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ABSTRACT

It is believed that fundamental M-theory in the low-energy limit can be described
effectively by D=11 supergravity.

Extending our understanding of the different classical brane solutions in M-theory
(or string theory) is important, and so there is a lot of interest in finding D=11
M-brane solutions such that after reduction to ten dimensions, they (or some com-
binations of them) reduce simply to the supersymmetric BPS saturated p-brane
solutions.

In this thesis, we study and construct M2 and Mb5-branes solutions in D=11
supergravity. The M-brane solutions are constructed by lifting a D-brane to a four
or higher dimensional geometry embedded in M-theory and then placing M-brane
solutions in the background geometry.

We present new analytic M2 and M5-brane solutions in M-theory based on trans-
verse Gibbons-Hawking and Bianchi spaces. These solutions provide realizations of
fully localized type ITA D2/D6 and NS5/D6 brane intersections. One novel feature
of these solutions is that the metric functions depend on more than two transverse
coordinates, unlike all the other previous known solutions. Moreover since the met-
ric functions in the Gibbons-Hawking geometries depends on more than one physical
parameters, their embedding into M-theory yield new M-brane solutions with the
M-brane metric functions depend on both compact and non-compact coordinates.

We show that all new solutions have eight preserved supersymmetries. Upon
reduction to 10 dimensions, we find that the world-volume theories of the NS5-branes
decouple from the bulk for these solutions.
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CHAPTER 1

INTRODUCTION

One of the interesting and attractive problems in physics is that of understand-
ing how to make sense of a quantum theory of gravity. According to our present
knowledge, the best possible candidate for a quantum theory of gravity is superstring
theory, which seems to exhibit good perturbative behavior (a brief history of string
theory is provided in Appendix A).

In superstring theory, all the fundamental particles in particle physics and all
known forces in nature are realizations of different states of the most fundamental
object, that is, a one-dimensional string. However it has been known for some time
that there are at least five distinct consistent superstring theories. It seemed that
they simply exist with some dual relations between them although there was no
known theory that explained why different superstring theories could have dual rela-
tions between them. In this regard, it is very difficult to determine which particular
string theory describes our real world.

Recent developments in non-perturbative string theory starting with the discov-
ery of various extended objects in superstring theories (D-branes) have begun to cast
light on this question. It has become clear that these extended objects play impor-
tant roles in the strong coupling dynamics of superstrings and in Membrane theory
(M-theory). Superstring theories, when viewed in the strong coupling limit, are not
just theories of strings but instead contain many extended objects (branes) as light
degrees of freedom. The existence of these objects turns out to be the origin of the
dual relations between different superstring theories. M-theory as it is called now
is an 11-dimensional quantum theory of the many extended objects which produce
all the superstring theories around their perturbative vacua. M-theory is an under-
lying theory in physics which tries to incorporate the five superstring theories. The
theory was originally proposed by Edward Witten in 1995 and accoring to Witten’s
statment M can stand for magic, mystery, or membrane [1]. The compactification of
the theory on an n-dimensional torus 7" results a matrix theory. The matrix theory
in turn is an ordinary quantum field theory in n + 1 space-time dimensions.

Fundamental M-theory in the low-energy limit can be described effectively by
11D supergravity, underscoring the importance of understanding different classical
brane solutions in M-theory. Extending our understanding of the different classical
brane solutions in M-theory is very important because after reduction to 10D, these
solutions yield supersymmetric solutions describing a large class of supersymmetric
p-brane solutions and so there is a lot of interest in finding 11D M-brane solutions.



Some supersymmetric solutions of two or three orthogonally intersecting 2-branes
and H-branes in M-theory were obtained some years ago and more such solutions
have since been found.

Localized intersecting solutions, in which one brane’s world-volume is completely
inside another brane’s world-volume, are very hard to find. These localized inter-
secting solutions have the important property that the solutions are not restricted to
be in the near core regions of the branes in the system. Recently new localized inter-
secting solution was constructed by lifting a specific D-brane to self-dual geometries
embedded in M-theory and then placing the different M-branes (M2 and M5) in the
self-dual background geometries. Localized intersecting solutions are very interesting
because the solutions are not restricted to be in the near core region of the branes.

In this work I have worked toward constructing new M-brane solutions and fully
localized intersecting D-brane solutions in type IIA string theory. Specifically in the
construction of new M-brane solutions, we start with the general Lagrangian from
which the equations of 11D supergravity can be derived. In order to construct a
solution to these equations that can be successfully reduced to 10D type ITA string
theory, we assume a bosonic ground state, i.e. the vacuum expectation value of any
fermion field should be zero. In this case, we have two sets of coupled equations of
motion for the 11D metric tensor and four-form field strength. We use ansatze for
the M-brane metrics which the metric functions depend on transverse coordinates
to the brane. The eight (or five) dimensional transverse space that is not part of
the M2 (M5) brane world-volume could be any combination of some low dimen-
sional spaces. After finding the solutions for the metric functions, we use the well
known Kaluza-Klein compactification method to get the different fields of the 10D
type IIA supergravity: two Ramond-Ramond one-form and three-form fields, three
Neveu-Schwarz/Neveu-Schwarz dilatons, an antisymmetric two- form and the 10D
metric. Moreover, we explicitly check out that these fields satisfy properly the 10D
supergravity equations.

Similar to M2 brane solutions, we can construct M5 brane solutions with self-
dual geometries lifted to M-theory. Since in the 11D metric, the M5 brane itself
only takes up five of the 10 spatial coordinates, we can embed a variety of different
geometries. These include combinations of Bianchi space with itself, Taub-NUT and
EH spaces. After compactification on a circle, we find the different fields of type IIA
string theory which describe new completely localized intersecting NS5/D6 systems.
Then I apply T-duality transformations on type ITA solutions and find type I1B
NS5/D5 intersecting brane solutions. Finally, we consider the decoupling limit of
new solutions and find evidence that in the limit of vanishing string coupling, the
theory on the world-volume of the NS5-brane is a new little string theory. In fact
the little string theory is a non-gravitational and non-local theory in six spacetime
dimensions and similar to the string theories, the little string theories exhibit T-
duality. The outline of this work is as follows.

Chapter 2 contains a summary of bosonic and superstring theories. This chapter
is divided into three parts. In the first part, the actions of bosonic stings including
closed and open strings, are introduced. The other features of bosonic string theory
such as the equations of motion together with the solutions, the symmetries of the



action, and the bosonic string spectrum are reviewed. Moreover we introduce the
effective action of bosonic strings while the strings are coupled to an antisymmetric
tensor and a scalar field. In the second part, we consider superstring theory which
includes fermions, bosons and supersymmetry transformations. In addition we re-
view type ITA and IIB superstring theories in details. In the last part of chapter 2 we
present the concept of compactification and we relate this concept to T-duality. Ad-
ditionally by using the Lagrangian multiplier method, we show how the background
fields in two different string theories are related under the T-duality transformation.

In Chapter 3, we recall gravitational instantons. Our main motivation in this
chapter is to use the gravitational instantons in the transverse space of M2 and
Mb-branes solutions. These spaces also can be used to study intersecting brane
configurations. In this chapter, first we briefly discuss instantons in Yang-Mills the-
ory and then we introduce various gravitational instantons such as Bianchi models,
Taub-NUT spaces and Gibbons-Hawking spaces (GH). These are four-dimensional
Riemannian manifolds with Euclidean signatures which satisfy the vacuum Einstein
equations and (anti) self-duality relation. Specially we give more details about
Bianchi models and the related Lie algebra with three generators. Finally at the
end of this chapter, we introduce two topological invariants known as the Euler
characteristic and the Hirzebruch signature which are used in the classification of
gravitational instantons.

We give an almost full description of D=11 supergravity in Chapter 4. In
section 4.1 we start from the Poincare algebra and extend it to the super Poincare
algebra, including central charges. The central charges commute with all elements
in the algebra. In D=11 supergravity the central charges are related to two extended
objects called M2 and Mb5-branes. Furthermore, we finish this section by reviewing
the massless states in the super Poincare algebra, the field contents in D=11 and
BPS (Bogomolnyi-Prasad-Sommerfield) states. These are states which have equal
mass and charge.

To achieve the relation between the M-theory and superstring theory we should
go from M-theory in D=11 to superstring theory in D=10 by cutting down one of
spatial coordinates in D=11. In this method, the massless sector of lower dimension
theory is considered to be independent of reduced coordinate. For the first time,
this method was used to include both the D=4 gravity and electrodynamics in the
content of pure D=5 gravity. In section 4.2 we discuss the dimensional reduction
method and the Kaluza-Klein theory in details.

In section 4.3 we give the main highlights in D=11 supergravity. In this work
no contribution comes from the gravitino therefore the spinor field is set to zero.
We recall the eleven dimensional Lagrangian which contains the graviton, gravitino
and gauge field. We skip the details of the calculation and give the components of
the metric and other generated fields in D=10, in terms of the metric components
in D=11, after dimensional reduction over a circle. We obtain the equations of
motion for the metric and gauge field and also we give the equation of motion for
the gravitino. We will use these equations later in chapter 5.

We give a brief introduction to membranes in section 4.3.4. Furthermore we start
from the Killing equation and use the equation of motion for the gauge field to derive

3



the M2-brane solution. The solution satisfies Laplace equation in transverse space
and preserve half of the original supersymmetries. The membranes are dynamical
object carrying charge and mass. We use ADM (Richard Arnowitt, Stanley Deser
and Charles W. Misner) formalism to derive mass and charge separately for M2
and Mb-branes. In the rest of this section we discuss different configurations of
intersecting M-branes and D-branes.

In Chapter 5, we present new solutions in D=11 supergravity. Gibbons-Hawking
spaces and Bianchi space are two candidates to be in our embedded M-brane solu-
tions. In section 5.1, we obtain new analytical solutions for the M2-brane functions
in the Bianchi space. In this case the eight dimensional transverse space is divided
into two parts. In the first part we use a four-dimensional flat metric and in the
second part, the Bianchi space can be embedded.

In section 5.2, we consider the multi Gibbons-Hawking spaces (especially two-
center and three-center) in the transverse space. As we mentioned earlier, satisfying
the transverse Laplacian is the main requirement for embedding a four-dimensional
metric in transverse space. In both M2 or Mb5-bare solutions, satisfying the Laplace
equation leads to a lower dimensional Laplacian. Therefore in section 5.2, we solve
the new Laplace equation and derive new metric functions.

In section 5.3 and 5.4, we study the embedding of four-dimensional multi (and
explicitly double)-center Gibbons-Hawking spaces in M-theory and find analytical
exact solutions for the M2-brane functions. These spaces are characterized with some
NUT charges. We then discuss embedding products of Gibbons-Hawking metrics in
M2-brane solutions. All of the solutions preserve some of the supersymmetry. In
addition we give the D-brane solutions and the field contents in type IIA and IIB
supergravities D=10. In section 5.5, similar to M2-brane solutions we present the
Mb5-brane solutions.

We discuss briefly in section 5.6, the field equations of supergravity. There are
three equations of motion in D=11 which can be extracted from the Lagrangian. We
only use the equations of motion for the gauge field and metric (we ignore spinors).
Any membrane solutions (M2 or M5) must satisfy the equations of motion, and the
Laplacian operator in the transverse space. Thus in section 5.6, by assuming the
new solutions fulfill the transverse Laplacian, we show that they also satisfy the
equations of motion. Furthermore we check the preservation of supersymmetry for
the new solutions by solving Killing equation.

In section 5.7, we consider the decoupling limit of our solutions and find evidence
that in the limit of vanishing string coupling, the theory on the world-volume of the
NS5-branes is a new little string theory. Moreover, we apply T-duality transforma-
tions on type IIA solutions and find type IIB NS5/D5 intersecting brane solutions
and discuss the decoupling limit of the solutions.

In Chapter 6, we wrap up by some concluding remarks and future possible
research directions. Finally we provide some technical details such as differential
forms, Buschers rules for T-duality, Clifford algebra and the Heun-C functions related
to the main text in the appendixes.



CHAPTER 2

STRING THEORY

String theory which is sometimes called the theory of everything (TOE) is one
theoretical candidate for quantum theory of gravity, although so far, no experimental
justification for the theory has been observed. The fundamental objects in this theory
are not point objects. Instead, they are treated as one dimensional objects or strings
(open or closed strings) (figure 2.1). The first part of this section is devoted to the
bosonic string theory that includes only bosonic fields. In the second part we are
going to introduce a realistic theory which contains both fermions and bosons, called

superstring theory.

Figure 2.1: Fundamental objects in string theory assumed to be extended
objects called open or closed strings.

2.1 Bosonic string theory

To start up, we consider the action of a free relativistic particle in D-dimensional
target space.

Sz—mc/ds-—mc/\/m— mc/F 2.1)

where p and v = 0 . - 1. As we mentioned before, the strings are extended
objects, therefore by mod1fy1ng the free particle action in two steps, we can easily
obtain an action which describes free bosonic strings. In the first step let us consider
a small element of our string called dm = pds where ds, dm, and p are the differential
length, the mass, and the linear density of element respectively. In the second step
the velocity of the differential element must be replaced by the transverse velocity.
By applying these two conditions the string action becomes [2]

l UQ
- 02// 1— L ds dt, (2.2)
0 C



where v7 is the transverse velocity and is defined as follows

. 0% 0T 97.0F
o= 8 (2909 (2.3)

As it can be seen from (2.2) the action depends on two variables ¢ and s. In gen-
eral by assuming t = t(7,0), £ = Z(1,0) as functions of worldsheet coordinates
7 and o, and considering this as the representation of any point in target space
by X = (ct(1,0),Z(t(1,0),0)), the Lorentz invariant form of the action (known as
Nambu-Goto action) can easily be derived. We adopt a flat metric 7, for the target
space and set

X = X(er,y(1,0)), (2.4a)
y(t,0) = Z(t(r,0),0). (2.4b)

Now we find the derivatives of ¢ and X with respect to 7 and o, as shown below

oy orot 91 Y

- ~otor a2 (2.58)
o oFor oF  0F 0y 2o
do  0tdoc B0 G0 B0  2or (2.5b)
So %—f and %—f are given by
o0X ot oF ot ., 0
= ~Cara) X =G G (262)
, OX ot 0y p a0t 07,
X —%—(0%78—0) — X7 =—c (8_0) +(8—0)- (2.6b)

Writing the covariant form of the string action needs a manipulation of the transverse
velocity (2.3). We write (77)” as

o 0F%  0F 0%
(Ur)” = (E> - (E'%) (2.7a)

or > 0r 0x 7 do ?
=G — (G50 (D))

where £ = |%Z| We plug (2.5), (2.6) , and (2.7) into (2.2) to get the Nambu-Goto
action. However the simplest way to derive the action is to use the static gauge (in
this gauge we assume ¢t = 7) defined by

X = (ct, Z(t,0)). (2.8)

(2.7b)

In this gauge the relative quantities are

or : or

- .
X_(C’_at) — X c +(at) (2.9a)
X:m%)aXWﬂ%% (2.9b)

or or

/ _

X' X = P (2.9¢)



Plugging (2.9a), (2.9b) and (2.9¢) into (2.7) give

(Ur)* = X2+ — (X' X)Z(Z—Z)Q, (2.10)

and

B _ X4 (X KRy

_ (o CX(G) + (X X)) (2.11)
ds c2 ’
do ,(=X2X"? 4+ (X' X)?)

- <£) c? '

Using the string action (2.2) and (2.11), we get the Nambu-Goto action

T T2(0) - ;
o= _I/ [ xe - xext (2.12)
Cc Jo 71 (o)

where d?c = dodr , and T = pc?> is the string tension.

There is no convenient way to quantize the theory based on the Nambu-Goto action
due to presence of square root. Hence we need to introduce an equivalent action called
Polyakov action (or string sigma model action) that does not have the complicated
square root. This action contains an intrinsic metric defined on the worldsheet,
shown by hag(7,0) and also the derivative of X* which are taken with respect to
the coordinates on the worldsheet (7 or 0)[2, 3, 4]

5= [V 0. 0X, do, (2.13)

where T is the string tension, h = det(hga), X* are the coordinates of string in the
target space, and a,b = 0,1 (figure 2.2).

Figure 2.2: The evolution of a closed string in target space.

Three symmetry groups (or in other words gauge freedom) of the Polyakov action
are



e Poincare transformation.
Xt =A XY+ at

e Reparameterization of the worldsheet coordinates.
og=20(o,7)
7="7(0,7)

e Weyl transformation.
hab — eqb(aﬂ—)hab

Some properties of the Polyakov action are

e The trace of the energy-momentum tensor is zero.

Using the Weyl transformation and 7% = —%ﬁ% one can show that the

trace of the energy-momentum tensor h®T,;, for a bosonic string is equal to
zero. We notice this be true in general, in the quantum theory of the string.
Considering the definition of 7% and the Weyl transformation we have

6S
_ 2
68 = / d*o 5hab5h“b’ (2.14a)
Shap = hap0, (2.14D)
68 = / dQJ(—gx/—h)T“bhab5¢ —T% =0. (2.14c)

e The components of the energy-momentum tensor are zero.

To show this we derive the equation of motion for h,, by taking the varia-
tion of (2.13)
_T

08 = 5

[5(\/—h)hab +VoROR®| 0,X70,X, dPo . (2.15)

One can easily show that
6h = —hhadh™,
which implies that

oV —h = —%\/—hhabéh“b. (2.16)

Substituting (2.16) in (2.15) gives the equation of motion for h,, as follows

1 C
0 XXy = Shaph 9. X 704X, (2.17)
Now we are ready to obtain Ty,
2 1 4S8
Lo = = 2 o
N (2.18)

1
=0, X0 X, — §habh0dacX78dX,y,



and using (2.17) results
Ty, = 0. (2.19)

e Consistency with the Nambu-Goto action.

To see this we use (2.17) which gives us the desired result

—det(9, X790, X.) = 1\/—hh0d80X’78dX . 2.20
8 2 Y

The metric on worldsheet has three independent components, say hiy, hoo, and his,
however the number of independent components can be reduced to one by using repa-
rameterization invariance. By applying Weyl transformation, the remaining compo-
nent can be gauged away and as a result the metric becomes a flat worldsheet metric

shown by
-1 0
hab:( 0 1>,h:|hab|:—1,

which simplifies the string action (2.13) to

T/ — X*)d (2.21)

We write now the equation of motion derived from (2.12) and (2.21). Using Nambu-
Goto action (2.12) the equation of motion becomes

d (X - X)X — X*PXH L9 (X - X)XH— X2X""

=0, (2.22)
or \/(X-X’)Q—XQX’Q 80\/(X-X’)2—X2X’2
which does not have a simple form whereas by employing (2.21) this equation takes
the following form
X PEXH
_ =0,
or? do?
which is an ordinary wave equation. The string is either open with loose ends moving
in spacetime or a closed string and so there are two different boundary conditions

(2.23)

e Closed string (periodic condition).

X*(,0) = X*(r,m) (2.24)

e Open string.
0XH(r,0)  O0XH(7,m)

Oo n Jo

Remembering that the components of momentum can be written as

—0 (2.25)

oXH oXH
h— T T
Fs oo  Fr or '’

(2.26)



(2.25) and P* indicate that no momentum can flow off the ends of string.
The solution to(2.23) for a closed string is made of two parts called left and right
movers which is given by

X = Xh(right mover) + X7 (left mover), (2.27)
where

1 1 1 K .

Xp = 5.:5” + §lzp"(7 —0)+ §lsi Z a—me_z’m(T_"), (2.28)

m#0€Z
1 1 1 ok -
B = -2 i “m —2im(T+0)
Xp =o'+ 5L (r+ o)+ 2l5Zm§€Z e . (2.29)

The general solution to (2.23) for an open string is given by

H )
Xt =k + Pphr + i Z Fm o —imr cos(mo), (2.30)
m
m#0 €Z

where

" = center of mass position,

pt = total momentum,

ls = characteristic length,

(Trl2=1)

abt ot = vibration modes.
We skip the quantization of bosonic string theory. However we mention that the
quantization of bosonic string theory as well as consistency require the spacetime
to be 26 dimensional (D=26). Moreover different kinds of particles with different
mass and spin are introduced by various oscillation modes of string. The predicted
fundamental-particles according to this theory are given in table (2.1)

Table 2.1: Bosonic string spectrum

String Excited and Ground states Particle
Open
ground - |0; k> A tachyon
aly |0 k> A massless vector boson
a', |0; k> and ai_laj_ 1 10; k> A single massive spin-two particle
Closed
ground - |0; k> A tachyon
|Cij > = ozi_ldj_ 1 105 k> A massless spin-two particle or graviton

(the symmetric part of [(¥>)
A massless scalar or dilaton
(the trace of &;; [¢%>)

An antisymmetric tensor
(the antisymmetric part of |¢¥/>)

10



2.2 Strings in curved target spaces

In a given string theory, for instance type ITA, the low energy dynamics of the theory
is described by the effective action. In the low-energy limit the energies are lower
than the energy scale myg (string mass) and o/ — 0. In other words the string length
vanishes and the theory of particles is recovered. In this limit the massless modes
are considered and their dynamics are described by the related massless fields. In
practice, in order to obtain the effective action for the massless modes, we calculate
string amplitudes. Then we find that the effective field theory which has an expansion
in powers of o/. Since we assume o' — 0, the lower terms of the expansion are
considered.

So far we assumed that the strings propagate in a flat-target space (Minkowski
space) 1,3. We continue our study about strings by assuming that the target space
admit an arbitrary metric Gog. Our starting point is again the Polyakov action,
however in order to generalize this action we need to introduce two background
fields [5, 6, 7]. The first background field is an antisymmetric tensor field shown by
B,s(X) which can be coupled to the worldsheet and the second field is a scalar field
(dilaton) ®(X) coupled to the two dimensional Ricci scalar R, so the modified action
becomes

S=-—

4ol

/ { {hub(ﬂ 0)Gas(X) + EabBag(X):| 9, X0, X"
FBOORIVR =

where o/ is the Regge slope which can be defined in terms of T by T = 2# and €

!

is the fully antisymmetric tensor in two dimensions. The energy-momentum tensor
becomes

T = —%@habaaxaabxﬂ - %%eabaaxaabxﬂ - %,B‘DR, (2.32)

where
G =a (Rag + 2V, Vs — }lHW;Hﬂ) +0(a”), (2.33a)
D= (—%V”ng + W@HM> +0(a’), (2.33b)

D—-26 1 1
ﬁq) = O{l < - §V2q) + VA,CDVWI) - ﬁH'yangyaﬁ) + O(O/Q), (233C)

($1e%

and
Hopy = 00 Bpgy + 03Byq + 0, Bag, (2.34)

is the rank three field strength tensor. The conformal invariance of (2.31) requires
the vanishing of the beta functions (2.33) which in turns gives three equations. These

11



equations can be obtained by varying the following action in D-dimensional spacetime

1 1 2(D -2
=3 / d° XV -G e?* (R +4V, VP — EHQMH“[” _ 2D = 2%)

This action is known as the low-energy effective action in the target space. It is
instructive to take a look at the last term in (2.31). By considering the constant
mode of the dilaton (& = ®g) this term is proportional to the Euler number x as

~ x®q (2.36)

where .
x=-— [ d*ovV—-hR=2(1-g). (2.37)
47 M
g is the genus number of world sheet manifold M (figure 2.3), and R is the Ricci

scalar of the world sheet.

S COICE>

Figure 2.3: Surfaces of genus 0, 1, and 2.

We can see that term (2.37) is related to the numbers of holes (loops) in the
string scattering amplitudes. In other words a g-loop diagram in the path integral
(the string S-matrix) gets weighted by a factor of (e”<%>)X where the expectation
value of ® acts as the string coupling constant g, = e=<®> [8].

2.3 Superstring theory

As we know the real world contains two different types of particles, i.e. fermions
and bosons. So just having bosons in the string theory (introduced in previous
section) is not realistic and this theory must be modified to include both bosons and
fermions simultaneously in the Polyakov action (2.13) [3, 4, 9, 10]. By including a
two dimensional spinor in (2.13) and considering the gauge freedom, the total action
becomes

S =5 [ QX 0'X" + "0ty )do. (2.38)

LB Lr

0 —1 01
a bl __ ab _ 0 __ 1 _
{pap}_Qn 7aab_071ap_(1 0 )7p_(1 0)7

12

where



{yp# "} =0, and o = pTip°.

We should remind that the two dimensional spinor field of the string worldsheet

“w
W‘z(ii),u:OHD—l,

, is a D-dimensional vector in target space.
Some highlights of (2.38) are

e The equation of motion for £ takes the form.

p"Oatp = 0, (2.39)
which is the Dirac equation.
e The action (2.38) is invariant under the infinitesimal susy-transformations
OXH =&t | dY* = p*0, X e, (2.40)
where € is an infinitesimal Majorana spinor satisfying anti-commuting Grass-

mann numbers {e;, €} = 0, and € = eip’.

e Two different boundary conditions for the fermionic part of the open string are
available known as Ramond and Neveu-Schwarz boundary conditions and we
often call them as R and NS sectors.

The Ramond boundary conditions are given by (R sector)

Ui (0,7) = 92(0,7) , Pi(m, 7) = ¢i(m, 7), (2.41)

and the mode expansions for R sector are given by

W (0,7) \/_Zd“ —inr=o) |yl (g,7) \/_Zd“ i) (2.42)

The Neveu-Schwarz boundary conditions are as follow (NS sector)

MF(O’ T) = QW—L (Ov T) ) @/)i(ﬂ', T) = —1% (ﬂ-’ T)? (243>

and the mode expansions for NS sector are

Y (o, 7) Z e~ =) (o, T) = Z bre~ o) - (2.44)

eZ+2 eZ+2
e Periodic or antiperiodic boundary condition for the fermionic closed string are
given by
Yi(o) = £Ps(o + ), (2.45)

13



which implies four distinct closed-string sectors. For the right movers, one can
choose

Wor) =Y dhe i) or gt (o, r) = Y ble 20 (2.46)

nez reZ+1

while for the left-movers the mode expansions are

Y (o, 1) = Zdﬁe_%”(”") or ¢ (o,T) Z b“ —2ir(r+o), (2.47)

nez ’!’EZ-F*

Considering different pairings of the left- and right- movers, four distinct closed-string
sectors can be obtained as follows (table 2.2).

Table 2.2: Different sectors for the left- and right-
movers

Left-movers (¢%) Right-movers (¢") Closed-string sectors

R R R-R

R NS R-NS
NS R NS-R
NS NS NS-NS

The supersymmetry on the worldsheet induces supersymmetry transformations
between the fermion and the boson fields in the spacetime. This in turn enable us to
remove the non-physical states from the theory and also in comparison to the bosonic
string theory, the dimension of target space in this theory is reduced to D = 10. In
fact this is the only dimension which we can formulate a Lorentz invariant string
theory. There are five different superstring theories based on supersymmetry [3, 4]
which a brief explanation of each theory is given in the following table (2.3).

Table 2.3: Different types of string theories

Type Oriented *N° Open or Closed Gauge symmetry
I No 1 Both SO(32)
ITA Yes 2 Closed U(1)
1IB Yes 2 Closed -
Heterotic SO(32) Yes 1 Closed SO(32)
Heterotic Eg x Eg Yes 1 Closed Eg x Eg

* N is the number of supersymmetry

In the mid 1990s, it was realized that all five string theories are related to one
another by a set of dualities which are known as T and S dualities [11]. A brief
explanation about T and S dualities in string theories is provided in section 2.5.

14



2.4 Type IIA and IIB string theories

In D=10 there are two types of supergravities which can be formulated according to
the number (N = 2) of the transformation parameter e. We will discuss each case
separately as follows [12].

1. Type ITA supergravity N' = (1,1). This theory is a non-chiral theory and can
be obtained from D=11 supergravity by dimensional reduction. In fact the
dimensional reduction on a circle yields type ITA theory. The field content is

given by
Spinors NS-NS Fields R-R Fields R-NS (NS-R)
Majorana - Weyl e, Ba), ¢ Cuy, C L, AT AT

where e}, represents vielbein, B, is an anti-symmetric tensor field (Kalb-
Ramond field), 1, stands for a % spinor (gravitino) or a Rarita-Schwinger

field with different chiralities (+), A shows a 3 spinor (dilatino) or a Dirac field
with different chiralities (£), ¢ is dilaton and C(y), C(3) are gauge fields. The
bosonic part of the Lagrangian for the massless fields takes the following form

1 1

Stia = /€2¢ (*1R + 4do N *d¢) - — /62¢H(3) VAN *H(3)—
1 (2.48)

_4ﬁ / (F(z) A *F(z) + F(4) * /\F(4) + B(z) VAN dC(g) VAN dC(g)),

10
where the rank of each object is shown inside the parenthesis

H(3) = dB(z), (2.49&)
Flo) = dCa). (2.49)
F(4) = dC(g) + C(l) N H(g), (2.49C)

and Ry is gravitational constant (Appendix B).

2. Type IIB supergravity ' = (2,0). This theory is a chiral theory and similar
to type ITA can be obtained from D=11 supergravity by dimensional reduction
on a circle. The field content is given by

Spinors NS-NS Fields  R-R Fields  R-NS (NS-R)
Majorana - Weyl efj, B(g), ¢ C(O), C(g), 0(4) 7#:{, A~

where e} represents vielbein, By, is an anti-symmetric tensor field (Kalb-
Ramond field), ¢, stands for a 2 spinor (gravitino) or a Rarita-Schwinger
field with positive chirality, A shows a % spinor (dilatino) or a Dirac field with

15



negative chirality, ¢ is dilaton and Cgy, C(9), and , C(4) are gauge fields. More-
over the field strength F(5) satisfies a self-duality condition (F5) = «F(5)).
We notice that the self-duality condition comes from the equation of motion
for the gauge fields. Otherwise xF(5) A F(5y = 0, hence no contribution from
F(5) appears in the action (2.50). The bosonic part of the Lagrangian for the
massless fields is given by

1
SiB = 20 (x1R + 4dp N xdp) — /—2¢HAH—
1B 2§10/6 (x1R + 4do N xdo) 1R e 3) N\ *xHs
1 1
_4ﬁ / (F(l) A *F(l) + F(3) A *F(3) + §F(5) N *F(5) + C(4) A\ H(3) A\ dC(2)>
10
(2.50)
where
H(3) = dB(z), (2.51&)
Fu) = dCp) (2.51b)
F) = dC(z) + C(O) A Hys), (2.51c)
F(5) = dCq) + C(2) A Hy). (2.51d)

Finally as we show later, the type IIA and IIB superstrings can be transformed into
each other by T-duality on a circle. In other words, compactifying a spatial direction
in the type IIA leads to the type IIB theory.

2.5 Compactification

The word compactification in general means compactifying one of the spatial dimen-
sions into a circle of radius R but sometimes the compactification can be performed
over two or more spatial coordinates. We will study the procedure of compactifica-
tion in a bosonic closed string as an example (for sake of simplicity and convenience
we have considered the theory of the bosonic string) [2, 3, 4, 7]. As mentioned before
the coordinates in target space were shown by X°....X?® where X" is the timelike
coordinate while the rest forms the spatial coordinates. To see the effect of compact-
ification on closed string let us assume that one of the spatial coordinates say X2
is curled up into a circle of radius R. The boundary condition for a closed string is

X®(1,0) = X®(1,0 + 27). (2.52)

We remind that the boundary condition we use here is not similar to the one we
mentioned before in (2.24). However the result we are looking for, does not depend
on the way the boundary conditions are defined. As stated above,the 25th dimension
is going to behave as a circle with radius R therefore the new form of the boundary
condition (2.52) will be

X®(1,0+27) = X*(7,0) + 2n7R, (2.53)

16



where n is the winding number which shows the winding of the string around X?2°.
We note that the periodicity of X% leads to the quantization of the total center of
mass momentum, e.g. in the quantum regime the wave function contains the factor
e 1) ~ e?® and applying the boundary condition ¥ (z) = ¥ (z + 27 R) gives

ip(z+27R) _ eipz
)

e
ip2rR _ _i27nN
ep =€ s NE Z, (254)
N
r=g

We will use this result soon in our case. Using the definition of winding number one
can define the winding w as follows

w=—, (2.55)

where o is Regge slope parameter (o/ = %lﬁ). The winding turns out to have units
of momentum, or inverse length. In other words winding is a new kind of momentum.
Using the mode expansion for 25th dimension and assuming the left center of mass

momentum and the right center of mass momentum are different, X5 becomes

/ /
X5(r,0) = 2% + %(1%5 +pE)T + %(ﬁ — pE)o + modes (2.56)
Looking at equation (2.56) the first term corresponds to the total center of mass
momentum p? = p?* + p¥ and also the quantized value for the total momentum is
given by

25 _ I
=7
where K is an integer known as Kaluza-Klein excitation number [3]. The second

term is the winding mode of the string, satisfies the following equation

(2.57)

/

a
nR =2’ = PR)- (2.58)
Considering (2.55) and (2.58), the winding w becomes
1
w= 5P = PR) (2.59)

We skip the details of the calculation in this stage. For a compactified closed string,
using the previous results and Virasoro operators lead to
nR?* K?

) +(F) +2(Np+Ni)—4, (2.60)

where N and N, are number operators.
Looking at the mass equation (2.60), one can see that the mass is invariant under
the following duality transformation

a'm?® = (—
a

/

n+«— K, R +— %. (2.61)
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In fact this symmetry which is called T-duality relates small distances in one theory
to large distances in another. For instance, T-duality relates type ITA and type I1IB
theories. The second symmetry which exists between different string theories is S-
duality. According to S-duality a strong interaction in one theory is the same as a
weak interaction in another. The connection between distinct superstring theories
and the related dualities are shown in figure 2.4.

S - dual S - dual
Type [IA Type IIB EsxEs SOG2) Typel
Heterotic Heterotic
T - dual T - dual

Figure 2.4: T and S dualities relate different superstring theories to each
other.

According to table (2.4) two distinct superstring theories with different coupling
constants can be connected by the S-duality transformation. The duality was known
in 1995 [3, 13]. In this duality, a large coupling constant (gs) or strong interaction is
transformed to into a small one (gi) or weak interaction and vice versa. For instance,
a weak interaction in type I is the same as a strong interaction in heterotic SO(32),

and vice versa.

2.6 T-dualization in curved background

As we pointed out earlier the various string theories are related to each other by
different dualities e.g. by T-dualization of type ITA theory we can find type I1B
theory. We should mention all discussions in the previous section (2.5) are based
on two assumptions: 1) the target space is flat and 2) All other background fields
vanish. In this section we remove these restrictions and we study the T-duality
transformations along a circle when the target space is curved and the background
fields take non-zero values. Again we just consider a closed-bosonic string theory
and remind that under the T-duality transformation the right and left moving part
of the X?° transform as

X7 — — X7 and X7° — X7°,
or (2.62)
25 25 25
which we assumed that the T-dualization maps X? = X% + X into X? = X% —
X2 We introduce a new action on the world sheet and claim that its equation of

motion gives the same result as (2.62). First we start with a simple case and assume
that all background fields are set to zero [4]. The new action is given by

1
/ (§VCVC — ¢ XB9V,)d?o, (2.63)
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where V, and 22° are dynamical fields in the action. The equation of motion for X%
reads
eV, = 0. (2.64)

One can easily obtain the solution to (2.64) by setting
V, = 0, X%, (2.65)

where X2 is an arbitrary function. Replacing V, in (2.63) with 9,X? gives
1~ -
/ 580X2580X25d20. (2.66)
The equation of motion for V, becomes

V, = —€,0, X . (2.67)

By substituting (2.67) into (2.63) we get
1
5 / 0" X*0,X*d*o. (2.68)

Comparing (2.67) and (2.65) results
0. X% = —€,29, X%, (2.69)

which satisfies (2.62). Now we consider the general case and rewrite (2.31) in the
following form [7]

B 1
4ol

S

/ {h“b {G%,%Vavb + 2G5, VaOp X" + G,wc“)aX“E)bX”]
) (2.70)
o {2325,MVG81)X“ + B0, X" 0, X" + 2X258aVb] + a’R@}dzm/—h.

In (2.70) we have assumed that the T-dualization happens in X?*-direction which is
the compactified coordinate of a circle of radius R and
Ox2sP = aX25B;w = 8X25G/w =0. (2.71)

On the other hand the dual coordinate, shown by X% i also a compactified coordi-
nate of radius R given by R = %. The equation of motion for X2°

oL

ax® i€"0, Vi = 0, (2.72)
can be solved by setting V, = 9,X?. By plugging V} in (2.70), we get
1
S=1- / { {G%,%aax%hababx% + 2G5 4 0u X PRPO, X" + Gy 0, X' 0, X"
T

+ i€ {2325#8&)(2501))(“ + BM,,aaX“abX”] + a’R(I)}\/—h d*o,
(2.73)
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which reduces to the original action

1

4o

S

/ { [GMNW + zeabBMN] 0, XM XN + O/ch}\/—h d’o,  (2.74)

where M, N = 0---25 and a,b = 1,2. In a similar way one can obtain the dual
action related to X?5. We start with the equation of motion V, given by

oL oL

v, Pav,) "

= p |:G25725‘/b + G25”u8bX”‘| + T |:BQ57“81,X” + 8bX25:| =0,

(2.75)
and from (2.75), V. becomes
1 .
V.= [ — Gosu0c X" — ihgee™ (BzwabX“ + 8bX25):| : (2.76)
Gas,25

Substituting (2.76) into (2.70) gives an action of the form (2.74) with the new fields
B, G, and ® given by

. 1
Gl e — 2.77
25,25 Gas 2 ) ( a)
. B
Guos = 2, (2.77b)
Gas,25
= G 25G1/ 25 — B 25BI/ 25
Gy = Gy — —2BT02 — Du250025 2.77
p p G5 ( c)
- G
Byps = 42 (2.77d)
Gas.25
- B 25G1/ 25 — G 25Bl/ 25
B, = B, — —m25 w252, 2.77
e = Gaszs ’ (277€)
b (2.77)
Gas.95

We should mention that a different calculational method (using S-function equations)
is needed to derive (2.77f).
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CHAPTER 3

(GRAVITATIONAL INSTANTONS

In this chapter we discuss various metrics called gravitational instantons. These
are 4-dimensional Euclidean signature metrics which preserve some supersymmetries
in D=11 supergravity and also satisfy [14, 15, 16, 17, 18|:

e Vacuum Einstein equation.

1

Rag — éRgag =0 (31)

e (Anti) Self-duality-relation.
R, = »#(xR%), (3.2)

where
a 1 a c d

R b = §R bedW Aw”. (33)
and » = 1 for self-dual and » = —1 for anti self-dual solutions. If we apply the

Hodge dual (x) to the R%, we get

*Rab = %Rabcd * (wc N wd),

= %RadeGCdef (we A\ U.)f). (34)

From (3.2) and (3.4), the (anti) self-duality-relation becomes

1

Rabef = %§Rab0d€cdefa (35)

where €45 is the totally antisymmetric Levi-Civita tensor [19]. Three different
types of instantons used in embedding into the transverse direction of M-branes in
this thesis are as follows:

e Bianchi Models.
e Taub-NUT space.

e Gibbons-Hawking space.
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All these metrics have some applications in cosmology and quantum gravity. How-
ever the main motivation of finding gravitational instantons in gravity comes from
nontrivial solutions to the Yang-Mills theory. To show this let us consider the Yang-
Mills theory in a flat Euclidean space [20, 21|, such that the line element becomes

ds® = da'’ + dz®* + d2?®® + da*’, (3.6)

According to the Yang-Mills theory, the Euclidean Lagrangian is given by

1
where
1
TI“(TaTﬁ) = 550457 (38&)
F=dA+ANA, (3.8b)
A = A%dzT,, (3.8¢)

and the Lagrangian is invariant under gauge transformations. The gauge group is
defined by its algebra
[Tow TB] = fozﬁ’yT'ya (3.9)

where T}, is the generator and f,5" is the structure constant of the gauge group, for
instance the gauge group could be U(1), SU(2) or SU(3) which corresponds to well
known gauge symmetries of standard model of particle physics. The field strength
F'is given by

F= %Fg‘cdx“ A dx°T, = d(A%) A datTy, + (APdzTs) A (AYdaCT),
= 0, A%dx" N dx°T, + %AfAZ [T, T, )dx® Adz®,  (3.10)
= %(GGAS — 0.AY + AfAngva)d:ca A dxTy,.

So, we can write F' in terms of components

th: = aaA? - acAg + A5A2f57a7 (311)

or

Foo = 0,A. — 0. A, + [Ag, Acl. (3.12)
By considering (3.11), the Lagrangian (3.7) takes a simple form as follows

Lyn = i (F*AF), (3.13)

where

1
F* = dA* + §f5ﬁAﬂ N A (3.14)
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As we know, the field equations governing vacuum electrodynamics are

dF =0, (3.15a)
dxF =0, (3.15b)

where A = A,dz® and F' = dA. Similar equations in Yang-Mills are
DaF =0, Dyx F =0, (3.16)

where D4 is a gauge covariant derivative specified by
D,F =dF + [A, F], (3.17)

and [A,B] = AANB— BA A [20].
Let us just focus on the Lagrangian (3.13). The action can be written as

1
Svw =1 / 42 Te {(Fag T +Fog) (Fag T #Fag) £ 2Fus % Fag}, (3.18)
where )
*Faﬂ = éFHVGHVaB, (319)
and
*Fog* FP = xFogx Fog = FoplF® = F3F,p. (3.20)

Using the identity (F.g F xFn5)? > 0, we get

1
Sym = 3 ‘/d‘*q; Tr(Fag*Faﬂ)‘ : (3.21)

We work with the right hand side of (3.21) and show that this part is a total derivative

Tr(F,  F,) = %e“”aBTr(FW,FaB), (3.22a)
= 26" P Tr {(9,A, + A, A) (0uAs + AsAp)}, (3.22b)
_ 00,y { Asd,A, + %ABAMAV} , (3.22¢)
= 20,Qa, (3.22d)
where
Q. = %eamﬂ { F,Ag — gAﬁAMAV} : (3.23)

We have used Tr(ABCD) = Tr(BCDA) = Tr(CDAB) = Tr(DABC') and note that
Tr(ANAANANA) =0, hence no contribution comes from this term. Now we are
ready to compare the action (3.21) to the topological charge g [22] defined by

1 4 v
1= 16 /d x Tr(F),, » F*). (3.24)
Plugging (3.22) and (3.24) into (3.21) leads
Sy > 872|ql. (3.25)

As we can see from (3.25) the equality holds when the field strength is self-dual or
anti-self-dual.
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3.1 Bianchi models

In this section we consider the symmetry group of the spacetime and show that how
the symmetry group and it’s Lie algebra are related to the Killing vectors. There
are two different ways to look at this problem:

e The metric of the spacetime is given and we are looking for the symmetry
group (Lie algebra).

e The Lie algebra is known and we are interested in finding the metric of the
spacetime manifold.

Let us just consider the first case and start with the cosmological principle. The
cosmological principle states that on an adequately large scale the universe looks
the same anywhere and in any direction. What the cosmological principle says, is
that for two different observers at different locations the gravitation is similar or in
other words all points of universe are equivalent. Mathematically this principle can
be formulated by considering an infinitesimal variation of the coordinate system e.g.

't =t + el (x), (3.26)

and studying the behavior of the metric under this transformation [23, 24, 25]. By
employing the coordinate variation (3.26) and the cosmological principle which im-
plies g, (%) = g,,,(v%), we obtain

‘Cfguu = vugu + vygu - 07 (327)

where £ stands for the Lie derivative. Linearly independent solutions to (3.27) are
known as Killing vectors and they serve as generators for the Lie algebra of the sym-
metry group called isometry group. Since any linear combinations of Killing vectors
satisfy (3.27), hence there is no unique way to determine the generators. It can be
shown that the maximum number of independent Killing vectors on D-dimensional
manifold is equal to w [26] e.g. D=4 gives 10 independent generators which
generate the Poincare group. It is instructive to consider a simple situation and
obtain the Killing vectors and the related isometry group. Let us start with the

Euclidean plane &. So it is feasible to write the metric as
ds* = da® + dy?, (3.28)
and the Killing vectors can be obtained from
0.6, =0, 0,6, =0, 0,& + 9,& = 0. (3.29)

By solving (3.29) one can show that the generators are
X1 = 0, - translation in z-direction,

Xy = 0y - translation in y-direction,

X3 = x0, — y0, - rotation in the Euclidean plane,

and the commutation relations of the generators become

(X1, X3 = Xo, [Xo, X3] = —X1, [X5,Xs] =0, (3.30)
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which belong to the isometry group &, or the 2-dimensional Euclidean group. Now we
consider the second case to build a homogeneous space (the Lie algebra is given). For
instance, the Lie algebra [ X, X5] = X leads the following metric ds* = Z%(de—i-dyQ).
In fact the Bianchi models [27] are based on the foliation of spacetime into slices of
three-dimensional spatial spaces as My = R x M3 where R shows the time variable.
In this model the symmetry group G35 has three generators shown by X;, X5 and
X3, satisfying the following commutation relations

[X1, Xo] = n3 X3 — aXs, (3.31a)
[X2, Xs] = ni Xy, (3.31b)
[X3, X1] = naXo + aXs, (3.31c)

where ny ,ns, n3, and a are the structure constants of the Lie algebra. In table (3.1)
the list of possible homogeneous spaces is given [28].

Table 3.1: Bianchi models

Ir vil, Vvl, IX VI V IV VI, II VI,

I

a 0 0 0 0 0 0 1 1 a 1 a
ng 0 1 1 1 1 1 0 0 0 0 0
ng 0 0 1 -1 1 1 0 O 1 1 1
ny 0 0 0 0 1 -1 0 1 1 -1 -1

*a, n1, no and ng are the structure constants of the Lie algebra.

Type

The only Bianchi model used in this work is the type IX which is a gravitational
instanton [29].

dr? r? o1 92 032
ds? = + —VF(r , 3.32
F(r) 4 ()<1 R (3.52)
where
3 a 4
F(r) = 11 (1 - F) : (3.33)
and
o1 = dip + cos 0dg, (3.34)
09 = — sindf + cos 1 sin Od g, (3.35)
03 = cos Ydf + sin sin Od¢. (3.36)

Numerical M-brane solutions in D=11 supergravity based on Bianchi type IX space
can be found in [29]. In this thesis we will give an analytical solution for this model
which is valid for r € (a,00). In fact this is the maximal range that the metric is
well defined. In this case a; = 0 and a3 = a3 = a.
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3.2 Taub-NUT metric

The Taub-NUT metric is the stationary and axisymmetric solutions of the Einstein
field equation and admits two Killing vectors in ¢ € [0, 27] (04, around the symmetry
axis z) and t (0) directions [30, 31] (figure 3.1).

'Y

)

{

Faila
I
__1
o
< N\ !/

(

Figure 3.1: The spatial symmetry of the Taub-NUT space.

In order to introduce the Taub-NUT space, we follow the same treatment as given
in reference [30]. The most general form of the line element having a cylindrical
symmetry is

ds® = gy (r,0)dt* + 2g44(r, 0)dtde + g (1,0)dr* + gag(r,0)d0* + gus(r, 0)de?. (3.37)

Depending on how the g;, behaves at large distance, the solution to (3.37) falls into
two categories:

e Kerr black hole.

sin® 6
Geg ~ 20 (3.38)

r — 00

where J is the angular momentum in z direction. Of course this is not the case
we are looking for. Hence we ignore this solution.

e Taub-NUT solution.

Gt ~ 2N cos 0,
- o (3.39)

where N stands for NUT charge.

The Euclidean section of the Taub-NUT metric has the following form
2
ds? = f(r)|dr™ F2N(1 FcosO)do| + f'(r)dr® + (r* — N?)dQ*,  (3.40)

26



iy = = T;)(z\; ) - M VIS NT, d0? = d6 + sin? 6dg?, (3.41)
re —
and M, N stand for the mass and the NUT charge respectively. The Taub-NUT
space contains two different singularities as follows

e Wire singularities (coordinate singularities).
The singularities are located at 8§ = 0 and 6 = 7 therefore by defining two
patches ds* and dsi (3.40), and also assuming 7 is a compact coordinate with
period of 87N one can overcome this problem and regulate the metric.

e Curvature singularities.
In general relativity the Kretschmann scalar K is used to study the singularities
of spacetime. However the Kretschmann scalar is not the only quantity one can
build from the Riemann tensor. One may use the Ricci scalar as alternative
to the Kretschmann scalar. To compare these quantities, we start from the
vacuum field equations in general relativity

R
gab(Rab - Egab) =0
r B, (3.42)
2
R=0

as we can see from (3.42) for all vacuum solutions in general relativity the Ricci
scalar vanishes whereas the Kretschmann scalar receives non-zero value. For
. . . 2
instance, for the Schwarzschild metric R =0 and K = 4%;? :

We use K to find the curvature singularity in the Taub-NUT metric. Let us
start with calculating the Kretschmann scalar

K = R™Rpeq, (3.43a)
g(r, N, M)

where g(r, N, M) is a polynomial function and
g(r,N,N) = 96 N?*(r — N)°. (3.44)

As we can see from (3.43b) and (3.44) the metric is perfectly regular at r =0
and only a curvature singularity arises at the metric where r = N because
g(r = N,N, M) = 1536 NS(M — N)? # 0. This singularity is removable if we
set M = N. So K reduces to

96N?2

A new form of the Taub-NUT metric is achievable if we just simply shift the radial
coordinate r by M.
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3.3 Gibbons-Hawking metric

The metric of Gibbons-Hawking [32] is given by

ds* = V7 (dV + w)? + VdZT.dZ, (3.46)
where
VV =4V x @, (3.47a)
=,
V —€ + — ]_’\ , (347b)
— |7 — 7]
7j=1
=k
W= ij (2 — 2) (x —x;)dy — (y y])dx7 (3.47¢)

(3.47d)

and (z;,y;, z;) shows the location of NUTs (m;) and € € {0,1} is a constant. Self-
duality implies VV = +V x &, while anti-self-duality implies VV = —V x &J. Some
special cases of this metric are given in table (3.2).

Table 3.2: Various metrics obtained from the Gibbons-Hawking metric

e and k Metric
e=1 Multi center Wire singularities can be removed if we set
Taub-NUT all m; = M and let the periodicity of ¥ be %
e=0 *ALE v
e=0and k=1 Flat v
e=0and k=2 Eguchi-Hanson v

* Asymptotically Locally Euclidean

3.4 Topological invariants

We use topological invariants to characterize non-trivial solutions of Einstein’s field
equations. In four dimensions there are two independent topological invariants [14].
The topological invariants or in other words the possible quadratic terms that one
can generate from the curvature of a compact manifold are

e Euler characteristic (number)

XN/Rab/\*Raba

M (3.48)

X /d43j g ECLbEfECdghRefghRabcda

M

~ 12872

and
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e Hirzebruch signature (sometimes called index)

T~ /Rab/\Rab,
M

1

= 967T2 /d4$ g GCdefRabefRabcda
M

(3.49)

where 2d = \/Lgaab‘:d and £ is the Levi-Civita symbol. For non-compact manifolds

some boundary terms relating to the extrinsic curvature (the second fundamental
form) should be added to (3.48) and (3.49). More details about this case can be
found somewhere else e.g. [15, 33]. The topological invariants for various spaces are
given in table (3.3).

Table 3.3: x and 7 for various metrics

Metric X T
Schwarzschild and Kerr 2 0
Taub-NUT 1 0
Multi-Taub NUT k k-1
Eguchi-Hanson 2 1
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CHAPTER 4

SUPERGRAVITY

In this chapter we study D=11 supergravity in details. In section 4.1 we in-
troduce the super Poincare algebra and derive fermionic and bosonic states. We
also show that there exist states whose the mass is equal to the charge. In section
4.2 we investigate the Kaluza-Klein theory in D=5 and show how pure gravity in
higher-dimensional spacetime can generate a tower of massive and massless fields in
a lower-dimensional spacetime. The same procedure can be generalized to the higher
dimensions (e.g. D=11). In section 4.3 we review the D=11 dimensional Lagrangian
and obtain the equations of motion for the metric g,s and the gauge field Cyp,.
Moreover we express the relation between fields and metric in D=11 and D=10 after
doing dimensional reduction on a circle of radius R. In section 4.3.4 we use both the
Killing spinor equation and the equation of motion for the gauge field to show how
one-half of the supersymmetries is preserved in M2-brane solutions. In addition we
obtain the general form of the metric for M2-brane solutions in D=11. Furthermore
we calculate charge and mass of M2 and Mb-branes and verify the equality of their
mass and charge. At the end, we close this section by reviewing the intersecting
M-branes in D=11 and D-branes solutions in D=10.

4.1 Supersymmetry algebra

The generators of the Poincare algebra which is based on spacetime symmetry (trans-
lation P, plus Lorentz transformation M, ) are given by

M,, = 2,0, — x,0,, (4.1a)
P, =0y, (4.1b)

which satisfy the following algebra

[le PV] =0, (4.2&)
[Pm Maﬁ] = na,uPB - nﬁ,uPaa (42b)
(M, Mag) = 2018 Mayu + 200 Mg (4.2¢)

In eleven dimensional spacetimes i.e. (N =1, D = 11), there is only one theory of su-
pergravity which includes two bosonic fields and one fermionic field. By introducing
new generators (), known as supercharges, one can build the super Poincare algebra
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[34, 35, 36, 37, 38, 39] for this theory. We should add the following anti-commutators
of Q’s to (4.2) as

{Qa,Qs} = (CTN)osPxn, N =0,---10, (4.3)
where C' = I'Y is the charge conjugation matrix and the supercharges @, are the
32 independent real supersymmetry generators in D=11. For massless states P? =

PAP, = 0 and without losing generality, one can set P = P! = M. Now by using
(4.3) we get

PM = (_M7M707”' 70)7
{Qa,Qs} = (—CMTI° + MCT") g,
= M(=T% 4 TTY)p,
= M(1+TT") 4.

(4.4)

Since (T°T1)% = 1 and T°T"! is traceless, the matrix I'°T'! has 16 eigenvalues +1 and
16 eigenvalues —1. Hence (4.4) can take the following form

{Qu. Qs =20 (32 %) ., (4.5)

which shows just half of 32 supersymmetries are unbroken and fulfill SO(16) Clifford
algebra

{@r@s} = dun (4.6)

where we set Q = \/%W By constructing a raising or lowering operator and intro-

ducing a vacuum state |(2), the massless states can easily be obtained as

State  Helicity Degeneracy Bosonic (B) / Fermionic (F) e Aaps, 9§

172
1) —2 1 B 1
Qe -3 8 F 8
Q%) -1 28 B 7 21
Q) -1 56 F 56
Q) 0 70 B 28 42
Q%) : 56 F 56
Q%) 1 28 B 7021
Q") g 8 F 8
Q%) 2 1 B 1
where
QiEleQquQm; my,---m;=1,---8. (4.7)
i—times

As we can see from this table the field contents in D=11 supergravity contain states
with of helicity 2 (graviton), 2 (gravitino) and 1 (gauge field). If we count the degree
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of freedom for fermions and bosons we get

number of bosonic degrees of freedom =1+ 1+ 7+ 7 + 28 + 21 + 21 + 42,
— 128,
=8+ 8+ 56 + 56,

= number of fermionic degrees of freedom,

(4.8)

which comes from the supersymmetric properties of the D=11 supergravity.

Saturation of the BPS bound

In supersymmetry, BPS saturated states are states which preserve 1/2 (or 1/4, or
1/8) of the original supersymmetries and this occurs when the mass is equal to the
central charge [34, 35, 36, 40, 41]. In order to show this we need to extend the
Poincare algebra (4.2) as

1
{Qa. Qs} = (CTM)os Py + H(CFM"'MP)aBZMlmMP» (4.9)

where MM — TIMiPMe .. TMel and Zy, .7, is an antisymmetric tensor or a
charge carried by an extended object (e.g. M2 or M5-brane) which commutes with
all the generators

(Z,Pl=[Z,M)=Z,Z]=[Z,Q] =0. (4.10)

Acting (4.9) on a physical state gives the Bogomolnyi bound (BPS) as

(V[{Qa, Qs} ) = M —|Z] = 0. (4.11)

We say that the BPS bound is saturated if there exist a state, say |¢), that is
annihilated by @’s. Under this condition the equality in, (4.11) holds. Later in
this chapter we will show that two elementary solutions (M2 and M5) in D=11
supergravity fulfill saturated (4.11)

& = Qo (4.12a)
& = Qs, (4.12b)

where & (&) and Q2 (Q5) are the mass and charge of the M2 (M5)-brane solution

respectively.

4.2 Kaluza-Klein theory

The main idea in Kaluza-Klein theory is to unify general relativity and classical
electrodynamics by introducing a pure gravity in D=5. In the section we give more
details about this theory and in particular we show how to connect geometrical
objects in D=5 to gauge fields and geometrical objects in D=4.

32



4.2.1 Geometry

The main object in this section is to obtain an identity which relates the covariant
derivative of an arbitrary vector to the Ricci tensor. We should note the procedure
followed in this section can be used in the theory of hypersurfaces in both differential
geometry and the dynamics of false vacuum bubbles in cosmology [42, 43, 44, 45].
Let us just start from the decomposition of a vector Ain an arbitrary direction, say
n, by introducing an operator shown by P (figure 4.1). This operator will be used
to construct new bases E, from the old ones e,. From the elementary geometry the
vector A has two components given by

+ Ay,
—&(An)n = (1 —€nn).A, (4.13)
A

3>

I
O o
—

A
A4

where P =1 — &nn and

£ =i = 1, if n is a spacelike vector
71 —1, if nis a timelike vector

- A 44

Figure 4.1: The vector A has two components (A, and fTH).

The new basis vector E, can be obtained by acting P on the old basis vector e,
from left side as (figure 4.2)

E,="P.e,,

=eq — Engn.

(4.14)
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Figure 4.2: The new basis vector F,, is orthogonal to n.

The new metric hqg, in terms of the old metric g,g and n becomes

hop = Eo.Eg = (eq —&ngn).(eg — Engn),

= gop — ENangp. (4.15)
So, the contravariant components of metric are given by
R = g% — énonf. (4.16)

Multiplying (4.16) from both sides by n, and ng gives
h“ﬁnanf; = go‘ﬂnang — §n“nﬂnanlg,
= n.n — E(h.n)?, (4.17)
={-&%¢=0.
which confirms that h®? is tangent to the hypersurface. This tensor is known as the

projection tensor. We will use A% and h,s in the next section. We give the covariant
derivative of basis vectors in terms of Christoffel symbols as

856(1 = eag = F)\a56>\. (418)
Using (4.18) one can easily show that
67a5 — 6%3,1 == R)\fygae)\, (419)
where €,,5 = 030,¢, and R, 5, is the Riemann tensor defined by
R g = 20T o)y + 217551 - (4.20)
Using n = n%e, and covariant differentiation of n with respect to coordinates get
0304 (n%e,) =
= (VsVan?)eo, (4.21)
= agaﬁ + 0un’esp + 0sn7€ra + N7 €gaga.
Exchange between o and 3 implies that
(VsVa — Vo V)0’ = n? R 40, (4.22)

and finally (4.22) and R, = R*, lead to

n'nRyq = n*(V,V4 — VoV, )07, (4.23)
=V, (n*Van?) = Vo (n®Von") + Von®*Von — V.n*Vyn'. )
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4.2.2 Dimensional reduction

Kaluza-Klein theory (KK) was developed by two physicists, Theodor Franz Eduard
Kaluza and Oskar Klein, by introducing a small extra dimension(e.g. z* = z) to
Einstein theory. The extra dimension is curled up into a circle of radius R so that
we identify z with z + 27 R (figure 4.3). In fact they realized that the 5D manifold
could be used to unify two fundamental theories of gravitation and electromagnetism.
However the prediction of the theory, the charge and the mass of the electron, never
accomplished to match the real value of charge and mass. Therefore the Kaluza-Klein
theory totally failed to fulfill Einstein’s quest for a unified theory [13].

QR

Figure 4.3: In KK-theory a small extra dimension is attached to any point of
the spacetime.

In this section we discuss KK-theory in details [46, 47, 48, 49, 50, 51, 52] and then
we show how a pure gravity in a higher dimensional spacetime (D=5) can generate
many massless (or massive) fields after applying dimensional reduction method over
one of its spatial coordinates. Our starting point is the Einstein-Hilbert action in
D=5 but before that we need to make some assumptions as follows:

1. The coordinates in D=5 and D=4 are shown by z* and x* respectively where
p=0---4anda=0---3.

2. There is a Killing vector for translations in z-direction.

3. Only massless fields are considered. In other words for an arbitrary field ®,
0,P = 0 or the zero-order term of & must be considered. To explain this we
start with the Fourier series of ®(z, z*) given by

o0

O(z,2%) = Y M (a%)e™?, (4.24)
where N
Y= Ea 2 € [07 27T)7 (425)
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and R is the compactification radius. As we can see from (4.24), in the massless
case ®(z,2%) = ®©)(2) only n = 0 survives.

4. The spacetime admit a Riemannian metric with the following signatures
(—=1,1,1,1,1).

Let us start with the five dimensional metric g,,, which in general g4, # 0 (or g.4 # 0).
We can always define new bases orthogonal to z-direction such that the metric takes

a new form as follows Gus
azYbz
Yab = Gab — . (426)

zZz

Using g,.,, the line element in terms of 74, becomes

ds® = g, dxtda”,

odz® 4.27
= Yapdz®da’ + g..(dz + u)2, (4.27)
or
Olds® =W ds® + g..(dz + Agdz®)?, (4.28)
A

where A is a one-form and A, = 2. It is instructive to review the physical meaning
of g.. and A, from a four-dimensional point of view. For observers living in D=4,
g.. is a scalar field and A, looks like a vector field and also we can easily see that
(4.28) is invariant under

A AN

4.29
A, = Ag + 0A. (4.29)

According to (4.29), it seems that the vector field A, can be considered as a gauge
field similar to the four-potential in the electromagnetism and in fact this might
support the unification of gravity and electromagnetism in D=5.

Getting back to the original metric (4.28) and rewriting it in a new form for later
convenience, we obtain

G ds? = yydrda® + ¢*(dz + A)?, (4.30)
where all the fields are independent of z and

A= A,dz". (4.31)

4.2.3 5-Dimensional action

Similar to the Einstein-Hilbert action in D=4, the 5-Dimensional action is given by

1
/ B/ g R, (4.32)

I —
167G®)
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where G®) is the 5-dimensional gravitational constant. As we mentioned before we
deal only with massless fields, hence the volume element can be decomposed into

R*x z as -
167TG(5 / dz/d4 V—g®R® (4.33)
167TG 167G@ / Aoy =R (4.54)

where G = % is the 4-dimensional gravitational constant. We use the relation

between the determinant of the metrics in D=4 and D=5

V=9® =6V, (4.35)

to derive the action in D=4. The action in D=4 reduces to

or

=1 1G(4 / d*zp/—y R®). (4.36)
In the tetrad formalism, the 5-dimensional metric becomes
Glds? = 1,;0% @ O + O @ O, (4.37)
where
Q4 =,
. (4.38)
0 =o¢(dz+ A),
and A takes the following form
A= A,dx?,
= Agelw?, (4.39)
= A;w.

Taking the exterior derivative of Q* in (4.38) we have

dQ* = d(¢(dz + A)),

= 0,(In ) A Q* + ¢ 2Faan A, (4.40)
= (In¢)..0% A + ¢2FabQ“ AP,
where
F = dA,
1
= 5 (@A - 0, Ap)dz® A da®,
1

— 5( Agp — Apg)da® A da, (4.41)

1
= —Fudz® A da®,
9 AT X

1

= SFa A Q.
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Using Maurer-Cartan equation (d€)* = —Q%; A Q%) and (4.40), the five-dimensional
rotation forms become

5 5 1 5
05 = (In¢).aY + Z¢F;80,
A . (4.42)
Qai) — W&i) o §¢F&(}Q£7

where w®; is the four-dimensional rotation form. For later convenience we can easily
obtain the Christoffel symbols from (4.42) as follows

R R 1
ani) = _Fazé = §¢Fai)' (443)
Moreover
a _ L1oa 04 A 08
R i = §R bas A

= d0% + Q%% A Q%

a |
= d(w'; — 5P ), (4.44)

N 1 . R 1 .
+ (W% = SOFAX) A (0 — 5o FEY)
~ ()"0 + SR A ((1n9) 30 + S6F,00).

After simplification of (4.44) and keeping terms that contain (Q™ A QZ), the second
curvature forms become

. . 1 . R . . N
Ral; = Raé - §¢2 (QFGI;Fm[ + Faanj)[ - FalFl;m) Q™A Ql. (445)
From (4.45) the components of the Riemann tensor are given by
a a 1 a a a
R = By — 70° (2F bl + Fa g — 1 ZFBm) (4.46)

We divide our calculation into two parts: first we consider the right hand side of
(4.46) and obtain the Ricci scalar in D=4 and then we focus on the left hand side
of (4.46) and apply the projection tensor of (4.16) to derive the Ricci scalar in D=5.
From the right hand side we get

.7 1 X ‘s
R — 79" (2F2 + FOFyn™ + F2> ,
3

= R — qu? F? (4.47)

— R(4) . 2¢2F2’
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where F? = F “bF and R® is the four dimensional Ricci scalar. The left hand side
of (4.47) can be prOJected down to the hypersurface by using the projection tensor
(4.16)

hag = Gap — NaNg, (448)

as

h“ﬁh“ARMMB =
= (9* = nn”)(¢"* — ") Rraps,
=R0G) — 2nan572a5 + nanﬁn“n’\RMug, (4.49)

g
Zero

=R0G) — ZnQnBRaﬁ.

We assume the normal vector is in n = e* direction has the non-vanishing component
n, = 1. Using the identity (4.22 and4.23) result

Vang = —nVFvaﬁ = —anﬁ. (450)

In addition one can show that

Vn, =0, (4.51a)
VI 'V,ng) = — (no)",, (451b)
(V“0*)(Vun,) = = 36 Fig 7 — (n6),, (0 6)°, (451c)

and

Rapnn’ i(bQF“bFab—i—(lnqb) () —(Ing)*,,

) 1¢2FabFab ) lw (4.52)
4 ¢
and finally we get
R®) = RW — }l&F‘leab - %D@ (4.53)

where R and R are the Ricci scalars in D=5 and D=4 respectively. By plugging
(4.53) into (4.34) we get

1 2

I= on G — / d*xdn/—v ( Z&Fﬂ% — q—ngb) . (4.54)
As we can see from (4.54), at the end of the calculation we encounter with a pure
gravity, coupling with the scalar field ¢ and the gauge field A,. Furthermore all
these fields live in D=4. In fact this is the main idea of the Kaluza-Klein theory.
In D=11 supergravity, the bosonic section of the Lagrangian contains the metric and
gauge field. We have already studied the dimensional reduction of the metric while
passing from D=5 to D=4. We shall now consider the dimensional reduction of an
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arbitrary field strength which related to a specific gauge field. We start with a simple
case, the Maxwell field strength F),,

F,, =0,A, — 0,A,. (4.55)

We use the differential forms and assume that the reduction of the coordinate takes
place in z direction, so the field strength becomes

1
Fioy = 5 Fuwda A da”,

1
=5 wdz® A da® + F.dz® A dz,

(4.56)
1
=3 wdz® A da + 0, Adx® A dz,
= dA(Q) + dA(l) Adz,
where
dA Lot A da
= —Fydx x’,
(@)= 7 (4.57)

A(l) - Az-

Thus the general form of an antisymmetric field strength with an (n)-index can be
written as follows

Fny = dA@w—1) + dApz) A dz, (4.58)
or rewriting it in terms of the Kaluza-Klein potential gives

]'_(n) = dA(n_l) — dA(n_g) N ./4(1) + dA(n_Q) VAN (dZ + ./4(1)),
f(n) = dA(n_l) — dA(n_g) N A(l) + dA(n_g) /\(dz + A(1)),
[\ -~ - N, s’
Fn) Fin-1)
f(n) = F(n) + F(n—l) A (dz + A(1)),

(4.59)

where F{,y and Fi,,_yy are the (D-1)-dimensional field strengths.

4.3 11-Dimensional supergravity

An extension of Einstein’s general relativity in higher dimensions including super-
symmetry (SUSY) or in other words the low effective action of M-theory is known as
eleven-dimensional supergravity. This theory was constructed by Eugene Cremmer,
Bernard Julia and Joel Scherk in 1978 [53]. The field content of eleven-dimensional
supergravity is relatively simple and is made of both fermionic and bosonic massless
particles. The bosonic field content is given by the metric g,,(¢") and a totally
antisymmetric three-form field C),,,. The fermionic field content of the theory is a
massless spin—% field or gravitino (¢,,) thus the full eleven-dimensional supergravity

40



multiplet is given by (g, ¥y, Cup) [4, 54, 55]. The modified Lagrangian density of
eleven-dimensional supergravity, is given by [56]

W+ w 1
2 4 .48

1 1 -
&= JeR+ 2ed, "D, ( €Glupo GM°

1
4 .48

6(&Mrwja676¢y + 12&041176@/}6)(0&575 ; Gaﬁ'Yé) (460)

+ 6041~-~04451~~~54HVPG

4 . 1442 arasGB1..8 Cpps

where
Dz/( )w = V¢,u wuabrabwua

Gvpo = 4(9[#01,,)0],
G,uz/pa = Gw/pa + 6¢[urup¢a]v

1, - - - - ) (4.61)
K,uab = _[ warpabaﬁwﬂ - 2(¢urb¢a - wurawb + %F;ﬂﬂa) ](COHtOl"SlOIl),
Wyab = La)b + K,uzzln
d),uab = Wpab — Zr&aruabaﬁwﬁ'
The signature of the metric is 7, = (—1,1....1) and a real representation of I'-
matrices satisfies the Clifford algebra (Appendix C and [56, 57])
{1, 19} = 2715, (4.62)

The equations of motion for eleven-dimensional supergravity fall into three groups
by type of field content.

4.3.1 The equation of motion for g,z

Let us start with the equation of motion for g,3. The only terms having contribution
in equation of motion are

1 vpo
£ga6 = Z (V2 4 48 vV — G,quO'G'u P (463)

The variation of L, , is given by

5Ly, = (\/_R) —ma (V=9Clupo ") (4.64)
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and the variation of different parts are given as follows

5\/—g = _%\/(S_f_g’ (4.65a)
_ _%V%@flzg G, (4.65b)
_ _%\/L__gggaﬁ(sgaﬁ, (4.65¢)
= %\/%_gggaﬁtsgaﬂ, (4.65d)
= V900", (165¢)
and
SR = 6g™ Ry + g" R, (4.66)

One can easily show that the contribution from 0 R,z is equal to zero. To show this
we use the definition of Ricci tensor

Rag = Rwa,yﬁ, (467&)

= I D0 — D100 + 0500, — 0517 (4.67D)

your

so the variation becomes

ORap = (4.68)
= 61 T3, + 3,005, — 613,10, — T3 5017%, + 0,017, — 03017, '
Since the I is a tensor this can be written as
0Rap =V (0T'},) — V(017,). (4.69)
Multiplying both side by ¢*° gives
gaﬁéRaﬁ = vaaﬂ((srga) - Vﬂgaﬁ(drzo)v
=V, ¢*(6T'%,) — Vi g°7(oL2,), (4.70)

= V.57,

where S7 = ¢*#(61'9,) — g*?(0T7,,). Now if we do the integration over the volume of
the spacetime M we get

/\/—_gVUS"dZLx:/@d%, (4.71a)
M M v
:/\/—_gSadZa, (4.71b)
o
=0. (4.71c)
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We should notice that on the boundaries of the integration (4.71b), 6" vanishes.
Finally the variation for the gauge field is

0(GrpaG""7) = 6(Grvpe g 9" 977 977 Griavipron ) (4.72a)
= 4G 0pe G577 59" (4.72b)
So, putting everything together gives the equation of motion
1 1 oo 1
Rap — égaBR = _%QGBGMVPUGH 77+ EGGMWWGB’YWZ%' (4.73)

4.3.2 The equation of motion for C,z,
For the gauge filed Cyp,

aq-agBr-Baviveys
— e G,

1442 oy G51'~~ﬁ40717273'

(4.74)
First we notice two important identities that can be derived by using the definition
of the field strength G, ,,. The identities are

1
Lo = ‘CCijk -V _Q@GWMGWW +

0G 1w po ”
2 o = 400 4.75
9(0aCjr1) Hrpe’ (4.75a)
Ouipo G717 = G, (4.75b)
where
S = 0 (w70
Using the Euler-Lagrange equations for Cfg-
a'CC’ 360
Oa - =0, 477
(a<aacijk)) 0Ci, ( )
the first term in the right hand side of (4.74) gives
aﬁc 0 1
aa 0.C.n)) e\ a6.C) _”__GVJMal vz gres 0a4Ga1aaa )
(a@acijk)) (a<aacijk) ( 9ygTmweed 9799 2013 4))
(4.78a)
2.4 / ajkl ~uvpo
= Oa T VY 0vpo G ; (4.78Db)
2.4 ikl
= 0o | =g V9 G ) (4.78¢)
and the second term yields
0 1 aq-aqBrBayiv2ys
6a8(a Ckl) 14426 Gal"""4G51"'B4O’71’yz’y3 s (479&)
alj
9 Lo capn
o (14426 1aafr Bmwrstal...Q4G51...54C’717ﬂ3) , (4.79D)
j
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and

4.2 aq-aqang 1 a1 e Baii
= 1442804 (6 ' ! Jk71’Y273Ga1---a4071’7273) - 14426 ! aP1-Ba jkGal...a4G51...g4,
(4.80a)
4.2 aq-gaon] : 1 aq1-aaB1-Baii
— Ve (E 1 Jk’Yl,YQ’YdGOél'“a4aOéC’Yl’YQ’Ys) _ @e 1 aafBrBa JkGa1--~a4G,B1--~54a
(4.80D)
2 1o o iJ 1 aq-o -Bat]
= —1442 (6 1 Q40172773 JkGal...a448[aOmm]) — 14426 1o fBr-fBa ]kGa1~~~a4G,81m/34,
(4.80c)
2 Qai--ago i 1 a1---aq BBt
= _1442 ( 14123 ]kGal---a4Ga’yl'yz’yg) _ 14426 1aq 1B JkGa1---a4G,81---ﬁ4-
(4.80d)

Finally the equation of motion for the gauge field by considering (4.80d) and (4.78¢)

becomes
3 3!

/_ aijk

(6a1~~~a4,31~~-ﬁ4ijkGa1ma4Gﬁlnﬂ4) =0. (4.81)

4.3.3 The equation of motion for 1,

Because we do not consider the spinors in this work thus we prefer to give directly
the equation of motion for spinors without any details

TP Db, = 0, (4.82)
where .
Dy, = Dy(@), — 5 144 (D10, — 8TP1°62) 10, G s (4.83)

When the expectation values of the fermion fields are zero (we will show in chapter 5,
setting the expectation values of the fermion fields equal to zero does not completely
destroy the supersymmetry e # 0), the equations of motion are

1 1 1

Ra - FYa R=—(—- « G v UG'quU 4Gau O'G vee )
O (/=agGEWk) = — _—_
e (V=96 = — 115

(4.84)
<€a1---a451---54ijkG

al"-a4G51"-54)'

It is believed that there is an eleven-dimensional theory called M-theory which con-
tains the eleven-dimensional supergravity as its low-energy limit and besides the
compactification of M-theory on a circle with radius R in the low-energy limit turns
out to be type ITA string theory [58, 59]. One can extract the action of type ITA
string by considering the bosonic part of (4.60). As we stated before this part consists
of a metric and a three-form potential as follows [56]

1

L = 1 /—gR — m /_GWPUGWpa

0‘1"'a4’81"'B4HVpGa1...a4 GB1...ﬁ4 Cl”’p'

(4.85)

1. 1442¢
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Now we want to derive the Lagrangian in D=10 by compactifying one of the coordi-
nates (e.g. z'') on a circle. Assuming

11

==, pelo2m), (4.86)

where R is the radius of the circle. The 11-dimensional metric tensor or any other
fields can be written as

Guo () = ngﬁ)(ml, e e (4.87)
n=0

For massless particles the term with n = 0 in (4.87) is required therefore 0,11¢,, = 0.
Introducing a gauge potential (A,) and a scalar field (¢) we can write the eleven-
dimensional metric in terms of ten-dimensional fields gﬁf,ri“g, A,, and ¢ as follows

—2¢ ,String
gD = e3¢ (e guuA + A, fiﬂ) , (4.88)

Using (4.85) and the new form of the metric, the Lagrangian density in D=10 or in
other words the Lagrangian density of type IIA sting theory becomes [56]

=173 [ oo sy
_ 4%462(#\/__9 (11‘1(5/))2 T .14863\/__9 { E) o, T8 ASBHSL%‘M] 2 )
o sy 0
where
Bi(j) = Cijnn,
F,Si) = 20, A, (4.90)

H(3) Gal...a3117

ai...as

4
Fb(l.)..b4 = Gbl--~b4'
The connection between fields living in D=10 and D=11 after compactification is

shown in (4.90). This suggests that solutions to D=11 supergravity after compacti-
fication over one of the coordinates, can be used in type ITA string theory.
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4.3.4 M(D)-Brane solutions

Membranes are dynamical objects which play an important role in the theory of
supergravities (e.g. D=10 and D=11) [60, 61, 62, 63]. They carry charge and mass
and geometrically are defined by two groups of coordinate systems called tangential
and transverse coordinates. The tangential coordinates are related to the word-
volume of the membranes (z! and z? in figure 4.4). The transverse coordinates are
used to show the location of membranes (2 in figure 4.4).

4

Figure 4.4: A D2-brane with two tangential coordinates x', 22 and a trans-
verse coordinate x2. The location of the D2-brane is 3 = 0.

We use word M-brane for the extended objects in D=11 whereas in D=10 the
objects are called D-brane. A D(M)-brane is determined by spatial coordinates in
it’s world-volume e.g. M6-brane or D6-brane is a seven-dimensional object (1+6).
In the first part of this section we will consider membrane solutions in D=11 and
then we will discuss D-brane solutions in D=10. Let us start with D=11. It is
known that D=11 supergravity and hence M-theory admit two basic solutions called
M2-brane, and Mb-brane, motivating interest in this subject. Both M2-brane and
M5-brane solutions have mass and charge and also preserve 1/2 of the supersymmetry
therefore they are BPS states (the states which preserve some supersymmetry). A
brief summary of M2-brane and Mb5-brane solutions is provided in the subsequent
sections.

M2-Branes

The membrane solutions which break one half of the spacetime supersymmetries and
also saturate BPS bound, were discovered by Duff and Stelle in 1991 [64].

In constructing the membrane solutions, we will consider a two-dimensional object
(M2-brane) with a world-volume oriented along {z!,z? 23 z* = 0,--- | 2!' = 0}.
The world volume of M2-brane respects Poincare invariance (P;) and the whole
configuration is invariant under rotation (SO(8)) in the transverse space, so we
expect that the spacetime metric to be functions of distance r in the transverse
space. Hence we start finding M2-brane solution by splitting the coordinates as

oM = (2%, "), (4.91)

where a,b,c--- = 1,2,3 and 4,7,--- = 4,---11. The coordinates on the tangent
space carry a hat-sign e.g. a and ¢. Similar to the coordinates splitting, the gamma
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matrices also can be written in terms of longitudinal and transverse directions to the
M2-brane as

r4=(T1%,

. 4.92
=(1"0X, 1%, (4.92)

where 7% are gamma matrices in Minkowski space (D=3), X! are gamma matrices in
the transverse Euclidean space (D=8) and X:? satisfies the following properties

29224.__211

(29)2 — 18- (493)

Finally we remind that according to the decomposition of the gamma matrices the
spinor field e(x%, x") can be decomposed as

€="To & 5(7"), (494)

where 7, is a two-component spinor in D=3 which is constant and £(r) is a spinor
with 16 components lives in the transverse space (D=8). The D=11 line element
which respect the symmetry group Ps; x SO(8) where Ps stands for the 3-dimensional
Poincare group, can be written in the following form

ds?, = > ds? 4 2B 2, (4.95)

where
ds? = nydzda®,
3 M (4.96)
dsg = 0;;dz'dx’

and r = /d;;x'z7. Since the membrane has three dimensions (1+2), a 3-form gauge
field Ay as

C
Aabc = €qbe € (T)a

4.97
€abe = +17 ( )

is needed to be coupled to the world volume of the membrane. All other components
of the gauge field A;;, and all components of the gravitino 1y, are set to zero. Since
we require the fermions to vanish, from supersymmetry transformation it is clear
that

0 = Dee =0, (4.98)

where (4.98) is known as the Killing spinor equation [65, 66, 67] in D=11 and D, is
given by

1 i p 1
(-DE)M = aM _ ZWMABFAB _ @ (PA1A2A3A4M _ 8FA2A3A45]1?41) GA1A2A3A47 (499)

where the spin connection in terms of the Christoffel connection and the vielbein
(e4) is expressed by )
N_A_F

wMBA =Tur"eyes — egE)Me’g, (4.100)
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=1 5e) gd_: (4.101)

and the Christoffel connection in terms of vielbein becomes

i { eAr) ifA=a
1

Tapc = gorlag”

1 N N o - ~ o
_ ) I ig ) I . I _ o
= —| ejo0aep + eg0acj + €;4,0pec + ec0pejs — ej,0ces — Ocejen |-

2
(4.102)
According to the value of M = (a, ), we split the calculation of (4.99) into two parts

1. M =a.
In this case the Killing equation (4.99) reads as

1 iR 1
&1 _Z waABFAB _2_88 PA1A2A3A4Q — \8FA2A3A4(5:L411 GA1A2A3A4 = 0
0 1 11 I‘IrI
(4.103)
Simplifying T gives
I = 96— B AM) 814(?") F%a,
Ozt (4.104)
= 2e B AN, A(r)T0,
where a summation over ¢ is implied. Using the gamma matrices we get
I =20-A(r)e T,
iAr)eq b (4.105)
— 1
= 20; A(r)e; X'"EM.
One can easily show that the contribution from term II vanishes,
11 = DArdedsds G g aga, = AT ,Glasi = 0, (4.106)
and finally term III reduces to
T = 74244588 Gy gy ag a4,
_ 3Fb0i€abc6iec(r)a
bei c (4.107)
=3y “Tleapcoie (T)7
— 6673A(r),ya2i8i60(r) 7
where Gupe; = —€ape0;¢C"). Plugging I, II, and III into (4.103), we obtain
1 - 1 -
(De)a _ _ge—SA(r)026314(7")6&82271)2(9) + 66—314(7’),}/(}Lzzaiec’(r)7
(4.108)

ol suyein A (L3AG)w©) O
=—g¢ X'Y405 (e 3 e ) .

A projection can be built by taking e34(") = ¢€(") which implies that A = %C’ and
so (4.108) becomes

(De)a = éE%agC (1 - 2(9)) : (4.109)
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One can solve this equation by making the following ansatz
e=f(zh, -, 21+ 2)e, (4.110)

where €g is a constant spinor. We will use this solution after calculating the second
part of the Killing equation in the transverse space.

. M =1.

The Killing equation (4.99) becomes

1 ig 1
(De)z = 81 _ Z wiABFAB _@ FA1A2A3A4Z‘ _ 8FA2A3A4(5£41 GA1A2A3A4 =0.
—_— —
I I 111
(4.111)
The first part (I) can be simplified as
I = 20,BXF;. (4.112)

The second part (II) reduces to

IT = T4 42434, G ag a4,
= AT A4 G Ay Ay (4.113)
— _24673A(r)71232(9) EmiameC(r),
and finally the simplification of the last term (III) gives

1T = D243 4460 Gy 4y,
_ FA2A3A4GZ‘A2A3A4, (4.114)
—66_3A(T)'7123E(9) 81,60(1”).

Substituting the above expressions in (4.111) we find

(D.)i = 05 — %&BZIZ B %26—3A(r)712327711,2(9)8”160(7") B ée_:sA(T)yug,E(g)aiecu)’
_ 9 — ée*“(”vug’z(g)&ecw) _ %Eki <8kB + é€3A(T)’Y1232(9)8k€C(T)> 7
L —340)529) . ,C0) _ Ly Loy, o)
:81-—66 ¥\ ;e —521' 6kB+éE o€ .
(4.115)
Again a projection can be obtained if we set
1
A=3C, (4.116a)
1
B=-C, (4.116D)
and (4.115) reads as
(Do) = 8 — éz“”aic - %E’zakB (1 - 2<9>> . (4.117)
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Plugging (4.110) into (4.117) gives

1
f<$47 ' ,.’L’ll) = 6507
(4.118)
e =esC (142,
or in general form
e = es%n ® &, (4.119)
where &) is a constant spinor satisfying
(1-x)g =o0. (4.120)

We note that the Killing equation does not imply the equations of motion, hence
in order to determine C' = C(r) we use the equation of motion for the gauge field
(4.81). Inserting the field strength G4, p,c,a into (4.81) gives

Opr (vV=gGH P M) 10 =0,

aM(€3A+SBQA1A29B18290102QMM1 GAQBQCQMl) —_ O,
ai(e?)A—l-SBgaalgbbl 96016_236U6a1b101 (9jec) — 0,
eabcai(63A+83676A67235i]’6j60) _ O,

8i(e_3A+GB5ij8jec) =0,

9;(e ¢854 9,e%) = 0,

§90;(0;e7) = 0. (4.121)

which shows e~¢ satisfies the Laplace equation (4.121) in the transverse space and
has the following solution

- Qum
e “=Hr)=1+ 7«62’ (4.122)
where r = /22 + -+ 22, and Q, is a constant. Knowing e“, one can easily show
that
A = Hi, (4.123)
2P = Hs, (4.124)
and the metric becomes , )
ds3, = H 3ds3 + H3ds3, (4.125)
which subsequently fulfills the requirement of the metric at infinity
Minkowski space = lim ds7, = dsj; + ds;. (4.126)

r—+00

In the following paragraphs we summarize the results obtained from the previous
discussion and we complete the M2-brane solution by describing the mass and charge
of the membrane. In particular we use ADM (Arnowitt, Deser and Misner) formalism
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to derive the mass of the membranes. As we obtained earlier the M2-brane solution
takes the following form

ds® = H™ 5 (—dt? + da? + dad) + H3 (dal + - - + da’y), (4.127)
MQ—E)’rane

or in the matrix form, the eleven-dimensional metric becomes

-1
_2 1
g/.l,lj = H 3 1 s
H.1g
o0;H
G()lgi = Cﬁ, C = :l:]_, (4128)

where H is a harmonic function satisfying Laplace equation V2H = 0, and depends
on x3- - r10. Goig; is a four-form field, and ¢ = £1 correspond to M2-brane (¢ = +1)
and anti M2-brane (¢ = —1). The functional form of H in terms of transverse
coordinates is given by

O,
76 (4.129)
f2:x§+...+aj%07

H=1+

where Q,y, is related to the charge of the M2-brane. The solution specifies a mem-
brane locating at the point 7 = 0 in the transversal space and the world-volume
of the membrane is oriented along the t, xy, and x5 directions. M2-brane solution
preserves % of the initial supersymmetry [4, 55, 56, 68]. The Killing spinors in this
case takes the following form

e=H s, (4.130a)
n = cn, (4.130b)

thlxz

where 7 is a constant spinor, ¢ = +1 and "2 = [*[*1]'%2,

As we can see from (4.129), the solution contains a singularity at 7 = 0. The nature
of this singularity can be studied by analyzing the behavior of the Kretschmann
scalar (K = R*R,5.5) at ¥ = 0. In order to simplify the calculation we assume
that the 8-dimensional metric in the transverse space takes the following form

dss” =dy’ + y*da’ + y* sin®(a) (dB° + sin*(B)dn”) +

4.131
+ dr? +17d0” + r? sin®(0) (d¢® + sin®(¢)dy)?) . ( )
So the M2-brane metric becomes
dsyy? = Hr, y)_%(—dt2 +dz? + d:UQQ) + H(r, y)§d382, (4.132)
where H(r,y) =1+ (yi‘g);ﬁ. Calculating the Kretschmann scalar, we find
a
K = (.9, Quso) (4.133)

(r6 + 3riy? + 3r2yt + 48 + QM2)14/3’
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where
F(0,0, Q) = 468 Oy, (4.134)
This reveals that the value of the K is finite in the limit as r,y — 0, hence 7 =

/1?2 +y? = 0 is simply a coordinate singularity. We rewrite the metric [69] in terms
of an isotropic coordinate system (7) as

ds?, = H(7) 75 (—dt? + dz,® + dxy?) + H(F)5 (di? + 72dQ2), (4.135)

where dQ? is the angular part of 8-dimensional flat space in the hyperspherical co-
ordinate system. Now we introduce the variable R by

T = QM26—(1 _ R?))%’ (4136)
1>R >0,
and
- . QM2 _ ]-
H(R) =1+ =52 = = (4.137)

The metric (4.135) in terms of the new variable R reads as

. 1 - ~

ds?, = R2(—dt® + dai® + das?) + ZQMQ%R_zdRQ 4 Qu, Sd02 s
1 1 ~ ~ ~2 1 ~ 1 :
+1Qu? ((1 ~R)E - 1) R2R + Quy, s ((1 R 1) d02.

Two interesting cases in (4.138) are

1. R— 1.
the metric becomes asymptotically flat.

2. R—0.
the metric is given by

~ 1 1~ -
dsiy) = R*(—dt® + da1® + das®) + ZQM;R*?dRQ +Ou,5d02,  (4.139)

which is the metric of AdS, x ST (figure 4.5). By setting A = IR = _Qu%
Moy
where R is the Ricci scalar the AdS, part satisfies
1
Rap = 59a6R + Agap = 0. (4.140)
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Figure 4.5: The topology of M2-brane solution at ® — 0 and R — 1.

Charge and mass

M2-branes and M5-branes are dynamical objects which carry charge and mass. M2-
branes are electrically and M5-branes are magnetically charged under a 3-form gauge
field shown by An,aq0s- As a matter of fact we say electrically charged branes and the
magnetically charged branes are dual to each other. The charge of a single M2-brane
is given by

Qs = / *GW, (4.141)
X7

where Y7 is a 7-sphere (S7) enclosing the M2-brane, Guasas0s = 4001 Aasasa,] and

1
G = JGarasasan @™ A da™ A da® A da. (4.142)

For the sake of simplicity we use the spherical coordinates to obtain the metric in
the transverse space. So, the metric for the 8-dimensional Euclidean space in terms
of spherical coordinates is given by

'yiQ 0 0 0 0 0 0 0 7
01 0 0 0 0 0 0
0 0 gy O 0 0 0 0
9 191 0 0 0 (050 0 0 0 0
W=HwW | 5 5 o TG Jowy O 0 0
0 0 0 0 0 Gg@ses) O 0
00 0 0 0 0 o) O
L 0 0 0 0 0 0 0 9(6767)



where

9(6202) = Sin2(01)7 (4.143a)
(305 = sin®(01) sin® (6s), (4.143b)
G(6465) = sin”(0y) sin*(6s) sin®(63), (4.143c)
(0505 = sin®(0;) sin®(6s) sin®(63) sin®(6,), (4.143d)
G(0606) = sin?(6)) sin®(0y) sin®(03) sin®(6,) sin?(65), (4.143e)
9(070+) = sin®(0)) sin®(6y) sin®(63) sin®(64) sin®(0s) sin®(6g), (4.143f)

where 0 < 07 < 2w and 0 < 6§; < m, i =1---6. The volume element can be obtain
from the metric as

V=g db; - do; = y"H(y)3d<s, (4.144)
which yields

4

™ ™ 2w
97:/ / sind (8, ) sin®(62) - - - sin(6s) d@l---d96/ 497:%, (4.145)
0 0 0

where 7 is the volume of 7-sphere (S7). The metric function H and the gauge field
(Atzlm) are given by

Qus
Hiy) = 1+ =52,

1 (4.146)
A T1T2 — T7/ N0
t H(y)

where dA,, ., gives G®. Inserting (4.144) and (4.146), into (4.141) we find
Q2 = 27" Q. (4.147)
As we can see from the M2-brane solution

lim H(y) =1, (4.148)

Yy—r—+00
which shows the asymptotically flatness of space, hence this allows us to use the

ADM formalism to obtain the mass of the M2-brane (&) [56, 69]. In this formalism

Ey= lim [ [V%sa — V(0" gw)] n’dQy, (4.149)

Yy—r+00
X7

where n** stands for the flat metric, n® is the components of unit normal vector to
ST, dQyz is the volume element (S7) and V is the covariant derivative associated with
the metric n*”. The metric 7, is given by

ds?y = da? + dri + dy? + y*d9Z, (4.150)
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and g, takes the following form
dsty = H(y) 5 (daf +da3) + H(y)s (dy* +y°d%), (4.151)

where d?2 is the differential element of a 7-sphere (S7). Employing (4.149), (4.150)
and (4.151) we find the ADM mass as

O, (3 + 5 Q)2
gy = tm 2B Ew) = 2719Qy,. (4.152)

Yy—>+00 5
Ql\gQ) (1 + Qy]gz)?)

31+
Comparing (4.147) and (4.152) we can conclude that

& = Qa, (4.153)
which means that the M2-brane solution saturates the BPS bound
Ery > Q. (4.154)

M5-Branes

Similar to the M2-brane solution, one can define another important solution in
eleven-dimensional supergravity called M5-brane. This solution is given by [56]

ds? = H3(—dt* + da} + -+ + dad) + H3 (daf + - + daty), (4.155)
MS—Erane
or
-}
_ H%
G = 3 )

2
H3 (z6.-10)

Gayoroy = CH%EQI..OS@%H(%, < xyg), €= %1, (4.156)

where H is a harmonic function V2H = 0, €,,...a; is Levi-Civita symbol, and ¢ = +1
stands for Mb5-brane and anti M5-brane respectively. H takes the functional form

O,
3 (4.157)

2 2 2
r :x6+...+l‘10’

H=1+

where Q). is related to the charge of the M5-brane. The Killing spinors for M5-brane
have the following form

e = H 1, (4.158)

where 7 is a constant spinor satisfying the projection
[FT2EBTATS ) — o (4.159)
where I*1%2237a2s — PIP@iP%2@s2al®s . The Mb5-brane shows an event horizon

without any singularity and the metric interpolates between Minkowski space-time
at infinity and AdS; x S* space-time near the horizon [69].
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Charge and mass

Similar to M2-brane the magnetic charge of a M5-brane [56, 69] is defined as
Qs = / G =877 Quy, (4.160)
35
and the ADM mass &5 is

Ot (3 + 5 Qusy )8
85 — lim M5( y3 M5> _ = 87T2QM5, (4161)

+o00 3
y= 3(1 + Qy%%) (1 4 ny\?/)f5)3

and again we see that the M5-brane solution saturates the BPS bound.

E > Qs. (4.162)

In the following, we briefly introduce intersecting membranes in D=11 supergravity
[70, 71, 72, 73, 74, 75, 76, 77, 78]. We just consider only three combinations of

M2 and Mb5-branes which give the following configurations of intersecting branes in
D=11 (table 4.1).

Table 4.1: Intersecting branes with different config-
urations.

M2 x x X — — - - - - - =
M2 x - — X X - - - - — -
M2 x X — — - - X - - = =
M X X X X X X - — = — =
My X X X X X X - - - — =
M) x X X X — — X X = — =

* x and — stand for the world-volume and the transverse
coordinates respectively.

The general form of the metric in terms of the world-volume and the transverse
coordinates become

ds? == — . =X x --- X, (4.163)
where W and T stand for the world-volume and the transverse space respectively.

M2-M2 Intersecting branes

We start with two intersecting M2-branes [71, 77, 78, 79] which overlaps in a point
and are oriented along (x1,r9) and (x3,r4) directions respectively. They may be
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located at different locations. The metric for two-M2-branes is given by

i

dt? 1 1
ds* = (H H,): < + —(dz? + dx3) + E(d:{:é + da?) + (dxg 4+ 4 dx%0)>,

~ H\H, H,
(4.164)
where 1 OH 1 OH
C1 1 Co 2
G = — —=——, = =5---10, 4.165
020 = 5 2 gre T T G2 gpa @ (4.165)
and
H; = Hy(zs,--- ,119), V*H; =0, ¢;==1, i=1,2. (4.166)
The metric functions H; become
Hi =1+ 2:, .fl = (.’L’i5 N 'xilo)a T = (.1‘5 M '33’10), 1= 1, 2, (4167)
r

i
where 1; = |Z — 7| is the relative distance between the location of the each brane
(Z;) and the position vector (Z) in the transverse space. The Killing spinors become

¢ = (HyH,) o, (4.168)

where 7 is a constant spinor satisfying

Loi2n = an, (4.169a)
Lozan = cam, (4.169b)
and
[To12, Loaa] = 0, (4.170a)
Tr(To12l034) = 0. (4.170b)

Each condition in (4.170) preserve half of the spinors thus the solution preserve i of
the original supersymmetry.
M2-M5 Intersecting branes

In this configuration the M2-brane is oriented in (1, zg) directions and the M5-brane
is smeared out in (1, xq, T3, x4, x5) directions and the overlapping coordinate is (7).

For this solution the metric is given by

ds®* = H, *H, *(—dt* + dz?) + H, ® Hj (dz3 + dx3 + da? + dx?) (4.171)
2 2 2 1 :
+ HPH, ®(da?) + HP H3 (d? + doi + dog + da3y),

where H; = H;(x7, xs, 9, T10), @ = 1,2 and the non vanishing components of the field
strength are

Cc

Gﬁagfy Elﬁaﬁ,ygang, (4.172&)
Co aaHg

Gii6a (4.172b)
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The Killing spinors in this configuration are given by
€ = (Hy) 72 (Hy) o, (4.173)
where 7 is a constant spinor which satisfy the constrains

Loien = c11, (4.174a)
Lo12345m = c2n). (4.174b)

M5-M5 Intersecting branes

Two Mb-intersecting branes are oriented in (xy, z9, 23, x4, x5) and (z1, 9, 3, Te, T7)
directions and the overlapping coordinates (z1, xs,x3). The metric for this solution
has the form

1 _1 2
ds® = (H{Hy) ™5 (—dt* 4 daf + dal + da3) + Hy ° H3 (dx + dx?)

+ H?Hﬁ(dm% + da?) + (H Hy) (da? + da? + da?y), 1)
where H; = H;(xg, z9,x109) and ¢ = 1,2. The field strengths reduce to

Gorap = %eam&yfh, (4.176a)
Gisas = %eaﬁ,yasz. (4.176b)

The Killing spinors in this configuration are given by
¢ = (H H,) 121, (4.177)

where again 7 fulfills

LCo12345m = €11, (4.1784a)
Lo123671 = c2n). (4.178b)

This configuration preserve i of the original supersymmetry.

D,-branes

We start from the gauge fields in type ITA theory (2.48) and predict the existence
of D-brane solutions in D=10. There are three gauge fields and each gauge field can
couple to a D,-brane as

Gauge Field Electrically Magnetically

Cu Do D¢
B(2) Fi NS5
C(3) Doy Dy
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where F} and NS5 are the fundamental branes. In a similar way one can obtain
some possible D-branes in type IIB theory as

Gauge Field Electrically Magnetically

C2) Dy Ds
Cu D3 D3
By, F, NSs

where again F; and NS5 are the fundamental branes. We briefly present D,-
branes solutions [71, 77| in D=10 in terms of metrics and the scalar field (dilaton).
We start with the fundamental branes F; and NS5. The metric for the simplest
brane F} in type ITA and IIB takes the following form

ds® = **(—dt* + dx}) + dvi + - - - + dg, (4.179)
where
€% = H(xy, -+ ,19) ", V2ZH =0. (4.180)
The metric for NS5 is given by
ds® = —dt* + do? + dok + dok + do? 4 da? 4 P (dwd + - - + dad), (4.181)
where
e’*® = H(xg, -+ ,19), V?H = 0. (4.182)
Finally we give the spacetime metric for D,-brane as
ds® = H 2 (—dt? + da? + -+ da?) + H2 (a2, + - - + da?), (4.183)
where ,
e =H "5, V*H =0. (4.184)

Intersecting D-branes

We should note that M-branes solutions in D=11 provide D2/D6 and NS5/D6-brane
intersections in type ITA supergravity [70]. Here we just consider D2-branes inside
D6-branes [71]. The spacetime metric takes the following form

1 v Hq
VvH H, v Ho

++/ HHy de? + daj + dxgz,

w

ds* = (—dt? + da? + da2) +

\(dx?; + daf + da? + dx%)ﬁr

v (4.185)

where H; and Hs are the harmonic functions for D2 and D6-branes respectively. The
harmonic functions satisfy

0% Hy + Hy0%Hy = 0, (4.186a)
0% Hy = 0. (4.186b)
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One can show that the solutions to (4.186) are

Hi=1+) Qo , (4.187a)
— — 2 - —
z {W—vm T AQu — VT
W — W

There is a particular interest in finding new M2 and M5-brane solutions in M-theory.
These solutions can be obtained by embedding various spaces in the transverse space
to M-branes. For M2-brane solutions the metric (4.127) can be written in the fol-
lowing form

ds* = H_%(—dt2 + dx} + da3) + ﬁ%(dsf + dsgz : (4.188)
MZ—%:“ane eight—dimen‘s,ional metric

which indicates that the eight-dimensional space in (4.188) is labeled by two distinct
metrics called ds? and ds3. In table (4.2) some combinations of metrics, which can
be embedded in ds? and ds3, are given.

Table 4.2: Different combinations of metrics for ds?

ds? = ds? + ds ds? ds?
ds? Flat 2-center
ds? 2-center  2-center
ds? Flat 3-center
ds? 3-center  3-center
ds? Flat k-center
ds? k-center  k-center
ds? Flat  Bianchi IX

*1 and 2 are four dimensional spaces

For the M5-brane solutions the metric takes the following form

ds® = H™3(—dt® + da? + da? + dad + dot + dad) + H3(dy® + dw?) ,  (4.189)

N J S

~
Mb5-brane five-dimensional metric

where dw? is a four-dimensional space equal to Gibbons-Hawking or Bianchi IX
spaces. Some of these combinations have already been studied, for example, M2 and
Mb5-brane solutions based on transverse Taub-NUT, Atiyah-Hitchin, and Bianchi
type IX spaces have been discussed in [29, 80, 81]. In chapter 5 we present new M2
and Mb5-brane solutions by lifting Gibbons-Hawking and Bianchi spaces to D=11
supergravity.
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CHAPTER 5

NEW M-BRANE SOLUTIONS

Fundamental M-theory in the low-energy limit is generally believed to be effec-
tively described by D=11 supergravity [58, 59, 82]. This suggests that brane solutions
in the latter theory furnish classical soliton states of M-theory, motivating consider-
able interest in this subject. There is particular interest in finding D=11 M-brane
solutions that reduce to supersymmetric p-brane solutions (that saturate the BPS
bound) upon reduction to 10 dimensions. Some supersymmetric BPS solutions of
two or three orthogonally intersecting 2-branes and 5-branes in D=11 supergravity
were obtained some years ago [79], and more such solutions have since been found
[83].

Recently interesting new supergravity solutions for localized D2/D6, D2/D4,
NS5/D6 and NS5/D5 intersecting brane systems were obtained [29, 70, 80, 81, 84].
By lifting a D6 (D5 or D4)-brane to four-dimensional self-dual geometries embedded
in M-theory, these solutions were constructed by placing M2- and Mb-branes in dif-
ferent self-dual geometries. A special feature of this construction is that the solution
is not restricted to be in the near core region of the D6 (or D5) brane, a feature quite
distinct from the previously known solutions [85, 86]. For all of the different BPS
solutions, 1/4 of the supersymmetry is preserved as a result of the self-duality of the
transverse metric. Moreover, in [87], partially localized D-brane systems involving
D3, D4 and D5 branes were constructed. By assuming a simple ansatz for the eleven
dimensional metric, the problem reduces to a partial differential equation that is
separable and admits proper boundary conditions.

The aim of this chapter is to construct the fully localized supergravity solutions
of D2 (and NSb) intersecting D6 branes without restricting to the near core region of
the D6 by reduction of ALE geometries lifted to M-theory. In fully localized solutions
the world volume of the lower dimensional brane is entirely inside the world volume
of the higher dimensional brane. Our main motivation for considering ALE geome-
tries (and specially multi-center Gibbons-Hawking spaces) is that in all previously
constructed M-brane solutions [29, 70, 80, 81, 84|, we have at most one parameter in
each solution. For example, NUT /Bolt parameter n for embedded transverse Taub-
NUT/Bolt spaces, Eguchi-Hanson parameter a in the case of embedded transverse
Eguchi-Hanson geometry and a constant number with unit of length that is related
to the NUT charge of metric at infinity obtained from Atiyah-Hitchin metric in the
case of embedded transverse Atiyah-Hitchin geometry. Moreover, in all the above
mentioned solutions, the metric functions depend (at most) only on two non-compact
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coordinates. The metric functions in the multi-center Gibbons-Hawking geometries
depend (in general) on more physical parameters, hence their embeddings into M-
theory yield new results for the metric functions with both non-compact and compact
coordinates.

We have obtained several different supersymmetric BPS solutions of interest [88,
89]. We should mention the condition of preserved supersymmetry is distinct from
that of BPS which is defined in the bosonic theory. However as we will show in
this chapter all solutions preserve some supersymmetry (e # 0) hence they are BPS
states. Due to the general M2 and M5 ansatze that we consider in this chapter, the
metric functions for all M2 solutions, as well as M5 solutions are harmonic. Hence
all our brane configurations are determined by solutions of Laplace equations and
they obey the BPS property. Specifically, since in the 11 dimensional metric for an
M2-brane, the M2-brane itself only takes up two of the 10 spatial coordinates, we can
embed a variety of different geometries. These include the double Taub-NUT metric,
two-center Eguchi-Hanson metric and products of these 4-dimensional metrics. After
compactification on a circle, we find the different fields of type ITA string theory.

In our procedure we begin with a general ansatz for the metric function of an
M2-brane in 11-dimensional M-theory. After compactification on a circle (T), we
find a solution to type ITA theory for which the highest degree of the field strengths
is four. Hence the non-compact global symmetry for massless modes is given by the
maximal symmetry group E(;) = R, without any need to dualize the field strengths
[90]. For the full type ITA theory, only the discrete subgroup FEy)(Z) = Z survives,
in particular by its action on the BPS spectrum and as a discrete set of identifications
on the supergravity moduli space.

In the following sections we present in details our new solutions and show that
they are indeed satisfy the equations of motion. After that, we use the Killing spinor
equations to obtain the number of supersymmetries.

Moreover, we consider the decoupling limits of our new solutions.

As a guidance for the reader, here we present the summary of all possible em-
bedded metrics in M-theory, given in table (5.1).

In the case of embedded Bianchi space, we use a special map as

r=a— +00,

(5.1)
r = 400 — 0,

to find the analytical solutions. In the case of embedded 2-center GH space the solu-
tions are exact solutions and we give both series solutions and closed-form solutions.
In the case of embedded 3-center GH space, the partial differential equations are
hard to be solved exactly, so we use different approximations to find their solutions
(as shown in table 5.1). Similar to 3-center case, solutions in k-center case require
some approximations.
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Table 5.1: Possible metrics, achieved from Gibbons-Hawking (Multi
Taub-NUT) and Bianchi spaces

Metrics V(r,0) or other approximations Range of r Page
Bianchi space 63
IX ap=0,a, =a3=a r € (a,00)

2-center 68
N1 =1,Ny, =0 V:€+%+m TG(0,00)
k-center 75
Ny # Ny V~e+é’o%+é’1%2cos9 r>Na
Ny # Ny V ~ By + By 1+ By rcosf r € (0,a)
N1 =Ny V ~ 4 +14L%+ffg(3c0529—1)r2 r € (0,a)
3-center 84
Nl = N2 =1 Similar to (Nl = Ng) re (O,a)
- Bl r € (a,00)

*67 a, n, ai, az, asg, AJO7 Ala A/2, BOa ély gQa (jOv Cyfl and N are constants.
**k, Ny and Ns are the number of NUT charges.

5.1 Bianchi space

The D=11 M2-brane with an embedded transverse Bianchi type IX metric is given
by the following metric

ds%l = H(ya T)_2/3 (_dt2 + d[E% + dm%) + H<y7 7,,)1/3 (dy2 + y2dQ§ + dS%Bianchi IX)) )
(5.2)
where the Bianchi metric type IX is given by (3.32). The metric (5.2) is a solu-
tion to the eleven dimensional supergravity if H(y,r) satisfies the following partial
differential equation

0*H 1 dA; 1 dAy 1 dAs 0*H OH
y\/A1A2A3[27”W {6+7’(A1 I +A_2W+A3 )}—] {2 Ay +67 8_3/} =0,

5.3
where A; =1 — Z—Z One can easily solve (5.3) by defining as o
H(y,r) =1+ QY (y)Re(r), (5.4)

which leads to Jl(%y)
Y(y) = y2 , (5.5)
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and

d’R, dA, dA, dAs ., dR.(r
2TA1A2A3 dr 2( ) + {6A1A2A3 + T(A2A3d— + A3A1 dr + A A2d_7’3)} d”f )
— ry/ A1 Ay AR, (1) =

(5.6)

where ¢ is the separation constant. It is unlikely to find exact solutions to (5.6)
however we can simplify the problem by considering a; = 0 and ay = a3 = a which
results the Eguchi-Hanson type II metric. Using the later assumption the differential
equation (5.6) becomes

at d*R.(r) at al dR.(r) 1,
T(l - ﬁ)? + {3 (1 - ﬁ) + 4?} dr - 50 TRC(T> =0. (57)

We introduce the new variable ¢ as

a

r= , 5.8
Vtanht (5:8)
the differential equation (5.7) in terms of the new variable ¢ is given by
d*R.(t)  a*c® cosh(t)
= R.(1). 5.9
dt? 8 sinh®(t) (¥ (5.9)
For small ¢
cosht 1 1 4
——~ =t — O (PP 5.10
s’ #1519 () (5.10)
and (5.9) reduces to
d*R.(t)  a*c® 1
R~ —R.(1). 5.11
We find the most general solutions to (5.11)
tanh ™! 2 ]1 {CH—
\/ r /
2tanh ™!
(5.12)

- 02/ (74 — a%) tanh™ (T—Q) 11(1, ey }

2tanh~! (%)
2

where [; is the modified Bessel function of the first kind, and C}, C5 are two con-
stants. We found that the first term in (5.12) does not meet the boundary conditions
at infinity (figure 5.1) and therefore the only acceptable solution vanishing at infinity
comes from the second term.
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044 Bi(r)

0.421

0.4

0.381

0.261 . r
1 12 1.4 16 18 >

Figure 5.1: The first term in (5.12) is divergent as r tends to infinity. We set
a=c=1.

Analytically continuing ¢ — ic yields new solutions for R.(r) (figure 5.2) and
¥ (y) as

2
R,(r) = [tanh™" (“—2) {Om it +C Y = }
r 2tanh ™! (ff—;) 2tanh ™! (i—i)
(5.13a)
and (5.13b)
Ki(-5y)
Y(y) = lTﬁ (5.13¢)

where J;, Y7 and K; are Bessel functions.

08 R(r)

0.41
Ry(r)

0.2

Ry(r)

Figure 5.2: Both acceptable solutions in (5.13a) vanish at r = oo.
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In order to give a comparison between the numerical and analytical solutions we
set a = 1 and ¢ = 2. In figures 5.3 and 5.4 we compare the numerical and analytical
solutions. Similar comparison can be done by using different boundary conditions at
different locations e.g. r = 1.5.

Figure 5.3: Numerical and analytical (/1) solutions are compared at r = 1.01.
The black curve shows the solution to differential equation (5.7) while the red
curve shows the numerical solutions.

L
i
tn

Len

Figure 5.4: Numerical and analytical (Y;) solutions are compared at r = 1.01.
The blue curve shows the solution to differential equation (5.7) while the green
curve shows the numerical solutions.

By knowing R.(r) and Y (y), the most general solution for the metric function is
a superposition of all possible solutions which takes the following form

Hy,r) =1+ Qu, / T R()Y (y)de. (5.14)

As we will see later in next section both M2-brane and Mb5-brane solutions with em-
bedded Gibbons-Hawking space, the 11-dimensional equation of motion is separable
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if we set H =1+ QY (y)R(r,0), where @ is a constant related to the charge of the
M-branes. In addition we will find that R(r, ) satisfies the same partial differential
equation in both M2 and M5 brane cases.

5.2 Gibbons-Hawking space and solutions for R(r,0)

We start with the equation of motion for R(r, )

r  Or or? 72

20R(r,0) O?R(r,0 1 (cosOOR(r,0) O*R(r,0
20R(r,0)  O°R(r.0) (Sme ée ) 4 6(02 )):C2VR(T,9), (5.15)

where

n k=N1 n k=N> n
V=et—+ ) +

- \/7“2 + (ka)® + 2kar cos® k=1 \/?“2 + (ka)® — 2kar cos 0

. (5.16)

and N; and N, are the number of NUT-charges along z-direction (figure 5.5).

_'.'1\"?2

[=]
e e 4RO 4RO

L

;r\'r]_
Figure 5.5: The geometry of charges in K = N; + Ny + 1-center instanton.

It is easy to see that the differential equation (5.15) strongly depend on V' which
in turn is determined by N; and N,. Thus choosing different values for N; and N,

lead various solutions. We study the solutions to (5.15) according to the values of
N; and Ny as follows:
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Ny =1 and N, =0 (2-center)

In this case V reduces to

s N9
V=e+—+ . 5.17
T V12 + a2 + 2ar cos 6 ( )
We change the coordinates (r,0) to a new pair of coordinates (4, A) defined by

pw=r"+r, X=1r—r,

(5.18)
where 7 = \/r2 4+ a2 + 2ar cosf and p > a and —a < X\ < a. We notice that the

coordinate transformations (5.18) is well defined everywhere except along the z-axis.

Y

Figure 5.6: The geometry of charges in 2-center instanton.

The differential equation (5.15) in terms of new coordinates becomes

OR O’R OR 0*R 1
_o) 2t 2_ g, o g0 2 _ 2\ 2| D2~ )2
oy T (@ ) o T "o + (W —a )éW el gelp )+ 510
1 1 '
+§,u(n1 + TLQ) -+ 5)\(711 — n2):| R.
This equation is separable and yields
10G 10°G 1 1
o\ 2 o+t Lo CZel?)? M2 = 9
)\G o + (A —a )G o 3¢ (ng —mng)A 1€ A =0, (5.20a)
1 0F 10°F 1 1
2IU/F8—M + (/,62 — az)ﬁa_/ﬂ — 502(711 -+ ng)u — ZGCQIMQ — M202 = O,

(5.20b)

upon substituting in R(u, A) = F(u)G(A) where M is the separation constant. The
solution to equation (5.20a) is given by

60) = HeW i+t | et G2
where H¢()\) (Appendix D) stands for
Ho(N) =
e%‘[(“*’\)HC(an\/E, 0,0, ac®N_, —i(ecﬂ +2aN_ +4M?)c?, = (1 — 2 ) (5:22)
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In equations (5.21) and (5.22), N_ = ny — ny and gc, g, ), are two constants in \.
The power series expansion of He () is

- aN_c* M3 ed?c? A
A)=1-— 1-—=
Ho) =1- (75 + 5+ S50 =20
n (ea202 M?c? n e2atct n ea’c*N_ n A M n ea’c* M? n ac*N_M?
32 8 256 64 16 32 16
a?ctN? A
(1= 22 4 00, 5.23
(1= 2+ 0 (523)

Hence we obtain

G(\) = He(M){genr + glpr In

A - A
o R SR DR (£
n=1

where g, gg v and d,,’s are constants in A\. The first few d,,’s are

2.2 2
4y = % LM 4 ea4c . aNQ_c
4, — M?c? B ea’c? N 1 3eatc? B 3ea3c4N__
8 32 8 256 64
B 3ctMA B 3ea’c* M? B 3ac*N_M? B 3a’c*N? (5.25)
16 32 16 64

The same approach can be used to find the solution to equation (5.20b). We find

- . . 1
F() = Fclpf Fear + T | E— (5.26)
T = o)+ ) H ()
where H¢ (1) stands for
7:10(#) =
c 0.27
2Vl o (2car/e, 0,0, ac* N, —%l(e(f +2aN, + 4M?)c?, %(1 - g)) (5.27)

In equation (5.27), Ny = n; + ny which yields the power series expansion as

~ aN,c? M3*®  ea®c? L
—1- -
o) =1 (D2 M0E ey by,
ea’c®>  M?**  a'ct  ed®c*N,  AM*Y ed’*M? actNyM?
+ - + + + +
32 8 256 64 16 32 16
a’ctN2 I
1— 5200043 5.28
o )1 2)+0W) (5.28)

So, we obtain

() = Aol fors + Foagn 1= 2} + £ Dbl =By (5.29)

a
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where b,,’s are given by (5.25) upon replacing N_ by N,. We find the most gen-
eral solution to equation (5.19) (or equivalently to equation (5.15) after coordinate
transformations (5.18)) given by

RO, 0) = { Aol feas + Foar 0 |1 = & Hago + o S b1 = 27} %
X {QC(A){QC,M + QQ,M In ‘1 - §|}5a,>\0 + Q.I:,M > oo Ao (1 — %O)n} . (5.30)

where g > a,|\o| < a. In (5.30), dp, = 0 and d,,~0,, are given by (5.25). The other
coefficients are given by

bO,M0>a = 17
b17u0>a = — Mo,
2 2 2

bao>a = {— (Mglﬁ) a?) il ;—(iéw— ;_2)2N+MO) }Nga
b3 jio>a = {CZ(EM% + 8o M? 4 3Ny g + Nya® + epoa®) 531

’ ] 12(p§ — a?)?

A
02— a2)2}u3,

where

Ay =— 2402 — 8a® — Peuy + Cepda® — A MPpd + 4> M?a® — 2¢° Ny
+ 26 N, pioa?,

and
d0,|)\o\<a :]-7
di |xo|<a = — Ao;
02(6)\2 + 4M2 —|— 2N_)\0) )\0
d2,|/\0‘<a :{_ . 8 2 )\2 + 2 )\2 })\37
((l 0) (CL 0) (532)
p _{02(6)\3 + 8X\oM? + 3N_A2 + N_a? + e\oa?) N
3,|hol<a — 12()\(2) _ CL2)2
A,
Ty
i 24(a? )\3)2} 0
where

Ay = —24)02 — 8a® — Pedg + Aedla® — APMPN2 + 4P M2a® — 2P N_\3+
+ 2¢2N_Nga®.

The recursion relations that we have used to derive the coefficients (5.31) and (5.32),
both are in the form of

Qn = QlQn—l + QQQTL—Q + Q3Qn—3 + Q4Qn—47 (533>
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where n > 2 and Qg = Q1 = 1. Moreover Q,<o = 0. The coefficients (5.31) are
related to Q’s by

bnpo>a = (= 10)" @n, (5.34)
and the functions Q depend on €, uig, n, ¢, a, M, N,. For (5.32), the relation to @’s is

dn,|>\o|<a - (_AO)an (535>

where the functions Q depend on €, g, n, ¢, a, M, N_. In both cases, the radius of con-
vergence is large enough to find the membrane function (5.105) at many intermediate-
zone points. As an example, for the choice of a = ¢ = M = 1,¢ = N, = 2 and
1o = 10.75, the series is divergent for 0.9906 < pu < 20.5093.

In figures 5.8 and 5.7, we plot the slices of the most general solution (5.30) at
A =const. and p =const. respectively, for different values of separation constant c.

F(u)
1.2 c=15
c=2
1]
0.8
0.6
0.4
0.2
H

T T T T T T T I_ T T
0 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Figure 5.7: The first bracket in (5.30) as a function of y — a = 2

PR

1.
2

C
C
Figure 5.8: The second bracket in (5.30) as a function of A.
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Before discussing the closed form solutions of (5.20b), we should note that the
second series of solutions (5.20a) and (5.20b) can be obtained upon replacing ¢ (or
M) by ic (or iM).

Closed form solutions

By defining a new variable n as

a

~ tanh (n)’ (5.36)

1

one can map g to n as shown in figure 5.11

61

H
a

4

0 3 i : ;

Figure 5.9: According to (5.36), n = +o00 and = 0 are mapped to u = a
and p = 400 respectively.

The differential equation (5.20b) in terms of the new variable 1 turns out to be

’F (n) _
dy’ (5.37)
1 (ea® + 4 M?) ¢? cosh? (1) + 2a (ny + ng) ¢ sinh (1) cosh (n) — 4 M?c? '
n . 4 F(U)
4 sinh” (n)

By considering the series expansion of the right hand side in (5.37) around 1 = 0 the
new differential equation becomes

d*F (n) N calc? N 2a2(ny + ns) . cac® + 12M2c2
dp> | 4n' 2178 121

}F(n), (5.38)

which has a solution as

F() W ( 1c(n1+n2) \/1—1—(%6@24_4]\42)02 CCL\/E
n nvvw 9 \/E ) 9 ) n
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where Wy is the Whittaker function and n = tanh ™ (%)

In figure 5.10 the analytical solutions to (5.39) are compared to the numerical solu-
tions to (5.20b). For both solutions we have used the same initial conditions. It can
be seen from figure 5.10 when p — a, we get a tiny difference between numerical
and analytical solutions. To remove this difference between numerical and analytical
solutions, we consider two solutions, one for a < p < 2a and the other for u > 2a
and match them at u = 2a. So, we get

F(p) = ©2a — p)Fi(p) + ©(u — 2a) Fa(p), (5.40)
where
Fy(p) =
anh~! (£ _Le(n + ) \/1 + (ea® + AM?)e? cav/€ (5.41)
tanh (M) (=g Ve o 2 tanh ™! <%> :

Fy(u) given by (5.26) and © stands for the Heaviside step function.

F(u)

1 1.2 1.4 1.6 1.8 2

Figure 5.10: A comparison between the numerical solution to (5.20b) and
analytical solutions to (5.39). The black curve shows the analytical solution.

We should note by choosing proper values for fa  and fé a0 (5.26) two solutions
Fi(pn) and Fy(p) are C* continuous at p = 2a (figure 5.11).
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0.2
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H

(4]

0 2 3 4 5 6

Figure 5.11: The full solution for F'(u) is made of Fy(u) (blue) and Fy(u)
(green).

The closed form solution for G(A) in general is given by (5.21) however by setting
ny = neo, an interesting solution can be obtained as follows
~ 1 a’c’e 1 M?*® N
F()‘):fcMHC(Ov__a[);_—a__ 7_2)+
1 a’c’e 1 M?*c® N\ \ '

r!
+fcMHC<O>§707_ 16 71_ 4 a?) )
where f.,; and f/,, are constants and the first leading terms in the power series
. = 2.2 2.2 2 .
expansion of H¢ (0, Q, 0, —4F<, %1 — M4C , 2—2) are given by

2Q +1— M*c \2
Q1)
N 24Q +9— 10 M2c® +12Q% — 8QM?>® + M*c* — a’c?e Q — a’c*e
32(Q + 1)(Q + 2)a

M4+ 0N,
(5.43)

where @ = +1. We notice that the analytical solution (5.39) in the limit of large r

> a,
a® ~ 0, (5.44)
R 2r,
and using
tanh ™' (z) =z + O (2°) , (5.45)
becomes

F(r) ~ ;WW(———~ VIHAMTE e, (5.46)



where n = ny+ny. This result exactly resembles the solution for a single NUT-charge
n embedded in M2-brane [80].

k-center instantons

We try to find solutions to (5.15) in the presence of k = N; + Ny + 1 charges (figure
5.5) where the functional form of V' = V/(r,0) is given by (5.16). In general it
is unlikely to find exact analytic solutions to (5.15), hence we need to make some
approximations. In this section, we find the solutions of (5.15) in region r > Na
where A/ = max(Ny, N2) and region r < a, respectively.

Let us just start with the case r > Na. In region r > Na, V(r, ) reduces to

n(1+N1—|—N2)+ No(No+1) — Ny(Ny + 1) | ancosd

V(r,0) =~ e+ " 5 NCR

(5.47)

where we keep the terms up to the second-order in 1/r. The separated differential
equations after applying (5.47) are

—di;:g) + Qrdfd—(:) — A(er? + n(Ny + Ny + 1)r + M?) f(r) = 0, (5.48)

2
d*g(0)  cosfdg(h)

2 2 ~ .
87 T sng ag ¢ WM Fmeos)g(6) =0, (5.49)

where

o (N1(N; + 1) 2— No(Ny + l)na, (5.50)

the constants ¢ and M are considered as real positive numbers that we call this case
as case 1. The solution to equation (5.48) is given by

en(Ny + No+ 1) V14 4M32c?
2\/€ ’ 2

where Wy is the Whittaker function and the solution to equation (5.49) is given by

F(r) ~ %WW(— ey, (5.51)

9(6) =Ho(0,0,0, 2%, —(M? + 1), §>{CC,M+

e / dg } (5.52)
o £(&—2)He(0, 0,0,2fnc2,—(M2+m)027g)2 ’

where Hc is the Heun-C function (see Appendix D), § = 1 — cos and C. , C7
are constants. Figure 5.12 shows the behavior of the first and second lines of (5.52)
where the constants are set toa =1, n =1, m =12 (N; =5 and Ny = 2), M =1,
and ¢ = 1.
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Figure 5.12: The first and second lines of solution (5.52) represented by ¢ (€)
and go(), respectively.

As it is shown below, the second line of (5.52) has a logarithmic divergence at
¢ = 1. In fact the angular function (5.52) has a series expansion around £ = 0, given

by

(6 = X0 M) = Cune |1 = SO + ) oo+
X , (5.53)

+Clum {(1 = (M2 M)+ ) (&) + (5 + (M + 1)) + -+ ]

The other divergent behavior of g2(§) at € = 2 (in figure 5.12) could be obtained
easily by expansion of (5.52) around & = 2. Finally, the general solution to (5.15) is
given by R(r,0) = f(r)g(&). For later convenience, we define function (r, ¢, M) as

_1_Vrranze nc*(Ny + Np + 1) )
S(rye, M) =f; r 2 2 1— S
( )=h ( —1+V1+4M3c? (5.54)
f 1 1+42M2c2 (1 n an(Nl + Ny + 1) N ) .
T r .
’ 1+ V14 4M2c2

Case 2:
We can analytically continue ¢ — ic that yields a new solution. In this case the
solutions for g(y) is x(y, M,ic) and the radial part has two-vanishing solutions at
infinity as follows
1) if 4M?%c* # 1

f(r)=S(r,ic, M). (5.55)

2) if 4M2c% =1

f(r) :Cl %(1—71@2(]\714—]\[24—1)7“4_...)_’_
Cy %(ln(r)(l—nCQ(N1+N2+1)r+...)+2nc2(N1+N2+1)7~+...).

(5.56)
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where C7 and Cy are constants. We find the numerical solutions to (5.48) and
compare with series solutions given by (r,ic, M) as

1 2 3
11(r) = st (1.0 — 283.4274006 7 + 1235.685153 1% — 1778.059435 r°+

+ -+ —0.1586133408 x 1077 7' 4+ 4.162117735 x 10~ '? 7’18>,

(5.57)

and

1 2 3
12r) = ~grssrrass (1.0 — 4.572599538  + 6.763825856 12 — 4.729363676 r°+

+ -+ — 1873282837 x 107" r'7 — 1420219368 x 107' 7’18>.
(5.58)

The constants were set to: Ny =5, Ny =5, M = %, n=1c=1e¢=1,a=1
and the initial conditions were calculated at » = 3. The results, given in figures 5.13

and 5.14 reveal that in order to achieve the exact numerical solution we need to keep
higher order terms in (5.57) and (5.58).

FLCOR N/ SO S S 6 7
u e r
-1004

-2001

-3001

Figure 5.13: The series solution fi(r) (red) is compared with the numerical
solution.
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fa(r)

0.47

0.2 T

Y e 3
or N\~

-0.2

-0.4

-0.86

-0.8

Figure 5.14: The series solution fy(r) (red) is compared with the numerical

solution.

Case 3:
We analytically continue both ¢ — ic and M — M. The solutions are

(5.59)

f(r)=S(r,ic,iM),
(5.60)

g(y) = X(T’ i, ZM)

As an example, in figures 5.15 and 5.16 we plot the numerical solution to g(y) where
the constants are n =1, c=1,a =1, M =0.5, Ny =5, and N, = 3.

1 g(y) ]
!
0.5 /
/ 0,5 1 1,5 ;
¥
f y
-0.5] f
i
i
_1-I|'
i
-1.5

Figure 5.15: The logarithmically divergent part of g(y) at y = 0.

78



Figure 5.16: The regular part of g(y) at y = 0.

Case 4:

X(r,¢,iM) and the radial solution becomes

Finally, we analytically continue only M — ¢M. Similar to case 2, we have g(y)

1 N; + Ny +1) /1 —4M2c2
£(r) = _WW(_CTL( 1+ Ng + ), c 2ev/er). (5.61)
r 2,/ 2
Finally the total solution R(r,0) for each case (1, 2, 3, or 4) is given by
R(Ta 6) = f(r)g(y) |y=1fcosa- (562)

If we let the number of charges be finite and geometrically, they have been located
inside a region (figure 5.17) such that the maximum dimension of the region is very
smaller than r (L << r), then the solution to equation (5.48) becomes

1 cen(Ny + Ny +1) 1
R<T7Q):;WW<_ ( 12\/E2 )75720\/ET)7

(5.63)

where unlike the solution (5.62), there is no dependence to angular coordinate 6 since
M = 0. It is straightforward to derive (5.63) from (5.46) by setting M = 0.
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Figure 5.17: At r — o0, V = e+ HN;—JFNQ

Now, we present the solutions for M-brane metric functions in near region where
r < a (figure 5.18).

_'.r\"rz p

Figure 5.18: The geometry of charges in kK = Ny + Ny + 1-center instanton.

In this region, we notice

n n n nrcosf [ 1 M
RO DIEEs-l DOFE) W | HECLD
=1 k=1 =1 =1

A
and the equation of motion (5.15) becomes

20R(r,0) N O?R(r,0) N 1 (COSG OR(r,0) N O*R(r, 9))

2 2\ & 2
r Or or r2\sinf 00 00 (5.65)

Brcos6
¢? <e+A+§+%> R(r,0),
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where we assume B # 0 (N; # Ny). If B = 0, we should consider higher order terms
in (5.64) which we will consider it later in this section. We redefine R(r, §) as follows

R(r,0) = P00 (r,0), (5.66)

where 5 = %BCZ. As we know (Z < 1), so the partial differential equation in terms
of W(r, ) approximates to be

ov (r,0) N L, 0*W (1,0) N (cos@ Py sin@) oV (r,0)

2r or " or? sin 6 00

+

0?W(r,0) 9 . 9 B 2 2 _
a0 + 3%sin® 00 (r,0) — 2 8 cos 0U(r,0) — ¢ ((e + A)r®* + nr) U(r,0) = 0.
(5.67)
The partial differential equation (5.67) separates into
2
r2d jry) + 2rdfd—§4r> — ((e+A)r* +nr+ M?) f (r) =0, (5.68a)
d?q (0) cos 0 , dg () 5 o 2
102 + (Sine —-2p sm@) 0 + (M?c* + (Bsinf)” — 28 cosb) g (0) =
(5.68b)
Solution to (5.68a) is a Whittaker M function
fo cn 1V1+4M3c?
_Jo _ Ve+Ar). .
f(r) ’I’WM SN 5 ,eve+Ar (5.69)
The solutions to (5.68b), in terms of coordinate ¢ = cos 6, are given by
- 1 d(
=e X F,1—v,-(1- /
o0 = Flut =50 - o+ | S gy
(5.70)

where F is the hypergeometric function and v = % + —Vl+42MQ‘32. The solution can be

expressed in the series forms as

g(&) =01 (1 + 2”8_—]\42025 + 0(52)> +
C2 (m(g) {1 + w_TMQCQg + 0(52)} + {(% + M?c*)€ + 0(52)}) :
(5.71)
where £ =1 — (.

As we mentioned before, if Ny = Ny = Ny, we should keep higher order terms in
(5.64). Starting from (5.67) and changing the coordinates to

x =cosl, z= i, (5.72)

a
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We get
2 2
Z2(9 R(z,z) N 228]%(2,:(:) L P R(z,x) 5 OR(z,x)

J— 2 ——
022 0z ( ) 0x? v ox

(5.73)
— | A(a*e + 2nady) 2 + nac*z + naByc?z* (37 — 1) | R(z, ) = 0,
where Ay = &1% and By = gil 2. To solve (5.73), we introduce the function
Q(z, z) as follows
R(z,z) = ’Q(z, x), (5.74)

where f = +/3naByc. Hence the differential equation (5.73) in terms of €2 (z,x)
becomes

0*Q(z, x) 0*Q(z, z)

) o0 )
(28 — 2z — 23;25)—@ =) O () 022
z

an;_ + 22— + (1 — %)
+ (87 = 2Bz — 2% ) Q

0z
L)+
+ [nacQBOZ4 —nac’z — (a’e + 202naA0)22} Q(z,xz) =0.

(5.75)

Separating the variables in Q(z,z) by Q(z,2) = T(2)O(z) and substituting into
(5.75), we find two separated second order differential equations for ©(z) and Y(z),
as follows

d*© do
(1—a?) dx(f) +2 {(1—x2)ﬁ—x} %—(23564—623:2—M202—52)®(w) =0, (5.76)
2
2 ;(22> +22deiZ) + {—MQCQ—i—nacQBoz4 —nac’z — (a*e+2c*naAy)z* | Y(z) = 0.

(5.77)

The solutions to (5.76) are given by (5.70) as ©(x) = ¢(()|c=, while the solutions to
(5.77) can be written as

14/ 14+4M2c2 — 14V 14+4M2c2
2 2
)

T(z)=2" Ti(z) + 2 To(z) (5.78)

where

nac?

+ O(2?),
1—\/1+4M2022 (")
o (5.79)

+ z 4+ 0(2?),
14+ vV1+4M3c? (=)

and Y;(z), i = 1,2 are two independent polynomials of z. In figures 5.19 and 5.20
we obtained the numerical solutions to (5.77) and compared with

TQ(Z) =1

T B 1 —0.80901699272 — 6.7586104522% — 4.3610679692% — 4.62680952224
1(2) = ~1.618033988 ’
(5.80)
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and

Ty(z) = 206180339880 (1 +0.30901699452 + 0.50861046352%+
(5.81)
+0.11106797762> + 0.03590041978z4> :

where we set A = %, B = g, € =M = c=a=n =1 and 5th-order and higher order
terms of z were omitted.

Tl(-’f)

30

20

10+

-101

Figure 5.19: The T:(z) is compared with the numerical solution (red). The
difference between curves is a result of omitting 5th and higher order terms in
the series solutions.

_Tzfﬁ—')

u.2-/
.,

T T T T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 5.20: The T5(z) is compared with the numerical solution. Both solu-
tions are in perfect agreement.

We can analytically continue the near region solutions (as we did for far region)
and get new solutions, however we do not consider them here.
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Ny =1 and N, =1 (3-center instantons)

The solutions in this case can be divided into two cases where r < a and r > a.
For r < a we can use the results in the previous section (k-center) by setting Ny =
Ny = 1. To find the solutions to (5.15) over region r > a, we define a pair of new
independent coordinates p, A given by

Ry + Ry V12 + a2 + 2arcosf + /r2 + a? — 2ar cos 6
2 2 ’
Ry — Ry Vr?+a®+2arcos0 — /r?+ a? — 2ar cos f
2 2 '
A geometrical interpretation of p and A can be obtained using figure 5.21. According
to figure 5.21 we can easily show that |Ry — Ry| < 2r < (R; + Rz) and |Ry — Ry| <
2a < (R; + Ry) or in other words A < r < g and A < a < p.

no= (5.82)

A

(5.83)

Figure 5.21: The relation between p, A and r.

The equation (5.15) turns into

R(p, \) OR(u, \)
2 2 ) )
(u° —a”) o T 2p o

2
O°R(p,A) o\ OR(W, A) _

ON? X
R(p, A).

+ (a® — \?)
(5.84)

nR2R1

A le(p? — N?) + 2un +

In the absence of cross-term ”RT#RH the equation (5.84) could be easily solved by the
method of separation of variables. In region » > a, one can show R; =~ r — acosf
and Ry ~ r 4+ acosf. hence we get

RyR 2
- a—coszému (5.85)
”

r
So, in terms of new coordinates p and A, the equation (5.84) turns into
O? R, \) OR(u, \) O? R, \) OR(u, \)
2 —a? ’ 2 ’ —— 2 — L =
W —a) = T2y, )2 X (5.86)

& [e(p® = N?) + 3un] R(w, ).

+ (a2 _)\2)
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This differential equation (5.86) separates into two ordinary second-order differential
equations, given by

(u? — a2)d2dGM(2M) + 2,udcjlfjt> — e + 3un+ M*)G(p) = 0,  (5.87)
(a® — Az)deF;(j) — 2/\%&)\) + AN+ MHF(N) = 0. (5.88)

For p > 2a, introducing the new coordinate 0 < ¢ < tanh_l(%) related to p by

It = Tty the equation (5. 87) changes to

d?G(q)—< M?¢ | B*cosh(q) = o cosh®(q)

dq? sinh?(q) sinh?(q) sinh*(q) ) G(q) =0, (5.89)

where 8% = 3nc?a, o® = ec?a®. The solutions to (5.89) can be obtained as

2

G1(q9) = qgWw <—1/2 — 1/2/1+ 442, 2%), (5.90)

where 72 = M?c* + 1/3a? and g, is a constant. For a < pu < 2a, the solutions to
(5.87) become

Go(2) = e WVEN (4 cav/e, 0,0, 6 an, —c* (3 na + M? + ea2) , _§> X
GQCa\ﬁz
(14 g / 2
2 (2 +2)He (4cay/e,0,0,6 an, —c® (3na + M? + ea?), —%)

dz),

(5.91)

where z = £ —1 and g5 is a constant. We should note that by choosing proper values
for g1 and gs, two solutions (5.90) and (5.91) are C*° continuous at p = 2a.

For the second differential equation (5.88), the solutions are given by

1 a’c’e 2c2¢ 1 M2 X2
( ) fcMHC'( aO - 7_2)+
L H(O 1 0.— a’c’e 1 M3 )\2>/\ '
eMTECRE o 44 4 a2

where for, and fl,, are constants.

For completeness, we also numerically solve the equation (5.88) and the results
are illustrated in figure 5.22.
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Figure 5.22: Numerical solutions to equation (5.88).

As the final result, the most general solution for the R(r,#) in region r > a, is
given by:

R(r,6) = Gy F(V). (5.93)

where Gy(pr) = Gi(tanh ™ (£))O(% — 2) + Go(4 — 1)O(2 — &) and © stands for the

Heaviside step function.

In the following sections we discuss the general aspects of M2-brane and Mb5-
brane solutions. Since these solutions depend on three transverse coordinates y, r,
and 6 and also satisfy various 11-dimensional Laplace equations, we consider each
case separately.

5.3 M2-branes with one transverse Gibbons-Hawking
space

The 11-dimensional M2-brane metric with an embedded Gibbons-Hawking space is
given by

Wl

ds®, = H(y,r, 9)_% ( — dt? + da] + d:vg) + H(y,r,0) <ds?1 + dséH> : (5.94)

where ds? a three-sphere (flat space) given by
dsi = dy* + (doﬁ + sin®(a ) (das + sin2(a1)d&§)>, (5.95)
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and

(A + w(r, 0)ds)

dsgy = V(r,0) {dr* + r*(d6” + sin®(0)d¢”) } + V0 0) (5.96)
The non-vanishing components of the field strength
1 OH
Ft$1$2y = _ﬁa_y7 (597&)
1 OH
FtZUlZ'QT — _WW7 (5-97b)
1 OH
thlng = —ﬁw (597C)

The metric (5.94) is a solution to the equations of motions, provided H(y,r,6) is a
solution to the partial differential equation

. OH oH ., . 0°H ) 2
2rysm9§+yc059m+r ysm@ar2 —|—ysm9892
2

0°H H
+ (7"2y sin ¢ Oy + 3r? sin eaa—y)v =0,

_|_
(5.98)

where V = V(r,0) and H = H(y,r,0). We notice that solutions to harmonic equa-
tion (5.98) determine metric function everywhere except at the location of the brane
source. We consider the M2-brane is placed at the point » = 0, y = 0. Substituting

H(y,r,0) =14 Qp,Y (y)R(r,0), (5.99)

where Q)y, is the charge M2-brane, we obtain two differential equations as follows

Y (y) 3dY()
— Y(y)=0 5.100
0 + y dy + Y (y) =0, ( a)
20R(r,0) O*R(r,0) 1 (cosOIR(r,0) O*R(r,0) 9
- = = ). (5.100b
roor i or? AT 00 00? CVR(r,6). (5.100)
The solution to (5.100a) is
J
Y(y) ~ 1?5‘11), (5.101)
where J;(y) is the Bessel functions of the first and if we convert ¢ to ic, the solution
becomes %
Y(y) ~ 1y(y), (5.102)

where K7(y) is the modified Bessel function of the first kind.
We note that the general solution of the metric function could be written as a
superposition of the solutions with separation constants ¢ and M

Cmax Mmax
H(y,r,0) =1+ QMQ/ / Y (y)R(r, 0)dcd M, (5.103)
0 0
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where the integration is calculated over two separation constants ¢, M and R(r,0),
Y (y) are well known functions. We remind that some solutions of R(r,#) contain
terms which constrain the value of ¢ and M e.g. having term like /1 — 4M?¢? in
solutions, implies that ﬁ > c¢. In decoupling limit as we will see later the coupling
can happen if there are no restrictions on the values of ¢ and M or in other words
¢, M € [0,00) and hence the only acceptable solutions for H(y,r,0) are

H(y,r0) =1+ O, / h / Y () R(r, 0)dedM. (5.104)

For instance, the general first set of solution (corresponding to embedded Gibbons-
Hawking space with £ = 2 and € # 0) is

Ji(cy)
Y

X

H(y,r,@):1+QM2/ dc/ dmM
0 0

Ho

% / M !/ - ,LL n
X {’Hc(u){fc,M + fearIn ‘1 - 5‘}5&#0 + Lo D bago(1— ) } X (5.105)
n=0

. h\ s A
X {HC()‘){QC,M + gerIn |1 — 5‘}5%% + Ger D o1 = A_O)n} :
n=0

As we notice, the solution (5.105) depends on four combinations of constants fe ar, fi us
and ge nr, ge. py in form of fg, f'g, fg" and f'g’ which each combination has dimension
of inverse charge (or inverse length to six). Hence, the functional form of each con-
stant could be considered as an expansion of the form ¢*+?6MP where 8 € Z,.
Moreover we should mention the meaning of 1o and Ao in equation (5.105) that have
dimensions of length. We recall that the near-zone solutions (5.24) and (5.29) are
given partly by series expansions around r ~ a. The intermediate-zone solutions are
given by similar power series expansions (with substitutions a — Ao and d,, — d, »,
in (5.24) and @ — po and b, — by, in (5.29) around some fixed points, denoted by
po and Ag. To calculate numerically the membrane metric function (5.105) at any
i, A (or equivalently any r and ), we consider some fixed values for uy and Ay (5.31
and 5.32).

From D=11 to D=10

The 11D metric and four-form field strength can be easily reduced down to ten
dimensions using the following equations

o—2%/3 (%g + €2¢)Ca0ﬂ) A3
€4¢)/305 PRLIE! , (5.106)

Gmn

F(4) = ./7(4) + 7—[(3) A dip, (5.107)

where 1) is the eleventh dimension, on which we compactify. The indices «, 3, - -
refer to ten-dimensional space-time components after compactification. Reducing
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the metric to ten dimensions (5.107) gives the following NSNS fields
s 3 Hs(y,r,0)
3= ®=—-Ind ———~ 1
€3 =gy — 1 H{ Vo) [ (5.108)
Bas =0, (5.109)
and Ramond-Ramond (RR) fields
6%011 = GJaih,
4P 4P
e3 Cyp = gopp = €3 w(r,0),
and Cy becomes
Cy = w(r,0). (5.110)
Using F(4) = dA the non-vanishing components of the three-from gauge field read as
1
2H (y,r,0)

After compactification along v direction type ITA supergravity metric can be ob-

tained from
Gag = €7 <gaﬁ — M) , (5.112)
Gapap

Atryzy = (5.111)

which gives the following line element
dsty = H 3(y,r,0)V=2(r,0) (—df* + da? + da3) +
+ HE(y,r, )V (r,6) (dy? +17d03) +
+ Hi(y,r,0)V2(r,0)(dr? + r*dQ3), (5.113)

which describes a localized D2-brane at y = r = 0 along the world-volume of D6-
brane.

From type ITA to type IIB

Applying the T-duality transformations (Appendix E) on z; direction yield the field
contents and the metric in the type IIB superstring theory. The line element takes
the following form

dst,p, = H_%(y, T, Q)V_%(T, 0) (—dt2 + H(y,r,0)V(r,0)dz? + dmg) +
+ Hi(y,r,0)V72(r,0) (dy? + y2dQ32) +
+ H2(y,r,0)Vi(r,0)(dr? + r2d03). (5.114)
The background fields are given by

F o 1 H(’l“, Y, 9)
o = 5 ln{ Vi 0) } ) (5.115a)
C = w(r,0), (5.115b)
Y, =0 (5.115¢)
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5.4 M2-branes with two transverse Gibbons-Hawking
spaces

We can also embed two four dimensional Gibbons-Hawking spaces into the eleven
dimensional membrane metric. For the sake of simplicity, here we consider the
embedding of two double-NUT (or two double-center Eguchi-Hanson) metrics of the
form (5.96) with € # 0 (or € = 0). The M-brane metric is

ds?, = H(y,a,r,0)7%/3 (—dt* + dai + dz3) +

(5.116)
+H(y, or,7,0)"/? (dSéH(l) + dSéH(Q)) ;

where dsu(i), ¢ = 1,2 are two copies of the metric (5.96) with coordinates (7,6, ¢, 1)
and (y, a, 3,7). The non-vanishing components of four-form field are
7 B 1 0H(y,a,r,0)
trixzoxr — 2]—_[2 aLC )

where = r, 0, y, a. The metric (5.116) and four-form field (5.117) satisfy the eleven
dimensional equations of motion if

(5.117)

OH OH

2ry sin(a) sin(9){V (r, Q)yﬁ + V(y, oz)ra—y} +
H H
4+ sin(a)y? cos(9)V (r, 9)%—0 + r%sin(6) cos(a)V (y, a)(?“)_ -
o
: . 0*H 0°H
4+ r?sin(a)y?sin(0){V (r, 6>W + V(y,«) o }+
0’H 0?’H
. . 2 2 _

+ sin(8) sin(a){r*V (y, ) 5oz TY V{(r,0) 502 } =0, (5.118)
where V(y,a) = e+ 22 + R The equation (5.118) is separable if we
set H(y,a,r,0) =1+ Qpp, Ri(y, a)Ra(r,0). This gives two equations

2r;— + 2 €5y = w;x2V (zi,y:) R, (5.119)

ox; " ox?  siny Oy 0%y

where (z1,y1) = (y, ) and (x2,y2) = (r,6). There is no summation on index i and
u; = +1, ug = —1, in equation (5.119). We already know the solutions to the two
differential equations (5.119) as given in section 5.2, hence the most general solution
to (5.118) is

H(y,a,r,0) :1—|—QM2/ dc/ d]\/[/ dMR(y, @) R(r, ). (5.120)
0 0 0

From D=11 to D=10

We can choose to compactify down to ten dimensions by compactifying on either ¢
or 7 coordinates. In the first case, we find the type ITA string theory with the NSNS
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fields

> = zln(vi[:f;)), (5.121)
B, =0, (5.122)
and RR fields
Cy = w(r0), (5.123)
Atzyz 5H (y,la, 0 (5.124)

The metric is given by

dsiy = H(y,o,r,0)V(r,0)"? (—dt* + dai + dz3) +
+ H(ya.r,0) 2V (r,0) (dst) +
+ H(y,a,r,0)Y2V(r, «9)1/2 (dr2 + 72 (d92 + sinz(ﬁ)d¢2)) . (5.125)

In the latter case, the type ITA fields are in the same form as (5.121), (5.122), (5.123),
(5.124) and (5.125), just by replacements (r, 6, ¢,1) < (y,«, 5,7). In either cases,
we get a fully localized D2/D6 brane system. We can further reduce the metric
(5.125) along the ~y direction of the first Gibbons-Hawking space. However the result
of this compactification is not the same as the reduction of the M-theory solution
(5.116) over a torus, which is compactified type IIB theory. The reason is that to get
the compactified type IIB theory, we should compactify the T-dual of the ITA metric
(5.125) over a circle, and not directly compactify the 10D IIA metric (5.125) along
the «y direction. We note also an interesting result in reducing the 11D metric (5.116)
along the ¢ (or ) direction of the GH(1) (or GH(2)) in large radial coordinates. As
y (or r) — oo the transverse geometry in (5.116) locally approaches R ® S'® GH(2)
(or GH(1)®R? @ S'). Hence the reduced theory, obtained by compactification over
the circle of the Gibbons-Hawking, is IIA. Then by T-dualization of this theory (on
the remaining S* of the transverse geometry), we find a type IIB theory.

5.5 Mb5-brane solutions

The 11-dimensional M5-brane metric with an embedded Gibbons-Hawking metric
has the following form

ds3, = H(y,r, 9)_% ( — dt* 4 da? + das + dal + dad + dx?)) +
(5.126)
+H(y7 Ty 6)% (dy2 + dséH) )
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with field strength components

oOH
Fppry = &Sln(e) 50 (5.127a)
a o, . OH
Fypoy = —§r2 sm(@)ﬁ, (5.127b)
H

Fzﬁqﬁ@r = %7"2 Sin(Q)V(T, 9)%—y (5127C)

(5.127d)

where @ = +1 and o« = —1 correspond to the Mb5-brane and the anti Mb5-brane

respectively. The metric (5.126) is a solution to the equations of motions, provided
H(y,r,0) is a solution to the partial differential equation

sinO0H cos@OH , . O*H sinf(0*H ,0*°H
+ rsind {86’2 +r 52 =0, (5.128)

Voor TV oo oV
where V = V(r,0) and H = H(y,r,0). This equation is separable upon substituting

H(y,r,0) =1+ QY (y)R(r, 0), (5.129)

2r

where Q). is the charge Mb-brane. The separated differential equations become

Y (y)

Y (y) = 1
92 +c*Y (y) =0, (5.130a)
20R(r,0) 0?R(r,0) 1 (cosOIR(r,0) 0*R(r,0) 5
— — = 0). .130b
o o2 \sme 08 T o CVE(r,6). (5.130b)
The solution to (5.130a) is
Y (y) ~ cos(cy + ), (5.131)
and converting c to ic gives
Y(y) ~e . (5.132)

The same argument for the decoupling limit as we discussed in the M2-brane solutions
is valid here. Hence the most general Mb5-brane function is given by

H(y,r,0) =1+ QM;,/ / R(r,0)dcdM. (5.133)

For example corresponding to embedded Gibbons-Hawking space with £ = 2 and
e # 0 is given by

H(y,r,0)21+QM5/ dc/ dM cos(cy + <) X
0

X{ ( ){fCM—i_fchn‘ M’}(sauo_'_fcManuo _ﬂ)n}x

X {7:[0<)‘){96,M + gear In

A n
1— a‘}éa,)\o + g;M Zdn,)\o(l - /\_) } . (5134)

n=0 0
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Similar result holds for embedded Gibbons-Hawking space with k£ = 2 and ¢ = 0.
The solution (5.134) depends on four combinations of constants in form of fg, f'g, f¢’
and f’¢g’ which each combination should have dimension of inverse length. Hence,
the functional form of each constant could be considered as an expansion of the form

/2428 VB where B € Z,.

From D=11 to D=10

As with M2-brane case, reducing the metric to ten dimensions gives the following

NSNS dilaton 23
3. [H*(y,r0)
d=-1 I A U Nl

1 “{ r.0) } (5:135)

The NSNS field strength of the two-form associated with the NS5-brane, is given by
H(g) = F¢yrwd¢ AN dy A dr + F¢y9¢d¢ AN dy A df + F@«gwd(ﬁ Adr A d&, (5136)
where the different components of 4-form F, are given by (5.127). The RR fields are

Cy = w(r,0), (5.137)
Aus, = 0, (5.138)

where C,, is the field associated with the D6-brane, and the metric in ten dimensions
is given by:

ds%o = V_%(?”, 0) (—dt2 + dx% + dx% + d:c% + de + dw?) + H(y,r, H)V_%(r, 9)dy2 +
+ H(y,r,0)Vi(r,) (dr* 4 r2d3) . (5.139)

We can see the above ten dimensional metric is an NS5.1LD6 brane solution.

From type ITA to type IIB

Similar to M2-brane and considering the compactification on x; direction, the metric
and background fields for the type IIB have the following forms, ,

dsty = V_%(T, 0) (—dt* + V(r,0)dz} + dai + dzj + daf + dz3) +
+ H(y,r,0)V =2 (r,0)dy? + H(y,r,0)Vz(r,0) (dr® + r2dQ32) , (5.140)

and
F o 1 H(’l“, Y, 9)
C = w(r,0), (5.141b)
Y, =0 (5.141c)
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5.6 Equations of motion and Killing spinor equa-
tion

Both Gibbons-Hawking and Bianchi spaces embedded in M2 and M5-brane solutions
fulfill the equations of motion for the gauge field (4.81) and the metric (4.73). They
also preserve some supersymmetries which can be obtained from the Killing equation
(4.99). In this part we just consider Mb-brane solutions and show these solutions
meet all requirements in D=11 supergravity and maintain some supersymmetries.

5.6.1 Equations of motion

For a Mb-brane solution, the eleven dimensional metric admits the following form

ds? = H(y,r,0) "3 (—dt? + da? + da? + dad + da? + da?) + H(y, 7, 9)%(dy2 +ds3(r,0)),

(5.142)
where ds? is a four dimensional manifold with the Euclidean signature. We assume
ds? is a multi center Taub-NUT, for example two-center space with two NUT charges
(ny and ny) is given by

ds? =V (r,0) {dr® + r*(d6? + sin®0d6?) } + (dv + w(r,0)dg)*,  (5.143)

V(r.0)
where V(r,0) and w(r, 0) are
nq %)
V(r,0) =e+ — + , 5.144a
(r,9) T 124 a2+ 2arcosé ( )
0
w(r,0) =nycosb + nala £ rcosf) . (5.144b)
Vr2 + a2 + 2ar cos 6
The equation of motions according to [91] are given by
1 1 1
Raﬁ o iRgaﬁ - § Fa’yﬂﬂsFﬁm’Yﬂg N ggaﬂF51525354F515253§4 ) (5.145&)
Q230 ]' 1°:°0405--:08x2(x3(x4
Vo F 304 — —%66 0405--dgrzxy Fgl...54F§5...587 (5.145b)
where aq,71,01,a, 8-+ are 11-dimensional world space indices, Fy,..q, is the field
strength defined by
o
Fs, .5, = 5651...5455855H(y,r, 0), (5.146)
where o = 1 corresponds to M5-brane and @ = —1 corresponds to an anti-M5 brane.
So the non-vanishing components of the field strength become
0OH 0
Fory = —sin (gér’ ). (5.147a)
OH 0
Fyooy = —%’I“Q sin 6 (é/;r, ), (5.147Db)
OH 0
Fysor =V (r,0)=r*sinf y.r.0) (5.147c¢)
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which satisfy the equation of motion for the gauge field (5.145b) as

1
ValFa1a2a3a4 — _%661-..5465---68012&3&4F(SIM&F%M(SB =0. (5148)

As an example V,, F*19™¥ is given by

Valpamrw —
B o 1 0H oV n cosG@_H
Wr2singHS \V dy 00 ' sinf dy (5.149)
N 1 ( 3 8_HE)_V+ 3o cos 8_[—[)_
3VHrsinf\ 9,V HS Oy 00  2rsinfH3 Oy

Now we consider the first equation of motion (5.145a). We define a new-rank two
tensor G, as follows

. 1 1 1 (

Gap = Rap — 511908 — 3 {FawéFﬁM& - §9a6F61626364F61626364:| : (5.150)
and for simplicity we show V (r,0) =V, w (r,0) = w and H (y,r,0) = H and obtain
Gaﬁ The components of Ga[g fall into two categories: components which are equal

to zero, for example Gy, and Gy,

A 11 02— 0H 0H
Gy = 573 (" = 1) 5~ oy or | 0, (5.151a)
A 11 9 OoH 0H
= —— —1) —— =0. 5.151b
v =3 @ Y Gy (5.151b)
The components which are not equal to zero, such as G
Gtt =
1 47,2 *H 47,3 O’ H
4H3V3r4sin29{ — 2sin? 0 rV Ha 5 — 2sin%6 'V H8y2
H H\? H\? H\?
—4a rP*HV?sin? 0 + V? 0 r’sin®0 + V2 0 rtsin?f + V3 0 rsin’ 6
or 0 or 8y
O*H OH oV 0w\’
-2 21,2 . 27,2 2 2 2
— 2sin“ 6 7V HW — 2 sinfcosf r*V*H— 50 — 2 sinfcosf r°VH — 20 (%) H
21/ 2
— 2sin’ 0 T2VH268? — 4sin’0 7’3VH2%—‘; + sin% 6 T4H2(aa‘;> +sin?6 r’H? (%Z)
ow > 9%V o2 OH OH OH
—r?H?*( == ) —2sin?0 r*'VH? — — 2 — r2V .
r (8r> STV sE T v \\ae ) T\ ar En
(5.152)

Here we claim that this component becomes zero as well if the Laplacian of H
vanishes

ViH =0 — Gy = 0. (5.153)
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To show this, we need to obtain V2H. The Laplacian takes the following form

G2 — or sin 0 8_H+ cos 0 6—H—|—r2sin982H N sinf (0*H +T282H 0
STV, or  V(r,0) 00 oy?  V(r,0)\ 062 or2 ) 7
(5.154)
From (5.154) one can simply derive %QTIQ{ which becomes
0*H 2 OH 6 OH 10°H 1 0*H
_ COSY _ . (5.155)

o2~ Vror Vrlsinf o8 V orz V2 062

We plug (5.155) into (5.152) and use the functional form of w(r,#) (5.144b) and
V(r,0) (5.144a). After simplifying the final result and setting o = £1, we get
é’aﬁ = 0. All non-zero components of G upon substitution of %QTIQ{ by (5.155) and
functional form of w(r, ) and V(r,#) turn out to be zero.

5.6.2 Killing spinor equation

In this section, we explicitly show all our BPS solutions presented in the previous sec-
tions preserve 1/4 of the supersymmetry. This means setting expectation values of all
fermions in the theory equal to zero does not destroy completely the supersymmetry.
Generically a configuration of n intersecting branes preserves 2% of the supersymme-
try. In general, the Killing spinors are projected out by product of Gamma matrices
with indices tangent to each brane. If all the projections are independent, then 2%—
rule can give the right number of preserved supersymmetries. On the other hand, if
the projections are not independent then %—rule can’t be trusted. There are some
important brane configurations when the number of preserved supersymmetries is
more than that by s-rule [78, 92].

As we briefly mentioned in the introduction, the number of non-trivial solutions
to the Killing spinor equation

1 1 1
e + ZwabMF“”s + D™ Fatpare = 25T Fatpare =0, (5.156)
determine the amount of supersymmetry of the solution where the indices M, N, P, ...
are eleven dimensional world indices and a, b, ... are eleven dimensional non-coordinate
tangent space indices. The connection one-form is given by wy = I'¢.6°, in terms
of Ricci rotation coefficients 'y and non-coordinate basis 0% = e$,dz™ where

M

e, are vielbeins. The eleven dimensional M-brane metrics (5.94) and (5.126) are

ds?> = nuf* ® 6° in non-coordinate basis. The connection one-form wy satisfies
torsion- and curvature-free Cartan’s structure equations

do* +wp NP = 0, (5.157)
dwy +wi ANwy = 0. (5.158)

In (5.156), I'* matrices make the Clifford algebra
{T*T"} = —2n. (5.159)
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and I'% = Tl Moreover, IM-Me = T[M1  T'Mn] A representation of the algebra
is given in Appendix C.

For our purposes, we use the thirty two dimensional representation of the Clifford
algebra (5.159), given by [93]

o -Ty |

r, = ~ 1, (i=1...8), 5.160
; O] (i=1..8) (5.160)
1 0

L= | _1}, (5.161)
[0 1

r, = 1 0}, (5.162)

Lo = —T1234567804 (5.163)

We note I'g123456780« = €0123456789« = 1. For a given Majorana spinor €, its conjugate
is given by € = €I T'y. Moreover we notice that I'gI'g,a,...q, is symmetric forn =1,2,5
and antisymmetric for n = 0,3,4. The fi’s in (5.160), the sixteen dimensional
representation of the Clifford algebra in eight dimensions, are given by [94]

I, = H %],(1:1...7), (5.164)
Iy = H _01} (5.165)

in terms of L;, the left multiplication by the imaginary octonions on the octonions.
The imaginary unit octonions satisfy the following relationship

0; - 05 = —(Sij + CijkOk, (5166)
where ¢;ji; is totally skew symmetric and its non-vanishing components are given by
C124 = C137 = C156 = C235 = C267 = C346 = Ca57 = L. (5.167)

We take the L; to be the matrices such that the relation (5.166) holds. In other
words, given a vector v = (vg,v;) in R¥, we write 0 = vy + vj0;, where the effect
of left multiplication is o; (0) = vp0; — v; + ¢;kvj05 , we then construct the 8 x 8
matrix (L;) by requiring o; (0) = (Li)gc ogvc, where £, = 0,1,...7. We consider
first the M2-brane solutions, for example (5.105). Substituting ¢ = H~/% in the
Killing spinor equations (5.156) yields solutions that (in what follows in this section,
we show the non-coordinate tangent space indices of I's by ¢, 2,29, ,¢,%, to
simplify the notation)

[oe2e = —¢, (5.168)

and so at most half the supersymmetry is preserved due to the presence of the brane.
We note that if we multiply all the components of four-form field strength, given in
(5.97a),(5.97b) and (5.97c), by —1, then the projection equation (5.168) changes to
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['*172¢ = ¢, The other remaining equations in (5.156), arising from the left-over
terms from Oyse + inabF“bs portion, are

Op € — %Fyo‘le =0, (5.169)
Oon€  — % [sin(aq ) TY2 + cos(a )% e = 0, (5.170)
Oos€  — % [sin(az) (sin(aq )Y + cos(aq ) [*1?) + cos(ag)I***3| e = 0, (5.171)
Ope  + 17 iin@ { V (gi;f‘e‘b—l—rg ") +T51n9(%—‘0/f"”¢+r%vl“w)] =0, (5.172)
e + slinQ {—vg—;’rw Ts‘lfne( 88—‘; 2" | e =0, (5.173)

Ope + i [%FW — Mﬁ< 3 E;c: r? sin 9%—‘/ + 2rV sin® )I"?
- m(v%g—g — 12 sin 9% + 202V sin 0 cos 0)0% + 417~ a(gew)rw} = 0.

(5.174)

We can solve the first three equations, (5.169), (5.170) and (5.171) by using the
Lorentz transformation

€ = exp {%Fyal} exp {%Fm”} exp {%FO‘QO‘B} n, (5.175)

where 7 is independent of ay, ay and a3. To solve equation (5.172), we note that the
equation can be written as

Ay + [f(r,0)(T +T¥") + g(r,0)(I"* —T¥")] n = 0, (5.176)
where
£.6) (12 + a® + 2ar cos 0)3/%ny + anyr? cos O + nyr?
T =
’ 4(r? + a® + 2ar cos 0)/2{(r? + a? + 2ar cos 0)/2(r + ny) + ngr}?’
(5.177)
(r.0) ansr?sin @
r = .
g 4(r? 4+ a? + 2ar cos 0)/2{(r? + a? + 2ar cos 6)1/2(r + ny) + nar}?
(5.178)
So, the solution to equation (5.176) satisfies
v = . (5.179)

This equation eliminates another half of the supersymmetry provided 7 is indepen-
dent of ¥, too. With this projection operator, (5.173) and (5.174) can be solved to

give
0 PN PN
7N = exp {—QFW} exp {%Fed’} A, (5.180)

98



where A is independent of 6 and ¢. Finally, we conclude due to two projections
(5.168) and (5.179), embedding Gibbons-Hawking space in M2 metric preserves 1/4
of supersymmetry.

Next, we consider the MbH-brane solutions considered in section 5.5, given by
(5.134). Substituting e = H~'%¢ in the Killing spinor equations (5.156) yields

[TTT2TBTATS ¢ — ¢ (5.181)
We note that for the anti-Mb5-brane @ = —1 in (5.127), the projection equation
(5.181) changes to I"*1#2¥3%4%5¢ = —e. Moreover, we get three equations for e that

are given exactly by equations (5.172), (5.173) and (5.174). The solutions to these
three equations imply
V9% = ¢, (5.182)

and .
€ = exp {—iri’é} exp {gr%} ¢, (5.183)

where ¢ is independent of # and ¢. So, the two projection operators given by (5.181)
and (5.182) show M5-brane solutions preserve 1/4 of supersymmetry.
Finally we consider how much supersymmetry could be preserved by the solutions
(5.116) with metric function (5.120), given in section 5.4. As in the case of M2-brane,
we get the projection equation

%26 = —¢, (5.184)

that remove half the supersymmetry, after substituting ¢ = H~'/5¢ into the Killing
spinor equations (5.156). The remaining equations could be solved by considering

[V = ¢, (5.185)
[osvnaze = ¢ (5.186)

However, the three projection operators in (5.184),(5.185) and (5.186) are not inde-
pendent, since their indices altogether cover all the non-coordinate tangent space.
Hence, we have only two independent projection operators, meaning 1/4 of the su-
persymmetry is preserved.

5.7 Decoupling limits of solutions

In this section we consider the decoupling limits for the various solutions we have
presented above. The specifics of calculating the decoupling limit are shown in detail
elsewhere (see for example [95]), so we will only provide a brief outline here. The
process is the same for all cases, so we will also only provide specific examples of a
few of the solutions above.

At low energies, the dynamics of the D2-brane decouple from the bulk, with the
region close to the D6-brane corresponding to a range of energy scales governed by
the IR fixed point [96]. For D2-branes localized on D6-branes, this corresponds in
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the field theory to a vanishing mass for the fundamental hyper-multiplets. Near the
D2-brane horizon (H > 1), the field theory limit is given by

Go e = gsls ' = fixed. (5.187)

In this limit the gauge couplings in the bulk go to zero, so the dynamics decouple
there. In each of our cases above, we scale the coordinates y and r such that

Yy T

S

Y —

are fixed (where Y and U, are used where appropriate). As an example we note that
this will change the harmonic function of the D6-brane in the Gibbons-Hawking
case to the following (recall that to avoid any conical singularity, we should have
ni = ng = n, hence the asymptotic radius of the 11th dimension is R, = n = gsls)

1
VU2 + A? —|-2AUcos€}7

1
V(U,0) = e+ g§M2N6{U - (5.189)

where we rescale a to a = A¢? and generalize to the case of Ng D6-branes. We notice
that the metric function H(y,r,6) scales as H(Y,U,0) = (;*h(Y, U, 0) if the coeffi-
cients f. s, fi -+ obey some specific scaling. The scaling behavior of H(Y,U, )
causes then the D2-brane to warp the ALE region and the asymptotically flat region
of the D6-brane geometry. As an example, we calculate h(Y,U,#) that corresponds
to (5.105). It is given by

K(CY)
Y

h(Y,U,0) = 327° Nogi / dC / dM
0 0

X {ﬁc(Q,gy]\/j){FC,M + FopqIn

Q o Q.
1_Z‘}5A790+F6,M§bn790(1_9_0) }X

X {ﬁc(A,gYM){GC,M + G/C,M In

A , > A,
1_Z‘}5A7AO+GC7M;CZ”’AO(1_A_O) }
(5.190)

where we rescale ¢ = C/¢2 and M = M/?. We notice that decoupling demands
rescaling of the coefficients fear, fly, -+ in (5.105) by ferr = Fe /03 fiy =
FEopq/08, -+ In (5.190), Q = VU2 + A2 + 2AU cos 0+U and A = VU? 4 A? + 2AU cos —
U and we use {, = g;/gfs to rewrite Qpp = 327r2N2£2 in terms of /s given by
QMQ = 327T2Ngg§1/M2£§.

The respective ten-dimensional supersymmetric metric (5.113) scales as

dsly = C{h V2, U,0)VYAU,0) (—dt* + da? + do3) +
+ B2, U,0)VV2(U,0) (dY? + Y2dQ3) +
+ RYA(Y,U,0)VY2(U,0)(dU? + U?d03)}, (5.191)
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and so there is only one overall normalization factor of £2 in the metric (5.191). This
is the expected result for a solution that is a supergravity dual of a QFT. The other
M2-brane and supersymmetric ten-dimensional solutions, given by (5.104), (5.105),
(5.120) and (5.125) have qualitatively the same behaviors in decoupling limit.

We now consider an analysis of the decoupling limits of M5-brane solution given
by metric function (5.134). At low energies, the dynamics of ITA NS5-branes will
decouple from the bulk [96]. Near the NS5-brane horizon (H >> 1), we are interested
in the behavior of the NS5-branes in the limit where string coupling vanishes

gs = 0, (5.192)
and
(s = fixed. (5.193)
In these limits, we rescale the radial coordinates such that they can be kept fixed
Y r
Y=— U= . 5.194
gsl?’ 953 ( )

This causes the harmonic function of the D6-brane for the Gibbons-Hawking solution
(5.139), change to

Ny 1 1
V(r0) = e+ 00— 4 = V(U.0), 5.195
(r,0) =e fs{U \/U2+A2+2AU6089} (U,9) ( )

where we generalize to Ng D6-branes and rescale a = Af2g;.
We can show the harmonic function for the NS5-branes (5.134) rescales according
to H(Y,U,0) = g;*h(Y,U,0). In fact, we have

5 o] o)
WNZES / dC’/ dM cos(CY + () x
9s 0 0

X {ﬂC(Q,ES){FC,M + FyIn

H(Y,U,0) =

0 > Q.
1—Z‘}aA,QOJrF(g,MnZ:Obn,QO(pQ—O) } X

X {7‘20(/\, &){GC’M + GIQM In

A R A,
1- Z‘}aA,AO + G ;dmu -3 } .
(5.196)

where we use £, = a30, to rewrite Qus = mN5(3 as mN5g.l2. To get (5.196), we
rescale ¢ = C'/(gsl?), M = Mg?*(* and a = Ag.¢* such that h(Y,U,0) doesn’t have
any gs dependence. In decoupling limit, the ten-dimensional metric (5.139) becomes,
dsiy =V Y2(U,0) (—dt* + dai + das + dal + dz] + dai)
+H{R(Y,U,0)VV2(U,0)dY? + h(Y,U,0)VY2(U,0) (dU* + U?d23) }.
(5.197)

In the limit of vanishing gs with fixed I; (as we did in (5.192) and (5.193)),
the decoupled free theory on NS5-branes should be a little string theory [97] (i.e.
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a 6-dimensional non-gravitational theory in which modes on the 5-brane interact
amongst themselves, decoupled from the bulk). We note that our NS5/D6 system
is obtained from Mb-branes by compactification on a circle of self-dual transverse
geometry. Hence the ITA solution has T-duality with respect to this circle. The
little string theory inherits the same T-duality from IIA string theory, since taking
the limit of vanishing string coupling commutes with T-duality. Moreover T-duality
exists even for toroidally compactified little string theory. In this case, the duality
is given by an O(d,d,Z) symmetry where d is the dimension of the compactified
toroid. These are indications that the little string theory is non-local at the energy
scale [7! and in particular in the compactified theory, the energy-momentum tensor
can’t be defined uniquely [98].

As the last case, we consider the analysis of the decoupling limits of the I1B
solution that can be obtained by T-dualizing the compactified M5-brane solution
(5.126). The type ITA NS5 D6(5) configuration is given by the metric (5.139)
and fields (5.135), (5.136), (5.137) and (5.138). The metric (5.140) describes a IIB
NS51D5(4) brane configuration (along with the dualized dilaton, NSNS and RR
fields). At low energies, the dynamics of IIB NS5-branes will decouple from the
bulk. Near the NS5-brane horizon (H >> 1), the field theory limit is given by

gyms = Ls = fixed, (5.198)

We rescale the radial coordinates y and r as in (5.194), such that their corresponding
rescaled coordinates Y and U are kept fixed. The harmonic function of the D5-brane

1S
Ny 1 1

—
gyms U U2+ A2 + 2AU cos b

where Nj is the number of D5-branes. The harmonic function of the NS51.D5 system
(5.140), rescales according to H(Y,U,0) = g;*h(Y, U, 8), where

V(r,0) =€+

1, (5.199)

WY, U,60) = 7Nsgi e / dc / dM cos(CY + ) x
0 0

X {ﬁc(/ﬁ, gyms) {Fom + FipqIn

Q , - Q.
1_Z’}(SA’QO_'_FC’Man’QO(l_Q_O) } X

n=0

X {ﬂc()\, 9y s {GemGopIn

A , > A,
1— Z‘}(SA,AO + Geopm ;dn,Ao(l - A—O) } :
(5.200)

In this case, the ten-dimensional metric (5.140), in the decoupling limit, becomes

dsyy = VYU, 0) (—dt? + V (U, 0)da? + da? + da? + da? + da?) +
g2 h (Y, U0 {(VY2(U,0)dY? + +VV2(U,0) (dU? + U?dQ2)}. (5.201)

The decoupling limit illustrates that the decoupled theory in the low energy limit is
super Yang-Mills theory with gy = ¢,. In the limit of vanishing g, with fixed [, the
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decoupled free theory on IIB NS5-branes (which is equivalent to the limit g, — oo
of decoupled S-dual of the IIB D5-branes) reduces to a IIB (1,1) little string theory
with eight supersymmetries.
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CHAPTER 6

SUMMARY

The central thrust of this thesis is the explicit and exact construction of super-
gravity solutions for fully localized D2/D6 and NS5/D6 brane intersections without
restricting to the near core region of the D6-branes [88, 89]. Unlike all the other
known solutions, the novel feature of these solutions is the dependence of the metric
function to three (and four) transverse coordinates. These solutions are new M2
and M) brane metrics that are presented in chapter 5 which are the main results of
this work. The common feature of all of these solutions is that the brane function
is a convolution of an decaying function with a damped oscillating one. The metric
functions vanish far from the M2 and M5-branes and diverge near the brane cores.
Which means the field strength diverges near the brane cores. This is an expected
result due to the brane electric or magnetic charge.

Dimensional reduction of the M2 solutions to ten dimensions gives us intersecting
ITA D2/D6 configurations that preserve 1/4 of the supersymmetry. For the M5
solutions, dimensional reduction yields ITA NS5/D6 brane systems overlapping in
five directions. The latter solutions also preserve 1/4 of the supersymmetry and in
both cases the reduction yields metrics with acceptable asymptotic behaviors.

We considered the decoupling limit of our solutions and found that D2 and NS5-
branes can decouple from the bulk, upon imposing proper scaling on some of the
coefficients in the integrands.

In the case of M2-brane solutions; when the D2-brane decouples from the bulk,
the theory on the brane is 3 dimensional N' = 4 SU(Ny) super Yang-Mills (with
eight supersymmetries) coupled to Ng massless hypermultiplets [99]. This point is
obtained from dual field theory and since our solutions preserve the same amount of
supersymmetry, a similar dual field description should be attainable.

In the case of Mb5-brane solutions; the resulting theory on the NS5-brane in the
limit of vanishing string coupling with fixed string length is a little string theory.
In the standard case, the system of N5 NS5-branes located at Ng D6-branes can be
obtained by dimensional reduction of N5Nj coinciding images of M5-branes in the flat
transverse geometry. In this case, the world-volume theory (the little string theory) of
the ITA NS5-branes, in the absence of D6-branes, is a non-local non-gravitational six
dimensional theory [100]. This theory has (2,0) supersymmetry (four supercharges
in the 4 representation of Lorentz symmetry Spin(5, 1)) and an R-symmetry Spin(4)
remnant of the original ten dimensional Lorentz symmetry. The presence of the D6-
branes breaks the supersymmetry down to (1,0), with eight supersymmetries. Since
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we found that some of our solutions preserve 1/4 of supersymmetry, we expect that
the theory on NS5-branes is a new little string theory. By T-dualization of the 10D
ITA theory along a direction parallel to the world-volume of the ITA NS5, we find
a IIB NS5.1D5(4) system, overlapping in four directions. The world-volume theory
of the IIB NS5-branes, in the absence of the D5-branes, is a little string theory
with (1,1) supersymmetry. The presence of the D5-brane, which has one transverse
direction relative to NS5 world-volume, breaks the supersymmetry down to eight
supersymmetries. This is in good agreement with the number of supersymmetries
in 10D IIB theory: T-duality preserves the number of original IIA supersymmetries,
which is eight. Moreover we conclude that the new ITA and IIB little string theories
are T-dual: the actual six dimensional T-duality is the remnant of the original 10D
T-duality after toroidal compactification.

A useful application of the exact M-brane solutions in this thesis is to employ
them as supergravity duals of the NS5 world-volume theories with matter coming
from the extra branes. More specifically, these solutions can be used to compute
some correlation functions and spectrum of fields of our new little string theories.

In the standard case of A;_; (2,0) little string theory, there is an eleven dimen-
sional holographic dual space obtained by taking appropriate small g limit of an
M-theory background corresponding to Mb5-branes with a transverse circle and k&
units of 4-form flux on S®® S!. In this case, the supergravity approximation is valid
for the (2,0) little string theories at large k and at energies well below the string
scale. The two point function of the energy-momentum tensor of the little string
theory can be computed from classical action of the supergravity evaluated on the
classical field solutions [97].

Near the boundary of the above mentioned M-theory background, the string
coupling goes to zero and the curvatures are small. Hence it is possible to compute
the spectrum of fields exactly. In [98], the full spectrum of chiral fields in the little
string theories was computed and the results are exactly the same as the spectrum
of the chiral fields in the low energy limit of the little string theories. Moreover, the
holographic dual theories can be used for computation of some of the states in our
little string theories.

We conclude with a few comments about possible directions for future work.
Investigation of the different regions of the metric (5.126) or alternatively the 10D
string frame metric (5.140) with a dilaton for small and large Higgs expectation value
U would be interesting, as it could provide a means for finding a holographical dual
relation to the new little string theory we obtained. Moreover, the Penrose limit of
the near-horizon geometry may be useful for extracting information about the high
energy spectrum of the dual little string theory [101]. The other open issue is the
possibility of the construction of a pp-wave spacetime which interpolates between
the different regions of the our new ITA NS5-branes.
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APPENDIX A

THE DEVELOPMENT OF STRING THEORY

Table A.1: Historical development of string theory

1921 Kaluza-Klein (unification of gravitation and electromagnetism)

1970 String theory (the official birth of string theory)

1971 Supersymmetry

1974 Gravitons

1976 Supergravity (supersymmetry was added to gravity, making supergravity)

1980 Superstrings (string theory plus supersymmetry)

1991-1995 Duality Revolution (using a set of dualities to relate various superstring theories)
1996 Black Hole Entropy

A brief history about the development of string theory can be found in [102].
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APPENDIX B

DIFFERENTIAL FORMS

In this appendix we provide a very brief summary of differential forms.

just start with the definition of a p-form. A p-form C is given by

1

Clpy = - Corvay ™ Ao Ao,

and the Hodge dual of the basis in D dimensions is defined as follows

1

*dx™ A ANdx® = mebl...br)ip“l"'“pdxbl A e AdebPr,
where
€ayap =V —G Eayap
(1an _ Lgar--fm
V=g
and

1 even permutation,
—E€ayapy ayap = —1 odd permutation,
0  equal indices.

ai--ap __
€ D =

If we apply the Hodge dual to C,) we get

1
*Cpy = HCM..% *dx® A - Adxr.

For instance by acting the Hodgge dual to 1 we obtain

*x1 = /=g dx'dz? - - - daP.

Let us

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

If we assume A and B are any two p-forms, then xA A B = xB A A is given by

1
*ANB = =Aq,.q B % 1.
P! Y

113

(B.6)



APPENDIX C

INTRODUCTION TO CLIFFORD ALGEBRA

This section provides a summary of Clifford algebra and also explains how this
algebra is graded over Zy = {0, 1} [104].

C.0.1 7%, - Graded algebra

In order to define Clifford algerba! in R? first we start with ordinary vectors. Let
@ € R? then the scalar product of @ with itself gives the magnitude of the vector
which is a non-negative real number and is equal to

.0 = (a,6, + ay6y).(a,6, + a,é,) = a’ + a; (C.1)
where ézéj = 5ij2'
Taking the same vector and using a new rule for multiplication of @ with itself gives

A0 = (aby + ayey).(Aebe + ayfy) = a2€2 4 aLE0 + ApyCay + AyAzEye, (C.2)

Employing the main assumption in Cly which says that @.d = da and considering
(C.2) results

e =¢2=1, &,6,+¢éy6, =0 (C.3)
or
{66,y =26, i,7=1,2 (C.4)
Considering @, b Cly, and using (table C.1) @b becomes 3
@b = (026, + ayy) (bebs + byy) = azby + ayb, + (azb, — a,b.)éé, (C.5)
@b = @.b+ (agh, — ayb,)éLé, (C.6)
where é,6, = —¢,¢,.

Table C.1: Multiplication table for Cl,

‘ €1 €2 €12
€1 1 €192 €9
ez | —e12 1 —e
el | —ex e -1

In general any object belongs to Cly (say ¢)* is usually made of three parts known

1Shown by Cls

2r=landy=2

3Keeping in mind that Cl; is a direct sum of R, R?, and A2R( Cl, = R® R*> © A’R)
4No arrow is used

114



as, Scalars (€ R), Vectors (€ R?), and Bivectors (€ A?R) hence, ¢ shall take the
following form

—

q:\&g_/+p+\]é_/ (C.7)

Scalar  Vector  Bivector

where B = ¢yé1s.
As it can be seen from (C.7) the Clifford algebra Cl, contains R, R* and AR
and also the basis vectors fall into two categories

e The even part Cly* {1,e15}.

e The odd part Cly~ {eq,es}.

One can verify that Cly, = ClyT @ Cly,~ and subsequently show that
ClyCly™ C Cly™
Cly~Clyt C Cly™

ClzJFClgf C Cly™
Cly™Cly™ C Clg+

By writing Cly™ = (Cly)y and Cly,~ = (Cly);, we are able to reduce all above
equations to a simple term given by

(Cl2)i(Cly); C (Cla)ivy (C.8)
Letting i, j € Z5 it can be shown that (C.8) follows the Z2-multiplication table (C.2)

Table C.2: Z;-multiplication table

@0
010
171

O ==

C.0.2 Clifford algebra in D(1,10)

In the previous section the Clifford algebra was introduced in R?. Starting from
(C.4) and changing 6;;(6") to 7;;(n*), and é to I' a representation of the Clifford
algebra in higher dimensions is given by

{re, 1% = 21 (C.9)
where a,b = 0,1..n and % = (—1,1,...,1).

Taking a proper combination of Pauli matrices, a representation of eleven dimen-
sional Clifford algebra by real matrices I'* can be obtained as follows [56]
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=0y, 1R1®1RQ05 I''=ioy®icy ®icy ®iocy X 04
F22i02®1®01®i02®01 F32i02®1®03®i02®01
M=i0, R0 Qi ®1®01 I°=i0aQ03®i0; ®1® 0y
[0 =i0y®icy @1RQR01 R0, [T=i0y®icy ®1®03R 0y
=i, ®1R1®1K®io, =0, ®14

M =03 ® 146

where 1= (§9), 01 = (9§), 02 = (7 '), and o3 = (§ 21 ).
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APPENDIX D

THE HEUN-C FUNCTIONS

The Heun-C function He(a, 5,7, 9, A, 2) is the solution to the confluent Heun’s
differential equation [105]

f+1 ~v+1

;v
+z—1)HC+(

+

"
Hc+(a+ > o1

- YHe = 0, (D.1)

where p = w —Xand v = %W + 6 + A. The equation (D.1)

has two regular singular points at z = 0 and 2z = 1 and one irregular singularity at
z = 00. The H¢ function is regular around the regular singular point z = 0 and is
given by He = X2 ghn(a, 8,7, 0, A) 2", where hy = 1. The series is convergent on the
unit disk |z| < 1 and the coefficients h,, are determined by the recurrence relation

hn = @nh’n—l + (I)nhn—Zv (DQ)
where we set h_; = 0 and

2n(n—1)+ (1 —=2n)(a— B —7)+2\—alb + By

2n(n + () ’
a(f+v+2(n—1))+26
2n(n + B) '

(D.3)

(D.4)
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APPENDIX E

FroMm TYPE ITA TO IIB

Buscher’s rules for T-duality

T-duality along the compact direction z relates ITA and IIB theories. The relations
between background fields and merics are given by [103]

~ 1
Gzz =
GZZ
= GazG,Bz - BozzB,Bz
Goeﬁ - Gaﬁ - G (El)
~ B
Gaz — oz
GZZ
1
7 GO{Z
Bo = 5 (E.2)
~ BazGﬂz - GazBBz
Bag = Bag — G
and for the gauge fields
~(2n 2n—1 a-Blz z
ZE 0(2"_1)3 C (E.3)
(2n)  ~(2n41) (2n—1) [o--Blz ~|v]z~ |n]=
Corpyn = Capyy T 2005, By + 2n(2n — 1) G.. '

where the fields in type IIB are shown by gas, B’aﬁ e
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