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Introduction

Unifying all fundamental interactions in one theory is one of the goals of physics
research. In this course, symmetries have been playing and will still play important
roles. We are on the way to the ultimate theory, if it exists, though we do not
know when we can reach our destination. Many stories have been happening on
this journey.

About 150 hundred years ago, Maxwell found his famous equations and thus
gave an unified description of the electric and magnetic interactions, which are
two sides of what we call the electromagnetic interaction today. This is the first
unification in human history. Maxwell equations are linear equations and they are
very elegant. It was found that the electromagnetic field can be described by a
vector, namely, gauge potential. The electric and magnetic fields are field strength
of this gauge potential. Maxwell theory has gauge symmetry, which means that the
equations of motion are invariant under gauge transformations. Later, physicists
developed some kinds of nonlinear electromagnetic theories as modifications of the
original Maxwell theory. One of these is Born-Infeld theory, and the Born-Infeld
action becomes very important in string theory later.

At the end of 1940’s, quantum electrodynamics(QED) was fully established,
which is a good theory to describe the process of scattering and also the creation
and annihilation of some elementary particles. This theory has been verified by
experiments very well at high accurate level. Quantum electrodynamics is a kind
of quantum field theory which can be considered as a combination of special rel-
ativity and quantum mechanics. After merging the electromagnetic interaction
with another interaction, namely the weak interaction which is in charge of the
process of decay of particles, we arrive at another unified theory which is called
electroweak theory. Electroweak theory has U(1) x SU(2) symmetry. Here, the
three gauge bosons which transfer weak interactions can get their masses through
Higgs mechanism(Spontaneous Symmetry Breaking). By the mid of 1970’s, Quan-
tum chromodynamics(QCD) was constructed, which is a theory describing strong
interactions, and which has SU(3) symmetry. SU(3) Lie algebra has 8 generators,
so, we have 8 different gluons which transfer color force, i.e. strong interactions,
between quarks. This symmetry has no spontaneous symmetry breaking in this



case, because the gluons are massless particles. In the following years, people
combined the electroweak and strong interactions together and got the so called
Standard Model which has SU(3)c x SU(2) x U(1)y symmetry. The standard
model has achieved great success and has been verified by many experiments. But
it still has some problems. One is that the standard model has too many param-
eters which should be fixed by experiments. This is not satisfactory as a theory.
And the standard model gave the prediction of the existence of the Higgs particle
which has not been found yet. Some people may think that the Higgs particle may
be found on LHC in the coming years but we can not guarantee this. Furthermore,
the standard model does not include the gravitational interaction, which might be
the most unsatisfied thing since the gravitational interaction is one of the four
fundamental interactions we have known. On the other hand, the gravitation ap-
pears in string theory naturally. String theory may unify the four fundamental
interactions.

At first, string theory was proposed as a candidate for describing the strong
interaction but was discarded later because of the success of quantum chromody-
namics. After interpreting the massless spin 2 particle which appears in string
theory as the graviton, the interest of string theory was revived. Another good
thing is that the ultraviolet divergences disappear in string theory which occur in
the quantum field theory of elementary particles. By including fermionic fields,
we get the superstring theory. At the beginning, there are many versions of super-
string theories. Things changed after the so-called "first superstring revolution"
which started at about 1984, lasted for about 2 years. The famous Green-Schwarz
anomaly cancellation played a very important role during this period and left us
with only five superstring theories, namely Type I, Type IIA, Type IIB, SO(32)
heterotic and Eyg x Eg heterotic. All of these five theories require the dimension of
spacetime to be 10. The "second superstring revolution" started at about 1995.
During this revolution, some dualities were found, such as T-duality and S-duality,
and the five superstring theories can be related by these dualities. And also M-
theory was found, which lives in a spacetime of 11 dimensions. The five superstring
theories can be derived from M-theory. At that time, Dp-branes and p-branes were
discovered.

Since there are other extended objects in string theory, studying only strings
is not reasonable. In order to understand string theory better, we should also
study the bound states of strings, Dp-branes and p-branes. It was found that
fundamental strings(F-strings) can end on D-strings(D1-branes). And these bound
states have an SL(2,R) symmetry at classical level, which reduces to SL(2,7Z)
symmetry at quantum level. Similar things happen to other type IIB branes. The
D3-brane forms a singlet and the five-branes(the D5-brane and the NS5-brane)
form a doublet under SL(2,R) symmetry transformations. While the one-branes



and five-branes both form doublets under SL(2,R) symmetry transformations, the
seven-branes and the nine-branes form a triplet and a quadruplet separately. The
type ITA string theory has no such an SL(2,R) symmetry. This is because that the
type ITA string theory has spinors of opposite chirality in right- and left-moving
sectors, i.e., which is a non-chiral theory.

Besides SL(2,R) symmetry, there is also another symmetry named kappa-
symmetry for these bound states. Kappa-symmetry was first found in the super-
particle case and then was generalized in the cases of superstrings, super p-branes
and super Dp-branes. Kappa-symmetry is a natural tool to reduce the fermionic
degrees of freedom by half and through which(among other things) the supersym-
metry on the worldvolume can be gotten. The main topic of this report is the
kappa-symmetry property of the SL(2,R)-invariant super IIB branes.

The outline of this report is as following. In Chapter 1, some basic concepts
of string theory will be introduced. There, we will not cover all important things
in string theory, but will just consider the things that we may use in the later
chapters. In Chapter 2, we will give a discussion about kappa-symmetry for the
cases of the super particle, the super D-string and the super F-string. In Chapter
3, we will discuss the SL(2,R) symmetry of IIB branes. In Chapter 4, the kappa-
symmetry property of the SL(2,R)-symmetric IIB branes will be discussed. And
then, the summary and conclusions will be given. In the appendices, we will give
some conventions, identities and proofs.



Chapter 1

String Theory

In this chapter, we will give a basic description of string theory. The purpose is
to give some feelings of the concepts that may relate to the contents in the later
chapters. We will start with a simple introduction of the relativistic particle. Then
we will discuss the bosonic open and closed strings. Here, we will not go to the
details of the quantisations, but will just discuss some symmetry properties of the
action, the solutions under different boundary conditions and the first few levels
of the state spectrum. Superstrings will be discussed in an almost similar way.
At the last of this chapter, T-duality, Dp-branes and p-branes will be discussed
briefly. For these aspects, we refer to [1, 2, 3, 4].

1.1 The relativistic particle

Before discussing strings, it is useful to discuss the free relativistic particle. One
reason for this is that there are some analogies between the action of relativistic
particles and the action of relativistic strings, the other reason is that since we will
discuss the kappa-symmetry property of the superparticle in the next chapter, it
is better to give some preliminaries of relativistic particles in advance.

First, we should know the action of a free relativistic particle. Certainly, the
action is not arbitrary and it must have some properties. One important property
is that the action should be Lorentz invariant, i.e., which should be a Lorentz
scalar. Imaging a relativistic particle moving freely in a spacetime(the dimension
is not specified here), we ask: what is the Lorentz scalar? From the theory of
relativity, we know that the quantity below is a Lorentz scalar:

ds® = —g,,dX"dX". (1.1)

Here, we define the spacetime metric as g, = diag(—1,1,...,1). The length of
the path traced out by the particle is [ ds, with ds = v/ds?>. We conjecture that
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the action is proportional to this quantity. If we take h = ¢ = 1, the action should

be dimensionless. Since [ ds has a dimension of length, i.e. the inverse of mass, it
is natural to take the action as

dX*
dr

S = —m/ds = —m/dT\/ —X2 with X? =g, X"X" and X" = .(1.2)
Where, the minus sign is a correct choice. The parameter m is identified with the
rest mass of the particle. And 7 is a parameter. Since the path traced out by
the particle is one dimensional, we need only one parameter. Choosing another
parameter 7' = 7'(7), if X'"*(7') = X*(7), we get

, B dX'm(1") dX" (")
S——m/ds = —m/dT\/ I T
= —m/dT\—H |V -X2=5. (1.3)

Therefore, the action is invariant under reparameterization of the parameter 7.
And also, the action has a global Poincaré symmetry.

Besides the action (1.2), there is another form of action which seems more
convenient. It is

S = %/d7(6_1X2 —em?), (1.4)

here e(7) is an auxiliary field which has a dimension of length /mass and which can
also be looked as an einbein on the world-line. This action has no square root term.
The action (1.2) can be derived from (1.4). While the action (1.2) is meaningless
for a massless particle, the action (1.4) can be used to describe a massless particle.
Furthermore, the action (1.4) is easier to be generalized to the superparticle case
which will be discussed in Section 2.1.

1.2 The bosonic string

1.2.1 Actions

In this section, we only consider bosonic strings. Since the action of a free rela-
tivistic particle is proportional to the length of the path traced out by the particle,
it is natural to guess that the action of a free string is proportional to the area of
surface traced out by the string(usually, the surface is called the world-sheet of the
string). Thus, we achieve the famous Nambu-Goto action for the bosonic string:

S = —T/d2a\/—_g. (1.5)
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Where d?0c = do'do? with ¢%’s are the parameters, just as the parameter 7 in
the point particle case. And g = det g;; with g;; = guu%%ﬁ’- The metric g;;
is called the induced metric on the world-sheet or the pullback of the spacetime
metric g,,. The X#(0',0?%)’s are the embedding coordinates or string coordinates,
which map the point (o!,0?) in the parameter space to the point X*(c!,0?) in
the target space. Here u =0,1,..., D — 1 with D is the dimension of the target
spacetime. 7' is the tension of the string, which has a dimension of mass/length,
and for general p-branes, T" has a dimension of massxlength™. And also, for
strings, we have following relations:

y— o =02 (1.6)

)
e 5

Where, the parameter o’ is called the "universal Regge slope" and /¢ is the "in-

trinsic" length of the string.
Similar to the case of relativistic particle, we can also introduce an auxiliary
field in the string case and then we get the Polyakov action:

T -
S = —E/dQJ\/—hh”aiX“anu, (1.7)

here the auxiliary field h;; is called the world-sheet metric and h = det h;;. The
Nambu-Goto action can be derived from the Polyakov action. There are some
symmetries for this action:

e World-sheet reparameterization invariance
SXH = 9, X", Shi = 89 hY — 9, RN — 9Tk, (1.8)
where £ is the infinitesimal shift of o.
e Target space global Poincaré invariance
XM =ANXY 4 d, dhi; =0, (1.9)
with A# and a* are constant.
e Local Weyl scaling or conformal invariance

6hij = Q(O‘i, O'j)hij, 0XH =0. (]_]_0)

Note that, the local Weyl scaling invariance is only available for strings and
is not available for other extended objects with more dimensions. Certainly,
the Nambu-Goto action also has the world-sheet reparameterization and global
Poincaré invariance, but we can not see the local Weyl scaling invariance from the
Nambu-Goto action.



1.2.2 Solutions

The equations of motion of X* from the action (1.7) are very complicated if we
do not choose a good parameterization. It is lucky that we do can choose such a
parameterization that by which we can simplify the action and then get simpler
equations. First, we can use the world-sheet reparameterization to make the world-
sheet metric has the form

hi = e with n;; = diag(—1,1). (1.11)

)

This kind of gauge is usually called the conformal gauge or orthonormal gauge.
The spacetime with a metric having the above form is conformally flat. Further,
we can use the local Weyl scaling invariance and get

Therefore, the Polyakov action (1.7) can be simplified as

T .
S=-5 /d%n”aiX“anu. (1.13)

It is easy to get the equations of motion by using the principle of least action. The
equations of motion are just the one-dimensional wave equations:

OX* =0, (1.14)

with some boundary conditions. Where O = 9;0°. Usually, for strings, we let
ol=71,0>=0and o € [0,7].
Now, let us discuss the boundary conditions and solutions for closed and open

strings.

e Closed strings
For closed strings, the imposed boundary condition is

XH*(r,0) = XH(1,0 + 7). (1.15)

This is natural for closed strings, since closed strings have no end. And the
solution of the equation of motion (1.14) with the above boundary condition
can be expressed as

XH(1,0) = X[ (T +0)+ XE(T—0), (1.16)

with X} (7+0) and X (7—0) are the left- and right-moving parts separately,
which take the form:

1 1 l 1., o
Xi(r+o) = 0"+ 5 =P(r+0)+ 56 > ~dje Zilroin (1.17)
n#0
1 1
Xi(r—0) = 5q“+27T—TP“T—J+ EZ—a“e 2ilr=oin (1.18)
n#0



where, ¢ is the position of the center of mass of the string and P* is the
total momentum.

e Open strings
For open strings, there are two types of boundary conditions. One is the
Neumann boundary condition

Op XH(7,0) = 0, X*(7,7) = 0. (1.19)

And the solution of the equation of motion (1.14) with the Neumann bound-
ary condition is

1 . 1 —inT
XH*(1,0) =q" + W—TP”T + il ; Eaﬁ‘le cos(no). (1.20)

Another boundary condition is the Dirichlet boundary condition
0, X*(1,0) = 0, X*(r,m) = 0. (1.21)

Here, we do not give the solutions for the boundary condition. We will discuss
this in Section 1.4. Certainly, we can impose different boundary conditions
on different ends and for different u. If an end is imposed with the Neumann
boundary condition in the direction p, this end can move freely along this
direction. If an end is imposed with the Dirichlet boundary condition in the
direction g, this end can not move along this direction.

Note that, we shall not forget that there are still some constraints on the

solutions and these constraints come from the equation of motion with respect to
hij.

1.2.3 Spectra

Now, let us go to the quantum theory of bosonic strings. There are three quanti-
sation procedures: covariant quantisation, light-cone gauge quantisation and path
integral quantisation. Each procedure has advantages and disadvantages, but we
can get the same results by different procedures. Here, we do not go to the details
of the Virasoro algebra. After quantisation, we get the state spectrum.

For open strings, the ground state is a tachyon scalar field, which has a imag-
inary mass and is not stable. The first excited states contain D — 2 massless
states. These D—2 massless states form a massless representation of D-dimensional
Poincaré group. Furthermore, we can fix D = 26. This is because that we require
an anomaly free theory. And also, we can get this critical dimension by comparing
the results of covariant quantisation and light-cone gauge quantisation.
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For closed strings, the ground state is still a tachyon. The first excited states
contain (D — 2)? massless states which form the massless representations of D-
dimensional Poincaré group. These massless states can be split into three irreps:
DID=3) states which form a symmetric and traceless tensor with spin 2, w
states which form an antisymmetric tensor and one scalar.

1.3 The superstring

1.3.1 Actions

Bosonic strings do not include fermions but our real world do have fermions. So
bosonic string theory is not sufficient and we should generalize it to the so-called
superstring theory. We will see that the superstring theory has some advantages as
compared to the bosonic string theory. For instance, superstrings has no tachyon
and reduce the dimension of space-time to 10 which is much less than 26 and is
closer to 4.

Clearly, for superstrings, the action should contains fermions. In the orthonor-
mal gauge, the simplest action can be given by

T , _
S = —E/dza(&-X“(‘)ZXu — i) PP), (1.22)
here ¢, are Majorana spinors on the world-sheet:
oo (V2 ¥ =Ty 1.2
= ) V=9l (1.23)
+

The action (1.22) is invariant under the following supersymmetry transformations:
X! =€yt oYt = —i@ XV e, (1.24)

here € is a constant spinor. This is just what we expected, if we require supersym-
metry on world-sheet.

Now, let us try to get the equations of motion of ¢/* and find the suitable bound-
ary conditions. The variation of the action (1.22) with respect to the variation of
P+ is

i T 2 _(sTH —p
08 = 5 d*o (0" Py + 4 Poy,)
. — L, —u
=iT / d?o [09" P, + 5@-(1&“7 0] (1.25)

It is obvious that the equation of motion is @, = 0, as expected. If we choose
! = ioy, we have following boundary conditions.
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e For open superstrings
Firstly, we can impose the Dirichlet condition. That is

0Yus(r,0=0,m) =0. (1.26)

Secondly, if we suppose that ¢, (7,0) = ¢_(7,0) and 0¢,+ = £01,_ at the
ends, we still have two choices:

Yop(r,m) = Yo,(r,7) (Ramond) (1.27a)

Yyu(r,m) = —¢_,(r,m)  (Neveu-Schwarz). (1.27b)
The equations of motion are given by

(0, + 00" =0, (8 —0,)% = 0. (1.28)

e For closed superstrings
Firstly, we have a periodic boundary condition(Ramond)

¢u(a + 7T> = ¢u(0>’ 510“(0 + 7T) = 5wu(0>‘ (1‘29)

Secondly, we have a anti-periodic boundary condition(Neveu-Schwarz)

Yu(o+7m) = —,(o), oY, (o +m) = —=dY,(0). (1.30)

And we can impose Ramond and Neveu-Schwarz boundary conditions on the
+ components separately.

As in the bosonic case, we should have some constraints to get the correct
spectrum of states. One is that the energy momentum tensor 7;; = 0, which is
the same as the bosonic string case, another is that the supersymmetry current
J' = (PX*)y"4, = 0. And these two constraints are related to each other if
requiring supersymmetry on the world-sheet.

1.3.2 Spectra

In the superstring theory, we can fix the dimension of space-time D = 10. As
considering the spectrum of the states of open superstrings, the Ramond and
Neveu-Schwarz sectors give different results. For the Neveu-Schwarz sector, the
ground state is still a tachyon and the first excited states are D — 2 massless states
which is a massless vector, denoted by 8,. The spectrum of the Ramond sector
consists of no tachyon, and the ground states are massless and are degenerate. If
we suppose that these spinors are Majorana-Weyl spinors, with other constraints,
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we can get that the degeneracy is 8. Because we can choose positive or negative
chirality, we have two 8-dimensional spinors denoted by 8, and 8. respectively.
The tachyon can be get rid of by the GSO(Gliozzi-Scherk-Olive) projection and at
the same time we get supersymmetry.

For closed superstrings, we have four different sectors: (NS, NS), (NS, R), (R,
NS) and (R, R) sectors. Here, (NS, R) means that Neveu-Schwarz condition is
imposed on the +-component(left moving) and the Ramond condition is imposed
on the —-component(right moving) and others are similar. This time, we can
apply different GSO projections to the +-component and the —-component. As
a result, we have type IIB superstring theory(the massless spinors have equal
chirality in right- and left- moving sectors) and type IIA superstring theory(the
massless spinors have opposite chirality in right- and left- moving sectors). Table
1.1 gives the spectra of the massless states of type IIA and type IIB superstring
theories.

| \ 11B \ ITA |

(NS,NS) |8, ®8, =1®28®35, | 8, ®8, = 1328 35,
(R,R) [8,®8,=1028®35, |8, ®8. =8, d 56,

(R, NS) | 8, ® 8, = 8; P 56, 8, ® 8, = 8, P 56,
(NS, R) | 8, ® 8, =8, @ 56 8, ® 8, = 8, ® 50,

Table 1.1: Spectra of the massless states of IIB and ITA superstring theories.

In this thesis, we will only consider IIB theory. The (NS, NS) sector of IIB
theory contains a dilaton ¢ which controls the strength of string interactions, a
Kalb-Ramond field B, and a gravity field G,,. The (R, R) sector of IIB theory
contains a Ramond-Ramond 0O-form C(g)(or the axion ¢), a Ramond-Ramond 2-
form C,, and a Ramond-Ramond 4-form C,,,,. The (R, NS) and (NS, R) sectors
have the same fields content: a gravitino field with spin % and a dilatino field with
spin % And these fermionic states all have the same chirality.

1.4 The Dp-brane and p-brane

1.4.1 T-duality

Before discussing branes, let us give an introduction about T-duality for open
strings. T-duality is a very important concept in string theory. It can give an
equivalence between the string theory in a small scale and in a large scale. It
interchanges the type ITA and type IIB superstring theories. And it also give the
necessity for the existence of Dp-branes. Here we just give a short introduction. In
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the superstring theory, we have a spacetime of dimension D = 10. If one dimension
is compactified, for example 2, under T-duality, we have

X1+ 0)— XJ(T+0); X2 (1 —0)— —Xo(T — o), (1.31)
and other string coordinates are not changed. Thus for open strings:
X(r,0) — X?(1,0) = X2(7'+0) X%(T—O’)

= W_TEU + /4 nz#o " sin(no). (1.32)

Since sin(no) = 0 at ends 0 = 0 and 0 = 7, we get
0. X"(1,0) = 0, X" (r,7) =0, (1.33)

which means that we have a Dirichlet boundary condition in this direction.

From the example of T-duality in the 9th direction above, we get a D8-brane,
which is nine dimensional in a target spacetime. The ends of open strings can
move freely in this D8-brane. Generally, if we T-dualize (9 — p) directions, we will
get a Dp-brane.

1.4.2 Actions

The extended objects can also be gotten from supergravity. Supergravity theory
is the low energy limit of superstring theory. In the (NS, NS) sector of type
IIB supergravity, people found two solutions: the fundamental string and the
non-singular solitonic five-brane(NS5-brane). These are extended objects but not
Dp-branes, which are called p-branes. The fundamental string carries an electric
string charge which is the source of B,,. The non-singular solitonic 5-brane carries
a magnetic charge with respect to the spacetime Hodge dual of B,,,. While the (NS,
NS) sector have p-brane solutions, the (R, R) sector of IIB supergravity has Dp-
brane solutions. It was found that these solutions are Dp-branes with p = 1,3,5,7.
The D1-brane has an electric charge and the D5- and D7-branes are magnetically
charged. The D3-branes is a singlet which has both electric and magnetic charges.

Generally, a p-brane can couple to a NS-NS (p+ 1)-form and the action is given
by

5— —T/dp“a[\/_—g V=g B, (1.34)

here, B(,1) is a NS-NS (p + 1)-form and the * is the Hodge dual operator. As an
example, we give the action of the Fundamental string(F-string)

S—_7T / ol =g + %5ijBZ-j], (1.35)
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with B;; = 0;X*0;X"B,, is called the pull back of B,,.
And the Dp-brane action is given by

S = —T/dp+1 2V —det(g+ F) — Lwz], (1.36)

here, ¢ is the dilaton and F = db — B(y), with b is the Born-Infeld vector which
lives on the world-volume and B(y) is a NS-NS 2-from or a Kalb-Ramond 2-form.
The first part of the action is called Dirac-Born-Infeld(DBI) part. The second part
is called Wess-Zumino(WZ) part which is

1
Lwz = C(p+1) + O(p_l) NF + 50@_3) ANFNF+..., (1.37)

here, Cpyq) is the R-R (p 4 1)-form. For example, the action of the D-string is
given by

S = T/d%[— 0/~ det(g + F) + 15 IOy + 0F)], (1.38)

with Cij = &-X“(?jX”C v and jE'w = d[z ] 8 X“@ XY BHV Where ¢ = C(O) is the

axion.
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Chapter 2
Kappa-Symmetry

Kappa-symmetry is a local fermionic symmetry and it is a natural approach to
reduce half of the fermionic degrees of freedom. Thus it is important for keeping
supersymmetry on the world-volume. We will give some simple examples of kappa-
symmetry in this chapter. The kappa-symmetry properties of the superparticle,
the super D-string and the super F-string will be discussed.

2.1 The superparticle

Kappa-symmetry was first found by Siegel [5] in the superparticle case. Following
[6], we discuss kappa-symmetry of the superparticle in this section. In Section 1.1,
we have discussed the relativistic bosonic point particle. In order to get the action
of the superparticle, we need to generalize the Minkowski space which contains
only bosonic coordinates to the so-called superspace which contains fermionic co-
ordinates also. If we have N spinor coordinates 04(A = 1,2, ..., N) in superspace,
we say that we have N supersymmetries. Generally, the spinor § can be Dirac
spinors, but in this section, we restrict 6 to be Majorana and the I" matrices to be
real.

For a massless particle, the supersymmetric generalization of the action (1.4)
can be given as

L— %el(X _ ey, (2.1)

which is obviously Lorentz invariant. And it is also invariant under the following
supersymmetric transformations:

50t =€, 80 =€, OXM =T, be=0, (2:2)

with € are infinitesimal constant spinors.
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Now, let us define the kappa-symmetry transformations as following:
5,04 = D-TIk4, 6.8 ="ADIL, 6, X" =0 145,04,  bpe = 4Bk, (2.3)

. . . . . —A :
here x*(7) are infinitesimal non-constant spinors and I1* = X* —§ " T*94. So, the
variation of the Lagrangian (2.1) under the kappa-symmetry transformations (2.3)
is

1 - B = A —A .
0L = —55(4ef RN+, [9 T45,04 + 0 w(sﬁeﬂ
e, 0,010 + 975,64
- - A .
= 207G 2 4 ¢ M, [0 DT TR - AT
_ (2.4)

Therefore, the Lagrangian (2.1) has kappa-symmetry.
The equations of motion are

I1? = 0, " =0, r-I164 = 0. (2.5)

Because (I - I1)? = —II? = 0, the matrix I' -II has half the maximum possible
rank. Thus, half of the components of #4 are gauged away since which always
appears multiplied by I'-II. This is the consequence of that the Lagrangian (2.1)
has kappa-symmetry.

2.2 The super D-string

2.2.1 The basic idea

Kappa-symmetry was discussed in the superstring case |7, 8]. And it was proved
for the super Dp-branes in a flat background [9], in a bosonic background [10] and
in a general background [11].

The basic idea to prove that there is kappa-symmetry for super Dp-branes is
as follows [9]. The Lagrangian of a super Dp-brane contains two parts, namely the
Dirac-Born-Infeld part and the Wess-Zumino part:

£:£DBI+£WZ' (26)
Under kappa-symmetry transformations, if we can write the variations as

0uLppr = 20,07 0,0, (2.7a)
0ulwz = 2607700, (2.7b)
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with some v and Té)) to be specified, and at the same time, (7®)? = 1, and
further, if we require that

we can get 6,L = 0. Since (y®)? = 1, the eigenvalues of Y are +1 or —1. And
furthermore, if tr(y®)) = 0, half of the fermionic components will be gotten rid of.

2.2.2 Preliminaries

In this section, we will discuss kappa-symmetry for super D-strings in a flat back-
ground. We follow [9]. The Grassmann coordinates # are spacetime spinors and
world-volume scalars. In the Type IIB theory, we have two Majorana-Weyl spinors
of the same chirality. The Dirac matrices defined here have a extra factor ¢ as com-
pared to the usual ones. The anticommutation relations are

{Ie, "} = 2n, (2.9)
where 7, = diag(—1,1,...,1). As in the superparticle case, we define a super-
symmetric quantity B

here i is the index of world-volume coordinates. TI¥ is a "pull back operator" in
a superspace background just as 9; X* in a bosonic background. Then we can get
the induced world-volume metric

Sometimes, it is convenient to use the notations of differential forms, thus it is
good to define ' '
df = do'0,0 = —0,0do". (2.12)

We see that do® is regarded as an odd element of the Grassmann algebra. The
supersymmetric one-forms are IT* = dX* + 0I'*df and db.

Just as in the superparticle case, the variation of the bosonic coordinate under
kappa-symmetry transformations is defined as

5. XH = OT"6,0 = —5,00"0. (2.13)
Then the variation of IT¢ is

501 = 5.(0:XH) — 6,.(0070,0)
= —0;(6,0T"0) — 5,0T"0;0 — 01+ ;6,0
= —24,.0T+9;0. (2.14)
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Defining the "induced v matrix": ~; = II¥T',, we get

Oxgij = 5»@(1_[?1_[?77#1/)
= —26,00"9,011%1,,, — 21116,0070;6n,,,
= —20,0(7:0; +,;0,)0
= —20,0v,0,0. (2.15)

We have known that there should be a Born-Infeld vector which lives on the
world-volume. The field strength is defined by

Fij = Fij — Bij, (2.16)

where Fj; = 0;b; — 0;b; with b is the BI field and By; = II/TI} B,,, .
The supersymmetric version of the pull back of the NS-NS 2-form turns out to
be [12]:

By = —0730,d0(dX" + %érﬂd(;). (2.17)
Under kappa-symmetry transformations, By varies as
6. Bay = —26,073T ,dOTT* + dA, (2.18)
with
A = —§,0730, 011" + %mmrueér“de - %MWQ%,FMCZQ. (2.19)
By requiring 0.6 = A, we can get
8§ F = 26,0731, dOTI*, (2.20)
or in terms of components

(Sﬁﬂj = 25N§Tg<"ﬁaj — 73(91)9 = 2(5,.@57'37[183}9 (221)

2.2.3 The super D-string

Now, let us consider the super D-string case. The action of the super D-string can
be written as

S = / d%—{ — e/ det(g + F) + %aiﬂ'(qj +mj)}, (2.22)

which is formally the same as the action given by (3.27). Since both the action
(3.28) and (3.27) can be derived from the same action (3.25) by integrating out
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the auxiliary field ¢, we say that these two actions are equivalent. We will use the
action (3.28). As we consider the D-string case, we will take p = 0 and ¢ = 1 in
the action (3.28)(notice that, the definitions of p and ¢ are different from those in
Chapter 4). Then, we have

1 ..
L=—\e2+02/—g+ 55”02-]-, (2.23)

which is formally looks the same as the action of the bosonic D-string, but the
fields contents are different. Here C;; = IIf IT7C,.,, but in the bosonic case, Cj; =
0, X"0;XVCy,. If we define

1 g
pp = 5\/6—%—1—625”7'3%%-, (2.24a)
Ty = B Beiny, (2.24)

from (2.24a), we can get
_ _ 1 ij
(e + )7 pp = 77 i menn

1 ., .
= Z(ylwl - 52l5jk)%‘7ﬂk%
1 i
= ™Y
= —YY%7MMN
= —det(gi;)- (2.25)

]

Now, let us prove that

From (2.24a) and (2.24b), we have

(€ + )" opy, = %6“ TSV Ve

= men

= 73¢*y;grk, (no summation on k.) (2.27)
(€ + ) PTg = er3vigm

= 73" Yignn

= (e +*)"2ppy,. (no summation on k.) (2.28)

Hence, (2.26) is proved. If let
pp = YoV e +2y/—g, (2.29)
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we can get

1 1
YD = =5 55”73%%', (2.30)
and it is easy to check that
=1, tryp=0. (2.31)

These conditions are important for kappa-symmetry.
Now, let us consider the variation of the DBI part under kappa-symmetry
transformations:

55[—\/16“?—{—52\/—_9] - _—v;\;;_‘);_ﬁé,@(—g)

= —%m\/—_ggﬂ%gzj
2/e726 1 (2/= 46,0797 9;0
20,0vpT}0;0. (2.32)
Where, we let §,¢ =0 and 6,.¢ = 0. If we let
0,Ci; = 2\/ =20 + (25,037,010, (2.33)
or in the form of forms
0,Cla) = 2v/e~2¢ + (26,0751, dOTI*, (2.34)

we can get 0,Lywz = 25K§T£8j6. And if 6,0 = ®(1 —~p), the super D-string action
will be invariant under kappa-symmetry transformations. Certainly, there could
be some total derivative in the variation of C'y).

2.3 The super F-string

Now, let us prove that the action of the super F-string has kappa-symmetry in a
flat background. The procedure is almost the same as that in last section. The
action of the super F-string is given by

S = —/ dZO'[\/ —g+ %gijBZ’j], (235)

where Bj; = IIf11Y B,,,,. If we let

1 ..
PR = 55”73%%'7 (2.36a)
T = &gy, (2.36b)
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similar to the case of super D-string in last section, we can get

pr = —detg.

PEYE = le?gjk-
If g is defined by
pr =7r\ —detg,

we have
1 I
= ————c" 13-
TF \/Tetg 9 37, 7]
Then, we can get
vE =1, tryp=0.
Hence

Ty = Yeprvig”

= /—detgyg”.
Therefore, the variation of the DBI part is
-1
0x|—/ — det = ——— ). (—det
[—v/—detg] Naxr (—detg)
Ve
= 5 Y 0xGij
—y/—detg —
= —2 gj [—2559(’%8j + %&)9]

= 26,0/ —detgvg"”0;0

And we already have [9](ignoring the total derivative)
. 1 .. —_
55—5”31']' = 55”[—25,{07'3(%8]» — 7]82)6’]
—5597'3€ij (%@J — ’}/]81)0

= —25557'3€ij’7i8j‘9
= —20,0T%0,0.

So, the Lagrangian varies as

0L = 20.0(yr + 1)TLO;0,
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(2.43)

(2.44)

(2.45)



which is zero if §,0 = ®(1 — 7). Therefore, the super F-string really has kappa-
symmetry as expected.

So far, we have discussed the kappa-symmetry properties for the simple cases.
Before considering kappa-symmetry in the more complicated situations, we will
first discuss SL(2,R) symmetry of IIB brane actions in next chapter.
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Chapter 3

SL(2,R)-Invariant IIB Branes

The Type IIB superstring theory has SL(2, R) symmetry at the classical level and
SL(2,7Z) symmetry at the quantum level. This symmetry was first proposed by
[13]. But, type IIA theory has no such symmetry. The reason is that type IIA
theory is a non-chiral theory. Type IIB supergravity theory is the low energy limit
of type IIB superstring theory. The F-string and the D-string are the solutions of
type IIB supergravity. They form a doublet under SL(2,R) transformations [14].
The non-singular solitonic 5-brane(NS5-brane) and the D5-brane, which are also
the solutions of type IIB supergravity, form a doublet under SL(2,R) transforma-
tions [15]. Unlike the cases of one-branes and five-branes, the D3-brane solution
is a singlet under these transformations. In this chapter, we will consider the
SL(2,R) symmetry of the brane actions. The brane actions which are invariant
under the transformations of SL(2,R) symmetry have been constructed for the
strings [16, 17|, the D3-brane [18] and the five-branes [19]. Recently, all SL(2,R)-
invariant I[IB brane actions have been constructed by an elegant way [20].

In this chapter, first, we will discuss the SL(2,R) symmetry for the string action
by following [16, 21]. Then, we will follow [20] to give an universal description for
all type IIB branes.

3.1 The action of one-branes

First, let us consider the string case. The SL(2,R)-invariant action can be con-
structed as(in Einstein frame) [16]

S = —/d%%{ g+ [e—¢(*fb)2+e¢(*fc—£*fb)2}}, (3.1)

here gg = det [(gr)i;] with (9r)i; = e~*%gi;. (g9r)i; and g;; are the pullbacks of the
Einstein metric and the string metric respectively. The field strength are defined
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.7:1, = Fb — B(z) =db— B(z), (3.2&)
fc == Fc — C(g) =dc — 0(2). (32b)

Where b and c are the vector fields on the worldvolumes of the F-string and the
D-string respectively. Bz) and C(y) are the NS-NS and R-R 2-forms which couple
to the F-string and the D-string respectively. v is an introduced auxiliary field. It
is easy to check that the above action (3.1) has the rescaling invariance:

Xt AXF, v — N, Fy— NF, F.— N F.. (3.3)

Now, let us rewrite the action (3.1) in a manifestly SL(2, R)-invariant way. If we
define

— A2/
]:TE(*.’FC *.7-"1,), Mze¢(’£’ 1), (3.4)

with A = ¢ 4+ ie™?, we can get

— = 1 -/ *Fe
s - e 8) ()

*Fe
= e (*F.—l(xF |)\|2*fb—€*.7-"c)<*]__b)

= | (F) = 2UF) ) + N 6F)?]

[
= e {(*]-"C)Q — 2(xFy) (xFo) + (£ + e_%)(*}—b)?}
¢

= e ?(xF)  + (5 F. — Lx Fy) (3.5)
So, the action (3.1) can be written as
1

S = —/d%%[ —gE+?Tm—1?] (3.6)

A= (" 2 is an SL(2,R) matrix, it is obvious that the action (3.6) is

invariant under the following SL(2,R) transformations:
T — —
M— AMA, F— AT, (98)i; — (98)is- (3.7)

We will see that the Nambu-Goto action can be derived from the action (3.1).
First, we need the equation of motion of ¢. Because

1 .
Feij = dji Nejy = Cij — *Fe= 2 e [dyi A ej) = Cygl, (3.8)
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from the action (3.1) and the Euler-Lagrange equation we can get
L, L .
;4 —e?(xF. — é*]—"b)§ e’ 5 =0, (3.9)
v

then
1 1
—e?(xF, — E*Fb)§ = constant = Tp/2
v
— w(F,—LF) = ve ®Tp. (3.10)

The constant Tp will be identified as the tension of D-string later. Similarly, we
can get the equation of motion of b:

v 2 2
I 1 " 1
— —|e (*]:b)§ + e (F. — f]:b)(—f)§ = constant
v
— Uk (Fo—AFy) — e« Fy=vTr. (3.11)

The constant Ty will be identified as the tension of F-string later. We see that
the tensions can be generated from the equations of motion of one-forms ¢ and b.
From (3.10) and (3.11), it is easy to get

*Fy, = —ve?(Tr —LTp), (3.12a)
*xF. = ve ®Tp—tve (TF — ETD). (3.12b)
If we let T = 0, the action (3.1) becomes
1
S:—/d202—[—gE+e¢v2T§]. (3.13)
v

Solving for v, we can get the Nambu-Goto action
S = —Tp/d2cr ed’/Q\/—gE
= —Tp/dza V=9, (3.14)

where we have used the relation (gg);; = e~ #/2g;;. Further, if we add an interaction
term —ZF £ B;; to the action (3.13), we get

1 1 g
S:—/d20{2—[—gE—l—e¢v2T§]—|—§TF5”BZ-]}. (3.15)
v
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Solving for v again, we recover the fundamental string action
1 ..
S = —TF/d2U [\/ —g—|— 58”3@']. (316)
Now, we want to show that the equations of motion for the embedding coordinates
from the action (3.15) and from the action (3.1) are the same in the situation of

Tp = 0. First, let us try to find the equations of motion for the embedding
coordinates from the action (3.1). The action (3.1) can be written as

v

S= - / d%—zi{ — det (9,X"0;X,,) + %M(Fbm — 0,X"0; X" B,,)?
+%€¢ |:<Fcz'j — 0, X"0;X"C,,,) — U(Fyij — aiXuanvBW)} 2}. (3.17)
The equations of motion for embedding coordinates from the action (3.17) is
c‘)i%{DET — e (FY — ' X" X" B,,)0;X"B,,
—e? [(F;‘J‘ — OXPIXVC,,) — ((F — ' X" XV B,,)
(0,X7C,,, — Ean”BW)}
=0, (3.18)

here, 0, 9 and DET means the contribution from —gg. If Tp = 0, the above

i = 511

equations of motion become
1 — i i j vV v
ai%{DET — e (F - 0'X') XV B,,)0; X B,“,} =0, (3.19)

which coincides with the equations of motion for the embedding coordinates from
the following action

1 1
S =— /d%{%[— gp+ eV Th] — 5TF s”fbij}. (3.20)

By integrating out b from the action (3.20), we recover the action (3.15).
We will construct the SL(2, R)-invariant action for the (p, q)-string. First, it
can be verified that the equations of motion for the embedding coordinates from
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the following action are also (3.18).
1
S = —/dQO'—{ —gp+Ve? ({Tp —Tr)* +0%e *Th
v
—2U( F*fb D*f)}

_ _/42{ “IE L 2P (UTp — Te)? + e T3]

2v 2
1
—55 T Foij — TD]:cz‘j)}- (3.21)
By integrating out b and ¢, we have
1
S = —/d202—{ —gp+ 0V e (UTp —Tp)? +0%e *T?
v

+2v (TF * B(Q) — TD * C(Q))}
—g _
S L e
—|—%€ij (TFBZ] — TDCij) } (322)
Solving for v, we get
S = —/d20{\/—gE\/(€TD —Tr)%e? + The ¢
1 ..
+§€” [TFBij - TDCij} }
— /do‘{\/—_gE\/ —ql)2e? + q2e=¢
1,
+5e” [pBij — inj}}
— 2 —— T ij
= — d O'{T(p’q) —JE + §€ [pBij - inj} }; (3’23)

here we have defined that Tr = pT and Tp = ¢T with p and ¢ are the charges
of F-string and D-string respectively. T and T, are the tensions of F-string and
D-string respectively. T, o = T/ (p — q€)?e? + g%e~? is the tension of the (p,q)-
string, which coincides with the result given by [14]. The action (3.23) describes
a (p, q)-string and it is SL(2, R)-invariant. If £ = 0, ¢ = ¢y and g, = €, in the

string frame we have
(s) ¢
T o =T /P*+ 72 (3.24)
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Where ¢ is the asymptotic value of the dilaton. It is easy to see that the tension
of F-string is T, ((18,)0) = T, and the tension of D-string is T((o ) = = T/gs. There is a
strong-weak duality between the F-string and D-string.

There is another approach to get an SL(2,R)-invariant action for the (p,q)-
string. Following [22], we define the action as

S= / Py g{ET TP — [l ~ )F +aC) ). (3.25)
here ¢ is an auxiliary scalar. The action (3.23) can be derived from the action
(3.25). First, from (3.25), the equation of motion of ¢ is

te?
g + (te?)?
Substituting this in the action (3.25), we get

S = /dQU\/ { *\/q + (te?)2 +tx Fp — q * [C(g) +€.7:b}}

_— /dza@{e¢¢qz+_lqi<;fg;

Q*fb —¢ }
T b g% [Clay + O
1—(*7%)26 = a* (G !

= — *fb. (326)

1 (*fb)2

_ _Tq/dza\/_—g{e—as[ LA m} —*(C(z)+€fb)}
- —Tq/dza\/—_g{e¢ L= (xF)* = *(Cla) be)}

— —qT/d2a e "/ =g+ gxF)? — V=g (Co) + 8}},)]

[ 1
= —qT/dQO' e\ —g— 5.7:,)2 — V=9 (Cp) + Efb)}

= —qT / d*c _e_d’\/— det(g+ Fp) — V=g * (Co) + f]—‘b)} : (3.27)

here we used «F, = 5 FE I Fpij. Obviously, the action (3.27) is the ¢ times the
D-string action. The equation of motion of b from the action (3.25) imposes that
gl —t = constant = p. Substituting this in the action (3.25), and integrating out

b, we can achieve

5= [ @oy=g[ e+ = 0P + p By —ax G| (329
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which is the same as the action (3.23) if go into the Einstein frame.

As we have seen, the construction of the SL(2,R)-invariant action for one-
branes is not so difficult. For the case of D3-brane, it is also not so difficult
because it is a singlet. But for the case of five-branes, things become complicated.
The reason is that we can only have one Born-Infeld vector on the word-volume
otherwise we will break the balance of the degrees of freedom between the bosonic
and the fermionic parts. In the string case, we can introduce another vector to
form a doublet, since a vector has no physical degree of freedom in this case. But in
the case of five-branes we can not do this because a vector will have some physical
degrees of freedom in this case. Though an action was constructed for this case
[19], it was not complete. Things become more complicated for the cases of seven-
and nine-branes, because there are many types of seven-branes and nine-branes.
Difficulties are overcome in [20]. We will discuss this briefly in next section.

3.2 The universal formula

In this section, we follow [20] to give an universal description of the property of
the SL(2, R) symmetry of type IIB branes.

As we know that a charged p-brane can couple to a (p + 1)-form gauge field.
It turns out that in the IIB case, these gauge fields are as follows:

a (e} af af «
A(2)7 A(4)a A(ﬁ)v A(g); A(lo’)y7 (10)» (329)

which are a doublet of 2-forms, a singlet of 4-form, a doublet of 6-forms, a triplet
of 8-forms, a quadruplet of 10-forms and a doublet of 10-forms respectively. The
SU(1,1) indices «, 3,7 = 1,2. And also, the vector fields V3 is introduced. But
in order to have supersymmetry on the world-volume, we can only have one vector
on it. This is satisfied by requiring that only the combination an(‘f) lives on the
world-volume. Here g, are the charges of F-string and D-string.

By requiring that the WZ term has a single world-volume vector field for the
cases of p > 1 and has target space gauge invariance, the WZ term can be formally
written as

e p=1 Lwz=23q..Ch;
e p#1l, Lwz=q- Ce¥0.

Where C is the formal sum of some forms(for details, see [20]). For the definitions
of others, we refer to the reference and the appendices. These WZ terms are
obviously SL(2,R)-invariant. The DBI part of the Lagrangian is suggested to be

I ()
Lppr = Tp,E\/ det (QE + (qu)1/2>,
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with the tension 7, g:
ep=1 7ngp= (?inM)l/Q;

p—3
e p#1l, T,p=(ggM) 7.

It is obvious that the DBI part is also SL(2,R)-invariant. Therefore, the total
Lagrangian £ = Lpp; + Lwz is SL(2, R)-invariant.

As we said, for the string case, we have the F-string and the D-string, which
form a doublet. For the three-brane case, we have the D3-brane, which form a
singlet. For the five-brane case, we have NS5-brane and D5-brane, which form a
doublet. The cases of seven-branes and nine-branes are more complicated. For
the seven-branes, it turns out that there are three conjugacy classes|23| labeled
by det go3 which can take the values: detg,s = 0, det go3 > 0 or det g, <
0. The later two classes can not be gotten from the first one by any SL(2,R)
transformations. Another important fact is that there is no action with detg,s # 0
which contains only a single Born-Infeld vector. Thus in this report, for seven-
branes, we only consider the conjugacy class with detg,s = 0, which contains the
D7-brane. For the nine-branes, there are also some conjugacy classes. We only
consider the conjugacy class containing the D9-brane since the other conjugacy
classes are not supersymmetric.

We leave the detail discussions about the actions for special cases to the refer-
ence.

In the next chapter, we will use the similar formula of the Lagrangian here but
with some changes by redefining the fields. The property of SL(2,R) symmetry is
not changed yet.
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Chapter 4

Kappa-Symmetry of
SL(2,R)-Invariant Super IIB Branes

Since super Dp-branes and spuer p-branes are all have kappa-symmetry, it is be-
lieved that the bound states of these objects also have kappa-symmetry. In this
chapter, we will discuss the kappa-symmetry property of SL(2, R)-invariant super
IIB branes in a flat background and will work in the Einstein frame. We will use
the method proposed by [9]. First, we will consider the super one-branes case,
then we will discuss the cases of super IIB p-branes with p > 1 uniformly. At last
we will give examples for some special cases.

4.1 The super one-branes

The SL(2,R)-invariant Lagrangians for general super IIB p-branes are formally
similar to those given in [20].

In this section, let us consider the case of one-branes. The Lagrangian of the
SL(2,R)-invariant super one-branes is

El—brune - _(asz)lﬂ V det gij + aaC(QQ)
= —\/(q+p)% 1 p’e9y/=g + pCla) + qB). (4.1)

where g;; is the pull back of the Einstein metric. It is understood that there should
be a Hodge operator which operates on the WZ term if we do not write the WZ
term in form of forms. And also note that the above action is not exactly as that
in Chapter 3. This is just because that the definitions of charges or fields are
different.

Under kappa-symmetry transformations, the variations of g;; is the same as
that in [9]:

6ngij = —20.0v,0,0, (4.2)
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since here v; has the same definition as in [9]. We assume that

1 .. 1 ..
55[5513 (pCij +qBij)] = 55” (p0,.Cij + q6Bij)
= \/(q + pl)%e? + p%‘%ij&ﬁmv{if)ﬂ@
== (ﬁM)l/ngéﬁng’}/[laj]g, (43)

which can also be written in the form of forms as
0 (3aClyy)) = 2(qGM)"?6,075T ,d6TI*. (4.4)

Where, 0.0, 6 and II* are invariant under SL(2,R) transformations. We can re-
cover (2.18) and (2.34) if we take g, = (0, —1) and ¢ = (1,0) in (4.4) respectively
and at the same time go into the string frame. The contributions from the total
derivatives of 6,C(2) and d,B(s) should be cancelled in (4.4). If we let

Thy = (qgM)'Prsetn;, (4.5)
we can get

55[%5] (pC'ij + qu'j)] = 2559T{1)8j9 (46)
It is obvious that T(jl) is invariant under SL(2, R) transformations. We can recover
(2.24b) and (2.36b) if we take ¢ = (1,0) and g = (0, —1) in (4.5) respectively
and at the same time go into the string frame. This is not strange, since we can
get the actions of D-string and F-string from the action of (p, ¢)-string in the same
situation. Now, let us define that

1,
PV = S (@M) P75y, (4.7)

Then, it is easy to check that

(V) = (@GM)(—g)- (4.8)
Further, if we define
pV =AW (GgM)Y2 /=g, (4.9)
we have
1 _ 1 1

Y \/_—gﬁsijTB%'”Yj' (4.10)
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It is obvious that (") is invariant under SL(2,R) transformations. Also, we can
get (yM)? =1 and try™ = 0. It can be proved that

PV =T gn- (4.11)
The variation of the DBI part under kappa-symmetry transformations is given by

6/&[ - (@M)I/Q \% _g}
= 2(ggM)Y?\/=g6.0:9" 0,0
= 20,07VT7,0,0. (4.12)

Therefore
OnLr—brane = 20,0(y) + 1)T},,0,0. (4.13)
So, the SL(2,R)-invariant super one-branes have kappa-symmetry in a flat back-

ground if we require that 6,0 = &(1 — ).

4.2 The universal formula for the super IIB p-
branes with p > 1

In this section, let us consider the cases of p > 1. The Lagrangian of the SL(2,R)-
invariant super IIB p-branes is similar to that of [20]:

p—3 f
L= —(qu)4\/— det (g + (q;JM%) +q-Ceo, (4.14)

If we assume that the variation of the combination ¢F(s) under kappa-symmetry
transformations is

0claF )iy = On(—qFecij + pFuij)
2\/(27 —ql)?e? + q2€7¢555737[@0j]9
2(qgM)"/?6, 07570510, (4.15)

we can get the variation of the DBI part:

5] - W)W_ det (g0 7Y |

= 2(ggM)"T \/ — det (g + @ 4Fs) ) 007l (g + 7@ 4F(z)) '} 70,6, (4.16)
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where ® = (ggM)~1/2. Similar as in [9], we let ¢ = v;do’ and define

1 % %
= 2 e = D e

PB
p odd p odd
= (QQM)pT%eq)q]:@)CB(@U)Th (4.17a)
S SR SE T
p odd podd
— (qu)pTeq"’f@)SB(w)n, (4.17h)
with
Loy, 1 4, 1 og
Cp¥) = Ts+—¢ +—Tg¢ +—w +..., (4.18a)
Se(¥) = ¥+ 3¢3+ ¢5+ 7Y+ (4.18D)
And let
1 o
(») — 1.+ 2p41 . . 41
p (p+1)‘€ pZ1...Zp+17 ( 9&)
1
J _ 21 p
T() = p! T, dip* (4.19Db)

From the above definitions, we give some p,’s and 7},’s here explicitly:

P2 =

Ps =

P =

1 )
(ggM)~12 [57'1@/12 + i1 ® q}"@)],
1. 1 1.
517'21/14 + —7'1(1) qF2 1?2 + 527'2((1) q]:(z))27
(qu)1/2 [ 7'1@/)6 —ZTz(I) q}_@)?/f

1 1 ,
+4_1T1((I) qf(g)) w + §ZTQ((I) q]:(g))?’],

(4.20a)
(ggM) 279,
1.
gZTQwB + Tl(I) Qf(z)w,
1
(qu)m[ Y’ + m@ qFo® + 5T1(®aFe )20,
(4.20b)
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pp and T can also be written as

p=3 0 h
pp = (qgM) T e ( ~cose) 0 v ) (4.21)
Ty = (qu)ﬁeéq}'(z) ( Si2¢ Sln(})lw ) ' (4.22)

It is obvious that p, and Té,) are invariant under S(2,R) transformations. Also,
we can get

(p+1)/2 #

) — 2t 73 n
p (g M) Z 2nnl(p —2n +1)!

n=0
giljlminjninﬂmipinﬂ (I)n<q]:(2))i1j1 ”'(q]:@))injn%nﬂ - Yip—ni1o
(4.23)
; ps PP 7'3%71
T = (M) Y T
(P) (gg.M) ; 2nnl(p — 2n)!
gt tndnin ittt Q™ ( F 9 )iy iy - (QF(2) imj Vimas -+ Vi
(4.24)

where (¢F2))inj, = (—aFcinjn + PFvinj,)- It can be proved that(see Appendix B)

(P(p))z = (QQM)% [ — det (g + q]:(g))], (4.25)
p(p)%' = Té,) (g + 13 qj_.@))ji. (4_26)
And, if we let
P = W (gqM)"T \/ — det (9 +@ qﬂz)), (4.27)
we will have (7)) =1, try® = 0 and
) GAVCRE
() _— 3
7 Z 2nnl(p — 2n + 1)!
—det (g + o q.7:(2)> n=0
giljl"'i'ﬂjninle”'iP*nle Q)W’(qf(z) )iljl i (qF(Q) )i7ljn,yin+1 . ',yipfnle :
(4.28)
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It is obvious that p® and v® are invariant under SL(2,R) transformations. The
variation of the DBI part under kappa-symmetry transformations is

0wLppr = —(QqM)p‘*gfsk\/_ det <9 + (I)qj:@))

= 2(qq/\/l)pT_3 \/— det (g + q}"(g))dﬂ'yi{(g + 73D q}"(g))_l}ijaﬁ
= 20,077 pPyi{ (g + 75D ¢F(2) "'} 0;0
= 20,071} (g + 3P qf(z))ki{(g +73% qF(2)) 70,0
= 20,0/P'T] 0,0, (4.29)
The variation of the WZ part is
6. Lz = 04lq - Ce¥™] = e @[5, (q-C) + (¢ C)d.(qF))- (4.30)
On the other hand, if requiring kappa-symmetry, we should have
6 Lwy = 25R§Tg]'3)aj9, (4.31)
or in terms of forms
§:Lwz = (=1)PT125,.0T,d6. (4.32)
Note that in the IIB case, p is always odd. Formally, we can get

e [5:(q-C) + (q-C)0s(¢F2)]
= 26,0(qqM)"T e® 9@ S ()7 d6. (4.33)
Because
0.(aF ) = 2(qgM)"*5,0m5T ,doTT*
2(qqM)"?6,.0m5T , TT*d0), (4.34)
where ITI* = dX* + 0I'"df = I1!do’, we get

p—3

e@6.(q-C) = 20.8|(9aM) T e* O Sp(¥)m
—etF@) (g - c)(qq/\/l)l/zrgrunf‘] de. (4.35)

So, for the cases of p > 1, the variation of (¢-C) under kappa-symmetry transforma-
tions is given by (4.35). On both sides of this equation, there are sums of different

forms. For the p-branes case, we should just consider the sum of (p + 1)-forms on
both sides.
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4.3 Special cases

Redefinitions of fields

Before considering special cases, let us redefine the fields. The reason that we do
this is that we want to have a WZ term which is really the expansion of ¢-Ce? @,
Table 4.1 gives the definitions of fields in |20, 24] and in this thesis.

’ Definitions of fields in |20, 24| \ Redefinitions of fields in this paper ‘
B = 5(Al) + Ap) Blyy = —Fi(Aly — Apy)
Cp = —3(Apy — Afy) Clyy = F (Al + ADy)
Aw Aly = 34
Cia) = Aw) — 2dagsAl AG, Cly = 34w — 39a0sA% Ay
Al Ale) = —54%)
Cloy = Al T 204 Af) Co) = —54%) — sdw Al
— S0t Al A Aly + 5950 Afy Ay Al
i R
Clyy = Al T5AG Al T35 Aw AR AD) | ) = sisA% + A5 A
— LB Al Ay Ay Aly +5Aw Al Aty — 510 B Ay Al Al Aly
APy APy — 1 poBy
(10) 10) = 73541(10)
Clloy = Atloy — 34(5) AD) Cloy = mm Al — Bl AD)
— SHAG Ay ATy — 1054 Ay A ATy | = 5 AlGy Ay ATy — 35 Aw Ay Ay Ay
+ 2058 AD) Ay Al Aly Aly) + 196 Afy Ay Al Al Al

Table 4.1: Redefinitions of fields.

The fields CEXQ), A?Q), C(o), FG), Vi), X% and A‘(ll) are the same as those in [20] and
so are the charges(the definition of .7-"(%) is different). The fields B(,y and Cy) defined
in [24] do not form a doublet under S-duality transformation. In order to preserve
gauge invariance, the corresponding gauge parameters and gauge transformations
should be changed as compared with [20, 24|. For example, the variations of A’( 2)
and CE 4y under gauge transformations should be

i o
SgAly = 40A[ — ggaﬁ/\(l)z«"g), (4.36)
2

3

Where, Afy = 2A3) with Az is the same as that in [20, 24]. Certainly, the
supersymmetric transformations of these fields should also be changed. The field
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strength F(3) is the same as that in [20, 24], but the definitions of other high rank
field strengths should be changed in order to keep them gauge invariant. Note that,
the primes here just mean the redefinitions of fields, which do not mean that we
use SU(1,1) basis here. And we use notations without primes after redefinitions.
And also notice that, we discuss super IIB branes here, so the fields are not only
the bosonic parts though formally they are the same.

Super three-branes

Now, let us take the example of p = 3. After redefinitions, the Lagrangian becomes

_ a7 2) . 2
‘C3—brane = _\/_ det (g + W) + C(4) + qaqﬁc(2)F(2) + 56(0) (qf@)) 7(438)

with C(4) = A(4) - %(ZXQQA?%)A(%). We have
FD5,(q-C) = 26,8 Sp(¢)m

—et@(q - C)(qq./\/l)l/zrgl“ul'[“] do —

0uClay + 4F2)0x(@Cl)) = 20,0 :(%mw?’ + 1P qF o)
—(4F@)C0) + GaCfy) (aqM)" 27’31_‘“1_[“:| do.
(4.39)
Therefore
0l = 25&[(%@'@1&3 + 1P qF o)) — ¢F 2y (GGM) " 1L, 117
—(0F)Co) + @aCy) (gaM)" QTgruﬂ“] df. (4.40)

It is obvious that eq. (4.40) is invariant under SL(2,R) transformations.
So, the kappa-symmetry property of the Lagrangian (4.38) requires C(4) to vary
as (4.40) under kappa-symmetry transformations.

Super five-branes

We can use the same procedure as above for other cases. For the case of p = 5,
the Lagrangian can be written as

_ 12 [ T o
1. 1
+CaFly) + 50C0 (0F )’ + Co(aF)  (441)
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Since we have known how qNQC(aQ) and C(4)vary under kappa-symmetry transforma-
tions, we can get the variation of qaC('é) from eq. (4.35).

Super seven-branes and super nine-branes

After redefinitions, the Lagrangians of the super seven-branes and super nine-
branes are given by

aF2) o
Lr_trane = —(qu)\/— det <g + W> + ¢aqsC g

. 1 1.
+0005C{5) Ty + 50(4>(qf<2))2 + E%C&)(qf@))g
1
+ﬂc(0)(qf(2))4> (4.42)

and

il o
Ly prane = _(qu)3/2 \/_ det (g + (qq/\/(lz))l/2> + qQQ5qVC(1%;y

. 1. 1
a5 Cla F oy + 5%Cle) (a7 )" + =C (4F )’

1 1
+_q€C(2) (QF(2)>4 + EO

o Coy(aF)®. (4.43)

Similarly, we can get the variations of qaqﬂcgg and QaQﬁ%CﬁfS under kappa-
symmetry transformations from previous results and eq. (4.35).

Notice that, the above two actions belong to the two conjugacy classes which
contain the super D7-brane and the super D9-brane respectively. The actions
belonging to the other conjugacy classes might also have kappa-symmetry but do
not have SL(2,R) symmetry.
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Summary and Conclusions

The subject of this report is the kappa-symmetry of SL(2, R)-invariant super 11B
branes.

A simple description of string theory was given in Chapter 1. Before discussing
strings, we gave a short introduction to the relativistic particle at the beginning
of this chapter. Then, both bosonic strings and superstrings were considered. We
got the spectra of states for the first levels and the corresponding fields. At the
end of this chapter, Dp-branes and p-branes were introduced. And we knew the
necessity of the existence of Dp-branes in string theory by the T-duality of open
strings.

Chapter 2 gave the proofs of kappa-symmetry for the cases of the superparticle,
the super D-string and the super F-string. The later two cases were discussed in
a flat background. We knew that kappa-symmetry can reduce half of the degrees
of freedom of the femionic part. Thus it is a natural tool to keep supersymmetry
on the world-volume.

The topic of Chapter 3 is the SL(2,R) symmetry of IIB branes. But there, we
only considered the bosonic part. The example of one-branes case was discussed
in details. A very elegant way of constructing the SL(2,R) symmetric actions for
II1B branes was introduced simply at the end of this chapter.

The main topic of this report, i.e., kappa-symmetry of SL(2, R)-invariant su-
per IIB branes, came in Chapter 4. Since the case of one-branes differs from the
cases of p = 3,5,7,9, we considered it separately. By assuming how %C(QQ) varies
under kappa-symmetry transformations, we proved that the action of super IIB
one-branes, which has SL(2,R) symmetry, has kappa-symmetry at the same time.
After this, an universal discussion about the cases of p = 3,5,7,9 was given. By
assuming how qa]-'(%) varies under kappa-symmetry transformations, the general
formulas of the variations of the DBI and WZ parts under kappa-symmetry trans-
formations were given. We gave a general proof of the kappa-symmetry of the
super IIB brane actions. The key steps of the proof were given in Appendix B.
After the general description, the special case of p = 3 was discussed in detail.
The variation of the SL(2,R) singlet, i.e., the Ramond-Ramond four-form, under
kappa-symmetry transformations was given. Following this, a simple discussion
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for other special cases was given. In this chapter, we also redefined the fields in
order to get simpler formulae and at the same time make the proof natural and
easier. However, the meaning of the redefinition is not yet understood. The dis-
cussion in this chapter is based on a flat background. A natural generalization is
to consider the situation in a curved background. Then the situation will become
more complicated and the IIB superspace constraints on field strength should be
considered.
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Appendix A

Some Conventions

In this appendix, we give some conventions. Let the charges ¢, form a doublet of
SU(1,1) and ¢, form a doublet of SL(2,R) with v = 1,2. If

~ p
o - 9 Al
w=(") (A1)
we can get

o= 1 qz—é 4+ gzﬁ P (A.2)
« p Y « 2 q_Zp I e} 2 p+2q I .

by the transformations:

0 -1~ V2 (1 —i —i 0~
qa/—(l 0 )qa/7 qu_T(l i)Qa’a qu_( 0 Z)QOL (A?))

If we define

1

~ ~ ~ l . .
5(%% — q5qa) = Q[aqm = éﬁag, Wlth E19 = 1 and E1rr = —1, (A4)

we will get
P +qt =1 (A.5)

Note that, (A.5) is just a normalization condition which does not mean that the
charges are fractional. We can choose another normalization condition if we like.
The SU(1,1) doublet 2-forms potential fields are A, with the constraint (Aj,)* =

Afw. The relations between the standard Kalb-Ramond 2-form potential B ), the
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Ramond-Ramond 2-form potential C(zy and the SU(1, 1) doublet 2-forms A?‘Q) are
given as following:

V2.

B = _TZ(A%Q)_Aé))v (A.6a)
V2

Co = T(A%2)+A%2)>v (A.6b)

which are different from those of |20, 24]. Given

13t 2 —2¢
M~ ¢(€+€ 6), (A7)
14 1
we have
Ga@sM®® = (q+pl)*e® + p*e™?, (A.8)
qaqg/\/laﬁ = (p— q€)2e¢ +¢*e . (A.9)

For a special case, for instance, the D-brane case, we have

ag:<é)7 (A.10)

and then
aaA?z) = 0(2)7 qu?Q) = B(g), n = 2; (All)
%1‘%) = B(n), qu?n) = C(n), n 7& 2. (A.12)

It is convenient to define
Ay =Cl), Al = By Ajg) = By, Af) = Clo), (A.13)

which are useful in calculations. If we define

Fioy = Foy = Ay, Fgy =20Vp), (A.14)

and
Fooy =dVig)y — Ay, Ey =dVy), (A.15)

with
Viy=e¢ Vi =b (A.16)



we can get
Flyy =de—C = F,

If g, is given by (A.1), we have

1Cly =

GaAizy =

Gor Alz)
ARy + 4D
pC) + qB ),

Gor Ale)

—qAb) + pAD)
—qC2) + pB2),
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Appendix B

Proofs of Equations (4.25) and
(4.26)

The proof of equation (4.25)

First, let us prove eq. (4.25). We follow the same method used by [9]. From egs.
(4.17a), (4.18a) and (4.19a), when p = 2k + 1, we have

k+1 _
p=3 B (‘I) qf(Z))n 77DZ(k n+1)
— M 7 k—n+2
par+2 = (qgM) 2 T3 ol Rk —n+ 1>]!7'1

Defining 7[2] = Y9i7Y2i41, We can get

p—3
pPED = (ggM)"3
k+1

2 2
?fn+2 Z AVIRIWAY %[n]ﬂ ,yl[k}-{—l

n=0 i1 <...<in.
i1 <o <ifpq-
= (qu) T Ts
k+1

k—n+1 (2] [2]
Z Z Ny e Ni Vi1 Vigga 11

i1 <...<in.
1n+1<'“<1k+1'

k

= (gqeM) T s [[(ni + m0P)m

=0
k

= (gaM) T 7 [ (A — 72, (B.2)

=0
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since in some Lorentz frame, we have

k
O qFp = Ndo® A do* .

=0

Where, (i1, ...,ik4+1) is a permutation of the numbers (0, ..., k). So

k k
p—3
(PPN = (ggM)F H(/\Z + 737?])7372737'2 H(/\z — 7‘3%[2})
i=0 i=0
Lk k
= —(geM)"= [T (A + 7B TT A = )
i=0 i=0
= —(aaM)= [TF =)
i=0

= —(qu)%det(g + ®qF ).

The proof of equation (4.26)

Now, let us prove eq. (4.26). It is equivalent to prove

Ji

ppi17i = Tpdo? (g + 730 qf@))
Summing over odd p, we should prove that

PBYi = TBdO'j (g + 3P qf(2)>
7t
We will use the following relations:
L =D" . .
m% = (n— 1)!dajgji+ mlei(iﬂ ), when n > 1;
Y = i ('), when n=0.

(B.4)

(B.7)

(B.8)

Where ., denotes the interior product operator induced by e; = %. The general

definition of ix for an n-form w and a vector field X is given by [9]
. 1, e
Ixw = ] Z(—l) lX“Swm,_,#Smunda“l...da“s‘lda“s+1...da"”.
s=1

Therefore, for n = 0, we can get

Oy, = e, (P17,
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For n = 2, get

P? j 1. 3
a%‘ = Ydo’gj + §Z€i<w ) —
2
. 1
e<I> qf(g)%,yi — e‘b qf(z)w dU]gji + e(b ‘1-7:(2)52'82, (¢3) (Bll)
For n =4, get
w4 3 ) 1 )
T gdajgji + §Z€i<¢5) —
4 3 1
ecqu@)% S €<I>qf<2)% Ao’ 73 gy + €0 i (W), (BA2)

and so on. Summing over egs. (B.10), (B.11), (B.12) and so on, and multiplying
both sides by (qq./\/l)% from left and 7 from right, we can get

ppvi = Tedog; + (qgM)*T €7@ i, (Sp(v))Tsm.
(B.13)

The both sides of the above equation are summations of (p + 1)-forms. Since
e® 47 Sp (1) is a summation of (p + 2)-forms, which should vanish. So we have

(qgM)"T P @i, (Sp(1))Tsm
= —(ggM) T i, (€T S () ym
= —(ggM)"T ®F i, (D ¢F () Sp(v) 5T

= —Tgic,(PqF2)Ts
= —TBdO']((I) q.lf(g))ij’rg
== TBdO'] ((I) qf(g))jﬂ'g. (B14)
Therefore
ppYyi = Tpdd’ (9 + 73D qf(?)) E (B.15)
i
hence
pPly; = T(JI;) (9 + 73P q]-"(z)> (B.16)
7t
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