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Abstract

We consider various geometrical and physical aspects of the r-map and c-map, which
are two maps induced by the dimensional reduction of 5d and 4d, N' = 2 supergravity
coupled to vector multiplets respectively. We treat reduction over a spacelike or timelike
dimension on an equal footing, and prove, for the first time, that the target manifold
in the image of the timelike c-map is para-quaternion Kahler. In order to do this we
provide a new formulation of projective special Kahler geometry based on real Darboux
coordinates, which is useful both mathematically and physically in its own right.

As an application we investigate how the r-map and c-map can be used to generate
new stationary black hole solutions. In four dimensions we construct new extremal non-
BPS solutions, and in both four and five dimensions we construct new non-extremal
solutions. We also take the first steps towards constructing new rotating solutions,
though at this stage we only recover known solutions.

The systematic and geometrical nature of these constructions allows us to gain a
deeper understanding of many familiar properties of black holes in supergravity, such
as the attractor mechanism and the transformation of BPS into non-BPS black holes
using a field rotation matrix. We also observe an interesting and novel feature relating
to non-extremal black holes: in order for solutions to correspond to non-extremal black
holes with finite scalar fields we find that the number of integration constants must
reduce by half. This suggests that non-extremal black holes always satisfy first order
equations similar to their extremal counterparts. For STU-like models all calculations
are performed explicitly.
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Chapter 1

Introduction

This thesis is devoted to various physical and geometrical aspects of five- and four-
dimensional theories of N' = 2 supergravity coupled to vector multiplets. Such theories
play an important role in the study of non-perturbative gauge theories [1, 2], string the-
ory compactifications [3, 4, 5], and black hole physics [6, 7, 8]. Theories with extended
supersymmetry come equipped with two types of geometry: spacetime geometry and
the geometry of the scalar target manifold. For N' = 2 supersymmetry the latter are
known as ‘special’ geometries and are interesting mathematically in their own right
[9, 10, 11].

We will concentrate on two particularly important tools at our disposal: the maps
induced by the dimensional reduction of five- or four-dimensional N' = 2 supergravity
coupled to vector multiplets, which go by the names of the r-map and c-map respec-
tively. By developing our analysis of these maps we gain a deeper understanding of the
geometry and physics of these theories as a whole. Moreover, we can use these results
to construct new solitonic solutions such as black holes, which play an important role
as a testing ground for string theory and other quantum theories of gravity. Let us now
give an introduction to, and summary of, the main results:

1. The real formulation of projective special Kdhler geometry

The standard form of the Lagrangian of 4d, N' = 2 supergravity coupled to vector
multiplets is presented in terms of complex scalar fields [12, 13, 14], which reflects the
fact that the definition of projective special Kahler geometry is formulated in terms
of complex coordinates [13, 11]. However, in certain circumstances it is desirable to
use a formulation of this geometry in terms of real coordinates, for instance in the
study of non-holomorphic corrections and the OSV conjecture [15, 16, 17, 18]. More
recently it has been appreciated that it is also extremely useful for the construction of
new black hole solutions [19, 20, 21], which we discuss later. We will also see that the
real formulation of projective special Kéhler geometry allows us in turn to provide a
new formulation of the c-map in terms of real coordinates, and will play an important
role in the proof that the target manifold in the image of the temporal c-map is para-
quaternion Kahler.

Although the real formulation of affine special Kéhler geometry has been known
for some time and is relatively straight-forward [11], the real formulation of projective
special Kéahler geometry has only been considered recently and is technically more
challenging. A particular formulation of projective special Kéhler geometry in terms
of real coordinates has been proposed in [22], though we find there is still room for
improvement in various conceptual and practical aspects of this construction. In this
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thesis we will present a new formulation of projective special Kéhler geometry that
is given in terms of real Darboux coordinates and uses horizontal fields on a larger
ambient space (the associated conic affine special Kéhler manifold). The advantage of
this approach is that we expose the underlying conic structure very clearly, and full
symplectic covariance is manifest, at least before projecting down. All data is expressed
in terms of a single function called the Hesse potential [11], which replaces the role of
the holomorphic prepotential when using special real coordinates.

2. The r-map and c-map

The r-map and c-map were first developed around two decades ago [23, 24, 25, 26], and
have remained to this day a consistently active area of research for both physicists and
mathematicians.

Through dimensional reduction of 5d, N' = 2 supergravity coupled vector mul-
tiplets over a spacelike dimension one obtains a theory of 4d, N' = 2 supergravity
coupled to vector multiplets. This induces a map from the target manifold of the five-
dimensional theory, a projective special real manifold, into the target manifold of the
four-dimensional theory, a projective special Kéhler manifold [24], which is called the r-
map. One may alternatively consider the dimensional reduction of the same theory but
over a timelike dimension. In this case the four-dimensional theory has an Euclidean
spacetime signature and the target manifold is a projective special para-Kahler mani-
fold [27]. We call this the timelike r-map! in order to distinguish it from the spacelike
r-map.

Recent progress in the r-map has focussed on the generalisation of the spacelike or
timelike r-map to include theories that are direct generalisations of A' = 2 supergravity
coupled to vector multiplets [27, 28], and also to include theories in which N > 2 [29].
Since the timelike generalised r-map involves dimensional reduction over time it can be
used as a technique for constructing stationary black hole solutions to supergravity and
its generalisations [30, 31, 32]. In this thesis we will provide a review of this generalised
r-map based on [27], which we will later use to construct new non-extremal black hole
solutions.

The c-map is technically more challenging than the r-map for two reasons. First, the
spacelike c-map is a map from a projective special Kéhler manifold into a quaternion
Kéhler manifold [26], which is a relatively difficult type of manifold to study. Second,
the isometry group generated by the c-map is more complicated than the r-map [26, 33,
34]. However, for the same reasons the c-map is a particularly interesting construction
in both a physical and mathematical sense. We will revisit the original formulation of
the spacelike c-map by Ferrara and Sabharwal [26], before providing a new formulation
of this map based entirely on real coordinates, which has appeared in the publication
[19] by the author. This makes critical use of the real formulation of projective special
Kahler geometry discussed previously. We then go on to provide a proof, for the first
time, that the target manifold in the image of the timelike c-map is para-quaternion
Kahler. This result will appear later in [28].

Using our formalism we also prove the existence of a second integrable and metric
compatible complex structure on the quaternion Kéahler manifold in the image of the
spacelike c-map, in addition to the integrable complex structure found in [35]. Both
complex structures are also integrable and metric compatible on the para-quaternion
Kéhler manifold in the image of the timelike c-map, in which case the second complex
structure is also compatible with the para-quaternion structure.

'In the literature this is also sometimes called the temporal r-map or para-r-map.
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3. Black hole solutions

Over the years black holes have remained an inexhaustible source of interest to physi-
cists across a broad spectrum of sub-disciplines, such as cosmology, quantum gravity,
information theory and recently even condensed matter physics. In this thesis we are
interested in black holes from a theoretical point of view, and they will only be con-
sidered in isolation from other cosmological objects. The most important feature for
us is the existence of an event horizon. We will be particularly interested in static,
charged black hole solutions. These come in two varieties: extremal and non-extremal.
For charged black holes the mass cannot be lower than the charge M > |Q|, and we
define extremal black holes to be those that saturate this bound, i.e. M = |Q|, whereas
non-extremal black holes do not, i.e. M > |Q)].

In order to give a complete description of black hole physics, up to and including the
event horizon, one must appeal to a theory that unifies gravity and quantum mechanics.
Conversely, any theory that purports to be a consistent theory of quantum gravity
should provide a satisfactory description of black hole physics. This is why black holes
play such an important role as a testing ground for string theory and other theories of
quantum gravity. Over the past two decades tremendous progress has been made in
our understanding of black hole physics in string theory, which is the main motivation
for their discussion in this thesis. The matching of the microscopic entropy [6] and
macroscopic entropy [7] of a certain class of five-dimensional BPS black holes is one of
the most celebrated results of the theory. This discovery ushered in the next two decades
of intense interest in black hole physics in string theory and its compactifications to
five- or four-dimensional supergravity, which are the theories we will consider in this
thesis.

An important subclass of black hole solutions in theories of extended supergravity
consists of so-called BPS black holes, which are characterised by preserving some degree
of supersymmetry from their parent theory. They saturate a bound relating their mass
with the central charge, and in the static case are necessarily extremal. Some well-
known black holes can be interpreted as BPS solutions when embedded into supersym-
metric theories, such as the extremal Reissner—Nordstréom black hole [36, 37]. BPS black
holes exhibit an interesting feature known as the attractor mechanism, which is a pro-
cess by which the behaviour of the solution at the horizon is completely by the charges
and becomes independent of the asymptotic values of the moduli fields [7, 38, 39, 40].
More generally, BPS solutions can be determined on the whole of spacetime in terms
of harmonic functions through so-called generalised stabilisation equations, which re-
duce to the attractor equations in the near horizon limit [41, 42, 43, 44, 45]. Attractor
behaviour can also occur for non-BPS black holes [46, 47], and is now understood to
be a consequence of extremality.

The fact that BPS black holes are invariant under certain supersymmetry transfor-
mations means that they admit Killing spinors, see e.g. [48, 14], which are the fermionic
analogue of Killing vectors. Solving the Killing spinor equations amounts to solving a
set of first order differential equations. This is often easier than solving the equations
of motion, which are second order. Constructing non-BPS solutions is more challenging
since they do not satisfy Killing spinor equations. One approach is to identify ‘fake’
Killing spinor equations, and use these to construct non-BPS solutions in a similar way
to their BPS counterparts. However one needs to impose spherical symmetry and/or
that the target manifold is a symmetric space [49, 31, 50, 51, 52].

In this thesis we will present a new method of constructing static four-dimensional
non-BPS extremal black hole solutions, which has appeared in the publication [19] by
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the author. We work directly at the level of the equations of motion and do not assume
that spacetime is spherically symmetric or that the target manifold is a symmetric
space. While we cannot prove that non-BPS extremal solutions exist for generic models,
we will show that such solutions can always be found for a large class of models, which,
in particular, contains all models in the image of the r-map. For certain models we
construct explicit solutions, such as for STU-like models and the STU + aU? model.
For completeness we will also discuss the analogous case in five dimensions, where
the procedure for constructing extremal BPS and non-BPS solutions directly from the
equations of motion was first pioneered by Mohaupt and Waite in [32].

In contrast to extremal black holes, progress in our understanding of their non-
extremal counterparts has been slower and more recent. Since non-extremal black
holes cannot be BPS solutions one cannot use the standard method of Killing spinor
equations to construct solutions. Various methods have been used to construct non-
extremal solutions, which often involve reducing the equations of motion to first order
equations (without doubling the total number of equations) [53, 54, 55, 56, 57, 58, 49].
In this case the number of integration constants necessarily reduces by half.

Since the formalism we develop for constructing extremal black holes works directly
at the level of equations of motion, it can be adapted in a systematic way to constructing
new non-extremal solutions. Since one would not expect the reduced spacetime metric
to be flat in the case of non-extremal black holes we have to modify our ansatz from
the extremal case. In addition we impose that solutions are spherically symmetric, as
one cannot construct static multi-centred non-extremal solutions generically. In both
five and four dimensions we find that for STU-like models we can integrate the second
order equations of motion directly and obtain the general solution. We then identify
the subset that correspond to new non-extremal black hole solutions with scalar fields
that take finite values. In the five-dimensional case these solutions have appeared in
two publications by the author [59, 60], while in the four-dimensional case they are to
appear shortly [61].

We also discuss non-extremal black hole solutions to models more general than
ST U-like models, but find that we must set some scalar fields to be proportional to one
another. We therefore only obtain solutions with as many independent scalar fields as
there are blocks in the metric. This still allows us to show that in five dimensions there
is a universal non-extremal solution with constant scalar fields given by the Reissner—
Nordstréom metric, and in the four dimensional class of models mentioned above we
find that there is a universal solution with one non-constant scalar field.

A novel property that we observe in all of our non-extremal solutions is that in
order for the scalar fields to take finite values on the horizon the number of integration
constants must reduce by half. This suggests that non-extremal black hole solutions
are always governed by first order equations, just like their extremal counterparts.
Although non-extremal solutions have previously been observed to satisfy first order
equations, the logic here is different. We start with the general solution to the equations
of motion and show that for these solutions to correspond to black holes with finite
scalar fields the number of integration constants must reduce by half.

Our formalism also allows one to consider stationary four-dimensional solutions.
We consider rotating spacetimes with a flat three-dimensional metric and find that
we can very easily recover the known BPS solutions [62, 63, 41, 42]. In the rotating
case we observe that non-BPS solutions are characterised by having a non-flat three-
dimensional metric, which we will not consider in this thesis. We leave the study of
new rotating solutions, both non-BPS and non-extremal, to future work.
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This thesis is organised as follows follows: in chapters 2 and 3 three we provide the
necessary mathematical and physical background needed for the main part of the thesis.
We then follow roughly the chronological order in which the research was undertaken,
and which also corresponds to the level of complexity of the material. In chapter 4
we review the generalised r-map, which we then use in chapter 5 to construct new
non-extremal black hole solutions in five dimensions. In chapter 6 we present the real
formulation of projective special Kahler geometry and perform the c-map, which we
then formulate in terms of real coordinates. We recover the results of Ferrara and
Sabharwal before providing the proof that the target manifold in the image of the
timelike c-map is para-quaternion Kéhler. In chapter 7 we use the c-map to construct
four-dimensional black hole solutions. We first recover the known rotating and static
BPS solutions, before moving on to new static non-BPS and non-extremal solutions.
We end with a conclusion and outlook in chapter 8.

1.1 Notation and conventions

We use the conventions of [14]. The signature of the spacetime metric is given by

(++...4) Euclidean spacetime ,
(—+...4) Lorentzian spacetime .
We will always use the Einstein summation convention for repeated indices unless

explicitly stated otherwise, ie. A*A, = Z# ArA,. We denote the symmetric and

antisymmetric parts of a tensor field by
1 1
A(/u/) - i(A,U«V + AV,U«) ) A[;u/} = §(A,LLV - Auu) .

The coefficients of the Levi-Civita connection D in a coordinate basis are given by
DxY = X"D,(Y*8,) = X" [%Y)‘ + PAWY”] O
where
T = (g + Ougpp — O
w = 59 (Ougpv + OvGpu — Opguv) -
The coefficients of the Riemann curvature tensor are given by
Rp)\uy = aﬂrpu)\ - aVFp;J,)\ + Fp,uUPUVA - Fpl/ol_‘gp,)\ )

which means the curvature two-form is related to the Levi-Civita one-form (spin con-
nection) by

R = dw +w, AWy .
The Ricci curvature is defined by the contraction of the Riemann curvature

_ pA
R/W_Ru/\u>

and the scalar curvature is defined by the contraction of the Ricci curvature R = R"),.

We will frequently switch between a local coordinate basis {dz*} of the tangent
bundle and a local orthonormal basis {e®}, which we refer to as a vielbein basis and
the individual e® as vielbeins. We will use Greek indices for the coordinate basis and
Latin indices for vielbein basis

Guv dzt @ dx¥ = Nab e’ ® eb .
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The transformation matrices e, are defined to satisfy e* = e ,"dz", and we denote the
determinant by

e :=det(e,") = \/|det(gu)] -

The m-dimensional epsilon symbol is defined to be
€12.m =1,

and the epsilon tensor is given by

Eptpim = € €urpim -

Three useful identities are

ghthm = g ehtHm = egulyl o 'gumymem...um = (_)fe_l €pyfim > (1'1)
and
aul...ukpk+1...pmgul...I/kPk+1-~Pm _ (—)fp!(m _ k)!5z11 55/}2 7 (1.2)

where f is the number of timelike dimensions. It is also useful to note that by definition
edz™ A ... Ndatm = ghtHmdmy

We write an arbitrary p-form as

1

ap = H(a/p)m,,#p dx"t AL N datr .

Exterior derivatives act on the left

1

day, = H8,,(()z1,)u1mup dz¥ NdxH*t A LA dxtr

as does the interior product txg(+,-) = g(X,-). The Hodge star is defined by

1
ay, = ———(« ghttr dx"Ptt AL A dxPm .
P p'(m _ p)'( P)Mlu-NP Vp+1.--Um

Consider a p-form oy, in the case where p is even and precisely half the number of
dimensions of the manifold. If the metric has Lorentzian signature then **a, = —ay,
and so we can split the p-form into self-dual and anti self-dual parts

1
4+ B
aF = Sap Fitay),

where *oz;t = :l:z'api. A useful example is the two-form F on a four-dimensional manifold
with Lorentzian signature (e.g. spacetime), which we write as

1

F = §Fuyd$'u A d(I)V .

The Hodge-star is given by
1
*F = 1 po’? pdat N dx?
and **F = —F. We can therefore split the F' into self-dual and anti-self-dual parts
1
F* = S (FFiF).
We can write this in components as
1 =
= 5 (Fuw £ iFw),

where we have defined



Chapter 2

Preliminary mathematics

In this opening chapter we will introduce various mathematical concepts that will be
important throughout this thesis. These are based in the field of differential geometry,
a firm grasp of which is essential for the study of gravity, gauge theory and super-
symmetry. Our aim is to fully understand special geometry, which is needed to define
N = 2 supergravity in three, four and five dimensions.

We will begin in section 2.1 with a discussion about connections, which are one
of the fundamental objects in differential geometry. This will also serve as a brief
introduction to differential geometry, and here we will define many elementary objects.
In section 2.2 we will introduce special real manifolds, which are the simplest type of
manifolds in special geometry. We then move on to special (para-)Kéhler manifolds
in section 2.3, and finish with a discussion of (para-)quaternion Ké&hler manifolds in
section 2.4.

2.1 Connections

Connections can be defined on two types of fibre bundles: vector bundles, and principal
bundles. In section 2.1.1 we will focus on connections on the tangent bundle, which
is a specific type of vector bundle. Here the main motivation is to understand what
is meant by an affine connection that is flat and torsion-free (a special connection) or
torsion-free and metric compatible (the Levi-Civita connection). This will be important
later when we discuss the intrinsic definition of special geometry. In section 2.1.2 we
will discuss connections on principal bundles in general. Here the goal is to understand
parallel transport and holonomy. An important result is corollary 2.1, which relates
the Riemannian holonomy group to the Levi-Civita connection one-form.

This section is based on the well-known texts [64, 65, 66, 67], but for consistency
all definitions are based specifically on those in [67]. Throughout this section we will
let M denote an arbitrary m-dimensional differentiable manifold.
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2.1.1 Connections on the tangent bundle

Definition 2.1 (affine connection). An affine connection V is a map from two smooth
vector fields into another smooth vector field*

V:TI'(TM)xT'(TM) — I'(TM)
(X7 Y) — VXYV ;
that satisfies the following conditions:
Vx(y + Z) =VxY +Vx~2 ,
VixivyZ =VxZ +VvyZ,
VixY = fVxY,
Vx(fY)=X(f)Y + fVxY,
for all vector fields X,Y, Z € T'(T'M) and smooth functions f on M.
We can write VxY in a coordinate basis as

VY = XIV,(YA3,) = X" [auy* +T, 7| 0y, (2.1)

where the components F’\W are called the connection coefficients.

An affine connection allows one to define the notion of parallel transport. Consider
a curve ¢ : [a,b] — M, parametrised by ¢, and a vector field V tangent to the curve. A
vector field X is parallel transported along c(t) if

VyX =0.

Using a curve ¢(t) and an affine connection V we can compare a vector X (a) at the
point ¢(a) with a vector X (b) at ¢(b) in a unique and meaningful way. Moreover, we
can define a privileged type of curve that has a tangent vector field V' which satisfies

VyV =0,

or can be brought to this form by a reparametrisation of ¢(¢). Such a curve is called a
geodesic.

The action of an affine connection V can be extended to arbitrary tensors by first
requiring that the covariant derivative Vx acting on a function be the standard direc-
tional derivative (which is also the same as the action of the Lie derivative)

Vxf=X(f)=Lxf.

This is an extremely versatile formula, from which many properties of the Lie derivative
and covariant derivative can be understood. In particular, if w is a one-form we may
require that the covariant derivative satisfies the product rule

Vxw)) =Xw(})) = (Vxw)Y +w(VxY),
and so we should define the action of Vx on a one-form w to be

Vxw:T'(T'M) — R
Yi— (Vxw)(Y)=Xw(l)) —w(VxY).

'We denote the set of smooth vector fields by T'(T'M), and more generally the set of smooth sections
of an arbitrary vector bundle by I'(V).
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The action of Vx can be extended to an arbitrary tensor field through the rule
Vx(Th1 @Ts) = (VxT1) @ To + T @ (VxT) .

For a tensor field T of type (r, s) we will often write VT to denote the map I'(T'M) x
N T"M ®*TM) — T'(Q"T*M ®° TM) given by (X,T) — VxT.

Given an affine connection we can define curvature and torsion. The Riemann
curvature tensor is defined by

R:T(TM) x T(TM) x T(TM) — T(T M)
(X,Y,Z)— R(X,Y,Z) =VxVyZ —VyVxZ - Vixy|Z,

and the torsion tensor by

T :T(TM) x T(TM) —s T(TM)
(X,Y)— T(X,Y)=VxY - Vy X — [X,Y].

A connection is said to be flat if the Riemann curvature vanishes, and torsion-free if
the torsion vanishes. Note that these definitions are given in terms of a connection and
not any metric that may exist on the manifold.

Let (M, g) be a pseudo-Riemannian manifold with signature (p,q). An object that
will play an important role later on is the connection one-form. In order to define this
we must first introduce an orthonormal frame {e,}, i.e. a basis of the tangent space
that satisfies

—1 0
g(ea’ eb) = Nab Where n= ( Op ]]_ > .
q

Any orthonormal frame is related to a coordinate frame {J,} by an SL(m,R) transfor-
mation denoted eg"

€aq = ea#% )
and two orthonormal frames {e,} and {e/} are related to one another by an SO(p,q)
transformation.

We adopt the physics terminology of referring to {e,} as a vielbein basis, and
the individual e, as vielbeins. We will call the matrices e," vielbein transformation
matrices (or simply transformation matrices). Confusingly, this is different from most
of the literature in mathematics, where e," are referred to as vielbeins and {e,} as an
orthonormal frame. The inverse transformation matrices e, are defined through the
expression e“ueb” = 0y, and can be written as e, = gw,nabeb” . Just like expression

(2.1), we can write VxY in a vielbein basis as

VxY = X9V, (Y%.) = X% e, Y +~°,Y"| e, . (2.2)
The connection coeflicients in vielbein and coordinate bases are related through

Voap = € x4 (Opey™ + ebyrﬁu) = e“\ehV e .

The vielbein one-forms e® are defined to be the set of one-forms dual to the vielbeins
€q. We can now define the matrix-valued one-form w®, called the connection one-form,
by

a a C
Wb:'ycbe .
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It will be useful later to interpret w as a one-form that takes values in the Lie algebra
of the general linear group w € gl(m,R) @ T*M (note that actually every real m x m
matrix is an element of gl(m,R)). The connection one-form satisfies Cartan’s structure
equations

T% = de” +w N el

R = dw®y + w?. ANwS

where T = %T“b Ceb/\eC is the torsion two-form and R%, = %R“b Cdec/\ed is the curvature
two-form. These are related to the previously defined torsion and Riemann curvature
through

Tabc = <€a7 T(eba 60)) )
Rabcd = <6a’ R(eb’ €c, 6d)> .

Definition 2.2 (Levi-Civita connection). Given a pseudo-Riemannian manifold
(M, g) the Levi-Civita connection, denoted D, is the unique connection that is metric
compatible and torsion-free

Dg=0, T(X,Y)=0,
forall X, Y € I'(T'M).

We can formulate the definition of the Levi-Civita connection in terms of a connec-
tion one-form by the following proposition:

Proposition 2.1 . The Levi-Civita one-form is the unique connection one-form that
satisfies

(1) w% € 50(p,q)
(i) 0=de* +w Aeb,
where (i) corresponds to metric compatibility and (ii) corresponds to being torsion-free.

Proof. (Nakahara) By Cartan’s structure equations it follows that the torsion-free con-
dition implies (ii). We need to show that metric compatibility implies (i). First define

d d
Yabe = Nad? be » Wab = TadW p -

Since Vg = 0 for metric compatible connections we have

d A d A A d

Yabe = Tad€ )\ebuv#ec = nadebuvu(e A€ )_ Nad€c eb“vﬂe A
d A
= TNecd€ )\ebuvuea = —Yeba »
and since wge = 'yabceb we have
77acWCb = 777ch8@ 5

which proves (i). Since the Levi-Civita connection is unique the connection coefficients
7%, are unique (up to SO(p,q) rotations of the vielbein basis), and, hence, the Levi-
Civita one-form is unique. O
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2.1.2 Connections on principal bundles

Definition 2.3 (principal bundle). A principal bundle P(M,G) is a fibre bundle
P =5 M in which the group G acts freely and transitively on the fibres.

For any fibre bundle the transition functions act on a fibre on the left
Lyu = gu,

where 7(u) = m(gu) = p. For a principal bundle there is an additional group action,
which acts on a fibre on the right

Ryu = ug,

where again 7(u) = m(ug) = p. By definition the group action is free and transitive
on each fibre 7=!(p), which means that any two points u,v € 7~ 1(p) are related by a
unique element g € G through the right action Ryu = v. The right and left actions
commute.

Ezample 2.1 (frame bundle). A particularly useful example of a principal bundle is the
frame bundle. A frame {0,} at p € M is simply a basis of the tangent space T),M.
Since any two frames are related by a GL(m,R) transformation, the frame bundle is
a GL(m,R) principal bundle. Moreover, since GL(m,R) is also the structure group
of the tangent bundle, the frame bundle is the principal bundle associated with the
tangent bundle. The group action of a € GL(m,R) on a frame {6,} is defined by the
by the right action

Rafo = 05d°, .
On each chart (U;, z*) and (Uj,y") we can write

0 0
= P L p— = v
Qa ﬂ'_l(Ui) (92)a 61’”‘ 9 ga ﬂ__l(Uj) (9])04 6yl/ )

where (6;), (6;) € GL(m,R). Local trivialisations on U; and U; are therefore given by
Gip (W) = (0, (01)) &5, (u) = (0, (67)a") -
On overlapping charts we have Ga‘rl(Ui) = Ha‘rl(Uj) and, hence,

oxt y
B = G O3)e

The transition functions must satisfy (6;)a" = (ti;)",(0;),” and are therefore given by

m
(ti)", = g‘; € GL(m,R) ,

which confirms that the structure group is GL(m, R).

The vertical subspace V,,P C T, P of a principal bundle is defined to be the subspace
tangent to the fibre 7—!(p), and is given by the kernel of T,

Y eV,P & Y =0.
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There is an isomorphism from the Lie algebra of G to the vertical subspace given by

b9 — V,P
A AP

where

AL(f) = < Fluexp(t4)

The vector field Af is called the fundamental vector field generated by A. A complement
to the vertical subspace is called a horizontal subspace, which is not unique in general.
A choice of unique horizontal subspace at every point u € P is equivalent to choosing
a connection

t=0

unique horizontal subspace & connection

Definition 2.4 (connection on a principal bundle). A connection V on a principal
bundle P(M,G) is the unique separation of the tangent space at every point u € P
into a vertical subspace V,,, P and horizontal subspace Huv P such that

(i) Any smooth vector field X on P separates into X = X" + X where X" and
X are smooth vector fields and XY € V,P and X! € HY P for every point
uec P.

(iii) HquP = Ry HY P for any g € G.

Just like for an affine connection on the tangent space, the concept of a connection
on a principal bundle can be re-expressed in terms of a one-form. On a principal bundle
we define a connection one-form w € g ® TP to be the projection of the tangent space
onto the vertical component, which is isomorphic to g ~ V,, P, that satisfies

() wA) =4, Aeg,
(ii) Ryw = Adg-1w .
A horizontal subspace is then defined by the kernel of w
XeHYP & wX)=0,

and it is clear that a connection V is completely equivalent to a connection one-form
w.

Given a coordinate patch U; of M and local section o; of P, we can locally define
a g-valued one-form A; on U; given by

Ai=ociwegTU; . (2.3)
On the overlap of patches U; and U; these one-forms are related by
Aj =t Aitiy 4+t dt

Conversely, if we have a g-valued one-form A; and section o; on each patch U; of an
open cover of M, and the A; satisfy the above relation on the overlap of patches, then
there exists a unique connection one-form w on M such that A; = 0w on each patch.
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Given a principal bundle one may consider a so-called associated vector bundle,
which we denote by P x,V ZE, M where p is a k-dimensional representation of G and
V' is a vector space of dimension k. This is defined by identifying points (u,v) with
(ug, p(g)~'v), where u € P, v € V, g € G. The fibre structure is given by mg(u,v) =
mr(ug, p(g)~'v) = m(u), and local trivialisations by v; : U; x V' — 75" (U;). Consider
a principal bundle with G C GL(m,R) and an associated rank m vector bundle in the
standard representation of GL(m,R). In this case there is a 1:1 relationship between
connections on the principal bundle and connections on the associated vector bundle.

Ezample 2.2 (frame and tangent bundles). The tangent bundle is a rank m vector
bundle associated with the frame bundle GL(m,R). The transition functions act on
the fibre on the left through the standard representation of GL(m,R), and there is
therefore a 1:1 correspondence between connections on the two bundles. In particular,
the Levi-Civita connection is uniquely defined on the tangent bundle and therefore also
on the frame bundle.

Definition 2.5 (horizontal lift). Let P(M,G) be a principal bundle and + : [0,1] —
M be a curve in M. A curve 5 : [0,1] — P in P is a horizontal lift of v if T 0§ = v
and the vector field tangent to 4(t) always lies in H ;fv(t)P.

Proposition 2.2 . For a curve « : [0,1] — M and point u € 7~ 1(7(0)) there exists a
unique horizontal lift 4 such that 5(0) = w.

Proof. (Nakahara) Consider a patch U;, section o; and a curve 4(¢) in P such that
o4 =~ and 7(0) = u. Such a curve can always be written in 7—(U;) as

A(t) = oi(t)gi(t) , (2.4)

where we have introduced the notation o;(7(t)) = 0;(t). Note that g;(t) is a G-valued
function of the curve parameter and not of a point in P. Let X denote the vector
field tangent to «, and X the vector field tangent to 4. We will employ the standard
notation

- d
X, = S0t ‘ , 2.5
7| _, (2.5)
to represent the vector which acts on a smooth function f on P as
X = S 1G0)|
=g I
Using the decomposition (2.4) the vector Xp can be expanded as
= S oit)] _ ai0) +03(0) (1) (26)
u = dtaz i gi o dtgz o .
1 2
Since
R X _ 4 R t
(Ryi0y(03:X)), () = Zf (Rouyoi®)|,_
d
S 0)] -

we can write the first term in (2.6) as

1= Rg,(O)*(JZ*X)u .
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To analyse the second term we may use the decomposition (2.4) to write

=5(0)7(0) Sai(t)] -

Observe that

_ 410y, ~
T [Qi (O)Qz(t)] ‘t:O €eT.G~g,

since g; '(0)g;(t) = e at t = 0. Therefore ﬁ(O)g;l(O)%gi(tﬂt:o represents the vertical
vector field (g;(t)dg;(X)|i=0)* at 7(0) = u. We can then write the second term in (2.6)
as

2 = (g:(t)dgi( X))}, -
We can therefore write (2.6) as

i

u )

Xy = Ry,0)(00X )+ (g; 1 (0)dgs(X))

which we can write at an arbitrary point on the curve 5(t) as
X = Ry, (100 X) + (g:(t) "dgi (X)) . (2.7)
Note that the first term lies in H X(t)P and the second term in Vy ) P.
The vector field X tangent to 7 is the horizontal lift of ~ if it satisfies w(X ) = 0.
Acting with w on (2.7) we have

0 = () = Ry puio(02aX) + g7 (B (X)
=g (Ow(ouX)g(t) + g; ' (t)dgi(X) .

We can act on the left with g(t) to obtain

dgi t
0 — (o X)lt).
and by the definition of A; in (2.3) we can write this as
dg;(t
50 _ At (28)

This is simply an ODE with initial condition v = ¢;(0)g;(0), and by the fundamental
theorem of ODEs (the Picard-Lindelof theorem) a unique solution is guaranteed to
exist. U

For a point v € P with m(u) = p, consider a path v : [0,1] — M that satisfies
~v(0) = (1) = p. Such a path is called a loop, and we denote the set of loops at p by

Cp={7:10,1] = M | 7(0) =~(1) = p} .

The horizontal lift of a loop defines a transformation between points on the fibre P, :
7 1(p) — 7~ 1(p), which is compatible with the right action of the group

Py(ug) = Py(u)g .

The point u; = (1) = Py(u) € 7 !(p) is known as the parallel transport of u along
the loop 7.
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Definition 2.6 (holonomy group). The set of group transformations induced by par-
allel transport of a point u € P around all loops v € C},(M) is given by

Hol, (V) = {g € G | Py(u) = ug, for somey € Cp(M)} C G,
and is known as the holonomy group at u.

Throughout this thesis we will assume that all manifolds are connected, in which
case the holonomy group at every point v € P is isomorphic to the holonomy group at
every other point. One can then talk about the holonomy group of a connection on a
principal bundle Hol(V) C G without reference to a particular point. We denote the
Lie algebra of the holonomy group as hol(V) C g. Whenever a manifold is not simply-
connected we will take the holonomy group to be the restricted holonomy group, which
is generated by the set of all loops that can be shrunk to a point without any topological
obstructions.

We will now present a theorem that relates the holonomy group to the connection
one-form. This plays an important role later on in this thesis. We will give two different
proofs: first a constructive proof that is valid only on manifolds which admit a global
coordinate system. The second proof makes use of the Ambrose—Singer theorem and is
valid for all manifolds.

Theorem 2.1 . Let P(M,G) be a principal bundle over a connected manifold M
equipped with a connection V. If the connection one-form takes values in h, a Lie
subalgebra of g, then the holonomy group is a subgroup of H C G, i.e.

weHhRT*M, hCg = Hol(V) C H .

Proof (1). Suppose the manifold can be covered by a single coordinate patch Uy, and
that the Lie-algebra valued one-form A; takes values in b

Al =ocjwehT U .

The expression (2.8) is valid for any point on a curve in the coordinate patch U; and
therefore M. The holonomy group consists of all group elements g;(1) of the form
4(0) = 4(1)g1(1) where the curve « is a loop. Since g;(¢) must satisfy (2.8) for all ¢ we

have
dgy

dt lt=1
Since A;(X) € h and ¢1(0) = e it follows that g;(1) € H. O

g1(1) € Hol(V) & =-A1(X)1(1) .

Proof (2). The curvature two-form of a connection on a principal bundle is defined to
be
Q=VwegaA*(P).

This satisfies Cartan’s structure equations
Q=dw+wAw,

which generalise Cartan’s structure equations for an affine connection. We now need
to make use of the following celebrated theorem by Ambrose and Singer:
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Lemma 2.1 (Ambrose—Singer theorem). Let P(M,G) be a principal bundle with
a connection V. Then the Lie algebra of the holonomy group at the point u is given by

hol, (V) = {2,(X,Y) = —wu([X,Y]) | X,Y € H,P} .
See [64] for proof.

From this lemma it follows immediately that if w € h C g then Hol(V) C H, which
completes proof (2).
O

Corollary 2.1 . If the Levi-Civita connection one-form of a pseudo-Riemannian man-
ifold M takes values in the Lie subalgebra b C so(p, ¢) then the Riemannian holonomy
group is given by

Hol(D) C H .

2.2 Special real manifolds

Special real manifolds come in two types: affine special real and projective special
real?. These correspond to the target manifolds of 5d, NV = 2 rigid vector multiplets
and 5d, N' = 2 vector multiplets coupled to supergravity respectively [68, 69]. How-
ever, we will later consider generalisations of 5d, N' = 2 vector multiplets coupled to
supergravity, and accordingly we need to consider a more general type of geometry,
which we will simply call generalised projective special real geometry.

We will follow the procedure outlined in [59] for defining a generalised projective
special real manifold, which itself was based on [34] and unpublished work by Vicente
Cortés and Thomas Mohaupt. The method is to first define a d-conic Hessian man-
ifold. A generalised projective special real manifold is then defined as a particular
hypersurface in, or equivalently quotient of, a d-conic Hessian manifold.

Definition 2.7 (Hessian manifold). A pseudo-Riemannian manifold (M, g) is Hes-
sian if there exists a flat, torsion-free connection V such that Vg is completely sym-
metric.

For a flat, torsion-free connection one may cover the manifold M with a set of normal
coordinate charts, in which the coordinates h! are flat with respect to the connection,
ie.

0
onl -

In such coordinates the requirement that Vg is completely symmetric is equivalent to

thI =0 = VxY = XI (a[YJ) dy , where Jr =

01975 = 091K »

where gr; = ¢(07,07). This is the condition that the metric g is locally given by the
second derivatives of a function [70]

82
-9 5.
I = BpTond

We call the function H the Hesse potential, and it is unique up to terms linear in h’.

20ften the prefix ‘very’ is also added. This sentence would then read: ‘affine very special real and
projective very special real’.
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Definition 2.8 (affine special real). An affine special real manifold (M,g,V) is a
pseudo-Riemannian manifold (M, g) equipped with a flat, torsion-free ‘special’ connec-
tion V such that Vg is completely symmetric and the corresponding Hesse potential is
a cubic polynomial.

Definition 2.9 (d-conic Hessian). A d-conic Hessian manifold (M, g, V, §) is a pseudo-
Riemannian manifold (M, g) equipped with a flat, torsion-free ‘special’ connection V
and vector field £ such that

(i) Vg is completely symmetric.
(ii) D¢ = 41, where D is the Levi-Civita connection.
(iii) V¢ =1.
Let us discuss each condition in turn. Condition (i) tells us that the manifold is
Hessian with respect to the special connection. We call the normal coordinates h!
‘special’ coordinates as they are associated with the special connection.

To analyse condition (ii) we follow a similar procedure to [71], which deals with the
specific case d = 2. We begin by considering the Koszul formula

29(DxY,Z) = Xg(Y, 2)+ Yg(X,Z) — Zg(X,Y)
+9([X,Y],2) = g([X, Z],Y) — g([Y, Z], X) .

The part symmetric in X and Z gives

9(DxY.Z) +g(DzY,. X) =Yg(X,Z) + g([X,Y], Z) — ¢([Y, Z], X)

= (Lyg)(X,2). (2.9)
Plugging in Y = £ we find
Leg=dg,
which in component form reads
ﬁﬁg;u/ = fpapg/w + gupaufp + gupaufp =dgu - (2'10)

This means that £ is a homothetic Killing vector field of weight d. Condition (ii) also
implies that
Dufu = Dug,u = fu = auf )

for some function f, and the metric can be written as

d
g/”’ = §Du&,f .
We now define a new function V' by

V= g0, fo,f = g(&,€) -

Taking derivatives we find
0,V =dao,f ,

and we can make the choice V' = df = g(&,£). We now choose f to be one of our
coordinates z° = f, and so

9

E=afy;

= g =dfol .
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We can deduce the gog component of the metric through

1

af ’

and since £ is orthogonal to surfaces of constant f there can be no cross terms in the
metric gg; = 0. We can therefore write the metric as

V = g = goo(df)? = goo =

2 . .
g= C(gjjf —+ hlj(f, ﬂj’k)dl‘zd,fj .
We now define the new radial coordinate r such that ¢ = df, and we have
0
f = 7“5 .

From the (4, ) component of (2.10) we have

0
Tahzj(rv ah) = dhy;(r, ) = hij(r, o) = Td?]ij(xk) ;

and the metric therefore decomposes as
g = r72dr? 4+ r8g;;(z)dx'da? . (2.11)

One can a define new set of coordinates y! = (r,7z?), for which the homothetic Killing
vector & becomes an Euler vector field

0
Y
In these coordinates
¢ 91__9 (2.12)
oyl | oyl ’
We now plug in X = 6%“ Y =¢( 7= % to the symmetric part of the Koszul formula

(2.9) and make use of (2.12) to find

Egrs(y) = (d—2)grs(y) -

This shows that condition (ii) can be seen as a homogeneity condition on the compo-
nents of the metric (in particular coordinates).

The last condition (iii) ensures that £ is the Euler field associated with, in particular,
the special coordinates h!

0
E=nl—.
ont
Therefore the components of the metric in a basis of special coordinates are homoge-

neous functions of degree (d — 2)
€91s(h) = (d = 2)g1s(h) .
Contracting this with h!, b’ we have

s 1 (
~ O0hlonY |d(da—1)

grs(h) grah'h?) |,
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and we see that one can always choose a unique Hesse potential that is a homogeneous
function of degree d, given by

= ——gish'n’.
d(d___l)gIJ
Let us now introduce a second metric on M, given by
o= (=L i) ant ©an’
~ \ Ohlon’ ’

where we have defined 1
H:= 3 log H .

We can write this metric in a special coordinate basis as

1 (HU - HIHJ)

“W="a\m T

(2.13)

where H; and Hj; are the first and second derivatives of the Hesse potential respec-
tively. If the metric g has signature (+—...—), which is positive in the £ direction (this
is the case in 5D, N' = 2 supergravity), then a is strictly positive definite (+ 4+ ...+).
The vector field ¢ is now a Killing vector field of a

[,gCL:O.

Definition 2.10 (generalised projective special real). A generalised special real
manifold (M, g) is a hypersurface of constant H in a d-conic Hessian manifold, with
metric induced from a.

It is particularly convenient to consider the hypersurface defined by H = 1
M~{H=1}C M.

Let us denote the embedding of M into M given by this hypersurface H = 1 by
i : M — M. For this embedding both the pull-back of —%g and a induce the same

metric on M )
g=1i* <—d82H> — (82f1) :

Let ¢* denote local coordinates on M, which therefore parametrise the hypersurface
H = 1. The metric in these coordinates is written as

oht on’

7= guyds” 40" = (anr g o ) ‘ e
H=1

A particularly useful set of coordinates is given by

IS

T . 1 1 n\ —
P = % , RO =H(p,...,¢")"d :=H (120];0) . (2.14)
It is worth noting that one can also realise M as the quotient manifold M /R>? with
quotient metric obtained from (M, a).

For the special case that d = 3 and the Hesse potential is a polynomial then (M, g)
represents the target manifold of 5D, N' = 2 supergravity coupled to vector multiplets
[69]. The matrix ay; restricted to the hypersurface H = 1 provides the coupling matrix

for the kinetic term of the gauge fields.
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2.3 Special (para-)Kihler manifolds

In this section we will introduce the notion of a special-K&hler manifold. Like special
real manifolds these come in two types: affine special Kahler manifolds and projective
special Kahler manifolds, which correspond to the target manifolds of 4d, N' = 2 rigid
vector multiplets and 4d, N = 2 vector multiplets coupled to supergravity respectively
[12, 13]. We will also need to consider the Euclidean versions of these theories, which
have slightly different target space geometries. The target manifold geometry of Eu-
clidean 4d, N' = 2 rigid vector multiplets and 4d, N' = 2 vector multiplets coupled to
supergravity are given by affine special para-Kéhler manifolds and projective special
para-Kéahler manifolds respectively [72, 27]. The prefix ‘para’ means that we replace the
underlying complex manifold with a so-called para-complex (or split-complex) mani-
fold. In a para-complex manifold the original role of the imaginary unit ¢, which squares
to —1, is replaced by a para-imaginary unit e, which squares to +1, while the principle
of conjugation is still respected

i2=—1, i=—i — e2=+1, e=—e.
This definition will be made precise shortly. From a para-complex manifold one can
correspondingly define a para-Kéhler manifold and a special para-Kahler manifold.
Since the difference between complex manifolds and para-complex manifolds is encoded
completely in a particular choice of sign, we can actually describe both manifolds
simultaneously by introducing ‘e-notation’, where

—1, complex manifold ,
+1, para-complex manifold .

Accordingly we define the e-imaginary unit i to satisfy
Lic=icl=14d., i2=¢€. (2.15)

The definition of an e-complex number can be made precise by formally adjoining 7.
to the field of real numbers R[i(] = C, such that i, satisfies (2.15). An e-complex
manifold is therefore a complex manifold when ¢ = —1, and a para-complex manifold
when € = +1, likewise for e-Kéahler and special e-Kéhler.

The precise definition of affine special Kéhler and projective special Kéahler man-
ifolds has undergone many refinements over the years [73, 74, 75]. We will use the
definition of affine special Kéhler found in [11], which gives a mathematically rigorous
and intrinsic definition of affine special Kihler geometry®. We will use the definition of
a projective special Ké&hler manifold found in [27], which uses the Kéhler quotient of a
particular type of affine special Kédhler manifold that has the property of being coni-
cal. At the time of writing no intrinsic definition of projective special Kahler geometry
exists. Also, the definition of affine special Kéhler given in [11] can easily be adapted
to give an affine special para-Ké&hler version [72]. The definition of projective special
Kahler found in [27] already contains the definition of the para case.

In the previous section we found that we could generalise the definition of pro-
jective special real manifolds in a meaningful way. However, at the time of writing
no satisfactory analogous generalisation of projective special Kahler geometry exists,

3By intrinsic we mean a description in terms of data on the tangent bundle and its associated
bundles, which are constructed directly from the coordinate charts.
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though some clues have been uncovered by considering the dimensional reduction of
five-dimensional theories with generalised projective special real geometry [34]. The
search for a meaningful generalisation of projective special Kahler geometry remains
an interesting open question.

Later in the thesis we will need to prove that certain manifolds are e-complex by
the integrability of almost e-complex structures. It is therefore necessary to go through
the definition of e-complex manifolds from the bottom up. After that we can introduce
e-Kéhler manifolds, and finally special e-Kahler manifolds.

Definition 2.11 (almost e-complex manifold). An almost e-complex manifold (M, J)
is a manifold endowed with a globally defined smooth tensor field J € I'(End T'M) such
that Jg = eld,p for every point p € M, and in the case where € = 1 the dimensions of
the eigendistributions 7% M := ker(Id  J) are required to be equal. We call J almost
e-complex structure. One can always find local coordinates at p such that

0 1
Jp_(e]l 0>’

however this is not necessarily true for any other point in the patch. Almost e-complex
manifolds have an even number of dimensions.

An almost e-complex structure induces a dual almost e-complex structure J* €
I'(End T* M), which is defined by

JT"M — T*M
§(X) — (J7O(X) = £(JX) .
Theorem 2.2 (Newlander—Nirenberg). Consider the complex distribution given by
D = T M on an almost complex manifold (e = —1). The distribution D is integrable
iff
[I(D),I(D)] cI'(D) .
It follows by complex conjugation that TO!MT is also an integrable distribution, and

the almost complex structure J itself is said to be integrable.

Remark 2.1. The Newlander—Nirenberg theorem can be reformulated in terms of one-
forms as follows: Consider n linearly independent one-forms 8 such that D = N%ker(6%).
The distribution D is integrable iff

do® = CLO° A ¢°
where ¢° are arbitrary one-forms.

Theorem 2.3 (Frobenius). Consider the real distributions Dt = T *M and D~ =
T~ M on an almost para-complex manifold (¢ = 1). The distribution D* is integrable
iff

[0(D*),1(DF)] € I(D¥) .

If both Dt and D~ are integrable then the para-complex structure J is integrable.

The integrability condition of both almost complex and almost para-complex struc-
tures is characterised by a vanishing Nijenhuis tensor

N(X,Y)=-J*[X, Y]+ J[JX, Y]+ J[X,JY] - [JX,JY].
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Definition 2.12 (e-complex manifold). An almost e-complex manifold (M, J) is an
e-complex manifold if the almost e-complex structure J is integrable.

Remark 2.2. A differentiable map between two e-complex manifolds f : (M,J) —
(M’ J") is e-holomorphic if df o J = J' o df. In the case where the image of the map is
Ce this defines an e-holomorphic function as a map f: M — C. where df o J = i.df.

Definition 2.13 (e-Hermitian manifold). An e-complex pseudo-Riemannian mani-
fold (M, g, J) is e-Hermitian if the metric is compatible with the e-complex structure

9p(X,Y) = g,(JpX, JpY) X, Y el ,M.
The metric g itself is said to be an e-Hermitian metric.

The metric on an e-Hermitian manifold induces a non-degenerate two-form wy (-, -) :=
€ gp(Jp+, ), called the fundamental two-form. Any e-complex pseudo Riemannian man-
ifold (M, g, J) defines a e-Hermitian manifold (M, g, J) with Hermitian form given by
§:=g—iw. A (—1)-Hermitian manifold (a Hermitian manifold) has signature (2p, 2¢),
whereas a (+1)-Hermitian manifold (a para-Hermitian manifold) always has neutral
signature (2n,2n).

Definition 2.14 (e-Ké&hler). An e-Hermitian manifold (M, g, J) is e-Kéhler if the fun-
damental form is closed dw = 0. Locally e-Kéahler manifolds admit an e-Kéahler potential
K(z,Z) such that the metric and fundamental form are given by [66]

92K (2, %)

N
97105 dz' NdZz7 .

PK(z,2) ., > AR
g =Re (82’(%3 dz'®d7 | , w = 200K =
Theorem 2.4 . An e-Hermitian manifold (M, g, J) is e-Kahler iff the e-complex struc-
ture is parallel with respect to the Levi-Civita connection

DJ=0.
For proof see for example [67].

Definition 2.15 (affine special e-Ké&hler). We define an affine special e-Kéhler man-
ifold (M, g, J, V) as a pseudo-Riemannian manifold (M, g) equipped with a flat, torsion-
free ‘special’ connection V and integrable complex e-structure J such that

(i) Vg is completely symmetric.
(ii) dw =0 .
(i) Vw =0 .

Condition (i) tells us that the manifold is Hessian with respect to the special con-
nection V. From condition (ii) we know that it is e-Kéhler. The last condition can be
seen as a compatibility condition that ensures the Hessian structure coincides with the
Kéhler structure. In the literature condition (i) is usually replaced by the condition
that VJ is symmetric. However, given (iii) both conditions can be shown to be equiva-
lent. One may also consider affine special complex manifolds without the requirement
of being Kéhler [76], however such manifolds will not appear in this thesis.

It can easily be shown that the condition of the special connection V to be torsion-
free is actually unnecessary, as it is implied by the other conditions [11]. However, since
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the torsion-free condition is integral to the definition of special complex and special real
manifolds we include it here for clarity. The special connection V is also not unique, and
in fact there is an S' family of special connections generated by the complex structure
[76]

v(a) _ eaJ oV o e—aJ )

On an affine special e-Kéahler manifold one can introduce ‘special’ e-holomorphic
coordinates X', which are characterised by having a flat real part with respect to the
special connection

VRe(dX)=0, V;=0;.

The manifold can always be covered by an atlas of special coordinate charts. Special e-
holomorphic coordinates corresponding to different special connections in the S! family
V(@ are related by phase transformations

vO.xh  — (V) eexT).

Proposition 2.3 . On a special e-holomorphic coordinate patch there exists a local
e-holomorphic function F(X) such that the Kahler potential is given by

K(X,X):=i(X'F — Fi X1y, (2.16)

where we have introduced the notation F; = 9;F(X). The components of the metric
are therefore given by

K

Niji= ————= =
= oxToxX7

—i(Fry — Frj) = —e2Im(Fyy) . (2.17)

The function F(X) is known as the e-holomorphic prepotential.

The functions F7 also form an e-holomorphic special coordinate system on the affine
special Kihler manifold, i.e. VRe(dF;) = 0. The two special coordinate systems X!
and F7 are conjugate to one another in the sense that their real parts form a flat
Darboux coordinate system, i.e. w = Re(X') A Re(Fy).

Proof. For an affine special Kéhler manifold this was proved by Freed in [11], and for
an affine special para-Kéhler manifold by Cortés et al in [72].
O

Any two special e-holomorphic coordinate systems (X, F;) and (X', Ey) are related
linearly by a real symplectic transformation and a complex translation

x1 X! a n
<FI)_P<FI>—i—(b>7 Pe Sp(2n,R), a,beC". (2.18)

However, the second derivatives of the prepotential transform fractionally linearly

Fyy = [(DF+O) (BF+A)1]U ,

D)

where we have made the decomposition

A
r=(¢
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Remark 2.3. We define the real coordinates z!,y; to be the real parts of X', Fy
z! = Re(X7), yr = Re(Fy) .
These define a flat Darboux coordinate system, i.e.
w=dz! Ndyr , Vdz! = Vdy; =0.

Transition functions are of the form

x! ! a
=P " , P e Sp(i2n,R), a,beR™.
(w) (w>+(b> p(2m.R), a

We will refer to z!,y; as special real coordinates. Affine special e-Kéhler manifolds
are Hessian manifolds, and the Hessian structure is compatible with the special real
coordinates. We will come back to this point in section 6.1, where we will investigate
the real formulation of affine special e-Kéahler geometry in much more detail. For now
we will continue with the traditional formulation of affine special e-Kéhler geometry in
terms of special e-holomorphic coordinates.

Definition 2.16 (conic affine special e-Kahler). A conic affine special e-Kéhler
manifold (N, gn,J,V,§) is an affine special e-Kéhler manifold endowed with a vec-
tor field £ that satisfies

(i) D€ =1, where D is the Levi-Civita connection.
(i) VE=1.

Conic affine special Kahler manifolds are clearly a special class of 2-conic Hessian
manifolds. They actually admit two distinguished vector fields: ¢ and J¢&, which com-
mute with one another, and define a distribution D = span{¢, J¢} on the tangent
bundle. This has dimension 2 so long as gn (&, &) = gn(JE, JE) is point-wise non-zero,
which we will assume from now on. The Lie derivative of the J with respect to £ can
be written as

(LeJ)X = (DeJ)X — J(Dx§) + Dyx¢

for any smooth vector field X € I'(T'M). Since N is Kédhler we have DJ = 0, and
from condition (i) we have Dx¢ = X and Djx& = JX. The Lie derivative therefore
vanishes

LeJ =0,

which implies that & is e-holomorphic. By a similar argument one can show that J¢
is also e-holomorphic. In addition, the vector fields £ and J¢ define an e-holomorphic
action of a two-dimensional abelian Lie algebra. £ generates homotheties whereas J&
generates isometries
Leg =2g, Ljeg=0.

We will assume that this infinitesimal action lifts to a principal C}-action on N with
base manifold N = N/C?.

We can analyse condition (i) in precisely the same way as for a d-conic Hessian
manifold, with the particular choice of d = 2. This means that there always exists real
coordinates (r,z*) such that

gN :dr®dr+r2§,’;j(:c)d$i®dﬂ?j ; §=r-.
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Again, by defining the new coordinates p® = (r,7z") the vector field becomes an Euler

field
0

9qa
and the components of the metric in these coordinates are homogeneous functions of
degree zero

§=p"

ggab(p) =0.

Condition (ii) ensures that ¢ is the Euler vector field associated with the special real
coordinates ¢® = (z,yy)

ggab(Q) =0.
In special holomorphic coordinates X! the vector field ¢ and J¢ take the form
0 —; O 0 —; 0
=X — + X & Je =ix! —iXT .
S=Xaxt TN axr JET I gxT TN G

The prepotential is a homogeneous function of degree 2, i.e. F(AX) = A F(X) for
reCe.
It is useful to define the rank two tensor field g by

o’K -
= dX'®dX’
97 oxTax ¢ Pt
where K(X,X) = —log K(X,X) with K the e-Kihler potential. We can write the
components of g as
o0’K Ny (NX)(NX)y

_ ] S , 2.1
97 = 9xT9%7 ~ TXNX | (XNX)? (2.19)

One may easily show that this tensor field is degenerate along the subspace D spanned
by & and J¢ from the fact that

X'g15=917X7 =0. (2.20)
Both vector fields £ and J¢€ act as ‘isometries’ of this tensor field
Leg=Ljeg=0.

Definition 2.17 (projective special e-Ké&hler). A projective special e-Kéhler man-
ifold (N, g, J,V) is defined to be the quotient manifold N/C? of a conic affine special
e-Kihler manifold (N, g,¢, J, V). The metric g on N is induced by the tensor field g on
N, and the complex structure and connection J,V on N are induced by J,V on N.

One can locally define a projective special e-Kahler manifold as a codimension 2
hypersurface in a conic affine special e-Ké&hler manifold by imposing any appropriate
constraints that fix the homothety & and isometry J£. Such a choice can be given
by imposing that the e-K&hler potential K is constant, and the phase of the special
coordinates X! is constant. A particularly useful choice is to select the hypersurface
K =1 and Im(X?) = 0, so we have

M~{K=1,m(X%=0}c M.
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This hypersurface can be parametrised by a set of projective coordinates z4 = X4 /X9,
which satisfy the relations

A_XA

z —7X0,

X0 =i [2F —2F — (2% = 2N (Fa+ Fa)] , Im(X%) =0,

oF
here F4 = — and
WHETE A 0zA )
X X
.F(Z) :F<1,)(07,)(0>
These are completely analogous to the coordinates ¢* introduced in the previous sec-
tion, which parametrise the hypersurface H = 1 on a projective special real manifold.

The e-Kéhler potential on M can be written in terms of projective coordinates as
K = —log (—i€ [2.7-"— 2F — (zA — EA)(}"A +fA)]) ,

and the metric itself is given by

-~ 82[?(272) A =B

2.4 (Para-)quaternion Kihler manifolds

In this section we will discuss quaternion Kéahler and para-quaternion Kahler mani-
folds. Quaternion Kahler manifolds appear as the target manifold of 4d, N' = 2 hyper
multiplets coupled to supergravity [77]. It is expected that para-quaternion Kéhler
manifolds appear as the target manifold of the Euclidean version of such theories, as
this is the case for certain symmetric space examples obtained by dimensional reduc-
tion over time [78, 51]. We will later prove that all Euclidean hyper multiplets obtained
from dimensional reduction over time are para-quaternion Kéhler, which is one of the
main results of this thesis. Some standard references on quaternion Kéahler manifolds
are [79, 66, 80]. For para-quaternion Kéahler manifolds we follow the definition given in
[81].

In the previous section we discussed both Kéahler and para-Kéhler manifolds in a
unified way using e-notation. One can also take this approach for quaternion and para-
quaternion K&hler manifolds, e.g. [81], as the two types of manifold do indeed share
many similar features. However, for applications in this thesis they exhibit enough
differences to warrant a separate discussion for each case, and this is the approach we
will take here.

Before we give the definition of a quaternion Kéhler manifold we first define the
pseudo-unitary-symplectic group Sp(k,[) by

Sp(k,1) = U(2k,20) N Sp(2k + 21,C) C SO(4k,4l) .
It follows that Sp(1) = U(2)NSp(2,C) = SU(2). We define the product of these groups
by
Sp(k, 1) - Sp(1) = (Sp(k, 1) x Sp(1))/Zs ,
where the Zg corresponds to £1d. The group Sp(k,)-Sp(1) acts on a set of m quater-
nions x# € H™ through left multiplication by A € Sp(k,[) and right multiplication by
A € Sp(1), ie.
Sp(k,1) - Sp(1) x H™ — H™
(AF N 2H) —s A“l,x”)\T .
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Definition 2.18 (quaternion Kihler). A 4n-dimensional pseudo-Riemannian mani-
fold (M, g) is a quaternion Ké&hler manifold if the Riemannian holonomy group Hol(D)
is a subgroup of Sp(k,[) - Sp(1).

On a quaternion Kéhler manifold there exists a quaternion structure given by Q) =
span{Ji, Jo, J3} C End(TM), which is generated by three metric compatible almost
complex structures Ji, Jo and Js that satisfy the quaternion relations

JB=Ji=J2=—-1, JiJpo=Js=—JoJ;.

The Levi-Civita connection preserves this structure in the sense that the covariant
derivative of .J, is a linear combination of Ji, Js, J3, which from the quaternion relations
implies that

DxJ, = +a(X)J2 + B(X)J3
ijz = —Oé(X)Jl +’Y(X)J3
DxJz = —B(X)J1 —y(X)J2

where a, 5,y € T'(T*M). At a point in the overlap of charts p € U; NU; the quaternion
structure @, C End(T,M) on U; and U; agree with one another, however the almost
complex structures themselves need not be the same, i.e. J1|Ui #* Jl‘U- etc.

A quaternion K&hler manifold necessarily has 4n real dimensions ajnd metric sigha-
ture (4k,4l). Since for the particular case n = 1 the restriction Hol(D) C Sp(1) - Sp(1)
only implies that the manifold is oriented, the following stronger definition is used
instead: a 4-dimensional pseudo-Riemannian manifold is quaternion Kahler if it is
an oriented Kinstein manifold with self-dual Weyl tensor. This ensures that for any
quaternion Kéhler manifold we have

R = R(n+2)gu ,

and since the scalar curvature R of a quaternion Kahler manifold is always constant all
quaternion Kéhler manifolds are Einstein manifolds [79]. Despite their name, quater-
nion Kéahler manifolds are in general neither Kéhler manifolds nor even complex man-
ifolds.

A practical way to show that a manifold is quaternion Ké&hler is to compute the
Levi-Civita connection one-form. One must make the decomposition

t
w=P®ﬂ(2k,21)+]l2®< _qt_ q> )

where the components of p, ¢, ¢ are one-forms, and check that

. T\ o 1 o 1, )¢
< _q{ _ > € sp(k,l) &
9 of L 0 _ (L 0,
0 1 T

and
pesp(l) &  Tr(p)=0, p'=-p.

If these conditions are satisfied then w € (sp(p, q) ®sp(1)) ® T*M and by corollary 2.1
the manifold is quaternion Kahler.
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Definition 2.19 (para-quaternion Kihler). A 4n-dimensional pseudo-Riemannian
manifold (M, g) is a para-quaternion Kéhler manifold if the Riemannian holonomy
group Hol(D) is a subgroup of Sp(2k + 2[,R) - Sp(2,R).

On a para-quaternion Kéhler manifold there exists a para-quaternion structure
Q = span{Jy, Jo, 3} C End(T'M) that is generated by two metric compatible almost
para-complex structures .J;, J and one metric compatible almost complex structure Js
that satisfy the para-quaternion (or ‘split’ quaternion) relations

j%:j%:l,j??:—l, J1J2:J3:—J2J1-

The Levi-Civita connection preserves the para-quaternion structure in the sense that
the covariant derivative of J, is a linear combination of Ji, Jo,J3, which from the
para-quaternion relations implies that

Dle = +a(X)J~2+5(X)j3
ijg = —a(X)jl —l—’Y(X)jg
DxJs = B(X)Ji +~(X)Ja

where «, 3,7 € I'(T*M). At a point in the overlap of charts p € U; N U; the para-
quaternion structure @p C End(T,M) on U; and U; agree with one another, however the
almost (para-)complex structures themselves need not be the same, i.e. jl‘Ui #* jl} U,
etc.

As for a quaternion Kéhler manifold, a para-quaternion Kéhler manifold necessarily
has 4n real dimensions and neutral metric signature (2n,2n). Since for n = 1 the
restriction Hol(D) C Sp(2,R) - Sp(2,R) only implies that the manifold is oriented we
use the stronger definition that a 4-dimensional pseudo-Riemannian manifold is para-
quaternion Kahler if it is an oriented Einstein manifold with self-dual Weyl tensor.
This ensures that for any para-quaternion Kéahler manifold we have

R =R(n+2)gu ,

and since the scalar curvature R of a para-quaternion Kéhler manifold is alway constant
all para-quaternion Kéhler manifolds are Einstein manifolds. Para-quaternion Kéahler
manifolds are in general neither Kéhler manifolds nor even para-complex manifolds.

A practical way to show that a manifold is para-quaternion Kahler is to compute
the Levi-Civita connection one-form. One must make the decomposition

t
w=p& Logay +12® ( _zT T ) ;

where the components of p, ¢,t are one-forms, and check that

<—tT _qT>esp(2/<:+2l,R) st < 0 111>_< 0 111>t’

and
p € sp(2,R) & Tr(p) =0.

If these conditions are satisfied then w € (sp(2k + 2I,R) © sp(2,R)) ® T*M and by
corollary 2.1 the manifold is para-quaternion Kahler.



Chapter 3

Preliminary physics

We will now introduce the necessary background physics needed in order to understand
the main part of this thesis. This includes an introduction to N' = 2 supergravity,
both from the point of view of the supersymmetry algebra and the Lagrangian, and a
primer on black hole physics. We must also introduce the reader to the procedure of
dimensional reduction. We will take some time to go through the calculations necessary
for the r-map and c-map fully and explicitly, as they are often only summarised in the
literature.

We discuss N/ = 2 supergravity in section 3.1, and present the necessary Lagrangians
we will need to use later on in the thesis. In section 3.2 we discuss three important black
hole solutions: the Schwarzschild, Reissner—Nordstrom and Kerr—Newman solutions.
We then discuss how these can be embedded into theories of extended supergravity.
We lastly discuss dimensional reduction in section 3.3, summarising the most important
results at the beginning of this section.

3.1 N =2 supergravity

In this thesis we will deal exclusively with theories of N' = 2 supergravity (along
with a particular generalisation thereof in five dimensions). Here we will provide an
introduction to the subject. This discussion is designed to be self-contained, and should
be understandable even if the previous chapter has been skipped. However, we shall
try to link in with some of the geometrical concepts introduced in the previous chapter
when it provides additional illumination on the subject at hand.

In section 3.1.1 we will introduce the supersymmetry algebra, and discuss massive
and massless representations. We then present the Lagrangians of five-dimensional
vector multiplets, four-dimensional vector multiplets and hyper multiplets in sections
3.1.2, 3.1.3 and 3.1.4 respectively.

3.1.1 Algebra and representations

We will focus on the supersymmetry algebra and representations in four spacetime
dimensions, as it is the most physically relevant. Although the five-dimensional algebra
and representations will also be used in this thesis, the discussion is close enough to the
four-dimensional case that it will not be repeated here. We refer the reader to the many
comprehensive texts on supersymmetry in five-dimensions and higher, e.g. [82, 83, 14].

It is understood that the laws of physics should be invariant under Poincaré trans-
formations. These transformations are generated by the operators P, (translations) and

29
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M, (Lorentz transformations), which together form the Lie algebra of the Poincaré
group

[P;u PI/] =0 )
(M, Py] = i(”upPV - anPu) )
(M, Myo| = i(”upMua — NuoeMyp = NupMpuo + nVUMHP) .

A famous no-go theorem by Coleman and Mandula states that any symmetry of the
S-matrix with bosonic generators must commute with the Lie algebra of the Poincaré
group, and so any other non-trivial symmetry must be internal (i.e. the generators
transform as scalars) [84, 85]. However, one can get round this theorem by introducing
fermionic generators that anti-commute with one another but do not commute with
all elements of the Poincaré algebra. A theorem by Haag, Lopuszanski and Sohnius
[86] tells us that the only way to do this consistently is to extend the Poincaré algebra
into a so-called super Poincaré algebra by introducing fermionic generators Q2, which
satisfy

[P, Q4] =0,
{Qé?Qg} = 26AB(0-IJ)O¢BPM )
{Q4,QF} = €apz?? |

where Qﬁ = edﬁ (Qﬁ)* and spinorial indices are raised and lowered with 5aﬁ-. The
matrices o, are given by

/(10 /(01 (0 —i (10
9=\ 1) *=\10) 27V o) 97 \o0o -1 )"

The generators Qﬁ, Qé transform as two-component Weyl spinors under Lorentz trans-
formations, with chirality +1/2, —1/2 respectively. This completely fixes their commu-
tation relations with the generators of Lorentz transformations

[MMIMQé} =—1 (O-MV)aﬂQA ;
[M/LV7Q£} =—1 (6uu)dﬁQA' )

N D=

where 0, = %a[uay}l. The operators Z48 commute with all elements of the super

Poincaré algebra and are therefore called central charges. The indices A, B run from
1,...,N, where N/ measures the extent to which the theory is supersymmetric, or,
more precisely, there are 4N real supercharges associated with the theory [87]. When
the central charges vanish the supersymmetry algebra is invariant under U(N) ‘R-
symmetry’ automorphisms Qé — S’ABQE.

A theory that respects the symmetries generated by the super Poincaré algebra and
has a non-dynamical spacetime metric is called a theory of rigid (or global) supersym-
metry. If we include gravity, i.e. allow the spacetime metric to become a dynamical
field, we call it instead a theory of supergravity (or local supersymmetry).

The symmetries generated by Q4, Qé transform particles of different spin into one
another. Since the supersymmetry generators commute with the momentum operator
P,, in all irreducible representations of the super Poincaré algebra any bosonic (rsp.

lNote that Ji = {]\423,]\431,]\412}7 g; = —i%{02370'3170'12} and so we have [Jl,Qﬁ] = —%(O’i)aﬁQAB.
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fermionic) particle is always accompanied by at least one fermionic (rsp. bosonic) par-
ticle of the same mass. A closed set of bosonic and fermionic particles that transform
into one another under supersymmetry transformations is called a multiplet, and the
particular types of multiplet allowed in a theory depends on the value of V.

In this thesis we are primarily concerned with theories that have N' = 2 supersym-
metry, which we will now exclusively focus on. In this case the super Poincaré algebra
reduces to

{Q4.QF} =25"%(0,),5P" .
{Qh, Q%) = —{Q2, Q) = 2easZ] -

Here we have defined 2|Z| := |Z'2|, and we have made a U(1) phase transformation of
the supersymmetry generators to eliminate the phase of the central charge Z'2.

Massive representations

For massive representations we choose a frame in which P, = (=M, 0,0,0), and so

U“PM:MU():(]\g ]\04> . (3.1)

In this case we can write the algebra as
{Q4. QFY = 2M3036"7

It is useful to define the following linear combination of supersymmetry generators [87]

Qo = 12 (Qa + eaBQE) , bo = Qe — qf@%) )

1
v 7

which satisfy
{aa, a5} =2(M +|Z])d .5,
{ba, by} = 2(M — |Z])d,,5 -

Irreducible massive representations of the Poincaré algebra are identified by the spin s
of a particle (i.e. its representation under the little group SO(3)), upon which a,, by act
as annihilation operators and @g, bs act as creation operators. A basis of irreducible
representations is therefore given by

ddl"'bﬁl""s>7

where
an|s) = bals) =0.

In order to avoid negative norm states we need M > |Z|. States which saturate this
bound are known as Bogomol'nyi-Prasad-Sommerfield (BPS) states.

For massive representations in which M > |Z] the full set of supersymmetry gener-
ators act non-trivially, and since we have 4 creation operators we have 24 = 16 states
in a representation. This is not true if the BPS bound is satisfied, i.e. M = |Z]. In
this case representations can be chosen such that the by, by annihilate all states, and
therefore such states remain invariant under half the supersymmetry transformations.
Since we have 2 creation operators we only have 22 = 4 states in these so-called ‘BPS’
multiplets.
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Massless representations

Massless states are classified in terms of helicity, which characterises their representation
in terms of the little group SO(2). We can obtain states with different helicity by
acting on the state with the supersymmetry generators Q7 Qé Since these operators
commute with P, they have the same four-momentum, and we can always choose a
frame in which P, = (=F,0,0, F), i.e.

oh P, = E(op + o3) = ( e ) . (3.2)

This implies that {Qf‘l/? Qi/g} = 0, and therefore Qf‘l/Q and Qih and the central

charge Z annihilate all states. The remaining supersymmetry generators Qf/Q and
A
1/2
. . . 2 1 1 12
representation. Allowing the lowering operators 5 \/EQI /25 \/EQl /2 to act on a state

lower and raise helicity by 1/2 respectively, and so we have 22 = 4 states in each

of maximum helicity gives four distinct states with the same four-momentum:

helicity state

Amax | Amax)

Amax = 1/2 | 572 Q] o[ Amax) 575 @1 2| Amax)
Ao — 1 Q1,02 5 M)

These four states form a basis of an irreducible representation of the supersymme-
try algebra. Note that since the central charge annihilates every state the operators
Q} /2 Q% /2 anti-commute. The possible base states of massless representations of the

N = 2 super-Poincaré algebra contain the following combinations of helicities [87]

)\max
2 3 IR I . |
2 1
3
12 1
1 1 2 1
o : 1 2 1
helicity
0 1 2 1
1
-1 12 1
-1 1 2 1
3
-3 1 2
-2 1

2The factors of 2v/FE have been included to ensure the correct normalisation.
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A state with helicity +1 belongs to a massless vector boson, which transforms into
a state of helicity —1 under CP transformations. Therefore a physical representation
must include states with helicities +1 and —1. A massless vector multiplet is therefore
obtained by combining the representation with maximum helicity +1 with a represen-
tation of maximum helicity 0. It contains a massless vector field A, two Weyl spinors
A, A? and a complex scalar field ¢. By the same argument the gravity multiplet is
obtained through the representations with maximum helicities 2 and —1, and consists
of the graviton g,,, two Weyl spinors ¢/1L, z/zi called gravitini, and the graviphoton gauge
field A,. A hyper multiplet consists two representations with maximum helicity 1/2,
and contains two Weyl spinors 7', 72 and four real scalar fields ¢', ¢2, ¢3, ¢*.

Our discussion now switches focus from the AN/ = 2 supersymmetry algebra and
representations to the Lagrangian and field content of N/ = 2 supergravity coupled to
vector and hyper multiplets. The scalar fields in these Lagrangian are hugely important
to our discussion, as they form of so-called non-linear sigma models (see appendix A)
into a specific type of target manifold associated with these theories. These target man-
ifolds are given precisely by the special geometries introduced in the previous chapter,
which is where the name comes from.

The Lagrangian of N' = 2 supergravity coupled to vector multiplets takes a slightly
different form in five and four dimensions, and so must be discussed separately. For
five-dimensional vector multiplets the corresponding target manifold is an affine special
real or projective special real manifold, depending on whether the theory has rigid or
local supersymmetry respectively. For four-dimensional vector multiplets this is an
affine special Kéhler or projective special Kéahler manifold. For hyper multiplets in
three, four or five dimensions the target manifold is always a hyper Kéahler manifold
for rigid supersymmetry or a quaternion Kéhler manifold for local supersymmetry.

In this thesis we are concerned exclusively in theories with local supersymmetry,
so we will only consider vector and hyper multiplets coupled to supergravity. We will
begin by discussing the Lagrangian of five-dimensional vector multiplets coupled to
supergravity, before moving on to vector multiplets. We end with the Lagrangian for
hyper multiplets coupled to supergravity in either three, four or five dimensions, for
which the bosonic part is always the same.

3.1.2 Five-dimensional vector multiplets

A vector multiplet in five dimensions is built out of a vector A,,, a real scalar ¢, and two
spinors. The gravity multiplet consists of the five-dimensional metric g, vector field
A, and two gravitini. We will consider n vector multiplets coupled to the supergravity
multiplet, so in total the bosonic Lagrangian consists of n scalar fields ¢*, (n+1) vector
fields Alﬂ, and the metric. It is given by [69, 88, 27, 14]

_ 1. 3 . 1 ,
oL = 5 R — [y (6)0,0"0" 6" — Jary(§)F,, FV
1
+ ——CrxFl F LA e e ro (3.3)

6v/6

The constant coefficients Cjyx completely determine the dynamics of the Lagrangian.
The coupling matrices are defined as follows: first we define the (n -+ 1) scalar fields h!
by

W=, RO =H(1,6...,6") (3.4)
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where H is completely determined by C7 ;i through
1
I{Uﬂ,”.,hn)::BChJKhIthK.

The fields ¢* parametrise the hypersurface H(h) = 1. The couplings of the vector fields

are defined as

1o
3 Ohloh’

1%Hm{”ﬁ®=—§<

H HrH
ars(h) = Ay _ Hi J>,

H H?

where Hy = 0rH , Hrj = 8% sH. This can be written explicitly in terms of ¢* through
(3.4). The couplings of the scalar fields are given by

_ on' on’
Oy = aIJ(qﬁ)aTw% :

The scalar kinetic term takes the form of a non-linear sigma model, which allows us
to give a mathematical interpretation of the couplings that appear in the Lagrangian.
The scalar fields can be interpreted as differentiable maps from five-dimensional space-
time into an n-dimensional projective special real target manifold, as described in the
previous chapter. The positive definite metric a,, on the projective special real man-
ifold is given by the push-forward of the positive definite metric ay; = —%8%7 ylog H
on the associated 3-conic Hessian manifold with Hesse potential H, which is a cubic
polynomial with coefficients %CI Jk- In the notation of the previous section we would
write

§=azydp” @d¢¥ = mea,  a=arydh’ @dh’

We can understand the metric H;, which has signature (+—...—), as the metric that
appears in the definition of a 3-conic Hessian manifold.

The most straight-forward method of deriving the Lagrangian (3.3) is to first derive
the Lagrangian of the corresponding superconformal theory, which is somewhat easier,
and then to use the fact that it is gauge equivalent to the Lagrangian of the Poincaré
theory. Unfortunately this process is rather long and arduous, and to present it in
this thesis would require us to deviate too far from the narrative. A comprehensive
review of this method can be found in [88], and the reader may also refer to [8, 14] for
reviews of the analogous method in four dimensions. We end our discussion of five-
dimensional vector multiplets by remarking that one of the gauge fixing conditions,
known as the D-gauge, places a hypersurface constraint on the scalar fields appearing
in the superconformal theory. We can now understand why we projected the (n + 1)
scalar fields h! onto the hypersurface H(h) = 1, which we then parametrised by the n
physical scalar fields ¢*.

3.1.3 Four-dimensional vector multiplets

A vector multiplet in four dimensions with Minkowski (rsp. Euclidean) spacetime sig-
nature is built out of one vector field A, one complex (rsp. para-complex) scalar field
z, and two spinors. The gravity multiplet is built from the four-dimensional metric
9w, a vector field A, and two gravitini. We will consider n vector multiplets coupled
to supergravity, which has bosonic field content consisting of n (para-)complex scalar
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fields 24, (n + 1) vector fields Aﬁ and the metric. The bosonic part of the Lagrangian
is given by [89, 27, 14]

e 'Ly=L1R—G,p5(2,2)0,2 0150

+3Z15(2, 2)FL F/ "™ + IRy (2, 2) FL, FT . (3.5)

The dynamics of the Lagrangian are completely determined by a (para-)holomorphic
function F', called the prepotential, which is homogeneous of degree 2. The coupling
matrices are defined as follows: first define the (n + 1) (para-)complex scalar fields X!
by

x4 x4
ZA:F, EA:F, Im(XO):O,

(3.6)

1X°| = (— ic [2F — 2F — (24 — #)(Fa+ Fu)] ) ,

NI

where Fy = az%]: and F is completely determined by the prepotential F(X) =
F(X°, ..., X" through
F(z)=F(1,2%...,2").

The fields z4 parametrise the codimension 2 hypersurface e X = 1, Im(X?) = 0, where
67’C = ¢ (XIF] — F]XI) = —N[JXIXJ , Nij= —iE(F[J — F]]) .
The couplings of the gauge fields are defined by

- (NX)1(NX),

NIJ(va):RIJ(XvX)+ieIIJ(XaX):FIJ(X)_EZE XNX > (37)

where (NX); = N7;X7 and XNX = N;;X'X7. This can be written explicitly in
terms of 24, Z4 using (3.6). In order to define the scalar couplings we must first define

g7 7 precisely as in (2.19), which we repeat here:

i o0’ Ny (NX)(NX)y
9I7= 9xToxd — XNX | XNX2 (3.8)

This rank two tensor field is degenerate along the directions { = X 1o; + X107 and
J¢ = X107 — X197 due to (2.20). The couplings for the scalar fields are then defined
as _ _

_ oxtox’ 0’K

JAB = I1T 5,4 958 ~ §,A95B

where

K =—log(—ic[2F —2F — (z* — 2*)(Fa + Fa)]) .

As for five-dimensional vector multiplets, the scalar kinetic term is given by a non-
linear sigma model. The scalar fields form differentiable maps from four-dimensional
spacetime into an 2n-dimensional projective special (para-)Ké&hler target manifold, as
defined in the previous chapter. The matrix g4 5 is required to be positive definite, and
is given by the push-forward of the degenerate tensor field g;; on the corresponding
conic affine special (para-)Kéahler manifold with prepotential F. We can write this as

§:Re(§AdeA®dZB):W*g, g:Re(ngdXI®dX‘]) .
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The matrix Z7; can be understood as a negative definite metric on the conic affine
special (para-)Kéahler manifold.

The Lagrangian (3.5) is most clearly derived by gauge fixing the corresponding
superconformal theory, as for the five-dimensional case. As mentioned, the reader may
refer to [8, 14] for comprehensive and modern reviews of this method. One of the
gauge-fixing conditions, known as the D-gauge, places one hypersurface constraint on
the scalar fields X! appearing in the super conformal theory. This corresponds to the
hypersurface e ® = 1. In contrast to the five-dimensional theory, we must also fix
a U(1) symmetry which corresponds to an overall phase transformation of the scalar
fields X?. We can choose this to be for example Im(X?) = 0.

3.1.4 Hyper multiplets

Hyper multiplets are built out of 4 real scalar fields ¢', ¢, ¢, ¢* and two spin 1/2 fields.
We will consider n hyper multiplets coupled to supergravity. The bosonic part of the
Lagrangian consists of 4n scalar fields ¢%, the graviphoton and the metric, and takes the
same form in three, four and five dimensions. The bosonic part of the action decouples
into two distinct parts £ = L£LFM 4+ £l This first part is simply the bosonic part
of the pure supergravity Lagrangian, which is given by a standard Einstein—-Maxwell
Lagrangian
e LM =1R—1F, F" .

Note that in the three-dimensional case the gauge field can be dualised into a scalar
field. The second part consists only of the scalar fields

e L5 = —h,, 0,4 0"q" . (3.9)

We can consider more generally n hyper multiplets along with n’ vector multiplets
coupled to supergravity. It this case we would simply replace the £FM part of the
Lagrangian with the Lagrangian of n’ vector multiplets coupled to supergravity, as
previously discussed.

The couplings of scalar fields can be rather more general than in the previous cases
of vector multiplets. For hyper multiplets the matrix h,, must describe a metric on a
quaternion Kéhler manifold with scalar curvature [77, 14]

R=—dn(n+2). (3.10)

Recall from the definition of a quaternion Kahler manifold that this means the holonomy
group of the Levi-Civita connection is a subgroup of Sp(n)- Sp(1).

Clearly we can understand the kinetic term for the scalar fields appearing in the
hyper multiplet Lagrangian as a non-linear sigma model from three-, four-, or five-
dimensional spacetime into a 4n-dimensional quaternion Ké&hler target manifold, as
described in the previous chapter, with scalar curvature given by (3.10). Like in the case
for the vector multiplets, the Lagrangian can be derived from super conformal methods
[14]. In this case the physical scalar fields ¢" of the Poincaré theory parametrise a
codimension 4 hypersurface of a hyper Kahler manifold.

3.2 Black holes

In this section we will introduce the three fundamental solutions of Einstein—-Maxwell
theory: the Schwarzschild, Reissner—-Nordstrom and Kerr—Newman black holes. This
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not only gives us the opportunity to discuss various interesting aspects of black hole
physics, but also all new solutions that we present will be direct generalisations of
these black holes. Supergravity theories necessarily introduce more fields into the La-
grangian, and black hole solutions subsequently become more complicated. However,
an interesting new feature arises called the attractor mechanism, which we should also
try to understand.

We introduce the Schwarzschild black hole in section 3.2.1, which allows us to discuss
some interesting concepts that are related to all black holes solutions, such as an event
horizon, surface gravity, mass and thermodynamics. Here we also provide our working
definition of a black hole solution. We then give the details of the Reissner—Nordstrém
and Kerr—Newman solutions in section 3.2.2. We then take a first look at black hole
solutions in supersymmetry and the attractor mechanism in section 3.2.3. This section
is concluded with an example of a black hole solution to the STU model, which is a
particular model of supergravity coupled to three vector multiplets.

3.2.1 Schwarzschild black hole and general properties

We begin our discussion of black hole physics by introducing the simplest black hole
solution: the Schwarzschild black hole. Analysing the Schwarzschild metric leads natu-
rally to a discussion of singularities and event horizons, which allows us to present our
working definition of a black hole. We then discuss some more interesting properties
of black holes in general, such as surface gravity, mass and thermodynamics. Since
all the spherically symmetric black holes we will encounter in this thesis contain the
Schwarzschild solution as a limit in which the charge and angular momentum vanish,
it will also be of direct relevance later on in this thesis.
A minimal theory of pure gravity is described by the Einstein-Hilbert action?

1
Spy = d*reR.
R T e / ve

Gravity can be coupled minimally to some matter content Syt using the action Sgy +
Smat and replacing the partial derivatives appearing in Sp,,t with covariant derivatives.
The energy-momentum tensor associated with the matter sector is given by

—1 5Smat
Sghv -

Ty = —2e

The equations of motion corresponding to the variation of the whole action Sgym + Sum
with respect to the metric can then be written as

R, — %g,wR =81GNT L

which henceforth shall be called the Einstein equations. Vacuum solutions are by
definition solutions to the Einstein equations with 7}, = 0. By taking the trace of the
remaining Einstein equations we find that the Ricci scalar vanishes R = 0, and, hence,
the Ricci tensor vanishes R, = 0.

The oldest solution of the vacuum Einstein equations is given by the Schwarzschild
metric [90]

—1
ds? = — <1 - 2MGN> dt® + <1 - 2MGN> dr? +r2dQ%,
T T

3Recall that throughout this thesis we are using the notation e = /—g.
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where dQ%Z) represents the line element on the unit two-sphere
A0 = d6* + sin® 0 do” .

The most obvious features of the solution are that it is spherically symmetric and
asymptotically Minkowski. In fact, by Birkhoff’s theorem it is the unique spherically
symmetric solution to the vacuum Einstein equations [91]. Another important feature
of this solution is that it is stationary. This means that there exists a timelike Killing
vector field? ¢, i.e.

ﬁgg =0.

Moreover, if we parametrise the flow by ¢ and choose this to be our timelike coordinate
then the metric is independent of ¢t. The Schwarzschild metric actually satisfies the
stronger condition of being static. This means the £ defines an integrable distribution,
i.e. it is normal to a set of hypersurfaces that foliate spacetime. In this case one can
choose coordinates in which the mixed terms gy of the metric vanish.

The Schwarzschild solution appears to have a singularity in the metric at r =
2M Gy, but since this can be removed by a coordinate transformation it is not con-
sidered a true singularity of the underlying spacetime. On the other hand the point
r = 0 is a true singularity in the sense that scalar curvature, which is independent of
the choice of coordinates, is divergent. The choice of radial coordinate r = 2M Gy,
which actually describes a sphere, is still physically interesting, however. It describes
a surface called an event horizon, which can be understood as follows: consider an ob-
server falling directly into a Schwarzschild black hole, i.e. their worldline is fixed in the
0, ¢ coordinates. The infinitesimal ratio between proper time 7 and coordinate time ¢
is given in terms of r by [92]

dr 2MGy\ /2
7 —<1— . > =V(r).
Now consider two static observers at positions r1 < ry (with the same 6, ¢ coordinates),
and let the the observer at r; emit a light ray of frequency w; outward towards the
observer at position 9, who measures the frequency to be wo. The two frequencies are
related by
wi _ V(ra)
w9 V(’r’l)
The frequency of the light ray appears to the observer at r5 to be shifted towards the
red end of the spectrum, or ‘red-shifted’. As the first observer moves closer toward the
horizon the red-shift becomes infinite. On and beyond the horizon no light can escape

to an outside observer. This motivates us to call such an object a black hole.

Definition 3.1 (black hole). A black hole metric is a solution of a classical theory
containing gravity that satisfies the following properties:

(i) It is asymptotically Minkowski.

(ii) There exists an event horizon with finite area.

4In mathematical terminology a Killing vector field is simply a vector field that is an isometry of
the metric.
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In the literature one often comes across more refined definitions of a black hole,
usually relating to the causal structure of spacetime. The definition presented above
has the advantage of being simple and intuitive, and will be adequate for this thesis.
If a metric admits a single event horizon then it describes a single black hole. We
will later come across metrics which admit many separate horizons, and in which case
describe multiple black holes. It is also worth mentioning that black hole metrics need
not be stationary; however this is the only type of black hole solution we will encounter
in this thesis.

Let us now continue with our analysis of the Schwarzschild black hole by calculating
the ADM mass. Mass is a difficult property to define in general relativity, but in
asymptotically flat spacetimes one can define a concrete notion of mass by integrating
the gravitational field strength over a hypersurface shell of infinite radius. This is called
the ADM mass, and is determined by the formula [93]

Moy = 74 P51 [07hy; — 03 (" hw)| (3.11)

[ee]

167Gn

where h;; is the purely spatial part of the metric, i.e. ds® = gttdt2+2gtidtd:ﬁi+h¢j dxtdr? .
The submanifold ¥, is a hypersurface at spatial infinity, where d3* represents the line
element. For example, the ADM mass of the Schwarzschild metric is given by

1 IMGy\ !
li d?xro, (1 - ,
TGN S ng < r >

where the hypersurface X, = S, is a two-sphere of radius r with line element

Mapm = —

1 , ,
Y =e 5 €rij de' Ada? =r?sinfdd Adyp .
After performing the integration we find the expected result

2MGy\
1 2 — =
QGNTlggor&n(l " ) M.

Mapm = —

Another interesting property of a black hole is the surface gravity. Consider an
observer at a constant radius r > 2M Gy. This observer will experience an acceleration
due to gravity, which for the Schwarzschild black hole is given by

AALGNALG
vir)

at = VHlogV(r) = |al

At the horizon the denominator approaches zero, but the numerator V(r)|a| remains
finite. For the Schwarzschild black hole this takes the value

1
s r—>21$GN V(T)|a| 4MGN ’

which we call the surface gravity of the black hole as it represents the strength of the
gravitational field at the event horizon.

The macroscopic observables of a black hole system (mass M, charge ) and angular
mom. J) satisfy the following laws of black hole mechanics [92]

0. The surface gravity kg is constant for a stationary black hole.
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1. When comparing two infinitesimally close black holes the difference in mass is
given by

oM = 8%/15514 + Q6J + poqQ
where A is the area of the event horizon.
2. The area of the event horizon is strictly increasing § A > 0 for any process.
3. The surface gravity cannot vanish by any physical process.

These laws bear a striking resemblance to the laws of thermodynamics. The thermody-
namical analogue of the zeroth law is the statement that the temperature is constant
in a system in thermodynamic equilibrium. The first law of thermodynamics ensures
the conservation of energy through the formula

§E =T6S + psV + usN |

which is clearly similar to the first law of black hole mechanics. The second law of
thermodynamics states that entropy can never decrease through any physical process for
a closed system, as for the area of the event horizon. The analogue in thermodynamics
of the surface gravity not vanishing is that the temperature never vanishes in a physical
process, which completes the analogy for all four laws.

3.2.2 Reissner—Nordstrom and Kerr—Newman black holes

Let us now consider a theory of gravity coupled to the field strength of an abelian gauge
vector, commonly called Einstein—Maxwell theory®

Sem = ;/d‘lxe [R— {FuF*™] . (3.12)

There exists a unique, static, spherically symmetric and purely electric solution to the
field equations given by

oM 2 oM A
ds* = - <1— +QQ> dt? + <1— +Q2> dr? + r?dQ3, .
T T T T

This is called the Reissner—Nordstrom solution, having been discovered independently
by Reissner and Nordstrom [94, 95]. It is clear that in the limit ) — 0 we obtain the
Schwarzschild black hole. In this sense the Reissner—Nordstrom solution represents a
controlled deviation away from the Schwarzschild black hole, where the deviation is
measured by the electric charge ). In order for an event horizon to exist the bound
M > |Q| must be respected. The particular solution that satisfies M = |Q)] is called
an extremal Reissner—Nordstrom black hole, and exhibits many distinguished features,
which we will come to shortly. The case where M > (@ is called a non-extremal black
hole. In the case where M < ) no horizon exists, and the solution exhibits a naked
singularity.
It is useful to define ro = M + /M2 — Q? and ¢ = §(ry — r_), in which case

5From now on we set 87Gn = 1.
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The extremal limit is given by ¢ — 0, and for this reason c is called the non-extremality
parameter. In the extremal limit 7. — r_ and both horizons degenerate into just one
horizon. A particularly useful parametrisation of the Reissner—Nordstrom line element
is obtained by introducing the shifted radial coordinate p = r — r_, in which case

2
QW
r r2 H?
where 5
W=1-=, H=1+—.
p p
The full Reissner—Nordstrom line element can then be written as
W dp?
ds® = —@dﬁ + H? <W + p2dQ%2)> : (3.13)

In the extremal limit W — 1, which shows that a non-extremal black hole can be
obtained from an extremal black hole by ‘dressing’ the line element with an additional
harmonic function W. The extremal Reissner—Nordstrom metric is written as

ds? = —H72dt® + H> (5ijd1’id$j) ; (3.14)

where H =1 — % with M the mass of the black hole.

Non-extremal Reissner-Nordstrom black holes have an outer event horizon located
at r = r4, which, as we have previously discussed, is a hypersurface of infinite red
shift. They also exhibit a second type of horizon, known as a Cauchy horizon, located
at r = r— < r4. This inner horizon is a hypersurface of infinite blue shift, and has a
repulsive surface gravity, equal in magnitude to the surface gravity at the outer horizon.
Again, there is a singularity located at » = 0. In the extremal limit both horizons
coincide, and the surface gravity vanishes. For such black holes the attractive force of
gravity exactly balances with the repulsive force of electromagnetism. Therefore two
extremal black holes will neither attract nor repel one another, which is known as the
‘no-force’ property.

In order to solve the static field equations it is not actually necessary that the
metric is spherically symmetric. A class of non-spherically symmetric solutions is given
by taking the line element (3.14) but requiring only that # is a harmonic function with
respect to the flat three-dimensional metric

AH=0.

These are known as the Majumdar—Papapetrou class of solutions. However, the only
type of solutions that do not exhibit naked singularities are the multi-centred general-
isations of the extremal Reissner-Nordstrém solution [96]

Mo
H=1+ =S
;|p_pa|

which describes multiple black holes located at g = p,. This solution describes a
configuration of multiple extremal black holes with individual masses M, which remain
in static equilibrium due to the no-force property of the extremal black holes.

Let us consider again solutions to the Einstein-Maxwell theory. We will relax the
condition that solutions are static and spherically symmetric, and demand only that
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solutions are stationary and axially symmetric. In this case there exists a unique black
hole solution that is characterised by mass M, charge () and angular momentum J.
This is given by the Kerr-Newman metric [97]

A d 2 : 20
ds® = _E(dt — asin20dg0)2 + R <£ + d92> + SIDT (("”2 + az)dSO - adt)Q )

where a = % is a constant parameter and
R=1r%+a%cos?0 ,
A=r?—2Mr+a®+Q%.

Clearly in the static limit o — 0 we recover the Reissner—Nordstrém solution. One can
also consider the limit () — 0, in which case we have a rotating uncharged black hole,
called simply a Kerr black hole. We are using a set of oblate spheroidal coordinates
(a.k.a. Boyer-Lindquist coordinates), which are related to cartesian coordinates through

=112+ a?sinfcosyp ,
y =112+ a?sinfcosyp,

z=rcosf .

In the static limit these reduce to the standard spherical polar coordinates.

For a Kerr-Newman black hole an event horizon only exists if the bound M? >
Q? + J? is satisfied. The event horizon will not be a sphere, but a so-called oblate
spheroid. The singularity will no longer be a point but a ring, located at r = asin6.
For non-zero J the particular solution for which M = |@Q| will have a naked singularity
and therefore cannot be called a black hole. However, for this over-rotating class of
solutions the three-dimensional part of the metric is flat. This will play an important
role later in the thesis. For later reference, the Kerr—-Newman metric can be written in
a manner adapted to dimensional reduction as

ds? = —e?(dt* + V,dp)? + e~ ?ds? (3.15)
where
® A — a?sin?6
e’ =
Z 9
Vo= asin?0(r? +a? — A)
v A — o2sin?6 ’
A — a2sin?6
ds% — &drz + (A - o? sin? 9)d02 + Asin® 0dy? .

A

We end our discussion of black hole solutions of the Einstein—-Maxwell theory by
remarking that there exist higher-dimensional analogues of such solutions [98]. In higher
dimensions there also exist black objects with more exotic topologies, but none of which
will be directly relevant to this thesis. What will be relevant is the five-dimensional
analogue of the Reissner—Nordstrom solution. This simply corresponds to adjusting
certain numerical factors in the metric, and setting the poles of the harmonic functions
to scale as 1/p?. We refer the reader to [60] for a more detailed overview.
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3.2.3 Black holes in supergravity

The bosonic part of the action of pure 4d, N' = 2 supergravity is precisely the same
as the Einstein-Maxwell Lagrangian (3.12). Therefore, we can embed the Reissner—
Nordstrom solution into a theory of pure supergravity by adding two gravitini ¢f} to the
action. The Reissner-Nordstrom solution is then interpreted as a bosonic background
solution, i.e. @Df = 0.

For the extremal Reissner—Nordstrom solution the embedding into supergravity
allows us to understand its peculiar features. This is because there exist certain super-
symmetry transformations under which the solutions is invariant [99]

56(1) (g,UJM wﬁa Ap,) ‘extRN =0.

The fermionic parameters ¢ are analogous to Killing vectors, and are therefore re-
ferred to as Killing spinors and the above equations as ‘Killing spinor equations’. The
extremal Reissner—Nordstrom black hole admits precisely four Killing spinors, and is
consequently invariant under half the supersymmetry transformations. This suggests
that we should interpret the extremal Reissner—Nordstrom solution as a BPS solution
of pure supergravity. This identification is given more support by the fact that the
Reissner—Nordstrom solution satisfies the mass bound M = |Q|, which is analogous
to the mass bound for BPS states M = |Z|. There are many other features that the
Reissner—Nordstrom exhibits that are analogous to BPS states, and so the identification
is understood to hold concretely [36]. More generally one can identify the Majumdar—
Papapetrou solutions as BPS states [37]. The central charge generates a local U(1)
phase symmetry, with the graviphoton as the gauge vector, and can be written as [100]

1 _ )

Z=— | F- =P—iQ,

27
where F'~ is the anti-self-dual part of the graviphoton field strength. It is clear that
for electric solutions we have |Z] = |Q)|.

The Kerr—Newman solution may also be embedded into a theory of pure super-
gravity. However in this case the BPS bound (invariant under half supersymmetry
transformations) and the extremality bound (horizon disappears) are not the same. In
fact the BPS bound is stronger than the extremality bound, so BPS black holes are
said to be ‘over-rotating’ and have a naked singularity [101]. They necessarily have a
flat three-dimensional metric according to the decomposition given by (3.15).

Coupling vector multiplets to pure supergravity introduces a number of new scalar
and vector fields into the action according to (3.5), as previously discussed. One can
find many extremal black hole solutions analogous to the extremal Reissner—Nordstrém
black hole that can also be interpreted as BPS states [7]. However, these solutions will
generically not depend just on the electric and magnetic charges of the various gauge
fields, but will also contain contributions from the scalar fields. In this case one can
define a useful object, also called the central charge, by

Z="P'F—Q;x".

This is a spacetime dependent function that is equal to the central charge of the super-
symmetry algebra when evaluated at spatial infinity, and gives the entropy of a BPS
black hole when evaluated on the horizon

S=1A=n|Z], . (3.16)
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The values of the scalar fields at the horizon are completely determined by the charges
through the expressions

25 )-7(5 )], - (5) o)

This is known as the attractor mechanism [7, 39, 46], since as a dynamical system the
flow of the scalar fields exhibits fixed point behaviour which is attractive. The equations
themselves are called attractor equations or stabilisation equations, and follow directly
from the Killing spinor equations [39, 40]. Since the scalar fields are fixed in terms of the
charges on the horizon, the entropy of the black hole (3.16) is completely determined
by the charges.

As an example let us consider the STU model, which can be found in e.g. [102]. We
will come back to this model at several occasions later in this thesis. The STU model
consists of three vector multiplets coupled to supergravity, and is characterised by the
prepotential
Xtx2x3

X0 '

The physical scalar fields are given by 24 = X4/X? and are often denoted by S =
21, T'= 22, U = 23 (which is where the model gets its name). We will consider solutions
in which X4 are purely imaginary and X° is purely real. In this case the static BPS
solution for the metric and scalar fields is given by

1

F=-—

ds? = — dt? —AHoHIHZHB (6;5dada?) | 3.18
5 —AH HYHZH3 t 0 (0ijdz"da?) (3.18)
1 1
X0 = (—4HoHHPH?) T, XA = iH o (—AHH HAHE) T,
where Ho, HA are harmonic functions
PA
H0:h0+ci°, HA:hA+7.

Taking the near horizon limit p — 0 the scalar fields clearly depend only on the charges,
and we observe attractor behaviour

A My o iPAQy
VAHHIHPHS  \/—4QoPTP2P?

The entropy of the black hole depends only on the charges and not on the value of the
moduli fields at infinity

S:%A:W —4Q0P1P2P3:‘Z|ﬁor‘

In the limit where the four harmonic functions are proportional to one another the
solution reduces to the standard extremal Reissner—Nordstrom black hole, which can
be seen by directly comparing the line element (3.14) with (3.18). The ADM mass is
given by

M = 2 —3ho(p'h?h3 + p?h'h3 4+ p3hth?) = | X1Q; — FiPl | = |Z]|o

and so the BPS bound is satisfied. One may also check that the solution satisfies the
attractor equations (3.17).
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3.3 Dimensional Reduction

Classically dimensional reduction amounts to requiring that all fields are invariant under
the flow generated by some vector field %, which has orbits given by S!. Dimensional
reduction by integrating out the 2" dimension simply gives the space of orbits. In a
quantum theory a massless field may be Fourier expanded in a compact dimension into
a tower of massive fields, where the masses depend inversely on the size of the compact
dimension. In this case one may instead require that the compact dimension is small
enough such that any massive modes can be ignored in an effective theory. In either
case, the dimensional reduction procedure is the same, which we will now present in
detail. These calculations are based largely on a set of unpublished notes by Ulrich
Theis.

We will dimensionally reduce a theory of gravity coupled to the field strength of
a p-form gauge field over a single compact timelike (e = +1) or spacelike (e = —1)
dimension of radius A. The main results of this section are as follows:

1. The Einstein—Hilbert action
Sen = /d(”+1)x e [%R} ;
reduces to
1 1 1 (222)1%
SEH = 27T)\/dn$e |:§R - §8M¢> 8N¢ + 5€€ n—2 VHVVMV] s (319)

where we have made the metric decomposition

1
2

_ 2
¢(d3:0 + V,dzt)? + e (<"*2)("*1>) ¢guydac“dm”. (3.20)

[N

g=—c¢ 6(2<'7:12>>

2. The action of the field strength of an abelian gauge vector coupled to gravity

reduces to
1
Seauge = 27\ / d'ze e () 010, b 0m
2 . (3.21)
_rele=mm)” (B, - 2va.h) (e —2ving”iy) | .
where we have made the decomposition
A=0bdz® + A,dx" . (3.22)

3. In four dimensions we may also include the topological term in the gauge sector
gtop = /d4$ [%Fﬂ,}pﬁ& éﬂl}ﬁ&} s
which, under the decomposition given above, reduces to

Stop = 27r)\/d3:c Be Fl,0pb e’“’p} ) (3.23)
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3.3.1 The action and differential forms

Consider a Riemannian manifold (M, g) of dimension m and metric signature (f,g).
We will construct an action functional S = Sgn + Sgauge, Which consists of an Einstein
Hilbert term coupled to the field strength of a p-form gauge field, in terms of differential
forms. Our aim to recover the standard form of the action when written in components

SEH = /dmx e [%R] ,

M1 hpt1

m -1
Sgauge = /Cl xTre |:2(pw (Fp+1)ﬂl~--#p+1 (Fp+1)

Note that we are using a non-standard normalisation of the Einstein—Hilbert term (as
is common in the supergravity literature) in order to avoid factors of /2 at a later
stage.

Let us first construct the Einstein—Hilbert term. Since the Ricci scalar R is simply
a function, the Hodge star is given by

*R = %Remm“mdx“l Ao ANdatm = (=) e Rdat AL A da™ .

We can therefore write
Sgn = (—)f / 3R
It will be useful later to note that
€ayam BRI NEB AL NEY™ = €4y anm (%Ralazbceb A ec) ANe® AL Ae'm
= (=) (m—=2)Re'A...Ae™,

and therefore )
*R = Wﬁal'"am RM¥2 N e® N .. Aet™ . (3.24)
m — 2)!

Next we will focus on the field strength term. The field strength of a p-form A, is
obtained by taking the exterior derivative

1
Fp+1 = dAp = M(Fp+1)ﬂl---ﬂp+l Clx/“ VANPRA dmﬂp+1 .

The Hodge dual of Fj,y; is an (m —p — 1)-form

e V1...Vpt1

* _ Pp+2 Pm
Fpr = (p+Dlm—p—1)! (Ferl)Vl---Vpﬂ € ppi2epm QTP N TP

Taking the wedge product of Fj,1 and *F,;1 we find

e
(p+1)12(m—p—1)! (Fpﬂ)ﬂl---ﬂpﬂ (Fp“)Vl---VpH

vi...V
X T e pm AT A At A daPP A LA dafm

AT

We can now construct the Sgauge term in our action

Fppt N Fpi1 =

(Fp+1)ul--~up+1 (Fp+1)“1'"“p+l dz' AL A dz™ .

Sgauge = ()f/%FZPH /\*Ferl .
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3.3.2 Decomposing the metric

We will now proceed to reduce an action of gravity coupled to a p-form from (n + 1)
dimensions to n dimensions. The compact dimension is taken to be a circle S', and
can be a spacelike or timelike dimension which we keep track of by setting

+1 timelike ,
€ =
-1 spacelike .

Objects that live in (n + 1) dimensions will be distinguished by a hat, where hatted

indices run from 0, ...,n and unhatted indices from 1,...n, e.g.
(n + 1)-dimensional vielbeins ¢*, a € {0,...,n},
n-dimensional vielbeins e, a € {1,...,n}.

The signature of the (n 4 1)-dimensional metric in the transverse dimensions may be
arbitrary, but for concreteness let us say there are f timelike and g spacelike directions,
so we can write the signature of the (n + 1)-dimensional metric as

(ce—im 4. t)
—— ——
f-times  g-times

We take the compact dimension to be z°.
Let us begin by decomposing the metric into various n-dimensional components

—ee2B? —€ eQﬁ‘bV#

Iar = | _e 280y, | 200y, — €20V, V, | (3.25)

where o and 3 are, for now, arbitrary numbers with 8 # 0. It will be useful to translate
this decomposition into a vielbein basis, which is defined by the transformation matrices

@ satisfying

€

First, by considering the indices 1 = p, ¥ = v we obtain the expressions

e_2a¢gm, — 6626¢V#Vy = —¢ éuoéyo + éu“éybnab ,

and we have the freedom to choose the particular vielbein basis given by é,* = e e o
and éuo = eﬁ¢VM. Next, by considering the indices i = p, 7 = 0 we obtain the

expression
—€ €2B¢VM = efa‘lse#aéobﬁab - 665¢Vué00 ,

and we can choose é,° = 0 and ¢, = ¢’*. We have now completely determined the
transformation matrices

ebo 0

>
=
<}

eﬁ‘z’Vu e_aqseu“
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From this expression one can immediately obtain formulae that relate the n- and (n+1)-
dimensional vielbeins

60 = =¥l

;o =PV 4 dal) .

Moreover, one also obtains the formula relating the determinant of the n- and (n + 1)-
dimensional metric
det § = —e B9 det g .

Accordingly, we define the epsilon symbol in n-dimensions to be

€12.n = —€€012..n -
The inverse transformation matrices €,” are uniquely determined through the ex-
pression éﬂ“éa” = 55. For our particular choice of transformation matrices we find

e B9 0

a _ eaqbva ead) eaﬂ

The vector fields dual to the vielbein one-forms are then calculated to be

0 —pp 0

6y = €%%e, — eo“z’Va@ , ég=e 520 °

3.3.3 Reduction of Einstein—Hilbert term

The dimensional reduction of the Einstein—Hilbert term is greatly simplified if we make
the specific choices a = 0 and 8 = 1, so that

&0 = e?(V +da?) , et =e,
i én — 6—¢i
20’ 07" a0

After dimensional reduction the metric will not be in the so-called ‘Einstein frame’,
which means we will have a non-constant factor in front of the Einstein—Hilbert term
in the action. However, one can always make a conformal transformation to bring the
metric to the Einstein frame. We will then be able to read off the values of o and
that we could have chosen in order to reduce directly into this frame.

Recall from section 2.1.1 that the curvature two-form is given by

€a =€q— Vg

~

— A O C A
Ry = dw.; +w;" ANy -

We can decompose this into n-dimensional objects using the following expression for
the Levi-Civita one-form:

N B S e SR NG
wdb ) (nb@Lea nacbef) %d€ Lea//ei)> de” .
Considering the indices @ = a, b = b in the above expression we find

d-)ab = Wgph — %6 62¢(V + d(IZO)Vab s
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and by considering the indices a = a, b = 0 we also have
@a0 = —3€€%(te,dV) + €e?(V + da®)(te, d) -
Taking the exterior derivative of W, we find
Ay = dway — e VopdV + O(V + daP)

where we have ignored terms containing the combination (V + dz?) for reasons that
will become clear shortly. Next, we must decompose the term

@, N Dap = W A wep + 1€€*(1e,dV) A (e, dV) + O(V + da®) .

Putting these together we obtain the following decomposition of the Riemann curvature
tensor

Rab = Rup — %e e2® (Vade — %(LeudV) A (Lede)) + OV + dmo) .

We now repeat the process considering the indices a = a, b =0 in the expression for
the Riemann curvature tensor. The exterior derivative of the @,y components of the
Levi-Civita one-form are given by

Ao = €dp A e (V 4 da®) (1e,do) — € e?(V + dz®) Ad((te,dd)) + ... ,

where we have ignored terms which do not contain the combination (V + dz"). Again,
we must decompose the term

RN ie?"b(V + dz®) AV, (16, dV) + €€®w,¢ A (V + dz°)(te,do) + ... |

where in the first line we have used the fact that @gg = 0. Putting these together we
find an expression for the 0*" row (or column) of the Riemann curvature

Rm:e&@wwﬂw+dm%ww—w;wﬂ@—iw%%%%ﬂi

AV +dz®) + ... .

Recall that we can use (3.24) to write the Einstein-Hilbert action in terms of the
curvature two-form. This expression can be decomposed as follows:

A -1 A H0a a Ha1a
SEn = / mﬂ)al...an [QRO "Ae” + (n— 1)€¢R 1V + dxo)}

x e AL Ne

and substituting in the expression for R and R0 we have
Sen = /dxo/—e(—)f[e¢;*R — leetay A*dv} - 26(—)f/d*de¢ .

Observe that the d¢ term forms a total derivative which we can drop. We now integrate
out the compact dimension by performing the finite integral

/muﬁGW”
16 GR
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We can make a conformal rescaling in order to write the action in the so-called ‘Ein-
stein frame’, where the Einstein—Hilbert action takes the standard form. The conformal
transformation we need is .,

Juv — e(m)%ﬂy ;

so that the action becomes

- ]. an—z
Sgi = /—e(—)f[g*R— (Z - 2) do A*dp + Lee 5 )0qv A xav] .

Finally, we can properly normalise the kinetic term of the scalar field ¢ by making the
rescaling
n—2
—
¢ 2n — 2

and we are left with the final form of the dimensionally reduced Einstein—Hilbert term

¢,

n_2\1/2
Sen = [ () [4R ~ do n*do + eeEE)av nsav]

We can now read off the values for a and § that we could have chosen in (3.25) in order
to reduce directly into the Einstein frame

1
V2 —1)(n—-2)’

3.3.4 Reduction of field strength term

o =

g=(n—-2a.

An arbitrary p-form in (n + 1) dimensions can be written as

1 - .
H(ﬁp)ﬂluﬁp dxf* AL AN dTtr .

~

’LLp:

The one-form da® may appear at most once in each term. Splitting the expression into
the sum of terms with dz° and those without, and using the symmetry to move da° to
the left, we can write

1

Up = H(up)mmup dx** A ... ANdxtr 4 5(121,)0,,1,,%71 da® Adx" A LA datrt

and defining

(Wp) sy = (Up) py.cpsy (Up—1)prcpip1 = (p)op.cpip—1 >
we have the following decomposition of a p-form
Gy = up + dz® Auy_q (3.26)

We will now consider the Hodge star of ,. This time it is easier to use a vielbein
basis, in which we can write the Hodge star as

- 1 . . R )
K )! (p)an...ap€ e NN

Uy = —— . .
Poplin+1—p bp41.--bnt1
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Precisely one of the indices of g ; 5, must be 0, and so we can write this as
p+1e0nt1
two distinct sums
i (n+1-p) Lai...ap A0 A sbpit sbn
Up = m(up)al_.ape Obp1...bn e NePrttAL Ne (3 27)
p ~ A0a1...ap_1 ~b Abn ’
+ ] oy Y (Up)oay...ap_1 € bty €7 N NETT

Lets now consider the top and bottom lines separately.

First of all we consider the top line. Note that currently the components (ﬁp)do..,dp_l
are given with respect to the (n+ 1)-dimensional vielbein basis é*. We want to convert
these to components of the n-dimensional vielbein basis ¢*. We compute the compo-
nents in the n-dimensional vielbein basis as follows

(I&p)al.-.apAal"‘ap — [éalﬂl o éapﬂp (ap)ﬂy.-,&p] AG1--ap
- [_ pepa¢val (up—l)az...ap + epa(b(up)almap Adr--ap ,
where A%--% is some anti-symmetric tensor. Here we have used the fact that all the

indices appear contracted with an antisymmetric tensor A%® so we can safely move
the 0-index to the left. We then need the fact that

AQ1...Qp _(_\ps G1--Gp
€ Obpi1.bn (=) bpi1...bn
___(_\p,ai.-Gp
= —e(—)Pe byatobn

The wedge product of the vielbeins can be written as
0Nt A A et = (Pt fY (V + d:EO) AePPHL A LA el

Combining these three elements, we deduce that the top line of (3.27) can be written
as

€ (—)PelZP—m)adfe (V +da®) A* (up — V Aupr) (3.28)

We now consider the bottom line of (3.27). Following a similar procedure to the top
line, we compute the components of (4,) in terms of the n-dimensional vielbein basis:

(’&‘p)oalnilpfl = éoﬂléallm oo éapﬂup(A

= e(p_l)a¢€_ﬁ¢(up—1)al...ap,l 7
where we used the fact that é,"" = 0. The epsilon symbols are related by

é0a1...a]g_1 — ¢ aj...ap—1 o Ea1...ap_1
bp...bon 0 bp...bn bp...bn

and the vielbein basis decomposes as
e e W L
Putting everything together, the bottom line of (3.27) can be written as

e2mas ~(BH20)0x, (3.29)
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We can now substitute the expressions (3.28) and (3.29) into (3.27) to obtain a
formula for the decomposition of the Hodge-star of a p-form

%, = eePmm)ad [6_(*8+2°‘)¢6 *up_1 + (—)PeP? (V +dz®) A* (up — V Aup)

Taking the wedge product between an arbitrary p-form ¢, and the Hodge star of an
arbitrary p-form *a, we find

bp A iy = €@ Ty, 4 da Ay, q]
A [e e~ (BH209xy | 4 (—)PeP? (V+ de) AN (up =V A up_l)] .

Only the terms which contain precisely one da® will survive. Using this fact and
expanding out the brackets we find

Op A ;pr = e qp0 A [e 67(5+2a)¢7)p_1 A *up—q
+ €%y =V Avp_1) A*(up — V Aup_1)

We now apply this decomposition to the ggauge term in our Lagrangian. We then
perform the integration over the 2¥ direction, normalising the circumference to be
S dz® = 1. We are left with the dimensionally reduced matter term

Sgauge = (f)f / e(2p—n)ad [ _ 6_(B+2a)¢%Fp,1 A*Fyy
— e L, —VAF, ) A*(E,—V A Fp,l)] ,
This gives (3.21) when evaluating in terms of components and making the choice p = 2.

3.3.5 Reduction of ' A F' term

If the original number of dimensions (n + 1) is even and (p + 1) = (Z£1) is also even,

the action may admit a topological term of the form
Stop = / LA, AdA, .
We can decompose this (p 4+ 1)-form into n-dimensional objects
dA, = dA, +dz® NdA,- .
We can now substitute this back into the action
Stop = / 3 (dA, + d2® A dAp—1) A (dA, + dz® AdA,—1)

= /dwo ANdA, NdA,_1

where we used the fact that the action must contain precisely one dz’. Integrating out
the compact dimension we are left with

Stop = / dA, NdA, 1

which gives (3.23) when expressed in components and choosing p = 1.



Chapter 4

The r-map

In this chapter we perform the dimensional reduction of a class of five-dimensional
theories of gravity coupled to scalar and vector fields over a timelike or spacelike di-
mension. The class of theories under consideration generalises that of 5d, N' = 2 vector
multiplets coupled to supergravity in the sense that the scalar target manifold is only
required to be a generalised projective special real manifold, as defined in chapter 2.
Since the reduction of the supersymmetric theory goes by the name of the r-map, we
call the reduction of the generalised theory the ‘generalised r-map’. We then discuss
the geometry of the target manifold after dimensional reduction, and prove that for the
supersymmetric theory this is a projective special Kahler or projective special para-
Kaéhler manifold, depending on whether the reduction is over a spacelike or timelike
dimension. None of the results presented in this chapter are original work of the author,
and are based on the existing publications [27, 32]. However, the results are integral to
the author’s works [60, 59], which will be presented in the next chapter. A discussion
of the r-map also serves to complement our later chapter on the c-map (chapter 6),
which uses techniques that are similar in spirit to those presented here.

We will discuss generalisations of 5d, N' = 2 supergravity coupled to vector mul-
tiplets in section 4.1, before dimensionally reducing this class of theories in 4.2. We
then prove the projective special Kahler and para-Kahler properties of spacelike and
timelike reduction in sections 4.3 and 4.4.

4.1 Generalisations of 5D, N' = 2 supergravity

Our starting point is the Lagrangian of a five-dimensional theory of gravity coupled to
n scalar fields and (n + 1) abelian vector fields that takes the form

_ 1 3_ N 1 PO
e;'Ls = §R5 — Zamy(@aﬂ(ﬁxaﬂfﬁy — ZGIJ(@ T (4.1)
where spacetime indices run from i = 0,...,3, and internal indices run from x =
1,...,nand I =0,...,n. This Lagrangian is clearly of the same form as the bosonic

part of 5d, N' = 2 vector multiplets coupled to supergravity (3.3). However, we shall
only impose weaker restrictions on the coupling matrices than those required by super-
symmetry, and by doing so obtain a direct generalisation of the supersymmetric theory.
The dots represent the fact that we leave open the option of including a Chern—Simons
term such as that which appears in the supergravity Lagrangian. We do this for two
reasons: first, it is not clear at present how we should deform this term away from the
supergravity limit, and second it vanishes for the field configurations we will consider in

53
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this thesis anyway. We may also include terms with fermionic fields in the Lagrangian,
but these will never play a role in constructing bosonic background solutions.

We require that the non-linear sigma model takes values in an n-dimensional gen-
eralised projective special real target manifold, as defined in chapter 2. We denote by
H the unique Hesse potential of the corresponding d-conic Hessian manifold that is
homogeneous of degree d. This Hesse potential completely determines the dynamics
of the Lagrangian. The scalar fields ¢® are required to parametrise the hypersurface

H(hO,... k™) =1, and we shall use the particularly convenient parametrisation given
by (2.14)
1
h® 0 hl R —4d
¢x:ﬁ, h, :H<17ho,,ho> 3 (42)

where h! are special coordinates in the d-conic Hessian manifold. The matrix ayy is
defined according to (2.13)

1o
d OhIoh’

and can be written in terms of ¢* using (4.2). For the special case where the Hesse
potential is a cubic polynomial this Lagrangian (plus Chern—Simons term) represents
the bosonic part of the Lagrangian of N’ = 2 supergravity coupled to n vector multiplets,
see section 3.1.2.

We prefer not to work with the coordinates ¢*, which parametrise the physical
hypersurface H = 1, but rather the special coordinates h!, which live in the larger
ambient space. To describe the same physics, it is understood that at some point we
must restrict these coordinates to the hypersurface by imposing the constraint

ary = log H(h) , (4.3)

H(R,... B =1, (4.4)
In terms of the Lagrangian this means that we should make the replacement
@acy((ﬁ)aﬂ(bxaﬂ(ﬁy — aU(h)aﬂhlaﬂhJ ,

while imposing the hypersurface constraint (4.4). Since the constraint fixes a symmetry
of the Lagrangian it is acceptable to impose it before or after calculating the equations
of motion. The full Lagrangian can then be written as

;' L5 = 3Rs — 3a;;(h)0uh' 0" h) — Yar (W) ELF/M + (4.5)

where it is understood that the scalar fields are subject to the constraint (4.4). The
couplings for the scalar fields and vector fields are now identical, and are given directly
in terms of h! through (4.3).

4.2 Dimensional reduction

We will now reduce the Lagrangian (4.5) over a timelike or spacelike dimension, which
we keep track of by setting

+1 timelike ,
€ =
—1 spacelike .

Before we perform the calculation we shall impose two conditions that will greatly
simplify the procedure, and refer the reader to [27] for a full account of the reduction
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without making these assumptions. First, we shall impose that when we decompose the
gauge vectors according to the manner adapted to dimensional reduction (see (3.22))

Al = \/3/2bdz" + Cldat (4.6)

the coefficients C/{ are constant. If the compact dimension is timelike then this corre-
sponds to selecting backgrounds which are purely electric. This is natural if one wishes
to consider black hole solutions, which in five dimensions carry only electric charge.
After imposing this condition any Chern—Simons term will vanish identically, and the
remaining field strength term simplifies according to

nIBE al 1% —26 I ajpJ
F}jU;F = —€ 36 Jaﬂb a“b .

The second condition we will impose is that the isometry over which we dimensionally
reduce defines an integrable distribution. This can be phrased in three alternative
ways: (i) the compact dimension is orthogonal to a set of hypersurfaces that foliate
spacetime, (ii) the Kaluza—Klein vector vanishes, or (iii) the metric is static (for a
timelike distribution only). In any case, it means that we can always find coordinates
in which the metric has no mixed terms

dsz = —ee? (dz")? + e 7 g, drtdz” (4.7)

where we have decomposed the metric in accordance with the dimensional reduction
procedure (see (3.20)).

We now perform the dimensional reduction over the z° dimension following the
prescription outlined in section 3.3. The resulting four-dimensional Lagrangian is given
by

e 'Ly = %R4 — %aﬂ&aﬂff — %am(h) (Ouh'O"hT — ee™20,bT0Mb7) .
Recall that the scalars h! are still required to satisfy the hypersurface constraint (4.4).
It turns out that we can make a particular field redefinition that not only simplifies
the Lagrangian but also eliminates the need for any constraints. We can do this by
introducing new scalar fields o/, which we define by

ol :=e%nl. (4.8)
The equation that constrained the h! coordinates now reads
H(0°,...,0") =e% (4.9)

which just gives an expression for the KK-scalar ¢ in terms of the new coordinates. We
can interpret this as follows: the KK-scalar has reinstated the direction orthogonal to
H which was fixed by the hypersurface constraint, and so the new fields parametrise the
whole d-conic Hessian manifold. They are therefore not constrained to any particular
hypersurface.

We would like to write the four-dimensional Lagrangian in terms of the new scalar
fields. We first note that by differentiating the identity a;s(h)h!h’ =1 we find

ary(h)h'a;h" =0,

where we made use of the fact that the metric components aj;(h) are homogeneous
functions of degree —2. It follows that

ary(R), W' o*h = ap;(0)d0’ "o’ — 0,60"G .
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The Lagrangian is therefore written in the new coordinates in a particularly neat form

e 'Ly = %R4 - Zau(a) (8#018“0‘] - e@ubla“b‘]) , (4.10)
where all fields are unconstrained. In the next chapter we will use this formulation of
the Lagrangian to calculate new non-extremal black hole solutions.

The underlying four-dimensional spacetime has Lorentzian signature if ¢ = —1, and
Euclidean signature if € = 1. The scalar fields of, b describe a non-linear sigma model
which maps four-dimensional spacetime into a 2(n + 1)-dimensional target manifold
with metric 2 [ar; & (—€ary)], where ars(o) is a real, positive definite matrix that only
depends on half the coordinates. In the next two sections we will prove that in the
supergravity case (Hesse potential a cubic polynomial) the target manifold is projective
special Kahler if e = —1, and projective special para-Kéahler if ¢ = 1.

4.3 Projective special Kahler structure of spacelike reduc-
tion

For spacelike reduction we make the choice e = —1. Using the expression (4.10) we can
write the Lagrangian as

1 3
ey 'Ly = 5B = Jars(0) (Oualota” + o b" b7 ) (4.11)
The scalar fields describe a non-linear sigma model from four-dimensional spacetime
with Minkowski signature into a 2(n + 1)-dimensional target manifold with metric
g = gapdq® ® dq®, where we have gathered together the 2(n + 1) coordinates into
q* = (O’I Ny )T. The components of the metric are given by

_3(a 0
Jab =4 0 ayjy )~
An almost complex structure is defined by simply taking the canonical almost complex
structure in any coordinate basis

0 1
Jo — (n+1) > ’
b ( —Ling) 0

with respect to which the metric is clearly Hermitian. A basis of the complexified
co-tangent bundle T * MC is then given by

dX! = do’ +idb! | dX' = do’ —idb",

where dX! and dX! are bases of T*"OMC and T*%1MC respectively. Since these
one-forms are exact the complex structure is integrable by virtue of the Newlander—
Nirenberg theorem. The fundamental two-form is closed

dw = 3d (apsdo’ A db?) =3 (83 ; ka) do® ndo! Adb! =0,

and, hence, the target manifold is Kéhler.
We will now show that for the supergravity r-map, i.e. when the Hesse potential
is a cubic polynomial, the target manifold has the property of being projective special
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Kéhler. We will follow the argument given in [27]. The idea is to show that projective
special Kéhler manifolds with prepotentials of the form

F(X) = é(C);fX )

directly correspond to those obtained from the r-map. Here we have introduced the
notation (CXXX) = CapcXAXBXC and (CXX)4 = CupcXBXC etc. First, the
derivatives of the prepotential with respect to X! are given by

_1(OXXX) _ 1(CXX)a
6 (X032 AT 9T X0

(4.12)

Fy =
This implies that F, as defined in section 3.1.3, and 24 = X4 /X0 satisfy the expressions

1 1
}"zé(C’zzz) , FAzi(sz)A.

K

The expression for e " | as defined in section 3.1.3, is given by

K [é(((}’zzz) —(072)) — 5 (A~ #) ((Cz2)a + (CZZ)A))]

8
- —%CABC (4 =2 (2% = %) (9 = 29) =~ (Cywy) .

where y4 := Im(z4). The metric is then given through equation (3.8) by

- (_3 (Cy)as | 9(Cyy)a(Cyy)s
2 (Cyyy) 4 (Cyyy)?

where 24 := Re(z?). Compare this with the metric of the target manifold of the
sigma-model appearing in (4.11):

B 3(Co)ap 9(Coo)a(Coo)p
9= <_2 (Cooo) 1 (Cooo)?

> (dacA ® da® + dy? @ dyB) ,

) (do @ do® + db* & db®) .
It is then clear that, by making the identification 0?4 <+ y and b < 4, projective
special Kéhler manifolds with prepotentials of the the form (4.12) give precisely the
same metrics as those obtained through the r-map. This completes the proof that the
target manifold in the image of the supergravity r-map is projective special Kahler.
Let us end with two remarks. First, one may interpret the supergravity r-map
geometrically as a map from a projective special real manifold into the tangent bundle.
For more details we refer the reader to [34, 9] and references therein. Second, one might
also wonder what the target manifold for the generalised r-map is, and not just in the
supersymmetric case. This is currently under investigation [28].

4.4 Projective special para-Kahler structure of timelike
reduction

For timelike reduction we make the choice ¢ = +1. Using expression (4.10) we can
write the Lagrangian as

1
o' L= g Ra— Sa1y(0) (000 — 0,41 0") (4.13)
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The scalar part of the Lagrangian describes a non-linear sigma model into a 2(n + 1)-
dimensional target manifold with metric ¢ = gqp dg® ® ¢°, where again we have gathered
together the 2(n + 1) coordinates into ¢* = (of,b")”. This time an additional minus
sign appears in the components of the metric

_§ arJy 0
gab— 2 O _aIJ Y

which reflects the fact that the target manifold has neutral signature. We define an
almost para-complex structure by taking the canonical para-complex structure in any

coordinate basis
0 1
J% = < (n+1) ) .
b ﬂ(n—l—l) 0

The metric is clearly para-Hermitian with respect to this para-complex structure. A
basis of the co-tangent bundle T*M is given by

dX! = do! + ab’ | dX' =do’ — av",

where dX! and dX! are bases of T*tM and T*~ M respectively. Since these one-
forms are exact the para-complex structure is integrable by Frobenius’ theorem. The
fundamental two-form is closed

dw = 3d (agsdo’ Ndb”) =3 (87 ; ca) do™ Ado' Ndb” =0,

and, hence, the target manifold is para-Kéhler.

We will show that for the temporal version of the supergravity r-map the target
manifold has the property of being projective special para-Kéahler. We follow again
the argument presented in [27], where the idea is to show that the para-holomorphic

prepotentials of the form
1 (CXXX)
FX)=—-—FF—-

give rise to precisely those metrics which appear as target manifolds of (4.13). By an
identical calculation to the previous section, one can show that the metric corresponding
to the prepotential (4.14) is given by

- (_3 (Cy)as | 9(Cyy)a(Cyy)s
2 (Cyyy) 4 (Cyyy)?

where y4 := Im(z4) and 24 := Re(z4). Compare this with the target manifold of the
reduced Lagrangian (4.13)

B <_3(CJ)AB 9(Coo)a(Coo)p
7=\ 73 (Cooo) 4  (Cooo)?

(4.14)

) (dxA ® da® + dy? @ dyB) ,

) (do? @ do® + db* @ db®) .

It is clear by making the identification o4 « y4 and b4 < 24 that both metrics
agree. We conclude that the target manifold in the image of the temporal version of
the supergravity r-map is projective special para-Kahler.



Chapter 5

Five-dimensional black holes

In this chapter we will construct new black hole solutions to the class of theories in-
troduced in section 4.1, which generalises that of 5d, N/ = 2 supergravity coupled to
vector multiplets. Since we will only consider non-rotating black hole solutions we may
impose that backgrounds are static and purely electric. In this case we can take the
Lagrangian (4.13) as our starting point

e 'Ly = %1%4 - Zau(a) (Oualora’ — o bt b (5.1)
It is worth emphasising that this is an effective four-dimensional Lagrangian for static
and electric solutions of the full five-dimensional theory. This means that any solu-
tion of this Lagrangian corresponds to a static and electric solution of the original
five-dimensional theory and vica-versa. Since not all static and electric solutions will
correspond to black holes we must identify those which exhibit an event horizon and
asymptote to Minkowski space.

Some of the simplest types of solutions one may consider are extremal instantons.
We define these to be solutions that have a flat four-dimensional metric, and their
name comes from the fact that they lift to extremal black holes in five dimensions.
Such solutions can be found for generic models. A subclass of these solutions will
correspond to BPS black holes, as the BPS condition is stronger than the extremality
condition. This discussion on extremal solutions is not based on the author’s work,
but appears in [32]. We then go on to investigate non-extremal instanton solutions,
by deforming four-dimensional spacetime away from the flat limit. This discussion
is based on original works by the author [60, 59]. Since we construct non-extremal
solutions in a systematic way, we have a good understanding of their properties. One
interesting and novel feature that emerges is that in order for these solutions to lift to
non-extremal black holes in five dimensions with smooth scalar geometries the number
of independent integration constants must halve. This is similar to the extremal case,
and suggests that a first order rewriting of the solution is always possible, when in
general the equations of motion are second order. We also find a set of equations that
describe the near horizon geometry of the scalar fields, which directly generalise the
attractor equations for the extremal solution.

In section 5.1 we derive the equations of motion corresponding to the Lagrangian
(5.1). We then introduce a natural set of dual coordinates in which the equations of
motion take a particularly simple form. We then discuss extremal instanton solutions
(i.e. a flat four-dimensional metric) in 5.2. These solutions are shown to satisfy first
order equations and lift to extremal black holes in five dimensions. In section 5.3 we

59
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construct new non-extremal black hole solutions. We first consider STU-like models,
where we can integrate the second order equations of motion directly, and the general
solution can be found. We then investigate the criteria for solutions to lift to non-
extremal black holes in five dimensions. Finally, we discuss non-extremal solutions to
generic models, in which case we find solutions with as many independent scalar fields
as we have blocks in the metric. Since all metrics have at least one block this provides
a universal solution with constant scalar fields for all models, which is none other than
the Reissner—Nordstrom solution.

5.1 Equations of motion and dual coordinates

By considering the variation of (5.1) with respect to of,b! and Juv, the equations of
motion are found to be

% [aIJauUJ] - %&GJK ((%JJWJK - 8ubJ8“bK) =0,
\Y%s [auaub‘]] =0,
Zaf 7 (0u0'0y07 — 0,07 0,b7) = %RW :

The fact that the target manifold of the original theory is Hessian allows us to
introduce a natural set of dual coordinates oy, defined by

oy:=—=—H(o). (5.2)

For example in the STU model, where H = 06203, and therefore H = —% logoto?03,
the dual coordinates are given by o5 = —%(JI )~1. For supersymmetric theories (i.e.
when the Hesse potential is a cubic polynomial) the dual coordinates are always related

algebraically to the original coordinates. Note that by the chain rule we have
ouor = 8%ijf(a)aua‘] =azj0,07 . (5.3)

For this reason it is often convenient to think of the metric a;; as an operator which
raises and lowers indices; however one must be careful to note that an additional minus
sign is acquired when raising and lower the index of the coordinate compared to its
derivative

a[JUJZ—U], auaua‘]:(?“a[.

At the same time as introducing the dual coordinates for the ¢! fields, it is convenient
to define
Oubr = ar 0.b” . (5.4)

This places an integrability condition on the solutions to the b fields, which will au-
tomatically be solved for all solutions presented in this thesis. Using the expressions
(5.3) and (5.4) we can write the remaining equations of motion as

Aoy + %6]&‘]]{(8#0(]8“0'}( — 8#()]8“[)[() =0, (5.5)
Abr =0, (5.6)

1
za”(aﬂafaya 7= Oubrdyby) = 5 Ry (5.7)
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5.2 Extremal black holes

Recall that one particular feature of the four-dimensional extremal Reissner—Nordstrém
black hole is the fact that the three-dimensional part of the metric is flat (3.14). This
is therefore a natural metric ansatz to use when constructing extremal solutions [48].
In this case the Einstein equations (5.7) reduce to

ia”(@ualay(n — 8;])[8,,()(]) =0. (5.8)

These can clearly be solved by setting
Ouor = +0,br (5.9)

where the choice of sign is the same for all /. Upon making this ansatz the second
order equations of motion for both the ¢! and b’ fields reduce to

Ao =0.

Solutions can therefore be characterised in terms of the harmonic functions

Qal
H] = A[ + Z ‘.’I] — .’I,'QP ) (510)

by setting o7 = +Hr and 9,br = 9,H. Clearly the choice of sign corresponds to the
choice of sign in (5.9).

The solution given by (5.9) does not exhaust all the possibilities. A field rotation
matrix R! 7 is defined to be a constant matrix that satisfies

I J
CL[JRKRL:(IKL.

Clearly any field rotation matrix must be invertible, and we say it is trivial if R = +1.
For example, since the metric of the STU model is diagonal a non-trivial field rotation
matrix is given by

+1 0 0
R=| 0 +x1 0o |, (5.11)
0 0 =1

where not all signs are equal. Geometrically the ansatz (5.9) corresponds to selecting a
totally isotropic submanifold of the target space, and a field rotation matrix corresponds
to a discrete isometry of this submanifold that is of the form

ol = ol vl — R b7

The existence of non-trivial field rotation matrices depends on the particular model in
question, and they are not guaranteed to exist generically. However, when a non-trivial
field rotation matrix does exist we can generalise the solution (5.9) to

duor = R;70,by (5.12)

where RIJ is the inverse transpose of R! ;- These solutions can be written in terms
of the harmonic functions (5.10) by setting oy = RIJHJ and d,br = 0, Hr. Now we
see why the field rotation matrix gets its name: it rotates the charges of the solution
relative to the scalar fields. When lifting solutions to black holes in five dimensions,
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switching on a non-trivial field rotation matrix deforms a BPS solution into a non-BPS
solution [50, 31].

In order for these solutions (either with or without a field rotation matrix) to lift to
black holes in five dimensions we need to ensure that the solutions are asymptotically
Minkowski, i.e. € — 1 as r — oo. This places one constraint on the integration
constants A;. We are therefore left with a solution defined by n independent constants
of integration (the Ay plus one constraint). This is half what one would expect from the
general solution to n second order differential equations obtained from the n physical
scalar fields. It suggests that extremal black hole solutions actually satisfy first order
differential equations (this is, of course, true since they are solutions to (5.9) or (5.12)).
For the BPS case this can be understood by the fact that they solve Killing spinor
equations, which are first order equations. Much has been discussed in the literature
about the relation between extremal black holes and first order equations, e.g. [56], and
it appears to be a common feature of all extremal solutions.

We will now show that the instanton solutions we have constructed to the four-
dimensional Euclidean theory lift to extremal black holes in five dimensions. This
amounts to retracing our steps in the dimensional reduction procedure. Firstly, the
Kaluza—Klein scalar can be read off from equation (4.9)

@ =H(c",... 0" . (5.13)

Of course, to obtain a truly explicit formula for e in terms of the solution o7 = +H we
would need to solve equation (5.2), which relates the coordinates to the dual coordinates
and is model dependent. This amounts to solving what is referred to in the literature
as the ‘generalised stabilisation equations’, which describe the scalar fields in terms of
harmonic functions. Even for algebraic equations this may not be possible in closed
form, and so if we want to write down explicit solutions we must rely on known models
where these equations are solvable. We can substitute (5.13) into (4.7) to obtain an
expression for the five-dimensional line element. As discussed, imposing ¢ — 1 as
r — oo ensures that this line element is asymptotically flat, and imposes one constraint
on the integration constants A;. The area of the event horizon only depends on the
charges, and we therefore observe attractor behaviour.

Now that we have an expression for the KK-scalar, we can find expressions for
the h! coordinates through (4.8). From these we obtain expressions for the physical
scalar fields ¢* using (4.2). The solutions to the gauge fields are given in terms of
harmonic functions through (5.4) and (4.6). This determines the solution of the five-
dimensional fields completely. Note that the five-dimensional dual scalar fields h satisfy
the expression

e hr=*Hr, (5.14)

which generalises the known form of the generalised stabilisation equations in five di-
mensions [45, 32].

Let us end with the example of the STU model, where we can write down a solution
explicitly [32]. For concreteness we shall consider the spherically symmetric solution
with just one centre

Qr
)

HI:AI"FT
r

where we are using coordinates such that » = 0 corresponds to the horizon. The BPS
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solution is given by

ds? = —(HoH1Ha)~ 3dt? + (HoHaHa) 36, datda? |

1
Bl — (Ho?‘[lﬂg)i"
Hi '
The physical scalar fields are given through (4.2) by
H H
1_ Ho o _ Ho
¢ = e ¢ TR

On the horizon they take the values that depend only on the charges and not the values
at radial infinity, i.e. they exhibit attractor behaviour

L% e %
T’—)OQl T—)OQQ

This behaviour can be characterised by the expressions

Zh[ — QI7
r—0

where we have defined the five-dimensional central charge Z := —h’Q;. The above
expression is the standard form of the attractor equations in five dimensions [44, 45].
In order for the solution to asymptote to Minkowski space, i.e. € — 1 as r — 0o, we
must impose the following constraint on the integration constants

ApAAs = 1.

We are left with a solution characterised by the electric charges and two independent
integration constants, as we expected from our previous discussion. This solution is a
direct generalisation of the five-dimensional extremal Reissner—Nordstréom black hole,
which can be obtained in the limit where all three harmonic functions are proportional.
One may obtain non-BPS solutions to this model by introducing a non-trivial field
rotation matrix of the form (5.11).

5.3 Non-extremal black holes

In this section we present the non-extremal black hole solutions found in [60, 59] and
discuss their properties. We will first present solutions of STU-like models, which is
a class of models that includes the STU model and particular generalisations thereof.
For this class of models we find the general solution with a full set of independent scalar
fields. We then discuss solutions to generic models. By decomposing the target space
metric ayy into block diagonal form (where possible) we obtain solutions with as many
independent scalar fields as there are blocks in the metric. Since all metrics can be said
to contain at least one block, this provides one universal solution with constant scalar
fields to all models, which is the Reissner—Nordstréom solution.

Since we are interested in non-extremal solutions we will not impose that the four-
dimensional metric is flat, but we will impose that all fields are spherically symmetric.
This is, in fact, enough to completely fix the four-dimensional metric. This can be seen
as follows: the four-dimensional part of a general spherically symmetric five-dimensional
metric can be written as [49]

ds? = A gr? 4 eQA(T)dQ??,) ,
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where 7 is an affine radial parameter, which means the Laplace operator takes the form
d2

As = 2
57 dr?

+ terms independent of 7 .

Since we have imposed that solutions are spherically symmetric the LHS of the Einstein
equations when either p # 7 or v # 7 must vanish. On the RHS of these equations
there are terms proportional to A — 24, which implies that A — 2e%4 = 0. This can
be integrated once to get A? = ¢ + %4, where we choose ¢ to be positive so that we
avoid solutions periodic in the radial coordinate. By relabelling y = e =24 this can be
written as

y=+2/c2y2+1,

and the solution is given by

sinh(+2¢7 4+ D
y(r) = ( 3

Cc

To ensure that y is strictly positive in the range 0 < 7 < +00 we choose the positive
sign and D = 0. We can then write the solution as

__sinh(2cr)

—2A(T) _
=240 = () = S0

The four-dimensional line element then takes the form

3
c 9 c

dsi = ———dr’ + ——F—
o sinh®(2cr) ’ sinh(2cr)

Q) . (5.15)
This is, in fact, nothing other than the four-dimensional part of the standard Reissner—
Nordsrtom solution'. To see this we define the new radial coordinate r through the

expression

9 06207

~ sinh(2er)

We can then write the four-dimensional line element as
1 1
dsi =W 2dr® + W5r2dQ§ ,

where

W=1-=5=¢ %, (5.16)

This is precisely the four-dimensional part of the five-dimensional non-extremal Reissner—
Nordstrém solution [60], according to the decomposition (4.7). When constructing so-
lutions it is often easier to work with the affine parameter 7 rather than the standard
radial coordinate. This is valid in the range 0 < 7 < 400, where radial infinity is given
by the limit 7 — 07 and the outer horizon is given by 7 — 4+00. The radial coordinate
r is valid up to the inner horizon at r = 0, with the outer horizon located at 2 = 2c.
Harmonic functions with respect to the flat four-dimensional metric, which we shall
always denote by Hj, can be written in terms of 7 as

Hp:=Ar+ r_ <A1 + Ql) - @6_467 .

2 2c 2c

'This fact was first noted in the reduction from four to three dimensions in [30], and one may refer
to [49, 103] for the corresponding argument in arbitrary dimensions.
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Let us return to the equations of motion. We have seen that after imposing spherical
symmetry the four-dimensional line element reduces to (5.15), in which case the (7, 7)
component of the Ricci tensor is given by R, = 6¢2. The equations of motion can
therefore by written as

1 ..
or+ §3ICLJK(dJO"K - b[bK) =0, (5.17)
by =0, (5.18)

1 ..
Za”(é]dj —brby) = 2. (5.19)

The equations (5.17) and (5.18) follow from the effective one-dimensional action

1 .
L= 104{](0) (&Idj — bIbJ) N
and must then be supplemented by (5.19), which can by interpreted as a Hamiltonian

constraint. The equations (5.17) can be solved immediately to give
b[ = Q[ )

where the Q)7 are the constant electric charges carried by the solution.

We are left to find solutions to (5.17) and (5.18), which may lift to non-extremal
black holes in five dimensions. We should recover our extremal solutions by taking the
limit ¢ — 0. Unfortunately the presence of the non-extremality parameter ¢ makes the
task of finding solutions considerably harder than the extremal case, as it entangles the
second order equations in a highly non-trivial manner. We will only be able to find a
complete set of independent solutions to STU-like models. However, we can still find
solutions to generic models where some scalar fields are proportional to each other.

5.3.1 STU-like models
We define an STU-like model to be a model with Hesse potential of the form

1

(OB, AT
d(d—1)

HC, ... ,h") =

or models that can be brought to this form by a linear transformation. We will only
consider coordinate patches where the coordinates h! are pointwise non-zero, and by
definition the Hesse potential is strictly positive. The supergravity STU model is given
by the special case n = 2, and d = 3.

For this class of models the dual coordinates are given by

1

op=—7—-—"—.
L= T+ 1ol
The metric ayy is diagonal, and can be written in terms of the dual coordinates as

ary = (n+ 1)diag (03,...,02) .

The derivative of the inverse is given by

2 2
ora’ = diag <—, ey —> )

g0 On
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We can therefore write the equations of motion (5.17) and (5.19) as

. [(6:1)? = (@D)7] _ 0. (5.20)

= 4c* . (5.21)

Observe that for this class of models the second order equations of motion completely
decouple from one another, and, in fact, can be integrated explicitly to give the general
solution to this system of equations

. A
o] = :I:(oéj sinh (B[T + BIQI> ) (5.22)

Substituting this solution into the constraint equation (5.21) gives us an expression for
¢ in terms of the integration constants By:

1
(n+1)

1
(n+1)

(Bo)* + ...+ (Bn)? = 4c*. (5.23)
The solution (5.22) is invariant under the exchange By <» —By, and so without loss
of generality we may assume that the B; are non-negative. Taking the extremal limit
¢ — 0 at this stage forces the B to vanish due to (5.23), and so the general solution
reduces to the spherically symmetric extremal solution.

We will now lift these solutions back up to five dimensions. The first task is to use
equation (4.9) to determine the KK-scalar for this solution

e 7 = (—1)(n+1)(n +1)(0p01 ... 0n) =y .
This is all we need to obtain the five-dimensional line element through (4.7)

1
dt?

dsg =— >
(n+1)%2(0g...0p) @D
(=1 (4 1) o (—S_art a0
— n 0g...0p)™ ——dr + ——— .
0 " sinh® 2er sinh2cr )
We now need to determine whether or not these solutions correspond to black holes.
Firstly, to ensure that the solutions are asymptotically Minkowski we must require that

¢ — 1 as 7 — 0F. This places one constraint on the integration constants A;. We
then need to check that the area of the horizon is finite. This is calculated to be

1
A= lim (=)D 1 o) D .
‘rﬁu+noo( ) (n + ) (UO Un) sinh 2e7

Since the Bj are non-negative the highest order term in the numerator is given by
exp(ﬁ(Bo + ...+ By)7). In order for the limit to converge this must cancel with
the highest order term in the denominator, which is given by exp(2c7). We conclude

that in order to have a finite area we must require

1
(n+1)

(Bo+...+By,) =2c. (5.24)
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We now focus on the physical scalar fields, which can be written in terms of the dual
coordinates as
o =0
Oz
In order for these fields to take finite values on the horizon the highest order term
in the numerator, exp(By7), must cancel with the highest term in the denominator,
exp(B;7). If we combine this with the requirement of having a finite area (5.24), we

conclude that the integration constants By must all be equal to 2¢
By=...=B,=2c. (5.25)

The solution (5.22) therefore reduces to

or = :i:@ sinh <207 + 20> (5.26)
2c Qr

This solution has n independent integration constants: the (n+1) constants A’ subject

to the constraint e — 1 at 7 — 0F. One would naively expect a solution to n second

order equations of motion to have 2n independent integration constants. The fact that

the number of constants drops by half suggests that we can rewrite the solution in

terms of first order equations. This is certainly the case, as the solution (5.26) satisfies

the first order equations
o1 = £1/QF 4+ 4c%07 .

We can also write the solution in terms of gradient flow equations by identifying a
generating function W = W(o!, Qr, c) that satisfies

or =0

Such a generating function is given by

\/402 (n+ 1)2@%0_12 —2c

\/402 (n+ )2Q2 12 4 9¢

1

W= 00

\/4c2 + (n+1)2Q%1* + clog

which takes a similar form as the STU model in the four-dimensional case [104]. In the
extremal limit the generating function reduces simply to W = +¢!Q, which reproduces
the result of [32].

Let us collect everything together and write down the final solution for S7TU-like
models that describes a non-extremal black hole. The line element is given by

w 1 (dr?
ds? = — A2+ (Hy. .. Hy) 7D <r + r2d9§3)> :
(Ho ... Hy) @D w
where
_ 2c _ Qr Qre — % % 1
W=1 2 Hr=F(n+1) 5 sinh (26Q1> 5 3|

and the scalar fields are given in terms of the radial coordinate r or 7 by

¢$:@7 -1 u —:l:QIsmh<

Ar
_ 2er +2¢2L )
o A=y Vw2 T+ CQ>

1
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The constant parameters Ay must satisfy the constraint

lim e =1.

T—0t
For the case where n = 2 and d = 3 this reproduces the non-extremal black hole
solutions of 5D, N = 2 supergravity originally found in [105, 106]. Taking the extremal
limit ¢ — 0 one recovers the spherically symmetric extremal solution, and we find no
free parameters other than ¢ appearing in the non-extremal solution.

On the horizon the physical scalar fields no longer depend only on the charges, but

acquire a dependence on the value of the moduli at infinity

Ag
Qoe* @

Ag
r—0 Qz 620 or

xT

and the generalised stabilisation equations now read

e "hy =

A

The solution satisfies the expression

QCﬂ
Zhy — Qre” %1 |
r—0

where we have defined Z = —h!Q [626%. These equations can be said to generalise the
attractor equations to include non-extremal solutions. Note that the term ‘attractor
equations’ is now just a label — the non-extremal solutions no longer exhibit attractor
behaviour. Taking the extremal limit ¢ — 0 we recover the known five-dimensional
attractor equations [44, 45]

5.3.2 Block diagonal models

We may classify any metric according to the number of blocks that appear when it is
written as a matrix, e.g. the following metric has two blocks:

* ... *x 0 0 O

: S0 0 0

_ * ... « 0 0 0

UI=1 0 0 0 « "
0O 0 O

0O 0 0 % ... *

One may, of course, perform row operations to bring a metric into a form where it has
as small blocks as possible. Such row operations correspond to taking general linear
combinations of the scalar fields. Generically a metric will only contain one block, but
for various classes of models it will split into more than one block. For example a Hesse
potential of the form

H°,...,c") = H'(¢°, ..., cF " HYH?(",...,0"),

has a corresponding metric with at least two blocks: one of size k x k, and a second of
size | x | where | = (n+ 1 — k). STU-like models have diagonal metrics, which have
the maximum number of blocks possible.
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For any model we can find solutions, based on the solutions to S7TU-like models
presented above, where the number of independent fields depends on the number of
blocks in the metric. As a concrete example we will consider a model which splits into
two blocks of sizes k x k and [ x [, with & > 2, as the generalisation to the case of more
blocks is straight-forward?. The first thing to do is to set all scalar fields within each
block proportional to one another

o x ... oot oF . ox o,

which implies that the dual coordinates o; are also proportional to one another
0(0)2:(700(...0(016,1, O’(l)ZZJkO(...O(Un.

This identification is motivated by the fact that if one takes the solution to STU-like
models (5.22) as an ansatz then the scalar fields in each block must be proportional
to one another [60]. We have labelled the two independent fields by o(g) and o(j), in
terms of which all other scalar fields can be deduced. We correspondingly fix the ratio
between the charges in each block by setting

g OL_—
Q(o)iZQOZ*ICh:---: L0k,
09 09
o on
Q) =Qr= Q== Q.
Ok oL

Since the first block contains h” and has size k > 2 the physical scalar fields in the first
block are all constant

0_1

o, k—1
10} ZPQZ) :...:Uk_lgb = const .

There is only one independent physical scalar field corresponding to the second block

k k
a._ k_ 9 k+1 _ _ 9 n
o\ = ¢ _—UkH(z) _..._Un¢ .

After making these identifications between the fields in each block, the equations of
motion simplify to

G0y — [(6(0))” Z)(Q(O))ﬂ —0, (5.27)
90

Gy — [(0(1))2 - (Q(l))ﬂ —0, (5.28)
I(1)

Wo [(('7(0))20% )(Q(O))Q] oy [(O"(l))Qa% )(Q(l))Q] D | (5.29)
0 1

where ¥y and 1); are constants depending on the particular ratios between the scalar
fields in each block, and must satisfy 19 + ¢1 = 1. The second order equations (5.27)
and (5.28) can be integrated to find

Qo) . < A(0)>
=+——=sinh | Bipy7 + Boy=— | » (5.30)
By (0) ( )Q(O)
Qu ( A<1>>
=+—=sinh | Bi)n7+ Bjy——= | . 5.31
1 B (1) WG, (5.31)

2If a model does not have at least one block of size 2 x 2 then it automatically falls into the class of
STU-like models already discussed.
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Substituting these solutions into (5.29) places one constraint on the B ) integration
constants
YoBY) + wlB(Ql) =42 . (5.32)
Let us now lift this solution to five dimensions. First, the KK-scalar is given through
(4.9) by
- k l
e = p (o) " (o) "
where p is a constant that depends on the ratios between the scalar fields. The require-

ment that the solution is asymptotically Minkowski places one constraint on A ).
The line element is given through (4.7) by

1

2k

_2k _ 2l
1 (o) ™0 (o)) ™D

3
+ 11 (00) T (o)) 0 (Cd72 + Cdﬂ?s)) :

sinh? 2¢r sinh 2¢7

dt?

2 _
dss = —

We must now check if this describes a black hole. The area of the horizon is given by

_k L
A= TEIEOO” (U(O)) () (U(l)) e sinh 2¢r

In order for the limit to converge the highest order term in the numerator, given by

exp( ((n—_kH)B(O) + ﬁB(l)) 7), must exactly cancel with the highest order term in the
denominator, given by exp(2¢7). This condition is only satisfied if
(n—k(— 1)3(0) + (n—li—l)B(l) =2c.
The single independent physical scalar field ¢(!) is given by
¢(1) ~ () )
(1)

The physical scalars therefore only take finite values on the horizon if By = B(y).
Combined with the requirement that the area is finite we conclude that

B(O) = B(l) =2c.

Collecting everything together, we find that the full solution for our example of a metric
with two blocks is given by

w _k_ 1 (dr?
ds3 = — 3k _ ——dt® + (H()) " (Hpy) D (I/?In/ * T2d9%3)> ’
(o) ™D (Hey) ™D
where
_gc o)
2c Q(o 1) . A(O 1) Q(O e Qo q
=1-— = +p | ——=sinh | 2 : ’ -
w 20 Moy ==Fpn|— =sin < Qo + 5 >
The scalar fields are given by
1H A
¢(1) ~ 20 ) 00,1) = — 01 _ j:Q(O’l) sinh <207' + 20(0’1)> .
o(1) wvW 2¢ (0,1)

Setting the size of the second block to zero corresponds to taking { =0, k = (n+1)
and u = 19 = 1. In this case the solution reduces simply to the five-dimensional non-
extremal Reissner—Nordstrom solution [60]. Since all metrics contain at least one block
this provides a universal solution with constant scalar fields for all models.



Chapter 6

The c-map

In this chapter we reduce a theory of 4d, N' = 2 supergravity coupled to an arbitrary
number of vector multiplets over a timelike or spacelike dimension. This induces a
map from the target manifold of the four-dimensional theory to the target manifold of
the three-dimensional theory called the c-map. In the case of reduction over space the
target manifold in the image of the c-map is a quaternion Kéhler manifold [26]. We
will present the proof, for the first time, that in the case of reduction over time the
target manifold in the image of the c-map is para-quaternion Kéhler. This will appear
in a later publication [107].

We will actually present a new formulation of the c-map that is manifestly sym-
plectically covariant and presented entirely in terms of real Darboux coordinates. In
order to do so we must first reformulate the geometry of the target manifold before
reduction, i.e. projective special Kahler geometry, in terms of real coordinates. This is
a useful result in its own right, as this formulation of projective special Kahler geometry
is symplectically covariant, so long as a U(1) gauge symmetry is not fixed. It also gives
us another tool with which to study projective special Kahler geometry. This section
is based on the publication [19] by the author.

We will perform the dimensional reduction of 4d, N' = 2 supergravity coupled to
an arbitrary number of vector multiplets over a timelike or spacelike dimension. This
is formulated initially using the standard special complex coordinates. We then make
a coordinate redefinition, analogous to the r-map, where we define new coordinates
that absorb a degree of freedom from the metric to lift a hypersurface constraint (the
D-gauge). Only then do we formulate the resulting three-dimensional Lagrangian in
terms of special real coordinates. We then investigate the geometry of the target
manifold of the reduction over a spacelike and timelike dimension separately. We first
recover the known result for spacelike reduction using the real formulation, before
proving the new result in the timelike case. Using our formalism we also prove that
two integrable and metric compatible complex structures exist on the target manifold
of both the spacelike and timelike c-map. One of these structures is associated with
the quaternion structure after spacelike reduction, while the other is associated with
the para-quaternion structure of timelike reduction.

We review the real formulation of affine special Kéhler geometry in 6.1.1, before
providing a new real formulation of projective special Kahler geometry in 6.1.2. We
then perform the dimensional reduction of 4d, N' = 2 supergravity coupled to vector
multiplets in section 6.2 using complex coordinates, and then formulate the resulting
target manifold geometry in terms of real coordinates. In section 6.3 we perform some
necessary technical calculations: we construct a basis of real vielbein one-forms on
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the co-tangent space of the target manifold both before and after reduction, and then
calculate the exterior derivatives of these one-forms. We use these calculations to
recover the results of Ferrara and Sabharwal in section 6.4, and go further to prove
that the timelike c-map has a para-quaternion Kéhler target manifold in section 6.5.

6.1 Real formulation of special Kahler geometry

It is useful both physically and mathematically to consider the real formulation of
projective special Kahler geometry.

Physically it means that fields transform in a simpler way under symplectic trans-
formations, as special real coordinates transform as a vector and the metric in real
coordinates transforms as a tensor. It is therefore much easier to formulate special
Kahler geometry and the c-map in a symplectically covariant way. This, in turn,
greatly simplifies the task of finding stationary solutions to 4D, N' = 2 supergravity.

Mathematically, the real formulation of affine special Kahler and projective special
Kéhler geometry provides an alternative framework for studying the geometry of these
manifolds, which is often clearer than the standard complex formulation. It also has
clear advantages when considering the c-map. For the standard spacelike c-map it
will help expose some interesting new features, such as the existence of an additional
integrable complex structure. For the timelike c-map we will use it to prove that the
target manifold is be para-quaternion Kahler, and there exist two integrable complex
structures.

6.1.1 Real formulation of affine special Kahler geometry

We begin by decomposing a special holomorphic coordinate system X! and conjugate
coordinate system F7 into real and imaginary parts

X7 :x1+iul(x,y) )
Fr=yr +ivr(z,y) .

Recall from remark 2.3 that the real functions z!,y; form a flat Darboux coordinate
system, which we shall call a special real coordinate system. We will now formulate
the properties of affine special Kahler geometry in terms of these real coordinates. It
will be useful to label !, y; as a single set of coordinates

qa = (xlayI)T ;

which has the advantage that ¢® transforms linearly under symplectomorphisms. Affine
special Kéhler manifolds admit not just one special connection but a whole S* family
[11]. Parametrising S! by «, the family is generated by the transformation

v(a) _ eoJ oV o e—oJ _

Each connection in this family has its own adapted set of special real coordinates,
given by the real parts of ¢’*(X’, Fy). Since neither physics nor geometry depend on
the choice of special connection we may just as well take any special real coordinates
in this family. For example we could take (u!,v;)? as special real coordinates, which
are flat Darboux coordinates with respect to the V(=7/2) special connection.
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We would like to determine a formula for the metric in the special real coordinate
system, i.e. find a matrix H, such that

gn = Re (NpydX' ® dX7) = Hypdg" @ dq” . (6.1)
Proposition 6.1 (Freed). The metric Hy, is the Hessian of a real function H.

Proof. Since special real coordinates ¢* are Darboux coordinates the coefficients of the
symplectic form ) are constant

0 1
0= %Qabdqa A dqb ) Qap = < -1, On > .
The symplectic form is related to the metric by 2 = % g(J+,-), which we can express in

components as
Hup = 2Q4.J . (6.2)

We now take derivatives of the metric coefficients with respect to ¢¢, and by making
use of (6.2) and the fact that Vx(JY) = Vy (JX) we get

0 0 0 0
7Ha = 29&07 % = 29&07 ‘4= a7
Oq? b Oq T Oqb T Oqb

It follows from the standard theory of Hessian structures that we can locally write the
metric coefficients as

Heyq .

_ O’H
ab — 8q“8qb >
for some real function H [70]. O

The Hesse potential is related to the holomorphic prepotential by a Legendre trans-
formation that replaces u! by y; as independent variables [108]

H(z,y) = 2ImF (X (2,y)) — 2yru’ (2,y) , (6.3)
and is also proportional to the Kéahler potential [11]
—2H($,y) =—1l (XI(:E7y)FI($7y) —F[(Ilf,y)XI(l',y)) . (64)

We need to take second derivatives of the Hesse potential in order to find the metric
coefficients H,p. Taking derivatives of the first term of (6.3) we find

0 0 ou’ o
9t )| T <axf + ww) 2Im(F)

ox!
o o\ o[ o 0
= Kaxl + axf) g <aXJ - aXJﬂ 21m(F)‘X,X

T

J
= 2U[ "‘ 2y[@ s
and
0 ou’ 9
—2Im(F = —— ) 2Im(F
dy1 ( )w,u(z,y) <3y1 3UJ> ( )w,u
ou’ 0 0
p— ) - — 21 F
Yoy <8XJ axJ) m( )‘X,X
ou”’
— 2y, 5.
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Using these results, we find that the first derivatives of the Hesse potential are propor-

tional to u!,vr:
. OH _ OH OH _ 2vur
Ha'_w_(W’Z?w>_<—2uI)' (6:5)

Before we can take second derivatives of H we need to prove some identities. First,
from the fact that Q0F = 0 we have

(dx! +idul) A (dyr + idvy) =0 .

The imaginary part of the above expression tells us that

81)[ _(%J
oz’ Ozl
dvr ou’
dyy  Oxl’
ou! _(‘3u‘]
dy;  Oyr

Next, by computing the Jacobian of the transformation (X, X) <> (x,u) we have

vy 0 d 1 _

ou’l <aXJ * 8XJ> o (1 = F1) = 5R17,

oyr 0 0 1 _

ou’l <aXJ + aXJ) g (P14 F1) = —3Nis
= — = — - N .

oz’ Oy Oy Ouks Ry

Using these expression we can compute the second derivatives of H

0’H
——— = Ny + RigN*"'R
02 lonT 17+ Rk LJ s
0’H
— = 2N'KRgs,
0x10y; K1
O°H ANTT
Oy10y;

We can therefore write the components of the metric in terms of N;; and Ry as

( N+ RN1R —2RN-! )
Hab —

_ON-IR AN—1 (6.6)

It is also useful to note the relation between the differentials of the special holomorphic
and the special real coordinates:

ouM ouM
dXM = daM i ——da™ + ——d
T +Z<8xKx +3y1 Yr
— M +i(NMIR1deK - 2NMIdy1> . (6.7)
Using equations (6.6) and (6.7) it is straightforward to verify that H,, satisfies (6.1),

which shows that Nj;; and H,, represent the same metric in terms of special holomor-
phic and special real coordinates respectively. The inverse metric is given by

-1 1a7—1
HY = 1N -1 1 QN R—l :
$RN-! L(N+RN'R)
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Using special real coordinates has the advantage that the metric is manifestly sym-
plectically covariant: H,, transforms as a rank two tensor while dg® transforms as a
covector. This is in contrast with Fyy, which transforms fractionally linearly [11].

We end this section by noting that since Q2 = %gJ it follows that

O lt=27"tgt=—2J¢7! = g g = —29Jg g = —4Q,
which we can write in components as
Hy O H, = —4Q4 . (6.8)
This also gives us a formula for the complex structure

J = _%Q_IH = _%Qabec 00 ® dqc . (6'9)

6.1.2 Real formulation of projective special Kahler geometry

We are now ready to formulate projective special Kéahler geometry in terms of special
real coordinates. Rather than work at the level of the projective special Kéahler mani-
fold, we prefer to work with horizontal fields on the corresponding conic affine special
Kéahler manifold. This is in contrast to the real formulation presented in [22], which
works exclusively at the level of the projective special Kédhler manifold. We will see
that the benefit of our approach is that full symplectic covariance is kept manifest, so
long as the U(1) symmetry is not fixed. Our aim will be to write the real part of the
tensor field

Ny (NX)(NX)y
XNX T (XNX)?

gr7dX! @ dX’ = < ) dX'®dX’
in terms of special real coordinates ¢* = (wI , yI)T. This tensor field can be projected
down to give the metric on the projective special Kdhler manifold. Throughout this
section let N denote a positive definite projective special Kihler manifold, and N the
corresponding conic affine special Kéhler manifold.

We begin by noting that for a conic affine special Kéhler manifold the Hesse poten-
tial is a homogeneous function of degree two, and so we have

Hud®=H,,  Hupq"¢"=2H, ¢ =H"H,. (6.10)

Using the above expressions along with (6.8) one may calculate the following useful
identities:

HpQ"H, = —4Qu,4" , (6.11a)

H® HyqQ% = —Q% Hy oy H . (6.11b)

Recall that on a conic affine special Kahler manifold we have a homothetic Killing

vector field € and Killing vector field J€. These are written in special real coordinates
as

, 0
f—qaiqaa
1, w0
16 = JHST 55
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The next step is to find an expression for the matrix g;;7 in terms of special real
coordinates. Recall from (6.4) that the Hesse potential is related to the Kahler potential
by —2H = e X, where K is defined as in section 2.3. Since 91y = 8? 7K we can write

this matrix as
1 0°H 1 0H 0H

97 = T oxTox7 T HP 9XT 90X
which leaves us to calculate the derivatives of the Hesse potential with respect to X, X.
The first derivatives are calculated to be

OH oz’ OH Oy, OH
oxX!  oxIoxd  0XI oy,

(6.12)

oz’ 7 0y
=Xt TP X
:U]—%(R]J—I—Z'N]J)u‘], (6.13)
and by a similar calculation
oH .
WZ’U}—%(R[J—ZN]J)UJ. (6.14)

We can then calculate the second derivatives of the Hesse potential
O*H

oXJox!

Substituting (6.13), (6.14) and (6.15) into (6.12) we are left with the expression

= 1Ny . (6.15)

1 1 . .
917 = —5g N+ 1 (vi — 3 (Rix +iNig) u®) (vy — & (Ryp — iNyp)u®) . (6.16)

We shall now consider the real part of (6.16) contracted with dX! ® dX”. The first
term can be deduced simply from (6.1). For the second term we first use (6.10) and
(6.5) to write

zl = 2Ny, — NYRjpeul |

1
yr = RN Mg — i(NIJ + RigN* 'Ry g’ .
Using this together with (6.7) we find that

Re{ (v = 3(Rix + iNiic)u®) (vg = $(Ryp — iNyp)u”) aX’ @ dX7}
= (vrvg + nyJ)de ® dz’ — (vIuJ + ylx‘])de ® dyy
— (g + 2y y)dyr @ dz? + (Wlu” + 2tz dy; @ dyy .

This expression can be simplified by making the observation that

J

vIvy  —Uru
H,H,=14
b —ulv;  wlu’ ’

and

J
d yrys  —yix
Qacqaq” = ( “aly,  ala? > :
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We then have the simple expression

1
2
— (Wl + 2y y)dyr @ dz? + (ulu’ + 212 )dy1®dyj)

((UIUJ +yrys)da’ @ de’ — (vru’ + yra?)de’ ® dy;

( T Hal + o5 Qachdeqd> dg* ® dq" .

Putting everything together, by defining the matrix

1
((zg) =g Ha+ H —HoHy + 72 Qachdeqd ;
we finally obtain the desired expression:
Re (g;7dX' ® dX7) = Hég)dq“ ®dq" . (6.17)

One can interpret Hég) as the horizontal lift of the projective special Kéhler metric,

expressed in terms of special real coordinates. It is straightforward to check that H{gg)
is degenerate along the directions £ and J¢.

Let us take a moment to analyse expression (6.17) for the projective special Kéhler
metric in terms of real coordinates. The one-forms dual to the vector fields £ and J¢&
are given by

¢ = g Hadd' . (JE) = e Qued
and plugging £ into the metric on the conic affine special Kéhler manifold gives gy (&, §) =
gn(JE,JE) = 2H. We can therefore write the expression (6.17) in a coordinate free
way as

(0 _ ___ 9N b o b b b
H i §)+5 RE + (JE) @ (JE) .

The meaning of each term now becomes clear. The first term is a rescaling of the
metric, which turns the homothety £ into an isometry, as can be seen by

ke (gmg,&)) T oav(E9 (& g Leon)(&:8) =

where we used the fact that L¢gn = 2gn. This ensures that it can be projected down
to give the metric on the projective special Kahler manifold. The second term ensures
that the H(©) is degenerate along the ¢ direction, and the third term ensures it is also
degenerate along the J¢ direction. It is therefore clear that H(®) corresponds to the
horizontal lift of the metric on the projective special Kihler manifold N.

At this point it is useful to introduce a new tensor field by first defining the function

H:=-1log(2H), (6.18)
and then taking second derivatives
Hyp =02, H .

This tensor is a non-degenerate rank two tensor field on N, and can therefore be
interpreted as a new Hessian metric. It is negative definite along all directions except
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&, where it is positive definite. Using the homogeneity properties of H we establish the
useful identity .
Hupq% =1. (6.19)

We can write the tensor H(© in terms of H,j, as

1 1
- 7HaHb + T(Qacqc)(gbdqd) ’

HY = f,
ab = yme H

ab

and so we have

1 1
2 Hay + E(Qacqc)(ﬁbdqd) dg* ®dg" . (6.20)

Re (g[J dX' @ dXJ) = Ffab —
We now turn our attention to the coupling matrix of the vector kinetic terms, which
can be written as (3.7)

(NX)1(NX) s

Nijg=Rij+ilyy=Fry+i YNX

(6.21)
These matrices give the couplings of the gauge field terms in the Lagrangian of four-
dimensional supergravity coupled to vector multiplets, and will play an important role
later on when we consider the c-map. Rather than trying to calculate the matrix Ny
in terms of special real coordinates, which does not give a particularly nice expression,
we will instead focus on the matrix

. <Z+R21R —RI1 )

Hyp = g - (6.22)

This matrix appears as the coupling matrix of the vector kinetic terms after dimen-
sional reduction, and we will see that it can be written simply in terms of special real
coordinates. It is a non-degenerate rank two matrix on N and can therefore be inter-
preted as a metric (which is negative definite). Note that so far we have introduced
three different metrics on N, which have signatures

Hab Hab Hab
- — 4.4 +=-=im) (===...7).
€ JE {gugt

(

Proposition 6.2 . The three metrics H, H,, and H ab are related through the expres-
sion

- 1 1
Hgp = _ﬁHab + ﬁHaHb
1 - 2
= ﬁHab - ﬁ(gacqc)(ﬂbdqd) : (6'23)

Proof. We begin by writing down the explicit relations between the real and imaginary
parts of Fry = %(R]J +iN7y) and the real and imaginary parts of N7; = Ryy +iZ;;:

XNX XNX

1 ((NX)[(NX)J B (NX)[(NX)J) .

1
I;; = —=Npj+ =
LJ SR XNX XNX

Rij = ;RIJwL;((NX)](NX)J (NX)I(NX)J>’
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We will now write every term in the block decomposition of Hiy given by expression
(6.22) in terms of special real coordinates. First, the inverse of Z;; is given by

I]J _ _2NIJ _ XIXJ XIXJ

oo ¢ + )

— _oNIJ ¢ Tod 4+ ulu?)

T (;U o tuu
where we used 2H = XNX. This provides the bottom right term. Contracting this
with Ryr; we find

—IIKRKJ:NIKRKJ— (XIFJ+XIFJ)

(XNX)

2
= N'ERyy — E(iﬁlw +ulvy),

which provides the upper-right and bottom-left terms. Finally, for the upper-left term
we have

1 1 2 _ _
Tr+ RikI¥'R ;= —=Nyj — =Rk NXER — = _ _(F/F;+ F;F
1J + RIK LJ o V1T — S hK LJ+(XNX)( 1Fy+ FrFy)
1

1 2
=—5N1y— iRIKNKLRLJ + =

9 H (yrys +orvyg) .

Putting everything together we find

I+RI'R RZ ! —IN—3iRN"'R RN!
-I 'R RN™! —2N-t
+Z Yyrys +orvg (yll’ +vru’)
H —(2lyy +ulvy)  2lz? +ulu’ ’

which we can write as

. 1 2
Hab = _7Hab +

1
9 E <4HaHb + Qacchbdqd> .

From the definition of H,j, we also have

~ 1

Hab = _ﬁHab + HaHb 3

2H?

which completes the proof.

6.2 Dimensional reduction

Our starting point is the bosonic part of the Lagrangian of four-dimensional N = 2
supergravity coupled to n vector multiplets (with Lorentzian signature)

e;1£4 = %R4 — gABaﬂZAaﬂZB + in(}Fl{l}F‘]ﬂﬁ + iR[JF/{,;F‘]ﬂﬁ . (6.24)

Note that g4z is positive definite and Z;; is negative definite, which ensures that both
the scalars and gauge fields have the standard sign in front of their kinetic terms. As in
the case of the r-map, we prefer not to work with the coordinates 2, which parametrise
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the physical co-dimension two hypersurface, but rather the special coordinates X7,
which live in the larger ambient space. To describe the same physics we must at some
point restrict X' to the physical hypersurface by imposing two real constraints, which
fix dilatations and U(1) phase transformations. Since these are symmetries of the
Lagrangian this may be done before or after calculating the equations of motion. We
will fix the dilatations immediately by imposing the so-called D-gauge

—i(X'Fp - X)) =1. (6.25)

For the U(1) symmetry we take a different approach. We could fix this symmetry by
applying any appropriate condition that fixes the overall phase of the X' coordinates,
e.g.

Im(X%) =0, (6.26)
however we will choose not to fix this symmetry until we solve the equations of motion.
The reason, as we shall see shortly, is that any U(1) gauge fixing condition that involves
just the X' coordinates will break the symplectic covariance of the Lagrangian. How-
ever, one may impose a symplectically covariant gauge fixing condition that involves
both the X! coordinates and certain components of the gauge fields, but since this
requires imposing part of the field equations we postpone this discussion until later. In
the Lagrangian we must make the replacement

9a5(2)0,220"28 — g 5(X, X)9p X 0" X7 .

We can now write the Lagrangian (6.24) as

621[,4 = %R4 — gué)ﬂXlaﬂXJ + %I[JFA}{&FA'J‘&& — %leﬁl{ﬁﬁg}ezlgﬂﬂﬁ& , (6.27)
where it is understood that the X! are subject to the constraint (6.25) and a U(1)
gauge fixing condition that will be imposed later. Here we have also written out the
fourth term explicitly. The coupling matrices are given directly in terms of X7, X!
through the expressions (3.7) and (3.8).

We will reduce the Lagrangian (6.27) over a timelike or spacelike dimension simul-
taneously using the e notation

+1 timelike ,
€ =
—1 spacelike .

As we shall see, the only difference between reduction over a timelike or spacelike di-
mension will appear in the signs in front of the various terms in the reduced Lagrangian.
We begin by decomposing the metric in a manner adapted to the dimensional reduction
procedure (see (3.20))

ds? = —ee? (dy + V,dat)? + e~ %g,, datda” . (6.28)

The three-dimensional metric g,, will have Lorentzian signature if we reduce over
space or Euclidean signature if we reduce over time. For the gauge fields we make the
decomposition (see (3.22))

Al = dy + (V] - ¢'V,) dat |

where we have added a term proportional to V,, to ensure that the reduced Lagrangian
is manifestly invariant under three-dimensional gauge transformations [19]. We now
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perform the dimensional reduction following the prescription outlined in section 3.3,
and obtain the three-dimensional Lagrangian

eglﬁg = % (Rg — %OMQZ) ot + %e 62¢V‘“’VW) - gIJﬁqua“X‘]
+ 5T (F, + (Vi ) (7 + ¢Tvm) (6.29)
— 3ee7%T150," 0" ¢ — SR (FL, + ('Viw)0,¢ e e

In the first line we have collected together terms that descend from the Einstein—Hilbert
term and scalar kinetic term. Note that the scalar kinetic term is completely unaffected
by the reduction. Terms that descend from the gauge fields appear in the second and
third lines.

The above Lagrangian encodes the dynamics of the theory in terms of a three-
dimensional metric, scalar fields and gauge vectors. However, in three dimensions one
can dualise gauge fields into scalar fields, and we can therefore write a dual Lagrangian
that encodes the dynamics of the theory purely in terms of the metric and scalar fields.
One can determine this dual Lagrangian by adding to (6.29) the Lagrange multiplier
term

o3 Lim = Sech? (F,{Vapg} ~ Vi, (gz? - %gf@)) :

By taking the variation of [13 = L3 + Ly, with respect to V},, and F;{z/ one obtains
the algebraic equations of motion

V;U/ = 2672@55#1/;) (apd; + %(Clapél - glapgf)) )
Fl, =—ee T e (0°0; — Ryx0°¢K) = 'V .

These algebraic equations can be substituted back into £3 to obtain the dual Lagrangian
(dropping the tilde)

e;'Ls= LR3— 91,0, X 0" X7 — 18,00"¢
~ ~ ~ 2
— e (8,0 + 510l — G0 (6.30)
— bee [0, 0 + T (9,Cr — Rikc0u¢) (978, — Rynoct) |

The above three-dimensional Lagrangian is in the standard form that one often finds
in the literature. The scalar fields describe a non linear sigma model with a quaternion
Kéhler target manifold equipped with the so-called Ferrara—Sabharwal metric [26].
However, inspired by our treatment of the r-map, we find it convenient to make a field
redefinition. This will not only simplify the Lagrangian but also eliminates the need to
impose the D-gauge. We must still impose a U(1) gauge or work with gauge invariant
quantities. This is achieved by introducing the new complex scalar fields Y/, defined
by

yl.=e?2xT (6.31)

The constraint given by the D-gauge (6.25) now reads
—i(YIF — FiYT) =e? |

which just gives an expression for the KK-scalar e? in terms of the new coordinates.
Note that since the matrices Z;; and Ry are homogeneous of degree zero it follows
that

Iry(X, X)=TI;5(Y,Y) , Rij(X,X)=R;(Y,Y).
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The matrix g;7 is homogeneous of degree —2, and so

ng(Xv X) = e¢g[j(yv Y).
It follows that the Lagrangian takes the same form as before
e;'Ls= LR3 — g1, (Y. Y)0, Y 0MY - 10,00"
3 L3= 5R3—gr;(Y)Y) 0" d

—e*w( 0.6 + 3(¢10,Cr — Gr0,C )) (6.32)

— e T8, 0" + T (9,Cr = RuxduC ) (95 = Rndch) | |
however the fields Y/ are not constrained by the D-gauge, and the KK-scalar is a
dependent field ¢ = ¢(Y,Y). There is still a U(1) symmetry of the Lagrangian that
corresponds to overall phase transformations of the Y7 fields. As previously explained,
this symmetry will be gauge fixed only after we have calculated the equations of motion.
6.2.1 The real formulation

We will now rewrite the Lagrangian (6.32) in terms of the special real coordinates we
introduced in the previous section. The first step is to make the decomposition

Y=ol il ()
Fr=yr +ivr(z,y) ,

and then gather together x,y; to form the special real coordinates ¢ := (z!,ys)7.
Using (6.17) we can write the scalar kinetic term as

_ 1 1 1
9170, Yo'y’ = “5H ab+mHaHb+ﬁ(QvaC)(deqd) Ouq"0"q" . (6.33)

The Kaluza—Klein scalar can be related to the Hesse potential simply by
e = —i(Y'F - FiYy") = —2H |

and so the kinetic term for the KK-scalar can be written as

10,0010 = H Hb] 0uq"0"q" . (6.34)

R

We now consider the terms descending from the gauge fields. It is convenient to first
define ¢% := (%CI , %C 7)T, which are related to the field strengths by

I
0! = Fjy (6.35)

91 = Grjuo -
In this case we can now write the terms descending from the gauge fields as

see |\ Try0u¢lon¢T + 1 (@5} - R[KﬁuCK) (8“@ - RJLa‘MCL)}

1 A
=e EHabaﬂqaaf‘qb .
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We can then use proposition 6.2 to write this in terms of the Hesse potential
L .0 — L H L HHy + 2 (Qued®)(Qpad®) | 9,3°0"
EE abOuq qg =€ _ﬁ ab+@ a b+m( acQ)( bdQ) nq q (636)
Using the expressions (6.33), (6.34) and (6.36) we can write the Lagrangian (6.32) in
terms of special real coordinates as

1

1
Hab + 22

95153 = lRZ& — [_ZH

L HaHb] (aﬂqaaﬂq” . aﬂqaaﬂqb)

1 2 2 N\ 2
~ g7z (000’ ) 4 e g5 (2" 0utud’)

1 7 ~a ~b 2
— E <au¢ + 2q Qabauq )

It is convenient at this stage to introduce the function H , as defined in equation (6.18),
and its second derivatives H,, = 83 »H. The Lagrangian now takes the simpler form

5 Ly = LRy — H, (@an@“qb _ eauqaaﬂqb)

e (9ua?) + o (0t (6:37)
1 - 2
- 2 (auqﬁ + zanabau(j”)

This formula is one of the key results in this thesis, as it provides a new formulation of
the c-map in terms of special real coordinates and their corresponding Hesse potential.

Note that the Lagrangian (6.37) still has a U(1) gauge symmetry which descends
from overall phase transformations of the X! coordinates. This is encapsulated by the
fact that the ‘metric’ on the target manifold is degenerate along the J¢ direction. In
order for the coordinates q“,(ja,qg to parametrise the physical submanifold we must
gauge fix these U(1) transformations by imposing any appropriate constraint. This can
only be achieved in a symplectic covariant way by imposing some of the field equations,
and so we postpone the discussion of gauge fixing the U(1) until later.

6.3 Real vielbeins

In order to expose the geometry of the c-map target space M described target manifold
of the Lagrangian (6.37) we must first revisit the geometry of the projective special
Kihler base manifold N. We will construct a real orthonormal basis of the co-tangent
bundle (i.e. a vielbein basis), and calculate certain properties of the transformation
matrices that map a real coordinate basis into a vielbein basis. We also compute the
Levi-Civita connection in terms of real coordinates.

We will use these results to construct a real vielbein basis of the co-tangent bundle
on the target space M after performing the c-map on N. We end by calculating the
exterior derivatives of this vielbein basis, which will be used in the next two sections
to calculate the Levi-Civita connection in the case of spacelike and timelike reduction
respectively.

6.3.1 Real vielbein basis of the PSK base manifold

Let us consider a basis eM of the co-tangent bundle of a projective special Kiihler (PSK)
manifold N with dimgr N = 2n, in which the metric and complex structure are given
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by
o Ly O Mo 0 1,
nMN_< 0 Ilk,z>’ JN_<—]1n 0 >
-1z O . .
where 1;; = 0 1 and clearly k41 = n. We will call such a basis of one-forms
l

a real vielbein basis. Here we are considering the real formulation of projective special
Kahler geometry as presented in section 6.1, so we work with horizontal objects on the
corresponding conic affine special Kidhler (CASK) manifold. We define the matrices
P, M as the projection matrices from a special real coordinate basis to the vielbein
basis, i.e.

P, Mdg® =M .

These projection matrices will play an important role in what follows. Note that
the tangent space of the CASK manifold has 2n + 2 dimensions, where as a basis on
the PSK manifold only has 2n dimensions. Hence the matrices P, project out two
directions, which precisely correspond to the homothety ¢ and isometry J¢. This fact
is encapsulated in the following lemma:

Lemma 6.1 . The projection matrices PaM satisfy the following properties:

(i) P Mg =0, and PQMQ“”H;, =0.

. 1 1

(ll) PaMpb NnMN = _ﬁHab + H ——H, Hb + H2 Qacchbdqd .
1
(iii) P,MH®GP,N = _EUMN-

Proof. Part (i) follows 1mmed1ately from the fact that e are tangent to the PSK
manifold, and so eM (¢) = eM(J€) = 0. For part (ii) we recall from the discussion in
section 6.1.2 that the metric on the PSK manifold can be pulled back to given the
following horizontal rank two tensor field on the CASK manifold:

1

()
" 2H

Hap + —— Ho Hy + —= Qe Qaq? | da® © da® -

4H H?

By definition the projection matrices satisfy
0
H{ib) = (PaMPb NT]MN) dg® ® dqb ,

which proves (ii).
For part (iii) we first contract Hc(g) with H to find

1

HaCHc(b) = 1" oy Hab T H —HoHp, + H2Qacchbdqd
1
= 2H5b + 1H2 —q"Hy + mH chequbdqd
1
- 2H5b + - 4H2QGCH Daa’

where in the last line we used the identity (6.11a). Contracting this with P, we find

1
,PaMHaCHEI?) = _ﬁPbM ’
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where we have used part (i). Next we can use part (ii) to write this as

PaMHacPC N”?NPPb P — NnNPPb P 7

- M
oH"

and since nypP, P is of rank n we can remove it from both sides to get

1
M rracp N MN
2 = e = —— .
a c 2H77
O

The projection 7 from the CASK manifold N to the PSK manifold N is holomor-
phic, and so by remark 2.2 the complex structures are related by dmoJoask = Jpskodr,
which we can write in components as

JMNPaN - PbMJba .
It follows that the complex structure on N can be written as
JM, = HPMQ PN yNp (6.38)

It is straightforward to check that this indeed gives J? = —Idrpyy;.

The Levi-Civita connection one-form wMN on the PSK manifold N is uniquely

defined by being metric compatible and torsion-free. Recall from proposition 2.1 that
the metric compatibility condition is satisfied iff

WMy € so(2k,21) = WwMN = wMQnQN = WM
while the torsion-free condition is given by
deM = —wMy nelV .
After performing the calculation, the Levi-Civita connection one-form is found to be
wMp = (~(dgyPY Q7PN + HaP,MHP,N — HP,M H AP, ) v
The Levi-Civita connection and the complex structure satisfy the identity
JMewN o = WMy gV, | (6.39)
which will be particularly important later when transforming between real and complex
coordinates.
6.3.2 Real vielbein basis after performing the c-map

We now turn our attention to the target manifold M after performing the c-map with
base space N. From the Lagrangian (6.37) we can read off the metric on M:

g = H, (dq“ ® dg® — edi® ® d(jb)

1 2 X R
+t 1 (¢Qdq) ® (¢2dq) — € 72 (qQdq) @ (¢Q2dq)

+ ﬁ (46 +20044) © (46 + 23044) -
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)

To expose the geometry it is more convenient to write the metric in terms of H ((12 rather

that Hab

1
g = HY d¢* @ dg’ + 12 (Hadq“> ® (Hbdqb)
o o, L 1

—€ {Hg? di* © di’ + 5

(Hadd") @ (Hydd") + 475 (49244) @ (42dd)

+ gy (46420040 © (45 + 24047)

Let us define the following vielbein basis of the co-tangent bundle of M:

eM — Paqua ’ éM — _PaMd(ja ,
P 1 a IR 1 A0
U= 2HHOLalq , U= 2HHadq ,
1 o N T
W= o (d(b + 2quq) ) U= Edng .

The metric can then be written in terms of these vielbeins as
g=eM Ny tueutwew—c(@oeNpuy +i0a+iev) .

It is also useful to define the one-form v in analogy with o, i.e.

1
= —dgQ
CE T

however this one-form does not appear in the expression for metric.

Lemma 6.2 . The vector fields corresponding to the vielbein one-forms are given by

My—1 M zyab 9
= —2H H" —
(6 ) Pa g’
0
-1 _ a
U - q aqa 9
wl = 2Hi ,
¢
AMy 1 M gyab 9 M grabey. sc O
(e")  =2HP,MH"— +4HP," H*" WG — ,
9q L)
0
~—1 a ~a b
— - 2 Qa =
U q DG q 3%abq 29
0 0
~—1 1 ab AQ
=:H,Q H, = .
] 3 oqb + dqq 99
Proof. Direct calculation. Make use of lemma 6.1. O

We would now like to take the exterior derivative of the elements of the vielbein
basis. First, let us define the functions

Hunp = (—2HPCLQH“d77QM> (—QHPbRHbeURN) (—ZHPCSHCf nsp) Haey -

Lemma 6.3 . The rank three tensor field Hy;np satisfies the following identities:
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(i) P,MPNP. P Hyunp = Hape ,

(ii) H(P,MdH*P,N) nnp = —ggn™CHonpe™

(iil) HuynpINgdPg = Hupgs -

Proof. Direct calculation. Make use of lemma 6.1 and identities (6.8) and (6.11). [

We are now in a position to calculate the exterior derivatives of the basis of real
vielbein one-forms

deM:—pr/\eP,

du =20,
dw:2w/\u+2@/\ﬁ+JNPéP/\éQ77NQa
dﬁ:ﬁ/\u—i-v/\ﬁ—l—eN/\éQnNQ,
d@z@/\u—i—ﬁ/\v—i-JNpeP/\éQnNQ,

deM = eM Au M Aa+ TMgeN Ad+ TMgeN Aw

1
M_ 5 5P MQ N A 4P
—w'pANE — — H e’ Neée .
P A1H n QNP

From these simple expression we will be able to recover the celebrated result of Ferrara
and Sabharwal, while going on to prove that the timelike c-map is para-quaternion
Kahler. We will also prove the existence of two metric compatible integrable complex
structure in the image of both the spacelike and timelike c-map.

6.4 Quaternion Kahler structure of spacelike reduction

In this section we will specialise to the spacelike c-map, in which case we must make
the choice €e = —1 in the calculations of sections 6.2 and 6.3.

In [26] the following complex vielbein basis of the complexified co-tangent bundle
is defined:

a

uC = e~ ?9/? (de& — FldCI) ;
€= ? [%de‘z’ +1 <dd~> + %(Cld& - étijI))] )
ECA = _je=9/2p, ANH (d{} — Npgd¢? ) ;

e(CA = PIAdXI = eiAdZi .

a

We can write the complex one-forms in terms of the real vielbein one-forms, introduced
in the previous section, as:

u€ = je=? (Yf Al — Frdc! )

— —iﬁ |::L‘Id<~.1 —yrd¢t +i (“Idé] - wdc]ﬂ

1
= —i— [2qa9a,,dq" +i (Hadqa)} — Gt ib,

o€ = *i [d(—H) +i (dgz~5+ Lcld, - &dgf)ﬂ =t iw .
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ESY = —2i(55y + i )Py M H e
= —i(0py + T4 )P M ¢
= —i(0 + T4 ) TN PN G = (85 + i et
eCA = (03 + i )eM .
Gathering these together, we can write the complex vielbein basis in terms of the real
vielbein basis simply as
u® =a+id, eCA:eA+iJANeN,
o = u+iw, ECA = 4 igiyelN .
We would like to take the exterior derivatives of the complex vielbeins. Although
these have already been calculated using complex vielbeins in [26], we will choose to

calculate them independently using real vielbeins. If our calculations are correct then
we should recover the results of [26]. Firstly, we can write the derivative of u® as

du® =aAu+vAd+io Au+iaAv+eN Ael +iTVpel nel

Since

XNdX — XNdX
2XNX ’

this is in agreement with [26]. The derivative of v© is given by

—v =

dv® = 2iw A u+ 2i0 At + i T Vpel A e
=uCAuC +0CAC + ECANECA
which is again in agreement with [26]. The derivative of e©4 is given by
deC4 = — (64 + TN WMy Ael .
Comparing this to the complex connection
deCA = (AL A OB
we find the standard relation between the real and complex connections:
CA 1/5A - 7A M N - TN
w='g =50y + iy )w N (0 — i) .

E(CA

Finally, taking derivatives of we find

dECA = (—u+iv) ANECA —gC netA — WCA A ECB
i
2XNX

I 54D FpypeeCB A BCC

This is again in agreement with [26]. In this calculation we used the fact that

(5% + ZJMA>(5g + iJNB)(5g + iJPC)HMNp = iFABC

= (5% + iJMA)HMBpéP = iFABCECC .
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Gathering everything together we can write the derivatives of the complex vielbeins as
du® = (—u—iv) /\uC—E(CA/\eCA,

dv® = uC A% +0® AT + ECA A ECA
deCA = —oCA, A OB

dECA = (—uﬂ'v)AECA—a‘CAeCA—wCABAE‘CB

+ 5ADF1DBCé(CB A E(CC 7

2XNX

which are in precise agreement with [26].
It is useful to gather together the complex vielbein one-forms into a 2 x (2n + 2)

matrix _
U.Am - i u(C 6(CA ,(—)(C E(CA
T A\ WC BCA e _gta )

-1
The metric can then be written as ¢ = € 4gPmnld ™ @ UP™, where

(01 (0 L
AB 1 0 ) Pmn _ﬂn—i-l 0 .

The matrix U™ can be written as UA™ = hA @ €™ where

A 1 . .
h :ﬁ(1+zH,K+ZJ), EM=(e1,...,ent1,Keq, ..., Kepiq),
~ A
€1,.-+,Cn+1 = U, €
~ TA M
Tey, ..., Tept1 =0, JJ e
A M
Jer, ..., Jept1 = w, J 7 €
A
]I{el,...,ﬂ{en+1:u,e .

The endomorphisms I, J, K can then be completely determined by the above expres-
sions and the requirement that satisfy the quaternion relations I? = J? = K? = —1
and IJ = K.

The Levi-Civita connection one-form 2 is uniquely defined through the expression

du.Am + QAmBn A uBn =0,

and the requirement that Q € so(4k,4l + 4). For any quaternion Kéhler manifold one
can decompose the Levi-Civita one-form as

t
Q:P®ﬂ2n+2+ﬂz®<_qt cj) . (6.40)

The matrices p, q,t satisfy the following properties:

Tr(p) =0, q'=-q,
p'=-p, th=t,

which imply that
pes. (4
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One can determine the matrices p, q,t through the expression
det! + PAgeP + g jet 4! jeBeB =0, (6.41)
where c c c c
Al [ U v ABBI _ [V —u
e(CA E(CA ) E(CA _ é(CA :
Theorem 6.1 (Ferrara—Sabharwal). The target manifold in the image of the space-

like c-map is quaternion Kéhler.

Proof. The Levi-Civita connection takes the form (6.40), where the matrices p, ¢, t are
given by [26]

XNdX —dXNX
i(v(c _ @(C) _ i = _u(C
XNX
p= B - ;
XNdX —dXNX
~C 1,,,C ~C 1
u —; (% =15+ 3 TNX
XNdX —dXNX _
_%(UC — 0 — % o ECA
XNX
q =
~ XNdX —dXNX
—E©A W = 10 — FO)h + § o
0 0
t= .
_ 5ADF E(CC
O X x bBC

Since Tr(p) = 0, ¢' = —¢, p' = —p, and tT =t it follows that

p € sp(l), (—qt_ 2>€5p(n+1),

and, hence, the Levi-Civita connection one-form 2 takes values in the Lie algebra
sp(n+1)- sp(1). By corollary 2.1 the Riemann holonomy group is given by Hol(D) C

Sp(n+ 1) - Sp(1) and the manifold is quaternion Kéhler. O
We can write these in terms of real vielbeins as

lw+ v —a—id

p= - ;
U—10 —sw—gv
—%w + %v (5]‘3[ — z'JAM) eM

q= s

— (o4 +iJ4,) M (03 + i WMy — L(w+ )6

0 0
t =

0 —(5AM —&—iJAM)ﬁHMBPéP
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The complex structure I acts on the complex one-forms by

T(u®) = iu® |

I(vC) = —io®
I(e"4) =ieC4 |
I(EC4) = —ECA

Note that the only difference between the two complex structures is in the action of
vC. The complex structure I is part of the quaternionic structure, but I is not.

Theorem 6.2 . The complex structures T and I’ are integrable.

Proof. Consider first I. A basis of T*10 M is given by {u®, 9%, e, E®4}. Since no
(0,2)-form appears in the exterior derivatives of these basis vectors the distribution is
integrable by the Newlander-Nirenberg theorem [35].

A basis of T*(LO M for T’ is given by {uC,vC,eC4, ECAY. Again by the Newlander-
Nirenberg theorem it is an integrable distribution. O

6.5 Para-quaternion Kahler structure of timelike reduc-
tion

In this final section on the c-map we present the proof that the target manifold in
the image of the timelike c-map is para-quaternion Kéhler by explicitly computing the
Levi-Civita connection one form.

In order to gain some intuition from the calculations of Ferrara and Sabharwal in
the spacelike case, we will first make a symplectic rotation of the vielbein basis so that
it is in a form more useful for comparison with timelike reduction.

6.5.1 Symplectic rotation of Ferrara—Sabharwal basis

We will now make the particular symplectic rotation of the Ferrara—Sabharwal basis
given by the symplectic matrices
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Under such a rotation the vielbeins transform as
U.Am N u/.Am _

1 [ Im(v®) +iRe(u®) TIm(e®)+iRe(E®)  Re(v®) —ilm(u®) —Re(e®) + ilm(EC)
V2 ( Re(v®) +iIm(u®) —Re(e®) —iIm(E®) —Im(v®) + iRe(u®) —Im(e®) + iRe(EC) > '

One can write this as a transformation of the individual vielbein one-forms, which
transform as

u®  —  W/C =TIm(®) + iRe(u®) =w+1iu,

v© —  WC =Re(®®) + ilm(u®) =u+10,

4 — 4 =TIm(eC4) +iRe(ECA) = J4 M +ied
ECA — ECA = Re(e4) —ilm(ECA) = —eA —iJ4,,eM .

The benefit of making this rotation is that the vielbein basis is now better adapted to
the timelike version of the c-map.
Before the rotation the Levi-Civita connection one-form (2 is defined through the

expression
dUA™ + QA AUB =0

After the rotation it is given by a new €’ defined by
AU 4 AT A UB =0
The two are related by the expression
AT, = TAS™, 080 o (T (ST,

Let us write the 2 x 2 matrix p as

(T Y
p=( 0.

where z is purely imaginary. The matrix p satisfies Tr(p) = 0 and p' = —p. First, note
that ‘
7-1_ (1+4) ([ —i 1
2 11 ’
We can then write

;L 1 —ilm(y) iz + iRe(y)
p=TpT ' = < —iz + iRe(y) ilm(y) >

/

=0 and p'f = —p’ which implies that p’ € sp(1).

The matrix p’ satisfies Tr(p')
1) X (n+ 1) matrices ¢ and t as

Let us write the (n + 1)
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where a is purely imaginary, AT = —A and BT = B. The matrices ¢ and t satisfy
¢ = —q and t7 = t. The inverse of S is given by

—1 -1
7 -1
) -1
1 (+4) i -1
5= 2 —i 1
—1 -1
—1 —1
—1 -1
Under the transformation
s ( @t > e
the matrices ¢ and ¢ transform as
0 —ilm(a)
/ p—
44 —im(a) | Re(A) —ilm(B) |
Im(a) ‘ —iRe(a)
! _
P02 LiRe(a) | —Tm(A) + iRe(B)
One can easily show that the matrices ¢’ and t’ satisfy ¢ = —¢/ and t'T = ¢'.

We can now plug in the values of x,y,a, a, A, B, found in the previous section, to
obtain the connection in the rotated basis. These are given by

‘A 1 N
/ i0 —5(w+v) =it
p = )
(w+v) — it —id
- 7A M
/ 0 1J 5 €
q = , :
iJAMéM wAB + ﬁJAMHMBPéP
—%w—k%v —ieA
t' =
A A M i sAM AP 1 A
—ié —JAywty — g6 Hyppét + 5(w+v)dg

6.5.2 Para-quaternion Kahler structure

We now specialise to the reduction over time, so we must make the choice ¢ = 1 in the
calculations of sections 6.2 and 6.3.
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Let us define the following real basis of the co-tangent bundle of the target manifold
in the image of the timelike c-map:

uR = —w+a, a® = —w—1a,
Ri=u+9, ER::uf@,

R4 = JAMeM + et ef = JAMeM —et,
E* = —et — g4y e E* = —et g gy e

We can collect these into a 4n + 4 component vielbein

u.Am o 1 'LLR eRA @R ERA

The metric can then be written as g = € 4gpmnld ™ @ UP™, where

(01 (0 T
AB 1 0 ) Pmn . 0 .

The vielbein can be written as UA™ = hA @ E™, where

1 - . - -
hA:$<]l+]I,IK+J]), E™ = (e1,...,ens1, Ker, ..., Keng1)
A M
€1,...,ent1 = —w,J e
T T ~ AA
]Iel,...,]lenH =u,e
T T ~ A M
Jetr, ..., Jepy1 =0, —J 7 €
7o 77 A
]Kel,...,]KenH:u,—e .

The endomorphisms I, J, K can be completely determined by requiring that they satisfy
the quaternion relations I? = J2 =1, K2 = —1 and IJ = K.
The Levi-Civita connection one-form (2 is uniquely defined through the requirement
that it is torsion-free
dUA™ + QA ANUPT =0,

and that it is metric compatible, i.e. Q € so(2n+2,2n+2). For any para-QK manifold
one can decompose the Levi-Civita one-form into

t

The matrices p, ¢, t satisfy the following properties:
Tr(p) =0 = p €s5l(2,R) ~sp(2,R),
t=1t" = ( —(iT —flT ) €sp(2n+2,R).

Hence Q € sp(2,R).sp(2n + 2,R) C s0(2n + 2,2n + 2).

Theorem 6.3 . The target manifold in the image of the timelike c-map is para-quaternion
Kahler.
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Proof. The Levi-Civita connection one-form decomposes according to (6.42), where
p,q,t are given by

Mwtv)—a

>

p= ’
F(—w+v)— 4 -0
0 JA eM
q= ’
JA M wilp + g J*MHyppe”
%w + %v —eA
t =
—eA —JAMwMB — ﬁHABPéP + %(—w%—v)ég
Since Tr(p) = 0 and ¢ = tI" we have
q t
P 65[(2,R) s —tT —qT E5p(2n+2,R)

and, hence, the Levi-Civita connection one-form 2 takes values in the Lie algebra
sp(2n + 2,R) - sp(2,R). By corollary 2.1 the Riemann holonomy group is given by
Hol(D) C Sp(2n + 2,R) - Sp(2,R) and the manifold is para-quaternion Kéhler. O

Remark 6.1. On the para-quaternion Kahler manifold there exists the almost complex
structure K. This in fact coincides with the almost complex structure I’ defined in
the previous section K = I'. We may also define the complex structure I as in the
previous section. Since the differentials of the complex vielbeins are the same for both
manifolds (since they are built out of the same real vielbeins), by theorem 6.2 these
complex structures are also integrable on the para-quaternion Kéahler manifold. Both
structures are compatible with the metric, but this time it is I’ that is compatible with
the para-quaternion Kahler structure.



Chapter 7

Four-dimensional black holes

We will now apply the results of the previous chapter to the search for new stationary
black hole solutions. The definition of stationary backgrounds is that they admit a
timelike isometry of the spacetime metric. We can therefore dimensionally reduce over
this redundant dimension, which corresponds to making the choice e = 1 in section 6.2.
Our starting point is the Lagrangian (6.37) of the dimensionally-reduced theory?

_ 1 ~ . R
e3' L3 = §R3 — Hy (3uqaa”qb - 3,&“3“611))

vl (anabauqb>2 + % (anabauqb>2 (7.1)
— ﬁ (@Ld; + QQGQabaqu)Q :

This Lagrangian, despite being three-dimensional, encodes all the information about
stationary solutions to the full four-dimensional theory, i.e. there is a one-to-one cor-
respondence between instanton solutions of the above Euclidean Lagrangian and sta-
tionary solutions of the four-dimensional Lorentzian theory. Not all of these solutions
describe black holes with finite scalar fields, however, so we must be careful to identify
those solutions that have an event horizon, are asymptotically Minkowski and have
scalar fields that take finite values.

Unlike our previous discussion about five-dimensional black holes, we will not imme-
diately assume that solutions are static. This allows us to consider rotating solutions.
We find that if the three-dimensional metric is flat then we can find solutions to generic
models in terms of harmonic functions. Unfortunately these solutions do not have an
event horizon, and therefore do not correspond to black holes. Using this method we
recover the known rotating BPS solutions found in [62, 63, 41, 42]. We also observe
that by introducing a field rotation matrix the three-dimensional metric is no longer
flat, and so we cannot immediately adapt our ansatz to find non-BPS solutions. We
leave a detailed study of non-BPS rotating solutions for future work.

We then investigate static solutions. We begin by looking for extremal solutions,
which, from our experience of the extremal Reissner—Nordstrom solution (3.14), we
expect will have a flat three-dimensional metric. Solutions are characterised by har-
monic functions and BPS solutions can be found for generic models. We then show
that, as in the five-dimensional case, in the presence of a non-trivial field rotation ma-
trix BPS solutions can always be transformed into non-BPS solutions. However, such
field rotation matrices are not guaranteed to exist for generic models. We prove that

IWe are using the compact notation (q“Qabauqb)z = Zu (q“Qabﬁuqb) (qCQCdﬁ"qd).

96
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a non-trivial field rotation matrix always exists for axion-free configurations of a large
class of models that includes all models in the image of the spacelike r-map. We can
therefore construct new non-BPS solutions for this entire class of models.

Finally, we will discuss new non-extremal black hole solutions. This builds on our
understanding of non-extremal black holes in the five-dimensional case, and is new and
as yet unpublished work [61]. We will only consider axion-free solutions of a certain
class of models previously mentioned, which is a generalisation of the class of models
in the image of the r-map. We will first consider non-extremal solutions for STU-like
models, where the second order equations of motion can be integrated explicitly. We
demonstrate that for these solutions to lift to non-extremal black holes with finite scalar
fields the number of integration constants must reduce by half, which is suggestive of
a first order rewriting. For the ST'U model we recover the results of [104], while for
all other models in the STU-like class these non-extremal solutions are new. We then
discuss generic solutions in our class of models, and find that the number of independent
scalar fields depends on the number of blocks in the metric. Since all metrics of this
form have at least two blocks we find a universal solution with one non-constant physical
scalar field.

In section 7.1 we calculate the field equations for the Lagrangian (7.1), and introduce
a natural set of dual scalar fields. We investigate stationary solutions in section 7.2. We
then move on to static solutions in section 7.3, where we present new extremal black
hole solutions. We end in section 7.4 by constructing new non-extremal solutions.

7.1 Equations of motion and dual coordinates

We will now present the full set of field equations for the Lagrangian (7.1). We first
perform the variation with respect to the ¢% fields, and obtain the equation of motion

A [ﬁabauqb} — 0y Hy (%qba“ q - 3u@b3“‘jc)

1

“Qeq (qudeau(Je)]
(7.2)

1 c 1 e b 1 ~e
— 20, (Hq ) [cha“qu (0" Queda”) = 2200, = (4"Qucdud )}

1 - N N 2
— 0a <4[{2> (a'ud) + 2chcd8uqd) = O .
Next, by varying the ¢° fields we obtain

_oyH [ﬁabaﬂqb]

1 re L 7 se 4
—4VH |:H2 q°Qeq (qudeauq >:| + V¥ |:H2qbea (8M¢ +2q chauqd):| (7.3)
=L a0 Ab(a &+ 24°Quad®) = 0
H2 ab 'u,q [ q cd ,u,q - .

The variation of the ¢ field, which descends from the Kaluza—Klein vector, gives us

simply
1 ~ o .
vH [4]{2 (a,@ +24 ch(?“qdﬂ =0. (7.4)
Since we have dualised the Kaluza—Klein vector, which swaps the role of the field

equations and Bianchi identities, this equation gives us simply the Bianchi identity for
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the field strength of the Kaluza—Klein vector V,,. Finally, from the variation of the
metric we find the Einstein equations

%RW o gab (aﬂqaavqb — Oug” zxdb)
_ % (anabauqb> (chcd&,qd) + % (anabaqub> (chcday(jd) (75)
(0,6 20000, (004 207 0a00i) =0,

Using the Hesse potential H one may define a natural set of dual coordinates ¢, by
taking the first derivative of the Hesse potential
oH
0q®

Qo = . (7.6)

From the chain rule we have
auQa = 83’17[;[8“(]1) = ﬁabauqb ,

and so we can think of the metric as an operator that raises and lowers indices. One
must be careful, however, as an additional minus sign is acquired when lowering (or
raising) an index without a derivative

Ga = — ~obbqb .

Not only do the equations of motion simplify greatly (particularly in the static case)
when we use dual coordinates, they are also critical for obtaining multi-centred solutions
in terms of harmonic functions. Roughly speaking, the existence of the dual coordinates
provides an off-shell realisation of an integrability condition needed for the existence
of multi-centred solutions. The dual coordinates can also be related to u,v; (the
imaginary parts of X', Fr) through the expression

N Ha . 1 —vr
Qa— 2_H_H<UI> (77)

We can also interpret the dual coordinates as the components of —&” in a special real

coordinate system
0
_ b
Qa - _é- (aqa> .

The complex scalar fields Y/ and their conjugates Fy can now be written simply as

yl=— (ﬁ[“’ + iQ“’H) W (7.8a)
Fr = Q[bqb +1Hgqy . (78b)

At this stage one may rewrite the equations of motion in terms of dual coordinates.
However, we will wait until we impose certain ansitze on the metric and scalar fields
such that many of the terms in the field equations directly cancel with one another.
These ansétze fall into three distinct categories depending on the particular type of
solution under consideration:

1. Isotropic ansatz, for rotating solutions.
2. Extremal ansatz, for static extremal black hole solutions.

3. Non-extremal ansatz, for static non-extremal black hole solutions.

We will discuss the precise properties of each ansatz in the next three sections.
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7.2 Stationary solutions

The first class of solutions we will investigate are stationary solutions, which are also
the most complicated. We will need to solve the full set of equations of motion (7.2)
— (7.5). To make this job tractable we will impose what we call the isotropic ansatz.
This states that the three-dimensional metric is Ricci flat (and therefore flat), which,
from the Einstein equations (7.5), is equivalent to identifying isotropic distributions of
the para-quaternion Kéhler target manifold.

Solutions to the isotropic ansatz are found for generic models, and are characterised
by harmonic functions. We will then focus on single-centred rotating (i.e. axially sym-
metric) solutions, which are one of the simplest types of stationary solution. Despite
the fact that solutions can be found for generic models they cannot always be written
down explicitly. This is because one has to invert a system of algebraic equations,
which is not always possible in closed form. We end by presenting the solution to the
STU model, which can be found explicitly.

7.2.1 Isotropic ansatz

We shall now present our isotropic ansatz, which is characterised by the requirement
that the three-dimensional metric is Ricci flat (the Ricci tensor vanishes), which in three
dimensions automatically implies that the metric is flat (the Riemann tensor vanishes).
From the Einstein equations (7.5) it is clear that this means we must find solutions
for which the energy-momentum tensor vanishes identically. Mathematically it means
that we must identify distributions D C T'M in which the metric vanishes identically,
ie.
gu(X,Y)=0 VX, Yel(D).

Such distributions are called isotropic, which is where our ansatz gets its name.

Let us remain focussed on the Einstein equations (7.5) with a flat metric. Motivated
by our experience of constructing five-dimensional black holes, we impose the first part
of our isotropic ansatz, which is to make the identification

0uq” = £0,4°, (7.9)

where the choice of sign is fixed for all values of a. In this case the first line of the
Einstein equations vanishes identically. The second and third lines reduce to

ﬁ (aﬂé + QquQabauqb)2 = % (anabaﬂqb)Q

The second part of our isotropic ansatz is now clear: we make the identification

1 7 ~a ~ a
3 (a,mﬁ +2§ Qabauqb) = ¢“p0ud’ (7.10)

where the choice of sign is important. Solving for ¢ we have
¢ =2(¢" F 4")Qq” ,

where ¢? F ¢* is constant in spacetime due to the first part of the ansatz (7.9).

Proposition 7.1 . After imposing the isotropic ansatz (7.9) and (7.10) all equations
of motion reduce to the Laplace equation

Ag=0, (7.11)

where ¢, are the dual coordinates introduced in the previous section.
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Proof. By definition of the isotropic ansatz the Einstein equations are solved with a flat
spacetime metric. Let us now consider the equation of motion (7.4), which corresponds
to the variation ¢. After imposing (7.9) and (7.10) this becomes simply

v [ ;2 ( LR )} ~0. (7.12)

We will come back to this expression shortly. Next, consider the equation of motion
(7.2), which corresponds to the variation of ¢*. When we impose (7.9) and (7.10) the
second term vanishes, the third line simplifies, and due to (7.12) the derivative in the
second line will only act on ¢°. We are left with

2VH {ﬁabauqb} - %%qcﬁca (qdﬂdea“qe) + 20, (;ch> chf)uqb% (qdﬂdea“qe)
— 20, (;) qCchaﬂqb% (qdﬂdea"qe> =0.

It is clear that the fourth term cancels with the derivative acting on the Hesse potential
in the third term, and so we have

2V | Hudud’ | + <§2 quQcaH;ZQabaﬂqb) (" Qued"a") = 0.

Due to the antisymmetry of €2, the second and third terms cancel, and writing the first
term in terms of the dual coordinates g, we are left with the Laplace equation (7.11).
We now consider the equation of motion (7.3), which corresponds to the variation of
3. Using (7.12) the derivative in the second term will only act on ¢¢, and the second
and third terms simplify

_oyk [ﬁabauqb} - (;auchca + ;Qabauqb> (qudeauqe> —0.

From the antisymmetry of €),; the second and third terms cancel, leaving us again with
the Laplace equation (7.11). Finally, we revisit the equation of motion for 6, which we
have already reduced to (7.12). Using the identity ¢*,. = —%HaQ“bec we can write
the left hand side as

vH [ 1 (q Qap0uq )] = ——VN [Hz (H 0 Hbcauq >]
= —VH [HaQa ﬁbcﬁuqc}
= —q.Q"Aqgy .

This clearly vanishes for solutions of the Laplace equation (7.11), which completes the
proof. O

We have shown that the isotropic ansatz is solved by (7.9), (7.10) and (7.11). So-
lutions are characterised by the harmonic functions

Hy = < _;f’ > : (7.13)
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where the scalar fields are given in terms of these harmonic functions by
qo = THa , (7.14)
9,4 = H®0, M, . (7.15)

It is worth noting that these solutions may not be the most general isotropic solutions.
As we have seen, for these particular solutions the first line of the Einstein equations
vanishes independently of the second and third lines, and one could conceive of a
solution in which these terms do not vanish independently. We leave the investigation
of more complicated isotropic solutions for future work.

It is instructive to consider our isotropic ansatz in terms of four-dimensional fields.
The ¢* coordinates can be written as

We can then write the first part of the isotropic ansatz (7.9) in terms of four-dimensional
fields as

0u(e?X(XT + XT)) = £Fl = £(FIT + FL)) (7.16a)
Ou(e?(Fr + Fr)) = £G 0 = £(G, 0+ G 0) - (7.16b)

For supersymmetric solutions these are the well known BPS equations that follow from
the requirement that the variation of the gaugino vanishes. See for example [42]. In our
formalism they correspond to Bogomol'nyi equations associated with the first line of the
three-dimensional Lagrangian (7.1). Let us now consider the Laplace equation for the
dual coordinates (7.11). Using the expression (7.7) we can write the dual coordinates
in terms of four-dimensional fields as

- —F[—F[
qq = 1€ ¢/2< )((1_)—(1)> )

and so the solution reads
e 2 (xT — X1y = —in" | (7.17a)
e ®2(Fp — Fy) = —it; . (7.17b)

These are nothing other than the well known black hole stabilisation equations. Here
they were derived directly from the field equations by imposing the isotropic ansatz
(7.9) and (7.10). They reduce to the attractor equations in the near horizon limit.
Let us end this section by commenting on U(1) gauge fixing. The Lagrangian and
equations of motion are invariant under the U(1) isometry, which up until now we had
not fixed. The isotropic ansatz (7.9) and (7.10) clearly breaks this symmetry, as it
relates the fields ¢%, which transform under the isometry, with the fields %, ¢, which do
not. Therefore the isotropic ansatz implicitly fixes the U(1) symmetry, and it does so
in a symplectically covariant way. The key was that we had to impose part of the field
equations. We can actually use the solution (7.11) to write the gauge fixing condition
explicitly. From the equations (7.17a) and (7.17b) and the D-gauge (6.25) we can write

XMy — FrH! = e %/2, (7.18)

This equation characterises the U(1) gauge fixing condition.
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7.2.2 Rotating solutions

The isotropic ansatz, presented above, provides stationary solutions for generic models
with flat three-dimensional metrics. These solutions are characterised by harmonic
functions (7.13) through (7.14) and (7.15). We will now focus on the subset of solutions
that are:

1. Single-centred,
2. Axially symmetric.

Such solutions represent rotating spacetimes. Unfortunately we will find that they
always contain a naked singularity, and can therefore not be called black holes. In
order to find legitimate rotating black hole solutions we must relax the condition that
the three-dimensional metric is flat. As this is a significant increase in the complexity
of our analysis we leave it for future work.

The solutions to the isotropic ansatz are given in terms of the dual coordinates
qa, and it is not always possible to write the solutions explicitly for the original four-
dimensional fields. To do so involves inverting the algebraic relations (7.6), and cor-
responds to solving the generalised stabilisation equations. This is always possible by
the inverse function theorem because H,p is invertible, but in practice it is not always
possible to solve such a set of equations in a closed form. In fact it is only possible for
a few simple examples. For this reason we will focus on the STU model, where explicit
solutions can be found.

The first task is to disentangle the four-dimensional metric from the solution given
by (7.10), (7.13), (7.14) and (7.15). To do so one simply retraces the dimensional
reduction procedure to find

uv = 6;w ) (7.19&)
e = —2H , (7.19b)
a,LLVl/ = %S;U/p (HjapHI - 7—[](’3’)7-[1) . (719C)

The first equation simply tells us that the three-dimensional metric is flat. The second
equation is model dependent, and so we will postpone the discussion of this until later.
Let us focus on the third equation, (7.19c), which is independent of the particular
model. Since we are now focussing on axially symmetric solutions it is natural to use
a oblate spheroidal coordinates (a.k.a. Boyer—Lindquist coordinates), as discussed in
section 3.2.2, which are related to Cartesian coordinates through

x=+vr?+a?sinfcosp,
y=Vr2+a?sinfsinyp,

z=1rcosb .

At this stage « is simply a constant parameter. Following the method for producing
rotating solutions outlined in [63, 41] we impose that solutions are axially symmetric
about the z coordinate. In these coordinates the flat three-dimensional metric is written
as

2 2 .2
r a“ cos” 0
dsg_<+

"2 + o2 > dr® + (7"2 + a? cos? 9)d92 + (r? 4+ o?) sin? Odp? .
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We can write (7.19¢) in oblate spheroidal coordinates as

1 1
o =3 (HroH" —H'OH) (7.20)

1 1
=50V =3 (H10gH' — H'OgH) . (7.21)

General single-centred harmonic functions in oblate spheroidal coordinates take the
form

plr +mlacosé

I I
=h
H + Ia ,
r 4+ mracosf
H]Zh]-i-ql RI ,

where R = 2 4+ a?cos? 6, and (h!, hy,m’, mr,p’,qr) are independent integration con-
stants. We can interpret h!,h; as the values of the scalars at infinity, p’,q; as the
magnetic and electric charges, and m!, m; as the dipole momenta [41].

We can integrate equations (7.20) and (7.21) to find an explicit expression for the
only non-zero component of the KK-vector

1 r? +a?
Vo =§(hlpl — hlql)cosﬁ ( )

R
o I T 2 (T
+ 2(m1h m’"hy)sin® 6 (R) (7.22)
+ g(mfpl —m'qr)sin®6 1 +C
4 R ’

where C' is an arbitrary constant. By gathering together the integration constants
to form the three symplectic vectors (h!, h1)”, (p’,qr)" and (m!,mr)”, one observes
that all three symplectic products appear in the above expression. One can interpret
the coefficient of the first line as the NUT charge n = %(hjpf — h'q;) by comparison
with [109, 110], and the coefficient of the second line as the angular momentum ! =
S(m rh! —m!hr). The coefficient of the third line does not have a specific interpretation,
but has previously been observed in rotating solutions [109].

In order for the solution to be asymptotically flat the field strength of the KK-vector
must vanish at radial infinity. By inspection of (7.22) one can see that this is equivalent
to a vanishing NUT charge

1
n= i(hjpl —hlg)=0. (7.23)

This places one constraint on the integration constants (h’,h;). The only other re-
quirement for asymptotic flatness is that the KK-scalar approaches unity at radial
infinity

e — 1. (7.24)

r—00

We will see that this places another constraint on the integration constants (h,hy).
This makes sense because the solution at radial infinity should only depend on the
asymptotic values of the physical scalar fields z#, which have two fewer real dimensions
than (h!, hy).

We will now show that the solutions described by the isotropic ansatz are always
BPS. We do so by explicitly computing the ADM mass and showing that it equals the
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central charge. The formula for the ADM mass for axially symmetric solutions is given
by

16T Mapy = 2 7{ Pyre 0,6
S

2
0o

= 2 lim >3 9,67 ? .

—
r—00 S72<
The measure is given by

d*Y" = e,9,d0 A dip
=(r’ 4+ O (r))sinf dh Ady ,

and we can expand the KK-scalar as

e¢—1+(9<1> .
r

Plugging this into the formula for the ADM mass we have

16mMapm = —2 lim (r2 4+ O (r)) sin 0 dfdy dre™?

r—00 SQ
-

= —2 lim sin @ dody r?0,e?

=00 SQ
1

We therefore find that the ADM mass has a particularly simple dependence on the
Hesse potential

MADM = — rliglo 7“2(97~ﬁ

= lim 72¢%0,qq .
r—00
Since the NUT charge vanishes one has 72¢%Q40,¢" — 0 asymptotically, which implies
that 2¢,Q%9,q, — 0. We can then write the mass as

Mapm = lim 72 <q“ — iHQ“bqb> Orqa
r—00
= lim |X'q; — Fyp'| = lim |Z], (7.25)
r—00 r—00
which confirms that these solutions are BPS.
This is all we can say for generic models. To find explicit solutions for all the fields
it remains to write equation (7.19b) explicitly, which involves finding an expression for

the Hesse potential in terms of the dual coordinates, and to invert the relation (7.6).
This can be done explicitly for the STU model.

7.2.3 The STU model

As briefly mentioned in section 3.2.3, the STU model is characterised by the prepoten-
tial
yly?ys3

F= Vo



CHAPTER 7. FOUR-DIMENSIONAL BLACK HOLES 105
The Hesse potential for the STU model in terms of u!, vy is given by (see appendix B)

H = —2< — (u.v)2 + 4vlu1v2u2 + 4v1u1v3u3 + 4v2u203u3
L, 1/2 (7.26)
+ 4uovlvgv3 —dvgu u u3) .

The isotropic solution for the ¢* fields is given in terms of harmonic functions by
(7.13) and (7.14), and can be formulated in terms of u!,v; and the Hesse potential as?
1 1
EM:HH ur="Hr.
From the expression e? = —2H we can write the KK-scalar for the STU model explicitly
in terms of harmonic functions

ed = ( — (HIH)? + AH H HoH? + AH H M HE + A HPHHP
(7.27)

0 1942443 1/2
FAHOH HoHs — AHoHIHAH ) .

I

Using this formula we can find explicit expressions for u',v; in terms of harmonic

functions
W= 1Pyl = 19y (7.28)

To ensure that the solution is asymptotically Minkowski we must impose the constraints
(7.23) and (7.24), which for this model correspond to

hipt —hlqr =0, (7.29a)
—(h'hp)? + 4hihthoh? + 4h hYhsh® + dhgh®hah®
+4h%hihohs — 4hohth?h® = 1. (7.29b)

The KK-vector for the solution is given by (7.22), and together with (7.27) and (7.19a)
the four-dimensional line-element can be constructed according to the decomposition
(6.28).

We must also write the original four-dimensional complex scalar fields X! = e 3YT
in terms of the harmonic functions. To do this we could use the expression (7.8a),
which involves calculating the inverse metric and is rather involved. Luckily we can
adapt the results of [111] to obtain the result directly?

1 _ 1 _
Y0217+t7@u3+imPU), Y1::U+_U(—2@-+mu%0,

1 _
y? = T (—2v; +i2u20) Y3 =iUY?, (7.30)

where

U o’ + viut 4 vou? — vgud v1vg —voud  (vul + viul + vou? — vgud)?
=1 _
2 (vgu® 4 ulol) vaud 4 ulu? 4(v3u® + ulu?)?

(7.31)

Finally, we may obtain expressions for the gauge field strengths using (7.15) and (6.35),
or alternatively using (7.16).

2We will take the positive sign in equations (7.14), but it is understood that either sign is equivalent.

3In this reference they consider the near horizon limit in which case u! and v; are given by the
constant magnetic and electric charges p’ and g7, but it is the algebraic expressions themselves that
we are interested in.
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7.3 Static extremal black holes

7.3.1 Extremal ansatz

We will now present an ansatz for finding extremal solutions. It is essentially the same
as the isotropic ansatz presented in the previous section but restricted to static four-
dimensional spacetimes. There is a subtle difference, however, in that the extremal
ansatz allows a generalisation which produces non-BPS extremal solutions.

As for the isotropic ansatz we try to identify field configurations in which the three-
dimensional metric is flat, and, hence, we are again looking to identify isotropic sub-
manifolds of the para-quaternion Kéhler target manifold. This time we impose that
the four-dimensional metric is static, which in three-dimensional fields means that the
KK-vector vanishes. This corresponds to setting

1 T on .
o (046 + 20" Qudud") = 0. (7.32)
We now impose the first part of our extremal ansatz

q“Qabﬁuqb = anabauqb =0, (7.33)

which, given (7.32), is actually equivalent to imposing the second part of the isotropic
ansatz from the previous section in static backgrounds. Let us investigate the effect this
has on the equations of motion. All terms containing a factor of the above expressions
will vanish, and only the first line of (7.2), (7.3) and (7.5) is relevant (equation (7.4) is
clearly solved automatically). We are left with the truncated equations of motion

v [I:Iabﬁuqb] — 10,H ((%qb@“qc — 0,4"9"¢°) =0, (7.34)
vH [ﬁaba“qb] ~0, (7.35)
A, (00008 ~ 0,0°003") = 5 Ry (7.36)

It can be easily shown that these equations of motion derive from an effective action,
which is given by the first line of (7.1)

_ 1 ~ a O
e3 lps = iR — Hy (qu otgb — 0ud 8“qb> .

Recall that the Lagrangian (7.1) and equations of motion (7.2) — (7.5) are still
invariant under U(1) phase transformations. The static ansatz (7.33) implicitly breaks
this symmetry as it relates the ¢® coordinates, which transform under this symmetry,
with the ¢* coordinates, which do not. This gauge fixing condition is characterised by

the expression
o' Grw — yiFL, =0. (7.37)

Let us focus on the Einstein equation (7.36) with a flat three-dimensional metric.
In order to solve this we impose the second part of our extremal ansatz

O = £0,4° | (7.38)

where the choice of sign is fixed for all a. This ansatz will lead to BPS extremal black
hole solutions. We will later see that this part of the ansatz can be generalised to
include non-BPS solutions for models that allow for a field rotation matrix, but for
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now we focus simply on BPS solutions. After imposing (7.38) one can see by inspection
that the equations of motion (7.34), (7.35) and (7.36) reduce to the Laplace equation
when written in terms of dual coordinates

Ag, =0. (7.39)

Solutions are characterised in terms of harmonic functions

T < ‘%H,f > , (7.40)

by setting
Ga = tHa , (7.41)
0uq" = H®9, M, . (7.42)

For the extremal case we will consider multicentred harmonic functions of the form

I
Ho=n +3 mﬁiaﬂ : (7.43a)
H]:h]+z|xc'l_171|. (7.43b)

The first part of the ansatz (7.33) places one constraint on the integration constants
hipt —hlgr =0. (7.44)

We also need the corresponding four-dimensional solution to be asymptotically Minkowski,
i.e. at radial infinity
e — 1, (7.45)

T—00

which places another constraint on the h!, h; integration constants. We therefore have
a total of 2n integration constants from 2n second order equations of motion of the
physical scalar fields. This suggests that solutions always satisfy first order equations.
This is clear from the fact that the solutions solve (7.38).

We will now compute the ADM mass of the extremal solution (7.41), (7.42), and
show that it is equal to the central charge. This indicates that the solutions we have
found are always BPS solutions. The formula for the ADM mass for is given by

167 Mapm = 2 f d*3re 0,6
S

2
oo

= -2 7{ d*3Hd,e? .
S,

2
oo

Here we used the fact that e? — 1 at spatial infinity. We can write this in terms of the
Hesse potential as

1 .
Mapm = e dQE“(‘)uH

7I Sgo

1
=— ¢ &S g -
4 f{s'go ¢ Ol
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From (7.33) we have that anab@qu = 0, which we can write in terms of dual coordi-
nates as an“bE)uqb = 0. We can then write the ADM mass as

1
Mapm = e d*xH (qa - iHQabe) Ou4a
5%

1
=— ¢ &S X'0M - FroH| = |2 - (7.46)
4 Sgo
These solutions are therefore always BPS.
We will now investigate various models for which multi-centred extremal black hole
solutions can be obtained explicitly using the procedure outlined above.

7.3.2 The STU model

The first model we will consider is the STU model. The solution (7.41) relates the
harmonic functions (7.43) to the dual coordinates u!,v; through the expressions

1 1
EMZHH Ew:HL

As for the rotating case, we can plug these equations into the formula for the Hesse
potential (7.26) and use the relation e = —2H to write the KK-scalar explicitly in

terms of harmonic functions (7.27). This in turn gives us the explicit expressions for

u!,vr in terms of the multi-centred harmonic functions

Wl = Lty g = Lty (7.47)

The requirement that solutions are static ensures that the KK-vector vanishes, while
the extremal ansatz by construction ensures that the three-dimensional metric is flat

I = O V.=0.

These expressions together with (7.27) completely determine the four-dimensional met-
ric (6.28). As for the rotating case the asymptotic integration constants h’, h; satisfy
the two constraints (7.44) and (7.45)

hip' —h'qr =0,
—(h'h;)? + 4hihthoh? + 4hihthsh® 4+ 4hoh®hah®
+4h°hihohs — 4hoh*h?h3 =1 .

The original four-dimensional scalar fields are given by
Xl =e5yT,

where Y are given in terms of harmonic functions through (7.30) and (7.47). The
gauge fields can be determined through the expressions (7.42) or alternatively (7.16).

Note that one may use the rotating solution of the STU model given in the previous
section to obtain a static extremal black hole in the static limit o — 0. However, in
this case one ends up with the single-centred solution

YL G ?h:hp+%.
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7.3.3 Models of the form F = w

The second class of models we shall consider are models with prepotential of the form

Fy)=2"02 (7.48)

where f is the analytic extension of a real function, or in other words f is real when
evaluated on real fields. Since the prepotential F' is homogeneous of degree two it
follows that f is homogeneous of degree three. Note that this includes the class of
prepotentials in the image of the spacelike supergravity r-map, which are given by
taking f to be a homogeneous polynomial of degree three with real coefficients (see
section 4.3). Moreover, if we consider the generalised spacelike r-map then the class of
models described by (7.48) precisely corresponds to those obtained by reducing five-
dimensional models where the Hesse potential is an arbitrary homogeneous function of
degree three (not necessarily a polynomial). Such models will play an important role
in our discussion of non-BPS and non-extremal solutions, which we will discuss later.

For this class of models we will only consider a restricted class of field configurations
that are defined by setting Y4 purely imaginary and Y purely real*. We will refer
to such configurations as ‘axion-free’ because in this case the physical scalar fields
A =Y4 /Y? are purely imaginary, and from models in the image of the r-map these
restrictions imply that all axion-like scalars vanish (see section 4.3). The requirement
can be written terms of special real coordinates as

yo=2=0, (7.49)

which immediately implies that
0

u =va=0. (7.50)
The equations of motion simplify greatly if we impose the additional condition that the
corresponding parts of the gauge fields are constant

dCo=dc4 =0, (7.51)

which from the decomposition of the metric (7.68), which shall be discussed later,
implies 3 )
Hpapdd® = Hapdd® =0 . (7.52)

From now on whenever we refer to axion-free configurations we will assume that the
conditions (7.49) and (7.51) are satisfied’. Geometrically speaking these conditions
select totally geodesic distributions in the para-quaternion Kéahler target manifold that
have precisely half the number of dimensions.

The axion-free condition allows us to write Y/, Fy explicitly in terms of u!,v;
through the expressions

yo=2, Fy =i ,

YA =i, Fy= falel, o ut) (7.53)

“We are using the index convention that I,J € {0,...,n} whereas A, B € {1,...,n}.
STechnically speaking while the restrictions (7.49) imply that configurations are axion-free the con-
verse is not true. We will not consider such configurations in this thesis, however.
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where f4 = aaffA and

Vo

xO:)\, YA

This is equivalent to solving the stabilisation equations and is the reason why we can
find explicit axion-free solutions for this class of models.

At the level of the equations of motion the axion-free conditions mean that extremal
solutions are characterised by only half the number of harmonic functions

A
Pao q0c
HA =0t 1+ el Ho=ho+ ) ravwg (7.54)

and are therefore charged electrically under one U(1) gauge field and magnetically
under the n remaining U(1) gauge fields. In addition the first part of the extremal
ansatz (7.33) is solved automatically, which suggests that the axion-free condition is not
appropriate for rotating solutions. The static extremal solution for these configurations
is given in terms of the harmonic functions (7.54) by (7.41) and (7.42). Using the
expression for the Hesse potential (B.7) we can write the KK-scalar in terms of the
harmonic functions as

e ? = VAHo f(HL, ..., H"). (7.55)

Since the three-dimensional metric is flat and the KK-vector vanishes this is all we need
to determine the four-dimensional metric through (6.28). In order for the solution to
be asymptotically Minkowski the integration constants h!, h; must therefore satisfy the
constraint

dhof(hY, ..., h") =1
We can write u?, vy explicitly in terms of harmonic functions as

1 1
ut = —ZePHA vo = —=e?Ho . (7.56)
2 2
The original four-dimensional scalar fields X! = e=2Y7! can be written in terms of
harmonic functions through (7.53). The gauge fields can be determined through the
expressions (7.42) or (7.16).

7.3.4 The STU + aU?® model

We now turn to a specific one-parameter family of models of the form described in the
last section, which are characterised by the prepotential

Y1Y2Y3 +G(Y1)3
_ 5

F(Y) =

This is a well-known deformation of the STU-model in which the corresponding pro-
jective special Kéhler manifold is no longer a symmetric space. After imposing the
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axion-free conditions (7.49) and (7.51), we may use (7.53) to write the complex scalar
fields Y/, Fy in terms of u!,v; as

Y0 =\, Fy =ivg ,
vl — il 7 w?u? + 3a(ul)?
= ) 1=
A

| i (7.57)

Y2 =qu?, = 1
1,2
Zu ) 3 A b

where

5= _\/_ uluud + a(ul)?

Vo

The KK-scalar is given in terms of the harmonic functions (7.54) by

e % = /=AM (H H2H3 + a(H1)3) , (7.58)

and recall that by the extremal ansatz the three-dimensional metric is flat and the KK-
vector vanishes. The asymptotic integration constants h!, h; must satisfy the constraint

—4ho(R'R?R3 +a(h')?) = 1.

We can write vg, u? explicitly in terms of the harmonic functions using as

1 1
ut = —ZePHA vo = —=e®Hy , (7.59)
2 2
and the original four-dimensional complex scalar fields X! = e=2Y7 can be determined

using (7.57). The gauge fields are given by the expressions (7.42) or (7.16).

7.3.5 STU-like models

We will now consider models with prepotential of the from
(Yl...Y")n

F=- V0

Such models are direct generalisations of the STU model, similar to the generalisation
we considered for the five-dimensional STU model in chapter 5. They share the im-
portant feature that for axion-free configurations the metric is diagonal. Note that by
taking n = 3 we recover the STU model. This class of model is clearly of the form
described in section 7.3.3, and we can therefore find explicit axion-free solutions. These
models will be particularly important later when we consider non-extremal black holes.

We restrict ourselves to axion-free configurations by imposing (7.49) and (7.51), in

which case we use (7.53) to write the complex scalar fields Y', Fy in terms of u!,v; as

1 n %
yo — _M, Fy = ivg ,
Vo (760)
. 31 3
YA:ZUA7 FA:ﬁuj\/—vg(ul...u")n .
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The KK-scalar is given in terms of the harmonic functions (7.54) by

3
n

e %= \/—4H0(H1 LLHB)
and the integration constants must satisfy
—dho(ht .. hMyn =1

As before, we can write vy, u explicitly in terms of the harmonic functions using
(7.56), and the original four-dimensional complex scalars X! = e=5Y! can be deter-
mined through (7.60) and the expression for the KK-scalar. The gauge fields can be
determined through (7.42) or (7.16).

7.3.6 Field rotations and non-BPS solutions

In section 7.3.1 we presented a particular ansatz for finding extremal black holes. By
explicitly computing the ADM mass and comparing it with the central charge it was
shown that this ansatz always produces BPS solutions. However, since the BPS condi-
tion is stronger than the extremal condition we have not exhausted the search for all
possible extremal solutions. In this section we will show that for models which allow for
a ‘field rotation matrix’ we can modify the extremal ansatz to include a more general
class of extremal solutions. This is similar to the case in five dimensions, as discussed
in section 5.2. A field rotation matrix R% is defined as any matrix that satisfies

H,R*.R°)=H, , (7.61)

either on the whole para-quaternion Kéhler target manifold or a totally geodesic sub-
manifold. We call a field rotation matrix trivial if R = +1. For models that allow for
a non-trivial field rotation matrix one can generalise the second part of the extremal
ansatz (7.38) to become

9uq" = R%0,4" . (7.62)

Clearly for the trivial solution R = £1 we recover our previous extremal ansatz. Solu-
tions are again characterised by the harmonic functions (7.40), but they are now related
to the scalar fields through

Ouga = R My (7.63)
9,4 = H®9,Hy, (7.64)

where R,” is the transpose inverse of R%,, i.e. R% R,¢ = 6. From the above expressions
we see that the field rotation matrix rotates the charges and asymptotic integration
constants of the solution relative to the ¢ scalar fields [104].

Let us investigate what effect the field rotation matrix has on the four-dimensional
fields. If we first decompose R,” into blocks

A B

b _

w=(2p)

then we can replace the expressions (7.16a) and (7.16b) with the more general expres-
sions

9, (e?2(X7 + X)) A, T+ 0,(e?/?(Fy + Fy))CT = i(Foﬂ'j + Fg;-) , (7.65a)
0u(e?’> (X7 4+ X7))Bys + 0,(e?*(Fy + Fy))D’ ; = +(G o, +Gr) - (7:65D)
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This confirms that the charges therefore appear rotated with respect to the scalar fields.
Calculating the ADM mass of the solution we find that formula (7.46) gets modified in
the expected fashion:

1 N N
Mawi = - ¢ a5 |XT (A0, + Bryo, A )

— F] <CIJ6M7:[J + ija,ﬂ:[‘]) ‘ .

We conclude that introducing a non-trivial field rotation matrix into the solution will
generically result in non-BPS solutions. Of course, special choices of parameters may
exist for which one may still obtain a BPS solution.

A field rotation matrix is not guaranteed to exist for generic models, and therefore
we cannot guarantee that non-BPS solutions exist for all models. However, for certain
classes of models we can demonstrate the existence of a non-trivial field rotation matrix.
It has been known for some time that one can systematically find field rotation matrices
for models that are symmetric spaces [51, 52]. In work by the author it was shown that
for axion-free configurations of models of the form F = f(X!,..., X")/X? as described
in section 7.3.3, a non-trivial field rotation matrix always exists [19]. An interesting
feature of these solutions is that the field rotation matrix does not satisfy (7.61) on the
whole para-quaternion Kéahler manifold, but only on a totally geodesic submanifold.
The non-BPS solutions therefore have half the dimensionality of the full BPS solutions.
It is an open question as to how one can identify c-map spaces that allow for a field
rotation matrix either on the whole space or on totally geodesic submanifolds.

One may also wonder whether a field rotation matrix allows us to find non-BPS
rotating solutions. Unfortunately a field rotation matrix of the form (7.61) is not
enough in this case as the Einstein equations are no longer solved generically. This
suggests that in order to find non-BPS solutions one must not impose that the three-
dimensional metric is flat. This makes sense because for rotating solutions the BPS
bound corresponds to a flat three-dimensional metric, whereas the extremal bound
corresponds to a curved three-dimensional metric. This means that deforming away
from the BPS bound naturally requires a curved three-dimensional metric.

In the following section we will prove that a non-trivial field rotation matrix exists
for the models considered in section 7.3.3, and thus find new non-BPS solutions to the
whole class of models. We will then revisit the particular examples of the STU + aU?
model and STU-like models and present new non-BPS solutions.

7.3.7 Non-BPS solutions of F' = w models

Let us revisit the class of models discussed in section 7.3.3, which were characterised
by prepotentials of the form
fYt .o ym
Yo ’
where f is the analytic continuation of a real function. We will show that for axion-free
configurations a non-trivial field rotation matrix is guaranteed to exist. For simplicity
we will focus on the specific case where n = 3, as this is relevant for models descending
from the supergravity r-map, but one can extend the results to any n > 1 without loss
of generality.

F= (7.66)
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For this class of models the first part of the axion-free condition (7.49) ensures that
the metric H,, can be decomposed according to

, (7.67)

0
* K K| O O O O ¥
O O O % ¥ ¥ ¥ |O
O O Of% ¥ % % |O
O O O % % % *|O
O O Of% % % *x|O
* Ok K| O O O O *
* K K| O O O O ¥
* K K| O O O O K

where a * represents a possible non-zero entry. Let us show why this is true by consid-
ering the component Hyy as an example. This component is given by

. 0 0H
o], = (axoaml>

where # denotes the restriction to axion-free configurations. Since the field 2° does not
appear in the axion-free condition it does not matter in which order we perform the
partial derivative, and so we can write

I

i

o [oH

ﬁ’:— et
0], = 920 8x1ﬁ

H
Since the axion free condition implies v; = 0, which from (7.7) implies that a2ty =0,
x
we conclude that 5
i ’ =2 0)=0.
10, 8:750( )

The same argument is true for any matrix element containing one index in {0, 5,6, 7}
and one index in {1,2,3,4}. Actually, the matrix Hygy, decomposes even further. Using
the formula for the Hesse potential (B.6) we observe that H,;, takes the more restrictive

form
1

1) 0 00 0|0 0O

0 *x x % %[0 0 O

0 * x % x|0 0 O

o 0 *x x x |0 0 O
H,, = 0 .+ % 10 0 0 , (7.68)

0 0 0 0 O0x % =x

0 0 0 0 Of=x*x =*= =

0 0 0 0 O0=x % =x

where the entries in the bottom-right block depend only on y1,y2,y3. The complete
set of axion free conditions (7.49) and (7.50) ensure that the central block in the above
expression completely decouples from the equations of motion, and will therefore be of
no further relevance to the discussion.
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~ We can conclude that after imposing that configurations are axion-free the metric
H,, admits a non-trivial field rotation matrix of the form

~1 0 0
0| =+l 0

R% =+ , (7.69)
0 0 1

where the sign in the central block does not have any effect on the solution. We can
therefore generically construct non-BPS solutions for this class of models.

7.3.8 Non-BPS solutions of the STU + aU? model

Since this model falls into the class of models considered above it admits the non-
trivial field rotation matrix (7.69), and we can obtain non-BPS solutions. The harmonic
functions for the non-extremal solutions are the same as before, and are given by (7.54).
The KK-scalar differs from the BPS case (7.58) by a sign inside the square root

e™? = \/AHo(HIHZH3 + a(H)3) .
The asymptotic integration constants h!, h; satisfy the constraint
4ho(h'h2h3 + a(hh)?) =1 .

From the above expression we see clearly that in order to obtain the correct sign in
the four-dimensional metric the integration constants hg, h4 must be chosen differently
from the BPS case. The values of the charges Qp, P* may also need to be chosen
differently in order to avoid additional singularities in the metric. We can write vg, u”
explicitly in terms of harmonic functions by

= LetHy,  uhe_leowA (7.70)

which differs from the BPS case (7.59) by the sign in front of the expression for vy.

The original four-dimensional complex scalars X! = e=3YT can then be determined
through the expressions (7.57), which one can write explicitly in terms of harmonic
functions using (7.70). The dependence of the gauge fields on the harmonic functions
remains the same as for the BPS case.

7.3.9 Non-BPS solutions of STU-like models

The last class of models for which we will consider non-BPS solutions are STU-like
models, as defined in section 7.3.5. Since these models also fall into the class of models
considered in section 7.3.3 we can find a non-trivial field rotation matrix of the form
given by (7.69). However, for these models we can actually find a more general field
rotation matrix. This is because for these models the metric can be explicitly calculated
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to be .
e 0 0 O 0 0 0
0 * * 0 0 0
0 0 0 0
Hyp = 0 |* x| 00 0 . (7.71)
T
0 0 0 O 1O 0 0
0 0 0 O 0 . 0
1
0 0 0 O 0 0 )2
This metric allows for a field rotation matrix of the form
+1 0 0
0 +1541 0
Rab == 5 (772)
+1 0 0
0 0 0 0
0 0 =+£1

which is clearly more general than (7.69).
Non-BPS solutions are characterised by the harmonic functions (7.54), but now the
KK-scalar takes the form

3w

e ¢ = \/i4Ho(H1 LMY

where the choice of sign depends on the particular sign choices in the field rotation
matrix (7.72). The asymptotic integration constants h’, h; must satisfy the constraint

tdhg(ht .. A" =1.

This time it is possible to choose the same asymptotic integration constants as before
and still obtain the correct metric signature in four dimensions. We can write vg, u”
explicitly in terms of harmonic functions by

vo = FieHo , ut = FleHA | (7.73)

where the sign depends on the sign choices of (7.72). As usual, the original four-

dimensional scalar fields X7 = e=5Y” can be determined using (7.60) and (7.73). The
expression for the gauge fields does not change in the non-BPS case.

7.4 Static non-extremal black holes

From our experience of the Reissner—Nordstrom black hole in section 3.2.2, and the
five-dimensional non-extremal solutions constructed in section 5.3, we no longer expect
the three-dimensional part of the metric to be flat. Also following the lead of these
examples we will impose that spacetime is spherically symmetric. We shall see that the
requirement of spherical symmetry is enough to completely fix the three-dimensional
part of the metric.

Unlike in the extremal case we cannot find non-extremal solutions for generic mod-
els. We will only consider axion-free solutions to models with prepotentials of the form



CHAPTER 7. FOUR-DIMENSIONAL BLACK HOLES 117

F=f(X',...,X")/XO° as described in section 7.3.3. We will first consider the sub-
class of these models given by STU-like models, since in this case we can explicitly
integrate the second order equations of motion and find the general solution. We then
investigate the criteria for these solutions to describe non-extremal black holes with
scalar fields that take finite values. We find that the number of integration constants
must reduce by half. We then discuss generic non-extremal solutions to the whole class
of models of the form F = f(X!,..., X")/X° however we find that some scalar fields
must be proportional to one another. Like in the five-dimensional case in section 5.3.2,
we find that we can construct non-extremal solutions that have as many independent
scalar fields as there are blocks in the metric. Since all metrics for these models can
be split into at least two blocks (which is different to the models we considered in five
dimensions) we obtain a universal non-extremal solution that has one non-constant
physical scalar field. All non-extremal solutions presented in this section are new solu-
tions that will appear in a later publication [61], with the exception of the STU model
for which solutions were given in [104].

7.4.1 Non-extremal ansatz

We will now present an ansatz for finding non-extremal black hole solutions. This is
similar to the extremal ansatz, the only difference being that the three-dimensional
metric is no longer flat, but we do impose that it is spherically symmetric.

We begin by imposing that spacetime is static, in which case the KK-vector vanishes.
In terms of the fields appearing in the Lagrangian (7.1) this corresponds to setting

1 ~ . .
ﬁ (8qu5 + 2anab3”qb> =0.
The first part of our non-extremal ansatz is the same as for the extremal ansatz, we set

anabauqb = anabaqub =0, (774)

which, as mentioned in section 7.3.1, is equivalent to imposing the second part of the
isotropic ansatz of section 7.2.1 for static backgrounds.

We will now show that by imposing spherical symmetry, the three-dimensional
part of the metric according to the decomposition (6.28) is always given by the three-
dimensional part of the Reissner—-Nordstrém solution. The derivation is entirely analo-
gous to the five-dimensional case; see section 5.3. We start by imposing that spacetime
is spherically symmetric. We will parametrise the radial direction by an affine param-
eter 7, which has the property that

2

A=

+ terms independent of 7 .
The three-dimensional part of a general static and spherically symmetric metric can be
brought to the form [49]

ds3 = "M dr? + 2470,

Imposing that solutions are spherically symmetric implies that the LHS of the Einstein
equations (7.5) where y # 7 or v # 7 must vanish. Since the RHS of these equations
are proportional to A — 24, this implies that A — ¢24 = 0. This can be integrated to
give A2 = ¢2 + €24, where we have chosen the integration constant ¢? to be positive in
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order to avoid solutions that are periodic in the radial coordinate. We relabel z = e=4

to write this as
T =+Vc2x2+1,
which is solved by

2(r) = sinh(+er + D) .

c
To ensure x is strictly positive in the range 0 < 7 < +00 we choose the positive sign
and D =0, i.e.

A _sinh(er)

e =u(r)= .

The three-dimensional line element is then given by the three-dimensional part of the
Reissner—Nordstrom metric

2
c
dr? + ——5—d07,) . 7.75
sinh?* er sinh? e ) ( )
This is true more generally when reducing any four-dimensional sigma model over time
[30]. The (7,7) component of the Ricci tensor corresponding to this metric is given
by R, = 2c. Therefore, the equations of motion after imposing staticity, spherical

symmetry and the first part of our non-extremal ansatz (7.74) are given simply by

d /- 1 - o
i, ‘b> _ fé?ch('b'C _ b) —0 7.76
. ( b 50aHbe (0'0° = ' , (7.76)
d /.~ .
2 (a, Ab) —0 777
— (Had") =0, (7.77)
H,y (qaqb - é“é”) =c. (7.78)

The equations (7.76) and (7.77) follow from the variation of the one-dimensional effec-
tive action

L=ty (@ - id") |

which must then be supplemented by (7.78) which acts as a Hamiltonian constraint.

At this stage it is convenient to switch to the dual coordinates g, introduced in
section 7.1. We shall also define éa = ~ab(jb, which due to the equation of motion
(7.77) does not place any additional integrability condition on the ¢*. The equations
of motion now take the particularly simple form

. 1, =pe /. . XX
G + 5 0a T’ (qch - qch) =0, (7.79)
q* (q.aq.b - éaéb) =c. (7.81)

Notice the similarity with the analogous equations of motion in the five-dimensional
case (5.17) — (5.19). The equations of motion for the ¢* fields can immediately be
solved by setting

Hup§® = Qo := ( _PQII > : (7.82)

where Q7 and P! are the constant electric and magnetic charges carried by the solution.
We are left to solve the equation of motion for the ¢* coordinates along with the Einstein
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equation

1 -
G + 500 H" (dpde = QQc) =0, (7.83)
H® (Gady — QaQp) = 2. (7.84)

At the time of writing there exists no universal ansatz that solves (7.83) and (7.84)
for generic models, at least without setting all the scalar fields to be proportional to
one another. We therefore have to consider solutions for different classes of models
separately. In this thesis we will investigate axion-free solutions for two distinct classes
of models, both of which have prepotentials of the F' = f(X! ..., X")/X" as described
in section 7.3.3. First, we consider STU-like models (see section 7.3.5), where we
integrate the full second order equations of motion directly and find the general solution.
Second, we consider solutions to models that have block diagonal metrics, for which we
find solutions with as many independent scalar fields as there are blocks in the metric.
Since generic models of the form F = f(X!,..., X")/X" always have at least two

blocks we can always find a universal solution with one non-constant physical scalar
field.

7.4.2 The STU-like models

For axion-free configurations of the generalised STU model we can actually find the
general solution to the equations (7.83) and (7.84). The Hesse potential for such con-
figurations is given in appendix B:

3w
[SIE

H(z,y)=-2 (yo (3:1 s

The equations of motion reduce to

4q0 ’
n+1 ’
(7.85)
2 02
ol — (Q2n+1 Q2n+1) =0,
42n+1
(46 — 93) N 3 (da1 — Qns1) I 3 (i1 — Bn11) — 2 (7.86)

4q3 dng; 4 Ang3,
The second order equations of motion (7.85) completely decouple from one another and
can be explicitly integrated to obtain the general solution

Qo . ho
= — 4+ ——sinh | B Bog—
qo0 BOSIH o7 + OQO )

Pl !
Qn+2 = iﬁ sinh (BlT + Blpl) ,

(7.87)

pPn hr
Qonis = iﬁ sinh <B”T + Bnpn> ,
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where hg, h*, By, BA are (2n+2) independent integration constants. Since the solution
is invariant under By, B4 — —By, —B* we can assume without loss of generality that
the By, B4 integration constants are non-negative. Choosing the signs in the above ex-
pressions has an effect on the extremal limit: choosing the same sign everywhere gives
BPS black holes, whereas different signs will give non-BPS black holes. For convenience
let us choose the positive sign in the all of the above expressions from now on. Plug-
ging these solutions into the Einstein equation (7.86) gives an algebraic relation that
determines the non-extremality parameter in terms of the By, B4 integration constants

1
4

3

(Bo)? + Z(B1)2 ...+ —(BM?=¢2. (7.88)

n

Let us now lift the solution described by (7.87) and (7.88) back up to four dimen-

sions. Since the KK-scalar is related to the Hesse potential through e? = —2H we can
determine this to be

3

eid) = 4\/(10 (Qn-i—l o q2n+1)ﬁ .

Using (6.28) the four-dimensional metric is determined to be

2 & 1,2 —¢ ! 2 ? 2
d54 = e dt + e 7617— + 7dQ(2) 5

sinh?* er sinh? e

where

3w

e ? = \/4(10 (qna1---q2nt1)

The area A of the outer horizon located at 7 — +oc is given by

2
3 C
A= lim \/ 4 s n—
Jlim 4/ 4go (@nt1---q2n+1) .
The highest term in the numerator is proportional to

1 3 1 3
e(iBoJrﬁB +..5B")T ‘

In order to have a non-vanishing area this must match precisely with the highest order
term in the denominator, given by €2¢". We therefore have the expression
1 3 3

“By+—B'4+.. .= B"=c¢. 7.89
10Tt T ¢ (7.89)

The scalar fields Y/ are given by (7.60). Recall that the physical scalars 24 are given
by

. G S —g
27 = = —x

F_Yo_w (ulu”)%

For these physical scalars to take on finite values at the horizon we must set
By=B'=...=B",

which combined with (7.89) means that

By=B'=...=B"=c¢.
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In addition, in order to obtain Minkowski space at radial infinity we need to ensure
that e? — 1, which places one more constraint on the integration constants

3
Qo ho hl P A"\ 17 B
—4— sinh ( Qo) [c sinh ( Bl 7smh P =1.

The number of integration constants therefore reduces from (2n + 2) to n. This is
precisely half what one would expect from solving the second order equations of motion
for the n physical scalar fields z4. This suggests that the solution actually solves first
order equations.

Now let us consider the scalar fields. In terms of the dual scalar fields the solution
is written as

q __HO q = i q = "
0 \/W7 n+2 \/Wv 2n—+2 \/W7

where Hg, H” and W are harmonic functions with respect to the flat metric on R?, and
can be written in terms of either 7 or r by

hg hg h e 0
Ho _ Qo egp Qo —2er—cgp _ Qo (o) _ Qe % 7
20 20 c 0 r
hA
pA nA PA _, nA pA hA PAe pA
HA = PA — e TTCpA = —sinh({¢c— ) ————,
20 2c c pA T
W = 67207' — 1 _ % )
T
We can write vy, u4 in terms of harmonic functions as
1, H 1, M1
vy = ——e? 0 ut = —Ze?

2- VW’ 2 VW'

and the original complex scalar fields X! = e=5Y! can be obtained through (7.60).
The physical scalar fields are given by

— A 0
(H!...H")

The integration constants ho, h4 must satisfy

3
Qg o pt h! P A\
4 sinh Qo p sinh cP1 Rl sinh an =1.

The metric can now be written as
w

dr?
3 — (Hl . <W + r2d9%2)> .
—AHo(HL .. M)

The gauge fields are, as in the extremal case, given by the expressions (7.16a) and
(7.16b). The above metric is a direct generalisation of the non-extremal Reissner—
Nordstréom solution (3.13). Clearly if we set the harmonic functions g, H* propor-
tional to one another we recover the Reissner—Nordstrém solution.

Note that by taking the limit ¢ — 0 and we find precisely the extremal solutions,
either BPS or non-BPS, obtained in sections 7.3.5 and 7.3.9, which themselves generalise
the BPS solution to the STU model given by (3.18).

o8

o‘-I\D
+

<

W

X
o

X
Z

3w

2 _
d34——
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7.4.3 Block diagonal models

For axion-free configurations of any model of the form F = f(X*',..., X")/X° we may
classify the 2(n+1) x 2(n+ 1) metric Hy, according to the number of blocks appearing
in the bottom right n x n entries. For example, consider an 8 x 8 metric of the form

1

TG0 0O 00 0|0 0O
0 * % x x|0 0 0
0 * % x |0 0 O

Hy=| Y [* * * *[000 (7.90)

0 * x * x|0 0 O
0 0 00 O|x % O
0 0 00 0| % O
0 0 00 0|0 O =

This metric has two blocks in the bottom-right 3 x 3 entries. We may perform row
operations on the metric in order to write it using as small blocks in the bottom-right
as possible, which corresponds to taking general linear combinations of the special real
coordinates. Recall that by imposing the axion-free conditions (7.49) and (7.51) all en-
tries in the central block completely decouple from the equations of motion. Generically
metrics for axion-free configurations of models of the form F = f(X1!,..., X")/X? will
only contain one bottom-right block. However one can construct certain classes that
have smaller blocks. For example a model of the form

~ AXY X?) fo(XP)
F= 50 )
will have a corresponding metric with two bottom-right blocks, as considered above:
one of size 2 x 2 and another of size 1 x 1.

We will now present a solution where we set all scalar fields within each bottom-
right block proportional to one another. For concreteness we will suppose that the
bottom-right entries split into just two blocks of size k x k and [ x [ where k > 1 and
Il =mn — k. We now set the scalar fields within each block proportional to one another

Y1 OC . XYk, Ykl O OC Y, (7.91)
which implies that the v4 are proportional to each other within each block
ul oo ul uF s ocu

This means that the Hesse potential splits into two distinct factors

H = —4\/vofi(ul, ... ,ub) fo(ubtl . un).
Let us define the two independent dual scalar fields ¢(;) and g(y) by

ul uk+1

q1) = H q2) = H

Here we have labelled the two independent scalar fields as (1) and q(3). We shall also
fix the ratio between magnetic charges in each block to be

pY.=pl=—p?=. . =Pk, (7.92)

k+1
p@.=pktit = _phk2_ T pn (7.93)




CHAPTER 7. FOUR-DIMENSIONAL BLACK HOLES 123

The equations of motion now reduce to

2 2
go + [quOO] =0, (7.94)
(2 p1)2
G + % ~0, (7.95)
1)
2 _ p(2)2
i + eIk N, (7.96)
92)
PR qzl _ p(1)2 q22 _ p2)2
[qo-zQO}-Hﬁl[().g }‘Hﬁ?'()a w=d, (7.97)
4y 9) 9(2)

where 11 and 9 are constants that depend on the particular choice of proportionality
factors in (7.91), and must satisfy ¢1 + 12 = 0. The second order equations (7.94),
(7.95) and (7.96) can be solved immediately to give

Qo . < ho)
=+—sinh ( Bo7 + Bo— | , 7.98
q0 By 0 Do (7.98)
P A
_ ; (1) (1)
q) = :I:B(l) sinh (B T+ B 0 | (7.99)
P2 h2)
— ; 2) ©)
q(2) :I:B(2) sinh (B T+ B 7@ | - (7.100)

The Einstein equations (7.97) determine c in terms of the integration constants
Qo + 1 PY 449 PP = (2,

The physical scalar fields z# are given by

A= B e Tk (7.101)
4(1) U2 U

2@ = L0kt Uk kg2 Uk o (7.102)
4(2) Uk+2 Un

Let us now lift this solution back up to four dimensions. The KK scalar is given by

MES

b —

L
= MQO(Q(1)) (Q(Q))" )

where g is a constant which depends on the factors in (7.91). The four-dimensional
metric is therefore given by

1

ds? = — dt?

3=

l

1qo(qey) = (q2) ™

Sl=

i ct 9 2 )
+,“‘10(6.1(1)) (Q(z))" dr +#d§2(2) )

sinh? er sinh” et

The area A of the outer horizon located at 7 — +o0 is given by

) k € 02
A= lim ¥qo(q0))" (92)"

T—+00 sinh? cr
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The highest term in the numerator is proportional to exp((Bo + %B(l) + %B@)) 7). In
order to have a non-vanishing area this must match precisely with the highest order
term in the denominator, given by exp(2c7). We therefore have the expression

k

n

l

Bo+ ~BW 4+ —B® — ¢, (7.103)
n

The physical scalar fields are given by (7.101) and (7.102). In order for these physical
scalar fields to be smooth on the horizon it is clear that we need

By = BW = B@)
which combined with (7.103) gives
By =BW =BO® =¢.

In order for e? — 1 at radial infinity we also need

k 1
ho P e PR t
<CQD> ( - sinh CW Tsmh =1.

Collecting everything together we can write the full solution to a metric with two
blocks in the bottom-right as

h(2)

[+

(2)

P @ sinh
c

w
Ho(HW) = (H)

ds? = — dt2 + Ho(HW)n (H@)x g2
4 — i 0 W (2) ’

n

where Ho, HD, H?) and W are given by

_ ho
Ho = @ec% _ % 2eTegh _ @sinh c@ Qe W ;
2c 2c c Qo r
— - r (1) 7
SO RAO) (1) @ (1) 1) M pm
Hl _ 1|P ec% . P —QCT—C% l P sinh Ch _ PWe "pQ
| 2c 2c wl c P r
] _ - K2 7
(2 _a® 2 &) 2 (2) @ P
H2 _ l P ec% . P 6—2(:7'—6;(2) _ l P sinh Ch _ P¥e "p( ’
| 2c 2c wl c P®) r
W = —2cT —1— %
,
The scalar fields are given by
S T [
0 /7W ) (1) /7W ) (2) /7W 3
and the physical scalars by
W _ /Mo (2 _ /Mo
: no oo HE)

Since every model of the form F = f(X!,..., X™)/X? has at least one block in the
bottom-right of the metric, we can give a universal solution for this class of models.
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This solution will be characterised by a single electric and magnetic charge, and one
non-constant scalar field. The full solution is given by

2
dt® + HoH' (dr + r2d9(22)> .

ds? =
84 W

HoH!

where Ho, H! and W are given by

hg
h h *Ca
Ho = gecao — 2Qe_2”_650 _Q sinh <c}é§> _ Qe 7
C C c r
_cht
Hl — Eec% _ 56—267—0% _ Esinh Chil _ Pe ¢P
2c 2c c r )
2c
W = —2cT _ 1 “t
¢ T

The one non-constant physical scalar field is given by z(!) = ;ﬁo



Chapter 8

Conclusion and outlook

In this thesis we developed our understanding of the r-map and c-map from a geomet-
rical point of view, and showed how both maps can be used to generate new stationary
solutions for theories of N' = 2 supergravity coupled to vector multiplets in five and
four dimensions.

For the r-map we found that we could actually consider a more general theory
than 5d, N' = 2 supergravity by relaxing the condition that the target manifold is a
projective special real manifold and only requiring that it is a generalised projective
special real manifold. This was characterised by the fact that the Hesse potential on the
corresponding d-conic Hessian manifold was only required to be a homogeneous function
rather than a homogeneous polynomial of degree three. We then reduced this theory
over a single spacelike or timelike dimension, and showed that for the supergravity
r-map the target manifold geometry is projective special Kéhler or projective special
para-Kahler respectively.

We then investigated how the generalised r-map could be used to find extremal
solutions, and how these solutions could be deformed into new non-extremal solutions.
This deformation was obtained in a systematic way, and at every stage of the analysis
we could switch off the non-extremality parameter and recover the known extremal
solutions. We then investigated various properties of these non-extremal solutions. One
novel feature was that in order to obtain black hole solutions with scalar fields that
take finite values we needed the number of independent integration constants to halve.
This suggests that non-extremal black holes always satisfy first-order equations, similar
to their extremal counterparts. We also saw that both the generalised stabilisation
equations and the black hole attractor equations can be directly generalised to the
non-extremal case. It would be interesting to investigate the physical interpretation of
these equations in the future.

The treatment of the r-map and investigation of black hole solutions lead us natu-
rally to consider a similar approach toward the c-map, which is the more complicated
of the two. In order to make manifest the similarities between the r-map and c-map,
and also as an interesting study in its own right, we presented a new formulation of
projective special Kéhler geometry based on real coordinates. One key feature was
that we worked at the level of the larger conic affine special Kéhler manifold, and con-
sidered horizontal fields that could be projected down to the projective special Kéahler
manifold. A major practical advantage is that full symplectic covariance can be kept
manifest at the level of the Lagrangian.

We then considered the c-map by reducing a theory of 4d, N' = 2 supergravity
coupled to vector multiplets over a single spacelike or timelike dimension. After du-

126
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alising vector fields into scalar fields one is left with a three-dimensional Lagrangian
describing gravity coupled to a non-linear sigma model. We then used the real formu-
lation of projective special Kéahler geometry to formulate this sigma model purely in
terms of real fields, which gave us a new formulation of the c-map. We were easily able
to use this to recover the result of Ferrara and Sabharwal that the target manifold is
quaternion Kéhler when reduction is performed over a spacelike dimension. We went
on to prove the new result that the target manifold is para-quaternion Kéahler when
reduction is performed over a timelike dimension. We also showed that the spacelike
c-map contained an additional integrable complex structure, separate from the known
integrable complex structure and the quaternion structure. The timelike c-map con-
tains two integrable complex structures, where again one integrable complex structure
is distinct from the para-quaternion structure.

As an application of the new formulation of the c-map we investigated new station-
ary solutions for the four-dimensional theory. Since the c-map in real coordinates takes
a very similar form to the r-map we were able to apply many of the same techniques
we had previously developed. We began by discussing rotating solutions, but unfortu-
nately they always contain a naked singularity and therefore cannot be classed as black
holes. These solutions corresponded to identifying totally geodesic and totally isotropic
submanifolds of the para-quaternion Kéahler target manifold, and therefore produce so-
lutions with a flat three-dimensional part of the metric. We leave the investigation of
more complicated rotating solutions to future work.

After discussing rotating solutions we went on to investigate static solutions, for
which the equations of motion simplify considerably, and are extremely similar to the
equations of motion for the five-dimensional theory. We recovered the known extremal
BPS solutions and went on to construct new non-BPS solutions for a large class of
models, which contained, in particular, all models in the image of the r-map. Finally,
we considered non-extremal black hole solutions. For STU-like models we could inte-
grate the second order equations of motion directly and find the most general solution.
As in the five-dimensional case, we found that for these solutions to correspond to
non-extremal black holes in four dimensions with finite scalar fields the number of inte-
gration constants must halve. This suggests that the description of non-extremal black
holes in terms of first order equations is universal and independent of the number of
dimensions. We then went on to provide non-extremal solutions for generic models,
where the number of independent scalar fields is proportional to the number of blocks
in the metric. Since all metrics that we consider have at least two blocks we find a
universal non-extremal solution with one non-constant scalar field.

Let us now discuss some areas that are open to future work. The most obvious
extension of this work is to construct new solitonic supergravity solutions, other than
the new non-extremal solutions that will appear shortly in [61]. We have seen that our
formalism makes extensive use of the Hesse potential explicitly, and one limiting factor
at present is the lack of explicit examples of Hesse potentials. We will come back to this
point shortly. However, even for the STU model there is a realistic possibility of finding
new rotating solutions with non-constant scalar fields, which includes both extremal
non-BPS and non-extremal solutions. Another possibility is to look for solutions for
different theories. For example, the formalism presented here has already been used
to construct new non-BPS and non-extremal black hole solutions for various models in
Fayet-Iliopoulos gauged supergravity [20, 21]. It might also be interesting to look more
closely at how instantons are related to the solutions based in this thesis. By starting
in an Euclidean theory in four dimensions and reducing over space one may be able to
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construct new instantonic solutions of supergravity. The details of this reduction have
already been calculated and will appear shortly [28].

On the geometrical side it would be interesting to investigate further the implica-
tions of the real formulation of special geometry presented in this thesis. One con-
crete goal would be to establish a relationship between the triple derivatives of the
Hesse potential and the Riemannian curvature tensor, in a manner similar to the triple
derivatives of the prepotential [77]. On a related topic, it would also be useful to both
mathematicians and physicists to provide a dictionary between Hesse potentials and
homogeneous spaces in a manner similar to that which exists for homogeneous spaces
and the prepotential [24]. Another open question is whether projective special Kéhler
geometry can be generalised in a similar way to projective special real geometry. This
would in turn open up the possibility of generalising the c-map, which may lead to new
examples of (para-)quaternion Ké&hler manifolds or generalisations thereof.



Appendix A

Non-linear sigma models

A non-linear sigma model is quite simply a Lagrangian of a set of scalar fields ®* that
takes the form

e; ' Lq=Gij(®)0,2' 0" .
The terminology ‘non-linear’ refers to the fact that the couplings G;;(®) need not be
linear in ®, while ‘sigma model’ simply refers to the label of the scalar fields in the first
paper in which such Lagrangians were defined [112]. We can interpret the couplings
Gi;(®) as a metric on some target manifold. Solutions are given by

o0 o0+
oxH Oxv g

AD' 4T, (D) =0,
and are called harmonic maps. Note that here Fijk(fﬁ) are the components of the
Levi-Civita connection on the target manifold.

Harmonic maps also appear in the mathematics literature (see [113] for a useful
review), which we will now briefly discuss. Our aim will be to understand harmonic
maps in a geometrical way through the energy functional and tension field. Consider a
differentiable map ® between two Riemannian manifolds (M, g) and (N, G)

o:(M,9) — (N,G) .
The differential of ® at a point p € M is given by
d®: M — T*M @ ®'TN |

where ® 17N is the pull-back vector bundle over M with fibres Top)N at p € M.
Consider a coordinate patch U C M and V C N with ®(U) C V, with coordinates
(x',...,2™) on U and ®(z) = (y',...,y™) on V. We can then write the differential of
® at the point p € M as

RN 0 \
A%, = o (p)day @ <8yi>¢( | € T(T;M © Tpp)N) -
p

The inner product on T*M ® ®~ TN is defined as
(a®A,B®B) =g '(a,3) G(A,B) , where o, € T*M; A,B e ®'TN ,
and we can then define the energy functional

21, 09 0P

1
e(®)(z) = §!dq’($)| 39" Gijg g
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The energy of the map ® : M — N is then defined as

E(®) = /M dvoly e(®) .

A map is harmonic if it is an extremum of the energy functional. One can then interpret
a harmonic map as follows: The map ® induces a natural vector field 7(®) € I'(®~1TN)
through

N O
7(®) = Tr Vd® = (¢"'V,V, ") oy ° P .
A Y —
(@)

This is called the tension field, and represents the direction in which the energy de-
creases most rapidly. We can write the components 7*(®) as

. Rl X 0P A 0P OoF
7 o _ Myp N e
m(®) =g (8:1:“8:):" F””(x)é?:rﬂ T )8:10“ 336”)
; ; 0% 9dF
— AD +Nij(¢)@ PR

and we can see that the tension field vanishes identically iff the map ® is harmonic.



Appendix B

Hesse potentials

In this section we will present the Hesse potentials for various models. We will not go
through the details of each derivation, as these all appear in existing publications by

the author. As in the main text, we define
$I+iuI::YI, yr + vy := Fr .

The F = —iYY! model [20]:

H= —2(3:%1 + yoy1> .

Yl 3
The F = — ( YO) model [20]:
1
H= *2< — 402 02 — 2yoz"y1z’ + gywlylwl
1/2

4
+ ﬁﬂﬁo(yl)3 - 43/0(551)3)

The F = —2ivVY'Y1Y?2Y3 model [21]:

H = —2< — (yor° — y12' — yor® — y32%)? + dyratyoa®

0.1.2 3)1/2

+ dyratysa® + dyaaysa® + dyoyryoys + 42zt a%x

Yy1ly?2y3
The F = 7T mOdel [19]

H = —2( — (y$)2 + dypxtyoa? + Ay atysa® + dyoatysa®

1/2
+ 42%y1y2y3 — 42/0901562563)

(B.1)

(B.2)

(B.4)

Note that (B.3) and (B.4) are related by a symplectic transformation. Since the Hesse
potential is invariant under an overall U(1) phase transformation of Y/ and Fy, these
Hesse potentials can alternatively be expressed in terms of u!, v; by simply making the

substitutions ! <> u! and Yr <> vr.
Let us now consider models of the form
fYt .o ym

F= o :
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where f is real when evaluated on real fields. Note that since F' is homogeneous
of degree two we must have f homogeneous of degree three. In this case it is not
necessarily possible to calculate the Hesse potential explicitly, but for the submanifold
corresponding to Y purely real and Y4 purely imaginary one can show that the Hesse
potential takes the form [19]

H = —4\/2h(y1,. .., yn) , (B.6)

where h is some specific but undetermined homogeneous function of degree three. The
Hesse potential can be expressed in terms of v/ and v; by

H=—4\/vof(ul,...,un), (B.7)

where f is the same function that appears in the prepotential. Note that the U(1)
symmetry corresponding to the overall phase of Y/ and Fy is explicitly broken by the
requirement that Y° is real and Y4 are imaginary.

An important class of models of the form (B.5) is given by STU-like models, which
are characterised by prepotentials of the form
(Yl...Y")n

F =0

For configurations of such models where Y is purely real and Y4 purely imaginary
we may calculate the function h appearing in (B.6) explicitly, and so we can give the
Hesse potential explicitly in terms of =/, y;:

H = —4y/ =201, ... ) (B.9)

From (B.7) we can write the Hesse potential in terms of u!, v; as

Slw
—~

w

=)
~—

H= —4\/—vo(u1, co,u)
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