely that a few strings are formed
after inflation, and the warping does indeed reduce their tension. In the next subsection we

will introduce the background supergravity solutions which we need to analyse this problem

3.4.1 The Warped Deformed Conifold.

The conifold is a non-compact, singular manifold which is topologically a cone over the
base T1! [61]. There are classes of more general conical geometries, called L%*¢ manifolds
- however we will not discuss them in this thesis [62]. Conifold singularities are the most
common type of singularities arising from Calabi-Yau compactifications of string theory,
which makes them interesting objects to study. Mathematically it is convenient to define

the conifold as a complex algebraic curve satisfying the following equation

4
f(21, 22,23, 24) = Z 22 = 0. (3.268)
i1

Note that this defines a cone because if z; lies on the cone then so does Az; where A € C.
If we intersect the polynomial with a seven-sphere of radius r, then we see that near the
intersection we can write the z; in terms of x; + 4y; to find z;2° = y;u° = r2 /2 and ziy’ = 0.
These equations give us an S? which is fibred over an S®. However such fibrations are
trivial and so the resulting bundle must be a product bundle S? x S3. The singularity can
be resolved by allowing either the S® or the S? to shrink to remain finite. When the S?
shrinks the resulting manifold is the deformed conifold, whilst if it is the S® that degenerates
then we obtain the resolved conifold. A cartoon of the deformed conifold is sketched in Fig
3.4 which is taken from Majumdar [66].

As it stands this is a good string background, however things become even more inter-

esting when we consider the backreaction of the fluxes, which are turned on in the compact
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Singular point
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Conifold Deformed conifold

Figure 3.4: Sketch of the conifold and the deformed conifold.

directions. The backreaction can cause some of the three-cycles to collapse, forming finitely
warped throats [63]. This was first discussed by Klebanov and Strassler, and is more com-
monly referred to as the KS throat. More importantly the throats naturally reduce the
amount of supersymmetry that the solution preserves. In fact for the warped deformed
conifold we find that only /' = 1 susy is preserved. The general metric for the conifold can

be written as follows
r2 2 ? r2 &
2 52 i 2 =2, 142
dsg® = dr* + 9 (dw + ;:1 cos szqb@) + 5 ZE:l (d9i + sin 01d¢5l-) , (3.269)

which clearly shows that there is an S? fibred over an S3. The warped deformed conifold
emerges when we turn on the RR flux F3 through the S2, and the NS-NS flux Hj through
the dual three-cycle which creates the warped throat'®. The fluxes must satisfy the Dirac

quantisation condition

1 1
42/ /AF3 =M, 42/ /BH3 = —K, (3.270)

where M, K € Z and A, B are the dual three-cycles. We can now deform the equation for

the algebraic curve by a small (and real) parameter € using

Y o =e (3.271)

111 fact this cycle is basically r x S2.

132



3.4. APPLICATION: (P,Q) STRINGS IN THE WARPED DEFORMED CONIFOLD.

Now it is convenient to re-write the metric using a basis of one-forms

B el _ o2 B 02 _ oh
_ el 4¢3 o e? + et
g5 = € (3.272)
where we have defined
el = —sinfideé (3.273)
e = do,

e3 = costsinbydpe — sindbsy
¢! = sineysinbydgs + cosPdbsy
e® = dip + cosbidoy + cos Oaddo.

In this basis the metric (3.269) can be seen to take the following form

*BK (1) [dr? + g2
2 3K3(7)

dse® = Foos?(Q)lg + o] +sink? () i+ )], 2m

where the overall warp factor is given by

(sinh(27) — 27)1/3
21/3 sinh(7)

K(r) = (3.275)
Note that 7 parameterises the size of the S? fibration, and as 7 — 0 we are left with the
metric for the three-sphere - i.e the warped deformed conifold. We will be mostly interested
in the physics of this solution near the tip of the warped throat, once the S? has shrunk to

zero size. The full ten-dimensional metric in this instance reduces to something like
1 .
ds10? ~ ainuda’dz” + gsMbod/ <§dr2 + r2dQ3 + dQ§> (3.276)

where now r is the radius of the shrinking two-sphere, parameterised by 6, ¢ coordinates
using #; = —09 and ¢1 = —¢9. The warp factor a(z) arises from the fluxes and can be tuned
to be exponentially small. The threading of the flux through the three cycle can be viewed
as arising from N = M K D3-branes localised at the origin, where the warp factor has been

truncated at some finite value - rather than leading to an infinitely warped throat.

The solution is in Einstein frame, and the RR 2-form at the tip of the throat can be

written as follows

Cy = Md' <¢ — w> sin(@)dfde. (3.277)

Because the warp factor is smallest at the tip of the throat, we expect that any residual
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objects will localise themselves here in order to minimise their energy. This implies that
we only need consider the physics near the tip, and far away from the gluing region where
the KS throat is 'glued’” smoothly onto the conifold. One further thing to note is that the
dilaton and Bj are zero at the tip of the throat. The vanishing B field simplifies our analysis
however the vanishing dilaton implies that the string coupling gs = e®? = 1 in this region.
Although this means that both Einstein and string frames coincide in this instance, it also

means that we are in a strongly coupled regime.

Having stated the supergravity background let us make some comments before proceed-
ing. For cosmological purposes we want to consider the KS throat as being the inflationary
throat. Thus after brane annihilation we will end up with cosmic strings at the tip. Al-
though this solution is ten-dimensional, we expect it to be representative of the exact
solution obtained upon compactification. Provided we restrict our analysis to the tip of the
throat, we are essentially insensitive to UV physics - which is where the model dependent

phenomena come into play. This ensures that our analysis will be reasonably robust.

We can also interpret strings in this background in another way [73]. Due to gauge/gravity
duality this gravity theory is actually dual to a confining gauge theory. It was shown in
[63] that if the fluxes are integer multiples of one another, then the gauge theory undergoes
a cascade from SU(K + M) — SU(M) in the deep IR, i.e near the tip. Because this is
a confining gauge theory F-strings in this solution acts as quark-antiquark strings, whilst
D-strings will be dual to axionic strings. This means that studying stringy objects in this
background has dual application, either for cosmology or for gauge theory. Our primary
focus is on a model for cosmology, however we will often make reference to the gauge theory

interpretation as there is an abundance of literature on the subject.

3.4.2  Macroscopic (p, q)-strings.

We have already mentioned that we expect F' and D-strings to be formed in annihilation
processes in the KS throat, but more generally we expect these strings to combine to form a
bound state of pF-strings and ¢D-strings - or a (p, ¢)-string. This is simply due to SL(2, Z)
symmetry which interchanges the By field with the C(y) field, thus transforming F-strings
into D-strings [69].

A nice way of obtaining the tension spectrum for such objects in the warped deformed
conifold was derived in [70], who considered a D3-brane wrapping a two-cycle within the

15 As we have mentioned

53 and extending along two of the four Minkowski directions
many times in this thesis, a non-zero electric field on the brane is equivalent to dissolved
F-string flux so we can simulate a (p,q) string by turning on a non-zero U (1) gauge field.

[70] also turned on non-zero magnetic flux on the world-volume to stabilise the brane on the

15See [71] for related work.
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S2. For simplicity both these fields are assumed parallel, and we choose a gauge such that
only Fb3 and Fj; are non-zero. The brane is extended in two of the non-compact directions
and wrapped on the two-cycle inside the S3. After collecting all the terms and integrating
over the compact directions, one can obtain the Hamiltonian density for the (p,q) bound

state via Legendre transform

2 2 . 2
- 3—2 + 20 () + [% (w - Sln;w)) . qco>] . (3.278)

At this stage we must minimise the energy with respect to the radius of the S2. The result

is
2

Yrmin + b02— ! Sin(2v¥min) = w.

M

(3.279)

However the b2 — 1 factor is almost zero and so to leading order we can drop this term

16 Then we see that ¢y ~ W which yields a value 7, for the S? radius at the

minimum o
Tmin = V/bogs Mo |sin <w> ' (3.280)

If we now insert this into our expression for the Hamiltonian we obtain the tension of
the (p, ¢) bound state

2 42 2 —
Hpmin = %\/% + (bO—M> sin? (W» (3.281)
9s n

which is in excellent agreement with the results obtained in [69, 73], when one sets p = 0

or ¢ = 0 yielding the tension spectrum for the D and F-strings respectively. If we take the
large (background) flux limit then we can expand the final term in the square root to the

next to leading order in powers of 1/M. This yields the following expression

az [ q? w2(p —qCp)? 214 (p — qCp)*
Hyin ~ XO\/Q_E + bg(p - (]00)2 (1 - 32 + 45 M4 o '>’ (3.282)

where we recall that by ~ 1. Thus we see that in the large M limit one recovers the expected
result for the (p, q) string tension in a non-trivial background. It is worth mentioning that
if we take the limit ¢ — 0, leaving us with only the fundamental string contribution, that
the corrections to the tension scale as 1/M?2. This was first noted by Douglas and Shenker
[74] and is different to the 1/M correction that arises due to Casimir scaling. Note that in

this limit the minimal radius, ryin, can be approximated by the following

_ 2 _ 12
TmmN\/Wﬂ(p qCo) {1_7T(P qCo) + O 1 )}

— 3.283
/—M 6M2 M4 ) ( )

16Strictly speaking this means that the supergravity solution is now that of [75], which was recently
rediscovered by Maldacena-Nunez [64].
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where the terms inside the brackets are a power series in even powers of 1/M.

3.4.3  Microscopic (p, q)-strings.

The macroscopic description proposed in the last section gives a nice result, however from
the cosmological perspective we can only use this as a tool. In order for the theory to
be 'physical’ - i.e arising as a natural consequence of inflation - we need to deal with the
effective action for the strings themselves. This is even more important when one wants to
study the formation of (p, q) string networks, because typically the dominant contributions
come from the lowest lying string modes. However the macroscopic description needs to
be modified in this instance, since turning on flux induces non-commutative effects on the
brane worldvolume [68]. Seiberg and Witten [58] showed that these effects can be included
by the introduction of a suitable star-product, rather than the normal product. For large
values of the flux it can be shown that the effects of the star-product are negligible, but for

small fluxes they provide an important contribution to the theory.

Using the Myers action [33] to construct the microscopic description allows us to include
some of the non-commutative effects, although they are 'washed out’ in the limit of a large
number of strings (which is where the action is simplest). However using 1/N corrections
[50], and the conjectured finite N prescription [53], we can attempt to include these effects
in order to develop a more realistic model. The starting point is to construct a theory of ¢
coincident D-strings, with non-zero electric flux on their worldvolumes. Since the number
of D-strings must be an integer, this automatically accounts for the quantisation of ¢ and

therefore only p needs to be quantised.

We can use the results from the previous chapters to determine the action of the strings
in this background. It should be remembered that the two-form field Cj; is a function of
all the background coordinates, and in particular its dependence on the non-commuting
coordinates ¢’ is obtained through the non-Abelian Taylor series expansion. For the U(1)
gauge field we will fix the gauge Ag = 0 implying that Fy; # 0 = . Effectively this means
that the gauge field is proportional to the identity matrix in this picture, breaking the U(q)
symmetry group of the coincident branes down to SU(q) x U(1), where the gauge field now
commutes with the SU(q) sector.

We choose to orient the D-strings along two of the Minkowski directions of the non-
compact spacetime in order to make contact with the Abelian theory of the wrapped D3-
brane. Recall that the D3-brane wraps an S? inside the S3. Since this S? is thus magnetized,
it suggests that on the non-Abelian side we should attempt to describe this wrapped S? via
a fuzzy sphere ansatz for our transverse scalars [65], as we know that in the large ¢ limit

we should recover the classical two-sphere geometry with ¢ units of magnetic flux.

Our goal is thus to try and describe, in the non-Abelian theory, a fuzzy two-sphere

embedded not in flat space but in a round S® geometry, where we capture the essential
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physics of the solution presented in [70] but do not construct the dual microscopic model.
Let us begin by only taking the transverse coordinates ¢’ to be non-vanishing in the direction

of this S3 whose coordinates we label as y® a = 1,2,3. The metric on this S® can now be

obtained after performing a non-Abelian Taylor expansion 7

ds3 = gapdy”dy’, 9ab(®) ~ Gap(y) + - ... (3.284)

Since we are not looking for dynamical solutions we can regard the scalar fields as static
which simplifies the dynamical portion of the action. If we calculate the determinant in the

potential piece then to leading order we find (using the property that g, (y) is diagonal)

2
det@Qj =1 - %W, ")[6°, ¢19ac(y)galy) + - (3.285)

and so the DBI contribution to the effective action can be written as

=-T /d2O'STT‘ (am/ )\2621 \/1 — Z_[g9, #¥][¢C, qbd]gacgbd) (3.286)

Let us now consider the fuzzy sphere ansatz for the transverse scalars by imposing the

following condition'®

¢* = Relol, (3.287)
where the o are the generators of the SU(2) algebra, which is isomorphic to SO(3) and
satisfies the commutation relation [af,af] = 2i€i/ka¥, and e are vielbeins on the round

three-sphere. Using this notation the indices ¢, label coordinates in the tangent space
to this S3. As before we will take these generators to be in the ¢ dimensional irreducible
representation in order for them to yield the lowest energy configuration. If we now impose

this ansatz on our fields in the action we find
A2g2 A
S=-T /d2oSTr agy |1 — =1+ 4X2R\C |, (3.288)
ag

where C is the usual quadratic Casimir of the representation given by CI, .= alal 0;;, where

I, is the rank ¢ identity matrix.

It follows from our choice of ansatz in (3.287) that there is no explicit dependence of the
metric gu(y) in the above action. With the inclusion of the S veilbeins in the fuzzy sphere
ansatz (3.287), the SU(2) matrices o' arrange themselves into the Casimir invariant a’a’d;;

in the action (3.288). This feature simplifies the calculation of the symmetrized trace both

"In fact we can do better than this by noting that the metric on the S® is flat, this means we can avoid
having to Taylor expand the metric and the fields [72].

18We use o' to denote the group generators in this section rather than 7% and C for the Casimir. We
hope this will not confuse the reader.
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at large ¢ and also for finite ¢ (see next section). It is plausible that there exists a more
general choice of ansatz for the transverse scalars than our proposed solution (3.287), but
the resulting symmetrized trace computation may be rather difficult. Another motivation
for (3.287) is that it is easy to see that the equations of motion (assuming constant matrices
#%) are satisfied for the S3 background since the resulting algebraic equations are formally

equivalent to those obtained in a flat background, using the ansatz ¢* = Ral.

In the large ¢ limit the symmetrized trace can be approximated by a trace over the
gauge group. We can expand the square roots, take the trace and then re-sum the resultant
solution to get a closed form expression for the action. Later, when we restrict ourselves
to the case of finite ¢ this will change, as we must take the symmetrization over the scalars

into account.

From the expansion of the Chern-Simons action we can see that the leading order non-

zero contributions are
Sus = Tigs / STr (P[(Jo n eM%%C(Q)]AF) . (3.289)

where C() has only non zero components in the spherical directions. Note that we are
working in the conventions of [33] in which the normalization of the RR C(,) differs from

the canonical one, which accounts for the factor of g, in (3.289).

After expanding the action to include the interior derivatives, and performing the pull-
back operation we find the action reduces to

S.s =Tigs / d?cSTr <)\ECO — i)\2a%[¢“, ¢b]> . (3.290)

In order to make any further progress we must Taylor expand the RR two-form which yields
a term which will vanish, and also a term AJ.Cyp¢¢. However under the STr operation this
terms is proportional to the field strength Fj;. which gives rise to quantised flux when
integrated over S3. We write Fype = fQape Where Qgpe is the volume element of S3, and
using the flux normalisation condition [ W3 = 47’ M we find

f= 2 (3.201)

(b098)3/2 v MO/‘ '
Combining this with the standard relation 4,.Q%¢ = 6 implies that the large ¢ limit of the
Chern-Simons action reduces to
4 qgsé’A36}?3

Scs:T/cF AgCpe + ——2—— ——_ | . 3.292
1 U(“q o 3(b09s)3/2\/M—0/> 8

We can now construct the canonical momentum density of the electric field by varying

the Lagrangian density. As there is no explicit dependence of the action upon the gauge
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potential, we expect the resulting quantity to be conserved and also quantised in units of

the string tension. The resultant displacement field, p, is found to be

N\ A2e2\ T2 4qg TN R3C
=Tyqa?\/1+42CR*— (1 - — Ty g \C, & . (3.293
p=Tigag\/1+ a < aé) Tl ot o AT (3.293)

Note that we are using the canonical radius R in this expression, which is related to the
physical radius, r, of the fuzzy sphere through the expression 2 = R2)\2C. If we make this
substitution and construct the canonical Hamiltonian density via the Legendre transforma-

tion we find (using the relation T3A = 1/gs)

2
2 | 2 Ard 4qr3v/2
=% %(HLA)JF p—qCo— VT : (3.294)
A\ 95 e 3(bogs)3/2V/ C M3

The overall factor multiplying the square root is simply the warped tension of a fundamental
string. At this juncture we should minimise the energy in (3.294) to compare with that
predicted in the Abelian theory of the last section. We first concentrate on the large M
approximation, which implies that there is a large flux on the three-sphere. Naively one
might assume that the energy is minimised when r = 0, however we can easily see that this
corresponds to a saddle point. In fact a quick calculation shows that in this approximation,

the energy is minimised at the following radius

(p - QC(]) 2mgs A

Tmin =
min 2bg/2 M

(3.295)

This should be compared to the Abelian result (3.280) of the last section. We see that
approximating by = 1, to leading order in 1/M both expressions for ryi, are in precise
agreement. Whilst this result is encouraging, what we are really interested in is comparison
of the tension of the (p,q) strings in the two formulations. Substituting (3.295) back into
(3.294) we find that keeping terms to O(1/M?) the energy density at the minimum becomes

ag | ¢ (p — gCo) g2 4(p — qCo)*n?
Huin ~ 2 | L (1 4 P2 00TT95 G241 - 2P 3 996
A g2< T gaee ) T { 368012 } (3.296)

s

If we now again work in the approximation where by = 1 we can see that the predicted (p, q)
string tension agrees exactly with that predicted in the Abelian theory (3.282) up to and
including terms of O(1/M?). This result is further strong evidence that the non-Abelian
DBI description of (p,q) strings through the fuzzy sphere ansatz is capturing the correct
physics. This is particularly so of the O(1/M?) terms in the tension formula above as these
are sensitive to the % and 73 terms in the non-Abelian DBI and to our choice of fuzzy

sphere ansatz.
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One may wonder if the predicted tension of the (p, ¢) strings in the non-Abelian formu-
lation agrees to O(1/M?) even if the parameter by # 1. (In fact the two tensions agree to
all orders [72].) To check this one needs the corresponding expression for the tension in the
Abelian formulation, expanded as a power series in 1/M. This is obtained by first solving
the minimization equation (3.279) after expanding the sin(2¢min) term to cubic order. This

gives
- (p—qCo)m | 2(p—qCo)*m3(bg — 1) 5
Ymin = R +3 I +O(1/M°). (3.297)

Substituting this value of ¥y, into (3.278) and expanding in powers of 1/M one find precise

agreement with the terms arising from a similar expansion of (3.296).

A further calculation of the O(1/M*) in the tension formula shows a discrepancy with

2

T 74(p — qCp)® whereas the non-

the Abelian result. The latter predicts corrections
5 ;24 74(p — qCp)®. An investigation of the algebraic structure
of sub-leading corrections in (3.294) shows that they take the form (W) for
k=1,2,3.. (taking by = 1). This is exactly the structure one finds on the Abelian side by

expanding out the sin? term in (3.281).

Abelian theory gives a factor

One may also consider comparing the tension obtained above, in the case where the
quantised flux M is not necessarily large. In this case, rnin can be obtained by solving
the depressed cubic coming from energy minimization. Two of the solutions are imaginary,

however the physical solution can be written as follows

(6% Oé3 012 1/3 Q 013 Oé2 1/3
R 21, % _ [ 20 “1 . %0
Tmin < + - ) <2 5 T 4> (3.298)

where for large ¢, ag = —%(p — qu))\(gsMa’)l/?’ and a3 = %Mo/gs. It should be noted
that to avoid large back reaction corrections to the metric of the S, M should be taken to
be large in order for us to trust the effective action. Then the perturbative analysis of the

string tension in powers of 1/M is a good approximation.

We have seen that the large ¢ limit agrees with the macroscopic picture. However we
should typically regard this with a little suspicion, since a large number of D-strings at the
tip of the throat will have a large backreaction effect which we have neglected. Furthermore
a large number of strings should, in principle, be visible and contribute to the CMB. From
the cosmology perspective it seems far more natural for a small number of strings to be
created after inflation. Combined with sufficient warping, this would explain why they
are not visible to us. However describing a small number of strings is difficult. In the
macroscopic theory this would mean turning on small flux quanta on the worldvolume,
which is typically sensitive to non-commutative effect as we have already pointed out. It
seems more natural to describe the strings using the Myers action, however this is just as
difficult. Our analysis has assumed that ¢ is large, which means that we neglect terms

like 1/¢%. However to describe a small number of strings requires explicit knowledge of the
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expansion for the symmetrized trace which is unknown.

Recently, however, a prescription for the symmetrized trace in the case of SO(3) has
been proposed [53] which we will employ here as a preliminary analysis to the finite p, ¢
problem. Let us write the general form for the Hamiltonian density H, where we continue

to use the fuzzy S? ansatz but work in terms of the canonical radius R

2 N 2
a2 |1 (=D 1 - q7Co 4qC 2R3
H=2,|=(STr [——} ANCRYR | + | p— -

A 93 ( ;) k! 2 k( ) Js 3(bogs)3/2\/MO/
where we have used the following definition

11 T(k-1/2)
[_5} =S (3.299)

Now the symmetrized trace acts on the Casimir of the representation in two different ways,
depending on whether the spin representation is odd or even. There is a simple relationship

between the spin and the number of branes, namely n = 2j = ¢ — 1, which will play a role

in what follows. The symmetrized trace acts on the 'Casimir’'® in the following manner
n/2
STriC™ = 2@2m+1)> (20)*™ n = even (3.300)
i=1
(n4+1)/2
= 2@2m+1) Y (2i—1)" n = odd.
i=1

This prescription implies the following definition for the physical radius of the fuzzy sphere

. TrCm+1 .
2 = N2 R2Limy o <%> = \2R%2, (3.301)
r m

where the quadratic Casimir is now CI, = (¢*> — 1)I, = n(n + 2)I,,11 in terms of the spin

representation.

We can now consistently take the limit of small ¢ using this prescription. To illustrate
this we consider the first non-trivial solution where there are two coincident D-strings.

Expansion of the symmetrized trace leads to the following expression for H

2
a2 | 4 8rd\ 2 4\ 7t 8r3 o
H=2 2 (142 ) (14+2Z Y Yo . —y Ll 302
X g§< +A2> <+A2> P2 g2V (3:302)

where there is a potential sign ambiguity in the r3 term due to the definition of the physical

radius. However we have chosen the minus sign in order for the solution to agree with that

9Recall that we really mean 771",
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of the large ¢ limit. Once again we can search for a minimal radius constraint by considering
the large flux limit, which is a useful simplification. However as there are now only two

branes, the backreaction upon the background is more under control.

Writing the full constraint equation for the minimisation of H for the case ¢ = 2, without

demanding that 1/M terms are negligible, we find

32r _ 8(p—2Cy) [2m 8r3 27
WF(r) = gn) \/%G(r) <1 ~ b 20 (ba M) (3.303)

where we have introduced the following simplifications

39 2 PAN\F 2 A\ F
Firy=14 — El =) , Gr)y=148)» k(=) . (3.304)
3 192::1 </\2> ; ()\2>

Clearly (3.303) is difficult to solve analytically. To simplify the task, we drop all terms of
order 1/M as in any case they should be insignificant in the large flux solutions we are
considering in this note. There are now two limiting cases of interest for us. The first is

when the physical radius namely r* << A2, which allows us to find the solution

r=— (3.305)

where 7’ is a shorthand notation for the corresponding minimal radius in the large ¢ case
(3.295) (where we would set q=2). This clearly shows that the minimum energy configura-
tion occurs at a smaller radius. However we should be careful about interpreting this result,
as the Myers action may not actually be valid in such a limit. Moreover it would also seem
to suggest that the S2 embedded within the S® of the conifold geometry has shrunk to zero
- which would imply a further non-trivial topology change. The second limit of interest is
when the summation is dominated by the 7® terms. Again it is easy to see that the minimal

radius occurs at ,
3r

8

which is again smaller than the radius in the large ¢ limit. In fact evaluating the minimum

T

(3.306)

of H for various values of ¢ shows that this radius is always smaller than the corresponding
radius in the large ¢ limit, which is what we would naively expect. Fig 3.5 illustrates this
in a plot of the tension, H, against the physical radius r for the three values ¢ = 2,4, 10.
Here, we chose for convenience p = 100, g, = 0.1,Cy = 0.1, M = 100, a9 = 1 and work with
units where o/ = 1. Typically Cy will be small in this solution, however the results are
applicable even when we consider an odd number of branes. This shift in radius arises due
to the symmetrization prescription for pairs of fields in the Myers action. Furthermore we
see that the tension at the minimum is smaller for finite ¢, which is phenomenologically
interesting from a cosmological perspective as we can imagine a situation where very few

F and D strings are formed at the end of brane/anti-brane annihilation. The strings will
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tend to move together to minimise their energy at the tip of the conifold, and for cases

where there are only a couple of D-strings, their respective tensions could easily satisfy the

observational bounds.
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Figure 3.5: string tension H vs r for ¢ = 2,4, 10.

3.5 Discussion.

In this chapter we investigated the dynamics of the Myers action in a variety of different
backgrounds. In terms of the fuzzy spherical description we found that there were only
collapsing solutions except for the case where coincident DO-branes are in the D6-brane
background. This is the gravitational Myers effect [55], and is the microscopic dual of
the gravitational dielectric effect. We saw that there appears to be a complex relationship
between the dynamics in non-trivial backgrounds and algebraic geometry, which deserves
further analysis as this could also be related to supersymmetry preservation. We also
studied how the introduction of the open string tachyon on the worldvolumes alters these
dynamics, leading to interesting bounce solutions, and also conjectured solutions for all
the fuzzy even spheres S?*. We then generalised these solutions to general curved metrics
exhibiting an SO(1, ¢) x SO(9 — q) symmetry, and also included a commuting electric field.
Furthermore we constructed both the macroscopic and microscopic D1-D3 intersection
in this background, which led to unusual fuzzy funnel solutions for certain backgrounds.
Using this technology we studied in detail the specific construction of (p, q)-strings in the
Warped Deformed Conifold, which has potential applications for a viable model of cosmic

superstrings, or as confining strings in an N’ =1, SU(M) gauge theory.

The tension spectrum for the microscopic (p, q) string was found to deviate from that
predicted by the macroscopic model at higher orders in the 1/M expansion. However this
is due to the non-Abelian Taylor expansion of all the background fields. In fact we can

exactly reproduce the tension spectrum to all orders in 1/M by a more selective choice of
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ansatz for the fuzzy sphere [72], this also suggests that it may be possible to obtain simpler
closed form expressions for the tension at finite ¢ and is therefore relevant for gauge theory,
and also cosmic string network modelling, as it may provide an experimentally testable

prediction of string theory.
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CHAPTER 4
BRANE DYNAMICS AND COSMOLOGY.

4.1 Introduction.

Standard Big Bang cosmology is based on the cosmological principle, namely that the uni-
verse is homogeneous and isotropic on sufficiently large distance scales, and is well described
by the Friedmann Robertson Walker (FRW) metric

dr?
1 — kr?

ds® = —dt* + a(t)? < + r2(d#? + sin® 9d¢2)> (4.1)
where k represents the spatial curvature, and a(t) is the overall scale factor. For flat
universes k = 0, for positively curved universes k > 0 whilst for negatively curved universes
k < 0. The dynamics of the universe are effectively governed by the energy density it
contains through the Einstein equations. In the absence of a cosmological term the Einstein

equation is simply G, = T}, /Mg 1 and therefore the evolution of the scale factor is given

by [76]
P k

2_—__
i _3Mg a?

(4.2)
where p is the energy density of the universe. If we know the explicit dependence of the
energy density on the scale factor, then we can use this expression to obtain a closed form

solution for a(t).

The Big Bang model of the universe, developed from these equations, has been exper-
imentally tested and verified during the last century. However despite its many successes,
there remain many puzzling questions. It is not the aim of this introduction to go into them
all with great detail, but we will briefly mention a couple relevant for our purposes 2.

e The Flatness Problem

If we define the ratio Q = p/p. then we can re-write (4.2) as Q — 1 = k/a%. However
because the universe is expanding with decreasing velocity, a? is always decreasing.
Recent measurements suggest that €2 is very close to one [88-91], which implies that

it must have been even closer to unity - and therefore the universe even flatter - in the

!We are using natural units and the reduced Planck scale, which is related to the traditional one via the
relation M; = m? /8.

2See [76] for a more complete discussion.
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distant past. At the time of Nucleosynthesis [76] this implies that [Q — 1| < O(1071°).
Extrapolating this back to Planck times requires this tuning to be O(10764).

e Defects
Particle physics suggests that there should be some Grand Unified Theory, which has
a large gauge group to encompass all the relevant fields. However when this symmetry
is broken we typically obtain magnetic monopoles and other topological defects. If

they exist at early times then their energy density varies like matter i.e p ~ a™3,

whereas radiation varies like a~%.

Therefore these defects would be dominant form
of energy density in the early universe, and could potentially overclose the universe

before structure had time to form.

e The Horizon Problem

The CMB measures photons at the epoch of decoupling. However they are essentially
all thermalised at the same temperature of 2.73K across the sky. According to stan-
dard lore the physical wavelength of these photons (a\) exhibited power law behaviour
at early times, aA o t? where 0 < p < 1. By contrast the Hubble radius satisfied a
linear relationship, H~! o t, therefore the physical wavelength of the photons should
be much smaller than the Hubble radius, and causal effects should only cover a small
Hubble patch. This clearly disagrees with the CMB observation.

These problems basically arise because of the assumption that d¢ < 0 for the entire
evolution of the universe. A simple solution is to postulate a period where d > 0, implying

Ht  This period is what we call inflation.

that @ increases during this period with a ~ e
Because @ increases during inflation this rapidly drives ) to unity, and then after inflation
it evolves as in the standard Big Bang paradigm. Thus the flatness problem is naturally
resolved. The topological defects can be seen to be red-shifted away during this inflationary
phase, which prevents them from overclosing the universe. So this solves the defect problem
aswell. The horizon problem is solved in a similar fashion, since now the physical wavelength
of photons has power law behaviour with p > 1. This means that the physical wavelength
grows faster than the Hubble radius, and is in fact pushed outside the radius so that the
causal horizon is larger than the Hubble horizon. This allows radiation to be correlated on

much larger scales.

Inflation appears to be a nice solution to these long standing problems, however the
mechanism by which @ > 0 occurs appears to require the existence of a scalar field known
as the inflaton. At the simplest level, we require the potential energy of the inflaton to
dominate over the kinetic energy which indicates that it must be reasonably flat in order
to ensure that enough inflation occurs. This is more commonly referred to as ’slow roll’

inflation, since the inflaton field is non-relativistic. To parameterise the amount of inflation
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obtained, we introduce the number of e-foldings defined through

ty

N=In <ﬁ> — [ Hat (4.3)
ai ti

where the subscripts ¢ and f denote values at the start and end of inflation respectively. To

solve the flatness and horizon problems it turns out that we require N > 60 [76].

In recent years we have witnessed an explosion in the number of proposed inflationary
models, but essentially these are all special cases of only three kinds of inflationary behaviour
which can be classified as (i) small field inflation, (ii) large field inflation and (iii) hybrid
inflation. The first class of models have a small initial value for the inflaton field, and
include models such as natural [101] and tachyonic inflation (see [80] for a substantial but
far from complete set of references.). The second class of models require the inflaton field
to have a large initial value, and includes eternal inflation (see Linde [76]). The final class
of models is a model of double inflation, where inflation ends when one scalar field rolls to
its minimum and forces another field to being rolling [76]. Each model has slightly different

physical characteristics, which allows us to distinguish between them.

Of course despite its beautiful simplicity, inflation is still a paradigm in search of a
concrete framework. Over the past few years we have seen many attempts to embed infla-
tion naturally into the MSSM and other grand unified theories, but the abundance of free
parameters makes few concrete predictions in the absence of experimental evidence. Since
superstring theory pertains to be a theory of everything and typically contains many scalar
fields, it makes sense to search for inflationary mechanisms within a stringy context. There
are many potential benefits to such a program, which are currently under active investiga-
tion. But it is fair to say that inflationary model building within a string theory context

(typically referred to as String cosmology) is still in its infancy.

There are three main threads in string cosmology. Firstly there is the string gas approach
[78], which is purely stringy and relies heavily on the ideas of T-duality and enhanced
symmetries. The second approach is through closed string modes, typically moduli fields,
and includes models such as modular inflation [79]. The final approach is through the open
string sector and relies on brane dynamics [86], or tachyon condensation [80, 82, 87]. It is

this final approach which is of relevance to this thesis.

In this chapter we will develop a simple model of inflation/dark energy based on the
Geometrical Tachyon. We will also consider a hybrid inflation scenario which can be mod-
elled using similar techniques. Finally we will consider a more robust mechanism relying
on the non-linear nature of the DBI action itself, called DBI inflation [92].
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4.2. GEOMETRICAL TACHYON INFLATION.

4.2 Geometrical Tachyon Inflation.

In Chapter 2 we saw that it was possible to define a map between brane dynamics in curved
space and a scalar field on a brane worldvolume in flat space through the radion-tachyon
correspondance [26]. We called this the Geometrical Tachyon, as in some sense it was a
holographic scalar field, yet encoded all of the classical dynamics of the original theory.
This scalar field has a vanishingly small mass, which distinguishes it from the open string
tachyon which has a mass around the string scale. In the absence of warping this large
mass prevents tachyon inflation from generating the requisite number of e-foldings, and
therefore doesn’t appear to be a likely candidate for the inflaton field. One may ask what
happens to the Geometrical Tachyon field when we treat it as a candidate for the inflaton.
This motivates our analysis in this section. However it should be noted that we are no
longer considering a pure string cosmology scenario, rather we are in the realms of string
inspired cosmology - in much the same vein as the Randall-Sundrum models of braneworld

cosmology [105].

Recall that our Geometrical Tachyon arose from considering D-brane dynamics in the
N S5-ring background of type II string theory. The branes are on a circle of radius R, and
we will treat the solution (initially) as a smearing of the charge of k branes on an S*. We

will again write the supergravity equations for such a solution for convenience [19]

ds* = nydatde’ + H(z")da™da™
0= — H(z")
Hpnp = —€l,040, (4.4)

where p,v parameterize the directions parallel to the fivebranes whilst m,n are the trans-
verse directions and ¢ is the dilaton. As usual the harmonic function H(z™) describes the
orientation of the fivebranes in the transverse space. Part our assumption is that the num-
ber of branes must be large in order to neglect o’ corrections, so we must take k >> 1 in

what follows.
k2

V(R2 + p? + 02)2 —4AR?2p?

In this equation we have switched to polar coordinates to simplify the expression. This

H=1+ (4.5)

parameterisation breaks the transverse symmetry from SO(4) — SO(2) x SO(2)

5 = pcos(), z" = psin(h)

8 = ocos(y), 2 = o sin(y), (4.6)

and now the harmonic function describes a ring oriented in the % — 27 plane. Note that
we are also able to switch between ITA and IIB theory because the N S5-brane background

solution is insensitive to a single T-duality transformation, as the harmonic function couples
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4.2. GEOMETRICAL TACHYON INFLATION.

only to the transverse parts of the metric.

We now insert a probe Dp-brane in this background whose low energy effective action

is the DBI action, which we again write as

S=-T, / dp+1ge—¢\/ —det(G . + Buy + AF), (4.7)

where both G, and By, are the pullbacks of the space-time tensors to the brane, A = 2712
is the usual coupling for the open string modes, F},, is the field strength of the U(1) gauge
field on the world volume, and 7}, is the tension of the brane. As discussed in Chapter 2,
we should only consider classical solutions where 3 < p < 5 in order to neglect backreactive
effects, and divergent closed string emission. We will assume that the transverse scalars are
time dependent only, and set the gauge field and Kalb-Ramond field to zero for simplicity.

Upon insertion of the N S5-brane background solution, we see the action in static gauge

S = —Tp/d”“g‘\/H—l - X2, (4.8)

with X™ parameterizing the transverse scalar fields, and there is no Chern-Simons coupling

reduces to

because the fivebrane background does not act as a source for RR-fields.

4.2.1 Cosmology in the ring plane.

We now restrict ourselves to motion within the plane of the ring, and map the DBI action
to the tachyon action as before. It is convenient to simply restate the results from chapter

2. The action can be written as follows
S =— / dPHV(T)V1 -T2, (4.9)

where the potential and unstable tension are given by

V(T) = T“cos( a )

b ki2
T = Lft (4.10)

b VEEZ

In obtaining the above, we have used the throat approximation for the harmonic function,

which means neglecting the factor of unity in (4.5). Under this assumption we see that
taking p = ¢ = 0 in (4.5) (i.e. the centre of the ring) requires that v/kl; >> R, which is
the first constraint we find on the parameters k,[; and R. Later on we will use numerical
techniques to arrive at a form of the potential V(T') which will use the exact form of
the harmonic function as calculated in [20]. In principle we can then relax the throat

approximation which leads to the cosine potential in (4.10) so that the previous inequality
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4.2. GEOMETRICAL TACHYON INFLATION.

may not be needed.

We see that the Geometrical Tachyon potential is symmetric about the origin, which
arises as a consequence of the background geometry. It should be noted that this mapping
is non-trivial in the sense that we began by probing a gravitational background, and have
ended up with a solution in flat Minkowski space. This tells us that there are two equivalent
ways of visualizing the theory. Firstly there is the bulk viewpoint, where there is actually
a ring of N S5-branes and the solitary probe brane universe moving in the throat geometry.
Alternatively, we could view the problem as a single brane moving in flat space-time with
a highly non-trivial field condensing on its world volume. In what follows we will find it

useful to switch between these two pictures in order to better understand the physics.

Our earlier work showed that the Geometrical Tachyon takes values between iﬂ\/k‘_lg /2
in contrast to the usual open string tachyon which is valued between +oo. This is simply
due to the probe brane being confined inside the ring. Expanding the potential about the
unstable vacuum yields a tachyonic mass of M:,% = —1/ki?. For sufficiently large k this can
be made much smaller than the open string tachyonic mass M? = —1/2 (in units where the
string length is unity). It is this different mass scale and profile of the potential, which is
similar to that of Natural Inflation [101], which suggest that the Geometrical Tachyon may

be useful as an inflaton candidate.

In order for us to consider realistic cosmological solutions we must now specialise to the
case of p = 3, and therefore we are in type IIB string theory. The energy momentum tensor
can be calculated by variation of the action, and has non-zero components

Too = ﬂ (4.11)
V1-—T2
T; = —&;V(I)V1-1?

from which we see that the pressure of the tachyon fluid tends to zero as the tachyon rolls
toward the zero of V(T'). For the open string tachyon this implies that the vacuum is a gas of
heavy closed string modes as discussed in [28, 80] In a cosmological context the condensing
tachyon will generate a gravitational field on the D-brane and therefore we must include
this minimal coupling in the action [80]. We will also assume that there is no coupling to
any other string mode in order to keep the analysis simple, however we should be aware
that there is no reason why other modes should not be included. Our Lagrangian density

can thus be written

R
L=+—g <m =~ V(T)\/1+ g~ OMT(‘),,T> ; (4.12)

where ¢g"” is the metric and R is the usual scalar curvature. For simplicity we will assume
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4.2. GEOMETRICAL TACHYON INFLATION.

that there is a FRW metric of the form

ds® = —dt* + a(t)*da?, (4.13)
with ¢ running over the spatial directions. The effect of the scale factor is to modify
the energy density, u for the flat background such that it is no longer conserved in time,
which prevents us from obtaining an exact solution for the tachyon in the presence of the

gravitational field in the usual manner.

From this we can determine the late time behaviour of the tachyon condensate. If we
assume that u is constant, then the pressure will vary as p = —V(T)?u and will tend to
zero as V(T') reaches its minimum. Using the standard equation of state p = wu, we find
that w = —(1 — T2) which implies —1 < w < 0. From the Lagrangian density, we can also

obtain the Friedman and Raychaudhuri equations for the tachyon condensate

a  rV(T) 317
P (1_T>’ (4.14)

where k% = 817G = ]\41,_27 M, =2.2x 10'®GeV and the cosmological constant term is set to

Z€ero.

Before discussing the cosmological evolution of our scalar field we must first comment on
the coupling to four dimensional Einstein gravity. In some ways the Geometrical Tachyon
is reminiscent of the Mirage Cosmology scenario [102]. In fact recent work has used this
approach to study inflation [103]. Mirage Cosmology requires us to re-write the induced
metric from the supergravity background on the D3-brane world-volume in a FRW form.
The universe will automatically be flat or closed if we choose the D-brane to be flat or
spherical respectively. The problem however, is that there is no natural way to couple
gravity to the brane action and therefore we must insert it by hand, however the cosmological
dynamics are expected to be reliable virtually all the way to the string scale. A second
way to think about the solution is to simply start with the Geometrical Tachyon. The
tachyon mapping in this case is only concerned with time-dependent quantities, and in
particular only with the temporal component of the Minkowski metric. Therefore we can
choose to include a scale factor component in the spatial directions. This means that we
have essentially the ’old” model of tachyon inflation [80], but with a rolling Geometrical
Tachyon. As argued by Sen, this should generate a gravitational field on the brane and
therefore a coupling to Einstein gravity. We can then compactify this solution down on
a six-dimensional manifold and investigate the four dimensional cosmology. Of course the
problem now is that there are o/ corrections to the DBI action, which could become large

near the tachyon vacuum. The final approach would be to perform a direct compactification
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of the full NS5-brane background down to four dimensions [25]. In order to do this we would
first need to truncate the background to ensure the space is compact. In our case the ring
can naturally impose a cut-off in the planar direction, however we must still impose some
constraint in the transverse direction to the ring plane. Our solution simplifies somewhat
if we can consider the R — 0 limit, or equivalently the o > 1 limit, as the background
will appear point like. Smoothly gluing the truncated space to a proper compact manifold
will now automatically include an Einstein-Hilbert term in the effective action. However,
although we now have a natural coupling to gravity, the compactification itself is far from
trivial as we also need to wrap two of the world-volume directions of the NS5-branes on
a compact cycle. In order to proceed we must first uplift the full solution to M-theory 3,
where we now have a ring of M5-branes magnetically charged under the three-form C'3).
Compactification demands that the magnetic directions of the three-form are wrapped on
toroidal cycles, which is further complicated by the ring geometry and will generally result
in large corrections to the potential once reduced down to four-dimensions. So although
we have a natural gravitational coupling we may have large corrections to the theory. The
complete description of this compactification is interesting, but well beyond the scope of
this work and should be tackled as a future problem. However we could also assume a large
volume toroidal compactification, where again all the relevant moduli have been stabilised.
Provided we introduce some ’sink’ for the five-brane charge, located at the some distant
point in the compact space, and also only concentrate on the region close to the branes so
that the harmonic function remains valid we will have an induced gravitational coupling in
the low energy theory. The corrections to the scalar potential in this region of moduli space
may well be sub-leading with respect to the scalar field dynamics and thus we can treat our

model as the leading order solution.

The approach we have in mind in this chapter is the second option, which treats the
Geometrical Tachyon as being the fundamental object of interest. In fact we know that this
object can be related to the open string tachyon through the S-type tachyon and therefore
may be more than just a mathematical construct. We will assume that the theory is com-
pactified on a six-torus T for simplicity. Obviously this could be generalised to manifolds
with SU(3) structure?, which could lead to a more phenomenologically realistic model. But
this is left for future endeavour. However since the original picture of a brane moving in the
ring background is intuitive, we will often make reference to the ring background in order

to clarify the physics of the tachyon condensation.

Upon compactification on a 7%, we find that we can write the four-dimensional Planck

3This was discussed by Ghodsi in [21]. We refer the interested reader there for more details.

“See Grana [108] for example.
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mass in terms of the string scale via the following relationship [80]

vM?
M} = —=, (4.15)
9s
where M, = I;! is the fundamental string scale and the quantity v is given by
M. d
p = M) (4.16)
0

with 7, d being the radius and number of compactified dimensions respectively (we will be
using d = 6 in this chapter), and v being the volume of the torus. In a realistic toroidal
compactification we must also stabilise the moduli of the torii so that v >> 1, in order
to trust our effective action. We will assume that this can be done without altering the

tachyon solution, although it would be useful to perform this explicitly.

The evolution of the universe is effectively determined by the Raychaudhuri equation
which shows that inflation will cease when 72 = 2/3 and the universe will then decelerate
as the tachyon velocity increases. Upon variation of the action, we find the equation of

motion for the tachyon field can be written

V()T
T2

+3HV(T)T +V'(T) =0, (4.17)
where a prime denotes differentiation with respect to T', and H is the Hubble parameter.
Note that in deriving this equation we must also use the conservation of entropy of the
tachyon fluid. We see that 3HV (T)T acts as a friction term, in much the same way as in
standard inflationary models, except that this term may vanish for the open string tachyon
as the field rolls to oo where its potential vanishes. For a scalar field to be a candidate for
the inflaton field it must typically satisfy a set of slow roll parameters, as well as providing
enough e-foldings during rolling. In contrast to the open string tachyon, our Geometrical
Tachyon has a cosine potential and therefore, with appropriate tuning, can be flat near the
origin. This should allow for sufficient inflation before velocity effects become important. In
this analysis we use the conventions employed in the earliest papers in [80] to parameterise

the slow roll parameters in the Hamilton-Jacobi formalism

n(T) = %(gggi) (4.18)

Where we assume that the acceleration (and also the velocity) is negligible. By definition

inflation ends when the slow roll parameters become unity. The number of e-folds produced

153



4.2. GEOMETRICAL TACHYON INFLATION.

between T, and T, is given by the standard expression

Te H
N(T,, T,) = / artl (4.19)

L T
which must satisfy N ~ 60 to agree with observational data. T, is the value of the field NV

e-folds before the end of inflation, whilst T, is the value of the field at the end of inflation.

We first consider the Geometrical Tachyon starting very close to the top of its potential
with a small initial velocity to ensure that it will roll. Note that if 7" = 0 then spontaneous
symmetry breaking will cause the universe to fragment into small domains which will each
have differing values of the tachyon field. As usual in tachyon cosmology, inflation can occur

only if H? >> ]M:,%\ near the top of the potential®, which translates into the constraint

R 1
3M2 VEEZ

Where T3 is the tension of a stable D3-brane. Since we are considering the large k limit,

(4.20)

the RHS is very small and so we find that this condition is satisfied . Furthermore this
also suggests that the effective theory for the Geometrical Tachyon is valid because we can
clearly see that

(kIHY?2 >> H™, (4.21)

and so the de-Sitter horizon may be larger than the string length for large k. This is in
contrast to the open string scenario where we find that the horizon is smaller than the string

length, and thus should not be described by an effective theory.

At this stage we must try and get a handle on the size of g5 which is the asymptotic
string coupling constant. This is important since this is what rules out most models of
tachyon inflation. Typically we find that in order to satisfy H2 >> |MZ| at the top of the

potential, we are forced to tune [80]
gs >> 260v. (4.22)

However the effective field theory is only valid when v >> 1, which implies g, is extremely
large and well outside the realm of perturbation theory. Additionally we see that because
the tension of the brane goes like 1/g, this constraint on the coupling implies our effective
action is breaking down leading to brane fragmentation. By contrast a similar calculation

for the Geometrical Tachyon implies

24730 v
o >> ~ 744 , 4.23
g VEkRM, VERM, (4.23)

5Tn our case this means that the Hubble scale could also be small.

SIn the finite k case we will have to be careful to ensure that this constraint is fulfilled.
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thus by fixing appropriate values for £ and R we may ensure that v >> 1 and also that
gs << 1. Earlier we introduced the throat approximation vkl; >> R, which means that
VERM, << k. Thus in fact it is large values for k that will essentially allow a satisfactory
solution to (4.23). For example, assuming v = 10 a value of k& ~ 10° would allow for pertur-
bative g5 to solve (4.23). Relaxing the throat approximation may allow much smaller values
of k. This is interesting because we see that the weak coupling arises naturally because of
the choice of the background parameters, whereas the reason for the weak coupling of the

inflaton in standard field theory is unknown.

Despite this apparent success we may be concerned that the effective theory may still
not be a valid description at the top of the potential. In order to check this we should
compare the effective tension of the unstable brane to the Planck scale. After some algebra,

and using the equation for weak coupling we find
Te 3 (2473)\°
P

Again we see that for a certain range of background parameters (and assuming RMg >> 1),
the effective tension need not be Super-Planckian and therefore the DBI can still be a good

approximation to 4D gravity.

As there is an obvious similarity with the potential arising in Natural Inflation we could
demand that the height of the potential to be of the order of MéUT (where Mgyt ~ 1016
GeV) in order to generate inflation, however we will try to keep this scale arbitrary for the

moment. Using the potential we immediately see that the slow roll conditions become
My tan*(T/\/k2)
2T5R\/KlI2 cos(T/+/ki2)
— M2 (1 +COS2(T/\/]€Z§))
= AT3R\/KI2  cos3(T/\/kI2)

Slow roll will only be a valid approximation when the tachyon is near the top of its potential

(4.25)

and thus we should Taylor expand the trig functions to determine the analytic behaviour.
In fact for small T we see that € is already extremely small. Dropping the numerical factors

gives us the primary constraint for slow roll;
M? << Ty R\/kI2, (4.26)

which must be satisfied by both equations. Given that the reduced Planck mass in string
theory is typically of the order of 2.4 x 10! GeV, this means that k and R/l must be large.
Generally we see that the slow roll conditions will be satisfied due to the mass scale of the
geometrical tachyon. In the open string models the larger mass implies that the tachyon

may only have been involved in some pre-inflationary phase. Of course, the analysis in both
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cases is classical and quantum corrections may well prove to be important is determining

the exact behaviour near the top of the potential.

We can estimate the number of e-foldings using (4.19), however this turns out to be
sensitive to the value of the tachyon velocity near the top of the potential. To remedy this
we use the equations of motion and the slow roll approximation, which allows us to re-write
this equation in terms of the potential and its derivative. In fact this is the method most
commonly used in standard inflationary analysis. After some algebra we obtain

H2V(T)

N, = —3/dTW (4.27)

T3R+\/kl2 T./2+/ k2
TRk 5 s cos I ) _ cos 1o +1In tan(Te/2 kL3
M k2 ki2 tan(T,/2+/kl2)

Using the constraint from the slow-roll equations we see that the leading term must be

large. If we demand that T, and T, are reasonably close, then the contribution from the

other terms will be small, and so the number of e-foldings will depend on the ratio

T3R+/KI2

where v > 60 in order for there to be enough inflation. However if we don’t impose this
restriction, but allow inflation to begin near the top of the potential and end near the
bottom, then there can be significant contribution to the number of e-foldings from the
additional terms. This has the effect of reducing the value of v - however it must still
satisfy the slow roll constraint of being larger that unity 7. We can write the unstable brane
tension in terms of the string coupling, string mass scale and the parameter v, thus we have

the height of the potential given by

2772
My Mgy

M%zfl:Tv

7

(4.29)

which defines our effective inflation scale M;, . The exact value of M, depends on the
particular string model but it is usually assumed to lie in the range 1 Tev - 10'6 GeV. So
as an example, if v ~ 60, My ~ 106 GeV and k ~ 10° we find Mip g1 ~ 1016 GeV.

Numerical Analysis.

We can also check the consistency of our analytic solutions by numerically solving for the
Hubble parameter. We choose to employ the Hamilton-Jacobi formalism [76], where the
Hubble equation is written as a function of 7" rather than time (since the tachyon field is

monotonic with respect to time), and then using the Friedmann equation we obtain the

"See Fairbairn and Tytgat in [80]for a more detailed inflationary analysis of the model presented here.

156



4.2. GEOMETRICAL TACHYON INFLATION.

following first order differential equation

H™*(T) - ZH‘*(T) +

1

—V(T)? =0, (4.30)
4M

where a prime denotes differentiation with respect to T'. Solving this for the Hubble term

gives us a constraint on the velocity of the tachyon field

: V(T 2
1?2 =1- (W) : (4.31)

It will be convenient to work with dimensionless variables in our numerical analysis, so we

define the dimensionless tachyon field and Hubble parameter as follows,

y= # hy) = VRZH(y). (4.32)
We can solve (4.30) to obtain h(y) and then substitute this into (4.31) to determine the
velocity of the tachyon field. We choose the initial velocity of the field to be zero, and the
initial value of Ty to be very small - but non-zero. As in Fairbairn [80] the general behaviour
is dependent upon the dimensionless ratio X, where Xg = v. Some results are plotted in
Figure 4.1. We find that the velocity (strictly speaking this is the square of the velocity) of
the tachyon field is very small over a large range, only becoming large as it nears the bottom
of the potential. In inflationary terms this implies that universe will be inflating for almost
the entire duration of the rolling of the field. For increasing values of X, inflation ends at
larger values of T'. However even for the case of Xy = 2, which barely satisfies the slow
roll constraints, we expect inflation to end reasonably close to the bottom of the potential.

We can also make a numerical check on the smallness of the slow roll parameters €, 7 (see

aT’

dat’

1_

-—- ¥0=2
--— KO=4
O.8¢ — X¥(Q0=8

0.25% 0.5 0.

Figure 4.1: Velocity of tachyon field for differing values of Xy, with an initial velocity of
Z€ero.

Figs 4.2 and 4.3). Using our numerical solution for h we can also determine the amount
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Figure 4.3: Value of the slow-roll parameter |n| for various values of X

of e-foldings during inflation via (4.27). It turns out that in order to generate at least 60

e-foldings we only need to take v ~ 30
Finally we can also use numerical techniques to try and reconstruct the complete tachyon
potential by using the full form of the ring harmonic function as derived in [20] without
assuming the approximation that lead to the cosine potential (4.10). Recall that this ap-
proximation was that the N.S5 branes were unresolvable as point sources arranged uniformly
around the ring. As our tachyon field rolls from near the top of the cosine potential down
towards the value T/ VEkl, =7 /2, the geometric picture of this process is that we start from
near the centre of the ring at p = 0 and move towards the ring located at p = R. As T/ Vkl,
nears /2, even for large k, the approximation of a continuous distribution of NS5 branes
around the ring will break down and individual sources will be resolvable. It is at this point
that we expect the true potential V(T') to deviate from the cosine form. Fig 4.4 shows the
shape of the potential one obtains for the case £ = 1000 by numerically implementing the
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Figure 4.4: Profile of the tachyon potential taking & = 1000. The solutions from each region
are matched onto each other at 7= 7/2 in dimensionless units.

tachyon map discussed earlier and using the exact form of the ring harmonic function. In
this plot we have chosen the angular variable 6 that appears in the exact form of the har-
monic function to be fixed at 7/2k for simplicity. Details of the harmonic function relevant
to fully resolvable NS5 branes are given in a later section. What is perhaps most apparent
about this potential is the existence of a minimum very close to the ring location. It also
turns out that our previous cosine potential is an excellent approximation to this numerical
plot for values of T" to the left of the minimum. Later on we shall see how analytic methods

can be used to verify the existence of this minimum.

Perturbations.

Obtaining the minimal number of e-foldings tells us that inflation is possible, but we must
also examine the perturbations of the field near the end of inflation [76]. The perturba-
tions are directly relevant for observation, and are therefore highly constrained. One of the
generic difficulties associated with open-string tachyonic inflation is the fact that the tension
of the D3-brane must be significantly larger than the Planck mass. This indicates that the
effective action cannot adequately describe 4D gravity, as it will have metric fluctuations
that are always too large. This is not necessarily the case for our Geometrical Tachyon,
as we seen there are additional scales in the theory which can reduce the overall effect of
these fluctuations. There are two main perturbations to consider, the scalar, and the grav-
itational (tensor) ones which we will denote by P7 and Pg respectively. (Strictly speaking,

P corresponds to the amplitude of the perturbation). Constraints from observational data
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imply the relation (at its absolute limit)®
|Pr|+ |Pg| < 107°. (4.33)

During inflation gravitational waves are produced whose amplitude is given by the ratio
Pg ~ Mi,,v but observational data of the anisotropy of the CMB [88] implies that at the end

of inflation
Hend

p

< 3.6 x1077, (4.34)

and we must ensure that this condition is consistently satisfied in order for us to consider
the Geometrical Tachyon as a viable inflaton candidate. In order to verify this we will first
consider the scalar perturbation and use the solution from that to determine our mass scales
for the tensor perturbations, as it is generally more important to see whether the tachyon
action allows for small tensor fluctuations. For simplicity we will assume that inflation ends

when the following constraint is satisfied
M;
vk’

and we will also assume that the tachyon velocity at this time is given by T = /2 /3. The

scalar perturbations are determined in the usual manner using [76, 106]

H ~ |Myp| ~ (4.35)

5 5T
ey ety (4.36)
p T

where 07T satisfies the following constraint near the top of the potential

H2
"o VD)

Combining the last two equations we write the amplitude for the scalar perturbation as

5T (4.37)

Pr <1075, (4.38)

H2
2nT\/V(T) ~
(We should actually calculate the values of H and T during inflation in order to determine
the ratio of the perturbations, however since we expect T' to be a slowly varying field (4.38)
should remain constant over a large range of wavelengths.) If we assume that 7" is small
then the cosine part of the potential is close to unity, and upon substitution of the Hubble

term we find

M, [ 3
Pr~ —*

<107° 4.39
M,V 8r2kv — ’ (4.39)

8Note that these are very old normalisations, and the current WMAP normalisation [91] is far more
stringent than the one implied here.
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We can use this to determine a constraint upon the string scale/Planck scale ratio as follows

M, Sm2ky
<
M, —

x 107°. (4.40)

As an example, for k ~ 103 and v ~ 28 (4.40) implies M, < 10°GeV. However as we
noted, the most current observational limit restricts the scalar mode to be less than 107

and so we would expect the string scale to be significantly smaller as a result.

Solving the equation for the tensor perturbation leaves us with

H M
Po~ — ~ f_<36x107° 4.41
“ MP Mp\/E o ( )

which is explicitly dependent upon this ratio. We can establish the absolute upper bound
on the perturbation using (4.40)

Pg <27 x 107° %” (4.42)
If v is O(30) then this implies the maximum perturbation will be of the order of 10~* which
is slightly too large. However in general we may expect that the metric perturbations will
be acceptably small by assuming a smaller string scale than the one that saturates (4.40)
for given k. This is encouraging since the open string tachyon always admits large metric
fluctuations, and therefore cannot be responsible for the last 60 e-foldings of inflation. In
our case these fluctuations can be suppressed when k is sufficiently large, and we can find
inflationary behaviour leading to the correct amount of structure formation. This was

confirmed in the work of [83], who performed a more detailed analysis.

Resolving the minimum.

Perhaps the most problematic aspect of tachyon inflation is the shape of the potential itself.
The open string tachyon potential is exponentially decaying at large field values with its
minimum at asymptotic infinity. Thus even if it were possible to satisfy all the inflationary
conditions, the lack of minimum makes this model difficult to reconcile with phenomenology
as there will be no reheating, in the classical sense of scalar field oscillation. Gravitational
reheating, although possible, is far too weak in these models to account for the particle
abundance we see today, although tachyonic pre-heating may still occur [81, 99]. It is also
certainly possible that the potential vanishes for finite T, leading to small oscillations about
a minimum which could provide a mechanism for reheating. The bottom line, however, is

that there is no simple mechanism for particle creation.

Our Geometrical Tachyon is no exception to these criticisms. Although the minimum

is not at infinity, the effective theory breaks down when the tachyon rolls to its maximum
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value and we are unable to proceed. In the 10D gravitational picture this is due to the
probe brane hitting the ring of smeared fivebranes. However even with the simple form of
the DBI action in this instance, we see that outside the ring the potential is approximately
exponential and it is suggestive that it smoothly maps onto the cosine at p = R. One
may well enquire what happens if we consider a case where the fivebranes are not smeared
around the ring, rather that they appear resolvable thus allowing a probe brane to pass
between them. In this case we would not expect the DBI action to break down allowing us
to find corrections to the truncated cosine potential and thus obtain a minimum. This is
exactly what we found following the numerical analysis presented earlier. Let us now see
how the existence of such a minimum can be seen analytically. In order to proceed, we refer
the reader back to the full harmonic function describing & branes at arbitrary points on the

circle, with the interbrane distance, x, given by
r=—. (4.43)

The full form of the function in the throat region is given by

kI2 sinh(ky)
2Rpsinh(y) (cosh(ky) — cos(k6))’

(4.44)

where p, § parameterize the coordinates in the ring plane, and the factor y is given by

R? 4 p?

cosh(y) = 2R)

(4.45)
We clearly see that as £k — oo we recover the expression for the smeared harmonic function
which we used in the previous sections to derive the tachyon potential. Furthermore we see

that when p = R the function reduces to

k212 1

H o~ R 0= cos(k0))

(4.46)

which is clearly finite provided that 6 # 2nx/k, which are the locations of the NS5 branes.
In order to look for a minima we must expand about the point p = R using p = R+&, where
£ is a small parameter which can be positive or negative. Using the expansion properties of
hyperbolic functions we power expand the harmonic function for an arbitrary fixed angle

#, and we find to leading order

K21 1 £ 5 o 2+cos(kf) \ &2
1 2R T cos(h0) (1_‘§‘+<5_km>ﬁ+“'>’ (4.47)

where we have used the fact that k£ << R and have neglected any higher order correction
terms. Note that the inter brane distance is given by 2w R/k and so our expansion will only
be valid for distances much smaller than the brane separation. Of course we must be careful

not to take k to be too small since our effective action for the Geometrical Tachyon will be
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invalid. We can clearly see that if the trajectory is at an angle 6 = (2n + 1)7/2k, then the

harmonic function will reduce to the form (again to leading order in large k)

k212 k22
H o~ o (1_W+“'>' (4.48)

We now perform the tachyon map to determine the value of the tachyon as a function of &.
Note that we expect this field to now have positive mass squared, since the potential has a

minimum. Up to constants we find that

K213 ¢ &

If we assume that the &2 term is negligible then we can invert our solution and calculate the
perturbed tachyon potential. Note that keeping higher order terms here does not lead to
a simple analytic solution, and so we would hope that a numerical analysis would be more

appropriate. After much manipulation we find

V(T) ~ l{% (2R*(1 — cos(k@)))l/2 1+ 228 2(1 — cos(k0)) +
2 4 cos(k6 1 — cos(k#
T2< +6l§( ) _ ! 1%252 ) ) + ... (4.50)

which shows that the potential is approximately linear around the minimum as it inter-
polates between the cosine and the exponential functions, however this linear term is sup-
pressed by a factor of 1/k and we would expect it be negligible in the large k limit, thus
we can see that there is an approximately quadratic minimum. We see that the minimum

of the potential in the tachyonic direction will be

T5R
kls

V(T =0)) = 2(1 — cos(k0)) (4.51)
which can obviously be made small in the large k limit, and will clearly go to zero when
the D3-brane trajectory is such that it hits one of the N S5-branes. The local maximum
will occur at the bisection angle = 7/k, which we suspect will be an unstable point. All
this fits nicely with our earlier numerical analysis. Recall that Figure 4.4 showed the result
of numerical methods used to plot the potential using the exact form of the ring harmonic
function. Numerical solutions to the tachyon map inside and outside the ring were matched
together to obtain this plot. The minimum can be seen to be quadratic for small distances
before mapping onto an exponential function outside the ring as expected from the work in
Chapter two. This is because the numerical analysis includes all the higher order correction

terms, which produces a curved potential at the minimum.

The condensing tachyon field may oscillate about the minimum of this potential, as-

suming that the energy of the tachyon is such that it will not overshoot and return back
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up the potential toward 7' = 0. This assumption seems to be valid because as we have just
seen the potential no longer has to vanish at p = R, so the friction term in (4.17) will not
vanish as the tachyon condenses. However in order for reheating to occur we must ensure
that this term sufficiently damps the motion, confining the field to very small oscillations

about this minimum.

From standard inflationary models we know that the oscillations about the minimum
can be thought of as being a condensate of zero momentum particles of (mass)? = V”(T)
[76]. The decay of the oscillations leads to the creation of new fields coupled to the tachyon
condensate via the reheating mechanism [99]. The temperature of this reheating can be
approximated as the difference between the maximum and minimum of the potential, and

so we find )

and so if we assume that the conversion of the tachyon energy is almost perfectly efficient
then we will have an upper bound for the reheating temperature given by the effective

inflation scale M, ;.

We must now consider the more general case where we perturb 8 away from its bisection
value of 7/k. Since we are assuming that the N.S5-branes are somehow resolvable we must
also be aware that a single brane does not form an infinite throat. As such a passing probe
brane will feel the gravitational effect of the fivebranes, but because we expect it to be
moving relativistically we expect that its trajectory will only suffer a slight deflection. In

this instance the perturbed harmonic function at p = R reduces to

K212 1
2R? (1 + cos(kd))’

(4.53)

where § represents the angular perturbation. Now, we know that the harmonic function be-
comes singular when our probe brane hits a fivebrane so the function needs to be minimized
to ensure a stable trajectory, This is clearly accomplished by sending 6 — 0. So the value
7 /k corresponds to an unstable mazimum from the viewpoint of the tachyon potential. Of
course, we could also see this directly from (4.51) by considering perturbations about the

bisection angle. For small angular deflection we may write

k212 252
H o~ s <1+T+...>, (4.54)

and so we see that provided k§ << 1 the trajectory of the probe will be relatively unaffected
by the presence of the fivebranes and therefore we may expect that it will pass between
them. On the other hand, for larger values of kd, this will not be true and the probe
brane may be pulled into the fivebranes. In any case we expect that the analysis of the

Geometrical Tachyon will be invalid in this instance.

The analysis will also be true for a D3-brane in a ring D5-brane background, the only
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difference will be to replace
ki? — 2gkI2, (4.55)

where g is the string coupling and we again consider k£ branes on the ring. The overall
effect of switching to the D5-brane background is to allow for a weaker coupling at the top

of the potential. In fact the analogue of (4.23) in this picture becomes

24730 2/3
g >> | ———— 4.56
g <R\/2k‘Ms> ( )

The situation is made slightly more complicated due to the presence of background RR
charge, but this can be neglected when the tachyon is purely time dependent. Thus we
would expect similar results to those obtained in the last two sections. Of course, we should
remember that fundamental strings can end on the D5-branes and consequently there can
be additional open string tachyons in the theory thus complicating the analysis. We will

see a similar situation in a later section.

4.2.2 Cosmology in the plane transverse to the ring

Let us now consider the cosmology when the probe brane lies in the centre of the ring but
is shifted a little from the plane. In this case the probe brane will exhibit transverse motion

through the ring.

Recall that the tachyon map gave us the following solutions for the field and potential

160) = [ VA
= \/kr_lgarcsinh (%)

V(T) = Tg—RCOSh L . (4.57)
kl2 kl2

S S

Clearly we see that T' — 400 as ¢ — £o00, and that 7" = 0 at the minimum of the potential
9. The shape of the potential suggests that the field is massive, with (mass)? given by
1/kl2. However we will still refer to this as a Geometrical Tachyon in order to make its
origins clear, One may ask if there is a known string mode exhibiting this profile. In fact
the fluctuations of a massive scalar were computed in [82] using a similar approach to the
construction of the open string tachyon mode in boundary conformal field theory. This
field was then used in as a candidate for the inflaton living on a D3-brane in the KKLT
scenario [108]. The potential for the scalar is known to fourth order and was assumed to

be exponential in profile.

9We must bear in mind that our approximation of the harmonic function prevents us from taking the
o — oo limit.
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We can now analyse our four dimensional minimally coupled action, where we find the
same solutions to the Einstein equations as we did for the radial mode. We can now proceed
with the analysis of our theory as in the previous section. It must be noted that this model
corresponds to large field inflation, where the initial value of the scalar field must satisfy

the following constraint

P
Ty < +/kl2arccosh < Rls) , (4.58)

according to our truncation of the harmonic function. Using the slow-roll approximation,
H? ~ V(T)/3Mg and 3HT ~ —V'/V, the e-folding expression becomes

T3R\/ (1) cosh? 2
(Ty) smhx

= s [— cosh(z ;) + cosh(z) — In (

N =

tanh(z/2) )} , (4.59)

tanh(z/2)

Where we have introduced the dimensionless quantities x = T'/\/kl? and s = T3 R+\/kl2/ Mg
for simplicity. Further defining the new quantity y = cosh x, we can write the number of

e-folds as follows:

Lo (lyr =D+ 1
N = s|—y +y——ln<— 4.60
AR T (= viresy (400
Now the relevant slow-roll parameter is more generally defined to be e = —H /H, which for
our solution gives us
(v> - 1)
= . 4.61
€ 253 (4.61)

Note that our model is explicitly non-supersymmetric and therefore we don’t need to calcu-
late the second slow roll parameter 7 since we anticipate that this will be trivially satisfied

provided that e is.

At the end of inflation € = 1, then y;y = f(s) is given by the root of above equation,
setting e = 1

16 = g o+ 4] (462)

1/3
where we have defined g(s) = <—5482 + 14 654/3(27s2 — 1)> for simplicity. From (4.60)

the equation for y can be seen to satisfy

Clearly for s > 1 and as ymin = 1, € always remains less than one leading to an ever
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accelerating universe. Thus in this case the Geometrical scalar field in the present setting
is not suitable to describe inflation but could become a possible candidate for dark energy.
However if T3 is small enough so that s < 1, then we will find that inflation is possible as
the slow roll parameter will naturally tend toward unity. In fact there is a critical bound
s < 1/(3v/3), which must be satisfied if we are to consider inflation in this context. In the
context of the large k approximation, this constraint can be satisfied by again assuming a

small string scale.

Inflationary Constraints.

To know the observational constraint on s we have to calculate the density perturbations.
In the slow-roll approximation, the power spectrum of curvature perturbation is effectively
given by [106]:

1 V22
Ps = e \ v
122 My \ Vr

TR (cosh®(T//RB) (w63
T 120205 \ sin(T/ RR) |

We will use the more stringent bound that Ps ~ 2 x 10~ for modes which crossed N = 60

e-foldings before the end of inflation [88-91], which gives the following constraint:

9 .2 4 2
K(M,)? ~ 10° s cosh™(T'/+/kl2) (4.64)
P 1272 cosh?(T//ki2) — 1

From the numerics using (4.63), we find that

k(1sM,)* > 3 x 10'° (4.65)

which corresponds to a specified value of s ~ 1073 when we impose the constraints T3 =
10_10]\4;,1 and R = 102 /M,, which we regard as being typical values. The constraint on the

tension in fact implies the following relationship

M, 10
S

which we need to be consistently satisfied. However note that because of our basic assump-

tions about the theory, we will generally obtain the bound

T3R 1

E S Ox i (4.67)

If we write the tension of the brane in terms of fundamental parameters we can estimate the

relationship between the string and Planck scales using the fact that we require R > M
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for the action to be valid

M, 15
> EEWZR
M = g/t

where g, is the string coupling constant. Note that a smaller string scale allows this con-

(4.68)

straint to be satisfied for a larger range of string couplings.

If we carefully consider the limiting case where s is small, making sure our effective
action remains valid, then we may write
10°

k(1 M2)? =~ @(21\[“)2 (4.69)

which corresponds to s ~ 1075(2N +1) and y ~ %, when we choose T3 = 10_10]\4;,1 and

R =107 /M,. More generally, however, we find the following upper limit on the solution
s <1073(2N +1), (4.70)

which is easily satisfied by our typical values. Having shown that the scalar amplitude can
be normalised to the data, we must check that the spectral index of the amplitude is also
satisfied 1. The scalar index can be defined as follows [76, 106]

2772 2
MpVi | MyVrr
V3 V2

- {5 o

Whilst the spectral index for the tensor perturbations is defined as:

ng—1 = —4

M2Vr
nr = - V3
1 /y?—1
= —— 4.72
s ( y? ) (4.72)
And the tensor-to-scalar ratio is:
21,2
r = SMP Vi
= 3
8 [y?—1
= - 4.
s ( y3 ) (4.73)
With the asymptotic limit of s — 0 we find
_ 4 _ 2 _ 16

For N = 60 we get ng = 0.96694 and r = 0.13223; for N = 50, we get ng = 0.96040 and

108ee Appendix for a more detailed description.
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r = 0.15842. We know from observations that the constraint on the tensor-to-scalar ratio is
r < 0.24 at the 95% confidence level, and so our model appears to be well within this bound
[88-91]. Moreover the scalar spectral index is localised around ng ~ 0.96, putting it at the
lower range when we consider the WMAP three-year data set. However our assumptions
here have relied heavily on the fact that s is small. In general this will not be the case, and
so we will find an ever accelerating universe. We turn to this now, as it may correspond to

a model for dark energy.

Dark energy

What are the implications of our model for dark energy [77, 90]7 It is well known that the

non-linear form of the DBI action admits an unusual equation of state, which is of the form

P
w = — A.75
5 (4.75)

= 7% -1

where P and p are the pressure and energy densities respectively. In tachyon models the
field is moving relativistically near the vacuum and the equation of state will tend to w ~
0, which is problematic for reheating. However our model has significantly different late
time behaviour because our scalar field will oscillate about the minimum of its potential,
eventually coming to a halt at the minimum. This assumption is based upon the fact that
in the ten dimensional picture we know that the probe brane carries RR charge, which will
be radiated during its oscillatory cycle. The explicit analysis of this emission remains to
be calculated, however we expect that the corresponding Geometrical Tachyon behaviour
would be that of a damped harmonic oscillator Therefore we expect the equation of state to
become w ~ —1, corresponding to the vacuum energy of the universe. This motivates us to
analyse our system as a potential candidate for dark energy. The corresponding evolution

equations of interest are:

.+315{T'+YZ = 0
1— T2 Vv
- V(T)T?
rncy + 2P _ (4.76)

221 -12  2Mj

where we have included the contribution from a barotropic fluid in the second equation

[80, 82]. Defining the following dimensionless quantities:
T
ki2
Y, = T, (4.77)

Y, =
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and combining the last two sets of equations we find the following

1
Y] = Y:
! JRCH
1 dy-
I (12 — %13
Y, = —(1-Y5) <3Y2+ HdY1> (4.78)

Where we have switched to using the number of e-folds as the time parameter, and now

primes denote derivatives with respect to IN. The final expressions we require can be read

- n(58)

Y3
= S LB (4.79)

V1-YZ  3Mp

Simple analysis shows us that critical points are at Y3 = 0 and Yo = 0 which is a global

off as follows

attractor as can be seen in Fig 4.5. This agrees with our physical intuition since it implies
the probe brane will slow down, eventually coming to rest at the origin of the transverse

space. In terms of our critical ratios we find

e¥s
Qr = Y PB 2
e’s + 3017 V1-Y;5
PB

Note that they are constrained by Q7 4+ Qp = 1. We also have Q0 = Qu + Q2g, where
M and R denote matter and radiation respectively. From the plots in Fig 4.6 we see that
the Q7 goes to 0.7, Qs goes to 0.3 and Qg goes to 0 in the present epoch.

We see that at late times, the field settles at the potential minimum leading to de-Sitter
solution with energy scale Vo = T3R/+/kl2. Using the numerical data from the preceding

sections we can write this an upper bound on the energy density as follows
—12 374
Vo < 1071202, (4.81)

Although this is several orders of magnitude higher than the observed value [90], we note
that this value is heavily dependent on the scales in the theory, and with appropriate tuning
could be substantially smaller. Since there exists no realistic scaling solution (which could
mimic matter/radiation), the model also requires fine tuning of the initial value of the field.
It should remain sub-dominant for most of the cosmic evolution and become comparable
to the background at late times. It would then evolve to dominate the background energy

density ultimately settling down in the de-Sitter phase.
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Figure 4.5: Plot of the phase space solution for the Geometrical Tachyon (here denoted
¢) with a variety of initial conditions. Here we see the presence of global attractor at

(¢=0,6=0)

However recall from the bulk picture that the point o = 0, p = 0 will be gravitationally
unstable and the probe brane will eventually be attracted toward the ring. In terms of
our cosmological theory we see that this de-Sitter point will actually be only metastable
and that a tachyonic field will eventually condense forcing the vacuum energy down toward
zero. This suggests that the vacuum energy will not be constant, but will be slowly varying.
Furthermore our equation of state should be modified to incorporate the dynamics of this
additional field. It is trivial to see that the inflationary phase will terminate and give way
to a dark energy phase where w ~ —1. Once the tachyon field starts to roll, w will increase
toward zero from below giving rise to a phase of quintessence. Eventually we will begin to
probe the strong coupling regime and our effective action will break down unless we can

fine tune the trajectory of the probe brane.

Let us return to the geometric picture to understand this in more detail. We introduce
a complex field € = p + {0 which can actually be globally defined in the target space.
The harmonic function factorises in this coordinate system into holomorphic and anti-

holomorphic parts F(£,£) = f(£)f(€). Thus the tachyon map will also split accordingly

T = f(©)dE, T = f(£)IE. (4.82)

These expressions are exactly solvable provided we continue them into the complex plane.

If we now re-construct the potential for these fields in terms of our holographic theory we

171



4.2. GEOMETRICAL TACHYON INFLATION.

09
08|
07}
06
05|
04l
03l Qu
02

0.1

Figure 4.6: Here we have taken pQ, = 4.58 x 105, p% =10'% and Vi = 107°. The dark line
is for (1R, dotted line is for Q4 and light line is for €2,

obtain the general solution

RT 1/2
VT =~

s

(4.83)

T\ (T
OS klg COS k,‘lg

Clearly when T is real we recover our cosine potential, whilst if it is purely imaginary we

recover the cosh solution. These correspond to motion inside the ring and motion transverse
to the ring respectively. The tachyonic instability forces the field from the false vacuum

state toward the true ground state. Therefore we expect the general dark energy potential

to be
V(T,T) ~ s os< T > (4.84)

NZZRA W

and so the true minimum will occur when V' ~ 0 at T = £74/kl2/2 corresponding to the

location of the ring in the bulk picture. The cosmological dynamics in this particular phase
are well described by the results presented earlier (and also in [83]), where it was shown to
be possible for the true vacuum to be non-zero, provided the trajectory of the probe brane

is sufficiently fine tuned.

We finally comment on the instability for the field fluctuations for a potential with a
minimum. In a flat FRW background each Fourier mode of T satisfies the following equation
[80]

57 o0t ]
— T 3H+( oy ST
7.2
+ [? + (ln V)T,T] (5T]~€ =0 (485)
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Where k is the comoving wavenumber. We can now compute the second derivatives of the

potential and obtain

(0 V)py = kilg<1—tanh [\/%D (4.86)

Here we see that (In V)7 1 is never divergent for any value of T', and is always non-negative i.e
that (In V)77 € [0, 1]. Thus we do not have any instability associated with the perturbation
d¢y, with our potential. This is to be contrasted with the result obtained for the open string

tachyon, which undergoes rapid fluctuations and instabilities during its evolution.

4.3 D3-brane dynamics in the D5-brane background

Using the fact that the N.S5-brane is S-dual to the D5-brane, we could also consider infla-
tionary solutions emerging in D5-brane backgrounds using the Geometrical Tachyon. We
would anticipate that this gives rise to hybrid inflation because the fundamental strings
stretched between the two different branes will become tachyonic at very late times. There-
fore at early times we can treat this mode as being the inflaton, and inflation will end once

this mode becomes tachyonic.

For simplicity we will consider the background to be generated by a stack of coincident
and static D5-branes, rather than the D5-ring solution. The important difference between
this solution and the N.S5-brane solution is that there exists a non-zero RR charge, and that
the solution is weakly coupled when we are deep in the throat geometry. The background
fields, namely the metric, the dilaton ¢ and the RR field C for a system of k coincident
D5-branes are given by [10, 11, 23]

Jop = F_1/277u1/7 9mn = F1/25mn7
kgslg

e’ = F'= Cos F=1+-"32,
.

(4.87)

where u,v =0,..,5; m,n = 6,...,9 denote the indices for the world volume and the trans-
verse directions respectively and F' is now the harmonic function describing the position of
the k D5-branes and satisfying the Green function equation in the transverse four dimen-

sional space with SO(4) symmetry.

The DBI action for the D3-brane in this background can be written as

Sy = T / d¢FY2/1+ FO,RO*R, (4.88)

where T3 is again the tension of the 3-brane. Here the motion of the probe brane is restricted
to be purely radial, denoted by the mode R, along the common four dimensional transverse

space. We now map this action to that of a Geometrical Tachyon field, T', through the
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usual definition of the tachyon map

5= VF(R) =+/1+L2/R2, (4.89)

where

L= \kgsls.

In terms of this field the potential for such a Geometrical Tachyon is given by

T: T:
Vo == 3 (4.90)

F(R) +/1+L%/R?

We have kept the full form of the harmonic function in order to show that this mapping is

exactly solvable. In fact using (4.89) we can solve for T'(R) and find it to be a monotonically

increasing function:

(4.91)

/T2 2 _
T(R) = L2+R2+§ln< L+ R L)

VI?+R*+ L

This function is non-invertible but can be simplified by exploring limits of the field space

solution. As R — 0 we have T(R) — —oo with dependence

T(R—0)~ Lln (%) . (4.92)
Whilst as R — oo we have T'(R) — cowith
T(R— o0) ~ R. (4.93)

The effective potential in these two asymptotic regions is given by:

T T
V;g ) ~ exp <E> for T — —o0, (4.94)
112

Thus in the limit T" — —oo, corresponding to R — 0, one observes that the potential goes
to zero exponentially as shown in Fig 4.7. This is consistent with the late time behavior for
the open string tachyon potential in the rolling tachyon solutions and leads to exponential
decrease of the pressure at late times. At large distances the DBI action interpolates
smoothly between standard gravitational attraction among the probe and the background
branes and a “radion matter” phase when the probe brane is close to the five branes. The

transition between the two behaviors occurs at R ~ L.

It is important to note that when the probe brane is within the distance R ~ [, the

above description in terms of the closed string background is inappropriate and the system
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(i)

-10 -5 0 5 10

Figure 4.7: The potential of the field T. The value T} = [v/2 4 In (/2 — 1)]L is determined
by the condition R = L. The potential of the region (i) is approximately given by V(T') =
Ty exp(T/L), whereas V(T) = T3(1 — L?/2T?) in the region (ii).

should be studied using open strings stretched between the probe brane and the five branes.
To be more precise, when the probe brane comes to within a distance /5 from the D5-branes,
a tachyon appears in the open string spectrum and in principle the dynamics of the system

will be governed by its condensation from that point on.

Thus the full dynamics can be divided into two regimes. When the distance R between
the D3-brane and the D5-branes is much smaller than L but larger than [, we can de-
scribe the dynamics of the radial mode R(x#*) with the non-BPS DBI action [31] with an
exponentially decaying potential given by (4.94) (note that T is going toward —oc). On
the other hand when R is of the order of ls, the dynamics would be be governed by the
conventional Lagrangian describing the complex tachyonic scalar field x present in the open
string stretched between the D3-brane and the k D5-branes. The potential for such open
string tachyon field has already been calculated and we will simply state its form without

comment. Thus the dynamics of y is described by the canonical action:
Sy = / d*2[—0ax0"x* — U(x, X)), (4.95)

where the potential, up to quartic order, is given by [84]:

Ux,x") = [7(k + 1) (xx*)* — vxx*] - (4.96)

1
At gsk

Note that x and v are dimensionless quantities. Here v is a small parameter (v < k)
corresponding to the volume of a two-torus. This arises as we are toroidally compactifying

the directions transverse to the D3-brane, but parallel to the D5-branes, in order to describe
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the dynamics of the open string tachyon.

When we compactify our Geometrical Tachyon solution, we will neglect any string wind-
ing modes arising from this torus. Furthermore it can be seen that our fully compactified
theory is actually not 7% but the product space T* x T2, but for simplicity we shall assume

that the relevant radii are approximately equal [80].

Let us briefly recapitulate and consider the bulk dynamics in more detail. At distances
larger than the string length we know that the DBI action provides a good description of the
low energy physics for a probe brane in the background geometry. As mentioned already
several times, the probe brane is much lighter than the coincident D5-branes and so we can
neglect the back reaction upon the geometry. Furthermore the SUGRA solution indicates
that the string coupling tends to be zero as we probe smaller distances, providing a suitable
background for perturbative string theory and implying that we can trust our description

down to small distances without requiring a bound on the energy.

Because of the dimensionalities of the branes in the problem there is no coupling of
the D3-brane to the bulk RR six form. This is because the only possible Chern-Simons
interaction between the probe brane and the background can be through the self dual field
strength F = dé’(4). However this field strength must be the Hodge dual of the background
field strength - which is given here by F' = dC() for D5-branes - clearly this inconsistency
implies that the coupling must vanish. For a more detailed explanation of the more general
case we refer the reader to [23], however the basic result for our purpose is that there is
only a non-zero interaction term when either the dimensionality of probe and background

branes are the same, or they add up to six.

The energy-momentum tensor density of the probe brane in the background can be

determined by variation of the DBI action

—_ Ty < FO,RO,R

13 — /1% Fei0,ROqR |, 1.97
VF\ VI T Frloionn NabV/ n d) (4.97)

where the roman indices are directions on the world-volume. Since we are only interested

in homogeneous scalar fields, we find that this expression simplifies to

T3
TOO = T
VFV1 — FR2
T36:: V1 — FR2
T _ 139 (4.98)

VF ’
where i, j are now the spatial directions on the D3-brane.

Using the energy conservation we can obtain the equation of motion for the probe brane

in our background and estimate its velocity. By imposing the initial condition that the
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velocity is zero at the point R = Ry we find that the expression for the velocity reduces to

2
R RN <1 %(2)>, (4.99)

which is obviously valid for R < Ry and in fact as expected it vanishes identically at
R = Ry. We typically would expect Ry to be extremely large. Note that in the two
asymptotic regions of small and large R the velocity is tending to zero. This is understood
because the throat geometry acts as a gravitational red-shift, giving rise to ”D-cceleration
phenomenon” [92]. It should be emphasised that the asymptotic limit R — 0 is unphysical
because the DBI is not valid once we reach energies of the order of string mass M, and so
it is not strictly correct to say that the velocity goes to zero in the small R approximation.
However note that when R — I, we have R? ~ [2/L? = 1/kg, which is also negligibly small
for large k. From our perspective this implies that the kinetic energy of the scalar field
become sub-dominant at small distances. It is essentially frozen out and the dynamics of
the open string tachyonic modes come to dominate. Once the probe brane reaches distances
comparable with the string length our closed string description is no longer valid. Instead
we must switch over to an open string description of the tachyonic modes x described by

the action.

It is worth pointing out that our discussion so far seems to suggest that the radionic
mode and the open string tachyonic mode which are being described by two different action
functionals have nothing in common, and can be described independent of each other. This
is not strictly true. Firstly the number of background branes have to be same. Secondly,
unlike the open string tachyon on the world volume of a non-BPS brane or a brane/anti-
brane pair, the dynamics of the tachyon on the open string connecting a BPS Dp-brane and
a BPS D(p+ 2)-brane is not described by a DBI type action. If this was the case, the above
two fields could have been combined together, keeping in mind their individual regimes of

validity.

However even in the present context we can combine the two actions by introducing
an interaction term like A72y2, where the coupling A\ will be zero for values of the field
T corresponding to R greater than [;. Provided that inflation ends for R > I, this term
does not affect the dynamics of inflation and for simplicity we have ignored it in the action
functional. However such a term may play an important role in a possible reheating phase.
We can now proceed with our analysis of inflation using the full form of the harmonic
function - which specifies the scalar field potential in terms of the Geometrical Tachyon
field rather than the radion field.
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Inflation and observational constraints from CMB

Let us introduce the dimensionless quantity = R/L, the full potential (4.90) of the field

T can be written as
ng

V=23 4100
V14 2? ( )
where T = T/ L is related to z via
T V1+a? 1
Loty (4.101)
x x Vv

and V = V/T3. For the action to be valid we require R to be larger than [s, which translates
into the condition = > 1/y/kgs. In the flat FRW background, the field equations are once

again

1 V(D)
H? = —_— (4.102)
M \/1 -T2
. W
— +3HT + — =0
=t +3 :

where V = dV/dT as usual. Combining both terms in (4.102) gives us the relation H/H? =
—3717 /2, and then the slow-roll parameter is given by

B3, MV

T THT 2 T2
1v2 1 1
30 Zsa(ls a2

(4.103)

where the parameter s is defined by

LTy
M3

S

In deriving the slow-roll parameter we used the usual slow-roll approximations 72 < 1 and
|T| < 3H|T| in (4.102). Furthermore (4.103) shows that e is a decreasing function as z
increases, thus € increases as the field evolves from the large R region to the small R region,

marking the end of inflation at € = 1.

The number of e-foldings from the end of inflation is given by

ty T V2
N = Hdt ~ ——dT
t 7, MyVr
= s/ (22 +1)3%dz . (4.104)

f
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Which integrates to give
N = s[f(x) = fzy)], (4.105)

where we have defined

flz) = L (l’2—|—1)3/2—|—§l’\/$2—|—1

Z:E
+§1n ‘3: +/22 1‘ . (4.106)

The function f(x) grows monotonically from f(0) = 0 to f(o0) = oo with the increase of x.
In principle we can obtain a sufficient amount of inflation to satisfy N > 60 if either s or x

is large.

In order to test the robustness of our model with observations we need to consider the
spectra of scalar and tensor perturbations that are generated during inflation [76, 106]. The

power spectrum of scalar metric perturbations in this case is given by

~ 2
b _ L (VN _ @ (v
7 eMS\Vr) T 12r2MS \V,
2
S

20,2 2
- 1)2. 41
2 kgL @ Y (4.107)

The COBE normalization [88-91] corresponds to Ps = 2 x 1072 around N = 60, which

gives the condition

10°
kgs(1sM,,)? = ms%go(xgo +1)2. (4.108)

where xgg is the value of x evaluated at N = 60. The spectral index of curvature perturba-

tions is given by

M2VZ  M2Vpr

ng—1 = —4

V3 V2
2 1+ 322
= —— 4.109
sx(l+ 22)5/2° ( )
whereas the ratio of tensor to scalar perturbations is
V2M? 1
h_gltMy 8 (4.110)

V3 sz(a?+1)52
We shall study the case in which the end of inflation corresponds to the region with an

exponential potential, i.e zy < 1. When s = 1 we see that (4.103) shows that inflation ends

around z; ~ 0.5. Hence the approximation xy < 1 is valid when s is larger than of order
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Figure 4.8: The spectral index ng of scalar metric perturbations as a function of s with
three different number of e-foldings (N = 50, 60, 70). This figure corresponds to the case in
which inflation ends in the region z; < 1.
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Figure 4.9: The tensor-to-scalar ratio r as a function

e-foldings (N = 50, 60, 70).
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Figure 4.10: The quantity kgs(IsM,)? as a function of s. This is derived by the COBE
normalization at N = 60.

unity. In this case one has x¢ ~ 1/2s from (4.103). Since f(x) ~ « for < 1, we find

@) = % (N + %) . (4.111)

Now in the regime of an exponential potential (x < 1) we see that this becomes sx ~
N +1/2. and (4.109, 4.110) give

4

CON+1°
16

— . 4.112
2N + 1 ( )

ng—1 =

Hence ng and r are dependent only on the number of e-foldings. Using (4.112) we find that
the normalisation implies ng = 0.9669 and r = 0.1322 for N = 60. It was shown in that
this case is well inside the 1o contour bound coming from the observational constraints of
WMAP, SDSS and 2dF [88-91].

Of course there is a situation in which cosmologically relevant scales (55 < N < 65)
correspond to the region x 2 1. In Figs 4.8 and 4.9 we plot ng and r as a function of s
for three different values of N. For large s i.e s > 1, we find that the quantity = is much
smaller than unity from the relation (4.111). Hence ng and r are given by the formulas in
(4.112). For smaller s the quantity « becomes larger than of order unity, which means that
the results in (4.112) are no longer valid. From Fig 4.8 we see that the spectral index has a
minimum around s = 70 for N = 60. This roughly corresponds to the region z = R/L ~ 1.
As we see from Fig. 4.7, the potential becomes flatter for x = 1 which leads to the increase

of the spectral index toward ng = 1 with the decrease of s. Recent observations show that
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ng = 0.984+0.02 at the 95% confidence level. As we find in Fig. 4.8 this condition is satisfied
for N 2 60.

The tensor-to-scalar ratio given by (4.112) is valid for s > 1. For a fixed value of N
this ratio gets smaller with the decrease of s. This is understandable since the potential
becomes flatter as we enter the region x = 1. The tensor-to-scalar ratio is constrained to
be r < 0.36 at the 95% confidence level from recent observations. Hence our model satisfies

this observational constraint.

When xgy < 1 the condition of the COBE normalization gives

10° 1
2 2 10
which is independent of s. As we see from Fig. 4.10 the quantity kgs(IsM,)? departs from the
value (4.113) for smaller s. However kgs(IsM,)? is of order 109 for s > 1. It is interesting
to note that the COBE normalization uniquely fixes the value of the potential at the end
of inflation, if it happens in the regime of an exponential potential, independently of the

value where inflation started. In fact using (4.100) we see that

1
M)} ~32x10"" M, . (4.114)

N A (S VAR

This sets the energy scale to be Voln/d4 ~ 2.3 X 10_3Mp.

The above discussion corresponds to the case in which inflation ends in the region
¢ < 1. In order to understand the behavior of another asymptotic region let us consider
a situation when inflation ends for zy > 1. In this case the end of inflation is characterized
by :n? ~ 1/(2s). Since x5 > 1, we are considering a parameter range s < 1. When z > 1
the function f(x) behaves as f(x) ~ x%/4, which gives the relation 2% ~ 4N/s. Hence we

obtain the following

3
ns—lo= oy
\/g
107y/2N3/2
2 _
kgs(lsMp) = T

While ng is independent of s, both r and kgs(st,,V are dependent on s and N. For
example one has ng = 0.975, r = 0.003y/s and kgs(IsM,)? = 1.11 x 10'%/s for N = 60.
From Fig. 4.8 we find that ng increases with the decrease of s in the region 1 < s < 50
for a fixed value of N. This tendency persists for s < 1 and ng approaches a constant

value given by (4.115) as s decreases. We note that the spectral index ng satisfies the

observational constraint coming from recent observations. The tensor-to-scalar ratio is
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strongly suppressed in the region s < 1, which also satisfies the observational constraint,

and the quantity kgs(lsM,)? gets smaller with decreasing s.

We can estimate the the potential energy at the end of inflation in this regime via

Vena =~ T3,
sM*
T3 = —2 __~90x10"1/sM?. 4.116
3 ks Uy Mp)2 X Vs P ( )
In this case Vqnq depends on the value of s. The order of the energy scale does not differ

from (4.114) provided that s is not too much smaller than unity.

In summary we find that ng and r in our model satisfy the CMB constraints for any
values of s, which means that s is unconstrained. This is different from the case in the pre-
vious section, in which the spectral index ng provides constraints on the model parameters.
The only constraint in our model is the COBE normalization. If we demand that the value

of R at the end of inflation is larger than [y, this gives

M 4
1679¢g, ( =2 4.11
k< 67Tg<M> , (4.117)

s

where we used the standard form of the brane tension, T3 = M2/(27)3gs.

Combining this relation with the condition of the COBE normalization: kg; (lsMp)2 ~
10%0 for s > 1, we find

10° [ M,\?
(=) . 4.11
95> 3 <Mp> (4.118)

Since we require the condition g; < 1 for the validity of the theory, this gives the constraint

M, /M, < 0.1, (4.119)

thus favouring a smaller string scale.

After the field reaches the point R = [, we assume that the field 7" is frozen at this point,
which is a reasonable assumption given what we understand from the bulk description of

the dynamics. This gives us a positive cosmological constant in the system.

After the end of inflation

The first phase driven by the field T' eventually gives way to a second phase driven by the
field x. Introducing new variables x = x1 + ix2, X? = X% + X3, X = M,X and v = Mgv,
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the potential (4.96) of the field X reduces to

~ 1

V) = ik [ﬂ(k‘ +1)X4 - @Xﬂ (4.120)

This potential has two local minima at X, = 4/9/(2r(k + 1)) with corresponding negative

energy
62

U(X,) =-— :
(Xe) 1675k (k + 1)(1sMp)* gs

(4.121)

One can cancel (or nearly cancel) this term by taking into account the energy of the
field T at R = ls. Since this is given by V(R = l5) = T3/+/kgs, the condition V(R =

ls) + U(X.) =0 leads to
92 = 167° (k + 1) T3(1s M) *\/kgs - (4.122)

Using the definition of the brane tension this can be written as follows

2 22 Vk(k +1)

. 4.123
N (4129)
Then the total potential for our system is
oo o) 2
W:A(X —Xc) , (4.124)
where Lol
_|_
A= ——n———— . 4.12
473 (1 M)t gsk (4.125)
The mass of the potential at X = 0 is given by
2 ~
m2 =W = —4AX?. (4.126)
dX2 (x=0)
Meanwhile the square of the Hubble constant at X = 0 is
Ap?
HE = . 4.12
0 1272(k + 1)2M2 (4.127)
Then we obtain the following ratio
2 24 1) 12v2(k 4 1)1/2

H? v B k1/4 s
where we used (4.123) in writing the second equality.

As we have just seen, the COBE normalization gives kgs(lsM,)? ~ 10 for s > 1, and
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the ratio (4.128) can be estimated to be

2 g g (REL)E (M)
0 k M,

M 1/2
103 | =2 4.12
5 % 10 (Mp> , (4.129)

12

using the large k limit. Thus we find that |m?| > HZ for

M, s
4 x107°. 4.130
M, >4 x ( )

This means that the second stage of inflation does not occur for the field x provided that the
string scale M satisfies the condition (4.130). When 4 x 10~ < M;/M,, < 10~!, inflation
ends before the field T reaches the point R = [, which is triggered by a fast roll of the field
X- This situation is similar to the original hybrid inflation model [76].

When M;/M, < 4x 1078, double inflation occurs even after the end of the first stage of
inflation. In this case the CMB constraints for the inflationary model need to be modified.

However the second stage of inflation is absent for a string scale close to the Planck scale.

We note that the vacuum expectation value of the field X can be re-written as follows
HoM,,
Im|

Therefore when |m| > Hy we find that X. is less than of order the Planck mass. When

double inflation occurs (|m| < Hp), the amplitude of symmetry breaking takes a super-

X.=2V3

(4.131)

Planckian value Xc >

~

M,,. In this sense the latter case does not look natural compared to

the case in which the second stage of inflation does not occur.

Since the field x has a canonical kinetic term, reheating proceeds as in the case of
potentials with spontaneous symmetry breaking [100]. This is in contrast to tachyon fields
governed by the DBI action, in which the energy density of the tachyon overdominates the
universe soon after the end of inflation. Thus the problem of reheating present in DBI
tachyon models is absent in this instance. Since the potential of the field X has a negative
mass given by (4.126), this leads to the exponential growth of quantum fluctuations of X
with momenta k < |m|, i.e., 6 X} o< exp(y/|m?| — k?t). This negative instability is so strong
that one can not trust perturbation theory including the Hartree and 1/N approximations.
We require lattice simulations in order to take into account rescattering of created particles

and the production of topological defects.

It was further shown in [100] that symmetry breaking ends after one oscillation of the
field distribution as the field evolves toward the potential minimum. This reflects the fact

that gradient energies of all momentum modes do not return back to the original state at

185



4.4. DBI INFLATION IN THE IR.

X = 0 because of a very complicated field distribution after the violent growth of quantum

fluctuations.

Finally we should mention that de-Sitter vacua can be obtained provided we tune the
potential such that V(R = l;) does not exactly cancel the negative energy contribution
U (X'C) In order to match with the current energy scale of dark energy we require extreme
fine tuning V(R = ls) + U(X,) ~ 107230}, However this kind of fine tuning is a generic

problem in all dark energy models, not just this one [77].

4.4 DBI Inflation in the IR.

In this section we will explore a specific inflationary model which is inherently ’stringy’, that
goes by the name of DBI inflation [92]. We have already used the DBI action to describe
the dynamics of moving branes, and shown how the open string modes can play the role of
the inflaton. However our analysis relied heavily upon the tachyon-radion correspondance
to map the problem to a more field theoretic one. However it was shown in [92]that one
can use the full DBI action to drive a period of inflation in a warped geometry, despite
the fact that the brane moves relativistically. This model gives rise to specific inflationary
signatures which may (or may not) be observable, and so it is useful to probe the full moduli

space of solutions.

It was suggested that there were two kinds of DBI inflation. Firstly there is the so called
UV model, where the brane is initially located far from the tip of a warped throat [92]. The
potential generated by the fluxes in the throat attracts the probe D3-brane towards the tip
of the throat, which can lead to inflation and a suitable amount of metric fluctuations. The
alternate scenario is dubbed IR inflation [93]. In this case the probe D3-brane starts at the
tip of the throat, and feels a potential generated from branes/fluxes in other throats which
forces it up toward the internal space. Again this model can yield suitably small levels of

metric perturbations during inflation.

However whilst one can argue that the UV model is reasonably generic, this cannot be
said of the IR models. In this case the residual brane localised at the tip of the throat is
assumed to be the remnant of brane/flux annihilation [96], which implies there must be
some (additional) fine tuning. To see this consider a background where we have M units of
D3-brane flux threading some three-cycle. If we insert N’ D3-branes into this background
such that they fill the non-compact 3 + 1 dimensional spacetime, they will feel an attractive
force from the flux and roll down the throat to annihilate quantum mechanically. Then
there will be precisely N = M — N’ D3-branes created after this annihilation process. The
IR model assumes that N = 1, however the more generic scenario would in fact leave us
with NV branes at the tip. In fact we would expect the branes to be distributed randomly
near the tip. If they somehow arranged themselves such that they were a distance L > I

apart, then we could mimic their cosmic evolution using a form of assisted inflation [97].
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However on energetic grounds the branes would typically be coincident - therefore we need
to describe their dynamics using the non-Abelian DBI (or Myers) action which was discussed

in Chapter three.

One of the benefits of the single brane solution was that the backreaction of the D3-
brane can be neglected in the analysis. Clearly this will not be the case when there are
N-branes unless we assume that the background fluxes will dominate. This is not too
bad for a non-compact model, however if this is compactified then we would expect higher
order corrections to become important, and so we would lose control over the low energy
theory. However recent developments have suggested a way to expand the Myers action
in the finite N limit, which means that we can keep our non-Abelian degrees of freedom,
whilst also keeping the back-reactive effects firmly under control [53]. This motivates us to
consider a more general version of the IR scenario where we use multiple branes to drive

inflation. This will have important consequences which we will discuss later.

For now let us assume that the ten dimensional type IIB spacetime metric factorises as
follows
ds* = h*dsi + h2(dp* + ds%.,), (4.132)

where the four-dimensional metric is taken to be the usual FRW form characterised by the
scale factor a(t). There is also a throat region over some five-dimensional manifold X3,
with h being the corresponding warp factor. The internal space X5 will be taken to be
non-compact in this thesis. One may wonder about the validity of such an approximation
with regard to modelling four-dimensional physics. However we will assume that most of
the relevant physics occurs deep in the warped throat, far from the internal space which is

where the model dependent effects typically come into play.

As we saw in Chapter three, the bosonic component of the Myers action can be written

as follows

S=-Ts / d*¢STr <\/ —det(Eay + Eoi(Q=1 — 8) Ejy + AF ), /detQJi> . (4.133)

The fields E,; are the non-Abelian pullback of the linear combination of closed string fields
E., = Gap + Bgp, while the matrix () is determined as

Qf =05 +iX[¢', " By (4.134)

with the ¢ being scalar fields on the world-volume of the D-branes corresponding to the
transverse fluctuations. As in the KS model [63], we will assume that the bulk B field is zero
near the tip of the throat, and consider the case where the transverse coordinates define a

fuzzy S? embedded within a three cycle in the Xs.

Now that we have restricted ourselves to the SO(3) ~ SU(2) algebra, we expect the

scalars to be proportional to its generators. The usual matrix ansatz that we take for our
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scalar fields is thus ¢! = Ra (i = 1,2,3), where R is a variable of canonical mass dimension,

and the o' are the N-dimensional generators of the SU(2) algebra.

In flat space we can find solutions where the radius of the fuzzy sphere grows without
bound. However for most spaces there will be a maximum bound on the size of the fuzzy
sphere, as illustrated by the famous example of the AdS5 x S® metric where the fuzzy sphere
radius is bounded by the radius of the five-sphere [57]. In the warped backgrounds where
the length of the throat provides the cutoff scale, the throat is smoothly glued onto the five-
dimensional internal space. We denote this as the UV cut-off, analogous to the UV brane
in the Randall-Sundrum models [105]. As already discussed, provided inflation occurs far

from this UV cutoff we should be able to trust our solution.

Let us insert the metric (4.132) into the Myers action (4.133). After expanding all the
determinants, we find that the effective action for coincident D3-branes in this background

becomes

S = _Ty / d*¢STr (h4a3\/ 1— h—4\20iai R2\/1 + AX2aiaih—RY — a®h*1x + a3V(R)1N> ,

(4.135)
where the second term arises as the leading order contribution from the Chern-Simons
coupling of the bulk RR fields, while the final term is a flux induced potential which comes
from fluxes present in the background. Both terms are singlets under the trace, which is
why they appear multiplied by the N x N identity matrix. The potential generated will
depend on the topology of the internal space, and also the quantisation constraints of the
fluxes. Here we have absorbed a factor of T ! into the potential to make it dimensionless,
and set the dilaton to be unity. This agrees with the supergravity background generated
by D3-branes, and also the tip solution of the Klebanov-Strassler throat [63].

We now minimally couple the DBI action to the standard Einstein-Hilbert action. For-
tunately the Einstein part of the action arises naturally in the warped backgrounds we are
considering, therefore provided the branes don’t move too far away from the tip - gravity

should still be confined to their world-volumes. It is convenient to introduce the notation

W(R,C) = 1+ 4X2h—4aiaiRY, (4.136)

which is essentially an additional potential induced by the fuzzy sphere geometry, which
we will refer to as the fuzzy potential. For a single probe brane this contribution is always
unity, since the corresponding matrix representation is commutative. This would also be
the case if the branes are located at distances greater than [;. We can now determine the

non-zero components of the energy-momentum tensor on the world-volume. It gives the
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energy and pressure densities as follows

SAYN!
E = T3STr W(E, C)h. — v, (4.137)
V1 — h=4)\2qiai R2
P — —TSTr (h4W(R, OW1— 4 20iaiR?2 — h* + v) . (4.138)

These form the basis for all our analysis in the subsequent sections and we will return to

them in due course.

One of the reasons that we can have DBI inflation in this background, despite the branes
moving relativistically, is that the speed of sound is usually very small compared to unity.
This is therefore a string theory motivated model of kinetic inflation [92, 106], using the
warped nature of the spacetime to reduce the velocity scale. In the standard canonically
normalised slow roll models, this factor is always unity since the scalar field moves slowly.

The speed is given by the following expression

o oP/OR

2 ¢ (4.139)
OE/OR

which is valid provided that the entropy corrections are negligible [76, 94].

4.4.1 The large N limit

Let us restrict ourselves to the large N limit when we ignore the backreaction'*. The large
N limit has proven to be useful for inflation in many other contexts such as assisted inflation
[97] or N-flation [98] Now we can approximate the symmetrized trace by a trace once we
neglect the contributions of terms of the order 1/N? in the action. The resulting action

simplifies to

S=-Ty / d¢Na? <h4 \/ 1 — h=4A2CR2 \/ 144 2Ch—4R* — h* + V(R)> (4.140)

where T3 is the tension of the D3-branes given by the usual formula

_ My
87395

T (4.141)
with M, being the mass scale for the open strings and gs; being the asymptotic string
coupling which we take to be small to allow for perturbatively defined strings. In this
chapter we will generally assume that the coupling is set to g; ~ 1072 in order to make

order of magnitude approximations.

"' This amounts to a constraint on the energy of the D-branes which could lead to an unphysical solution
upon compactification. However it can be interpreted as a metric constraint on the bulk fluxes.
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The backreaction effect will be small provided that we ensure M K >> N is also satisfied,
in addition to the assumption of large N. It is instructive to make a redefinition of the scalar
field in order to compare our model with the rest of the literature. Firstly we switch to
"physical’ coordinates using the standard relationship R? = 72/ (/\2é') which parameterises
the physical radius of the fuzzy sphere. Let us also further define a scalar field ¢ = /T3

with canonical mass dimension, which we will use as the inflaton.

We have the standard relationship between the four-dimensional Planck scale and the

ten dimensional one through the volume of the warped space Vg;

2 L6
My = —. (4.142)
10

Interestingly it was shown in Baumann [94]that with minimal assumptions about the volume

of the throat, one can find the following bound on the maximal field variation:

2M,
VMK’

where M K is the contribution from the background fluxes. In our case we demand that

Ag < (4.143)

MK >> N to neglect the back reaction upon the geometry, which restricts our field to

move over very small distances in Planckian units.

We find from (4.133) the equation of motion of the ¢ field:

. . . 83 < ¢h/>
(6,C)v° ¢ + 3HOW (¢, )7+T3>\2CW(¢,C) .
2 72
+ TR W (6, C)y <2h3 - %) —AT3R3N + T3V, (4.144)
3

where primes are derivatives with respect to ¢ and we have also introduced

1
V= =,
\/ 1= h 4T 92

for the analogue of the relativistic factor for the DBI action. This implies that the velocity

(4.145)

of the brane is bounded as
% < WAy, (4.146)

These last two equations are exactly the same as in the case of a single brane. Recall from
our discussion in the Chapter three that when we take the large N limit of the fuzzy S2,
we recover the classical S? with N units of charge. This suggests that the large N limit
essentially behaves like a single object - which is why we should expect to find similarities
with the N = 1 results.

Using the general expression (4.139), we calculate the speed of sound to be C? = 1/~2,
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in agreement with that of single brane inflation. As in that case we will now also assume
that the scalar field is monotonic, at least for early times. This assumption allows us to
switch again to the Hamilton-Jacobi formalism. We differentiate the Friedmann equation
H?>=FE/ 3M]23 with respect to time, dropping terms proportional to ¢, and use the continuity
equation, B = —3H(P + E) to get

) 2M; 1 (4.147)

NyW(¢)’ '

where the fuzzy potential W is now an explicit function of ¢, and H’ is the derivative of the

Hubble parameter with respect to the inflaton. Substituting this (b into (4.145), we obtain

=4/1 —4M;H’2 4.148
V(¢) = + N2W2($)h Ty (4.148)

We can use (4.148) to write the velocity of the inflaton without reference to the relativistic

factor ~:
—2MZ2H'

VNVIW2 + AMAHRR AT

b= (4.149)

which allows us to write the corresponding Friedmann equation solely as a function of the

inflaton:
o _ NTj 4 4
H? = 5 (W(0)h'(6)1(9) + V(9) — h'(9)) (4.150)
p
_ NIy 4 1 AMAH"™
eI V(¢) +h* (o) N\/N2W2+h+T3—1 :

which is reminiscent of the equation found in for the Abelian DBI inflation model [92]. The
main difference here is the presence of factors of N and the fuzzy sphere induced potential

W (@), the latter being an inherently non-Abelian feature.

We may be concerned that the DBI models of inflation do not exhibit standard attractor
solutions for inflation, since we expect relativistic motion. This attractor behaviour is
important as it implies that inflation will not be dependent upon the precise choice of
initial conditions for the inflaton [76]. To check this let us suppose that Hy(¢) is any
solution of (4.150), which can be either inflationary or non-inflationary. We add to this
a linear homogeneous perturbation §H (¢). The attractor condition will be satisfied if it
becomes small as ¢ increases. Upon substituting H = Hy + dH into (4.150) and linearizing

the resultant expression, we find that the perturbation obeys

SNW~
H\6H' = ——"HyH, (4.151)
2M?
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which has the general solution

¢
SH(¢) = 6H (¢7) exp [ SN 17 g6 (6)r(9) Hol9) (4.152)

203 J, Hy(9)]”
where 0H (¢;) is the value at some initial point ¢;, and v = ~(Hy). Because H|, and d¢
have opposite signs, the integrand within the exponential term is negative definite 2, and
all linear perturbations indeed die away. This means that there is an attractor solution for
this model regardless of the initial conditions and the velocity of the brane. This is also
true for the single brane solutions with N =1 = W(¢).

We note that the equation of state in this model is drastically different from the canonical
field models. At large N we find that

Whiy™t 4+ V() — h*
Whiy+V(¢) —ht

W = —

(4.153)

If the potential dominates all the other terms, we recover the usual de-Sitter solution with
w ~ —1. However the DBI admits more interesting solutions due to its non-linear nature.
For example, if we consider ultra-relativistic motion where v >> 1, and demand that the

h* terms are suppressed, we obtain

—Vi(¢)

~ T V) (4.154)

which can be very small depending on the scale of the fuzzy potential, and may give rise to a
matter phase in the asymptotic velocity limit. This shows that we have a larger parameter

space of solutions for w than in the standard inflationary scenarios.

Our analysis thus far has been general. To make a more detailed investigation of the
inflationary signature of this model, we must determine the background potential. Let us
consider nonzero fluxes inducing the warped throat solution. The coincident branes localised
at the bottom of the throat will feel a potential generated by branes/fluxes in other throats

and will move towards them. We then expect a tachyonic potential of the form

Va¢®

V(g)~ Vo —

TR (4.155)

with higher order even powers of ¢ because of the Zs symmetry of the throat. The various
constants will be determined by the choice of geometry, fluxes, and also non-perturbative
effects. The IR DBI inflation is thus a special case of small field inflation. The constant Vj
is the scale set by the fluxes, and need be large to be able to neglect back-reactive effects
in our model. This is significantly different from the UV inflationary model. In this section

we are mainly interested in the IR solution, and we consider that most of the dynamics will

12 Assuming that  is also positive definite.
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take place in a region dominated by the potential energy.

Inflationary observables and constraints

In this subsection, we focus on inflationary solutions in two specific backgrounds. We
show that inflation can be achieved in this model by allowing an appropriate tuning of the

parameters in the theory.

We wish to consider inflation near the tip of a warped throat where ¢ is small. However
we are also interested in solutions where the background is no longer approximately AdS
but is constant. This is motivated by the work of Kecskemeti et al [94] and also the fact
that a constant warp factor appears to be a generic feature of the IR end of warped throats.
This is a phenomenologically motivated solution, because we expect the fluxes to back-react
on the bulk geometry to form a warped throat. We expect that these throats will be of the
Klebanov-Strassler (KS) variety, which have a finite cut-off at the origin. This cut-off is

generically exponentially small due to its dependence on the three-form fluxes.

In order to mimic a constant warping in our non-compact theory we choose to put in
by hand’ a constant warp factor parameterised by a mass term u, where we expect that u

is small at a scale set by the bulk fluxes [94]:

/2 2
h(¢) = el ; (4.156)
L
where we have used L to denote the background charge. It should be noted that this L
will be different from that in the purely AdS-like backgrounds. When ¢ goes to zero, the
warp factor remains finite. Strictly speaking away from the origin there may be a different

¢ dependence, but we use this form of the warp factor in the following sections.

The solutions we consider are
(i) the AdS type cases (where we set p to 0), or

(ii) the mass gap cases (where we assume ¢ ~ 0).

One further remark that we need to make is that in the AdS type solution we strictly
need to introduce a cut-off for ¢ such that the solution is nowhere singular. The warp
factor in this case would therefore be cut-off at the value heo. In our analysis we will not
write this explicitly, but we will always assume that ho << 1. Let us assume that inflation
occurs very close to the tip of the warped throat, in which case we expect the energy
density to be dominated by the constant piece of the background potential. The other
terms are suppressed by the square of the warp factor and will be small in this limit. It
may appear that the warp factor can be easily vanishingly small, but more care is required
in cases where h reduces to a constant, since in those backgrounds (as we shall see) the
other parameters can both be large. Assuming Vo >> h*(W(¢)v(¢) — 1) is satisfied, the
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Friedmann equation (4.150) can be approximated as

_NT3V(9)

302

H? : (4.157)

We then find that our solutions for the inflaton velocity and the gamma factor reduce to

b~ MV [T
YW V3NV’
M?2 V2
V(P) ~ \/1+3—J$<7h4W2V>’ (4.158)

where we have expressed everything in terms of derivatives of the potential. Clearly these

expressions are background dependent as they are functions of the warp factor h.

Inflation in AdS type backgrounds

Let us consider the locally AdS type backgrounds, such as those studied in the original IR
inflation scenario [93]. The harmonic function can be approximated by h ~ ¢/L in the near
horizon region where L is essentially the charge of the background geometry given by!'?
LY = gs M KT3N?7% /Vol(X5), with M and K the corresponding quanta of flux and Vol(X5)
corresponding to the dimensionless volume of the compact space. We expect to find that
Vol(X5) = am?, where a is a topological parameter. For example we know that a = 1 for the
five-sphere and a = 16/27 for the manifold T%!. In this situation the fuzzy sphere induced
potential becomes constant which greatly simplifies the analysis. In fact the second term
inside the square root is proportional to the ratio of the background fluxes and the number
of coincident branes, and thus it is not clear a priori whether this term will be small or
large. Under our assumption of no back reaction, we require the flux term to dominate over
N, and so we may expect that W >> 1 which translates into the flux condition

L? N
— — MK g, N 4.159
IV >> 70 — gs >> ( )

in the large N limit. For small values of the string coupling constant, we see that this
requires the fluxes to be very large. This is to expected from out heuristic arguments
regarding the backreaction. In the converse limit where W ~ 1 we see that the constraint
becomes v/gs MK << N - which although provides a bound on NN is much harder to satisfy

within the remit of our approximation.

BNote we have rescaled this quantity to ensure it has the correct dimensions. This corresponds to the
radius of curvature for the AdS space scaled by the square of the brane tension.
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This requirement also affects the definition of ~:

M2V2LA Va2
1 p_2 1+ 2= +...). 4.1

As we are interested in DBI inflation, we should take v(¢) >> 1 for the speed of sound to be
substantially reduced, and so the right hand side will dominate this expression. Furthermore
since we are assuming that the background potential should dominate the energy density
at this stage of the evolution, we should also assume that Vj >> V5, which implies that the

new constant piece of v will be subdominant.

In this regime we can approximately solve the inflaton equation of motion. In fact there
is a cancellation between terms in the equation which implies that ¢ ~ O(¢?) + O(¢%) and
so for consistency we must drop all terms higher than quadratic in the fields. The resultant
expression for the field is actually of the same functional form as the single brane case.
Actually this is expected since we can view the fuzzy sphere as a classical sphere with NV

units of flux in the large N limit:

poL?

#~ L? — ¢o/T5(t — to)’

(4.161)

where the field is initially located at ¢ = ¢g at t = to. This expression on the denominator
will generally be much smaller than unity as time evolves, since we are assuming that

ho << 1 which is the initial value of the warp factor.

Let us now compute the inflationary parameters in this large N limit. The non-linear
form of the DBI action prevents us from using the traditional slow roll variables, and so
we must establish new ’fast roll’ variables. In reality the name ’fast roll’ is somewhat of a
misnomer because despite moving relativistically, the non-linear nature of the action allows
for the brane to be held up on the potential for a significant amount of time as in slow roll
scenarios. This has already been extensively discussed for the single brane models but the
non-Abelian action requires us to modify these expressions. Suppose that the leading order
term for the epsilon parameter expansion is given by

g = H%(1-e), (4.162)
which yields the usual slow roll constraint e = —H /H?. However now that we are working

in the Hamilton-Jacobi formalism, we need derivatives with respect to the inflaton. This

leads to the following modified expressions for the relevant slow roll parameter:

B 2M;3 H’ 2
- ts <ﬁ> . (4.163)

This is clearly equivalent to the usual single brane slow roll conditions where we would have
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N =1, W (¢, C’) = 1, although we cannot take the N — 1 limit in our non-Abelian DBI
description. Note that this slow roll parameter is suppressed not only by a factor of 1/ as
in the single brane inflation, but also by an additional factor of 1/N. Intuitively we may
have expected this since the coincident branes will tend to accelerate much more slowly

than a single brane. Hence we would expect inflation to last for a longer period of time.

Using our approximate solutions we find for the AdS type backgrounds (and assuming

v >>1)
c \/gMpV2¢3
202Vy/NVy

where we have neglected ¢® terms. We must ensure that € < 1 for inflation to occur at all.

(4.164)

We can also calculate the number of e-foldings for this model using

N, = /Hdt. (4.165)
We obtain , ,
NVy L 1 Vag 4
N, 3 M, /d¢¢2 <1 g + O(¢ )> , (4.166)

where the integration should be between ¢g and ¢, the latter being determined though the
fast roll parameter. Clearly for small ¢ the first term will dominate the integral and so we
drop the higher order terms. The result is that the field value N, e-folds before the end of

inflation can be written as

¢rL* VNV,

0 TRV + 3oy N,

(4.167)

which we can use to determine the perturbation spectrum. For completeness, we write the

fast roll parameter as a function of the number of e-foldings:

-3

6M2 1/3
e~ |14+N, (wa) : (4.168)

Inflation in mass gap backgrounds

The equation of motion for the inflaton in the AdS background is basically the same as
in the single brane case. Is this also true for the mass gap solution? In this instance the

fuzzy sphere potential now has non-trivial field dependence which complicates the analysis.
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Without loss of generality we will take the warp factor of the form h ~ p/L:

ApAILA
Wig(®) ~ |1+ —pgmmas
g(@b) + /.L4)\2N2T32
M2LAV2¢?
Ymg(P) ~ \/1+—3NZ4ng2% : (4.169)

Since we are mainly interested in the relativistic limits of the theory we should take
to be large. This immediately imposes a constraint on the fuzzy potential - which is now

an explicit function of the inflaton ¢

Mg ‘/*22 ¢2

2
SVONKT >> W=, (4.170)

The analytic form of W tells us that it is bounded from below by unity, but has no upper
bound. Of course in reality we expect W(¢) to be a monotonically increasing function,

however for analytical simplicity we will consider the two limits separately.

In the first instance let us assume that W ~ 1. From (4.170) this implies that we have

an upper bound on the number of branes

M2V3e?

N Y
<< SvoAT

(4.171)

which can be satisfied by having a small enough warp factor. However we must also impose
the constraint coming from the definition of the fuzzy potential which actually implies a

lower bound on N through the relation

202

N _
> TENTS

(4.172)

so upon combining these constraints we see that both assumptions are valid provided that

‘/22 h2
— >>

— 4.1
W 7 3G (T

We now ask about the constraints arising from the converse limit, when both v and W are

large. For the fuzzy potential to be large we must ensure that

7 x 1071 ¢?
N << W, (4.174)
however the relativistic limit also requires N to be bounded from below
O(1)¢* Vo
N B 4.175
7 VEMIME (4.175)
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Combining both of these constraints also results in (4.173). It is straight-forward to note
that due to the constant warp factor near the tip of the throat, the relativistic limit implies
that ¢ is a linear function of time. The overall scale is simply set by the warp factor and

the brane tension, and is independent or our parameterisation of the fuzzy potential.

Let us now consider how inflation occurs in this model. Our starting point will once
again be (4.163). Inserting the mass gap solution and also demanding relativistic motion is
enough to ensure that W drops out of the analysis, thus the solution is independent of the
fuzzy potential contribution. After integrating to find the number of e-folds we see that the

slow roll parameter can be written in the form (N, e-folds before the end of inflation)

3N Vo M2h*

N (4.176)

e~1-—
We have seen that for a certain range of parameters, we can obtain the required number of
e-foldings. The real signature of the model lies in the perturbation spectrum and the scale

of the spectral indices, which we now address.

Cosmological Signatures.

The derivation of the various perturbation spectra for this model is presented in the Ap-
pendix, and we refer the reader there to see how the expressions arise [76, 106]. We will
simply quote the important results in the following section. The main equations we need
to calculate the perturbation spectra are (A.13) and (A.15) respectively. In terms of our
standard notation employed in the rest of this section these translate into the following
conditions when we substitute for the velocity equation in the Hamilton-Jacobi formalism,

and re-insert the factors of the reduced Planck mass

H2
2 ~J _—
As 871'2M36C8 ’
H 2
A%~ 8< ) . (4.177)
r 21 M,

The slow-rolling inflation generally predicts very low non-gaussianity since at leading order
the quantum fluctuations are generated by free fields in the dS background. However in the
DBI inflation, much larger non-gaussianity can be generated since the causality constraint
in the kinetic term introduces non-linear interactions among different momentum modes of
the scalar field [94, 95]. Recently it was shown that in the equilateral triangle limit, the

leading-order contribution to the non-linearity parameter is given by

35 (1 5 (1
fNL_m<C_§_1>_ﬁ<C—§—1—2A>, (4.178)
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where, using the definitions in the appendix,

X?%p xx +2X% xxx

A
Xpx +2X?%p xx

(4.179)

It can be shown that the second term on the right-hand side of (4.178) vanishes in the
large N case, as it does in the single brane case. Therefore we have the usual non-gaussian

parameter
fyr ~ 0.3292. (4.180)

This once again emphasizes the similarity between the N = 1 and the N >> 1 descriptions.
Current measurements indicate a rather weak bound on the level of non-gaussianities fyr <
100, however the upcoming Planck mission aims to increase the sensitivity to probe down

to regions where fyr < 5 and will therefore provide a robust test of these predictions.

We will now discuss the expected level of perturbations in each of the two cases we have

discussed so far.

e Ads backgrounds. Using the formulae derived in the appendix we find that the

scalar amplitude at leading order becomes

4
A Vo <MS> . (4.181)

5~ 1275 g, 16€ M,
Now using the WMAP normalisation for the non-gaussianities we must ensure that
v < 10v/3, which in turn fixes € through the (weak) constraint that r < 0.5. Therefore
we see that at horizon crossing we must ensure that

109M

M

e< % MKNV, < (4.182)
is satisfied where we assume that the string coupling is roughly 10~2. This essentially
means that the slow roll parameter must be less than one half. Using this constraint

to fix the scalar amplitude we find the following condition needs to be satisfied

M 4
N ) <1078, 4.1
"o <Mp> =10 ( 83)

Clearly this is linear in NV}, therefore requires that the string scale must be low in
order for the WMAP normalisation to hold, assuming that the constant part of the
potential is sub-Planckian. In addition we see that the scalar index can be expanded

as a power series in €, which at leading order becomes

ng ~1—4e —4e'3on, + ... (4.184)
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where we have defined the 'perturbation’

2 2/3
Sng ~ 10°M, : (4.185)
M2/ NVog, MK

Recall that the WMAP bound for this index is given by ns, = 0.987J_r8:8§2. Using the
constraint in (4.182) we find that the dn, term must be bounded from below by unity.

Moreover we see that by constraining e to be smaller - this in fact makes the dns term
larger. Given this, one sees that the scalar index will always be large and negative in

this instance and therefore incompatible with observation.

We also see using the relation

an an
dlnk  dNe

X=5T (4.186)

evaluated at horizon crossing, that both tensor and scalar indices are positive running.

Mass Gap Backgrounds. The form of the Hubble parameter in this instance is
the same as in the AdS case, therefore we expect similar arguments to hold in this
instance. Once again this favours a smaller string scale using (4.183). Assuming
similar constraints on r and vy we see that the only real distinction between the two
cases arises through the spectral indices, since we again have to ensure that (4.182) is

satisfied. Explicit calculation of the scalar index in this case reveals that

H (3H" 2W'
ot (1 B Yy, s
If we restrict ourselves to the case where W ~ 1 then this simplifies down to the
following
IM2V,
s~1—T7e— 2 4.188
" © 7 21N (4.188)

The scalar index will clearly be sensitive to the magnitude of the last term, which we

write as —dng/e, and we see that

1 5v/3
> [1- 2252 )
ong > 500 <1 16 ) (4.189)

using the WMAP normalisation. Clearly for small values of the warp factor we will
see that the dng term will be large, which implies that we cannot obtain the observed
spectrum of scalar perturbations. The only way we can satisfy the experimental data
in this instance is to assume a large warp factor - however this is contrary to all our
assumptions thus far. So we must conclude that this particular model does not agree
with the data.

Conversely in the limit where we take W >> 1 we find a cancellation between dan-

200



4.4. DBI INFLATION IN THE IR.

gerous 1/¢ terms which gives the final result for the scalar tilt
ng ~1—"Te, (4.190)

which can be seen to arise as the limiting case of the W ~ 1 solution. Using the
WMAP bound, this serves to fix a much tighter bound on ¢ at horizon crossing,

which we can interpret as a upper bound on N

V5102 M2h*
N< 2 Tpn

4.191
e (4.191)

and therefore we can satisfy the experimental bounds on inflation. In both cases we

see that the indices are positive definite, as in the Ads models.

Examples of other solutions

Let us consider more general solutions which arise from the master equation (4.150). We
will consider both UV and IR inflationary solutions for generality and then make some

comments about the general signals of inflation in the large N limit.

To distinguish between each solution branch, we note that on the UV side we have large
field inflation. So there will generally be positive contributions to the potential, and the
vacuum energy Vp will be set to zero. In the IR branch, we have Vj # 0 at all times and the
potential will generally be taken to be tachyonic indicating that the branes move away from
the tip of the throat. In the fuzzy sphere picture, the UV side corresponds to a collapsing

sphere, while the IR side corresponds to an expanding sphere.

An interesting solution was analysed in [92] when there is no quadratic term in the
potential i.e V(¢) = Vo—Vié*. Solving the master equation (4.150) for H(¢) and integrating
back to find the time dependence of the inflaton, we obtain the following solutions for the

AdS type backgrounds:
H(¢) ~ Ho+ Hyp'*

1 NWy
¢(t) ~ I m\/ o, (4.192)

where the terms in the Hubble parameter are calculated to be

NT3V, NT; 1 (Wy—1
Ho= | Hy =/ +V, . 4.193
0 sz 3V 2M, \ L* 4 (4.193)

Note that there is a potential sign ambiguity in the definition of Hy. This is because we

can consider either the IR inflation (where we have a minus sign in the potential) or the

UV inflation (where we have a plus sign). In both cases the equation of motion for the
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inflaton is the same. In the IR case this is the early time, small ¢ solution, whereas in the
UV case it corresponds to the late time solution where the fuzzy sphere has collapsed to
almost zero size. In both cases the form of the equation of motion implies that in the small
field limit the inflaton is moving relativistically with large . The number of e-foldings can

be determined as follows:

NWy

N, ~ Hy(t, — ¢
of 0)+16Mp2

(@*(te) — ¢*(t0)) (4.194)

where ty and t. are the times at the beginning and end of inflation, respectively. We must
ensure that ¢y > t., where t; represents the time at which we can no longer trust our

approximations.

Let us now reconsider the mass gap solution. Since the throat is finite and the warp
factor is actually constant for small values of ¢, there is no reason why the field is moving
rapidly near the origin. Let us take a quadratic potential of the form V(¢) = Vy £ Va¢?,
where the positive sign signifies UV type inflation. For small values of the inflaton, we
have the Hubble parameter H(¢) = Hy + Ha¢?, where the coefficients are determined in a
similar way to those in the AdS case. If we assume that the field is small (in both cases),

the general solution can be written as

NT3V; 3H 8NT3Va
Ho~ | Hy~ 20 (1 14 =222 ) 4.195
° 3M2 0 T 8M? < T om ) (4.195)

This solution is valid for the IR inflation. For the UV solution, one only need substitute

a minus sign in front of the V5 term inside the square root. Again this means that for the
IR solution this is the early time evolution, while for the UV solution it is the late time
evolution of the Hubble parameter. In both cases, the solution for the field can be written
as

2
4MpH2(tf—t)

P(t) ~ doe” N, ty >t (4.196)
which means that the field is rolling non-relativistically because Hy and ¢ are both small.

Let us focus initially on the IR solution. If we wish the inflaton to be increasing,
corresponding to the branes moving away from the origin, we are forced to choose the
minus sign in Hs. The other sign is a solution where the field is getting smaller. In the
event that V5 is zero, we find either a solution where the inflaton is at a constant value, or
H, is positive definite and again the field is getting smaller. The former case corresponds
to de-Sitter expansion since we can immediately integrate the solution for the scale factor

Hot  Tn the UV region we must also impose an additional reality constraint

to get a = e
9H§ > 8NT3Vs. If this reality bound is saturated, the field is again rolling towards the
origin. In both cases the evolution of the field is essentially determined by the vacuum

energy V() which sets the overall scale for the Hubble parameter.

202



4.4. DBI INFLATION IN THE IR.

Using the solution to the equation of motion, we can calculate the number of e-foldings
and write is as a function of the field. In the UV case the branes would be near the bottom
of the throat, and so this correspond to late time evolution of the inflaton. As such we

interpret this as the early stage evolution of the IR inflationary model. We obtain

N
M2

N, ~ Hy(te —to) + (¢%(te) — ¢*(to)) , (4.197)
e-foldings in this regime and we must again ensure that ¢, < t;. Since we expect ¢ to be
small over this time period in accordance with our approximation of the Hubble parameter,
the dominant contribution to the number of e-foldings comes from the constant part of the
potential. However since N >> 1 we may well see a sizable contribution to the number of

e-foldings.

Let us consider what happens in more generality, although we will assume that the
Hubble parameter is generically of the form shown in (4.157). Focusing our attention on

the power spectra, we find that the amplitudes are given by

2H?
2 _
AT = T (4.198)
H?2 arta? \Y?
AL = —/[1+—2L2 | |
82 M2e N2W2hATy
4M4Hl2 -1/2
ro= 16e (14— :
N2W2hATy

where we have included r as the ratio of the tensor/curvature amplitudes. Recall that each
of these is to be evaluated at horizon crossing if we wish to normalise them to the WMAP
data. Note that € is expected to be small at horizon crossing. We can repeat the same
analysis as before and consider limits of the term in parenthesis. (i) In the first case when

we consider relativistic motion, the scalar amplitude and ratio reduce to

A2 H2 ’H/’
s Am2e NWh2\/T5
8NWh2\/T;
= V) (4.199)
M2|H]

If we satisfy the condition that r < 0.24 then we find from the scalar amplitude, saturating
the bound, that 8H? ~ 10_9M5 or more concretely that

—1w0 (M !
NV(¢) ~ 10 (ﬁ’) (4.200)

assuming that the string coupling is around 1072. This will be extremely difficult to satisfy

under the assumption of large N, and also vacuum energy dominance, unless we are willing
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to postulate a low string scale

(ii) If we consider the non-relativistic limit, we find the solutions

H2 2M2Hl2
A2~ 1+ P +...],
82 M2e N2W2hATy
M2H/2
p

The first expression implies that ¢ >> H? at horizon crossing, which can be satisfied
provided that the energy density of the inflaton is vanishingly small. In fact if this condition
is met, the ratio will simultaneously be satisfied. A quick calculation shows that if we
demand r < 0.24 (i.e using the strongest possible WMAP bound), then the energy density
must satisfy £ < 10_7M1§7 which is very small in Planck units.

Using the fact that fy; < 100 we can obtain a bound on N for our theory. For an

arbitrary warp factor we see that

2
T i (31,) .

- 299 Wh2 \ M,

To an order of magnitude approximation the numerical factor is O(1). Now for mass gap
backgrounds we may generally expect W ~ 1 or W >> 1 and h is a small constant which
forces N to be large. This will be further enhanced by a smaller string scale unless the
derivative of the Hubble parameter is vanishingly small. For the AdS scenarios we have
competition between the W and h? terms in the denominator - so we would expect N to

be set explicitly by the choice of background fluxes and the string scale.

The general form for the scalar spectral index can be calculated to give

H
ng—1 = —2 <2 — ﬁA> (4.203)
_ H'(P+1) (WP =12y 1) W 2 2 2
A = omE T2 o (WEH*=1)+(W? = 1)(1 - 29%))

for an arbitrary warp factor. In principle the backreaction effects will appear through a
redefinition of the harmonic function, and so this expression should be valid for all theories
satisfying our assumptions. This equation simplifies once we assume relativistic motion, i.e

v>>1
H" 2(W?-1) N n'
2H' W Wh

For AdS type solutions the fuzzy potential is constant, however we can see that the limiting

(W —2(W? -1)). (4.204)
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solutions are

Hl/ h/
A~ osmty Wl
H// 1 h/

Clearly in our simplest case analyzed in the previous section we see that for W >> 1 the
second term will be identically zero thus cancelling out any dangerous 1/¢ dependence. For
the mass gap solution we find similar expressions to those presented above except that the
I’ terms will be zero - at least to leading order. Unless the backreaction dramatically alters
the solution, we should expect inflation to favour the W >> 1 regime, in which case the
scalar index is essentially only a function of the potential and its derivatives - the overall

scale being set by the ¢ term.

In general we expect the number of e-foldings to be enhanced by factors of N thus
making the universe generically very flat. However the factors of N tend to increase the
level of scalar and tensor perturbations, making it difficult to satisfy observational bounds
without imposing restrictive fine tuning. Very recently it was shown that this model is in
fact the only DBI inflation model which gives testable predictions for the gravitational wave
spectrum [109]. The other models have almost vanishingly small tensor fluctuations, well

below the proposed sensitivity of Plank.

4.4.2 Inflation at finite N

In this section, we investigate cosmic inflation due to a small number of coincident branes.
We begin with some general remarks about the finite NV formalism before specialising to
two simple cases, namely N = 2 and N = 3. In these cases the action is highly non-linear
and gives an expression for the speed of sound and the inflationary parameters in certain

regions of the phase space. They are very different from those in the single brane models.

General remarks and motivations

We will now switch to the finite NV formulation of the non-Abelian Myers action, using the
prescription for the symmetrized trace as given in [53]. We believe this prescription to be
correct, however a concrete proof remains an outstanding problem. In most models of brane
inflation, the bulk fluxes are tuned so that only a single brane is left after the brane-flux
annihilation process [93]. In the context of the landscape, this is a very special case and the
general expectation is that there remain several residual branes which will tend to coincide
to minimise their energy in a warped throat. In the first part of this section we looked at
the large N limit, which has many problems due to the large back-reactive effects on the

geometry although it is a more general solution than the single brane cases. In the remainder
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of the section we will look at the solution when there are a handful of residual branes at
the tip of a warped throat. This means that we can effectively neglect back-reactive effects
as in the single brane models, while still retaining the enhanced non-Abelian world-volume

Symmetry.

Let us rewrite the expressions for the energy and pressure of the coincident branes in a

more suitable manner for a finite IV analysis:

E = T3STr | A’ i (=X R)FYP(aia’)*HP(1 — 2k) (%) <£> +V —ht

k,p=0 p
° . o 1/2 1/2
P = —T3STr M}:pxﬁﬁwmwwﬂ<%d<l»+V—# ., (4.206)
k,p=0 p
where we have used the following definitions

_ _ 1/2 I'(3/2)
X =X\h Y = 4X*R'%h —=) = 4.207
’ ’ m r'3/2—m)I'(m+1)’ ( )

and the fact that the scalar potential is a singlet under the trace. We employ the sym-

metrization procedure in [53]. The basic formulas we need are then once again

o (n+1)/2
STr[(a’a’)™] = 2@2m+1) Y (2i—1)"
=1
n/2
= 2@2m+1)> (2)™ (4.208)
i=1

The first line corresponds to odd n = N — 1, and the second line to even n. Note that we
move from working with the N-dimensional representation to the spin representation with
n = 2J. It is important to consider what we mean by a physical radius in this context. We

use the definition

STr(atat)ymt!

2 _ \2p27:
— A2R%Lim,, .o v
" RLim < STr(adal)m

) = M R?p?, (4.209)
which implies that the Lagrangian will converge for velocities from 0 to 1, and moreover
that the radius of this convergence will be unity. This definition is consistent with what we

know about the solution in the large N limit.

To illustrate the additional complexity arising from the finite N solution, let us calculate

the speed of sound in two examples using (4.139). For N = 2, we find

(1 — XR?)(3+4Y — XR?]2+4 3Y])

C3(N=2) = :
3+Y(4— XR?)

, (4.210)
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where R? = r2/A\2. This is obviously far more complicated than the large N expression
which is C2 = 1 — XR?. For N = 3, we obtain

(1 —4XR?)(3 +16Y — 8X R?[1 + 6Y))

C?(N =3) = :
5 ) 3+16Y (1 — XR?)

: (4.211)

where now R? = 72/(4A?). Note that in both cases, we recover the usual result that C? = 1

when the velocity of the branes is zero.

4.4.3 Two brane inflation.

In this subsection, we consider inflation driven by two coincident branes moving in the
warped throat. This gives rise to a U(2) symmetry on the world-volume. The relevant

expressions for the energy and pressure can be calculated using (4.206) and (4.208):

4 o 52
B, — om, h*(1+2Y X;/R)+V_h4
VI+Y(1 - XR2)3/2

4142 — XR2[2 +3Y
P, = _op (MOF RR2HSY]) oy
VI+YV1-— XR2

(4.212)

Note that in order to keep the energy finite, we should impose the constraint <;52 < RT3,
This also ensures that the contribution coming from the DBI part of the action will be

non-negative, as can be seen from the first term in the numerator of the energy equation.

In general it is difficult to get solutions due to the complicated form of the energy density.
So let us make the approximation that the inflaton is rolling ultra relativistically. We can

define the relativistic factor 4 much as we did in the large N solution by v = (1—- X RZ)_l/ 2,

We now write the energy and pressure as functions of v, and then take the large v limit.

By utilising the conservation equation and dropping all acceleration terms, we can find the
solution

M2H'
V) - — (4.213)
T3(14Y)h?

where H' is the derivative of the Hubble parameter with respect to ¢. The sign in (4.213)

corresponds to the two choices (b = +/T3h? + ... in the expansion of the velocity qﬁ about

its saturation value. The — sign is for the choice qﬁ > 0 while the + sign for qﬁ < 0. Note

that in order to have v > 0, we must demand that H' < 0 for ¢ > 0 and H' > 0 for ¢ < 0.

The choice of sign here is vital to obtaining the correct solution branch for inflation.

We can rewrite the speed of sound as a function of v and Y as follows:

02

S

2
:%<7 (1+Y)+2+3Y>7 (4214

~y 3NV1+Y)+Y
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which shows the finite IV corrections to the equation in this limit. Without recourse to a
specific background, we can make the following observation: If we consider limiting solutions
for Y, i.e that it is either >> 1 or << 1, all Y dependence drops out of the expression
and the equation reduces to C? ~ 1/(372). The sound speed is thus only a third of that in
the large IV limit. This appears to be the attractor point for the velocity with this action
regardless of background choice. In this case we find (4.179) is given by

XR%(5+46Y — XY R?)

= . — . (4.215)
2(1 — XR?)(3+4Y — XY R?)
In the v > 1 case, the non-linearity parameter is
fnr ~ 0.247% (4.216)

which is a little smaller than the large N (and single brane) solution and effectively means
that we can satisfy the observational bounds whilst considering larger velocities than in the

single brane scenario.

The corresponding Friedmann equation in this case becomes

Es
H? = = 4.217
3117 (4217)
where we are using the energy as defined in (4.212). Substitute our expression for v into

this equation, we find that the Hamilton Jacobi equation for N = 2 (in the large « limit)

becomes -
2173 h*M?>H'
H*(¢) ~ —= | V(¢) — h* 7 — 22— 4.218

for an arbitrary flux induced potential. At this stage we could either specify the form of the
Hubble parameter and then consider how this modifies the potential, or we could specify
the form of the potential and then solve for H. We use this latter approach as this appears

to be more within the spirit of the Hamilton-Jacobi formalism we have employed thus far.

Inflation in AdS type backgrounds

Let us first consider a solution where the potential is dominated by a constant, V' ~ Vj. Let
us also assume that the background is approximately AdS. In the small field limit, we expect
the h* term is negligible compared to the remaining terms. So as a first approximation we
ignore its contribution. Solving this differential equation, with an appropriate constant of

integration C, we obtain

5 273V, o [ | 3Vy L? ~
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Since H' < 0, we have assumed ¢ > 0 in obtaining this solution. In the limit of very
small ¢, we can approximate the solution by H? ~ 2T3V;/ (3M5), which is of the same
functional form as in the large N case. However this expression is not consistent with our
approximation that v >> 1 since the ratio H’/¢? is approximately zero for vanishingly
small values of ¢. Therefore we must be careful to choose a regime of validity where this
solution is valid. Careful inspection shows that the function v3 has a turning point in the

small field limit, with a maximal value given by

5 256 M

Vinax ~ , (4.220)
9 PPVTFY

where Y is constant in the AdS background, and the value of the field at this point is given
by ¢ = ¢max ~ L2\/6V0/(4Mp). Thus to consider inflation in this region, we need some

‘extreme fine tuning’ to set up the initial value of the field.

Rather than proceeding this way, we make a Taylor series expansion of the Hubble
parameter for small ¢ but without dropping the h* term in (4.218). This means we must

include quartic terms in the expansion of the Hubble parameter and so we need
4
H(g)~ > Hid', (4.221)
i=0
We will also keep quartic terms in the inflationary potential for consistency, V(¢) ~ Vo —

Vag? /2 — Vit /4+. ... Equating the various coefficients, we find that the linear term in the

Hubble parameter actually vanishes, leaving us with the residual terms

[2T3Vj
Hy = 4.222
0 3M13 ) ( )

13V
Hy = -
? 6M2H,’
2T Hy
Hy = S22
3L2Hy
o = — ! (VaL*Ty"? 4 a1y — 1202 H L2 Ty 4 6MELY T3 )
12M2 L Ho /T g g

We find that the constant piece of the potential dominates the Hubble parameter when the
field is vanishingly small. The sign of the last term is potentially ambiguous which can lead
to interesting cosmological behaviour. It turns out that the Hubble term is extremised at
the usual ¢ = 0 solution (which is a local maximum), and there exists a non-trivial solution

given by

1
Pmin = YA <—3H3 + \/ 9H2 — 32H2H4> : (4.223)

where we must require the term inside the square root to be non-negative. We can rewrite
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this reality constraint as
Hy S SHALA
Hy = T3

We now find the possibility of a ’cosmic turnaround’ because Hs will be negative definite

(4.224)

for those regions of phase space where Hy is also negative. If we concentrate on regions of ¢
near the origin, H’ < 0 so we necessarily have (b > 0 in order for v > 0 in our approximation
(4.213). Of course, we have implicitly assumed that the field is monotonic so we cannot say

anything about the reality of such a bounce solution within the current framework.

It is easy to solve the equation of motion in this limit for relativistic motion. As in the
case of a single brane, and for the large N solution, we obtain the following term for the

inflaton equation of motion

N Po
1 — dovV/Ts(t — to) /L

¢ (4.225)

where again we define ¢q as the field value at time ¢ = ¢, and it can be seen that qﬁ > 0.

To see the implications of this for inflation, we must first determine which are the

relevant parameters in this finite IV formulation. The modified 'fast roll’ parameter in this

¢2 /T3 H'
L2 H?

case can be written as

£~ t (4.226)

where the sign is related to the sign for ¢ and we need to demand that inflation ends when
¢ = 1 as usual. Recall that for small ¢, H' < 0 and we need to choose the minus sign in
this equation (coming from the choice b > 0). Inserting our expression into the Hubble
parameter, we see that ¢ can be expanded in powers of the inflaton. Keeping only the

leading order term (which amounts to dropping O(¢*) contributions), we see that inflation

L2H2 1/3
be ~ <70 ) ) 4.227
AN (4.227)

The corresponding number of e-foldings given by this Hubble parameter is generically a

will end around

power series in ¢. We expect the dominant contribution to arise from the constant piece Hy
as in the standard inflationary scenario. Integrating over the field, we find the expressions

for the inflaton as a function of e-folding number:

-1
@> . (4.228)

~ oo 1
®o ¢<+ I7H,

Inserting this back into the ’fast roll’ parameter (4.226), we find that the dependence on

the number of e-foldings is of the same functional form as in the large IV case:

a2\ V2 —3
£~ 1+N6<L4‘§’2) (4.229)
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For the perturbation amplitudes we can use the general results developed in the appendix.

We find that the gravitational wave amplitude will be constant to leading order, and given
by

s ATV Vo <Ms>4

— ﬁp

~ = 4.230
T 3m2M2  6mdgs ( )

the corresponding expression for the scalar amplitude is given by

Vory M\* 2
2 0 s p
~N— 1 4.231

We choose to re-write this in terms of the tensor amplitude as

5y 1/3
A% ~ 1071y A2 [ 1460 { L4‘j’2 } (4.232)

Now the non-gaussianity condition implies that the bound 1 << 42 << 400 must be

satisfied to comply with observation. The spectral indices for this model at large v are

2H'\/T5¢?
4X5
-1 ~ —— 4+ ..
s 1 160Xs)

where the first line is understood to be evaluated at horizon crossing, and we have written
X9 = (3M5 JL*V3)'/3 as a dimensionless parameter. Note that the tensor index is negative,
but suppressed by the Hubble parameter. Clearly the scalar index is bounded from above
by unity, and so normalising to WMAP data implies that 0 < X5 < 0.05, or more concretely
that

L'V, )
2210t = Mo (4.254)

Using this constraint in (4.232) we see that the term in brackets varies between 1 and 64.
The relationship between the two amplitudes is characterised by the parameter r and so we

recover the anticipated DBI relation
1

T~ 5 (4.235)
The fact that 1 << v < 20 in this model implies that r will generically be small and thus
well within the WMAP confidence bounds. [91] Furthermore this implies that the tensor
amplitude will be smaller in magnitude than the scalar one, something like 10719 for a range
of v. Using the normalisation for the scalar amplitude, namely that it satisfies A% ~ 1079

at horizon crossing, we see that this constrains the potential in terms of the string scale.

For small X5 we find A
\% 3 s
%0(10%) (M > > 1 (4.236)

s M,
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where we are interested in an order of magnitude approximation. Whilst for the maximal
value of Xy we recover the same constraint but with an additional factor of 103 in the
numerator. Clearly both solutions are sensitive to the mass splitting between Planck and
string scales and imply that generic inflation prefers the string scale to be close to the
Planck scale in order not to have super-Planckian scalar potentials. For example if we have
M ~ 1071 M, then the potential constraint becomes O(10* — 10*)Vy > 1. What about the
constraint in (4.234)? Upon substituting for the background parameters we see that this

equation can be written as

5\ M2
y, > 000 M}

> K M (4.237)

which gives us a constraint on the inflaton mass scale.

Inflation in mass gap backgrounds

If we repeat the analysis for the mass gap backgrounds, (assuming that the constant part

of the potential dominates), we find the following solution for the Hubble parameter:

B 2Ty 3(Vo—ht) o+ C
H(p) ==+ 2—]\4202 (Vo — h*) tanh < 202 2 ) (4.238)

where we have used the fact that the warp factor is constant to write the solution as a

function of hA.

Substituting this into the gamma constraint, we must require that the solution is larger
than unity even when ¢ is vanishingly small. We make a Taylor series expansion of the
resultant function, and find that 4* o sech?(F(C)), where the amplitude of the function is
determined by the ratio of the potential and the warp factor. Now the hyperbolic trigono-
metric function is a decreasing function of its argument, which forces us to take the limit

C? << ht /Vo in order for the large velocity expansion to hold.

Let us assume that we can in fact take this limit and consider the implications for

inflation. Calculation of the fast roll parameter € yields the following

—1
£~ g (Cosh2 (—VG(VO_h%> - 1) : (4.239)

M, b2

which is a decreasing function of the inflaton field. Thus after some critical field value ¢., we
will find a solution where inflation never ends. It may appear that this is an artifact due to
the neglect of higher order terms in the potential. However if we consider quartic terms in
V(¢), and also up to the same order in a Taylor expansion of H(¢), we find the same result

that ¢ is a decreasing function of the inflaton. We conclude that in the relativistic limit
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4.4. DBI INFLATION IN THE IR.

that inflation (once started) never ends'® unless we turn on extra effects, such as nonzero
gauge fields. This result is not anything that we expect from the results of the single brane
case, or the large N limit discussed in the previous sections and appears to be a distinctly
finite N effect. Of course, it may well be that standard inflation can occur for moderate

values of v. However this would almost certainly require the use of numerical methods.

Of course the mass gap background will eventually give way to something similar to the
Ads solution, where the harmonic function will have explicit dependence upon the inflaton
field. Therefore we expect inflation to end in this regime. The fact that the mass gap
solution has finite warping means that it will be relatively easy to produce the necessary 60

e-folds of expansion.

Non-relativistic limit

Let us restrict ourselves to the non-relativistic regime in order to see the consequences

for brane inflation 1°.

It would of course be more preferable to obtain an interpolating
solution between these two extremes, however it is analytically challenging and would be
better suited to a numerical analysis. After performing a series expansion of the continuity

equation, we find the following solution for the velocity of the field in the Hamilton-Jacobi

formalism: .

V1+YM:H
= P (4.240)

(3+4Y)
which means that the corresponding Friedmann equation reduces to
3M2H2 h4 Z2 41712

P~ 14+2Y + —L2 | +V(¢) —n* 4.241
o = (1 g | (¢) = 1%, (4.241)

where Zy = (1+Y)/(3+4Y). Let us solve this equation by considering a standard quadratic
potential. There are two solution branches, one of which has an imaginary component of
H. We ignore this solution as it appears unphysical. The other real solution can be

parameterised by a quadratic Hubble parameter with nonzero components given by

213V} 9H, VoM
Hy= 220 Hy=—"2|1+4/1 . 4.242
0T\ 32 2T M2 MR (4.242)

For inflation to occur we must ensure that we take the minus sign in the solution for Hs.

HMTechnically this is no longer true once the branes reach the gluing region. However the effective action
is no longer expected to be a good description of the physics in this region.

'5This has recently been examined in [104].
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4.4. DBI INFLATION IN THE IR.

The speed of sound in this instance reduces to

1502 5Y
C2nl—— (14 .. 4.243
s h4T3(3+4Y)< Tt ) (4.243)

where we can substitute ¢ for derivatives of the Hubble parameter.

The non-relativistic assumption means that we can find inflationary solutions even in
the mass gap backgrounds. Using the definition of the £ parameter we find that the leading
order contribution yields

£ ~ ?PNe (4.244)

at N, e-folds before the end of inflation. We have introduced the dimensionless ratio § =
MZ?HQ /Hy for simplicity. For inflation to occur we must ensure 3 < 0, which implies that
Hy < 0. However the fact that the slow roll parameter is now exponential implies that the
level of scalar perturbations will now be enhanced by this exponential term. Our assumption
is that ¢ is small, so the speed of sound is essentially unity in this instance. It transpires
that the simplest equation to study is the tensor to scalar ratio r, which is now given by
r ~ 16e. If we demand that r < 1/4 to satisfy the more stringent bound, then after some

algebra we find the following constraint

v, > 0%

> e (4.245)

where we have explicitly left in the numerical value. If this bound is not satisfied then we
find Hs to be very small which suppresses the number of e-foldings and sufficient inflation

is generically difficult to achieve.

For Ads type backgrounds we have the following solution for the Hubble parameter

2T, Ho(3 +4Y T3Vo/T+ Y
JEA e L = 3B EAY) [ 3?—+ (4.246)
302 M2V11Y OHZ(3 +4Y)

where we must again take the minus sign for an inflationary solution. Interestingly for

Y << 1 we see that the solution becomes exactly the same as the mass gap one. We
can follow the same procedure and obtain a similar result for the number of e-folds. The

difference is of course due to the constant nature of the factor Y.

(2(5Ne\/1 + Y)
e~exp| ——————

T (4.247)

where ¢ is defined in a similar way to § except that the Hubble parameters are different in

this case.
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4.4. DBI INFLATION IN THE IR.

The observed constraint on the amplitude ratio can now be written as

0.1V 3+4Y
Vy > F(Y) F(Y)= (4.248)
M; Vi+Y

which is slightly different from the mass gap solutions. The function F(Y') acts to increase
the RHS of the expression above, ranging from F(Y) ~ 3 — 4v/Y depending upon our
choice of fluxes. Larger values of Y clearly impose tighter constraints on the parameter V5

and so one would anticipate that smaller values are more preferential.

In both instances we see that in order to satisfy the scalar curvature constraints, we

require the dominant term in the potential to satisfy the following

M 4
Vo<3x10 7 (=2 4.249
s<3x107 (72 (1.219)

which can be combined with the expressions for V5 to yield a constraint purely on that
variable in terms of the Planck and string scales (and also the fluxes for the AdS case). We

have again assumed a string coupling of gs ~ 1072 in the above expression.

4.4.4 Three brane inflation

Let us now move to the case where there are three coincident branes, giving rise to a U(3)

world-volume symmetry. We have the energy and pressure:

401 +4Y[1 + X R2 ht
P+ AV + XR)) g—?’—), (4.250)

E = 9T :
3<\/1+2Y(1—2XR2)3/2 2 2
4 _ 52 4
o _2T3<h (1+4Y —4XR21+3Y]) 3V 3h>'

: +
V1—-2XR2\/1+2Y 2 2

The symmetry breaking induced by a gauge field in this case will be U(3) — SU(3) x U(1).
Let us again consider the large + solution for the fast rolling action. It is convenient to
define

1
N=m—— (4.251)

V1-2XR?

which allows us to write the energy and pressure in (4.250) as explicit functions of .

However the exact solution for the speed of sound can be written as a function of v

(=2 (Y14 8Y) —4(1+6Y)
@_<v2><fﬂ&wm+w >’ (1.252)

which, unlike the other solutions studied so far, allows for the possibility that the sound
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4.4. DBI INFLATION IN THE IR.

speed is zero. This is the case if either of the following critical conditions are satisfied:

4(1 4 6Y)
2 2
Ve or, Ve (1 —|—8Y)

(4.253)
The first condition corresponds to ¢ /h* = T3/4. The second condition is a little more
difficult to deal with due to the potential ¢-dependence of Y. Now we can consider the two
simplifying limits. (i) In the limit where Y — 0, we see that the constraint on the velocity
becomes ¢?/h* = 3T3/8, while (ii) in the converse limit (where Y is dominant), we see
that ¢? /h* = T3/3. All of these conditions are allowed because they satisfy the causality
constraint on the velocity. We know that fluctuation modes exit the horizon at the reduced
scale kCs = aH in these models, so a zero speed of sound tells us that the modes will never
exit the horizon. In order to consider an inflationary epoch, we have to ensure the velocity
is either much smaller than either of the critical bounds (corresponding to non-relativistic
motion), or much higher corresponding to ultra relativistic motion. Thus unlike the case of
N =2, we are lead to selecting a specific velocity range. Even for Y ~ O(1), we find that

C;s rapidly tends towards unity as in normal models of scalar field inflation.

In order to consider inflationary solution, we start with the continuity equation. Taking

the large velocity limit we find the general result

s —(£D)MZH'\/2(1+2Y)
’y =

h2\/T5(1 +6Y) ’

(4.254)

where we have made use of the fact that ¢ = £v/2T5h%+ .. in this limit. The sign ambiguity
here can be resolved by demanding v to be positive. Since we are interested in solutions
where H' < 0, we take the + sign in the definition of the velocity. Substituting our

expression back into the Friedmann equation (4.250) yields the Hamilton-Jacobi equation

M2H? h2M2H' [8
P —V(p)—ht— —L ] — 4.255

which can again be integrated to solve for H once we specify the background potential. The

level of non gaussianities arising from this action can be parameterised by

162 10(1 +8Y) ,
o0 (pp2ETed) 49
v 85(1 +8Y) < T 7 > (4.256)

which clearly has non-trivial dependence on the inflaton field for the mass gap backgrounds
(since Y is constant for the AdS solutions). Let us explore the possible solution space here.

For the AdS case we find that
_ KMy

dam

Y

(4.257)

and so can be small with appropriate tuning of the fluxes and the string coupling. If we

assume Y << 1 then we see that the non-gaussianities are (up to O(Y?) terms - and
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dropping the constant piece)
fyp ~ 03792 + ..., (4.258)

whilst if we assume that Y is large (corresponding to large fluxes) we find the following

fnL ~299° + 0 (%) . (4.259)

The latter condition is much larger than anything encountered before, and severely restricts
the relativistic approximation we have been making. In fact if we have Y ~ O(1) we find
a similar condition. However for small Y we see that the non-gaussianities are roughly the
same as in the previous sections, and would appear to be the more favourable regime for
inflation. This tells us that we require g; << 1/(MK).

Inflation in AdS type backgrounds

It is generically difficult to find inflationary solution for AdS backgrounds. To proceed with
our small ¢, but large gamma solution, we again turn to a Taylor series approach to the
Hubble parameter. Let us take the same form for the expansion as in the last section,
with a similar expression for the inflaton potential. Again we find that there is no linear

dependence in this limit, but the non zero coeflicients can be seen to be

[VoTs

VaT3
AMZH,'
VST5H,

Hy = ——F——,
3L2H,
1

H = ——— (VL4T ATy + SM2Hs L2 /2T 4M2L4H2).
4 SMZLTH, 4 LT3 + 4T3 + 8M; Hs 3+ 4M, 2

The conditions for inflation are basically the same as in the previous section, which is to be
expected since we are assuming that inflation is essentially driven by the constant part of
the Hubble parameter. The slow roll parameter is shifted only slightly by the extra brane
because the velocity in this case is increased by an extra factor of v/2. Solving for the

inflaton at the end of inflation, we find

1/3
Pe ~ <7L2H°2 ) / : (4.261)
V813|Hy|

where we have absorbed the minus sign into the definition of |Hj| to make the solution
manifestly positive. This is only slightly different from that obtained in the N = 2 case.
By integrating the Hubble term, we can invert again the resulting expression to obtain the

inflaton as a function of the number of e-foldings. The result is the same as for N = 2
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except that now the tension is doubled. Finally we obtain ¢ as a function of the number of

a2\ V3 —3
£~ 1+Ne< p) (4.262)

e-foldings

LAV,

which represents only a slight numerical shift with regard to the expression in the previous
section for N = 2. We can once again calculate the relevant signals for this model, and the
analysis proceeds much as in the case of N = 2, except that we are now forced to restrict

ourselves to the 7 >> 1 solution. The tensor amplitude at leading order becomes

Vo [(MN\?
2 0 s
A% pr=py <—Mp> (4.263)

which is a factor of 3/2 larger than the amplitude in the N = 2 case (4.230). Whilst the
scalar amplitude can again be written solely in terms of the tensor amplitude divided by

the parameter r.

The tensor spectral index is relatively suppressed as in the NV = 2 case, however for the

scalar index we find
4X3

—_—— 4.264
14 60X3 ( )

ng —1n~

which is identical in form to the N = 2 solution in (4.233) under the replacement by
X3 = (4M5 /L4V2)1/ 3. The same remarks apply here except the physical constraint is
slightly tighter than before

LAV, )
52101 = Mo (4.265)

Using the small Y constraint in order to suppress the non-gaussianities we can write this

constraint purely in terms of the potential term

gs X 1092

\%
9 >> Ms4

(Y <<1) (4.266)
Let us consider the two limiting solutions, bearing in mind that we expect that the Y >> 1
case will lead to extremely large non-gaussianities. For small Y we see that the sound speed

becomes

i

Cs(Y <<1) ~ v (4.267)

and so if we also assume that 42 >> 4 then we see that this becomes 1/3. This is unlike
all the other DBI models studies so far. Interestingly if we take the limit where Y >> 1 we

also see that it drops out of the analysis

~v2 —28/8

Co(Y >>1) ~ S

(4.268)

and in fact we find that Cs ~ 1 as in standard slow roll models of inflation. Following
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4.4. DBI INFLATION IN THE IR.

the same procedure as in the N = 2 case we can constrain the potential using the scalar
amplitude. We find that the range for V; is

M 4

Vo ~ 01071 —107) <ﬁ”> Y <<1 (4.269)
M 4

Vo ~ 0107 —-1077) (ﬁ”) Y >>1

which once again indicates the sensitivity of inflation to the string scale.

Inflation in mass gap backgrounds.

Let us now restrict our analysis to the mass gap backgrounds. We can again solve the
master equation assuming that the constant part of the potential dominates the solution.
The result is

H(¢) = Tg(x[—olj_}#)tanh (iﬁgT—i_SQ) V' Vo — h4) , (4.270)

which should be valid for small values of the inflaton field, and we have left the mass gap
warp factor as an arbitrary constant. We must ensure that this expression is consistent
with our demand that the « factor is large. This requires us firstly to take the minus sign
in the velocity term, and secondly to examine the behaviour of the function for small values
of the inflaton. Differentiating this function and then performing a Taylor series expansion
of (4.254) for small ¢ yields the constraint (valid up to terms of O(¢?))

3¢ [Q 7oA LA
3Q >> {1+Cosh (Mp 2)} <1+4,u4)\2T32 , (4.271)

where we have introduced the simplifying notation Q = Vy/h* — 1. Clearly to satisfy this
condition we must require that the term C arising from the boundary condition be very
small in Planck units. Neglecting the ¢* terms, we can again use a Taylor series expansion,

this time for C ~ 0. At leading order we must satisfy the following condition on the

2 3C?
Q>>§<1+M+...>. (4.272)
p

parameter Q):

However the fact that we require C' to be small has an effect on the amount of inflation we
can have in this fast rolling regime. To see this, let us calculate the fast rolling parameter

€, making use of our near relativistic approximation. A short calculation shows that

3 3(p+C
£~ —50s0h2 <(¢T+p) %) . (4.273)
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For small values of C' and the inflaton field, we see that the real part of this function is
divergent. In fact € is a decreasing function of ¢ which suggests that inflation will only be
possible once the field reaches a critical point given by ¢, ~ % \/gArccsch(\/g) —C, after
which we enter a phase of eternal inflation which will not end within the bounds set by our

theory.

Non-relativistic limits

In this subsection, we examine the non-relativistic motion of the branes and compare with
the results from the previous sections. From the continuity equation and the definition of

the energy momentum tensor, we find the inflaton velocity

2MIH'1+2Y

= 4.274
3(144Y) ( )
Upon substitution of this back into the Friedmann equation, we obtain
3M?2H? h ZsMAH" 3
P~ 144y + —L | + Z(V(¢) — n* 4.275
275 Vv14+2Y Tt 9T3h4 + 2( (¢) ) ( )
where we have introduced another function Zs:
16Y)(1 +2Y
7y = BH16Y)(1 +2V) (4.276)

(1+4Y)2

The above equation (4.275) is difficult to solve analytically for either background. So we

resort to the usual trick of Taylor expanding the Hubble term for a given potential.

Let us consider the mass gap backgrounds. The simplest analytic solutions are obtained
when we keep only terms up to quadratic in the potential and Hubble parameter. It is easy
to see that the coefficient H; is imaginary and so we drop it from the analysis. The results

for the remaining components are

_ T3 4 2
Hy = \/2Mg (3(Vo — h) + 2h2), (4.277)
9Hyh? 4T3
Hy, = 1 1+———1. 4.278
2 8M2 ( AT o (4.278)

The general result for the € equation reduces to

. 8M?Hy¢* /T +2Y
3HZ (1+4Y)

(4.279)

for all backgrounds, where Y is a function of the inflaton for the mass gap solutions. For

small values of ¢ we can expand this and obtain a value for the field at the end of inflation.
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As a result we can write the slow roll parameter as an explicit function of the number of
e-foldings:
88
E ~v eTNE7 (4.280)

where we have used the previous definition of 3. For any inflation to occur we must have

8 < 0 — Hy < 0 therefore we must again choose the minus sign in the expression above.

Following the same line of reasoning as in the N = 2 case we see that the constraint on

the potential contributions can be written as follows

1073V}
M

vy > (4.281)
where we have neglected higher order contributions in h%. This is smaller than the constraint
in the two-brane solution due to the additional 'mass’ coming from the extra brane. The
inflaton is effectively weighted by this contribution thus making it roll more slowly. Of
course this analysis is only valid for small velocities, which is more problematic in this
instance as there are zeros for the speed of sound function which destroys any hope of

obtaining an inflationary solution.

We can also obtain a simple analytic solution if the constant parts of the potential and

the Hubble parameter are the dominant contribution. In this case we find

T3 2h?
Hy=,/-— (Vo —h*+ — 4.282
0 M2 ( 0 + 3 >, ( )
where the warp factor contribution is subdominant. This implies that the velocity of the

inflaton will be zero from the Hamilton-Jacobi expression.

As for the AdS type backgrounds, we again cannot obtain simple analytic solutions
when we keep quartic terms in the Friedmann equation. So again we restrict our analysis
to the purely quadratic pieces. As in the other cases, the linear term in H must vanish for

consistency and so the physical solutions are

13T5Vy

Hyv/1+2Y 6215V
Hy % 15, 14+ —222 . (4.284)
4Z3M; H3\/1+42Y
The inflation in this limit is parameterised by the slow roll term
46N 1+ 2Y
e mexp [ 2ReVIEEY ) (4.285)
3(1+4Y)

where we have reintroduced the parameter § as in the N = 2 section. The validity of the
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expression is determined by the background fluxes manifest in the Y terms.

Again we find a similar bound on V5 as in the two-brane case, namely

1071V,
M

Vo > F(Y) (4.286)

where the function F(Y') now ranges between F(Y) =1 — 2v/2Y.

In both cases we see that in order to satisfy the observed scalar curvature bound, we

require

M 4
Vo<1x1077 <ﬁp> (4.287)

which can again be used to constrain the maximal value of V5. Once again we see that the

inflationary scale is sensitive to the magnitude of the string scale.

4.5 Discussion

In this chapter we have investigated three different inflationary scenarios within a string
theory context. The first was based upon the Geometrical Tachyon arising from the N.S5-
ring background. In this case we found a suitable inflationary phase was possible when we
considered dynamics in the ring plane (and inside the ring), with sufficiently small metric
perturbations. The effective potential also has a resolvable minimum in this instance which
leads to the possibility of a reheating phase as in standard field theory models of inflation.
We also studied the theory in the direction transverse to the ring, and found that the
general solution was a never ending period of inflation. However our analysis was only valid
as a leading order approximation. A more general analysis would show that the scalar field
would be damped and therefore could be used as an initial phase of inflation. Moreover this
suggested a phase of double expansion, whereby we consider an initial inflationary phase
arising from motion transverse to the ring. As the field gets damped it comes to rest at
the origin before quantum effects force the field to condense in another direction leading to

another phase of accelerated expansion.

In the second model we developed a hybrid inflation scenario using the Geometrical
Tachyon coupled to an open string tachyon field. The results in this case showed that
inflation with appropriately small tensor perturbations was indeed possible. However recent
work has suggested that the level of non-gaussian fluctuations generated near the end of

inflation may be slightly too high.

Despite the attractive simplicity of both scenarios there remain several difficulties.
Firstly there are certainly o/ corrections which become important as the inflaton field nears
its global vacuum. There is also the issue of the toroidal compactification and moduli sta-

bilisation, as this was put in by some ad hoc mechanism. In addition there is also the issue
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about transmitting the massive (emitted) closed string sector to the Standard Model sector.

The final model was multiple brane DBI inflation in the IR end of a warped throat. This
is the more phenomenologically viable model of the three, but significantly more complicated
due to the non-Abelian nature of the effective action. We studied the large N limit, and
found many similarities between this and the N = 1 case, however the physically relevant
observables in this case are all weighted by factors of IV, making it difficult to normalise
them to the experimental data without a great deal of fine tuning. We then investigated
two further cases where N = 2 and N = 3, which are more under control from a closed
string perspective. However due to the non-linear nature of the action functionals we were
only able to look at two limiting regimes, namely non-relativistic and highly relativistic

motion. A more detailed analysis of these two cases would be welcome.

The results obtained here are surprisingly different from the usual IR models [93]. We
saw that inflation was possible in the large N limit, and furthermore predicts relatively
large levels of tensor perturbations [109]. For the N = 2 case we saw that inflation never
ends in the mass gap backgrounds, however for AdS type solutions we require the string
scale to be close to the Planck scale. The level of non-gaussian fluctuations in this case is
smaller than those associated with the single brane models. The final case of three-brane
inflation led to larger non-gaussian fluctuations. Furthermore inflation in the AdS solution
appears to be extremely sensitive to the flux parameters, preferring small fluxes. As before

we found that inflation in the mass gap backgrounds was never ending.

Despite the difficulties, this remains a robust inflationary proposal. The single brane
models require additional fine tuning of the background fluxes, before inflation even occurs.
Moreover once inflation ends in these models, much of the released energy will go into
reheating the U(1) gauge bosons in the inflationary throat, and not into reheating the
Standard Model degrees of freedom in another throat. Our model doesn’t have this problem,
since it is a worldvolume theory, thus the universe lives on the moving stack of branes and
therefore energy loss during reheating is no longer a problem. Of course to make the model
more realistic we must include more branes so that the gauge group becomes large enough
to contain the Standard Model. We must also ensure that there are intersections at angles
between some of these branes in order to generate chiral fermions. These are certainly

problems that need to be addressed in the future.
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CHAPTER 5
CONCLUSIONS

We have studied three different aspects of D-brane dynamics in this thesis. Firstly we
investgated the dynamics of a Dp-brane in a fivebrane background through the tachyon-
radion correspondance. At its simplest level, the correspondance allows us to map the
gravitational problem to that of a condensing open string mode in flat space. However as
emphasised by Sen [27] this mapping may shed new light on the condensation of the open

string tachyon, in particular the tachyonic vacuum.

It would be interesting to develop this duality further by mapping to a complex Geo-
metrical Tachyon field. In fact this may be possible using the tools developed in Section
2.5, whereby we combine the open string tachyon with the Geometrical Tachyon. Alterna-
tively we may be able to construct a purely geometrical, but complex solution. This would
be useful for obtaining a better understanding of coincident D-D systems, which generally
admit complex open string tachyons. The geometrical origin of such a construction would
shed new light on the vacuum state which is currently only really understood from the CFT

description.

The dynamics of a brane in this background are also relevant for a discussion of the
string - black hole transition [32]. The ring solution can be exactly described in terms of
a SU(2)/U(1) x SL(2,R)/U(1) coset [20], which allows for the construction of the hairpin
brane [21] in this instance. It would also be possible to use the CFT to calculate the emission
rate of the closed string modes, and thus allow us to learn more about the decay of the
Dp-brane [30] in addition to the possible scattering of branes whose trajectory takes them
into the ring. Finally we point out that the work in this section involved an approximation
of the full harmonic function for this solution [20], and it would be useful to extend the

work to the exact case.

In Chapter three we investigated the dynamics of multiple branes in various supergravity
backgrounds. We interpreted this as the collapse or expansion of the fuzzy sphere in these
geometries. The equations of motion in general are difficult to solve, and so we made
various approximations of resorted to numerical solutions. In all cases, bar the D6 — D0
solution, the fuzzy spheres collapse toward zero size. Using the fact that the equations of
motion can be mapped to curves on Riemannian surfaces of varying genus, we suspect that
there is a relationship between brane dynamics and algebraic geometry. It was noticeable
that for the solutions in flat space [51], and those which corresponded to supersymmetric

configurations [23], the underlying geometrical structure was of low genus - and typically
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solvable. Understanding this in more detail would shed more light on non-commutative

geometries in curved space.

We also considered more general background metrics, and included the effects of U(1)
gauge fields. Again the solutions indicate that the fuzzy sphere will always collapse, but
with the time of collapse dependent upon the strength of the U(1) field. The large-small
dualities that can be seen in flat space [51] are no-longer present in curved backgrounds,
although parts of the dualities continue to exist. We then proceeded to construct both
the macroscopic and microscopic models of the Blon spike on a D3-brane in an arbitrary
background, using the gravitational Myers effect [55]. This proved to be easiest to solve in

the N.S5-brane background, but we found interesting behaviour in all cases.

In the final part of the chapter we investigated the tension spectrum for (p, ¢)-strings in
the Warped Deformed Conifold [70]. This is highly relevant from a cosmological perspective,
since the bound state gives us information about the tension of cosmic superstrings and thus
opens up the possibility of experimental verification of string theory. It is also relevant from
the gauge theory perspective because the dual field theory to the Warped Deformed Conifold
is a confining SU(M) theory, and therefore F-strings in this background are confining
strings between quark-antiquark pairs [73]. This may lead to new insights into QCD type
gauge theories. In particular the tension spectrum appears to be of a similar form to that
proposed by Douglas and Shenkar [74], and is therefore inconsistent with the Casimir scaling
hypothesis [73]. Recently it has also been proposed that the microscopic (p, ¢)-bound state

may have relevance in the context of open string attractors [107].

There are many further things to investigate along these lines. Firstly our initial analysis
neglected the NS two-form, and also higher order RR fields. Both should be included if
we are to fully understand the dynamics of fuzzy spheres in general backgrounds. We also
restricted the analysis to fuzzy even spheres, since they are simpler to deal with. It would
be useful to consider the fuzzy odd spheres aswell [54], since this could be relevant for
cosmology or black hole physics. It is also important to understand how the action behaves
when one considers finite brane corrections. Recall that everything in the first sections of
this chapter were only valid in the large IV limit. There has been a recent proposal for the
action of the symmetrized trace [53](for the case of SO(3)), which we utilised explicitly in
section 3.4. A full proof of the validity of this proposal is still required.

The final chapter considered how brane dynamics could be useful for inflationary cos-
mology, with the open string mode playing the role of the inflaton. We presented three
different scenarios along these lines. Firstly Geometrical Tachyon Inflation, then a hybrid

inflation scenario and finally DBI inflation in the IR region of a warped throat.

The first model is a modification of the usual tachyonic inflation scenario, but with
a cosine potential similar to those arising in discussions of natural inflation [101]. The

difference between the two is that there is no fundamental scale to set the maximum height
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of the Geometrical Tachyon potential. As such we can tune the parameter space of k and R
to obtain a sufficient amount of inflation, with suitable levels of metric perturbations. The
resulting inflaton potential admits a minimum, and therefore classical reheating is possible
[99] provided one imposes additional tuning on the brane trajectory. The scalar mode
emerging from the transverse ring plane leads to an eternally accelerating solution unless
the tension of the brane is sufficiently small, and is therefore better suited to a model of
dark energy [77]. This model can be developed further, especially in the light of the Sen

conjectures [27], and could still be phenomenologically relevant.

The second model used the Geometrical Tachyon to drive an initial (hybrid) inflationary
phase, with the open string tachyon playing the role of the waterfall field.. Again we saw that
with appropriate tuning one could find inflation with small levels of metric perturbations,
although the non-gaussian fluctuations [95] may be too large in this model. It would be
useful to try and embed this model into a more realistic compactification, since the torus
is known not to be phenomenologically favoured [10]. One may also expect that there is a
sigma model description of such a theory, which would shed valuable light onto the coupling
of the Geometrical Tachyon to the open string tachyon. It also opens up the possibility
that there may be a ”landscape” of such geometrical hybrid inflation scenarios, and as such

it is useful to understand them in as much detail as possible.

The final model was a modification of the usual IR inflation [93] scenario, where there
were multiple coincident branes at the tip of a warped throat. This proved to be a gener-
alisation of the DBI inflation scenario [92], sharing many of the features of those models
[94]. Although severe fine tuning is required in order to satisfy the observational data,
this model is phenomenologically robust. In this model the universe is contained on the
worldvolume of the branes, as opposed to living in another throat as in the usual models
[92]. This means that reheating after the end of inflation will be due to open string modes.
As mentioned in Chapter four, the traditional DBI models rely on closed string interactions
to reheat the standard model degrees of freedom but there is a residual U(1) gauge boson
in the inflationary throat which absorbs much of the reheating energy. Thus it is not clear
how much we can learn about the coupling of the inflaton sector to the standard model
in these cases. There remains much work to be done on this model in particular, in order
to make it more phenomenologically viable. Firstly we need to arrange for the branes to
intersect at an angle in order to obtain chiral fermions in the spectrum. We also need to
extend the analysis to include a larger number of branes, in order to have a large enough
gauge group which will include the standard model, whilst still being able to neglect the
backreaction. It is also interesting to explore the relationship with the Randall-Sundrum
model [105], since the gluing region acts as a UV cutoff for the theory. It would also be
useful to consider a fully compactified version of the model using the ideas of flux compact-
ifications [108] in type IIB string theory, and then determine how reheating and particle

creation fit into the overall picture. This is important if we want to relate string theory to
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particle phenomenology.
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APPENDIX A
COSMOLOGICAL PERTURBATIONS.

In this section we explicitly calculate the relevant perturbation amplitudes for the non-
Abelian action The definitions of the parameters in this section differ from those in other
sections in order to simplify the calculations as much as possible - and again we use units
where M, = 1. The action in the general case can is a non-linear function of the inflaton
field and its time derivative, therefore it can be written in the following form - consistent

with the general prescription described in [106]

S = /d4:1:\/—_g [g —I—p(qS,X)} , (A1)

where

p=NT, [f#(w 1= 2h=4(6)T; X /T T O3 (@)at — hh(6) + V(9)| . (A2)

with X = ¢2 /2 and C = A2C’T§ /4. We will explicitly consider the case of large N in this
appendix, however it is straightforward to show that the derived results also apply for the

finite N case. The background equations following from this are

3H>=2Xpx —p=p,

H = _Xp,X7

a—lg(agqiﬁpx)' —ps=0. (A.3)

Note that the energy density p is given here by

W' (9)W (9)
V1 2h ()T X

p=NT; —h' (@) + V()] (A.4)

where the fuzzy potential is

W(¢) = /14 CTh=4(¢)¢". (A.5)
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We consider the following general perturbed metric about a FRW background

ds? = —(1+24)dt? + 2a0;Bdx'dt
+a? [(1 4+ 2¢)0;5 + 20, F + 2h;;] dx'dx? (A.6)

where 9; represents the spatial partial derivative 9/0z° and 9;; = V;V; — (1/3)8;; V2.
Here A, B, ¢ and E denote scalar metric perturbations, whereas h;; represents tensor

perturbations. Defining the so-called comoving perturbation

R=1)— %&;ﬁ, (A7)

the Fourier modes of curvature perturbations satisfy the following expression
2//
V" + <c§k2 - —> v=0, (A.8)
z

where

2 a?$?(p.x +2Xp xx)
z° = 7D ,

b.x pbx
d —_— A9
px  px+2Xpxx (A4.9)

Note that k is a comoving wavenumber and a prime represents a derivative with respect to
a conformal time 7 = [a~'dt. If the variable z has a time-dependence z  |7|?, one has
2"z = ~vg/7% with 75 = q(q — 1). As long as c% is a positive constant or a slowly varying

positive function, the solution for (A.8) is given by

v = —V?T' [cl(k)Hﬁp(cSkyr\) + cz(k)Hﬁ?(CSk\T!)] : (A.10)

where vg = \/vs + 1/4 = |¢ — 1/2|. The coefficients are chosen to be ¢; =0 and ¢ = 1 to

recover positive frequency solutions in a Minkowski vacuum in an asymptotic past.

Defining the spectrum of curvature perturbation as Pr = k3|R|*/272, we obtain

e 7 B () () ()
3—2ug
= A <M> ’ (A.11)

2

The spectral index of the power spectrum is

ng—1=3—2wg=3—/dyg+1, (A.12)
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which means that the scale-invariant spectrum corresponds to vg = 3/2. About the de-
Sitter background with |7| = 1/aH, the amplitude of the curvature perturbation is given
by

1 H2\?2
A ~ <—> ) A.13
5 D,.x¢s \2mw¢ ( )

The tensor perturbations satisfy the same equation as in the case of standard slow-roll

inflation. Taking into account polarization states of tensor modes, The power spectrum is

Pr = 8(%)2 <a;|7|>2 <FF((3V/T2))>2 <k:|27|>3—2w

3—2vp
S <@) , (A.14)

given by

where vr = \/yr + 1/4 with a”/a = yp/7%. Hence about the de-Sitter background the

amplitude of the tensor perturbation is

H

A%~ 8 <%>2 . (A.15)

The spectral index of the power spectrum is

nr=3—-2vr=3—+4dyr+1. (A.16)

The tensor to scalar ratio is

Ap 9P
RN
To study the running of the spectral indices we find it convenient to introduce the following
parameters:
H ) F
- S = . A.18
€1 2 ) €2 H(b ; €3 OHF ( )

where F' = p x + 2Xp xx and €; is the same as the ¢ which we used in the latter part of
Chapter four. If ¢; = 0, we can derive
P (I+e1+e+€3)(2+€x+€3)

Y = . Al
> 720 TR (1 — 61)2 ( 9)

Under the slow-roll approximation |¢;| < 1, we find that the spectral index of the curvature
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perturbation is given by
ng —1=—2(2€ + e +€3). (A.20)
Similarly the spectral index of the tensor perturbation is
ny = —2¢ . (A.21)

By using the background equations we have ¢; = ¢?p x/(2H?). This then shows that the

tensor to scalar ratio (A.17) yields
r = 16e1cg = —8cgny . (A.22)

Again this is the same expression as in the single brane case, and is a distinctive feature of
DBI inflation. The WMAP normalisation we will employ in the latter section of this thesis
is the following [88-91]

AS2 — 10—9
A
ro= “1 <055 (<024 at 0.95 CL)
AS
n, = 09879019
fvr < 100 (A.23)

which may differ slightly from normalisation used elsewhere.

231



References

S. Thomas and J. Ward, JHEP 0502 015, 2005 [hep-th/0411130].
S. Thomas and J. Ward, JHEP 0506 062, 2005 [hep-th/0501192].
S. Thomas and J. Ward, JHEP 0510 098, 2005 [hep-th/0502228].
S. Thomas and J. Ward, JHEP 0610 039, 2006 [hep-th/0508085].

S. Panda, M. Sami, S. Tsujikawa and J. Ward, Phys. Rev. D73 083512, 2006
[hep-th/0601037].

S. Thomas and J. Ward, JHEP 0611 019, 2006 [hep-th/0602071].

B. Gumjudpai, T. Naskar and J. Ward, JCAP 0611 006, 2006 [hep-ph/0603210].
S. Thomas and J. Ward, JHEP 0612 057, 2006 [hep-th/0605099].

S. Thomas and J. Ward [hep-th/0702229).

M. B. Green, J. H Schwarz and E. Witten, Cambridge University Press (1987); C.
V. Johnson, Cambridge University Press (2003); J. Polchinski, Cambridge
University Press (1998); B. Zweibach, Cambridge University Press (2005).

K. S. Stelle [hep-th/9803116].

J. Polchinski, Phys. Rev. Lett. 75, 4724-4727 (1995) [hep-th/9510017]; J. Polchinski,
[hep-th /9611050)].

C. M. Hull and P. K. Townsend, Nucl. Phys. B 438, 109-137 (1995)
[hep-th/9410167]; E. Witten, Nucl. Phys. B 443, 85-126 (1995) [hep-th/9503124].

J. D. Edelstein and R. Portugues, Fortsch. Phys. 54, 525-579 (2006)
[hep-th/060202]; O. Aharony, S. S. Gubser, J. Maldacena, H. Ooguri and Y. Oz,
Phys. Rept. 323, 183-386 (2000) [hep-th/9905111]; J. M. Maldacena, Adv. Theor.
Math. Phys. 2, 231-252 (1998); Int. J. Theor. Phys. 38, 1113-1133 (1999)
[hep-th/9711200]; I. R. Klebanov [hep-th/0009139].

232



REFERENCES

[15]

[16]

[23]

[26]

R. G. Leigh, Mod. Phys. Lett. A4, 2767 (1989); E. S. Fradkin and A. A. Tseytlin,
Phys. Lett. B163, 123 (1985); C. G. Callan, C. Lovelace, C. R. Nappi and S. A.
Yost, Nucl. Phys. B 288, 525 (1987); A. A. Tseytlin, Nucl. Phys. B 469, 51-67
(1996) [hep-th/9602064].

C. G. Callan and J. M. Maldacena, Nucl. Phys.B 513, 198-212 (1998)
[hep-th/9708147]; G. W. Gibbons, Nucl. Phys. 514, 603-639 (1998)
[hep-th/9709027].

M. Born and L. Infeld, Proc. Roy. Soc.A 144, 425 (1934).
J. Madore, Class. Quant. Grav 9, 69-8 (1992).
C. G. Callan, J. A. Harvey and A. E. Strominger [hep-th/9112030].

K. Sfetsos, Fortsch. Phys. 48 199-204, 2000; K. Sfetsos, JHEP 9901 015, 1999
[hep-th/9811167]; K. Sfetsos [hep-th/9812165].

D. Kutasov [hep-th/0405058]; Y. Nakayama, Y. Sugawara, H. Takayanagi, JHEP
0407 020, 2004 [hep-th/0406173]; D. A. Sahakyan, JHEP 0410 008, 2004
[hep-th/0408070]; A. Ghodsi and A. E. Mosaffa, Nucl. Phys. B714 30-40, 2005
[hep-th/0408015]; Y. Nakayama, K. Panigrahi, S-J. Rey and H. Takayanagi, JHEP
0501 052, 2005 [hep-th/0412038]; B. Chen, M. Li and B. Sun, JHEP 0412 057,
2004 [hep-th/0412022]; B. Chen and B. Sun, Phys. Rev. D 72 046005, 2005
[hep-th/0501176]; S. Thomas and J. Ward, JHEP 0506 062, 2005, [hep-th/0501192].

J. Kluson, JHEP 0411 013, 2004 [hep-th/0409298]; J. Kluson, JHEP 0503 032,
2005 [hep-th/0411014]; J. Kluson, JHEP 0503 044, 2005 [hep-th/0501010]; J.
Kluson, JHEP 0503 071, 2005 [hep-th/0502079]; J. Kluson, Phys. Rev. D72 106005,
2005 [hep-th/0504062].

K. L. Panigrahi, Phys. Lett. B601 64-72, 2004 [hep-th/0407134]; C. P. Burgess, P.
Martineau, F. Quevedo and R. Rabadan, JHEP 0306 027, 2003 [hep-th/0303170];
C. P. Burgess, N. E. Grandi, F. Quevedo and R. Rabadan, JHEP 040 067, 2004
[hep-th/0310010]; O. Saremi, L. Kofman and A. W. Peet, Phys. Rev. D 71 126004,
2005 [hep-th/0409092].

D. Bak, S-J. Rey and H-U. Yee, JHEP 0412 008, 2004 [hep-th/0411099];

C. P. Burgess, F. Quevedo, R. Rabadan, G. Tasinato and 1. Zavala, JCAP 0402
008, 204 [hep-th/0310122]; K. Takahashi and K. Ichikawa, Phys. Rev. D69 103506,
2004 [hep-th/0310142]; H. Yavartanoo, Int. J. Mod.Phys A20 7633-7645, 2005
[hep-th/0407079].

D. Kutasov [hep-th/0408073].

233



REFERENCES

[27]

[28]

[29]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

A. Sen, [hep-th/0703157]; J. Kluson and K. L. Panigrahi, [arXiv:0704.3013].

A. Sen, JHEP 0204 048, 2002 [hep-th/0203211]; A. Sen, JHEP 0207 065, 2002
[hep-th/0203265]; A. Sen, Mod. Phys. Lett. A17 1797-1804, 2002 [hep-th/0204143];
G. Gibbons, K. Hashimoto and P. Yi, JHEP 0209 061, 2002 [hep-th/0209034]; A.
Sen, Phys. Rev. D68 106003, 2003 [hep-th/0305011]; A. Sen, Int. J. Mod. Phys.

A 20 5513-5656, 2005 [hep-th/0410103].

A. Sen, Phys. Rev. D68 066008, 2003 [hep-th/0303057]; C. Kim, Y. Kim, O-K
Kwon and C. O. Lee, JHEP 0311 034, 2003 [hep-th/0305092]; C. Kim, Y. Kim and
C. O. Lee, JHEP 0305 020, 2003 [hep-th/0304180]; Ph. Brax, J. Mourad and D. A.
Steer, Phys. Lett. B575 115-125, 2003 [hep-th/0304197]; Ph Brax, J. Mourad and
D. A. Steer [hep-th/0310079].

N. Lambert, H. Liu and J. Maldacena [hep-th/0303139]; T. Harmark and K. G.
Savvidy, Nucl. Phys. B585 567-588 (2000).

A. Sen, JHEP 9910 008, 1999 [hep-th/9909062]; J. Kluson, Phys.Rev. D 62 126003,
2000 [hep-th/0004106]; E. A. Bergshoeff, M de Roo, T. C. de Wit, E. Eyras and S.
Panda, JHEP 0005 009, 2000 [hep-th/0003221]; D. Kutasov and V. Niarchos, Nucl.
Phys. B666 56-70, 2003 [hep-th/0304045].

D. Kutasov [hep-th/0509170]; A. Giveon and D. Kutasov, JHEP 0601, 120 (2006)
[hep-th/0510211].

R. C. Myers, JHEP 9912 022, 1999 [hep-th/9910053]; R. C. Myers, Class. Quant.
Grav. 20 S347-S372, 2003 [hep-th/0303072].

A. A. Tseytlin, Nucl. Phys. B501 41-52, 1997 [hep-th/9701125]; P. Bordalo, L.
Cornalba and R. Schiappa, Nucl. Phys. B710 189-254, 2005 [hep-th/0409017];

A. A. Tseytlin [hep-th/9908105].

D. Brecher, P. Koerber, H. Ling and M. Van Raamsdonk, JHEP 0601, 051 (2006)
[hep-th/0509026]; D. Brecher, K. Furuuchi, H. Ling and M. Van Raamsdonk, JHEP
0406, 020 (2004) [hep-th/0403289], J de Boer and K. Schalm, JHEP 0302, 041
(2003) [hep-th/0108161], P. S. Howe, U. Lindstrom and L. Wulff, JHEP 0702, 070
(2007) [hep-th/0607156].

A. Hashimoto and W. Taylor, Nucl. Phys. B 503, 193-219 (1997) [hep-th/9703217].

T. Banks, W. Fischler, S. H. Shenker and L. Susskind, Phys. Rev. D 55, 5112-5128
(1997) [hep-th/9610043].

M. R. Garousi, Nucl. Phys. B 5384 284-299, 20000 [hep-th/0003122]; M. R. Garousi,
JHEP 0501 029, 2005 [hep-th/0411222]; M. R. Garousi, JHEP 0312 036, 2003
[hep-th/0307197]. M. R. Garousi, Nucl. Phys. B647 117-130, 2002 [hep-th/0209068].

234



REFERENCES

[40]

[52]

[53]

S. Ryang, Phys. Lett. B 513, 163-172 (2001) [hep-th/0103145]; W. Taylor and W.
Van Raamsdonk, Nucl. Phys. B 558, 63-95 (1999) [hep-th/9904095]; W Taylor and
M. Van Raamsdonk, Nucl. Phys. B 573, 703-734 (2000) [hep-th/9910052]; M.
Asano, Int. J. Mod. Phys. A 17, 4733-4748 (2002) [hep-th/0106253].

M. R. Douglas, D. Kabat, P. Pouliot and S. H. Shenker, Nucl. Phys. B 485, 85-127
(1997) [hep-th/9608024].

D. Loh, K. Rodolfa and V. Sahakian [hep-th/0408072];
O. Aharony, Class. Quant. Grav. 17, 929-938 (2000) [hep-th/9911147].

M. R. Douglas, D. Kabat, P. Pouliot and S. H. Shenker, Nucl. Phys. B 485, 85-127
(1997) [hep-th/9608024].

N. R. Constable, R. C. Myers and O. Trafjord, Phys. Rev. D61 106009, 2000
[hep-th/9911136]; N. R. Constable, R. C. Myers and O. Trafjord, JHEP 0106 023,
2001 [hep-th/0102080] ; M. R. Constable and N. D. Lambert, Phys. Rev. D 66,
065016 (2002) [hep-th/0206243]; P. L .H. Cook, R de M. Koch and J. Murugan,
Phys. Rev. D 68, 126007 (2003) [hep-th/0306250]; R. Bhattacharyaa and R. de M.
Koch, JHEP 0510, 036 (2005); R. Bhattacharyaa and J. Douari, JHEP 0512, 012
(2005), J. L. Karczmarek and C. G. Callan Jr, JHEP 0205, 038 (2002)
[hep-th/0111133).

Y. Hyakutake, JHEP 0201, 021 (2002) [hep-th/0112073].
J. Bagger and N. Lambert, Phys. Rev. D 75, 045020 (2006) [hep-th/0611108].
T. Yoneya, Prog. Theor. Phys. 103, 1081-1125 (2000) [hep-th/0004074].

W. H. Huang [hep-th/0507248]; D. Kastor and J. Traschen, Phys. Rev. D 61,
024034 (2000) [hep-th/9906237]; G. W. Gibbons, Class. Quant. Grav. 16, 1471-1477
(1999) [hep-th/9803203]; D. K. Park, S. Tamaryan and H. J. W. Muller-Kirsten,
Phys. Lett. B 563, 224-230 (2003) [hep-th/0302145].

S. Ramgoolam, B. J. Spence and S. Thomas, Nucl. Phys. B 703, 236-276 (2004)
[hep-th /0405256

C. Papageorgakis and S. Ramgoolam, Nucl. Phys. B731 45-84, 2005
[hep-th/0504157].

P. Ho and S. Ramgoolam, Nucl. Phys. B 627, 266-288 (2002) [hep-th/0111278].

S. McNamara, C. Papageorgakis, S. Ramgoolam and B. Spence, JHEP 0605, 060
(2006) [hep-th/0512145].

235



REFERENCES

[54]

[67]

[68]

[69]

C. Papageorgakis and S. Ramgoolam, Int. J. Mod. Phys. A 21, 6055-6086 (2006)
lhep-th /0603239)].

J. de Boer, E. Gimon, K. Schalm and J. Wijnhout, Annals. Phys. 313 402-424, 2004
[hep-th/0212250]; Y. Hyakutake, Phys. Rev. D71 046007, 2005 [hep-th/0401026].

B. A. Bernevig, J. Brody, L. Susskind and N. Toumbas, JHEP 0102, 003 (2001)
[hep-th /0010105).

J. McGreevy, L. Susskind and N. Toumbas, JHEP 0006, 008 (2000)
[hep-th /0003075].

N. Seiberg and E. Witten, JHEP 9909, 032 (1999) [hep-th/9908142].

T. Maki and K. Shiraishi, Class. Quant. Grav. 10, 2171 (1993); K. Shiraishi, Nucl.
Phys. B 402, 2171 (1993).

H. Dorn, M. Salizzano and A. Torrielli, Phys. Rev. D 73, 026006 (2006)
hep-th /0508071].

P. Candelas and X. C. de la Ossa, Nucl. Phys. B 342, 242-268 (1990).

J. P. Gauntlett, D. Martelli, J. Sparks and D.Waldram, Adv. Theor. Math. Phys 8,
711 (2004) [hep-th/0403002]; M. Cvetic, H. Lu, D. N. Page and C. N. Pope, Phys.
Rev. Lett. 95, 071101 (2005) [hep-th/0504225]; M. Cvetic, H. Lu, D. N. Age and C.
N. Pope [hep-th/0505223]; D. Martelli and J. Sparks, Commun. Math. Phys. 262,
51 (2006) [hep-th/0411238].

I. R. Klebanov and M. J. Strassler, JHEP 0008, 052 (2001) [hep-th/0007191]; C. P.
Herzog, I. R. Klebanov and P. Ouyang [hep-th/0108101].

J. M. Maldacena and C. Nunez, Int. J. Mod. Phys. A 16, 822 (2001)
[hep-th/0007018].

C. Bachas, M. R. Douglas and C. Schweigert, JHEP 05, 048 (2000)
[hep-th /0003037).

E. J. Copeland, R. C. Myers and J. Polchinski, JHEP 0406, 013 (2004)
[hep-th/0312067]; I. Cho, Y. Kim and B. Kyae, JHEP 0604, 012 (2006)
[hep-th/0510218]; M. Majumdar [hep-th/0512062]; J. Polchinski, JHEP 0609, 082
(2002) [hep-th/0510033].

M. Sakkellariadou [hep-th/0602276].

E. Witten, Nucl. Phys. B 460, 335-350 (1996) [hep-th/9510135]; M. R. Douglas
lhep-th /9512077

J. H. Schwarz, Phys. Lett. B 360, 13-18 (1995) [hep-th/9508143).

236



REFERENCES

[70]

[71]

H. Firouzjahi, L. Leblond and S. H. Henry-Tye, JHEP, 0605, 047 (2006)
[hep-th /0603161].

T. Kim, Y. Kim, B. Hyae and J. Lee, [hep-th/0612285]; G. Go, A. Ishida and Y.
Kim [hep-th/0703144].

H. Firouzjahi, JHEP 0612, 031 (2006) [hep-th/0610130]; D. Rodriguez-Gomez and
J.Ward in preparation.

C. P. Herzog and I. R. Klebanov, Phys. Lett. B 526, 388-392 (2002),
[hep-th/0111078]; S. A. Hartnoll and R. Portugues, Phys. Rev. D 70, 066007 (2004)
hep-th/0405214]; S. Gubser, C. P. Herzog and I. R. Klebanov, JHEP 09, 036 (2004)
hep-th/0405282]; A. Armoni and M. Shifman, Nucl. Phy. B671, 67-94 (2003)
hep-th/0307020]; J. J. Blanco-Pillado and A. Iglesias, JHEP 0508, 040 (2005)
hep-th /0504068].

—_— — o —

M. R: Douglas and S. H. Shenker, Nucl. Phys. B 447, 271 (1995) [hep-th/9503163].

A. H. Chamseddine and M. S. Volkov, Phys. Rev. Lett. 79, 3343-3346 (1997)
[hep-th/9707176]; A. H. Chamseddine and M. S. Volkov, Phys. Rev. D 57,
6242-6254 (1998) [hep-th/9711181].

S. M. Carroll [hep-th/0011110]; F. Quevedo, Class. Quant. Grav 19 5721-5779, 2002
[hep-th/0210292]; U. H. Danielsson, Class. Quant. Grav 22 S1-S40, 2005
[hep-th/0409274]; A. Linde, J. Phys. Conf. Ser 24 151-160, 2005 [hep-th/0503195];
D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999); A.R. Liddle and D. H. Lyth,
Cambridge University Press (2000).

E. J. Copeland, M. Sami and S. Tsujikawa, Int. J. Mod. Phys. D 15, 1731-1936
(2006) [hep-th/0603057].

T. J. Battefeld and S. Watson, Rev. Mod. Phys. 78, 435-454 (2006)
[hep-th/0510022].

J. P. Conlon and F. Quevedo, JHEP 0601, 146 (2006) [hep-th/0509012]; J. J.
Blanco-Pillado, C. P. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh,
A. Linde and F: Quevedo, JHEP 0609, 002 (2006) [hep-th/0603129]; J. R. Bond, L.
Kofman, S. Prokushkin and P. M. Vaudrevange [hep-th/061217].

G. W. Gibbons, Phys. Lett. B 537 1-4, (2002) [hep-th/0204008]; G. W. Gibbons,
Class. Quant. Grav 20 S321-S346, (2003) [hep-th/0301117]; X-z Li, D-j Liu and J-g
Hao, J. Shanghai Normal Univ (Natural Sciences), Vol. 33(4) 29, (2004)
[hep-th/0207146]; L. Kofman and A. Linde, JHEP 0207 004, (2002)
[hep-th/0205121]; A. Frolov, L. Kofman and A. Starobinsky, Phys. Lett. B 545
8-16, (2002) [hep-th/0204187]; J. Raeymaekers, JHEP 0410 057, (2004)

237



REFERENCES

[87]

[38]

[hep-th/0406195]; M. Fairbairn and M. H. G. Tytgat, Phys. Lett. B 546 1-7, (2002)
[hep-th/0204070]; G. Shiu and I. Wasserman, Phys. Lett. B 541 6-15, (2002)

[hep-th/0205003]; D. Choudhury, D. Ghoshal, D. P. Jatkar and S. Panda, Phys.
Lett. B 544 231-238, (2002) [hep-th/0204204]; M. C. Bento, O. Bertolami and A. A.
Sen, Phys. Rev. D 67 063511, (2003) [hep-th/0208124]; Y-Song Piao, R-Gen Cai, X.
Yang and Y-Zhong Zhang, Phys. Rev. D 66 121301, (2002) [hep-ph/0207143]; A.
Mazumdar, S. Panda and A. Perez-Lorenzana, Nucl. Phys. B 614, 101-116 (2001)
[hep-ph/010058]; A. Feinstein, Phys. Rev. D 66 063511, (2002) [hep-th/020414]; M.
Sami, Mod. Phys. Lett A 18 691, (2003) [hep-th/0205146].

J. M. Cline, H. Firouzjahi and P. Martineau, JHEP 0211 041, (2002)
[hep-th /0207156].

M. Sami, P. Chingangbam and T. Qureshi, Phys. Rev. D 66 043530, (2002)
[hep-th/0205179]; M. R. Garousi, M. Sami and S. Tsujikawa, Phys. Rev. D 70
043536, (2005) [hep-th/0402075], P. Chingangbam and T. Qureshi, Int. J. Mod.
Phys. A 20 6083, (2005) [hep-th/0409015], M. R. Garousi, M. Sami and S.
Tsujikawa, Phys. Lett. B 606 1, (2005) [hep-th/0405012].

S. Panda, M. Sami and S. Tsujikawa, Phys. Rev. D 73, 023515 (2005)
[hep-th/0510112].

E. Gava, K. S. Narain and M. H. Sarmadi, Nucl. Phys. B 504, 214 (1997).

M. Gutperle and A. Strominger, JHEP 0204 018, 2002 [hep-th/0202210]; J. E.
Wang, JHEP 0210 037, 2002 [hep-th/0207089).

N. Jones, H. Stoica and S-H. Henry Tye, JHEP 0207 051, 2002 [hep-th/0203163];
G. Dvali and S. H.Henry-Tye, Phys. Lett. B 450 72-82, 1999 [hep-ph/9812483; G.
Dvali, Q. Shafi and S. Solganik [hep-th/0105203]; J. M. Cline and H. Stoica, Phys.
Rev. D 72, 126004 (2005) [hep-th/0508029]; S. Kachru, R. Kallosh, A. Linde, J.
Maldacena, L. McAllister and S. P. Trivedi, JCAP 0310, 013 (2003)
[hep-th/0308055]; D. Baumann, A. Dymarsky, I. R. Klebanov, J. Maldacena, L.
McAllister and A. Murugan, JHEP 0611, 031 (2006) [hep-th/0607050]; C. P.
Burgess, J. M. Cline, K. Dasgupta and H. Firouzjahi [hep-th/0610320].

N. Barnaby and J. M. Cline, Phys. Rev. D 70 023506, 2004 [hep-th/0403223]; N.

Barnaby, C. P. Burgess and J. M. Cline, JCAP 0504 007, 2005 [hep-th/0412040]; C.
P. Burgess, M. Majumdar, D. Nolte, F. Quedevo, G. Rajesh and R. J. Zhang, JHEP

0107 047, 2001 [hep-th/0105204]; C. P. Burgess, P. Martineau, F. Quevedo, G.
Rajesh and R. J. Zhang, JHEP 0203 052, 2002 [hep-th/0111025].

M. Tegmark et al, Phys. Rev. D 69 103501, 2004 [astro-ph/0310723]; K. Abazajian
et al, Astron. J. 128 502-512, 2004 [astro-ph/0403325].

238



REFERENCES

[89]

[90]

[91]

[92]

[93]

[94]

[98]

W. J. Percival et al, Mon. Not. Roy. Astron. Soc. 327 1297, 2001 [astro-ph/0105252];
S. Cole et al, Mon. Not. Roy. Astron. Soc. 362 505-534, 2005 [astro-ph/0501174]

S. Perlmutter et al, Astrophys. J. 517 565-586, 1999 [astro-ph/9812133]; A. G. Riess
et al, Astron. J. 116 1009-1038, 1998 [astro-ph/9805201]; A. G. Riess et al
[astro-ph/9810291].

D. N. Spergel et al [astro-ph/0603448]; H. Peiris and R. Easther, JCAP 0610, 017
(2006).

E. Silverstein and D. Tong, Phys. Rev. D 70, 103505 (2004) [hep-th/0310221]; M.
Alishahiha, E. Silverstein and D. Tong, Phys. Rev. D 70, 123505 (2004)
[hep-th/0404084]; M. A. Ganjali, JHEP 0509, 004 (2005) [hep-th/0509032].

X. Chen, Phys. Rev. D 71, 063506 (2005) [hep-th/0408084]; X. Chen, JHEP 0508,
045 (2005) [hep-th/0501184].

S. Kecskemeti, J. Maiden, G. Shiu and B. Underwood, JHEP 0609, 076 (2006)
[hep-th/0605189]; S. E. Shandera and S. H. Henry Tye, JCAP 0605, 007 (2006)
[hep-th/0601009]; S. H. Henry Tye [hep-th/0610221]; R. Bean, S. E. Shandera, S. H.
Henry Tye and J. Xu [hep-th/0702107]; G. Shiu and B. Underwood, Phys. Rev.
Lett. 98, 051301 (2007) [hep-th/0610151]; X. Chen, M-x Huang, S. Kachru and G.
Shiu, JCAP 0701, 002 (2007) [hep-th/0605045]; D. Baumann and L. McAllister
[hep-th /0610285).

M-x. Huang and G. Shiu, Phys. Rev. D 74, 121301 (2006) |[hep-th/0610235]; D.
Seery and J. E. Lidsey, JCAP 0701, 008 (2007) [astro-ph/0611034]; J. E. Lidsey and
D. Seery, Phys. Rev. D 75, 943595 (2007).

O. DeWolfe, S. Kachru and H. Verlinde, JHEP 0405, 017 (2004) [hep-th/0403123];
S. Kachru, J. Pearson and H. Verlinde, JHEP 0206, 021 (2002) [hep-th/0112197].

A. R. Liddle, A. Mazumdar and F. E. Schunk, Phys. Rev. D 58, 061301 (1998)
[astro-ph/9804177]; K. A. Malik and D. Wands, Phys. Rev. D 59, 123501 (1999)
[astro-ph/9812204]; P. Kanti and K. A. Olive, Phys. Rev. D 60, 043502 (1999)
[hep-ph/9903524]; E. J. Copeland, A. Mazumdar and N. J. Nunes, Phys. Rev. D 60,
083506 (1999) [astro-ph/9904309]; J. Hartong, A. Ploegh, T: Van Riet and W. B.
Wastra, Class. Quant. Grav. 23, 4593-4614 (2006) [gr-qc/0602077].

S. Dimopolous, S. Kachru, J. McGreevy and J. Wacker [hep-th/0507205]; R. Easther
and L. McAllister, JCAP 0605, 018 (2006) [hep-th/0512102]; S. A. Kim and A. R.
Liddle, Phys. Rev. D 74, 023513 (2006) [astro-ph/0605604]; Y. Piao, Phys. Rev. D
74, 047302 (2006) [gr-qc/0606034].

239



REFERENCES

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

109

D. Chialva, G: Shiu and B. Underwood, JHEP 0601, 011 (2006) [hep-th/0508229];
X. Chen and S. H. Henry-Tye, JCAP 0606, 011 (2006) [hep-th/0602136]; B. A.
Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys 78, 537-589 (2006)
[astro-ph/0507632].

G. N. Felder et al, Phys. Rev. Lett. 87, 011601 (2001) [hep-ph/0012142]; G. N.
Felder, L. Kofman and A. D. Linde, Phys. Rev. D 64, 123517 (2001)
[hep-th /0106179).

K. Freese and W. H. Kinney, Phys. Rev. D 70, 083512 (2004) [hep-ph/0404012]; F.
Adams, J. R. Bond, K. Freese, J. Frieman and A. Olinto, Phys. Rev. D47, 426-455
(1993) [hep-ph/9207245].

A. Kehagias and E. Kiritsis, JHEP 9911, 022 (1999) [hep-th/9910174]; S. Kachru
and L. McAllister. JHEP 0303, 018 (2003) [hep-th/0205209]; D. Easson, R.
Gregory, G. Tasinato and 1. Zavala [hep-th/0701252].

E. Papantonopoulos, I. Pappa and V. Zamarias, JHEP 0605, 038 (2006)
lhep-th/0601152].

M. Spalinski [hep-th/0702118].

L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370-3373 (1999)
[hep-ph/9905221]; L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690-4693
(1999) [hep-th/9906064].

J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219-225 (1999)
[hep-th/9904176]; J. Hwang and H. Noh, Phys. Rev. D 66, 084009 (2002)
[hep-th/0206100]; J. Hwang and H. Noh, Phys. Rev. D 71, 063536 (2005)
[gr-qc/0412126].

J. Raeymaekers [hep-th/0702142].

S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003)
[hep-th/0301240]; S. B. Giddings, S. Kachru and J. Polchinski, Phys. Rev. D 66,
106006 (2002) [hep-th/0105097]; M. R. Douglas and S. Kachru [hep-th/0610102]; M.
Grana, Phys. Rept. 423, 91-158 (2006) [hep-th/0509003].

J. E. Lidsey and I. Huston [0705.0240].

240



