Black Holes in Supergravity with Applications to String Theory

Carlos Shahbazi Alonso
Instituto de Fisica Teoérica

UAM-CSIC

A thesis submitted for the degree of
Doctor of Philosophy
June 2013






Universidad Consejo Superior de
Auténoma de Madrid Investigaciones Cientificas

CSIC

Departamento de Fisica Tedrica Instituto de Fisica Tebrica
Facultad de Ciencias

A GUJEROS NEGROS EN SUPERGRAVEDAD
Y TEORIA DE CUERDAS

Memoria de Tesis Doctoral presentada ante el Departamento de Fisica Tebrica
de la Universidad Auténoma de Madrid para la obtencién del titulo de Doctor en Ciencias Fisicas

Tesis Doctoral dirigida por:

Profesor D. Toméas Ortin Miguel
Profesor de Investigacién, Consejo Superior de Investigaciones Cientificas

Junio, 2013






Agradecimientos

En esta tesis se recoge parcialmente el resultado de tres afnos de trabajo en el Instituto de Fisica Tebrica,
perteneciente al Consejo Superior de Investigaciones Cientificas, bajo la tutela del Profesor D. Tomas Ortin Miguel.
No tengo palabras para expresar mi agradecimiento a Tomaés: de él he aprendido basicamente todo lo que sé sobre
Fisica y Matemaéaticas. Me ha enseflado a abordar problemas y a resolverlos de la manera maés efectiva, asi como
la importancia de dominar los calculos matematicos y utilizar a la vez la intuicién; en definitiva, me ha ensefiado
lo que significa tnvestigar en Fisica Teérica. Ha sido un tutor inmejorable y es sin duda uno de los fisicos mas
brillantes que conozco. Gracias a él ademas, he tenido la oportunidad de viajar, conocer y colaborar con otros
fisicos excepcionales, como Eric Bergshoeff, Renata Kallosh o Patrick Meessen, de los que también he aprendido
mucho, a los que estoy muy agradecido y con los que espero seguir en contacto en el futuro.

Renata fue una anfitriona inmejorable de mi visita de medio afio al Stanford Insititute of Theoretical
Physics; me ayudé con todo desde el primer momento, tanto fuera como dentro del &mbito académico, se preocupd
siempre de que estuviera bien acomodado y me dio la oportunidad de colaborar con ella y su grupo de investigacién,
de lo que obtuve un conocimiento y experiencia que de otra manera no hubiera sido posible. Gracias Renata.

Una mencién de agradecimiento merecen todos los colaboradores con los que he tenido la oportunidad de
trabajar durante este tiempo; todos me han aportado algo y de todos he aprendido. Me refiero a Antonio de
Antonio Martin, Eric Bergshoeff, Johannes Broedel, Pablo Bueno, Wissam Chemissany, Frederik Coomans, Alvaro
de la Cruz-Dombriz, Rhys Davies, Pietro Galli, Mechthild Huebscher, Antonio L. Maroto, Patrick Meessen, Tomas
Ortin, Jan Perz, Antoine Van Proeyen y Marco Zambén. Gracias también a Angel Uranga y Marco Zambén por
atenderme tan pacientemente con mis interminables dudas y preguntas.

Debo agradecer al Consejo Superior de Investigaciones Cientificas por la financiacién recibida, en concepto
tanto de mi salario como de la estancia realizada. Al personal administrativo, tanto del IFT, Isabel, Roxanna,
Chabely, como del SITP, Karen y Julie, les doy las gracias: sin personas como ellas la investigacién cientifica no
seria posible.

Fuera del d&mbito académico hay muchas personas a las que tengo que agradecer el poder estar, en el
momento de escribir estas lineas, en disposicién de obtener el titulo de doctor en Fisica Tebérica. Primero, a mis
padres, Maria del Carmen y Mahmood; sin la eduacién que me dieron y el posterior apoyo nunca hubiera llegado
a donde hoy estoy, y por ello, entre otras cosas, estaré eternamente agradecido. Un lugar especial ocupa también
mi tia Maria José, que ya desde pequeno me pusiera en contacto con la ciencia y me mostrara las vicisitudes de
la vida del cientifico, siendo ella una gran cientifica. Debo agradecer asimismo todo el apoyo recibido a mi tia
Teresa, siempre preocupada por mi, a mi hermana Marta, y a toda mi familia en Irdn; aunque la distancia es
grande, siempre se han preocupado por mi como si estuvieran aqui y me han deseado lo mejor: jmuchas gracias!,
espero poder visitaros algiin dia en vuestro tierra, Irdn, que también es la mia. Debo también mencionar a mis
abuelos espaiioles, Generoso y Gloria, descansen en paz, que siempre quisieron que me dedicara a una ocupaciéon
intelectual.

Agradezco en especial el apoyo y carifio diario, asi como la comprensién, a mi novia Sara, con ella los buenos
momentos son atn mejores, y los malos momentos son menos amargos: jgracias por todo!

Gracias también a mis amigos, los que siempre habéis estado ahi, dando el callo: Santi, Charli, Iker,
Roberto: jqué buenos ratos hemos pasado y los que aiin nos quedan!

Finalmente, mencionar a Pablo Bueno y Alberto Palomo-Lozano, compaiieros de despacho con los que he
pasado buenos ratos que van mas alld de lo meramente profesional. Agradezco también a Pablo Bueno y Diego
Regalado por estimulantes discusiones sobre Fisica y Matematicas, asi como por leer y comentar las versiones
iniciales de este manuscrito.

Madrid, Junio 2013.






Contents

Introduction

1.1 From String Theory to Supergravity . . . . . . . . . . . .
1.2 Supergravity . . . . . . e e e e
1.3 Remarks about Black Holes . . . . . . . . . . . . e
1.4 Supergravity solutions and the attractor mechanism . . ... ... ... ... ... ...
1.5 Outline of the thesis . . . . . . . . . . . e

2 Mathematical preliminaries
2.1 Special Kahler Geometry . . . . . . . . . . L
2.2 HomoOgEeneous SPACES . . . . .« v v v e e e e e e e e
3 Extended ungauged Supergravity in four dimensions
3.1 Extended electromagnetic duality . . . . . . . . . . ..
3.2 N =2, d=4ungauged Supergravity . . . . . . . . . . . ... ...
3.3 N >2, d=4ungauged Supergravity . . . . . . . . .. ...
4 Supergravity black holes
4.1 The general form a Supergravity black hole . . . . . . . . . . .. ... ..
4.2 Hidden symmetry and the microscopic description of the entropy . . . . . . . . ... .. ... ...
5 All the supersymmetric black holes of extended Supergravity
5.1 The mathematical formalism . . . . . . . . . . . . . . . e
5.2 The supersymmetric black hole solution of N' = 8 Supergravity . . . . . . ... ... ... .....
5.3 Supersymmetric black holes and groups of Type B . . . . . . . . . . . ...
5.4 N = 2 Supergravity supersymmetric black holes . . . . . . . . . . .. ... ... ... ... ... .
6 The H-F.G.K. formalism
6.1 H-FGK for N =2,d=4supergravity . . . . . . . . . . . . . . i
7 Quantum black holes in String Theory
7.1 Type-IIA String Theory on a Calabi-Yau manifold . . . . . .. .. ... .. .. ... ... .....
7.2 Perturbative quantum black holes . . . . . . . . . . ...
7.3 Non-perturbative quantum black holes . . . . . . . . . . . . . . ... o
A Resumen
B Conclusiones
References

19
19
27

33
33
35
38

41
41
43

47
47
48
53
55

57
57

67
67
68
71

77

79

81



INTRODUCTION



Chapter 1

Introduction

The aim of this thesis is to study black holes in String Theory (ST) through their classical description as Super-
gravity solutions. ST [1, 2] is a framework that attempts to offer a unified quantum description of all the known
fundamental interactions and, in particular, of gravity. It would solve, if correct, the long-standing problem of
Quantum Gravity. In the present day there is no experimental evidence of ST, and there is no hope in the ST
community that such an evidence will soon be found. Despite the lack of experimental results, ST has passed
several self-consistency checks that are expected to hold in the right unifying theory of nature [3-8], if it exists.
As a consequence, an enormous effort has been devoted over the last decades to develop ST, leading to beautiful
and important advances and insights in modern Theoretical Physics [6, 9, 10] and Mathematics [11-19]. The
ramifications of ST-inspired results are nowadays virtually everywhere in Theoretical Physics, and thus even if the
right theory of nature was not ST, we can expect that they will have some ingredients in common. Hundreds of
thesis, books and reviews have been written over the years dealing with the principal aspects of ST, such as super-
symmetry, perturbative ST, conformal field theory, D-branes, ST dualities, aDS/CFT correspondence, M-Theory...
and hence we refer the interested reader to the existing literature, for instance [7, 8, 20-22] and references therein.

I will focus instead (see chapters 2 and 3), for reasons that will become apparent later, on a different area,
sometimes forgotten in ST applications: the precise mathematical structure of the ST effective actions, t.e. field
theories that describe the dynamics of the massless modes of the ST spectrum and are used to make contact with
four-dimensional low-energy physics. The mathematical structure of these effective actions is crucial in order to
ensure the consistency of the theory and it is the necessary background that we will need to pursue our goal,
namely the study of black holes in ST. Let us see first how to go from the full-fledged ST to four-dimensional
Supergravity.

1.1 From String Theory to Supergravity

ST lives in ten dimensions, that is, the mathematical object that represents the space-time in ST is a ten-
dimensional manifold. Since experimentally, that is, at low energies, we observe four dimensions, some mechanism
must be used to reconcile theory and experiment. The standard way to proceed is to assume that the space-time
manifold M?! has the following fibre bundle structure

M5 My, (1.1)

where M, is the base space manifold (which represents the space-time that we observe at low energies) and the
fibre Mg (p) = 7 !(p) at each p € M, is a compact manifold, small enough to not be accessible in current high-
energy experiments. So to say, Ms (p) is so small that we cannot see it with the available technology. Notice that
Me (p) = Mg (q) ,V p,q € My, so we can denote the typical fibre simply by Ms.

The general mechanism described above can be put in practice in several different ways, on which the precise
size limits of Mg depend [23-26]. Unfortunately, it is currently not known how to compactify ST on a non-trivial
compact manifold Mg, except for some particular cases. By non-trivial manifold here we mean a Riemannian
manifold with a curved metric. The usual procedure to deal with this situation is to cook up an effective field
theory action that encodes the dynamics of the massless modes present in the ST spectrum, which are the ones

1For more details about the precise properties of M, see chapter 2.
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relevant to low energy physics. The reason is that the first massive states in the spectrum have masses of the order
of the Planck mass, which is way out of reach for current particle accelerators.

As a consequence of ST having local space-time supersymmetry, the ST massless states action is a very
special one: a Supergravity [27-31]. The key point is that, even though it is not know how to compactify ST, it
is known how to compactify a field theory, and in particular a Supergravity. Therefore, although the procedure
described above is sometimes called “ST compactification” what is actually compactified is a ten-dimensional
Supergravity. We can add to it ST corrections, that is, modifications to the tree level result as prescribed by ST,
which is not a field theory but a theory of extended objects. The resulting corrected action is, again, a Supergravity
but, tipically, it has higher order terms in the Lagrangian and modified couplings.

If we compactify now low energy ST, that is, ten-dimensional Supergravity, on a particular compact six-
dimensional manifold Mg?, we obtain a four-dimensional effective action which will also be a Supergravity, four-
dimensional in this case, if some technical requirements are obeyed by the compact manifold Mg. I will come
back to this point later, but for the moment I refer the reader to [26] and references therein.

To summarize, we have started with ten-dimensional ST and we have ended up with four-dimensional
Supergravity, which is a theory of gravity and matter that can be embedded in ST, and therefore seems to be the
perfect starting point to study four-dimensional black holes in ST.

1.2 Supergravity

Supergravity is a locally supersymmetric theory of gravity, that is, a field theory invariant under local supersym-
metry transformations. Supersymmetry is a not so new, and yet to be observed, hypothetical symmetry between
bosons and fermions [29, 32-34].

If we consider a field theory content with spin less or equal than two, there are seven different types of
four-dimensional Supergravity N' = 1,---,6,8, depending on the amount N of supersymmetry of the theory.
Supersymmetry transformations are generated by a set of spinors ¢;(p),! = 1,--- ,N, where N is the number
of supersymmetries of the given Supergravity. In four dimensions, the minimal spinors €;(p) can be taken to be
Weyl or Majorana, and therefore we have respectively 2N complex or 4N real associated charges. Supersymmetry
transformations can be schematically written as

Sedp ~ E(p) (0 + Prébs) &5 Seps ~ Oe(p) + (¢ + dsds) €(P) s, (1.2)

where ¢, denotes the bosonic fields and ¢; denotes the fermionic fields.

Since Supergravity is a supersymmetric theory, and supersymmetry relates bosonic a fermionic fields, every
Supergravity contains bosons and fermions. Truncating the fermions is always consistent, thanks to the following
Zo symmetry, present in every Supergravity Lagrangian

s — db, b5 — —5 . (1.3)

The bosonic sector of four-dimensional Supergravity is a particular instance of General Relativity, as formulated
by Albert Einstein in 1915 [35]. That is, it is a metric theory of gravity coupled to a particular matter content,
which includes scalars and vector fields, and where the equation of motion for the metric g is given by

R(V)=T. (1.4)

Here R (V) is the Ricci tensor of the Levi-Civita connection V associated to g on the space-time tangent bundle
[36], and T is the geometrized energy-momentum tensor corresponding to the matter content of the theory.

General Relativity cannot be, in principle, coupled to fermions, since it is formulated in a way on which only
the diffeomorphisms group Diff (M) acts naturally on the matter content. We need to make manifest the local
action of the Lorentz group SO(1,3)® on the matter content of the theory, since fermions are associated to spinorial
representations of SO(1, 3). Therefore, if we want to consider the complete Supergravity action, we have to change
the set-up and use a more general formalism, which turns out to be the Cartan-Sciama-Kibble theory [7, 37-39],
a generalization of Einstein’s General Relativity. Just as the bosonic sector of Supergravity is a particular case

2Notice that it is possible to compactify in manifolds with dimension other than six, obtaining as effective actions Supergravities
in dimensions other than four.
3Rather, the action of its double-cover, the spin group Spin(1,3), see below.
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of General Relativity, the complete Supergravity theory is a particular case of the Cartan-Sciama-Kibble theory,
which is an extension of General Relativity that can accommodate fermions.

Before introducing the Cartan-Sciama-Kibble theory it is necessary to modify a bit the geometric set-up,
in order to geometrically introduce fermions. General Relativity coupled to matter can be described in terms of
objects that transform as tensors under space-time diffeomorphisms (such as sections over the tensor products
of TM and T*M or connections on principal bundles over M). For instance the metric, which describes the
gravitational interaction, is a non-degenerate section of S2T* M. The electromagnetic interaction, on the other
hand, is described by a connection on a principal U(1) bundle over M.

However, fermions are described in classical field theory as spinors, that is, representations of the spin group
Spin(1, 3), and they do not correspond to any section of the tangent or cotangent bundle. The spin group Spin(1, 3)
is the double cover of the Lorentz group SO(1, 3) such that the following short exact sequence holds

7 — Spin(1,3) & SO(1,3). (1.5)

In order to properly include fermions into the game, we have to consider first the bundle of frames F (T'M) instead
of the tangent 7'M and the cotangent 7* M bundles. The frame bundle F (T'M) is the principal vector bundle
associated to T'M, defined as follows

Definition 1.2.1. Let M be a differentiable manifold, in our case the space-time minfold. Define a manifold
F(TM) as

F(TM)={(p,e1,...,eq) : p € M ,(e1,...,e4) ordered basis of TpM} . (1.6)

Define now a projection np : F(TM) - M by 7n(p,e1, - ,es) = p and define an action of GL(4,R) by
e, = Aley,a=1,---,4, where A € GL(4,R). This makes F (T'M) into a principal bundle with fibre GL(4,R).

Since the space-time manifold M is equipped with a Lorentzian metric g, we can actually consider the oriented
orthonormal frame bundle Fgg (T M), built only from the bases orthonormal respect to the metric g and positively
oriented. Notice that this is possible because we are assuming from the onset that the space-time manifold is
oriented (otherwise we could not write actions as integrals over the space-time). The structure group of Fgo (T'M)
is then reduced from GL(4,R) to SO(1, 3).

Definition 1.2.2. Let M be a differentiable manifold. Define a manifold Fgo (T M) as

Fso (TM) = {(p,e1,...,€4) : p € M, (e1,...,e4) Ty M ordered basis | g(eq, €s) = 7as , dets(e) > 0} . (1.7)

Define now a projection 7so : Fso (TM) — M by 7(p,e1,--- ,es) = p and define an action of SO(1,3) by
e, =0fey,a=1, -+ ,4, where O € SO(1,3). This makes Fso (T M) into a principal bundle with fibre SO(1, 3).

Now, in order for the space-time manifold M to admit fermions, a technical requirement must be fulfilled: the
bundle Fso (TM) must admit an equivariant lift with respect to Spin(1,3). In that case we can construct the
spin bundle P — M, which is a principal bundle with fibre Spin(1,3). The precise definition goes as follows

Definition 1.2.3. A pair (P,Qp) is a spin structure on the principal bundle Fsg — M when

1. P ™2 M is a principal bundle with fibre Spin(1, 3).

2. Qp : P — Fgo is an equivariant two-fold covering map such that nso o Qp = 7p and Qp(p,0) =
Qp(p)p(0),¥ p € P,V O € Spin(1.3).

The vector bundle S — M associated to P and the spin representation of Spin(1, 3) is then the spin bundle,
and spinors are thus section of S. The vector bundle associated to a principal bundle can be defined in general.
In our case the construction is given by

Definition 1.2.4. Let « : Spin(1,3) — U(V) a unitary representation of Spin(1,3) on a complex vector space V.
Then Spin(1, 3) acts on the product space P x V' by the principal bundle action on the first factor and « on the
second. We define
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S = (P x V) /Spin(1,3). (1.8)

Since P/Spin(1, 3) = M, the obvious map 7g : (P x V') /Spin(1,3) — P/Spin(1, 3) gives the projection on the base
space M. Since Spin(1, 3) acts freely on P, this projection has fibre V. Therefore S is a vector space with base M
and fibre V.

Sections of S are spinors. If we want fermions to exist in the space-time, we must require M to admit a spin
bundle S, since, as we have seen, spinor fields are sections of such bundle. The obstruction to construct a spin
bundle over M is given by the second Stiefel-Whitney class ws, which should be zero. For more details, the reader
is referred to [40].

Local sections e of P are called local spin frames or vierbiens. In terms of them, the metric is given by

g=n(ee), (1.9)

where n = Diag(+, —, —, —) is the Minkowski metric. The principal bundle P can now be equipped with the
so-called spin comnection w, which makes it possible to construct derivatives covariant under local Spin(1,3)
transformations. Using (1.9) it is possible to rewrite General Relativity in terms of the vierbeins e instead of the
metric. This is important because the choice of a vierbein makes each (T, M ,p € M) into Minkowski space, where
we know how to write actions for spinor fields. In addition, the use of vierbeins makes explicit the invariance of
the theory under local Spin(1, 3) transformations. This is precisely what we need to include fermions in the theory,
using the so-called first-order formalism of the Cartan-Sciama-Kibble theory. It can be summarized as follows

1. The dynamical field associated to gravity is taken to be e instead of the metric g.

2. The Einstein-Hilbert term is now written in terms of the curvature R,,,,(w) of the spin connection w as
follows

1
Sle,w] = 5 / Raia, (W) A €g3 A €gq€719293% (1.10)

where €2192%3%4 jg the flat Levi-Civita tensor. The action (1.10) is equivalent to the first-order Einstein-Hilbert
action for the metric and the affine connection I'. See [7] for a detailed explanation.

3. The covariant derivatives are constructed using the connection w which is considered an independent field
of the theory.

4. Kinetic terms for the spinors are introduced using the covariant derivative constructed from w. For instance,
if 1 is a Dirac spinor, then a kinetic term of the action would be of the form %P, where Dy ~ v + wi.

5. The equation of motion for the spin connection w is an algebraic constraint which relates it with the other
fields of the theory. In particular, it may have torsion. A metric compatible connection w can be written as
follows

w=wLc+K, (1.11)

where wrc is the Levi-Civita connection and K is the contorsion tensor [7]. For Supergravity theories, K
depends only on the fermionic fields of the theory, and therefore vanishes in a purely bosonic background.

Therefore, using the Cartan-Sciama-Kibble theory we can extend the Lagrangian density £(g, ¢») of General
Relativity to the Lagrangian density L(e,w, ¢3, ¢5), which includes fermions and instead of the metric g has e as
the dynamical field associated to gravity. Notice that, although every Lagrangian density of the form L(g, ¢#3) can
be written as L(e,w, ¢, ¢s = 0), the converse is not true and, therefore, the Cartan-Sciama-Kibble theory is in
general not equivalent to General Relativity.

As it happens in General Relativity, four-dimensional Supergravity assumes that the space-time can be described by
a differentiable Pseudo-Riemannian manifold M modulo isometries of the Pseudo-Riemannian metric, that is, by
an equivalence class of Pseudo-Riemannian isometric manifolds [M]. Physicists are used to consider diffeomorphic
space-times as equivalent. This can be easily accommodated in the definition of equivalence classes by isometries
by equipping the image manifold with the induced metric. That is, if f is the corresponding diffeomorphism, we
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would have f : (M,g) — (M, g= ( f *1)* g) , which are isometric manifolds, and hence equivalent from a physical
point of view.

Therefore Supergravity can be constructed explicitly in terms of geometric objects, that is, suitable sections
of appropriate fibre bundle constructed over the space-time manifold, and thus it is a geometric theory. In fact,
as we will see in chapter 3, the structure of the Lagrangian itself can be determined in a geometric way by using
appropriate manifolds and sections therein.

Supersymmetry imposes severe constraints on the field content and structure of the Lagrangian, making
possible the study and classification of all the possible Supergravities. Initially developed independently from
ST, it was realized in the eighties that the three different ten-dimensional Supergravities are the low-energy limit
of the five, duality-related, ten-dimensional STs. Not only that: Supergravity includes crucial non-perturbative
information about ST, through its BPS spectrum. That is, although Supergravity encodes the dynamics of only the
massless states of the ST spectrum, it contains solitonic supersymmetric solutions with physical properties that are
protected by supersymmetry from the ST corrections to the Supergravity action. Some of these supersymmetric
solutions, like particular instances of supersymmetric black holes, correspond to the long range fields created by
bound states of non-perturbative ST objects, like D-branes.

Its crucial relation with ST, together with the fact that Supergravity may be the right effective theory of
nature (up to some scale) even if it is not embedded in ST, and the beautiful mathematical formulation that
underlies the theory, has made Supergravity an extremely important research topic, which is still extensively
studied, with never decreasing interest.

In addition, a remarkable and fascinating discovery that focused a lot of attention, and increased even
more the interest in Supergravity, was made in 2007: explicit computations showed that N' = 8 Supergravity
was perturbatively UV finite up to three loops [10]! (Divergences were expected at one loop). Soon enough the
computation was extended, with finite results, to four loops [41] and to three loops for N' = 4 pure Supergravity
[42]. Several powerful arguments have appeared in favor of N' = 8 Supergravity and N' = 4 pure Supergravity being
perturbatively finite to all loops [43—46]*. Intense research is being performed to extend the explicit calculations
to higher loops and to provide a final proof of the conjectured UV perturbative finitness of N' = 8 and pure N = 4
Supergravities.

On a more mathematical side, Supergravity is suffering a quiet and elegant revolution: a new mathematical
tool, called Generalized Complex Geometry [18, 19] and its eztension, Exceptional Generalized Geometry [48-51],
allow for a new and more geometric formulation of Supergravity, considering sections on a generalized bundle
instead of sections of the tangent bundle (and its tensorial products) of the spacetime manifold to represent the
bosonic fields of the theory. This new formulation may be relevant for the role that Supergravity plays in ST, since
it allows a covariant and natural action of the ST duality groups on its massless content, through the ezxtended
structure group that acts on the generalized tangent bundle.

Generalized Complex Geometry considers the vector bundle TM = TM & T*M over M instead of the
tangent or contangent bundles. Here @ stands for the Whitney sum of vector bundles over the same base space
M. Elements of TM are of the form X = X + &, where X € TM and £ € T* M. TM, in contrast to the tangent
bundle T'M, is naturally equipped with a canonical metric G, defined as follows

G(X,Y)z%(E(Y)+n(X)), VX=X+&6,Y=Y+neTM. (1.12)

G has signature (d, d), where d is the dimension of M. Interestingly enough, at every point p € M, G is invariant
under the action of SO(d,d), the T-duality symmetry group of ST compactified on a d-torus. A generalized
complex structure J on TM is a bundle map

JTMeTM - TMeT*M, (1.13)

such that J2 = —1 and G(+,) = G(J-,J-), where G is the canonical metric on TM @& T* M. Remarkably enough,
a complex structure J on TM and a symplectic structure w on A2T* M are special instances of J, when their
actions are suitable extended to TM @ T* M.

This is extremely important, and allows for Generalized Complex Geometry to give a unified description of
the ten-dimensional supersymmetric Supergravity backgrounds. If we look for a supersymmetric solution of the
equations of motion of ten-dimensional Supergravity of the form

M=MyxMs, glz,y) =guz)+8sv), (1.14)

4For a pessimistic opinion, see [47].
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where the metric is written in a patch U with coordinates (z?,...,z% 4, ...,9%), then a possible solution is

g(y) =n+gey(y) (1.15)

where all the fluxes are taken to be zero and the dilaton is constant. This solution is phenomenologically relevant
because, for Heterotic ST, it preserves four-dimensional N' = 1 supersymmetry [24]. Here gy (y) stands for the
metric of the Calabi-Yau internal space Mg. However, supersymmetric backgrounds with non-trivial fluxes are far
from being Calabi-Yau®. A Calabi-Yau manifold is in particular a symplectic manifold and a complex manifold in
a compatible way, but more general supersymmetric backgrounds are in general not simultaneously complex and
symplectic. It turns out that Generalized Complex Geometry gives a unified description of all internal spaces of
supersymmetric flux backgrounds [26].

Generalized Complex Geometry can be also used to naturally describe the supersymmetric embedding of
D-branes with world-volume fluxes into these backgrounds [562-55]. For more details and other applications of
Generalized Complex Geometry, the reader is referred to the excellent reviews [26, 56].

Generalized Complex geometry and Exceptional Generalized Geometry could be the first step towards the
correct mathematical formalism to describe ST.

1.3 Remarks about Black Holes

A black hole space-time [57-62] is a particular kind of space-time that contains a region, called black hole, from
which gravity prevents anything, including light, from escaping (we will give a precise definition in a moment).
In this extreme situation, the classical laws of physics break down at the singularity and a quantum description
of gravity seems to be needed. Since ST is one of the candidates to a theory of Quantum Gravity, it makes sense
to use it to study situations where Quantum Gravity effects are expected to be important, as it happens for black
holes, and see what we can learn from it, even if we don’t know if ST actually describes the universe.

All the black holes that we will obtain and study in this thesis are asymptotically flat, static and spherically
symmetric®. Notice that we truncate the fermions, which is always a consistent truncation, because black-hole
solutions describe classical macroscopic objects. Therefore, by an asymptotically flat, static and spherically sym-
metric black-hole solution we mean a solution of the equations of motion of the corresponding theory for all the
bosonic fields in the Lagrangian, such that the space-time manifold M is asymptotically flat, static, spherically
symmetric and contains a black hole in the following sense [63]

e A space-time M is asymptotically simple if and only if it admits a conformal compactification and all the
null geodesics of M start and end on OM.

e A space-time M is asymptotically flat if and only if it has an open neighbourhood U isometric to an open
neighbourhood of the boundary of the conformal compactification of an asymptotically simple space-time,
and the Ricci tensor vanishes on U.

e A asymptotically flat space-time is stationary if and only if there exists a time-like Killing vector £ in a
neighbourhood of the spatial infinity.

e A stationary space-time M is static if and only if there exists an space-like hypersurface orthogonal to the
Killing vector £.

e In a strongly asymptotically predictable space-time M, we will call black hole, if it exists, the region B C M
which is not contained in the causal past of the infinite null future.

Although the definition given above is completely precise, it is not very useful for practical purposes. A
clearer characterization can be given using local coordinates (¢,7,0, ¢) adapted to an spherically symmetric and
static space-time M. Here ¢ is a time coordinate, r is a radial coordinate, and (6, ¢) are angular coordinates. The
metric can thus be written as

g = gu(r)dt ® dt — g, (r)dr ® dr — r°hgz, (1.16)

5Notice that fluxes cannot be turned on in compact spaces, unless negative tension sources, the so-called orientifold planes, are
included in the vacuum structure.

6With one exception: in chapter 5 we will consider momentarily stationary space-times, which are anyway composed of several
static black holes.
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where hg2 = df ® d + sin® 8d¢ ® d¢ is the round metric on the unit two-sphere. The event horizon typically lies
at one of the the solutions of the equation gi(r) = 0. In general, the equation gy (r) = 0 has several solutions
ry <,---,< 7y, each one typically corresponding to the position of a particular horizon.

In the cases considered in this thesis, the maximum number of solutions of the equation g:(r) = 0 is going
to be two. Let us denote them by r_ < ry. Then, at » = r we have the event horizon and at » = r_ we have the
Cauchy horizon. When the physical parameters of the solution (such as the mass, the charge or the moduli”) are
adjusted so r_ = r. we have an extremal black hole. Let’s see how this works for the Reissner-Nordstrém black
hole [58, 59] of mass m and charge g, which is the simplest example of the kind of black holes that are considered
in this thesis. By Birkhoff’s theorem, the Reissner-Nordstrom solution is the only spherically symmetric solution
of the Einstein-Maxwell theory, which in addition is also static and asymptotically flat. The metric is therefore of
the form (1.16), with

2m q _
gtt(r) =1- o + ) grr("') = gttl(r) . (1.17)
gi(r) can be written as
gu(r) = L) s =g, (1.18)

r2

Hence, the equation gy (r) = 0 has two solutions, given by 7. The event horizon lies at r = r, and the Cauchy
horizon lies at 7 = r_. Therefore, the entropy and temperatures of the black hole are given by [64, 65]

A 1

2
To
S =2 — gqr® T=__[|= 1.19
2 T, o (T+> ) ( )

where A is the area of the event horizon and 7 = FM =+ ry is the extremality parameter (see below). The black
hole is extremal when the two horizons coincide, that is, when m = ¢ (and hence ro = 0). Notice that in that
case, the temperature T of the black hole is always zero but the entropy S is not, if the extremal black hole is
regular. Extremal black holes cannot radiate [66] and are thus stable. For more details the reader is referred to
[7, 63, 67, 68].

1.4 Supergravity solutions and the attractor mechanism

Going back to the topic of this thesis, black holes in ST, we now have all the elements necessary to precisely
define our goal: in order to study black holes in ST we are going to develop a mathematical procedure to obtain
black-hole solutions of four-dimensional Supergravity theories. These classical solutions (they are classical simply
because the theory is not quantized) play a relevant role in ST, since they are necessary, for instance, in order to
check the match between the microscopic entropy, computed as an ensemble of D-branes and other ST objects,
and the macroscopic entropy, given by the area of the classical solution. This match is mandatory if ST is to be the
correct theory of nature and contains a consistent theory of Quantum Gravity. In fact, the match has been checked
to some extent in several specific cases of extremal and near-extremal black holes [6, 69-75]. However, there are
supersymmetric (and hence extremal and stable) simple black holes for which the microscopic interpretation of
the entropy is not even known at the leading order [76]. This means that even for the simplest kind of black holes
the complete microscopic description of the entropy in ST has not always been achieved.

With the currently available tools, a necessary condition to obtain a match between the microscopic and
the macroscopic computation is that the Supergravity solution depends only on quantized quantities, such as the
charges of the black hole, but not, for example on the moduli, which are free parameters. Remarkably enough,
for extremal black holes this is what generically happens: all the information about infinity is lost at the horizon®
and the entropy only depends on the quantized charges, e.:., the dependence on the moduli drops out. This is a
consequence of the so-called attractor mechanism [77-89] for Supergravity black holes, which roughly speaking
states that the scalar fields of a Supergravity extremal black-hole solution flow from a completely arbitrary value
at spatial infinity to a completely fixed (in terms of the quantized charges of the black hole) value on the horizon,
independent of the asymptotic value of the scalar at spatial infinity.

7In this context, the moduli is the arbitrary value at spatial infinity of the scalar fields present in the theory, which is not fixed by
the equations of motion.
8In the absence of flat directions.
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In fact, the attractor mechanism holds in a class of theories larger than the Supergravities. In particular,
it holds in any theory of the form (4.1). As we will see in chapter 4, the most general spherically symmetric and
static metric solution of (3.28) is given by

4 2
g=eVdt@dt—e Y +d7®d7+ +h52 , (1.20)
sinh® ro7 sinh® ro7
where 7 is the radial coordinate and rg is the non-extremality parameter when (1.20) represents a black hole. In
that case, the exterior of the event horizon is covered by 7 € (—o0, 0), the event horizon being located at 7 — —
and the spatial infinity at 7 — 0. The interior of the Cauchy horizon (if any) is covered by 7 € (7g, 00), the inner
horizon being located at 7 — +oo while the singularity is located at some finite, positive, value 75 of the radial
coordinate 7 [90]. Since we are assuming that the space-time is spherically symmetric, all the fields of the theory,
that is, the scalars and the vector fields, depend only on the radial coordinate 7. In the background given by
(1.20) the Maxwell equations can be explicitly integrated, giving the vector fields as functions of 7 and the electric
ga and magnetic p” charges. The other equations of motion form a system of second order ordinary differential
equations for (U(7), (7)), namely (4.18), (4.19) and (4.20).

The extremal limit ro — 0 of (1.20) is given by
1 1 , :
g=eVdt@dt — e 2V ﬁdT ®dr + ;h52 =eVdt@dt — eV [6;;dz" ® da’] (1.21)

where 2,4 = 1, ..., 3 are three-dimensional cartesian coordinates and d;; is the Kronecker delta. For an extremal
regular black-hole solution of a theory with non-degenerate scalar metric G;; and non-divergent scalars at the
horizon, it can be proven that in the near horizon limit we have

. A . . .
lim e 2V = — lim 72, lim 7 =0,2=1,--+ ,ny, (1.22)
T——00 4 T——00 T——00 dT

where A is the area of the event horizon and n, is the number of scalars. Using Eq. (1.22) we can obtain the
near-horizon limit of the Eq. (4.20), which reads

lim
T——00

+

P ATy
dr? A

(#1)0; Von (¢, Q)le] =0, (1.23)

where Von(¢, Q) is the black-hole potential and Q = (pA, qA)T denotes the electric and magnetic charges of the
black hole. The solution to the above differential equation is given by

lim ¢)i = TEIPoo {—irg“(dm)@ijh((ﬁh, Q) log(—T) + CiT + C;:| , (124)

T——00
where ¢} and ¢} are arbitrary constants. Therefore, taking the 7-derivative we obtain
i

lim 4 = lim {—irg"j(qsh)ajvbh(%,g)i+c§}. (1.25)

T——0c0 dT T——00

Since Eq. (1.22) must hold and, by assumption, the scalars do not diverge at the horizon, we conclude that

i=0, =¢,  GY(¢n)d;Vin(dn, Q) =0. (1.26)

Finally, since the scalar metric is non-degenerate, the condition involving the black-hole potential can be rewritten
as

0iVon(¢n, Q) =0, (1.27)

which is the essence of the attractor mechanism [91]. The value of the scalars at the horizon ¢! must be a critical
point of the black hole potential Vpn (¢, Q). If Vion(¢, Q) has no flat directions, that is, if (1.27) is a compatible
system of n, independent equations, all the scalars are fixed at the horizon in terms of the charges of the black
hole. From the near-horizon limit of Eq. (4.19) it can be easily obtained that, for extremal black holes, the entropy
S is given by
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S = 1Von(¢n, Q). (1.28)

Therefore, we obtain a remarkable result: in the absence of flat directions the entropy S and the value of the
scalars at the horizon only depend on the charges of the black hole, that is

én = ¢n(Q), S = mVon(dn(Q), Q). (1.29)

When flat directions are present, the scalars are only partially fixed in terms of the charges, but the dependence
of the entropy S on the moduli still drops out. Supersymmetric attractors are always minima of the black hole
potential. For non-supersymmetric attractors this issue must be studied on a case by case basis, although for
homogeneous scalar manifolds it has been proven that the critical points of the black hole potential are always
stable, but only up to possible flat directions [84, 92]. The attractor mechanism is only one example of the
interesting features that Supergravity black holes, and other black objects such a strings or black p-branes display
[93-97].

The search of solutions of Supergravity theories started with the class of supersymmetric solutions, since
they are easier to obtain and classify, thanks to the first order differential equations (the so-called Killing spinor
equations) that they obey.

A configuration of fields (¢s, ¢7) is supersymmetric invariant (also called B.P.S.) if and only if

Sehp =0, Sep; =0, (1.30)

for at least one spinor €. In that case, € is called a Killing spinor. If a given configuration is invariant under the
maximum number of independent Killing spinors, given by N, then it is said to be mazimally supersymmetric.
Notice that a supersymmetric configuration in principle does not solve the equations of motion of the corresponding
theory. However, a careful analysis of the Killing spinor equations and their integrability conditions, the so called
Killing spinor identities, shows that a supersymmetric configuration usually solves almost all the equations of
motion of the theory, if not all [98, 99].

We are interested in black-hole solutions where the fermions are set to zero. For bosonic configurations,
the equation d.¢» = 0 is automatically solved and we have to solve only d.¢y = 0 to obtain a supersymmetric
configuration. These are the Killing spinor equations that must be solved in any supersymmetric theory to obtain
a bosonic supersymmetric configuration. When a supersymmetric configuration also obeys the equations of motion
of the theory it becomes a supersymmetric solution. Examples of supersymmetric solutions of Supergravity are
the Reissner-Nordstrom extreme black hole, Minkowski space-time or the aDS space-time.

The supersymmetric solutions of Supergravity theories that describe vacua, black holes or topological defects,
play a fundamental role in the progress of ST, since they represent non-perturbative stable states that can be trusted
beyond the Supergravity approximation, and that, if supersymmetric enough, can be taken as exact states of ST
[100, 101]. Supersymmetric solutions have also played an important role in mathematics, and, in particular in
differential geometry, since the classification of supersymmetric solutions is closely related to the classification of
manifolds with special holonomy, given that a supersymmetric solution has at least a globally defined section of
the corresponding spin bundle, and therefore has reduced generalized holonomy. Therefore, great effort has been
devoted in the last decades to study and classify as many supersymmetric solutions as possible.

In his seminal work [102], Tod showed that the Killing spinor equations, together with the corresponding
integrability conditions, could be used to systematically classify all the supersymmetric solutions of a given Super-
gravity theory. He used the Newman-Penrose formalism and focused on pure N' = 2 Supergravity, following [103].
Since the Newman-Penrose formalism can only be applied in four dimensions, new techniques had to be developed
in order to deal with higher dimensional cases. One of the techniques developed was the spinor-bilinear method
[104], which was used to classify all the supersymmetric solutions of minimal five-dimensiona Supergravity. This
result was soon extended to the Abelian gauged case [105], to general matter contents and couplings [106] and to
other Supergravities [107-120].

Another approach, closer to the geometrical properties of having a spin manifold with global sections (it
exploits the fact that a global spinor defines a G structure) was developed in [104, 110, 121]. Finally, we can
mention yet another approach, that can be used to find black-hole solutions of four-dimensional theories, which
exploits the symmetries of the time-like dimensionally-reduced theories which become a non-linear o-model coupled
to 3-dimensional gravity [122-128].
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1.5 Outline of the thesis

The outline of this thesis goes as follows: on chapter 2 we introduce the relevant mathematical background to for-
mulate extended ungauged Supergravity® in four-dimensions, that is, Special Kéhler Geometry and homogeneous
spaces. On chapter 3 we briefly comment on the structure of four-dimensional extended ungauged Supergravity
relevant for black-hole solutions. On chapter 4, based on [129], we characterize the most general spherically sym-
metric and static black-hole solution of ungauged Supergravity, and use the result to study the hidden conformal
symmetries of Supergravity black holes, obtaining the full Virasoro algebra of the dual conformal field theory. On
chapter 5, based on [130], we obtain all the supersymmetric black-hole solutions of extended Supergravity by means
of the algorithm provided in [131]. On chapter 6, based on [132, 133], we introduce the H-F.G.K. formalism,
which simplifies the construction of non-supersymmetric black-hole solutions in N' = 2 Supergravity. On chapter
7, based on [76, 134], we apply the H-F.G.K. formalism to a class of theories corresponding to Type-IIA String
Theory compactified on a Calabi-Yau (C.Y.) threefold, obtaining the so-called guantum black holes, which only
exist when certain quantum corrections (perturbative or non-perturbative, depending on the solution) are included
in the prepotential. For the case of non-perturbative black holes we elaborate on the potential consequences of the
appearance on the solution of multi-valued functions in relation to the no-hair theorem for four-dimensional black
holes. This thesis is based on [76, 129-134]. Other works finished during my doctoral studies are [90, 97, 135-139].

9For the case of N = 2 Supergravity, in the absence of hypermultiplets.



Chapter 2

Mathematical preliminaries

Extended four-dimensional Supergravity, as a classical field theory, admits an elegant geometric formulation in
the following sense: the lagrangian can be constructed from geometrical structures (such as sections) of particular
manifolds that are naturally associated to the theory. Therefore, extended four-dimensional Supergravity can be
completely specified by some geometrical data, that is, particular fibre bundles and global sections thereof.

In fact, such geometric formulation is not just an elegant mathematical tool to describe Supergravity, it is also
useful in a wide range of applications of Supergravity, for instance to relate Supergravity to ST compactifications
or to provide the general formalism to deal with gaugings. In this thesis we will use it to simplify the task of
obtaining black hole solutions: using the mathematical structure of the theory we can introduce a new set of
variables which considerably eases the construction of non-supersymmetric black hole solutions.

As far as Quantum maximally and half-maximally extended Supergravity [10, 41, 42] is concerned, the
mathematical structure of the theory at the classical level is also of outermost importance: for example, in Refs.
[44, 45] the symplectic action of the Er(7) group was key in order to explain the conjectured finiteness of N' =8
ungauged Supergravity at all orders in perturbation theory.

Before dealing with the geometric formulation of four-dimensional extended Supergravity!, it is therefore
necessary to introduce the mathematical background that will play a relevant role in the construction of the
theories, namely, Special Kihler geometry for N' = 2 Supergravity (in the absence of Hypermultiplets) and
Irreducible Riemannian Globally Symmetric (L.R.G.S.) spaces for N' > 2 Supergravity. That is the goal of this
chapter.

2.1 Special Kiahler Geometry

Some basic references for this section are [140-146]. See the appendices of [113, 147, 148|, for an extremely
well written short review of Special Kahler Geometry and its relation to N' = 2 Supergravity coupled to vector
multiplets and its gaugings. The definition of Special K&hler manifold was made in [13], formalizing the original
results of [11]. We will follow [113, 144, 146].

A Special Kahler manifold is a particular instance of real differentiable manifold M, that is, it is a differ-
entiable manifold with some extra-structure defined on it. Therefore, we will proceed defining step-by-step all
the necessary ingredients until we arrive to a Special Kahler manifold, By a real differentiable manifold M we
mean a Hausdorff and second countable topological space equipped with a differentiable structure (therefore it is
paracompact and metrizable).

Definition 2.1.1. A differentiable Riemannian manifold (M, G) is a differentiable real manifold equipped with a
smooth,non-degenerate, point-wise positive definite, global section g of S?T* M.

Definition 2.1.2. A Symplectic manifold (M,w) is a differentiable manifold real equipped with a smooth, non-
degenerate , global section w of A2T* M.

Definition 2.1.3. An almost-complex structure J : TM — T M on a tangent bundle T M is a bundle endomor-
phism such that J2 = —1.

1See chapter 3.

19
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Definition 2.1.4. A differentiable almost-complex manifold (M, J) is a differentiable 2n-dimensional real man-
ifold equipped with an almost-complex structure.

Let (M, J) be an almost-complex manifold. The complexified tangent bundle of M is the bundle TM ® C —» M
with fibre (TM ® C), = TM, ® C at each p € M. If T, M is a real 2n-dimensional vector space, then T,M ® C
is a complex 2n-dimensional vector space.

We can extend linearly J on TM ® C as follows

Jw®c)=Jv®c, v€TM, ceC. (2.1)

Since J% = —1, J, acting on T, M ® C has eigenvalues +i. We define

ToooM = {veTMRC | Jv=w,VveTMQ®C},
ToyM = {veTM®C | Jv=—iv,YveTM®C}. (2.2)

Since

T(1,0) TMC — T(l,o)M

v = %(v@l—]v@i), (2.3)

T(0,1) - "T™M@C — T(o)l)M

v o %(v®1+Jv®i), (2.4)

are a real bundle isomorphisms such that m(; 0y o J = —im(,1), we have

TMETa oM =T yM,

(2.5)
(7['(1)0), 7!'(0’1)) : TMeC i T(l’o)M 5] T(O,l)M . (2'6)
Analogously, for the complexified cotangent bundle T7*M ® C — M we can conclude
T*M 2 THOpM 27O,
(2.7)
(W(Lo)’?r(o,l)) S TPMC S T @ TOD A (2.8)
where
710N = {aeT"MQC | a(Jv)=1a(v) ,YVveTM®C},
7O\ — {va e T*M®C | a(Jv)=—ia(v),YveETMQC}, (2.9)

and we have defined the natural projections 7(1:%) and 7(°) of the complexified cotangent bundle as follows

70 . T*MeC — ToLIM
a o %(a@l—a@ioj), (2.10)
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7OV . T*MeC — TOYM
a = %(a®1+a®ioj), (2.11)

We are going to elucidate the structure of the space of forms on (M, J), which, since (M, J) is almost-complex,
is going to be constructed from sections of 7* M ® C and its exterior powers, and not from 7* M. The main reason
is that J can be diagonalized on T* M ® C but not on 7* M. For an almost-complex manifold (M, J) let

QFM,C) =T (AF(T*M Q) , (2.12)

where I'() stands for the space of sections of the corresponding fibre bundle - and

- _ Ak (0D 10 pq) = L) m (PO M) .
A*(T*M ® C) A(T MeT M) ZSBICA (T M)/\A (T M) (2.13)

Definition 2.1.5. The differential forms of type (I, m) on an almost-complex manifold (M, J) are the sections
of @y pps A (TODM) A A™ (TROM) .

It is convenient to define

Q™ (M,C) =T (Al (T(O'l)M) A A™ (T(LO)M)) , (2.14)
and hence
Q*M,0)= P at™(m0). (2.15)
I+m=k

Therefore, when speaking of tensors on a complex manifold, it is generally referred to sections of the com-
plexified tangent or cotangent bundle and its tensorial products. Let 7(»™) be the natural projection 7*™) :
AF (T*M @ C) = A (TODM) A A™ (T(HOM). We define then

8 =alttmod: Qbm™(M,C) - Q™ M,C),

6 =xtmlog. bm(M,C) — Q™ I(M,C), (2.16)

which are differential operators that act on forms of type (m,l). When considering complex manifolds, 8 and
will become natural differential operators in terms of the complex coordinates of a given chart.

It is possible to define in a compatible, natural, way, an almost-complex structure J on a Symplectic
manifold, which makes it also Riemannian.

Definition 2.1.6. Let (M, w) be a Symplectic manifold. An almost-complex structure J is called compatible if
G(,)=w(,J) is a Riemannian metric on M. The triple (w, G, J) is then called a compatible triple.

For a compatible triple (w, G, J) we have that
g(j:j) :w(j'1j2') :w('rj') :g(':'): (2'17)

that is, J preserves the Riemannian metric G.

Definition 2.1.7. An almost complex structure J is integrable if and only if N(u,v) = [Ju, Jv] — J[u, Jv] —
T[T u,v] — [u,v] = 0Vu,v € TM.

N(-,-) is the Nijenhuis tensor, and intuitively it parametrizes the obstruction to the possibility of defining holo-
morphic changes of coordinates in M. When it vanishes, it is possible to construct an holomorphic atlas and
therefore M is a complex manifold.
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Definition 2.1.8. A differentiable complex manifold (M, J) is a differentiable 2n-dimensional real manifold
equipped with an integrable complex structure.

Let U C M a chart on a complex manifold (M, J) with coordinates z* = z* + 1y* and real coordinates (z*,y*).
At any p € M we have

TyM = R-—Span [dz’, dyi]p ,
T,M®C = C-Span [d;ni, dyi]p . (2.18)
Then, defining dz* = dz* + idy* and dz® = dz* — idy’ we can write
T,M®C = C-Span [dzi]p ® C—Span [dzz] =TI M e TOIM, (2.19)
P
since dz' o J = idz* and dz* o J = —idz'. Therefore, a (1,0)-form o is written as a = a;dz* and (0, 1)-form B

is written as § = B;dzt. Since the manifold (M, J) is complex, we can consistently define complex coordinates
coordinates 2* (this may fail in an almost-complex manifold) such that dZ* = dz*. Of course, we will drop the
tilde and call them 2*. An similar derivation allows to conclude that

0] 1/ 0 .0 0] 1/ 0 .0
= — [ — — 71— —_— = = | — — 2.2
0zt 2 (6:31 2(9@11) ’ ozt 2 (amz _Hayl) ’ (220)
where a‘z, spans T(1,0)M and a‘; spans T(g,1) M.

It can be also proven that the exterior derivative d can be written in terms of § and 8 as d = 8 + 0, where,
given a function f € C*°(M,C) 9 and 0 act as follows

of

i =, Of
azidz , of

dz’ . (2.21)

of = = —
! oz

We are now ready to define Kahler manifolds:

Definition 2.1.9. A Ké&hler manifold is a Symplectic manifold (M, w), equipped with an integrable compatible
almost complex structure 7. The symplectic form w is then called the Kahler form.

Since w and J are compatible, they define a Riemannian metric: G(+,-) = w(:, J-). Therefore, a Kahler
manifold is a differentiable manifold which is Symplectic, Riemannian, and Complex in a compatible way, and
therefore incorporates together the three basics types of geometry: Symplectic, Riemannian and Complex 2.

Since a Kahler manifold has an integrable complex structure, it immediately follows that a Kahler manifold
is a complex manifold. As a consequence, tensors on a Kahler manifold are sections of the complexified tangent
and cotangent bundles and their tensorial products. In addition we have the following propostion

Proposition 2.1.10. Let (M,w,J) a Kahler manifold, then J is a symplectomorphism, that is, J* = J.
Proof.
Ty wp(u,v) = wp(Tpu, Tpv) = Gp(v, Tpu) = wy(u,v), Vpe M and u,v € TyM. (2.22)

In fact, propostion 2.1.10 holds also when w is not closed, as long as (w,G,J)is a compatible triple. Since w
is a two-form, in principle w € Q2 (M,C), that is, it is a section of the exterior product of two copies of the
complexified cotangent bundle TM ® C. Therefore

w € 0% (M,C) = Q@9 (M,C) @ QY (M,C) ® Q%2 (M,C) . (2.23)

However, imposing proposition 2.1.10 in a local chart (L{ , zi), one can see that

2Kéhler manifolds are of outermost importance in Theoretical Physics: they appear for example in every supersymmetric non-linear
o model, String Theory compactifications...
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we QY (M, ), (2.24)
t.e. w defines a Dolbeault (1, 1)-cohomology class [w] € I-{](ch;llgeault(/\/l). In other words, the local expression for w
does not contain terms of the form dz* A dz? or dz* A dz7. Therefore, in a local chart (U, 2*), we can write w as
follows

w = ih;zdz* NdZ (2.25)
where h;; € C° (U, C) and the : has been introduced by convenience. Using that G(-,-) = w(:, J"), we can write

G in the same local chart as

g =h; (dzi ®dZ +d2 ® dz") . (2.26)

Since a Kahler manifold is in particular Symplectic, the symplectic form w must be real, that is w = @, which is
equivalent to h;; = h_ji. For the same reason, w is non-degenerate and its n-th exterior power defines a volume
form on (M,w, J), making (M,w, J) orientable. To summarize, the Kahler form w is a two-form compatible with
the complex structure, closed, real valued and non-degenerate.

Theorem 2.1.11. Let w be a closed real-valued (1,1)-form on a com;_vlex manifold Mcomplex and let p €
Mecomplex. Then, 3 U(p) and K € C* (U,R) such that, on U(p), w = 100K.

Proof. See proposition 8.8 in [146].
If we apply theorem 2.1.11 to a Kahler manifold, which is in particular complex, we obtain

g = 0,0K (dzi ®dZ +d2 ® dzi) (2.27)

and K is called the Kdhler potential. The metric therefore can be obtained from a single function, which allows
to write simple expressions for the Levi-Civita connection and the curvature tensors. Remarkably enough, the
existence of normal holomorphic coordinates on a complex manifold around each point is equivalent to the metric
being Kahler. The Levi-Civita connection on a Kahler manifold is given by

Ti' = G%0;Gy 3% = G050, . (2.28)

The Riemann curvature tensor has as only non-vanishing components R;;;7, but we will not need their explicit
expression. The Ricci tensor is given by

R; = 8,8; (3 logdet @) . (2.29)

The Kahler potential is not unique: it is defined only up to Kahler transformations of the form

K=K+ f+f, (2.30)

where f is any holomorphic function on (M, w, J). We need to introduce now the concepts of holomorphic vector
bundle, line-bundel and Kdhler-Hodge manifold

Definition 2.1.12. An holomorphic vector bundle is a complex vector bundle over a complex manifold M such
that the total space E is a complex manifold and the projection map 7 : E — M is holomorphic.

In particular, the transition functions of an holomorphic vector bundle are holomorphic.
Definition 2.1.13. A line bundle £ 5+ M is a holomorphic vector bundle of rank 7 = 1.

Definition 2.1.14. A Kéahler manifold (M, w, J) is Hodge if and only if there exists a line bundle £ Iy M such
that ¢; (£) = [w], where ¢; (£) denotes the first Chern class of L.

The condition on the Chern class is rather abstract, and we will not discuss it here. Intuitively, what is required
in definition 2.1.14 is that the curvature of the line-bundle bundle is equal, up to an exact form, to the Kahler
form w.
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Let us define now, motivated by the structure of N' = 1 Supergravity, a family of (complex) rank one
bundles {£(#? g € R,7 € R} over a K&hler manifold (M, w, J) such that, given a section W € I' (£(¢9), on the
overlap of two patches U(,) and Ug), W and K are related as follows

Wia) = e—(qf+q‘f)/2W(m ’ Ky =K@ + f+ f, (2.31)

and define the Kdhler (connection) 1-form Q as

Q = (2i) 1(dz'8:K — dZ'G;K) (2.32)

such that the covariant derivative on sections of £(%9 is given by

9, =V;+199;, D; = V; —179;, (2.33)

where V is the standard covariant derivative associated to the Levi-Civita connection on M. The K&dhler connection
one-form, on the overlap of two patches U,) and Ug), is related as follows

Qa) = Qp) — 507 - (2.34)

Then, for ¢ = 1, § = 0, W € T' (£(19)) is the superpotential of N' = 1 Supergravity and £(::?) is a line-bundle
which is also Kahler-Hodge in the sense of definiton 2.1.14. That is, the curvature of the line-bundle, obtaining
by computing [D;,D;] is equal to the w up to an exact form, which in this case is zero. Other objects of N' =1
Supergravity correspond to sections of £{29 for other values of g and .

A Kahler-Hodge manifold provides the formal starting point for the definition of a Special K&dhler manifold:
Special Kiahler Geometry appears in the scalar manifold corresponding to the vector multiplets of N' = 2 Super-
gravity. Since N' = 2 supersymmetry includes N' = 1 supersymmetry, we expect Special Kéhler manifolds to be
also Kahler-Hodge, equipped with some extra structure, which is indeed the case. Before giving the definition of
Special Kahler manifold, let us state that there are two kinds of Special Kahler geometry:

1. Rigid Special K&hler Geometry — vector-multiplet scalar field sector of N/ = 2 Yang-Mills theories.

2. Local Special Kahler Geometry — vector-multiplet scalar field sector of N' = 2 Supergravity theories.

Here we will deal with the local case, since we are interested in Supergravity. In any case, the definition for the
global case is similar to the local case, see [149].

Definition 2.1.15. A Kihler-Hodge manifold £ = M is Special Kahler of the local type if there exists a
bundle SV = SM ® L 5+ M such that for some holomorphic section Q € I'(SV) the Kihler 2-form is given

by w = 1081og (12, QM), where SM 5 M is a flat (2n, + 2)-dimensional vector bundle with structure group
Sp(2n, + 2, R).

QuQM = (Q | Q) denotes the hermitian and symplectic inner product of fibres. M,N,--- = 1---2n, + 2 are
called symplectic indices, and can be decomposed in two sets of indices A, 2 --- = 1,--- ,n, + 1 such that, for
example, the section Q would be written as Q¥ = (X*, F,)T, and therefore we have

QQ) = XAFA-XAFa=—1eF,
A
Q:(;(__E> 4 a0 _ o, (2.35)
@) = o.

Q is everything we need to know in order to define N' = 2 ungauged supergravity in the absence of hyper-multiplets:
if we know Q™ we can write the complete Lagrangian.

It is convenient to define a covariantly holomorphic symplectic section V = e%QB, which therefore obeys

3This is the section of a different vector bundle, which cannot be holomorphic since V is related in different patches through
non-holomorphic transition functions.
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<V|V> = EAMA—EAMA:—i,
V= ct — D;V = (+i5K)V =0 (2.36)
- ME 7 - 7 Y — Yy .
PV|V) = 0
Notice if we define
MY gem
ui = @iv = ( h ’ ) , U; = ui, (2.37)
then it follows from the basic definitions that
DU = GzV (Uil = G,
_ (2.38)
WV = 0, @V = 0.

Taking the covariant derivative of the last identity (U; | V) = 0 we find immediately that (D;U; | V) =
—( U; | U;). It can be shown that the r.h.s. of this equation is antisymmetric while the Lh.s. is symmetric, so that

(Dl | V) = (U; | U;) = 0. (2.39)
The importance of this last equation is that if we group together £4 = (V,U;), we can see that (£x | £4) is

a non-degenerate matrix. This then allows us to construct an identity operator for the symplectic indices, such
that for a given section of A > I' (E, M) we have

A=1(A| V)V —i{A|V)V+i(A]| ui)gﬁ Us —i(A | L_{;)gﬁlli . (2.40)
As we have seen D;U; is symmetric in 2 and j, but what more can be said about it: as one can easily see,

the inner product with V and I/ vanishes due to the basic properties. Let us then define the Kahler-weight 2
object

Cijk = <®1‘ U; | Uk> - D, U; = z'Cijkg’“l—L_Il-, (2.41)

where the last equation is a consequence of Eq. (2.40). Since the U’s are orthogonal, however, one can see that C
is completely symmetric in its 3 indices. Furthermore one can show that

D;Cim =0, Dy Cj]kl =0. (2.42)
The period or monodromy matrix N is defined by the relations
My = NpasL”, hai = Nas % (2.43)

The relation (U; | V) = 0 then implies that A is symmetric, which then also trivializes (U; | U;) = 0.
From the other basic properties in (2.38) we find

LASMN)=L® = -1, (2.44)
LASMNAs 7 = LASmNef™; =0, (2.45)
N SmNas P = —3G5. (2.46)

Further identities that can be derived are
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(BiNas)L® = —2iSm(N)as s, (2.47)
ONps f2; = —2Cijkng9mNAzf_Ezz, (2.48)

Cie = fif%;0eNax, (2.49)
LEGNps = 0, (2.50)
ONas fBi = 20G;SmNpsLE. (2.51)

An important identity one can derive, and that will be used various times in the main text, is given by

UAE = fAGH R = —lom(W)UAR — ZALT (2.52)
whence UA* = U=A,

We can define the graviphoton and matter vector projectors

Ta 2iLp = 25L7Sm N5y, (2.53)

T'a = —fa'=-G975SmNp . (2.54)
Using these definitions and the above properties one can show the following identities for the derivatives of

the period matrix:

OiNns = 4TiaTsy,
. i -, (2.55)
ONpas = 4C5T'(wTx)-

Observe that the first of Eqgs. (2.35) together with the definition of the period matrix N imply the following
expression for the Kéahler potential:
e = 2SmN s XA XE . (2.56)

If we now assume that 7, depends on z* through the X’s, then from the last equation we can derive that

8, X" [2Fp — 0y (XFFz)] =0. (2.57)

If §;xX" is invertible as an n x 7 matrix, then we must conclude that

Fn = OrF(X), (2.58)
where F is a homogeneous function of degree 2, called the prepotential.

Making use of the prepotential and the definitions (3.24), we can calculate

’ 1
%mFAAz XA gm]'_zzl XZ
XOSmFqq XY

Having the explicit form of N, we can also derive an explicit representation for C by applying Eq. (2.50).
One finds

Nas = Fas + 2t

(2.59)

Cijk = e’caiXAGjXEGkXQ]-'Am , (2.60)
so that the prepotential really determines all structures in special geometry.

A last remark has to be made about the existence of a prepotential: clearly, given a holomorphic section Q2
a prepotential need not exist. It was shown in Ref. [142], however, that one can always apply an Sp(2n, + 2,R)
transformation such that a prepotential exists.
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2.2 Homogeneous spaces

The relevant spaces in N > 2 Supergravity are Irreducible Riemannian Globally Symmetric (LR.G.S.) spaces,
which are particular instances of homogeneous spaces (see [150-153] and references therein). We will also closely
follow the appendix of [131]. We will start by defining the concept of homogeneous space and then we will move
to the cases of interest in Supergravity, the symmetric spaces.

Theorem 2.2.1. Let H be a closed subgroup of a Lie group G, and let G/H be the set {cH : o € G} of left
cosets modulo H. Let w : G — G/H denote the natural projection w(0) = cH. Then G/H has a unique
manzifold structure such that

1. m1s C.

2. There exist local smooth sections of G/H in G; that s, if cH € G/H, there is a neighbourhood U (cH)
and a C* map 7: U (cH) — G such that o1 =1.

Definition 2.2.2. Manifolds of the form G/H where G is a Lie group, H is a closed subgroup of G, and the
manifold structure is the unique satisfying theorem 2.2.1, are called homogeneous manzifolds.

Definition 2.2.3. Let n: G x M — M be an action of G on M on the left. We denote n,(m) = n(o, m).

1. The action is called effective if the identity e of G is the only element of G for which 7, is the identity map
on M.

2. The action is called transitive if Vp,ge M J o€ G/ n,(p) =g

3. Let pg € M and let H = {0 € G : 15(po) = po}. Then H is a closed subgroup of G, the isotropy group at
mo.

4. The action 7 restricted to H gives an action of H on M on the left with fixed point mg. It can then be
proven that a : H — Aut(Tp, M), where a(c) = dn, (Tp, M), is a representation of H, the linear isotropy

group at pg.

Theorem 2.2.4. Let n x M — M be a transitive action of the Lie group G on the manifold M on the left.
Let pg € M, and let H be the isotropy group at pg. Then the map f: G/H — M given by B(cH) = ns(po)
1s a diffeomorphism.

Proof. See [152], Theorem 3.62.

If G is a Lie group and H a closed subgroup of G, then there is a natural transitive action ! of G on the
homogeneous manifold G/H on the left, namely [ : G x G/H — G/H given by l(o,7H) = o7H.

A manifold G/H of the kind defined in 2.2.2 is called homogeneous because it admits a transitive action
of a group, in particular of G. Thanks to theorem 2.2.4 we know that the converse is also true, if a manifold M
admits a transitive action of a group G, then it is diffeomorphic to G/H, where H is the isotropy group of the
action.

Theorem 2.2.5. If the isotropy group H of a homogeneous space G/H is compact, then it can be equipped
with a G-invariant Riemannian metric.

Proof. See [154], theorem 1, chapter 4.

Notice that, under the assumptions of 2.2.1, G/H is a differentiable manifold, but it may not be a Lie group
itself. The following theorem gives a sufficient condition for that to happen.

Theorem 2.2.6. Let G be a Lie group and H a closed normal subgroup of G. Then the homogeneous
manifold G/H with its natural group structure is a Lie group.

Proof. See [152], theorem 3.64.

The non-linear o-models appearing in extended Supergravity are homogeneous manifolds G/H, but H is in
general not a normal subgroup of G, and therefore we cannot use the tools available for group manifolds in order
to study them. They are, however, of a particular kind: they are symmetric spaces, a specific type of homogeneous
manifold, and in addition, its isotropy group H is compact. Therefore, they can be endowed with a G-invariant
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Riemannian metric. We will thus consider Riemannian symmetric spaces, since they are the ones appearing in the
non-linear o-models of extended Supergravity.

A Riemannian symmetric space is a Riemannian manifold (S, G) with the property that the geodesic reflec-
tion at any point is an isometry of S. That is, Vp € M I s, € Iisometries (M) with the properties

sp(p) =p,  (dsp), =-1. (2.61)

As a consequence of this definition, every symmetric space S is homogeneous: S can be shown to admit the
transitive action of a Lie group G, which is indeed the isometry group of the Riemannian metric G.

Definition 2.2.7. A symmetric space S is precisely a homogeneous space with a symmetry s, at some point
peES.

For our purposes it is therefore better to characterize a symmetric space in the form G/H (which is possible since
they are homogeneous), where G is its isometry group and H a closed subgroup of G, through the following result

Theorem 2.2.8. Let G be a connected Lie group with an tnvolution o : G — G and a left tnvariant metric
G, which is also right invariant under the closed subgroup K = {g€G,9° =g}. Let K be a closed subgroup
of G with K° ¢ K c K where K° denotes the connected component (identity component) of K. Then
S = G/H is a symmetric space where the metric s induced from the given metric on G. Every symmetric
space S arises this way.

Proof. See [153], theorem 4.1.

Lemma 2.2.9. A vector space decomposition g =t@®h of a Lie algebra g s the eigenspace decomposition of
a order-two automorphism o of g if and only if

h,b] Ch, bt Ct, [, Ch, (2.62)

A decomposition of Lie algebra g = t ® h obeying lemma 2.2.9 and such that ad (h), s the Lie algebra of
a compact subgroup of GL(t) is called the Cartan decomposition, and the corresponding involution o the
Cartan involution. We have the following result

Theorem 2.2.10. Any symmetric space S determines a Cartan decomposition on the Lie algebra of Killing
fields. Vice versa, to any Lie algebra g with Cartan decomposition g = t @ b there exists a unique simply
connected symmetric space S = G/H where G is the simply connected Lie group with Lie algebra g and H
15 the connected subgroup with Lie algebra b.

Proof. See [153], theorem 4.2.

The extended Supergravity scalar manifolds are symmetric spaces: they are of the form G/H, where G is
the non-compact real form of a simple, finite-dimensional, Lie group and a H is its maximal compact subgroup,
which is the isotropy group of the manifold. It is equipped with a G; X Hg invariant Riemannian metric, which
has strictly negative definite signature.

Definition 2.2.11. An Irreducible Riemannian Globally Symmetric space is a symmetric space with strictly
negative definite metric signature.*

We have arrived therefore to the specific kind of scalar manifolds appearing in the non-linear o-models of extended
four-dimensional Supergravity. In order to implement electromagnetic duality rotations in the theory, as it will be
explained in section 3.1, it is needed to embed the group G appearing in the Supergravity scalar manifold G/H
into the symplectic group Sp(27, R), or, going to a complex basis, into Usp(n, ), a procedure that can be always
performed in Supergravity. Therefore, all the scalar manifolds can be described by a Usp(7n, ) matrix U which is
constructed in terms of the matrices®

f= ™), h=(hars, hai), (2.63)

4In our conventions, the o-model metric is positive definite. Therefore it is minus the metric of the corresponding I.R.G.S. space.
5When we multiply these matrices we must include a factor 1/2 for each contraction of pairs of antisymmetric indices I.J.
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which formally are sections of the following trivial flat, symplectic bundle

GxyR™— G/H (2.64)

I,J =1,...N are the graviton-supermultiplet, or equivalently U(N), indices and #(= 1,...n,) are indices labeling
the vector multiplets, and the embedding then imposes that

-1
A=n+ % . (2.65)
This information is represented in the following table:®
(M]3 | 4 [5][6]8]
n n n 0 1 0
n|n+3 | n+6| 10| 16 | 28
Using the above matrices one can then embed the generic scalar manifolds as
_ a1 ( f+ih f+ik
U_x/§<f—z'h Flan ) (2.66)
The condition that U € Usp(7, 72)
1 0 1 0 0 1 0 -1
-1 _ i _ T
o= (0 S)o(e S)=(h o) (1 7)
(2.67)
4 (et —(f Rt
T V2 —(f—1th) f+1h !
leads to the following conditions for f and h:
i(fTh—hlf) =1, ffh—hTf=0. (2.68)
In terms of the symplectic sections
s > ( it )
Vs = , Vi = , 2.69
7 ( hary hp; (2:69)
these constraints take the form”
<V]J | DKL> = —2i5KL1J,
o ' (2.71)
Wi |V = =167,

with the rest of the symplectic products vanishing.
The left-invariant Maurer-Cartan 1-form can be split into the Vielbeine P and the connection 2 as follows:

g [ Q2 P
r=u dU_< I EE (2.72)
Thus, the different components of the connection are
o (X1 Do\ _((UdVes | V) i(dVrg | V) (2.73)
QKL QI Wav; | VELY  av; | V7) ! '

6 Observe that N’ = 6 has n = 1, even though there are no vector supermultiplets in this case.

"We use the convention
(A]| B) =B Ap — BAAD . (2.70)
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and those of the Vielbeine are

P < Pxrr; Pjrs ) _ ( —i(dV1s | VL) —u(dVis | V;) )
Pxii Py —{dV; | Vrr)  —u(dVi | V;)

The period matrix NMpx is defined by
N=hft=NT,
which implies properties which should be familiar from the N = 2 case: for instance
Dhp = NasD 2, hn =Nasf>,
and
(gm/\/)—u/\z: _ %fA”fzu 4 AR

which can be derived from the definition of N and Eq. (2.68).

We also quote the completeness relation

N

2 VP =3 IV |+ v - 1D =

Defining the Hayu: X Hpratter covariant derivative according to

DY =dV -VQ,
and using Eq. (2.76) we obtain from (2.73)

and from (2.74)

Piyxr = —2f"1SmNas Df%k1,
. _ Ak >
Py = —2f%SmNys Df%1s,
B = —2f%SmNas DFF;.

The above equation can be inverted to give

Ofty = P+ LM Poke,

of' = P+ 5 Py,

using Eq. (2.77).
The definition of the covariant derivative leads to the identities

(DV | V) =0, (DV | V)=(dV | V) =1iP.
The inverse Vielbeine P//KL PHJ P satisfy (here A labels the physical fields)

SIJKL A 1JKL 5ilJ A I
P Pyyopa =416 mnop, PV fPjgra=26"6"kr.

Their crossed products vanish but their products with P;; 4 do not.
We find

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(2.81)
(2.82)

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)
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(DaVys | DEVEL) PN aPEIMN g 4 Py A PR g (2.88)
(DaVrs |DV') = EPrkpaP™*p+iPj;aPp, (2.89)
(DaVi | DBV') = LPysjaP'p+iPypaP’*p, (2.90)
while (DaVis | D8Vkr) = (DaVis | DVi) = (DaV; | DpV;) =0.
Using the definition of the period matrix Eq. (3.39), equation (2.76) and the first of Egs. (2.68) we get
dN = 4SmN D ffT SmN . (2.91)
This expression can be expanded in terms of the Vielbeine, using Egs. (2.84) and (2.85)
ANy, = iSmNr (A SmNg)q [Proxp f117 f5E + 4P, FU 7 + ap; U 9] (2.92)

and, using Egs. (2.87) and taking into account that their contraction with P;; does not necessarily vanish, implies

- d
PIJKLA
6¢ANAE

. E)
PzIJAWNAE

_ 0 -
IJKLA
P 73¢ANAE

_ 8 _
PZIJAWNAE

44SmN(ASmNz) fAUII FAIKLT (2.93)
8:SmNg(a SmNoya fH FA17 (2.94)
—4iSmNg(A SmNsy o PITELAPY , £, £4 (2.95)
—4iSmNg (A SmN5y o P APIK  §9, £8 (2.96)

Using the Maurer-Cartan equations dI' + I' AT = 0 and direct calculations we find that the curvatures of Q%% ;

and Q7; are

RKL[J — dQKL[J+ %QKLMN /\QMNIJ
= —FPKIMN A Pyn — PEE APy, (2.97)
= —i(DVys | DVELY, (2.98)
Ry = dO,+Qu AQF = -1PT AP, — P* APy (2.99)
= —(DV; | DV7). (2.100)

The vanishing of the curvature of Q*;; leads to

%P[JKL A PEL + Pj[] A PY = —’i<©V[J | @T}z> =0. (2.101)
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Chapter 3

Extended ungauged Supergravity in four
dimensions

After the mathematical background provided in chapter 2, we are ready to summarize the geometric formulation
of extended four-dimensional ungauged Supergravity, following [149, 155], where the interested reader will find a
more detailed exposition. In the case of N' = 2 Supergravity, we will focus only on the vector multiplet sector, given
that black hole solutions with non-trivial hyper-scalars are believed to be singular since they would have scalar
hair and it is always consistent to set the hyper-scalars to a constant value. We start by reviewing electromagnetic
duality in a class of gravity theories coupled to scalars and vector fields that includes the bosonic sector of any
ungauged Supergravity.

3.1 Extended electromagnetic duality

For this section, the basic references are [141, 156, 157]. An excellent review and extension of these works can be
found in [158]. We are going to consider four-dimensional theories of the general form

I= /d4m\/|g| {R+ G;j(¢)0,9"0*¢ + 2SmNyn F* ) FZH — 2ReNpn F*,, x FZ# ]} (3.1)

which includes the bosonic sectors of all four-dimensional ungauged supergravities for appropriate o-model metrics
Gi;(¢) and (complex) kinetic matrix Nax(¢), with negative-definite imaginary part (see sections 3.2 and 3.3). The
indices ¢,7,... = 1,...,ns run over the scalar fields and the indices A, %,... =0,...,n, over the 1-form fields.
Their numbers are related only for N' > 2 supergravity theories.

We denote to the equations of motion corresponding to the action (3.28) by

1 4éS 1 48 0S

1
&t =—rrer—, b=, AWE (3.2)
T o2yfeldens T 2y/[g] 8¢ 8/1g] 64N
and denote the Bianchi identities for the vector field strengths by
B = v YFhvE (3.3)
The explicit form of the equations of motion can be found to be
g;w = G;w + gij [augbiauqu - %guuapd)iapq&j]
+8SmNpn FA T PFE (3.4)
. 1 . .
€ = Vu(Gi0"¢") — S0:Gik0,¢'0°6" + B[ Fn" FP ], (3.5)
Ext = V EH, (3.6)

33
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where we have defined the dual vector field strength By by

s __ 1 S
Apv = 4 /|g|6*FAlJV

Let’s focus our attention on the equations of motion for the vector fields (that is, the Maxwell identities) Ep#
together with the Bianchi identities B*# and define the doublet

= .SRGNAEFEW, +E?mJ\/Ag*FEW. (3.7)

B,
e = : (3.8)
En u

where M = (A, A). The Maxwell and Bianchi identities can be now succinctly written as

ey =o, (3.9)

and therefore they admit as a symmetry an arbitrary GL(2n, + 2, R) rotation acting on M. That is

el =0=aMyell =0, AeGL(2n, +2,R). (3.10)
It is convenient to write 2l in terms of (n, + 1) X (n, + 1) blocks

D C
A = , (3.11)
B A

These transformations act in the same form on the vector of 2n, + 2 two-forms

FA
FM = , MMyl (3.12)

Fy

However, F, is not an independent set of fields, it is related to F* by Eq. (3.7), and therefore we must require the
same definition to hold for the transformed £ in terms of the transformed action S’ and the transformed F'%,
that is, we require that

A L& (3.13)
Apv — 4 |g| 6*F,AI“/- .

In order to implement (3.13) consistently, we have to consider simultaneously a transformation £ € Diff (Mscalar)
on the scalar manifold Mjcaor, since imposing (3.13) requires the scalar matrix My to transform in a prescribed
way, which in turn has to be implemented through a transformation of the scalars. Therefore, we assume the
existence of a group homomorphism

i: Diff (Mscatar) — GL (21, + 2,R) , (3.14)

which maps every diffeomorphism ¢ € Diff (Mgcalar) to a general linear transformation i(§) € GL(2n, + 2,R).

Using the homomorphism i we can define now a simultaneous action of ¢ in all of the fields of the theory.
Writing schematically ¢’ = £ (¢), we define the action of an arbitrary diffeomorphism ¢ € Diff (Mgcalar) on the
theory (3.28) to be given by [149]

{6, F" Nax} 5 {¢, ()" wF" N5 ()]} (3.15)
and consistency with Eq. (3.13) requires that

N'(¢') = (AN (¢) + B)(CN (¢) + D) *. (3.16)

Furthermore, the transformations must preserve the symmetry of the period matrix, which requires



3.2. N =2, D=4 UNGAUGED SUPERGRAVITY 35

ATc =C74, DTB=BTD, ATD-cTB=1, (3.17)

i.e. the transformations must belong to Sp(2n, + 2,R). Therefore, the homomorphism i must be reduced to

i: Diff (Mscatar) — Sp (21, + 2,R) . (3.18)

Notice that (3.18) can never be an isomorphism, since Sp (2n, + 2,R) is a finite-dimensional Lie group and
Diff (Mscalar) is infinite-dimensional. The above transformation rules for the vector field strength and period
matrix imply

SmN' = (CN* + D) TSmN (CN + D)1, F'' = (CN* + D)psFE T, (3.19)

so the combination SmAN gz F4+ u’ FA ~,, that appears in the energy-momentum tensor is automatically invariant.

So far, the situation is the following: we have noticed that the set of Maxwell and Bianchi identities admit
a global group of linear symmetries given by GL (2n, + 2,R). In order to define an action consistent with (3.13)
we have to impose three conditions

1. The transformation group mas be reduced from GL (2n, + 2,R) to Sp (2n, + 2,R)

2. The Sp(2n, + 2, R) rotation must be performed together with a transformation on the scalars, given by a
diffeomorphism ¢ € Diff (Mscalar)-

3. The couplings of scalars and vector fields Njx must transform as indicated in (3.16).

So, as long as our kinetic matriz Ny obeys (3.16) we can consistently define symplectic/duality rotations on
the theory in such a way that they act as symmetries of the Maxwell and the Bianchi identities. Notice that this
does not mean at all that the duality rotations are symmetries of the action: duality rotations are not even a
symmetry of

IMaxwell = /d4$\/ |g| {—1—23111/\/’/\2}71\’“,1‘7’2#” — 2§ReNAEFAHV *FZIW} , (3.20)

1.e., the part of the Lagrangian corresponding to the vector fields. But on top of that, we are considering arbitrary
scalar diffeomorphisms, which will not preserve the non-linear o-model nor the equations of motion for the scalars.
Therefore, if we require at least the duality rotations to be symmetries of the equations of motion, we have to
consider not arbitrary diffeomorphisms but only isometries of the scalar metric G;;(¢$), which are exact symmetries
of

]Scalars = /d4m\/E{gzj(¢)6u¢za#¢]} - (3'21)

Therefore, the homomorphism i must be again reduced to

i: Isometries (Mscatar, Gij) — Sp (2n, +2,R) . (3.22)

Thus, the duality/symplectic transformations, i.e. global symmetries of the equations of motion, are the isometries
of the scalar manifold. considered as a Riemannian manifold equipped with the metric G;;, which act on the scalars
as usual diffeomorphisms and on the vector fields linearly through the homomorphism (3.22), as long as the matrix
NQ|sigma transforms as prescribed by (3.16).

It can checked that the strict symmetries of the Lagrangian are the isometries of the scalar manifold with a
block diagonal embedding on the symplectic group Sp (2n, + 2,R), and the symmetries of the Lagrangian up to
a total derivative are those whose embedding obeys C = 0.

3.2 N =2, d=4 ungauged Supergravity

N = 2 four-dimensional Supergravity makes reference generically to any four-dimensional theory of gravity
invariant under two supersymmetries. Here we will consider such theory up to two derivatives in the Lagrangian
and in the absence of gauings, and in consequence, we call it ungauged four-dimensional classical Supergravity.
The matter content of the theory is the following
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1. Gravitational multiplet: (e%,,9’,4;, A®), where €9, is the Vielbein (together with the spin connection
one-form w®®), ¥y is an SU(2) doublet of gravitino one-forms, and A° is the graviphoton one-form.

2. n, vector supermultiples: (A*, A, X\, 2%), where A" 1 =1,--- ,n, is a one-form, X} is a zero-form spinor,
and 2* is a complex scalar. The scalars 2* parametrize the n,-dimensional base of a Special K&dhler bundle
SV.

3. np hypermultiplets: (Xa, X%,q%), Where x, is zero-form spinor (a =1,---,2n), and four real scalars
(u=1,---,4n) which parametrize a 4nj-dimensional Quaternionic manifold HM .

It is convenient tu define a new index A = (0,t¢), which allows to write all the vector fields of the theory as
{Aﬁ ,A=0,--- ,nv}. Since we are interested in bosonic solutions, we will set all the fermions to zero, which is
always a consisten truncation. The general bosonic Lagrangian is given by

S = /d4:1c lg] (R+ Gi; (2,2) @zia"ii + huy () 8,9" 0"
+ 2SmNjpx (z2,2) FY 0 FP# — 2ReNnx (2,2) FR 0 x F2H) |

Observe that the canonical normalization of the vector fields kinetic terms implies that SmAN}x; is negative definite,
as is guaranteed by special geometry [142]. The equations of motion for the hyper-scalars corresponding to (3.23)
are given by

gyaﬂqu — vyaﬂqu + vauaﬂqvaqu — 0, (3'23)

where 'y, * are the Christoffel symbols of the 27¢ kind for the metric hy,. Therefore, it is always consistent to
truncate the hyper-scalars to a constant value ¢* = ¢, and we will do so in the sequel, since black hole solutions
with non-trivial hyper-scalars are believed to be singular, since the would develop scalar hair. Let’s state for
completeness that the scalars ¢* parametrize a Quaternionic manifold [159], ¢.e. a Riemannian manifold of special
holonomy, which will not be discussed here.

As a consequence of supersymmetry, the metric G5 (z, z) of the non-linear 0 model and period matriz Nas (2,2)
are constrained in a very precise way. We have the following structure

1. The scalars z* parametrize a Special Kahler manifold!: a holomorphic non-trivial flat tensor bundle SV =
SM ® L with structural group Sp (2n, +2,R) @ U(1).

2. All the couplings of the theory (in the absence of hyper-multiplets) can be constructed in terms of the
holomorphic section 2 € T' (SM) or the covariantly holomorphic symplectic section V.

Since we are interested in bosonic configurations, the only couplings that we need to consider are those of vector
fields and scalars, given by the period matrix Mys (z,Z). It can be shown that, in terms of the covariantly
holomorphic symplectic section V, Nax (z, Z) is given by [160]

My = NpsLZ, hai = N*as =i, (3.24)

where My, LZ hy; and f¥; have been defined in (2.36) and (2.37).

Notice that Eq. (3.24) implies that Njx (2,Z) transforms under diffeomorphisms of the base space as
required by (3.16). Therefore, we can apply the formalism of section 3.12 and conclude that the equations of
motion of ungauged N' = 2 Supergravity enjoy duality invariance. The same conclusion holds in the presence of
hyper-multiplets.

To summarize, four-dimensional ungauged N’ = 2 Supergravity in the absence of hyper-multiplets is com-
pletely specified once the Special Kahler bundle SM describing the self-interactions of the vector multiplets is
given. As explained in chapter 2, specifying such bundle is equivalent to specify the holomorphic symplectic sec-
tion, which is equivalente, when it exists, to specify the second-order homogeneous prepotential F'(X). Therefore,
four-dimensional ungauged N' = 2 Supergravity in the absence of hyper-multiplets can be completely specified in
terms of just a function, the prepotential.

1For more details about Special Kéhler geometry, see chapter 2 and references therein.
20Obviously the action (3.23) is a particular case of (3.28).
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3.2.1 Type-IIA String Theory on a Calabi Yau manifold

Let’s consider a particular example of ungauged N' = 2 Supergravity embeddable in String Theory. In particular,
we are going to consider the class of Supergravities that are obtained by compactifying Type-IIA String Theory
on a Calabi Yau manifold in the absence of fluxes. We will come back to this example in chapter 7, obtaining
some of its black hole solutions. As in the previous section, we will omit the hyper-scalar sector.

Type-IIA String Theory on a Calabi-Yau threefold yields four-dimensional, ungauged, N’ = 2 Supergravity,
given by [14, 161-163]

L xRIXR x((3) | i(X°)? - 2mid; XL
F(X)— gﬂi]‘k XO +Z2(27‘(‘)3 + (27[')3 {;n{dl}lfkg e y

where Liz(z) = > oy z—: is the third polylogarithmic function,  is the Euler characteristic of the Calabi-Yau, ¢(3)
is the Riemann zeta function of 3, ny4,} is the number of genus 0 instantons® and n?jk are the classical intersection

numbers. Using special coordinates z* = fg—z we can write the prepotential as follows (gauge X° = 1)

1 ik, - x€(3) 1 . mid;z*
F = _gngjkz 272% + 12(27r)3 + (27r)3 Z:'n{di},Lz3 (62 ) ,
{di}

The theory defined by (3.25) is extremely involved due to the infinite sum of polylogarithms. We can simplify it
by considering the large-volume compactification limit Smz* — oo, where the prepotential is given by

1 .
— 0 % k
Fo = — gy ke 272" .

Let’s consider now the compactification on a specific Calabi-Yau threefold, the Quintic manifold. The effective
theory of Type-IIA String Theory compactified on the Quintic C.Y. three-fold, in the large-volume compactification
limit, is given by* [14, 161]

Fo=—t°.

Let’s construct the bosonic Lagrangian. First, we need the geometric data of the Special Kahler manifold relevant
to construct the Lagrangian, that is, the scalar metric and the covariantly holomorphic symplectic section. Using
the formulae of chapter (2) we obtain

=3
ICEE

We can identify the Special Kéhler manifold corresponding to (3.25), which is an homogeneous, symmetric space:

Gz VT = (1,t,¢%,-3¢7) .

SU(1,1)

M=

(3.25)

Such geometry would be completely modified if we were to introduce the constant and the polilogarithmic correc-
tions on the prepotential: the scalar manifold would not be an homogeneous space anymore!

With (3.25) we can now compute Npq, using (3.24). The result is

BN —2R3  3R? (3.26)
e = , 3.26
7 3R2 6%
— (G2 + 3R%G) 3RS
Im N[J = y (3.27)
3RS -3

where ® = Re(t) and & = Im(¢). Therefore, the bosonic Lagrangian, in the absence of hyper-multiplets, of
Type-IIA String Theory compactified on the mirror Quintic manifold, is finally given by

3That is, the number of distinct holomorphic mappings of the genus 0 world-sheet onto holomorphic two-cycles with degrees {d;}
4Up to an unimportant constat for our purposes,
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tort
S = /d4:c 9| (R - 3(’?“%2 +2SmNyx: (2,2) FA L, FPH — 2ReNas (2, 2) FA,,,,*FEW> .

3.3 N > 2, d=4 ungauged Supergravity

The structure of four-dimensional ungauged N' > 2 Supergravity is very similar to the structure of four-dimensional
ungauged N = 2 Supergravity coupled to vector multiplets. A similar symplectic formulation, that is, based on
the construction of a vector bundle with a symplectic structure group over the scalar manifold can be realized, and
all the couplings of the theory written in terms of a section of such bundle. The basic reference for this section is
[155], where a much more detailed exposition can be found. We will use the notation and conventions of [112, 131].

If we restrict ourselves to theories with maximum spin two, we can conclude that the amount of supersym-
metry is constrained to be less or equal than eight N’ < 8%. In addition, we will consider only terms up to two
derivatives on the Lagrangian. As in the N/ = 2 case, all the N' > 2 Supergravities contain in the lagrangian a
non-linear o model of the form

-[Scalars = /d4$\/m{g1j(¢)a,u¢lau¢1} - (328)

As we saw, for N = 2 ungauged Supergravity coupled to vector multiplets, the scalars parametrize the base space
of a Special Kéhler bundle, whose defining section V specifies the N' = 2 model, since the Lagrangian, couplings
and scalar metric, can be completely specified in terms of V. Here the situation is similar. However the eztra
amount supersymmetry imposes stronger constraints on the theory, and now the Riemannian scalar manifold
(Mscalar, Gi;) has to be an Irreducible Riemannian Globally Symmetric space®” [150]. Therefore, all the o-models
for N' > 2 Supergravity are of the form

G
Mscatar = E (329)
where G is the group of isometries of the scalar manifold (Mscalar, Gij) and H is its isotropy group. In particular,
for N' > 2 Supergravity G is the maximally non-compact real form of a simple Lie group, which depends on the
particular N' > 2 Supergravity. The different groups appearing in Supergravity N' > 2 are summarized in table
3.3. The isotropy group H is in turn of the form

H:HAXHM, (3.30)

where Hp corresponds to the automorphisms group of the corresponding supersymmetry algebra, and Hy is
related to the matter vector multiplets. When matter cannot be incorporated to the theory, namely for N' > 4,
we have Hy = I. The geometric formulation of A’ > 2 can be given in terms of an specific fibre bundle over %,
namely, a trivial flat symplectic bundle of the form [155, 158]

G
G xyR™ > T (3.31)
which justifies its construction in section 2.2. The couplings of the theory can be obtained now from the symplectic

section V;; defined in 2.69.

All the four-dimensional ungauged N’ > 2 Supergravities can be described in a unified way. In particular,
all the Supergravity N/ > 2 matter contents can be written in the same generic form; we only need to take into
account the range of values taken by the U(N) R-symmetry indices, denoted by uppercase Latin letters I etc.
taking on values 1, --- ,\V/, in each particular case. Only fields and terms that should be considered are those whose
number of antisymmetric SU(N) indices is correct, i.e. objects with more than N antisymmetric indices are zero
and terms with Levi-Civita symbols €2/ should only be considered when M equals the N of the supergravity
theory under consideration. There are also constraints on the generic fields for specific values of N that we are
going to review.

The generic supergravity multiplet in four dimensions is

5That is, thirty two real charges, if we consider Majorana spinors.
6See section 2.2 for more details.
7Notice that Gij is minus the metric of the Supergravity o-model.
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{ea}u'[/}I/uAIJM;XIJKaXIJKLM’PIJKLM} ) [1‘]7"':1"" 1N’ (332)
and the generic vector multiplets (labeled by : =1, -+ ,n) are
{Ai,u,’)‘il’)‘iIJK)PiI.],u} . (333)

The spinor fields ¥y, X175, X 7K™, X1, A\;77% have positive chirality with the given positions of the SU(N)
indices.

The scalars of these theories are encoded into the 2n-dimensional (7 = n + W) symplectic sections
(A=1,...72) Vr; and V; (see section 2.2). They appear in the bosonic sector of the theory via the pullbacks of the
Vielbeine Prjxr, (Supergravity multiplet) and P, (matter multiplets)®. There are three instances of theories
for which the scalar Vielbeine are constrained: first, when A = 4 the matter scalar Vielbeine are constrained by
the SU(4) complex self-duality relation®

N =4z prild = 1JKL Py (3.34)

Secondly, in N/ = 6 the scalars in the supergravity multiplet are represented by one Vielbein P;; and one

Vielbein Pj g, related by the SU(6) duality relation

N =6z Pl o= LIKKape p (3.35)

and lastly the A = 8 case, in which the Vielbeine is constrained by the SU(8) complex self-duality relation

N =8: plvlio Leheldidap, o (3.36)

These constraints must be taken into account in the action.

The graviphotons A « do not appear directly in the theory, rather they only appear through the “dressed”
vectors, which are defined by

Ab =LA AT (3.37)

For N' > 4 the larger amount of supersymmetry implies that the theory is unique: no matter can be added and
all the fields belong to the gravitational multiplet. Therefore, the scalar manifold is also completely fixed, as can
be seen in table 3.3.

As in the N = 2 Supergravity case, we are only interested in the bosonic part of the Lagrangian, since we
are going to consider exclusively bosonic solutions. The bosonic Lagrangian is again of the form

S = /d4.’12 |g| [R+2SmNA2FA“yFE#,,—ZRGNAEFA”V*FE#,,
(3.38)

2 IJKL i1
+aa1 P wProxc* + aaP**7 Pk,

where M5 is the generalization of the N' = 2 period matrix, defined in Eq. (3.39), and where the parameters
a1, ay are equal to 1 in all cases except for N = 4,6 and 8 as one needs to take into account the above constraints
on the Vielbeine: as = 1/2 for N' = 4, a; + az = 1 for N' = 6 (the simplest choice being as = 0) and a; = 1/2 for
N = 8. The action is good enough to compute the Einstein and Maxwell equations, but not the scalars’ equations
of motion in the cases in which the scalar Vielbeine are constrained: these constraints have to be properly dealt
with and the resulting equations of motion are given below. The period matrix Nax is defined by!°

N=hft=NT, (3.39)

8The Vielbeine P;; ,, either vanish identically or depend on Prjkry and Pirj,, depending on the specific value of N. Thus, they
are not needed as independent variables to construct the theories.

9 In order to highlight the fact that an equation holds for a specific N only, we write a numerical variation of the token “N = 4 ::"
to the left of the equation.

105ee section 2.2 for more details.
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N G/H R
SU(3,n,
N=3 SU(3)E<SU()nU) (8 +ny)e

_ SL(2,R) S0(6,n,)
N =4 0y X so(e)xs0myy | (26+1v)

_ SU(1,5)
N =5 45 20

_ SO*(12)
N=6 G 32

B
N =28 SU(;(;/)ZZ 56

Table 3.1: N > 3 supergravity sequence of groups G of the corresponding % symmetric spaces, and their
symplectic representations R

Notice that, as in the N' = 2 case, Eq. (3.39) implies that Mpx transforms under diffeomorphisms of the base space
as required by (3.16). Therefore, we can apply the formalism of section 3.1'! and conclude that the equations of
motion of ungauged N > 2 Supergravity enjoy duality invariance.

As corresponds to the general formalism explained in section 3.1, the isometry group, for each N' = 3,...,8
must be embedded in the corresponding symplectic group, something which is always possible. As explained in
section 2.2, the isometry group of I.G.R.S spaces is G itself. The scalar manifold for all N' > 2 Supergravities,
together its symplectic representation, is detailed in table 3.3.

1 Obviously the action (3.38) is a particular case of (3.28).



Chapter 4

Supergravity black holes

In this chapter we are going to obtain the form of the most general black hole solution of four-dimensional, ungauged
Supergravity®, using the so-called conform-static coordinates, since they provide a universal way, that is, model
independent, to identify the extremal limits and the horizon of the black hole. As a result, these coordinates allow
a general study of the attractor behavior of several physical quantities on the event horizon of the black hole,
yielding, as a plus, simplified equations of motion.

We will then use the (previously obtained) general form of a Supergravity black hole to identify its hidden

conformal symmetries, extending them to a full Virasoro algebra, which provides the link to the dual conformal
description of the microscopic degrees of freedom of the entropy.

4.1 The general form a Supergravity black hole

We are going to consider black-hole solutions of four-dimensional theories of the general form
I= /d4$\/|g| {R+ G;j($)0,9'0*¢’ + 2SmNpn F* ) FZH — 2ReNpn F*,, x FZ# ) (4.1)

which, as explained in chapter 3, includes the bosonic sectors of all four-dimensional ungauged supergravities for
appropriate o-model metrics G;;(¢) and (complex) kinetic matrix Ny (4), with negative-definite imaginary part.
The indices 2,7,... = 1,...,n, run over the scalar fields and the indices A,%,... =0,...,n, over the 1-form
fields. Their numbers are related only for N > 2 supergravity theories. Since we want to obtain static solutions,
we consider the metric

ds? = e?Vdt? — ey, ,dz™dz™, (4.2)

where Ymn is a 3-dimensional (transverse) Riemannian metric, to be specified later. Using Eq. (4.2) and the
assumption of staticity for all the fields, we perform a dimensional reduction over time in the equations of motion
that follow from the above general action. We obtain a set of reduced equations of motion that can be written in
the form?

Vm (9A33m¢~53> — 1049BcOmdP0m4° = 0, (4.3)
R + Gap0m$*0,6° = 0, (4.4)
Om¥" Oyxn = O, (4.5)

where all the tensor quantities refer to the 3-dimensional metric v,m», and where we have defined the metric Gap

2
GaB = Gi; , (4.6)
4672UMMN

n fact, we are going to obtain the form of the most general static, spherically symmetric solution of the action (4.1), which
basically covers any theory of gravity coupled to scalars and vector fields, up to two derivatives.
2See Ref. [78] for more details.

41
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(T+RIMR)ax —(RIL)A®
(MMN) = , %AE = EReNAz, 3/\2 = gII].NAE , (47)
_(j—lm)/\z (j—l)AE

in the eztended manifold of coordinates ¢4 = (U, ¢, %™, xa).

Egs. (4.3) and (4.4) can be obtained from the three-dimensional effective action

I= /d% I {R+gA36m$Aaﬂ$B} , (4.8)

to which we have to add as a constraint the Eq. (4.5).

In order to further dimensionally reduce the theory to a mechanical, one-dimensional, problem, we introduce

the following transverse metric
dr?  dQ2
TmndrTdz™ = we + w2
where W, is an arbitrary function of 7 and d22 is the metric of the 2-dimensional symmetric space of curvature
k and unit radius:

(4.9)

dQfy, = d6® +sin’0d4”, (4.10)
dQf ;) = db’ +sinh’6d¢?, (4.11)
0%,y = d6*+d¢*. (4.12)

Notice that for ¥ = 1, Eq. (4.2), assuming Eq. (4.9), is the most general spherically symmetric, static metric of
a four-dimensional space-time. In the three cases kK = 1,0, —1 the equation for W, (7) can be integrated and the
result is

inh
w, = -°SnRreT (4.13)
To
h
W, = <o8areT (4.14)
To
+ FroT
Wy = ae . (4.15)

a is an arbitrary real constant with dimensions of inverse length and 7 is an integration constant whose interpreta-
tion depends on k. We are interested in the case k = 1, corresponds to asymptotically flat, spherically symmetric,
static black holes. The case £ = 0 has been recently studied in Ref. [137] and corresponds to a rich spectrum of
Lifshitz-like solutions with hyper-scaling violation. The case kK = —1 has been studied in [164] and corresponds to
topological solutions with a particular singular behavior.

Remarkably enough, in the three cases (4.13), (4.14) and (4.15) we are left with the same equations for the
one-dimensional fields, which are given by

d d¢B d¢B dgc
ar (gABdT> B (416)
dg? dgc
Qac—jT —jT = 2r. (4.17)

The electrostatic and magnetostatic potentials 4", xa only appear through their 7-derivatives. The associated
conserved quantities are the magnetic and electric charges p”*,qs and can be used to eliminate completely the
potentials. The remaining equations of motion can be put in the convenient form

U'+e"Von = 0, (4.18)
(U +5Gi¢"'¢"" + " Viw = 13, (4.19)

(Gis¢’") — 30:G;d’'¢*' + VO Ven = 0, (4.20)
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in which the primes indicate differentiation with respect to 7 and the so-called black-hole potential Vi is given
by

A
Ven($Q) = —10MQY My,  (QM) = ( r ) . (4.21)

Egs. (4.18) and (4.20) can be derived from the effective action
Ig[U,¢"] = /dT{(U/)2 + 1G4 "¢’ — eV Von} - (4.22)

Eq. (4.19) is nothing but the conservation of the Hamiltonian (due to absence of explicit 7-dependence of the
Lagrangian) with a particular value of the integration constant rZ.

A large number of solutions of this system, for different theories of N' = 2,d = 4 supergravity coupled to
vector supermultiplets, have been found (see e.g. Refs. [76, 90, 132, 133, 165]), focusing always on the case k = 1.
With this choice of transverse metric, they describe single, charged, static, spherically-symmetric, asymptotically-
flat, non-extremal black holes. However, since the equations of motion are exactly the same in the three cases
k = 1,0,—1, these solutions are still solutions if we set k = 0, —1 in the transverse metric, and therefore they
can be used to describe Lifshitz-like and topological solutions. Hence, for each solution of the effective system of
equations we can build three different metrics, representing three different, non-equivalent space-times, that solve
the equations of motion of the original theory (this is the essence of the Bh-hvLif-T triality [138]).

To summarize, and focusing only in the & = 1 case, the metrics of all spherically symmetric, static, black-hole
solutions of the action (4.1) have the general form

ds? = e?Vdt? — e Yy, ndz™da™,
4.23
VmdzTdz? = o\’ ro 2d72+dQ2 %)
me sinhrgT sinh roT @

where rq is the non-extremality parameter and U(7) is a function of the radial coordinate 7 that characterizes
each particular solution. In these coordinates the exterior of the event horizon is covered by 7 € (—o0,0), the
event horizon being located at 7 — —oo and the spatial infinity at 7 — 0~. The interior of the Cauchy horizon
(if any) is covered by 7T € (75, 00), the inner horizon being located at 7 — +oco while the singularity is located at
some finite, positive, value 75 of the radial coordinate 7 [90].

The task of obtaining black hole solutions to the action (4.1) is therefore reduced to find the solution
(U(7),¢*(7)) of the corresponding effective, one-dimensional, system of ordinary differential equations. All the
four-dimensional fields, solving the original, four-dimensional, equations of motion, can be constructed from
(U(r), (7))%.

Using (4.23), we can compute the area of a 2-sphere at fixed radial coordinate 7 = 7y, which is given by

A(mo) = 4m f3(ro)e 2V (T, (4.24)
where ,
0
= —. 4.25
() sinhro7 ( )
Therefore, the areas of the event and Cauchy horizons, A; and A_ respectively, read

We will use Eq. (4.26) later in order to correctly interpret the near-horizon limits of the massless Klein-Gordon
equation.

4.2 Hidden symmetry and the microscopic description of the entropy

In Ref. [166] it was shown that the massless Klein-Gordon equation in the background of the four-dimensional
Schwarzschild black hole exhibits a SL(2,R) invariance in the near-horizon limit which extends to spatial infinity

3For N’ = 2 Supergravity, we will use a complex notation (U(7), z*(7)), where the z* are complex scalars.
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at sufficiently low frequencies. Here we will generalize these results to every charged, static, spherically symmetric
black-hole solution of (4.1), whose general black hole solution is of the form Eq. (4.23).

In the space-time background given by the metric (4.23), the massless Klein-Gordon equation

1

Vil

O ( Iglg“”aﬂ) =0, (4.27)

can be written in the form
e V528 — 2V 74028 — 2V f 2N ® =0, (4.28)

where f(7) has been defined in Eq. (4.25) and

1
ASZ@ - Y/
S

1
Op (sin08y®) + —— 0% 4.29
iné o (sin 60 )+sin20 ¢ ( )

is the Laplacian on the round 2-sphere of unit radius. Using the separation ansatz

® = e “'R(T)Y}(6,9), (4.30)
and
As2Yh(6,8) = —1(1+ 1)YL(6,9), (431)
we find
wie YU FIR(T) + f202R(T) = I(1 + 1)R(7), (4.32)
so we can write Eq. (4.28) as
Ke@ =11+ 1)®, (4.33)

where K4 is the second-order differential operator
Ki=—e V207 + f202. (4.34)

In order to exhibit the hidden conformal structure of the given space-time, we want to find a representation
of SL(2,R) in terms of first-order differential operators (vector fields) in the ¢ — 7 submanifold, such as the SL(2, R)
quadratic Casimir, constructed from those vector fields is equal to the second-order differential operator 4. Thus,
we want to find three real vector fields

Ly, = am6; + s O, m=0,=+1, (4.35)
for some functions am¢(t, 7), @mr (¢, 7), whose Lie brackets satisfy sl(2) Lie algebra
[Lmy L] = (m — n)Lppin m=0,%£1, (4.36)
and such that

H> =L§— (LiL 1+ L 1L;) =Ky (4.37)

In order to simplify the problem, following [166], we have to make some additional assumptions on the
functions a(t, 7), a;- (¢, 7), Thus, we make the following ansatz

Ly = I(t)[-m(7)d: +n(7)0,], (4.38)

Le = ——8, (4.39)
To

Ly = —17Yt)[m(1)d6: +n(r)d,], (4.40)

where m and n are functions of 7, [ is a function of ¢ and ¢ is a real constant.

Plugging this ansatz into Eq. (4.36) we obtain two differential equations

m?6;logl + ndrm = h , (4.41)
To

“ologl=1, (4.42)
7o
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and plugging it into Eq. (4.37) we obtain three equations

m = hon, (4.43)
m?* = e *Uf 24 (c/ro)?, (4.44)
n? = f2. (4.45)

These equations cannot be solved for arbitrary U(7): we can find [, m,n as functions of f(7) and the
constant ¢
1(t) = coe™?< n?(r) = f72, m(7) = hcosh (roT), (4.46)

for some real constant ¢y, leaving the following equation for the constant c to be solved:
? = (e_2Uf2)2 . (4.47)

This equation has only one exact solution, given by e’ ~ f, which does not correspond to any asymptotically
flat black hole. We have to content ourselves with a range of values of the coordinate 7 in which the above equation
can be solved approximately. The two ranges that we have identified correspond to the two near-horizon regions
(event and Cauchy horizons 7 — —oo or 7 — —o00, respectively) in which

roroo (Ax\’
(e—2Uf2)2 =7 (47::) +O(eiroT) :CQ+O(eiT0T), (4.48)

according to Eq. (4.26).

We conclude that in the geometry of any four-dimensional, charged, static, black-hole solution of a theory
of the form (4.1), there are two triplets of vector fields L and L,,, m = 0, +1 given by

romt/S+ S
Lf = —eri (: cosh (rg7)8; + sinh (TOT)6T> (4.49)
0
St
—romt/S+ S
Lfl = —eri (ﬂ_i cosh (’r‘oT)at — sinh (7‘07’)8-,—) y (451)
0

where Sy = ’%, which generate two s[(2) algebras whose quadratic Casimirs

HE? = (L)% — L (L%, + L5, 1Y), (4.52)

approximate the massless Klein-Gordon equation in the two near-horizon regions®:

Ka® = {7V 202 + f202} & T2H° f2 {_ (8+/m)? 82 + az} ® =N, (4.54)

We can see from Eq. (4.49) that the extremal limit 7 — 0 is singular. The reason is that the operations of
taking the near-horizon limit and of taking the extremal limit 7o — 0 do not commute.

The s[(2) algebra that we have just found can be immediately extended to a complete Witt algebra (or
a Virasoro algebra with vanishing central charge) with the commutation relations (4.36) for all m € Z. The
generators of the Witt algebra are given by

n emrowt/Si S:t .
L, = 5 cosh (mrq7)8; + sinh (mre7T)0; | . (4.55)
0
4Observe that we only approximate some terms (i.e. we keep some sub-dominating terms):
Ax)\? Axr\?2
e U f2 ffz(efzufz)z ~ F2 {(4:) +O(e:t‘r0‘r):| ~ F2 (Tjr:) +O(€iTUT), (4.53)

which is correct to that order. On the other hand, we do not need to restrict ourselves to any particular range of frequencies.
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To summarize, we have constructed two Witt algebras which have a well-defined action in the space of
solutions to the wave equation in the background of the exterior and interior near-horizon limits of a generic,
charged, static black hole solution of (4.1). The two sl(2) subalgebras are symmetries of these wave equations,
since the wave operators can be seen as their Casimirs, but they are not symmetries of the background metrics
which, being essentially the products of Rindler spacetime (locally Minkowski) and spheres, have abelian (in the
time-radial part) isometry algebras.

This result generalizes those obtained in Refs. [166-169], and present an opportunity to put to test some
conjectures and common lore of this field. To start with, is there a CFT associated to the Witt algebras and
can one compute the central charge of the Virasoro algebra? A most naive computation does not seem to give
meaningful results. This, of course, does not preclude the possibility that a more rigorous calculation, preceded of
careful definitions of the boundary conditions of the fields at the relevant boundaries (which have to be identified
first) may give a meaningful answer.

Meanwhile, it is amusing to speculate on the possible consequences of the existence of such a CFT withe left
and right sectors whose entropies Sgr, St and temperatures would be related to the temperatures and entropies of
the outer and inner horizons (T';,T and S, S_, respectively) by

Sy = Sp=*SL, (4.56)
1 (11
— = | === 4.57
Ty 2 (TR TL) ’ (4:57)
and obeying the fundamental relation
72
Sy = E(CRTR +c,11), (4.58)

where cp, g are the central charges of the left and right sectors, which will be assumed to be equal cg = ¢, = c.

The temperatures and entropies of the outer and inner horizons are related to the non-extremality parameter
To by

QSiTi =To, (4.59)

which implies for the temperatures of the left and right sectors

4SL,RTL,R =T70- (4.60)

In the extremal limit

SL—>O, TR—>O, Ti—>0, Si—)SR, (4.61)

and both Sy and T, remain finite and are convenient quantities to work with. In particular, we can express the
central charge that the CFT should have in order to reproduce the Bekenstein-Hawking entropy consistently with
this picture, in terms of these two parameters:

12 Sy
c=

iy 4.62
T (4.62)



Chapter 5

All the supersymmetric black holes of
extended Supergravity

In this chapter we are going to explicitly construct the most general (single and multi-center) supersymmetric
black hole metric of N > 2 ungauged Supergravity in four dimensions, using the algorithm provided to that
effect in [131]!, where the exhaustive classification of all the time-like supersymmetric solutions of any extended
four-dimensional ungauged Supergravity was performed. Although we are going first to specialize to the case of
N = 8 Supergravity, thanks to the properties of the groups of Type E, we will see that our results also apply to
all N > 2 Supergravities and also to specifc instances of N' = 2, namely those with symmetric scalar manifolds.
For the remaining N' = 2 Supergravity cases, since the theory (in the absence of hypermultiplets) is specified
upon the choice of a Special Kahler manifold, we can only characterize the form of the supersymmetric solution,
whose details depend on the particular ' = 2 model. Previous results on black holes and attractors in N’ = 8
Supergravity can be found in [170-182].

5.1 The mathematical formalism

According to the results of [131], in order to construct a timelike black-hole-type supersymmetric solution of N' = 8
supergravity we may proceed as follows?:

1. Choose an z-dependent rank-2, 8 x 8 complex antisymmetric M;;, These matrices must satisfy a number of
constraints that are difficult to solve. This implies that, in practice, we cannot construct the most general
matrices that satisfy them. Nevertheless, with those matrices we can proceed to the next step.

2. The scalars are encoded into the 56-dimensional symplectic vector

hijrs

VY1) = ( 1717 ) ) (5.1)

antisymmetric in the local SU(8) indices I, J = 1,---8. It transforms in the fundamental (56) of Er(r) (i7
indices) and as antisymmetric U(8) tensor (IJ indices), It satisfies®

(Vry | VEEY = %fij KLty — %BinLfijIJ = —2i6%E;;, (Vis | Vkr) =0, (5.4)

Using the matrix M;; chosen in the previous step, we define the real symplectic vectors R™ and M

1Generalizing the results of the seminal work [104] by Gauntlett et al.
2We have included in this recipe, to simplify it, the vanishing of the “hyperscalars”.
3The symplectic product of two vectors (A | B) is defined by

(A|B) = AuBM = ANBMQuN, (5.2)
where
_ 0 l2gx2s
(Qun) = ( ogxos 0 ) ) (5.3)

is the skew metric of Sp(56,R) that we use to lower (as above) or raise symplectic indices.

47
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M M — )M MIJ 2 1J
R* +1I% =V [JW, |M| =M;;M". (5.5)

These two are, by definition, U(8) singlets (no U(8) gauge-fixing necessary) and only transform in the
fundamental of E(r).

3. The components of Z are 56 real functions %#* harmonic in the Euclidean R® transverse space.

4. R is to be be found from Z exploiting the redundancy in the description of the scalars by the sections V¥ ;4.
Even with the knowledge of M this is a very difficult step.

5. The metric is

ds? = e?U(dt +w)? — e 2Vdz?, (5.6)

where
e = |M|"2=(R|I)=1T9R, - 1T,RY, (5.7)
(dW)mn = 2€mnp(T|6pIL), (5.8)

and can be constructed automatically provided one has been given the harmonic functions corresponding to
T and R(Z), quite independently of the construction of these objects from M;; and V¥ ;. The same is true
for the vector field strengths.

6. The vector field strengths are given by

F=-Ld(RV) -1 %(VAdI), V =v2eY(dt +w). (5.9)

7. The Vielbeins describing the scalars in the coset Ey(7)/SU(8) Prsxr,, are split into two complementary sets:

Prkr T I v T¥pd"q), and Pk, T md wT¥pd"q, (5.10)

where we have defined the projectors

71, = 2MIE My
J = |M|2 )

Jy=6;-T. (5.11)
All those in the second set have been assumed to vanish from the start, since they would lead to a non-trivial
metric in the transverse 3-dimensional space, while those in the first set can in principle be found from R
and Z, using the definitions of these vectors and of the Vielbein and the explicit form of the chosen M;y,
setting ZM = HM (z) and confronting the third step: the resolution of the stabilization equations.

5.2 The supersymmetric black hole solution of N' = 8 Supergravity

For the last 20 years, black holes have been intensively studied in string theory and supergravity with never-
decreasing interest. A large part of effort has been focused on two subjects: the construction of the most general
black-hole solutions of these theories and the understanding and computation of different physical properties,
specially the entropy, of the black-hole solutions, following the seminal result of Strominger and Vafa [6].

The attractor mechanism [78, 183] has provided a bridge between these two subjects, allowing the com-
putation of the entropy and other black-hole properties on the black-hole horizon without the knowledge of the
complete black-hole solutions, at least in the extremal cases. In theories with a very high degree of (super-)
symmetry, though, it is not necessary to use this mechanism and the entropy of the extremal black holes can be

4YM | ; uses 562 complex components to describe just 70 physical scalars. The constraints that it satisfies imply a large number of
relations between the components. The same is true for the components projected with M. This step is equivalent to the resolution

of the stabilization equations in N' = 2 theories.
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determined requiring duality-invariance, correct dimensionality and moduli-independence (which is a consequence
of the attractor mechanism [78]). In particular, the entropy of the extremal black holes of N' = 8 supergravity
[184, 185] was found in [186] to be given by the unique quartic invariant of the Er 7y duality group. If we use the
real basis

0= < P ) , (5.12)

dij
for the charges, where the indices ¢,j = 1,---, 8 transform homogeneously under the SL(8,R) C Er(7) and each

pair of indices is antisymmetrized (so there are 28 electric plus 28 magnetic independent charges), the quartic
invariant is known as the Cartan invariant Ju(Q) [187]

Ji(Q) = P g™ @i — (07 05)? + & Eijktmnpgp” P PTPPT + & €I, g1t Qg - (5.13)
In the complex basis, the quartic invariant is known as the Julia-Cremmer invariant {(Q) [184]. They are
equal up to a sign [188, 189] and we will not be concerned with its explicit form.

Although it has not been proven directly®, the entropy formula for the extremal black holes of N' = 8
supergravity

S =m+/|Ja(Q)], (5.14)

has passed all checks and, in particular, it has been shown to reproduce the entropies of black holes of supergravity
theories with N < 8 (specially N = 2) obtained by truncation of N' = 8. For supersymmetric black holes J4(Q) > 0
and one does not need to take the absolute value.

One of the main obstructions for proving this formula is our lack of knowledge of the general extremal
black-hole solutions of N' = 8 supergravity as opposite to our complete knowledge of those of the N’ = 2 theories
[113, 190-193]. This, and the standard lore that all the 1/8 supersymmetric (the ones with a potentially regular
horizon) black-hole solutions of N' = 8 are supersymmetric black-hole solutions of some of the N’ = 2 truncations
of that theory (which seems to have been disproven by the explicit examples of [194, 195]) explains why most of
the literature on N' = 8 black holes deals with such truncations.

The supersymmetric black-hole solutions of N' = 2 supergravity were re-discovered in [113] among the
time-like supersymmetric solutions of the theory, which were found by exploiting the integrability conditions of
the Killing spinor equations following Tod [102] along the lines of [104]. The same procedure was followed in [131]
for all N > 2,d = 4 ungauged supergravities, using the (almost) A -independent formalism of [155], but the result,
which we are going to explain in the next section, looked too complicated to be used in the explicit construction
of the solutions, in spite to its similarity to the result found in the N' = 2 case.

We have recently realized, though, that the results found in [131] do permit the explicit construction of
the metric of the most general single and multi-black-hole solutions of ungauged N' = 8 supergravity. The
complications are restricted to the explicit construction of the scalar fields. Thus, we are going to show how to
construct the metrics of the most general black holes ungauged N = 8 supergravity, but we will not be able to
provide a simple algorithm to find the scalar fields corresponding to those solution. Nevertheless, the consistency
of the formalism ensures their existence and there is much that can be learned from the metrics.

In the next section we are going to give the general form of the supersymmetric metric solution of N’ = 8
ungauged Supergravity, after which we will discuss the black-hole case, showing how the entropy formula (5.14)
arises for supersymmetric black holes and which of By (7 invariants studied in [196] actually arise in the two-center
case.

5.2.1 The metrics of the supersymmetric black-hole solutions of N' = 8 supergravity

If we want to construct the most general black-hole solutions of N' = 8 supergravity, the recipe demands a
parametrization of the space of all the matrices M;;(z) that satisfy all the technical requirements, which is very
difficult to find.

We have realized, however, that this is a problem that we only need to solve explicitly if we want to construct
explicitly the scalar fields. If we are only interested in constructing the metric (and perhaps the vector fields) all
we really need is to assume that the problem has been solved and the resulting M;;(z) has been used to define R
and 7.

5To the best of our knowledge, not even within the FGK formalism of [78].
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One may naively think that both the explicit form of M;;(z) and the explicit expression of the components
VM | are needed to set up the stabilization equations and to solve them, finding R as a function of Z. Fortunately,
this problem can be reformulated as follows: with a real vector in the 56 of Ey (), Z, we want to construct another
one in the same representation which is a non-trivial function of the former, R(Z). For a single Z, there is a unique
way of constructing a 56 from another 56, provided by the Jordan triple product®. Thus, R™(Z) must be given
by

RM(T) ~ (Z,7,), (5.15)
where
(I,7,1)" = 3T*InIY + §T9IIM — feMmnraT T T,
(5.16)
(I,1,1)i; = -3TaIMT; — LTI + S€ijkimnpg L™ I TP .

To determine the proportionality factor we must first take into account that we expect the R (Z) to be
homogenous of first order in Z, which requires that we divide (Z,Z,Z) by an E(7) invariant (to preserve the

symmetry properties) homogenous of second degree in Z, which can only be +/J4(Z).

We, thus, conclude that, up to a normalization constant f to be determined later, the solution to the
stabilization equations of N’ = 8 supergravity defined in the previous section is

(Z,7,7)™

M _
= D

: (5.17)

which is our main result and allows the complete construction of the metrics of all the supersymmetric black holes
of the theory.

Actually, since, as we are going to show in the next section, § = 2, R™ coincides exactly with the Freuden-
thal dual” of ZM | which we can denote by I defined in [197]. The Freudenthal dual @ enjoys several remarkable
properties. Firstly,

(8]Q)=2J4(9), (5.18)
which follows from the property of the Jordan triple product

((2,2,92)12) = 7(Q). (5.19)
Secondly,

9=-9, (5.20)

which eliminates a possible solution to the stabilization equations (namely R™ = 7M) because e 2V = ( R | I)
would vanish identically.

Thirdly,

Ju(Q) = Ju(Q). (5.21)

Finally, in [198] (where the definition of Freudenthal dual was generalized to all N > 2 theories) is has been
shown to be a symmetry of the space of critical points of the black-hole potential introduced in [78].

Thus, following the recipe, and choosing some harmonic functions H*(z), the metric function e 2V is

always given by

e 2V = g/J,(H), (5.22)

and the 1-form w is always given by the solution to

6The Jordan triple product of three different 56s is defined only up to terms proportional to the symplectic products of two of the
three 56s. The ambiguity disappears when we consider them to be equal, since the symplectic products will automatically vanish.
7"We thank M. Duff and L. Borsten for pointing out this fact to us.
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(dw)mn = 5mnp (IijapIij — Iijapl-ij) . (523)

the vector field strengths follow from the general formula and the scalars, as mentioned before, cannot be easily
recover, even if we now introduce an M;; with all the required properties. This is an evident shortcoming of this
procedure, but we believe it is compensated by the possibility of studying explicitly the general black-hole metric.

Observe that, as expected, Ry, can be obtained from the metric function as

aefo
oIM

Furthermore, observe that the expression that we have given for the metric function reduces to those found
in [199] for all the magic N' = 2 truncations of N' = 8 supergravity and another simple truncation also reduces it to
that of the well-known STU model. The solution to the stabilization equations of the 4-dimensional supergravities
with duality groups of Type E7 [200-202] is also given by an analogous expression.

2Ru(T) = (5.24)

In the next sections we analyze what these formulae mean for 1- and 2-center solutions.

5.2.2 Single supersymmetric black-hole solutions
To study more closely these black-hole metrics it is convenient to introduce the so-called K-tensor [196, 203], which
is associated to the completely symmetric linearization of the Cartan invariant performed in [204] (see [205] for
more details):
Ji(Q1,92,Q5,Q4) = tTrspry{Pr 92 Ps qu+P1-q3 Pa-G2+P1 0 P2 g3+ (P}
—5{[Q1] 22][Qs | Qa] +[2Q1] Q3][Q2 | Qa] + [Q1 | Q4][Q2 | Q5} (5.25)
+31 [Pfsi(s,r)||pp2pspsl| + (p < 9)]

where Trsr (s r) stands for the trace of the products of p and g matrices (always one upper and one lower index),
we have defined, for convenience, the symmetric product

[Q1 ]| Q2] = —1Trsnsrylpr a2+ (p < 9)], (5.26)
and
Pf||p1popspall = $€ijkimnopPy PS DT DS,
(5.27)
Pfl|q19205qs]] = 5™ Pq1 502 ki3 mndaop -

The K-tensor can be defined by its contraction with four different fundamentals:
Kunre@1™ Q2" 057 Q4% = J1(Q1, 22,93, Qu), (5.28)

and, since J; is completely symmetric in the four 56s, the K-tensor is also completely symmetric in the four
symplectic indices

By construction

J4(2,9,9,9) = Ji(Q) = Kunpe2" 2V 0P 0%, (5.30)

and the Jordan triple product can be also written in terms of this tensor as

(2,2, 9" =KMype2V Q" 0%, (5.31)

so we can write the symplectic vector R (5.17) and the metric function e2Y (5.22) in the more useful form
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KyrwpoHY HP HO
Ry = pRMNEQ , (5.32)
Ju(H)
e = B\/KunpoHMHVHFHQ. (5.33)

Single, extremal, static (w = 0) black-hole solutions are associated to harmonic functions of the form

M
2
HM = AM 4 % r =17, (5.34)

where the AM are constants to be determined in terms of the physical constants of the solution. This is done by
requiring asymptotic flatness and absence of sources of NUT charge and using the relation between these constants
and the asymptotic values of the scalars (which we do not know explicitly). This means that we will not be able
to find the general form of these constants. Nevertheless, let us see how far we can go.

Asymptotic flatness implies

|Moo| > = (Reo | Too ) = € 2V =1, (5.35)
and requires the normalization
KunpgAM AN AP AC = g2, (5.36)
The absence of sources of NUT charge follows from setting w = 0 in Eq. (5.8):
0=(A|Q)=9m (Z.rsM), (5.37)

where we have used the definition of Z, we have also used asymptotic flatness and the definition of the central
charge matrix of N' = 8 supergravity

Z1;=(Vis| Q). (5.38)
The projection
MIJ
— 1
Z = EZ[Jw, (539)

plays the réle of central charge for the solutions associated to M?”, which projects in the U(8) directions in which
supersymmetry is preserved. As shown in [179], it drives the flow of the metric function (but not that of the
N = 8 scalars). The condition of vanishing NUT charge can be written in the form

N=SmZ, =0, (5.40)
as in an N = 2 theory with central charge Z. As we are going to see the mass of the black hole is given by the

real part of Z., which coincides with the absolute value (because the imaginary part vanishes)®:

M =|Zx|=ReZo = J5(Reo | Q) = F KunpoAM AV AT Q% (5.41)

Taking these conditions and relations into account®, we find that the metric function has the form

(5.42)

oy AM  3B*KunpgAMANQPQR  2B2KynpgAMONQPQOR  B2J,(Q)/4
1+ — + 5 + 2 + =

8Entirely analogous expressions have been given in [199] for the masses of the black holes of the magic N' = 2 truncations of N' = 8
supergravity.
9We will have to impose additional conditions, like the positivity of the mass, to ensure the regularity of the metric.
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The asymptotic behavior confirms the identification of the mass parameter, which, as all the other coefficients
of the 1/r™ terms in the square root (in particular J4(Q)), has to be positive for the metric to be regular. In
the near-horizon limit » — 0, the last term dominates the metric function and we recover the well-known entropy
formula (5.14) setting § = 2. The coefficients of 1/7? and 1/r3 do not have a simple expression in terms of the
physical parameters.

5.2.3 Supersymmetric 2-center solutions

Multicenter solutions can be constructed by choosing harmonic functions with several poles, as in N' = 2 theories
[192, 193],

—»|?

|z — Z,

M
2
HY =AM +3° Q'/v2 (5.43)
a
and tuning the parameters AM, QM 7, so the integrability conditions of the equation for w (5.8)

(A]Qe)+ 3 {2l V2 _ (5.44)
b

-
|Za

:rb|

Summing the above equations over a and taking into account the antisymmetry of the symplectic product, we find
that the constants A, apart from satisfying (5.36), also satisfy the condition (5.37) where @ =" _ Q,.

When these equations are satisfied, w exists and describes the total angular momentum of the multi-black-
hole system, just as in the N' = 2 cases, since the equations are identical.

The (square of) the metric function will contain many terms, up to order |Z — Z,|*. The term of order
| — Z,| ! has the coefficient

Ma = 2\6KMNPQAMANAPQEQ , (545)

which corresponds to the mass that the a®® center if it was isolated. The mass of the solution is the sum of these
parameters M = )" M,.

The coeflicient of |& — Z,|™"|Z — | ™™ with m + n = 4 is one the five quartic invariants listed in [196] for
2-center solutions

I+2 = KMNPQQaMQaNQaPQaQ = JAIL(QM Qa; Qa: Qa) = J4(Qa)a

I—i—l = KMNPQQaMQaNQaPQbQ = Ji(Qa:Qa;QaaQb))
Iy = KunvroQa™N %P %% = J4(Qa, Qay b, Ob), (5.46)
I1 = KunrgQa™ON P 0% = J4(Qa, Qb, Qb, Db) s

Iy = Kunrg™ "N P 0% = J4(Qs, Qb, Db, Db), = Ja(QDp) -

The I,5 I_, give the contributions of each center to the entropy.

With more than two centers, other combinations will appear based on the quartic invariant. The sextic
invariant found in [196] does not seem to occur in these solutions.

5.3 Supersymmetric black holes and groups of Type E;

The concept of group of Type E; axiomatizes the key properties of the fundamental (symplectic) representation
the exceptional group E-.

E; is one of the exceptional simple groups on the classification of all the simple compact groups (or,
analogously, complex simple Lie algebras) made by Elie Cartan [187]. The maximally non-compact real form
G = Ey () of Ey is precisely the group that appears in the coset scalar manifold G/H of N = 8 Supergravity.

The first axiomatic characterization of groups “of Type E;" through a module (irreducible representation)
was given in 1967 by Brown [206] (here we will follow [202], see also [201]).
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A group G of Type E~ is a Lie group endowed with a representation R such that:

1. R is symplectic, i.e. (the subscripts “s” and “a” stand for symmetric and skew-symmetric throughout):
H'Q[MN} =1¢ RXaR; (547)

Qarn) defines a non-degenerate skew-symmetric bilinear form, that is, a symplectic product(-,-): given two
different vectors Q1, Qs € R, (-+) is defined as

(Q1,Q2) = VO Quv = — (Q2, Q1) . (5.48)

2. R admits a unique rank-4 completely symmetric primitive G-invariant structure, the so-called K-tensor

IKunrg) =1 €[R xR xR xR]; (5.49)

thus, by contracting the K-tensor with the same vector @ € R, we obtain a rank-four homogeneous G-
invariant polynomial (here < is a normalization constant):

q(Q) =sKunpo M2V QP Q°, (5.50)

which corresponds to the evaluation of the rank-four symmetric invariant q-structure induced by the K-tensor
on four identical modules R.

3. If a trilinear map ¢: R x R x R — R is defined such that

(t (291,92, Q3),94) =q(21,22,2s,24), (5.51)

then it holds that

(t(21, 91, D2),t(Q2, 92, 22)) = —2(Q1, D2) 4 (21, D2, 22, D2) . (5.52)

Therefore, for any Supergravity whose scalar manifold is a coset space G/H with G of the E, type, we can apply the
same discussion that we made in section 5.2.1 for the N’ = 8 case and conclude that a solution to the stabilization
equations is given by

RM(I) = IB(I7I7I)M ) (553)

where now ¢(-,-,-) = (-, -, ) is the trilinear product of the corresponding group G of Type E;. Once we have £(-, -, -)
for a particular G corresponding to a Supergravity, the supersymmetric black hole metric can be constructed
following exactly the same steps as in the N' = 8 case.

Remarkably enough, all 2 < N/ < 8-extended four-dimensional Supergravities with symmetric scalar man-
ifolds % have G of Type E, [197, 202]. The Supergravity duality groups G can be then classified into three
different classes [202, 207, 208], simple non-degenerate, simple degenerate and semi-simple non-degenerate, all of

them belonging to the class of groups of Type E-.

Simple non-degenerate A group of Type E; is non-degenerate if the quartic form gq(-,-,-, ) is absolutely
irreducible (irreducible over a separable closure of the base field). The simple non-degenerate four-dimensional
Supergravity groups G of Type E; are given by [202]

1. G = By(ry = N =8 Supergravity.
2. G=8S0*(12) - N =6 Supergravity.

3. G=S8U(1,5) - N =5 Supergravity.
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Simple degenerate The simple degenerate four-dimensional Supergravity groups G of Type E-, are given by
[202]

1. G=U(3,n,) > N =3 Supergravity coupled to n, vector multiplets.
2. G=U(1,n,) - N = 2 Supergravity minimally coupled to n, vector multiplets.

For either G = U(3,n,) or G = U(1,n,), as well as for generic reducible groups of Type E7, one can see
that the quartic form is reducible [202, 208] as follows

Kunpg = aSu(nSpg), (5.54)

where o € R is a constant and S is the rank-two symmetric symplectic tensor defined by

QiQin; = Sun QM QY +iCun QM OF, (5.55)

where N is the invariant metric of the fundamental irrep. r +s of U (r, s), and Q% and Q, are the charge vectors
in the complez (manifestly U (r, s)-covariant) symplectic frame. It follows that

2(2,9,9,9) =7 (SunQ™Q")*, (5.56)

2U

for an appropriate number . This means that for these Supergravities the metric factor e™*" can be written

simply as

e 2V ~ |SMNHMHN| , (5.57)

which indeed can be explicitly checked by solving the stabilization equations by algebraic methods.

Semi-simple non-degenerate The semi-simple non-degenerate four-dimensional Supergravity groups G of
Type E; are given by [202]

1. G=SL(2,R) x SO(6,n,) = N =4 Supergravity coupled to n, vector multiplets.
2. G=SL(2,R) x SO(2,n,) =+ N =2 Supergravity coupled to n, + 1 vector multiplets.

5.4 N = 2 Supergravity supersymmetric black holes

The case of N' = 2 Supergravity cannot be solved in general since the scalar manifold is not specified unambiguously.
As explained in chapter 3, supersymmetry only constraint the manifold spanned by the scalar fields on the vector
multiplets to be of Special Kahler type, a condition which does not fix the manifold unequivocally. What can
been done, however, is to characterize and classify the most general supersymmetric solutions of the theory, a
knowledge that will be of outermost importance when trying to propose a formalism to deal with general (not
only supersymmetric) black hole solutions .

The supersymmetric solutions of Supergravity, and in particular of N’ = 2, can be classified in two classes,
the time-like and null, regarding the casual character of the Killing vector constructed from the Killing spinors
and the Clifford-algebra y-matrices [102, 104-110, 119, 120]. The black hole solutions belong to the time-like class,
so that’s the particular class that we are going to review here, assuming from the beginning that the hyper-scalars
have been set to a constant value, since otherwise we don’t expect regular solutions. Notice that this is a particular
case of the exposition made in section 5.1, but we include it here since it is of capital importance for chapter 6.

The black hole supersymmetric metric is given by

ds? = e?V (dt + w)? — eV §,,,dz™dz™ . (5.58)

Notice that the only difference respect to the general Supergravity black hole metric (4.2) (assuming staticity
w = 0) is that now the transverse metric is flat, as corresponds in (4.2) to the extremal limit ro — 0. That is,
supersymmetry always implies extremalily!®, but not the other way around [209, 210].

100f course, this conclusion relies on the assumption that 7o can be interpreted as the extremality parameter for all the Supergravity
black holes.
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We take now the covariantly holomorphic section V' of Special Kahler geometry and a function X (z, 2),
with Ké&hler weight such that V/X is Kahler neutral, and define

R+iI=V/X. (5.59)

Then, it can be shown that a for a supersymmetric black hole we have

eV = (R|T), (5.60)
(dw)zy = 2e€y.(T|0°I). (5.61)
QM
A 5.62
/s (5.62)
The vector field strengths are given by
F= —%{d[ewR(dt + w)] — *[e 2YdT A (dt + w)]}, (5.63)

and the scalar fields z* can be computed by taking the quotients

28 =V/X)/(V/X)°. (5.64)

Given Z, R = Re(V/X) can in principle be found by solving the generalized stabilization, which depend on the

specific model under consideration. Solving the stabilization equations completely determines the solution, since
all the physical fields can be constructed in terms of T = aM — %T, as it can be checked from the previous

formulae.



Chapter 6

The H-F.G.K. formalism

In this chapter we are going to introduce a new formalism, the so-called H-F.G.K. formalism, based on a dimensional
reduction of the original four-dimensional action and the use of a new set of duality-covariant variables inspired
by supersymmetry, which eases the explicit construction of non-supersymmetric black hole solutions of N' = 2
four-dimensional ungauged Supergravity.

6.1 H-FGK for N = 2, d = 4 supergravity

In [132, 165] it was shown that the search of single, static, spherically-symmetric black-hole solutions of an N' = 2,
d = 4 supergravity coupled to n, vector multiplets (and, correspondingly, including n,, complex scalars z* and n,+1
Abelian vector fields A*,) with electric (ga) and magnetic (p") charges described by the 2(n, + 1)-dimensional
symplectic vector (QM) = (p*,qa)7, is remarkably simplified by going to a new set of 2(n, + 1) variables HM
which form a linear, symplectic, representation of the U-duality group and that become harmonic functions on
euclidean R? for supersymmetric black hole solutions.

We proceed now to describe the change of variables, from those defining a black-hole solution for given
electric and magnetic charges (Q™) = (p®, ga)T, namely the metric function U and the complex scalars z**, to the
variables (HM) = (H”, H))"T that have the same transformation properties as the charges. There is an evident
mismatch between these two sets of variables, because U is real. For consistency we will introduce a complex
variable X of the form?

X = Jze¥te, (6.1)

although the phase a does not occur in the original FGK formalism. The change of variables will then be well
defined, and the absence of a will lead to a constraint on the new set of variables: this constraint is related to the
absence of NUT charge, a possibility which in d = 4 is allowed for by spherical symmetry.

The theory is specified by the prepotential® F, a homogeneous function of second degree in the complex
coordinates X*. Consequently, defining
02F

and Fax = e we have: Fp = FagXE. (6.2)

Fa= X X’

Since the matrix Fjx is homogenous of degree zero and X has the same Kahler weight as the covariantly holo-

morphic section
£t xh
M K/2
) ( My ) ¢ ( Fa )’ (6:3)

— = Fay —. (6.4)

1See section 4.1 for more details.

2 In this section we will be following the conventions of Ref. [113], where the function X appears as a scalar bilinear built out of
the Killing spinors.

3We only use the prepotential here to determine quickly the homogeneity properties of the objects we are going to deal with. These
properties are, however, valid for any N — 2 theory in any symplectic frame, whether or not a prepotential exists.
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Defining the Kahler-neutral, real, symplectic vectors RM and ZM by
RM =Re VM /X, ™ =smVM /X, (6.5)
and using the symplectic metric
(Qun) = ( _O]I g ) (6.6)
as well as its inverse Q™% to lower and raise the symplectic indices according to the convention
Ru = QunRY, RM = RyQVM | (6.7)

one can rewrite the complex relation (6.4) in the real form

Ry = —Muyn(F)IV. (6.8)
The symmetric symplectic matrix
SmApxg + Re Apg Sm AT Re Ay —Re Apg Sm A~LOE
M(A) = , (6.9)
—gm.AillAQ Re Ags: SmAillAE

can be associated with any symmetric complex matrix A,y with a non-degenerate imaginary part (such as Fan
and the period matrix Ns). The inverse of My, denoted by MMN is the result of raising the indices with the
inverse symplectic metric.

It is also immediate to prove the relation
dRy = —Muyn(F)dIV . (6.10)

From this equality, its inverse and the symmetry properties of M sy we can derive the following relation between
partial derivatives (see e.g. [211]):

oM o ORM ORN

_ _ _ — _MMN(F) 6.11
ORy ORu Ty 0Ty MET(F) (6.11)

Since we want the new variables to become harmonic functions on euclidean R3, we introduce two dual sets
of variables H™ and H), and replace the original n + 1 fields X, z* by the 2n + 2 real variables H (1)

T™(X,Z,X*,72*) = HY . (6.12)

The dual variables A can be identified with R, which we can express as functions of the H™ through Eq. (6.8).
This gives VM /X as a function of the H¥. The physical fields can then be recovered by
VX

i _ —2U _ _ M
2t = /% and e = XE RuI™. (6.13)

The phase of X, «, can be found by solving the differential equation (cf. Egs. (3.8), (3.28) in Ref. [212])
& =2|X[’HMHy — Q., where Q, = 20,k +c.c. (6.14)
is the pullback of the Kahler connection 1-form
Q, = £'8,K +c.c. (6.15)

Having detailed the change of variables, we want to rewrite the FGK action for static, spherically symmetric
solutions of N' = 2, d = 4 Supergravity [78], i.e.

Irak[U, 2'] = /dT {(U)2 +Gi-22"7 — 2 Myn(N)QM QN + rg} : (6.16)

in terms of the variables H™. We start by defining the function W(H), which can be identified with the Hesse
potential
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. 1
W(H) = By(H)HM =2V = 6.17
(H) = Hog ()Y = ™0 = s (6.17)
which is homogenous of second degree in the H™. Using the properties (6.11) one can show that
ow ..
oW
oMW = S— =2HM, (6.19)
O0H
8M6NW = _2MMN(]:) , (620)
W 83,0y logW = 2MMN(N)+4W71HMHN, (6.21)
where the last property is based on the following relation*
—MMN(N):MMN(.F)-}-ZLV(MV;V). (6.22)
Using the special geometry identity G;;» = —¢D;VpyD;-V* M we can rewrite the effective action in the form
— Ig[H] = /dT{%é’M@N log W (HMHN + %QMQN) _A- rg} : (6.23)
where we have defined )
HM H), QM Hy \?
A=| — = . 6.24
( - ) +(5) (6.24)
The T-independence of the Lagrangian implies the conservation of the Hamiltonian #
. 2
. . HMy QMH 2
— M 7N M AN M M 2 _
The equations of motion can be written in the form
s .. d OA oA
1 MgN 1 AMAN M_ % _
L9p OO log W (H HV —1gMg ) + 8pOu log W HM — — (aHP) + 57 = 0- (6.26)

Contracting them with H” and using the homogeneity properties of the different terms as well as the Hamiltonian
constraint above, we find the equation (cf. Eq. (3.31) of Ref. [212] for the stationary extremal case)

. 2
. HMH
10 log W (HM - rgHM) + <WM> =0, (6.27)

which corresponds to the equation of motion of the variable U in the standard formulation.
Note that in the extremal case (7o = 0) and in the absence of the NUT charge

HMHy =0, (6.28)

the equations of motion are solved by harmonic functions H™ = QM [211].

6.1.1 Extremal black holes

Extremal supersymmetric black holes are expected to be described by H™ (7) which are harmonic in Euclidean
R3, i.e. linear in 75:

4 This relation can be derived from the identities in Ref. [140].

5 As mentioned above, this anstaz arises quite naturally when one imposes the constraint Eq. (6.28), but it may not be the most
general one. The known extremal solutions (usually non-supersymmetric) that do not conform to this ansatz do not satisfy that
constrained, either [212, 213]. On the other hand, the representation of a solution in terms of the H¥may not be unique and the
harmonicity or the fact that the constraint Eq. (6.28) is satisfied or not, may not always be a characteristic feature of a solution. In
what follows we are going to explore the (large) sector of the space of black-hole solutions which can be described by harmonc HMs
and, therefore, satisfy the constraint Eq. (6.28). Analogous remarks apply to the non-extremal hyperbolic ansatz to be studied later.
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HM = AM _ %BMT, (6.29)

where A and BM are integration constants to be determined as functions of the independent physical constants
(namely, the charges QM and the values of the scalars at spatial infinity 2’ ) by using the equations of motion
(6.26)-(6.28) and the asymptotic conditions.

The equations of motion for the above ansatz can be written in a simple and suggestive form

Op [Ven(H, Q) — Ven(H,B)] = 0, (6.30)
Von(H, Q) — Ven(H,B) = 0, (6.31)
AMBy = o. (6.32)

Observe that the first two equations are automatically solved for BM = QM which corresponds to the supersym-
metric case. The third equation (enforcing absence of NUT charge) takes the form AM Q), and still has to be
solved, which can be done generically [192, 193] as we are going to show.

Furthermore, observe that the Hamiltonian constraint (6.31) is equivalent to the requirement that the black-
hole potential, evaluated on the solutions has the same form in terms of the true or the fake central charge®

Z(¢,B)= (V| B), (6.33)

that is

—Vin(4,Q) = |2 + G D, ZD;- 2" . (6.34)

The asymptotic conditions take the form

W) = 1, (6.35)
z, = w, (6.36)
HO(A) + A0

but can always be solved, together with (6.32) as follows: if we write X as

X = %eU‘H“ , (6.37)
then, from the definition of ZM (6.5) we get
HM = /2¢7U Gm(e VM), (6.38)
and, at spatial infinity 7 = 0, using asymptotic flatness (6.35)
AM = /2 Gm(e ¥ YPM) (6.39)
Now, to determine a we can use (6.32) and the definition of fake central charge (6.33). Observe that
AyBM = (H|B)=Sm(V/X | B)=Sm(Z/X) =e USm(e™**Z) =0, (6.40)

from which it follows first that

6 It is worth stressing that, even though the first equation is the derivative of the second with respect to HF, solving the second for
some functions H™ does not imply having solved the first. Only if we find a BM such that the second equation is satisfied identically
for any HM will the first equation be satisfied as well. The number of BMs with this property and their value depend on the particular
theory under consideration, but their existence is a quite general phenomenon.
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e =+2/|Z|, (6.41)
and is then the general expression for the AM as a function of the BM and the z¢_:

AM = +/2Gm <|§°°|Vof‘§> . (6.42)

In general, the sign of AM should be chosen to make H™ finite (and, generically, the metric non-singular) in the
range 7 € (—00,0). The positivity of the mass is a physical condition that eliminates some singularities of the
metric. As we are going to see in Eq. (6.50), this requirement singles out the upper sign in the above formula.

This reduces the problem of finding a complete solution to the determination of the constants BM s
functions of the physical parameters Q™ z%_, which must solve equations (6.30) and (6.31).

It is useful to analyze the near-horizon and spatial-infinity limits of these two equations. The near-horizon
limit of (6.31) plus the definition of the fake central charge lead to the following chain of relations”

S/m=3W(B) = -Vin (B, Q) =|2(B, B)?, (6.43)

where Z (B, B) is the near-horizon value of the fake central charge. The last of these relations, together with the
condition (6.34) imply that, on the horizon, the fake central charge reaches an extremum

812 (¢n, B)| = 0. (6.44)

The near-horizon limit of (6.30) leads to

O Vin(B,Q) =0, (6.45)

which says that the BM extremize the value of the black-hole potential on the horizon. Since the black-hole
potential is invariant under a global rescaling of the H* the solutions (that we will call generically attractors
BM) of these equations are determined up to a global rescaling which can be fixed by imposing Eq. (6.31).

The BM must transform under the duality group of the theory (embedded in Sp(2n + 2,R)) in the same
representation as the H™, the charges Q™ and the constants A . In certain cases this poses strong constraints on
the possible solutions since, building an object that transforms in the right representation of the duality group and
has dimensions of length squared from QM and 2%, can be far from trivial. A possibility which is always available
is the Freudenthal dual defined in Ref. [198], generalizing the definition made in Ref. [197], and further explored
in [214], where it was shown that the lagrangian (6.23) has indeed a gauge symmetry which is a generalization
of a Frehudental transformation on H: Freudenthal duality in N’ = 2,d = 4 theories can be understood as the
transformation from the H™ to the Ay, (H) variables. The same transformation can be applied to any symplectic
vector, such as the charge vector. Then, in our notation and conventions, the Freudenthal dual of the charge
vector, Oy, is defined by

. L OW(Q)
_1
Ou =3 50 (6.46)
It is not hard to prove that this duality transformation is an antiinvolution
Om=-9Qum, (6.47)
and using Eq. (6.17) to show that
W(Q) =W(Q). (6.48)

It is harder to show that the critical points of the black-hole potential are invariant under Freudenthal duality
[198]. Therefore, since BM = QM is always an attractor (the supersymmetric one),

BM = QM| (6.49)

“In this and other equations, the expression Vpyp (B, Q) stands for standard the black-hole potential with the functions HM ()
replaced by the constants BM.
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will always be another attractor.

Let us now consider the spatial infinity limit taking into account the definition of the mass in these spacetimes
and the definition of the fake central charge

M =U(0) = J5(R(A) | B) = £|2(4, B)|. (6.50)

As mentioned before, to have a positive mass we must use exclusively the upper sign in (6.41) and (6.42) and we
do so from now onwards. In the supersymmetric case, when B = QM and the fake central charge is the true
one, this is the supersymmetric BPS relation.

The asymptotic limit of (6.31) plus (6.34) and the above relation give
M2+ Qij*DiéDj*Z*] 4+ Vohoo =0, (6.51)
(e o)

which, when compared with the general BPS bound [78], lead to the identification of the scalar charges ¥; with
the values of the covariant derivatives of the fake central charges at spatial infinity

i =D;2 (6.52)

o)

First-order formalism

First-order flow equations for extremal BPS and non-BPS black holes can be easily found following [179] but using
the generic harmonic functions (6.29): let us consider the Kéhler-covariant derivative of the inverse of the auxiliary
function

DX~1!

(V| VDXL =i{(D(V/X) | V*) = i(d(V/X) | V*)
= «(d(V/X)—d(V/X)" | V*) = —2(dH | V*) (6.53)

= +v2Z%(¢,B)dr,

where we have used the normalization of the symplectic section in the first step , the property (DV | V*) =0 in
the second, the K&hler-neutrality of V/X in the third, (DV* | V*) = (V* | V*) = 0 in the fourth, the definition of
T = H in the fifth, and the ansatz (6.29) and the definition of the fake central charge (6.33) in the sixth.

From this equation and (6.37) and (6.41) we find the standard first-order equation for the metric function
U:

de U

o =124, B)|. (6.54)

Let us now consider the differential of the complex scalar fields:
dz' = 1G9 (DjpV* | DV )dzk = iXGY (D V* | De(V/X) )dz®
= 1XGY(D;V* | 8k(V/X))d2F = iXGY (D V* | d(V/X))
B B (6.55)
= iXGY(D;V* | dV/X) —d(V/X)*) = —2XGY (D;-V* | dH )
= +V2XGY(D;.V* | B)dr = V2XG¥ D,. 2*(¢, B) dr,

where we have used the same properties as before. To put this expression in a more conventional form we can use
the covariant holomorphicity of Z writing

2e 79| 2], (6.56)

=, 2 BB
Z Z

and plugging this result in the expression above:
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dr

It is easy to check that these first order equations imply the second-order equations of motion

=2eYGY 9. | 2. (6.57)

U+eYVin(¢,B) = 0, (6.58)
ZP 4+ Tt 20 2% + Y0 (4, B) = O, (6.59)

which coincide with the original ones if
Von(¢, B) = Ven(¢, Q), (6.60)

for any ¢ (not just for ths solution; see the remark in footnote 6).

6.1.2 Non-extremal black holes: the generic Ansatz

Precious experience [90] (see also [165] and, further, [215, 216] for 5-dimensional examples) suggests that a quite
general ansatz for the variables H for non-extremal black holes of N = 2, d = 4 supergravity is®

BM
HM (1) = AM cosh o7 + — sinh o7, (6.61)
To
for some integration constants A and BM that, as in the extremal case, have to be determined by solving the
equations of motion and by imposing the standard normalization of the physical fields at spatial infinity.

Using this ansatz, the equations of motion (6.25)-(6.27) take the form

10p010n logW [BMBY — r2 AMAN] — 0p (Viou(s, Q)/W) = 0, (6.62)
— 100N logW [BM BN — rfAMAN] — in(¢,Q)/W = 0, (6.63)
AMBy = o0, (6.64)

where we have used the third equation and the homogeneity properties of the Hessian potential W in order to
simplify the first two.

In the non-extremal case we can define several fake central charges:

Z(¢,B)=(V|B), Z(¢,B+)=(V|Bs), (6.65)

where we have defined the shifted coefficients

HM
BM = lim 07 T ()

2 =BM AM 6.66
T—Foo sinhrgT FTo ( )

Imposing now the same asymptotic conditions on the fields as in the extremal case and the condition (6.64), we
arrive again to (6.42). Therefore, we only have to determine the BMs plus the non-extremality parameter ry by
imposing the equations of motion.

The mass is given again by Egs. (6.50) and the expression for the event horizon area (+) and the Cauchy
horizon area (—) are given by

% =W(B.). (6.67)

8See the caveats in footnote 5.
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In the near-horizon limit, the equations of motion, upon use of the above formulae for the area of the event horizon,
lead to the following relations

Any
i

~Von(Bz) % 2ro Mayw [F(Bx)|AY BY = W(By), (6.68)

8pVen(Bx) = +2rodp My n[F(B)JAY BY = —2r38p My n[F(B)JAM AV, (6.69)
which generalize Eqgs. (6.43) and (6.45) to the non-extremal case. In the last identity we have used the expression

HMop My (F) =0. (6.70)

The right-hand side of Eq. (6.69) would, then, vanish if AY o BM. This is a special case that we will study in
Section 6.1.3. Another possibility is that Fpx and, henceforth, M s (F) are constant, as it happens in quadratic
models but, in the general case 0pVpn(B+) # 0 for non-extremal black holes and we conclude that, in general, the
values of the scalars on the horizon do not extremize the black-hole potential.

First-order formalism

The derivation carried out for extremal black holes in Section 6.1.1 can be straightforwardly extended to the
non-extremal case. As in the 5-dimensional case studied in Ref. [216], the trick is to define a new coordinate p
and a function f(p)

inh 1
S ToT f(p) = ——= = coshryT, (6.71)

V1-r3p?

so that the hyperbolic ansatz (6.61) for H™ can be rewritten in the “almost extremal form™

p= —— 2
rgcoshrqr

HM = f(p)(AM + BMp) = f(p)HM. (6.72)

Then, following the same steps that lead to Eqgs. (6.54) and (6.74) one can obtain the first-order flow equations:

de U

i - V2AE@B), (6.73)
‘Zj = —2v2e7GY6,.12(¢, B)). (6.74)

where we ave introduced the hatted warp factor U = U + log f.

Similarly to the extremal case, it is not difficult to show that these first-order equations imply the second
order ones:

20 5

¥ + e Vin(4,vV2B) = 0, (6.75)
d?z - dz® dzt -
— 4T ———— +eYG7 5,. 2B) = 0 6.76
i + T dp dp+e G 9; bh(¢)f ) ) ( )
plus the constraint®
'\’ dzt dz*7"

2t dz N

<dp> + gij*Tp dp + CZUVbh(¢, \/EB) =0, (6'77)

90bserve that the right-hand side of this equationis not 1'(2).



6.1. H-FGK FOR N =2, D = 4 SUPERGRAVITY 65

but now with respect to the new variable p and the new function U. In order to compare these equations with the
actual second—grder equations of the warp factor and the scalars we have to rewrite them in terms of the variable
7 and rescale U to U. For the former, by using d/drho = f2d/dr and Eq. (6.73) one finds:

U— 2{?'06”2

2 e2U
from which it follows the relation between the true black hole potential and the fake one that must hold for the

above second-order equations to imply the true ones:

2U 2
e2UVbh(¢a Q) = efTVbh(¢, \/EB) - mfrop

The same condition ensures that the constraint Eq. (6.77) implies the standard Hamiltonian constraint. For
the scalar equations we find the condition

2
e’|2(4,V2B)| + % (6.79)

8 {ewvbh(qﬂ, Q) - effvbh(qs, v2B) + mfg”e%(sﬁ, ﬁBn} =0. (6.80)

There no other conditions to be satisfied for the firs-order equations to imply all the second order ones.
Taking the derivative with respecto to p of Eq. (6.79) we find that, if we assume that this relation is satisfied for
any ¢ (or any HM), then the last equation is also satisfied and all the second-order equations are satisfied.

Evaluating Eq. (6.79) at spatial infinity, (7 = 0, which corresponds to p = 0) we find the following relation
between the charges, the fake charges, the moduli at infinity and the non-extremality parameter:

Von(boo, Q) — Von(foo, V2B) =7 . (6.81)

6.1.3 Non-extremal generalizations of doubly-extremal black holes

In this section we are going to solve the equations of the H-FGK system for the non-extremal black holes whose
scalars are constant over the whole spacetime using the hyperbolic ansatz Eq. (6.61) for any theory of N = 2,d = 4
supergravity. Thus, we assume

.

2t =z, (6.82)

which requires

BM « AM (6.83)

where the constants AM are given by Eq. (6.42).
Using the proportionality of the BMs and AMs in the 7 — 0~ or 7 — %00 limit of (6.62) we get

Ok Von(¢, Q) =0, (6.84)

which proves that the scalars must assume a value ¢, = ¢n which extremizes the black hole potential just as in
the extremal case (this is something that has to be taken into account when one applies Eq. (6.42) to find the
AM). We can, therefore, use Eq. (6.43) that gives the value of the black-hole potential at the horizons in terms of
the fake central charge there Z(B, B) (not Z(¢, B+))

~ Via(¢eo, @) = |Z(B, B)[2. (6.85)

The proportionality constant between BM and AM is easily determined to be —W!/?(B) by using the
normalization at infinity W(A) = 1 and choosing the sign so as to make the functions H* # 0 for 7 € (—o0,0).
Then we can write

inh
HM (1) = AM |coshroT — Wl/Q(B)M (6.86)

To
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and the values of BY are

BM = —[WY2(B) + ro)AM , (6.87)
and

W(B.) = [WY23(B) + ro)?. (6.88)

A relation between the value of W1/ 2(B) and physical parameters and ry can be found by taking the 7 — 0~
of Eq. (6.63)

W(B) = 7§ = Von($oo, Q) - (6.89)

Another relation comes from the definition of mass M = U(0) which gives M = Hy(A)BM. Using the
proportionality between AM and BM we find that

M =WY?(B). (6.90)

The final expression for the functions H(7) and the entropies of all these solutions, for any theory, is

inh

HM(r) = AM coshro‘r—MsmrrOT , (6.91)
0

Sy = wM £r]?, (6.92)

6.93)

where the non-extremality parameter is, upon use of Eq. (6.85) given by

ro = /M2 —|2(B, B)?. (6.94)



Chapter 7

Quantum black holes in String Theory

In this chapter we use the H-F.G.K. formalism (see section 6) to define a new class of black hole solutions in
Type-IIA String Theory compactified on a Calabi-Yau (C.Y.) three-fold, in the presence of perturbative and non-
perturbative corrections. We have chosen to call them gquantum black holes, since they only exist when the
quantum corrections to the prepotential are present, and no classical limit can be assigned to them. We will
also obtain the first explicit and complete black hole solution in the presence of non-perturbative corrections to
the prepotential. Supersymmetric black hole solutions to N/ = 2 four-dimensional ungauged Supergravity in the
presence quantum corrections have been previously considered in [133, 217]. The entropy of supersymmetric black
holes in the presence of perturbative and non-perturbative corrections has been investigated in [190].

7.1 Type-1IA String Theory on a Calabi-Yau manifold

Type-IIA String Theory compactified to four dimensions on a C.Y. three-fold, with Hodge numbers (h?, h%1), is
described, up to two derivatives, by a N = 2,d = 4 ungauged Supergravity whose prepotential is given in terms
of an infinite series around Smz® — co?® [14, 161, 218]

1 . ic 1 . izt
F = g gy D meabis (7)) =
{di}

where 2%, i =1,...,n,+1 = h'!, are the scalars in the vector multiplets,? c = %‘247559’3) is a model dependent number?,

n?jk are the classical intersection numbers, d; € Z* is a h™!-dimensional summation index and Li3(z) is the third
polylogarithmic function, defined in section 7.3.2 together with some of its properties. The first two addends in
the prepotential correspond to tree level and perturbative contributions in the o' expansion, respectively

1 - ic
]:p = —gn?jkzlz]zk + E ) (72)

whereas the third term accounts for non-perturbative corrections produced by world-sheet instantons.

Fnp = ﬁ %n{dz}[,is (eQﬂ'idiZi) . (7‘3)

These configurations get produced by (non-trivial) embeddings of the world-sheet into the C.Y. three-fold. The
holomorphic mappings of the (genus 0) string world sheet onto the h'! two-cycles of the C.Y. three-fold are
classified by the nubers d;, which count the number of wrappings of the world sheet around the :—th generator of
the integer homology group H,(C.Y.,Z). The number of different mappings for each set of {d;} (= {d1,...,dr1.1})
or, in other words, the number of genus 0 instantons is denoted by n{dz}‘l

1 Actually, the prepotential obtained in a Type-IIA C.Y. compactification is symplectically equivalent to the prepotential (7.1).
2There are also h?! 4 1 hypermultiplets in the theory. However, they can be consistently set to a constant value.

3 is the Euler characteristic, which for C.Y. three-folds is given by x = 2(Ab! — A21).

4See, e.g. [219] for more details on the stringy origin of the prepotential.
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The full prepotential can be rewritten in homogeneous coordinates X*, A = (0,1) as

1 o XXXk (X0 i(X°) R
JNX):—gw%k v T +(m03§:anL@(¥ @w> : (7.4)
{d:}
with the scalars z* given by®
;X
z = X0 (7.5)

We are interested in studying spherically symmetric, static, black hole solutions of the theory defined by Eqg.
(7.1). In order to do so we are going to use the H-F.G.K. formalism [90, 132, 216], based on the use of a new
set of variables H¥, M = (A,A), that transform linearly under duality and reduce to harmonic functions on
the transverse space R® in the supersymmetric case®. However, the theory defined by Eq. (7.1) is extremely
complicated and therefore the task of obtaining explicit black hole solutions is almost hopeless. Therefore, we
are going to consider a particular approximation, namely, the large volume limit Smz* — oo: in section 7.2 we
will discard the non-perturbative corrections and consider only the perturbative ones, and in section 7.3 we will
consider a self-mirror C.Y., and therefore the perturbative correction exactly vanishes, and the first non-trivial
non-perturbative correction to the prepotential.

7.2 Perturbative quantum black holes

The non-perturbative corrections (7.3) are exponentially suppressed and therefore can be safely ignored going to
the large volume limit. Therefore our starting point is going to be Eq. (7.2), which in homogeneous coordinates
X%, A =(0,1), can be written as

1, XXXk c

2
F(X) = BT LT I ()" . (7.6)
The scalars z* are given by
I &

The scalar geometry defined by (7.6) is the so called gquantum corrected d-SK geometry [220, 221].The attractor
points of this class of models have been extensively studied in [222-224]. In this scenario, the classical case is
modified and the scalar manifold, due to the correction encoded in ¢, is no longer homogeneous, and therefore,
the geometry has been corrected by quantum effects.

7.2.1 A gquantum class of black holes

In chapter 6, thanks to the H-F.G.K. formalism, we reduced the task of obtaining black hole solutions of four-
dimensional ungauged N = 2 Supergravity to solving the following set of equations

R .. d [ 8A oA
Ep = 10pOyOn logW [HMHN — %QMQN] + 8pBas log W HM — ar <8Hp> + 9HP — 0, (7:8)

together with the Hamaltonian constraint

ra =0, (7.9)

. 2 2
o EMH My
E—;aMaNlogW(HMHN—;QMQN)+< WM> _(QWM) —

where

5This coordinate system is therefore only valid away from the locus X° = 0.
SFor more details, see section 6.
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A

(W)Z (QTM)Q, (7.10)

and

W(H) = Hy (H)HM ==V, (7.11)

The theory is now expressed in terms of 2(n, + 1) variables H¥ and depends on 2 (n, + 1) + 1 parameters:
2(n, + 1) charges Q™ and the non-extremality parameter ry, from which one can reconstruct the solution in
terms of the original fields of the theory (that is it, the space-time metric, scalars and vector fields).

For Eq. (7.2), the general W(H) is an extremely involved function, and one cannot expect to solve in full
generality the corresponding differential equations of motion, or even the associated algebraic equations of motion
obtained by making use of the hyperbolic Ansatz for the H*. Therefore, we are going to consider a particular
truncation, which will give us the desired quantum black holes

HY=Hy=H; =0, p° =py=¢; =0. (7.12)
Eq. (7.31) implies

W(H) = o |k HiE B (7.13)

1/3 .- . . . . -
where o = % must be positive in order to have a non-singular metric. Hence ¢ > 0 is a necessary condition
in order to obtain a regular solution and a consistent truncation. The corresponding black hole potential reads

W(H L
Vbh = #az i log W(H) Ql Q] , (714)
The scalar fields, purely imaginary, are given by

Hi
(S ER)

z =1 (313 (7.15)

and are subject to the following constraint, which ensures the regularity of the Kahler potential (X° = 1 gauge)

3c

0. Smz'Smz? Sme* > -5 (7.16)

Substituting Eq. (7.15) into Eq. (7.16), we obtain

c
- 7.17

c> (7.17)

which is an identity (assuming ¢ > 0) and therefore imposes no constraints on the scalars. This phenomenon can
be traced back to the fact that the the Kahler potential is constant when evaluated on the solution, and given by

e X =6c, (7.18)

which is well defined, again, if ¢ > 0. Since the volume of the C.Y. manifold is proportional to e %, Eq. (7.18)
implies that such volume remains constant and, in particular, that the limit $mz* — oo does not imply a large
volume limit of the compactification C.Y. manifold, a remarkable fact that can be seen as a purely quantum
characteristic of our solution”. Notice that it is also possible to obtain the classical limit Smz*® > 1 taking ¢ >> 1,
that is, choosing a Calabi-Yau manifold with large enough c. In this case we would have also a truly large volume
limit.

We have seen that, in order to obtain a consistent truncation, a necessary condition is ¢ > 0, which implies
that W (H) is well defined. We can go even further and argue that this is a sufficient condition by studying the
equations of motion Ep:

"Notice that in order to consistently discard the non-perturbative terms in Eq. (7.1) we only need to take the limit Smz? — oo.
Therefore, the behavior of the C.Y. volume in such limit plays no role.



70 CHAPTER 7. STRING THEORY QUANTUM BLACK HOLES

A consistent truncation requires that the equation of motion of the truncated field is identically solved for
the truncation value of the field. First, notice that the set of solutions of Egs. (7.8) and (7.9), taking into account
(7.31), is non-empty, since there is a model-independent solution, given by

H' =a'-*_1, 7r0=0, (7.19)

which corresponds to a supersymmetric black hole. However, the equations of motion £p don’t know about
supersymmetry: it is system of differential equations whose solution can be written as

HM = HM (a,b) , (7.20)

where we have made explicit the dependence in 2n, + 2 integration constants. When the solution (7.20) is plugged
into (7.9) is when we impose, through rg, a particular condition about the extremality of the black hole. If rqg = 0
the integration constants are fixed such as the solution is extremal. In general there is not a unique way of doing it,
one of the possibilities being always the supersymmetric one. Therefore, given that for our particular truncation
the supersymmetric solution always exists, we can expect the existence also of the corresponding solution (7.20)
of the equations of motion, from which the supersymmetric solution may be obtained through a particular choice
of the integration constants that make (7.20) fulfilling (7.9) for rq = 0.

We conclude, hence, that

{HP =0,0F =0} =¢&p=0, (7.21)

and therefore the truncation of as many H’s as we want, together with the correspondet Q’s, is consistent as long
as W (H) remains well defined, something that in our case is assured if ¢ > 0. From Eq. (7.1) it can be checked
that the case ¢ = 0, that is A»! = h%!, can be cured by non-perturbative effects.

It is easy to see that the truncation is not consistent in the classical limit, and therefore, we can conclude
that the corresponding solutions are genuinely quantum solutions, which only exist when perturbative quantum
effects are incorporated into the action.

Hence, we can conclude that if we require our theory to contain regular quantum black holes there is a
topological restriction on the Calabi-Yau manifolds that we can choose to compactify Type-IIA String Theory.
The condition can be expressed as

c>0 = h'M>hA%, (7.22)

For the supersymmetric solution (7.48) it is possible to compute the entropy in a model independent way. The
result reads

i k12/3

Ssusy =T |K’?jkp p]pk| / . (723)
The class of supersymmetric black holes described here, with entropy (7.23), have no microscopic-String-Theory
description, not even at the leading order, and therefore illustrate how the microscopic description of the entropy
in String Theory is not well understood even for the simplest class of black holes, namely, the supersymmetric
one.

7.2.2 Quantum corrected STU model

In this section we consider a very special case, the so-called STU model, obtaining the first non-extremal solution
with non-constant scalars in the presence of perturbative quantum corrections. In order to do so, we set n, =
3, k%3 = 1. From (7.13) we obtain

W(H) = a |H'H*H3[® (7.24)
where a = 3¢!/3. The scalar fields are given by
. H?
2t =ct/? : (7.25)

(H1H2H3)1/3
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The 7-dependence of the H™ can be found by solving Eqgs. (7.8) and (7.9), and the solution is given by

i_ E i 20.3\2 (Pi)z
H* = a*cosh (rg7) + —sinh (ro7), b = sp4/r5(a?)? + 5
To

(7.26)

The three constants a* can be fixed relating them to the value of the scalars at infinity and imposing asymptotic
flatness. We have, hence, four conditions for three parameters and therefore one would expect a relation among
the Smz’, leaving ¢ undetermined. However, the explicit calculation shows that the fourth relation is compatible
with the others, and therefore no extra constraint is necessary. The a are given by

Ce 2
 Smzl

at = —s} N (7.27)
The mass and the entropy, in turn, read
o 3c(pt)?
M=— 14+ ——7——F— 7.28
ST ey 729
( 4)2 2/3
3c(p*
Sy =riw 1+ -——"——+1 , (7.29)
0 H (\/ 2r2(Smz?,)? )
and therefore the product of the inner and outer entropy only depends on the charges
5.5 — m2a? H( i)4/3 (7 30)
+5-=—, p : :

%

In the extremal limit we obtain the supersymmetric as well as the non-supersymmetric extremal solutions, de-
pending on the sign chosen for the charges.

7.3 Non-perturbative quantum black holes

In this section we are going to include non-perturbative corrections into the game. As we saw in section 7.2, the
perturbative quantum black holes become singular when ¢ = 0, z.e., when the compactification C.Y. manifold
is self-mirror. However, as we will see later, it is possible to make the formal limit ¢ — 0 regular by including
non-perturbative corrections in the prepotential. At the same time, we will construct the first explicit black hole
solution in the presence of non-perturbative quantum corrections.

Therefore we are going to consider, for the time being, the complete (7.1), and impose the same particular
truncation as in section 7.2

H=Hy=H; =0, p®°=¢qy=¢; =0. (7.31)

Under this assumption, the stabilization equations, which can be directly read off from (7.11) take the form

% )= () (T) -5 ()
. = 5 OF (X ) = 5 OF (X ) (732)
(%)= (e ) (%)= (et
and the physical fields can be obtained in terms of the H* as
. ) H?
—2U _ . 1 T __ g
e Y =R,(H)H", 2 _zRO(H) ) (7.33)

as soon as R° and R* are determined. In order to obtain R° as a function of H?, we need to solve the highly
involved equation

8F(H)



72 CHAPTER 7. STRING THEORY QUANTUM BLACK HOLES

where F(H) stands for the prepotential expressed in terms of the H*

7 H'HIH* 1c(R%)2  4(R%)? . ond HY
F(H)= gﬂgjk RO + 5 + (2m)3 Z nygq,3Lis (e amds RO) . (7.35)
' {di}

Once this is done, it is not difficult to express R* in terms of H*. Indeed, from (7.32) we simply have

_ 9F(H)
Ri= = m

(7.36)

where R® = R°(H) must be substituted only after we perform the derivative, and must be taken to be independent
before. Let’s see how involved is the equation for R?: if we expand (7.34), we find

1 , H'HIH* 1 ( _oma, H
SAE e O g 2 [“3 ( RO)
{d:}

. —ong, B\ [7d;H
+Liy <e 2 dw’io) [ =0 H =0. (7.37)

Solving (7.37) for R? in full generality seems to be an extremely difficult task. However, if we go to the large volume
compactification limit (Smz* >> 1), we can make use of the following property for polylogarithmic functions

lim Ligs(w)=w,Vs € N, (7.38)

|w|—0

i 1,1
since, in our case, w = e~274:Sm=" L4 ¢ (Z"‘)h . Eq. (7.38) enables us to rewrite (7.37) as

1 0 H‘HiH* 1 —omd; HX —omd; 2. WdiHi
—aﬁijkw +c+ m Z n{di} [e 4 RO 4+ e i RO RO =0 , (739)
{d:}

keeping in mind that we are assuming Smz® >> 1. The dominant contribution in this regime, aside from the
cubic one, is given by c. In [76], the first non-extremal black hole solutions (with constant and non-constant
scalars) of (7.1) were obtained ignoring the non-perturbative corrections. These solutions turned out to be purely
quantum?, in the sense that not only the classical limit ¢ — 0 was ill-defined, but also the truncated theory
became inconsistent and therefore no classical limit could be assigned to such solutions. An interesting question
to ask now is whether the non-perturbative contributions could actually be able to cure or at least improve this
behaviour. On the other hand, it is also interesting per se to explore the existence of black hole solutions when the
subleading contribution to the prepotential is not given by ¢, but has a non-perturbative origin. In order to tackle
these two questions, let us restrict ourselves to C.Y. three-folds with vanishing Euler characteristic (¢ = 0), the
so-called self-mirror C.Y. three-folds. Under this assumption, and considering only the subleading contribution in
(7.37), which is now given by the fourth addend in (7.39), such equation becomes®

1 , H'HIH* 1 _omg, 2 [md H
{di}

The sum over {d;} in (7.40) will be dominated in each case by a certain term corresponding to a particular vector
d; (and, as a consequence, to a particular n; = #), which, consistently with the assumption Smzt >> 1, is the

only one that we are going to consider. Therefore, (7.40) becomes

1 , H'HIH*

N _orj H- 71'('L'Hi
1Rk moys T 2.3 B
3! (R9) 4w

=0 ] =0, Smz*>>1. (7.41)

81t is worth pointing out that, in this context, the term gquantum does not refer to space-time but to world-sheet properties [219].
In this respect, although such denomination is widely spread in the literature, the adjective stringy might result more acqurate.

; 4 ; id: 2t ;
9e2midiz" < g|d;Smz?|e?™™i%" for Smzt >> 1.
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This equation is solved by'°®
7l'dl Hl

b
37(d, H")3
Wa (sa 3«0 HiHIHF
ij

where Wa(z), (a = 0, —1) stands for (any of the two real branches of) the Lambert W function™ (also known as
product logarithm), and s, = +1. Using now Egs. (7.42) and (7.36) we can obtain R*. The result is

R° =

(7.42)

1, HIH* 3 (dy, H™)3
Ri_iﬂ“kncsz’WG <Sa 2k0,, HPHIHT |~ (7.43)

The physical fields can now be written as a function of the H* as

O H*HIHF ~(d )3
—2U K'UkH HH 37 (d; HY)
=WH)= ——W, P 7.44
e ( ) 27['dem a | Sa 2K2qTHquHT ) ( )
.. H 3n(d H')3
Y= Wy | St ———t— | . 7.45
? Zﬂdem <S 2K2ququHT ( )

In order to have a regular solution, we need to have a positive definite metric warp factor e=2V. Since, as explained
in section 7.3.2, sign [W,(z)] = sign[z], a = 0,—1, z € D§, we have to require that

H'HIH*
— 0
Sp = sign [szk(m’n} y (746)
for the real branch Wy and
s 1 =-1. (7.47)

for the real branch W_;. On the other hand, since Wy(z) = 0 for z = 0 and W_;(z) is a real function only when
z € [—1,0), we have to impose that the argument Arg [W,] of W, (z) lies entirely either in [—2,0) or in (0, c0) for
all 7 € (—00,0), since 2V cannot be zero in a regular black hole solution for any 7 € (—co,0). This condition must
be imposed in a case by case basis, since it depends on the specific form of the symplectic vector H® = HM (1)
as a function of 7. Notice that if Arg[W,] € [—%, O) V 7 € (—00,0) we can in principle!? choose either Wy or
W_; to build the solution, whereas if Arg [W,] € (0,400) V 7T € (—00,0), only Wy is available.

Needless to say, in order to construct actual solutions, we have to solve the H-FGK equations of motion (7.8)
(plus hamiltonian constraint (7.9)) using the Hessian potential given by (7.44). Fortunately, such equations admit
a model-independent solution which is obtained choosing the H* to be harmonic functions in the flat transverse
space, with one of the poles given in terms of the corresponding charge
pl
r

ol

H =a' — r7o=0. (7.48)

This corresponds to a supersymmetric black hole.

7.3.1 The general supersymmetric solution

As we have said, plugging (7.48) into (7.45) and (7.44) provides us with a supersymmetric solution without solving
any further equation. The entropy of such solution reads

o P'Pp*

1
S =k S
2 dmp™

Wa (saB) » (7.49)

10Henceforth we will be using W for the Hessian potential, and W for the Lambert function. We hope this is not a source of
confusion.

11See section 7.3.2 for more details.

12As we will see in section 7.3.1, the possibility so = s_1 = —1 will not be consistent with the large volume approximation we are
considering.
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f= 3A(dip')3
2K9 4, PPPIP"

and the mass is given by

. 1 |3k2,p'a’a” 1
M=U(0)= ! 1- 7.50
(0) 22 [ Kgqrapaqar [ 1+ Wa(saa)} ( )
Capt [ 3
d,a” 2(1 4+ Wy(sqa)) ]|’
5 (d al)3
a = M i (7.51)
2£9,.aFala”

In the approximation under consideration, we are neglecting terms ~ e~ 2mdiSmz" with respect to those going
as ~ |d;Smzt|e—274:S ™" Taking into account (7.45), this assumption is translated into the condition

Wa(z) >> 1, (7.52)

where z stands for the argument of the Lambert function (see (7.42)). It is clear that this condition is satisfied
for a = 0 if Arg[Wy] € [a, B] for positive and suficiently large values of o and B. However, it is not satisfied at all
for Arg[W,] € [—1,0), which is the range for which both branches of the Lambert function are available.

If we assume Arg[W,] € [a, f] for suficiently large o, 5 € R*, a = 0 and W is the only real branch of the
Lambert function. In that case, s = sp = 1, and we have

v _ n?ijiHijW 3n(d H')3 (7.53)
" ondnH™  °\\| 20 HPHHT |’ '
. . H 3 (d H')3
R N ) 7.54
? 'Lﬂ'dem 0 < 2K}OJqTHquHT ( )

In the conformastatic coordinates we are working with, the metric warp factor e =2V is expected to diverge at the

event horizon (7 — —o0) as 72. In addition, we have to require e=2Y > 0 V7 € (—00,0], and impose asymptotic

flatness e2U(7=0) — 1. The last two conditions read
K0, H' HI H*
Bk 77 S0 vr e (~o0,0], (7.55)
2nd, H™
k9. atala®
2nd,,a™

whereas the first one turns out to hold, since

o KO pipTpF
g2 Tomp SapP PR gy o (7.57)

8mwd,,p™
(7.55) and (7.56) can in general be safely imposed in any particular model we consider. Finally, the condition for
a well-defined and positive mass M > 0 can be read off from (7.50).

7.3.2 Multivalued functions and black hole uniqueness theorems

As we explained in the previous section, our approximation is not consistent with a solution such that Arg[W,] €
[-1,0). This forbids the domain in which W(z) is a multivalued function (both W, and W_; are real there).
However, it seems legitimate to ask what the consequences of having two different branches would have been, if this
constraint had not been present. In principle, we could have tried to assign the asymptotic (7 — 0) and near horizon
(T — —o0) limits to any particular pair of values of the arguments of Wy and W_; through a suitable election of

the parameters available in the solution. In particular, if we had chosen Arg[Wy]|,—0 = Arg[W_1]|r=0 = —1/e
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and Arg [Wol|ro—00 = Arg[W_1]|r5—0 = B, B € (—1/e,0), both solutions would have had exactly the same
asymptotic behavior (and therefore the scalars of both solutions would have coincided at spatial infinity), and
we would have been dealing with two completely different regular solutions with the same mass'3, charges and
asymptotic values of the scalar fields, in flagrant contradiction'* with the corresponding black hole uniqueness
theorem (conjecture). At this point, and provided that our approximation is not consistent with such presumable
two-branched solution (therefore, we could say that ST forbids such possibility), the feasibility of this reasoning
in a different context can only be catalogued as speculative at the very least. However, as a matter of fact,
a violation of the black hole uniqueness theorem (and, in turn, of the No-Hair conjecture) in four-dimensional
ungauged Supergravity would have far-reaching consequences independently of whether the solution is embedded
in ST or not. In this regard, the very possibility that the stabilization equations may admit (for certain more
or less complicated prepotentials) solutions depending on multivalued functions seems to open up a window for
possible violations of the black hole uniqueness theorems in the context of N' = 2 d = 4 ungauged Supergravity.
The question (whose answer is widely assumed to be "no") is now: is it possible to find a four-dimensional
(Super)gravity theory with a physically-admisible matter content admitting more than one stable black hole
solution with the same mass, electric, magnetic and scalar charges? This question will be addressed in [225].

The polylogarithm

The polylogarithmic function or polylogarithm L, (2) (see e.g. [226] for an exhaustive study) is a special function
defined through the power series

o
J
Liw(z):§:;—w, z,weC. (7.58)
j=1

This definition is valid for arbitrary complex numbers w and z for |z| < 1, but can be extended to z's with |z] > 1
by analytic continuation. From its definition, it is easy to find the recurrence relation

. OL1
Liy_1(2) = z;%(z) . (7.59)
The case w = 1 corresponds to
Liy(2) = —log(1l — 2), (7.60)
and from this it is easy to see that for w = —n € Z~ U {0}, the polylogarithm is an elementary function given by
z o\" =z
Le = Li_,(2)=(z+— . 7.61
o(e) = 120 i) = (25 ) 1 (7.61)

The special cases w = 2,3 are called dilogarithm and trilogarithm respectively, and their integral representations
can be obtained from Lt;(2) making use of

Li,(2) = /OZ Mw%l(s)ds. (7.62)

The Lambert W function

The Lambert W function W(z) (also known as product logarithm) is named after Johann Heinrich Lambert
(1728-1777), who was the first to introduce it in 1758 [227]. During its more than two hundred years of history, it
has found numerous applications in different areas of physics (mainly during the 20th century) such as electrostatics,
thermodynamics (e.g. [228]), statistical physics (e.g. [229]), QCD (e.g. [230], [231], [232], [233], [234]), cosmology
(e.g. [235]), quantum mechanics (e.g. [236]) and general relativity (e.g. [237]).

W (z) is defined implicitly through the equation

13 Although W} _,(z) are divergent at ¢ = —1/e (as explained in section 7.3.2), and the definition of M would involve derivatives of

the Lambert function at that point, it would not be difficult to cure this behaviour and get a positive (and finite) mass by imposing

. T—0 z——1/e
&(7) — 0 faster than [W; _,(z)| — oo.

14Up to possible stability issues, which should be carefully studied.
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z=W(2)e"®, vzecC. (7.63)

Since f(z) = ze* is not an injective mapping, W (z) is not uniquely defined, and W (z) generically stands for the
whole set of branches solving (7.63). For W : R — R, W(z) has two branches Wy(z) and W_;(z) defined in the
intervals z € [-1/e,+o0) and z € [—1/e, 0) respectively (See Figure 1). Both functions coincide in the branching
point ¢ = —1/e, where Wy(—1/e) = W_1(—1/e) = —1. As a consequence, the defining equation z = W (z)e" (%)
admits two different solutions in the interval z € [—1/e, 0).

‘Il
i (-1/e-1)

W00

Figure 7.1: The two real branches of W (z).

The derivative of W(z) reads

dW (z) W(z) dW (z)
= v 0,-1 ; =1 7.64
& - AW z2¢{0,~1/e}; — b (7.64)
and is not defined for z = —1/e (the function is not differentiable there). At that point we have
lim Wo(2) =00, lim dW-.(z) = —. (7.65)

z——1/e dz z——1/e dz



Appendix A

Resumen

Esta tesis ha sido dedicada a la obtencién y estudio de soluciones de tipo agujero negro en teorias supersimétri-
cas de la gravedad sin gaugeos y en cuatro dimensiones. Las teorias supersimétricas de la gravedad, llamadas
Supergravedades [27-31], son teorias que describen la gravedad a partir de una métrica definida en una variedad
diferenciable, al estilo de la Relatividad General, y que incorporan una simetria concreta, la Supersimetria, que
relaciona los bosones y los fermiones de la teoria. La Supersimetria [29, 32—-34] es una simetria hipotética de la
naturaleza que se postuld en los ands setenta y que atin no ha sido observada en la naturaleza. No obstante, ha sido
y sigue siendo intensamente estudiada por su atractivo teérico. En concreto, Supersimetria presenta una unifi-
caciéon no trivial de las simetrias internas de una teoria de campos con las espaciotemporales, dadas por el grupo
de Poincaré. Asimismo permite resolver algunos de los problemas presentes actualmente en fisica de particulas,
como por ejemplo el problema de la jerarquia, y ademés mejora en general el comportamiento ultravioleta de las
teorias cuénticas de campos.

En Supergravedad, la Supersimetria aparece irremediablemente gaugeada, es decir, las transformaciones que
relacionan los bosones y los fermiones de la teoria son locales y por tanto dependen del punto del espaciotiempo.
Supergravedad surgié a finales de los aflos setenta y desde entonces ha sido estudiada con intensidad por parte de
la comunidad de fisicos teéricos. Su relevancia viene dada fundamentalmente, por dos motivos:

1. Presenta una extensién de la Relatividad General de Einstein incorporando una nueva simetria, la Super-
simetria.

2. La Supergravedad es el limite de baja energia de la Teoria de Cuerdas, y contiene ademéas importante
informacién no perturbativa sobre la misma.

Teoria de Cuerdas [1, 2] es una teoria que se comenzo6 a desarrollar a finales de los afios sesenta y hoy en dia se ha
consolidado como un approach consistente al problema de la unificacién de las interacciones fundamentales y al
problema de la Gravedad Cuéantica.

Como se cree que Teoria de Cuerdas contiene una teoria de Gravedad Cuéntica consistente, es preciso
estudiar las predicciones de dicha teoria en situaciones gravitacionalmente no triviales y donde los efectos cuénticos
sean importantes, como en un agujero negro. Dado que la Supergravedad contiene soluciones de tipo agujero negro,
v es a su vez el limite de baja energia de la Teoria de Cuerdas, el estudio de agujeros negros en Supergravedad es
de extrema importancia para poder estudiar los aspectos cuanticos de los mismos en el contexto de la Teoria de
Cuerdas.

Por tanto, el estudio de agujeros negros en Teoria de Cuerdas y Supergravedad es de gran importancia,
y a ello se ha dedicado un gran esfuerzo en la literatura [104, 107-110, 119, 120, 124, 132, 165]. En esta tesis
pretendemos dar un pequefio paso en esa direccién, desarrollando un formalismo para obtener soluciones de tipo
agujero negro en Supergravedad, y obteniendo explitamente una clase de soluciones de tipo agujero negro que se
puede embeber en Teoria de Cuerdas y es, por tanto, relevante para estudiar los aspectos cuantico-gravitacionales
de la Teoria de Cuerdas.

7



78

CHAPTER A. INTRODUCCION



Appendix B

Conclusiones

En esta tesis hemos estudiado soluciones de tipo agujero negro de Supergravedades en cuatro dimensiones y sin
gaugeos. En concreto, hemos caracterizado primero la solucién de tipo agujero negro mas general de una clase de
teorias de gravedad, acopladas a escalares y campos vectoriales, que incluye cualquier Supergravedad sin gaugeos
en cuatro dimensiones. Una vez obtenida la forma general de dicha solucién, la hemos utilizado para estudiar su
simetria escondida en el limite cercano al horizonte. Es decir, hemos estudiado las simetrias de la ecuacién de
Klein-Gordon en el espaciotiempo dado por la métrica general y hemos concluido la existencia de una simetria
SL(2,R) en el limite cercano al horizonte. Asimismo, hemos demostrado, mediante la correspondiente construccién
explicita, que dicha simetria se puede extender de manera candnica a un algebra de Virasoro, lo que proporciona
la buscada conexién con la teoria conforme dual que describe los grados de libertad microscépicos de la entropia.
Este ha sido el contenido del capitulo 4.

En el capitulo 5, construimos la métrica de todos los agujeros negros supersimétricos de Supergravedades
extendidas, de uno y varios centros, usando el formalismo presentado en [131] asi como las propiedades de los grupos
de tipo E;. Estos agujeros negros son muy relevantes en Teoria de Cuerdas, ya que al ser supersimétricos no reciben
correcciones y sus propiedades fisicas pueden creerse més alla del limite de baja energia de Supergravedad donde
fueron obtenidos.

En el capitulo 6 desarrollamos un nuevo formalismo, llamado el formalismo H-F.G.K., que facilita la construc-
cién de soluciones de tipo agujero negro no supersimétricas en Supergravedad sin gaugeos N' = 2. El formalismo
estd basado en la utilizacién de un nuevo tipo de variables, que se transforman en una representacién lineal y
simpléctica del grupo de U-dualidad de la teoria y que son funciones arménicas en R? en el caso de agujeros negros
supersimétricos.

En el capitulo 7 aplicamos el formalismo H-F.G.K. a la Teoria de Cuerdas tipo IIA compactificada en una
variedad Calabi-Yau, obteniendo una clase de soluciones llamada agujeros negros cudnticos, que s6lo existen
en presencia de correcciones cuanticas en el prepotencial y para los que no existe, ni puede ser asignado, un
limite clasico. Asimismo, obtenemos la primera clase de soluciones en presencia de correcciones cuanticas no
perturbativas. Dichas soluciones vienen dadas en funcién de funciones multivaluadas, lo cual podria dar lugar a
una violacién de la conjetura del no-pelo. No obstante, tal violacién no es posible en el contexto de Teoria de
Cuerdas, aunque la posibilidad permanece abierta en el contexto de Supergravedad.

En el capitulo 2 damos una breve introduccién a la geometria Special Kahler y a los espacios homogéneos,
relevantes para la formulacién de Supergravedad en cuatro dimensiones, que se resume en el capitulo 3.
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