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Abstract

In this thesis we construct closed expressions that correspond to the topological
charges of the various BPS branes of the ITA, IIB and D = 11 supergravity theo-
ries. These expressions are related to the structure of the SUSY algebras in curved
spacetimes. We consider charges for all the M-, NS- and D-branes as well as the
Kaluza-Klein monopoles. Additionally we consider the SL(2,R) symmetry that ex-
ists in the IIB theory and D = 11 theory in a double M9-brane background, and
determine the charges for the remaining branes that fill up the SL(2,R) multiplets.
These include the charges corresponding to the multiplets of 7 and 9-branes in IIB
as well as several new types of branes in D = 11. We find that examining the
possible multiplet structures of the charges provides another tool for exploring the
spectrum of BPS branes that appear in these theories. Furthermore, we demon-
strate how these charges map between theories. As a prerequisite to constructing
some of the charges we determine the field equations and multiplet structure of the
D = 11 gauge potentials, extending previous results on the subject. The massive
gauge transformations of the fields are also discussed, and we demonstrate how they
are compatible with the construction of an SL(2,R) covariant kinetic term in the

D = 11 Kaluza-Klein monopole worldvolume action.
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Chapter 1

Introduction

The principal concern of this thesis is with the investigation and construction of a
series of differential form expressions which determine the topological charges of the
different p-branes associated with the supergravity theories. For the sake of clarity,
we will loosely refer to these expressions as generalised charges, or simply charges,
although strictly speaking they are charge densities. It is a requirement that these be
closed for arbitrary on-shell field configurations, and as such their interpretation as
charge (densities) is valid in curved, supersymmetric background spacetimes. This
idea was first investigated in [1] for the M2 and M5-branes in D = 11 supergravity,
and was primarily motivated with the aim of generalising the relationship between
the brane charges and the supersymmetry (SUSY) algebras to curved spacetimes.
Although this relation was also our initial and remains as our main motivation for
the study of these generalised charges, our central focus is on the charges themselves
and not the curved SUSY algebras which can be derived from them.

In this thesis we substantially build upon the work of [1]. We focus on the IIA, IIB
and D = 11 supergravity theories and set about determining the generalised charges
for the various branes that appear in these theories. Furthermore, we investigate
how the charges map under the duality relations that exist between these theories.
We do this not only for the ‘conventional’ spectra of branes, which consists of those
branes whose flatspace charges are straight forwardly represented in the flatspace
SUSY algebras as discussed in [2-4], but also for more exotic branes whose relations

with the flatspace algebras are less clear. It is necessary to consider these ‘exotic’
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branes as they fill up the SL(2,R) multiplets in the IIB theory as well as in the
D = 11 theory compactified on T2,

Before outlining the contents of the research in detail, we will first give an
overview of the current state of particle physics and discuss some of the relevant

background material. This will provide the foundation and motivation for the main

bulk of this thesis.

1.1 Current state of Theoretical Physics

Over the last century much of the progress in the search for a fundamental theory
of nature has taken place across two frontiers and has resulted in the development
of two revolutionary theories. The first of these is Einstein’s theory of General Rel-
ativity (GR) which describes gravity, one of the four known fundamental forces of
nature. Here space and time are united into spacetime, a dynamical entity whose
curvature describes the gravitational field felt by all matter. The second revolution-
ary theory is the Standard Model (SM) which describes the microscopic world of
elementary particles. This is a single Quantum Field theory (QFT) with gauge group
SU(3) x SU(2) x U(1) that successfully describes the three remaining fundamental
forces, namely the electromagnetic, and the Strong and Weak nuclear forces.

Both these theories have met with unprecedented successes having repeatedly
made accurate predictions that have been experimentally verified to a high degree
of precision. Despite this however there is little doubt that neither provides the
correct framework for a truly fundamental theory. The list of unsatisfying issues
with the SM is well known, amongst these is its somewhat fragmented structure
and the fact it contains some 21 parameters whose seemingly arbitrary values can
only be determined experimentally; this is hardly a feature one would expect from a
fundamental theory and suggests the existence of a deeper, richer theory. GR on the
other hand, whilst arguably more elegant, is a classical theory and it is a non-trivial
matter to quantise it due to the fact it is non-renormalisable.

It seems therefore that the two theories are incompatible which is in essence the

strongest indication that neither provides an exact representation of nature. For
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many practical purposes however this incompatibility is not disastrous since each
theory is applicable to a different regime of nature, with many physical systems of
theoretical interest falling exclusively into one regime or the other. Broadly speaking
the SM provides an accurate description of the universe on the atomic scale where
gravity usually has an insignificant effect and so can be neglected, whereas GR
describes objects that are very massive such as stars and galaxies where gravity
plays a prominent role. However, two important systems that fall into both these
regimes are the centers of black holes and the first few moments of the Big Bang. It is
in instances such as these where neither SM or GR provide an accurate descriptions
of nature, and an unknown deeper, unifying theory must apply, so called Quantum
Gravity. Due to the stark differences in structure between the SM and GR, and the
various problems each suffers from, it is possible that Quantum Gravity will be a
radical departure from each.

Of the numerous approaches that have been explored over the years to con-
struct a fundamental theory, currently it is the developments from string theory
that are widely believed to be the most promising and have been intensely studied
by theorists in recent times. The central idea of string theory is that, instead of
being point-like, all the elementary particles that exist in the universe actually have
the structure of a microscopic string. This stringy nature leads to a vast array of
phenomena which are not present in conventional theories. An example of this is
that the various properties of the particles such as the mass, spin and charges are
now determined by the different vibrational modes of the string rather than taking
arbitrary values.

The only length scale in the theory is determined from the square root of
the string tension parameter o’ and is expected to have a value of approximately
10733cm. This must therefore also determine the typical length scale of the strings.
Such a small distance is well beyond the scope of any modern day experiments
which is why we would not expect to have directly observed the string-like nature
of the elementary particles. Unfortunately, this also limits the extent to which we
can experimentally verify such a theory. This has led to its criticism from those

that strictly adhere to the principle that all meaningful scientific theories should be
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experimentally verifiable. However, this is a problem of practicality rather than prin-
ciple, and for many its rich mathematical structure and consistency are motivation
enough for its study.

The introduction of fermionic states is achieved by incorporating supersymmetry
into the model, yielding superstrings. Doing this gives rise to two central charac-
teristic features of string theory. Firstly, for quantum consistency the background
spacetime must be 10-dimensional. Therefore in order to provide a realistic model
of the observed physical world six of the spatial dimensions must be compactified
so that they are sufficiently small and beyond the resolution of current experiments.
Secondly, one finds that there are actually five different varieties of theory that can
be produced known as Type I, Type ITA, Type IIB, Heterotic SO(32) and Heterotic
Es x Eg. Each of these are ultraviolet convergent and contain a massless particle
which is identified as the graviton and so are possible candidates for a quantum
theory of gravity. The existence of five such theories does seem problematic however
since it is not immediately clear how this is compatible with the idea of having a
preferred, unique fundamental theory. Another initial issue is that each of these
theories is only defined in terms of asymptotic expansions of the string coupling
constant g;. One is therefore limited to the small coupling regimes and perturbative
methods to perform calculations.

The solution to both these problems was realised in the [5] where it was argued
that all five string theories were actually different perturbative expansions of a single
underlying non-perturbative 11-dimensional theory named M-theory. Because of
this each string theory can be thought of as being equivalent in a certain sense.
Whilst many advances have been made in our understanding of M-theory it is safe
to stay that there is still some way to go largely due to the difficulties associated
with studying non-perturbative theories. Much of the progress that has been made
has resulted from its connections with the string theories and their non-perturbative
extensions, as well as through its low energy effective action which corresponds to
D = 11 supergravity [6] (see Section 1.2). The modern day image that has emerged
for M-theory is summarised in Figure 1.1.

Whereas strings play a central role in perturbation theory, non-perturbative
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Type | string Heterotic Eg X Eg
theory string theory
Type |IB string Heterotic SO(32)
theory string theory
Type I1A _
string theory D=11 supergravity

Figure 1.1: Schematic diagram showing the various faces of M-theory.

string theory is known to contain a host of multi-dimensional extended objects,
known as branes. In this scheme strings are merely viewed as 1-branes, a brane
with a 1 + 1-dimensional worldvolume. The situation here is more democratic as
each type of brane is considered to be on equal footing with none playing a funda-
mental role. The same is true for 11-dimensional M-theory which does not in fact
contain string-like branes but rather is a theory of 2-branes and 5-branes (amongst
others). Analysis of these branes is one of the key methods of investigating the
non-perturbative nature of the theories and has been the subject of intense study

over the past decade or so, and is the main focus of this thesis.

1.2 Supergravity and p-branes

Supergravity theories have undergone a resurgence in popularity in recent times due
to their connection with M-theory and string theory, and the prominent role they
play in our understanding of many of the central features of these theories. As
previously mentioned the low energy effective action for M-theory corresponds to
D = 11 supergravity. Similarly the effective actions of each of the (uncompactified)
string theories describing the massless fields turn out to correspond to a D = 10

supergravity theory (coupled to a Yang-Mills sector in some cases). Specifically, the
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supergravity equations of motion of the massless bosonic field corresponds to the
conditions required for anomaly cancellation when conformal invariance is imposed
on the relevant string theory. The correspondence between each theory and its low

energy limit is summarised in Table 1.1.

Quantum theory Effective theory
Type I string theory D =10, N = 1 supergravity + Yang Mills
with SO(32) gauge group
Type IIA string theory Non-chiral D = 10, N/ = 2 ITA supergravity
Type IIB string theory Chiral D = 10, N = 2 IIB supergravity

Heterotic SO(32) string theory | D = 10, N' = 1 supergravity + Yang Mills
with SO(32) gauge group

Heterotic Fg x Eg string theory | D = 10, N' = 1 supergravity + Yang Mills
with Fg x Eg gauge group

M-theory D =11, N = 1 supergravity

Table 1.1: Table showing the correspondence between the string theories, M-theory

and the supergravity theories.

Supergravity theories themselves are essentially the result of incorporating su-
persymmetry into the framework of gravitational models. Put simply, they are
supersymmetric field theories which are invariant under general co-ordinate and lo-
cal supersymmetry transformations. This requires the introduction of the vielbein
e,” and gravitino Wi as dynamic fields respectively. The latter must transform as
0V, = 0,€” + ... where €* is the local SUSY parameter.

These theories were originally investigated in the hope that they would solve
the ultraviolet divergence problems which plagued the QFT’s of the day. However
it was soon realised that these divergences were not completely eradicated, but
merely tamed [7], and so initially there was uncertainty about the importance of
these theories. Nonetheless their mathematical elegance was appreciated due to the
strong constraints resulting from their symmetries and the restrictions these place

on the possible terms that can appear in the Lagrangian.

While these stringent restrictions prohibit the coupling of any external field-
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theoretic matter, it is still possible to couple appropriate source terms that support
the existence of extended objects that sweep out hypersurfaces in the background
spacetime, known as p-branes. These are solitonic solutions to the classical equations
of motion and correspond to the branes which exist in non-perturbative string theory.
These branes are an active area of research and exhibit many intriguing phenomena,
for example there exists an interrelation between the supersymmetric Yang-Mills
theories that live on the brane worldvolumes’ and the gravity-based physics of the
background spacetime.

For each supergravity theory there are a number of different types of branes that
can be coupled, these make up the brane spectrum and is unique for each theory.
In some cases the string theory interpretation is well understood such as for the
D-branes that occur in the ITA and IIB theories which are defined as the surfaces
to which the end points of open strings are constrained [8]. In other cases though
their precise role in string theory is not fully understood, this can be the case with
the more exotic types of branes that occur. In any case, studying the branes via the
supergravity theories is often a useful way to understand their general features and

dynamics.

1.3 Duality symmetries and strong coupling lim-
its

Another important feature of the string theories (and their various compactifica-
tions) is that a web of duality symmetries exists between them. These may relate
two different theories or alternatively relate a given theory to itself and are often
categorised into two main varieties. The first of these is known as T-duality where
a theory compactified on a large volume is equivalent to a theory compactified on a
small volume [9,10]. These types of duality map between perturbative regimes, and
have been shown to hold to all orders in string perturbation theory [11]. The second
category is known as S-duality which typically relates a theory at weak coupling to
one at strong coupling, [12]. Additionally there is U-duality which roughly speaking
is a mixture of T-duality and S-duality [13].
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Since our current mathematical techniques are limited to performing calculations
in the perturbative regime, dualities which relate weak and strong coupling regimes
are of particular interest since they provide a useful tool for exploring the non-
perturbative features of the theories and demonstrate the importance of dualities.
Testing these types of duality requires the use of non-renormalisation theorems which
guarantee that certain features of the theories must be protected from quantum
corrections, thus allowing results found at weak coupling to be extrapolated to
strong coupling. These essentially arise from supersymmetry, the most powerful of
which occurring for theories with at least 16 SUSY generators.

One such example involves the effective supergravity actions which are com-
pletely determined from supersymmetry and so cannot get renormalised by string
loop corrections. A second example concerns the BPS states. These are states which

saturate a ‘Bogomolny’i bound’ derived from the SUSY algebra which takes the form
M>Z7 (1.1)

where M is the mass (or mass density), and Z is the charge (or charge density). They
typically preserve half the supersymmetry of the background spacetime and belong
to supermultiplets that undergo a shortening compared to the general massive states
in a theory. Since quantum corrections are not expected to produce new states, it
is believed that BPS spectrum must be independent of the coupling strength [14].
The branes that exist in the string and supergravity theories may carry a charge, in
which case will satisfy a bound of the form (1.1) (with the mass being equivalent to
the brane tension). These branes are loosely referred to as BPS branes since there
will exist certain configurations where the bound is saturated.

It follows that for the duality symmetries of the parent theories to be valid
they must also apply to the effective actions and BPS spectra. Under the different
duality transformations the BPS states are mapped between one another forming
an intricate web. Consistency between the dualities and this web of states not
only validates the dualities but can also serve as a useful tool in determining the
characteristics of lesser known states from the better understood ones.

In this thesis we will specifically be interested in the duality relations that exist

between the IIA, IIB and D = 11 supergravities with particular focus on their
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applications to the spectra of p-branes. We will therefore now give a brief overview
of these relations which also determine the strong coupling limits of the type ITA and
IIB string theories. We summarise these dualities in Figure 1.2. For more details
on the following discussion see [15].

It is well known that, with the exception of IIB supergravity, all maximal su-
pergravity theories (i.e. those that contain 32 SUSY charges) can be obtained from
dimensional reduction of D = 11 supergravity. Notably ITA supergravity is obtained
from compactification on a circle [16-18]. The Kaluza-Klein scalar associated with
the compactification is related to the only massless scalar field in the ITA theory
namely the dilaton, ¢. Furthermore, it is a general feature of string theory that the
dilaton is related to the string coupling constant through the relation g, = <.
This therefore leads to the interpretation of the coupling as a measure of the radius
Ry, of the compact 11th dimension. The general relationship between these is found

to be of the form [5]
Rll ~ g§ (12)

This shows that ITA perturbative string theory is an expansion about R; = 0 and
explains why the 11th dimension is invisible. On the other hand, in the strong
coupling limit we have Ry; — oo which demonstrates that the strong coupling limit
of ITA string theory is D = 11 M-theory.

The IIB supergravity is brought into the picture due to an equivalence with ITA
supergravity when both are compactified on a circle, in which case they both yield
the same (unique) D = 9 supergravity. Specifically the ITA theory compactified on
a circle of radius Rjg can be shown to be equivalent to the IIB theory compactified
on a circle of radius of radius 1/Rjg, and so the two theories exhibit a T-duality
relationship. The type IIA and IIB string theories are found to be similarly related
when compactified on a circle [19,20] and so consistency between the duality relations
of the parent and effective theories is observed.

It follows that IIB supergravity compactified on a circle can be interpreted as
D = 11 supergravity compactified on a torus. In the limit that the volume of this
torus shrinks to zero one obtains the uncompactified IIB theory. The IIB string

coupling constant is determined by the (fixed) ratio of the two radii as they tend to
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zero and so is of the general form

Furthermore the IIB theory is known to possess a non-geometric SL(2,R) sym-
metry [21-23], which from the D = 11 perspective corresponds from the global
reparametrisations of the torus. A similar relationship also exists between M-
theory and IIB string theory, however upon quantisation this symmetry group is
reduced to the discrete SL(2,Z) subgroup. Since Ry; and Rjy are interchanged by
a reparametrisation of the torus we see from (1.3) that a subgroup of SL(2,7Z) must
exchange between weak and strong coupling. This symmetry is therefore an example
of S-duality, and leads to the well known result that the IIB theory is self dual with

an equivalence between weak and strong coupling.

1.4 Brane charges

It is a general feature that p-branes are electrically charged with respect to p+1-form
gauge potentials. The situation is essentially the higher dimensional generalisation of
the Maxwell charge of the electron. Classically the electron is considered as a point-
like object with a one dimensional worldvolume, and so it naturally couples to a one-
index vector potential A, It follows that a general p-brane with p + 1 dimensional
worldvolume is supported by a p + 1-form potential A®*D. These charges are an
important feature of branes so we will now outline the general mechanism by which
they occur.

In order for a brane to arise as a solitonic solution to the supergravity equations
of motion one must add a worldvolume Wess-Zumino term to the supergravity action

which typically takes the form

H1 Hp+1
/dp+108X A e (X (™)) E/EA(”“)(UW). (1.4)

folead Jop — Hi-bptl

The integrand here is simply just the pullback of the p+1-form potential A®*Y from
the embedding D-dimensional background spacetime to the brane worldvolume ..

X*#* and ¢™ are the background and worldvolume co-ordinates respectively.
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M-theory
. SL(2,Z) S-duality
1 S’ compactification
> gs <> 1/9;
Type IlA string 5 Type lIB string
theory T-duality theory
compamk ‘Apactlflcatlon
Compactified Type I
string theory
D=11
supergravity SL(2,R) S-duality
S' compactification
A 1B
supergravity - T-duality - supergravity
S’ compactification S' compactification
D=9
supergravity

Figure 1.2: Duality relations between M-theory, ITA and IIB string theory as well

as their effective supergravity theories.
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It is useful to re-express this is in terms of an integral over the entire embedding
spacetime so that it can share the integral with the main supergravity action. We

therefore write

/deA(pH) () Hett () (1.5)

M1 fhp 41

where

oX [m O X Ho+1]
do® T Qor

e () = / P8P (z — X (0™)) (1.6)

is interpreted as a current density that, due to the presence of the ¢ function, is
only non-zero on the brane. Analogously to the Maxwell case where j° is the charge

density, one defines the charge density tensor here as
iy — 00y (1.7)

which obviously has only spatial components, and these can be shown to always lie

parallel to the brane. It then follows that the total charge tensor is given by
ity _ /ddaj Lileip (1.8)

where the integral is taken to be over a d = D — 1 spatial hyperplane. Substituting
(1.6) into (1.8) and carrying out spacetime integrals to eliminate the delta function

one obtains for Z
Z " = Q) /dXil Ao AdX™ (1.9)

where the integral is taken over the p-cycle occupied by the brane in the background
spacetime. Since the integrand is a closed form this expression only depends on the
homology class of this p-cycle and is therefore topological. The charge @) is a
measure of the number of times the brane wraps a given p-cycle, or equivalently
the number of branes that wrap the p-cycle once. This quantity can be calculated
by integrating the current density over the D — p — 1 dimensional transverse vol-
ume, which is conveniently expressed as the following integral using the Hodge dual

operator

1 .
Q) / *] (1.10)
VvD—-p-1

QD—p—Q
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where the normalisation factor {2p_,_5 is the volume of the unit D — p — 2 sphere.
Varying the action with respect to the p+ 1-form potential A gives rise to equations

of motion that typically take the form
dF = %j (1.11)

where F is the p+ 2-form field strength of A (possibly containing additional Chern-
Simons terms). Using Stoke’s theorem we can re-express (1.10) as a flux integral over
the D — p — 2 dimensional boundary to this volume, which is SP~P~2 for infinitely

extended p-branes and so takes the form

Qu) = /SDM F. (1.12)

Due to its topological nature this quantity vanishes unless the p-cycle occupied by
the brane is non-contractible. The simplest example is the string winding number
in string theory. In the case where one or more of the brane directions is infinitely
extended then the brane can be considered to be wrapped around an circle with
infinite R in each of those directions. In this case some components of Z will be

infinite but @),y will remain finite.

1.5 Extended SUSY algebras

It is a general feature that, in the presence of branes, the flatspace SUSY algebras of
the supergravity theories are modified beyond the super Poincaré algebra by includ-
ing terms which contain the topological charges of the branes (1.9). For individual

brane configurations these terms typically take the form [2]

1
1O by Jag 2517 (1.13)

Here C'is the charge conjugation matrix, X* are spacetime co-ordinates and 'y, ,,,
is an antisymmetric combination of p Dirac I" matrices that occur in the particular
supergravity theory. The charges here are often referred to as being central despite
the fact that they do not commute with the Lorentz generators. The values of p
for which the terms (1.13) occur in a given algebra is constrained by matching the

degrees of freedom with the SUSY generators. The ranks of charges allowed from
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this consideration corresponds to the dimensionality of the various branes that exist
in the given theory highlighting a relationship between the SUSY algebras and the
p-brane spectra.

We will illustrate this idea by considering the example of D = 11 supergravity.
In this case the theory contains the M2-brane and Mb-brane which have 2-form
and 5-form charges respectively. The flatspace SUSY algebra therefore contains the
terms (1.13) for p = 2,5 and takes the following form [3,4]

1 1
{Qa, Qp} = (CT*)op Py + E(Crmuz)aﬁzmm + a(crm.--us)aﬁzmmuf’ (1.14)

where P, is the momentum. It is a simple matter to show that these charges are
sufficient to account for all the degrees of freedom. Since in this instance there are
32 SUSY generators, the LHS is a 32 x 32 symmetric matrix and therefore contains
32(32+1)/2 = 528 independent components. On the RHS, taking into account that
the charges are anti-symmetric, we have 114 (11x10)/24+(11x10x9x8x7)/5! = 528
independent components, and so we see that the presence of 2-form and 5-form
charges is precisely what is required for the degrees of freedom to match. Note also
that the fact that the above equation is symmetric in the spinor indices fixes the
combinations of I' matrices appearing on the RHS.

An apparent discrepancy does arise here since in order to match degrees of free-
dom we must sum over all the indices of the charges. However it was shown in the
previous section that it only makes sense to interpret the spatial components of (1.9)
as brane charges. This creates a dilemma of how to interpret the time components
of the charges in the SUSY algebra. It was suggested in [3,4] that for the flatspace
case these should be interpreted in terms of their Hodge duals. In other words,
the time components of a p-form charge should be thought of as actually being the
spatial components of a D — p-form charge. It then follows that for every p-brane
that occurs in a given theory, there must also exist a D — p-brane associated with
this D — p-form charge. For the D = 11 supergravity example we therefore conclude
from (1.14) that a 6-brane and 9-brane must also exist. These correspond to the
Kaluza-Klein (KK) monopole [24-28] and the M9-brane [29] respectively. This idea
of examining the SUSY algebra to determine the brane spectra is well known and

was carried out in [3,4] for the ITA, IIB and D = 11 theories.
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In [2] it was further shown that the origin of these charges appearing in the
SUSY algebra was due to the fact that the Wess-Zumino term in the worldvolume
actions is only quasi-invariant under global SUSY transformations. Subsequent work
carried out in [30] showed that the presence of a worldvolume gauge potential in
the worldvolume action, with non-trivial SUSY transformations, also gives rise to
topological terms in the SUSY algebras. The M5-brane example was considered and
in this instance a further result showed that the M5-brane algebra not only included
a 5-form charge but also the M2-charge, describing mixed brane configurations. In
such a case (1.9) with p = 5 can be thought of as some ‘core’ charge for the M5-
brane but another term also appears in the algebra involving the 2-form worldvolume
gauge potential and the M2-brane charge.'

This effect was further investigated in [31] where the general formulation of
the method by which a worldvolume gauge potential can give rise to a topological
extension to the SUSY algebra was presented. The cases of the D-branes were
examined and a similar result to the M5-brane algebra was found. In this case the
D-brane algebras not only contained the ‘core’ D-brane charges but also terms with
lower rank charges corresponding to the lower dimensional D-branes, once again
reflecting mixed brane configurations.

These results demonstrate that, due to the possibility of mixed brane configura-
tions, in general the SUSY algebras include additional terms that do not take the
form of (1.13), even with flat spacetime backgrounds as assumed in these works.
Specific cases of curved backgrounds have also been investigated in [32-34]. Here
various examples of branes immersed in backgrounds sourced by other branes were
considered and the worldvolume superalgebras were constructed for these cases. The
same general effect as for flat backgrounds was found with the added feature that the
non-zero target space gauge fields now also appear in the algebras. See also [35-39]
for extensions of AdS spacetime superalgebras. The generalised charges considered
in this thesis provide an elegant way of extending these results to general asymp-

totically flat, curved backgrounds with fluxes by determining precisely which terms

I This effectively amounts to a redefinition of Z#1-#5 in the background superalgebra given by

(1.14) and so does not effect the matching of the degrees of freedom.
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should appear in the SUSY algebras.?

1.6 Outline of Research

We now discuss the main research topic of this thesis, namely the investigation and
construction of the generalised charges in the D = 11, ITA and IIB supergravity
theories. As already mentioned, these generalise the relationship between the topo-
logical charges of the p-branes and the SUSY algebras to curved spacetimes. While
this fact represents the primary motivation for their study, in this thesis we predom-
inantly focus on the generalised charges themselves and not the curved space SUSY
algebras.

While the structures of the flatspace SUSY algebras are useful for determining
the various brane spectra it is well known that this process has a number of short-
comings. For example, there is no way to infer from the flatspace SUSY algebra
that certain branes contain isometries in their spacetime solutions (or equivalently
that certain branes contain gauged isometries in their worldvolume actions), the
most well known examples being the KK-monopoles and M9-brane. This problem
was acknowledged in [41] and led the authors to conclude that the usefulness of
the flatspace SUSY algebra in determining the brane spectra had been overstated.
Another problem with the flatspace SUSY algebra is that in some instances the
same charge corresponds to more than one type of brane. An example of this is
the triplet of 7-branes that exist in the IIB theory [42,43]. Relating to this is the
further problem that in these IIB cases the branes and their flatspace charges trans-
form under different representations of the SL(2,R) symmetry group. A further
aim of this thesis is to demonstrate that the generalised charges do not suffer from
these shortcomings.

The generalised charges are comprised of a series of terms involving combinations
of the background gauge potentials and bilinear forms made out of products of a

Killing spinor and antisymmetric combinations of I' matrices. They therefore im-

2An alternative method for the construction of the charges in arbitrary supersymmetric curved
backgrounds has been given in [40] which involves finding a worldvolume action which is invariant

under any isometries of the background. The action relevant for the D-branes was explicitly given.
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plicitly contain information about the preserved supersymmetry of the background
through the presence of the Killing spinor and also the background curvature through
the gauge fields and I matrices. In order to establish the relation between the gener-
alised charges and the SUSY algebras one considers the anti-commutator of a specific
SUSY transformation. For curved spacetimes the generalised charges then appear
on the RHS of the algebra as a central extension. In the flatspace instance the
charges simplify since the background gauge fields vanish and the flatspace algebras
discussed in the previous section are produced.

Due to their topological interpretation, the generalised charges are required to be
closed for arbitrary on-shell field configurations and this puts strong constraints on
their possible constituent terms. In fact it turns out that this restriction is largely
enough to uniquely determine their structure. The problem of formulating the gen-
eralised charges then effectively reduces to determining the exterior derivatives of
the constituent terms and then finding a combination which is generally closed. This
is therefore the main method adopted in this thesis.

The first investigation of the generalised charges was carried out in [1] where
D = 11 supergravity was considered and the charges for the M2 and Mb5-branes
were determined. This work was followed in [44] and [45] where partial results for
the ITA and IIB supergravities were given respectively. The principle aim of this
thesis is to provide a more complete treatment of these three supergravity theories.

We divide the research presented in this thesis into two parts based on the
original works of the author [46] and [47]. In Part I we consider the charges of the
‘conventional’” spectra of branes. By ‘conventional” we roughly mean those branes
which have a well understood charge in the flatspace SUSY algebras, and that
are usually listed as comprising the brane spectra from these considerations [3,4].
Specifically, these consist of the M-branes in D = 11 supergravity, the D-branes,
NS5-branes and F-strings in the D = 10 theories as well as the KK-monopoles that
are found in each theory. In Part II we move on to the more exotic branes whose
relation with the flatspace algebras is less well understood. We essentially define
these as the additional branes required to fill up the SL(2,R) multiplets in IIB

supergravity, as well as those branes they map to on the ITA side via T-duality.
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We begin the main body of this thesis in Chapter 2 where we review the work
of [1] by considering the M2 and Mb5-brane charges in D = 11 supergravity. These
are the simplest examples of charges and serve as a useful introduction. We treat
these cases in detail, using them as a chance to discuss some of the main principles
at work and explaining the steps to go about determining the structure of the
charges. Furthermore, we relate the results to previous work in the literature on
SUSY algebras and demonstrate how the modifications in curved spacetimes can be
found.

From this point on the work presented in this thesis is predominantly original
work carried out by the author. The first of which is a treatment of the D = 10
supergravities in Chapters 3 and 4 where the charges of the D-branes, NS5-branes
and F-strings are considered. The process here is largely the same as the D = 11
case though more complicated due to the increased number of fields in these theories.
At this point it becomes appropriate to discuss some further features of the charges
that are not apparent in the D = 11 case. When dealing with the ITA we consider
Romans’ massive version [48] in order to properly formulate the D8-brane charge.

Next in Chapter 5 we consider the T-duality relations between the charges we
have thus far constructed. Our motivation for doing this is to confirm that they
map to one another in the same fashion as the branes themselves, which also serves
as a consistency check on their structures. Showing that the charges T-dualise
appropriately is important since in later chapters we use T-duality as a way of
determining new charges from previously constructed ones.

We end Part I of the thesis in Chapter 6 where we consider the charges for the
KK-monopoles. It turns out that there is a general difference between these charges
compared with those previously considered due to the presence of the Taub-NUT
isometry direction in their spacetime solutions. The process for constructing the
charges in these cases is more complicated due to the need to incorporate these
isometries. As a result the Killing vectors describing these isometries end up explic-
itly appearing in the charges. We discuss this point as well as providing details of
the calculation for the D = 11 case before going on to present the D = 10 cases.

In Part II we set about determining the remaining charges for the exotic branes.



1.6. Outline of Research 20

This requires us to consider a massive extension to the D = 11 theory and for this
reason we delay presenting the M9-brane charge until this point. During this part of
the investigation we emphasize the SL(2,R) symmetry not only in the IIB theory but
also in the D = 11 theory. We determine the various brane multiplets that exist and
demonstrate how they map between theories. In order to construct these charges
it is necessary to consider several gauge potentials that are often neglected when
discussing these supergravity theories. We therefore spend some time investigating
these potentials and determining their field strength equations and it is for this

reason that we delay considering the exotic branes until this point.



Chapter 2

Generalised charges in D =11

supergravity

We begin our formulation of the generalised charges by considering the M2 and M5-
branes of D = 11 supergravity. This chapter is essentially an expanded review of [1]
and serves as a useful introduction to some of the concepts and methods which will
be used throughout the remainder of this thesis. Furthermore, we will expand upon
some specific ideas in this chapter that we will not generally consider in the later
chapters.

We start by first giving a short, non-rigorous review of D = 11 supergravity
focusing on the relevant details that will be required later. These largely consists
of the field content, flatspace SUSY algebra and the spectrum of branes. We then
go on to discuss the relevant details necessary to formulate the generalised charges
explaining the types of calculation that are performed. Finally we determine the
generalised charges for the M2 and M5-brane and relate them to other results in the

literature.

21
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2.1 Review of D = 11 supergravity

The D = 11 supergravity was first constructed in [6]. In its most basic formulation
the field content comprises of! an elfbein field éﬂA, a Majorana gravitino \i/g and
a 3-form gauge field /Alﬂl oz~ A notable feature of this theory is the absence of a
scalar field which we shall find simplifies the analysis of the generalised charges.

In our conventions the bosonic part of the action is given by
o 1 114 ~( £ Lz
S=-[d2\/—g| R— —|F| (2.1)
2 2.4!
together with a Chern-Simons term
1 1. ~ =
——/—F/\F/\A (2.2)

where F is the 4-form field strength defined by F = dA. We use the mostly plus
signature metric (—, +,+,...,+).

Varying this action with respect to A yields the sourceless equation of motion

~

dFD + ZFANF =0 (2.3)

N | —

where we have defined F(" = %F. The convention we adopt for the Hodge dual

operation on a p-form in a D = d 4+ 1 dimensional spacetime is as follows

V9l v
(*F)Nl---qup =€ b pFul...Vp (24)

p' H1---BD—p

with the antisymmetric symbol satisfying
€01..d = +1. (2.5)

Equation (2.3) allows for the definition of the 6-form magnetic dual potential C,
given by

~ . 1~ A
dC = F7 + SANE. (2.6)

'We adopt the conventions of using Greek characters from the middle of the alphabet to denote
curved spacetime indices, uppercase Roman characters from the beginning of the alphabet to
denote orthonormal indices and Greek characters from the beginning of the alphabet to denote

spinor indices. Furthermore, D = 11 objects and indices are denoted by a hat.
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Despite the fact that only A makes an explicit appearance in the action, for our
purposes both A and C' are considered on an equal footing.

As discussed in the introduction, the spectrum of ‘conventional’ branes consists
of the M2 and M5-branes as well as the KK-monopole [24-26] (with 7 dimensional
worldvolume) and M9-brane [29]. It therefore follows that the flatspace SUSY alge-

bra receives modifications to the right hand side from 2-form and 5-form charges

{Qa,Qs} = (CT")apPy + Q(Orﬂmg)aﬂZ“l“Q (2.7)

1 .. L
+E(Crﬂ1~-ﬂ5)aﬁzmmﬂ5

where Qa are real 32 component Majorana spinors, the charges are given by (1.9),
ﬁu is the momentum and C is the charge conjugation matrix (not to be confused
with the 6-form gauge potential). As already mentioned the spatial components
of the charges are associated with the M2 and Mb-brane charges, whereas those
components that include a time index are interpreted by taking the Hodge dual and
represent the charges of the KK-monopole and M9-brane.

To demonstrate the nature of the typical spacetime solutions of branes (and anti-
branes) we will now give the explicit solutions for the M2 and M5-branes. These

are given by [49]

a r—2 g4 Arloga
Aty = H73dif ) + H3di,

g eV
H = 1+ -6 (2.8)
and [50]
. oL o 2
ds?ll) = H 3d$%175) "‘ HSdZE%E))
F = +xd(H)
o C(5)N
H = 1+ (2.9)

respectively. Here 7 is the radial coordinate on the transverse Euclidean space and
the Hodge dual operator acts within the transverse space only. €9y is the volume
form parallel to the M2-brane worldvolume and the constants c(,) are related to

the branes’ tensions. These solutions are each interpreted as N infinite, flat and
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coincident branes located at » = 0. In each case the entire solution depends only
on the form of the harmonic function H. This function can also be multi-centered
where the solution becomes that of several non-coincident parallel branes.

One point to notice about these solutions is that they exhibit an SO(p,1) in-
variance along their worldvolumes, as well as an SO(D — p — 1) invariance in the
transverse space. This feature however is not fully exhibited by either the KK-
monopole or M9-brane solutions due to the presence in these cases of compact isom-
etry directions. In the case of the KK-monopole solution the isometry in question
is that associated with the 4-dimensional Taub-NUT transverse space and there-
fore lies transverse to the worldvolume and breaks the SO(4) symmetry to a local
SO(3) x U(1) symmetry. The M9-brane on the other hand exists in the massive
version of D = 11 supergravity presented in [51] which we will discuss in Chapter 8.
A characteristic feature of this theory is the presence of a compact, space-like isom-
etry, dimensional reduction over which yields Romans’ massive IIA theory [48]. In
fact this isometry direction actually arises from the M9-brane solution which sources
the mass parameter of the theory. In contrast to the KK-monopole case, here the
isometry lies parallel to the M9-brane worldvolume thus breaking the worldvolume
symmetry from SO(9,1) to SO(8,1) x U(1). For the sake of brevity we will refrain
from giving the spacetime solutions for these states since their explicit form will not
be required for our analysis.

The SUSY algebras in curved, supersymmetric backgrounds sourced by the var-
ious branes such as (2.8) and (2.9) have been investigated in the literature [32,34].
Obviously the structure of these algebras depends on the specific background be-
ing considered. The generalised charges considered in this thesis provide a general
method for determining the background SUSY algebras as a function of a given
brane configuration that is acting as the source.

It is worth noting that the notion of reinterpreting the time components of the
charges appearing in (2.7) in terms of the spatial components of the Hodge duals of
the charges only makes sense in flat backgrounds. For curved backgrounds time and
space components can be mixed when the charges are Hodge dualised. Therefore

it is worth keeping in mind that a more democratic treatment of the charges is
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generally required where the algebra is written in terms of all the charges (i.e. also
the KK-monopole and M9-brane charges) with the understanding that they are only
evaluated on space-like hypersurfaces. This type of treatment of the SUSY algebra
will be implied throughout the remainder of this thesis when considering all the
generalised charges.

We will now discuss the method of constructing the generalised charges explic-
itly for the M2 and M5-brane cases. For the KK-monopole and M9-brane cases the
presence of the isometries in their spacetime solutions is reflected in the structure
of their generalised charges; this however, together with the fact that the M9-brane
appears in massive D = 11 supergravity, creates additional complications in for-
mulating these generalised charges. For this reason it is instructive to return to
these cases separately after we have discussed the basic methodology. We discuss
the KK-monopole case in Section 6.1 and the M9-brane case in Section 8.4.2.

Additionally one may attempt to apply these ideas to the M-wave solution [52]
that is also found in this theory. However in this case the associated ‘charge’ appear-
ing in the SUSY algebra is the momentum and therefore this case is qualitatively
different from the others. An additional complicating factor is that the spacetime
solution in this instance contains a null isometry direction. For these reasons we do

not investigate the M-wave states in this thesis.?

2.2 Generalised charges for the M2 and M5-branes

The starting point for the formulation of the generalised charges is to consider the
bilinear forms that consist of products of I' matrices and spinors. Specifically, the

general structure of a p-form bilinear is given by
K(p) = Er(p)ﬁ (2.10)
where I'(y is an antisymmetric product of p I" matrices defined by

T, T} = 290 (2.11)

2Furthermore, in the case of the momentum Pﬂ the time component is the Hamiltonian and as

such we would not expect the 10-form dual ‘charge’ to be associated with a brane.
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We work in the Majorana representation where due to our choice of signature the r
are real 32 x 32 component matrices. € is a spinor of the type found in the specific
supergravity theory being considered. For the D = 11 case here € is a real Majorana

spinor. We use the notation
E=€T2=¢TY (2.12)

The underline of the index here signifies an orthonormal frame. In principle bilinears
can of course be constructed from 2 different spinors, however here we only consider
the case where a single spinor is used. In this case the bilinears are only non-zero
for certain values of p due to the transpose properties of the I' matrices in the
particular supergravity theory one is dealing with. For D = 11 supergravity we

have the identity®

A A

(CT4,. )" =12 (CT4 4). (2.13)

Then by taking the transpose of the bilinears and using C =12 it is trivial to show
that they identically vanish for p = 0,3,4. We label the remaining non-zero forms

for p=1,2,5 as follows*

~ ~AA

K, = el,e (2.14)
Oupy = L€ (2.15)
iﬂlmﬁ% = éf#1~~~#5é' (2-16)

Such combinations of I' matrices are assumed antisymmetrised

r N (2.17)

H1eptp — L[ pp]

where there is a factor of z%! in our definition for anti-symmetrisation.
The bilinears with rank greater than 5 are related to these through Hodge duality.

Adopting the convention

To123456789(10) = +1 (2.18)

3For a discussion of the properties of I' matrices and the corresponding Clifford algebras they

form in various dimensions see for example [53]
4Note that bilinears such as these are not fully independent, but rather satisfy certain algebraic

relations due to the underlying Clifford algebra.



2.2. Generalised charges for the M2 and Mb5-branes 27

allows us to define the p = 6,9, 10 bilinears as

Ao = Te=2Tp (2.19)
gy = e =+ (2.20)

where the ranks of the forms have been temporarily indicated for convenience. Even
though these higher rank bilinears are not independent from the lower rank ones we
will see that it is natural to include them in our analysis when we consider the KK-
monopole and M9-brane charges. This ‘democratic’ methodology will be adhered to
throughout the course of this thesis. Note that these bilinears only vanish when ¢
does [54].

The significance of these bilinears originates from the fact that they act as cali-
brations [55] for the branes in flat backgrounds [56,57]. Simply put, a calibration is

a closed p-form ¢ that satisfies an inequality
ple < wolg (2.22)

for all oriented tangent p-planes £ on the background manifold. It then follows that
any submanifold where this inequality is saturated has a minimum volume (known
as a minimal surface) compared to all other homologically equivalent submanifolds,
i.e. submanifolds who share the same boundary and can be continuously deformed
into one another. The branes are then said to be calibrated and have minimum
volume density and are therefore minimum energy configurations.

This connection between the bilinears and the branes was shown in [57] to arise
from the SUSY algebra. In addition to this, based on previous work carried out
in [58] concerning adS spacetimes, the idea of calibrations was expanded upon and
the idea of a ‘generalised’ calibration was introduced. These essentially amount to a
reinterpretation of the ordinary calibrations for the branes in curved spacetimes by
relaxing the requirement that they be closed. Rather, they are taken in conjunction
with other terms that involve the background fields such that the overall expression
is closed; these resulting expressions are the generalised charges we consider in this
thesis. We will return to this idea when we consider the M2-brane generalised charge

in the next subsection.
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We summarise the connection between the bilinears, branes and charges in a flat
background in Table 2.1. For the sake of completeness we include the 1-form bilinear
K, which naively should act as a calibrating form for M-waves. We will see however
that this bilinear turns out to be Killing, presumably due to its connection with the
momentum in the SUSY algebra, and plays a unique role in the structure of the
generalised charges. Note that we have neglected the 10-form bilinear T since it is
not associated with any known brane. The potentials N® and A which couple
to the KK-monopole and M9-brane respectively will be discussed when we discuss
these branes whereas k is the Killing vector describing the null isometry associated

with the M-wave.

Brane Charge | Bilinear | Potential
M-wave Ai K k
M2 Ziis " A
M5 s > C
KK-monopole || *( AQZ-L_,M) A N®
M9 $(Zoi,) I AQ10)

Table 2.1: Branes, their calibrating bilinears and their flatspace charges in D = 11
supergravity. Note that the indices on the charges are purely spatial. Also included

are the potentials that minimally couple to the branes.

In order to construct the generalised charges it will be crucial to first determine
the exterior derivatives of these bilinears in curved spacetimes as a general function
of the background field strengths. To do this we use the fact that the backgrounds
we are considering here are purely bosonic and as a result the supersymmetry trans-
formations of the Rarita-Schwinger fermion 1[1# must be zero in order for the solution
to remain purely bosonic. Therefore any SUSY transformation parameter é must

satisfy the Killing spinor equation
5:0p = Dpé = 0 (2.23)
where

1 o~ . . PN A~
FAVI'“V4 _ 8551FV2V3V4 Ffll...fq' (224)

Dﬂ:Vﬂﬁ-@ i
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Spinors which satisfy (2.23) are known as Killing spinors and we use them to con-
struct the bilinear forms. The Killing spinor equation can then be used to calculate
the derivatives of the bilinears in terms of the background field strengths and other
bilinear forms. For a general p-form bilinear K (») We write its derivative according

to

A~ ~ AN

ViKp, .0, = Y (€l's,..5,€)

= (Vaé)lo, 5+ el 5 (Vié) (2.25)

where we have used the fact that the I’ matrices are covariantly constant. The
derivative in the second term on the RHS of the lower line here is straight forward
enough to replace using the Killing spinor equation, however the first term requires

some slight manipulation using the following property of the I’ matrices

(Ca)f = (Tp)" = Tllg (2.26)
to produce the result
Ea— I s 00 01 Pabaigiy | £
Vﬂe == %6 F;l L + 85,1 [2rsra Ff,l.“,;4. (227)

Determining the derivatives then becomes a combinatoric exercise in combining
the I' according to their defining property (2.11). It is practical to work in an
orthonormal basis to carry out this procedure in order to make use of the simpler
anticommuting properties. We will refrain from giving the full details of each of
the calculations since they are somewhat messy and not particularly enlightening.

However the following is an example of the typical calculation that is required

nC1CoCs™By.. By F
I I "Fenenesi =

b (—1)pgplCiCalBr By By

"C1CoCsBy. By o
I Feyaosa

Xy
32p(p — 1) 5y (By..By s frBr-15y)
_ 5 [cilb p—2 [P pCle

(2.28)

One sees that combining products of I matrices like this produces a variety of

different types of term, in this case 4. Once the SUSY parameters are included
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in the calculation approximately half of these terms disappear since they would
correspond to bilinears that identically vanish. Carrying out this procedure for the

1-form bilinear K yields
ViKy = gi@Fﬂg + éipAﬂl; (2.29)
where we have employed the following inner product notation
. 1 V...l
ZAB.“UQ = HA pBlll...I/p;Llp,g- (230)

The exterior derivative is then trivially found by antisymmetrising the free indices.
The process to find the exterior derivatives for the other bilinears is essentially the
same although slightly more complicated due to the larger number of I' matrices

involved. Ultimately we produce the following set of relations

dK = §¢@F+%iiﬁm (2.31)
div = i F (2.32)
¥ = i FO—OAF (2.33)
A, i = %4@9[@1 Aé?..w - %fzﬁ[ﬂl...mpﬂsﬂem]ﬂ (2.34)
dil = —%F/\A (2.35)
Y = 0 (2.36)

where the first three relations have been derived previously in [54,59]. From (2.29)
it can be trivially read off that @(M}A(,,) — 0 and therefore K is a Killing vector.?
Furthermore, using the following identity® for the Lie derivative of a p-form o with

respect to a given Killing vector field X
Lxa=d(ixa)+ixda (2.37)
it is straight forward to show from the Bianchi identity for ' and (2.32) that
LiF=0 (2.38)

and so K generates a symmetry of the solution.

5 Additionally it turns out that K must be either time-like or null [54,59]
5We will be making extensive use of this identity throughout the course of this thesis.
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In expressing the relations (2.31)-(2.36) the following identity was used to rewrite

some terms

i Vi...Um B
m‘ [ul...u(p_m) /‘(p—m—‘—l)"wu'(p-&-q—Qm)}Vl"-Vm

(—1)(P=a)lg=m)+m(p—m)+1
(D—p—q+m)!

(*B>V1~~~V(D—p—q+m)

2.39)

(K1t (p—m) (*A)/‘(p—mH)---N(p+q72m>]”1---V(Dfpfqﬂn) ) (

This identity re-expresses a given term through the Hodge duals of the sub terms.
In some cases this can convert a term involving both summed and anti-symmetrised
indices into a ‘neater’ wedge product term or inner product term (2.30). This process
will prove very useful particularly when considering the D = 10 supergravity theories
since these ‘neater’ terms are more easily manipulated.

As a point of interest, in deriving the relations (2.31)-(2.36) it turned out that
both derivative terms on the RHS of the lower line of (2.25) provided equal contri-
butions to the RHS of these relations. Considering the more general case where the
bilinear forms are each constructed from two distinct spinors requires the inclusion
of a greater number of bilinears, namely those for p = 0, 3,4 (and their Hodge duals)
that are identically zero in the current case. One might then ask what additional
terms containing these bilinears would appear in the relations (2.31)-(2.36). Once
again both derivative terms on the RHS of the lower line of (2.25) produce the same
set of terms involving these bilinears, however in these instances they have opposite
signs and cancel. Therefore the form of (2.31)-(2.36) remains essentially unaltered

in this more general case as can be seen in [54,59].

2.2.1 M2-brane charge

It is a simple matter to demonstrate how the connection between the bilinears
and branes arises from the flatspace SUSY algebra. For the case of the M2-brane
we can consider an M2-brane probe in a flat background in which case the SUSY

transformations are parametrised by constant commuting Majorana spinor fields €*.
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The M2-brane truncation of (2.7) then leads to

A

A A A AAn 1 A Ao
{6°Qa, €°Qp} = 2(eQ)* = (E'CTHe)P, + 5(.éT(JF,m@)Zﬂm
A aa 1 A
= K'P,+ 3 Djin g LM (2.40)
where we have used C' = I'? and the definitions for K and & in the second line.
The pullback of this to the M2-brane worldvolume gives the M2-brane worldvolume
SUSY algebra as

A . 1~ PN A
QQQVZKW/ fﬂ%+—ﬂ¢%m/§deAdXW (2.41)
M2 2 M2
thus
2(eQ)? = / o Ktp, + Ty / » (2.42)
M2 M2

where Tg is the M2-brane tension and o; are the worldvolume co-ordinates. We
have used the definition of Z#1#> given by (1.9), and the fact that the momentum
ﬁu is defined by the integration of the momentum density p,(c) over the spatial
worldvolume of the brane. Note that we have replaced Q(g) by the brane tension
T, since these are BPS states and we have performed a pullback to the brane. We
have also moved the constant bilinears into the integrals so that the expression is
in the same form as we will find for curved backgrounds. @ in (2.42) represents
a central extension to the SUSY algebra and as a result must be topological. We
therefore require @ to be closed. As can be seen from (2.32) this is the case for flat
backgrounds where the 4-form field strength vanishes.

The situation is not so straight forward when one considers curved supersymmet-
ric backgrounds however. As discussed above, for the bosonic solutions we consider
here the SUSY parameter é¢* is no longer constant but must satisfy the Killing spinor
equation (2.23) which leads to the relation (2.32). As a results an extra term must
be added to the RHS of (2.42) to form an expression that is closed generally. This
expression will be our generalised charge (density) for the M2-brane.

With minimal effort one finds that the 2-form expression

L =g tizA (2.43)
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is generally closed if one chooses a gauge where
LirA=0 (2.44)

and uses the identity (2.37). However we must consider whether such a gauge
condition is possible. From (2.38) we see that £ kfl is closed and therefore, at least
locally, exact. In fact we can show this directly by realising that for a general gauge
choice for A we have dL® = Kfl Then considering the gauge transformation
A — A+dy, where ¥ is a 2-form gauge parameter, we find Ekfl — L'f{fl—i— d(LzX),
in other words /Jf(/l is shifted by an exact amount, which can be shown to be
arbitrary by considering the degrees of freedom of x. Therefore it must be possible
in this instance to always satisfy the condition (2.44).

Therefore, if one fixes the gauge to satisfy (2.44), L® is the generalised charge
for the M2-brane. As written though, (2.43) is not gauge invariant. However, a

modified version that is gauge invariant is easily found and is given by
L® =& tigA, —igdy. (2.45)

Here flg represents the 3-form potential in a general gauge and ):( is a gauge depen-
dent parameter defined such that £ kd)% =L KAg~ It is then trivial to show that
(2.45) is generally closed. Note that we have A, = A + dx where A satifies (2.44)
and so Y is merely a gauge parameter relating a general gauge to this special gauge.
For simplicity we will always work with a potential that satisfies (2.44) and therefore
work with (2.43) when discussing L(®). For the other charges presented later in this
thesis we will make analogous simplifications, giving the relevant gauge conditions
each time.

The commutator of the SUSY transformations for curved spaces that are asymp-

totically Minkowski should generalise then from (2.42) to

2(eQ)? :/ BPoKMpy, +Tg/ (& +igA). (2.46)
M2 M2
Unlike for the flatspace case, the I' matrices and spinors here are not constant and
must be brought inside the integral.
We now demonstrate how to deduce worldvolume superalgebras from (2.46) by

reproducing the result found in [32] where the M2-brane worldvolume algebra was



2.2. Generalised charges for the M2 and Mb5-branes 34

determined in an M2-brane sourced background. To do this we recall that for
M2-brane backgrounds the Killing spinors take the form ¢ = H ~5¢o where & is a
constant spinor and H is the harmonic function appearing in the M2-brane space-
time, (2.8). We then simply strip off the constant spinors €, and absorb the factors
of H on the LHS into the SUSY generators which converts them from target space
to worldvolume SUSY generators. Then we convert ['°, used in the definition of the
curved space €'s present in the bilinears, to the charge conjugation matrix I'%. The
result will precisely coincide with the algebra given in [32] if we define our potential
A so that its non-zero components are proportional to H='—1, so that they vanish
asymptotically.

The process described thus far of replacing the flatspace charges with the gen-
eralised charges for curved backgrounds is essentially the same as that discussed
in [57] where ordinary calibrations were replaced with generalised calibrations. This
demonstrates the close relation between the generalised calibrations and the gen-
eralised charges discussed in this thesis. This viewpoint leads to the observation
that the p-branes describe surfaces that minimise a particular energy functional
consisting of the brane volume density and also other contributions depending on
the background gauge fields. Such surfaces are termed minimal worldspaces. We
will now demonstrate the essential details of this idea for the present case of the
M2-brane and L®. In this case & acts as a generalised calibration so we have the

defining inequality
CD‘MQ S UOlMQ. (247)

We then consider another 2-dimensional spatial hypersurface U in the same homol-

ogy class as the M2-brane such that 0M2 = 9U. We then find that

/ d*o detg+/ Z'KA:/ £<2>:/z<2>§/d20 detg+/@'k21(2.48)
M2 M2 M2 U U U

where ¢ is the background metric and pullbacks to a spatial hypersurface of the
brane worldvolume are implied for the background fields. The first equality arises
since the M2-brane is calibrated by @ and so the inequality (2.47) is saturated. The
second equality follows from the fact that L® is closed. The final equality results
from (2.47). We thus end up with the relation F(M2) < E(U) where E is an energy
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whose contributions are described by L®. Generalising this argument to the other
p-branes shows that the generalised charges provide a method for determining the

precise nature of the energy contributions from the background gauge fields.

2.2.2 Mb5-brane charge

Applying the procedure described above leads to the following expression derived
from the flatspace SUSY algebra (2.7) for the M5-brane worldvolume SUSY algebra

in a flat background

2(6Q)* = / d*o Kp, + Ty / > (2.49)
M5 M5

where once again a pullback of the background fields to the brane worldvolume is
implied and Tj is the M5-brane tension. In curved backgrounds however it can be
seen from (2.33) that S is not closed and so additional terms must be added to
(2.49). From looking at the form of the M2-brane charge (2.43) we would expect
to add a term of the form ¢ KC’ since it is this field that minimally couples to the
Mb-brane. Adding such a term to S on its own does not however lead to a closed

expression and so other terms must be added also.
As mentioned in the introduction, in [30] it was shown that (2.7) is too simplistic
an algebra even in flat backgrounds and in fact the M5-brane algebra included not

only a term of the form of Zﬂl"‘ﬂ5, but also a term of the form

A A

(CT 1y us Jap 24142 (2.50)

DN | —

where
Zmne — / dX™ A dX42 A dB. (2.51)
M5

Here B is the 2-form worldvolume gauge potential of the M5-brane and dB = H + A
where H is the modified worldvolume field strength and A is the pullback of the
3-form background gauge field to the brane worldvolume. This term arises due to
the possibility of having M2-branes contained entirely within the M5-brane world-
volume, so-called mixed brane configurations, and will be non-zero in such instances.

We do not consider the worldvolume field B in this thesis,” however the presence of

"Its appearance in the generalised M5-brane charge is proposed in [1] however.
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the pullback of A suggests that the generalised charge should contain a term of the
form & A A. Indeed we find that this is the case.

After some consideration we find that the expression

A ~

LO=S4izC+LONA-ZANi A (2.52)

N | —

is closed if we once again fix the gauge according to (2.44) as well as

L.C=0. (2.53)
The argument used to show that (2.44) is an allowed gauge choice can be used here
for the above gauge condition also.

From the generalised calibration interpretation the structure of L® can be used
to determine the form of the energy functional that is minimised for calibrated
Mb5-branes. Note that the structure of (2.52) shows that the generalised M5-brane
charge takes a more complicated form than the M2-brane charge. Furthermore,
this shows that generalised calibrations can take a more complicated form than the
expression given in [57] which essentially takes the same form as (2.45). This is
due to the presence of the worldvolume field strength and the possibility of having
mixed brane configurations which results in the extra terms present in L® that
have no analogues in the L(®) case. These were not accounted for in [57] because in
that reference only worldvolume scalar fields were considered with higher rank ones
being set to zero.

Once again it would be fairly straightforward to produce the worldvolume alge-
bras in curved backgrounds, albeit with the worldvolume field B set to zero. Some
examples were found in [32], for M2 and M5-brane backgrounds. We see the same
general structure as the charge presented here, except for those backgrounds the

term A A i KA vanishes so is not present in the algebra.

2.2.3 Other D =11 supergravity charges

We could now proceed by formulating the generalised charges for the KK-monopole
and M9-brane. As already mentioned though, the process here is more complicated

and the reason for this can be traced back to the presence of the compact isometry
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directions in their spacetime solutions. Their flatspace calibrations are the 6-form
bilinear A and the 9-form II respectively. Considering the KK-monopole case first,
one sees that from a mathematical standpoint the problem arises from the compli-
cated index structure present in the relation (2.34). These types of terms prevent the
formulation of generalised charges since it is a non-trivial matter to integrate them.
In some cases the index structure can be simplified by making use of the identity
(2.39) however in this case no simplification occurs. The same issue also effects the
construction of the M9-brane generalised charge. Even though in this instance the
relevant relation (2.35) has a simple index structure, one finds that the generalised
charge must contain A in one of its constituent terms and so we inevitably run into
the same problem.

A further obstacle is that so far we have neglected to discuss in any detail the
relevant potentials N® and A9 which minimally couple to these branes. We would
expect these to feature in these generalised charges so it should come as no surprise
that we cannot proceed without them.

We will discuss how to formulate the generalised charges for the KK-monopole
in Chapter 6. Here a general method for considering branes with an extra isometry
direction will be discussed which will therefore also be applicable to the M9-brane
case. However the M9-brane itself won’t be considered until Chapter 8 where we
consider the massive version of D = 11 supergravity. Before that we explore the

simpler cases of the branes in the D = 10 supergravities.



Chapter 3

Generalised charges in ITA

supergravity

The first D = 10 theory we consider is the IIA supergravity. This theory was
originally constructed in [16-18] and later extended to Romans’ ITA theory [48]
(see also [60]) which includes a scalar mass parameter that acts as a cosmological
constant and is non-zero in D8-brane backgrounds [61,62]. We consider Romans’
version of the theory in this thesis so that we can consider the complete spectrum
of branes. However when formulating the generalised charges we initially set the
mass parameter to zero before generalising to non-zero masses later due to a slight
complication which arises in massive backgrounds. A partial analysis of the massless
ITA theory was carried out in [44], here we extend those results.

The bulk of the analysis here follows on from the D = 11 case. As already
discussed in the introduction, the ITA theory is determined from the D = 11 theory
by performing a Kaluza-Klein dimensional reduction over a circle. However, here
we opt to study the IIA theory in its own right since we feel this approach is more
instructional. Considering the D = 11 origin however will play a crucial role in
later chapters and so we provide the general rules for performing the dimensional
reduction in Appendix A where we also give the relations between the D = 11
charges and those formulated in this chapter.

We begin by reviewing the essential details of the ITA supergravity theory that

will be required for our purposes. We then move on to consider the types of bilinear

38
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forms that can be constructed from the ITA spinors before calculating the differen-
tial relations for these bilinears and explaining their importance in formulating the
generalised charges. We then go on to formulate the D-brane and NS-brane charges
in massless backgrounds, offering an interpretation of our results and comparisons
with other results in the literature. Finally we consider the effect of having massive
backgrounds and show that with a slight alteration the charges are equally valid in

those cases.

3.1 Review of IIA supergravity

The basic field content of ITA supergravity consists of a vielbein eﬂA, the Ramond-
Ramond (RR) n-form gauge potentials C™ for n = 1,3, the Neveu-Schwarz-Neveu-
Schwarz (NS) 2-form gauge potential B, the NS scalar dilaton ¢, the ITA gravitino
¢y and dilatino A®. In our conventions the bosonic part of the string frame IIA

action is given by

1 ) 1 I 1 .
S[[A = §/d101'\/ —g|:€ 2¢<R+4|V¢|2 — 2—3' H|2) — QZELF’( )|2:| (31)

n

where n = 0, 2,4, plus a Chern-Simons term

1 1 1 1
—— [ 2dC® NdC® A B + —mdC® A (B)? + —m?(B)°. (3.2)
2) 2 6 40
Once again we work with a mostly plus signature metric (—, +,+,...,+). F®),

F® and H are the field strengths for C"), C®) and B respectively. The mass
parameter m is viewed as being a scalar RR field strength F© and we freely use
both notations. Since we must follow a democratic approach it is necessary to also

consider the magnetic duals of these fields. We define these as
FO = _«p®  p® —4p®  plO— _ypyy HO = 24H (3.3)

The field strength equations are defined as

1
FeY = qC®=Y — H AP 4 —m(B)" (3.4)
n.
H = dB (3.5)
HD = dB® 4+ cWAFO - %(7(3) A(FD 4 HACW)

1
—m(CV —C® A B+ Z(J<3> A (B)?) (3.6)
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forn =1,2,3,4,5. These lead to the following Bianchi identities

dF®Y = H ARG (3.7)
dH = 0 (3.8)
dH = F(6)/\F(2)—%F(4)AF(4)—mF(S) (3.9)

which agree with those derived from the action by considering the variations of the
gauge potentials.

The gauge potentials C®, CM and B©® are the magnetic duals of C®, CM) and
B respectively. The 9-form potential C® on the other hand is not related to a lower
rank field through duality. This results from the fact that its field strength F(%
is the Hodge dual of the mass parameter which obviously has no associated gauge
potential since it is a scalar. C® can be introduced to the massive ITA action as a
non-dynamical auxiliary field [61] and minimally couples to the D8-brane. Varying
the action with respect to this field provides the constraint on the mass parameter
dm = 0 showing it to be constant albeit with a possible discontinuity across D8-
branes which act as domain walls.

The flatspace SUSY algebra of ITA reads

{Qu, Qst = (CT")apPy + (CT11)apZi1 + (CT"T11)apZy
1 1
+§(CF“1”2)aﬁZmuz + Z(CFM”'““Fll)aﬁZm,..m
1

*5)

(OFM.“M)aﬁZm-..M (3-10)

where @, are real 32 component Majorana spinors and I'1; is the chirality operator
defined below. From this we can deduce the spectrum of ‘conventional’ branes in
ITA. These consist of the D0, D2, D4, D6 and D8-branes which couple to RR fields,
and NS1(F-string) and NS5-brane which couple to the NS fields. The gravitational
wave and ITA KK-monopole with 6-dimensional worldvolume are also included and
are purely gravitational.

Finally the flatspace SUSY algebra reveals the existence of a spacetime filling
9-brane referred to as the NS9-brane in [60]. In this reference the supersymmetry
transformations of the fields were considered and it was shown that additional gauge

potentials to the ones listed above could be consistently included in the theory. These
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consist of two non-propagating 10-form potentials which we label A% and Z(m), as
well as the 8-form dual to the dilaton which we label ¢®). The 9-brane deducible from
the flatspace SUSY algebra minimally couples to A" Further considerations are
required before we can study the branes to which these fields couple and formulate
their generalised charges. We delay this part of the investigation until the second

half of the thesis when we consider the exotic varieties of branes that exist.

3.2 Bilinears in ITA

Once again our starting point for the formulation of the generalised charges is to
consider the types of bilinear forms that can be constructed. As for the D = 11 case
the ITA theory contains Majorana spinors € with 32 real components. However, here
we can also have Majorana-Weyl spinors e* which have only 16 real components.
These can either be chiral or anti-chiral reflecting the fact that IIA supergravity is

a non-chiral theory. Specifically we have
[et = 4¢* (3.11)
where I'1; is the chirality operator defined as

I'i1 = Do123456789- (3.12)

The two spinor representations are related by
e=¢ +e . (3.13)

We ultimately choose to work with the Majorana spinors since this simplifies matters
when relating the ITA and D = 11 results. However we will temporarily work with
the Majorana-Weyl spinors in order to determine which of the bilinear forms are
non-trivial. The general form for the bilinear is then written as €T’ e/ where the
indices 1, j take the values 4, — depending on the chirality of the spinor. We have
the same transpose identity as in D = 11 given by (2.13), which translates to the
bilinear identity

(p=1)(p=2) ,_:

(EiF(p)ej)T = (—1)f(€]F(p)€i). (314)
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Unlike the D = 11 case however this relation now does not eliminate any values

of p since the bilinears can be constructed from two different spinors, but rather

determines whether the bilinear is symmetric or anti-symmetric in the indices 4, j.
There is now a second identity originating from the chirality of the spinors. Using

the chirality condition (3.11) one obtains the relation

T e = (—1) ()T, T e (3.15)
where
+1 ifi=+

S
-1 ifi=—.

Then from using the following properties of I'y;
{FAarll} - 0 F{l - Fll (Fll)z - ]1 (316)

the following identity is trivially obtained
(—1)1’“?’1“@)63' if ¢ :j

‘ ‘ (3.17)
(—1)pEZF(p)€J if 1 #£ j.

EZ'F(p) e =

From the two identities (3.14) and (3.17) we find the following set of non-trivial
bilinears
€T (e for p=1,5,9

€ lpet =+eTe forp=2,6,10

e Tpet =—€Tye forp=0,4,8.
Recasting these in terms of Majorana spinors results in the following set of bilinears

UO =2l e Ka=¢el e Ky =elalye
‘I’(A21)A2 =€l 4, 4,€ ‘1’%1),,‘& =€l g al e Ya,a, =€l a, a5€

together with their Hodge duals which are defined as

560 = &Tplne =—* 3O (3.18)
vO = e =0 (3.19)
U = glye =—xv® (3.20)
9= eage =-xKY (3.21)
9= eaglye =—x KW (3.22)
U0 = e =00 (3.23)
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where the ranks of the bilinears have been included for convenience.
As in the D = 11 case the majority of these bilinears act as calibrations for the

p-branes in flat backgrounds. We summarise the connection in Table 3.1.

Brane Charge | Bilinear | Potential

DO Zn ¢ cw
D2 Zivis e c®)
D4 Ziy i @ c®
D6 *(Zoivinis) | WO cm
D8 «(Zoiy) | WO c®

F-string Z; K B
NS5 Ziy s ) B©)

9-brane *(Zp) IT At

KK-monopole || *(Zy;,. i,) )y i N

Table 3.1: Branes, their calibrating bilinears and their flatspace charges in ITA
supergravity. Note that the indices on the charges are purely spatial. Also included

are the potentials that minimally couple to the branes.

3.3 D-brane generalised charges

We now set about formulating the generalised charges by first calculating the dif-
ferential relations for the bilinears. Once again this is achieved by considering the
supersymmetry transformations of the fermions which must vanish for the bosonic

backgrounds we are considering. Since there are now two fermions we have two
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Killing spinor equations given by [60]*

1
5@[)“ = Vue—glemF”l”QFHe

1 1 1
g P T, — SR TE Ly 4
- 0 (3.24)

1
(5)\ = |:6V¢FV — EHVI,/2,,3FV1V2V3F11:| €

8 12 V1...V4 148%)
= 0. (3.25)

1 1

The first of these can be used to produce differential relations for the bilinears in an
analogous fashion to the D = 11 case. Carrying this process out for K yields

1 1
VK, = SigHu + z_led) {z’F@)\If@ +ige FW —ipo @ g0 p@ 4 m\Il(Q)} (3.26)

pv

from which we deduce the important fact that V(,/K,) = 0 and therefore K is a
Killing vector.

Unlike the D = 11 case, here we have a second Killing spinor equation (3.25)
which can be used to produce a set of algebraic bilinear relations. This is done by
hitting (3.25) from the left with €['(, for any p, or alternatively one can produce the
Hodge dual of these by using €', ['1;.

The goal here is to determine the exterior derivatives of the calibrating bilinears.
These are not only required in order to prove that a given generalised charge is
closed, but more crucially we actually use them as the principal tool for formulating
the generalised charges in the first place. Whilst it is possible to calculate a set of
such relations from using (3.24) alone we find that these are insufficient to formulate
the charges with and that it is necessary to supplement these with the second set of
relations produced from (3.25).

We will illustrate this point in more detail by considering the case of ¥ and
the DO-brane generalised charge M(?). In this instance (3.24) yields

1 1 i N
dv® = v H + Ze¢ ip® —igF® +mK|. (3.27)

'Note that our conventions differ from those in [60] by B — —B2), c® - —Cy, c® - —Cs)
and C9 — —C(g).
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A differential relation such as this poses a problem when it comes to formulating a
generalised charge since roughly speaking it is not obvious how to integrate some of
the terms on the RHS due to their index structure. In other words there does not
appear to be any terms that could be added to W) such that the resulting expression
is closed and therefore it does not seem possible to formulate a generalised charge
with ¥ as the lead term.

That such a problem arises is perhaps not too surprising since the majority of
terms that might appear on the RHS of these differential relations in general will
be non-integrable due to their index structure. The types of terms that can be inte-
grated, and therefore from which we can determine the structure of the generalised

charges, can be categorised into the following 3 varieties

e terms where all the indices of the sub-terms are anti-symmetrised and none

are contracted, i.e. terms in the form of wedge products.
e terms that involve a contraction between K and a field strength.
e terms involving the mass parameter.

The first group has the appropriate index structure for integration. The second and
third groups can be integrated by using the fact that the Lie derivatives of the gauge
potentials with respect to K will either vanish or contain terms proportional to m.
We will discuss this further below. Note that sometimes it will be necessary to use
the identity (2.39) to re-express a given term that looks non-integrable into one of
these groups.

The first step in formulating the generalised charges is then to find a differential
relation for the calibrating bilinear that includes only terms of the type listed above.
The relation (3.27) does not satisfy this requirement since it contains the problematic

terms
i\I,(Q)H and iF(4)E

which cannot be integrated.
With these considerations in mind we can produce an alternative differential

relation by considering the algebraic relation obtained by hitting (3.25) with €[’ 4I";;
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from the left, given by

1 1. - 3 5 -
0 = —0Ogp+ Shwe H + e? JireY+ g ixF® + LS (3.28)

Subtracting this from (3.27) and multiplying through by a factor of e~ yields
de 0y = —ixF® —mK (3.29)

and we have thus found a differential relation that contains none of the problematic
terms discussed above. This relation indicates that the leading term of the DO-brane
generalised charge should be e=?W(©® instead of just U(®). Considering the massless
case where we set m = 0 it is then a simple matter to deduce the full structure of

the DO-brane generalised charge as being
MO = e=0pO® _j 0 (3.30)

where we work in a gauge where £C() = 0. For the massless case this gauge choice
can be shown to be possible by following the argument given when the analogous
gauge for the D = 11 3-form potential was discussed. Similar gauge conditions in
the massless theories will be used throughout the course of this thesis and in each
instance the same argument can be given for their validity. For the sake of brevity
we will not repeat this argument in each case. We will however note that as a
consistency check we require the condition £xF® = 0 in this instance. It is simple
to show that this is satisfied by taking the exterior derivative of (3.29), and using
the Bianchi identity (3.7) and differential relation (3.32) given below.

Formulating the generalised charges for the other D-branes follows essentially the
same steps as carried out above with it being necessary to use relations derived from
both (3.24) and (3.25). We will refrain from giving the details of these calculations
since they offer no new insights but ultimately we find the following set of differential

relations for the D-brane calibrating bilinears
d(e ey = e QD A H 4 (1) FEnT2)

+(=1)"K A Fe) (3.31)

forn =10,1,2,3,4. From this we conclude that the D-brane generalised charges must

contain terms of the form e~?W¥®™ rather than just ¥, In order to formulate the
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charges we need the further differential relation
dK = igH. (3.32)

With these relations and the field strength equations at our disposal we can go
about determining the form of the generalised charges by using the fact they are
closed. Unlike for the DO-charge case, the charges are generally too complicated to
deduce by inspection so a more systematic method is required. Essentially since we
take e=?W(") ag the lead terms, we start by considering the set of terms that match
the RHS of the relations (3.31) but where the field strengths have been replaced
by their respective gauge potentials. After choosing appropriate signs, the exterior
derivatives of these terms will cancel with those on the RHS of (3.31), however there
will be some new terms left over involving the field strengths. We then cancel these
left over terms by following the same steps. We repeat the process as many times as
necessary, canceling the remaining terms each time until none are left. The overall
set of terms required to do this then determines the structure of the generalised
charges.

Note that following this method does not guarantee that a closed expression,
and therefore a generalised charge, will ultimately be found. In principle one would
usually expect to reach a point where the remaining terms simply cannot be canceled.
For this not to be the case a delicate cancellation between the terms must occur.
The form of the field strength equations, (3.4) and (3.5) in the current case, play a
crucial role in these cancellations. We find as a general result that it is not possible
to find a closed expression corresponding to the generalised charges unless the field
strength equations are defined in a consistent manner with the Bianchi identities.
In other words, it is manifest in the formulation of the generalised charges that they
can only be defined for on-shell field configurations.

A further point is that the method above breaks down for non-zero m since it
has no associated gauge potential. For this reason we first consider the massless
case where m = 0.

We now present the generalised charges for the D(2n)-branes M ") which are
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given by

n

e — 1 [€—¢\Ij(2j)

= (n=7)

+(=1) T (i CEHY 4 K A CE=DY | A (B)MY (3.33)
for n =0,1,2,3,4 and where we have chosen gauges for the potentials that satisfy
L CC Y — (3.34)

These conditions are consistent with the result £xF®® = 0 which is straightfor-
wardly deducible from taking the exterior derivative of (3.31).

Note that we have formally included the D8-brane charge despite the fact that
the D8-brane is a solution of the massive version of the theory. When we discuss
the charges in massive backgrounds below we find that their general structure is
unaltered and so it makes sense to include the D8-charge at this point.

We will now offer an interpretation of the general structure of these charges.
Firstly, the factor multiplying the leading bilinears e=® = g, also appears multi-
plying the Dirac-Born-Infeld term in the D-brane worldvolume action [63] and can
be interpreted as part of the branes’ tension. As we saw from (1.9), the tension
also appears in the flatspace charges (since these are BPS states we can equate the
tension with the charge Q). For curved backgrounds where the tension is not
constant it makes sense that the tension should appear as part of the integrand in
the definition of the charge and this explains the appearance of the tension factor
e~? in the leading term in (3.33).

The term involving a contraction between the Killing vector K and the RR
potential to which the branes’ minimally couple also appeared analogously in the
D = 11 charges (2.43) and (2.52). These terms have the same general structure as
those which appeared in [57] when discussing generalised calibrations, and appear
to be a general feature of the charges.

As with the M5-brane charge, we see here a charge within charge structure. This



3.3. D-brane generalised charges 49

can be made explicit by rewriting (3.33) as

M(?n) — €_¢\Ij(2n) + (—1)n+1(iKC(2n+1) + K A C(Zn—l))

M) A (B)", (3.35)

This nested structure arises due to the possibility of having branes within branes as
discussed in [64]. The sub-charges will be non-zero when a lower dimensional brane
wraps a topologically non-trivial submanifold. A similar line of thought leads to the
interpretation of the terms involving K as relating to the possibility of configurations
with fundamental strings within branes. The situation is not quite as as straightfor-
ward since the full string charge (see (3.39) below) is not present in (3.35). However
this is merely a result of our definition of the gauge potentials and is rectified by,
for example, making the following redefinition C?"*1) — C@nt+l) L CC@r=1) A B,
However, making this redefinition creates additional terms which partly cancel with
the lower rank D-brane sub-charges. One then observes that it does not seem pos-
sible to define the potentials such that both the F-string charge and all the lower
dimensional D-brane sub-charges simultaneously appear in (3.33) in their entirety.
The interpretation of this is not clear to us but perhaps is a reflection of having
certain restrictions on strings and branes within branes configurations.

We now compare these expressions to the results in [31] specifically equation
(233). In this reference the worldvolume SUSY algebras on the ITA D-branes in flat
backgrounds were investigated. It was found that additional terms to those induced
from (3.10) were present which arose due to the non-trivial SUSY transformations
of the worldvolume Born-Infeld 1-form V.

A complete comparison with these results is not possible since here we have
considered the role of the background fields on the algebra and have neglected the
role of the worldvolume fields. In [31] however, the converse case was investigated
where the effect of the worldvolume fields were considered and the background fields
were set to zero. Despite this, similarities between the two results are observed. We
find that the combinations of I' matrices determined in [31] are also present implicitly
in (3.33) in the definitions of the bilinears ¥>” and K. In the expressions here the

U bilinears are always wedged with the 2-form gauge field B some number of
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times. In [31] the same structure occurs except in that instance dV is present
instead of B. Since we have not formally considered the worldvolume fields in our
analysis we cannot concretely know the worldvolume field structure in the charges.
However we note that the Wess-Zumino term in the D-brane worldvolume action

typically takes the form of the complex (see for example [63])

Svwy ~ / C A eldV=B) (3.36)
where
4
C=>y cbtrth (3.37)
n=0

and where all the terms of the appropriate rank are understood to be present and
pullbacks on the background fields are implied. Due to the relationship between
the SUSY algebras and the Wess-Zumino term this suggests that V' and B should
appear in the worldvolume generalised charges in the combination (dV — B). This
can also be argued on the grounds of gauge invariance. In other words we should
make the substitution B — B — dV in (3.33). We note that after performing
this substitution the charges remain closed due to the specific nature of the way
B appears. Furthermore, complete agreement between the W™ terms and the
corresponding terms in [31] would be achieved.

Next we consider the terms involving K. Here we find that K always appears
wedged with a single RR potential as well as B a number of times. The relevant
I' matrices in [31] on the other hand are wedged with the worldvolume Hodge dual
of the canonical conjugate of V. It is not a simple matter to relate these two
expressions. However we note that the charges above remain closed if we make the
substitution C — C + dA A e? and assume LxdA = 0 where

4
A=) ACY (3.38)

n=0
is a complex of additional worldvolume gauge potentials which were not considered
in [31]. These fields were considered in [40,51] where alternative forms of the D-
brane actions were considered. We expect that if the analysis of [31] was applied

to one of these more democratic actions then the results would match with the
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results here after making the above substitution. We note that after making this
substitution the RR fields would appear in the charges in combinations equivalent to
the worldvolume field strengths defined in the bottom line of equation (2.13) in [51]
for m = 0.

The remaining terms in (3.33) which involve a contraction between the Killing
vector K and an RR potentials are not produced from the method used in [31] but
in principle they would, at least partially, arise from the Wess-Zumino term when

calculating the conjugate momentum for non-zero background fields.

3.4 NS-brane generalised charges

Next we consider the charges for the ITA F-string and NS5-brane. To formulate
these charges we will need the differential relations for K and ¥ as well as (3.31).
The former is straightforward to calculate and was already given above (3.32). It is

then a simple matter to determine the generalised charge for the F-string as being
MEY — K 4igB (3.39)

where we have chosen a gauge where Lx B = 0. This charge has a basic structure
essentially due to its low rank. Since the tension of the F-string is independent of
gs we see no additional factor appearing in the lead term.

Moving on to the NS5-brane charge requires the differential relation for 3. When
calculating this from (3.24) we find that we run into the same problems as described
above for W™ We thus have to use an algebraic relation found by hitting (3.25)

from the left with €['4, 4,. We then produce the following relation
d(e™2y%) = i HD 40 {_@(O)F(ﬁ) — YDA F@ g A @
—m\I/(6)} : (3.40)

We thus conclude that the leading term of the NS5-brane charge must be e 2?3,
This is in agreement with the general observation that the tension of the NS5-brane

scales as e2?. The NS5-charge is then found for the massless case by following the
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method outlined above when discussing the D-brane charges. The result is

MWNSS) =207 + 6—¢>(\p(4) A O + T@ A 0B + \11(0)0(5)) + iKB(6)

~ 1
+KACOAC® —jpecMC® 4 §¢KC<3> AC® (3.41)

where we have chosen a gauge where £x B = 0 along with the previous RR gauge
choices. These gauge conditions are consistent with the result £x H™ = 0 which is
determined by taking the exterior derivative of (3.40). We see that there is not as
clear a charge within charge structure compared to the D-brane charges although the
necessary calibrating bilinears are present. Therefore the lower rank charges could

appear in their entirety by making suitable redefinitions of the gauge potentials.

3.5 Massive charges

Next we consider the effect of having a massive background. Since the charges are a
function of the gauge potentials rather than the field strengths we would not expect
the mass parameter to make an explicit appearance in their structure. Consideration
of the massive background therefore amounts to simply determining whether or not
the charges constructed so far remain closed for non-zero m.

We begin by reconsidering the D0-brane charge (3.30) as a first example. For

non-zero m we find

dM© = —mK —migB — LirCY

= —mMFY — LcW (3.42)

where we have left the gauge choice for C™") undetermined. If we were to pick a
gauge where LxCM = 0 as in the massless theory, then M(©) would obviously not
be closed. In the massive theory however, such a gauge choice is not generally
possible. To see this consider for the moment the massless gauge transformation
CM — CMW 4 d\O, This has the effect of shifting £LxC™ by an exact term but
we see from (3.42) that, unlike the massless case, LxC™" is now no longer exact so
LxCY =0 cannot be achieved generally. This argument is essentially the same as

we presented in Section 2.2.1 for the gauge choice of A, where there it was used to
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show L K/l = 0 was viable. It follows that in the current case we obtain the gauge

condition
LiCY = —mpFD (3.43)

for which M© is closed. Since MY is closed this condition is consistent with the
result L F® = 0 which still holds for non-zero m. For consistency with the field

equations (3.4) we require that the higher rank RR gauge potentials satisfy

1

(2n—1) - _
LxC (n—1)!

mMED A (B)nY (3.44)

which can be viewed as the generalisation of (3.34) to massive backgrounds. With
these gauge conditions satisfied all the D-brane charges (3.33) are found to be closed
in the massive version of the theory. Note that we still have £x F®™ = 0 as a general
result.

Looking next at the NS-branes, we find for the F-string that the charge (3.39)
is still closed for LxB = 0 since neither the exterior derivative of B or K receive

massive corrections. For the NS5-charge (3.41) we now find
AMWN) = —mM© 4 £, BO — L, 0 ACE 4 %EK(J(?’) ACB®. (3.45)
Therefore we see that M V5% is closed if we impose the following condition on B(®
LgBY = mM© —mMTYACO 4 %mM(Fl) ANC® A B (3.46)

together with (3.44). Consistency between these conditions can be checked using
(3.6) together with the fact that the result £xH™ = 0 still holds in massive back-
grounds.

We therefore conclude that all the ITA charges derived previously are valid for
massive backgrounds by virtue of a generalisation of the gauge conditions imposed

on the potentials.



Chapter 4

Generalised charges in IIB

supergravity

In this chapter we will formulate the generalised charges for the conventional branes
in the IIB supergravity theory [21-23]. As discussed in the introduction, the 1B
theory is related to the ITA theory via T-duality. We could therefore analyse the
IIB theory via its T-duality relation from IIA. However, we initially opt to study
the IIB theory in its own right since we feel this approach is more instructional. We
will explore the T-duality aspects however in Chapter 5. In later chapters when we
consider the exotic branes, T-duality will prove to be an essential tool in formulating
their charges. Furthermore, in this chapter we will not consider the global SL(2,R)
symmetry that is known to exist in the IIB theory, nor will we consider the multiplets
to which each type of brane belongs. We will deal with this subject in Chapter 12.

The bulk of the analysis here follows on analogously from the ITA case. We begin
by reviewing the essential details of the IIB supergravity required for our purposes.
We then move on to consider the types of bilinear forms that can be constructed
from the IIB spinors before calculating their differential relations. We then use
these relations to formulate the generalised charges for the D-branes and finally the

NS-branes.

54
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4.1 Review of IIB supergravity

The basic field content of IIB supergravity consists of a vielbein euA, the RR n-form
gauge potentials C™ for n = 0, 2,4, the NS 2-form potential B, the NS scalar dilaton
¢, the IIB gravitino ¢ and dilatino A*. In our conventions the bosonic part of the

string frame IIB action is given by

1 1
Sip = §/d10$€\/ -9 {ew <R +4|Vel® - 2_3|’H|2>
1 1 1
_ = — )2 _ = | £(5))2 4.1
2 n!]: | 4.5!|]: |} (4.1)
n=1,3
plus a Chern-Simons term
1
-3 / CONHAF®, (4.2)

Once again we work with a mostly plus signature metric (—, 4+, +, ..., +). FO FG),
F©®) and B are the field strengths for I, C®, C» and H respectively. Note that we
employ both notations C(¥) and [ to denote the scalar RR potential, or axion. Since
we must follow a democratic approach it is necessary to also consider the magnetic

duals of these fields. We define these as
F — 4 F6) FO — _ 7D HT — =2 4 H (4.3)

with F®) = —« FO) being anti-self-dual in our conventions. We follow the usual ap-
proach where this self-duality condition is only imposed at the level of the equations
of motion derived from (4.1).

The field strength equations are defined as

Fem = dctm — = AH (4.4)
H = dB (4.5)
HD = dBO® —cH A FB) - %c@) ANCH AH +I1FD (4.6)

forn =0,1,2,3,4,5. These lead to the following Bianchi identities
dFCD = H A FOY (4.7)
dH = 0 (4.8)
dHT = FOANFD - FO A FE (4.9)
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which are in agreement with those derived from the action by considering the vari-
ations of the gauge potentials.

The gauge potentials C®, C® and B© are the magnetic duals of C®, [ and B
respectively, with CY) being self-dual. Note that we have formally included the 10-
form potential C*?) whose 11-form field strength trivially vanishes and which is not
the magnetic dual of a lower rank potential. The existence of this potential can be
argued on the grounds of T-duality and is known to couple to the D9-brane [65-68].

The flatspace SUSY algebra reads

{Q% ]ﬁ} = (CPT")as(6" Py + 05 2, + 01 Z,)

1.4 L i
+§w2](CPJFF#WQ#S)aﬂZuwws T aéﬂ(cp+F#1 ") aBZpr s

1 i 5 i
+5(C,P—FFMWMS)Oéﬁ(O—SJZMmMs + O—ljzulml%) (4'10)

where the @, are real 16 component Majorana-Weyl spinors, P = %(1 + Iy isa
chiral projector, o; are the Pauli matrices and the 5-form charges are anti-self-dual.

From this we can deduce the spectrum of conventional branes in IIB. These
consist of the D1, D3, D5, D7 and D9-branes which couple to RR fields, and NS1(F-
string) and NS5-branes which couple to NS fields. The gravitational wave and I11B
KK-monopole with 6-dimensional worldvolume are also included and are purely
gravitational.

The existence of a second 9-brane can also be deduced from (4.10). This was
studied in [68] and couples to an additional 10-form potential whose existence (along
with that of other 10-form potentials) can be inferred by considering the SUSY
transformations of all the fields [67]. We class this brane as exotic and therefore

don’t consider it until the second half of this thesis.

4.2 Bilinears in I1IB

Following the previous cases we begin the formulation of the generalised charges
by first considering the types of bilinear forms that can be constructed in the I1B
theory. In this instance we work with two real 16 component Majorana-Weyl spinors

€ where i = 1,2. Both of these are chiral reflecting the fact that IIB supergravity
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is a chiral theory. Specifically we have
e =€ (4.11)

The general form of the bilinears is then written as €I'(,e/. To determine which of
these are non-trivial we repeat the analysis used for the ITA case. In this instance
however we have to take into account that the theory is chiral. Because of this the

identity (3.17) becomes
€T e = (—1)PTeT el for all i, j (4.12)

and we conclude that only bilinears with odd p are non-trivial. Combining this with

(3.14) we find the following set of non-trivial bilinears

F(p)(—:i forp=1,5,9
Elf(p)EQ = +EQF(p)el forp=1,5,9
Elr(p)62 = —E2F(p)el for p=3,7.
We label these as follows
oY) =T ,e K} =T 4¢ K% =T ,¢
3 _
(DE41)A2A3 = 61FA1A2A3€2

)

5 ~1 2
®A1.4.A5 =¢€ FA1~--A5€

1

11 _ =1 22 _ =2 2
Z141...145 =€ FA1~~-A5€ E141...145 =€ FA1~~~A56

together with their Hodge duals

e — E1F(7)e2 — L % B

P = ETge =— oW
Qll — Elr(g)El — % Kll
0% = E2F(9)€2 = —x K%,

The 5-form bilinears are all anti-self-dual in our conventions. For later convenience

we define
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Once again the majority of these bilinears act as calibrations for the p-branes in
flat backgrounds. We summarise the connection in Table 4.1. The correspondence

between the branes and the potentials is given in [68] for example.

Brane Charge | Bilinear | Potential
D1 Z; oW c?
D3 Zivigi | ®O cW
D5 Zi..is o) c®
D7 *(Zoiin) | @O c®
D9 (Zy) o) c(1o
F-string Z; K- B
NS5 Zin s - B©)
9-brane *(Zo) Q- A
KK-monopole || Z;, . P i N

Table 4.1: Branes, their calibrating bilinears and their flatspace charges in 1IB
supergravity. Note that the indices on the charges are purely spatial and that the
5-form charges are self-dual. Also included are the potentials that minimally couple

to the branes.

4.3 D-brane generalised charges

Next we set about formulating the generalised charges for the D-branes by first
calculating the differential relations for the calibrating bilinears. As with the previ-
ous cases this is achieved by considering the supersymmetry transformations of the
fermions which must vanish for the bosonic backgrounds we are considering. This

produces the following Killing spinor equations

Seith, = (Dye)' =0 (4.13)
Said = (Pe)' =0 (4.14)
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where
1 8%
D“ = VM + gH/“/U/QF 2 ® 03
1 5 (—1)"1
— 2n—1 V1...V2pn—
+1_664p Z (Qn _ 1)'f£1...V27)L,1F e 1F/J, ® )\n (415)
n=1 :
1
P = Iwal/(p + EHVL..I/gFVlmVs & o3
5
1 (_1)n71(n — 3) 2n—1 V]...V2n—
+Zeg0 Z (2n . 1)' flgl.‘.llgiflr ! 2 ! ® A1'1, (416)
and

o1 if n even
Ap =
109 if n odd.

From using (4.13) we can calculate the differential relation for K* which reads as

1 1
V. K = — i H + €7 | = i) ®®) 25 @O +igy FS —ige FO|  (4.17)
g

from which we conclude V(qu) = 0 and thus K is a Killing vector. Note that
neither of the other two 1-form bilinears K~ and ®() share this property.

When we determine the exterior derivatives of the calibrating bilinears we find
that in general they contain non-integrable terms as described in the ITA case. In
order to remove these terms we make use of the algebraic Killing spinor equation
(4.14). This process is in complete analogy to that of the ITA case. As an example
of this calculation we will give the details for the case of ®1). Using (4.13) we find

480, = SHO B B, e [ ines PO 4 g B e
and we see that the RHS contains terms that cannot be easily intlegQrated. In or-

der to produce an alternative relation we use (4.14) to calculate €'T' 4, 4,(P¢)? and

€' 4, 4,(Pe)! to obtain

1. _ 1 3
§(€1FA1A2 (Pe)* = €T 4,4,(Pe)") = (W Adp)a,a, + §HBlBQ[A1‘I)E4§]BlBQ
1 1
e | K~ AFO - §iK+]-'(3) + SiFwSt
Ay Ag
= 0. (4.19)
We then subtract this algebraic relation from (4.18) and multiply through by a factor

of e7% to produce the following differential relation

d(e W) =y FO — K= A FWO (4.20)
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which is free from the problematic terms on the RHS.
The same process can be used to determine all the differential relations for the

D-brane calibrating bilinears. These turn out to be given by!
d(e=P®P DY = 72D AH 4 (1) Miges FO 4 (1) KT A FOED(4.21)
for n =0,1,2,3,4. Using these relations together with
dK~ = —ig+H (4.22)

and also the field strength equations (4.4) and (4.5) we can set about formulating
the D-brane generalised charges N+ We follow the same process we outlined
when formulating the ITA D-brane charges. We ultimately find that they are given
by

N(2n+1) _ ( ‘)' {e—w@@j-i-l) + (—l)jiK+C(2j+2)
: n—7)!
0

j=

+(=1)"TK A c<2ﬂ‘>} A(B)" (4.23)

for n = 0,1,2,3,4 where we have imposed the gauge condition L£x+C?"+?) = 0.
These charges can be rewritten to emphasize their charge within charge structure

as follows

NCHD) = eme@@ntl) 4 (_qyng, @) 4 (L)t A Cm)

n—1 n—iq
+> D" e (B)" . (4.24)
= (=17

It is clear that the general structure of these charges is similar to those of the ITA
D-branes as one would expect, and the discussion in reference to those charges is
equally as valid here. There are however a few additional comments specific to the
current charges which we will now discuss.

In analogy to the ITA D-branes we find that here the leading bilinears in each
case are multiplied by a factor of e™% which arises due to the dependence of the

branes’ tensions on the dilaton. There is however a discrepancy with the D1-brane

!The set of differential relations derived purely from (4.13) as well as the algebraic relations

derived from (4.14) were given in [45].
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since in this case the tension also depends on the axion. Specifically the D1-brane
tension scales as ve=2¢ + [2, [68]. Examining the generalised charge for the D1-
brane, (4.23) with n = 0, we see that it is unique amongst the charges we have
considered so far in that it contains two bilinears that are of the same rank as the
charge itself, namely ®® and K~. Although it is only ®( that calibrates the
D1-branes in flat backgrounds, in the context of the D1-brane generalised charge it
seems natural that both ®) and K~ should be considered on an equal footing.
From their interpretation as generalised calibrations, the pullback of both these
bilinears to some 1-dimensional line will obey some bound related to the length
of the line. This is given schematically by (I)(l)’line < length for example, where
‘length’ will depend on the norm of the Killing spinors which of course vary in
curved backgrounds. Assuming that the bilinears are orthogonal in the sense that
for a line where one of the bilinears satisfies the bound the other will vanish, then

the leading bilinear terms in the D1-brane charge will obey a bound of the form
(e72DW — 1K) |iine < lengthy/e=22 + 2. (4.25)

For BPS states this bound is saturated and the brane tension will scale as ve=2¢ + [2
which is in agreement with the tension factor for the D1-brane. This general effect
will come into play whenever a generalised charge contains more than one term that
involves a calibrating bilinear of rank equal to that of the charge itself.

We note that we have included the term ix+C1% in the D9-brane charge even
though its presence is not required for the charge to be closed since this term is
trivially closed itself. From examining the structure of the charges constructed
thus far it does however seem as though this term should be included. It is a
general feature that for spacetime filling branes such as this the requirement that
the charge is closed does not uniquely define its structure due to its high rank. A
more robust method of formulating the charges is to use the duality relations that
exist between these branes and other non-spacetime filling branes. We examine the
T-duality relationship between the IIB D9-brane charge and the ITA D8-brane charge
in Chapter 5 and find that the term ix+C1? is required in the D9-brane charge. As
a point of interest, we see that the A/ = 1 truncation required to rectify the gauge

anomalies and charge non-conservation [65,66,74] associated with spacetime filling
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branes is not required in order for the D9-brane charge to be closed.

4.4 NS-brane generalised charges

Next we consider the charges for the IIB F-string and NS5-brane. To formulate
these charges we will need the differential relations for K~ and ¥~ as well as (4.21).
The former is straight forward to calculate and was already given above (4.22). It is

then a simple matter to determine the generalised charge for the F-string as being
NI — K= —ixB (4.26)

where we have imposed the gauge condition Lx+B = 0. This charge has an analo-
gous structure to the ITA F-string. Since the F-string tension is independent of the
scalars of the theory we see no factor appearing in the lead term.

As an aside one can determine the tension of a (p, ¢)-string bound state by con-
sidering the D1-brane charge (4.23) together with (4.26). Adopting the convention
that (1,0) denotes an F-string and (0, 1) a D1-brane, we find that the leading terms

for a (p, q)-string charge are
pNUED L gNW ~ (p —1g) K~ + ge 0D, (4.27)

Following the argument given when discussing the D1-brane tension above, we de-

termine the tension here to scale as

V(P —1g)? + e % (4.28)

which is in agreement with [68] once we make the redefinition [ — —I.
Finally we consider the NS5-brane charge. In this case as well as the relation for
d¥~ obtained from (4.13) we require the algebraic relation for

1

5 |:E1FA1...A6 (Pe)l - E2FA1...A6 (7)6>2:|

obtained from (4.14). Combining these we deduce the following relation
de>%7) = —igr HD 7% [q)(l) AFO L @B A FG

+00) A }“(1)} : (4.29)
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From this and the differential relations for the other bilinears (4.21) and (4.22),
together with the field equations (4.4), (4.5) and(4.6), we determine that the NS5-

brane charge is given by

NWSS)  — o=2ey— 4 e*“"(lq)(g’) + 33 ACED LoD A 6(4))
1
—ig+ BO + SETA CANCD — K~ ACW

+igsCA ACW (4.30)

where we have imposed the condition £x+B® = 0 in addition to our previous gauge
choices which is consistent with the result £x+H™ = 0 which can be determined
by taking the exterior derivative of (4.29).

The presence of the lower rank bilinears suggests an implicit charge within charge
structure here that can be made explicit by suitable redefinitions of the potentials.
Looking at the above charge we see that it contains two 5-form bilinears ¥~ and ®©),
with relative factors e=2# and le~%. Assuming that the bilinears calibrate orthogonal
hypersurfaces we conclude that the IIB NS5-brane tension scales as e #v/e=2 + [2
which is in agreement with [68]. It is straight forward to extend this idea to deter-

mine the tension of (p, ¢)-5-brane bound states.



Chapter 5

Generalised charges and T-duality

In this chapter we determine the relationships under T-duality between the ITA and
IIB generalised charges previously given. One would expect that the charges map to
one another in an analogous way to how the branes themselves map to one another.
Our motivation here is to confirm that this is indeed the case, which also serves as
a consistency check on the charge structures we have so far established.

The usual T-duality procedure maps between the massless ITA and IIB theories,
however since we have so far considered Romans’ ITA theory we must also consider
a generalisation of this procedure. There are two approaches to do this. The first
was considered in [61] (see also [28]). Since the IIB theory has no standard massive
deformation, here the mass parameter is produced by performing a Scherk-Schwarz
dimensional reduction [69] on the IIB side using the subgroup of the global SL(2,R)
symmetry that involves shifts of the axion. In the IIB theory the mass parameter is
therefore expressed by the potentials having a linear dependence on the T-duality
isometry direction. The usual massless T-duality rules are then modified in order
to account for this dependence and are then referred to as the ‘massive’ T-duality
rules.

The second approach was presented in [43] where the IIB potentials remain
independent of the T-duality isometry direction. Instead the mass parameter is
encoded on the IIB side through a modification of the derivative operator along the
isometry direction. This can be viewed as a pseudo-reformulation of IIB which we

loosely refer to as ‘massive’ I[IB by which we simply mean a IIB theory which is

64
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T-dual to a massive extension of ITA. The mass terms in ITA now explicitly map to
mass terms in IIB that arise from the modification of the derivative operator. The
advantage of this scheme is that the usual massless T-duality rules for the gauge
potentials remain valid.

At the level of the field equations and action both these schemes are equivalent
since in both approaches the field strengths remain independent of the isometry
direction. The equivalence however is less clear when one considers expressions that
involve only the potentials since in the former scheme it is not clear to us how to
interpret the isometry dependence on the ITA side. Such a situation arises when
considering the generalised charges and for this reason we adopt the latter approach
when T-dualising the charges. A complete account of the T-duality relations must
therefore include the ‘massive’ reformulation of IIB. This however is more easily
expressed in the SL(2,R) covariant formulation of the theory and so we present the
details of this in Chapter 12. In the current chapter we will be satisfied with simply

determining how the charges relate to each other when mapping between theories.

5.1 T-duality rules for the background fields

The general T-duality rules for the metric and background gauge potentials have
been determined previously in the literature [70,71]. We now restate these rules in
terms of the definitions of the potentials adopted in this thesis. For the purposes
of the T-duality we split the co-ordinates into {fi;,y} where y parametrises the
compact isometry direction over which the T-duality is being performed and the
f; represent the other 9 directions. We denote the ITA/B metrics by g/(jy B) and
in both theories the Killing vector describing the T-duality isometry by 3. In our
adapted co-ordinate system we have 3* = §*, |8]? = B, = R? in the IIA case
and |32 = B, = R? in the IIB case where R and R are the radii of the compact

isometries in ITA and IIB respectively. Furthermore, the metrics take the form

S 9nil + Babs/ B2 B

g P (5.1)
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with a similar form for g,(w) where R — R. g(-—) is interpreted as the D = 9

supergravity metric.
In this co-ordinate system the T-duality rules for the metric going from ITA to

IIB are

B
g = 9% — (g4 a%y) — BuyBiy) /9P

A)
g/(Ly - = ﬂy/gyy
9 — 1/9 (5.2)

and similarly from IIB to ITA

B A A A
a5 = g = (9595 — BuyByy) /gD

B A
9 — —Bay /gD

gy = 1/g5). (5.3)

From these we deduce the transformations of 3,. Transforming from ITA to IIB we

have
B: — R 2isB,. (5.4)
Similarly, going from IIB to ITA is given by
B: — R %igB. (5.5)
Finally R and R are mapped according to
R« R (5.6)

In addition to this we will need to consider the mappings for the inverse metrics.

These can be determined from considering that their general structures are given by

9in = gf" )Vp i ) f,) (5.7)
9B B2+ Rg(5 850
for ITA, with a similar structure for g( B) where R — R. We then conclude
axn = 9p (5.8)
géjj) - _9(3 isBs (5.9)

gty - R2+g yiByisBs (5.10)
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and
9m — 9 (5.11)
9%) - _géjj)iﬁBﬁ (5.12)
gy — R+ gyisBsisBs. (5.13)

The T-duality transformations for the potentials going from IIA to IIB are

1
¢ — 90—§1Og(R2)

isBp — R7*B;

Bug, — (B+R7ZigBA )
igCP D (P L R2i5C A By
Clat s = (=8gCP™ €O N igB — R72isCM NigB A B, i
isBY o = (iB9) - %igc’(“) ACP — %R_Qi,acw NigC® A By

whilst going from IIB to ITA we have

1
Y — ¢—§log(R2)

ZﬂBﬁ — R_2 i

Bug — (B+ R %i3BAB3)um
@'ﬂcgﬁ.).ﬁgnfl — (=CP"V 4 R2i5CC" VA B ign
CoMo = (15O L 0D NGB 4 R0 Y NigB A B)y i
isBY = (igB® — %iﬁ(]@ AC® 4 %R‘%’BO(?’) NigC® A B)y..jis-

Next we consider the T-duality rules for the bilinears. To determine these we
first consider how the I' matrices transform. This can be determined from their
defining property, the D = 10 analogue of (2.11), as well as the transformation rules

of the metrics given above. We then find that they transform according to

rey — RTE) (5.14)
P — P R0 (-6, + ipB,) (5.15)
re? — rriy (5.16)
0 — T+ RPN (6, + 5 B,) (5.17)
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where the superscript on the I' matrices refers to which of the theories they are in.
We need also the T-duality rules for the spinors which, up to normalisation, are
given by
v 0Ly - o
€ —e¢ € & —=R T} e (5.18)
2

V2 V2

where we have chosen our normalisation for convenience.
From these results we can determine the transformation rules for the bilinears

under T-duality. Going from ITA to IIB we find
isK — —R%igK~
iﬁK — RizigKJr
Ki — —K; +R iK™ ABi+R %igK" NigBy
. \Ij@n)* _ R—l(_(I)(Qn—l) +R_2igq)(2n_1) Aﬁ)[m...ﬂgnfl
_ Rfl(_iﬁq)(2n+l) + (I)(anl) A Z[;B
+R2ig® ) N igB A B) s i - (5.19)
We find that bilinears with the same structure up to the number of I' matrices mod
2 transform analogously. The transformation rules for the remaining ITA bilinears
therefore follow from the first four lines here. So for example the transformation
rule of ¥ is the same as for K but with KT — X" and K~ — X~.
The rules for mapping from IIB to ITA are given by
i5K+ — R_2’iﬁK
Ki — Ki—R7igK A Bz+ R %K NigB;
Z'/gKf — —szigK
K; — —Ki+R7igK A B, — R %igK NigB;

iﬂq)gfjilgn - R_l(_\l/@n) - R_Qiﬁllj(gn) A /3)/7/1---/7/271

(2n+1)

+R72igU NigB A B),. (5.20)

--/12'n+1

where once again the transformation rules for the remaining IIB bilinears follow the

same structure as the top four lines here.
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In addition to these we need the mappings for the Killing vectors K and K+

with raised indices. For K these are calculated from the above rules as follows

K" = Q?Z)Kﬂ + Q(X)Ky
— gl (K — R %Ky — R™2iK igBy) + R 2g[n iaByisk
_ AT gt Ay et
o géLB)KD t géLBg)Ky
— KA
and
K' = gl Ky +g{4 K,
— —g{hisBy(K — R g K™ B, — R™%igK isBy)
—(1 + R_Qg(ﬁ]g)igBﬁing)igK_

= —igNU",
Finally the rules for KT are given by

K+ﬁ N Kﬁ

K — igMFY,

5.2 T-duality of the generalised charges

(5.21)

(5.22)

(5.23)

(5.24)
(5.25)

We now use the above rules to examine the T-duality relations of the generalised

charges and compare these to the T-duality transformations of the branes themselves

which have been discussed in the literature many times and which we summarise in

Figure 5.1. There are two parts to this analysis; first we must consider the mappings

of the charge structures, and second we must consider the mappings of the gauge

conditions we impose so that the charges are closed. We begin with the former.

We consider the D-branes first. When T-dualising the D-brane charges

and (4.23) the following relations derived from the mappings given above

(3.33)

prove
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llAtheory ... D(2p)-brane D(2p+2)-brane F-string NS5-brane
IIB theory 2p 1)-brane D(2p+1)-brane F-string NS5-brane

Figure 5.1: T-duality rules between the conventional branes in the IIA and IIB
theories. The single headed arrows signify direct T-duality transformations whereas

the double headed arrows signify double T-duality transformations.

useful

ZKC;gzlntilzl N |:_iK+ (Z'ﬁc(2n+2)) — K (C(Qn) +R_2i3C(2") A B)
Fig+ (CP + R7ZisC A B) A iﬁB}
f1...[fh2n

iﬁ(iKc(%H))m...ﬂQn_l _ —iK+(C(2”) +R—2iﬁc(2n) Aﬁ)ﬂl...ﬁzn_l

iK+C,(in — [iK(iBC(2n+1)) _|_7:ﬂf((_0(2n—1) +R—2iﬁ0(2n—1) /\ﬁ)
+ig(CPD — R72i5C =D A B) A @'53}
1. fi2n—1
ig(ig+CP s — ik (CP"Y = R7%i5CC" DA B)a, s (5.26)

Ultimately we find that the D-brane charges obey the following T-duality relations

uen iy N @D

[1...[k2n M1 [2n
(2n) (2n—1)
i M,ul Jon—1 7 _Nﬂ1-..ﬂ2n—1‘

The general rule for the D-branes is that T-duality maps between the direct dimen-
sional reduction of a Dp-brane and the double dimensional reduction of a D(p + 1)-
brane in the dual theory [8,72,73]. From the above relations we see that this general
mapping is also obeyed between the D-brane charges after appropriate normalisa-
tion.

Next we consider the F-strings which are related through direct T-duality trans-
formations.! When T-dualising the F-string charges (3.39) and (4.26) the following

By ‘direct’ T-duality transformation we mean a T-duality transformation that occurs trans-
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transformation rules prove useful

ixBy — ig+Bi— R %igK isB, — R %igK 3, (5.27)

ig+By — ixBi— R %isKisB, + R %i3K ;. (5.28)
We then find that the charges are related via
MY s N (5.29)

which matches the mappings between the F-strings themselves after appropriate
normalisation.

Finally we consider the NS5-branes which are related through double T-duality
transformations [71]. We find that the NS5-brane charges (3.41) and (4.30) are
related under T-duality by

igM(ND) s g NINSD) (5.30)

1. phd N

which also matches the mappings between NS5-branes themselves after appropriate
normalisation.

We thus conclude that that all of the D = 10 generalised charge expressions so
far presented map under T-duality in the same fashion as the branes themselves.
However, for consistency we must also consider the mappings of the gauge conditions
we impose on these charges which take the form of a condition on the Lie derivatives
of the gauge potentials with respect to the relevant Killing vector K or Kt. As a
general rule we find that the Lie derivatives in one theory map exclusively to a set of
Lie derivatives in the dual theory. To demonstrate this we consider a general p-form

in ITA Y® with transformation rules to IIB given by

. —1
Zﬂyﬂ(f}ﬁp—l - y/gzin-ﬂ)p—l (531)
YL = YO 4 (c1pr Yo AigB| (5.32)
fit...fip

Using the definition of the Lie derivative (2.37) together with the rules for K given

verse to the brane worldvolume as opposed to a ‘double’ T-duality transformation by which we

mean a T-duality that occurs parallel to the brane worldvolume.
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previously it is straightforward to show that the Lie derivatives map as follows

'CKZ’ﬁYﬂ(f)”ﬂp—l - £K+ lgzl)_%)p—1
LiYP o L VP 4 ()P L (VP D) NigB| L (5.33)

M. fip
The converse rules going from IIB to ITA take the same form as these but with each
field being swapped for its analogue in the dual theory. Therefore we conclude that
the gauge conditions in the massless ITA theory and IIB theory will trivially map
to one another since they amount to the vanishing of the Lie derivatives. Recall
however that in Romans’ theory the Lie derivatives in question are generally non-
zero and proportional to m. In the ‘massive’ reformulation of IIB discussed in the
beginning of this chapter it turns out that the IIB Lie derivatives are also non-zero.
These are given in Section 12.3. Using the general rule (5.33) it is a straightforward

exercise to confirm that these conditions map to those already given in Section 3.5.



Chapter 6

Kaluza-Klein-monopole

generalised charges

In this chapter we formulate the generalised charges for the KK-monopoles in each of
the three supergravity theories we consider in this thesis. The formulation of these
charges is more involved than the charges previously considered due to the presence
of the Taub-NUT isometry direction in the KK-monopole backgrounds [24-26] which
appears as a gauged isometry in the worldvolume action [26]. This isometry plays
an active role in their construction and we find that, unlike for the flatspace charges
present in the flatspace SUSY algebras, it makes an explicit appearance in the
generalised charge structures.

We will first consider the D = 11 case where we explain the method required to
formulate the charge and give details of the required calculations. We then consider
the D = 10 cases. For the sake of brevity we do not repeat the calculations in these
latter cases which essentially follow the same method but are more long winded due
to the larger number of fields present in these theories. Instead we obtain the ITA
KK-monopole charge from dimensional reduction of the D = 11 charge, and for
consistency check this maps to the [IB NS5-brane charge by T-duality. Then finally
we obtain the IIB KK-monopole charge by T-dualising the ITA NS5-brane charge.
We summarise the duality relations between the KK-monopoles and NS5-branes in

Figure 6.1 [28,71].

73
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D=11 theory KK-monopole

llA theory KK-monopole NS5-brane

IIB theory KK-monopole NS5-brane

Figure 6.1: Dimensional reduction and T-duality rules between the KK-monopoles
and NS5-branes. The single headed arrows signify direct T-duality transformations
whereas the double headed arrows signify double T-duality tranformations or double
dimensional reductions. The dotted arrows indicate the T-duality is being performed

along the Taub-NUT isometry direction.
6.1 D =11 KK-monopole generalised charge

In Chapter 2 we calculated the exterior derivative of the KK-monopole 6-form cal-
ibrating bilinear A (2.34) and noted that the RHS could not be integrated which
prevented the formulation of a generalised charge. This situation is essentially the
same as that encountered for the charges in the D = 10 theories where it was found
that the problem was solved by the fact that the leading bilinear terms in the charges
contained a factor reflecting the branes’ tension. In the case of the KK-monopoles
the factor k2, where R is the radius of the compact Taub-NUT isometry, appears
in the worldvolume action multiplying the Born-Infeld term [26] and therefore also
in the brane tension [29,74]. We would therefore expect the leading term in this
case to be RZA and so the first task in formulating this charge is to determine the
exterior derivative of this term.

We realise that owing to the presence of the isometry in the KK-monopole back-

ground, we can obtain an additional Killing spinor equation from (2.23) by consid-
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ering the component that lies parallel to the isometry in isolation. We assume all
background fields are independent of this direction and as such the partial derivative
vanishes yielding an algebraic Killing spinor equation. We can then use this equa-
tion in conjunction with the usual Killing spinor equation to yield the differential
relation for R2A. We now present the details of this calculation.

For the purposes of this calculation it will be necessary to split the co-ordinates
into {p;, 2} where z parametrises the Taub-NUT isometry direction and the p; rep-
resent the other 10 directions. We denote the Killing vector describing the isometry
by @. In these adapted co-ordinates we have & = 6% and |62 = 4, = R2. Tt will

be useful to work in the orthonormal frame defined by the elfbeins

5 A p-1x 5 M D—23 vA

A e, R, - e, —R7ey"a,

e, = ) el = A (6.1)
0 R 0 R

where the orthonormal indices split into {A4;, z}.
We now consider the z component of the Killing spinor equation (2.23). The
covariant derivative in this equation is defined as
~ 1 - ABn
Vﬂ = 8,1 + ZQﬂ FAB (62)
where QﬂAB is the affine spin connection 1-form. It will be necessary for us to
calculate the explicit form of the z components. In order to do this we use the

Cartan structure equation (see for example [75])

T, = Oy +e,7 0, " =0 (6.3)

where TAW is the torsion tensor which vanishes in this case. From the 7%  compo-

nent we have
0ue.7 + 6,40, 5 =0 (6.4)

7

which we can contract with é5" and rearrange to obtain the expression for (2, 42.

Next we consider the TAW and T%W components which are given by
6B A +e20 -2, A =0 (6.5)
and

Z=0 (6.6)
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respectively. We then rearrange (6.5) for QHAé and substitute this into (6.6), then

after some slight manipulation one can determine the form of QZAB. The results are

. 1 R
Qa, = —§R‘18AR2 (6.7)
. 1.
Qoap = _édaAB- (6.8)

Given these results we then write the z component of (2.23) as

Dé = V.e+ —

1 . 14
= | —=da,pT*P — —R‘laA(Rz)FAZ} ¢
8 4
1 Ao . 1 - R
— RI' APOPE — —RIPCYF upc|ée=0 6.9
+[288 B ABCD ~ 3¢ 2ABC | € (6.9)
which is interpreted as a D = 11 algebraic Killing spinor equation. From this

point we proceed just as in the D = 10 cases where we supplemented the relations
obtained purely from the differential Killing spinor equation with those obtained
from the algebraic Killing spinor equation. In fact (6.9) reduces to the ITA algebraic
Killing spinor equation (3.25) when a dimensional reduction along z is performed.

The required algebraic relation in this instance is obtained by hitting (6.9) from
the left with €l Ay Az After using (2.39) to ‘tidy up’ some terms and multiplying
through by a factor of —4R one obtains

0 = |ig(iaG™) +da Nigh — d(R*) A A
1 A S 14 . .
Foig@ N ig B 4+ ZigS NigF —- RGP, D
3 3 A1... A7
35 -, 5

+§RQZB[A1_”A4FA5A6A7} (6.10)

We consider & as a 1-form potential and have defined the 9-form field strength
GO = +G® = ida [76,77] with 8-form potential N® [51] which is the magnetic
dual of &. Note that these fields are not intrinsic to the D = 11 supergravity
theory, but appear in spacetime solutions of the equations of motion that contain

an isometry direction.
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We can then combine (6.10) with (2.34) (multiplied by R?) to eliminate the

unwanted terms and produce the following relation
R¥ A4, 4, = |ig(iaG9) +da Aigh — d(R?) A A

ia NigFD +is5 NigF : (6.11)
Aq.. A7

As it stands, this relation is not fully tensorial since it has only been calculated for
a subset of components. However we can convert these to a co-ordinate basis using

the following general rule for a p-form Y

¥ _ A Al S Ap ¥ 5 Za A1 ) Ap—l ¥
Yo, = €€y, Ya .4, + Pe, Gl Yoar.a, 4
4 A 5 Apy P—2( A A T
= €, ..., YA 4, + R (G NGaY )y (6.12)

Contracting (6.11) with éMAl ...¢, 7 and using the above conversion rule we ulti-

ur

mately find

A(R?A 4 iah AN Q) = |ig(1aGD) +igo NigFD +ig8 NigF . (6.13)
fir...fi7

Note that we have restored the free indices here to run over all values. Although
this relation was only calculated for those components transverse to the isometry
direction, it is straight forward to see that it also (trivially) holds for the paral-
lel components and therefore is fully tensorial. Furthermore the structure of this
relation is sufficient for the formulation of a generalised charge.

From the presence of the term involving G® in (6.13) we conclude that the
KK-monopole minimally couples to isN® and therefore need the explicit form of

its field strength equation. This was given in [51,76,77] as

A

A A 1~ & A N
iaG? = —d(iaN®) — d(igA) NigC — gd(z’aA) NigAN A
1 - ~ A
+gdANiaANisA (6.14)

and is defined so that after dimensional reduction over & it produces the field
strength equation for F® in ITA (3.4) which can be checked using the reduction
rules given in Appendix A together with (8.15). Note that only the components of
GO parallel to the isometry are relevant here, however we will eventually need to

calculate the full field strength equation and do so in Section 8.2.
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Using these results we then calculate the KK-monopole generalised charge fol-

lowing the usual method and find it to be given by

~ A o ~ 1 - A ~
LEE) = R2A +igAANG —ig(igN® — AN (igA)?) — igo A (iaC

1. A A ~ 1. "
+5A NigA) + i L® NigA — §L(Q) A (igA)? (6.15)

where we have imposed the gauge condition £ KzaN ®) = 0 as well as the previous
gauge conditions (2.44) and (2.53). In addition to this we assume that L4 of each
field vanishes; it is stated in [28] that this is always possible in the ITA case and so
it must also be achievable in the D = 11 case.

The explicit appearance of & in the above charge occurs as a result of the active
role this isometry played in its formulation. Because of this the structure of the
charge is representative of the nature of the KK-monopole background. The form of
the leading term R2A was already expected and reflects the brane tension however
the second term involving A has no analogues in any of the charges we have consid-
ered thus far. The interpretation of this term is not completely clear to us but seems
to arise due to the fact that the isometry lies transverse to the brane worldvolume.

Due to its presence we find the following identity
ig LEE) =0 (6.16)

which naively could also be interpreted as representing the transverse nature of the
isometry. However this interpretation is not justified since we find a similar result for
the M9-brane charge (8.56) where the isometry lies parallel to the worldvolume. The
structure of the terms involving the leading bilinears are different for the M9-brane
charge however, and for this reason we conclude that the nature of the isometry

direction relative to the worldvolume is encoded in these leading terms.

6.2 D =10 KK-monopole generalised charges

We now present the D = 10 KK-monopole generalised charges beginning with the
ITA case. The method here is essentially the same as that described for the D = 11

case with the slight complication that an algebraic Killing spinor equation is already
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present in the theory. Therefore one needs to combine three relations in a specific
way in order to remove any unwanted terms and produce the appropriate differential
relation for the KK-monopole calibrating bilinear 3, which can then be used to
determine the structure of the charge. However, we instead opt to take the more
straight forward approach and derive the charge via dimensional reduction of the
D = 11 KK-monopole charge (6.15). The ITA KK-monopole is related to the D = 11
KK-monopole via a double dimensional reduction [28] and so one would expect
that the charges are related similarly. We stress that the reduction direction in
this instance is distinct from the Taub-NUT isometry direction. Performing this
reduction on (6.15) using the rules given in Appendix A yields the IIA KK-monopole

charge as

MEEK) — —20p2y _ e—2¢iﬁ§~] A B+ e_d)l'ﬁc(l)iﬂ\l[(ﬁ)
i (isN') + %iK(B A (i5C3)2)
Figle W + K ACY) A (1509 — isC A B)
+igl~((i53(6) + 30(3) A Z'ﬁC'(3)) + Z-BM(NS5) NisB
+iﬂM(4) A Z'BC(?’) M@ A i50(3) AigB

1
—§M<F1> A (igC3))2, (6.17)

Here (8 is the vector describing the Taub-NUT isometry, R is the radius of the
isometry and N is the 7-form magnetic dual potential of 3 with 8-form field
strength G® = ¢72¢ « G@ = ¢72% x dB. We see here an analogous structure to
the D = 11 KK-monopole charge and the comments made for that charge are also

relevant here. The tension of the IIA KK-monopole is known to scale as [27]

e PR\ [1+ 2 R-2(i5C )2, (6.18)

This can be read of from the above charge by noting that in addition to the first term
involving & we also have the term involving @'5\1/(6) which acts as a second 5-form
bilinear. Therefore the situation is similar to that encountered with the IIB D1-brane
and NS5-brane charges. Here though we realise that iz¥® is actually calibrating a
6-dimensional surface where one of the directions is the compact Taub-NUT isometry

direction, and so a discrepancy of a factor of R will arise when interpreting this term
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as calibrating the remaining 5-dimensional surface. We therefore must multiply the
factor appearing with ig\P(6) by R when calculating the tension. We then find that
the tension inferred from the structure of (6.17) is in agreement with (6.18).

In order to check that (6.17) is closed we need the field strength equation for
186N (M as well as the differential relation for e 2?R2?%. In order to determine the
massive versions of these relations we must use results from later on in the thesis.

Firstly, the field strength equation is determined from (9.2) and is given by

isG® = —d(igN") —izCWigF® —isH NipgB©
1
—ig(FW + HACWY A igC® — Sia(H A C®) NigC®

1
+m(isC 7 NigB + 5@'50(3) A (B)?* NigB). (6.19)

Secondly, the differential relation for ¥ is obtained via a double dimensional reduc-

tion of (6.13) which yields

d(e 2 R*S — e 2ig3 A B) = +ig(isG®) + e 2ign NigH +igKigH™

—e g0 NigF® 1 ig0® AW 40P A, FO | (6.20)

which turns out to have no explicit mass terms, although of course there are mass
terms implicit in the definitions of the field strengths.
Taking the exterior derivative of (6.17) we find, after imposing the massive gauge

conditions given previously

AMEK) —EKigNm _ miﬁM(G) NigB — migM(Fl) A iﬁc(ﬂ
1
_§m¢ﬁ(M(F1) A (B)?) AigC®) (6.21)

and therefore conclude that the required massive gauge condition for iz N is

EKiﬁNW) = —migM(ﬁ) AN iﬁB — miﬁM(Fl) N i50(7)
1
—§m¢B(M<F1> A (B)?) AigC®. (6.22)

Note that just as in the D = 11 case we have assumed all fields to be independent

of the isometry direction and therefore have the condition that £z vanishes for each

field.
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Next we consider the T-duality relations between the KK-monopoles and the
NS5-branes. The general rule is that T-duality of the KK-monopoles along the
Taub-NUT direction maps to the direct dimensional reduction of the NS5-brane in
the dual theory. Therefore, as a consistency check on the ITA KK-monopole charge
(6.17) we may check that it maps appropriately to the IIB NS5-brane charge (4.30).
In addition to the T-duality rules already given in Chapter 5 we require the following
rules relating the ITA potential i3 N(¥ with the IIB potential B© [71]

81(161)._;16 — (—igN(7) — iﬁBw) NigB + igC(3) A i50(5)
1 1
+§¢ﬁc<3> ACB NigB + 5R*%ﬂC@) NigC® NigB A B) . s
isNy o (—B® — R%isBO A B+ AC?

+R2igCHANCD AB+RCYD NigC? A By - (6.23)
We then ultimately find the following relation between the charges

MR, VS (6.24)

B s f1.. s

thus confirming they are related through T-duality as we would expect.
The simplest way to determine the IIB KK-monopole charge is to use the T-
duality relationship between the IIB KK-monopole and the ITA NS5-brane. From

this we expect this charge to be related to the ITA NS5-brane charge via

M NEE) (6.25)

H1...fs A1...As

where the T-duality is performed over the Taub-NUT isometry on the IIB side. We
can then T-dualise (3.41) to produce the IIB KK-monopole charge. In order to carry
out this procedure we require the following T-duality rules relating the ITA field B(®)
to the IIB field ig\ (") which is the magnetic dual of the Taub-NUT isometry 3 on
the 1IB side

1
B® (—isN'™ —isB N igh + 5isC AC® N igB
L2 0@ A i 0@ n
—572, ch /\ch /\’LﬁB/\ﬁ)ﬂl...ﬂﬁ

BN e — (=B = R%iB® A B)a, g (6.26)
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We ultimately find the IIB KK-monopole generalised charge to be given by

NEE) = om20R2I5F _ o205 A B — s (igN'D) + e 2igd®) AigC?®
e %ig®3) N igCW 4 e7?igdM A igC® — i NS A48
+igK ™ (—igBY +C® nigC® —1isC®)
+K~ NigCW AigC® + %z‘w (i5C™M) AigCW

—ig+(isCP) NigC®). (6.27)

We observe that this charge has an analogous structure to the D = 11 and ITA
cases. The IIB KK-monopole tension factor is simply read off as being e2*R? in
agreement with [71].

In order to show that this charge is closed we require the differential relation
for e72°R2¥+ as well as the field strength equation for iz (7. The former can be
obtained by T-dualising (3.40) and is found to be

d(ePRTT — e PigSt AB) = ik (ipG®) —igK igH" — e *ignT NigH

+e ¢ ig®DigFO) 4 is00) A jF®
+ig®® A igF® +igdWi 7. (6.28)
The field strength equation is obtained by T-dualising (3.6) and is found to be
isG® = —d(igN'D) —isBO NigH —igC? NigFD
—%iﬂc(” AigCW AH + %C@) NigCh NigH + %igc(4) AigF®
i FD(i,0® — i,C® A B+ iiﬁcw A (B)) (6.29)
where G® = 722 x G = ¢722 x d3. Note the inclusion of terms containing iz F)

which will usually be identically zero since we assume independence of the isometry

direction, however it will be non-zero in the ‘massive’ IIB reformulation that we

present in Section 12.3 and so we include it here for completeness.!

Tn fact the terms involving iz F () in (6.29) differ slightly depending upon which of the two T-
duality schemes, discussed at the beginning of Chapter 5, one adopts. Equation (6.29) is acheived
by adopting the first of these schemes where the potentials linearly depend on the T-duality

isometry direction.
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Using these relations it is then a straight forward task to show that (6.27) is
closed as long as we impose the gauge condition Ly+ig\ (M = 0. As discussed in
Chapter 5 this is trivially shown to be consistent with the gauge condition on B
in the massless ITA theory. This condition does however generalise in the ‘massive’
I1B reformulation to (12.76) which is the T-dual of the gauge condition on B® in
Romans’ ITA (3.46).

The KK-monopoles are mapped to one another via a double T-duality transfor-
mation, so we could at this point perform a consistency check on their charges by

checking that they obey the relation

- KK

. KK
M) e N (6.30)

[l fig”

However there is a subtlety in performing this calculation which we will now explain.
The T-duality rules for the 7-form potentials NP and N (™ differ depending on
whether or not the T-duality is being performed along the isometry direction to
which they are the magnetic duals of. So far in this chapter this has always been
the case, and the T-duality rules (6.23) and (6.26) apply only to this scenario.
This is however not the case when performing a double T-duality transformation
on the KK-monopoles since the isometry direction and the Taub-NUT directions
(the isometries which the 7-form potentials are currently defined as the magnetic
duals of) are now distinct. Therefore we need a different set of T-duality rules for
the 7-form potentials in order to confirm the relation (6.30). We do not consider
this type of T-duality transformation in this thesis and therefore cannot explicitly
confirm this relation. However from examining the T-duality rules of the relevant
bilinears we find that the leading terms do match up appropriately and we have no

doubt that the relation (6.30) will be satisfied.
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Chapter 7

Introduction to Part 11

So far in this thesis we have considered the branes which are naively deducible from
the flatspace SUSY algebras via a straight forward scan of the flatspace charges
that are present [3,4]. It is however well known that additional branes also exist
which are not as easily inferred from this method. Perhaps the most well known
examples of these ‘exotic’ branes are the 7-branes that exist in IIB and form a triplet
under the classical SL(2,R) symmetry group.! It is often stated that each of these,
which includes the D7-brane, corresponds to the same 7-form flatspace SUSY charge
which is assumed to be invariant under the SL(2, R) symmetry [42,43]. This example
therefore highlights a breakdown of the one-to-one correspondence which is usually
thought to occur, as well as a discrepancy between the SL(2,R) representations of
the branes compared with the flatspace charges.

A similar situation occurs with the 9-brane multiplets in 1IB [67,68]. There exist
six 9-branes in total, four of which transform as a quadruplet and two as a doublet.
The flatspace 1IB SUSY algebra however only contains two 9-form charges and so
once again the relationship between the flatspace SUSY charges and branes con-
tains discrepancies. In the remainder of this thesis we will construct the generalised
charges for these additional branes as well as their I[IA and D = 11 dualisations. We
show that the degenerate relationship exhibited between the branes and the charges

is a feature only of the flatspace charges and does not extend to the generalised

'In this thesis we only consider the classical solutions and therefore do not consider the quan-

tisation of this group to SL(2,Z).
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charges which retain a one-to-one correspondence with the branes. Furthermore, in
the IIB instance we consider the SL(2,R) representations of the generalised charges
and show that they form the same set of multiplets as the branes themselves. Anal-
ysis of the types of generalised charge that can be formulated therefore serves as a
more powerful tool for exploring the brane spectra than consideration of the flatspace
SUSY algebras alone.

The IIB 7-branes have been studied many times in the literature (see [78-80]
for some recent work, and references therein). In [43], extending the earlier works
of [61,81], it was shown that performing a Scherk-Schwarz [69] dimensional reduction
of the IIB theory in a background containing the 7-branes leads to a triplet of
SL(2,R) covariant massive D = 9 supergravity theories, with the 7-branes becoming
domain walls. It was also shown that on the ITA side the same D = 9 theories could
be obtained from an SL(2,R) covariant, massive version of D = 11 supergravity
containing two M9-branes and a symmetric 2 x 2 mass matrix. The Killing isometries
associated with the M9-branes make the theory inherently non-covariant (in the
spacetime sense) and define a 2-torus, and dimensional reduction over this sub-
manifold leads to the massive D = 9 theories. The SL(2,R) C GL(2,R) symmetry
associated with this reduction corresponds to the IIB symmetry group [70,82-84].
Dimensional reduction over just an S' on the other hand yields a non-covariant
massive ITA theory (which can be viewed as a further massive extension of Romans’
ITA), which is mapped to the IIB theory using an extension of the ‘massive’ T-duality
rules.

Our approach in the remainder of this thesis will be to initially focus on the
branes and charges in the SL(2,R) covariant massive D = 11 supergravity, and then
relate these to the charges in ITA and IIB by performing dimensional reductions and
T-dualities, emphasizing the SL(2,R) structure. We find that the IIB charges of
the 7-branes and 9-brane quadruplet map to certain variations of the D = 11 KK-
monopole and M9-brane charges, which form the appropriate multiplets in D = 11.
For example, carrying out a double dimensional reduction on the standard M9-
brane gives either a D8-brane or KK8-monopole depending upon whether or not

the reduction is along the ‘massive’ isometry associated with the M9-brane [29].
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Therefore reducing D = 11 supergravity in a background of two non-parallel M9-
branes over a single isometry direction will produce a non-covariant massive IIA
theory containing both a D8-brane and KK8-monopole, which are the T-duals of
the D7-brane and its S-dual partner?, the NS7-brane, respectively [43]. However
the triplet of IIB 7-branes contains a third member which in this thesis we refer
to as the ‘r7’-brane. One would therefore expect there to be a corresponding third
brane in D = 11 along with the two M9-branes, and that these should transform as
a triplet. We find that the charge for such a brane does exist and it has structure
that is essentially the same as the M9-brane but explicitly requires two distinct
Killing vectors. Furthermore, we also find that there exists a triplet of 10-form
gauge potentials which these states couple to.

Alternatively, one can consider the D = 11 KK-monopole. Performing a di-
rect dimensional reduction on the KK-monopole gives either the D6-brane or KK6-
monopole [42] depending upon whether the reduction is along the Taub-NUT direc-
tion or not. These states also map to the D7 and NS7-branes in IIB respectively.
As with the M9-branes we would therefore expect there to be a third type of brane
present in D = 11 related to the KK-monopole, and which maps to the IIB r7-
brane forming a triplet of D = 11 states. Once again we find the charge of such a
state, which has a structure similar to that of the KK-monopole charge but depends
explicitly on two Killing vectors.

A similar story exists for the quadruplet of 9-branes in IIB whose charges are
mapped to variations of the M9-brane charge. The IIB 9-brane doublet on the other
hand seems to follow a separate path and is unrelated to the M9-brane charges.

As before, we will initially construct the generalised charges by demanding that
they are closed, and therefore require the field equations of the potentials to which
these branes couple. The required field equations in IIB are known [67,85], however
their D = 11 counterparts have not yet been fully given. The first task is to
therefore calculate these equations. It is a tricky matter to determine all the field
equations in D = 11 supergravity directly so we employ an an indirect approach

here by first considering the massive D = 11 supergravity presented in [51]. This

2By ‘S-dual partner’ we mean the branes related by the discrete S-duality transformation.
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theory contains only a single M9-brane and therefore only a single ‘massive’ Killing
isometry. Dimensional reduction over the this isometry yields Romans’ ITA theory.
We will however introduce a second ‘non-massive’ Killing isometry into the theory,
such as that which occurs in the KK-monopole solution. The reason for doing this
is that we can determine the field equations that intrinsically depend upon this
Killing vector, for example that associated with its 8-form magnetic dual potential,
by considering the associated field equations in Romans’ theory which must have
standard gauge properties. Once we have these equations it is then a simple matter
to ‘promote’ this Killing vector to a ‘massive’ Killing vector and in doing so we
produce an SL(2,R) covariant set of field equations.

For the sake of clarity, in the remainder of this thesis when we are discussing
one of the theories specifically we will refer to the D = 11 supergravity containing
a single M9-brane as simply massive D = 11 supergravity, and that containing two
MO9-branes as SL(2,R) covariant D = 11 supergravity. The ITA theories obtained
by the dimensional reductions of these will be referred to as Romans’ ITA and non-
covariant massive ITA respectively.

The organisation of the remainder of this thesis is as follows: we start by con-
sidering the massive D = 11 supergravity in Chapter 8. We give a brief overview
of the differences between this theory and the usual D = 11 theory, focusing on
the role of the ‘massive’ isometry and how this differs from that of an ordinary
isometry. Next we determine the field equations for the Killing vectors describing
these isometries as well as those of their 8-form magnetic dual potentials. We then
reconsider the D = 11 charges so far constructed and determine the effect of the
massive background on them before going on to formulate the M9-brane charge.

In Chapter 9 we map the newly determined D = 11 equations to Romans’ ITA
and IIB. This not only determines the structure of the D = 10 equations but also
acts as a consistency check on some of the D = 11 equations. Then in Chapter
10, using the previous results, we consider the SL(2,R) covariant D = 11 theory.
We place particular emphasis on the SL(2,R) representations of the fields and de-
termine a general form of the field equations. Using this result we then construct

the generalised charges in this theory and discuss how to determine the different
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multiplet structures that exist.

Next we map these charges to the D = 10 theories beginning in Chapter 11
where we perform dimensional reductions to obtain the charges in the non-covariant
massive ITA theory. We follow this with Chapter 12 where we revisit the I1B theory.
We begin by producing the exotic brane charges by T-dualising the ITA results of
the previous chapter. We then go on to reformulate the IIB theory in an SL(2,R)
covariant manner and recast all the charges into their SL(2, R) multiplets. Finally
we consider how the masses on the ITA side are represented in the IIB theory by
discussing a ‘massive’ pseudo-reformulation of the IIB theory. We end in Chapter
13 with a brief overall summary of the thesis and propose a possible extension to

the work presented.



Chapter 8

Massive D = 11 supergravity

8.1 Review of massive D = 11 supergravity

We begin by briefly reviewing the massive D = 11 supergravity presented in [51]
focusing on the key characteristics that are relevant for our purposes. Since this
theory is essentially the usual D = 11 supergravity in a single M9-brane background
it retains predominantly the same structure. The exception is that we now have a
scalar mass parameter m and compact isometry direction described by the Killing
vector &, both of which arise directly from the presence of the M9-brane [29]. The
isometry direction in the M9-brane background is required for consistency and lies
parallel to the brane worldvolume. Its presence makes the theory inherently non-
covariant and in this way circumvents the no-go theorem of constructing a massive
D = 11 supergravity presented in [86]. This ‘massive’ Killing vector appears as a
gauged isometry not just in the M9-brane worldvolume action, but in all the brane
worldvolume actions that are coupled to the theory [28,51,87,88]. It is assumed
that no fields depend on this direction and so we make use of relation (2.37) with
respect to & in what follows. Note that by setting m = 0 and restoring the field
dependencies along & we regain the usual massless D = 11 supergravity.

The mass parameter itself can be introduced to the action via an auxiliary 10-
form gauge potential A1) [76]. This potential minimally couples to the M9-brane
and has an 11-form field strength £ which is related to 7 via a Hodge duality

relation. In this way the M9-brane sources the mass parameter. The equation of
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motion for m restricts it to being piece-wise constant, with a possible discontinuity
across the M9-brane.
After integrating out this potential the action takes the same form as (2.1) but

with an additional cosmological constant-type term, explicitly we have

N 1 . 1 - 1
S_a/d”m/—g(R— |F\2—-m2y@2|2). (8.1)

2.4! 2
Furthermore, the Chern-Simons term (2.2) is modified to
—% / é(dfw AA+ émdfx AAN (iaA) + %mm A (iaA) (8.2)
Notice that & appears explicitly in the action which demonstrates its intrinsic role
in the theory.

In order to produce Romans’ massive IIA supergravity the dimensional reduction
must specifically be performed over & (see Appendix A). If the reduction occurs
over a different isometry direction then a different massive ITA theory is produced.
We will not consider this latter option in the upcoming sections since this massive
ITA theory is merely a truncation of the non-covariant massive ITA theory obtained
from dimensionally reducing the SL(2,R) covariant D = 11 supergravity. Note that
the mass parameter is defined such that it obeys the simple reduction rule m — m
to ITA.

A further example of the special role played by & is its presence in the massive

terms of the field equations. For example, the field equations for the 3-form potential

A and its dual 6-form potential C' were given in [51] as'

A

= dA+ %m(idA)Q (8.3)
FO = dC - %F A A+ igANigC + 1—12mf1 A (igA)?

+inig N® (8.4)
where N® is the 8-form dual potential to &. We return to this field in the next

subsection.

These field equations give rise to the following Bianchi identities
dF = —migF NigA (8.5)

X 1. - - : i
AFT = —ZFAF —iiiaG® — gD nigA (86)

1Our definition of the mass parameter differs from [51] by a factor of 2.
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where in determining the second equation we have used the field equation for N®

given below (8.18), and where GO is its 9-form field strength. Notice the presence of
the 3-form gauge potential A in the above Bianchi identities. This is a consequence
of the fact that the field strengths are no longer completely gauge invariant but
rather transform ‘covariantly’? under the massive gauge transformations, i.e. those
gauge transformations that are proportional to m. The covariant transformation is

defined as follows for a p-form field Y ®
SY®) = A NigY® (8.7)

where \ = tax and x is the standard 2-form gauge parameter of A. Using this rule
as well as that given below for A (8.8) it is a simple matter to check that both the
Bianchi identities stated above transform consistently.

It is stated in [51] that all the p-form fields with the exception of A and C
transform according to (8.7). However in this reference the higher rank potentials
were not considered. We find that generally the rule (8.7) does not apply to gauge
potentials, which usually undergo more complicated transformations. Furthermore,
we give an example in the next subsection of field strengths that do not transform
simply according to (8.7). The situation is clearer in the SL(2,R) covariant theory,
where we propose that the general rules depend on the SL(2,R) representation of
the field.

The full gauge transformation of Ais given by
SA = dx 4+ mANigA (8.8)

which acts as a connection-field for the massive gauge transformations. The massless

connection given in (6.2) is now modified to
O— O+ K (8.9)

where K is the contorsion tensor defined as

112

Kispopia = 5 | Tinsiae + Thoiais = Tinjiage (8.10)

2The use of the term ‘covariant’ here is completely separate from its use in describing SL(2,R)

‘covariant’ theories, and also ‘non-covariant‘ (in the spacetime sense) supergravity theories.
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with the torsion tensor given by
i1 fi2 = _m(idA>/l1ﬂ2du3- (8.11)

Next we define the field equation for the 10-form potential A% which from [46]

is given by
;. (11) o . . (10) i . (8) i . 2
1o F = —d(1aAVY) —igF NigN'® + 4!za(F NA)NA (igA)
1 o

where (D is related to 7i through FOD = —|a|*n. Equation (8.12) was defined so
that it reduces to the field strength equation of the 9-form RR potential in Romans’
IIA (3.4) after performing a double dimensional reduction. Note that since F(V is
of maximum rank it always has a component parallel to &, which has been made
explicit above by the overall contraction with . While this is correct, the gauge
algebras and field equations seem to have a structure that is independent of the
spacetime dimension [67,89]. This explicit contraction masks the full structure of
the field equation and it is possible to write £ without it. The full structure can
be inferred from demanding that FOD pe gauge covariant without making use of the
dimensionality of the background, and will eventually be required to construct the
MO9-brane charges in Section 10.2. In doing this we find that it is only possible to
construct such a field equation if we introduce a 12-form potential, which is included
in an analogous fashion to N® in (8.4). One can then consider the field equation
and gauge transformations of this 12-form potential, which in turn leads to the
introduction of a 14-form potential. Repeating the process uncovers an infinite tower
of gauge potentials. We will delay giving the general structure to these equations
until Section 10.1 where they are dealt with more systematically in an SL(2,R)
covariant fashion.

In the above discussion we have tried to emphasize the special role & plays in the
theory. It is therefore important to distinguish between the ‘massive’ isometry and
any other isometry that may be present in a given spacetime solution, for example
the Taub-NUT isometry associated with the KK-monopole. In the following we will

denote the Killing vector describing such a ‘non-massive’ isometry by B :
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When considering solutions where both types of isometry are in principal present,
there are two possibilities: either both isometries are completely distinct and should
therefore be treated separately, or they coincide in which case the massive isometry
plays both roles. This distinction is important for example when one wants to per-
form a dimensional reduction of the KK-monopole in massive D = 11 supergravity
to find a solution to Romans’ ITA as in [27,28]. If one wants to produce the D6-
brane solution then one must consider the configuration where both the Taub-NUT
and massive isometries coincide, however if one wants to produce either the ITA
KK-monopole or KK6-monopole by performing the reduction over a worldvolume
or standard transverse direction respectively, then one must distinguish between the
two isometries.

As we discussed when considering the KK-monopoles in Chapter 6, when an
isometry is present the associated Killing vector plays a similar role to a gauge
potential with the KK-monopole minimally coupling to its magnetic dual. Due to
the intrinsic role the massive isometry plays in the theory the field strength equation
of its Killing vector (as well as that of its magnetic dual) will differ from those
associated with a non-massive isometry. An understanding of these differences is
important for example when we consider the generalised charges of the KK-monopole
since one must consider both possibilities of whether the massive and Taub-NUT
isometries coincide or not. In the following subsections we will determine these field
equations by comparing the D = 11 equations with the equations in Romans’ ITA
produced after dimensionally reducing along & using the rules stated in Appendix
A. We stress that knowledge of the non-massive isometry case is important for

constructing the field equations in SL(2,R) covariant D = 11 supergravity.

8.2 Massive Killing vector field equations

The field strength G® of the massive Killing vector & has been previously considered

in the literature [76,77] and is given by

~

G? = da+mR%isA (8.13)
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where R2 = |a/? is the square of the radius of the massive compact isometry. By

applying the massive gauge transformation rule (8.7) and realising that & transforms

as 6 = mR2\, we confirm that both sides of (8.13) transform consistently.
Dimensional reducing (8.13) over & allows us to calculate the reduction rule for

G® as
A 4 4 4
G? — e32dCY + e3*mB + ge%¢d¢ A(CW + dz)
4
= e3%FO 4 ge%¢d¢ A(CD + dz) (8.14)

where we have used an adapted co-ordinate system where & = %, and have
substituted in F?) using (3.4).

Next we define the 9-form field strength G = *G® with potential N®. Note
that we reuse the same symbols as in the massless theory considered in Chapter
6. For the remainder of this thesis these symbols will be understood to apply to
the massive case considered in this chapter. The field equation for iaN® has been
given previously [51,76,77] and is sufficient for constructing the generalised charge
for the massive KK-monopole in the instance where & and the Taub-NUT isometry
coincide. However, for later analysis in this thesis we will require the full equation
which is found by considering its dimensional reduction to ITA.

The reduction rule for G can be determined from its relation to G® and the

reduction rule (8.14). We find it to be given by
A 4
GO — gH<9> + FO A (CW 4 dz) (8.15)

where H® is the dual 9-form field strength of the dilaton ‘field strength’, explicitly
H® = ¢72? x d¢. The equation of motion for this field strength can be found by

varying Romans’ ITA action (3.1) with respect to ¢ which yields® [89]
JHO = LHO A H 4 1p0 A pO Z3pe) A pe) 0 poo, (8.16)
2 4 4 4

Using this relation and the Bianchi identity for F(® given by (3.7), we can uplift
and determine the Bianchi identity for GO as being

4G — _gﬁm gk — %p NigED 4 ngH CiaCO NigA (8.17)

3Note that the most straightforward way of doing this is to first express the action in the

Einstein frame by Weyl rescaling the metric g — e%‘f’gE.
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It is once again a simple matter to apply the covariant gauge transformation rule
(8.7) as well as (8.8) for A to check that both sides transform consistently. We may

use (8.17) to determine the field equation for the 8-form potential N® as

A - 2 . 1. N A
GO = aN® — il NC+ 2 NigC o+ i F NigA N A
5. A . 1
—gmz'@A(lO) + migA NigN® — Em(idA)?’ AA. (8.18)

For the sake of brevity we delay giving the full gauge transformations of the poten-
tials until (10.23) where we do so in an SL(2,R) covariant fashion. In the mean time
we determine the structure of the field strength equations purely from considering
the Bianchi identities, as done here.

Contracting & with (8.18) yields the field equation

~

« A A 1 ~ A ~
ioG9 = —d(iagN®) +isF NigC + Sita(FAA) NigA

1. s
- Linliad) (8.19)

which agrees with the previous definitions in the literature [51,76,77]. Note however
that (8.18) is not uniquely determinable from (8.19). Some terms are only present
in the full equation whilst the term involving C actually splits into two terms in the
full equation. This is a characteristic that applies to many of the fields considered
in the remainder of this thesis. A proposal for the full G field equation was given

in [51] but disagrees with (8.18) for this reason.

8.3 Non-massive Killing vector field equations

We now repeat the method of the previous subsection for a non-massive Killing
vector B with the assumption that all Lie derivatives with respect to B vanish. Here
we have the added complication that the D = 11 field equations now involve both
& and B . We do know however that the structure of the field equations here should
only differ from the analogous ones given above by their massive terms and that
these should simplify to those given previously when we take & and B to coincide.
In determining these equations we will also find it necessary to introduce a second

10-form potential.
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In order to deduce the field equation for @ we must first determine its gauge
transformations. These can be inferred from the gauge transformations of the ITA
fields that 3 dimensionally reduces to. The reduction rules for 3 differ from those

of & and are given by
B— e384 3%, (CD + dz). (8.20)

This is easily inferred by considering the reduction rule of the metric (A.1) in a co-
ordinate system adapted to B . In Romans’ ITA theory (8 and ¢ do not have massive
gauge transformations while C!) transforms according to* 6C") = —mA [60] where
X is obtained from the dimensional reduction of A (specifically we have A, — —\,)
and is the gauge parameter of the NS-NS 2-form potential, 0 B = d\. We therefore

conclude
08 =X iaf + mizh a. (8.21)

We note that 3 does not transform covariantly according to (8.7) but rather has
an extra term present involving ¢ 35\. Therefore we would not necessarily expect the
field strength of B, which we denote S (2| to transform covariantly either. In fact,
given (8.21) we were unable to define S® guch that it did transform covariantly.

We therefore propose the following definition®
SO = df + inizd iaA — ig AN G (8.22)
which transforms as
08® = mA NS +rmizh G (8.23)

which is the field strength generalisation of (8.21). Note that we have taken & and
Bﬂ to be gauge invariant which can also be shown to be correct from considering
their dimensional reduction to Romans’ ITA.

We mention that in [28] it was proposed that B should transform according to
(8.7) with there being a compensating transformation for 3. It was argued that

these transformations were necessary to construct a gauge invariant kinetic term in

4We neglect the non-massive gauge transformations.

5We use the shorthand notation inAﬂ to express the double contraction iB(id/l)ﬂ = ,é'édl;/ipﬁﬂ.
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the worldvolume action of the massive KK-monopole. However, we have found that
it is also possible to construct an appropriate term using the rule (8.21). We give
the explicit details of how to do this in Appendix B. Furthermore, when considering
the higher rank potentials below we were only able to construct field equations with
consistent gauge properties® if transformations analogous to (8.21) were used. We
will return to this point in Chapter 10 when we consider the SL(2,R) covariant
theory.

The reduction rule for S is calculated as

S d(em 398 + 3%i,CNCW) 4 mei®iy,C VB
—me%¢iﬁB ACW 4 (d(e%¢i50(1)) - me%¢iﬁB) Adz

2
= e 39G® _ ge—§¢d¢ AB+ e%¢iﬁC(I)F(2)

4
+e%¢(§z‘ﬁc<l>d¢ + XY A (CW 4 dz) (8.24)

where we have defined G® = df and X = d(igCV) —mizB. Due to our assump-
tion that no fields depend on ﬁ in D = 11 it follows that we have EBC(U = 0 and
therefore X = —ij3F®) which we treat as an independent field. Such a field is not
intrinsically present in Romans’ theory but is sourced by the KK6-monopole which
magnetically couples to the scalar potential i3C"). The situation is essentially the
same as the KK-monopole magnetically coupling to the Taub-NUT Killing isometry
which also is not an intrinsic field of the theory. Note that X(1) is gauge invariant
since F® is gauge invariant.

Following the previous case we define the dual 9-form field strength SO = 55@
and use (8.24) to determine how it dimensionally reduces. We find the following

result

. 4
SO xO 4 giﬁc(l)[_](%
2
+(G® 4 igCWE® 1 gz’gH(g)) A(CY + dz) (8.25)

where we have defined the field strength X ) = e=2¢ « X1,

6In Chapter 10 we generalise the idea of gauge covariance to different representations of the
SL(2,R) symmetry group and find that these field equations then transform covariantly according
to this definition.
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We now set about determining the field equations for the three unknown field
strengths in play: G® and X in ITA, and SO in D =11. Finding these equations
is more problematic than for the analogous fields in the previous subsection. This
stems from the fact that it is not straight forward to determine the Bianchi identities
of the IIA fields by using a variational principal as was done for H| since in this
case we are not dealing with intrinsic fields of the theory.

One can attempt to construct the equations directly be demanding gauge invari-
ance but this proves insufficient. Firstly, for G® gauge invariance alone does not
fully determine the field equation since there is effectively another gauge invariant

), and so any combination of these two fields is gauge in-

8-form field, namely igH
variant. Secondly, when considering X it appears impossible to construct a gauge
invariant field strength using just the IIA fields we have so far considered. A similar
situation also occurs for S irrespective of whether we assume the gauge properties
to follow (8.7) or (8.21). To solve this problem it is necessary to introduce a second
10-form potential in the D = 11 theory which appears in the definition of SO and
reduces to a 9-form potential in ITA that appears in the field equation for X ©).

We now outline a method which can be used to determine these equations. This
method determines the field equations piece by piece and is fairly cumbersome, we
therefore do not give the explicit results of the intermediate calculations.

Since G©® is fully known, the massless equation for SO is also known, since
these fields can only differ in their massive terms. Using this fact and the reduction
rule (8.25), we see that a double dimensional reduction of SO will give us the
massless terms of G® since the equations for F® and izH® are already known.
The massive terms are then uniquely determined by demanding gauge invariance
under the massive gauge transformations of ITA. Equivalently we find that the only

possible massive Bianchi identity is given by

dG® = %iﬂF@) AF® — %F(Q) NigF® —igH AN HD 4 %F(A‘) AigF®
1 1
—§¢5F<4> AF©® ¢ 5mﬁF(m). (8.26)

From this we can determine the equation for G® which we give later on (9.2) in

Chapter 9 where we consider the D = 10 fields in more detail.
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Given G® we can uplift to D = 11 and determine the full structure of i5S©®,
i.e. those components parallel to &. This puts constraints on the massive terms
in SO but it does not determine them fully. We then proceed by considering the
components parallel to B, ie. iBS’ ) and their dimensional reduction to ITA which
we see from (8.25) will uniquely determine the massless terms in the field equation
for 15X ). We can then follow the example of G® and try to determine the mas-
sive terms by using the massless terms and demanding gauge invariance under the
massive gauge transformations of IIA. However in this case it seems impossible to
achieve gauge invariance using only the fields we have introduced so far. In terms of
the Bianchi identity this is illustrated by the presence of non-gauge invariant mas-
sive terms which cannot be removed no matter how i3 X is defined. The solution
to this problem is to introduce a new 9-form potential into the definition of iz X ©)
which uplifts to a 10-form potential in D = 11. We then find that it is possible to

write a suitable Bianchi identity which must be given by
igdX® = 2migH" — 2, FO NigH® —is(G® A F@)
—igFW NigH™ (8.27)

where H(1 is the field strength of the new 9-form potential that has been intro-
duced. Although we were forced to include the 9-form potential for the sake of
gauge invariance, the inclusion of H(9 at this point is somewhat formal since it
vanishes in Romans’ theory. It is in fact only non-zero in the non-covariant massive
ITA theory discussed previously but we include it here for the sake of completeness.
It is related by Hodge duality to the extra mass parameters that exist in that theory
and we discuss it further in Appendix C. In the current analysis however it plays
no significant role.

Uplifting (8.27) to D = 11 using (8.25) along with the other appropriate IIA
equations will give the form of z'BdS'(g). Taking into account the terms we have

already calculated for i45® one determines the following Bianchi identity
4 — _Lpaipm 2 papm _ Las pay
= -3 is 55 3"
+2rmig HMY — migA N igSO — iy s A NGO (8.28)

In order to achieve consistency with (8.27) we have been forced to introduce the new
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11-form field strength A which is defined so that it obeys the following reduction
rule to ITA

igHW — ;0 p00 4 gao (8.29)

where we have included H? for completeness although it should be remembered
that it vanishes in Romans’ theory. From this we can conclude that HOD must be
related to the D = 11 mass parameter via H1) = —(|a|?iza)#in, and therefore
seems to be some kind of generalisation of the standard 11-form field strength F'(1).
We will show in Section 10.1 that these two fields along with a third field given by
(9.42) form a triplet in the SL(2,R) covariant D = 11 supergravity. Note that in
the instance where & and 3 coincide we have HD — FOD and §O — GO and
then (8.28) becomes equivalent to (8.17) which is a non-trivial check on the massive
terms.

It is straight forward to show that both sides of (8.28) transform consistently
under the massive gauge transformations if 5 and H® transform in analogy to

(8.21) as

88O = mANiaS® +inigh GO (8:30)

SHM = A AigHM +mmigh FOV, (8.31)

The first term on the RHS of (8.31) is identically zero since it is a maximum rank
equation and must therefore have a free index tangential to &, however we have
included it to emphasize the full structure of the transformations.

Using (8.28) and the correspondence between 5@ and GO as well as that be-

tween H™) and FD we can define S in terms of an 8-form potential 7® as

A 1. A 2 . A 1 - A .
9 _ ®) 4, = Nl - ;L
S = dT +3FA@50 325F/\C'—|— F/\zﬁA/\A

(=)

1 A A ~ ~
+§mz'[,,4<10> — 2mig B + i s A N NG

o ~ 1 o o A
+iigA N igT® — AN (igA)* N A (8.32)

where B9 is the gauge potential of HV which we define below. Due to the way
we determined this equation it is still possible that there could also be massive

terms present of the type mi &B(ll—form) which would have been missed by our
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method. However, adding any such term would appear to spoil the massive gauge
transformations of (8.32) and we therefore do not think that any such terms should
be present. This is further supported when we construct the generalised charges in
Section 10.2 where (8.32) is precisely the field equation necessary for the charges to
be closed.

We stress that in determining (8.32) the 10-form potential B9 has only been
partially defined, specifically only the i BB“O) components of its 11-form field equa-
tion. No additional information on its structure can be inferred from (8.32) even
though B9 appears here only contracted with &. This is because of the presence
of the term involving ¢ 5121(10) whose field strength components we have not yet deter-
mined; we stress that these cannot be uniquely determined from (8.12) since in that
case there was an overall contraction with & and so the full structure of the 11-form
equation is not determinable. From (8.32) we could however determine the ‘joint’
field equations for the specific combination of components of the 10-form potentials
that appear, however this would serve little purpose. At this point we will therefore
only state the field equation for @ B&B(w). This is sufficient for most purposes since
in practice the equation will always have two components parallel to the isometry

directions. It is given by

LA A L. A L.~ .«
ZB&H(H) = d(zBdB(w))—§1B(2dF/\sz(8))—i—éz@(@BF/\@BN(g))

| T S S N S
+ZZB&(F NigANigANA) — mzﬁdA/\zBdA(lo)

1 ~ ~
—— i AN (igA) N

T A (8.33)

We determine the full structure of the 11-form field equations in an SL(2,R) covari-

ant fashion in Chapter 10.

8.4 (Generalised charges in massive D = 11 super-
gravity

We will now reconsider the D = 11 generalised charges already given to see how to

adapt them to this theory. Essentially this exercise simply amounts to rechecking
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that the previously formulated charges remain closed once the massive terms in the
field equations and bilinear differential relations are included. In addition to this we
consider for the first time the M9-brane and formulate its generalised charge.

The first task in this process is to reconsider the Killing spinor equation (2.23).

The supercovariant derivative operator (2.24) now becomes

= 2 I P D1 Doty | £ I ron 1, =
Dﬂ = Vﬂ + @ |:Fﬂ 1eba 85ﬂ11_‘ 2r3 4:| Fpl_._m — EmRéFﬂ + §maﬂomf‘
1 ~ ~ An A
+§m |:2idAﬂpl d,}2 — i&Alglpzdﬂ] vz, (834)

Note that the covariant derivative operator here is the massless one and we have
explicitly written the terms arising from the contorsion tensor (8.10) which involve
the 3-form potential A. This expression can be derived by demanding that it di-
mensionally reduces to the Killing spinor equations (3.24) and (3.25) in Romans’
theory. Using this expression we then determine the massive differential relations
for the bilinears.

We first consider the charges for the massive M2 and Mb5-branes in which case
we require the differential relations for the 2-form and 5-form bilinears & and . We

find that (2.32) and (2.33) are modified to

div = ipF —migA N isl (8.35)

d¥ = i FO —ONF —m(REA +igh A d +igA NigY). (8.36)
Taking into account the field equations (8.3) and (8.4) we now find the exterior
derivatives of the M2 and M5-brane charges (2.43) and (2.52) are given by

dL? = —@migL® NigA+ LA (8.37)
“ ~ ~ ~ 1 ~ n ~
dL® = _nggj@ — igL® A i — §m¢dL<2> ANA NG A
R 1 R R
+£IA<C + §ERA N A. (8.38)

where ZA}EQ()K) is the generalised charge of the KK-monopole in the instance where

the Taub-NUT and massive isometries coincide which we discuss further in the next

subsection. We therefore conclude that these charges are closed and therefore remain
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valid in the massive theory if the following gauge conditions are satisfied

A = miaL® NigA (8.39)

K
(O = WML +mial® Al (8.40)

L
L
Such conditions are analogous to those which are required in Romans’ theory as
we discussed in Section 3.5 and which are merely the dimensional reductions of the

conditions here. Consistency of the above conditions with the field equations (8.3)

and (8.4) requires the following conditions on the Lie derivatives to hold true

LiF = migl® NigF (8.41)

LiFD = iigl® NigFD (8.42)

together with the vanishing of Ekid]\Af ®) which we will find to be the case below.
The conditions (8.41) and (8.42) can be confirmed to be true by calculating the
exterior derivatives of (8.35) and (8.36) and using the general definition of the Lie
derivative (2.37). From these conditions we conclude that K no longer generates a
symmetry of the background. Furthermore from (8.34) we now find the covariant

derivative of K to be given by

SN 1. 1. . 1, - °
V[LK,Q = ginuy + éiFAﬂf/ — émRid}“y + Th&ﬂz’aw,; — —midAﬂl;idK
1 . 1 "
—§miK&Aﬂd,j — §mZKaApdﬂ. (843)

Hence we find

VKo = miaL{} ) (8.44)

and therefore conclude that K is no longer Killing in certain M2-brane backgrounds.

8.4.1 Massive KK-monopole generalised charge

Next we consider the generalised charge for the KK-monopole which we found to
have a general form given by (6.15). In the massive theory it is important to dis-
tinguish whether the isometry appearing here corresponds to either & or B in our
current notation. These two possibilities correspond physically to whether the mas-

sive and Taub-NUT isometries coincide or are distinct. Here we will consider the
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latter of these two possibilities since this is the more general circumstance. The
former case can be found by merely making the identification & = B which has the
effect of simplifying the equations given below.

We therefore need to determine the differential relation for }A‘ZZ/AX where RB =13
is the radius of the compact Taub-NUT isometry. To achieve this we repeat the
method discussed in Chapter 6. The first step in this process is to redetermine the

differential relation for A using the massive operator (8.34). This is now found to

be given by
A 4.5 ~m 35¢5 ;
Ahjae = 9 a8~ 32 A Asdsdn B
—r(iaA Nigh) 4, 4. (8.45)

Next we determine the algebraic Killing spinor equation which arises from consider-
ing the projection of (8.34) along B . For this we adopt a co-ordinate system adapted
to B This is analogous to that used in Chapter 6 with the exception that we now
parametrise the isometry direction by x. Furthermore, we will once again work in
an orthonormal basis analogous to (6.1). After splitting the components of the co-
variant derivative operator we find that the algebraic Killing spinor equation (6.9)

now becomes

s |
D,é = —gdﬁABFABe—Z—lRﬁ?@A(RE)PAfe
1 - - . R
+2_88RBF£ABCDFABCD€ - %RBFABCFQABC{
1AA2“AA 1A-AAAAA 1AA—1-A2A2:A
_ﬁdeRBF£e+§sza Gl €+§mRB (iga)” I'#e
+57 | 2i5a Andis — i3 i Aap| [0
1 - A oA
ol ligh iga Aal e = 0. (8.46)

Hitting this from the left with e A;.. A,z determines that the algebraic relation (6.10)
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is modified to

0 = |:2K(ZBS(9))+dﬁ/\ZBA—d(R%)/\A+gz/@w/\Z@F(?)—Fgl/@E/\Z@F

Ap..Aq
14 o . oB O 35 B
_?R [AIF A7lB 3 RﬂEB A A4FA5A6A7]
+m{22 az H—f—z A/\z A/\a+22 ozz A/\A
+igh igA A zﬁfx} (8.47)
Ajq...A7

where we have multiplied through by a factor of —4}?3. Finally we combine this
with (8.45) multiplied by ]A%%, and after converting to the co-ordinate basis we obtain
the following differential relation
d(R%A + iBA ANB) = ikég(g) + ZBQ) A\ Z'BFW) + Zéi A Z'BF(ZL)
i |20 i5 ANA =i ANiGA NG
+iga igh NisA+iANBNiGA
—iaA Niggh N B — REia A Nigh + 256 i5 111 (8.48)
Now that we have this relation together with the field equation (8.32) we can

check the KK-monopole charge (6.15) to see whether it remains closed in massive

backgrounds. For convenience we restate this charge here

L = BEA+ AN G —ig (5T — AN (15A)) —igh n (i5C
L 1 A
T AN iA) +igL0 NigA — 5L A (i34)% (8.49)

Explicit calculation reveals that this charge remains closed if we fix the gauges so

that the conditions (8.39) and (8.40) are satisfied together with
LyisT® = m {ié(idﬁ@) NigT®) +i L NigN® —
+2z‘5di§92>] . (8.50)

Here i@ is a variation of the M9-brane charge which we will discuss in Section 10.2.2.
Due to the appearance of B19 in (8.32), showing that these gauge conditions are

consistent with one another requires knowledge of £ KE (10) " Considering this at this
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point leads to unnecessary complications, we therefore delay discussion of this topic
until Chapter 10 where we show that these gauge conditions are indeed consistent
with one another.

The analysis of generalised charge for the KK-monopole configuration where
the massive and Taub-NUT isometries coincide is somewhat simpler than the more
general case considered above. In this case the charge ZALg)K) is merely (8.49) with the
substitution 3 — & (and of course T® - N (®)), and many of the relevant relations
simplify after this substitution. It follows that if ﬁEgK) is closed then I:Ef)K) is
guaranteed to be closed as well, so explicit calculations to show the latter are not

required. The gauge condition on N® is determined from (8.50) after making the

identification & = 3 and is given by

LyigN® = 0. (8.51)

8.4.2 M9-brane generalised charge

We end this chapter by formulating the generalised charge of the M9-brane. The
calibrating bilinear in this case is the 9-form II. Using the massive Killing spinor
equation (8.34) we find that the differential relation (2.35) is now modified to

5 0 o

dil = —FAA+m —gRéT—idTA&—z’dﬁ/\i&A. (8.52)

W

In analogy to the KK-monopole case we find that it is not possible to formulate
a generalised charge with leading term given by just IT due to the structure of
(8.52). Once again the physical reason for this is the presence of the compact
isometry found in the MO9-brane solution and the fact that the brane tension is a
function of the compact radius [29]. We therefore require an additional relation from
the algebraic Killing spinor equation (8.46) which will allow for the formation of a
suitable differential relation for II.

The M9-brane isometry is in fact identified as the massive isometry &. The
situation here is therefore different to that of the KK-monopole since it does not
make sense to think of these isometries as being distinct in the current theory.
In fact treating them as distinct isometries leads physically to a double M9-brane

configuration and therefore only makes sense in the SL(2,R) covariant theory. We
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therefore do not consider this possibility until Section 10.2.2 and for the remainder
of this section we make the identification & = 3.

For the following calculation we work in the same co-ordinate system as pre-
viously and note that after identifying the two isometries (8.46) simplifies. The
required algebraic relation here is obtained by hitting (8.46) from the left with
T'4,..4, which, after multiplication by 4R2, yields

. . O RV ) B R
0 = {zaw NigG® — d(R2) Aigll — gRiz’dA AE+ 5RgA NigF
. pay
_ng(d . (853)
Aj... Ag

We then contract (8.52) with & and multiply by fx’i and combine with the above

relation to produce

A(R%iaI0) 4, a4y = {Rg[x NigF +ia0 NigG® —ip Y . (8.54)
Ay...Ag
The final step is to convert this to the co-ordinate basis which yields the following

fully tensorial equation

~ A

d(R%sI1) = RIANGF 4 ighA NG NigF + g0 N igG®

—i gy PO, (8.55)

From this relation we then determine the M9-brane generalised charge using the

usual method. We ultimately find this to be given by

~ A ~ 1 - "
i L = RZigI +ip (ig AU —IA/\(@'@A)i”)

N 1 - A A "
—ia A (g N® — AN (aA)) + L™ nigA
1. . 1. .
—5@‘@L<5> A (igA)? + §L(2) A (igA)3. (8.56)

Explicit calculation reveals that this charge is closed if we fix the gauges so that the

conditions (8.39), (8.40) and (8.51) are satisfied together with
L (ig AMY = 0. (8.57)

It is straightforward to show that these conditions are consistent with each other by

considering the field equations and calculating £ of the field strengths.
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Like the KK-monopole charge (6.15) we find that the isometry makes an explicit
appearance in the M9-brane charge. Note however that the structure of the leading
bilinear term here takes a different form than that found in the KK-monopole case.
We conclude that the structure of the leading term encodes whether or not the
isometry lies parallel or transverse to the brane worldvolume. Due to the contraction
of & with II here we find that the M9-brane charge is actually an 8-form. We have
however written this in terms of a 9-form charge L® since the worldvolume is 9-
dimensional. We have not shown that the full 9-form is closed though and the
interpretation of such a charge is not fully clear to us. We discuss this expression
further in the context of the SL(2,R) covariant theory in Section 10.2.2 where
we show that it is closed and see that it plays an important role in determining
the different types of M9-brane charge multiplets that can be formed. Finally we
observe the scalar R2 in the leading term in (8.56) however we note that the M9-
brane tension scales with Ri The discrepancy here arises due to the contraction
between & with II and is analogous to that encountered with the ITA KK-monopole

charge (6.17).



Chapter 9

Additional field equations in the

D = 10 supergravity theories

We now consider the mappings of the field equations obtained in the previous chapter
to the D = 10 supergravity theories. Our primary motivation for doing this is to
determine the structure of the 9-form field equations in IIB which are required for
the formulation of the exotic 7-brane generalised charges. Additionally, this process
acts as a non-trivial check on some of the field equations derived previously as well
as allowing us to determine the structure of the final field equation for the triplet of
10-form D = 11 potentials. This will be important when we consider the SL(2,R)

covariant D = 11 theory.

9.1 Field equations in ITA from D =11

We start by giving the ITA equations produced from dimensionally reducing the
equations of the last chapter. The required reduction rules for the potentials are
given in Appendix A.

From (8.15) and (8.18) we find the equation for H® is given by

HO = dp® + %H A B 4 }l(F“) +HACWY)ACH — ZF@) ACW
5 3 1
+ch<9> — mZC(” A B+ @mC(?’) A (B)? (9.1)

where ¢® is the 8-form magnetic dual of the dilaton. This equation has been
110
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previously given in [60,89].
From (8.25) and (8.32) we find the equation for G® is given by
1 1
G® = an® — 52'50(1) AF® 4 §i5F(8) ANCY —isH A BO
1 1
—§(F(4) + HACW) AiC® 4 §iﬂ(F(4) +HACD)YACO)
1 1 1 1
—§H AN z'gC(:g) AC®) — §mi53 ACD + EmB A\ igC(7) — §migC(9)
1 1
—misB A (B2 AC® 4 Emz'ﬁc@ A (B)? (9.2)
where N is the 7-form magnetic dual of the Killing vector 3.
From (8.25) and (8.32) we find the equation for iz X is given by

isX = —d(igN®) = 20 Wig HO —is(G® A CW) — i3C0Wig(F® A CW)
1

+ig(FY + HACDY A (i5BO + giﬁc@ A C®)

a0 DY A (1.2 : e
+6(F + HA C ) A (1[30 ) + 2mZgB A Zﬂ¢

1

+2migB® — mig(ND A B) + 6nfb(z'gc(?’))2 A (B)?

1
—§m0<3> NigC® A B NigB (9.3)

where N® is the 8-form magnetic dual of the scalar potential i5C"). We only state
this equation with a contraction with 3 here. We do not require the full equation
for X at this point and calculating it requires considering a 10-form potential
resulting from the term iBA(lo) in (8.32) which leads to unnecessary complications
at this point. Note the presence of the new potential B which originates from
io B9 in D = 11.

Finally, we formally give the field equation for igH*?) which, as already men-

tioned, vanishes in Romans’ theory. This is obtained from reducing (8.33)

1
igH'O = —d(igBY) —izCWigF10 — Si(H A NOY 4+igp® NigH
1
—§i3(F(4) + HACDYNigCTD +migC® AigB
1
+Emi50(3) NigB A (B)®. (9.4)

Once again we only state this equation contracted with 3 since it serves our current
purposes and considering the full equation leads to unnecessary complications at

this point.



9.2. Field equations from T-duality 112

9.2 Field equations from T-duality

We now T-dualise the ITA fields to the IIB theory. It is to be understood that
we always perform the T-duality transformation along the isometry described by (.
This is important since this vector is used in the definition of the fields N and N®).
They would therefore exhibit different T-duality transformations if we were using
a different isometry and we do not consider this option in this thesis. Performing
the T-duality produces the IIB field equations for the two 8-form potentials that
transform as part of a triplet along with the standard RR 8-form potential. These
equations were given in a SU(1,1) covariant form in [67,85]. This triplet maps to
a triplet of 10-form potentials in the D = 11 theory by performing direct T-duality
transformations to IIA and then uplifting. The potentials A0 and BU9 both
belong to this triplet and we can deduce the third via its relation to one of the IIB
8-forms.

Since we are not considering the generalised charges here we will follow the first
of the two approaches discussed at the beginning of Chapter 5 when performing the
following T-duality transformations. The advantage of doing this is that we will not
have to worry about the reformulation of IIB when calculating the field strength
equations. Instead the massive terms on the IIA side are encoded implicitly on the
I1B side through the Lie derivatives of the potentials with respect to 3. Therefore
for the remainder of this chapter it is to be understood that the IIB potentials are
dependent on the T-duality isometry direction.

The axion has a linear dependence which is expressed as L3l = m [61]. Since
the field strengths remain independent of the isometry direction the dependence of
the axion fixes the dependence of all the other potentials. From analysing the I1B

field equations we determine these to be given by

n ]' n
L = —m(B)

LsB = 0
LzBY = m(—CY +cW AB)
ﬁgg& = 0.

The dependency of the dilaton was given in [61].
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9.2.1 T-dualising from ITA to IIB

We will now T-dualise the ITA fields ¢®, N®) and N(7). We restrict ourselves to the
case where all of the ITA potentials are independent of the T-duality isometry. We
can determine the T-duality rules for the potentials by first finding how their field
strengths transform. This can be done by using essentially the same technique as
used in the previous chapter, where the dimensional reductions of the higher rank
field strengths were determined by considering the reduction rules of their lower rank
Hodge duals. For the purposes of the T-duality we split the co-ordinate system into
{1, y} where y parameterises the compact direction and the fi; represent the other
9 directions.

We start by considering N(¥. Using the rules given in Chapter 5 we determine

that
5GP — —R4iGY (9.9)
Go (=R 2igH + R 4i5G? NigB) s, (9.10)

from which we determine

isGY = (HO —RZPHD A L) 4 (9.11)
Giops = | =99+ R A G
+(=HD + R 2igHD A B) NigB : (9.12)
p1-.-pis

We then use these to T-dualise (9.2) and deduce the rules for N(. The rules for
igN

1.z have already been given by (6.23) so we do not repeat them here. We find

that in order for the equation for G® to be well formed N, () ust transform as

21 pr

N

1
B _N(7) + RiQZ’BN(U NG — iiﬂcw) ACP
1
_573—22'50(6) A igC(Q) A B+ (_8(6) B R_2i58(6) AB
HCWACD 4 R2i,cD ACD A B

+R7ICW NigC® A B) NigB . (9.13)

ni...pr
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For completeness we state the inverse rule as well which is given by

1
N |=ND £ R2i,NDAB+ = C<5> NigO® — 2R %1500 nigC A 3

—(BY 4+ R7%i3B9 A B) NigB . (9.14)
1. o7
The field equation for G (®) is then determined as

1 1 1
G® = N @ 0, F© —5.7:(7)/\2',36(2)—iig}—(?)/\c(z)

1 1
+§z’ﬁf<5> ACW — §H NigCP ACH + SisH A cWac®
1
—igH AB® + 5z'ﬁf-“)(C(S) —CYAB) (9.15)
which agrees with (6.29) after contraction with § and taking into account (9.31).

Note that in the current scheme we have igF @ = Lzl = m. Given this definition

the Bianchi identity reads
1 1 1
ag® = §zﬁf<1>f<9> + §f<1> NigF® — —]-"(7) NigF®
1
—52'5?(7) AF® 4 zﬁf“”) ANFO —igH AHD (9.16)
which confirms that the above definition of G® is gauge invariant.
Next we consider the potentials ¢® and N®. Both of these are magnetically
dual to scalars and since we are assuming independence of y we have igd¢ = 0 and

is XM = 0. Because of this the IIB field strengths that X® and H® map to under

direct T-duality transformations vanish.! For this reason we only consider double

T-duality transformations, namely that of Ny(il fr = i/gN}f?“m etc. We start by
consider the 2-form field strengths using the rules given in Chapter 5
1.
dop — d%‘ﬂ‘éR 21[39,%2) (9.17)
xM - FVoRr2,F0g, (9.18)
from which we determine
. . 1 1 5.
igHY o — (igH® + 590+ 5RT5GY N B)ay g (9.19)
e
ZﬂX}tB..ﬁs - 2§025:Fu1 -fis (9-20)

IThe situation is different if the global SO(1,1) symmetry is used to perform a Scherk-Schwarz
reduction from the ITA side [78,90] which would allow for a dependence on y. This then maps to
a non-covariant form of IIB in which such field strengths are non-zero. We consider this option

further in Appendix C.
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where H® is the dual of the IIB dilaton ‘field strength’, explicitly H?) = e=2¢ x dop.
We then use these to T-dualise (9.1) and (9.3) and deduce the rules for iz¢®
and 25N . We find that in order for the IIB field equations to be well formed we

must have the following transformation rules for the 8-form potentials

1
iﬁ(bg‘i).--m — (igp® ——N + R 2isN' T Aﬁ_'_Z_LiﬁC(G)AC(Q)

+ZR— isCO NigC? A By i (9.21)
igN® o (—igN® + B A igC® — R7%i5B0) AigC® A

1 2
+§z'ﬁc<4) ACHN2 + ZR7ZisCW NigCP ACP A B) sy (9.22)

3

where ©® is the 8-form magnetic dual of the dilaton and N'® is magnetically dual
to a particular combination of the dilaton and axion [43,85]. For completeness we

state the inverse rules as well which are given by

1605 g — (i0® — %NW) + %R‘%’BN(?) A

+%C<5> AigC® — %R—%ﬁc*(f’) NigCP ARy i (9.23)
BN = | —isN® +igND A (OO0 — R7%i,00 )

—igCB NigC® A (CV — R72i,CM )

—%(z‘ﬁc@)? A (C® — R72i3C0) A B) : (9.24)

fi1...fir
The rules for the field N® have been given in [42] with different field definitions.
We then determine that the IIB field equations take the following form

HO = dp® —1FO 4 %H ABO® 4 %c@) AFD (9.25)
2O gN® 4 2O 4 op® _ L) (C?)?
2

1
—(F® +1H) ABO = ZH A (€O (9.26)

Note that from the T-duality transformation we actually only produce the double
dimensional reduction of the above field equations. However since neither field
depends intrinsically on (3, the full equations can be deduced trivially. This is not
the case if we are dealing with fields that do depend on 3 in their definition for

example N'(: here the field equation for N

4.5, cannot be uniquely determined
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from the field equation of iz, [E? e~ A similar observation was made for N® (8.18)
in the D = 11 theory.

Given these definitions the Bianchi identities are calculated as

2 2
d(e—wa(Q)) — 2}‘(1) A H(g) + f(3) A H(7) (928)

which confirms that (9.25) and (9.26) are gauge invariant.
In carrying out the T-dualities above, we find that the in order to account for the
massive terms on the ITA side the IIB potentials are required to have the following

Lie derivatives

1
5390(8) _ m(C(g) _ 5C(ﬁ) A B) (9.29)
LoN® = m(=20® — O AC® 4D AC? AB) (9.30)

1 1 1 1
LND = m(§z’gC(8) — 52'[,6(6) A B+ 5C<6) AigB+ Zigc(4) A (B)?). (9.31)

Combining these with (9.5)-(9.8) it is a simple matter to confirm that the definitions
of the field strengths given above remain independent of the isometry direction. This
is a non-trivial check of their structure.

As previously mentioned the fields ¢® and N'® form an SL(2,R) triplet along
with the RR 8-form potential C®®). We will re-express them in an SL(2, R) covariant
form in Chapter 12. Since they are magnetically dual to only two scalars, the axion
and dilaton, they only have two independent degrees of freedom. This is usually
expressed by a constraint on the three 9-form field strengths but is manifest in the

field equations given above since they are only given in terms of the two independent

9-form field strengths, F and H®.

9.2.2 T-dualising from IIB to ITA

We now perform direct T-duality transformations on the IIB 8-form potentials to
obtain 9-form potentials on the ITA side. The required T-duality rule for e=2¢F©)

can be inferred from the rule for C® stated in Chapter 5 and is given by

G—Z@f(g)

e — € PR} (—igF1) + F®O NigB — R7%igF® NigB A B)a,. po- (9.32)
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In the current scheme we have from (9.8) the relation igdy = 0. This is because
we are performing a Scherk-Schwarz reduction using only the subgroup of SL(2,R)
that involves shifts of the axion. Therefore strictly speaking when performing a
direct T-duality transformation of H® the ITA 10-form field strength that is pro-
duced will vanish. This is the field H(9 we have previously introduced. Since we
will eventually encounter this field when we consider the non-covariant massive I1A
theory as well as the more generalised T-duality involving the full SL(2,R) group,
we include it here for convenience.? The required T-duality rules follow analogously
from those of H® in ITA and are given by

HY = | —igH 4 (igHO + %G(S) + %R‘QigG(S) AB) AigB . (9.33)
fi1..-fi9

We then use these to T-dualise (9.25) and (9.26) and deduce the direct T-duality

transformation rules for ¢® and AN®. We find that in order for the IIA field

equations to be well formed we must have the following transformation rules for the

8-form potentials

1 1
O s = [igB“’)—52'[50(3)/\z'50<7>+(—z'ﬂ¢(8)+§N(7)

1 1
—§R—Q¢ﬁN<7> AB— 52'50(3) A C®)
1
+§R‘2@‘50(3> N igC® A B) A z‘ﬁB} (9.34)
H1-.-H8
1
N e = {—@'BD(Q) + §iﬁo(5) A (i5CP) + (igN®

—igND A (CY — R72i,00 )

+i3C0 N igCE A (CW — R72i,0M )

3

H1...p18

+1(iﬁ0(3))2 A(C® — R72i3C®) A B)) A igB} . (9.35)

Once again for the sake of completeness we also state the inverse rules which are

2The Hodge duality relation between H(1%) and the mass parameters is given by (C.5). This
can be compared to the generalised definition of igdy given by (D.2).
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given by
1
iﬁng)”; — [4,0(8) + R_Qiﬁga(s) AB+ §C(6) AC®

1 1
+=R72igCONCH A B+ RO NigC® A ﬁ} (9.36)
2 2 i
H1..- i

1
isDY . [—N(S) — RGN A B+ 5 A (CO)?

1
+§R_2igc(4) ACP)V L RZCW AigC® A C(Q)] . (9.37)

f1...[18
We then determine that the ITA field equations take the following form
igH1O = —d(izgBY) — izCWigF10 — %z’g(H AND)
+igp® NigH — %iﬁ(F“) + HACWDYAisC™
+migC® AigB + %miﬁcw ANigB A (B)? (9.38)
e 2 R%gFUY = d(ipD™) + (i5CW)%is 1O 4 24,0 W45 HOO)
—igN® NigH +igND Nig(FW + HACW)
+%i@(H ACOY A (igC3N2 — 2migB® NigB

—m(isCO) A (BY i B. (9.39)

Given these we calculate the Bianchi identities as

1
d(igH) = igF@)AiBF(lO)—iigF(‘l)/\z'gF(g)—igH/\igH(g)

1
_§¢B(H A GUO) (9.40)
d(e_2¢R2iﬁF(10)) _ —QiﬁF(Z) A iﬁH(lo) + i,@H A igX(9)
+igF W A isGE (9.41)

which confirms that the above field strength definitions are gauge invariant.
Equation (9.38) was also calculated from the dimensional reduction of HD

and given by (9.4). The agreement between both these methods is a non-trivial

consistency check on (8.32) and (8.33) in the D = 11 theory. On the other hand,

the potential D19 did not arise in our treatment of the D = 11 fields. However
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uplifting (9.39) gives the following D = 11 field equation

P2 H-2 _ op—dr: M2y Pl _
(R5R;" — 2R (iaf3) )igs F =

—d(i

5a D) +ia (i T NigF)
N T S
(FENAN (ZBA)2) + 2mig, AN ZBdB(lo)

1 N

+Em(z’@A)2 A (iaA)? Niga A (9.42)

In the next chapter we will show that the new potential D19 forms an SL(2,R)

triplet along with A1) and BUO),



Chapter 10

Generalised charges in SL(2,R)

covariant DD = 11 supergravity

We now consider the SL(2,R) covariant D = 11 supergravity which is an exten-
sion of the massive D = 11 theory considered previously in this thesis. This was
first considered in [43] where it was interpreted as containing two M9-branes, and
later generalised to the case of n M9-branes in [91]. Due to the M9-branes there
are two compact isometry directions in the theory which we assume all the fields
to be independent of. There are therefore two mutually commuting Killing vec-
tors that define a 72 manifold. Dimensional reduction over this manifold produces
the triplet of SL(2,R) D = 9 massive supergravities. These are also obtained by
performing a Scherk-Schwarz reduction of the IIB theory containing 7-branes us-
ing the full SL(2,R) symmetry group and in this way the M9-branes are mapped
to the IIB 7-branes. Furthermore the SL(2,R) C GL(2,R) symmetry associated
with the reduction of the D = 11 theory corresponds to the symmetry group of
the IIB theory [70,82-84]. To determine how the multiplets of IIB states map to
the D = 11 theory it is therefore important to express this theory in an SL(2,R)
covariant manner. In this thesis our analysis of this theory simply amounts to the
SL(2,R) covariantisation of the equations we have so far presented for the massive
D = 11 theory. To facilitate this we now adopt the more systematic notation l%aﬂ to

denote the Killing vectors of the theory. The index a = 1,2 is an SL(2,R) index.!

'We denote SL(2,R) indices by lower case Roman characters.

120
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Each field will contain a number of symmetrised SL(2,R) indices depending on its
representation. The Killing vectors therefore lie in the doublet representation. In-
stead of a single mass parameter we now have a 2 x 2 mass matrix an which we

parameterise as

. Mg + M m m m
Q=1 """ ' = . (10.1)
my —(y — M) my; —m_
The massive D = 11 supergravity considered previously is obtained by making the
following truncation

. m 0
Q= (10.2)
0 0

and setting ki = & and ky = B In this instance B is only considered as a standard

Killing vector as opposed to a massive Killing vector due to the truncation of an.

10.1 SL(2,R) covariant D = 11 field equations

We will now present the field equations of this theory. The SL(2,R) covariant field

equation for the 3-form potential was given in [43] as

~

A A 1 - "
= dA—i—ianifcmA/\il%nA (10.3)

and simply amounts to the straight forward covariantisation of (8.3). It is also a
trivial task to deduce the covariant field equation for the 6-form potential from (8.4)

as
B0 = a0 - Lpadg g [Z-,;WA e

+1—12121/\i,;m/1/\z',;n14+z',;m]%8)} (10.4)

where N, are the doublet of 8-form potentials which are considered below. Both

these equations are easily deduced since the potentials Aand C are S L(2,R) scalars.

The Bianchi identities are now given by
dF = —Qmi; FAi A (10.5)

1 R . N N ~ ~
AFD = S FNF Q™ \ig, G +ij, FD nig A (10.6)
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where G are the 9-form field strengths of N,. The structure of these identities
reflects the fact that the covariant gauge transformations of a general p-form Y®

are now given by the generalisation of (8.7) to
SY W = Qm\,, Adj, Y (10.7)

for SL(2,R) scalars where Ao = i, X- We re-emphasize the point that the gauge
potentials generally exhibit more complicated massive gauge transformations than
those described by the above rule and the generalisations thereof given below. The

full gauge transformations of A are now given by
SA=dy+ Q™ N\, Niy, A (10.8)

and therefore the torsion tensor (8.11) becomes

A

T.," = —Qm™ (i, A)ok,” (10.9)
from which the contorsion tensor and total connection can be calculated.

Next we give the covariant field equations for the Killing vectors ko which form
SL(2,R) doublets. There is not enough information in (8.13) to deduce the covariant
form of the equation since loosely speaking it is not possible to distinguish the
SL(2,R) free indices from the dummy indices. This was why it was important
for us to construct (8.22), from which we can deduce the following covariant field

equation
GO = dhey+ Q™ (i - Ba)iz, A+ o ANy (10.10)

where we have G{¥ = G® and G = S®@. It is a simple matter to check that
(10.10) gives both (8.13) and (8.22) when the truncation (10.2) is applied. Note
that the last term on the RHS vanishes in (8.13). Due to an being symmetric
there can be no other terms present in (10.10) since they would have had to show
up in (8.22), hence (10.10) is uniquely determined.

The massive gauge transformations of k, are given by the covariantisation of

(8.21)

~ ~ ~

Oka = Q™| (km - ko)A + (ko - A )i | - (10.11)
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This rule follows on from (10.7) which can be shown by considering the doublet
Y = z',;af/(p“), where Y1) is a (p + 1)-form SL(2,R) scalar. Using (10.7) such

fields are found to transform according to
G {xm A z’];nY(p)l
— Omn {&m Nip YO+ (k, - Xm)fggp)} . (10.12)

We see that this has the same structure as (10.11) and conclude that it represents
the general rule by which SL(2,R) doublets transform. This explains why B did not
transform according to (8.7) in Section 8.3. From now on we will use the term ‘gauge
covariant’ to apply to fields transforming by this type of SL(2,R) representation
dependent rule. Applying (10.12) we find that both sides of (10.10) transform gauge
covariantly.

Next we consider the 8-form potentials N which also form an S L(2,R) doublet.
In terms of the notation used in Chapter 8 we have N\¥ = N® and N{¥ = 7®)
and also G§9) =GO and Ggg) =S5O In analogy to the case of the Killing vectors
we find that (8.18) does not contain enough information to deduce the covariant
equation whereas (8.32) does. The covariant equation is then uniquely determined

to be

a

A N B B
G(g) = dNég) + gF N Z];,GC — g’Lf%F ANC + gF VAN chaA NA
A 1
+Q™" gz AL0) _ 21y, A0) + g b AANN®
" N 1 o ~ N "
+ip, ANy N©® — kAN G, AN ANA (10.13)
where A&O) are the triplet of 10-form potentials which we consider below. Applying

the truncation (10.2) it is easy to see that (8.18) and (8.32) are recovered. The

Bianchi identity is found by covariantising (8.28) and is given by

A A A

dGY) = —%F@ /\z’,;aF(7)+§i,;aF(4)/\F(7)

iy FOD +2i, FOD — i And; GO

—iy . AN Gg‘”] : (10.14)



10.1. SL(2,R) covariant D = 11 field equations 124

We can extend the rules (10.7) and (10.12) to find the covariant gauge transformation
rule for SL(2,R) triplets by considering objects such as zk Yb()p = Y(p , where
VP s a (p+ 1)-form SL(2,R) doublet. We then determine the gauge covariant

rule for triplets as being
Yy = Qi [/\|m Nig, Yo+ (k- xmmw}
= an {j\m N Z',;nYA;L(f) + Qi]*g(aj\m}}b()?} . (10.15)

Using this rule together with (10.7) and (10.12) it is simple to show that both sides
of (10.13) and (10.14) transform gauge covariantly.
From (10.10) explicit calculation reveals the identity

i, G =0 (10.16)
where € is the SL(2,R) antisymmetric symbol and we use the convention
€? = +1. (10.17)
This then leads to the following constraint on the 9-form field strengths
e’eiy 1 (G Nkg) =0 (10.18)

which maps to the constraint (12.33) on the 9-form field strengths in IIB.

Finally we consider the triplet of 10-form potentials A&O). In terms of the
notation used in the earlier chapters we have A 10) = AQ0) 1%120) = D9 and
ALY = A0 — B0 Determining the 11-form covariant field equation here is less
straight forward than the previous cases since it is not fully deducible from any
of the non-covariant equations (8.12), (8.33) and (9.42) due to their overall con-
tractions with the Killing vectors. However the structures of these equations do
provide constraints on the full structure of the 11-form covariant equation. Further
constraints are found by relating (10.13) and (10.14) but these still do not fully
determine the 11-form covariant equation due to the contractions of the SL(2,R)
indices between the 10-form potentials and the mass matrix. However, by using the
various constraints obtained after these considerations, neglecting the dimensional-

ity of the spacetime and demanding gauge covariance it is possible to piece together
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the full structure of the 11-form covariant field equation which is found to be given

by

. a0 3 s e 1o R
FGY = dAG) + Tig AN — —F i NS+ S FAig Anig AnA

4 ) 4 b T4l
+Q™" _37’f€m Agzi) + z_lzk(a Al();frzn + QZ];m,;(aA A\ Al();g)
vi Ani AW L A Ani Ani AAA 10.19
(379 Yk, Aab SOZka Uk, [, Y : (10.19)

(12)

ube » the inclusion of

Note the presence of the quadruplet of 12-form potentials A
which are necessary for gauge covariance. Obviously these identically vanish in
D = 11, however they appear as part of the full gauge algebra and in principal
they would appear explicitly if the spacetime dimension could be extended beyond
eleven. This observation is in agreement with [60] where Romans’ ITA theory was
considered and a 10-form potential was found to exist which contained a 10-form
gauge parameter in its gauge transformations. This demonstrates that an 11-form
potential must appear in its full field strength equation, the same conclusion is

reached by performing a direct dimensional reduction on the (1,1) component of

(10.19) after making the truncation (10.2).
(12)

ohe 10 (10.19) it is important to determine

Given the presence of the potentials A
whether their gauge transformations (which so far are only partly determined) are
consistent overall by constructing a gauge covariant 13-form field equation. The
situation here is essentially the same as that just encountered when determining
the field equation (10.19). It is found that in order to construct the 13-form field
equation it is necessary to introduce an SL(2,R) quintuplet of 14-form potentials

in an analogous fashion to the 12-form potentials previously, and so the situation

repeats itself. This process then reveals the existence of an infinite tower of potentials
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whose field strengths can be written in the general form

~itn) _ gaiee)  J Tl awy @iy L a0 @it
Fo = dAG” i +j+21k(a1F /\Aa%aj) j+2F /\zk(alA

+ FO NG A® AL A ’)A(S) AABD

(j +2)! o

smn | v aeies L JU D) s
+Q (] + ]')kaAal...ajn 2(] + 2) Zk(alAag...aj)mn

Tk, A®IAA 2j+6 +iy A® G, A%HO)

az...a;)n nltal...aj
. (] + 1) AB) Ai- AB) Ais A®) A... N1 A®) A A®)
2(5 + 3)! e kn kay Faj)

(10.20)

where we have indicated the rank of the 4-form field strength and 3-form potential
for convenience, and the a; are SL(2,RR) indices. By equating C = —A® and
N = A®) we see that the field equations (10.4), (10.13) and (10.19) have this
structure for the cases of 7 = 0,1, 2 respectively. The Bianchi identity is found to

be given by

gpein — Il pw g L L pw s g
ai...a; ]+2 k(al az...aj) ]"’2 k(al az...a;)

A | S A(25+9) Jji+1) - fa(2549)
+Q (.] + 1)kaFa1.‘.ajn 2(] + 2) /Lk(al FaQ...aj)mn

i, AP NEZTD i AO G FRTEDI(10.21)
mP(aq m n

az...a;)n ai...a;

Note that this identity does not apply to the case j = 0 where instead we have
(10.6). This is because the second and third terms on the RHS of (10.20) vanish for
the case j = 0. By generalising the result (10.15) to a p-form in a general SL(2,R)

representation we obtain the general rule for gauge covariance

~

OVP = Q" A Nig Y o+ i AV ol (10.22)

ai...a

From (10.21) we then see that the field strengths transform according to this rule.
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The full gauge transformations of the potentials are then calculated as being

J

[+2 . .
(2j+6) (3) . (3) (2l+5)
(514(11 .aj —Z(]+2)(]—l)' k(alA /\.../\Zkaj_lA d 41 a)

j—1

A(3) . ABG) A A A Gn o (2145)

+§ TG IoT) it AN NG A NANG R

Lt )zk AN NG AP AN AN

(] + 2) (a1 aj)

Jj+1

A l(l + 1) . 1(3) . A(3) . A(2045)

9 {_Z G200 =L Dk e My A7 A X

I(i-1) : 7(3) 1(3) o (21+5)
2j+2)('—l+1)!zk(a1A a /\Zka z+1A /\Zka X

Q143G )TN

1=2
- (21+5)
A(3) n AB) A AB) A ;. I
; GIOG =D i, AV NN AONAO NG G
N . 2746 7(25+6)
+An A U, A((le-ﬁ-a) + jlk: )\ A\ A|aj aj)n} . (10.23)

Returning to the 11-form field strengths, we find that they are related to the mass

parameters by

D = g [u;a )b~ ) — 20 o) (B - ) (10.24)
which follows from the Hodge duality definitions of F() and HY as well as from
the scalars that appear on the LHS of the field equation for D19 given by (9.42).
This relation could also be derived from the action which contains a cosmological-

type term of the form [91]
~ ~ 1 - N ~ ~ ~ ~ N
QP Q™" §(ka k) (K - k) — (g - ) (B - K (10.25)

by introducing the 10-forms as auxiliary fields along the lines of [61, 76].
Explicit calculation reveals that the three 11-form field strengths satisfy the

following constraint
€€ (ki + ki) 3V = 0, (10.26)

This constraint shows that there are in fact only two independent 11-forms and

maps to the constraint (12.33) found for the IIB 9-form field strengths.
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Although the equations given in this section were calculated for the SL(2,R)
case, the results should generalise to the case of n Killing vectors. In this case the
theory would be SL(n,R) covariant, where this group is a subgroup of the full U-
duality group for n compact directions, and there would be a symmetric n x n mass
matrix [91]. The exception to this are the constraints (10.18) and (10.26) which use

the SL(2,R) antisymmetric symbol and are therefore specific to the n = 2 theory.

10.2 SL(2,R) covariant D = 11 generalised charges

We now extend the D = 11 generalised charges already given to the SL(2,R) co-
variant theory. As with the previous massive theories considered in this thesis, this
exercise largely amounts to simply rechecking that the charges remain closed once
the massive modifications to the theory have been included and generally requires
a modification to the gauge conditions that the potentials must satisfy. However in
this instance we find that the emphasis on the SL(2,R) structure serves as a useful
tool for exploring the possible states that can appear in theory.

Once again we begin by considering the modification to the Killing spinor equa-

tion (2.23). The supercovariant derivative operator (2.24) now becomes [92]

S A 1 S QD1 Doy | 10(4)
Dﬂ = Vﬂ + @ {Fﬂ o 85ﬂlr ’ ]Fl71~~l74

o QT B S Qo
%Qm" [Qi,;mflwl knoy — 17, Apio, l%nﬂ} INE (10.27)
Note that the covariant derivative operator here is the massless one and we have
explicitly written the massive terms involving the 3-form potential A which arise
from the torsion tensor (10.9).
We briefly discuss the M2 and Mb-brane cases. The generalisation of these
charges to the covariant theory is trivial since both charges are SL(2,R) scalars

(note that all the bilinears are SL(2,R) scalars). The relevant differential relations
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for the bilinears are calculated from (10.27) and are given by

A

do = igF®W—Qm™iy Anig o (10.28)

B = igFO = oA PO = G (o)t i A
+z‘,;m£1/\z‘,;ni] (10.29)
which amount to the covariantisation of (8.35) and (8.36) respectively, as we would
expect. Using these relations together with (10.3) and (10.4) it is a simple matter
to show that the M2-brane (2.43) and M5-brane (2.52) charges are closed providing

the following gauge conditions are satisfied

c Qi LW iy A (10.30)

A
L;C

Q" iy L@ nd; €+ LK (10.31)

where f)ng) are the triplet of KK-monopole charges which we discuss in the next

subsection. Consistency of these conditions with the field equations (10.3) and (10.4)

requires the following conditions to be true
LpF = Q™iy LY i F (10.32)
LiFD = Qmmip L@ ndy FO (10.33)

together with the condition on N® given by (10.42). These can be determined
independently by calculating the exterior derivatives of (10.28) and (10.29) and
using the general definition of the Lie derivative (2.37). We observe that this type
of consistency check on the conditions (10.30) and (10.31) is the same as that carried
out to check the gauge covariance of the field equations. We therefore realise that
the structure of the massive gauge transformations of both the field strengths and
the potentials takes the same general form as the above Lie derivative conditions.
This can be seen by comparing (10.30) with the massive terms in (10.8), (10.31)

with the massive terms in (10.23) for 7 = 0 and making the identifications

- . S(KK) . (T

L® ~x Lgb ) ~ Zl%(axl()))' (10.34)
From this correspondence we see that the presence of the charges L) in (10.31)

originates from the fact that Cis a Stueckelberg field with z',;( ]\A/b()8 ) being the corre-

sponding massive fields which is seen from (10.4).



10.2. SL(2,R) covariant D = 11 generalised charges 130

10.2.1 SL(2,R) covariant KK-monopole charges

We now consider the KK-monopole charge (6.15) in the SL(2,R) covariant theory.
Using the isometry structure of (6.15) it is trivial to covariantise to give the following
triplet of charges

LY = (ko ko)A + i ANy —ig iy N = 2 A NG ARy, A)

—l, W N (z,;b)C + §A A 21;,,)14) + z,;(aL(E’) A zf%A
1- n A
—§L(2) Nig, A Nig, A. (10.35)

In order to confirm that these charges are closed we must determine the differential
relation for (k, - ky)A. Following the usual procedure we find that here we have two
algebraic Killing spinor equations formed by taking the projection of (10.27) along

each of the isometry directions. Projecting along ey gives

s |
DIE = —gd(k’l)ABFABE—Z‘k’ﬂ 10A(|]{?1|2)FA*6
1 -~ - . 1.~ & .

— kT ABCDF ¢ — |k FABCFw ~

+288| 1 z ABCDE€ 36‘ 1] zABCE

~

R 1 ~ A~ A 4 1 ~ R
+QM" [—E|k1|(/€m ke )TZ - §(k1 T

~

L e T 1A [
+§|k1|_1(k‘1 sk ) (k- k) gJ] e+ ¢ lZ%kmAAknB

~ ~ ~

. S S S
—(kl-km)z,;nAAB]FABeqLEQ |7 (ke - ko )i, Aal %€

= 0. (10.36)

where we work in a basis adapted to key analogous to that described in Section 6.1
where x parametrises the k; direction. We could produce a similar relation to (10.36)
by working with ;. These can then be used to calculate d[(k; -ki)A] and d[(ks- ko) A]
respectively following the procedure used in Chapter 6. However the calculation
for d[(k; - ks)A] is more complicated since we must now rewrite the two algebraic
Killing spinor equations in a basis that is adapted to both isometries simultaneously.
Fortunately, each of these differential relations must take the same general form so
we need only calculate one of these and this will uniquely determine the covariant

form of the relation.
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The process of calculating d[(k; - k1)A] follows precisely the same lines as that
described in Section 8.4.1 when calculating d(R%f\) We can therefore simply co-
variantise (8.48) and determine

R U N o N SV

dl(ka - ko)A +ip ANky] = igy Gy +ig 0 Ni, FO i Sag, FO
e [Q(km in AN A i g Anig ANE,
+(];‘m . l;‘(a)i];b)[\ A Z];nfi + ikm];<a1‘1 N ]%b) N Z,%n[\
—Z',;m/i AN Z']%n];(a[\ N l%b) - (];‘a . ]%b)ifcm"zl N Z']%n[\
+2(Jeyn - k(a)i,;bﬂ;nﬂ} . (10.37)

Using this relation it is then a straight forward task to check that (10.35) is closed.
We discuss the gauge condition on i, le)s ) below in equation (10.42).

From the SL(2,R) index structure of (10.35) we see that the KK-monopole
charges form a triplet and we will show in the following chapters that these map to
the triplet of 7-branes charges in IIB. In the current set-up we have a Taub-NUT
isometry from the KK-monopole as well as the two massive isometries from the
M9-branes. The charges IAJSIfK) and Eé;”“ are each associated with the cases where
the Taub-NUT isometry coincides with one of the massive isometries and so are in
this sense equivalent. However if we make the truncation (10.2) then this equiva-

)

lence disappears. In this scenario the charge Eﬁ”( represents the case where the

Taub-NUT isometry and the remaining massive isometry coincide, whereas [:g;K)
represents the case where they are distinct.

The third charge in the triplet is Iigg(K), and we will refer to the state that this
corresponds to as the D = 11 r7-brane. From looking at the charge we see that it
explicitly involves both Killing vectors, which suggests that the brane itself should
have a 7-dimensional worldvolume with two isometries in its transverse space. From
the leading term of this charge we deduce that the tension of this brane should scale
as ky - ky.

We are not aware of this state having been directly investigated in the literature.
However the triplet of 7-branes in IIB has been discussed [42,43,68,78-80] and many

of the results should map to the triplet of states here, in particular the charge matrix

q® (see for example [68]) which describes the particular combination of branes that
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make up a given state. The charge of any state is then given by
L= q®L%"), (10.38)

Due to the constraint on the field strengths (10.18) there will be restrictions on the
combinations of charges that can occur.

There exist three conjugacy classes of states defined by whether det(q) is pos-
itive, negative or zero. Each conjugacy class has a family of solutions that are
related by SL(2,R) transformations, with the single KK-monopole belonging to the
det(q) = 0 class. However, since these transformations preserve det(q), they do not
map between conjugacy classes. It was shown in [79,80] that globally well defined
[IB solutions can be constructed for the cases of det(q) zero or positive, but not
negative. Such a restriction does not necessarily apply here due to the different co-
dimension of the branes, but it would be interesting to explore this. Furthermore the
worldvolume action for the det(q) = 0 class was constructed in [93] with the more
general case being given in [80] to second order in the Born-Infeld field strength. In
Appendix B we construct the SL(2,R) covariant worldvolume kinetic term for the
det(q) = 0 branes and discuss a first step to generalising this for arbitrary det(q).

We now offer another interpretation of this triplet of charges. For this we require
the relation for A A dk, which can be calculated by hitting (10.36) from the left with
%fAl...As‘ We then find

_— a0 loe s 2 s 1 4
(diy AR ayag = (12GY) — i SAF =SNG F = oA iy, B
2. ” Amn 7 7. .2 A
+35, @ A FO)pyoag + Q™ | =(ky - k)i, ANA
~ ~ N 1 ~
_’_7:]%1]%77114- ANANNE, + —(/{Em . kn)z,;IH - 2(]{71 . k:m)z,%nH
3 Al...Ag
(10.39)

Next we convert this expression into the co-ordinate basis using (6.12). The addi-

tional terms that result from this process can be substituted using (10.37) and we



10.2. SL(2,R) covariant D = 11 generalised charges 133

end up with the a = 1 component of

dANE) = ixGY — Sk L EAF - 32/\%#—

+§chaw A F +Q —(ka . km)’ian AN+ Z,;a,;mA ANANE,

—iy ANy ANEq+ = (- kp)ig T — 2(k, - k)i, | (10.40)

The a = 2 component of this relation is calculated similarly. Note that (10.37) is
merely the contraction of the above expression with a Killing vector followed by the
symmetrisation of the SL(2,R) indices.

Given (10.40) we then follow the usual procedure and produce the following

charge-like expression

. R . 1. . A 24 A
L = ANk, +ipN® + gi;;aL(E’) NA+ gL(S) A g, A
1. 1 2 A
~3 (2)/\@ A/\A—gwAsz+3 wAC
1 . PO
+6iRAAikaA/\A- (10.41)

For this expression to be closed we require the gauge conditions (10.30) and (10.31)

to be satisfied as well as
LN® — gm {i,;mm Nip BO 4, 1O A RO

2 1
_Z[KK /\zkA—l—?)zk L(KK)/\A

3 mn
1 A o
_gi,;aL;g; + zi,;mLffg] (10.42)

where L(b) are related to the M9-brane charges which are discussed in the following

(8) are Stueckel-

2(10)
ab

subsection. Their presence here is a consequence of the fact that N}
berg fields with the corresponding massive fields being certain components of A
which is seen from (10.13). Comparing the above gauge condition with the massive
gauge transformations in (10.23) for the j = 1 case we see that they have the same

structure if we make the identifications
L)~ —x%) (10.43)

along with (10.34). Consistency with the field strength equation (10.13) then re-

quires the condition (10.53) given in the next subsection along with the following



10.2. SL(2,R) covariant D = 11 generalised charges 134

condition on G*Ef’)
ﬁké(g) = an Z']%mf/@) A Z'];nét(zg) + i,;akmi(” A G;g) . (10.44)

This can be determined independently by calculating the exterior derivative of
(10.40) and using the general definition of the Lie derivative (2.37).

Note that the leading term of L7 has a different structure to that usually found
in the generalised charges. In all the other examples this term had the simple
structure of a bilinear and a multiplying factor which reflected the brane’s tension
and allowed the charge to be interpreted as a generalised calibration. In this instance
though such an interpretation is not obvious. However, we observe the following

relation with the KK-monopole charges

L™ =iy Ly (10.45)

which corresponds precisely to the (spacetime) components of I:((;) which contain

a leading bilinear term of the standard form. This does not offer a spacetime in-
terpretation of the other components, which naively would seem to correspond to
some sort of generalised KK-monopole state. We suspect however that the existence
of L is a necessary requirement in order to construct the KK-monopole charges
due to the fact that they contain Killing vectors, and does not therefore have a
more general spacetime interpretation. We find a similar example of this for the
MO9-branes in the next subsection. It would be interesting to understand precisely
why this expression does occur. Expressing the KK-monopole charges in terms of
L™ is however useful since it makes identities such as z’,;ligﬁ“ﬂ = 0 explicit which
is important in determining the types of multiplets that exist which we now briefly
discuss.

The index structure of the charges is obviously related to the type of SL(2,R)
multiplet which they form. In addition to this, the index structure also determines
how the charges should be mapped to IIB up to a discrete S-duality transformation
(or alternatively to the D = 9 theory), i.e. whether a direct or double dimensional
reduction should be performed etc. Therefore, as for the branes themselves, a given
charge can belong to different multiplets depending on how it is related to IIB.
An example of this was given above by (10.45) where the doublet LT was used to



10.2. SL(2,R) covariant D = 11 generalised charges 135

form the triplet of KK-monopole charges. The form of this triplet then contains
the information of how the KK-monopoles are mapped to IIB to form the triplet of
charges of the 7-branes. The KK-monopoles can also be mapped to II1B to form the
doublet of states that consist of the D5 and NS5-branes. In terms of the charges

this is expressed by

i LS = iy j, L. (10.46)

a

This charge is interpreted as a doublet since the indices on the Killing vectors are
fixed by their antisymmetry. Note that this is only true for the SL(2,R) covari-
ant theory. No other charge multiplets can be formed from /iﬁf). The quadruplet
i,;(a,;bﬁg) is identically zero, the doublet eb%',;a,;bﬁé” merely reduces to (10.46), and

27) in that it does not have the correct

the scalar e“bika f/l(j) has the same problem as L
structure of a charge. We therefore find that the only multiplets we can construct

correspond precisely to those found in the IIB theory as we would expect.

10.2.2 SL(2,R) covariant M9-brane charges

We now consider how the M9-brane charge generalises to the SL(2,R) covariant
theory. The charge (8.56) already constructed was interpreted as that of a single
MO-brane. It is a trivial task to covariantise this to determine the structure of a
quadruplet of charges which map to the charges of the quadruplet of 9-branes in
IIB. However, we expect there also to exist a doublet and triplet of charges that
map to the charges of the doublet of 9-branes and triplet of 7-branes in I1IB. These
multiplets are not directly attainable from (8.56).

Following the example of the KK-monopole we find that the multiplet structures
(9)

of the M9-branes is more naturally expressed in terms of a 9-form expression iab ,

which we refer to as the principal M9-brane charge and which plays an analogous
role to LS. We therefore must determine the structure of IA/SZ). From looking at
the leading bilinear term of (8.56) we expect that the leading term of iﬁf,’] should

be? (/%a . /%b)f[ We therefore need to determine the exterior derivative of this term

2Note that at this point we cannot rule out the possibility that the leading term of I:ffz) takes

the form i,;( I A l%b). However, the exterior derivative of this expression is calculated similarly to
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which we now do by first calculating the (1,1) component and then covariantising.
From the usual method we find that the expression for dII (2.35) is now modified

to

dll = —gF AN+ Q™ —g(km k)T =i, T ANk —ip TTAG, Al (10.47)
It will also be necessary to determine the relation for d(|l%1|2ifc1f[). This is achieved
by obtaining the algebraic relation that results, working in the usual basis adapted
to /2;1, from hitting (10.36) from the left with f‘AlmAg. After multiplication by 4|l%1|2
this is given by

~ N ~ 1 - o o 2 A o A

0 = {W Nip G — d(|k?) Aig TT— S|k Pip, AN F 4+ Sk PA NG F

3 3 Aq...Ag

+Qm™n [§|k1|2(km En)ip, T = 201 P(k - k)i, T

+2(ky - ];‘m)i,;l,;nfl/\i,;lﬂ} . (10.48)
Aj...Ag

Combining this with (10.47) contracted with &, and multiplied by |k;|2, and then
converting to the co-ordinate basis using the ky analogue of (6.12), yields
(ki %, T = [kaPA A B+ ig AN A F 4 i @ Nig GO — iy B
+Q™ [|/2;1|2(12;m cka)ip, T+ [Py, (G, T A k)
+2(ky - o) (1 - K )i, T+ 2(ky  k)ig ;. T A dy
—2\fr|2(ky - k)i, T+ |Ka) i, (i, A Ady, TD)
+2(ky ki )ig;, A Nig 11 (10.49)

which is trivially satisfied for the (spacetime) components parallel to k1 and is there-
fore fully tensorial.

Next we require the algebraic relation obtained by hitting (10.36) from the left
with €l A, Az Which, after multiplying by \ffl\, is given by

) .1 NOPE. - L lPAAE

0 — —d(|k‘1|2)/\H__dj/\ifc Ggg)—}——lk @AG59)+—|/€1|2A/\F

1 1 4k 12 A A

1.--A410
. Ve oo Xa iy (tad

+Qm" {‘ﬁlkn?(km )Y S (R )i, (T A Fen)

[\

+2(ky - ki )ig ;. ANT (10.50)

:| Aq...A10

(10.50) and it turns out that a charge cannot be constructed from such a relation.
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Note that due to the dual interpretations of the terms involving @ and IT in the first
line that arises from the identity (2.39) there exists some freedom in the specific
combination of these terms which appear. The particular combination we have
stated is the most natural for constructing the generalised charge given below.

The differential relation for d[(k; - k1)II],,,. ., is obtained by combining (10.50)
with (10.47) multiplied by |k;|?, then converting to the co-ordinate basis and sub-
stituting in (10.49) for the additional terms that arise. The remaining spacetime
components d[(ky - k1)IT],,,. uoe of this expression match (10.49) and are therefore
also seen to be satisfied, allowing us to write a fully tensorial expression. After

covariantising, this expression is given by

~ A~ o~ 1 R ~ 1 - PO A
dl(ka - k)] = @A i, G + T 0 A GY) - 7k kAN F

+2(kim - kia)ig, g, A A= (ko - k)i, AN TH. (10.51)

From this relation we can determine the structure of ig?)) using the usual method.

The result is found to be

S0) o aaf s a0 3. om0 )

Ly = (ka-kp)Il—ipA +12E<QW/\Nb) _ZWAZl%(aNb)
SRR S PR B S Y C P S

+ 5L Nig, A+ Jig Ly AA = ZL( YN Anig A

—

4
1 ~ ~ ~ ~
_Zif(A/\A/\iffaA/\il%bA' (10.52)

—ip L g ANA+ gL@) NANi ANig A

The fact that this expression matches that found in (10.42) acts as a consistency

check on its structure. In order for it to be closed we must satisfy the gauge condi-
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tions (10.30), (10.31) and (10.42) together with
LAY = Gmnlin 1O pdg A(lbo)—%z;mz; L9 A 400

1 « . N
(K (KK) , -
L /\1k A/\@k,)A—i— L /\@kb)A/\A

. 3. - 1 7 i
_ZZ;;(aL‘(i)M A Z“’Afb)A * ?’gmLS)()“ Mg, A+ 2ikm];<aLl(’?” n
a1, 3. r(1)
~3is, L + Tt Ly | (10.53)

Note the presence of the quadruplet of terms ZA}(%?

in the above expression. These
arise since fl&o) are Stueckelberg fields with the corresponding massive fields be-
ing certain components of Aéﬁ) which can be seen from (10.19). The situation is
analogous to that found for ¢ and N¥

The structure of (10.53) matches the massive terms in (10.23) for j = 2 if we

make the identifications (10.34) and (10.43) together with

LU ~ gUb (10.54)

abc abc

which demonstrates consistency with the gauge algebra.
The structure of the [A&)? terms can be uniquely inferred from (10.53) and are

given by
ry 7 7.\~ 7 . 2(12) 1 ~ . 7 (10) 4 . R 7(10)
Labc - (k(a ' kb>T A kc + ZKAabC + gw AN Z]%( Abc) - gZ,;(aw A Abc)

4 3 - P
+=Lig) A, A+—zk( Ly NA— =L Nig Anig A

5 10 @

1 1. ~ «
5, L7 i ANA+ L0 Nig, Anig AN A

1. . LA 1. S S
+EZ,;<GL(5) A ZfebA A Z];C)A A A — ZL(Q) A Z];aA A Z]jch A\ Z,;CA NA

1

5‘ZKAAZkAAZkAAZkAAA (10.55)

They have the form of a quadruplet of 11-form charges and in principal would
correspond to some type of 11-branes. Obviously spacetime solutions of these branes
do not exist but the fact that such charge structures do exist seems to be related to
the fact that the gauge algebra can be treated independently of the dimensionality
of the background spacetime. Note that double dimensional reduction of the (1,1, 1)

component, using

A 1
ALY _oan 4 5C<3) A (B)* (10.56)
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where C" is an 11-form RR potential, gives an expression in IIA with the structure

of a D10-brane charge i.e. a charge of the form (3.33) for n = 5. Furthermore, we
701

believe the quadruplet i,;l o Labe

should map to the quadruplet of 9-brane charges
in [IB (12.44), although we do not explicitly investigate this in this thesis.

We now discuss the expression I:S,?. The situation here is analogous to Lo
although in this instance we observe that the leading bilinear term of ZALS‘? is of the
form found in the other charges. However, like for L(l?) we suspect that not all the
spacetime components correspond to supersymmetric spacetime solutions. Certain
combinations do however seem to map to the charges of known states in IIB and so

we propose that these correspond to states in the D = 11 SL(2,R) covariant theory

as well. These consist of the following triplet and quadruplet

. ()
Triplet = 4 4, Loy

Quadruplet = i,;(aLbC).

The (1,1,1) component of the triplet was given by (8.56). In the following chapters
we will show that these multiplets map to the charges of the triplet of 7-branes and
quadruplet of 9-branes in IIB respectively.

A

Considering the triplet first, the charges it ;CQLS%) and iy, 7, ﬁg“;’

merely correspond
to the usual M9-branes with an extra isometry parallel to the worldvolume. The
extra isometry in each case is not however intrinsic to the charge and therefore
neither to the brane itself. Their presence is purely a result of the type of mapping
required to produce the IIB triplet. On the other hand the charge i;, ;QIALS) does
contain two Killing vectors that are intrinsic to the charge and suggest that the
corresponding state, which we will refer to as the D = 11 r9-brane, contains two
isometries parallel to its worldvolume. This therefore corresponds to a different
brane which maps to the IIB r7-brane and which we are not aware of having been
discussed in the literature. As for the triplet of monopoles, much of the discussion
for the IIB 7-branes should be applicable to the states here.

Similarly the charges i ,Aﬂﬁﬁ) and iz, f)g%) of the quadruplet simply correspond to
the usual M9-brane charges, this time however with no extra isometry parallel to the

worldvolume. The other two charges i,;(li“’)

12) and ik(lﬁ% involve combinations of
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the M9-brane and r9-brane charges, but with different contractions with the Killing
vectors. In each case, when compared to the triplet, the difference involves the con-
traction of a Killing vector which is intrinsic to the main charge expression. This
might therefore mean that the corresponding states are inherently different to those
associated with the triplet, despite the charges all being derived from the principal
MO9-brane charge. One would have to investigate the spacetime solutions to resolve
these issues. In [68] it was shown that, unlike for the triplet of 7-branes, there is
only a single conjugacy class for the quadruplet of 9-branes, and also that there
are two constraints on the combinations of states that correspond to supersymmet-
ric spacetime solutions, reducing the independent degrees of freedom to two. One
would expect these observations to apply here as well, but it might have an obvious
geometrical interpretation in terms of the spacetime solutions.

The remaining task is to determine the doublet of states and charges that map to

the doublet of 9-branes in IIB. A natural candidate would be the following doublet

ca

ey L) (10.57)

However, on mapping this expression to 1IB it is found that it produces a doublet
of charges that each intrinsically depend on a Killing vector. This suggests that the
corresponding 1B states are some sort of KK9-monopole. Although we do not fully
analyse these charges in this thesis we give a brief discussion in Appendix C where
we consider how the D = 11 10-form potentials map to IIB. We propose that the
KK9-monopoles might source a doublet of mass parameters in a non-covariant (in
the spacetime sense) massive deformation of the IIB theory. Furthermore, it seems
that this doublet might be the IIB origin of the doublet of mass parameters (m.g, my)
discussed in [90] which arise by performing a Scherk-Schwarz dimensional reduction

of the massless ITA theory using the global SO(1,1) symmetry.

10.2.3 SL(2,R) covariant charge doublet

Since no more charge multiplets can be constructed from f/g%) we must look elsewhere
to find the D = 11 origin of the charges of the IIB 9-brane doublet. In order to

construct an appropriate charge doublet it seems necessary to introduce a doublet
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of 11-form gauge potentials AN eglecting mass terms, the field equation of this

doublet is given simply by
dAMY = p02), (10.58)

Taking the a = 1 component and performing a double dimensional reduction one
obtains the field equation given in [60] for a 10-form potential in ITA. Furthermore,
it is a simple task to show that this doublet maps to the field equation for the
10-form doublet in IIB given in [67], which we show in the following chapters. The
gauge algebra of this doublet seems to be independent of the other potentials already
considered. A related observation was made in [93] where the worldvolume action of
the doublet of 9-branes in IIB also seems to follow a different structure from the other
branes in the theory. We do however suspect that (10.58) is incomplete and should
in fact include massive terms. The full structure could in principal be determined
by investigating the closure of the SUSY transformations as done in [67,93] but we
do not investigate this in this thesis.

We then propose the following structure for a doublet of 10-form ‘charges’

A ~

LU0 =TT Ak, 4+ AU, (10.59)

a

It is problematic to show that (10.59) is closed generally without making use of the
dimensionality of the background spacetime. This is because the differential relation
for the leading bilinear term is calculated using the Killing spinor equation (10.27)
which is derived from supersymmetry transformations and therefore must take into
account the spacetime dimension. We can however calculate the exterior derivative
of say i, (I1 A ky) by using (10.47) together with the algebraic relation obtained by
hitting (10.36) from the left with €['4,  4,,,. Doing this we find that it vanishes if

we neglect the massive terms. We therefore conjecture the following formal relation
A Aky) = iEF" + massive terms (10.60)

which we interpret as an analytic extension of the usual relations derived from the
Killing spinor equations.
The expression (10.59) is then easily shown to be closed in the massless case.

The massive case is more complicated and requires us to take account of the massive
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terms that would appear in (10.60) and (10.58) and also in the condition on £ f{fl,(ln)
which would appear to include higher rank charge structures just as for the other
potentials already considered. Due to the difficulties in obtaining the full algebraic
structures of the differential relations of the high rank bilinears, we do not explore
the massive case in this thesis.

In the following chapters we will show that the doublet

Ty Lo (10.61)

a

maps to the charges of the 9-brane doublet in IIB supporting the proposed structure
(10.59). From this we would expect the charge doublet (10.61) to represent a doublet
of 9-branes each with a single isometry direction transverse to the worldvolume (since
each charge contains only one intrinsic Killing vector) and tensions which scale as
k1|2 and |ko|2. The situation here is essentially just a higher dimensional version of

: 7 (7)
2131/;2 La .



Chapter 11

Generalised charges in

non-covariant ITA supergravity

We now give the ITA charges produced from dimensionally reducing the D = 11
charges of the previous chapter. These charges are guaranteed to be closed due
to their D = 11 origin. Therefore, for the sake of brevity we do not give the full
field strength equations, bilinear differential relations or the gauge conditions on the
potentials, but these are easily calculated. The reduction is performed over ki =a

and the reduction rules for the fields and bilinears can be found in Appendix A.

11.1 Dimensionally reducing KK-monopole charges

We begin by considering the KK-monopole charges. Reducing ﬁng)

gives the
D6-brane charge, (3.33) for n = 3, so we do not need to restate this here. Re-
ducing ng’() on the other hand produces the charge for the KK6-monopole which

is given by
MEES {6-39532 v e—¢(z’ﬁc<1>)1 WO 4 =350 A g 205,00 A8
+(672¢R2 i - 672¢i52 A B + €7¢Z'50(1) 25\1’(6)) A C(l)
—iKgN(B) + igM(NS5) A igc(3) — Z‘g(eitﬁ\lf@) + KA C(l)) A\ iﬁB(ﬁ)

1 ~
— s {(e—%(?) + K ACWYA 0(3)} AigC® — Mg N

1
—giﬂ(@'K(J(?’) ACBY NigC®. (11.1)
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From this charge we see that the KK6-monopole tension scales as
e 3R 4 79 (i50W)2

and also that it minimally couples to igN®. This is in agreement with [42].

Next we consider ZA}%(K) which reduces to the charge of what we will refer to as

the ITA r6-brane. This is found to be given by
1 .
MU = 72,0 WTO) —jrp0® 4 3 <¢KN<7> — e VA B+igMY A B

~ Mg 4 (e70wW — %fc AC® —igCOY N ipC®)
—ig(e™ W@ £ K ACOYACO) 49,0 ® A 0O

+K A iﬁB@). (11.2)

We see that the tension here scales as e=%igC (1) and the brane minimally couples to
the combination of potentials i5¢® — N In [60] the potential $® was considered
and it was found that it does not minimally couple to any supersymmetric state on
its own. This does not contradict the result here since in that reference states

containing isometries were not considered, nor was the potential N(7).

11.2 Dimensionally reducing M9-brane triplet

We now consider the triplet of M9-brane charges. The charge i, Bf)g? reduces to the
D8-brane charge, (3.33) for n = 4, with an overall contraction with 5 so we do not
need to restate this here. The charge 7 &BIA/S;) reduces to the KK8-monopole charge

which is given by
igMEES) = (¢73R% 4 e7(i50W)2)ig0® 43D + i3 KigN®
—ig(e7?U® £ K ACW) NigND 4 %iﬁ(f( A CENYA (15032
—%ig(e—w(‘*) —igCO) A (igCP)2 4 MEKS) A, B
+MEE) 750 — i MV A0 A dgB. (11.3)
The KK8-monopole was considered for example in [42] and is known to have a

tension that scales as

e PR3 4 e R(izCW)2.
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This is in agreement with the leading bilinear terms in the above charge, remember-
ing that the contraction of § with U'(®) creates an additional factor of R. Furthermore

we see that the KK8-monopole minimally couples to the potential ’igD(g).

Next we reduce the charge ¢ &BL@. We will denote the corresponding brane as

the ITA r8-brane and find its charge to be given by
isM" = e %i50Wi50®) 4k 3BO +iKige® + MU AigB
+% igle 0O + K ACO) +ixgCD) AigC®
—ig(e U@ L K ACWY N igCD —ig(K AND)
+MEE)Y A B —igMN) A B AigB]|. (11.4)

The r8-brane is related by T-duality to the r7-brane in IIB. Its tension can be seen

to scale as e ®RisCY) and it minimally couples to i53B®).

11.3 Dimensionally reducing M9-brane quadru-
plet

Next we consider the dimensional reduction of the quadruplet of M9-brane charges.
The charge iaLli merely reduces to the D8-brane charge, (3.33) for n = 4, and so
we do not need to restate it here. The next charge is then %idﬁg) + %iéigﬁ), which
reduces to
0 L2 ~0; . cOg® L Lo g® Ao 4L 400
lﬁM = ge Zgn +e ZgC \J + 56 ’Lﬁ\I/ ANC + gZKgA
2 ~ 2 1 1 .
—gzKB@) + KA (gzﬁqs@ - §N(7)) + giﬂ(e-w(?) +EACO)yACD
1 ~ 2
+§(e—¢\11<6> + KACO 4+ixgCDYNipC® + gM(TG) A B
1 1
—6z5M<NS5> A (B)? + §M(O)z’50(g). (11.5)

We will refer to the state to which this charge corresponds as the ITA r9-brane. It

is seen to have a tension which scales as

1
e_¢\/§e—2¢R2 + (igCM)2

and minimally couples to the combination of potentials $igA? — 2B®). In [60] the

potential A9 was considered and it was found that it does not minimally couple
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to any supersymmetric state on its own. This does not contradict the result here
since in that reference states containing isometries were not considered, nor was the
potential B,

Next we reduce the charge %z BL@ + %iéf/g%). In ITA this gives

2 1
’iﬁM(Sg) == §6_2¢iﬁ0(1)’iﬁﬂ+ §6_3¢R2+6_¢(i50(1))2 \I/(S)

2 2 1 1.
+§€_¢ig0(1)i5\1/(8) A C(l) + gZ'KBB(IO) o glKD(g) + gK A ZBN(s)
1 2 .
—g(e’¢\D(4) — i C® — SEA COY A (i5C)2

=~ 2 1 1
+i5(e—¢\11(2) + KA C'(l)) A (_§¢(8) + §N(7)> + gM(KKG) A B

2 1 2
+§M(’"6) AigC® — §igM(NS5) NigC® A B + §M<0>¢[,B<9>. (11.6)

We will refer to the state to which this charge corresponds as the ITA s9-brane. We

see that it has a tension which scales as

4 1
€—¢\/§€—2¢R2(Z~ﬁ0(1))2 + (56_2¢R2 + (igCM)2)2

and minimally couples to the combination of potentials %igB(lo) — %D(g).

The last charge in this multiplet is ¢ Bﬁg%). It reduces to
iBM(qg) = |:€4¢R2 + €2¢(iﬁc(1))2:| lgH + |:€3¢R2 + 67(;5(@/30(1))2 ’Lﬁ(\lf(s) AN C(I))

% 1
_|_Z'KﬂD(10) + iﬁ(.g*‘z’qj(?) + KA C(l)) A (—igN(g) + 6(250(3))2)

+é¢Kc<3> A C® A (i5C3N)2 4 MEED p s C6)

1
—éz’ﬁMWSf’) A (igC N2 4 Mz DO, (11.7)

We will refer to the state to which this charge corresponds as the ITA q9-brane. We

see that it has a tension which scales as
e—¢(e—2¢R2 + (igo(l))Q)g/Q

and minimally couples to igD(lo).
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11.4 Dimensionally reducing 9-brane doublet

We now dimensionally reduce the 9-brane doublet (10.61). We first consider the

charge ¢ &B[:gw) which produces

M) = =211 4, A", (11.8)
In this instance we may remove the overall contraction of 3 since this Killing vector
is not intrinsically present in the charge. We will refer to the brane that this charge
corresponds to as the ITA t9-brane. This brane was discussed in [67] where it was
shown to have a tension which scales with e~2¢ which can also be read from the
above charge.

Finally we dimensionally reduce the charge ¢ dgﬁgm) which produces

is M = =205 W1 — e 3(R2TU® 450 A B) —iggB . (1L.9)

We will refer to the brane that this charge corresponds to as the ITA u9-brane. We

see that it has a tension that scales as

e—2¢R\/e—2¢R2 + (i5CM)2 (11.10)

and minimally couples to igg(w).



Chapter 12

SL(2,R) covariant generalised

charges in IIB supergravity

We now revisit the I1B supergravity theory. We start by T-dualising the ITA charges
given in the previous chapter to produce a set of IIB charges that were not considered
in Chapter 4. These charges correspond to the remaining branes required to fill the
SL(2,R) multiplets in the IIB theory. These multiplets consist of a doublet of 1-
branes, a 3-brane singlet, a doublet of 5-branes, a triplet of 7-branes, a quadruplet of
9-branes and a doublet of 9-branes. We also include the KK-monopole which forms
a singlet. We present all the charges in an SL(2,R) covariant fashion in Section
12.2 and show that they form the expected SL(2,R) multiplets, in contrast to the
flatspace SUSY charges.

When performing the T-duality transformations we adopt the second of the
schemes discussed at the beginning of Chapter 5 which involves the massless T-
duality rules and assumes that the IIB potentials are independent of the T-duality
isometry direction. We present the pseudo-reformulation of IIB that accounts for
the mass parameters in this scheme in Section 12.3 and discuss the nature of the
relation between the IIB and ITA charges when the non-covariant massive ITA theory
is being considered. We delay giving the SL(2,R) covariant differential relations for

the bilinears until this section.

148
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12.1 T-dualising from ITA

12.1.1 Triplet of 7-brane charges

We start by considering the triplet of IIB 7-branes. For recent discussions on the
spacetime solutions of these branes see [78-80]. We have already considered the
D7-brane charge, (4.23) with n = 3, so we do not need to repeat it here. We have
not yet however considered the NS7-brane charge which is obtained from ITA by
either performing a direct T-duality transformation on the KK6-monopole charge
(11.1) or a double T-duality transformation on the KK8-monopole charge (11.3).
The result is found to be

NWST) (e + lzeﬂp)@w) + i N® 4 (e,wq)(l) —IK7)A B©)

1
+ (e‘“’l(l)“) + e 2N — i, BO + 56—%(3) ACP (12.1)

1
— K~ (2))2 2)
—1—3![( A (CH) )/\C .

The tension of the NS7-brane was shown to scale as e 3% 4 [?¢~% in [68], which can
also be trivially read off from the above charge. Furthermore this brane minimally
couples to N'®).

We refer to the third brane in this triplet as the IIB r7-brane. Its charge can
be found by either performing a direct T-duality transformation of the ITA r6-brane
charge (11.2) or a double T-duality transformation of the IIA r8-brane charge (11.4).
It is found to be given by

1
N = 210D — e o® 4 2 (6‘%(5) ACP — K= ABO
+N(N55) AB— ND /\C(G)). (12.2)

The tension for this brane was also given in [68] and was shown to scale as le™%,

which is in agreement with the above charge. Furthermore, it minimally couples to

o).

12.1.2 Quadruplet of 9-brane charges

We now consider the charges for the quadruplet of 9-branes. These are obtained

by T-dualising the ITA charges which are produced from dimensionally reducing
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(10.57). In order to do this we must first determine the T-duality rules for the
potentials which minimally couple to these branes. We present the details of this
task in Appendix C and simply use the results in this section.

The D9-brane belongs to this quadruplet. However since we have already given
its charge, (4.23) with n = 4, we do not need to repeat it here. We will refer to the
next brane as the IIB s9-brane. The (double dimensional reduction of the) charge
of this brane can be calculated by T-dualising the IIA s9-brane charge (11.6) along
(. Doing this yields

1 2 1
NG9 — (ge*i’w + ﬁew)q)(fa) + 51672@97 + 5(673@ + e ) D A B
2 1 1
+§ze—%<7> ACP + ge—%(f’) A(CP)? 4 5(6—2@02— +1e 2P ACP AB
1 2 1
+6e*%<3> AC2ABA (e —IK7) A <§gp<8> + 53@ A B)

1 1 1
+K7 A (5/\/(8) - 5[5(6) ACP + E(C@))?’ AB) 4 g+ A1

1 2 1
+§¢K+N<8> AB+ §g0(8) Nig+C® — gzmb’(ﬁ) ACP A B. (12.3)

From this charge we see that the tension of the IIB s9-brane scales as

4 1
ew\/§l2€2<p + (5672@ +12)?

which is in agreement with [68], and minimally couple to the potential A!%).

The next brane we refer to as the IIB r9-brane. The (double dimensional reduc-
tion of the) charge of this brane can be calculated by T-dualising the ITA r9-brane
charge (11.5) along 3. Doing this yields

_ 1 o 1 2. _
N = 1e720® 4 —e72207 4 —e D A CE 1 Z1e 20D A B
3 3 3
1 1
+6(e—2¢z— +1e7#d)) A (B)? + 56_“"@(5) ANCPAB
1
+6e*%(3> ACP A (B)?

1 1 1
+(e™PdW — [K7) A (§c<8> — §c<6> A B+ 6c<4> A (B)?)

2 1 1

+K~ A (—§<p(8) — gB(‘” A B+ E(C(2)>2 A (B)?) + i+ B0
2 1 1

—gz‘Kﬂo(S) AB+ §C(8> Nig+C® — éimb’(e’) A (B)?

1 1
—gc@ Nig+CH AB+ 66(4) Nig+C? A (B)2. (12.4)
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From this charge we see that the tension of the IIB r9-brane scales as

/1
—Po ] Ze=20 1 ]2
e 96 +

which is in agreement with [68], and minimally couple to the potential B1%).
We refer to the final brane in the quadruplet as the IIB ¢9-brane. The (double
dimensional reduction of the) charge of this brane can be calculated by T-dualising

the ITA ¢9-brane charge (11.7) along (3. Doing this yields

N = (7% + 2e72)Q + (le 3% + 1’ 7)) + (73 4 %e7#)d( A C®)
1 1
—i—i(e’wZ’ +1e PO A (CP)% + ée’“"cb(?’) A(CP)3
1
+(e#dW —IK YA (-N® £ BO A C?) oA (C@)*

1
—ig+ DY i NO A CP - §iK+B(6) A(CP)2, (12.5)
From this charge we see that the tension of the IIB q9-brane scales as
e ?(e® + l2)3/2

which is in agreement with [68], and minimally couple to the potential D19,

In [68] it was shown that there were two constraints which restrict which combi-
nations of these branes can be supersymmetrically coupled to the IIB supergravity
action. Such constraints are not deducible from the structural form of the above
charges. Furthermore, when dealing with spacetime filling branes the total charge
must vanish for consistency which involves some N = 1 truncation. It is inter-
esting to note that no such truncation is required in order for the 9-brane charges
to be closed. This is presumably related to the fact that the gauge algebra, and
therefore the charge structures, seem to be independent of the dimensionality of the

background spacetime, as already noticed due to the existence of f)&? in D=11.

12.1.3 Doublet of 9-brane charges

We now consider the charges for the doublet of 9-branes. These are obtained by
T-dualising the ITA charges which are produced from the dimensional reduction of

(10.61). We first perform a double T-duality transformation on the IIA t9-brane



12.2. SL(2,R) covariant IIB charges 152

charge (11.8) using the following rule for the ITA potential

. —(10) . —(10)
ZﬁAﬁlmﬁg - Zﬁ‘Aﬁlmﬂg

(12.6)

where we have split the co-ordinates in the same fashion as done in Chapter 5. The

result is then (the double dimensional reduction of)
N — =200~ _ A" (12.7)

We see that the brane that this charge corresponds to, which we will refer to as
the IIB t9-brane, has a tension that scales as e=2¥. This is in agreement with the
observations of [68].

Next we T-dualise the IIA u9-brane charge (11.9) along [ using the following
rule for the ITA potential

(10) 10)

.5 . 25(
igB e = 1aBa - (12.8)
The result is
(w9) _ =30 (9) 20— 4, + 13(10)
N =220 — e Q0 +ig+B . (12.9)

We see that the brane that this charge corresponds to, which we will refer to as the

ITB u9-brane, has a tension that scales as
e 2\e=2 4 2

in agreement with [68].

12.2 SL(2,R) covariant IIB charges

We now consider the SL(2,R) covariant version of IIB and show that the charges
transform in the same multiplets as the states they correspond to. This involves re-
expressing the fields, bilinears and charges given so far in this thesis in an SL(2,R)
covariant fashion. The 1, 3 and 5-form field equations have been given previously
in [43] and the 7, 9 and 11-form ones have been given in an SU(1, 1) covariant form

in [67,85].
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So far in this thesis we have been working with the string frame metric, however
the SL(2,R) covariant theory is more naturally expressed in the Einstein frame. For
the generalised charges the only effect this has is a scaling of the bilinears due to their
construction from I' matrices. Since this offers little simplification we will remain
working in the string frame to avoid excessive changes of notation, and simply write
the bilinear multiplets in terms of the string frame bilinears.

The bilinear multiplets can be determined by calculating their transformations
under the discrete S-duality transformation. This is done by mapping a given bilin-
ear to D = 11, performing the transformation ky — —/2:2, ky — 12:1, then mapping
back to IIB. We find that the bilinears fall into groups that transform according to
essentially the same rule. To demonstrate we temporarily denote the three bilinears
K=, %" and Q~ by the symbol Y® for p = 1,5,9 respectively. We then find that

for p=1,5,9 we have
P W”%l(_eﬂoy(p) —1DW)
Y® N7 (ePd®) — 1y @) (12.10)
whereas for p = 3,7 we get
o®) s |\|"z o) (12.11)

where A = [ + ie™¥ is the axion-dilaton. The only other bilinear transformation we
need is for K with its spacetime index up, which appears in the charges contracted
with various gauge potentials. This can be shown to transform as a scalar. Note
that also this object is invariant when going between the Einstein and string frame
since the scaling of both K:[ and the inverse metric cancel.

The scalar fields ¢ and [ parametrise the coset SL(2,R)/SO(2) and transform

as the following matrix [43]

B AP
Moy = € : (12.12)
I 1

From this it can be determined that under the discrete S-duality transformations

the scalars obey

e~ % -1

— 12.13
TRE TP (12.13)
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12.2.1 Doublet of 1-brane charges

This multiplet consists of the D1-brane and the F-string, the non-covariant gener-
alised charges of which are given by (4.23) for n = 0 and (4.26) respectively. The
leading bilinear terms are e #®(1) — [K~ and K~ respectively. From (12.10) it can

be shown that these transform as a doublet, specifically we define

e W) — K~
K, = . (12.14)
K-
The two 3-form field strengths and 2-form potentials form the doublets

FO +1H c®
H, = B, = (12.15)
H B

and the field equations become simply
H, = dB,. (12.16)

We then find that the 1-brane charges can be written as the following doublet

N@
NW = K, + ig+ By = : (12.17)
—NED

It is trivial to check that this expression is generally closed, however we delay giving
the required covariant form of the bilinear differential relations until Section 12.3
when we discuss how the presence of the mass parameters on the ITA side are dealt

with in IIB.

12.2.2 D3-brane charge singlet

The D3-brane transforms as a singlet under SL(2,R), and the non-covariant charge
is given by (4.23) for n = 1. The leading bilinear term here is e=#®®) which from
(12.11) can be seen to transform as a scalar. We therefore define ®®) = ¢=#@®)
which is actually equivalent to the Einstein frame definition of the bilinear.

The 5-form field equation is also an SL(2, R) scalar which can be seen by making
the following redefinition of the RR 4-form

N |
cW —CcW 4 §c<2) AB. (12.18)
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We then get the following field equation

S|
FO = dC® — B, N dB, (12.19)

1

where €12 = +1. Given these definitions we can write the D3-brane charge as the

following SL(2,R) scalar

3 _ 1
NG =06 — . .CW 4+ K, A By + §eabiK+Ba A By, (12.20)

12.2.3 Doublet of 5-brane charges

Next we consider the D5-brane and NS5-brane which form an SL(2,R) doublet.
The non-covariant forms of the charges are given by (4.23) for n = 2 and (4.30)
respectively. The respective leading bilinear terms in these instances are e ¢#®®)

and e 2%~ + ¢ ?[PO®). We then define the doublet

e"2¢Y " 4 P PB)
Yo = (12.21)
e_Lp@(E))

which can be checked to transform correctly using (12.10). Note that this doublet
has a qualitatively different structure to (12.14). The two types of doublet structure
can however be mapped to one another using M}

The two 7-form field strengths and 6-form potentials can also be written as a

doublet. To show this we need to make the following field redefinitions
c® — —CO 4 écw A (B)? (12.22)
BO — BO 4+ CWACH 4 %B A(CP)2. (12.23)
The doublets are then given by

HO 1 F(T)
H = - BY = o (12.24)
~F C

from which we can write the field equations as

~ 1
HD = dBP) +C N dB, + <€By A By A dB.. (12.25)
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Using these definitions the D5-brane charge and the NS5-brane charge can be written
as the following doublet

- NS |
N® = 2, + 33 AB, + K, ACH + §ebCKb AB. A By — i+ BY

- 1
—ig+CY A B, + aeb%m& AB.AB,
N(NSS)

— , 12.26
N (12.26)

12.2.4 Triplet of 7-brane charges

We next consider the triplet of 7-branes which is comprised of the D7-brane, NS7-
brane and r7-brane. As we have already mentioned it is often stated that these
branes are an example of a discrepancy between the charges appearing in the SUSY
algebra and the spectrum of BPS states that couple to the theory. While this is true
for the flatspace SUSY algebra where the 7-form charge transforms as a singlet, we
now show that the generalised charges transform as a triplet.

The D7-brane generalised charge is given by (4.23) for n = 3 and NS7-brane and
r7-brane charges are given by (12.1) and (12.2) respectively. The leading bilinear

(") and some scalar factor consisting

terms in all cases involve the 7-form bilinear ®
of the axion and dilaton. From (12.11) we see that the combination ®() = e¢=2¢®(7
is an SL(2,R) scalar. To form a term that transforms as a triplet we must use M g.
It is the presence of this term, which is neglected for flat spacetimes, which causes
the discrepancy between the flatspace SUSY algebra and the brane multiplet.

The three 8-form potentials N'®, »® and the RR potential C® form a triplet.
The field strength equations are given by (9.26), (9.25) along with the standard RR

field strength. In order to express these as a triplet we need to make the following

redefinitions
1 ~ 1
90(8) N @(8) + 5C(2) A C(G) _ @(C@)f A (8)2 (1227)
~ 1
c® _ 06 4 ﬁ(3(2) A (B)? (12.28)
- 1~ 1
N® = N 4 2O A D) + () A B. (12.29)
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We then define the following triplet structures

7O AHO + (12— e22) FO  HO 4 |FO) (12.30)

@ HO) 1 1 FO) FO) '
N® 56

c® — 7). (12.31)
56 ¢

The 9-form field equations can then be written as

a

1
F) =dcl) + By A dBy) — 17€“Ba By A Be A B (12.32)
with the constraint
MPFD — (12.33)

which follows from (12.30) and demonstrates that there are only two independent

9-form field strengths. We use the following convention to raise SL(2,R) indices
€My = M?,. (12.34)

The 7-form charges (12.1) and (12.2) together with the D7-brane charge can then

be seen to form the following triplet

y 1. 1
NT = Myd? + 5, A By + 5 @O A BBy + oe K A By A By A By
+K(a A BI())G) + K(a ACW A Bb) — iK+B((2) A Bb) — Z'K+CL(£)
1. - 1
—51K+C(4) A B, A By + Ee“li;ﬁ[)’c A By A B, A B,

NWNST)  N(r7)
= . 12.35
NCD o N ( )

12.2.5 Quadruplet of 9-brane charges

We now discuss the quadruplet of 9-branes which was discussed in [68]. It consists
of the D9-brane along with other branes that we refer to as the r9, s9 and q9-branes.
The non-covariant form of the D9-brane charge is given by (4.23) for n = 4, and
the other three in Section 12.1.2. In each case the leading bilinear terms consist

of combinations of ®© and Q~ with factors made up form the dilaton and axion.
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Using (12.11) we define the following bilinear doublet

e3P0 + e 20]pO)
0, = . (12.36)

We then redefine the 10-form potentials according to

_ 9 1. 1
(10) (10) _ 256 A _ (2) (2))3 2
A — A ¢ NC 66 A(CP)? + 360<C ) A (B)
(12.37)
g, g0 _ Lew o L ey, gy (12.38)
3 360
. 1
¢t _, C“O)+5€A(B>4 (12.39)
i 15 1
pao) _, _pao) 6(3(4) A(CP) + 2_03 A (CH4, (12.40)

Then using (C.14)-(C.17) we can write the quadruplet of 11-form field strength

equations as

Flo) =dcl) — ) A dByy — 5—edeB A By A Be A By A dB, (12.41)

abe abe
where we have defined the components of the quadruplet of field strengths F é;i) as
]_-1(3) — pBray + leH(n) + 21 (1) _ g(n)
Fly = PFW 4 gmﬂ” + ;26(”)
Fo = 1FW 4 gH(”)
Fly = FO (12.42)
and potentials Cabc
6111 =D Cﬁg) = A1
Clyy) = B4V Cipy) = €10 (12.43)
The quadruplet of 9-form charges is then given by

~ 1
N(g) = M(abQC) + M(abq)(7) A BC) + 52(‘1 A By A BC)

abc

1= 1
+§<I>(3) A B A By A By + ZedeKd AB. ABy ABy A B,
K AC) + Ko NBYY N By + §K(a ACW A By A B,
: L. -
i+ Chy — g+ Clog N Boy — 52K+Bgs) A By A B,

1 1
—3—@K+c )/\B(a/\BbABC)+5e ix+Ba A Be A By A By A By (12.44)
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where we have

MO =N N = e

NS = N9 N = N®, (12.45)

12.2.6 Doublet of 9-brane charges

It is a simple task to show that the doublet of 9-branes (12.7) and (12.9) can be
written as a doublet. The 10-form potentials transform as a doublet as they are.

We therefore define

B
10) _
cl10 — <0 (12.46)
which gives rise to the field equation
FaY — gc1o (12.47)

which agrees with the field equations implicitly given in [67]. Then using (12.36) we

can write the charges as

— N (9)
NO = M by —ig+C1 = N ) . (12.48)

12.2.7 KK-monopole singlet

Finally we consider the KK-monopole which transforms as a singlet and which has
a charge given by (6.27). In this case the SL(2,R) transformation of the leading
bilinear terms does not follow from (12.10) or (12.11). However explicit calculation

reveals that
St = e 2RINY — e ipnt A (12.49)

transforms as a singlet.
The potential that the KK-monopole minimally couples to, iz (") can be shown

to transform as a scalar. However for a more complete treatment we consider the full
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potential A7), In this case we see from (9.15) and (12.32) that this potential only

transforms as a singlet when combined with i3@®. After making the redefinition

N — N 4 %z‘ﬁé(@ ACP — %(5“5) NigC® + iz‘ﬁé(‘*) ACP AB

1 1
—igCH ANCH A (B)? + —igBABA(C?)? (12.50)

16 18

we find that the combination N — %iggb@) forms a singlet. We can then write

. - 1 3 1 1. s s
G® = AW — §z5¢<8>) - Zeabzsg@ AigdB, + Ze“b¢6656> A dB, + 5zﬁdcw ACHY
1 ~ 1 -
+Zea%ﬁc<4> A B, AdBy — Ze“bC(4) Nig(By A dBy)
1
—Ie“be“lig@a A By A B. A dBy (12.51)

where we have defined the field strength singlet
1
G® =g® + Zigh®. (12.52)

It is interesting to note that ig(ﬂs) appears both here as part of a singlet and also
in (12.31) as part of a triplet.
We find that the KK-monopole charge can then be expressed as the following

singlet

~ - 1 -
NEE) - — 5 i gN' D — e®ip%, NigBy — 56%[,(@(3) A B,) NigBy
—l—iﬁé(g) AN iﬁé(4) — EabigKa VAN 7:/66{56) — Eabig(Ka VAN 6(4)) A ig[)’b
1
—géabGCdig(Ka A By A BC) AN iﬁBd — EabiKJrﬁB((lG) VAN i@Bb
T 1 .
+§z’K+5C(4) AigCW 4 §6abi5(iK+C(4) AB,) NigB,
1
—Ie“beCdig(iKJrBa A By A B.) NigBy. (12.53)

12.3 SL(2,R) T-duality and ‘massive’ IIB

We now discuss how the IIB theory is related to the non-covariant massive ITA
theory, and hence also to the SL(2,R) covariant D = 11 theory, through T-duality.
Our first motivation for doing this is to justify the use of the massless T-duality

rules to map between the ITA and IIB charges as done in the previous chapters. A
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second reason is to show how D = 11 field equations are related to those given in
IIB which provides a check on the massive terms.

As discussed at the beginning of Chapter 5 one may incorporate the mass param-
eters into the T-duality via the Scherk-Schwarz mechanism [69], see for example [43].
In this scheme the IIB potentials are multi-valued along the compact T-duality isom-
etry direction with the different values being related by a global SL(2,R) transfor-
mation where the mass parameters correspond to the generators of this transfor-
mation. Here however we follow a different approach, also discussed in [43], where
the IIB potentials are taken to be independent of the T-duality direction and the
information corresponding to the ITA masses is instead encoded via a modification
to the derivative operator. This modification can be interpreted as a gauging of the
SL(2,R) symmetry using a gauge field that takes values of the mass parameters
in one direction only. For the most part this corresponds to making the following

substitution for the derivative operator acting on an arbitrary p-form Ya(f )_,an

dYa(f)..an - Dya(fi)..an = dY;L(ﬁ).-an + nm(albdy A Yj?..aﬂb (12.54)
where
m;  m
mt=1 " 7 (12.55)
m_ —my

is the mass matrix, which also acts as the generator of an SL(2,R) transformation.
Here y is the co-ordinate that parameterises the T-duality isometry direction. An
advantage of this scheme is that the mass parameters are made explicit through this
modification.

Making this substitution effectively modifies the field equations, the new ones
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being given by

Ho = Ho+m,SByAdy (12.56)
FO g6 _ %mabga A By A dy (12.57)
HO = HO 4+ ml(BY +CW AB)Ady

+%mb%’b A B, A By A dy (12.58)
R = Ym0+ B 0B

—%mCdBC ABg A By ABy Ady (12.59)
Fud = Fud +m, (B0 — ) ABa) Ady

—%mdeb’d ABe ABy ABy A B. A dy (12.60)
FOU = F0 4oy b0 A gy (12.61)

Since all the fields are now assumed to be independent of the isometry direction
one uses the massless rules when T-dualising the potentials. The information of the
massive terms on the ITA side is now represented by the ‘massive’ terms produced
by making the substitution (12.54), and it is in this way that the T-duality rules
are modified implicitly. In order to T-dualise the field strength equations it is more
convenient to work with the non-covariant fields so we give these in Appendix D.
Then it is a straight forward task to check that the IIB equations map to the
equations given in SL(2,R) covariant D = 11 supergravity. This acts as a non-
trivial check on those equations.

In order to check that the IIB charges given in the previous subsection are still
closed under this scheme we now give the ‘massive’ SL(2,R) covariant differential
relations of the bilinears. The majority of these relations have already been given
in the usual form in Chapter 4 and the remaining ones are calculated using the

same technique. The massive modifications are obtained by making the above field
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modifications as well as the substitution (12.54). The results are then given by

dK, = ig+Ha+m, Ky Ady (12.62)
do® = K, ANHy — i+ FO (12.63)
A%, = OIANH, + K, ANFO — i FD 4 m Sy Ady  (12.64)
dMp@ ™) = S AHy + Ko AFS =i )
+2m, ./\/lb)c DA dy (12.65)
AM@Q) = M@PD AHy + Ko A Fyd) +igFly,)
+2m /\/l|d|bQ A dy + m /\/lbC Qq N\ dy (12.66)
AMLEQ) = —igr FMY +mbPMEQ A dy. (12.67)
Here the inclusion of the 11-form field strengths in the last two differential relation
are conjectures along the lines of (10.60).

Finally in order for the charges to be closed we require the potentials to satisfy

the following gauge conditions

LiiB, = —K™m,B, —m,NY Ady (12.68)
Lx+CW = ; m® N A By A dy (12.69)
LiiBY = —Ktvm B +mNO Ady -3 m* N A B A By A dy

(12.70)
£K+C(8) = —2K+ym(accggc) + 2m(aCNb()7€) Ady — m(aCNl(C‘T) A By A dy
+%mCdN§1) A By ABy AByAdy (12.71)
Lg:CLY = —3K+ym(adC£){2 — Sm(adNb(?))d A dy + Qm(ale(;‘?) A By A dy
—%m(adN(j) A By A By A dy + %mdeNél) AB. A By A By A B,
(12.72)
LiCH) = _Ktvm bC (10) 4 m, bN N dy. (12.73)

These are merely the T-duals of the conditions imposed on the ITA potentials. Using
these relations one can then check that the IIB charges are closed in this ‘massive’
theory and it is in this sense they can be said to be related through T-duality to the
charges in non-covariant massive ITA. Note that the scalar K% must be closed due

to the relation (5.24).
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A complication arises for the KK-monopole charge in this scheme due to its
dependence on the isometry. To demonstrate this we consider the potentials con-
tracted with 3. Applying the rule (12.54) in these instances creates ambiguities
since different results are obtained depending on whether the contraction with [ is
applied before or after the substitution (12.54) is made. From T-duality we find
that the correct order is to contract with 3 after the substitution (12.54) is made.
Specifically we may consider the potentials igB, as an example, in which case we

have
d(igB,) = —igdBy — —ig(dB, +m, dy A By). (12.74)

For the KK-monopole we must consider the potential ig/\N/' (. The isometry is
present here not just through the contraction with 3 but is also intrinsic to N, We
cannot therefore remove this isometry dependence before applying the rule (12.54).
It seems that for this reason the rule (12.54) is different in this instance and we find

that the modified field strength is given by
i5G® = i5G® 4+ m®|—isC —isBO Aig(By A dy)

1. 5 1
—§iﬁc<4> Nig(Ba A By Ady) + @eCd’igl’)’c Nig(Ba A By A By A dy)

which is determined through T-duality (compare with (6.29)). Note the presence
of the potentials Cii) which do not arise from making the substitution (12.54). We

find a similar a situation for the differential relation of ¥ . Specifically we have

At = iK+gg(8) _ eabigKa A iﬁﬂl()?) — eabiﬁza A\ igﬂb + iﬁ(i)(g) N 2‘5.7':(5)

—m® M i g®7 (12.75)

which is again determined from T-duality. Note the presence of the term involving
™ (compare with (6.28)).
Using these relations we can confirm that the KK-monopole charge, given by

(6.27), is closed in this ‘massive’ IIB scheme. The gauge condition on ’ig./(ﬂn is
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given by

Li+(igND) = —m®igNT +m®ig(NO A dy) AigB,
1 .
+Zm“%‘5(1\7§1) A By A dy) AigC™

1
+§m“becdiﬁ(N§1) A By AB. A dy) AigBy (12.76)

which can be shown to T-dualise to the ITA conditions. Note that we have
L+ (igN D) = ig(Ligs N (12.77)

since we assume independence of the isometry direction.



Chapter 13

Discussion

In this thesis we have, following the original work of [1], successfully formulated the
generalised charges for the more commonly encountered BPS branes in the D = 11
and ITA and IIB supergravity theories. These generalise the usual topological charges
found in the flatspace SUSY algebras to curved supersymmetric backgrounds, and
have the alternative interpretation of generalised calibrations [57]. We found that
several of the shortcomings usually attributed to the flatspace charges did not apply
to the generalised charges, most notably the breakdown of the one-to-one correspon-
dence with the branes. Additionally it was found that the structure of the generalised
charges contains information about any isometry that occurs in the spacetime solu-
tions of the branes as well as the dependence of the brane tensions on any scalars
in the theory.

In order to properly investigate the M9-brane and D8-brane charges we consid-
ered massive versions of the D = 11 and ITA theories where it was found that the
inclusion of the mass parameters has only an implicit effect on the charges by virtue
of altering the gauge conditions satisfied by the potentials. Of particular interest
was the D = 11 theory where we considered a double M9-brane background. The
SL(2,R) symmetry that arises from the pair of compact Killing isometries that are
present in these backgrounds maps to the SL(2,R) symmetry in the IIB theory
through an SL(2,R) triplet of massive D = 9 theories [43]. The geometric nature
of this symmetry in the D = 11 theory allows for a systematic analysis of the types

of charge multiplets that occur. The expressions LT and [A/SZ) play a key role in

166
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this process although they do not seem to correspond to the charges of any (known)
branes by themselves. By explicitly mapping these charge multiplets to IIB it was
shown that they exhibit the same multiplet structure as the IIB branes themselves,
a trait that is not fully satisfied by the flatspace charges. In order to complete this

) was also conjectured, whose

correspondence an additional D = 11 doublet Lo
structure is unrelated to that of the other charges, and which maps to the doublet
of 9-brane charges in IIB.

En route to determining the structure of these charges we first investigated the
D = 11 gauge fields and determined their field strength equations. This included
the 8-form potentials that are the magnetic duals of the Killing vectors, as well as
the 10-form potentials which can be introduced into the action as auxiliary fields
and whose 11-form field strengths are related to the mass parameters through Hodge
duality. Once again the SL(2,R) symmetry played a key role in this analysis and
it was found that the full gauge algebra consists of an infinite tower of fields of
increasing rank which in reality is truncated after the 10-form potentials due to the
dimensionality of the background spacetime.

Although our analysis focused on the SL(2,R) case, with n = 2 Killing vectors,
the field equations should generalise to arbitrary n, with the resulting SL(n,R)
symmetry being a subgroup of the full U-duality group for n compact directions. A
natural extension to the work presented in this thesis would then be to extend the
analysis to other values of n and determine the charge multiplets that occur. One
could then map these to the lower dimensional supergravity theories to obtain their
brane spectra and then compare with previous results in the literature.

An interesting observation was that the potential i3C'") in ITA was treated as an
independent scalar field with an 8-form magnetic dual potential. We might therefore
expect new scalar fields to emerge in D = 11 for n = 3,6 and 8. Specifically we would
have 7;1%11%21%31217 ikl...kﬁé and i,;ln.,;S]\Af(s). These would then each have a 9-form dual
potential given by A®, C® and N respectively, which would suggest the existence
of new families of branes emerging for each of these values of n. Schematically the

generalised charges for these could have leading bilinear and potential terms given
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by

Z'];l];2]%3(2 A ki A ko A k‘3) + ikl%ll%gl%gA(g)
ikl_._%(d} NEI AN k@) + if(l}:l...légé(g)

i,;lmfgs(i,;lf( ANy A ks) + %H&W (13.1)

The expressions for the tensions would include the terms |k |2|ka|2|ks|2, [k1]? . . . |ke|2
and |k1|3|k2|? . .. |ks|? respectively which is in agreement with previous results from
considering the full U-duality group [94,95]. However from the approach here we
would also expect there to be terms in the tensions involving the contraction of
different Killing vectors which are not found using the U-duality approach. A similar
observation was made in [41] where the spacetime solutions of a series of new families
of branes were calculated which share the same main features as the branes proposed
here. It would be interesting to explore these states further and construct the full

generalised charge expressions.
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Appendix A

ITA from D =11

Here we present the dimensional reduction rules of the D = 11 supergravity theory
to ITA. To begin with we use the non-covariant notation of Chapter 8 where &
is the Killing vector that generates the isometry over which the reduction is being
performed. We work in a co-ordinate system adapted to & and split the co-ordinates
into {p;, 2} where z parametrises the isometry direction and pu; represent the other
10 directions.

The metric reduces via a scaled Kaluza Klein reduction given by

4

AAl; — Al
9i e%(z’C'l(,l) oho (A1)
The inverse metric then reduces according to
. 3% ghv —e3oCWn
g — . (A.2)

The D = 11 gauge potentials and Killing vectors (with indices down) reduce
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according to

& — 3?0 463ty (A.3)

B — e 39846320000 4 39,0 W dz (A.4)

A - C®4+BAdz (A.5)

¢ — BY—(Cc® - %C’(?’) AB) Adz (A.6)
N® %(;5(8) + (" — %C A B?) A dz (A.7)
T® — NO® 4 (NO gz‘gd)@) — %C’ ANigC A B) Adz (A.8)
A0, 400 4 (o) _ %c@) A (B)P) A dz (A.9)
B . BOY L (B _ 1—160<3> NigC® A (B)?) A dz (A.10)
D . plo L (p® _ %c@ A (igC3)2 A B) A dz. (A.11)

In addition to these we define the double dimensional reduction rules for the doublet

of 11-forms as (in covariant notation)

A

AW 710 (A.12)

14 g
i A . BUY, (A.13)
The spinors reduce according to

¢ — e o%. (A.14)

The reduction rules for the I' matrices can be inferred from their defining property

(2.11) as well as the reduction rule for the metric (A.1). We then find
['— e 3T 4 3Ty A (CWD + dz). (A.15)

From the above these we can then determine the reduction rules for the bilinear
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forms. These are given by

K — e 30K 4+ e300 A (OO 4 d2) (A.16)
o — e U 4+ KA (CW 4 dz) (A17)
S o e 28 4 e tT@ A (CW + d2) (A.18)
A = 3000 4505 A (CW 4 d2) (A.19)
0 — e ¥4 e 5900 A (0O 4 dz) (A.20)
P e BOw0 A (CD 4 d2). (A-21)

To consider the reduction rules for the generalised charges we also require the
rule for K. This can be determined from the rule for the inverse metric (A.2) and

(A.16). We then find

~

K+ = g f(y + g [(Z

— e3g (e 30K, + e3¢ WO M) — 30 Mres oy ©)

- KW (A.22)
and
KZ - gzu-f(y + QZZKZ
— RO (T IK, + e TOCD) + (3O + e730)es? w0
— MO (A.23)

Applying these rules we then determine that the M2-brane (2.43) and M5-brane

(2.52) charges reduce according to

L® = M® 4+ MFD A dz (A.24)
L® — MW L MO A dz (A.25)
which is in agreement with the relationship found between the corresponding branes

as we would expect. For the remaining charges we work in the SL(2,R) covariant

notation of Chapter 10 and it is to be understood that the reduction always occurs
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along the direction described by k1. We then have the following collection of relations

— MR (A.26)
M©® (A.27)
MO (A.28)
MEES) (A.29)
M® (A.30)
igM T (A.31)
ig M) (A.32)
ig M@ (A.33)
—igMT® (A.34)
— M EES) (A.35)
—M®) (A.36)
ig M), (A.37)



Appendix B

SL(2,R) covariant D = 11

KK-monopole worldvolume action

Here we construct the kinetic term of the worldvolume action of the KK-monopoles
in the SL(2,R) covariant D = 11 massive supergravity. The purpose here is not
to study the worldvolume actions in any great detail but rather just to show that
an action can be constructed with two gauged isometries which is invariant under
the massive gauge transformations (10.11). We begin by first reviewing the case of
a single gauged isometry to demonstrate the general mechanisms at work, before

constructing the double isometry case.

B.1 Single gauged isometry case

Our discussion of the single gauged isometry case is based on [27] which is an ex-
tension of the earlier work [26]. Here the action for the KK-monopole in a massive
background where the Taub-NUT and massive isometries coincided was considered.
In this case we therefore have just a single massive isometry (&) which is gauged in
the worldvolume action by replacing the partial derivatives with covariant deriva-
tives whenever the pullback of a spacetime field to the worldvolume is performed.
The action is then that of a gauged sigma model [96] where one of the embedding
co-ordinates is eliminated through the gauging. Specially we make the substitution

O, X" — D; X" = 9, X" — Cia (B.1)
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where
Ci = 4720, X ay,. (B.2)

The kinetic term of the action is then given by*

Shin = —TKK/d7§ |5é|2\/|det(DiXﬂDjXﬁ§ﬂﬁ + (56_1}A—ij)| (B.3)

where ¢¢ are the worldvolume co-ordinates, Trr is the monopole tension and the

field strength Fis given by

Fi; = doM +is Ay (B.4)

]
where d)l-(l) is the Born-Infeld 1-form. This field describes intersections of the KK-
monopole with an M2-brane where the M2-brane wraps the compact isometry di-
rection.
The action (B.3) is invariant under both local isometry transformations with
parameter 6(*)(¢7) and massive gauge transformations which we will now give. Under

local isometry transformations the embedding co-ordinates transform as

Xt = 504k (B.5)
whereas a spacetime field Thah ial‘..pj varies according to the general rule
R A C}(O)dﬂ&ffﬁrnﬁg ) (B 6)
o U1...U5 A vy..vgt :

Then, using (8.7) for &, one determines that C; transforms as follows

~

5C; = dol® +mh; (B.7)
from which it is a simple matter to calculate
6D X" = 6OD,X?8,6" — Ao, (B.8)

We also have the following transformation rules for the Born-Infeld vector and space-

time metric

~

s = ap” + A, (B.9)

)

Sgpr = 2mAuas) + 0 0aP0,0:0. (B.10)

'We set 2o/ = 1.
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Finally we need the transformation rule for A, ., which is given by (8.8) together
with (B.6).

Using this collection of transformation rules together with the fact that & is a
Killing isometry it is a straight forward task to show that the action (B.3) is invariant
under both local isometry transformations and the massive gauge transformations.

This concludes our discussion of the single gauged isometry action.

B.2 Double gauged isometry case

We now extend this method to the case where two isometries are gauged in the
action. The results here apply to both massive and non-massive isometries. So
for example, they can be applied to the case of a KK-monopole in a single M9-
brane background where the Taub-NUT and massive isometries do not coincide, as
considered in [28]. Alternatively, they can also be applied to the case of a KK-
monopole in a double M9-brane background where the Taub-NUT isometry does
coincide with one of the massive isometries. Which case is described depends on
whether the truncation of the mass matrix Q (10.2) or the general mass matrix
(10.1) is used respectively.

In order to write the action in an SL(2,R) covariant manner, we need to make
use of the charge matrix ¢® as done in [93]. The entries of this matrix determines
which combination of states within the KK-monopole triplet the action is describing.
However, as outlined below we find that we are also required to include the charge
vector ¢*. The only way that this can be meaningfully related to the combination
of states being considered is if it is derived from the charge matrix according to
q® = q%q®, which adds a restriction to ¢?, in particular we must have det(q®) = 0.
The same restriction was found in [93] for the triplet of 7-branes where the Wess-
Zumino term of the action was also considered. Mapping this restriction from 1IB

to D = 11 also gives us a restriction on the mass parameters
det(Q™) = 0 (B.11)

which is equivalent to 72 +m_1, = 0. We therefore might also expect this restric-

tion to apply to the action here, however we will show below that this does not seem
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to be required for the action (or at least the kinetic term) to be invariant under the
massive gauge transformations.

We start constructing the action by generalising the field C; of the previous
section. In the present case we have two isometries and so expect to have two
such fields. Treating these symmetrically, we propose that each should be defined
analogously to C; but each with a ‘naive’ gauging using the other isometry. Explicitly

we propose that we have two such fields defined as

A

where we have used a non-covariant notation with /3 denoting the second isometry.

These rearrange to give

~

R a2 a-

B, = —o,XM3, — —28,X"a, B.13
4 By g (B.13)
& = Toxia, - Y09 %0, (B.14)
¥ ¥
where we have defined
y=a*3 - (a-P)% (B.15)

These expressions can be written in covariant notation as

R 2% (ky - k)0 X Pk
G = 2 k)0 XPhy (B.16)
ebeede(ky - k) (ke - ke)
with
R B;
Cia = ) ) (B.17)
-G
The covariant derivative in this case is then defined as
DZX’a = 82Xﬂ - Eabéia]%;}. (B18)

Note that this is only well defined in the instance where the two isometries are not
parallel.
In order to construct an action that is invariant under the various transforma-

tions we consider each subterm individually beginning with the metric term. The
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embedding co-ordinates now change under the two local isometry transformations,

with parameters & (€1, according to

SXP = GOk (B.19)
whereas a spacetime field ik ial‘..pj transforms by the general rule
M ab A (0) LA A Afia -
05T o = €Dk T, (B.20)

Then, using (10.11) one can show through explicit calculation that

5Ci = do® — QP D XA, (B.21)
and therefore
SD; X* = 6O D X7 9okl — QD X7 \pokl'. (B.22)

The rule for the metric (B.10) now becomes
0gi = Q" (Nuakon + Moakip) + €60k s (B.23)
It is then a straight forward task to show that the term
D X*D; X7 s (B.24)

is invariant under these covariant transformations using the fact that k, define
Killing isometries.

Next we consider the Born-Infeld field strength. Since the Born-Infeld field
describes the intersection of the KK-monopole with an M2-brane where the M2-

brane wraps a compact isometry direction, we get a doublet of Born-Infeld fields

(,:)(1)

ia

in the covariant theory since we now have two compact isometry directions.
We begin determining the structure of the field strength J:"Z»ja by generalising the

transformation rule (B.9) to
5ol = dpl? + DX s, (B.25)
from which we calculate

8(doM) = d, — iy, MdC, — d(ig, M) A C. (B.26)
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From (B.4) we would also expect there to be a term D;X"D;X%i; A, which,

using (10.8), we find transforms as

S(DiXPD; X%y, Ay) = —DiX"D;X7dMgsa

+’i;;25\1QabDiXﬂDjXﬁi,;bA,;p. (B.27)

Combining these results we see that the naive generalisation of (B.4) is not in-
variant under the massive gauge transformations. Following [28] we introduce the

worldvolume scalar &(°) which has the following gauge transformation

1 R .
S0 — §€abi1%a)‘b = —ij A1 (B.28)

We then consider the term & dCA’ija which transforms as
5 0dC,) = —iz \dC, — &0Q, (AN — ig MdC, — d(ig M) ACl).  (B.29)

Putting these together we see that the following field definition is invariant up to

quadratic order of the mass parameters

~

Fijo = dof)+ (1,0 +00Q DX D;X"i; Ay
1 oy A e s
—oOp + 5ca(o)Qab)daﬂ,. (B.30)

~

Note that we have the identity Q,°Q,° = —det(Q)1,°. We can therefore neglect
terms that are quadratic or higher order in the mass matrix if we impose the con-
straint (B.11).

Finally we must consider how terms such as ko - ky transform. We find, using

(10.11),
d(ko - ky) = 2Q(ac(kb) . kc)z’b)\l. (B.31)
We then construct the invariant expression

Fap = (1., +200Q %) (ks - k) (B.32)

where once again we restrict ourselves to the case where the terms quadratic in the

mass parameters vanish.
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At this point we realise that there are no appropriate fields with which we can
contract the SL(2,R) free index of the Born-Infeld field strength. The Killing vec-
tors k, are not suitable since this would leave a free spacetime index. We are
therefore forced to include the charge vector ¢* discussed at the start of this section.

Putting these expressions we find that an SL(2, R) covariant action with two gauged

isometries can be written as

Skin = —Tkk / d’¢ qabkab\/|det(DiX“DjX”§ﬂz> + qulﬂ
(qabkab)§

(B.33)

which is invariant under both the massive gauge transformations and local isometry
transformations. Note that after performing the truncation (10.2) there are differ-
ences between the action presented here and the action given in [28]. This originates
from the differences between the massive gauge transformation rules (10.11) and the
symmetric manner in which we gauged both isometries (B.12).

In [93] the IIB 7-brane action was constructed for the det(q) = 0 case and the
result has the same general structure as (B.33). This action was then generalised
to positive det(q) in [80] to second order in the Born-Infeld term. In the current
situation, while it is not obvious how to generalise the action fully, we note that the
restriction (B.11) can be lifted without spoiling the gauge invariance if we define the

Born-Infeld field strength as

:/fija = dw( ) + eXp((;)(O)Q)abDiXﬂDjXpik Aﬂ,}

ija

~

_(Q_l)ab(exp( Q) —1,%)d ch (B.34)

and the Killing vector term as

kap = exp(200Q) " (k) - ke).- (B.35)
The action is then exponentially dependent on the mass parameters. This demon-
strates a first step in generalising this action for det(q) # 0. Note that the inverse
mass matrix only appears in (B.34) if the powers of the masses are collected in terms
of an exponential function, but cancels if these are expressed as an explicit power

series.



Appendix C

Mapping D = 11 10-forms to 1IB

We now map the D = 11 10-form potentials to IIB and determine the resulting
quadruplet of field equations for the IIB 10-form potentials. These equations were
calculated in [67] in an SU(1, 1) covariant form. The reason we re-derive them here is
to determine the T-duality rules for the ITA potentials which map to these potentials,
which are required in order to T-dualise the ITA 8/9-form charges. Furthermore,
we reveal the existence of a pair of IIB 9-form potentials which form part of a
doublet which we conjecture should couple to a doublet of KK-type 9-branes. For
the purposes of this calculation we must neglect the dimensionality of the spacetime
in order to determine the full structure of the field equations.

We begin by considering (10.26) which shows that there are only in fact two
independent 11-form field strengths in the D = 11 theory. We make this fact
explicit upon performing the dimensional reduction of the triplet of D = 11 11-form

field strengths to ITA. Specifically we have (reducing along z)

~

FYY = gt 4 FOO A (0D 4 dz) (C.1)

~

FOY = ipeWa 4 g0 4 (j,cWFO0 4 gOOY A (0D 4 dz)  (C.2)

A

FQ(;U N ((iﬁc(l))z _ 6—2¢>R2)G(11) + 22’50(1)[{(“)

+[((i5CM)2 — 2 R%)FUO 4 25,V HID | A (CW + dz). (C.3)

The combinations of the ITA 10-forms here are determined from the Hodge dual

189
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relation (10.24). The RR 10-form F(% is then related to the mass parameters via

FUO = w(—my + ((igCM)? — e R)m_ — 2igCYmy)

— _xFO (C.4)

which is a generalisation of the usual relation found in Romans’ theory. H9 is a

second 10-form related to the mass parameters by

HY = e 2R? % (2i5CYm_ — 2m,)

) (C.5)

Obviously the two 11-form fields GMY and HMY have no Hodge dual interpretation
and in reality are identically zero due to the dimensionality of the spacetime. Be-
cause of this the combinations of them appearing in the reduction rule above is solely
motivated by considering the mappings of their associated field strength equations
to IIB. We find that the following set of T-duality rules then produces a well formed

set of IIB field strength equations

(%sm) + %R%gsﬂm AB

+e_2“”(]-"(9) —~RZigFONB)NigB)ay o (C.6)

,2¢
R,@ Ml Hm -

ngll(.).).ﬂm N (Z./@ 11) g(l[} %R_Qigg(m)/\ﬁ
(H(g)—R igHO A B) NigB)a, ..o (C.7)
e REG ny — 1990 (C.8)
G = (G + RGN A B)ay e (C.9)
igHID (Wc“”+25“0)+§R—%ﬁ300>w>m_,m (C.10)

along with the usual rule for the RR 10-form. Note that the co-ordinates ji; cor-
respond to directions transverse to the T-duality isometry direction and that these
number more than 9 since we are neglecting the dimensionality of the spacetime. It
may seem strange that F(1% and igG(ll) obey different rules depending on whether
a factor of e"2’R is present or not, however essentially the same situation occurs
when T-dualising i35 from IIB to IIA which maps to either F® or iz X (9.20).
In that case the reason for it can be traced back to the fact that both the ITA field
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strengths are related to F through Hodge duality. Obviously there is no such
interpretation in the current case.

We discuss the field strengths SU? and G further below but note that due to a
cancellation they do not appear in the field equations for the quadruplet of 10-forms
which is obtained by mapping zk F ) from D = 11, which we now consider. We
find that in order to produce Well—formed IIB field strength equations the relevant
ITA potentials T-dualise as

3 1 1 3
By gy — {_ygb’“‘” = N+ SRFHGN O A §— ZigC® AC)

3
—gn—%‘ﬁc“‘) NigCP A B+ (p® + R Zigp® A B+ C ACO
1 1
+§R—2zﬁc<6> ACH A B+ 572-20@ AigC® A B) NigB (C.11)
M1y

iU F@-M(lo>_27(9>+§

9. 3.
1...i9 9 8R 22,87(9) A ﬁ + Zlﬂw(s) A C(2)

1 1
+5 SR ige® NigCP A B — ZN”) ACP 4 ZR*%/,N”) ACP A B

—in—w NigC® A B+ éz‘ﬁc@ A (CP)?
%R—?zﬁc(f”) NigCPH ACP A B o (C.12)
... fig
isDSY = | =igDYY 4 N A — RZgN® A igC® A B
+%¢ﬁc<4> A (CP)3 4 gn—%ﬁc(‘” ANigCP A (CP) AR - (C.13)

along with the standard rule for the RR potential C'®).
We then find the field equations to be given by

2x00 = g400 _ 2ran _ 00 | 29000 4 0@ 4 2150 A 0
3 3 3 3
+%H AN® — é]—"m A(CP)? - %H ABO A CB) (C.14)
Zpon = g0 g 4 Lro e 2y, ® (C.15)
3 3 3
FO) 000 _ 0@ Ay (C.16)

G = D0 4 PBFO 4 21PH (D 4 21 x 0D
1 1
~N® A ac® — 6dc<4> A(CP) + UL (C)H (C.17)

where we have included the RR field equation which takes the usual form. These can
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be written as a quadruplet which is shown in Section 12.2.5. The Bianchi identities

for these equations are calculated to be

;d;{(n) _ _gfu) AR 4+ ;;@) AHO 4+ %e—Q@f@ AH  (C.18)
gdH“” = —FOAFI 4 %]—“(3) AFO 4 gH AHO (C.19)
dg) = oFMW A x (1) _ =20 ) A FB) (C.20)
dFW)  — A FO (C.21)

which confirms that the above definitions are gauge invariant.
The field equations for G1'? and SU? can be calculated using the following
T-duality rules

1
igALY [—N@) +RZigNO A B+ Ziﬁc@) ACO

1.9
L2 0® pic®
+7R%isC™ N isC? A B (C.22)
i - fio
3 3 1
DY) ae = [_ZT(Q) + ZR_%’BT(Q) AB— iiﬁgo(s) AC®
1

1 1
—iR*Qigap@) NigCP A B — 5/\[(7) AC® + 57%*%/\[(7) ACH A B

1 1
—573—2/\/(7) NigCP A B — Ziﬂc“ﬁ) A (C2))?

1

—ER‘%’BC(G) NigCONCD A B+ (—N® —RZigNE A B
1 1

+§c<4> A(CP)? + 572-%'50(4) ACP2AB

+R72CW NigCP ACH A B) ANigB (C.23)

A1...fg

and are found to be given by

GUO) = N — g FOD — FO A0 4 H A Gp®) — L AN
2

1 1

+Zz;3dc<4> ACO) 4 Ziﬁf@) AC® (C.24)

S0 — g7 4 3 g 4 2y o0 2600 Ly a0 L v a
37 3 7 3 3 Pt TRs

+§d/\/(7) AC® — §i5d¢(8) AC® — %ig&’:m A(CP)2 - %iﬁf@ A B©

1
+§igdc(4) ACH ACH, (C.25)

Confirmation that such equations are gauge invariant is found by calculating the
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Bianchi identities

dg(lo) — M A Z'ﬁ]:(ll) _ Z'B]:(3) AFO 4 1]:(3) A Z'ﬁ]:(9) + liﬁ}“(@ A FD
4 4
1
+H N igH® + SHA G® (C.26)
8 4 4
dS"0 = gf“) NigHM — g}"(l) AGUY — 56-2%?(-‘” NigH
1 2 2
+§€724pi5f(9) A H -+ gf(g) A Q(S) - gf(3) N ZgH(g)
1
—gzﬁf@ AHD. (C.27)

The field strengths G1? and S1 are also related via T-duality to the ITA field

strengths H®) and X © respectively. Mapping from ITA to IIB we have the following

rules
1 1
HY o — | =igG"% + (isH® + 59 + SR%isGE A B) B (C.28)
H1...flg
X/%?)...ﬂg — (—ipS"Y — e *ig FO N igB)s, o (C.29)

The field equations (C.24) and (C.25) contracted with # can then be shown to be

obtained from the ITA field equations for X® and H® using the following mappings’
R {z‘ﬁj\/( — (igp® — —/\/ + R isgN'D A B+ —250 ACP
1
+Z7z*2z'ﬂc<6> NigCP A B) NigB (C.30)
1. (18
2 2
N® {iﬂ“’) + gz‘@/\/(” ACP 4 gR‘Qz‘ﬁN(” ANigC? A B

+(ipN® — BO A 5™ + R72i5BO NigC® A B

—%igc“) A(CP)? — gﬂ—%ﬁc(‘*) NigCP ACP A B) NigB - (C3)
A1

Since the ITA potentials ® and N® are both the magnetic duals of scalars, the

above T-duality relations imply that G1? and S19 vanish under a normal T-duality

transformation. However, they are non-zero if one performs the T-duality via a

Scherk-Schwarz reduction on the ITA side using the global SO(1, 1) symmetry [78,

90]. We therefore conclude that G1? and SU exist in a non-covariant (in the

1'We have not explicitly given the full field equation for X in this thesis. However it can be

determined via a direct dimensional reduction of (8.32).
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spacetime sense) massive deformation of IIB. Furthermore these fields form part of
a doublet which can be seen by mapping the D = 11 doublet ebci,;bpc% Y to 1IB. The
II1B doublet structure is then found to be

—ip (D) 95010) 4 (40 _ 2G00))

g((lIO) —
i HOD — 3GQ0

(C.32)

The way that the 10-form and 11-form fields combine here is analogous to that seen
for the 8-form singlet (12.51). It is possible that this doublet is related to the doublet
of masses (my, ) discussed in [90] through Hodge duality.

The potentials N and T appear in a doublet of IIB charges that map to
the D = 11 doublet (10.57). These charges appear to correspond to a doublet of
9-branes in IIB with leading bilinear terms given by M50, and which minimally
couple to the combination of potentials 2i3B1% + 2N @ and 2ig A" — 2T which,
after the appropriate redefinitions, form a doublet. Due to the form of the leading
bilinear terms we determine that the 9-branes each contain an isometry direction
parallel to the worldvolume. Therefore even though they are spacetime filling, due
to the presence of the isometry directions and the fact that they minimally couple
to the potentials 7 and N, these branes should act as the sources of a doublet
of masses. These branes therefore play an analogous role to the M9-branes, and
would appear to be the IIB origin of the mass doublet (mg,m4) discussed in [90].

A proper treatment of these branes should therefore take into account the role of
these mass parameters which we do not investigate in this thesis. However we note

that the differential relation for the leading bilinear doublet must be of the form
d(M Lig) ~ i+ GO (C.33)

in order for the charges to be closed. Comparing this with the conjectured relation
(12.67) it would seem that the 11-forms H*) and X1V are related to the 11-form
doublet ]-C(LH), although this is difficult to show directly since there is no Hodge Dual
interpretation of these fields.

Finally we comment on the role of the isometry in these charges. Since the
charges are 8-forms we denote them by NS, Following the examples of the KK-

monopoles and M9-brane we might expect them to take the form Nm) = z'ﬁNémg).
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However this is incorrect since we find that igNémé;) # 0 which is apparent due
to the appearance of the 9-form potentials in N In fact it is not clear how to
interpret igNémS) since the leading bilinear terms do vanish. It would therefore seem
to be the opposite of the situation encountered with ﬁﬁf) and ig?,) in D=11. In
those instances the interpretation in terms of generalised calibrations is only obvious

after a contraction with a Killing vector, whereas here it is only obvious if such a

contraction does not occur.



Appendix D

Non-SL(2,R) covariant ‘massive’

IIB fields

Here we give the ‘massive’ IIB field strength equations obtained after making the
substitution (12.54) in a non-SL(2,R) covariant fashion. These can then be T-

dualised using the rules given throughout this thesis to obtain the field equations in
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the non-covariant massive ITA theory. They are given by
FO = FO 4 {er +m_(e7* —1?) + 2m1l] A dy (D.1)
(dp) = dp+ [Qm_l - 2m1] A dy (D.2)
FO = FO® 4 {sz —m_I1C® +m,y(C? + 15)} A dy (D.3)
H = H+ {mC(Q) - mlBl A dy (D.4)
FO = FO 4 Eer(B)z — %m(C@))2 +m B A C(Z)} A dy (D.5)
FO o g0 [%m L(B)* —m_B®
+my (—CO + W A B)] A dy (D.6)
HO = HO fm, {—c“”) e AB— %c@) A (B + %z(za)i“} A dy
. E(c@))?’ - z(zs)ﬂ Ady + my [3@ (€O
—1C©® ¢ A B] A dy (D.7)

4!

2

m_ [—N@) + 15O nce) — 21go<8>] Ady +mq [—%c@ AC®

HO = HO m, [c@) ~ 5CONB+C? A (B) - 11(5)4] Ady

f(g) _ f(9) + {%m+(3)4 + Qm,QD(S) + ml(—QC(B) + C(G) A B)‘| A dy (DS)

1 1
—515'(6) A B+ 5c<4> ACPD AB+2C® —1c© A B} Ady  (D.9)

(672%5‘7-“(9)) = e 2rO 4 my [—230(8) —BOAB-—COACD LCcHDACHDAB

1
4

4!

3!

——(CDV2 A (B)?2421C® -1 A B+ %zc@) A (B)?

1 1
——l2(B)4} Ady +m_ [5(6(2))4 —2AN® 1 1BO A

1
—25290(8)} A dy + my [2/\/@) —BOAC? — —(CP)AB+2%C®

—PCOANB-I1COACP —I1BO AB

+ICH A CP A B} Ady.

(D.10)



