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> Vielleicht ist es aber auch unerlaubt<, warf Walters Mutter ein, >immer gleich
an die grofen Gestalten wie Mozart oder Einstein zu denken. Der Einzelne hat meist
nicht die Moglichkeit, an einer entscheidenen Stelle mitzuwirken. Er nimmt mehr im
stillen, im kleinen Kreise teil, und da mufl man sich doch eben iiberlegen, ob es nicht
schoner ist, das D-Dur-Trio von Schubert zu spielen, als Apparate zu bauen oder
mathematische Formeln zu schreiben.<

Ich bestétigte, dafl mir gerade an dieser Stelle viele Skrupel gekommen wéren, und
ich berichtete auch {iber mein Gesprich mit Sommerfeld und dariiber, dafl mein
zukiinftiger Lehrer das Schillerwort zitiert hatte: >Wenn die Konige bauen, haben
die Kérner zu tun.<

Rolf meinte dazu: >Darin geht es natiirlich uns allen gleich. Als Musiker mufi man
zunéchst unendlich viel Arbeit allein fiir die technische Beherrschung des Instru-
ments aufwenden, und selbst dann kann man nur immer wieder Stiicke spielen, die
schon von hundert anderen Musikern noch besser interpretiert worden sind. Und
du wirst, wenn du Physik studierst, zundchst in langer miihevoller Arbeit Apparate
bauen miissen, die schon von anderen besser gebaut, oder wirst mathematischen
Uberlegungen nachgehen, die schon von anderen in aller Schiirfe vorgedacht worden
sind. Wenn dies alles geleistet ist, bleibt bei uns, sofern man eben zu den Kérnern
gehort, immerhin der stdndige Umgang mit herrlicher Musik und gelegentlich die
Freude daran, dafl eine Interpretation besonders gut geraten ist. Bei euch wird es
dann und wann gelingen, einen Zusammenhang noch etwas besser zu verstehen, als
es vorher moglich war, oder einen Sachverhalt noch etwas genauer zu vermessen,
als die Vorginger es gekonnt haben. Darauf, dal man an noch wichtigerem mit-
wirkt, dafl man an entscheidener Stelle weiterkommen konnte, darf man nicht alzu
bestimmt rechnen. Selbst dann nicht, wenn man an einem Gebiet mitarbeitet, in
dem es noch viel Neuland zu erkunden gibt.<[58]
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Introduccion

Aunque la formulacién de la teoria de las (super)cuerdas aun se desconoce, lo que si se sabe
promete mucho [4, 53, 83, 95].

Una cuerda es la idealizacién de un cordén, donde se ignora su gordura: la cuerda es un espacio
unidimensional cuando lo miramos a un tiempo fijo. Para los espacios unidimensionales sélo
existen dos topologias diferentes: el circulo y el intervalo. Asi que antes de empezar tenemos
que distinguir entre las cuerdas cerradas, el circulo, y las cuerdas abiertas, el intervalo. La idea
bésica es la de introducir las interacciones: dos cuerdas cerradas pueden juntarse asi formando
una cuerda cerrada y a la inversa. En caso de la cuerda abierta, las interacciones se hacen jun-
tando los extremos de las cuerdas abiertas. Esto también quiere decir que una cuerda abierta se
puede cerrar: una teoria de cuerdas abiertas necesita las cuerdas cerradas para su consistencia.

Empezando en el primer capitulo con la accion de Nambu-Goto, que describe clasicamente cémo
una cuerda se mueve en el espacio de Minkowski, se linealiza ésta, lo cual resulta en la accién de
Polyakov. Utilizando las invariancias de la accién de Polyakov, ésta es equivalente a una teoria
dos dimensional de D bosones libres, donde D es la dimensién en la que la cuerda se mueve. Esta
teoria, cuando se cuantiza sélo es consistente, es decir que no haya estados de norma negativa
en el espectro fisico, si D = 26.

Al igual que para una cuerda de un violin, las vibraciones de la cuerda se clasifican en modos
(tonos). La cuerda cerrada tiene dos tipos de modos: las vibraciones que se mueven a la derecha
y las que se mueven a la izquierda.! La cuerda abierta sélo tiene, gracias a las condiciones de
contorno, un tipo de modos. Analizando estos modos en términos del grupo de Poincaré en
D = 26, las cuerdas siempre tienen un escalar de masa imaginario, un taquion, en el espectro
(de hecho, el taquidn es el vacio del espacio de Fock.). Las particulas sin masa son un gravitén,
G, un escalar, ®, llamado el dilatén y un campo antisimétrico, B, llamado el Kalb-Ramond
para la cuerda cerrada® y un campo vectorial para la cuerda abierta. Un hecho decepcionante
de las cuerdas, aparte de vivir en 26 dimensiones y ser, posiblemente, inestables gracias al ta-
quién, es la ausencia de fermiones en el espacio-tiempo. La supercuerda soluciona este problema,
introduciéndolos en la sabana por medio de supersimetria. Supersimetria es una simetria que
intercambia bosones y fermiones. Sabiendo esto, las cargas que generan las transformaciones de
supersimetria tienen que ser spinores, lo cual implica que dos transformaciones de supersimetria
tienen que generar, entre otras cosas, traslaciones.

En la supercuerda, pues, aparte de los D bosones de la cuerda bosénica, se introducen también
D spinores de Majorana-Weyl en la sdbana, que se transforman como un vector bajo el grupo
de Poincaré en D dimensiones. Las condiciones de contorno para los spinores admiten dos po-
sibilidades: o bien se transforman con un signo menos o no; dependiendo del signo se les llama

'La teorfa pone la pega que el nimero de oscilaciones que van a la derecha tiene que ser el mismo que el de
las que van a la izquierda.
2 , . .
Estos tres estados aparecen en la mayoria de las teorias de cuerdas, y se llama el sector comun de la cuerda.
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spinores Neveu-Schwarz (NS) o spinores Ramond (R). La diferencia se nota cuando cuantiza-
mos la cuerda fermiénica: los spinores NS se comportan como bosones en el espacio-tiempo,
mientras que los spinores R son auténticos spinores en el espacio-tiempo. Ademds, la dimensién
del espacio-tiempo para la supercuerda es 10.

Aplicando estas ideas a las cuerdas, vemos que todavia aparece el taquién en el espectro. Existe
una projeccion sobre el espectro que es consistente y hace que el taquién desaparezca: la pro-
yeccién de Gliozzi, Scherk y Olive (GSO). La proyeccién consiste, méds o menos, en tirar todos
los estados que se generan a partir del taquién por medio de la aplicacién de cualquier conjunto
de operadores de creacién que no sea fermionico. La proyeccion de GSO quiere decir que, ya
que los estados de la cuerda bosdnica se crean a partir del taquién utilizando sélo operadores

bosoénicos, todos los modos correspondientes a la cuerda bosénica son eliminados por la proyec-
cién de GSO.

Analizando el espectro de la supercuerda abierta, los modos sin masa son un vector y un spinor
de tipo Majorana-Weyl. Un vector sin masa on shell tiene 8 grados de libertad y un spinor de
tipo Majorana-Weyl también, lo cual es justamente un multiplete on shell de N = 1 supersi-
metria.

En el caso de la supercuerda cerrada hay mas que decir: existe la libertad de elegir la quiralidad
de los spinores R de los modos que van a la derecha, Ry, y los que van a la izquierda, R;. Distin-
guimos pues, la supercuerda tipo ITA, donde los modos Ry tienen la quiralidad opuesta de los
modos R;, y la supercuerda tipo IIB, donde los modos R; y Ry tienen la misma quiralidad. El
espectro de los estados sin masa en los dos casos se parecen: el sector comin de la cuerda, dos
estados de tipo Rarita-Schwinger, también llamados gravitinos, y dos spinores, los dilatinos. La
diferencia se nota en los estados RR: en la tipo IIA hay un vector, una tres forma, un tensor
antisimétrico en sus tres indices, y una constante. En la tipo IIB hay un escalar, una dos forma
y una cuatro forma, cuya field strength es auto-dual. En cada caso, el conjunto de estados llena
los supermultipletes de N = 2 D = 10, indicando que las teorias de tipo II son invariantes bajo
N = 2 supersimetria en el espacio-tiempo.

Debido al hecho de que la supersimetria incluye las traslaciones y que las cuerdas siempre con-
tienen el sector comun, que contiene el gravitén, las teorias de cuerdas a energias muy bajas,
0 equivalente a largas distancias, se describe por medio de teorias de supergravedad en diez
dimensiones.

Del estudio de las supergravedades, que se originé mas o menos al mismo tiempo que el estudio
de las cuerdas, se sabe que hay una supergravedad méxima. Esta teoria vive en once dimensio-
nes, es unico y no se le puede anadir una constante cosmoldgica. Hoy en dia, esta teoria esta
considerado una teoria efectiva, de una teoria que se llama la teoria M.

A partir de N = 2 supersimetria existe la posibilidad de introducir cargas centrales en el alge-
bra. Gracias a esas cargas centrales, que dada una representacion del algebra no son mas que
ntmeros, se puede dar un valor minimo a la energia de esa representacién. Esta es la llamada
cota de Bogomoln’yi y simbdélicamente es M > |Z|, donde M es la energia y Z es el valor de la
carga central. La gracia de las cotas de Bogomoln’yi reside en el hecho de que cuando se satura,
M =|Z|, las representaciones son mucho mas pequenas que lo normal, lo cual quiere decir que,
en una teorfa no-anémala, siempre se seguird cumpliendo M = |Z].

Cuando se considera una cuerda cerrada que se mueve en un espacio que es el producto de
un circulo y un espacio con topologia trivial, la cuerda se puede enrollar sobre la dimensién
compacta. El nimero de veces que la cuerda se enrolla sobre el circulo es un entero, llamado
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el numero de winding, y crea estados con masa proporcional al radio del circulo sobre el cual
la cuerda se enrolla. La mecanica cudntica también impone que el momento en la direccién
del circulo estd cuantizado en términos del inverso del radio del circulo. El resultado del todo
esto en la férmula de masas es que aparecen mas términos que en el caso no compacto (ésta se
recupera tomando el radio del circulo infinito), y ademds es invariante bajo el intercambio de
los nimeros winding y los niimeros cudnticos asociados al momento en la direccién del circulo,
cuando al mismo tiempo se intercambia el radio del circulo por su inverso. Esta simetria de la
férmula de masas se extiende a la teoria de las cuerdas cerradas y se le llama ‘dualidad T °.
Aplicando dualidad T dos veces en la misma direccién, casi por definicién, se recupera la teoria
de partida, lo cual quiere decir que la dualidad T es el grupo Zs.

Aplicar la misma idea a la cuerda abierta no parece tener mucho sentido, ya que la cuerda
abierta no se puede enrollar sobre un circulo. Aun asi, si aplicamos dualidad T a las cuerdas
abiertas, las condiciones de contorno cambian de Neumann a Dirichlet, que quiere decir nada
mas que los extremos de la cuerda abierta en la direccién donde hemos aplicado dualidad T
estan fijados. Aplicando la dualidad T en D — p — 1 direcciones, se ve que los extremos de la
cuerda abierta s6lo se pueden mover sobre una subsuperficie del espacio-tiempo de dimensién
p+ 1. A estas superficies se las llama Dp-branas.

El gran logro de Polchinski en el ano 1995 [93] consistia en demostrar que, cuando se mezclan las
cuerdas de tipo II con cuerdas abiertas, la teoria es consistente si al mismo tiempo se introducen
las Dp-branas (p par en caso de la tipo ITA e impar para la tipo IIB). En las teorfas de tipo II,
los campos RR, vistos como formas, se acoplan de forma natural a las Dp-branas. Polchinski
también demostré que las Dp-branas son los objetos que, al igual que la cuerda cerrada genera
el campo Kalb-Ramond, generan los campos RR. La consecuencia de introducir Dp-branas, o
reciprocamente cuerdas abiertas, es que la supersimetria se rompe a la mitad,® y consecuente-
mente es un estado BPS en las teorias de tipo II.

Compactificando la supergravedades de tipo II sobre un circulo, es decir aplicando la reduccién
dimensional, se ve [15] que las acciones en D = 9 estan relacionadas por medio de la redefini-
cién de algunos campos. Las relaciones generalizan las reglas de dualidad T encontradas por
Buscher [30] en el sector comin de la cuerda, y son la representacién de la dualidad T entra las
supercuerdas de tipo II al nivel de sus acciones efectivas.

Compactificando una supergravedad en diez dimensiones a cuatro dimensiones, la acciéon redu-
cida es invariante bajo un grupo que contiene la dualidad T. Si, por ejemplo, compactificamos
la accién efectiva del sector comin de la cuerda sobre un toro de dimensién 6, la acciéon en
cuatro dimensiones contiene el gravitén, el Kalb-Ramond, el dilatén, 12 vectores sin masa y
una barbaridad de escalares, que automaticamente se agrupan de tal forma que la accién es
invariante bajo O(6,6). Ademds, en cuatro dimensiones el Kalb-Ramond es dual, en el sentido
de la dualidad de Hodge entre formas, a un escalar, llamado el azion. El dilatén y el axién se
agrupan de tal forma que la accién, despues de dualizar, sea invariante bajo el grupo Si(2,R).
Este grupo incluye la inversién del dilatén, ¢ — —¢, y por eso suele llamarse dualidad S, aunque
su origen es diferente a la de la dualidad S en la tipo IIB.

Los agujeros negros son muy atractivos: aunque clasicamente no suele ser mas que una aspirado-
ra de gran tamano, en cuanto se les aplica métodos cuanticos aparece la radiacién de Hawking.
Esa radiacién es térmica y uno puede considerar el agujero negro como un sistema termodindmi-
co. En ese sistema, la temperatura del sistema es proporcional a la fuerza de atraccién sobre el

3La tipo II tiene N = 2 supersimetria en el espacio-tiempo y la cuerda abierta sélo N = 1, asi que es intuible
que al introducir Dp-branas, se rompa la mitad de la supersimetria.
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horizonte y la entropia es propocional al area del horizonte.

Considerando las soluciones de tipo agujero negro en las teorias de supergravedad en cuatro
dimensiones con, por lo menos N = 2 supersimetria, se puede derivar la cota de Bogomoln’yi
en términos del pelo (el pelo son constantes que caracterizan asintéticamente el agujero negro.
Ejemplos del pelo son la masa, el momento angular y la carga eléctrica.). La sorpresa es que
para un agujero negro sin momento angular, el agujero se vuelve supersimétrico justamente
cuando la temperatura de Hawking es cero y la singularidad todavia estd protegida por un ho-
rizonte. Esto quiere decir que la supersimetria actia como el censor cdsmico: la supersimetria
no permite la creacion de singularidades desnudas. Para agujeros negros con momento angular,
la supersimetria no actia como el censor: antes de hacerse supersimétrico, el agujero negro se
convierte en una singularidad desnuda. La razén para esto es que el momento angular no aparece
en la cota de Bogomoln’yi pero si aparece en las ecuaciones que determinan si hay un horizonte
o no. La cuestién fundamental que se investiga en el capitulo (2), es si, de alguna forma, las
dualidades mejoran las cosas.

La clase de soluciones de tipo agujero negro, con o sin momento angular, se caracteriza por el
hecho de admitir dos vectores de Killing. Eso quiere decir que se puede reducir dimensional-
mente a dos dimensiones, las ecuaciones de movimiento y aplicar la dualidad T para generar
nuevas soluciones. Si entonces miramos a una teoria N = 4, tambien tenemos la dualidad S a
nuestra disposicion.

En el capitulo (2) pues, consideramos la clase mas general de agujeros negros, llamado TNbh,
definido en términos del pelo, embebido en una teoria que es invariante bajo dualidad S, y con-
tiene dos campos vectoriales de tipo U(1). A nuestra disposicion tenemos entonces la dualidad
S y un grupo O(2,4) para generar nuevas soluciones y para estudiar el comportamiento del pelo
bajo esas dualidades.

El estudio de las dualidades indica que s6lo un subgrupo, llamado el ADS, transforma el TNbh
en el TNbh y que el pelo se descompone, de forma natural, en multipletes bajo el ADS. La
forma de los multipletes es tal que el momento angular no se mezcla con el pelo que entra en
la cota de Bogomoln’yi. La cota de Bogomoln’yi es expresada en términos de los multipletes y
es automdticamente invariante bajo el ADS. En las conlusiones del capitulo (2), se discute la
importancia de la superradiance, parecido a la emision espontanea, en la cuestién de estabilidad
de agujeros negros.

Hasta el ano 1995, el hecho de que en la supercuerda de tipo IIA hubiese un modo de la cuerda
que se manifesta como una constante, era una cosa de muy poca importancia. En este ano
Polchinski [93] se da cuenta, que existe una teoria de supergravedad masiva, que contiene una
constante arbitraria y que se reduce a la supergravedad ITA de todo la vida cuando esta cons-
tante es cero. Teniendo en quenta que una constante no es mas que una funccién que satiface
una identidad de Bianchi, uno puede considerar la constante como la field strength de lo que
sea y dualizarla [19]. Esta operacién introduce una diez forma, que no es nada mas que la field
strength del campo asociado a la D8-brana, que deberia estar en la tipo IIA por dualidad T
desde el principio. Es decir, la supergravedad ITA masiva, llamado la teoria de Romans [98], es
la verdadera accién efectiva de las supercuerdas de tipo ITA.

i, Cudl es entonces la influencia del D8 en la accién efectiva? El D8 se manifiesta como un
parametro de masa, resultando en una constante cosmoldgica en la supergravedad, y cambia
los acoplos entre algunos campos. En el caso de la RR uno forma, el acoplo es tal que ésta es
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comida por el campo Kalb-Ramond, que se hace masivo. Dualizando todos los field strengths,
véase la seccién (3.1.1), que solo se puede hacer on shell, se puede ver que las mismas cosas le
ocurre a la RR siete forma [69].

La supercuerdas de tipo IIA y de tipo IIB son T duales, lo cual se manifiesta en las respectivas
supergravedades, no masivas, que al reducirlas dimensionalmente a D = 9, son idénticas [15].
Si compactificamos la teoria de Romans dimensionalmente, no se obtiene la supergravedad en
D = 9 de antes, claro estd. ;Quiere decir eso que la dualidad T no esta representada en las
acciones efectivas, mientras que si es asi en las teorias de supercuerdas?

Como fue demostrado por Scherk y Schwarz [101], cuando una teoria es invariante bajo una
simetria global, se puede utilizar una dependencia especifica en las coordenadas, sobre las cua-
les reducimos, de tal forma que la acciéon en dimensiones mas bajas, no depende de ellas. La
supergravedad IIB es invariante bajo el grupo global Si(2,R), y utilizando s6lo un subgrupo
U(1) para aplicar la reducciéon de Scherk-Schwarz se ve que la dualidad T funciona entre las
supergravedades de tipo II [19].

La reduccion de Scherk-Schwarz es méas que un simple truco para conseguir masas en la reduc-
cién dimensional: en la seccién (3.2.1) se estudia, en un modelo muy facil, la relacién entre la
reduccion de Scherk-Schwarz y la dualidad de Hodge aplicada a escalares. La conclusion de esta
seccién es que la reduccién de Scherk-Schwarz es la manera correcta de reducir dimensionalmen-
te, si tenemos en cuenta los posibles duales de los escalares. Ademés se introduce un algoritmo
para hacer la reduccién de Scherk-Schwarz sin la necesidad de construir las transformaciones
explicitamente [86].

La supergravedad IIB es invariante bajo el grupo Si(2,R), que es un grupo de tres dimensiones,
mientras que sélo uno de esos sirve para establecer la dualidad T entre la tipo ITA y la tipo IIB.
Utilizando todo el grupo para aplicar la reduccién de Scherk-Schwarz, véase [78, 86] o la seccién
(3.2), resulta en una teorfa con tres parametros de masas, donde todavia hay covariancia bajo
del grupo SI(2,R): encontramos un multiplete de N = 2, D = 9 supergravedades masivas.

Para poder obtener la teoria de Romans a partir de D = 11, o de la teoria M, uno necesi-
tarfa por lo menos una constante cosmoldgica, lo cual es imposible: como fue demostrado en
[11, 36, 37] no se puede extender la supergravedad en D = 11 con una constante cosmolégica.
En [25] las condiciones por las cuales no se puede anadir un constante cosmologico a D = 11
supergravedad son evitados, introduciendo explicitamente un vector de Killing en la teoria. Re-
duciendo esa teoria en la direccion del Killing se recupera la teoria de Romans. En la seccién
(3.3) seguiremos a [25] para construir una teorfa en D = 11, que al reducir sobre un toro de
dimensién dos resulta ser la teorfa encontrada en la seccién (3.2).

Las intersecciones son soluciones a las ecuaciones de movimiento de una supergravedad, que tie-
nen la interpretacion de un conjunto de varios objetos de las supercuerdas. De gran interés son
las intersecciones que rompen tres cuartos de la supersimetria, ya que eso quiere decir que los
objetos no se atraen el uno al otro, es decir que la solucién es estable. En la literatura (véase por
ejemplo [21, 23, 68, 116, 111, 117, 79]) siempre se han estudiado estas intersecciones utilizando
ecuaciones de movimiento genéricos, que no capturan la esencia de la teoria de Romans: algu-
nos campos se vuelven masivos cuando hay un D8 en la interseccién. La seccién (3.4) empieza
enumerando las soluciones clasicas asociadas a las cuerdas y las Dp-branas. Después se habla
de las intersecciones estudiadas en la literatura y termina discutiendo las dos intersecciones que
hasta [69] no se conocia: la interseccién del D8 con la cuerda y la interseccién del D8 con el D6.

En la seccién (3.6) identificamos los campos que dan lugar a las masas en D = 9. Utilizando
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las observaciones de la seccién (3.2), se ve que el objeto que resulta en la masa de la teoria de
Romans es la D7-brana. Pero dualizando los dos escalares en la supergravedad IIB, que también
incluye el dilatén, solo es posible on shell. El resultado de la dualizacion son tres ocho formas,
una para cada masa que se introduce por medio de la reduccién de Scherk-Schwarz, lo cual
quiere decir que hay tres objetos, relacionados por dualidad S, de tipo 7-brana en la tipo IIB.
El capitulo termina verificando explicitamente las dualidades entre esos objetos y los demaés
objetos que existen en la teoria de las supercuerdas y M.

En el apéndice (B.1) se resumen todas las reglas de dualidad T para las supergravedades de tipo
II. Las dualidades entre las soluciones, que representan un objeto fundamental de las cuerdas,
estd resumido en la figura (B.1).
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Chapter 1

String Theory: A Short Introduction

Although we have already introduced some of the results on string theory in the introduction,
here we will visualize them by means of formulae.

First we will introduce the basic notion of a (bosonic) string, and set up a possible action
governing its propagation in normal Minkowski space. After canonical quantization, which
introduces quanta of vibration in the string, the spectrum, as seen by a space-time observer
is introduced and it will be shown that the theory contains a tachyon, rendering the theory,
possibly, instable. Compactifying this theory then over a circle of radius R, one can see that
in the case of the closed string, the physical spectrum is invariant under a mapping of type Zo,
which is called T-duality.

Since the bosonic string does not lead to space-time fermions, we explore the formulation
of the fermionic string, and see that it does lead to space-time fermions, but still contains a
tachyon. After a consistent truncation of the theory, known as the GSO projection, the tachyon
is thrown out of the spectrum, and the resulting theory leads automatically to space-time
supersymmetry.

In section (1.3), we will deal with the propagation of a test-string in a given background,
and will show that this propagation does not lead to anomalies iff the background satisfies
some criteria, which contain the Einstein equations. Applying these ideas to the superstring,
it is implied that the consistency criteria can be derived from the various ten dimensional
supergravities.

1.1. Bosonic Strings

Everybody knows what a string is, if not just look at your shoes. Idealizing the concept
of a string to something with only a length, we have something one can mathematically work
with, which is called, very original, a string. Embedding this string into spacetime we see that
during its evolution in spacetime it sweeps out a 2 dimensional surface in spacetime. Denoting
this surface, called the strings worldsheet, by 3, we see that a string in the mathematical sense
is nothing but a mapping from the worldsheet to the spacetime. If we denote the coordinates
on the worldsheet by (7,0) we see that the coordinates describing the position of the string in
spacetime X* are: X*(7,0): 3 — M, where M is some manifold representing spacetime.

What kind of action will govern the dynamics of our strings? Well, let us look at the particle
for the moment. In General Relativity, a particle, coupled to gravity, is defined to move along
geodesics, which is nothing but the shortest path as specified by the Riemannian geometry.
Now, the string-analogue of the particle’s path, rather the length of the trajectory a particle
sweeps out in spacetime, is the worldsheet. Seeing this, Nambu and Goto proposed to govern
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the string dymanics by minimizing the area the string sweeps out when moving.
The Nambu Goto action reads

Sng = -T /E 026 | [det (0, X1, X,,) (1.1)

Note that this is just the minimal action we can write down: We could couple the string to
some 2-form, but for simplicity we choose not to.

One can linearize the Nambu-Goto action, as was first done by Polyakov, by introducing a
metric, hgp, on the worldsheet:

Spotyakor (X) = =L [ d*¢v/—h h®0, XH 9y X" 1, (1.2)

By eliminating the worldsheet metric from the action, one can see that the Polyakov and the
Nambu-Goto actions are, classically, equivalent.

Having a small look at the symmetries of this action, one sees that this action is invariant
under worldsheet diffeomorphisms, i.e. under 2-dimensional coordinate transformations, under
spacetime Lorentz transformations and under rescalings of the 2-dimensional metric, i.e. hg, —
Q(&)hap, called Weyl invariance. As is well-known, we can use the 2d diffeomorphisms in order
to bring the metric to the form®

hab = e—SDnab s (1.3)

where 7, is the 2D Minkowski metric. Due to the Weyl invariance, the ¢ dependence drops
out of the Polyakov action, which then reads

Sp(X) = —5 [d2 n® 0, X 0 XY 1y - (1.4)

T2

Note the beauty of the story: We started with a nonlinear theory, which we then linearized.
Then we saw that the linearized action had the appropriate symmetries for taking a suitable
gauge in which the theory is nothing but a 2-dimensional theory of D free bosons.

The explicit variation of the Polyakov action Eq. (1.4), leads to

5Sp (X) = / d*€ 6X, [~0,0°X"] + N 6X, xdX" . (1.5)

From this one can see that the equation of motion is nothing but
0,0°XH* = 0. (1.6)

Introducing the the coordinates x4+ = 7 4+ o, we see that the above equation read 0;0_- X" =0
so that the most general solution, without imposing boundary conditions, is X* = X*(zy) +
XH(z_).

Since we have fixed the gauge freedom in Eq. (1.4), we necessarily will encounter a constraint:
This is obvious if we calculate the equations of motion from the pre-gauge-fixed action, since we
also need to calculate the variation under h,,. The restriction thus found is, in the conformal
gauge,

0 =T = —0uX"0pX, + 200X X, . (1.7)

In the lightcone coordinates the constraint (1.7) becomes

Tyy = -0 X104 X, (1.8)
— T = —9_X'O_X,.

!This is called the conformal gauge.



These constraints will become important ingredients in our search for consistent, anomaly free
string theories.

Here we ought to discuss the difference between open and closed strings: A String frozen in
time is just a one-dimensional object, and as such admits to two different topologies: A segment
and a circle. According to this we have to divide our attention to the two different classes called
closed (open) when the topology is that of a circle (resp. segment). As we will see later on, the
observable spectrum of the string also depends on the topology of spacetime, so that for the
moment we will focus our attention to usual Minkowski space.

Anyway, looking at Eq. (1.5) and considering 7 € (—00,00), we see that in the case of
the closed string the boundary term vanishes identically, i.e. an infinitely long cylinder has no
boundary. For the open string however, we see that, if we want to maintain Poincaré invariance,
we have to impose

*dX |5 =0 — 0. XV =0, (1.10)

o=0,m

which is called a Neumann boundary condition.?

1.1.1. Closed Strings in Minkowski Space

A circle is nothing but a segment where we identify the endpoints. Applying this idea to
the case at hand, and taking the parameter space for the spacelike worldsheet coordinate to be
o € [0,27], we see that we have to impose

Xt (r,o+2m) = XH(r1,0) . (1.11)

Note that due to these boundary conditions, the surface terms in Eq. (1.5) drops out completely.
Using this boundary condition we can write down the solutions to (1.6)

XM(z_) = X5+ 2l + \/ﬁ > n£0 Lafie~ine- (1.12)
X'U‘(IL‘JF) = %X('L]L + ﬁp“:@r + \/ﬁ Zn;ﬁO %dﬁe_m“ (113)

where the a#’s and @’s are arbitrary constants and from now on we fix 7' = (47) 1.
Canonical quantization is then introduced by promoting the a*’s and a*’s to operators and

imposing the Equal Time Commutation Relations’
[PM(T, o), X”(T, 0’)} = —2mid(o — al)n,j’ , (1.14)
[pﬂ(Tv U)7PV(T7OJ)1| = 0, (115)
[X'M(T7 a)vXV(T7UI):| =0 ) (116)

we find that

[aﬂma a'lr/z] = nnlw(strn,O s (117)
[a/fm dﬁ] = nﬁ“”5m+n,0 s (1.18)
lam,ay] = 0, (1.19)
Xy, P = i, (1.20)

2We could also have imposed the so-called Dirichlet boundary condition X* |s=0,r= C{)‘m. This condition
breaks global Poincaré invariance, however, so that we will ignore. In a few pages it will reappear mysteriously!
3Remember that we are quantizing a 2d theory of free bosons.
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where we have defined af = afj = P*.

Since we have promoted the fields to operators, one is deemed to encounter normal ordering
ambiguities: Actually, the only possibility to encounter such ambiguities is in the constraints,
since they involve products of operators in the same place.? Decomposing the constraint T__ =
3 Ln,e 2= one can see that

Ln = —%Z :aﬁlino&nw — aén,o, (121)

where we have included an, unknown, normal ordering constant.

If one then calculates the algebra generated by the L,’s, one finds the ‘ Virasoro algebra’,
1.€. c

[Lin, Ly) = (m —n)Lpyyn + Em(m2 — 1)m+n , (1.22)

where c is known as the conformal anomaly, and in this case equals the dimension of the target
space, i.e. ¢ = D.

Up to now, we have introduced two arbitrary constants in our algebra, ¢ and a, which can
however be fixed by imposing the Fock space, based on a vacuum satisfying

ab 10) = 0 foralln>0, (1.23)

to have no negative norm states: This fixes D = 26 and a = 1 (See e.g. [53]). Physical states,
denoted | phys), are then required to satisfy the weak constraints

L, |phys) = 0 forn>0 (1.24)
(Lo —1) | phys) = 0. (1.25)

If one then analyzes the last constraint one can write, at least symbolically,
1 =1Lo=—3>:a" oy, := —3P'P, + N_, (1.26)
where we have defined

N_ = —% Zn;ﬁo O _pQp L= — Zn>0 O —nln (127)

which acts on a state | m) = a_,, | 0), as N_ | m) = m | m), so that it defines a counting
operator for the level of string oscillations. Using then the identity P? = m? we can write

m? = 2(N_—1) . (1.28)

Another constraint, known as level matching, is found by also considering the + branch: One
finds, once again, m? = 2(N, — 1), which then implies that

N, = N_ (1.29)

As we have seen, and as was to be expected, a closed string can vibrate according to
modes. How are we, being spacetime observers, to interpret these modes? Special relativity
and Quantum field theory teaches us that all particles, as described by fields, are classified
according to their mass and their transformation under the Lorentz group, i.e. the spin. This
then means that in order to compare the modes to something we know, we should classify them
according to the Poincaré group.

1Seeing the great similarity between the two independent branches we will treat only one of them.
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The first state that satisfies the level matching constraint is the state | 0 k), which is annihi-
lated by the annihilation operators in the 4+ and the — branch, and satisfies P* | 0k) = k* | 0 k),
so that it bears a certain momentum. This then means that it has level zero resulting in

m? | 0k) = —2|0k), (1.30)

which is nothing but a tachyon, thus endangering the consistency of the theory.
The next level is massless and is generated by

a" @’ | 0). (1.31)

Since this has no apparent symmetry and the Poincaré group does not transform symmetric
matrices into scalars nor in antisymmetric matrices, we should split this into a scalar, a" ;a_1, |
0), a symmetric part and an anti-symmetric part. The symmetric part can be shown to be a
spin 2 field and the anti-symmetric part can be shown to be a spin 1 field®. Higher levels can
be analyzed in the same manner, but since in this thesis we are mainly interested in the low
energy approximation, or equivalently the large distance behaviour, the interesting modes are
massless.

1.1.2. Open Strings in Minkowski Space

The solution for the open string, we use that parameterization o € [0, 7], reads

1 . )
Xt = X+ w—TP“T + \/% > n0 Lafi e7™7 cos (no) | (1.32)

and by defining P* = v/7Taf one can write

1
oL XH = ab 1.33
o et (1.33)
The canonical quantization for the open string is actually the same as for the —, or the +

branch in the closed string case [53]: The only difference being that we have no level matching.
Having said this, we can set up the Fock space as in the foregoing section, and see immediately
that the vacuum is once again a tachyon. The real difference lies however in the first level: It
is massless and reads

a”110). (1.34)

This then means that the massless sector of the open string is a vector in D = 26, and therefore
must be a gauge field.

1.1.3. Compactification and T-duality

As we said we are not forced to look at the Polyakov string moving on the usual Minkowski
space: We could take it to be compactified, i.e. Mp = Mp_; @ S!, or even stranger things.
It is the aim of this section, to have a look at some of the phenomena one encounters when
looking at string propagation on other manifolds.

SHad we been working in 4 dimensions, we would have said that since the a*’s transform as a vector under
SO(1,3), the above decomposition is nothing but the Clebsch-Gordon series (3,3) ® (3,3) = (1,1) @ (1,0) @
(0,1) @ (0,0), which speaks for itself. Note that in higher dimensions the same reasoning works, although the

identification is harder.



Circle Compactifications of Closed Strings and T-Duality

Let us take a D dimensional target space, which is divided in a D —1 dimensional Minkowski
part and a circle of radius R. Since the analysis of the D — 1 dimensional part is the same as
in Sec. (1.1.1), we will focus on the circle.

Since we have a map of circle onto a circle, classified topologically by m; (S 1) = 7, we have
the possibility of taking that the string winds several times around the circle, i.e.

X(r,0+27) = X(1,0) + 27Rn , (1.35)

where n € Z is the winding number of the map.
The solution to Eq. (1.6) given the above boundary condition reads

X = 3Xo+ (B+%)z +iY,0n tane (1.36)
Xi o= 3Xo+ (5 =)o + 000 Gne” " (1.37)

The mass of the states can then be written as

1/n mR\?
2
= —|=4+— N_-1
mZ 5 (R + 5 > + )
1/n mR\*
2
= - |=—-— Ny —1. 1.
o= 5(5-5) M (1.35)
Level matching, m_ = m, implies that there is a relationship between momentum and winding

numbers on the one hand, and the oscillator excess on the other
Ny —N_ = nm. (1.39)

From this formula we see that it is invariant under R — 2/R, m < n and a* — —a*. In fact the
whole theory is invariant under this mapping. This mapping is equivalent to X (1) — X (x4)
and X (z_) — —X(z_), making clear that it is a purely stringy symmetry. It is baptized to the
name T-duality.

As can be seen from the above mass formula, at the point R = /2 there are a few new
massless modes (See e.g. [83]), which in its turn can be shown to generate a SU(2)®SU (2) gauge
group. This then shows that in general compactifications, where one calls the parameterspace
of the distinct compactifications the moduli space, there are points in the moduli space where
one has an enhanced symmetry. On the other hand one can say that one has a broken symmetry
in the rest of the moduli space.

Circle Compactifications of Open Strings, T-Duality and D-Branes

Let us now ask ourselves the question what happens when we compactify the open string on
a circle. The naive answer is that nothing special will happen, because an open string wound
around a circle can always be unwound. This is however too naive: Looking at the boundary
condition for the open string, and using the result for the closed string one sees that iff we apply
T-duality on the boundary that

T-duality
O Xt = 04 XH —0_ XV =0 «———— O, X!+ 00X =0, X' =0, (1.40)

This then means that the Neumann boundary condition for the open string is transformed
into a Dirichlet boundary condition, ¢.e. the open string is restricted to move on some d — 1
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Figure 1.1: An artists impression of an open string ending on a D-brane. On the D-brane we have Neumann

conditions, whereas transverse to it we have Dirichlet conditions.

dimensional hypersurface. Likewise, performing T-duality in n different directions one reaches to
the conclusion that the open string is restricted to move on some d —n dimensional hypersurface.

Does this then mean that there is no T-duality in open string theory, although it must have
closed strings in its spectrum? It might, but one may also extend open string theory by saying
that there exist some extended objects called D-p-branes,® being defined as the surfaces on
which an open string can end, such that T-duality is also a symmetry of the, extended, open
string theory. Due to the fact that an open string with Dirichlet boundary condition leads to a
leakage of momentum out of the string, one is forced to conclude that this momentum must be
absorbed by the D-brane, implying that these D-branes are dynamical.

It was shown by Polchinsky [93], that when one considers type II strings together with
open strings with mixed boundary conditions, and thus admitting D-branes, one can arrive at
a consistent theory. Furthermore, in this setting the D-branes then carry charges with respect
to the RR fields occurring, and in fact can be identified as the sources of the RR-fields.

Note that although the original type II string had N = 2 targetspace supersymmetry, once
one allows for the D-branes, or equivalently an open string, supersymmetry is broken to N = 1:
This is a result from the identification of left- and right-modes of the closed string leading to
the open string.

1.2. Fermionic Strings

A clear drawback of the bosonic string is, apart from living in D = 26 and possibly being
inconsistent due to the tachyon, is that it does not lead to spacetime fermions. In this section
we will see how to introduce fermions by means of supersymmetry.

Supersymmetry, as is well-known, relates bosons to fermions, and wvise versa. Since we
are looking at a string, there are two places where we can introduce supersymmetry: On the
worldsheet and/or on the targetspace. The first possibility will lead to the Neveu-Schwarz-
Ramond string and the other will lead to the so-called Green-Schwarz superstring. Since no one
has been able to quantize the GS superstring however, we will focus on the NSR string.

5p in this setting is d — n — 1. It is customary only to mention the spacelike directions.
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The two-dimensional locally supersymmetric action generalizing the one used above for the
bosonic string reads (once the auxiliary fields have been eliminated)

S = _S%r fd2§\/ﬁ {habaaX'uabenuu + 22‘&“7(1 aW/??;w
i X"y (O X — St (1.41)

This action includes a scalar supermultiplet (X*, ¢H, F*), where F* are auxiliary fields, and
the two-dimensional gravity supermultiplet (e®, x4, A), where again A is an auxiliary field.

The gravitino x, is a world-sheet vector-spinor. Using all the gauge symmetries of the action
(reparametrizations, local supersymmetry and Weyl transformations) it is formally possible to
reach the superconformal gauge where hy, = dqp and x, = 0. Off the critical dimension, however,
there are obstructions similar, although technically more involved, to those present already in
the bosonic string.

In this gauge, and using again lightcone coordinates on the worldsheet, the action reads

1
S = %/d2§ {8+X“8_XM t (wia_w n wﬁawm,)} , (1.42)
which leads to the following equations of motion
0 = 040-XH,
0 = Opo = Oy, (1.43)
and boundary term resulting from the spinors is
0 = (Yrdpy —p_dp_|7=3" (1.44)
for a closed string, and
0 = (bt — 09|, (1.45)
for an open string. The energy-momentum tensor reads
1 .
T(-)=T - = ~50-X"0_X, - %¢ﬁa_¢_u , (1.46)
and depends on x_ only, due to its conservation, d.T_ _ = 0.

The supercurrent (associated to supersymmetry) reads
1
" = —iwﬁa_xu , (1.47)

and satisfies 9, TF = 0.
For open strings, in order to satisfy Eq. (1.45), we fix arbitrarily at one end

¢+(O, T) = T/’— (O) 7—) ’ (148)
and the equations of motion then allows for two possibilities at the other end
¢+(7T77_) = :l:w— (7T,7') . (149)

The two sectors are called Ramond (for the + sign) and Neveu-Schwarz (for the — sign). The
solution for the bosons X*# is the same as in the case for the bosonic string and the fermions
are

W= 5N gz e (1.50)
vi = 5 2z ] bremme (1.51)

2
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where r = Z,7Z + % means that in case of the R sector r is an integer and that in case of the
NS sector r is an integer plus %

In the closed string case, Eq. (1.44) means that fermionic fields need only be periodic up to
a sign.

Yu(e®™2) = £u(2) . (1.52)

Periodic fields are, once again, said to obey the R(amond) boundary conditions; Antiperiodic
ones are said to obey N(eveu)S(chwarz) ones. The solution for the spinors’ reads

Yo=Y b (1.53)
r=LZ+ %

Yo=Y b (1.54)
r=ZI+ 3

where one should note that the + and — branch are completely independent. This leads, in
the closed string sector, to four possible combinations (for left as well as right movers), namely:

(R,R), (NS,NS), (NS,R), (R,NS).

Fourier decomposing the generators of the Virasoro algebra as before, one finds

1
Ly = —5 X, ot al 0+ ZT€Z72+ %(7“4— L I N I (1.55)
and the modes of the supercurrent can be similarly shown to be equal to

Gr = =) o' b, . (1.56)

The reality conditions then imply as usual

=L, , G =G. (1.57)

i6(Lo—Lo)

The unitary operator Us = e implements spatial translations in o, i.e.

Ul X" (r,0)Us = XM (1,0 +0) . (1.58)

This transformation should be immaterial for closed strings, which means that in that case we
have the further constraint
Ly = Lo, (1.59)

which is nothing but the level matching constraint.
Canonical quantization can then be shown to lead to the canonical commutators

[z, p"] = ",
g, o] = =M™,
[b%lf’ bZ] = 7"y, (1-60)

(all other commutators vanishing) and similar relations for the commutator of the a’s, if con-
sidering the closed string.

This means that we can divide all modes in two sets, positive and negative, and identify one
of them (for example, the positive subset) as annihilation operators for harmonic oscillators. On

"The solution for the bosonic fields, stays as in the purely bosonic case.
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the cylinder, the modding for the NS fermions is half-integer and integer for the R fermions. We
can now set up a convenient Fock vacuum (in a sector with a given center of mass momentum,

pt.) by

am | 0,p#) = 0 (m >0),
bl 0,p"y = 0 (r>0), (1.61)
PrO,pt) = p*|0,pH)

There are a few things to be noted here: The first one is that a2,, | 0) (m > 0) are negative-
norm, ghostly, states, i.e. (0|a%a®, |0) = —m(0|0) < 0. The second thing to note is that,
in the case of the R sector, the zero mode operators span a Clifford algebra, {bg ,bg =M, so
that they can be represented in terms of Dirac y-matrices.

Recalling again that the Virasoro algebra reads

c

[Lins L] = (m —n)Limin + Em(m2 — Dbman (1.62)
where the central charge is equal to the dimension of the external spacetime, ¢ = d, it is plain
that we cannot impose the vanishing of the L,,’s as a strong constraint. Instead we can impose
them as a weak constraint. Therefore we impose

L,, | Phys) =0 m > 0
(Lo — a) | Phys) = 0
NS G | Phys) =0 r>1/2
(Lo — Lo) | Phys) = 0 (1.63)
R L., | Phys) = 0 m >0
’ G, | Phys) = 0 r>0

Imposing the absence of negative norm states, then once again states that a = 1, but that
D =10, i.e. the superstring lives in a ten dimensional space-time.

Open String Spectrum and GSO Projection

It is now necessary to discriminate between the different sectors.
NS sector: The ground state, i.e. the oscillator vacuum, satisfies M2 | 0,p') = —2| 0, p').
The first excited state b’ | /2 | 0,p%) is a (d — 2) vector and is massless.

R sector: Let | a) be a state such that b}y | a) = %(v)wb | b), meaning that it defines an

S0O(1,9) spinor with a priori 2° = 32 complex components, which after imposing the Majorana-
Weyl condition are reduced to 16 real components (8 on shell). This number is exactly the
number that can be created with the oscillators bf). The root of this fact is the famous triality
symmetry of SO(8) between the vector and the two spinor representations, the three of having
dimension 8.

There are then two possible chiralities: | a) or | @), and M? = 0, because oscillators do not
contribute.

We are free to attribute arbitrarily a given fermion number to the vacuum.

(=) 1 0)ns = — | O)ns (1.64)

This gives (—)f" = —1 for states created out of the NS vacuum by an even number of fermion
operators. Gliozzi, Sherk and Olive (GSO) [52] proposed to truncate the theory, by eliminating
all states with (—)f = —1. It is highly nontrivial to show that this leads to a consistent theory,
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but actually it does, moreover, it leads to spacetime supersymmetry.® We demand then that
all states obey (—)]Is,s = 1, thus eliminating the tachyon. This is called the GSO projection.
On the Ramond sector, we define a generalized chirality operator, such that it counts ordinary
fermion numbers and on the R vacuum,

(=) la) =|a), ()" a) = ~a), (1.65)

There is now some freedom: To be specific, on the R sector we can demand either (—)% =1 or
() = 1.

There is a rationale for all this: Since the tachyon is a bosonic state and is highly undesirable,
we want to get rid of it. This is done by projection out all the states, created out of the tachyon
state by applying a bosonic set of creation operators on it. Note that this also means that the
ever present tower of states belonging to the bosonic string is also projected out. To put it
differently: If we accept as physical the vector boson state, GSO amounts to projecting away
all states related to it through an odd number of fermionic -oscillators.

Closed Superstring Spectrum

The difference with the above case is that one has to consider as independent sectors the
left and right movers.

(NS,NS) sector: The composite ground state is the tensor product of the NS vacuum for
the right movers and the NS vacuum for the left-movers, and as such it drops out after the GSO
projection. The first states surviving the GSO projection, that is (—1)¥" = (1, 1), are

511/2 |0)r ® bj,l/g | O)R - (1.66)

Decomposing this in irreducible representations of the little group SO(8) yields 1 & 28 @& 35
showing that it is equivalent to a scalar ¢, the singlet, an antisymmetric 2-form field B,,,, the
28, and a symmetric 2-tensor field g,,, the 35.

(R,R) sector, type ITA: The massless states are of the form (—1)F = (—1,1)

| @)L® | b)R (1.67)

and decompose as 8, @ 56, corresponding to a vector field, a one-form A;, and a 3-form field,
As.

This is however but part of the story: The state created is a bispinor, which, by making
use of the ten dimensional Clifford algebra, can be expanded in term of some form fields [95],
to wit: a function F{g), a two form Fo) and a four form Fi4). One can also introduce a six and
an eight form, which are however Hodge dual, due to the Clifford algebra, to the two and the
four form fields. Analysis of the superstring constraints, then reveals the fact that the form
fields need satisfy the Bianchi identity dF{y,) = 0. In other words, the fundamental fields are
a one form field and a three form field, and F|g) has to be constant. Now since this constant
transforms is not a field, it does not occur in the above mentioned Clebsch-Gordan series, and
has been overlooked until Polchinski noted [93], that there is a supergravity of type ITA, where
there is an arbitrary constant. This massive type IIA goes under the name of Romans’ theory
[98].

(R,R) sector, type IIB: The massless states, with (—1)f" = (1,1) are

’ a)L® ’ b>R R (1.68)

8Note that in this case, the massless fields consist in 8 boson- and 8 spinor degrees of freedom, which is enough
to fill an N = 1 on shell supermultiplet.
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and they decompose as 1 @ 28 @ 35, corresponding to a pseudo scalar, y, a 2-form field, Ao,
and a selfdual 4-form field, A4.
(R,NS) sector, Type IIA: The first GSO surviving states, with (—1)" = (—1,1), are

| @) @by | O)R, (1.69)

and they decompose as 8; @ 56;.
(R,NS) sector, Type IIB: The first GSO surviving states, with (—1)¥" = (1,1) are

| a>L 024 b7;_1/2 | 0>R ) (170)

and they decompose as 8. @ 56..
(NS,R) sector, Type ITA: The first GSO surviving states, with (—1)F = (1, —1) are

by |0)L® | a)r (1.71)

and decompose as 8; @ 56;.
(NS,R) sector, Type IIB: The first GSO surviving states, with (—1)¥ = (1,1), are

by [ 0)2®] @), (1.72)

and decompose as 8. ® 56.. The 56, corresponds to two gravitinos.

Although it lies outside the scope of this meager introduction to string theory, it can be
shown that due to the GSO projection, the closed superstring leads to N = 2 space-time
supersymmetry [53].

1.3. Strings on Curved Manifolds

Up to now we have had a look at (super)strings moving on manifolds where we had something
like Lorentz invariance, where we saw that the targetspace spectrum always included a massless
spin 2 field. This of course looks like a graviton, but does it lead to gravitation? And how does
it lead to gravitation?

One would be inclined to think that the string, or rather a set of strings would determine a
possible targetspace curvature dynamically. Although this might be true, it is still out of reach.
One can however be less ambitious, and couple the string to some background fields, however
this may arise, and look for the conditions of consistent string evolution. Consistency is then
obviously defined by the non-breaking at the quantum level of the classical symmetries. This
will lead to the (-equations, which in its turn will lead to the effective actions.

Let us have a look at the bosonic closed string: The massless modes are a symmetric, an
anti-symmetric fields and a scalar. Coupling this to some test string, in the only possible way,
leads to the so-called non-linear sigma model:

T 1
So =5 / 26 nPG(X) 10 X XY + € B(X),0, X X" + T\/—hé(X)R(z) . (1.73)

Note that in this case the G, B and ® are given on the forehand, and should therefore be
regarded as couplings: They are the long-range fields generated by the strings, and the only
interaction between the test string and the rest of the strings is mediated by these fields.

An interesting thing to note is that shifting the dilaton as

o = (B) + b, (1.74)
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every ‘diagram’ in the perturbative expansion of =S¢ bears a factor e(2"~2{(®) where r is the
genus of the Riemann surface. Comparing this to a normal perturbative expansion, one is forced
to identify g, = e{®), where g, denotes the string coupling constant. This physically means that
the vacuum expectation value of the dilaton gives the coupling constant, which is then promoted
to a dynamical field.

If we then impose conformal invariance of the string up to first loop, we end up with the
B-functions of the couplings

0 = Ry — 2V,0,® + 1H,.,H/ ",
0 = 400 — 4(09)> — R — ;5 H?,
0 = V,(e2*HM?) | (1.75)

where H = dB and all the curvatures are calculated using G, as the metric. As it so happens,
the above equations can be derived from

S, = /dl% —Ge2® [R — 4(09)* + L H?| . (1.76)

This action is not the ‘standard’ form of Einstein’s action, and is therefore said to be written
in the ‘Sigma’ frame. By redefining the metric as

G;w = 67(1)/29111/’ (177)
action (1.76) is transformed to the, so called, ‘Einstein frame’, i.e.
Sp — /dlox\/i—g [R+ 300 + jeH2) (1.78)

What does this tell us about the effective actions for the various superstrings? As we saw
in section (1.2), every string contains the bosonic string, for which the above arguments hold,
and leads to targetspace supersymmetry. These two things together imply that the low-energy
effective actions for the superstring should be some 10-dimensional supergravity!!

Since the aim of this thesis is type II supergravity, we will discuss only the two type II
supergravities.

Type ITA Supergravity

Apart from the SCS, the type ITA sugra consists of a one-form field, C*), and a 3-form field,
C®). This field content represents the DO- and D2-brane occurring as the massless RR sector
in type IIA strings. By Hodge duality, one can introduce the form-fields representing the D4-
and D6-branes. Note that the D8-brane is not included: It will be dealt with in chapter (3).

The, bosonic part of the, action reads

Sira = / P[] [ {R - 100 + 12} - 362y — 344G

— 17 [ Az e0C®oCB) B, (1.79)

where G g = dC) and G4y =dC®) — H A CW.
This action is, apart from coordinate invariance and the invariance of the SCS, invariant
under

sc = gAO
5C® = dA® — gAO), (1.80)
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The supersymmetry variations, in the sigma frame, are given by

Sy = Vue— 3 Humie+ 15 Eomivue + gmie® Gayvue

SN = PO+ g H — e Eoymie+ gqpe® G . (1.81)

Type 1IB Supergravity

It is well-known [102] that it is not possible to write a covariant action whose minimization
gives the equations of motion 10-dimensional type IIB supergravity. The problematic equation
of motion is the self-duality of the 5-form field strength. However, we can use it to find an
alternative equation of motion just by replacing the 5-form field strength by its Hodge dual
in the Bianchi identity. This alternative equation of motion has the conventional form of the
equation of motion of a 4-form potential and it is possible to find an action from which to derive
this and the other equations of motion but not self-duality. This NSD action, supplemented by
the self-duality constraint gives all the equations of motion of the type IIB theory.

The (bosonic sector of the) string-frame NSD action is”

Swsp = [ d¥zy/lj] {72 [R() - 4(0¢) + e
2 2 2
+3 (G)" + 331 (G») ™ + 13 (Gs)) (1.82)

1L goo®
5 € 9CWoC B},

where {J,,, By, ¢} are the NS-NS fields: The type IIB string metric, the type IIB NS-NS 2-form
and the type IIB dilaton respectively.

Hypp = 301,Buy (H =30B) , (1.83)

is the NS-NS 2-form field strength. {C(®), C’(Q)W, C(4)W,pg} are the RR potentials. Their field
strengths and gauge transformations are

Gay = aCc©)
G = 3(0C® —oBCO) (1.84)

G = 5(0CW —60BC?) .

and
sCc® = 0,
6C? = 20A0) (1.85)

sCW = 49A®) +6BoAD)

9Our conventions are essentially those of Ref. [25] but we change the symbols denoting NS-NS fields in the
type IIB theory to distinguish them from those of the We use the index-free notation of Ref. [25]: When indices
are not explicitly shown, they are assumed to be completely antisymmetrized with weight one. The definition of
field strengths and gauge transformations are inspired by those of Refs. [54, 22].
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respectively.
The equations of motion derived from the above action have to be supplemented by the
self-duality condition

G(5) =+ *G(5) . (1.86)

In the original version of the 10-dimensional, chiral N = 2 supergravity [102] the theory
has a classical SU(1,1) global symmetry. The two scalars parametrize the coset SU(1,1)/U(1),
U(1) being the maximal compact subgroup of SU(1, 1), and transform under a combination of
a global SU(1,1) transformation and a local U(1) transformation which depends on the global
SU(1,1) transformation. They are combinations of the dilaton and the RR scalar. The group
SU(1,1) is isomorphic to SL(2,R), the conjectured classical S duality symmetry group for the
type IIB string theory [63]. A simple field redefinition [15] is enough to rewrite the action in
terms of two real scalars parametrizing the coset SL(2,R)/SO(2) which can now be identified
with the dilaton ¢ and the RR scalar C'(©).

In order to make the S duality symmetry manifest, we first have to rescale the metric as to
go to the Einstein frame:

JE vy = 6—4,0/2];”/ . (187)

We now have to make some further field redefinitions. For instance, while the NS-NS and RR
2-forms we are using form an SL(2,R) doublet, their field strengths do not. Furthermore, our

self-dual RR 4-form potential C® is not SL(2,R)-invariant. Thus, for the purpose of exhibiting

the SL(2,R) symmetry it is convenient to perform the following field redefinitions!'?:

= (%) o

D = CcW_-38C®,

These new fields undergo the following gauge transformations:

B = 2%,
(1.89)
6D = 49A+25 Ty H,
and have field strengths
H = 308,
F = Gg=+"F (1.90)

where 7 is the 2 x 2 matrix

2 O 1\_ 1 7
n=1ioc —<_1 0 )= = (1.91)

Given the isomorphism SL(2,R) ~ Sp(2,R), it can be identified with an invariant metric:

00ur conventions are such that all fields are either invariant or transform covariantly as opposed to contravari-
antly.
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AAT =70, = pAnT =(AHT, A€ SL(2,R). (1.92)

Finally, it is convenient to define the 2 x 2 matrix M,;

A2 CO 1 —CO
M=e? : ML= , (1.93)
cO 1 —CcO N2

where ) is the complex scalar

A=0C0 4 je?. (1.94)

Observe that M is a symmetric SL(2,R) matrix and therefore, as a consequence of Eq. (1.92)
it has the property

M7t =pMnpT, (1.95)

To see that A parametrizes the SL(2,R)/SO(2) coset, it is convenient to consider how one
arrives at M. First one considers the non-symmetric SL(2,R) matrix V'

e0/2 o0/20(0)

0 e®/2

This SL(2,R) matrix is generated by only two of the three SL(2,R) generators and it should
cover the SL(2,R)/SO(2) coset. The choice for the form of V' can be understood as a choice of
gauge or as a choice of coset representatives. However, an arbitrary SL(2,R) transformation A
will transform V' into a non-upper-triangular matrix AV (which is not a coset representative).
A further A-dependent SO(2)-transformation h will, by using the definition of a coset, take
us to another coset representative V/ = AVh. The transformation h will be local but not
arbitrary. It can be thought of as a compensating gauge transformation. The condition that V'
is upper-triangular fully determines hA(A, V') and the transformations of C© and ¢:

e—¥'/12 ¥ /20(0) 7
V= =AVh=
0 e?' /2
(1.97)
a b e=¢/2 /2000 cosf) sinf

c d 0 e®/? —sinf cos@

where ad — bc = 1. The result is that the parameter 6 of the compensating transformation A is
given by

C
tan = —— 1.98
b= e+ d)’ (1.98)

and the transformation of the scalars can be written in the compact form

A+b
=2 . 1.99
cA+d ( )

The symmetric matrix M is now M = V VT and transforms under A € SL(2,R) according

to
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M = AMAT (1.100)

which is completely equivalent to the above transformation of A. Observe that it is not necessary
to worry about the h-transformations anymore.

It is also worth stressing that the only SL(2,R) transformations that leave invariant A or,
equivalently, M or V are £ls9. This is an important point: SO(2) is sometimes referred to as
the “stability subgroup”. Had we defined the coset by the equivalence relation V' ~ h|V | h €
SO(2), then, by definition, V' would have been invariant under any A € SO(2). Then, SO(2)
would have been the subgroup of SL(2,R) leaving invariant the coset scalars. This is, however,
not the way in which this coset is constructed and (as it can be explicitly checked) there is no
stability subgroup of SL(2,R) in that sense apart from this almost trivial Zs.

Under this A, the doublet of 2-forms transforms

B = AB, (1.101)

and the 4-form D and the Einstein metric are inert.
Now, it is a simple exercise to rewrite the NSD type IIB action in the following manifestly
S duality invariant form

Sxsp = —Lug [ d% /el { ROp) + 4Tr (OMM)?
N
(1.102)

+2,13!HTM—172+4,13,F2—27;3\/1EGD72T7772},

It is easy to find how the fields H, G(g),C(4) in the action Eq. (1.82) transform under
SL(2,R):

H = (d+cCO)YH+ G,
Gay 1 = fovrae [[d+cC0) Gy —ce™H] (1.103)
(2)
4)r _— 4) _ (2) ac be C
c cw_3(c B)(bc db)(g |

A transforms as above and we stress that the string metric does transform under SL(2,R):

7 =lcA+d|y. (1.104)

The string-frame supersymmetry variations!! are

0, = Vue— % Muode + %e‘P 22:1 ﬁ G(znfl)f‘,ﬂ%e

0N = Poc— oy Holet 1?30 | ity GO Pre (1.105)
where .
o : n even
P = { io? : n odd (1.106)

1The 2 chiral spinors are grouped into a 2 vector.
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1.3.1. T-duality and Background Fields: Buscher’s Map

As we have seen in Sec. (1.1.3), a string moving on a manifold compactified on a circle, enjoys
T-duality. We now ask ourselves whether there is something analogous to this in supergravity
theories. The answer was first found by Buscher [30] but we will use ideas taken from [2, 97].
The basic idea in T-duality is that one of the target space directions was compactified. In
the sigma model, this translates to the requirement that the background fields admit to an
isometry, i.e. the background fields are independent, up to possible gauge transformations, of
this direction. Taking the isometry direction to be Y, only the combination 0,Y occurs in the
sigma model. This then means that we can Hodge dualize the field strength 9,Y: Substitute
Q4 = 0,Y, introduce a Lagrange multiplier y imposing d© = 0'? and making use of the equation
of motion of ©, to integrate it out of the action, et voild the result is another sigma model, once
we interpret x as a new coordinate. The explicit mapping, known as Buscher’s transformation
[30], is given by

o}

~ . 1 ~ . v
GXX o Gyy ’ me o Gr}r’LY ’

B G m A — Gm Gn 7B7n Bn

Bmx = ﬁ ’ Gmn = Gmn— = éYY ey (1107)
~ B G

an — an 4 2 Y [mSYn]Y

Gyy

As one can see by doing the above transformation twice, it defines a Z, mapping between sigma
models.

The thing is that, although the above formulae relate sigma models, starting with a model
with vanishing [-functions, one does not end up with a background that satisfies them. The
situation is however ameliorated by taking the dilaton to transform as well [30], i.e.

d =3 — Llog(|Gyy ) . (1.108)

Although there are various ways of demonstrating the above, in this case it best shown using the
action (1.76): Imposing the existence of an isometry in our theory, we can apply Kaluza-Klein
reduction. Using the standard techniques we decompose the Zehnbein as

k - V_GYYa
>_> An = GynGyy , (1.109)

9mn = Gmn - GmYGnYG;/%/ )

3 em® kA,
0 k

and decompose the Kalb-Ramond field, in form notation, as
B =B-1ANC + Chdy, (1.110)

and the dilaton, <i>, is taken to be y independent. Thus reducing (1.76) to 9 dimensions, one
obtains

- ~ A\ 2
/ dPx/ge 2k [R(g) + 40 1log(k)0d — 4 (8(1)) + g H? — S k2 F(A)? — ;g,k;—2F(C)2] :

(1.111)
where F(A) = dA, F(C) = dC and

H = dB — JAANF(C) — $CAF(A). (1.112)

12This imposes that, locally, © is indeed a field strength, so that one does not introduce extra degrees of
freedom.
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By defining then the field ¢ = & — %log(k), the above action takes the form

[ Eavge ™ [Rig) + @log(h)? ~ 1(06)* + gy H? — k(A = gk 2F(C)]
(1.113)
It is obvious that the above, 9-dimensional, action is invariant under the Zs mapping

k— k', A, e O, (1.114)

and the rest of the fields invariant. It will not come as a surprise that upon re-expressing this 9-
dimensional mapping in terms of 10-dimensional fields, one obtains the Buscher transformation
(1.107,1.108).

1.4. D =11 Sugra and M Theory

It was known for quite some time that the maximal admissible sugra was N =1 D = 11
supergravity.'> The gravitational N = 1 multiplet consists of a spin 2 field, the metric, Yuv» O,
if you like, the Elfbein, a Majorana Rarita-Schwinger field, ¥, and a 3-form field, C®). The
bosonic part of the sugra action reads

S = /dﬂxﬁg [R(g) + ﬁaa)] — L[ CO AdC® AdC®) (1.115)
where Gy) = dC®). Apart from invariance under general coordinate transformations, the

action is invariant under 6C®) = dA® which then is about it regarding symmetries of the
action. There is a scaling symmetry that scales the action, though.
The supersymmetry variation reads, all spinors are Majorana,

oV, = Vye + 2517 [Lagysu — 8L'8vs Jau] G((Xf)%ﬁ . (1.116)

Using dimensional reduction, i.e. using the decomposition as displayed in appendix (B.1),
one can see that the above action becomes the type IIA action given above.

It has been argued [6], that the correct and complete supertranslation algebra which is valid
for this case is

{Q,Q} = iTHC™' P, + 4Trve 12 4 dTmmsc Lz o (1.117)

where Q is a Majorana spinor operator, generating the susy transformations, and the Z’s are
central form-charges, i.e. they transform as forms under the Lorentz group but are central with
respect to the rest of the Susy algebra.

Since the D = 11 supergravity contains a three form, and this couples naturally to a three
surface in space-time, one might be inclined to think that there is an extended object, a mem-
brane, also called the ‘M2’ brane, in a theory having as a low energy limit the D = 11 super-
gravity.!* Dually, the theory can also be formulated with a 6 form field [25], which then signals
the existence of a M5 brane.

Taking the existence of these M-branes seriously, one can compactify the membrane over
a circle, thus naively leading to a string when we restrict ourselves to the zero modes. If the

13Going beyond this limit, would mean that the gravitational multiplets necessarily incorporate particles with
spin 5/2 and up, which cannot be done consistently.

40One can write down Nambu-Goto type actions for the M2 brane, moving in a given background [13], and
then consistency implies that the background satisfies the equations of motion for D = 11 supergravity.
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radius of the eleventh dimension is R, and we denote the M-2-brane tension by T3 = lﬁg, the

string tension (traditionally denoted by ') will be given by Th = lgﬂ = ZLZ = i This gives the
11 S
string length as
132
ls = ﬁ . (1.118)

The mass of the first Kaluza-Klein excitation with one unit of momentum in the eleventh
direction is M(KK) = R~1. As we shall see later on, this state is interpreted, from the 10-
dimensional point of view, as a D0O-brane, and its mass could serve as a definition of the string

coupling constant, M (D0) = ngls' Equating the two expressions gives
gs = 7 = <> . (1.119)
ls l11

This formula is very intriguing, because it clearly suggests that the string will only live in 10
dimensions as long as the coupling is small. The historical way in which Witten [115] arrived to
this result was exactly the opposite, by realizing that the mass of a D0 brane (in 10 dimensions)
goes to zero at strong coupling, and interpreting this fact as the opening of a new dimension.
Although some partial evidence exists on how the full O(1,10) can be implemented in the theory
(as opposed to the O(1,9) of ten-dimensional physics), there is no clear understanding about the
role of conformal invariance (which is equivalent to BRST invariance, and selects the critical
dimension) in eleven dimensional physics.

The radius could also be eliminated, yielding the beautiful formula

h\?
o= (7 - (1.120)
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Chapter 2

Black holes and Duality

Black-hole physics is probably the only non perturbative problem in gravity in which non
trivial progress has recently been made owing to the different perspective afforded by “string
dualities” (for a recent review see e.g. [85]).

In the literature [29] a systematic analysis was made of the behaviour of asymptotic charges
under T duality (see e.g. [51, 2] for four-dimensional non-rotating black holes!. The main goal
of the present chapter is to extend their results, by essentially widening the class of metrics
considered both by allowing a more general asymptotic behaviour and by including more non-
trivial fields. This simultaneously widens the subgroup of the duality group that acts on that
class preserving the asymptotic behaviour.

Therefore, we will define the asymptotic behaviour considered (“TNbh”) and we will identify
the subgroup that preserves it (the “ADS”). We will find that the charges naturally fit in
multiplets under the action of this subgroup and that the Bogomol’nyi bound can be written
as a natural invariant of this subgroup. This was to be expected since duality transformations
in general respect unbroken supersymmetries, but, since duality transformations in general
transform conserved charges that appear in the Bogomol'nyi bound into non-conserved charges
(associated to primary scalar hair) that, in principle, do not, the consistency of the picture will
require us to include those non-conserved charges into the generalized Bogomol’nyi bound. A
by-product of our study will be the identification of the known supersymmetric massless black
holes as the T duals in the time direction of the usual supersymmetric massive black holes.
These are the main results of this chapter.

One of the motivations for this investigation was to try to constrain the angular momentum
of black holes using duality and supersymmetry in such a way that the extreme limit would
never be surpassed. As it is well known the striking difference between the black-hole extremal-
ity bound and the supersymmetry (or Bogomol'nyi) bound: although the angular momentum
appears in the extremality bound, it does not enter the supersymmetry bound. This difference
is even more surprising in view of the fact that in presence of only NUT charge (that is, for
some stationary, non-static, cases) both bounds still coincide; the NUT charge squared must
simply be added to the first member in the two bounds [72]. On the other hand, it is also
known that some T duality transformations seem to break spacetime supersymmetry making it
non-manifest [7]. These two facts could perhaps give rise to an scenario in which extremal Kerr-
Newman black holes (which are not supersymmetric) could be dual to some supersymmetric
configuration. At the level of the supersymmetry bounds one would see the angular momentum

!Since some of the objects studied are singular, as opposite to black holes with a regular horizon, the name
black hole will be used in a generalized sense for (usually point-like) objects described by asymptotics such that
a mass, angular momentum etc. can be assigned to them.
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transforming under a non-supersymmetry-preserving duality transformation into a charge that
does appear in the supersymmetry bound (like the NUT charge). In this way, the constraints
imposed by supersymmetry on the charge would constraint equally the angular momentum.

Although this scenario has been disproved by the calculations that we are going to present?
the transformation of black-hole charges and the corresponding Bogomol’nyi bounds under
general string duality transformations remains an interesting subject in its own right and its
study should help us gain more insight into the physical space-time meaning of duality.

Thus, in the sequel, the transformation of asymptotic observables (as multipoles of the
metric or of other physical fields) of four-dimensional “black holes” under the T duality and
S duality groups will be systematically analyzed, from the four-dimensional effective action
point of view?.

We are going to consider for simplicity a consistent (from the point of view of the equations
of motion and of the supersymmetry transformations) truncation? of the four-dimensional het-
erotic string effective action including the metric, dilaton and two-form field plus two Abelian
vector fields. This truncation is, however, rich enough to contain solutions with 1/4 of the
supersymmetries unbroken [70, 88].

Since all the configurations we are going to consider are stationary and axially symmetric, the
theory can be reduced to two dimensions were the T dualities due to the presence of isometries
in four dimensions become evident. This we will do in Section 2.1 getting manifest O(2,4) due
to the presence of the two Abelian vector fields in four dimensions [84]. We will also find the
S duality transformations in their four-dimensional form.

Then, in Section 2.2 we will define the asymptotic behaviour of those fields in the config-
urations we are interested in: (charged, rotating) black holes, Taub-NUT metrics etc. which
are stationary and axially-symmetric. This class of asymptotic behaviour will be referred to
as TNbh asymptotics. Any configuration in this class will be characterized by a set of param-
eters (charges) such as the electric and magnetic charges with respect to the gauge fields, the
ADM mass, the angular momentum, the NUT charge and some other charges forced upon us
by duality.

The rest of the chapter is organized as follows: In Section 2.3 we study the transformation
of the charges under different elements of the T and S duality groups and show explicitly the
transformations that preserve TNbh asymptotics including the effect of constant terms in the
asymptotics of the vector fields (Section 2.3.4). In Section 2.4 we define the Asymptotic Duality
Subgroup as the subgroup of the duality group that preserves TNbh asymptotics and study the
transformation of the Bogomol'nyi bound under duality. We will find full agreement with the
preservation of unbroken supersymmetry if we admit the presence of primary scalar hair in the
generalized Bogomol'nyi bound. We illustrate this with several examples in Section 2.4.3 where
we also find that the known massless supersymmetric black holes are the T duals of the common
massive supersymmetric ones. Section 2.5 contains our conclusions.

2.1. The Derivation of the Duality Transformations

In this chapter we are going to consider a consistent truncation of the four-dimensional
heterotic string effective action in the string frame including the metric, axion 2-form and two

2In fact, the angular momentum is part of a set of charges which transform amongst themselves under duality
and never appear in the Bogomol'nyi bound.

3The transformation of some of the charges we are going to consider here was studied previously in Refs. [88,
71]. Here we will extend that study to other sets of charges.

4This truncation is also invariant under duality transformations in the compact six-dimensional space direc-
tions.
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Abelian vector fields given by®:

S = /d49€ gl e® [R(g) + 30,0050 — &5 Hpop HMP — iﬁjﬂﬁplw] ; (2.1)

where I = 1,2 sums over the Abelian gauge fields A’ 4 with standard field strengths FI = gA!
and the two-form field strength is H = dB — %F‘ I AL

Before proceeding, an explanation of the origin of this action is in order. This action can
be obtained from the ten-dimensional heterotic string effective action by first considering only
the lowest order in o’ terms (so the Yang-Mills fields and R? terms are consistently excluded),
then compactifying the theory on T° to four dimensions following essentially Ref. [84] and
afterwards setting to zero all the scalars and identifying the six Kaluza-Klein vector fields with
the six vector fields that come from the ten-dimensional axion. This last truncation is done in
the equations of motion and it is perfectly consistent with them and with the supersymmetry
transformation rules. The result of this truncation is the action of N = 4,d = 4 supergravity
[31] in the string frame and with the axion 2-form. Setting to zero four of the six vector fields
one gets the above action.

The above action is invariant under Buscher’s T duality transformations in the six compact
directions because these interchange the vector fields whose origin is the ten-dimensional metric
with the the vector fields whose origin is the ten-dimensional axion and we have identified these
two sets of fields. There are still some trivial T duality transformations which correspond to
rotations in the internal compact space. They correspond to global O(2) rotations of the two
vector fields (O(6) rotations in the full N = 4 supergravity theory).

The reason why we consider two vector fields instead of six or just one is that the generating
solution for black-hole solutions of the full N = 4, d = 4 theory only needs two non-trivial vector
fields. Starting from this generating solution and performing T duality transformations in the
compact space and S duality transformations (to be described later) which do not change the
Einstein metric one can generate the most general black-hole solution (if the no-hair theorem
holds). Also, the minimal number of vector fields required in this theory for allowing solutions
with 1/4 of the N = 4 supersymmetries unbroken, is two [70, 88].

As announced in the Introduction, it will be assumed that the metric has a timelike and
a spacelike rotational isometry®. The former is physically associated to the stationary (but
not static, in general) character of the spacetime and the other to the axial symmetry”. They
commute with each other and, thus, one can find two coordinates, in this case the time ¢ and
the angular variable ¢, adapted to them, such that the background does not depend on them.
This, then, implies that the theory can be dimensionally reduced. Using the standard technique
[101] the resulting dimensionally reduced, Euclidean, action turns out to be

g — / &2x/Tgl e [R(g) + ¢ 0,0,6 + L Trd, M M1
(2.2)
_iW/iV(M_l)ijo'uV] )
Now the spatial indices pv = 2, 3 for simplicity and we also have internal indices o, 6 = 0, 1. The
two-dimensional fields are the metric g, six vector fields K¢, = (K(l)au, K(Q)W, K(3)Iu) with

®The signature used in this chapter, and only in this chapter, is (—, +, 4, +). All hatted symbols are four-
dimensional and so f,7 = 0,1,2,3. The relation between the four-dimensional Einstein metric §gss and the
string-frame metric §us is grps = e_‘ﬁg;“;.

5The action of rotational isometries has fixed points, while translational isometries act with no fixed points.

"The axis corresponds obviously to the set of fixed points of the isometry.
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the standard Abelian field strengths Wilw (t=1,...,6) and a bunch of scalars G,g, Bag, Al
that appear combined in the 6 x 6 matrix M;;. They are given by

Gag = Jap ¢ = ¢—1log|detGag |,
K(l)au = guﬂ(Gil)ﬁa s Cozﬁ = %AIQAIﬁ + Baﬁ )
(2.3)
Guw = G — K(l)auK(l)ByGaﬂ’ K,(f’)[ _ AIN _ AIaK(l)aM7
K®,, = Bua + BaﬁK(l)ﬁu + %AIQK(?’)IM 7
and
G -G7'C ~G1AT
My) = | —CTG™' G+CTG'C+ATA CTG AT + AT || (2.4)
—AG™! AGTIC+ A I, + AG—1AT

A being the 2 x 2 matrix with entries A’,. If B stands for the 2 x 2 scalar matrix (Baﬁ), then
the 2 x 2 scalar matrix C' is given by

C=3ATA+B. (2.5)

Any explicit contribution from the three-form automatically vanishes in two dimensions,
which explains why it does not occur in Eq. (2.2). On the other hand, the dynamics of a
two-dimensional vector field is trivial® and this seems to suggest that we can safely ignore it.
However, the correct procedure to eliminate the vector fields is to solve their equation of motion
and then substitute the solution into the equations of motion of the other fields. The equations
of motion for the vector fields in the action above tell us that the components of the fields
(M~1);;W7,, are constant. In Ref. [106] the constants were chosen to be zero by setting the
vector fields themselves to zero, which can be consistently done at the level of the action. This
is obviously an additional restriction on the backgrounds considered”. This restriction was also
made (in the purely gravitational sector) in the original article by Geroch [45] and it has been
done in all the subsequent literature on this subject in the form proposed in Refs. [77] where it
was expressed as the requirement that the background possess “orthogonal insensitivity”, i.e. it
is invariant under (¢, p) — (—t, —p).

This restriction is crucial to obtain an infinite-dimensional algebra of invariances of the
equations of motion of the two-dimensional system. As we are going to explain, though, in
this chapter we are not interested in the infinite-dimensional algebra but only in its zero-mode
subalgebra and so we will not impose this restriction. Nevertheless, all the configurations that
we will explicitly consider will obey it.

2.1.1. T Duality Transformations
The matrix M satisfies MLML = g, with

8The equation of motion of a two-dimensional vector field implies that the single independent field-strength
component is a constant.
90Other choices could lead to two-dimensional cosmological terms.
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0 I, 0
=1 o o |. (2.6)
0 0 I

It can be immediately seen from Eq. (2.2) that the dimensionally reduced action, is invariant
under the global transformations given by

M-=aMal, Ky — QY K7, (2.7)

if the transformation matrices ) satisfy the identity

acal =r. (2.8)

The matrix £ given in Eq. (2.6) can be diagonalized and put into the form n = diag(—, —, +,+,+,+)
by a change of basis associated to the orthogonal matrix p:

1 I, - 0

T T
pLp =n, p=—72| I I 01, pp =le, (2.9)
V2o 0 van

where now 7 is the diagonal metric of O(2,4;R) which implies that the Q’s are O(2,4;R)
transformations in a non-diagonal basis. The transformations in the diagonal (£2,) and non-
diagonal basis are related by

Qy=pQp", QunQF =n. (2.10)

This symmetry group corresponds to the classical T duality group. From the quantum-
mechanical point of view, O(2,4;R) is broken to O(2,4;Z) and this group is an exact pertur-
bative symmetry of string theory.

We must stress at this point that no S duality transformations are included in this group.
S duality is a non-local symmetry while T duality consists only on local transformations!®. So,
where are the S duality transformations that were present in four dimensions?

It is ﬁeliknown [8, 106] that this finite symmetry group can be extended to the infinite

algebra o(2,4). The zero-mode subalgebra corresponds to the algebra o(2, 4; R) of the symmetry
we just described. The S duality transformations are included in this algebra as non-local
transformations which are not in the zero-mode subalgebra.

Observe that we could have proceeded in a completely different way: we could have started
by reducing the theory in the time direction to three dimensions and we could have dualized in
three dimensions all vectors into scalars (as in Ref. [105]). In this way we would have gotten two
scalars from each vector field: one would be the electrostatic potential Al, and the other would

be the magnetostatic potential Al non-locally related to the other three components of the
vector. In this three-dimensional theory, S duality would be realized by local transformations
rotating the electrostatic and magnetostatic potentials into each other. Further reduction to
two dimensions would give us a different (“dual”) version of the two-dimensional theory related
to the one we hav%ined and we are going to study by a non-local transformation. The dual
theory has also a 0(2,4), invariance but now the S duality transformations are in the zero-mode
subalgebra o(2,4;R)y [106].
Another possibility is to study the S duality transformations directly in four dimensions.

10 At the level of the effective action, of course.
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2.1.2. S Duality Transformations

The N = 4,d = 4 supergravity equations of motion [31] have another duality symmetry
nowadays called S duality that consists of electric-magnetic duality rotations accompanied of
the inversion of the dilaton (the string coupling constant) and constant shifts of pseudoscalar
axion (see e.g. Ref. [104] for a review with references). This symmetry is only manifest in the
Einstein frame and with the pseudoscalar axion. To study it we have to rewrite the action
Eq. (2.1) in the Einstein frame and then trade the axion two-form Bﬂp by the pseudoscalar
axion a by means of a Poincaré duality transformation. (One would get an inconsistent result
if one replaced H by its dual field strength directly in the actlon) Thus, we consider first the
above action as a functional of H which is now unrelated to B. Then, we have to introduce a
Lagrange multiplier (a) to enforce the Bianchi identity of H. Eliminating H in the action by
using its equation of motion one finally gets the following action

S = / dz/|gz| [R(gE) — 1(04)% - 1e%(9a)? — Le ORI F! 4 LaF I F!] (2.11)

It is important for our purposes to have a very clear relation between the fields in both
formulations since we have to identify the same charges in both and track them after their
transformation. The (non-local) relation between a and B and the relation between the Einstein-
and string-frame metric are given by

8/1& = 1 6*24)@9%]%9#3&
31V/195] e ’
"’ (2.12)
Jgp = € %9
Defining now the complex scalar A and the S dual vector field strengths F [71]
de—l—ie*&, F[Ee*‘%*ﬁ’l—l—dﬁ]:;\ﬁ’lJr—Fc.c., (2.13)
where
=1 (Ff Ti *F1> , cplE = gl (2.14)

one gets the action

S:/d4x\/|gE\ R(gp) — 32225 p LRI pr | (2.15)

The equations of motion plus the Bianchi identities for the vector field strengths can be
written in the following convenient form

a 2 ~ = ~ =
. [B(ﬂ)\&))\—%gmga)\a)\
(A=A)
) 0 1\ [ Fly
_% (*Flﬂp *Flﬂp> = 0, (2.16)
-1 0 FI,;ﬁ



~ \)2 A = ~ 2
v2i -2 ON L5 3y <F1*> - 0, (2.17)

x I jiD
Vﬂ = 0. (2.18)
* ol i

In this way, it is easy to see that the last equation is covariant under linear combinations of
the vector fields and the S dual vector fields

A a b J
= ) (2.19)
Ja c d Pl i
with the only requirement that the transformation matrix is non-singular. However, these vector

fields are not independent and consistency implies the following non-linear transformations for
the complex scalar A

jroadth
ch+d
The Einstein equation and the scalar equations are invariant if the constants a,b,c,d are
the entries of an SL(2,R) (Sp(2,R)) matrix i.e.

(2.20)

ad —bc=1. (2.21)

These transformations do not act on the Einstein metric. Observe that, although they are
local transformations of the vector field strengths they are in fact non-local transformations in
terms of the true variables; the vector fields themselves. Observe that the equations of motion of

the vector fields are nothing but the Bianchi identities for the dual vector fields a ap implying

the local existence of the dual vector fields /if 4 such that

A ~

which justifies the definition of the F’s. Al depends non-locally on A’ and the pair A!, A!
transforms as an SL(2,R) doublet.
SL(2,R) is generated by three types of transformations!!:

a 0 A/_ 23
( 0 1/a > : N = a2}, (2.23)

rescalings of A

continuous shifts of the axion

<1 b), N=X\+b, (2.24)

and the discrete transformation

<_$é>a N=—-1/X. (2.25)

1S1(2,7Z) can be generated by the discrete versions of the last two.
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2.2. TNbh Asymptotics

In this section we will present the asymptotic behaviour that we will assume for the solutions
of the equations of motion originating from the action (2.1).

As advertised in the Introduction we are going to consider generalizations of asymptotically
flat Einstein metrics. The asymptotic behaviour of four-dimensional asymptotically flat met-
rics is completely characterized to first order in 1/r by only two charges: the ADM mass M
and the angular momentum J. However, duality transforms asymptotically flat metrics into
non-asymptotically flat metrics which need different additional charges to be asymptotically
characterized. One of them [29] is the NUT charge N and closure under duality forces us to
consider it. We will not need any more charges in the metric but, for completeness we define a
possible new charge u which we will simply ignore in what follows.

With these conditions on the asymptotics of the four-dimensional metric it is always possible
to choose coordinates such that the Einstein metric in the ¢ — ¢ subspace has the following
expansion in powers of 1/7:

—1+4+2M/r 2N cos§ + [2J sin® 0 — 4M (N + u) cos ] /r

(9Bap) = +... (2.26)
2N cosf + [2J sin® 0 — AM(N + u) cos] /r  (r? + 2Mr)sin® 6

We will assume the following behaviour for the dilaton
e‘qg:1—2Qd/r+2Wcosﬁ/r2—22/r2+... (2.27)

where Qg is the dilaton charge, W is a charge related to the angular momentum that will be
forced upon us by S duality and Z is a charge which is not independent, but a function of the
electric and magnetic charges (see below) and is also forced upon us by S duality . This implies
for the two-dimensional scalar matrix G:

—14+2(M — Qq)/r 2N cos 6 + [2Jsin® 0 — 4N (M — Qq) cos 6] /r
(Gap) = (2.28)
2N cos @ + [2Jsin® 0 — AN (M — Qq) cos O] /r  [r* + (M + Qq)r] sin® @
where we have already set u = 0.

Observe that we have fixed its constant asymptotic value equal to zero using the same
reasoning as Burgess et.al. [29], i.e. rescaling it away any time they arise. The time coordinate,
when appropriate, will be rescaled as well, in order to bring the transformed Einstein metric to
the above form (i.e. to preserve our coordinate (gauge) choice), but in a duality-consistent way.

Sometimes it will also be necessary to rescale the angular coordinate ¢ in order to get a
metric looking like (2.26). Conical singularities are then generically induced, and then the
metric is not asymptotically TNbh in spite of looking like (2.26).

The objects we will consider will generically carry electric (Q!) and magnetic (QZ)) charges
with respect to the Abelian gauge fields A’ 4. Since we allow also for angular momentum,
they will also have electric (P!) and magnetic (P.,) dipole momenta. This implies for the
two-dimensional scalar matrix A the following asymptotic behaviour

. Q:/r — Plcost/r? QL cos® + PL sin?6/r
(Afa) — 2 +o (2.29)
Q2 /r — Pl cosf/r? Q2 cosf + PZ sin?0/r
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Electric dipole momenta appear at higher order in 1/r and it is not strictly necessary to
consider them from the point of view of T duality, since it will not interchange them with any of
the other charges we are considering and that appear at lower orders in 1/r. However, S duality
will interchange the electric and magnetic dipole momenta and we cannot in general ignore
them.

The different behaviour of T and duality is due to the fact that T duality acts on the
potential’s components and S duality acts on the field strengths. Thus, for the purpose of
performing T duality transformations the electric charge and the magnetic momentum terms
in the potentials are of the same order in 1/r. From the point of view of S duality, the electric
and magnetic charge terms are of the same order in 1/r.

To the matrix A in (2.29) we could have added a constant 2 x 2 matrix which would be the
constant value of the ¢, components of the vector fields at infinity. Usually these constants
are not considered because they can be removed by a four-dimensional gauge transformation
with gauge parameters depending linearly on ¢ and .

In [29] it was claimed those constants (in particular a constant term in the asymptotic
expansion of A’ ¢), although pure gauge, do have an influence on physical characteristics of the
dual solutions (actually this fact was interpreted there as evidence against the possibility of
performing duality with respect to isometries with non-compact orbits).

However, a glance at the steps necessary to derive the O(2,4) invariance of the dimension-
ally reduced theory [84] immediately reveals the necessity of not only staying in an adapted
coordinate system, but also that the allowed four-dimensional gauge transformations are those
which correspond to two-dimensional gauge transformations which are obviously independent
of cyclic coordinates (in this case ¢ and ¢) and keep the matrix A invariant.

In other words: a constant shift in the matrix A, is not a symmetry of the two-dimensional
theory but relates two inequivalent vacua'?. The situation from the point of view of S duality
is not different: the result of the same classical S duality transformation (i.e. SL(2,R) transfor-
mation) depends on the asymptotic constant values of the dilaton and axion. These can always
be absorbed by further classical S duality transformations, but they do not relate equivalent
vacua in general.

Thus, at least from the point of view adopted here, constant terms are indeed physically
meaningful. From the point of view of obtaining a closed class of solutions under duality they are
necessary because they are generated by duality transformations. Setting the constant terms to
zero is just a specific gauge choice (as much as the coordinate choice made for the metric is also
a coordinate choice). Duality transformations do not respect these gauge choices. In the next
section we will study the inclusion of these constant terms in a consistent way by performing
gauge transformations and coordinate changes in all the fields. However, the transformations
with constant terms become very clumsy and we will consider most transformations on the
configurations we are describing in this section, with zero constant terms. Only in Section 2.3.4,
we will briefly consider a discrete duality transformation on the most general configuration.

The two-index form will have the usual charge Q,. Closure under duality again demands
the introduction of a new extra parameter (“charge”) that we denote by F and which will play
an important role in what follows. At the same order in 1/r it is possible to define another
charge ‘H which is not independent, but a function of the electric and magnetic charges, as we

2Tn any case, one should not be too dogmatic in this issue. After all, we are studying only the massless spectrum
of four-dimensional string theory and performing dimensional reduction to two dimensions disregarding all the
massive Kaluza-Klein modes which are associated to specific functional dependences on the coordinates ¢ and
. A full answer on whether t- or ¢-dependent gauge transformations are allowed and their effect on the two-
dimensional theory can only be obtained from the study of the full theory and it is beyond the scope of the
effective theory that describes the massless spectrum.
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will show. Its presence, is required by closure of duality but it transforms as a dependent charge
and it does not play a relevant role. The asymptotic expansion are, then

0 Qucos + Fsin?0/r +Hcosd/r
(Bas) =2 + ... (2.30)
—Q, cos) — Fsin?0/r — Hcosf/r 0

As we will show in Section 2.3.3, the necessity of the new charge F becomes clear when
looking at discrete duality subgroups checking that the subgroup’s multiplication table is satis-
fied. From the physical point of view it is clear that the presence of angular momentum should
induce such a charge.

Observe that we could have added a constant term to Bt(p as well which could be reabsorbed
by four-dimensional gauge transformations which are not allowed from the two-dimensional
point of view. We choose them to be initially zero as well for simplicity!3.

Now we have to show that the asymptotics that have been assumed on the gauge fields Al
and on the two-index field B correspond to the gauge-invariant charges that one can define
by looking directly in the asymptotic expansions of the field strengths F! or H. The field
strengths corresponding to the above potentials are

. ! 1 1
FIo = 2(0of - 2& cos | —dr Adt+ 2Pl sin? 0—dr A dy
r r2 r2

I
1
+2 (Q{n —9Pm o e) sin@ df A de — 2P} sin0—do A dt + ... (2.31)
T r
and
. 1
H = —Z{Qa— [(QIQ]f, + H) — 2F cos b }sine df A dt A dp
T
1
—2 [Fsin? 6 — (QéQil — H) cos )] — drANdt Ndp+ ... (2.32)
T

Observe that the effect of taking the Hodge dual of F1is equivalent to replacing (QZ, PI)
by (Qf, Pr) and (QF,,Ph) by (—Qf, —Pl).

Now we have to identify H. A convenient way of doing this is to dualize the three-form
field strength to find the asymptotics of the pseudoscalar axion @ defined in Eq. (2.12). The
partial-differential equation dya for a the consistency condition dj;0;a = 0 (which is the Bianchi
identity for a and, therefore, the equation of motion for B) has to be satisfied and this implies
that the combination Qé Q{n — 'H vanishes, so

H =00, (2.33)
and we find
N 1 A7 1] .
H = -2J9,—2Fcost—+209.Q,,— ¢sind dd Ndt ANdy
r r
1
—2F sin® 0 —dr Adt Adp + ... (2.34)
T

13A constant term in Bw implies via duality a constant term in G, which we have also initially set to zero
for the same reason. We will consider both kinds of constant terms in the next section
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From this expression and (2.31) we see that all charges considered have a gauge-invariant
meaning. The asymptotic expansion of the pseudoscalar axion a is (allowing for a constant
value at infinity ao that we will set to zero in the initial configuration)

4 =ag+2Qq/r — 2F cos0/r* + 20 QL /r2 4 ... (2.35)

which shows that Q, is the standard axion charge defined, for instance, in Ref. [88]. With the
pseudoscalar axion and the dilaton we find the asymptotic expansion of the complex scalar A
(allowing also for a non-vanishing asymptotic value for the dilaton ¢)

A= Ao+ 26_(730'1"/7' — 26_(130)(008 /1% + 26_‘2’0@/7“2 + ... (2.36)
where
5\0 = ap-+ ie_‘i’o ,
T = Qa - ZQd ’
(2.37)
x = F—iW,

© = Qo —iz.

2.2.1. Inclusion of Constant Terms

The inclusion of constant terms in the asymptotics of the matrices G, A and B in a consistent
way is trickier than it seems at first sight. Let us start by discussing the modifications needed
to include constant terms in A.

In the presence of constant terms in A one has to be very careful when identifying the right
axion charges. If we consider the presence of only constant terms v’ in Al, for the moment

(2.38)

(41) -

the above expression for the axion field strength changes due to the Chern-Simons terms to

( vt —209L/r + 2Pt cosO/r? —2Q! cos® — 2P} sin?0/r )
+

v? —202%/r + 2P2% cosO/r? —2Q2 cosf — 2P2 sin? 0 /r

H = -2 {(Qa - %UIQTIn) —2(F - %UIP,In) cosf/r + 2Q£Q,Inl}sir19 do A dt Ade
T

—2(F — Lo!Pl) sin? 0/r?dr Adt Ndp + ... (2.39)

Now, the right charges are no longer Q, and F but the combinations Q, — %vl Q{n and
F - %vl 737{1 that appear in H. This really means that in presence of constant terms in Al as
above, the asymptotic expansion of B that gives the right charges as in Eq. (2.34), and the one
that on has to use is (setting H = 0)

B, = 2(Qu+ 30108 cost + 2 (F + Jv'PL)sin?0/r
(2.40)
+2Q£Q,In cos@/r+ ...
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Analogous results would have been obtained by creating the constant terms via a t-dependent
gauge transformation of the gauge fields (which induces, due to the Chern-Simons term present
in H a gauge transformation of the two-form field) of and looking for a gauge-independent
definition of the axion charges. This way of thinking (i.e. that the terms arise because of
gauge transformations that take us from the gauge in which we have written the asymptotic
expansion of the potentials and metric in the previous section) is the most appropriate to study
the inclusion of constant terms in G and B. For instance, let us now perform a ¢-dependent
gauge transformation of the gauge fields with parameter A’ = w!¢ that induces a constant
term in A! ©

SAT, = w. (2.41)

This transformation induces on the two-form field Eq. (2.40) (taking into account the con-
stant terms v!) a gauge transformation in B. To make the story short, we will simply say that
if we consider a general matrix A with constant terms

R vt —20% /r 4+ 2P} cos 0 /72 w! — 20}, cosf — 2P} sin? 0 /r
(A’a) - n (2.42)
v — 202 /r 4 2P2 cos 0 /r? w? — 202, cos O — 2PZ sin* 0/r
we must consider a B matrix of the form (we only write the Et@ entry)
Bt@ = 2+ 302 (Qq + 301 QL) cos O — w! QL /r
(2.43)

+2 (.7-'4— %vlpfn) sin?0/r + 20101 cosf/r + ...

to get an axion field strength of the form (2.34) so the constants Q, and F are still the axion
charges. Now, a new t- or p-dependent gauge transformation of the form A = évlt 4+ dwly
is reabsorbed in a redefinition of the constants z,v!, w! and does not affect the charges, that
keep their gauge-invariant meaning. The constant z can also be generated or absorbed by a
gauge transformation of the two-form field and it does not induce any other changes in the
asymptotics of other fields.

Finally, we will see that duality sometimes creates a constant term in ggs,. This term can
be reabsorbed or induced by a reparametrization of the time coordinate ¢ — ¢t — qp. This
transformation changes G and A to

—142(M — Qq)/r (q+2Ncosh)[1 —2(M — Qq) /7] + 2Jsin?/r
(Gap) = (2.44)
(@+2NcosO) [1 —2(M — Qa) /r] +2Jsin®/r [r* + (M + Qq)r] sin® 0
and

vt — 20 /r 4+ 2P} cos 0/r* (w' — qut) — 209}, cos @

+2¢QL/r — 2P}, sin? 0/
(A’a) - T (2.45)
v? —2Q2/r 4+ 2P2 cos 0 /r? (w? — qv*) — 2Q2, cos b

+2¢Q2 /r — 2P2 sin? 0/r
Observe that the electric dipole momenta do not appear in the right column because they are
of higher order.
It is easy to see that there is no need to do further changes in B. Thus, the most general
asymptotic expansions that we will consider are given by the matrices G in Eq. (2.44) A in
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Eq. (2.45) and B in Eq. (2.43) which define gauge-invariant charges in the sense that ¢ and
@-dependent gauge transformations A! = dv’t + (dw! — ¢dv!) and reparametrizations of the
form ¢t — t+ dqp which are the ones that do not take us out of the Kaluza-Klein Ansatz become
simple redefinitions of the constants v/ — v! 4 dv! etc. leaving the charges invariant (which
justifies their name).

The class of asymptotic behaviour just described, determined by the twelve charges

{M7 JJ N7 Qa7f7 Qd) Qé;Q{n,an} (246)

(with or without constant terms in the matrices G, B, A) will be referred to henceforth as T'Nbh
asymptotics.

2.3. Transformation of the Charges under Duality

In this Section we are going to study the transformation of the charges of asymptotically
TNbh configurations under the T and S duality transformations found in Section 2.1.

2.3.1. Deriving the Form for the T Duality Transformation Matrices

The problem that now will be tackled is how to generate the explicit transformations of
the full O(2,4,R) classical T duality group to find which subgroup maps TNbh asymptotics
into TNbh asymptotics. O(2,4) is a non-compact, non-connected group and our first task is to
elucidate its structure.

It is known that every element from a group G, can be written as a sequence of operators,
which are always part of the connected component containing the identity Gp (which is itself
a subgroup of G), and elements from the coset G/Gy. The action of these elements on any
element of GG is to take them from a connected part to a different connected part. This coset is
called the mapping-class group mo(G).

0(2,4) has four connected pieces: two correspond to matrices with determinant +1 and two
to matrices with determinant —1. The former two connected pieces constitute the subgroup
S0O(2,4) and are related to the other two by a discrete transformation that generates the group
0(2,4)/50(2,4) = ZgB). The two connected components of the subgroup'* SO(2,4) differ by
the sign of the (1,1) component of the matrices of the defining representation. The component
with positive sign contains the identity and is the subgroup SO'(2,4) and is related to the
other connected component (which is not a subgroup and we denote by SO'(2,4)) by a discrete
transformation that generates another Zés) = 50(2,4)/S0'(2,4) subgroup.

Thus, the mapping-class group of O(2,4) is O(2,4)/S0"(2,4) = ZgB) X ng).

We will study it in detail later. Now we are going to concentrate on describing the duality
transformations in the component connected with the identity SO'(2,4).

Every element of the connected component of a group can be written as a sequence of its
one-parameter-subgroups [50] and we are going to study these first.

In our case these are the exponentiated versions of the generators of the Lie algebra so(2,4),
which we write in the covariant form M;;

Qij(aij) = exp{—a@jMu}t, (2.47)

and which satisfy the commutation relations

1 All groups SO(n, m) have two connected components [60].
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[Mij, M| = naMjx — nieMj + njuMi — nju My (2.48)

where, again, the indices i, j, k,l = 1...,6 and n = diag(—, —, +, +, +, +) is the diagonal metric
of O(2,4).

It should be noted that the action of O(2,4) is 6-dimensional, which means that the group
acts through its vector representation on the matrix M;; and on the vectors K u- The generators
of s0(2,4) in the vector representation, denoted by I', are given by

T (Mij)*, = 2771[i77kj] . (2.49)

Upon exponentiation of a single generator, one gets a one-parameter subgroup. In this way
to get all the basic one-parameter subgroups of SO'(2,4) in the diagonal basis with metric 7.
Thus, we still need to transform the on-parameter subgroup transformations to the non-diagonal
basis using Eq. (2.10) and finally we can study the effect of these transformations on the fields
using Eq. (2.7).

2.3.2. The One-Parameter Subgroups of the T Duality Group

The one-parameter subgroups of SO'(2,4) are either boosts involving one of the indices 1,2
and one of the indices 3,4, 5,6 or rotations involving the indices 1 and 2 or two of the indices
3,4,5,6.

Boost matrices are taken to have the form

sh .. ch .. ’ (2.50)

and generate a non-compact SO'(1,1) = RT subgroup and every rotation will be taken to have
the form

cos .. sin

), (rotation) = , (2.51)

—sin .. cos

and generates a compact U(1) subgroup. Here the operators will be labelled by the Lie algebra
generator that generates the operators. For instance, we have'®

ch 0 sh
0 1 0
Qi3 = exp {—a1zsM3} = sh 0 ch , (2.52)

I3

and in the non-diagonal basis

5 Throughout we shall use the abbreviations ¢ = cos(a;), s = sin(a;;), ch = cosh(a;) and sh = sinh(a;), the
ij being the indices of the transformation.
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ch+sh 0 0

Q3 = , (2.53)
0 0 ch—sh

etc. Therefore it is not difficult to compute the action of these subgroups on the background
fields. It turns out that only a few of them (seven, but only five with a non-trivial action and
just three with different actions on the charges) preserve TNbh asymptotics.

When the transformations that leave TNbh asymptotics intact are known the exact change
in the asymptotic charges can be computed. The charges transform linearly. Actually, the
T duality transformations close on sets of four charges and their effect can be described by
matrices acting on three four-component charge vectors:

M N J

v Qd N2 Qa 7 F

M = , N = , J = , 2.54
Q Q, P, (2.54)
Q? o P

which will be referred to, respectively, as electric, magnetic and dipole charge vectors.
There is a fourth charge vector that contains the electric dipole momenta P/, the dilaton
dipole-type charge W and an unidentified geometrical charge that we denote by K

K
)4%
fPl
i~

K= (2.55)

The presence of this fourth charge vector is required by S duality, as we will explain later.

For each TNbh duality transformation there is a unique matrix action on the three vectors.
This, for the moment, can be considered merely a convenient representation of the duality
transformations. It will be shown later in the chapter that the Bogomol’nyi bound can be
rewritten in terms of our multiplets in an exceedingly convenient way.

Let us examine now examine the interesting duality transformations case by case.

Q3

The action of this subgroup is simply equivalent to a rescaling of the time coordinate and
obviously it preserves TNbh asymptotics. Using the inverse rescaling to rewrite the metric in
the gauge (2.26) we find the the action of this duality transformation is trivial.

Q5

This subgroup preserves TNbh asymptotics and our gauge choice for the metric (2.26) and for
the matrices A, B. In particular it does not generate any constant term in the A, B, G matrices.
Thus, one can proceed to compute the transformation of the charges. This transformation is
described by the 4 x 4 symmetric matrix
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14+ch 1—ch sh
== 0

2 V2
l—ch l4ch _sh
(4) ? ? V2
Q5 = , (2.56)
h h
% —% ch 0

SO

= 4) = e 4) = PN 4) =

M =P, N=aYN, J=aWJ (2.57)
Q6

The effect of this transformation is identical to the previous one with the interchange of the
labels I =1 and I = 2. This, the matrix that describes it on the charges is

14+ch 1—ch 0 sh
2 V2

1-ch 1+4ch 0 sh
2 V2

2
&
Il

(2.58)

Qoy

This transformation is analogous to the transformation 213: its effect is equivalent to a
rescaling of the coordinate ¢ that preserved it periodicity, which is initially fixed to be 2w,
i.e. all components of fields with indices ¢ are rescaled, but the coordinate itself is not rescaled.
Now, to go back to our coordinate choice (2.26) we have to rescale ¢, changing its periodicity
and, thus, introducing conical singularities. Therefore, this transformation does not preserve
TNbh asymptotics.

Q35

The result of this transformation is another asymptotically TNbh metric written in our
gauge (2.26) up to a rescaling of the time coordinate and up to constant term in the matrix A:

vl = V2sinass, (2.59)

and this has to be taken into account in the definitions of the axion charges that have to be
identified in the transformed configurations using the expansion of B in Eq. (2.40). The rescaling
of the time coordinate can be performed combining wss with an wi3 transformation with the
right parameter. The result of this composition is a one-parameter subgroup of transformations
that do preserve TNbh asymptotics and our gauge choice except for the non-vanishing v'. The
effect of this composite transformation on the charges can be described by the 4 x 4 symmetric
matrix

36



c+1 (S 1s
2c 2c V2c
el el _15s
(@) 2c 2c V2c
(913935) = . (260)
%§ _1ls 1 0
2c 2¢C c
0 0 0 1

Now, this matrix is exactly the same as Q%) with the replacement

cosazs = 1/coshas, (2.61)

and, so, these transformations are identical on the charges.

Q36

This transformation is identical to the previous one with the interchange of the labels I =1
and I = 2. Thus, it also generates a constant term in the matrix A which has to be taken care
of when identifying the axion charges of the transformed configurations:

v? = V/2sinasg, (2.62)

Therefore, although it does not preserve TNbh asymptotics, it can be combined with an €213
transformation into a TNbh-preserving one-parameter subgroup of transformations that can be
described by the action of the 4 x 4 symmetric matrix

e+l el g Ls
2c 2c V2c
c=1 c+1 0 —-Ls
4 2c 2c NGXC
(Q13036)Y = (2.63)
0 0 1 0
d1s _1s o 1
V2c V2c c
on the three four-component charge vectors M , N , J.

Qs6

This transformation is just the SO(2) subgroup acting on the gauge fields only and rotates
the electric and magnetic charges and the magnetic dipole momenta.Thus, it can be described
by the 4 x 4 antisymmetric matrix

Qgé) = c s |. (2.64)



2.3.3. The Mapping-Class Group T Duality Transformations ZgB)

The last “elementary” duality transformations of O(2,4) that we have to study are those

in the coset 0(2,4)/S01(2,4) = Z(QB) X Z(QS). What do these transformations correspond to?
In Ref. [16] the simpler duality groups O(1,1) and O(1,2) where analyzed in detail and it was

found that the subgroup ZQS is essentially generated by a reflection in all directions in the

scalar o-model target space. Here we can do the same and take the generator of ng) as the
total reflection —llg. In the same reference it was also found that the subgroup ZgB) corresponds
essentially to Buscher’s duality transformations [30].

The generator of ZgB) is not unique (it is a representative element of a coset group). Two
obvious choices correspond to the Buscher transformations in the directions ¢t and ¢. The

Buscher transformation in the direction ¢ does not preserve TNbh asymptotics and so we will

)

take as generator of ZéB the Buscher transformation in the direction ¢, that we denote by T,

with matrix

(1) = ( - I ) : (2.65)

Observe that there is no inconsistency in taking one and not the other as inequivalent
representatives because from the point of view of the TNbh-preserving duality subgroup they
are no related: only an infinite boost (£214) will completely rotate ¢ into ¢ and, in any case, this
subgroup does not preserve TNbh asymptotics itself.

As was said in Section 2.2, the necessity of introducing additional “charges” like F be-
comes evident'® when one studies discrete duality subgroups like ZéB). If we analyze the 7-
transformation explicitly, we see that the 7-transform of g, is

x Loy, 741 3 ; N AT A
where 2 goes asymptotically as
4M
Q=1-—+00"?). (2.67)
r

Looking at the asymptotic behaviour of the terms involved, it is easy to see that to get
a contribution to J, the initial configuration has to have a r~'sin? term in its asymptotic
expansion of the Kalb-Ramond field. This also shows that J transforms into the new charge F
since 77! = 7.

The effect of 7 on all the charges can be expressed in terms of the same symmetric 4 x 4
matrix Q(T4)
01
10 ) (2.68)

I

04

T

acting on the charge vectors M , N , J. The involutive property, that on the charges 72 = id is
immediately apparent.

A natural worry at this point is whether a combination of transformations that do not
preserve TNbh asymptotics, can result in a TNbh asymptotics-preserving transformation.

1676 see it in the continuous subgroups one has to study the invertibility of the transformations, which is much
harder.
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This is a complicated and time-consuming problem that can only be handled by compu-
tational methods for just products of two transformations. The result of our (CPU-limited)
search is negative.

2.3.4. Constant Parts in the Gauge Fields and the Closed Set of Asymptotic
“Charges” Under 7

We have to find the way in which the transformations of the charges change when we include
constant terms in the matrices G, A, B. To do a general study would take to much CPU time.
Thus, we will only perform a full check of only the 7 transformation, although the general
picture should become quite clear from our results for 7 and other general arguments.

First of all, the consistency in the way we have defined charges and constant terms (which will
be referred to as moduli) implies that the moduli transform non-linearly amongst themselves
and, thus, their transformations can be studied by setting to zero the charges. For the 7
transformation this allows us to immediately get!”

ot = o, q = &z,

(2.69)
ol = wl, T = ¢ lq.

where we have used & = (1 — ¢ 2/2)~ %

Next, we expect the multiplet structure of the duality transformations to remain valid in
the presence of non-trivial moduli. (The multiplets contain multipole terms of the same order
of different fields.) This can be checked explicitly, but it also allows us to set to zero all charges
except for those in one multiplet and find their transformation more easily. The result is that
we can describe in all of them the 7 transformation with a unique moduli-dependent matrix

O (2, g, v, w)
—2Ev 2 13 &t Ev?
S T LR S

Q’(r4) (z,q,v,w) = : (2.70)
—&ut Evl 1+¢&(vh)? Evto?

—€U2 51)2 5,011)2 1+ §<U2)2

Observe that this matrix indeed squares to the identity.
What happens to the other transformations in presence of non-trivial moduli? The rule is

that now the 4 x 4 matrices QZ(?) will become moduli-dependent matrices le)

group multiplication table is satisfied in the following sense:

(z,q,v,w) and the

o (z,4,5,9)08 (2, q,0,w) = 80 (2,0, 0, w), (2.71)
where (Z,q,0,w) are the transformed moduli under 77. In the case of 7 we had, trivially
O (z,q,0,0)% (2, ¢, v,w) =14 (2.72)

because Q$-4) (z,q,v,w) only depends on the v/ and these are invariant under 7.

17Simultaneous rescalings of the dilaton and the time coordinate t are necessary to eliminate the constant value
of the dilaton at infinity and to get an asymptotically TNbh metric.
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2.3.5. Transformation of the Charges under S Duality

The transformation of the electric, magnetic, dilaton and axion charges under S duality
has been previously studied in Ref. [88, 71]. Here we are considering more charges and we are
choosing initial configurations with vanishing asymptotic values of the axion and dilaton. In
general, S duality generates non-vanishing values of these constants and we will remove them
by applying further S duality transformations.

Let us first see the effect of general classical S duality transformations on arbitrary config-
urations. It is easy to see that the transformation (2.20) acts on the asymptotic value of A\ as
follows [88, 71]

5\/ _a5\0+b
0 — ¢ )
cho+d

(2.73)

and on its complex charge as follows

S AR B (2.74)
C)\0+d

The factor multiplying T is just a S\O—dependent complex phase and, thus the axion and dilaton
charges are simply rotated into one another. It is also easy to see that the additional complex
charge that we are considering here x = F — WV transforms exactly as Y.

The effect on the electric and magnetic charges is a bit more difficult to explain because the
electric and magnetic charges that transform in a natural way under S duality, and which are
the ones conserved in the quantum theory when the Witten effect [114] is taken into account,
are not the ones we have defined. To be precise, the equation of motion and the Bianchi
identity tell us that the two charges that are well defined in the quantum theory and obey the
Dirac-Schwinger-Zwanziger quantization condition are

i~ fg F1 = e #0l— a0,
(2.75)
G~ fngFI = Q.
This pair of charges transform under (2.19) as an SL(2,R) doublet
a —c
(0" ah') = (a d¢h) — (2.76)

which ensures that the DSZ quantization condition, which can be written for two dyons in the
form

(qg (1) qfn(l)) =cn, nez, (2.77)
-1 0 I(2)

where ¢ is some constant, is S duality invariant. From the relation between the charges
(qi ) q,In(l)) and the charges Qf, Q! that we are using (2.75) one readily finds

ol = (cap+d)Ql +ce~Q! |
(2.78)
ol = —ce= Q! + (cap+d)QL, .
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It is easy to see that the electric and magnetic dipole momenta transform in exactly the
same fashion.

Now we have to adapt these formulae to our case in which the original configuration has
Mo = i and in which we want the transformed configuration to have also 5\’0 = ¢. This can be
achieved by applying after the general SL(2,R) transformation, two transformations (2.23,2.24)
with the appropriate values of a and b to absorb the constant values of the axion and dilaton.
This is equivalent to allow only an SO(2) subgroup of SL(2,R) to act on the charges. The
result, expressed in terms of the entries of the original SL(2,R) matrix is

d c
Qg ' Ve24d? /2 4d? Qé
= , (2.79)
I —c d I
O V+d? Ve +d? O
and similarly for the vector of dipole momenta (P}, ,P!) and
d?—c? 2cd
QZI V2+d2  Ve2+d? Qd
= , (2.80)
Q:l —2cd d?—c? Q,

VeZ+d2 V2 +d?
and, analogously for the charge vector (W, F). Observe that the last SO(2) transformation
matrix is precisely the square of the former.

It is now clear that the multiplet structure that we built for the T duality transformations is
not respected by S duality: the last three components of the “electric” multiplet M are rotated
into the last three components of the “magnetic” multiplet N and vice versa. The same happens
with the multiplet K defined in Eq. (2.55), whose last three components are rotated into those
of the multiplet J in exactly the same way, and vice versa (this is the reason why we introduced
K and K in the first place). To respect the T duality multiplet structure and, at the same time
incorporate the S duality multiplet structure it is useful to introduce the complexified multiplets

M
M= M +iN = ?E , (2.81)
F2
where
M=M+iN, r'=of+iol | (2.82)
and
J
T=K+iJ= E"l : (2.83)
H2
where
J=K+ilJ, I’ =P +ipl,. (2.84)
These two complex vectors transform under T duality with exactly the same QZ(;-L) matrices

as the real vectors and, under the above S duality transformations with the complex ) SO(2)
matrix
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240

x4 = 0 = Arg(d — ic), (2.85)
0

0

SO

M =xWM, J =xW7. (2.86)

2.4. The Asymptotic Duality Subgroup

We define the Asymptotic Duality Subgroup (ADS) as the subgroup of the full duality
group that respects TNbh asymptotics. In the previous section we have identified several one-
parameter subgroups of the T duality part of the ADS and we know that the full S duality
group is a subgroup of the ADS. However these two subgroups do not commute and, together,
generate a large ADS. We proceed to identify it in the next section and later we will use it to
study the invariance of the Bogomol’nyi bound relevant for the theory we are considering under
it.

2.4.1. Identification of the Asymptotic Duality Subgroup

First, we are going to identify the T duality subgroup of the ADS. As we have seen, from the
point of view of its action on the charges it has only three non-trivial one-parameter subgroups
which we take to be the ones corresponding to the transformations Q§45), Q%), Qgé). To find the

group that they generate we first study the algebra of their infinitesimal generators Mi(;l)

(4) _ (4)
which are given by
00 -1 0 0 00 —1
4 _ 1 00 10 () _ 1 000 1
Mg V2l =11 0 0 |’ MlG_\/? 000 0]’
00 00 -1 10 0
(2.88)
000 O
4 000 O
M = 000 -1
001 0
These infinitesimal generators obey the algebra
4 4 4 4 4 4 4 4 4
Mg M) = MG, (Mg M) =~ (M), Mg = M) (2.89)

A small calculation of the Killing metric then show that on the base {Ml(g), Ml(g), Még)} the
metric is diagonal with entries 7(®) = diag(+, —, —) thus proving that the algebra is o(1,2) and
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the group generated by the one-parameter subgroups is SO'(1,2) and that the T duality part
of the ADS (taking into account the discrete transformations) is O(1,2).

This raises now the question as to what is the meaning of the four-component charge vectors.
Clearly they transform in the four-dimensional reducible representation of O(1,2) furnished by
the matrices Q4. The only representation of this kind is the direct sum of a singlet and a
vector (three-dimensional) representation of O(1,2), which in turn means that there is a linear
combination of the charges in each charge vector that is invariant under the full T duality part
of the ADS. It is easy to see that these combinations are

75 (M + Q) , 55 (N+Q.) H(I+7F). (2.90)
The triplets over which T duality acts in the vector representation of SO(1,2) are
) 75 (M~ Qa) 3 75 (N = Q)
MNB = o! 7 NG = ol ,
02 ok
(2.91)
Y (U
J(S) - Pl )
i
and, on this representation the generators of the algebra are
) 010 ) 0 0 1
My = 5100, Mg =751000],
000 1 00
(2.92)
00 O
M = 00 —1
01 O

We remark for future use that the four-dimensional matrices Q) of the 14 3 representation
of O(1,2) respect the diagonal O(2,2) metric n(* = diag(+, +, —, —) and are also automatically
0(2,2) matrices.

2.4.2. The Bogomol’nyi Bound and its Variation

In N = 4 supergravity there are two Bogomol'nyi (B) bounds, of the form

M?—\|Zi*>0, i=1,2, (2.93)

where the Z;’s are the complex skew eigenvalues of the central charge matrix and are combi-
nations of electric and magnetic charges of the six graviphotons. These two bounds can be
combined into a single bound by multiplying them and then dividing by M?2. One gets, then, a
generalized B bound

| 2125
M2
In regular black-hole solutions the second term can be identified with scalar charges of
“secondary” type. The identification is, actually (with zero value for the dilaton at infinity)

M? +

— |z =122 > 0. (2.94)
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|2125|
M2
and, taking into account the expression of the central charges in terms of the Qévm’s one gets
the generalized B bound'® [88]

= Q2+ 02, (2.95)

M?+ Q4+ Q2 - 0lol - 9l 0!, > 0. (2.96)

Note however that this bound is valid only for asymptotically flat spaces (i.e. with N = 0).
This problem can however be overcome by the reasoning of Ref. [72] where it was observed that
the NUT charge N does enter in the generalized B bound. With our definitions the B bound
for asymptotically TNbh spaces takes the form

M2 4 N* 4+ Q%+ Q2 - olol - 0,0l > 0. (297)

Now we want to study the invariance of this bound under the T and S duality pieces of the
ADS that preserves TNbh asymptotics. We will not make distinctions between primary and
secondary scalar charges since all we are interested in are the transformation rules of the scalar
charges which are the same for primary- or secondary-type scalar charges. We will focus on this
distinction in the next section.

Before perform a direct check, let us analyze what we can expect the result to be. The
T duality piece of the ADS preserves in general unbroken supersymmetries of the low-energy
string effective action: one can prove that if one solution admits Killing spinors the dual solution
does as well. Equivalent properties can be checked from the world-sheet point of view. The
only instances in which T duality seems not to respect unbroken supersymmetries (at least in a
manifest fashion from the spacetime point of view) is when a Buscher T duality transformation
is performed with respect to an isometry with fixed points, like the isometry in the direction ¢ in
our axially-symmetric case [7]. However, this transformation does not respect TNbh asymptotics
and therefore it does not belong to the ADS. S duality is known to always preserve unbroken
supersymmetry [88] and, thus, we can expect the B bound to be invariant under the full ADS.

To study the transformation properties of the B bound under the physical TNbh asymptotics-
preserving duality group it is convenient to use the diagonal metric of SO(2,2) n® = diag (1,1, -1, —1)
already introduced at the beginning of this section. Using this metric and the charge vectors
defined in Egs. (2.81,2.83) the B bound can be easily rewritten in this form:

M@t > 0. (2.98)

In this form the B bound of N = 4,d = 4 supergravity is manifestly U(2,2)-invariant.
Observe that U(2,2) ~ O(2,4), although it is not clear if this fact is a mere coincidence or it
has a special significance. The T duality piece of the ADS is an O(1,2) subgroup of the O(2,2)
canonically embedded in U(2,2) and obviously preserves the B bound. The S duality piece of
the ADS is a U(1) subgroup diagonally embedded in U(2,2) through the matrices 4 defined
in Eq. (2.85) and obviously preserve the B bound.

The charges in the vector J do not appear in the B bound and neither T nor S duality
change this fact. It is not possible to constrain the values of any of the charges it (in particular
J) by using duality and supersymmetry, as was suggested in the Introduction.

Although we are not going to study the full ADS generated by the T duality and the S duality
pieces, it is clear that there are transformations in it that rotate the mass M into the NUT charge

18 A general expression of the same kind for black holes with regular horizons in genera; theories with scalars
non-minimally coupled to vector fields has been found in [49].
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N and J into K: it is enough to perform first a 7 transformation to interchange the first and
second components of the U(2,2) vectors M and J , then perform an S duality transformation
that interchanges the real and imaginary parts of the second component of those vectors and a
further 7-transformation to bring this rotated component back to the first position.

2.4.3. Primary Scalar Hair and Unbroken Supersymmetry

So far we have not discussed in detail the physical meaning of the charges that define TNbh
asymptotics. In particular, we have considered completely unrestricted charges Q4 and Q,.

The dilaton charge Qg4, not being protected by a gauge symmetry, is not a conserved charge.
In four dimensions the Kalb-Ramond two-form is dual to the pseudoscalar axion and the charge
Q, is just its charge. Again, Q, is not a conserved charge. This may seem contradictory because
in the two-form version there is indeed a gauge symmetry. However, the two-form conserved
charge is actually associated to one-dimensional extended objects, not to the point-like objects
we are considering here. Thus both charges can be considered non-conserved scalar charges
(hair).

If these scalars were minimally-coupled scalars the standard no-hair theorems would apply to
them and any non-vanishing value of Q4 and Q, would imply the presence of naked singularities.
The prototype of this kind of singular solution with non-trivial scalar hair (called primary hair)
is the one given in Refs. [67] for the theory with a massless scalar and action

= / da /Tl [R(og) + 30,0079] (2.99)
The solutions take the form

1—

M M
3% = Wro 'Wd2 - W' [Woldr? 412402

(2.100)

¢ = do— W,

where

W = 1-2ry/r,
(2.101)
7“(2) = M2+Q§.

The three fully independent parameters that characterize each solution are the mass M, the
scalar charge!® Qg and the value of the scalar at infinity ¢g. Only when Qg = 0 one has a
regular solution (Schwarzschild). In all other cases there is a singularity at r = rg, where the
area of 2-spheres of radius r vanishes.

Before continuing with our discussion a couple of remarks should be made: first, this whole
family of solutions belong to the TNbh class and, second, observe that the above family of
solutions includes a non-trivial massless solution. Setting M = 0 above we find

dé% = dt? —dr? — Wr2dQ2?,
(2.102)

b = do—lnW,  dh =Wl
with

9We use the symbol of the dilaton charge because these solutions (which are written in the Einstein frame)
are also solutions of the equations of motion of the low-energy string-effective action Eq. (2.1) with ¢ identified
with the dilaton.
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W1 29 (2.103)

r

In the full low-energy string effective action, the dilaton and the axion are non-minimally
coupled scalars, though, and the existence of black-hole solutions with regular horizons in theo-
ries with non-minimally coupled scalars is known [47, 44]. In these solutions, the scalar (dilaton)
charge is identical to a certain fixed combinations of the other, conserved, charges:

_ghol - ool
2M )

The same is true of the axion charge in solutions with non-trivial axion hair and regular
horizons [108, 88, 71, 73]. The axion charge is in those cases given by

Qi

(2.104)

olol
T oM

This kind of scalar hair, whose existence does not imply the presence of naked singularities
is called secondary hair. It is clear that the existence of secondary hair does not preclude the
existence of primary hair. In fact, the solutions above can be interpreted in the framework of
string theory with primary but no secondary hair and there are solutions which have both kinds
of hair at the same time [1].

Qa (2.105)

Primary scalar hair always seems to imply the presence of naked singularities, and the no-
hair theorem (if it existed such a general theorem) should probably be called no-primary hair
theorem.

So, what can duality and supersymmetry tell us about primary scalar hair? At first sight,
nothing. In the standard derivations of the different B bound formulae only conserved electric
and magnetic charges appear and only when all the scalar hair is secondary and given by the
above formulae one can derive the generalized B bounds of the previous section in which the
scalar charges appear.

Nevertheless, let us consider a simple example: Schwarzschild’s solution (given above just
by setting Q4 = 0). This solution has no unbroken supersymmetries, which can be understood
in terms of non-saturation of the B bound (M > 0). A Buscher T duality transformation in the
time direction belongs to the physical duality group and should preserve the supersymmetry
properties and asymptotic behaviour of the solution and so it should yield a new solution
with no unbroken supersymmetries and TNbh asymptotics. A short calculation shows that
the dual solutions is exactly the massless solution with primary scalar hair written above in
Eqgs. (2.102,2.103)! It is easy to check that this solution admits no N = 4 Killing spinors and
so it has no unbroken supersymmetries?’. However, the fact that this solution has no unbroken
supersymmetries would not have been clear from the B bound point of view , had we used the
once-standard form in which primary hair should not added to it, since its mass and all the
other conserved charges are zero, meaning that the bound would be trivially saturated.

All that happened in this transformation is that the mass M, which does appear in the B
bound has completely transformed in primary dilaton charge Q4 which in principle does not.

After our study of the transformation of charges it is clear that to reconcile these two results
one has to admit that the generalized B bound formula Eq. (2.97) does apply to all kinds of
scalar charge and not only to the secondary-type one. Only in this way the invariance of the B
bound becomes consistent with the covariance of the Killing spinor equations.

20The dilatino supersymmetry transformation rule would be equal to G A7 Nﬁgzgel which only vanishes for
e/ =0. (I is an SU(4) index here).
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Although our reasoning is completely clear when we look on specific solutions one should
be able to derive B bounds including primary scalar charges using a Nester construction based
on the supersymmetry transformation laws of the fermions of the supergravity theory under
consideration. To be able to do this one has to be able to manage more general boundary
conditions including the seemingly unavoidable naked singularities that primary hair implies.

Although we have kept this discussion strictly four-dimensional it is easy to generalize these
arguments to higher dimensions. In fact, solutions generalizing the one above to higher (d)
dimensions can be straightforwardly found

) Moy 25 (1-2) [r—1 2 1 2902
ds? = —wntwar + w ) [wtag + 2002, |
(2.106)
¢ = ¢o+ 2IW.
where
2
W=1-—2 (2.107)
p
and now
=242 (43 Q. (2.108)

For Q4 = 0 we recover the d-dimensional Schwarzschild solution. In all other cases we have
metrics with naked singularities either at p = 0 or p¢=3 = 2r(.

A further example can be useful to fix these ideas.

Using our conventions, it is possible to write the stringy RN solution in the following form:

( ds}, = —H7Wdi* + H? [Wdr? 4 r2dQ?]

e = H/H=1,

(2.109)
AW, = 200584 (H 1),
121(2)@ = —2a3|Q|cosb,
where H and W are (not independent) harmonic functions
M — 2
H=14+—"1 W=1-2"0 (2.110)
r r
and the constants are:
al =1, ré = M?* - 2Q*, (2.111)
where we have set
Q! =alQl, Q% = Q). (2.112)

The dilaton charge is identically zero for this family. Observe also that M — rg > 0 always,
and thus H never vanishes and so it never gives rise to any singularities in the metric apart
from the one at r = 0, which is the curvature singularity. The metric is also singular at the
horizon r = 2rg > 0 where W vanishes, covering the physical singularity at r = 0.
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The extremal limit is 7o = 0, M = v/2|Q|, which makes W disappear and H becomes an
unrestricted harmonic function (we could describe many BHs if we wanted). In this limit the
horizon is placed at » = 0, which is th locus of a two-sphere instead of a point, as can be seen
by a coordinate change. The curvature singularity is not covered by these coordinates.

Th B bound for this family of solutions is

M? - 2Q% = M — (Q1)? - (Q%)* > 0, (2.113)

with the equality satisfied in the extreme r¢y = 0 limit. Performing the 7 transformation on the
above family of solutions we get the dual family of solutions

dip = —H'K-'Wd2 + HK [W='dr? + r2d0?]
e = H/K,
(2.114)
it [#] -1
Ay = 200320 (K71 -1),
~2
[ A, = —2a|Q|cosb,
where
M
K—1-21F"0 (2.115)
T

The above metric has several singularities: there is a curvature singularity at » = 0 and
the would-be horizon singularity at r = 2rg but both lie beyond another physical singularity at
r = M + rg > 2ry which is where the function K vanishes and where 2-spheres of radius r have
zero area. This is, therefore, a naked singularity.

Now the mass of the dual solution is clearly equal to the dilaton charge of the original RN
solution M = Qg4 = 0 and vice-versa Qd = M. The electric and magnetic charges have the
same values.

This is a non-extreme massless “black hole” where the non-extremality is provided by pri-
mary scalar hair.

Now, if one takes the “extreme limit” 79 = 0 (that is, the extreme limit in the original
solution) which is also the limit in which all the primary scalar hair vanishes and all the dilaton
charge is completely determined by the electric and magnetic charges®! Q?l = 20? so the B
bound is saturated

dsy = —-H 'K~ 'dt?+ HK [dr? + r2dQ?] ,
e‘; = H/K,
. (2.116)
Ay = V2o (K71 -1),
~2
A, = —2a2|Q|cost,

21The situation parallels the usual situation in which there is unconstrained “primary mass” and “secondary
mass” which is completely fixed by the electric and magnetic charges through the B bound.
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which is one of the extreme massless black holes in Refs. [12], identified as composite objects in
the sense of Ref. [96] in Ref. [89] and further studied in Refs. [40].

Observe that, while primary scalar hair should be included in the B bound, the primary
scalar hair completely disappears in the saturated B bound. Thus, unbroken supersymmetry
acts as a cosmic hairdresser and it is not possible to find solutions with unbroken supersymmetry
and primary scalar hair.

As a last example we consider the well-known Kerr spacetime metric which in Boyer-
Lindquist coordinates reads:

r2 —2Mr + a?

dg2, = =17
B r2 + a2 cos? 0

(dt — asin® Odg)>
sin? 6

2 2 2
T aZeod [(r +a*)dp — adt]

r? + a?cos? §

+ r2 —2Mr + a?

where a = J/M. This metric belongs to a more general class of metrics which can be written
in appropriate coordinates as:

dr® + (2 + a® cos® 0)db? , (2.117)

ds% = —G(dt — wdp)?® + Adr® + Bd6* + Cd¢? (2.118)

where G,w, A, B and C are arbitrary functions of » and 6, conveying the adapted character of
the coordinates employed.

The T dual with respect to the isometry with Killing vector % is easily found to be, in the
Einstein frame,

iy = —G~Ldt2 + Adr® + Bd9? + Cdo? (2.119)
There is also a two-form present, given by
B=—wdtNdg, (2.120)
as well as a dilaton, namely
b=—1log[], (2.121)

It is well known that in the static Schwarzschild case [29] what appear as horizons in one
metric, look as singularities in the T dual of it. In the more general, stationary case considered
here, there are two related concepts: the infinite redshift surface, (also called the “static limit”)
that is, the stationary limit surface bordering the region in which the Killing % is timelike;
and the event horizon; that is the hypersurface where r = constant becomes null ; the region
between those two surfaces being the ergosphere.

In the Kerr metric presented above, there is no “infinite redshift surface”, and before the
surface r = const becomes null, a singularity develops, located at

r2 + a2cos?6 — 2mr
G = =0. 2.122
r2 4+ a2cos?d ( )

The metric is easily seen to be asymptotically flat, and the 2-form goes to zero at infinity as

N 1 2
B = 2masin®6 ~ |1+ Tm O )| dtAdg. (2.123)
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2.5. Conclusions

The results of the present chapter concerning the transformation of the charges under du-
ality leave unanswered the question posed at the beginning of this chapter: why the angular
momentum appears in the definition of extremality (defining the borderline between regular
horizon and a naked singularity, with zero Hawking temperature) but not in the Bogomol’'nyi
bound (whose saturation guarantees absence of quantum corrections, as well as a “zero force
condition”, allowing superposition of static solutions).

We hold this to be due to the fact that stationary (as opposed to static) black holes possess
a specific decay width, which can even be seen classically by scattering waves off the black hole.
This process is known as “superradiance” ([113]; see also [42]) in the black hole literature.

The way this appears is that the amplitude for reflected waves is greater than the correspond-
ing incident amplitude, for low frequencies, up to a given frequency cutoff, mQ, depending
on the angular momentum of the hole, and such that Qg (a = 0) = 0. The angular momentum
of the hole decreases by this mechanism until a static configuration is reached. The physics
underlying this process is similar to the one supporting Penrose’s energy extraction mechanism,
namely, the fact that energy can be negative in the ergosphere. This, in turn, is an straight-
forward consequence of the mathematical fact that the Energy of a test particle is defined as
E = p.k, where p is the momentum of the particle, and & is the Killing vector (which has
spacelike character precisely in the ergosphere); and the product of a spacelike vector with a
timelike one does not have a definite sign.

Quantum mechanically, this means that there are two competing mechanisms of decay for
a rotating (stationary) black hole: spontaneous emission (the quantum effect associated to the
superradiance), which is not thermal (and disappears when the angular momentum goes to
zero) and Hawking radiation, which is thermal.

The first one is most efficient for massive black holes, but its width is never zero even for
small masses, until the black hole has lost all its angular momentum.

This clearly shows that even if the black hole is extremal, it cannot be stable quantum
mechanically as long as its angular momentum is different from zero. This argument taken
literally would suggest that it is not possible to have BPS states with non zero angular momen-
tum, unless they are such that no ergosphere exists. This is the case of the supersymmetric
Kerr-Newman solutions which are singular and, therefore, do not have ergosphere. What is not
clear is why supersymmetry signals as special that singular case and not the usual extremal
Kerr-Newman black hole?2.

It could well be that Supergravity is not capable to give that answer but String Theory
is: from the String Theory point of view, given an extreme Reissner-Nordstrém black hole, if
we want to add angular momentum, we can only do it at the expense of adding mass at the
same time. Thus, according to the String Theory black-hole building rules, one can get extreme
Kerr-Newman black holes but never a supersymmetric (singular) object with non-zero angular
momentum. In this sense, while Supergravity acts as a cosmic censor only in static cases, String
Theory seems to act as a true cosmic censor in all cases. The singular solutions cannot be built
in the theory.

A similar argument could also be enough to prove a no-hair theorem in String Theory:
it could happen that it is impossible to build String Theory states with primary scalar hair
because there is no primary source for scalar hair in it. In this sense String Theory would act

22This argument seems to be valid only in four dimensions, though, since rotating charged black holes which
are BPS states exist in five dimensions [28]. The existence of two Casimirs for the five-dimensional angular
momentum seems to play an important role.
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as a cosmic hairdresser. Here the situation is, though, a bit different. First of all, we are clearly
a long way from proving that there are no microscopic configurations in String Theory that
result in macroscopic primary scalar hair. In fact, the situation resembles a bit the situation of
the “primary mass” (the mass that exceeds the Bogomol'nyi identity) since it is not clear what
the microscopic configuration that manifests itself as that primary mass is and, thus, there is
no String Theory model for the Schwarzschild black hole. It is, in fact, conceivable that both
quantities have the similar origins, as T duality seems to be indicating. This would be a more
attractive scenario since then we would have a tool ins String Theory to understand no-hair
theorems from first principles.

There is, yet, another, more speculative, possibility that we could like to mention. Since
extreme and non-extreme massless “black holes” seem to have the same kind of singularities as
their regular T dual counterparts (null and spacelike, respectively) one could, in principle, use
the spacetime of the massless black hole to patch up the spacetime of the massive one, gluing
them at the singularity. This would be a non-analytic continuation through the singularity with
the help of T duality much in the same spirit as T duality at finite temperature can relate high
and low-temperature regimes of the heterotic string even though, in between the free energy
diverges at the Hagedorn temperature [99].

From the point of view of String Theory this possibility looks more plausible when one takes
into account the lower sensitivity of strings to spacetime singularities, as compared to point
particles [61],
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Chapter 3

Massive Supergravity in D = 10, i.e.
ITAm

As we have seen in the chapter (1), type ITA string theory contains D(2n)-branes. It is also
widely known that the low-energy-effective action describing this theory is the so-called type
ITA supergravity, in which the DO0-, D2-branes are represented by form-fields. The D4- and
D6-branes can then be introduced by Hodge duality. The only D-brane not fitting into the
usual ITA supergravity is the D8-brane.

The D8-brane in supergravity would be represented by a nine-form field or rather a 10-form
fieldstrength, which carries no degrees of freedom. dualizing this field strength, one expects a
scalar field, which, due to the Bianchi identity, is readily seen to be a constant. As was first
noted by Polchinski [93], in ten dimensions there actually exists a supergravity Lagrangian which
contains a free, constant, parameter and which can be truncated to type IIA, when taking this
parameter to zero. It is this massive ITA, also called Romans’ theory [98], which is interpreted
as the low energy effective action describing type IIA strings with D8 brane contributions.

In this chapter we are going to study the massive ITA sugra, its relation to IIB by means of
T-duality, the brane solutions and intersections of the D8 with a fundamental string and a D6
brane and the possible 11-dimensional origin of this action.

3.1. Massive D = 10 IIA Supergravity

The action of the massive IIA, Romans’ for short, theory, reads

Stomans = [ %05 [ (R ~ 4(06)* + 5y H?)

*%mg - ﬁG%z) - ﬁGa)

—ige (00®WICOB + 2oc® B + BT (3.1)
where we have defined

H = 30B,

Gy = 20CY + mB, (3.2)

Gu = 40C® +4CVH + 3mB?.
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The above action is invariant under the following transformations
sC® = A0 — A
6B = 20A0) (3.3)

5CB) = 30A@) — 3mAVB + 30A0B

The variations® containing A(®) and A® are nothing but the usual gauge invariances of the 1-
and 3-form fields, although adapted to the case at hand. The real surprise are the variations
of the B field, as propagated by A®): As one can see from the symmetry rules, we can absorb
the U(1) field into the Kalb-Ramond field. This has as a consequence that the fieldstrength for
cW), G (2), gets converted into a mass term for B. The explicit action reads

SRomans = / d2yg |72 {R — 4(00)* + sy H} — dm? — shm?B? — 462,

e (0CWICOIB + 2ICO B + BB (3.4)
A field which has the transformation laws as the C() in this case, is generically called a ‘Stiick-
elberg’ field.

In [19] a stringy interpretation was given for the occurrence of the mass parameter as the
dual fieldstrength of a D8-brane. The argument goes as follows: A constant is nothing but
a function constrained to be constant. If we then introduce this function, M (z) say, we can
impose a Bianchi identity on it

dM(z) =0, (3.5)

which clearly states that the function M must be constant. Now, interpreting this fact in the,
by now, standard manner, we would say that M is a 0-form field strength, and as a p-form
field strength signals the existence of a (p — 2)-brane, we conclude that the bugger signals the
existence of a (—2)-brane. However, since there are (-2)-branes, the massparameter can only
signal the presence of its Hodge dual brane: A D8-brane. Note that the absence of a dilaton
factor for m in Eq. (3.1) supports the fact that one is indeed dealing with a D-brane.

Note that type IIA string theory states that the theory admits to D8-branes, although
there is no representation of it, by means of its field strength or its dual, in the usual type
ITA Supergravity. This then means that, knowing no other type ITA supergravity representing
D8-branes than Romans’ theory, Romans’ theory ought to be considered the true low energy
effective action of type ITA string theory.

Making a conformal rescaling as to switch to the Einstein frame one gets the action

S = /dl%\/ﬁ{R + 3(09)° + gge PH? — gqe?PGY) = gine??PGhy) — 57 Pm?
~tik¢ [0CPOCHB + 3oCH B3 + w57} (3.6)

The susy rules are the same as for the usual type ITA supergravity, see Eq. (1.81), but now
taking into account the presence of the zero- and ten-fieldstrengths. Since we are interested in

!The most compact way of writing the RR field strengths is by introducing the sum of all RR-fields into one
big form, C = C© + C® ..., and to define G = dC — H A C + me®. The variations are then compactly written
as 6C = dAe® —mAMeP.
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supersymmetric configurations, we must discuss the supersymmetry variations of the fermionic
fields.? The susy variation of the gravitino and the dilatino read

561/}“ - {a“ - % (w:“ + irll ﬂ# + %ﬂe2¢ruu1~~~V7H(7) 1/1”'1/7)} €

+1L‘66¢22261 (2}1)! G(%L)F# (—Fll)n €, (37)

dA = [P0+ 5 (a0 = e M D)) e+ 5e? Y0Zo Tt 680 (T e

3.1.1. Equations of Motion etc.

Here we give the bosonic equations of motion and the Bianchi identities of massive type ITA
Sugra in the string frame including the dual RR and NSNS potentials. Many of the general
expressions are also valid for the IIB theory. Due to the explicit occurrence of potentials in
the action, they can only be dualized on-shell. The dual potentials are defined by the relations
between field strengths

GUo0—n)  — (—1)ln/2xg) |

(3.8)
HD = e 205
plus the Bianchi identities
dG—-HANG = 0,
dH = 0, (3.9)
dHD + G G = 0,
and the equations of motion
dIG+HANG = 0,
d(e™**H) +3*GANG = 0, (3.10)

d(e**H™) = o0,

where we are using the notation [39, 54, 25| in which which forms of different degrees are
formally combined into a single entity:

C = CcO+c®Wio® 4 |
(3.11)
G = GO4+c®W4+G® 4. .

These expressions are valid both for the type IIB and for the massive type IIA theory if one
selects respectively odd and even rank and odd rank RR differential form field strengths and
one makes the identification

GO =m. (3.12)

2For type ITA Sugra, the spinors are real 32-component spinors and the gamma matrices are purely imaginary

satisfying {fy“,fyb} =21 and y1; = —°...4°.
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The field strengths that correspond to these Bianchi identities and equations of motion are
given by

G = dC—HAC +meP,
HD = dB® +2Cne B -GAC, (3.13)

HD = 4BO) ¢ %EZ; *G2nt3) A 0(2n)
where calligraphic fields belong to the IIB theory.
These equations have to be supplemented by the dilaton equation of motion
R+4(0¢)° —4V2¢+ ;5 H? =0, (3.14)

and the Einstein equation of motion (where we have already eliminated R with the use of the
dilaton equation of motion)

Ry — 2V, Vo + 1 H, " Hypo — 12 ((;ﬂ;!T(")W : (3.15)
n
where T(") uv are the energy-momentum tensor of the RR fields:

T(n)w _ G(n)#ﬂl“‘/’n—lG(n)l/plmpn71 _ ﬁgqu(nﬂ, (3.16)
when n # 0 and

7O, = —im?g,, . (3.17)

These equations are also valid both for the type IIA and IIB theories. Observe that the
contributions of the energy-momentum tensors of dual fields add up, except in the n = 5 case.

The field strengths as displayed in Eq. (3.13), and therefore also the Bianchi identities and
the equations of motion, are invariant under

6B = dxyW

NS oC = —mxyW AeB (3.18)
§BO = ax®) + myWACAeE
0B = 0

RR : { 6C = dA—HAA (3.19)
sBO = —mApNe B4 IGAA

As explained in the introduction, the mass parameter occurs in the form of a cosmological
constant (or, in the Einstein frame, of an unbound potential for the dilaton). Furthermore, the
field strengths of C(Y) and B©), see Egs. (3.13), contain the terms

G? = dacW +mB,

(3.20)
HD = dBO® 4+ mo™ + ...
associated to these terms there are two massive gauge transformations
sV = —my @, 6BO) = —mA©)
(3.21)
6B = dyW, 5C(M = dA®) |
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using which one can completely eliminate C() and B(®) everywhere. Then, the kinetic terms of
these Stiickelberg fields become mass terms for B and C(7) respectively. Only these two terms
are massive.

Now, solutions describing p-branes in massive type IIA Sugra are automatically solutions
describing the intersection of those p-branes with a D8-brane associated to the mass parameter.
General solutions for the intersection of p; and ps branes have been found in the literature
using a generic model whose action contains only kinetic terms for the dilaton and the (p; + 2)-
and (p2 + 2)-form field strengths (See section (3.4.1) for a better introduction). Therefore,
those solutions can potentially describe correctly intersections involving a D8-brane and a DO-,
D2- and D4-brane, associated to massless fields. However, they cannot correctly describe the
intersections of a D8-brane and a fundamental string, a solitonic 5-brane or a D6-brane. Study
of the supersymmetry algebra reveals that these solutions should exist and preserve 1/4 or
the supersymmetries [100]. In sections (3.4.2) and (3.4.3) we will present the corresponding
solutions and will comment on some of their unusual features.

3.2. SIl(2,R) Covariant D =9 Sugra and T-duality

T-duality between type IIB and ordinary type IIA, in the sugra limit is achieved, by making
use of dimensional reduction. It is however clear that simple dimensional reduction will not lead
to similar duality between massive IIA and IIB. It was shown in [19] that in order to establish
such a duality, one needs to use Generalized Scherk-Schwarz reduction [101]. The underlying
idea is that when an action is invariant under some global symmetry, one can introduce a local
transformation, depending only on the coordinate we are reducing over, such that the resulting
action is independent of this coordinate, but introducing mass parameters.

Type IIB sugra is SI(2,R) invariant, and although one only needs a U(1) in order to achieve
T-duality between type 1B and massive ITA, we will have a look at the complete GSS reduction
and discuss some of its results.

3.2.1. Generalized Dimensional Reduction: A Toy Model

We consider the following toy model which exhibits the general features of generalized di-
mensional reduction associated to global symmetries with no geometrical origin?:

S:/dd@ 9] [ﬁ:+;(a$)2] . (3.22)

This action is invariant under constant shifts of the scalar é, the reason being that qg only
occurs through its derivatives. The presence of this global symmetry allows us to extend the
general Kaluza-Klein Ansatz (i.e. all fields, and in particular <Z>, are independent of some coor-
dinate, say z) to a more general Ansatz in which qg depends on z in a particular way:

d(x,2) = ¢°(x) + mz, = (2", 2), (3.23)

where the superscript ® stands for bare, or z-independent.
This dependence on z can be produced by a local shift of g%(a:) with a parameter linear in z.
The invariance of the action under constant shifts ensures that the action will not depend on z.
This is only a practical recipe to write a good Ansatz. To understand better what one
is doing, one has to recall that z is a coordinate on a circle S' subject to the identification

3In this section we use hats for d-dimensional objects and no hats for (d — 1)-dimensional objects.
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z ~ z+2ml. In standard Kaluza-Klein reduction one only considers single-valued fields, so that
the needed Fourier decomposition of the fields living on M ® S!, reads

b(@) = > ¥l (x) . (3.24)

ne”

Dimensional reduction then means keeping the massless modes, i.e. ) only. Some fields can
be multivalued, however. If the scalar gzb is such that qb ¢+ 2mm, the above Fourier expansion

is enhanced to N
g?)(ﬁj) _ miz n Ze%nz/l qb(n)(l‘) ’ (3.25)

l
neL

where N € Z labels the different topological sectors. Now, the action for a field living on an S*
is always invariant under arbitrary shifts of the field, even if the field is to be identified under
discrete shifts. This then ensures that the lower dimensional theory does not depend on z, the
dimensional reduction, if only mTNZ + ¢ is kept. Each topological sector is characterized by
the charge

N = 1 2
Jim Wlm]{ dé (3.26)

which is nothing but the winding number.

A more physical interpretation of the technical description of the generalized dimensional
reduction recipe will be given later on.

Making use of the standard KK Ansatz for the Vielbein

elﬂ kA(l) Gau _A(l) a

R H N
(&%) = , (ea") = , (3.27)
0 k 0 k=1
we readily obtain the (d — 1)-dimensional action
S = /ddlx\/|g| k(R 12F + 1 (Do) — tm?h] | (3.28)
where the field strengths are defined by
Foyw = 20p40) v,
(3.29)
Dup = Oudp—mAn),
and
=P (3.30)
A further rescaling of the metric
Juv — kiz/(dig)guua (331)
brings us to the final form of the action:
S = /dd_lx |g] [R—i— 1 (9p)* - %e_a“"Fé) + 1 (Dg)* — ImPer?| | (3.32)

where

o8



_ 2(d —2)
k= e—¥/2a = _ . 3.33
This action and the field strengths are invariant under the following massive gauge trans-
formations:

0p = my,
(3.34)
SA0) 0 = Oux.

These transformations correspond in the d-dimensional theory to the z-independent reparametriza-
tions of z:

dz = —x(x). (3.35)

This is the theory resulting from the standard recipe for generalized dimensional reduction
[19].

There is another way of getting the same result in this toy model: We gauge the translation
qAS — $+m and impose that the gauge field is non-vanishing and constant in the internal direction
only (a Wilson line). Since the metric does not transform, it is sufficient to demonstrate this
on the kinetic term for gZ;

In order to gauge the translation invariance on ¢ we introduce the gauge field by minimal
coupling

9,6 — Dpd = 90 + &, (3.36)

so that under a local transformation ¢ — ¢ + A(z) the gauge field transforms in an Abelian
manner, i.e.

£ = & + 0pA(2) . (3.37)

Making then the standard KK Ansatz and imposing that (‘:’ﬂ is non-vanishing and constant,
with value m, in the compact direction only, one finds

Dyp = et (a,@ — mAq) u) = e,'D,¢ ,
(3.38)
D.¢p = k~'m )

leading to

/dd:v 91 (99)? = /dd—lx\/@k [% (Dg)? — %k‘QmQ] : (3.39)

Comparing this result with Eq. (3.28), one sees that, at least in this toy-model, generalized
Scherk-Schwarz reduction leads to the same result as the above algorithm.

We will also use this method in the context of type IIB supergravity and check that one
gets the same results as well.

Observe that the field content looks the same as in the standard dimensional reduction:
There is a vector and two scalars (apart from the metric). The symmetries and couplings
are different, though. The massive gauge symmetry allows us to eliminate one scalar (the
Stiickelberg field Ref. [110]) and give mass to the vector field. The number of degrees of freedom
is exactly the same. So, what is it we have done? To shed some light on the meaning of this
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procedure we are going to perform the “standard” dimensional reduction of the action (3.22)
but Poincaré-dualizing first the scalar into a (d — 2)-form potential® Ala-2)

A1 fg—1)*
0h =*Fla_) .- (3.40)
The dual action is
(d—2)
S = /ddx 4] [R+ S Y 1)} . (3.41)
Standard dimensional reduction with the same Vielbein Ansatz gives
d—1 -3, 259
S = /d zv/]9] k;[ W2FS + GUE FY ) + Sk 2y | (3.42)

where

Fao1y = (d=1)0Au_o) + (-1 DA Fy_y),
(3.43)
Flyo = (d—2)0Aq4-3,

are the field strengths of the (d — 2)- and (d — 3)-form potentials of the (d — 1)-dimensional
theory.

We can now dualize the potentials. A (d — 2)-form potential in (d — 1) dimensions is dual
to a constant that we call m. Adding the term

T @t 1) /dd T me [F(d—l) + (—1)d(d - I)A(l)F(d_Q)] , (3.44)
to the action (3.42), and eliminating F|4_;) using its equation of motion

m = k‘*F(d_l) , (3.45)

in the action we get

[ d12/Tq] {k: [R lpzpz 4 CUY S g-ope  Lp2p-2

@ T 22y (d-2)
(3.46)

+(d 2 mF(d 2) [_mA(l)}} :

Now we dualize into a scalar field the (d — 3)-form potential: We add to the above action the
term

C=CE / A2 eFy_9)00, (3.47)
and eliminate F4_5) by substituting in the action its equation of motion

Fla—s) = (=1)“"?k *Dg, (3.48)
obtaining, perhaps surprisingly, Eq. (3.28).

4When indices are not explicitly shown we assume all indices to be antisymmetrized with weight one. This is
slightly different from differential form notation.
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What we have done is represented in figure 3.1.

The translation to brane language is obvious: Generalized dimensional reduction, which is
essentially applied to scalars, is a way of keeping track of the dual (d — 3)- and (d — 4)-branes
which should arise had we started with the dual of the scalar field.

Observe that in the generalized dimensional reduction Ansatz, Eq. (3.23), the scalar is not
single-valued in the compact coordinate: ¢(z 4+ 1) = ¢(z) +m. The charge of the (d — 3)-brane
can be associated to the monodromy of ¢ and to the (d — 1)-dimensional vector mass:

q~ /*F(d—l) ~ /dgg ~m. (3.49)

The implication of these results is obvious: The standard recipe for generalized dimensional
reduction is just a way of performing a dimensional reduction taking into account all the possible
fields (i.e. branes) that can arise in (d — 1) dimensions. In particular, the presence of (d —
3)-branes is associated to the dependence on the internal coordinate and the charge of the
background (d — 3)-branes is proportional to the mass parameter. Generalized dimensional
reduction should, from this point of view, be considered the standard full dimensional reduction,
while the standard dimensional reduction is incomplete and there is an implicit truncation. The
reason why this has not been realized before is that the missing fields only carry discrete degrees
of freedom. The mass parameters are to be considered fields, although one can equally consider
them as expectation values of those fields.

Figure 3.1: This diagram represents two different ways of obtaining the same result: Generalized dimensional

reduction and “dual” standard dimensional reduction.

3.2.2. The SI(2,R)-Covariant Generalized Dimensional Reduction of Type I1IB
Supergravity: An S Duality Multiplet of N = 2,d = 9 Massive Super-
gravities

In this Section we perform the complete generalized dimensional reduction of type I1B super-
gravity in the direction parametrized by y using the ideas of Ref. [19] as they were generalized
in Ref. [78]. As we are going to explain, in the end we will obtain a three-parameter family (a
triplet) of type II 9-dimensional supergravities connected by SL(2,R) transformations (in the
adjoint representation).

We are going to perform the generalized dimensional reduction in a manifestly SL(2,R)-
covariant way. SL(2,R) symmetry is manifest in the Einstein-frame. However, T duality, being
a stringy symmetry, is better described in string frame. Thus we will spend some time relating
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the fields appearing in both frames. Since reducing an action is easier than reducing equations
of motion, we are going to use the non-self-dual (NSD) action introduced in Ref. [17]. We study
these two points in the following subsection and we perform the actual reduction in the next
section.

Generalized Dimensional Reduction

Now that we have set up the action we want to reduce, we can proceed. First, we will
explain the generalized KK Ansatz. In this point we will follow the recipe of Ref. [78] adapted
to our conventions. Then we will reduce the action and the self-duality constraint and finally
we will eliminate the constraint, obtaining the action of the 9-dimensional theory.

The fields of the Einstein-frame 9-dimensional theory are the same as in the massless case:

{98 s A3) jwps A2) s A1) 1 Ay o K, MY, (3.50)

and only the couplings and symmetries will be different.

As usual in dimensional reductions, we assume the existence of a Killing vector §ﬂ8ﬂ = 0y
associated to the coordinate y. We choose adapted coordinates & = (z*,%) so that the metric
does not depend on y. We normalize the coordinate y such that it takes values in the interval
[0,1] and so y ~ y + 1. Our Ansatz for the Einstein-frame Zehnbeins is then that of Eq. (3.27)
adapted to ten dimensions and with the scalar k, the length of the (spacelike) Killing vector,
relabeled

55,12 = K=3/% (3.51)

for convenience.

Now, instead of assuming that all the other fields in our theory have vanishing Lie derivatives
with respect to §”, we assume that the remaining fields depend on y but in a very specific way:
All the y-dependence is introduced by a local SL(2,R) transformation with parameters linear
iny, A(y):

~

M) = Ay)MP(@)AT(y),

—

B(

=

) A(y)B*(x) (3.52)

D(#) = D(x),
where we have denoted by a superscrlpt b the bare y- 1ndependent fields.
Obviously, the Ansatz for M is equivalent, in terms of )\( ) to

c(y)A°(z) + d(y)

In this scheme D cannot depend on y because it is inert under SL(2,R), but it is worth
stressing that the string-frame metric does depend on y. The bare fields are y-independent and
will become the 9-dimensional fields. On the other hand, they transform under SL(2,R as the
real fields do.

The meaning of this kind of Ansatz is the following: We are constructing a non-trivial line
bundle over the circle parametrized by y with fiber A (or, equivalently M) and structure group
SL(2,R) (we will later study the restriction to SL(2,Z)). Going once around the circle we go

(3.53)
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back to the same M up to a global SL(2,R) transformation that we can describe by an SL(2, R)
monodromy matrix M. The explicit form of M depends on the explicit form of A(y).
Let us now describe more precisely the form of A(y). If

1 0 01 ‘ 0 1
T1:<73:<0 _1>, T2201:<1 o)’ T3:za2:<_1 0)’ (3.54)

are the generators of SL(2,R), then the most general SL(2,R) transformation with local pa-
rameters linear in y can be written in the form

A(y) = exp{3ym'T;} . (3.55)

The three real parameters m’ fully determine A(y) and therefore the particular compacti-
fication. These parameters are going to become masses in the lower-dimensional theory. We
define the mass matriz m

. m! m? 4+ m3
m= <8EA> At =1Im'T, =3 : (3.56)

m? —m3 —my

This matrix belongs to the Lie algebra sl(2,R) and therefore it transforms in the (irreducible)
adjoint representation:

m' = AmA~!, (3.57)

and thus the three m® transform as a triplet (a vector of SO(2,1) ~ SL(2,R)). The expression

o = Tr (m?) = tm'm/hy;, hi; = diag(+ + —), (3.58)

where h;; is the Killing metric, is thus SL(2, R)-invariant. Furthermore, the mass matrix satisfies

nmn~t = —m®. (3.59)

Observe that the parameters m!,m? are associated to non-compact generators of SL(2,R),

while m? is associated to the maximal compact subgroup of SL(2,R) (SO(2)). Thus, we are
bound to get mass terms with the wrong sign (for instance in terms like Eq. (3.58)) but we
must keep the three mass parameters in order to have full SL(2,R)-covariance and the most
general 9-dimensional massive type Il supergravity.

Our Ansatz generalizes that of Ref. [78], which only had two independent parameters:
m!',m? = m3. The authors argued that generalized dimensional reduction using SL(2,R)
y-dependent transformations in the stability subgroup SO(2) (i.e. those generated by T3 and
associated to m? in our conventions) would have no effect. As we discussed in the previous
Section, there is no stability subgroup for the coset scalars. Furthermore, since the three mass
parameters we just defined transform irreducibly, the three of them are required to obtain
SL(2,R)-covariant families of theories. Finally, the SL(2,R) transformation S = 7 is inside the
excluded SO(2) and this is one of the generators of the quantum S duality group SL(2,Z).

A(y) will only manifest itself through the mass matrix in the lower-dimensional theory.
However, in order to reconstruct the 10-dimensional fields we need to know it explicitly. The
explicit form of A(y) reads
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m2+m3

cosh ay + 72”—; sinh ay 5o = sinh ay
Aly) = L 1 , (3.60)
ot sinh ay cosh ay — 5 sinh ay

where a was defined in Eq. (3.58).

It is easy to see from our definition of A(y) that the monodromy matrix will be

M(m') = exp {%mZTZ} =Ay=1), (3.61)

and

M(z,y+1) = MM(z,y)MT,
(3.62)

—

Bley+1) = MBa.y).

Quantum-mechanically, the monodromy matrices can only be SL(2,7Z) matrices. It is conve-
nient to describe the most general SL(2,Z) monodromy matrix by for integers n',n, i =1,2,3
subject to the constraint

n'n; =n*—1. (3.63)

Given that this constraint is satisfied, then we simply make the identifications
o =cosh™!n, m' = ———n", (3.64)

and write the monodromy matrix as follows:
M = . (3.65)

Thus, in our conventions, the mass parameters m’ will be naturally quantized in terms of
the three integers n* which also transform in the “adjoint” of SL(2,Z). n is SL(2,Z)-invariant.

In Section 3.5 we will relate the integers n' to the charges of 7-branes.

We can now perform the dimensional reduction.

Dimensional Reduction

Using the standard techniques [101] we get with the just-described Ansatz the NSD 9-
dimensional action
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SNsp =
J /gl {K=9/* | R(g) + §Tr (DMM™1)? — LK 22FE
—%K3/2ﬁ(27)1./\/l_1ﬁ(2) + L1“:: I m—1 (3) — ﬁK?’/QFa)

o P2 — K32 (M)}

(3.66)
1 1
torazs o € L (Fe) — 54w Fla)
- — A, S P
X |:2 (F(g) — 3A(1)F(2)> 7]A(1) + 3F(2)7]A(2):|
- - T
—5F{) (F<3> - 3A(1>F<2>> 77A<2>} :
and the 9-dimensional duality constraint
Fisy=—K¥"*Fyy), (3.67)
where the field strengths are defined as follows:
DM = oM — (m/\/l + MmT) Ay,
oy = 2040) —mAp),
. . . (3.68)
F(4) = 48A(3) — 3141'(;) n ﬁ(g) + 211&3 n ﬁ(g) + 6A(1)A'(f) n ﬁ(g) ,
Fisy = 50Aw — 543 n Fs)+ 1540) A nF o) + 5A0) Flay
and
V(M) = L1Tr (m? + mMmT M) | (3.69)
is the scalar potential.
The 10- and 9-dimensional fields are related as follows:
Mb = M, ﬁmmusg = _A(3) 1243
gbug = —Aw s Dm"m = AW - (3.70)
B = Ay,

In order to eliminate the self-duality constraint Eq. (3.67) we first Poincaré-dualize the NSD
action with respect to the 4-form potential. First, we add the Lagrange multiplier term
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pg [ &7 DA0Au) =
(3.71)

i | Px DAg) [Fisy + 540 0 Fgy = 1540 A0 TnFlo) — 54w F |

to the NSD action (3.66). The equation of motion of the Lagrange multiplier field fl(g,) enforces
the Bianchi identity of F{5) and we can consider the new action as a functional of F5) instead
of A4y which does not occur explicitly. The equation of motion for F{s) is nothing but

Fiy = —K** *Fy, (3.72)
where F(4) is like Fiy) but with Ay replaced by 121(4). This equation is purely algebraic and
we can use it to eliminate F{5 in the NSD action (3.66) plus the Lagrange multiplier term.
The result is an action the depends both on A4 and A(4). Now, we simply observe that the

equation of motion for Fis has the same form as the self-duality constraint Eq. (3.67) and
therefore, eliminating the self-duality constraint amounts to the simple identification

The result of these manipulations plus a Weyl rescaling to go to the Einstein frame (the
metric g is neither the string metric nor Einstein’s)

g = K9 . (3.74)

is the action of the type II massive supergravity:

$ = [d lgel {Rp+ & (010g K)? + 4Tx (DMM ) — LK 12/TFE,

—IKFEI M gy + 5 KT I M gy — S KOTF2) — K127V (M)

N

—org g € 116004)% Aq)

(3.75)

=36 (Agn0Aw + A LnoAn) 04 5nAe

36 (21’ T

- N N 2
Ao~ ATnoAw) A

+9A Lnm A [aA(Z,T)nA@) —4 <A(2T)776A(1) - A({)naA@)) An)

HAGmmAe)A]}} -

whose topological term, in order to facilitate comparison with the results of Section 3.3, was
rewritten in terms of potentials only (no field strengths) by integrating several times by parts
and using algebraic properties like

(A5node) (04 FnA0) = ~1 (ATnAw ) (04 Zn04w) - (3.76)
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Gauge and Global Symmetries of the 9-Dimensional Theory

The local symmetries of the 9-dimensional theory (3.75) have three different origins: The
gauge transformations of the 2-form fields:

6B = 20%, (3.77)
the gauge transformations of the 4-form
6D = 40A — 25Ty K, (3.78)

and the y-independent reparametrizations of the compact coordinate y

Sl = 5"y (z). (3.79)

The dependence of the 10-dimensional fields on y, inexistent in standard dimensional reduc-
tion, induces new terms (the transport terms) in the y-transformations.

The 9-dimensional fields have the following infinitesimal x gauge transformations and finite
Y(0), i(o), f)(l), ¥ (3) gauge transformations:

SM = x(mM+MmT),

5A(1) = 8)(,
5E(1) = 82_3(0) + mi(l) + XmA’(l) ,
~ B B ~ (3.80)
514(2) = 282(1) + 23)(14(1) + xmA(g) ,
0A@ = 305+ §8m Ee) — 580 10y .
(| 0A@) = 40%() + 65 1)ndA ) + 40X A -
The x-transformations can be exponentiated:
Vi = exmy,
( - — —
AI(Q) = eXm (A(z) + 28XA(1)> s
M = eXmM exm” ,
A, = A (3.81)
3 (3)>
Al(l) = A(l) + ., ®)
Al = 40xAps .
- o (4) 3)
Ay = A,

Under the y-transformations, the field strengths transform covariantly instead of being in-
variant:

(DM) = exmDM exm”
ﬁ(z,s) = M Fag), (3.82)
Fligy = Fug)-

We could easily define field strengths invariant under y-transformations: For instance
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Flog =V 'Fag), (3.83)

as was done in Ref. [19], but we will choose not to do so.

It is trivial to check the invariance of the action (3.75) under the above gauge transforma-
tions.

The action Eq. (3.75) enjoys some global invariances as well, namely rescalings of K and
SL(2,R) transformations. The latter are the most interesting. Their action on the fields
M, Ay i Ay 18

M = AMAT, Aly gy =M1 ). (3.84)
As was said before, the mass matrix belongs to the Lie algebra si(2,R) and transforms in the
adjoint representation:

m' = AmA~!, (3.85)

and thus the three m? transform as a triplet (a vector of SO(2,1) ~ SL(2,R)).
Finally, the theory is also invariant under constant rescalings of the fields:

K — 6140<K , m — e—lQam ,
A(l) — el?aA(l) , féf(l) — e—9aﬁ(1) s (386)
A(g) — G_GO‘A(:))) y fY(Q) — 63061[1'(2) .

3.2.3. An Alternative Recipe for Generalized Dimensional Reduction: Gaug-
ing of Global Symmetries

In this Section we will apply an alternative recipe for generalized dimensional reduction to
type IIB supergravity. The general idea is that gauging the global symmetry and imposing
that the gauge field takes non-vanishing and constant values in the internal direction only, is
equivalent to applying generalized Scherk-Schwarz reduction. In order to demonstrate this,
the algorithm will be applied to the NSD IIB action, albeit written in terms of forms. The
conventions for forms are the ones used in Ref. [87] and in particular we need

* d 1
/F<p> Fip) = /d 9l 51 Fp) o F)™ " (3.87)
The NSD IIB action written in forms reads

Sup = [ d% /3] [R@) - 1T (00 97M )|

A ) - (3.88)
+ o {BHT MY H 4+ 1) Fs) + 1E) BTnH |
where we have defined
d = dB,
(3.89)
Fisy = dD—1BTnH,

which are nothing else than the definitions in Egs. (1.90), but written in terms of forms.
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In order to follow through the above procedure, we start by gauging the SL(2,R) symmetry.
We introduce a covariant derivative through

8;;/\;1 — Dﬂ./\;l = ag./\;l + gﬁM + Mgg,

X R R X (3.90)
dB — DB = dB + €A B,
and one finds that € has to transform as a gauge field
E—A1EAN + AT1dA . (3.91)

Now, applying the same KK Ansatz for the metric as was used in the preceding section, one
sees that the covariant derivatives on M get transformed into, changing notation such that £
is the constant matrix in the internal direction,

DoM = 0uM— Ay, [EM + MET]

(3.92)
DM = K34 (EM+ MET) .
Clearly & is going to be the mass matrix m. This then means that we can write down
(T (oMoMmY) T (OMOM™)
+2A31), Tr [MTIH M (MTIEM + ET)] (3.93)

12 (K3 = 43)) Tr (MTIEMET + £2)

One will readily acknowledge that this is exactly the result found in Section 3.2.2 with & = m.
Decomposing B as

~
— —

B = Ay — Anydy, (3.94)

one finds that the reduction of H leads to

T
I

= 3
Fg) — KaFgdy ,
oy = dAg) = Edpy, (3.95)
Fgy = dAp) + AgyF) -
This then allows us to reduce the ﬁ term in the action as
STy —1 %13 3BT 1% 32T, 1
/wﬂ M H = /9 (K AFIM™ gy — KEES M *Fy)| (3.96)
Doing the same thing on the 5-form field strength, we find that
[ T -3 * 3 *
o F(5) F(5) = ; |:K 4F(5) F(5) —K4F(4) F(4)] s (397)
where we have used
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Fuay = dAg + 3A0nFe) — 3A5nFe + 3A0A(nFe) , (3.98)
Fsy = dAw + ApyFu + sAnAEnFe) — SAEnFs .
(5) (4) MF@ T 2404212 T 24211 6)
Now, reducing the CS-term and dualizing the d = 9 5-form field strength we end up with the
following contribution to the d = 9 action

3., = = =
Sy = Jo{ 3K R Fly = SR FayAw) + 3P Adn (Fe) - An Fla)
(3.99)
+ & | AdnEe) — Al (Fo) — AwFe)) | Adn (Fo) = AwF) | -

Comparing the above results with the results in Eq. (3.75) one can see that both ways of
reducing lead to the same thing.

Derivation of the Massive Transformations

Before the gauging, in d = 10, we have the invariance

5B = N, (3.100)

and we want to find the effect of these transformations after the gauging and the reduction:
These will turn out to be related to some of the massive transformations.
When gauging the action, we have to covariantize the corresponding transformations. Since

the SL(2,R) acts on the B fields, it is only natural to introduce the covariantized transformation
rules

5B = dN — 6B = DN = dN + EAN (3.101)

under which the field strength for the B field transforms as

5H = FEYAN, (3.102)
where we have defined F(€) = d€ + € A €. This looks worse than it actually is: Since we take
the gauge field to be constant and in one direction only, the field strength for the gauge field £
is identically zero, rendering the variation for H nil.

Splitting the B fields then as before, and defining

N =34 - Eody, (3.103)
one finds the following massive transformations

—

6Ap) = dSq),

(3.104)
One can then see that the field strengths for the d = 9 fields /1'(2) and /T(l) are indeed invariant
under these transformations, and are SL(2,R) invariant.
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Under the d = 10 transformation 6B = dN one finds that
§F5) = déD — L(6B) 'nH | (3.105)
because H is invariant. Now, using the facts

dézo,éAézo,(éAJ{?)T:—/{?T/\éT,ng:—nS, (3.106)

one finds that the variation reads

6F5) = D~ L (N i) . (3.107)
This then means that iff
5D = dA® 1+ LN Tpfi | (3.108)

the 5-form field strength is invariant.
Dimensional reduction of the above transformation rule, leads to the variation rule for the
3-form, i.e.

(5./4(3) = dA(Q) + %i(%?’]ﬁ(Q) — %i(O)TT] ﬁ(g) - A(l)ﬁ(z)] . (3109)

Clearly, these transformations correspond to the non-x transformations found in the preceding
subsection.

3.3. The Eleven-Dimensional Origin of IIAm

In this Section we construct an 11-dimensional action which, upon dimensional reduction
(zero-mode compactification) over a 2-torus gives the massive 9-dimensional type II supergrav-
ity action Eq. (3.75). In Section 3.2.2 it was important for us to keep SL(2,R)-covariance
throughout the dimensional reduction and as a result we got a general action which describes a
3-parameter family of massive 9-dimensional type II supergravities. The three mass parameters
transform in the adjoint representation of SL(2,RR) and thus, an SL(2,R) transformation takes
us from one member of the family (a supergravity theory) to another one.

Thus, in order to make contact with that result from an 11-dimensional (that is, from a
type IIA /M-theoretical) starting point, it is important to have full control over the SL(2,R) C
GL(2,R) symmetry that arises in the dimensional reduction in two dimensions. This symmetry
in the type ITA side exactly corresponds to the S duality of the type IIB side [15, 16, 18, 5].
Thus, we will first reduce standard 11-dimensional supergravity making this symmetry manifest.

3.3.1. Compactification of 11-Dimensional Supergravity on 72 and SI(2,R)
Symmetry

The bosonic fields of N = 1,d = 11 supergravity [32] are the Elfbein and a 3-form potential

{éﬁa,cm} : (3.110)
The field strength of the 3-form is
G =490, (3.111)
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and is obviously invariant under the gauge transformations

5C = 30%, (3.112)
where )AA( is a 2-form. The action for these bosonic fields is
2 ~ x X 1 ~ 2 2%
S = /dnx Vgl |BR—25G° — & €0CoCC (3.113)

64 ~
N

We have 2 mutually commuting Killing vectors {l%(m)‘:‘ } and use coordinates adapted to both
of them: {Z#} = {x#, 2™} with m = 9,10 and z° = 2, 2' = z and

2 2 0 0
ki Ve = —— . 3.114
(m) oph  Ox™ ( )

In these coordinates

A%

>

() k) 955 = Ginn (3.115)

This is the internal space metric and it is in general non-diagonal, so the Killing vectors are
not mutually orthogonal in general.

The standard KK Ansatz is®

o e, et A, o et —AM,
(éﬁa) - , (é&”) - , (3.116)
0 em’ 0 e;™
where A(M), = ea“A(m)M. For the metric, this means the following decomposition in 9-
dimensional fields:
.ép,z/ = gw+ GmnA(m)uA(n)u )

.ép,m = GmnA(n)u = I;'(m) wo (3117)

Gmn = Gmn:é(m)ﬁé

The inverse relations are given in Appendix B.1.

From now on we will write the internal metric in matrix form and the two KK vectors in a
column vector form:

A(z)u
G= ( gﬂ gﬂ ) , A, = : (3.118)
ZT 2z A(z)u

Under global transformations in the internal space

2™ = (R, 2"+ a™, R € GL(2,R), (3.119)

objects with internal space indices transform as follows:

5This is not exactly the standard KK Ansatz, which includes a rescaling of the lower-dimensional metric to
end up in the Einstein conformal frame. We will perform the rescaling as a second step for pedagogical reasons.
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G' = RGR" A= (R™HA,. (3.120)

We know that GL(2,R) can be decomposed in SL(2,R) x R x Zs and any matrix R can
therefore be decomposed into

01

R=aA(c")*, A€SL2,R), o= < 10

), a=0,1, acR". (3.121)

The effect of a Zs transformation o' is the relabeling of the two internal coordinates and we
will ignore it. Thus, we will focus on GL(2,R)/Zs ~ SL(2,R) x RT. We want to separate fields
that transform under the different factors. First we define the symmetric SL(2, R) matrix®

M = —G/|det G|/?, (3.122)
and the scalar
K = |det G|/2. (3.123)

Now, under SL(2,R) only M and /Tu transform:

M =AMAT, A =AHTA,, (3.124)

that is, ffu transforms contravariantly, while under R* rescalings only K and ffu transform:
K'=aK, A, =dA,. (3.125)

It is convenient for our purposes to use a slightly different set of vector fields ffm p trans-
forming covariantly under SL(2,R), defined as follows:

—

A(l) m = UAN7 F(Q) v = 28[NA(1) l/} s A/(l) U = (IAA(l) e (3126)

Using the standard techniques, the above Elfbein Ansatz and rescaling the resulting 9-
dimensional metric to the Einstein frame

Juv = K72/79E e (3'127)

one finds

fdll%\/@ [IAA%} = fdggv\/@ [RE—FI%(@logK)Z

T (OMMY)? — LKFR S MRy

(3.128)

The 3-form term can be reduced along the same lines and we decompose the 11-dimensional

3-form potential into the 9-dimensional fields A3y ;1p, 14‘(2) w and Agpy ,, as follows:

5The minus sign is due to our mostly minus signature which makes the internal metric negative definite. We
want M to be positive definite.
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%3 (3129)
0 Chu
) = +nAdq)
\ Clza 0

The corresponding 9-dimensional field strengths Fiy), 1*:"(3) and F(o) are defined exactly by
the massless limit of Eq. (3.68). The relation with the 11-dimensional field strength G is

/

Guvpr = Flay oo = 4A (1) (u1F(3) vpo)

+5A(1T) WA vE2) pol

Civon . .
( el ) = F(3) jp = 340) 1 F(2) vl » (3.130)
Guvpz

0 é vzz
X ez = 77F(2) v
Guvzz 0

This allows us to decompose the kinetic term as follows:

19151 G* = Vsl {2_7;1!}(6/717(24) + oy KT F M Fg) — iK_12/7F(22)} : (3.131)
and the topological term as follows:
L GGC = e {GGC,, +4GGC
(144)2 € = 32.98€€ mn T mLn
= e |[Fly — 440) 0 Flg) + 6400 A Fy |
(3.132)

< {[Fay = 44 nBs) + 640 A Fiay | Ay

o . T - .
+2 [F(g) - 3A(1)F(2)} 0 [A(Q) + 2A(1)A(1)” .

Putting all our partial results together, Eqs. (3.128,3.131,3.132), we arrive at the action of
type II 9-dimensional supergravity in Einstein frame, Eq. (3.75), which we obtained through

generalized dimensional reduction of the 10-dimensional type IIB theory with the mass matrix
set to zero [15].
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The fact that upon dimensional reduction the type IIA and type IIB supergravity theories
are identical in nine dimensions is nothing but the manifestation at the level of the massless
modes of the T duality existing between the type IIA and type IIB superstring theories when
they are compactified in circles of dual radii [34, 38].

There are four important points we would like to stress:

1. There is no “hidden symmetry” of the 9-dimensional type II theory corresponding to this
T duality.

2. To obtain two identical actions it is crucial that the two topological terms come with the
same global sign. In the M/type IIA side the sign can be changed by the 11-dimensional

transformation ¢ — —C which is not a symmetry. In the type IIB side, flipping the
sign of the 4-form D does not work because it changes the definition of its field strength.
Changing the signs of D and, say, B leaves F invariant but also leaves invariant the
topological term. Thus, at first sight, there seems to be no IIB-side version of this rather
trivial M/ITA-side transformation.

It is, however, easy to see that the sign of the topological term in the NSD 10-dimensional
type 1IB action is directly related to the self-duality of the 5-form field strength. Had we
considered an anti-self-dual 5-form the sign would have been exactly the opposite in ten
and nine dimensions. The (anti-) self-duality of the 5-form is related to the chirality of
the theory.

The picture that emerges is therefore the following: There are two (otherwise equivalent)
11-dimensional supergravity theories and two 10-dimensional type ITA theories that differ
only in the sign of the action’s topological term. Upon dimensional reduction to nine
dimensions they are related to the two type IIB theories of opposite chiralities.

In the decompactification limit, each of these two 9-dimensional (and, thus, non-chiral)
theories knows to which chiral 10-dimensional type IIB theory it should decompactify.

3. The above observation solves in part the puzzle found in Ref. [90] where it was argued that
approximately half of all extreme black holes are not supersymmetric in type II theories.
Clearly, those which are not supersymmetric in one of the 11-dimensional supergravities

are supersymmetric in the 11-dimensional supergravity with the sign of the 3-form C
reversed. As suggested also in Ref. [76], the whole picture begs for both 11-dimensional
supergravities to be integrated into a higher-dimensional supergravity from which also the
type IIB would be derivable, perhaps one of those with the algebras studied in Ref. [9].
(This argument is completely different from the one in Ref. [10] and, in fact, it is in
disagreement with it).

4. The fact that the two theories (A and B) are identical allows us to relate the 10-dimensional
fields of the two type II theories. This relation provides a generalization of Buscher’s
T duality rules [30]. These type II Buscher rules were found in Ref. [15] and they are
determined again in Appendices B.1, B.2 and B.3 in our (more systematic) conventions
and extended to the massive case at hands.

3.3.2.  Sl(2,R)-Covariant Massive 11-Dimensional Supergravity

So much for the massless case. Now, it is clear that the picture seems to break down
whenever the mass matrix does not vanish. In Ref. [19] the particular case with mass matrix

with m! =0,m?> =m3 =m
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0
MBRGPT = ( 0 Tg > ) (3.133)

was considered. As will be discussed in Section 3.5 this particular choice of mass matrix corre-
sponds to compactification of the type IIB on a background with different species of 7-branes.
Since the T dual of a D-7-brane in a direction orthogonal to its worldvolume is a type IIA
D-8-brane, one expects the theory with mass matrix mgrgpr to correspond to the type ITA
theory on a background with D-8-branes.

While it is not possible to write the 10-dimensional type IIB theory in presence of D-7-branes
in a covariant fashion (there is dependence on the compactifying coordinate y) it is possible to
write in a covariant fashion the action for the type ITA theory in presence of D-8-branes. As was
first first realized in Ref. [94], this theory has long been known as Romans’ massive type ITA
supergravity [98]. The precise identification, leading to a further generalization of Buscher’s
rules was carried out in Ref. [19]. We stress that these T duality rules are essentially identical
to the original type II T duality rules of Ref. [15] but are deformed in a y-dependent fashion in
the type IIB side of the equations.

Our task in the remainder of this Section will be to generalize the results of Ref. [19]. It
is clear from the setting that this generalization amounts to its SL(2, R)-covariantization: We
start from the compactification of the type IIB theory on a background containing D-7-branes
and their S duals and, after T duality, we expect to find a type ITA theory on a background
of the T duals of D-7-branes and their S duals. We will not repeat here the discussion of
the Introduction where we concluded that we must look for a non-covariant generalization of
Romans’ type IIA supergravity.

As a matter of fact, it is easier to generalize the 11-dimensional theory that gives Romans’,
given in Ref. [25]. From our point of view this theory would correspond to 11-dimensional
supergravity with a KK-9M-brane in the background. To find in 9-dimensions an SL(2,R)-
covariant result we must consider a theory describing 11-dimensional supergravity with two
KK-9M-branes in the background.

In what follows we will construct such a theory along the same lines as Ref. [25] and show
that it gives the massive 9-dimensional type II theory constructed in Section 3.2.2.

Since each KK-9M-brane is associated to a Killing vector we assume the presence of the
two mutually commuting Killing vectors of the previous Section and also assume that the Lie
derivatives of all fields with respect to both of them vanishes.

Next, we define the 11-dimensional massive transformations. For a general tensor, except

for C' whose transformation law will be defined below, they are

o R o :(”)A 2 IgiAA X ﬁ(n)A N l:/?A X R
% Ljn i = X ke Loy gy e F AT R B (3.134)
where we have defined
2 . —(m® +m?) m!
AW =i xQ™, QU= (m )" =1 . (3.135)
k(m) ml m2 — m3

The contraction of a space tensor with the Killing vectors will bear an SL(2,R) index: The
extension of the above rule for incorporating SL(2,R) indices is found by defining the inclusion
to commute with the massive transformations. R

In particular we find that the 11-dimensional metric and r-forms S transform as
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%95 = 22X Gakm 95
(3.136)
AAA R - =1 Q(H)A N aiA o
03551 b () A ke Sh, ap
Observe that these rules imply that
552 ’g‘ = 0,
(3.137)
.62 -
6)25 = 0,

where the latter holds due to the fact that also the metric varies under the massive transforma-
tions, and the former holds due to the fact that the matrix Q = m”7 is symmetric.

The 3-form field C is going to play the role of a connection-field with respect to the massive
transformations and, as such, does not transform covariantly

5.C = df + A A <z c> . (3.138)
(n)

>
I

The generalization of the field strength for C, denoted as before by G, is then found by requiring
that the field strength does transform covariantly. One can see that this implies that

G =dC - (i: C)Q"™ (i C). (3.139)

k() k()
Comparing this with a torsionful covariant derivative acting on a 3-form, one sees that the
above equation states that the massive transformations induce a torsion term in our spacetime
connection. This then means that if we want our d = 11 theory to be invariant under the

massive transformations, we have to define our theory in terms of the torsionful connection.
The torsion we need is given by

T (i ) QP 3.140
i == (5,0) @k (3110

The torsionful connection ) is then defined in the standard way, by adding the so-called
contorsion-torsion tensor,

X 1 X X C\A B X R
Koo = 3 (T + Tias — Taia) - (3.141)
to the Levi-Civita connection &, i.e.
Q0 = & + K. (3.142)

From the above equation we can obtain the non-vanishing components of the torsion written
directly in 9-dimensional Lorentz coordinates for future use

Tai = —A@)man™mpleq
(3.143)

Tm‘j = A(l)aeipmpqeqi.
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Having all this, one can see that the 11-dimensional theory invariant under the massive trans-
formation reads”

§ = patal {(8) + (dh0) o (i €)% - e

2K 45 () 1Q ) )2 = (Feuy 2@ 5)2

(3.144)

X . X nm . x 2
¢ Kz’ém(j) @ (l’nﬂm)cﬂ }} ’

For the dimensional reduction of the above theory, the fields will be split in the same way as
in the preceding subsection; The only thing that changes, is the torsion part of the connection
and some terms in the 11-dimensional Chern-Simons term.

Let us first consider the reduction of the curvature term, evaluated using the connection in
Eq. (3.142). Using Palatini’s identity for torsionful connections

[Vl r@ = - [Visle® {orac, + oo + w000
d d

_Qbeacha . QQachbca} 7 (3'145)

the facts

A~ ..
k) 7

K a0 = A?l)ﬁjeimenjmm” = Al(’l)Tr (m) =0,

a

(3.146)
f{é&i — 0,

and the fact that the second term in Eq. (3.144) annihilates the QK-terms whilst applying
Palatini’s identity to the case at hand, one can write

112 N X N N nm . X :lx/ X X o
J a7 zy/1g] {R (Q) + (dk(n)> 7 (Z,;(m)0> - 2KMKW} =
~ 2
— [ oI K |R(6) ~ @1og K0 + & (Fi + o) (3.147)

+1 (einejmaaenm + QTa(ij)>2> .

Using now our previous partial results Eqgs. (3.122,3.126,3.143) and rescaling to the Einstein
frame, Eq. (3.127), this can be written as

"Note that the cosmological constant part is, apart from correspondence with the massive d = 9 theory,
arbitrary. However, supersymmetry should completely determine it.
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— / dPz\/|g5| [R(gE) + 2(0log K)? + 1Tr (DMM1)? - iKgﬁﬁ(gM_lﬁ(g)} . (3.148)

where the field strengths and covariant derivative are the same as the ones used in Section 3.2.2.
The cosmological constant part is readily reduced by using the well-known identity

nmnnpq — _T]npnmq _ T,pmnnq’ (3149)

and it follows that

il [(’“ ) 4@k )2 = (k) p @k ,3)2] =

3 [ dz+/9E] K'2/TTy (m? + MmM~tmT) |

(3.150)

which is just the result obtained in the d = 9 theory.

The effect of the torsion included in definition (3.139), can readily be seen to promote the
field strengths to their massive equivalents Eq. (3.68). As such, it will be no surprise at all to
see that

1 A 1 7-6/7 17-—3/TF T
Ju—3GG = =3RSy Fy + SKTE I M R
(3.151)
17-—12/7
— KR Fryy} -
From the fact that we do not change the decomposition of the fields while doing the reduction,

it is clear that the dCdCC will lead to the same result as in Eq. (3.132). The other terms can
easily be seen to result in

PN X nm ) ~ B . .
oCccC |:< k(n)c) Q (lec(m)C)] = 32% g€ [6F(4) A(Z)QA(2) A(l)

r'h>>
|©

o Jn

P P NE g 2
67 fll Sic [( o) > Q"™ (ka)c)] = 32%[969 (%)QA(Q)) Aqy -

Adding the above equations to Eq. (3.132) we find that the effect of the torsion is, once again,
precisely to turn the massless CS term, into the massive CS term of the massive 9-dimensional
type II theory we got by generalized dimensional reduction of the type IIB theory. Thus, we
have achieved our second goal.

The T duality rules that one can immediately deduce from this relation between 10-dimensional
theories will be worked out in the Appendices.

3.4. BPS Solutions and Intersections

The aim of this section is to introduce the solutions to the low-energy-effective actions, which
are interpreted as the fundamental objects in string theory. The duality relations between these
objects will be mentioned briefly, and are depicted in Fig. (B.1) for convenience.
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After the basic objects have been introduced, a class of solutions, the so-called intersections,
will be dealt with. There it will be shown that the intersections known to the literature, are
based on a generic action, which is however unable to capture the essence of the massive ITA
supergravity, in case of an intersection of a D8 with a string or a D6. Solutions, breaking susy
to one fourth, describing the aforementioned intersections do exist and are dealt with in sections
(3.4.2,3.4.3).

Thinking about the various extended objects, predicted by string theory, in the ‘static’
gauge, one sees that they break Poincaré invariance, as does every solution. This then means
that for a given solution a possible interpretation is closely related to the symmetry the solution
presents. If we then also think about supersymmetry, and notice that solutions will definitely
break translation invariance, so that one ought to expect a breaking of supersymmetry. This
then leads to the question of how much supersymmetry is broken by a given string state, and
whether we can find supergravity solutions with the appropriate properties.

The first solution one can think of is of course the string, in this ambiance called fundamental
string. The solution, in the sigma frame, is given by®

ds? = H (dt2 _ dy%l)) — diy (3.153)
By = +{H' -1}, (3.154)
e = H, (3.155)

where H is a harmonic function of the Z(g), i.e. it satisfies 9*H = 0. This solution breaks half
of the available supersymmetry, the necessary projector being

Pi = 5 [IF7%0] — = H/'"Pre, (3.156)

where 0 (1) is the tangentspace coordinate associated to t (y resp.), €o is an arbitrary, constant,
spinor and O is 11 (03) for the type IIA (IIB resp.).

As one can see from Eqs. (1.107), applying T-duality in a coordinate transverse to the
string, i.e. in one of the coordinates T ), leads once again to a string. Applying the T-duality
rules in the y() direction however, one ends up with a pure gravitational solution, called the
wave. The metric for wave is given by

2 2 2 =2
dsz = (2—H)dt" ¥2(1 - H)dtdy — Hdy” — di) , (3.157)
and in this case H is a function of ¢ + y and Zy).

One can also find a ‘brane-like’ solution coupled magnetically to the Kalb-Ramond field,
and is called the ‘solitonic five-brane’, or the ‘H monopole’. The solution is given by

ds* = dt* — difly) — Hd%},

e = H,
(6) _ -1
By s = £H T, (3.158)

81n all the solutions dealt with in this thesis, spacelike worldvolume coordinates will be called Y(p)» Where (p)
denotes the number of worldvolume coordinates, and the transverse coordinates will be labeled x4y, where (q)
denotes the number of transverse coordinates. Furthermore, unless stated otherwise the functions H will only
depend on the transverse coordinates and is harmonic, i.e. 5(2(1)H = 0. It is also assumed that the spinors that
occur, are the ones appropriate for the theory we are considering, e.g. a doublet of Majorana-Weyl spinors for
the IIB. Furthermore we abstain from giving the exact expressions for the covariant spinors, when this is not
needed for the sequel.
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where one should note that a possible constant term in B(®) can be gotten rid of, using a gauge
transformation. This configuration also breaks half of the available supersymmetry and leads
to the projector

Pe = 2 ([£4%°0) — €= Pe, (3.159)

where O is I (o3) for the type ITA (IIB resp.).
The solution for the D-branes, in the sigma-frame, reads

2 _ —1/2 2 1/2 32 =2
dsz = BV [at - BV, | - aid, ), (3.160)
1 _
ot = BT (3.161)
2 — HY% (3.162)

where H is once again an harmonic function in the transverse coordinates. By applying the
Buscher rules, Eq. (1.107), on the above solutions, one can see that doing T-duality in the trans-
verse direction” one ends up with a (p+1)-brane solution, whereas applying it in a worldvolume
direction one ends up with a (p — 1)-brane solution. In this case also half of the supersymmetry
is broken and the respective projectors read

A : Py = (1502 (—m)™) (3.163)
IIB : Popyr = 5 (I £ 4020408 (3.164)
where in the last equation
ol : n even
B = { ic? : n odd (3.165)

The covariant spinor then read ¢ = H /8¢, where ¢ is a constant spinor which is annihilated
by the appropriate projector in Egs. (3.163,3.164).

M branes

As by now must be obvious, the basic extended objects in ‘M effective theory is the two-
and the five-brane. By dimensional reduction these objects will transform into the fundamental
string, the D2-, the D4-brane and the solitonic five brane. The solution for the ‘M2’ is

2 —2/3 [ 2 9\ ppl/3 5.2
ds?, = H {dt dy(Q)} H'Bd,
Cryry, = H! ) (3.166)

whereas the one for the ‘M5 reads

ds?, = H/3 [dt2 — dg@,)} — B*Pdi

G(4) iful...u4p5aﬂ5H 9 (3167)

H1-ofi4

where the p’s lie in the subspace spanned by the coordinates 5(5) and e is the Levi-Civita
symbol on this (Euclidean) subspace.

9Note that this also means that one needs to impose an isometry in our solution, i.e. one needs to take H to
be independent of this direction.
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There are more things to be found in 11 dimensions however. One of these things is the ever
present gravitational wave. Since the wave is a pure gravitational solution, there is no problem
in oxidising it to D = 11. The ‘M-wave’ reads

ds? = (2— H)dt* ¥ 2(1 - H) dtdy — Hdy® — 7, , (3.168)

and in this case H is a function of ¢ +y and Z(g).
There is also something as a Kaluza-Klein monopole in D = 11, called ‘KK7,'° and the
metric reads

ds’ = dt* — dye) — H ' (dz— A)* — Hdaly (3.169)

where H is a function of the Z(3) only and A is a one-form depending and lying only in the 73
directions. Furthermore, A must satisfy

OmAn — OnAm = EnmpOpH . (3.170)

Note that when one dimensionally reduce this solution over the coordinate z, one finds the D6,
and that by dimensionally reducing over another direction one finds solutions of the same form,
and are correspondingly denoted by ‘KK6A’ or ‘KK7A’. Needless to say, the wave and the KK’s
exists in a multitude of dimensions.

Up to now we have not been able to obtain the D8-brane from 11 dimensions. There is a
proposed ‘M9’ brane, which is supposed to do the job. Having a look at the D8 brane, we can
oxidize it to D = 11 where it takes the form

ds? — H'/3 [dt2 _ dg(28)] ~ HMd2? — HY3da? | (3.171)

where H is harmonic and only depends on z(;). Using then the above nomenclature, it is also
denoted ‘KK9'.

All of the solutions presented, and solutions resembling the ones, presented in this section,
are connected by the various dualities. Figure (B.1) depicts the duality- and reduction relations
between the solutions.

3.4.1. Standard Intersections

An intersection is a solution to a sugra, which can be interpreted as consisting of several
extended objects and is BPS. A conditio sine qua non for this to occur is, of course, that
the various susy projectors commute, so that there is any residual supersymmetry that will
ensure stability. There exists a vast literature on the subject from which we will take the most
important results.

The first classification one can make is just to determine when the projectors, Egs. (3.156,3.163,3.164)
commute. Due to the great homogeneity of the D-brane projectors, the classification of D-
branes intersection is straightforward [68]. Denoting a general intersection of two D-branes as
(¢|D(q+1), D(q+ s)), which means that we are dealing with a D(q+ r)- and a D(q + s)-brane,
which have ¢ world-volume dimensions in common, one can see that supersymmetry implies
that » +s = 0 mod4.'' By making use of the various duality relations between the solutions
one can then generate the rest: F.g. Look at the intersection of a D1- and a D3-brane. In this
case, the only supersymmetric intersection is (0|D1, D3), which after S-duality should lead to

10The name KK7 comes from the fact that one takes 6y and z as the ‘worldvolume directions, since the
function H does not depend on them.

"Note that the case r + s = 0, is nothing but two D-branes of the same kind lying in the same direction, and
therefore only breaks half of the available supersymmetry.
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the intersection of a D3-brane with a Fundamental string, also written as, abusing notation a
bit, (0|F'1, D3). Now, since an F1 stays an F1 if we use T-duality in a direction transverse to the
string, we can use the invariance of the class of D-brane solutions to see that (0|F'1, Dp) should
also lead to a supersymmetric, i.e. remembering one fourth of the available supersymmetry,
intersection.

Following Tseytlin’s [111] ideas, we can write down an Ansatz for these Following the Har-
momnic Superposition rule, we can write an Ansatz for these intersections: Just overlap the forms
for the metric, multiply the expressions for the dilaton of each solution, and add some factor
to, if necessary for the equation of motion, the form-fields.

Using this idea, the (0|D1, D3) Ansatz, for example, reads

ds2 = Hp"Hpy*at* — HpPHy dy? — HyPHpY a2 — Hp HY s,
e* = Hp,
Ct(j) = H_IH%:?”

Clt)yey = HpyHpy, (3.172)

where o and (3 are to be determined, Hp1 = Hp1(Z(3), Z(5)) and Hpz = Hp3s(y(1), (5))- Plugging
this kind of Ansétze into the equations of motions derived from the generic actlon 2

Spq = / d2+/Ig1 {2 [R(g) = 4(00)°| + (=) 55kan G ) + (1) 5 mmGpin) |
(3.173)
where G, 9) = dC®+1) one finds that the Harmonic superposition works modulo some con-
straints [21, 23, 68, 116, 117, 79]: Both harmonic functions depend on the overall transverse
coordinates, Z(5) in the example, only one of the function can depend on its relative transverse
coordinates, e.g Hpy can depend on Z(3) or Hps can depend on y(1). In the above example, the
constraints are

— ?Hp1 + Hpsd.Hp, , (3.174)
— ?Hps + Hp19,Hps , (3.175)
= 9,Hp10,Hps . (3.176)

Furthermore, if r + s =4 one finds a = 3 =1, and if r + s = 8 one must have a = § = 1.

Note that the above rules apply to D-brane intersections only: By means of the duality rules
the intersections can be generalized to include the various other objects.

It is however paramount that the above intersection Ansatz possibly will not work for the
intersection of an F1 with a D8: The action describing the general intersection ignores the
fact that the Fi9) becomes massive, thus ignoring this contribution. This is of course related
to the Stiickelberg invariance, which allows for the Kalb-Ramond field to become massive.
Looking at the fieldstrengths and the invariances of the, manifestly duality invariant, massive
type IIA, one sees that the same thing can happen to the C("). This then means that there are
possibly two intersections where the harmonic superposition Ansatz might not work: (0|F'1, D8)
and (5|D6, D8). Just by examination of the dilatino variation one can see that the harmonic
superposition Ansatz will not lead to a solution breaking susy to one fourth.

120ne might ask oneself, why there is no Chern-Simons term in this generic action: As one can see from the
actions (1.79,1.82), the Cern-Simons term is only important when we have more than 2 objects activated. In ITA
such a configuration would be (D2,D2,D1), and in IIB it would be (D3,D1,F1).
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3.4.2. Massive String

As was seen above, the harmonic superposition intersections automatically satisfy the equa-
tions of motion. Note however that this may be true in general, but when one switches on the
D8, the Kalb-Ramond field becomes massive. This then means that in at least the intersection
of a D8 with a fundamental string, F1, one may suspect that things do not work out according
to the harmonic rule. A look at the supersymmetry rules, one sees that such an intersection
is allowed and it can be shown [100] to exist and should lead to one quarter of remembered
supersymmetry. By direct inspection one can see that an Ansatz according to the harmonic
rule does not satisfy the equations of motion [69], so that one has to find another way of doing
things.

This solution is given by

ds* = Q7 (di® - dy?) — di2,

By = £(Q'-1),

where

(3.177)
0(1)2 = +my,
e 2 = Q,
s = (2f,...,2%) = (™),
OmOpt = —m?, (3.178)
0y = am.

This solution has the following properties:

1.

The function € consists of three pieces: a piece linear in y (which is interpreted as the
coordinate along the string and perpendicular to the D8-brane), a piece quadratic in g
(which are interpreted as the worldvolume coordinates of the D8-brane, orthogonal to the
string) and a harmonic function of Zg:

Q=amy— ZMpxp:):p + H(%s), Z M, =1im?  0,0mH=0. (3.179)
P p

Thus, it can describe, in principle, several objects in equilibrium.

. In the massless limit Q(y, Zs) = H(Zs) and for the right choice of H it is just the funda-

mental string solution [33].

. The limit in which the string is eliminated is unattainable from this solution. Even if we

set H = 0 Q is still non-trivial and the solution will have only 1/4 of the supersymmetries
unbroken.

. The C™ field can be completely gauged away, canceling the T1 in By,. We have introduced

it in order to have By, in the form which corresponds to a fundamental string source. (It
can be argued that there is a D0-brane in the intersection between the string and the
D8-brane, as we will see when we study the unbroken supersymmetry the solution.)
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5. We have a solution for any value of the constant ae. However, only for a = F1 the solution
is supersymmetric. This is a quite unusual behavior

Let us now find the unbroken supersymmetries. We will only analyze the dilatino super-
symmetry rule to show how it works. In this case

deh = (90 + T ) e+ FfmePe — e GOl e, (3.180)
with

H = F310,00"T%
pp = - lo,0rm —Lla-1/29,01v, (3.181)

7GR = omI%,

Substituting into the dilatino supersymmetry rule we find

— 10710, Q™ [1 £ T ] e — 207 20,01 Y + EmQ 2 [5 £30%I ] e= 0. (3.182)
The first term cancels if we impose

TiFr%ryle=o0, (3.183)

which is the condition satisfied by the Killing spinor of the fundamental string. This operator
is a projector and therefore has eigenvalues 1 or 0. The trace is 16, one half of the trace of the
identity and therefore this condition breaks a half of the supersymmetries. Using this condition
also in the third term we get

—0,QIe +ime =0, (3.184)

which is solved by a = F1 and

m3[1FilY]e=0, (3.185)

which is the condition satisfied by the Killing spinor of a D8-brane. For analogous reasons,
this second condition breaks a half of the supersymmetries for m # 0. These two projectors
commute and therefore both conditions can be fulfilled simultaneously. Since the trace of the
product of both projectors is 8, 1/4 of the supersymmetries are preserved.

The gravitino equation also vanishes if the Killing spinor is

e =0, (3.186)

where €y is a constant spinor satisfying the above constraints.
Now, observe that if the Killing spinor is an eigenspinor of the fundamental string and
D8-brane projectors, then it obeys automatically

T[1Fir’ry]e=0, (3.187)

which is the condition of the DO-brane Killing spinor. This may seem a bit surprising since
cW is trivial (unless y is a compact coordinate). However, its field strength G®@ | which is the
meaningful quantity is not trivial.
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For all these reasons one can identify this solution with the intersection of fundamental

string and a D8-brane over a D0O-brane!?.

3.4.3. Massive D6-Brane

This solution is given by

ds? = Q7V2(dt? —dgd) — QY2dz3,
Bm = :F%emnpxpa
By = +my', (3.188)
COpyrye = £(Q71-1),
2 = Q32
where
:176 = (ylv . 7y6) = (Z/l) )
T3 = (acl,x2,x3) = (™),
(3.189)
OO = —m?,
0l =am.

Some remarks are necessary:

1. As C in the massive string case, B is pure gauge but we have introduced it only for
the sake of consistency.

2. B is not pure gauge. A non-trivial C(7) (necessary for a D6-brane) implies a non-trivial
H( and, by Hodge duality, a nontrivial H and a non-trivial B. This (plus the constraints
of unbroken supersymmetry) will give support to the interpretation that there is a solitonic
5-brane in the intersection.

3. The coordinate y' has been chosen for simplicity but any other direction in the D6-brane
worldvolume (coordinates (t, yl)) would do as direction orthogonal to the solitonic 5-brane
and D8-brane.

4. Again, the function € consists of three pieces: a piece linear in y* (the coordinate or-
thogonal to the solitonic 5-brane and the D8-brane), a piece quadratic in Z3 (which are
interpreted as worldvolume coordinates of the D8-brane, orthogonal to both the solitonic
5-brane and the D8-brane) and a harmonic function of 7s:

Q= amy' — ZMpxp:cp + H(Z3), Z M, =3im?, O0nOmH =0. (3.190)
P P

13A string solution to a class of massive supergravity theories was recently given in [109]. However, the
mass parameter in that model is of NSNS type and there is no mass term for B. Thus it cannot describe the
fundamental string of the massive type IIA theory.
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Thus, it can describe, in principle, several objects in equilibrium.

5. In the massless limit Q(y', #3) = H(Z3) and the right choice of H it is just the D6-brane
solution.

6. We have a solution for any value of the constant «. However, only for o = F1 the solution
is supersymmetric. Actually, one finds that (for those values of «) the Killing spinor is

e =018, (3.191)

where ¢ is a constant spinor which satisfies

s(AFir"%e¢ = o0,

(3.192)
mi[LFilY]e = 0.
If both equations are satisfied, then the following equation is satisfied
S[1£1%2e=0, (3.193)

which is the condition satisfied by the solitonic 5-brane Killing spinor.

It is reasonable to identify these solution with the intersection of a D6- and D8-brane over
a solitonic 5-brane.

3.5. More on D7-branes

In this Section we want to identify the 10-dimensional background of the type IIB theory
that produces the masses of the 9-dimensional theory. The T dual background will be dealt
with in Section 3.6.

S duality is (believed to be) a fundamental non-perturbative symmetry of type IIB string
theory. This implies that the full spectrum of the theory has to be S duality-invariant and thus
all the states can be organized in SL(2,Z) multiplets. Thus, bound states of ¢ fundamental
strings and p D-strings, known as pg-strings, transform as doublets under SL(2,Z). A general
solution describing all possible pg-strings was constructed in Ref. [103] and a dual general
solution describing all possible pg-5-branes was recently constructed in Ref. [82]. The D-3-
brane, being self-dual, is an SL(2,Z) singlet. The situation for D-9-branes and D-instantons
is unclear, although one expects to have D-9-brane solutions which only differ in the constant
value of the dilaton.

It is commonly accepted that there are bound states of p D-7-branes and ¢ NS-NS 7-branes
(that we will call Q-7-branes) which transform as doublets. As we are going to see, this is not so
clear and we will argue that 7-brane states transform as triplets. We will relate the monodromy
matrices of massive 9-dimensional type Il supergravity and these 7-brane triplets, showing again
in this way that the presence of a background of 7-branes is the origin of the masses.

87



3.5.1. Point-Like (in Transverse Space) 7-Branes

The extreme D-7-brane solution in the string frame is

ds? = HpY? [di* — d?] — H2dz2

e Apmw0) = HZ_ (3.194)
C’(g)tylmgﬂ — :Ee_@OHB% ’
where §; = (y+,y%,...,y%) are the worldvolume coordinates and Z» = (x3,23) are the coor-

dinates of the 2-dimensional transverse space. Any function Hp7 harmonic in the transverse
space provides a D-7-brane-type solution. A harmonic function Hp7 with a single point-like
singularity

0,10, Hpr = 2mhprd®) (#5) (3.195)

describes a single D-7-brane placed at Zo = 0. The positive constant hp7 is proportional to the
D-7-brane charge and mass and later on we will determine the precise relation between them.
The two possible signs of the charge are taken care of by the + in C®). The standard solution
in R? to the above equation is (the additive constant is arbitrary and momentarily we set to
z€ero)

HD7 = hD7 log ’f2| . (3196)

The 8-form potential C'® is nothing but the dual of the RR scalar C© that occurs in
the type IIB theory (i.e. their field strengths are each other’s Hodge dual GO = *G(g)). This
dualization can only be done “on shell”, i.e. using at the same time C© and C® because
CO oceurs explicitly in the type IIB action. This gives the standard form of GO suggested in
Refs. [54, 22]. If we ignore all other fields apart from A both dualizations are equivalent. Using
this relation we find

@C’(O) = :|:€_¢0€ij8jHD7 , (3.197)

and we can rewrite the solution in terms of just the metric and the two real scalars C 0) e=¢
that we combine into the single complex scalar A = C'(©) 4 je=%. For the single D-7-brane we
find

ie P hprlogw,

>
Il

w =z} + iz, (3.198)
ie Phprlogw,

for the upper and lower signs respectively.
The charge of a D-7-brane is just, with our normalizations (in the string frame)

p= j{*é(‘” = fé“) = ?{dé“’) = §Re}1§d5\. (3.199)
ol Y ol ol

The contour v is any circle around the point in the transverse space. Using the residue
theorem we find for our case that the imaginary part of the integral is zero and

p=F2me Phpr, (3.200)
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so the solution indeed describes an anti-D-7-brane (upper sign, A= S\(w) a holomorphic function
of w) or D-7-brane (lower sign, A = A(@) a holomorphic function of &) for

6950
o

We stress that the transformation that takes us from the D-7-brane to the anti-D-7-brane
with opposite RR charge is

hpr = (3.201)

Ap) = Ap) = ~A0) s (3:202)
and it is not an SL(2,R) transformation.
We have just associated the charge of the D-7-brane to the monodromy properties of the
anti-holomorphic function A(w): If we place at the origin a D-7-brane of unit charge, described
by

~ 1 .
Ap=t) =~ log®@, (3.203)

and travel once along the path v(£), ¢ € [0, 1], around the origin

~

A=y = Apen O] +1 = (MimiyAg=r)) HO)],

11
Mp=1) = <0 1>_T’

where M,_1) is the SL(2,7Z) monodromy matrix characterizing the 7-brane with charge p = 1.
One can then apply SL(2,Z) transformations A to generate other solutions as done in Ref. [43].
Clearly, the monodromy matrix transforms in the adjoint representation

(3.204)

M = AMA~". (3.205)

Now, it is usually assumed that there are bound states of two kinds of 7-branes (pg-branes)
transforming as doublets under SL(2,7Z). In particular, the charge vector of pg-7-branes trans-
forms covariantly under SL(2,7Z), that is

<§;>_A<Z). (3.206)

The charge vector of pg-strings transforms contravariantly [103], that is

P d)= (oA, (3.207)

and so does the charge vector of pg-5-branes [82]. Using the above transformation law, one
can generate, starting from the (p = 1) = (1, 0) other charge vectors using the SL(2,7) matrix

A
_(p b 1\ _[(»p
A(nq) = < q d > J A(nq) ( 0 ) - < q ) : (3.208)

With the same transformation we generate the supergravity solution describing the pg-T7-
brane with those charges. The monodromy matrix that characterizes this solution is

P,q)
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1—pg p?

MapA ! = . (3.209)

M (p.q) )
—q 1+ pq

P,q) — A(p,q)

Clearly not any pair (p,q) can be generated in this way from (1,0). p and g cannot be even
at the same time, to start with. According to the standard lore of S duality p and ¢ have to
be coprime in order to correspond to stable bound states, and thus this first objection does
not seem serious. Still, there is no proof that all pairs corresponding to stable states can be
generated in this way.

A second problem is that this is not (by far) the most general SL(2,Z) matrix. Thus, given a
certain monodromy matrix we cannot in general determine to which (p, ¢) state it corresponds.

But there is a more serious problem: We saw in Eq. (3.202) that the transformation that
takes us from the (1,0) state to the (—1,0) state is not an SL(2,Z) transformation. However, if
the rule Eq. (3.206) is true the transformation —Iax92 does the same job. But this transformation
leaves A exactly invariant!'4

We conclude that bound states of p- and ¢-7-branes cannot transform according to Eq. (3.206),
and it is easy to see that they do not transform contravariantly either. Thus, they cannot trans-
form as doublets.

It is evident that D-7-branes are not singlets. Thus, the next possibility to be tested is
that 7-branes are triplets, i.e. they transform in the adjoint representation. This possibility
looks particularly promising if we stick to the characterization of 7-brane bound states through
monodromy matrices, which transform in the adjoint representation. Furthermore, there is no
SL(2,Z) transformation taking us from the monodromy matrix of the (p = 1) state, T', to the
monodromy matrix of the (p = —1) state, 7.

To clarify completely this issue we are going to make a precise definition of the charges
involved and their relation with the monodromy matrix. First, we observe that the equations
of motion for the scalars can be written as (we suppress hats here):

2 Ju
V,J"=0, Ty =20, MM~ =2 : (3.210)
(0) 1.y
Ju 2Ju
where
() 209 [\|2
Ju = e*OulA7,
i = 29,00, (3.211)
dn = —COGP L AP

The divergences of the first two currents are the dilaton and RR scalar equations of motion.
The divergence of the third current is zero on shell but it is not an equation of motion. These
three conserved currents can be associated to the three parameters of SL(2,R). In fact, the
Noether current associated to the global SL(2,R) transformation A = € where m is the mass
matrix defined in Eq. (3.56) is given by

G =T (Jum) - (3.212)

4 As we said before, the group acting on A is PSL(2,Z) = SL(2,7Z)/{+]2x2}.
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Using the current matrix we can define a conserved charge matrix

5
QE<§; ﬁ%)E%j{ Jz% dMM™!, (3.213)
2 St St

where p, q,r are integer charges and 6, 3, are the adequate normalization constants. 7 is the
charge associated to the dilatation current:

2ar = y{jTl = 27{j<%@>, (3.214)

p is the charge associated to shifts of the RR scalar

29p = fﬁ(TQ*T@ =2 fj(o) : (3.215)

and therefore the D-7-brane charge, and ¢ is the charge associated to the remaining independent
transformation

28q = }[jé(ﬂTs) = 27{]‘. (3.216)

Observe that both the current matrix and charge matrix transform in the adjoint represen-
tation under SL(2,R). Let the S! be parametrized by & € [0,1]: We define

3
g(g)E/OdMMl, ~dO(E) = AMM . (3.217)

If Q(&) = Q¢, the differential equation can be integrated giving

M(E) = e2% Mg e327¢, (3.218)

so that the corresponding monodromy matrix reads

N[

M, Q. (3.219)

par) — €

The restriction to M € SL(2,7Z) implies the quantization of the charges (p,q,r). In par-
ticular it implies that there are no allowed quantum states with p = ¢ = 0,7 # 0. This seems
to restrict the number of independent charge to just two: p and ¢. But it is not easy to talk
about the number of independent integers related by a Diophantic equation: Not any pair p, q
is allowed.

The general form Eq. (3.65) for an SL(2,Z) matrix is useful to illustrate our result. Let
us take the case n = 1. The other three integers n’ are a Pythagorean triplet and can be
parametrized by three integers t, s,! with the only restriction that s and ! are coprime and one
of them is an even number:

n' = +t(s> —1%), n?=+2sl, nd=xt(s*>+1%). (3.220)

This restricted case already produces a monodromy matrix much more general than the M,
in Eq. (3.209). Only two of the integers are independent and the three of them can be put in
one-to-one correspondence with the charges p and gq.

In any case, the important lesson at this stage is that given the monodromy matrix of a
certain 7-brane configuration, the above relation immediately allows us to find the 7-brane
charges.
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To finish this Section, let us stress that these solutions are just examples of the general class
of negative-charge 7-brane-type solutions that we write below in the Einstein frame:

ds3, = di? — dg.? — Hrdwdw,
H; = |h[*SmA, (3.221)

OsA = Ozh=0.

The holomorphic function A is nothing but a holomorphic coordinate change. The solutions
with positive charge can be obtained by the transformation in Eq. (3.202).

Q-7-Branes

We can now generate the S duals of the D-7-brane. The rules found above allow us to identify
their charges. However, we need a formulation in terms of 8-form potentials to understand
physically whether r represents an independent 7-brane charge or not. We will present such a
formulation elsewhere.

First, we will construct the Q-7-brane.

Any SL(2,Z) transformation can be written as a product of S and 7" transformations

szn:<_(1) é) T:(é 1) (3.222)

raised to positive or negative powers. Under these transformations, the charges p, g, r transform
as follows:

r 5 —r, r 5 r+2v/op,

S L a—5/8r — (3.223)
q = —v/Bp, q — q—46/8r—/Bp, :

S T
p = —B/vq, p — D

We see that, as expected, from a configuration with only p charge (a D-7-brane) an S
transformation generates a configuration with only ¢ charge. We call the object described by
this kind of solution a “Q-7-brane” and, taking the D-7-brane solution in Eq. (3.203) we can
immediately find its form:

~ 1/2 — i ; —
or [ e = TR A [ gyt — ) — 1 ddz]
e (3.224)
AN = —1/(-A+iHpy),
where
Hpr = 4 loguww, A= Lilogw/w. (3.225)

The T transformation generates out of the D-7-brane a configuration with a different con-
stant value for C(©. Although this is the only difference with the original D-7-brane solution,
this constant value induces g-charge through the Witten effect. The presence of both p and ¢
charges induces r-charge which here seems not to be independent.
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3.5.2. T7-Branes with a Compact Transverse Dimension

We want to transform 7-branes under T duality and therefore we need to consider the
corresponding solutions with a compact transverse dimension.

If one of the transverse coordinates, say x5 = y is compact y ~ y + 27/ then the function
Hp7 that solves Eq. (3.195) in R x S! takes a different form (we set to zero the additive constant
for simplicity):

Hpr =

h
2[27 |22| + hprlog \/1 — 2e7 173l cosy /0 4 2173l | (3.226)

Usually, only the zero-mode in the Fourier expansion of this function is considered when
performing T duality transformations because the only T duality rules known (Buscher’s [30])
apply only to solutions independent of the compact coordinate (at least the metric has to be).
This is a strong limitation which only recently started to be appreciated [56]. Nevertheless, the
behavior of this zero-mode seems to be well understood and we will focus on it. In our case,
then, we will take, for a single D-7-brane (hpy = 1/(27e~%°)) and for £ = 1/27 (y ~y + 1)

hp
Hpp = Lo
DT =55

Restricting ourselves to the region 23 > 0 for simplicity we find for the complex scalar \ the
expression

|22] . (3.227)

A _ 1
Ap=—1)0 = 3% )

w=y+ir; (3.228)
)‘(p=+1)0 = _%w'

Somewhat surprisingly, the solution does depend on the compact coordinate y. The metric
does not, but, after an SL(2,R) transformation, the string metric will depend on y while the
Einstein metric will not.

Again, it is convenient to rewrite A as follows:

Ap=1)o = 2e™ %0 ( _"‘2 > : z=y+iz3. (3.229)

Let us now start by analyzing the monodromy of the positive charge solution zeromode
(the holomorphic one). The above function is regular everywhere: The D-7-brane has been
smeared out. The only non-trivial cycle to study is the one along ¥, and one finds that the
zeromode is shifted by 1/2. This is not an SL(2,Z) transformation. To understand this result it
is convenient to map the cylinder into the Riemann sphere with two punctures by means of the
conformal transformation 1/w = >, w is the coordinate in the patch around infinity. Going
around the origin in the w plane is the same as going around the cylinder’s S' parametrized by
y in the negative sense. The complex scalar zeromode becomes

)‘(p=1)0 =—s—logw, (3.230)

which obviously corresponds to a D-7-brane with charge —1/2 placed at infinity in the Riemann
sphere, i.e. at infinity in the cylinder (we are considering only the positive 23 part of the
cylinder). Something analogous happens at minus infinity. Then, the presence of a D-7-brane
on a cylinder induces the presence of other D-7-branes at infinity. The D-7-branes at infinity
have to have integer charge and thus we can only place a D-7-brane of charge (p = 2) to
have a consistent picture. The situation is depicted in Figure 3.2 The monodromies along the
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compact coordinate measure the 7-brane charges at infinity and are, therefore SL(2,7Z) matrices
as discussed in the previous section (now with & = y). These are precisely the monodromy
matrices that appear in our massive 9-dimensional type II supergravity theory.

Figure 3.2: If we place a 7-brane on a cylinder, one has to take into account that automatically 7-branes are
created at the boundaries. This can be easily seen by conformally transforming the cylinder into a punctured

sphere. Consistency of the monodromy implies that the total sum of the charges in the sphere is nil.

In the supergravity theory, the monodromy matrices are determined by the mass matrix
m and, comparing with the results of the previous Section, this is identical to the pg-7-brane
charge matrix m:

1

m m? +m3 5
m=1 =Q=<2T by > (3.231)

5
—or
m2—m3  —m 7P T3

This is the sought for relation between the background of 7-branes and the mass parameters
of the massive 9-dimensional type II supergravity theory.

3.6. KK-7A- and KK-8A-branes and T Duality

In this Section we are going to check explicitly the dualities between extended objects
underlying the generalized T duality between the type IIA and type IIB theories. We will find
some of the objects whose existence we conjectured in the Introduction. We will essentially
prove the connections shown in Figure 3.3.

It is convenient to start with the 11-dimensional Kaluza-Klein monopole which we refer to
as KK-7M-brane. This is a 7-dimensional, purely gravitational object, but one of the spacelike
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Figure 3.3: This figure is a magnified and more detailed piece of Figure B.1 in which a general picture of all the
known extended objects of M/string theory and their duality relations is given. Only well-established relations
are shown, and so no duality connections between the conjectured KK-8B-brane and other objects are drawn. In
the triplets (m,n,p) m stands for the number of standard spacelike dimensions of the object, n for the number
of special isometric directions (z) and p for the number of standard transverse dimensions. The double arrows

indicate on which directions T duality acts.

worldvolume directions, with coordinate z is compactified on a circle. Its metric is given by
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KKTM A3 = mydy'dy — H' (d22 + Apda™)® — HdZ2,

(3.232)
6,1,3
( ) QO[WAn] = EmnpapH,
where 3 = (2™) = (2',2% 23) and i = 0,1,...,6. The standard solution corresponds to the
choice
h
| 73]

We can reduce this solution in three different ways. First, we can reduce in the isometry
direction, z. It is well-known that the resulting object is the D-6-brane. Reducing on one of
the standard spacelike worldvolume directions (double dimensional reduction) trivially gives the
KK-6A-brane, which is nothing but the 10-dimensional KK monopole.

Finally, we can reduce it on a transverse coordinate, 2. We obtain

(.. -1/2 o B
dS%IA = ( Hz{i Az) [nijdyldy] - ﬁdf —H dwdw} ,
) -3/4
KK7A e = (ﬁ) ’ (3.234)
(6,1,2) .
A _ A
ch, = T
\ 6LUA = iawH7

where w = 2! +iz? and A = A3 and the last equation is simply 20/ Ap) = €mnpOpH with the
assumption that H does not depend on 3 and in the A; = Ay = 0 gauge. In complex notation
the last equation then reads d,, (A3 —iH) = 0, which has as a particular solution

H="logww, A=lilogw/w. (3.235)

This kind of solutions has been previously considered in Refs. [21, 23, 81]. To relate it with
type IIB solutions, we further reduce it in the isometry direction z. The resulting solution is a
9-dimensional “Q-6-brane”:

dS%] — (H2+A2)1/2 [H—1/2mjdyidyj_H1/2dwdw] ,
-1
e® = %
A2 9
(6Q0692) (H * ) (3.236)
) 9 B A
cV = mia,
0,A = io,H.

This is a solution of our massive 9-dimensional type II theory with m*=". We are going to
show it through duality arguments.

Notice that we have obtained two different solutions by reducing first on z and then on x
and in the inverse order. The difference is a rotation in internal space z,z3 and, by T duality
to an S duality transformation in the type IIB side, as we are going to see.

3
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We can now uplift this solution using the type IIB rules and adding the coordinate y. We
obtain the Q-7-brane solution Eq. (3.224):

o7 A2, = (H2+ AP [H12 (ndyidy — dy?) — H 2dwdo) .
3.237

7,0,2 X

(7,0,2) N o= —1/(-A+iH).

This solution is the S dual of the standard D-7-brane solution. In fact, performing the
SL(2,7Z) transformation S and substituting the explicit expressions for H and A we get

D7 A3ty = H™Y? (nydy'dy’ — dy?) — H/?dwdw,

(7.0,2) A= —ltlogw,

(3.238)

which is the (positive charge) D-7-brane solution of Eq. (3.203) if we set h = 1/2.

We could have reduced the KK-7A-brane on another transverse direction 2. Equivalently,
we could have simultaneously reduced the KK-7M-brane on z? and 3. We immediately face a
problem: if H is a harmonic function that only depends on x!, then A; = 0 but Ay and/or A3
depend on 23 and/or 2.

The situation is identical to that of the reduction of the Q-7-brane on a transverse coordi-
nate. There, it was impossible to eliminate the dependence on that coordinate and generalized
dimensional reduction was necessary. Here, only through generalized dimensional reduction of
11-dimensional supergravity one can find the 9-dimensional solution and the T dual. The T dual
must have a special isometric direction and 7 standard spacelike worldvolume coordinates. Such
a configuration is what we call a KK-8B-brane. The generalized dimensional reduction of 11-
dimensional supergravity must give the same 9-dimensional theory as the reduction of type I11B
in presence of KK-8B-branes.

We could have reduced the KK-7A-brane on a standard worldvolume direction g, getting

dS%I = H [H*l/Qnijdyidyj _ Hl/deQ] _H73/2d227

KKy

(6.1.1) e = HYS, (3.239)

k = HY4,

This not a solution of our 9-dimensional massive type IIB theory. It would be a solution of
another massive 9-dimensional type II theory with “Killing vectors” in its Lagrangian. Only
after the elimination by reduction of the special isometric direction will we get a solution to
some massive supergravity. Anyway, if we uplift this configuration to ten dimensions using the
standard type IIB rules we get

Unknown

(6.2.1) A3y = H |H Y2 dy'dy’ — HY2da?| — HV2dy? — H3/2d2% . (3.240)

This purely gravitational configuration is similar to the KK-9M-brane but with 2 isometric
directions instead of just one. Its presence as a 10-dimensional type IIB background will give
an 8-dimensional fully covariant massive type II theory.

Objects of this kind can be useful in considering massive theories in lower dimensions, which
are out of the scope of this paper and so we will not discuss them any further.
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We have already checked the left hand side of Figure 3.3. It is convenient now to start from
the KK-9M-brane, recently constructed and studied in Ref. [27]1°. This purely gravitational
field configuration is not a solution of the standard 11-dimensional supergravity, but it is a
solution of the massive 11-dimensional supergravity constructed in Ref. [25] which we have just
generalized in a manifestly SL(2,R)-covariant way. Its defining property is that it has a special
isometric direction (z) and reduction in this direction gives the D-8-brane.

Choosing € = —1, the metric of the KK-9M-brane is

ds? = H1/37]ijdyidyj — H%/3d22 — HY3da2?,

Kot a2y
B H = c¢+Qx,
where now i =0,1,...,8.
If we reduce the KK-9M-brane in the isometry direction (z) we get the D-8-brane
D8 ds?,, = H_l/Qmjdyidyj — H'Y2dz?
5.0.1) (3.242)

e = H—5/%,

which is a solution of Romans’ massive type IIA supergravity [98].
Reducing further in one of the spacelike worldvolume directions (y®) we get the 9-dimensional
D-7-brane

ds%l = H_l/gmjdyidyj — HY2d2?

D79 €¢

(7.0.2) H9/8 (3.243)

ko= HY4.

Uplifting to 10 dimensional using the type ITA rules we get the D-7-brane is also the solu-
tion we obtained by compactifying in a transverse dimension the D-7-brane. This establishes
T duality between the D-8- and the D-7-brane [19].

If we reduce first the KK-9M-brane on a standard worldvolume direction we get the following
field configuration
KKSA ds?, = HI[H Y?n;dy'dy’ — HY/?da?| — H3/2d22,

(7,1,1) (3.244)

b = HVA ,

which we call KK-8A-brane. This is not a solution of any standard 10-dimensional supergravity.

Instead, it is a solution of the massive type IIA supergravity that one finds by reduction of the

massive 11-dimensional supergravity of Ref. [25] in a direction different from the isometric one.

This theory is related by a rotation in internal space with Romans’ massive supergravity [98].
Reducing further in the isometry direction (z), we get the 9-dimensional Q-7-brane

ds%] = H [H‘lﬂmjdyidyj —Hl/gde] ,

(7Q07 91) e = HO/B, (3.245)

k = H3/4,

1511 that reference it is called “M-9-brane”. We prefer the name KK-9M-brane because it stresses the fact that
it has a special isometric direction as the usual KK monopole.
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We observe again that we have obtained two different 9-dimensional results which must be
related by a rotation in the 2-dimensional internal space and, therefore, by an S duality trans-
formation in the T dual type IIB theory. Thus, not surprisingly, if we uplift the 9-dimensional
Q-7-brane to ten dimensions using the standard type IIB rules we get

grme [ d8HE = H[HTV (njdy'dy —dy?) - H'?dwds]

(7.0.2) (3.246)

AP = iH
This is nothing but the bare field configuration of the Q-7-brane Eq. (3.237). Using the
generalized rules for uplifting, the dependence on the internal coordinate is fully recovered.

This establishes T duality between the Q-7-brane and the KK-8A-brane under the generalized
Buscher T duality rules of Appendix B.3.
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Appendix A

Conventions et. al.

Our spactime conventions are such that the signature is (+,—...—), except for chapter
(2) where we use the oposite signature. In any dimension curved indices are denoted by greek
letters, and tangent space indices will be denoted by lowercase latin letters. When dealing with
dimensional reduction, higher dimensional indices, and objects, will carry hats, whereas lower
dimensional indices and objects will carry nothing.

Vielbeins are introduced by

G = Napep®e’ (A.1)

and we define the covariant derivative acting on a general object by
vuoyﬁab = a,uounab - F;ux)\ Okﬁab + F;MH Ol/}\ab - wuac Oyﬁcb - Wubc O, . (A2)

The Levi-Civita- and the spin-connection are defined by

ijm = %gma [augua + augua - aag;w] , (A?’)
w, P = 9,6, — €, eT,," . (A.4)
The various curvatures are then defined as
Ruws” = 20,,00" + 2076 T
R/u/ = R,upup )
R = R,/ (A.5)
The, d-dimensional, totally anti-symmetric Levi-Civita symbol is defined in the tangent-
space as
Ad =1 g = (-1 (A.6)
and on curved space as
eftd = /lgleq, "t .. eq €M (A.7)

All p-forms w,), are defined to be of the form

p)
w(P) = ﬁwul-“up dSU“l FANRAN d:E'up . (A8)

With these definitions we can define the Hodge dual of a p-form, w(,) say, as a (d — p)-form *w,
with components

1
p! /Ig‘ 1 d—pH1---Hp
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Using the Hodge duality twice, one can show that
*(fwgy) = (FPEPTy, (A.10)

When not using form notation, we will be using a notation for which indices are not shown
explicitly. In this notation we assume that all indices are completely antisymmetrized in the
obvious order, e.g.

H = 308, (A.11)

is shorthand for

H,., = 30,B (A.12)

vpl -

Note that all indices are antisymmetrized with unit weight.
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Appendix B

KK Decompositions and T-Duality

B.1. 9-Dimensional Einstein Fields Vs. 10-Dimensional Type ITA
String Fields

In the main body of the paper we went directly from 11 to 9 dimensions and thus we
need to repeat the reduction from 11 to 10 dimensions [115, 15] to be able to relate 9- with
10-dimensional fields.

As usual, we assume now that all fields are independent of the spacelike coordinate z = x
and we rewrite the fields and action in a ten-dimensional form. The dimensional reduction
of 11-dimensional supergravity Eq. (3.113) gives rise to the fields of the ten-dimensional N =
2A,d = 10 supergravity theory

10

{ﬁpmgﬂﬁ,@f;7 é(g)ﬂf/fné(l)g,} : (B.1)

The metric, the two-form and the dilaton are NS-NS fields and the three-form and the vector
are RR fields. We are going to use for RR forms the conventions proposed in Refs. [54, 22, 25].

The fields of the 11-dimensional theory can be expressed in terms of the 10-dimensional ones
as follows:

2 254 45 a0 A 2 A
9o = € 32400 — 320,00, Couop = C®ppp,

2 44 A A ;

9pz = _63¢C(1)ﬂ7 Cﬂﬁg = B[u?; (B2)
éﬁ = _e%é

For the Elfbeins we have

Conversely, the 10-dimensional fields can be expressed in terms of the 11-dimensional ones by:
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1

Jpor = <—§ﬁ)2 (éﬂﬁ_§ﬂ§§ﬁ5/§ﬁ>7 C®uss = Cpsp,
CO% = 932/0.2, Buy = Chz, (B.4)
¢ = %log (—§ﬁ> .

After some standard calculations that we omit we find the bosonic part of the N = 2A4,d = 10
supergravity action in ten dimensions in the string frame:

(B.5)
a2 A\ 2 . ey A
- [; (6@ + 2 (6) } . éac<3>ac<3>3} |
where the fields strengths are defined as follows:
H = 30B,
G® = 2000 (B.6)
GO = 4(aC® —39BCW)
and they are invariant under the gauge transformations
6B = OA,
sC = HAO) (B.7)

§CB) = 30A®2 1+ 3BoAO)

Now, using these results together with the relation between 9- and 11-dimensional fields
obtained in Section 3.3.1 we get

e 2G| + (CW,)2 CW,

M = e(ﬁ’gﬁ’il/z 9
cm, 1
(B.8)
K = e¢/3|gﬂ|l/27
Ayuy = Bu,
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. - é :cg,ux/g:px
Ay = B :
gu:}: 9z

( QB[MIIIC( ) +2CW By Guge/ Gae )

/ﬂ/ + 2B[M|x|gu]az/gmm (BQ)

Ay up = CD o = 33121 CP e/ G2z — 3D 90 Bup/ Gua

-30W,,B

(uPvp] >

9dE uv = 6_4¢/7|§ |1/7 [g;u/ gulgul/gﬂ] N

B.2. 9-Dimensional Einstein Fields Vs. 10-Dimensional Type I1B
String Fields

Using the results of Section 3.2.2 we find

’/\b’2 Chb (0)
M = AN yYM@) AT (y) = M> = e’ ,
ctO® 1
K = 6¢/3’jyy|_2/3 = 6¢Jb/3|jbyy|_2/3 )
A(l) n = j,ug/jﬂ = jbug/jbﬂa
c® 1y cP @ 1y
Ay, = M| = : (B.10)
B.“‘y Bbﬂy
C’(?)W Cb (2)“11
A(Z) w = A_l(y) ( R ) = ( R ) >
B, Bblw
Agywp = ~CWupy = 3B CP . — 3By C?,y
9E pv = 6_4@/7|j@|1/7 [j;w - jugjug/j%} .

B.3. Generalized Buscher T-Duality Rules

Now we just have to compare the results of Appendix B.2 and Appendix B.1 to identify the
10-dimensional fields of the type ITA and IIB theories. This identification produces for us the
searched for generalization of Buscher’s T duality rules [30]. These rules generalize the standard
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type II T duality rules of Ref. [15] in the same way as those of Ref. [19]: The rules have exactly
the same form as the massless ones if we replace the type IIB fields by the bare type IIB fields.
The only deficiency of these rules is with respect to the S duals of D-7-branes: It is necessary
to dualize their 8-form potentials which transform independently of AP.
Thus, indicating by a superscript b the bare type IIB fields the T duality rules take the
form®:

From IIA to IIB:

ij = gw_<§/@gl@_éuzgl@> /gﬂ7 jbug = B,U@/gﬂ7
Bbw = BW"‘QQ[M&BV@/Qﬂ, Bbug = pa/Jze »
P = ¢~ 5log|iml, Py = Yo
C° Cm), = é(2n+1)u1---uzn£+Q”B[ulIz\é(zn_l)uzmuzn} (B-11)
—2n(2n — 1)B[u1 \zlgmlzlé(%_l)us--.uzn]g/g& )
o (2n)u1---u2n—1y = _é(2n_1)ﬂl---ﬂ2n—1
+(2n — 1)Q[M1\zlé(Qn_l)mmmn—ﬂg/gﬁ'
From IIB to ITA:
G = ﬁbyv_<jbugjbvg_8bug3b%> [Pyys Gua = Buy/Puy,
BHV = Bbw"’%b[mg\ébu]g/jby’ BM£ = jb#g/jbﬂu
6 = P —jlogliyl, faz = /3y,
Gont) o b (2"+2)u1...u2n+1g
(B.12)

+(2n + 1)Bb[m‘g|éb (2n)

2. ph2n41]

b ~b b b
—2n(2n +1)B [u1lylJ #2\QC (2n)u3..~u2n+1]y/] Yy

Cf(2n+1) _ Cfb (2n)

H1-e-fl2nZ H1-e-fh2n

~b b (2 ~b
+2n] [#1@0 (n)mmmn]y/j Yy -

The relation between the bare fields and the real fields is given in Section 3.2.2.

!These rules apply to RR n-forms for any n. For the values of n that do not appear in the main body of this
paper, one simply has to use the general expression for the RR field strengths and gauge transformations given
in Ref. [25] inspired by those of Refs. [54, 22].
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Figure B.1: Duality relations between classical solutions of 10- and 11-dimensional supergravity theories de-
scribing string/M-theory solitons: p-branes, M-branes, D-branes, gravitational waves, Kaluza-Klein monopoles
and other KK-type solutions. Lines with two arrows denote T duality relations. Dashed lines denote S duality
relations. Lines with a single arrow denote relations of dimensional reduction, either vertical (direct dimensional

reduction) or diagonal (double dimensional reduction).
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