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Abstract

This thesis is devoted to the study of the interaction of non-Abelian Yang-Mills fields
with the gravitational field in the context of String Theory and its low energy effective
supergravity description. While this type of interactions has been considered for decades
within several theoretical frameworks, limited progress has been made, especially when
compared to the knowledge we have of the interaction of Abelian fields and gravity. The
main reason for that is the complexity of this sort of systems; the differential equations
that govern the dynamics of both, gravitational and non-Abelian Yang-Mills fields, are
highly non-linear and their resolution represents a formidable problem.

The complexity of these systems, however, can be reduced through the restriction to
supersymmetric solutions. This type of solutions, which include extremal black holes, have
very special properties. Nevertheless, a great deal of information can be acquired from
them. In particular, not only we can learn about the properties of the classical interaction
between the corresponding fields and gravity, but it is also possible to glimpse the quantum
nature of certain gravitational systems. The “three-charge” Abelian black hole constitutes
the most popular example. This system of String Theory can be understood both as
a supersymmetric solution of N/ = 1 five dimensional supergravity and as a quantum
ensamble in which gravity plays no role. One of the greatest achievements of this theory
is precisely the computation of the entropy of this black hole from these two perspectives
with identical result.

The main result of this thesis is the construction of “three-charge” non-Abelian black
holes in supergravity and its interpretation in String Theory. In its turn, this allows for
the microscopic computation of its entropy, which at the same time implies the resolution
of the non-Abelian hair puzzle in this type of black holes.

Another prominent result of this thesis is the development of a solution generating
technique that allows for the construction of many other families of non-Abelian gravi-
tating solutions in supergravity. Their interpretation in terms of fundamental objects of
String Theory has only just started.
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Introduction

1.1 Black Holes

Few concepts attract as much interest as that of a black hole: a region of spacetime
from which not even light can escape. Any process inside the black hole cannot have
any influence on the outer region, while external observers can never find out about these
events unless they choose to fall in. Certainly this idea, together with associated notions
as the event horizon or the always mysterious singularity, is not only inherently beautiful,
but also has been proven to be extraordinarily powerful in the advance of modern physics.

Probably the most important fact about black holes is that, despite their extremely
exotic physical properties, they actually seem to exist in nature. They have not been
observed directly yet, although numerous indirect observations have provided a large body
of evidence'. Among those, the most impressive are the direct detection of gravitational
waves from merging black holes by the LIGO collaboration [1-3], or the motion of almost
100 stars orbiting Sagittarius A*, what is believed to be a supermassive black hole of
4.3 x10% M, located near the center of our galaxy [45,96,101]. Experimental observations
are going to improve both qualitatively and quantitatively in the forthcoming decades.
ESA’s Laser Interferometer Space Antenna, the Event Horizon Telescope or the already
mentioned LIGO collaboration, among others, might be able to perform precision tests to
explore the near-horizon region of black holes.

We are thus witnessing the birth of a new era in gravitational physics in which
theory will confront experiments in an unprecedented scenario. And it is precisely in
that scenario in which novel phenomena might take place. According to the theory of
General Relativity, the event horizon has no local significance. For a big enough black
hole, the Equivalence Principle dictates that an infalling observer would not experience any
particular gravitational effect when crossing its horizon. On the other hand, the absence
of a complete theory of quantum gravity undermines any prediction one could do about
the physics in that regime. To make further progress, we shall be precise about what a
black hole is*3.

!See for instance [161,186] for general references about astrophysical evidences for the existence of black
holes.

2Actually, we can be precise about what we mean by black holes in a particular context. The true
nature of these physical objects remains, of course, far from understood.

3Many of the contents in this section are based on [87,118,152,171,175,212,213].



Chapter 1. Introduction

1.1.1 Definitions

In order to make a rigorous definition of the classical notion of black hole, one must first
elaborate what it means to escape from a region of spacetime. The concept of asymptot-
ically flat manifold introduced by Penrose [176] is useful for that purpose, and requires
prior definitions.

In terms of the conformal structure of spacetime, infinity can be treated as the
ordinary boundary of a finite conformal region. A manifold M with Lorentzian metric g,
i.e. a spacetime (M,g), is asymptotically simple if there exists a new spacetime (M, g)
with boundary M such that

e M can be embedded in M \ M with pullback metric g* = Q%g.
L] Q|M > 0, Q\a/\h =0 and OHQWM # 0.
e All null geodesics in M begin and end at M.

(M, g%) is said to be a conformal compactification of the original spacetime* and
M is called the conformal Penrose space. Minkowski space or generic spaces containing
bound objects that have not collapsed such as planets or stars are asymptotically simple.
Penrose proved that asymptotically simple spaces satisfying Einstein’s vacuum equations
(without cosmological constant) have the global structure of Minkowski and do not allow
for black holes, since those contain null geodesics that do not have endpoints in oM. To
include those into consideration, we need to introduce a more general concept.

A spacetime (M, g) is said to be weakly asymptotically simple if there exists an
asymptotically simple space (M,g) such that for a neighborhood U of M, the space
UNM is isometric to a subset of M. The basic idea is that a weakly asymptotically simple
space can be converted into an asymptotically simple space by “cutting out” some inner
regions and “patching” smoothly the resulting “holes”. A weakly asymptotically simple
space is asymptotically flat if its metric g is a solution of Einstein’s vacuum equations in
the neighborhood U of the boundary. In an asymptotically flat space there is a region in
which, at leading order, Minkowski geometry is recovered.

We can formally define a black hole as the region B of an asymptotically flat space-
time such that

B=M\J (JT), (1.1)

where J~(J*) denotes the chronological past of JT; that is, the set of points in M
traversed by a future directed causal curve connecting it with the subset of the boundary
OM where null geodesics can end, known as the future null infinity J*. In other words,
J~(JT) represents the region of spacetime casually connected to asymptotic infinity. The
boundary of J~(J 1), which of course coincides with that of B, is called event horizon.

Notice that complete knowledge about the history of spacetime is required to de-
termine the location of a putative event horizon, which possesses no intrinsically local
significance. Then, this cumbersome definition is hard to exploit when analyzing general
spacetimes. For most practical purposes, the rigidity theorems developed by Carter and
Hawking [60,118] are of crucial importance. Once again, we need some definitions before.

“Even if the third condition does not apply.
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An asymptotically flat spacetime is stationary if there exists a one parameter group
of isometries with an associated Killing vector field k¢ that in the asymptotic region
becomes a unit timelike vector field>. When there exists a family of spacelike hypersurfaces
orthogonal to the Killing vector field, the spacetime is also static.

The rigidity theorems state that the event horizon of any stationary black hole must
be a Killing horizon, i.e. a null hypersurface whose null generators are given by the orbits
of a Killing vector [%. For static black holes this vector coincides with k% at the event
horizon. On the other hand, if the horizon is rotating, there exists another Killing vector
field m® such that I* = k% + wpm®, where wy is the angular velocity of the horizon.
The domain of outer communication, i.e. the complement region to the black hole (3),
can then be argued to have an axial symmetry generated by m®. Therefore, the rather
abstract original definition is related to a more useful concept in a wide variety of cases of
interest.

1.1.2 Conserved quantities

The concept of energy and its associated law of conservation has played a prominent
role in most physical theories. The modern approach that results from Noether’s (first)
theorem [168] states that the law of conservation of energy is a mathematical consequence
of the fact that the laws of physics do not change with time. In a special relativistic theory
of fields, the associated energy-momentum tensor 7}, satisfies the equation

9,T", =0. (1.2)

This leads to a law of conservation for the quantity £ = fz T,,,m*t”, where t# is the Killing
vector associated to time translations and X is a spacelike surface with unit normal vector
nt.

However it is well-known that in the framework of General Relativity, or other
generally covariant metric-based theories of gravity, there is no appropriate notion of
energy density. Still, there is an energy-momentum tensor characterizing matter and its
local energy density associated by a given observer remains well defined. This can be
easily seen. Notice that general covariance transforms the above equation (1.2) into

vV, T", =0. (1.3)

By virtue of the Equivalence Principle the connection can be made trivial locally, recover-
ing the special relativistic expression and its associated conservation law. But (1.3) does
not in general lead to a global conservation law. This should not be surprising. One would
expect the appearance of some “gravitational energy” contribution to the total energy, but
T}, contains information only about the matter content. Precisely, this is the physical
reason why we can only define an energy density in a preferred system of coordinates that
makes the “gravitational field” disappear locally. The situation gets even more puzzling
when we take into consideration that there is no meaningful notion of gravitational energy
density. Indeed, the gravitational energy-momentum tensor that can be constructed using
Noether’s theorem is not unique [171]. We could try to gain some insight by comparison

5The Killing vector field cannot be assumed to be timelike everywhere, however, since this would forbid
the existence of ergoregions.
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with Newton’s theory, where gravitational energy density is related to the gradient of the
potential. However, that would imply the construction of the candidate tensor using just
the metric and their first derivatives, which cannot be done unless a privileged coordinate
system is defined®.

The absence of a fully general-covariant gravitational energy-momentum tensor
seems to unavoidably imply that gravitational energy cannot be localized; only the to-
tal energy of spacetime can be well defined. Although there is not a unique manner to
characterize global conserved quantities in general, in the case of asymptotically flat space-
times the different approaches produce the same result [7]. Probably the most popular
constructions are the Arnowitt-Deser-Misner (ADM) mass [6] and the Komar mass [141],
which is defined for stationary configurations. The Komar mass formula can be deduced
from physical principles, [212], although a more straightforward derivation is obtained by
considering the asymptotic expansion of the gravitational field around a background met-
ric, followed by the construction of the Noether current associated with the background
timelike Killing vector. This results in the expression [164]

1 d-2

M = -
167rG§\Cfl) d—3

/ d*=%y,, VIEY (1.4)
ox

being k* the timelike Killing vector and X a spacelike hypersurface extending to infinity.
We can immediately apply this formula to the simple case of Schwarzschild-Tangerlini
solution,

2 _ w 2 w Lo 2 102
to obtain
d—2)wig_ 2 =
M= ()((j)”w, with wig_g) = ——— . (1.6)
167Gy L (5)

This expression provides a simple way of obtaining the mass of any asymptoti-
cally flat spacetime that we will use through the text. Indeed, we can just preform the
asymptotic expansion of the corresponding metric and identify the coefficient w from the
gy metric component, with the understanding that ¢t and r are respectively a coordinate
adapted to the timelike Killing vector and a coordinate with constant value at the horizon.

A similar discussion with analogous conclusion can be raised about the definition of
angular momentum; a value can be assigned only for the global angular momentum. We
will skip a deep analysis and directly give a practical computational method. When more
than four dimensions are considered there is the possibility of rotation in several indepen-
dent planes. This can be seen from the fact that the Cartan subgroup of SO(d — 1) is

U(1) L34, This basically means that, among all possible spatial rotations in d-dimensional
Minkowski space, there are L%J which commute and are, therefore, independent. The
different angular momenta are the Noether charges associated with these Killing vectors
of Minkowski space, considered as the background metric in the weak field asymptotic

expansion, g, = N + Ay

S Another possibility is to consider the decomposition of the metric into a background and a dynamical
part, as it is done in the linearized approach.
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In order to find their values, it is convenient to use a coordinate system in which
these independent rotations take place in manifestly independent planes. The background
metric can be written as

1451
ds? = dt> —dr? =12 S (dp? + p2dg?) + d226¢ ™12 (1.7)

~
—

where the last term is only present when d is even and pu; are the “direction cosines”,
satisfying Y, u? + sgmod 2,2 /r2 — 1. Euclidean coordinates on the independent rotation
planes are recovered with the identification (z;,y;) = (rp; cos ¢i, ru; sin ¢;). The associated
angular momenta are’ [164]

r(d_g)

s
Ji = — lim =20t

(1.8)
7—00 SWG%)M?

1.1.3 Laws of classical black hole mechanics

We discussed above that the event horizon of stationary black holes is a Killing horizon,
whose normal Killing vector we denote as k. Along the horizon we have g, k*k" = 0, so
it is clear that the vector® V# (k’k, ), if it does not vanish, must be normal to the Killing
horizon. In turns this means that it is proportional to k*,

V(K k) | = —2KKH |3 . (1.9)

The scalar x is known as surface gravity, because it corresponds to the asymptotic force
per unit mass that would have to be exerted to hold a point like particle at the horizon.
When & # 0 the Killing horizon is bifurcate and, when xk = 0, it is a degenerate Killing
horizon.

The zeroth law of black hole mechanics states that the surface gravity is constant
over the horizon [10]. This observation constitutes a first analogy between a black hole
and a thermodynamical system in equilibrium, which has the same temperature at any
point. But, in fact, the temperature of a classical black hole is absolute zero. It cannot
be in equilibrium with a thermal bath, as it absorbs radiation but does not emit any. So
at this stage this analogy could be seen as a mere coincidence. However, the scenario gets
more confusing as one goes deeper.

The first law of black hole mechanics provides a relation between the changes in the
mass, area, angular momenta and other conserved charges,

SM = %5Aﬂ+whaj+... (1.10)
8GN

Additional terms containing information about the matter content may be included. For

example if the black hole is electrically charged the term (¢"§Q) must be included, ¢"

"Notice that for this expression to be well defined hts, can be at most of order r~(4=3),

8Tt is evident that in this expression the covariant derivative can be replaced by a simple partial
derivative, we just use this notation to emphasize that the combination is a tensor.
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being the value of the electrostatic potential at the horizon and @ the electric charge’.
The validity of this law depends only on general properties of diffeomorphism invariant
theories [130].

The second law of black hole mechanics indicates that the area of the event horizon
of a black hole spacetime does not decrease with time

§Ay > 0. (1.11)

Although this fact might seem obvious from the definition of classical black holes, the
rigorous proof is subtle [115]. This relation can actually be applied to non-stationary
solutions, such as those describing the merging of black holes, in which case the horizon
can only be defined by means of the rather abstract expression (1.1).

Inspired by these ideas a third law of black hole mechanics was conjectured, indicat-
ing that it should be impossible to reduce the surface gravity of a black hole to zero value
by a finite sequence of operations, no matter how idealized [10].

These relations suggest that there are two quantities in black holes, the surface
gravity and the horizon area, that behave like the temperature and entropy of the system
in some aspects. Still, the identifications k ~ T and Ay ~ S result rather odd: in
thermodynamical systems, having finite temperature means radiating energy while entropy
usually scales with the volume, not the area. In a parallel line of research, few months
before the laws of classical black holes were stated, Bekenstein suggested that in order to
prevent a violation of the second law of thermodynamics, black holes should have a well-
defined entropy proportional to the event horizon area [16]. He provided an extraordinarily
simple and beautiful argument based on the area increase of a black hole’s horizon as it
captures a beam of thermal radiation, noticing that it is of the order of the value of the
entropy of the beam. Bekenstein’s arguments supported the identification Ay ~ S as a
consequence of the second law of thermodynamics, which in turn implies that x ~ T via
the first law of thermodynamics and (1.10). But, how can a black hole have non vanishing
temperature? And what are the microscopic degrees of freedom responsible of having a
non vanishing entropy?

1.1.4 Hawking radiation and the Information Paradox

In 1974 Hawking published a stunning result: black holes radiate as perfect black bodies
with temperature

hk

= (1.12)

The result was found performing a semiclassical analysis with quantum fields propagating
in a fixed background geometry describing the gravitational collapse of a black hole [116,
117]. The presence of an event horizon produces the Hawking radiation, although the
backreaction of the radiation on the geometry was not considered. The original derivation
considered that the quantum field is in its vacuum state before the collapse and computed
the particle content of the field at infinity at late times. The result has been generalized to
include arbitrary regular initial states of the quantum field and it has been checked that

9Also it has been shown that dipole terms make appearance in higher dimensional theories [67,80], with
the Chern-Simons terms in the action playing a crucial role.

6



Chapter 1. Introduction

the density matrix describing asymptotic radiation completely agrees with black body
emission [211].

It has been proposed that the physical process giving raise to Hawking radiation is
the creation of Schwinger pairs in strong background fields [87,190], rather than quantum
tunneling across the horizon. Schwinger carried out his original work for electric fields and
observed that the background field can give energy to a virtual pair of particles, separating
them. This effect causes the spontaneous discharge of charged bodies in vacuum and,
interestingly, it was signaled as responsible of the discharge of Reissner-Nordstrom black
holes before Hawking’s discovery [150]. In the case of the gravitational field, all kinds of
particles are produced as a consequence of the universal coupling of gravity to all forms
of energy.

The discovery of Hawking radiation removed the last theoretical obstruction to a
complete identification of black holes as thermodynamical systems. At the same time it
made precise the identification of entropy and area,

A
S = ’“Ed) .
4hG\¢

As black holes radiate, they lose mass and their entropy decreases. This indicates that the
second law of black hole mechanics is purely classical and does not hold when quantum
effects are taken into account. However it can be proven that the total entropy, corre-
sponding to the black hole and the outgoing radiation, never decreases, giving rise to the
concept of generalized second law of thermodynamics [17].

(1.13)

These results seem to indicate that stationary black holes are thermal states of the
quantum gravitational field and the laws of classical black hole mechanics are simply the
result of the application of the ordinary laws of thermodynamics to this type of systems.
There are still, however, two unresolved key issues in the area of black hole thermodynam-
ics that lie at the very heart of quantum gravitational physics and should be explained by
any candidate theory of quantum gravity:

e The black hole information paradox. The Schwinger pairs that appear at the
vicinity of the horizon are entangled. This means that as the evaporation process
goes on, the outgoing radiation is entangled with the interior of the black hole. In
a simple approximation in which the particles created have two possible states the
magnitude of this effect can be quantified to yield an entanglement entropy of the
order

Sentanglement ~NIn2, (1]-4)

Where N is the number of pairs that have been created. When the black hole
evaporates completely the final state has a huge associated entanglement entropy,
but there is nothing left for these particles to be entangled with. This means that
it is not possible to describe the final system as a product state; a density matrix
must be used instead. Now one can consider the complete evolution history of a
mass distribution which initially is in a pure (product) state, collapses into a black
hole and completely evaporates, resulting in a mixed state. This sort of evolution
cannot be described by the action of a unitary operator on a Hilbert space. That is
the basis of the famous problem known as the black hole information paradox, since
it seems that the information about the original state has been lost. There are three
different approaches to attack this problem:

7
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1. In the first approach it is postulated that a complete theory of quantum grav-
ity must preserve unitarity. In this scenario the information paradox is just
an illusion caused by the fact that black hole evaporation is a process that the
semiclassical analysis captures only rudimentarily. In the full quantum compu-
tation of the gravitational collapse and the subsequent evaporation, Hawking
radiation would carry the information about the original state. The absorp-
tion and radiation of matter and energy by a black hole is not different to any
standard scattering experiment. Nowadays, this is the most popular manner to
approach the paradox.

2. The second possibility is to consider that, in contrast to other physical phe-
nomena, the theory of quantum gravity is non-unitary. The information of
the original state that produced the black hole is simply lost, since Hawking
radiation carries no information as the black hole evaporates until completely
disappearing.

3. The third option suggests that the evaporation process stops at some point
leaving a remnant with which the outgoing radiation is entangled. Hawking’s
computation requires that the region surrounding the event horizon has low
curvature (in Planck’s units), so the possible effects of quantum gravity can
be neglected. It is clear that this condition will eventually be violated as the
black hole becomes smaller and one can speculate with the possibility that
quantum gravity effects prevent black holes from disappearing. Notice that such
a remnant can be entangled with the outgoing radiation with Sentanglement ~
N 1n2 only if the number of possible states of the object is at least of order
N. Thus it seems that such remnants would have unbounded degeneracy even
though their mass and size is, by definition, bounded by the scale at which
quantum gravity effects become relevant. While this does not constitute a
violation of quantum mechanics per se, still differs from usual expectations of
any physical system.

It is important to emphasize that, contrary to a quite extended belief, Hawking’s
paradox is a deep problem and the evaporation process cannot describe unitary
evolution by the inclusion of subleading corrections. Actually Mathur has recently
shown that this would be possible only when the evolution process is altered by order
one corrections, see [152]. That is suggesting a striking result: a unitary quantum
theory of gravity might modify physical processes drastically at the event horizon
scale.

e Microscopic origin of entropy. Birkhoff’s theorem [39] established that the
only stationary, spherically symmetric solution of Einsteins vacuum equation R, =
0 is Schwarzschild’s. Another solution of these equations is the Kerr black hole,
which preserves axial symmetry and is characterized by its mass M and its angular
momentum J. Also when other fields are coupled to gravity it is natural that the
associated conserved charges'’, collectively denoted as @, label stationary solutions,
as is the case of Reissner-Nordstrom.

Beyond that, there must necessarily be other black hole solutions describing non-
stationary systems, which include the gravitational collapse of stars or the evolution

10Gcalar fields do not have a conserved charge, while Abelian vector fields conserve their monopole
momentum.
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of perturbations on any of the stationary solutions already mentioned. Since there
are many states in which a star can be or the variety of conceivable perturbations
is huge, one might hope that these give rise to many different black holes labeled
by the same conserved charges. On the contrary, the analysis of perturbations of
gravitational collapse in General Relativity shows that, independently of the initial
state and the peculiarities of the perturbations, these always decay and the final con-
figuration is fully described by the conserved quantities M, J and Q. All the higher
multipole momenta of the gravitational and matter fields are radiated away. More
generally, it has been shown that this conclusion is valid beyond the perturbative
regime. These results are known as uniqueness theorems [18,59,128,129], giving rise
to the no-hair conjecture that states that stationary black holes cannot have other
characteristics different from M, J and Q.

In standard statistical thermodynamics the entropy is related to the number of
microscopic states, or microstates, of a system in equilibrium described by a reduced
set of macroscopic variables. In black hole physics, those variables are the global
conserved quantities M, J and @, and one should be able to construct a huge number
of microstates reflecting the degeneracy of such system. However, the uniqueness
theorems prevent that construction within the framework of General Relativity and,
probably, within more general classical field theories of gravity. We can get an idea
of the magnitude of that problem considering that the number of microstates of a
standard astrophysical black hole is of the order of 101080, while we only are capable
of constructing one classical solution describing this system. This is the essence of
the black hole entropy problem, that constitutes, by far, the largest computational
discrepancy in the history of theoretical physics. The solution of this tremendous
problem needs the use of quantum gravity tools.

1.2 Supergravity and String Theory

The previous section closed with an exposition of the information and entropy problems
that appear when one tries to do quantum mechanics in classical black hole backgrounds.
String Theory is, probably, the only consistent theory of quantum gravity that can be
used to face these problems at present. Actually, one of its major successes has been the
microscopic computation of the entropy of certain families of simple black holes. In this
thesis we perform this identification for a special solution containing non-Abelian fields.
On the other hand, the details associated to the information paradox remain unclear.
Several proposals have been made and we will make some comments about this topic in
Chapter 6 in the context of the Fuzzball proposal.

The aim of this section is to describe the theories of supergravity that we will study
in forthcoming chapters and to characterize their supersymmetric solutions. These are
N =1, d = 5 Super-Einstein-Yang-Mills (SEYM) theories and, in Chapter 2, their lower
dimensional counterpart N' = 2, d = 4 SEYM. Some theories of supergravity describe
low energy limits of String Theory. One of the main results of this thesis is precisely
the explicit identification of some SEYM theories as such: they can be obtained from the

9
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compactification of N' = 1, d = 10 heterotic supergravity on 7°, the low energy limit of
Heterotic String Theory, see Chapters 7 and 8.

We follow a top-bottom approach, starting with an extremely brief description of the
highlights of String Theory and following with a general characterization of its low energy
supergravity approximation. Afterwards, we introduce Kaluza-Klein compactification as
a technical tool which will be used through the text. The lower dimensional theories of
supergravity obtained from this dimensional reduction are then presented and we then
show how SEYM theories are constructed as gauged supergravities. We continue with
an overview description of the method that we use to obtain supersymmetric solutions of
general theories. We finish this introductory chapter with a discussion about black holes
in String Theory.

1.2.1 Perturbative String theory

String theory is a presumably consistent theory of quantum gravity that still lacks a fully
satisfactory formulation. The standard approach to define it has a perturbative nature and
is based on the quantization of the dynamics of a relativistic string propagating in a given
background. This worldsheet formulation turns out to be very powerful, since it allows
not only for the calculation of the perturbative spectrum but also for the description
of some of the non-perturbative states: the D-branes. However, the extended objects
that appear in String Theory, which are generally called p-branes being p its spacelike
dimensionality, are related among each other by dualities so it would be desirable to have
a formulation of the theory in which all the fundamental objects are treated in the same
way. Unfortunately, we only know how to quantize particles and strings and so far we have
had to content ourselves with a worldsheet formulation that, nevertheless, has been proven
to be extraordinarily effective, specially when complemented with the insights that the low
energy effective actions of supergravity provide. For instance, much of the information we
have learned about non-perturbative objects has been acquired in this manner.

A free (super)string propagating in Minkowski space is described by the Ramond-
Neveu-Schwarz action [166, 185]

SrNs = —

- /E &€ [0 9, X109, X, — i Py (1.15)

that has to be supplemented with the equations of motion of the worldsheet metric ~
and the gravitino ¢ fields, that have been previously eliminated from the action using
symmetries [106,178]. The boundary term that results from the variation of the above
action for open strings is not trivial. In order to eliminate it, boundary conditions must
be imposed. For the bosonic fields X* there are two possibilities:

e Neumann boundary conditions, that preserve Poincaré invariance in the target target
space. They impose that no momentum flow beyond the end of the strings,

n'0; X |ox =0, (1.16)
where n’ is a unit vector normal to the boundary of the worldsheet 0.

e Dirichlet boundary conditions. These break Poincaré invariance by requiring that
the endpoint of the string has a fixed position in some directions. They imply

10
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momentum is flowing through the endpoints.
tiaiX”aZ =0, — XM|3E =c". (1.17)

being ' a unit tangential vector to the boundary. These conditions explicitly break
translation invariance and only allow the string’s endpoints to move on (p + 1)—
dimensional timelike hypersurfaces. These hypersurfaces correspond to the world-
volume swept by D-branes. This is precisely the way in which Dp-branes, non-
perturbative fundamental objects, are captured by the perturbative formulation.

Boundary conditions have to be imposed on the fermionic fields ¥* as well. In
this case the left- and right-moving components ¢ must be identified at the endpoints
&' =0, 2nl. Once again, there are two possibilities

e Ramond (R) boundary conditions,

PR =0) = (el =0), (e =2ml) = (! = 2nl). (1.18)
e Neveu-Schwarz (NS) boundary conditions,

PR(E =0) =t =0), Y =2rl) = —" (e = 2n1). (1.19)

For closed superstrings there is no boundary but we can choose between four different
possibilities (two for left- and two for right-moving componentes) for the periodicity of the
fermions,

e Ramond (R) periodic conditions,

Yh(E = 0) = yh (¢ = 2m1). (1.20)
e Neveu-Schwarz (NS) antiperiodic conditions,

YEE = 0) = gl (! =2nl). (1.21)

The quantization of the superstring action proceeds in the canonical manner, solving
the equations of motion taking into consideration the boundary and periodicity conditions
(if applicable) and promoting Poisson brackets to commutators and superspace variables to
operators. See [14,178] for detailed and careful expositions. Notice that imposing different
boundary and periodicity conditions we are actually realizing the quantization on different
backgrounds with distinct degrees of freedom. This is why, in the perturbative analysis,
one distinguishes between different String Theories. However these, in principle, different
theories have been found to be connected through the action of non-trivial relations known
as dualities, reflecting the extraordinary beauty and depth of String Theory. We will make
some comments about dualities in the next subsection.

Superstring Theories can only be quantized preserving Poincaré invariance in d = 10
dimensions. Self consistency and absence of tachyons and negative norme states is only
possible for very precise combinations of periodicity and boundary conditions through
the GSO projection. As a result, 5 different theories are usually distinguished: type I,
type IIA, type IIB, heterotic SO(32) and heterotic Eg x Es. Type I and the heterotics

11
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have A/ = 1 spacetime supersymmetry while type II have A/ = 2, which means they are
invariant under 16 and 32 independent supersymmetry transformations respectively. The
type ITA has non-chiral fermions, while the type IIB is chiral. The gauge groups SO(32)
and Eg x Eg in the two heterotic theories correspond to the anomaly-free gauge groups that
arise from the compactification of 16 extra spacetime dimensions that are only accessible
to bosonic string excitations.

Before moving to the next subsection, let us include a brief comment about the na-
ture of strings interactions. Strings can basically split and join. To compute an amplitude
one has to evaluate the path integral summing over all possible classical paths,

Z = / DXDyYDyDpe RN —5E (1.22)

where, besides the Ramond-Neveu-Schwarz action, the following topological term that
does not modify the classical equations of motion is included

se=-52 [ dev/hiRe). (123

This term is simply the vacuum expectation value of the dilaton, a massless state present
in all consistent String Theories, times the Euler characteristic of the worldsheet''. Then,
the path integral can be decomposed into a sum of path integrals over worldsheets ¥; with
different topologies t,

—x(t) _
z=% (e%) - DXDyDyDe SEns=e (1.24)
t

This expression can be understood as a perturbative series expansion in the string cou-
pling constant g, = e?. Each possible worldsheet topology enters in the expansion at
order —x(t) in the coupling constant. For a fixed topology, the reduced path integral
receives larger contributions from lower energy excitation states, and one can think of it
as another perturbative expansion with parameter . It can be described as an expansion
in “stringiness” about the point-particle limit [14]. Therefore perturbative String Theory
can be understood as a simultaneous double expansion in two different parameters.

1.2.2 Low energy effective actions and dualities

For each String Theory we can construct an effective field theory action'? capturing its
low-energy dynamics. This is done by taking the o/ — 0 limit, which in practice means
we are neglecting the string length to recover a field theory. Since the mass of the string
modes is proportional to 1/ Vo, only the massless modes of each theory are relevant in
this limit. The proper way to find this field theory involves the construction of the action
that reproduces the string amplitudes for the massless modes in the o/ — 0 limit. In
principle the effective action is given by an expansion in o/, but only the terms of lowest
order are usually considered.

"This is given by x = 2 — 29 — b — ¢, where g is the genus, b is the number of boundaries and c is the
number of crosscaps (which is zero for oriented surfaces).

12 Actually for type IIB the best we can do is to construct an effective pseudoaction that must be
complemented with a self-duality restriction for the 5-form field strength.
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Surprisingly, the low energy effective actions constructed in this manner can be ob-
tained straightforward using supersymmetry arguments'. Actually, the fields associated
to the massless modes of the type II theories correspond to the only two supergravity
multiplets (chiral and non-chiral) of N' = 2 in ten dimensions. On the other hand, there is
only one possible supergravity multiplet with A” = 1, which gives the effective action of the
heterotic and type I theories when it is coupled to vector multiplets with the appropriate
gauge group. We should point out that these theories of supergravity were found before
the advent of String Theory.

Theory NSNS RR Vectors | Chiral fermions | Non-chiral fermions
Type I Grrs & s AT Vs A

Type ITA Guv, B;Lw ¢ Ola Cs . ] 1/}”, A

Type IIB | guv, Buv, ¢ | Co, Co, Cy L, Al

Heterotic | guu, Buv, ¢ Aﬁ Yy, A

Table 1.1: Fields associated to the massless modes of the String Theories

The fields of the effective theories are given in table 1.1. We will not pay much
attention to the fermionic fields, and, from now on, we will only describe the bosonic
content and set to zero all fermions for simplicity. This is always a consistent truncation
in theories of supergravity'#. The NSNS fields include the metric 9uv, the dilaton ¢ and
the Kalb-Ramond 2-form B,,,, except for the type I in which the latter is absent (although
there is a 2-form in the RR sector that plays a similar role in the action). These fields are
sometimes called the common sector, as they occur in all theories. They appear in the
action as follows'®

2
Ses 975) /dlox ‘g|€—2¢ [R _ 48u¢8ﬂ¢ + 5 1

- ——H,,, H""| (1.25)
167G " e

3!

where H = dB. This expression for the field strength gets modified in heterotic theories
when Yang-Mills fields are included, as we will shortly see. The action has been presented
in the string frame, which refers to the fact that the Ricci scalar appears multiplied by
the exponential of the dilaton. This factor can be understood as being associated to
the genus-0 term in the quantum expansion of the string’s worldsheet. An appropriate
conformal transformation, g,, = et 9Euw, can eliminate this factor and take us to the
Einstein frame. We also define a modified Finstein frame, which is obtained with the
conformal transformation g,, = e¢;¢0 JEuw, and guarantees the transformed metric is
asymptotically flat if the original string metric is.

The most remarkable fact about the action (1.25) is that String Theories contains
General Relativity in their low energy limit. Their consistent quantization not only re-
quires the existence of gravity, but also indicates that it is described by Einstein’s theory
at low energies.

Let us present the remaining terms that complement the above action. For type II
theories we have to include the RR sector. In the type ITA theory the additional fields

13Perhaps not so surprisingly, as supersymmetry imposes strong constraints in the possible theories that
can be constructed.

1We refer to [14,171] for information about the fermions in these theories.

151n type I supergravity the coupling between fields is different, see (1.28).
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enter as

1
2-4!

1 1

(G2)* - -
144 \/|g|

(Ga)®

2
1
SIIA:gS(IO)/deJ |g| _Z 66C3803B s (1.26)
167Gy

with Go = dC1, G4 = dC3— HAC7 and H = dB. We have omitted antisymmetrized con-
tracted indices for notational simplicity. The type IIB supergravity pseudoaction includes
the terms

1 2 1 2 2 1 1

1
4.-5!

92 10
5113275/61 z+/|g]
167G \"

and is supplemented with the selfduality condition *G5 = G5, with the field strengths
defined as G1 = dCy, Gz = dCy — CyH and G5 = dCy — %Cg NH + %B A dCs.

We write the complete bosonic action of the heterotic supergravities, since they play
a prominent role in this thesis,

2
_ 9s 10 —2¢ o o 1 prvp Il I pv
Sy, = 7167%;’(10) /d x\/|gle [R 40,90" ¢ + 331 B!H/pr o F F
N

(1.28)
The field strengths are given by F! = dA + %fl JkATNAK and H = dB+20/wes, where
wcg is the Chern-Simons 3-form defined as wog = FI A A — %fUKAI N A7 N AK. The
gauge group of the vector multiplets can be SO(32) or Eg x Eg, with structure constants
generically written as fr; %.

The last effective action is that of type I, which is

2 1
Sp=—% / d"z+/g] {e—2¢ [R — 40,00 ¢] + ~— (G3)? — o/e P F' WFIW} :
16760 2.3l
N

(1.29)
Type I supergravity has the same field content as the heterotic, although there are differ-
ences in the way the dilaton couples to the field strengths. This reflects that those effective
terms arise from worldsheets with different topologies in each theory.

As we have already mentioned, the distinct perturbative String Theories are believed
to correspond to different limits of a single underlying theory. Such great expectations
are supported by the dualities that relate them, like type ITA/IIB T-duality, type IIB
S-duality, heterotic/type I duality or the 11-dimensional strong-coupling limit of type IIA,
among others. Only the first of these was known from the worldsheet description because
T-duality is the only one that has a perturbative nature. The rest of them were conjectured
after some specific relations between the effective supergravity actions were observed. Let
us briefly describe these dualities.

We can start with the observation that N' = 1, 11-dimensional supergravity [68],
whose interpretation in the context of String Theory remained unclear for decades, gives
type ITA supergravity when compactified on a circle [37]. The technical details about the
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compactification of field theories of gravity on a circle are compiled in next section. The
most relevant factor for our discussion is that the lower dimensional dilaton emerges as
the Kaluza-Klein scalar of the compactification, which measures the size of the compact
dimension. Since in perturbative String Theory the dilaton gives the string coupling
constant, one can suggest that the strong coupling limit of type IIA theory is an 11-
dimensional theory. It turned out that this vague idea was extraordinarily deep, as one
could also argue about the higher dimensional origin of fundamental objects of type ITA [4].
The existence of M theory has been conjectured [216]. It is not a String Theory and its
low energy limit is given by 11-dimensional supergravity, but its complete formulation is
still missing.

T-duality is associated to compactifications of apparently different theories on circles
of different radii. The best known example relates type IIA and type IIB compactified
on a circle of different radii R4 = [2/Rp. The spectra of the two reductions describes
the same fields and interactions, although the higher dimensional origin of those naturally
differs for each of the possible oxidations. One can then introduce a set of relations known
as Buscher rules that transform directly then 10-dimensional fields of type ITA and IIB
supergravities compactified on a circle. Another example of T-duality is found between
the two heterotic strings, SO(32) and Eg x Eg compactified on circles of dual radii. It is
clear that further compactification enlarges the number of possible dualities. In the first
place because there are more directions in which one can perform T-dualities. But new
dualities also emerge because the lower dimensional fields can be Hodge-dualized and this
can increase the number of fields that can be rotated into each other.

S-duality is a strong-weak coupling duality and it is necessarily non-perturbative
in String Theory. The above presented relation between M theory and type ITA is an
example of this class of dualities. Another interesting and illustrative case is provided
by type IIB selfduality. The (pseudo-)action of type IIB supergravity has been presented
here in a frame that is well suited to study T-duality to type IIA but obscures the ex-
istence of a symmetry under SL(2,R) transformations acting on some combinations of
the fields. In particular, one can define a complex scalar that parametrizes the coset
space SL(2,R)/SO(2) using the dilaton ¢ and the RR scalar Cjy. Some of the SL(2,R)
transformations involve an inversion of the dilaton, so they involve a weak/strong cou-
pling transformation. In type IIB theory, S-duality' implies the existence of D-branes as
fundamental objects dual to previously known perturbative string states. This conclusion
can be extended to type IIA using T-duality arguments. Therefore, consistency requires
that open strings should also be considered in type II theories. Actually, we will show
in section 1.2.7 how the entropy of a very special black hole can be reinterpreted in type
IIB theory by counting how many open strings can be attached between two stacks of
D-branes.

Before finishing this section we would like to include a comment about heterotic/type I
duality. Type I supergravity is obtained as a consistent truncation of type IIB that re-
duces the supersymmetry. In string language this is achieved by introducing an O9-plane,
and consistency requires 16 D9-branes are also included. The S dual of this construction
is the heterotic SO(32) superstring, that is, therefore, interpreted as the S-dual of the
type I theory. At the level of the effective supergravity actions, this duality involves the
transformations

%Tn this case the group is broken to SIL(2,Z) due to charge quantization.
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— (b — _ Phoo
9gruv = € (@n ¢h00)gh;u/7 ¢I = _¢ha CQ =€ Phoo ) Ai‘u =€ 2 Aé,u : (130)
We will make use of these relations in Chapter 8 to interpret non-Abelian black holes

in terms of collections of intersecting D-branes.

1.2.3 Kaluza-Klein compactification (a la Scherk-Schwarz)

The effective field theories described in the previous section are defined in higher dimen-
sional spacetimes. If they are to be considered candidates to describe real world phenom-
ena, it is necessary to make contact with the 4-dimensional spacetime experience. We now
describe the Scherk-Schwarz formalism that provides a systematic procedure to perform a
dimensional reduction at the action level [189]. It can be seen as a refinement of the orig-
inal Kaluza-Klein compactification that makes use of the Vielbein formalism'”. We only
consider here compactification on a circle or products of circles. Other internal spaces such
as Calabi-Yau manifolds (and other general manifolds with exceptional holonomy) have
been extensively used in the literature, as they are specially attractive for phenomenolog-
ical purposes. Since we are more interested in studying geometrical properties of bosonic
configurations, we prefer to consider toroidal compactifications because in that case it
is possible to use an explicit form for the metric and other fields in the decomposition.
Notably this simple dimensional reduction is very interesting and powerful, as toroidal
compactifications of the heterotic string are claimed to be dual to type IIA on K3 [126].

We shall ignore all dynamics in the internal space. In field theory, this implies that
the higher dimensional fields are decomposed in a Fourier expansion and we only consider
the zero mode in the compactified theory. In some particular configurations this truncation
to the zero mode modifies important properties of the initial solution. One interesting
example is found in the compactification of the BPST instanton on R3 x S', known as
the caloron solution [110]. The field configuration depends on the compact coordinate
and its dimensional reduction involves a zero mode truncation, a modification that does
not preserve the original equations of motion. Remarkably it is possible to dimensionally
reduce the original, non-truncated BPST instanton on R* exploiting spherical symmetry
to obtain a colored monopole in R3, as we show in Chapter 3. This relation plays a crucial
role in our construction of solutions with non-Abelian fields.

The Scherk-Schwarz formalism starts with a convenient choice of Vielbein basis ex-
ploiting the fact that d-dimensional Lorentz invariance is broken to d = (d—1)-dimensional
Lorentz invariance times an internal U(1) isometry'®. We choose an upper-triangular Viel-
bein basis of the form

(ea®) = ( e’(‘)a kkv“ ) , (éa") = ( e%M ;Y{’ ) : (1.31)

with V, = e,#V,,. As we are about to see, in d dimensions V,, and k become dynamical

YTn particular this means that the Scherk-Schwarz formalism for Kaluza-Klein compactification can be
applied to fermions in curved spacetimes.

18n this section all d-dimensional objects carry a hat, whereas d = (d —1)-dimensional ones do not. The
d-dimensional indices split as follows: /i = (,2) (curved) and @ = (a,z) (tangent-space indices). We take
the periodicity of z to be 27l.
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fields that transform as a vector and a scalar respectively. It is straightforward to compute
the anholonomy coefficients €1,; © associated to this frame using their definition,

[éd, éi)] = _2Qdi) éé@, — Q ¢ = éd ﬂéi) ﬁé)mé ¢ . (1.32)

The non-vanishing components are

A 1 A 1
Qabc - Qabc: Qabz - _§kGab7 Qazz - _Qzaz — _iaalnka (133)
Here G is the field strength of the Kaluza-Klein vector V, with tangent space indices.
The non-vanishing components of the spin connection, @.; ¢ = (¢4 — Q.; ¢ — Q° ; )are,
then

. . 1 ) 1 )
Wabe = Wabc » Wabz = ikGaln Wzbe = _§kGaba Wzbz = _ablnk . (134)

We now recall the Palatini’s identity, which allows us to remove the derivatives of
the spin connection in the Einstein-Hilbert action,

/ddac\/\g|KR:/dd:U 9| K [—wp Pwe € 4 — wa "wpe @ 4 2wy, ¥ (8InK)] . (1.35)

We can use this identity forward and backwards after substituting the spin connection, to
obtain the dimensional reduction of the Einstein-Hilbert action

1 ; N 2 1
s /ddg:«\/|g| _ ﬂ/ddx\/|g|k[R—4k:2G2]. (1.36)

167G 167G

We can make explicit the dynamical nature of the Kaluza-Klein scalar with a conformal
2
transformation to the modified Einstein frame, g,, = (k/koo)™ 2 GEuw, tO get!?

_2

2mlkoo - -1 koom™?  gd-1
§ = /ddx 9 | Be + j— @lnk)? - P2 pma?| (1.37)
167GY -2 4

In the modified Einstein frame the dimensionally reduced space is asymptotically flat and
therefore this is the appropriate frame to define the global conserved charges. From the
prefactor that appears in the reduced action we conclude that Newton’s gravitational
constant in d dimensions is given by G%) = G%)/ R,, where R, = lko, is the asymptotic
radius of the compact direction.

We have exposed here in great detail how to dimensionally reduce the metric. We
will be more succinct with the rest of fields of interest in this thesis, which are scalars

191f the reader feels uncomfortable with the presence of the factor ks in the lagrangian, this can be
eliminated by a field redefinition k = k/koo and V), = koo V..
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and p-forms. Actually, the reduction of scalars is completely trivial so there is no need to
further consideration.

The vector representation of SO(1,d—1) gives a scalar and a vector of SO(1,d —1).
The scalar emerges from the spontaneous breaking of the d-dimensional gauge transforma-
tions that depend on the internal coordinate. Notice that gauge transformations cannot
introduce a dependence of the fields on this coordinate in order to preserve the Kaluza-
Klein ansatz. The correct decomposition of a vector flﬂ is easily seen to be?’,

A=A, +1V,, A, =1. (1.38)

It is convenient to include here the decomposition of the field strength ' = dA,

Bl = 20,A,) + 210,V , Fuz =k '0,l. (1.39)

The dimensional reduction of Maxwell and Chern-Simons terms is then straightforward.

More general p-forms C’Eg ) i, ATe reduced in a similar fashion, giving rise to a p-form

C,(ﬁ),,,up (as long as d > p) and a (p — 1)-form C,S]if_lu)(pil) in d dimensions. The explicit
decomposition of these forms can generally be written as

A _ 4(p—1) A _ -1
Cl(ﬁ)-~~#p - CA(LI?--M;: + pv[#lcuz...pp] ’ CA(L]?-AL(;)—U% - C/Sz;"'/)(p—l) ? (1‘40)

although one can always make convenient field redefinitions.

1.2.4 Five dimensional Supergravity

Most of the work carried out in this thesis can be interpreted in the context of 4- and
5-dimensional supergravity coupled to non-Abelian matter multiplets. These theories
are presented here as they were originally obtained, i.e. as the result of gauging global
isometries of the scalar manifold of the original (Abelian) matter coupled supergravities.
The 4- and 5-dimensional theories that we consider?! are related by dimensional reduction.
In this section we describe the ungauged 5-dimensional theory, which can be obtained
compactifying 10-dimensional supergravities. Its 4-dimensional counterpart is described
in Chapter 2.

The field content of matter coupled N' = 1, d = 5 supergravity is given by a super-
gravity multiplet and vector multiplets??. The supergravity multiplet contains a graviton
e® ,,, a graviphoton A, and a gravitino given by a pair of symplectic-Majorana spinors )’ "
(eight real components in total). Each vector multiplet, labeled as x = 1,. .., ny, contains
a vector A” ,, a scalar ¢* and a gaugino A*". The most general symmetry of the equations
of motion is necessarily a subgroup of GL(ny + 1) that rotates the graviphoton with the
rest of vector fields. For this reason it is convenient to introduce a notation that considers
all vectors collectively. We can label all vectors with indices I, J = 0,...,ny such that

20Based on invariance under local reparametrizations of the internal circle.

2'We work with supergravity theories with 8 supercharges. In the 4-dimensional case the models are
specified by a cubic prepotential.

22We ignore hypermultiplets through the whole text, which is always a consistent truncation.
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Al = (A, AD). (1.41)

The scalars parametrize a so-called real special manifold with o-model metric g, (¢).
Real special geometry arises as the combination of the Riemannian character of the o-
model with the GL(ny + 1) structure that controls how scalars couple to vectors via the
kinetic matrix arj(¢). The most convenient approach to tackle this problem is through
the definition of (ny + 1) functions of the scalars h!(¢) transforming as vectors under
GL(ny + 1). Then, these parametrize a (ny + 1)-dimensional space with metric a7y in
which the real special manifold is embedded, as given by the following constraint

Crixh'h/nf =1, (1.42)

for some real constant symmetric tensor Crjx. The metric g, is then given by the
pullback of ayy, which is fixed by the real special structure itself. Actually the real special
geometry is completely determined by the value of Cyjk; given this tensor one can find
ary(¢) and g, (¢) for a parametrization h!(¢) as follows

onl on’?

hr = Crjgh”h™ , ary Crjgh™ +3hihy, Gy 3alja¢m 967 (1.43)

The bosonic part of the action is

E,ul/,oa)\

12v/3,/9

1 1
S = / dxy/g {R + §gxyaM¢maﬂ¢y i gFL FTm CryxF! W F! o ARy

(1.44)

The supersymmetry transformations for vanishing fermions, which is the only case we
consider, are

7 ) 1 e )
56% = Z),u6 - 8\/§th1 p (7ua,8 - 49;@'7,8) €,
X = 3 (aqs - 2h1,mF[> e (1.45)

We include the equations of motion for completeness,

1 1 1 1

0 = G;w - 5“[] (FIMPFJ vp ZQ;WFIPUFJ pa) + §gscy <8u¢zau¢y - zguuapd)xapﬁby) )
1

0 = V2¢I + ngyayaIJFIpaFJ PO

1 6uypo‘)\

c
4\/§IJK\/§

Pure N = 1, d = 5 supergravity has no matter multiplets, i.e. ny = 0. This
theory is characterized by a trivial constant symmetric tensor with only one component,

0 = V,(agF7"") + I (1.46)
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Cooo = 1, so there are no scalars and we have agg = 1 and A’ = 1. We usually will work
in theories with ny # 0 in the ST[2,ny + 1] model. The name of this model is taken
from the 4-dimensional theory that results from dimensional reduction, which describes
the supergravity multiplet coupled to (ny + 1) vector multiplets. The ST'[2, ny + 1] model
is characterized by the following non-vanishing components of the constant symmetric
tensor

1 1
Coas = gllas = édiag(l, —1,...,-1), with a,8=1,...,ny. (1.47)

For the particular value ny = 2 we recover the STU model, that is usually presented as
the model with Cjjix = %|5”K|. It is trivial to check that this can be recast in the form
of the ST[2, 3] model through the field redefinition

1 1
AF g7y = 7 (Al s+ A% s7) hory = 7 (hsr £ h3r) - (1.48)

1.2.5 Gauging isometries of the scalar manifold

The global symmetries of generic N = 1, d = 5 supergravities are given by the product

G = GV X SU(Q)R (1.49)

The second factor corresponds to the R-symmetry group of the theory. This group acts on
the indices i, j carried by the fermionic fields that label the pair of symplectic-Majorana
spinors. The term Gy represents the group of transformations on the vector multiplets
that preserve the real special structure of the theory. The non-Abelian theories on which
we work are obtained gauging a subgroup of Gy [107]. Therefore, it is worth reviewing
here how this is done.

In the first place, we need to understand how the isometries of a general non-linear
o-model can be gauged. Consider the following term of the action

Sp = % / d2/9 19" Gy (9)0u "0, 0"] . (1.50)

While g,,(¢) has been presented as a “metric” on the scalar manifold, it does not
transforms as such under transformations of the scalars®*. Actually, under general in-
finitesimal redefinitions of the scalars d¢* = €*(¢) it transforms as a set of functions,
ie.

5egmy(¢) = 6z8zgacy(¢) . (1'51)

The variation of the action can be computed to be

1
0eSp = 5 / d°2\/q 9" Leguy(6)0u6" 0, ¢"] | (1.52)

23Nonetheless the use of the word “metric” is well motivated, as we are about to see.
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where Legry = €°0.9zy + 29.(,0,)€”. That is, Lcgy is the standard Lie derivative of
a symmetric (0,2)-type tensor. Thus, the o-model action is left invariant (up to total
derivatives) under infinitesimal redefinitions of the scalars only if those are generated by a
Killing vector of the scalar metric, preserving the Riemannian structure of the real special
manifold.

We denote the Killing vectors of the scalar manifold as k4 (¢), which generally satisfy
the Lie algebra

[ka, kp] = —faB ke, (1.53)

where fap© are the structure constants of the algebra. Then the possible infinitesimal
transformations that leave the action invariant are of the form

0ad® = atka”. (1.54)

for o a set of infinitesimally small constant parameters.

We can promote these infinitesimal parameters to local spacetime functions aA(a;). It
is then clear that the scalar reparametrization they generate via (1.54) is not a symmetry
of the action above, as now 0,0,¢" = (8M04A) ka®™ + a?0,ka” ,@° and the first term
cannot be canceled. The process of deforming the o-model action such that it becomes
invariant under these local transformations is referred as gauging the theory.

This can be achieved by a modification of the derivative operator on the scalars,
which do not transform covariantly as we just discussed. The standard construction of
a covariant derivative ©,¢" requires the use of additional fields, the gauge vectors Al s
that compensate the terms OHaA. The theories that we consider already contain some
vector fields?! with Abelian gauge symmetry

oAAT = —0,AT, (1.55)

for any spacetime functions A’(z). The gauging process identifies a subset of these func-
tions, let us say A4, with the local parameters o*. This identification avoids the introduc-
tion of additional fields or in the theory. In this manner the couplings will change but the
degrees of freedom remain the same, which is the reason why this method is well-suited
for supersymmetric theories.

The covariant derivative of a generic object ® that under the action of (1.54) behaves
as

6a® = a’6,®, (1.56)
is defined as

0,0 =V,0+ gAt 040, (1.57)

where the first term is spacetime and target-space covariant. In the case at hand, the
covariant derivative acting on the scalars that substitutes the original partial derivative is

24The vector field sector at the action has to be invariant under the transformations generated by the
group that it is being gauged, and the vectors must transform in the adjoint representation, dq A“ .
anBc ApC u for o constants.
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D,6° = 0" + gA? ka” . (1.58)

We can also define a covariant derivative for objects with adjoint indices,

@uhA = 8uhA +9fBC AAP uhc ) Duha = 0uha+gfas “AP pho - (1.59)

The gauge fields transform in the usual manner

1 1
5o A%, = —gﬁuo/‘ == (0.0 + gfpo A AP ,aC) . (1.60)

And the gauged o-model action is

S¢ = ;/d%\/ﬁ[g“”gzy(qﬁ)@mx@my] : (1.61)

Since the scalars couple to other fields, the symmetries of a o-model might not al-
ways be symmetries of the complete theory. Only when the Killing vectors k4 * respect the
complete real special structure we can gauge the isometries they generate. In a nutshell,
this requires that the functions of the scalars h(¢) remain invariant up to GL(ny + 1)
rotations with matrices T4, and that these rotations themselves do not modify the sym-
metric constant tensor Cspc. The first condition can be written as

,CkAhB =ky math =Ty B Chc , with [T4,TB| = faB CTC , (1.62)

so the matrices T4 are just the structure constants, T4 B.= fac B The second condition
reads

kpCanc = —3Tg " (ACpcyp = 0. (1.63)

In this work, we consider the gauging of a SU(2) subgroup of the group of isometries
of the scalar manifold. The coset space that the scalars parametrize in the ST[2, ny + 1]
model is

SO(I, ny — 1)

SO(1,1) x SO(ny — 1)

(1.64)
and therefore we need at least 4 vector multiplets for SU(2) to be an isometry of the scalar
manifold. In some cases we will find convenient to consider 5 vector multiplets, so the
theory can be understand as a non-Abelian extension of the STU model which already
contains 2 Abelian vector multiplets.

1.2.6 Unbroken Supersymmetry

The solutions of the equations of motion of general theories break most of their symmetries,
if not all. In metric theories of gravity, the infinite-dimensional group of general coordinate
transformations cannot be preserved by any solution, as a metric can be invariant only
under the action of a finite-dimensional group of isometries generated infinitesimally by a
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set of Killing vectors. In this section we are more interested on solutions preserving some
of the (also infinite) local supersymmetry transformations that leave supergravity theories
invariant. We refer to them as supersymmetric or BPS. A supersymmetric field configu-
ration, not necessarily a solution, is given by a collection of bosonic (B) and fermionic (F)
fields schematically satisfying

5B~ eF =0, (1.65)
0 ~ 0e+ Be =0, (1.66)

for some infinitesimal supersymmetry generator e(z). Since we consider only bosonic
solutions, the first set of equations is automatically satisfied. The second set, on the
other hand, is not trivial and is known as the Killing spinor equations (KSE). The set of
Killing spinors €(x) that solve these equations generate a finite-dimensional subgroup of
the infinite-dimensional group of superspace reparametrizations.

The KSE turn out to be very powerful. Supersymmetric field configurations depend
on a reduced number of independent functions, as the KSE impose relations between the
different fields. Beyond that, the equations of motion are not all independent when working
with supersymmetric configurations. There are relations among them, known as Killing
spinor identities [132], whose derivation is illustrative. The remaining of this subsection is
devoted to giving a generic description of this derivation and to exposing Tod’s program,
which is a method to characterize the supersymmetric solutions of any theory.

The action of a supergravity theory is invariant under arbitrary local supersymmetry
transformations. Up total derivatives, we have

5.8 = / Az [S 0B + S ;6. F] = 0. (1.67)

In that expression S (; ) represents the variation of the Lagrangian with respect to bosonic
and fermionic fields respectively, or, in other words, the equations of motion. Then we
take a second functional derivative of the integrand with respect to fermionic fields,

[S,bfdeB + SJ,((XB)J + S pr0F + SJ((LF)J] =0. (1.68)

The terms 6.8 and S ¢ are odd in the fermion fields, so they vanish automatically for
purely bosonic configurations. Besides, we only consider supersymmetric configurations
S0 0. F = 0. Then, only one term in that expression survives:

Sp(0eB) f|lFp=0 = 0. (1.69)

Thus we obtain the Killing spinor identities, that consist in a sum of terms with coefficients
that contain the equations of motion. These relations can be used to reduce the number
of equations of motion that have to be solved when looking for supersymmetric solutions.

We know give a systematic procedure introduced by Tod [203], in a formulation
due to Gauntlet and collaborators [93,95], that makes use of this tools to characterize
supersymmetric solutions of a theory:

1. Assume there exists a Killing spinor € that solves the KSE (1.66).
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2. Construct all possible spinor bilinears of the form éy#!#n¢. Using Fierz identities,
it is possible to rewrite the product of tensor bilinears as different products of other
bilinears.

3. The KSE are of the form O¢ + Be = 0, where O is some operator and the other
terms are linear on the Killing spinor. Acting with this operator on the bilinears
constructed in the previous step and making use of the KSE, we obtain several tensor
equations for the bilinears solely.

4. These equations for the bilinears always indicate the existence of a Killing vector
of the spacetime metric, with all the fields invariant under the isometry associated.
From this moment one can introduce adapted coordinates and conveniently decom-
pose the fields. The tensor equations yield relations among the decomposed fields,
so supersymmetric configurations depend on a reduced number of independent func-
tions.

5. Derive the Killing spinor identities to identify the minimal set of independent equa-
tions of motion that have to be solved using supersymmetric configurations. One
then obtains simpler equations for the few independent functions.

1.2.7 Black holes in String Theory

Many classical black hole solutions to the equations of motion of different supergravities
are known. Among those, some families of supersymmetric solutions, which are extremal
black holes, are very well understood. In this section we give an extremely brief presenta-
tion of a very special family that can be interpreted from the String Theory perspective;
the 5-dimensional three-charge black hole. Our goal here is just to describe rudimentarily
how String Theory matches the classical entropy of a black hole with a degeneracy of mi-
crostates. As we will see along this thesis, our non-Abelian black holes can be understood
as an extension of this family of solutions. We follow a bottom-up approach, starting with
the 5-dimensional solution of the STU model of supergravity. The three-charge black hole
is given by the static metric

ds? —(ZZZ)%dtt(ZZZ)%[dM 2d92} (1.70)
(5) = \Lod+ 24— 0444 — PP Gy .
three vector fields
Ag = —2Z;dt, Ay = -7 1dt, A =—-z"tdt, (1.71)
and two scalars that can be parametrized as ¢4 = Z4 /Zy and ¢_ = Z_ /Zy. The solution

is completely specified in terms of Zy, Z, and Z_, which are harmonic functions in E3
and can be taken of the form

coNy c+ Ny c_N_
9 Z+ =1 + 2 ) .
P P

Zo=1+ (1.72)

Here co+ are constants whose precise value is not important for our current discussion,
while Np 4+ are natural numbers. The value p = 0 defines a null hypersurface that is an
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event horizon. The entropy of the black hole can be readily computed using (1.13), which
yields

S = 2my/NoN; N_ . (1.73)

It is certainly remarkable that the entropy is given by a set of integers, which already sug-
gests that a microscopic interpretation in terms of degeneracy of states might be possible.
This is a generic feature of supersymmetric black holes.

This solution can be straighforwardly embedded in 11-dimensional supergravity com-
pactified on T? x T? x T? as follows

1 1 1

ds?, = ds?, — <Z+Z‘> Ca - <Z°Z‘> Ca - <Z°Z+> Ca, (L4
(11) (5) 72 1 Z2 2 72 dry,  (1.74)
Cs = AgAhwo+As ANwy +A_ Nw_, (1.75)
where d7_';-2 are the metrics of three sets of T2, d%’f = dx%l +da:§2, and w; are the correspond-
ing volume form w; = dz;; A dz;,. This metric corresponds to the low energy, classical
description of three orthogonal stacks of M2 branes, each wrapping one of the two-tori and
smeared along the other two at p = 0. For example, a set of N9 M2 branes is wrapping
the two-torus parametrized by 7 and is smeared along 7 and 73, and so on. From the

5-dimensional perspective these are perceived as sources of mass and electric charge.

The solution can be expressed in different supergravity theories upon use of dualities.
For instance we can consider the following chain:

1. Dimensional reduction along z_,.

2. T-dualities along x4, v+, and z_,.

In the first step, the N_ M2 branes become fundamental strings F1 of type IIA theory.
On the other hand, the remaining two sets of M2 branes become D2 branes. After the
second step we end up with the following configuration in type IIB theory

(NO) D5 |t Loy | Loy | 41 | Ty | Ty
(NODL|¢| - | = | - | - |a
(NP | ¢| - | - | - | - |a

In this table the symbol — denotes smearing, while the coordinates indicate extension of
the object along this direction. The computation of the supergravity solution in this frame
is a bit lengthy but straightforward,

dsty = 2,772 Pz — 20772 dst — 7,2 2, P (47 + dif)

—Zo_l/2ZJ:1/2Z7 (da_, +A7)2 7 (1.76)
6 = 1log<Z+), B=0, Cy=0, C,=0, (1.77)
2 A
ZS 1/4
F; = — (Z?’OZ2) *5 dAg — dAJr VAN (dCL‘,l — A,) . (178)
+ f—
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The near-horizon geometry obtained in the p — 0 limit yields the metric of AdS3x 53 x T4.
String theory on this background is dual to a 2-dimensional CFT and it is most remarkable
that the black hole entropy can be recovered by counting the many ways in which states
of this CF'T theory can carry this amount of momentum.

It is possible to get an idea of how this computation works as follows. First, assume
that there exist two regimes in which the same String Theory system can be described.
In the first, the supergravity limit, it is a large classical black hole. In the second, it is
described as open strings ending on D-branes and gravity is negligible. The existence of
these two limits as good descriptions requires No+ > 1, N_ > N Nj and g5 < 1. The
combination gsNp + indicates how important gravity effects are and we can move from the
first regime to the second by varying gs, so that g;/No.+ > 1 or g;No .+ < 1, respectively,
while maintaining a small value of the string coupling. Notice that the entropy of these
supersymmetric black holes does not depend on gs. We just computed the entropy in the
first regime. Let us summarize how it can be computed in the second.

The condition N_ > N, Ny means that the size of the compact direction z_,,
denoted by R, is much larger than that of the four-torus. In this limit the theories on the
D1 and D5 branes are well approximated by a (1+1) theory on this circle. The momentum
P along the circle receives its dominant contribution from open strings attached to these
branes, that in this limit look like point particles connecting coincident branes. Since the
string coupling is small we are basically led to a theory of free particles on a circle, so
their wavefunction is of the form

Y(o-,) = Ze‘%”*l : (1.79)

Now observe that having N D branes wrapping a circle is equivalent to having one
D brane with winding number N. As the endpoints of the strings are attached to the
D branes their wavefunction need not be periodic in R, but only in NR. That is, the
string has to go IV times around the circle to be back at its initial position. In the case at
hand, a string stretching between a D1 and a D5 finds the system periodic in No/N, R*.
Therefore, standard arguments about the quantization of momentum along a circle imply
that it is quantized in units of 1/NoN4 R, instead of simply 1/R. We can then ask the
following question: how many configurations of open strings can we construct such that
the total momentum is given by N_/R? The answer is found by counting the integer
partitions of the number No/N;N_.

The function defined as

oo

1 2 3 4

Z:Hl_xn:1+x+2x + 325+ 52+ .., (1.80)
n=1

is called the partition function, a polynomial where each coefficient counts the number of

integer partitions of the corresponding order?®. It seems impossible to compute directly

the coefficient of this function for order Nog/N;N_, but we can make use of the tools of

Z5This of course applies when Ng and N, are coprime. Otherwise there would be corrections to the
value of the entropy that we compute, but those corrections would be generally subdominant.
*’Recall that >°2°_ (z")™ = L5 and that Euler proved the partition function can be written as the
product Z=(1+az+z*+.. . )1+ +2'+.. ). Q4+ +2F+..)...
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statistical mechanics. The partition function (1.80) coincides with that of a canonical
ensemble upon the identification,

1
r=e", with § = T (1.81)

provided the energy levels of the microstates are integer numbers. In the canonical en-
semble the entropy is given by

0
S=logZ+pB<n>, <n>——%log2. (1.82)
Given a value of temperature, the average energy < m > and the entropy can be
computed from Z. In our problem we start with a given value of < n >= NogN;N_ and
then we compute the entropy. We first notice that

log Z = Z 1_xm. (1.83)

This expression is hard to evaluate, so we take the high temperature limit § < 1, x =
1 — B+ O(?) in which case

€@,

5 0(BY), (1.84)

log Z ~ Z 5 +0 (B°) =

where ((x) is Riemann’s zeta function, in particular ¢(2) = 72/6. Computing < n > and
inverting the relation we get 32 = 712/(6N0NJr ), which justifies the high temperature
approximation is valid. The entropy is

§ = o [ROR 5

which differs with the supergravity computation by a factor of v/6.

Actually, what we have computed is the entropy associated to strings stretching
between the D1 and the D5 branes with only one bosonic degree of freedom. But we have
neglected the compact 7% in this discussion. This compact space has an effect: there are
four bosonic degrees of freedom and four fermionic, as the system is supersymmetric. For
¢ bosonic degrees of freedom, the proper partition function and the entropy are

00 Cc
1 cNoN,N_
%:<H1—w)’ S . (150

n=1

On the other hand, fermions can only have occupation number 0 or 1. This implies that
d fermionic degrees of freedom have

d
oo
dNoNyN_
= (H 1+ x") : Sy, = 2my | — (1.87)
12
Finally, in a supersymmetric system d = ¢ and we get
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00 C
1+ 2" cNoN_N_
Zy, = (H 1—x”> , 5:277@/?. (1.88)

n=1

Therefore, we conclude that the microscopic entropy of the D1D5P system is

S =21/ NoN,_N_. (1.89)

The result coincides with the value obtained in the supergravity regime, which constitutes
a major achievement of String Theory.
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N = 2 Einstein-Yang-Mills’ static two-center
solutions

This chapter is based on

Pablo Bueno, Patrick Meessen, Tomas Ortin and Pedro F. Ramirez
“N = 2 Einstein- Yang-Mills’ static two-center solutions”,
JHEP 1412 (2014) 093. [arXiv:1410.4160 [hep-th]] [17].

Contrary to what one might think, multi-black hole solutions need not be related
to supersymmetry or, like in the case of Kastor and Traschen’s solution in Ref. [134],
fake-supersymmetry. Proof of this is given by various solutions e.g. the ones presented
in Refs. [25] and [64]. The benefit of using supersymmetry, however, is that after a few
decades’ worth of investigations there are workable recipes for creating supersymmetric
solutions, which greatly facilitates the construction and study of multi-black hole solutions.

The construction is particularly straightforward in ungauged N' = 2, d = 4 super-
gravity coupled to vector multiplets where there are clear-cut rules for a supersymmetric
multi-object solution to give rise to a well-defined multi-black hole solution [22,66,73,112,
127,148,174,177]: i) positive mass of the constituents, ii) the near-horizon limit has to have
definite entropy, iii) the 2"¢ law of thermodynamics must hold in the coalescence of con-
stituents, and iv) the Denef constraints [73] must be satisfied. Depending on the charges
the latter may constrain the distance between the constituents but it always implies the
absence of NUT charge.

The oft forgotten case of ungauged N' = 2, d = 4 supergravity coupled to non-
Abelian vector multiplets, which we refer to as N' = 2 (Super-)Einstein-Yang-Mills, is
similar to the Abelian case in that there is a well-defined recipe for constructing super-
symmetric solutions [123,124]. However, the construction of supersymmetric solutions is
greatly hindered not only by the fact that not every Abelian theory can be non-Abelianized,
but doubly more so by the fact that the supersymmetric recipe requires the use of solu-
tions of the (non-Abelian) Bogomol'nyi equation on R3 [43]. Our lack of knowledge of
the space of all solutions to this equation is a serious limitation to the application of
the supersymmetric recipe: there exists a vast literature on single monopole solutions,
i.e. regular single-center solutions to the Bogomol'nyi equation (see e.g. Refs. [202,214]).
Depending on the chosen N’ = 2, d = 4 model, these can be used to construct globally
regular supergravity solutions known as global monopoles. A lot less is known about the
singular solutions to the Bogomol’'nyi equation which are the ones which give rise to black
holes with different degrees of non-Abelian hair [123,124,155]. Finally, even less is known
about multi-center solutions to the Bogomol’nyi equation. These are the ones we need in
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order to apply the supersymmetric recipe to the construction of multi-center supergravity
solutions, with centers that correspond to global monopoles or black holes.

Luckily enough, some explicit solutions are known.! In this chapter we are going to
use the solutions of the SU(2) Bogomol'nyi equation found by Cherkis and Durcan [63]
and Blair and Cherkis [42] (which we will generalize by adding Protogenov hair [155]).
These solutions describe an 't Hooft-Polyakov (-Protogenov) monopole in the presence of
an arbitrary number of Dirac monopoles embedded in SU(2), all having charge opposite to
the one carried by the former. These solutions can (in principle) give rise to supergravity
solutions describing black holes in the presence of a global monopole. The construction of
these solutions is, at the same time, our main goal and our main result.

Before we start constructing multi-black hole solutions, however, it is worth review-
ing briefly some of the previous work on solutions of YM theories coupled to gravity”.
Most of the previous work on this topic was focused on pure Einstein-Yang-Mills (EYM)
theories, (the minimal non-Abelian extension of the Einstein-Maxwell theory), ignoring
the possible existence of unbroken supersymmetry which is, however, one of our main
concerns here.

Soon after the discovery of the 't Hooft-Polyakov monopole [120,180] several groups
found solutions to the pure EYM theory [220] whose SU(2) gauge field is that of the
Wu-Yang SU(2) monopole [218]. The metric of all these solutions is that of the (dS or
AdS) non-extremal Reissner-Nordstrém black hole and the singularity in the gauge field
(generically expected for static YM solutions [74]) is covered by an event horizon.

This coincidence of the metrics is due to the relation between the Wu—Yang SU(2)
monopole and the non-Abelian embedding of the Dirac monopole Eq. (A.15): they are
related by a singular gauge transformation and therefore give rise to exactly the same
energy-momentum tensor as it is gauge invariant whether the gauge transformation is
singular or not. For this reason, these solutions have been regarded as not truly non-
Abelian, even though there are potentially measurable differences, see e.g. Refs. [54,114].

Finding less trivial (“genuinely or essentially non-Abelian”) solutions proved much
more difficult and a non-Abelian baldness theorem stating that the only black-hole solutions
of the EYM SU(2) theory with a regular horizon and non-vanishing magnetic charge had
to be non-Abelian embeddings of the Reissner-Nordstrom solution was proven in [90].
This theorem was subsequently generalized to prove the absence of regular monopole or
dyon solutions to the EYM theory in Refs. [41,84].

An “essentially non-Abelian” solution, globally regular [197] to EYM theory had
already been found: the Bartnik-McKinnon particle [11]. The Bartnik-McKinnon particle
and its black hole-type generalizations [208], are in fact families of unstable solutions
indexed by a discrete parameter and evade the non-Abelian baldness theorem by being
bald, i.e. they have no asymptotic charge. It is worth pointing out that even though these
solutions are only known numerically, they have been proven to exist [195].

The classification of the possible EYM solutions for the gauge group SU(2) [196] sug-
gests that one has to add more fields to the theory in order to get “essentially non-Abelian”
black-hole or gravitating monopole solutions with non-vanishing charges. Investigations
of solutions to the EYM theory coupled to a Higgs field in the adjoint representation [144]

!Finite-energy, multi-center solutions of the Yang-Mills or Yang-Mills-Higgs system which do not satisfy
the Bogomol’nyi equation like those in Refs. [135,137,139] are also known.
*For more comprehensive reviews see e.g. Refs. [210].
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in the BPS-limit, a theory that is closer to the one we are going to study than EYM,
shows that a globally well-defined 't Hooft-Polyakov monopole exists and furthermore the
existence of other Bartnik-McKinnon-like solutions.

As far as 4-dimensional supergravity is concerned we have the (supersymmetric)
Harvey-Liu [113] and the Chamseddine-Volkov [61] regular gravitating monopole solutions
to gauged N' = 4, d = 4 supergravity; in N' = 2, d = 4 theories there are analytical
solutions describing global monopole solutions and non-Abelian black hole solutions with
and without asymptotic magnetic charge. Needless to say, all the solutions mentioned in
this little historical exposé describe the fields corresponding to a single object. To our
knowledge, there are no known, essentially non-Abelian multi-object analytic® solutions
and this article intends to fill this gap by constructing static solutions describing the
interplay between an 't Hooft-Polyakov monopole and a Dirac monopole of opposite charge
in two generic classes of gauged N' = 2, d = 4 models.

As we stressed in the introduction, in the theories we have called N = 2, d = 4
SEYM the gauge group does not contain any part of the R-symmetry group. Indeed, in
general (ungauged) N' = 2, d = 4 theories, the global symmetry group G can be written
as

G = GV X Ghyper X SU(Q)R X U(l)R, (2.1)

where Gy and Gpyper stand for the isometry groups of the special and quaternionic Kéhler
manifolds respectively. When a (necessarily non-Abelian) subgroup of Gy is gauged (as in
N =2,d =4 SEYM theories) the scalar potential is positive semidefinite, which allows for
asymptotically De-Sitter and asymptotically flat solutions (such as the ones we construct
in this section). This is in contradistinction to theories in which a subgroup of SU(2)r
(or the complete SU(2)R) is gauged via Fayet-Iliopoulos terms* in whose case the scalar
potential becomes negative definite, the solutions thus being asymptotically anti-De Sitter.
Lately, an intense effort has been devoted to the construction of black-hole solutions of
theories with Abelian gaugings (that is, theories in which a subgroup U(1) € SU(2)g has
been gauged); see, for instance, Refs. [49,105,108, 121, 140, 204] and references therein.
The case in which the full SU(2)gr has been gauged remains as unexplored as challenging,
even though the general form of the timelike supersymmetric solutions of this theory has
been given in Ref. [157].

This chapter is organized as follows: in section 2.1 we review the theories we are
going to work with (N = 2, d = 4 Super-Einstein-Yang-Mills theories) and the recipe for
constructing timelike supersymmetric solutions (black holes, in particular). In section 2.2
we apply that recipe to construct single, static supersymmetric black-hole and monopole
solutions of two particular examples of SU(2)-gauged N' = 2, d = 4 SEYM: the TP’ model
(quadratic) (2.2.2 ) and the ST[2,4] model (cubic) (2.2.3). We use as seeds for these
solutions the single-center solutions of the Bogomol’'nyi equations reviewed in section A.5.
In section 2.3 we construct multi-black-hole solutions for the same models using the multi-
center solutions of the Bogomol’'nyi equations reviewed in section 2.3.1. Our conclusions
are contained in section 2.4.

3Numerical, multi-center solutions have been found previously, though. See, e.g. Refs. [136,138]. Some
of those solutions can be embedded in N/ = 1,d = 4 supergravity. However, representing massive objects,
they can never be supersymmetric in that theory. The embedding in higher-A supergravities is much more
difficult (if possible at all). We thank J. Kunz for pointing these works to us.

4The overall U(1) g group cannot be gauged in this way. The Abelian gaugings discussed in the literature
deal with a subgroup U(1) € SU(2)r.
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2.1 N =2,d=4 SEYM and its supersymmetric black-hole
solutions (SBHSs)

In this section we are going to introduce the class of theories that we have called N = 2,
d =4 SEYM theories and we are going to review the recipe to construct all their timelike
supersymmetric solutions, presented in Ref. [124]. We shall be extremely brief. The
interested reader can find more details in Refs. [86,123,169]; our conventions are those of
Refs. [123,124,169].

2.1.1 The theory

N =2, d =4 SEYM theories can be seen as the simplest N' = 2 supersymmetrization
of the Einstein-Yang-Mills (EYM) theories. They are nothing but theories of N' = 2,
d = 4 supergravity coupled to n vector multiplets in which a (necessarily non-Abelian)®
subgroup of the isometry group of the (Special Kéhler) scalar manifold has been gauged
using some of the vector fields of the theory as gauge fields®.

We will only be concerned with the bosonic sector of the theory, which consists

on the metric g,,, the vector fields AA# (A = 0,1,---,n) and the complex scalars Z*
(t=1,---,n). The action of the bosonic sector reads
Slgu, A, 77 = / d*z+/|g] [R+ 2G;j»D,Z'DIZ* " + 23mN s FAHEE
(2.2)

—2ReNAs FAW « F=, —V(Z,2%)] .

In this expression, G;;« is the Kahler metric, © MZi is the gauge-covariant derivative

0,2" = 0,2" + gA" k", (2.3)
FAM,, is the vector field strength
F* = 20,A%,) — gfsrt A, AT, (2.4)

Ny is the period matrix and, finally, V(Z, Z*) is the scalar potential
V(Z,2*) = — g’ SmN TPy Py (2.5)

Since the imaginary part of the period matrix is negative definite, the scalar potential
is positive semidefinite, which leads to asymptotically-flat or -De Sitter solutions.

In the above equations, ky*(Z) are the holomorphic Killing vectors of the isometries
that have been gauged” and P, (Z,Z*) the corresponding momentum maps, which are
related to the Killing vectors and to the Kéhler potential I by

Py = kAiai/C — XA, (2.6)

kpni= = i0;Pa, (2.7)

5 The theory becomes identical to the ungauged one when the gauge group is Abelian.

6 A global symmetry group can be gauged if it acts on the vector fields in the adjoint representation.
Furthermore, it is required to be a symmetry of the prepotential; see e.g. ref. [124] for more details.

" The employed notation associates a Killing vector to each value of the index A in order to avoid the
introduction of yet another class of indices and the embedding tensor (See e.g. the reviews [205]); it is
understood that not all the kx need to be non-vanishing.
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for some holomorphic functions Ay (Z). Furthermore, the holomorphic Killing vectors and
the generators T of the gauge group satisfy the Lie algebras

[ka, ks] = —fas"kr, [Ta, Ts] = +fas" Tt . (2.8)

For the gauge group SU(2), which is the only one we are going to consider, we use
lowercase indices® a,b,c = 1,2,3 and the structure constants are f,;° = —€gpe, SO

[kaa kb] = +cabcke [Taa Tb] = —€abele - (2'9)

We will use the fundamental representation, in which the generators are proportional
to the standard Pauli matrices’

9 ga
T, = +%0’a, = T\T(TaTb) = _%5(11) : (211)

The equations of motion of the theory can be written in the following form:

G +2Gij+ [0, 2D Z*" — 19,,0,2'0° 7+

‘|‘4MMN]:MMP-7:NVp + %QMVV(Z, Z*) = O’ (2'12)
D27+ 0'Gppy x FAM + 30V (2,27) = 0, (2.13)
Dy« G + g (km-*@uz*i* + k;imuzi) = 0, (2.14)

where G ., is the dual vector field strength
Gr = ReNpn F> + SmNpy « F> (2.15)

FM wv 1s the symplectic vector of vector field strengths

FA
M p—
(F') = ( Ga ) , (2.16)
Msn is the symmetric 2(n + 1) X 2(n + 1) matrix defined by

%m/\/:/\z + RAF%m./\/‘_”FQRQE —RAr%m/\/'_l‘Fz
—SmN AL R SmN AR

and
D, *x GpAVH = 8y * GAYF + gfaxt A%, * GAVM. (2.18)

Most of the literature and earlier work on non-Abelian black-hole and monopole so-
lutions has been carried out in the context of the Einstein-Yang-Mills (EYM) and Einstein-
Yang-Mills-Higgs (EYMH) theories. Before closing this introduction, it is worth discussing

8These will be a certain subset of those represented by A, %, .. ..
9These are

1_ 0 1 2 0 —t 3 _ 1 0 a b __ cab - _abc_c
0'_(10), o'_(i O)’ U_(O _1), o0’ =6 +1ie" 0", (2.10)
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the relation between those and the theories we are considering here. The main differences
of the latter w.r.t. the former are the complexification of the Higgs field and the presence of
a non-trivial period matrix. A further difference is the possibility of having more general
scalar manifolds, which is reflected in the expressions of the gauge-covariant derivatives
of the scalar fields. Solutions to the N'= 2, d = 4 SEYM theory have a chance of being
also solutions of the EYMH theory if they have covariantly-constant scalars with identical
phases (e.g. all of them purely imaginary). Then, if the scalar potential vanishes on the
solutions, they also have a chance of being solutions to the EYM system as well; as we are
going to see, some of the solutions found in Refs. [123,124] are also solutions of the EYM
theory and have the same metric as the EYM solutions of Refs. [54,220].

2.1.2 The recipe to construct SBHSs of N =2, d =4 SEYM

To construct timelike supersymmetric solutions of the N' = 2, d = 4 SEYM theory,
it suffices to follow this recipe [123,124] to find the elementary building blocks of the

solutions, which are the 2(n + 1) time-independent functions (ZM) = (%ﬁ ):

1. Take a solution of the Bogomol’'nyi equations

FAM = _%Emnp©E1A7 (2.19)
for a gauge field AAm (m = 1,2,3 labels the 3 spatial coordinates) and a real
“Higgs” field 7. ’DBIA is the covariant derivative in the adjoint representation

with gauge field flAm. Observe that this equation has to be solved in the gauged
(non-Abelian) and ungauged (Abelian) directions. The integrability condition in the
Abelian directions is the familiar requirement that the Z* be harmonic functions on
R3.

2. Find the functions Z5 by solving these equations:

OmDmIa = 39° [fac" far” T°I%] To. (2.20)

In the non-Abelian directions these equations can, in many cases, be solved by taking
Za < I, but currently we only know how to generate non-trivial solutions to them
in the cases where the gauge doublet (AA,ZA) describes a non-Abelian Wu-Yang
monopole; Observe that Zyn = 0 is always a solution, but the physical fields may be
singular in some models.

In the Abelian directions, the Z, are just independent harmonic functions on R3.

3. Given the functions ZM, we must find the 1-form on R? w,, by solving the following
equation:

Omn) = Emnp T DT = ey (TAD, T~ TVDY T4 ) . (2.21)

The integrability conditions of this equation impose constraints on the integration
constants of the functions ZM in exactly the same manner as in the ungauged case

[13,73].

In the case of static solutions, i.e. when w = 0, the above equation becomes a
constraint on the integration constants of the functions ZM that will have to be
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solved. Observe, however, that this constraint is independent of the specific N' = 2,
d = 4 model and only depends on the choice of gauge group; possible restrictions on
the solution to said constraint can come from the desired behaviour of the physical
fields in the full solution.

4. To reconstruct the physical fields from the functions Z" we need to solve the stabi-
lization equations, a.k.a. Freudenthal duality equations, which give the components
of the Freudenthal dual'®© ZM(Z) in terms of the functions Z* [88]; These relations
completely characterize the model of N = 2, d = 4 supergravity.

Equivalently, the Z can be derived from a homogeneous function of degree 2 W(Z)
called the Hesse potential as [13,158,163]

Iy = %ggvM — W(@Z) = IyIM. (2.22)

5. The metric takes the form

ds? = 2V (dt + w)? — e 2Ydzmdz™, (2.23)
where w = w,;,dx™ is the above spatial 1-form and the metric function e =2V is given
by

eV =Ty (D)™ =W(T). (2.24)
6. The scalar fields are given by
T4 Tt
e (2.25)
70 + 470
7. The components of the vector fields are given by
A, = —%62Ui[‘, (2.26)
AL, = AN o, AN (2.27)

After having gone through the steps of the recipe, one ends up with a supersymmetric
solution to a chosen N' = 2, d = 4 EYM theory and what remains to be done is to analyze
the constraints coming from imposing appropriate regularity conditions such as the absence
of naked singularities.

2.2 Static, single-SBHSs of SU(2) N =2, d =4 SEYM and
pure EYM

Following the recipe given in section 2.1.2, we are going to construct static, single-center
SBHSs of SU(2) N' =2, d = 4 SEYM. Some of the solutions will simultaneously solve the
equations of motion of the EYM and EYMH theories.

The first step consists in finding a solution flAm , T of the SU(2) Bogomol’'nyi equa-
tions in R3 Egs. (2.19).

19 In Refs. [123,124,156] the components of the Freudenthal dual are denoted by R™.
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2.2.1 Single-center solutions of the SU(2) Bogomol’nyi equations in R3

Before we search for solutions of the Bogomol’nyi equations it is worth reviewing the origin
and meaning of those equations in the context of the SU(2) Yang-Mills-Higgs theory (in
the Bogomol'nyi-Prasad-Sommerfield (BPS) limit in which the Higgs potential vanishes).
The SU(2) Yang-Mills-Higgs system

With the normalization in Eq. (2.11) and writing F' = F*1,, ® = ®*T,, the action of the
YMH theory in our conventions reads

Symu = —2/d4x Tr {19,99"® — 1F,, F"} | (2.28)

and the corresponding equations of motion are

D, F" = g[®,D"P], (2.29)
D2d = 0. (2.30)

For static configurations Fi,, = ©;® = 0, the action can be written, up to a total
derivative, in the manifestly positive form

Sym = —2/d4xTr {_i (FM ¥ gmnpsgcb) (Fm ¥ gmnpggcb)} : (2.31)

which leads to the conclusion that static field configurations satisfying the first-order
Bogomol’'nyi equations [43]
Frn = £emnpDp®, (2.32)

extremize the action Eq. (2.28) and are solutions of the full Yang-Mills-Higgs equations.
Indeed, if we act with ©,,, on both sides of the equation and use the Ricci identity and
the Bogomol'nyi equation we get the Yang-Mills equation:

D Fn = FenmpD@mDp® = F59€nmp|Finp, ®] = —g[Dn®, ] . (2.33)
If, instead, we act with pmn®p and use the Bianchi identity, we get the Higgs equation:
0 = epmnDpFmn = £9,0,P. (2.34)

Observe that the source of the Yang-Mills field, the Higgs current g[®,D®], not only
vanishes when the Higgs field is covariantly constant ®® = 0 but also when & and D¢
are parallel in su(2).

Egs. (2.32) are identical to the ones that arise in N' = 2, d = 4 SEYM theory, (2.19)
upon the identification of the vector fields and

%Ia = FP°. (2.35)
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The hedgehog ansatz

In order to construct static, single-center black-hole-type solutions, it is natural to look
for spherically symmetric solutions of Egs. (2.32). Substituting the hedgehog ansatz

F O =0 f(r)z™, A%y = —€%mna"h(r) (2.36)

in the Bogomol'nyi Eqs. (2.32) we get an equivalent system of differential equations for
f(r) and h(r):
rO-h +2h — f(1+gr?h) = 0,
(2.37)
rOp(h+ f) —gr’h(h+ f) = 0.

After Prasad and Sommerfield [182] found the solution describing the 't Hooft-
Polyakov monopole in the BPS limit, Protogenov [183] classified all spherically symmetric
solutions to the SU(2) Bogomol'nyi equations: the ones that can be used to generate
BH-like spacetimes are a 2-parameter family (f,, s, hy,s) plus a 1-parameter family (fy, hy)
given by

1 1 ur
s = —[1— h , Thys = —|—— —
T fu, o [1 — prcoth (ur +s)], rhy, or |Sh (ur 7 9)
(2.38)
1 1
rix gr [1 +)\2r} ’ I rx

The parameter s is known in the black-hole context as the Protogenov hair parameter

[155]. The BPS 't Hooft-Polyakov monopole [182] is the only globally regular solution

of this family (which explains why it is the only one usually considered in the monopole
literature'!) and corresponds to s = 0. In the s — oo limit we get

o 1 1

_ =2_ - h = -, 2.39

Tfu,oo g gr TNy oo gr ( )

which, for p = 0, coincides with the Wu-Yang monopole [218] given in Eq. (A.15), and

is a solution of the pure Yang-Mills theory. This is possible because the Higgs current

g[®, D] vanishes even though ® is neither zero nor covariantly constant'?. With a non-

trivial Higgs field, though, we can assign a well-defined monopole charge to it: for any u

and s ) . o
— [ Tx(®F) ==, d

A Jsz, 9 VT (@)

The same field configuration can be seen as a Lorentzian meron (see Appendix A.1)

and as a solution to the Skyrme model (see Appendix A.3), and, crucially, it is related

to the SU(2)-embedded Dirac monopole by a singular gauge transformation (see Ap-

pendix A.2). Since the metric is oblivious to gauge transformations, singular or not,

the Wu-Yang monopole gives rise to solutions whose metric is identical to that of Abelian

case.'® The same applies to the higher-charge generalizations of the Lorentzian meron/Wu-
Yang monopole reviewed in Appendix A.4.

(2.40)

11 After coupling the system to gravity, the singularities of the other solutions may become “harmless”
if they can be covered by regular event horizons.

12 Actually, the only field configuration in this ansatz with a vanishing Higgs current is this one.

13 Of course there are measurable differences between these two situations, see e.g. Refs. [54,114].
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If fact, this mechanism can be used to generate Wu-Yang monopoles of higher charge
from the well-known Dirac monopole solutions of charge higher than 1 embedded in SU(2),
as reviewed in Appendix A.4. The metric cannot see the difference between the non-
Abelian and the Abelian fields given in Eq. (A.42).

The 1-parameter family is singular for all values of the parameter X\, which also
appears in black-hole solutions as hair. The magnetic charge measured at spatial infinity
vanishes according to the above definition. However, it can be argued that these solutions
do describe a magnetic monopole placed at the origin whose charge is screened: the
entropy of black hole associated to this field has the same form as that of the black hole
associated to the Wu-Yang monopole. Observe that, for A = 0, the solution is identical to
the Wu-Yang monopole with u = 0, Egs. (A.42).

The Protogenov trick

As it turns out, many regular monopole solutions can be deformed by adding a parame-
ter s to the argument ur, generating a family of solutions that contains the original one
(s = 0) and, typically, a new and simpler solution in the s — oo limit. We will refer to this
procedure as the Protogenov trick and it can be justified as follows: let us consider, for
instance, the 't Hooft-Polyakov monopole. Since the Bogomol’'nyi equation is polynomial,
having elementary functions such as hyperbolic functions in the solution means that they
must cancel amongst themselves and that only their derivatives contribute to the polyno-
mial part of the solution. This means that one should be able to deform the dependency
of the elementary functions introducing a shift s of the radial coordinate and still solve
the Bogomol'nyi equations.

Of course, the cancellations necessary for having a regular solution will not work out
anymore (assuming they did work for s = 0) and one will end up with a family of singular
solutions. We will use this trick later.

2.2.2 Embedding in the SU(2)-gauged CP° model

The @3 model

As we already explained, the CP" models have n vector supermultiplets and are defined
by the quadratic prepotentials

F = —ipndtx®, (nax) = diag(+— - —). (2.41)
The n physical scalar fields can be defined as
Zt=x1 0, (2.42)

and they parametrize the symmetric space U(1,n)/(U(1) x U(n)). It is convenient to
define Z° =1, Z» = X2 /X% and Z) = naxZ*. In the X0 = 1 gauge, the Kihler potential
and the Kahler metric are given by

K=-log(Z2"2s), Gij»=—€"(nij» =2 2;+) , = 0<) |ZP<1. (243)

7

The above metric is the standard (Bergman) metric for the U(1,7n)/(U(1)xU(n)) symmet-
ric spaces [38]. The covariantly holomorphic symplectic section V and the period matrix
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Njs are given by

ZA
. INL
Y = /2 A , Nps = % |:7]AE - 2ZFZ§:| . (2.44)
_ig,
2

The isometry subgroup SU(1,n) acts linearly, in the fundamental representation, on
the coordinates XA

XA =AM XY with AfpA =7, and detA=1. (2.45)
This linear action induces a non-linear action on the special coordinates:

B AAEZE

70 = ="
A0y Z=

(2.46)

The Kahler potential is invariant under these transformations up to Kéahler transformations
K'=K+ f+ f* with
f(Z) =1log (A’ Z%) . (2.47)

The n(n+2) infinitesimal generators 75, of su(1, n) in the fundamental representation
are defined by

Ay ~ &ty + o™ T s, with  9Tin=-T,, and T, =0. (2.48)

Substituting this definition into Eq. (2.46) we find an expression for the holomorphic

Killing vectors'?.

7'A =78 ¢ o™k, M (2) kn(2) = T*s 2% - T,,°q 2927, (2.49)

and, from this expression, we also find explicit expressions for the holomorphic functions
Am(Z) and the momentum maps

Am = T.052% P = i T, s 2225 = ienpa T s 25279 (2.50)

Although the theory is invariant under the whole SU(1,n) group, the prepotential
is invariant only under the subgroup of SU(1, n) with real matrices, SO(1, n), which is the
largest group that we could eventually gauge. However, the requirements that the vectors
must transform in the adjoint representation restricts the possibilities to either SO(1,2) or
SO(3) (if n > 2 or n > 3, respectively); we are going to consider the latter case embedded
into the minimal model admitting this gauge group, namely CP’.

In this model, the adjoint indices a,b,c,... and the fundamental indices i, j, k, . ..
take the same values 1, 2,3 and we will only use the latter. The infinitesimal transforma-
tions of the scalars are

02" = ITj' 2%, whereT}' = fi1' = —€jni s (2.51)
and the momentum maps, holomorphic Killing vectors etc. take the values

Pi = —ieKEiijjZ*k 5 kij = Eiijk 5 )\1 =0. (252)

"The k" (Z) component vanishes identically, as it must, but it is convenient to keep it.
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This means that the gauge-covariant derivative of the scalars is just that of a complex
adjoint SO(3) scalar A ‘ ‘
D,2" = 0,72" — geiju Al ZF, (2.53)

and that the scalar potential takes the form

o i} 2
V(2,2%) = —rg2Feijpeimn 2 2 22 = Lg? ‘sz* (2.54)

The solutions

To construct the solutions of this model'® we just have to follow the recipe spelled out in
section 2.1.2. We will only consider static solutions (so w = 0 and flAm = AM,). First
of all, we need a solution of the Bogomol'nyi Egs. (2.19). These equations split into an
Abelian part (the Oth component) and the non-Abelian part (the i = 1,2, 3 components):

FOpp = _%emnpagzo, (2.55)
Flon = —JsmnpDyL'. (2.56)

The Abelian equation is solved by

0/V2
70— g0 P12 : (2.57)
T
where A° is an integration constant and p° is the normalized Abelian magnetic charge.
The non-Abelian set of equations can be solved making the identification Eq. (2.35) and

using Protogenov’s solutions Egs. (2.38).

The second step in the recipe (finding solutions Zj to Egs. (2.20)) will be solved,
for the sake of simplicity, by choosing another harmonic function in the Abelian direction
and vanishing functions in the rest:

qo/V2

To = Ao + s 7, =0. (258)
r

The third point in the recipe, combined with the staticity of the solutions implies
the following constraint on the integration constants:

A% — App® = 0. (2.59)

Another constraint will arise from the normalization of the metric at infinity. The solution
is completely determined and, now, we only have to write the physical fields and make, if
necessary, sensible choices of the values of the physical parameters to make the solutions
regular.

In order to write the physical fields we need the solutions of the Freudenthal duality
equations of this model. These are given by (see, e.g. Ref. [46])

~ IA —ZUAZIE ) _
TMy _ [ = _ . o= e U = Ly TS 4 2NN T 2.60
™) ( 7 ) ( %UAEIZ 2TIAS o LALy ( )

15All these solutions have already been presented in Refs. [123, 124, 155]. We review them here for
pedagogical reasons and also for the sake of making easier the comparison with the solutions of other
models.
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and the metric function and the physical scalars are given by

e = LI +2T)? - (rf)? (2.61)
i \/§Tf iz

At least one of the two functions Z°, 7y must be different from zero for the metric

function to be positive. Then, there are two possible cases, depending on the vanishing of
the Abelian charges p°, qo:

I. p° = go = 0 The only regular solution is the one with s = 0 (the 't Hooft-Polyakov

monopole). In this solution, the integration constants satisfy the normalization
condition

J(A®? +2(A0)* = 1+ (n/9)*. (2.63)

They are also related to the asymptotic values of the scalars. These cannot be con-
stant, in general, because the scalars transform under local SU(2) transformations,
but they are covariantly constant and their asymptotic values are determined by a
single gauge-invariant complex parameter that we call Z.:'
7t~ Zoo&mx? , Zee m (%AO - \/§iA0) , 0<|Zo]? <1.
(2.64)

These expressions lead to the following identification of the integration constant u
in terms of the physical parameters:

2 1ZP
= _1Zeol 2.
Ay L (2.65)

and to the following expression for the mass of the solution

[ |Z]? 1
Mmonopole = 71 |_ r;|oo|2 5 . (266)

This asymptotically flat solution has no singularities nor horizons (one finds a
Minkowski spacetime in the r — 0 limit, hence zero entropy and temperature).
Globally-regular solutions of this kind [61,113] are sometimes called global monopoles.

Observe that a solution of the ungauged theory with

2
HO= A, Hy= Ay, H1:A1+£, (2.67)
gr
in which the non-Abelian monopole is replaced by an Abelian monopole with the
same charge, would have the same asymptotic behavior but it would mean having a
naked singularity at some value of r > 0.

6Observe that the scalar potential of this theory, Eq. (2.54), vanishes at infinity for those solutions,

which is why they are asymptotically flat.
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I1. %o # 0 '7 Solving Eq. (2.59) the metric can be written in the form

1

—2U 2 2
= —— _H*— 2.
: 243 rf . ™
7' = 5 —, 2.69
pO + 2iqo H r ( )
where H is the harmonic function
H=1+2  P=(-1ZPWn(@/2, Win(@) = 107 + 2(w)?,
(2.70)

and the integration constant p is still given by Eq. (2.65). We have expressed all
the constants (except for Protogenov’s hair parameter s and \) in terms of physical
constants. Observe that the isolated solution f, has 4 = 0 and corresponds to
Z~ = 0. These identifications allow us to compute the mass and entropy of all the
possible solutions in terms of the physical parameters. We get a completely general
mass formula and two formulae for the entropy, one for the s # 0 solutions and
another one for the s = 0 and the isolated solutions (which corresponds to Zs, = 0):

Wen(Q)

1

F—" 71

M D) 1_ ’ZOO’2 + Mmonopolm (2 7 )
1

S/m = %WRN(Q)—?, for s#0 and Z, =0, (2.72)

S/t = iWrn(Q), for s=0, (2.73)

where Mponopole 15 given by Eq. (2.66).

The entropy is moduli-independent as in the ungauged case and both the entropy
and the mass are independent of the hair parameters s and A.

Observe that the charge of the BPS ’t Hooft-Polyakov monopole s = 0 does not
contribute to the entropy which suggests that it must be associated to a pure state
in the quantum theory. The non-Abelian field of the isolated solution does not
contribute to the mass at infinity (Mmonopole = 0 for Zo, = 0) but there is a magnetic-
charge contribution to the entropy, which suggests that there really is a magnetic
charge but it is screened at infinity. Further support for this interpretation comes
from the near-horizon limit of the scalars, which is the covariantly-constant function
of the charges
m
Zi = 101# i (2.74)
5% +iqo r
even for the isolated case, when no magnetic charge is observed at infinity.

In the case of the 1-parameter (\) family, neither the mass nor the entropy depend
on \.

171t is easier to work with both charges non-vanishing. The results will still be valid when we set one of
them to zero.
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Some of the solutions in this family can also be seen as solutions of the pure EYM
theory. They are identical to those obtained in Refs. [54,220]. As discussed at the end
of section 2.1.1, we need to tune the parameters of the solutions so as to get covariantly
constant scalars which do not contribute to the energy-momentum tensor This is only
possible for the s — oo solutions (Wu-Yang monopoles) for which rf is a harmonic
function. In that case

m

A . 1

Zi= 78,5 7= 10# = 7o . (2.75)
r ip + 290

The metric is identical to that of a Reissner-Nordstrém black hole. These solutions
were called black hedgehogs in Ref. [124] and black merons in Ref. [54] because the gauge
field of the Wu—Yang monopole can also be understood as Lorentzian meron solution.

A closely related solution with non-covariantly constant scalars was obtained in a
different context in Ref. [133].

2.2.3 Embedding in SU(2)-gauged ST[2,n] models
The ST'[2,n] models

The ST[2,n] models are cubic models with ny = n+1 vector supermultiplets and as many
complex scalars and, as all other cubic models, they can be embedded in type II String
Theory compactified Calabi-Yau 3-folds and then uplifted to M-theory. They can also be
obtained from corresponding models of N = 1, d = 5 supergravity compactified on S'.

A generic cubic model is defined by the prepotential

1 Xixixk
F = —= dl]k‘ X0 ;

3 (2.76)

where d is completely symmetric in its indices; the ST[2,n| models are characterized by
d-tensors with non-vanishing components ding = 743 Where (1,3) = diag(+ —--- —) and
where the indices «, 8 take n values between 2 and n + 1.

The scalar Z! = X1/X° plays a special role and parametrizes a SL(2,R)/SO(2)
coset space. For this and other reasons, it is called axidilaton and we will denote it by
7. The other n scalars parametrize a SO(2,n)/(SO(2)xSO(n)) coset space and will be
denoted by Z% = X*/X" (o = 2,--- ,n). The Kihler metric and 1-form connection are
the products of those of the two spaces.

Using this notation and using the gauge X0 = 1, the canonical symplectic section €2,
the Kéhler potential I and the components of Kéahler 1-form Q; and of the Kéhler metric
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G;j are given by

1
-
ZQ
Q = Lrneszez8 |- e™ = 4ASm7 nepSmZ* Sm 2P,
il o0 a7B
2’1’]%@Z VA
—TWaBZﬁ
0. = L 0. — NapSm ZP
T 4Qm7’ “ O 2msSmZY SmZo
G _ 1 G Ny SmZY ngsSmZ° Nap
TT* - 4(%m7_>2’ ap* — [nESO%mZe %mZ(P]Q 2n€¢ng€ %mZ‘P .

(2.77)

The reality of the Kahler potential constrains the values of the scalars. The model
has two branches characterized by

Smr >0, NapSM Z* Im Z° >0, (2.78)

and
Sm7 <0, NasSM Z% Sm Z°% <0, (2.79)
that will be distinguished where required by + and — indices, respectively.

Only the subgroup SO(1,n) C SO(2,n) acts linearly (in the fundamental representa-
tion) on the special coordinates Z¢ and the group SO(3) acts in the adjoint (for instance)
on the coordinates a = 3,4,5 if n > 4. We take n = 4 for simplicity and denote the
a = 3,4,5 indices by a,b,--- =1,2,3. For the sake of simplicity we will write Z¢ instead
of Z9%2 for Z3,7* 75 etc. The generators and structure constants of 50(3) and their

action on the scalars are the same as in the CP° model with obvious changes of notation:
(To)be = fac? = —€ach 00 Z% = aP(T})%Z° = —€qpea®Z¢ = Pk (2) (2.80)
(7 and Z? are inert) so the holomorphic Killing vectors and the momentum maps are

EachbZ* c*

b _ c _
ka (Z) - Each y Ptl - naﬁgm 7o m Z,B :

(2.81)

ol

The scalar potential has a structure similar to that of the cP’ model, but more
complicated. We will not give it here since it is not needed anyway.

The solutions

To find solutions to this non-Abelian model we just need to follow the recipe. First, we
find the functions Z* and the spatial components of the vector fields AAm by solving the
Bogomol'nyi equations

Flow = —JsemmpOpT", 1=0,1,2, (2.82)
Fot? . = _%emnp%za“, a=1,2,3, (2.83)
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(we will suppress the +2 in the non-Abelian indices in most places). The Abelian equations
are solved by harmonic functions and the non-Abelian ones by making the identification
Eq. (2.35) with the Higgs field and using Protogenov’s solutions Egs. (2.38), as we did in
the CP° model.

Next, we have to find the functions Zp by solving Egs. (2.20). In the Abelian
directions A = 0,1,2 we can simply choose harmonic functions and in the non-Abelian
ones we take Z, = 0. This choice gives non-singular solutions, as we are going to see. We
will also set some of the harmonic functions to zero for simplicity.

The Hesse potential defined in Eq. (2.22) can be found from Shmakova’s solution
of the stabilization (or Freudenthal duality) equations for cubic models [191]; it can be

written as
W(Z) = 2+/J4(Z), (2.84)
with the quartic invariant Jy4(Z) given by

JA(T) = (T°TPnap + 2I°T0) (ZoZsn®® — 21'Ty) — (Z°T0 — T'Th + 1°T.)%. (2.85)

This potential does not vanish for the choice Z, = 0, as we advanced and it will
remain non-singular if we set Z° = 7; = Z, = 0. In other words: the only non-trivial
components of ZM are 7', 72 702 T,,. With this choice the metric function is given by

e = W(T) = 2/ 21Ty nosIoT? = 20/ 20T [(Z22 2977 (2.86)

As instructed by the recipe in section (2.1.2), we can calculate the 7 from Eq. (2.22),
which for our choice of non-trivial components of Z" means that Z! = 0 (i = 1,---,5);
this implies that all the scalars are purely imaginary and given by

T -0 2T'n,pT°IP
T _ s 0 __ af
7' = i where 7° = W@ (2.87)
It is convenient to write all of them in terms of 7 = Z1
T —2U
7o ="_r, ¢ (2.88)

Il T = 272770{,810‘1-/6 .
In the two (+ and —) branches of the model corresponding, respectively, to the
upper and lower signs £3m7(4) > 0 and, since e 2V > 0, we must choose the functions

I&) so that

10Tl Ty = + | (TE)* — T Ty | > 0. (2.89)
In order for W(Z) to be real the Z(+)o and I(li) must be chosen so as to satisfy
+ Ty L)0 < 0. (2.90)

(We will suppress the + subindices in what follows, to simplify the notation, except
where this may lead to confusion.)

Observe that with our choice of non-vanishing components of Z* the r.h.s. of
Eq. (2.21) vanishes automatically, whence the staticity condition w = 0 does not impose
any constraint.
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According to the preceding discussions, the non-vanishing components of ZM will
be assumed to take the form

1 2
2 2
o= P2 e PV g e g,
r r
(2.91)
2
To = Aot B/V2
r
where f(r) is fus or f in Eqgs. (2.38), p',p?, qo are magnetic and electric charges and
Al A2 Ay are integration constants to be determined in terms of the asymptotic values of
the scalars and the metric. These constants must have the same sign as the corresponding
charges
sign(A"?) = sign(p"?), sign(Ag) = sign(qo) , (2.92)

as the functions Z', Z? and Z are required to have no zeroes on the interval r € (0, +00)
in order to avoid naked singularities there. Then, the above constraint on the signs of
' and T translates into the following constraints on the signs of the charges in the two
branches:

sign(p')sign(qo) = F1. (2.93)

Defining as in the TP’ case the asymptotic value Z,, of the adjoint scalars by

m
2% = 7o 5“mx7, (2.94)

and imposing the normalization of the metric at infinity it is not hard to express the
integration constants u, A', A%, Ag in terms of the moduli (the asymptotic values of the
scalars Sm7,., Sm Z2 and Sm Z,,) and the coupling constant g

sign(pl) |SmM 7o |

Al = ,
V2xo0
o sen(?)sm 2
V2o
(2.95)
9|Sm Z|
Bo= Tov.
Xoo
Ao = 55sign(qo)Xeo
where we have defined the combination (real in both branches of the theory)
Yoo = V/SMToo [(SmM Z2,)2 — (Sm Zoo)?] . (2.96)
The mass of the solutions in terms of the moduli and the charges is
X 1 M7 Im Z2 IMTooIM Zoo| 1
M T yply+—\q0|i%| = °°|]p2|:|:| w0 Zoo| L (2.97)
|SmToo | 2X o0 Xoo Xoo g
In the above expressions we have used two consistency conditions:
sign(Jm Zo,) = Fsign(p'), sign(Sm Z2)) = +sign(p')sign(p?) . (2.98)
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These expressions for the integration constants and the mass are valid both for the 2- and
1-parameter families, the latter being recovered by setting Sm Z,, = 0 everywhere. The
contribution of the monopole charge 1/g to the mass disappears because it is screened.

Observe that the positivity of the mass is not guaranteed in the — branch for arbi-
trary values of the charges and moduli: it has to be imposed by hand.

Let us now study the behavior of the solution in the near-horizon limit » — 0. For
fu,s#0 and fy the metric function behaves as

e~ /2l [0 — @]9 (299)

which corresponds to a regular horizon in both branches. The solutions will describe
regular black holes if the charges and moduli are such that M > 0. Observe that in the —
branch it is possible to chose those such that M = 0 with a non-vanishing entropy.

In the f,s—0 case with p? # 0 the solution is only well defined in the + branch
because there is no 1/r contribution from the monopole in the r — 0 limit and it is
impossible to satisfy the inequality —na,gIaIfB > 0 in that limit. In this case (the +
branch with p? # 0) we have

_ 1
e 2V ~ \/=2plgo(p?)? 5 (2.100)

which corresponds to a regular horizon.

In the f, s—o case with p? = 0 there are two possibilities:

1. We can set p' = gy = 0. Then, in the r — 0 limit, e 2V is the moduli-dependent
constant QW . There is neither horizon nor singularity and the solution,
which is a global monopole, belongs to the + branch (this also guarantees that the
mass is positive).

2. We can keep both p' # 0 and ¢y # 0, setting A2 = 0 and profit from the fact that, in
this limit ®*®® goes to zero as r2. The solution is only well defined in the — branch.
The metric function takes the constant value

1t
e U ~ +plqog—2 : (2.101)

We have, as far as the metric is concerned, a global monopole solution (as long as
M > 0), but since we need two Abelian charges switched on, namely p' and g, the
scalar fields and the gauge fields are singular at » = 0. As before, it is possible to
tune the moduli and charges so that M = 0.

The near-horizon limits of the scalars are, in the f, ;20 and f) cases

V=209 [(1*)* — (2/9)%]

C\\SmTh = s
2[(p*)* = (2/9)°]
p2
Smzi = =Smny, (2.102)
2% m
Sm Zﬁ = \Sranh 5amx7 5
gp r
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and, in the f, —o case with p? # 0, we get the same results up to the contribution of the
monopole which disappears (formally, 1/g = 0).

2.2.4 Embedding in pure SU(2) EYM

The scalars can only be trivialized for the Wu-Yang monopole s = co. In that case, it is
easy to construct a double-extremal black hole with constant scalars and the metric is, as
usual, Reissner-Nordstrom’s.

2.3 Multi-center SBHSs

To construct multi-center SBHSs we can use the same recipe as in the single-center case
but we need multi-center solutions of the Bogomol’'nyi equations. We start by discussing
these.

2.3.1 Multi-center solutions of the SU(2) Bogomol’'nyi equations on R?

In the Abelian case, the multicenter solutions of the Bogomol’'nyi equations are associated
to harmonic functions with isolated point-like singularities. They are the seed solutions
of the multi-black-hole solutions of the Einstein-Maxwell theory [66,112,127,148,174,177]
and N' = 2, d = 4 supergravities [13,15,22,73]. In the non-Abelian case, the hedgehog
ansatz is clearly inappropriate and more sophisticated methods need to be used. Only a
few explicit solutions are known, even though solutions describing several BPS objects in
equilibrium are, on general grounds, expected to exist. For instance, there is no explicit
solution describing two BPS ’t Hooft-Polyakov monopoles in equilibrium (see however
Ref. [173]).

Perhaps not surprisingly, the only general families of explicit solutions available in-
volve an arbitrary number of Wu-Yang or Dirac monopoles embedded in SU(2). The
simplest of these only involve Wu-Yang monopoles and formally, it can be obtained from
solutions describing Dirac monopoles embedded in SU(2) via singular gauge transforma-
tions [181], generalizing the constructions reviewed in Appendices A.2 (minimal charge)
and A.4 (higher charge). As we have explained at length in the preceding sections, the
metric is completely oblivious to these gauge transformations and takes the same form as
in the Abelian cases. We will not study such solutions in this section.

In Refs. [63], using the Nahm equations [165], Cherkis and Durcan found new so-
lutions describing one or two, charge 1, Wu-Yang monopoles embedded in SU(2) in the
background of a single BPS ’t Hooft-Polyakov monopole.'® We are going to use the first of
them to construct multi-center solutions of the CP° and ST[2,4] models of N =2, d =4
SEYM. Let us review the Cherkis-Durcan solution first: take the BPS ’t Hooft-Polyakov
monopole to be located at 2" = x and the Wu-Yang monopole at 2" = z7". We define

8 In Ref. [42] Blair and Cherkis generated a solution describing an arbitrary number of charge 1 Wu-
Yang monopoles in the presence of an 't Hooft-Polyakov monopole; one can easily generalize this solution
to one describing an arbitrary number of charge n(> 0) Wu-Yang monopoles in the background of an ’t
Hooft-Polyakov monopole, by coalescing n charge 1 Wu-Yang monopoles. Needless to say, the Protogenov
trick works as expected. For the sake of simplicity of exposition, we will not consider this more general
solution in this article.
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the coordinates relative to each of those centers and the relative position by
A A u™ =™ — ", d" =u" — 1™ = xgt — 2", (2.103)

and their norms by respectively, r, u and d. The Higgs field and gauge potential of this
solution (adapted to our conventions) are given by [63]

1 1 1\ K] rm™ 2r rrT
1P = = - — =] —+ — " — da" 2.104
ollr- ) T - ) et e
Ae = L[ pDA2d+2ul etpyrdat ) Kenpgd uPdat o, 1™
g|r L T L UD m T
2r rmrh
— L 0"m <6m" 2 ) Enpgudx?, (2.105)

where the functions K, L, D of u and r are defined by

K = [(u + d)2 + r2] cosh pr + 2r(u + d) sinh pr, (2.106)
L = [(u+d)?+r?]sinh pr + 2r(u+d) cosh ur, (2.107)
D = 2(ud+u™d™) = (d+u)* -1, (2.108)
The function D is clearly zero along the direction'® u™/u = —d™/d signaling the

possible presence of a Dirac string in Eq. (2.105); that this is however not the case is
demonstrated in Ref. [42].

In the models that we are going to study, the Higgs field enters the metric in the
combination ®*®*, which takes the value

111 1\ K1 4|7 x dJ?
PUPT = | — ) [y LA H O 2.109
SRS 2109

To better understand this solution one will consider several limits:

1. The limit in which we take the BPS 't Hooft-Polyakov anti-monopole infinitely far
away, keeping the Dirac monopole at z*: in this limit d — oo, " ~ —d™ while u
remains finite. The Higgs and gauge fields take the form

1 1\ d"
£ ~ 6%, - & 2.110
: <u+u> : (2.110)

1 dmum dmu™ uP
A~ —— 14+ —— mnp— —d— . 2.111
g( * d u) e ( )

The gauge field should be compared with the embedding of a Dirac monopole with
a string in the direction —d™ into the direction §%,d™T* of the gauge group,
Eqgs. (A.11) and (A.17) with s™ = —d™.

19 This is the half of the line that joins r = 0 to u = 0 that stretches from the Dirac monopole u = 0 to
infinity in the direction opposite to the ’t Hooft-Polyakov monopole at r = 0
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2. The limit in which we take the Dirac monopole infinitely away, keeping the BPS
't Hooft-Polyakov anti-monopole at x': In this limit d — oo, u™ ~ d" while r
remains finite. The Higgs and gauge fields become those of a single BPS ’t Hooft-
Polyakov anti-monopole at ("

3. In the limit in which we are infinitely far away from both monopoles (r — oo,
u — 00), which remain at a finite relative distance, the Higgs and gauge fields take

the form
m
L O | ey (2.112)
g |z|
1 x"dx™ 1 ™ (e d"xPdx?
A = _Zga T OV L ga T (Enpgd TAT 2.113
oS R T ’”|x|< 22 (2.113)

The first term in the gauge potential is identical to that of a Wu-Yang anti-monopole
(compare with Eq. (A.2)). This is also the asymptotic behavior of the BPS 't Hooft-
Polyakov monopole. The Higgs field is asymptotically covariantly constant and, in
particular
() @2.114)
PP ~ — + O0(—5). 2.114
92 |z
4. The limit in which we approach the center of the BPS ’t Hooft-Polyakov anti-
monopole "™ — 0, u™ — d™
1

PPN L Or). 2.115
@+ pap T OW (2.115)

This limit is finite and only vanishes when the Dirac monopole is taken to infinity
d — 0.

For finite values of d, Eq. (2.109) says that ®?®® can only vanish along the line that
stretches from r = 0 to w = 0 so #x d = 0. Substituting ™ = ad™ in ®*®* we get a
function of a and of the parameter ud. Plotting the functions of « for different values
of ud we find that they have a single zero, which is also a local minimum. At this
minimum the second derivative does not vanish, and therefore, there, ®?®% ~ O(r?),
as in the single-monopole case. However, the value of this second derivative depends
on the direction.

5. The limit in which we approach the singularity of the Dirac monopole v™ — 0,
rm — —dm

@“@“—>912{1+ <¢1i_u> i}JrO(l). (2.116)

u

Growing Protogenov hair

As we have argued in section (2.2.1) we can add a Protogenov hair parameter s to the
Cherkis & Durcan solution by simply replacing the argument pr of the hyperbolic sines
and cosines in the functions K and L by the shifted on ur + s. We do not need to write
explicitly the solution, but we do need to reconsider the different limits studied for the
s = 0 case:

20



Chapter 2. N = 2 FEinstein-Yang-Mills’ static two-center solutions

0 0.5 1 1.5 2
ud

Figure 2.1: The zeros of the Higgs density as measured by r as a function of the dimen-
sionless separation ud.

1. In the limit in which we take the BPS ’t Hooft-Polyakov-Protogenov anti-monopole
infinitely away, keeping the Dirac monopole at 21" the Higgs and gauge fields become,
to leading order, those of the Dirac monopole with the Dirac string in the direction
—d™, as in the s = 0 case (See Egs. (2.110) and (2.105)).

2. In the limit in which we take the Dirac monopole infinitely away, keeping the BPS
't Hooft-Polyakov-Protogenov anti-monopole at z{* the Higgs and gauge fields be-
come those of a single BPS 't Hooft-Polyakov-Protogenov anti-monopole at 2™ = x{*
(the first two equations (2.38)).

3. In the limit in which we are infinitely far away from both monopoles (r — oo,
u — 00), which remain at a finite relative distance, the Higgs and gauge fields take
the same form as in the s = 0 case, Egs. (2.112-2.114).

4. The limit in which we approach the singularity of the BPS 't Hooft-Polyakov-
Protogenov anti-monopole " — 0, u™ — d™ (for s # 0)

. 1, [1 1 M
+0¢ ~ 5(5 m [r (,u+ d> coths+(9(r)] > (2.117)
ara 1 1

which is similar to the behaviour near the Dirac monopole as in Eq. (2.116) (with u
replaced by 7).

5. The limit in which we approach the singularity of the Dirac monopole ™ — 0,
r™ — —d™ we have the same behavior as in the s = 0 case Eq. (2.116).

The solutions with Protogenov hair have another limit, namely the one in which
s — 00; this case will be studied separately.
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The s — oo limit solution

In this limit we get a solution that describes the same Dirac monopole together with a
(p # 0) Wu-Yang anti-monopole:?’

1 1 1] rm
£ = o, [—u +- - u] TT (2.119)
1%, rdx™ 1 epped™uPdu? rim
Ar = M0 A 8% — . 2.120
g 72 + gu(ud +urdr)” ™ r ( )

This solution is a particular example of a more general family describing an arbi-
trary number of Dirac monopoles in the background of a Wu-Yang anti-monopole. These
solutions can be obtained from a solution describing only Dirac monopoles embedded in
SU(2) via a singular gauge transformation that only removes the Dirac string of one of
them, which becomes the Wu-Yang anti-monopole. The general family of solutions can be
written in the form:

(I):CI)Wy—‘rHU, A:Awy—l-CU, (2121)

where U is the SU(2) (and su(2)) matrix defined in Eq. (A.1) and where ®wy and Awy
are the Higgs and Yang-Mills fields of a Wu-Yang monopole, given, respectively, by

+ (I)VVY = i |:—M + 1] U, (2.122)
2g r

and by Eq. (A.2) and where H is a function and C' a 1-form on R3. If we substitute

into the Bogomol’'nyi equations (2.32) and use, on the one hand, that they are satisfied

by the pair Awy, Pwy, and, on the other hand, that U is covariantly constant with the

connection Awy we arrive at the Dirac monopole equation

dC = *(3)dH. (2.123)
The integrability condition of this equation is dx(3)dH = 0 so H is any harmonic function.
We can choose it to have isolated poles at the points 2™ =2* i =1,--- | N
o= 2Lt ut = g™ — g (2.124)
- 2uz (] 1

2

in which case C' is the 1-form potential of N Dirac monopoles with charges p; which can
be constructed by summing over the potentials of each individual monopole:

c=> ¢, dC; = *(3)d2]zj . (2.125)

The expression for each of the C; is of the form Eq. (A.11) where we can, in principle,
choose the direction si* of each Dirac string independently:

20 One can see fairly easily that in the limiting solution one can, as far as the Bogomol'nyi equations
are concerned, allow for u to be negative; for finite values of s this is impossible.
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. g m -1 s ym P
C; = Pi <1 — zl) Emnp—— ——d—,  (no sum over 7). (2.126)
2 Sy Ug S; U Us

This solution of the Yang-Mills-Higgs system shares two important properties with
the original Wu-Yang monopole and which are related to the fact that they are related to
Abelian embeddings by singular gauge transformations:

1. Both ® and D® are proportional to U:

1 1
¢:(—“++H>U, D¢>:d<—“g+gr+H)U, (2.127)

and, therefore, commute with each other, so the Higgs current vanishes and the
gauge field is, by itself, a solution of the pure Yang-Mills theory.

2. The gauge field strength is also proportional to U, the coefficient being the field
strength of an Abelian gauge field:

F(A) = d(B +O)U, (2.128)

which implies that the energy-momentum tensors are related as in the single-center
case.

These solutions can be generalized even further, by allowing the the charge of the
“original” Wu-Yang monopole at » = 0 to be n/g (that is: using the generalization of
the Wu-Yang monopole due to Bais [8] which is studied in Appendix A.4). If we now
substitute into the Bogomol'nyi equations (2.32) the ansatz

where Uy, A(ny and @, are given, respectively, in Eqs. (A.28),(A.29) and (A.34), H is a
function and C a 1-form on R3, and use that they are satisfied by the pair Amys P(n) and
that Ug,) is covariantly constant with the connection A,), we arrive again at the Dirac
monopole equation (2.123).

Since all these solutions are related to Abelian embeddings, they contribute to the
black-hole solutions as the Abelian solutions. We will not consider them in what follows.

2.3.2 Embedding in the SU(2)-gauged CP’ model

We can use the Cherkis & Durcan solution of the SU(2) Bogomol'nyi equations reviewed
in the previous section as a seed solution for a multicenter solution of N’ = 2, d = 4 SEYM,
adding the same harmonic functions as in the single-center case (Z°,Zy) or a generalization
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with poles at the locations of the monopoles r = 0?! and u = 0. More explicitly, we take

70 — A0+p2/\@+p3/\/§’
r u

_ QT’,O/\/§ Qu,O/\/i
o = Aot = —+— —, (2.130)

T = T30 (ru),
Z, = 0,

where ®%(r,u) is the Higgs field of the Cherkis & Durcan solution. The metric and scalar
fields take the form

eV = LI%? +2(10)% - @27 (2.131)
: 29

zh = 2.132

70 + 2iZ, (2.132)

The normalization of the metric and scalars at infinity leads to the same relations
between the integration constants A°, Ag, u and the physical constants Z.,g as in the
single-center case, namely

A+ V2id = é:| \/1_1‘7%&2 : = %g (2.133)
The integrability conditions of Eq. (2.21) are, in this case,

Z00m 0T’ — 1°0,,0,,To = 0, (2.134)

and lead to the following relations between the integration constants:
A%(gro + quo) — Ao} +41) = 0, (2.135)
J— %d(AOqu,o —Agp%) = 0, (2.136)

where we have defined the constant

J = PYquo — qrop) - (2.137)

The first equation is equivalent to Eq. (2.59) for the total charges and the second
equation determines the relative distance d in terms of J and A%, o — Aop) provided that
J # 0. When that is the case, the solution is not static and has an angular momentum J
directed along the line that joins the monopoles J™ = Jd™/d. The corresponding 1-form

21The location of the BPS ’t Hooft-Polyakov anti-monopole is not completely clear: it is sometimes
argued that the center of the monopole is the point at which the Higgs vanishes and the full gauge
symmetry is restored. As we have discussed, that point is not » = 0. We could try to place the poles of the
harmonic functions at that point, but, given that its location is not known analytically and the expansion
of ®*®* around it is difficult to compute, we will not try to do that here.
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w can be constructed by the standard procedure of the Abelian case. However, since this
complicates the analysis of the regularity of the solutions, we will stick to the static case
and require J = 0.

In order to have regular solutions, the charges at each center must be chosen as in
the corresponding single-center case: since there is an Abelian monopole at u = 0, we
must switch on either p? or ¢u,0 to have a regular horizon there. We can treat them both
as non-vanishing with no loss of generality. Then, there are two possibilities:

I p) = ¢ro =0: Only for s = 0 ("t Hooft-Polyakov anti-monopole at r = 0) has the
solution a chance of being regular at » = 0. Solving Eq. (2.135) the solution can be
written in the form

1

—2U 2 i
= —— _H* - ®'® 2.1

: T , (2.138)

, 26 P
i el 2.139
PV + 2igy H '’ ( )

where H is the harmonic function

H=1+2 8= (1 2P Wan(Q)/2, Wan(Q) = 5007 + 2(auwo)”
(2.140)

The free parameters of this solution are the charges p!, qu,0 and the single modulus
| Z ool

Studying the u — 0 limit we find a black hole with entropy
1 1

as in the corresponding single-center case.

In the » — 0 limit e2Y is constant. The positivity of the constant is guaranteed if
Sy is positive. The total entropy of the solution is just the entropy of the black hole
at u = 0 and the Dirac monopole does contribute to it.

The mass of the solution, expressed in terms of the independent parameters of the
solution, p, qu0 and | Z| takes the form

M = M.+ M,, (2.142)

M, = _Mmonopole ) (2143)
Wen(Q

M, %M + Mmon0pole > (2.144)
1- |Z00|

where Mponopole 18 given by Eq. (2.66). The contributions of the monopole and the
't Hooft-Polyakov monopole to the mass cancel each other.

II. p? or gro 7 0 We can treat both charges as non-vanishing with no loss of generality.
Solving Eqgs. (2.135) and (2.137), we can write the solution as in Eqgs. (2.138) and
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(2.139) where, now,

Ho= 142000 g2 (1|2 P)Wan(Qn) /2,
roou (2.145)
WRN(QT‘,U) = %(pg,u)2 + Q(QT,u,O)2 .

The free parameters of this solution are the charges pl, g, 0 and |Z| and either p?
or gr, since they must be proportional to those of the other center. The areas of
each of the horizons are as in the single-center case. In particular, the BPS 't Hooft-
Polyakov monopole (s = 0) does not contribute to the entropy of the » = 0 center.
The mass is given by

M = M.+ M,, (2.146)
Wrn(Q

M, %LTQ) - Mmonopole ) (2.147)
1- |Z<X>|
Wen(Q

M, %LUQ) + Mmonopole > (2148)
1- |Z<>O|

and the contributions of the monopole and anti-monopole cancel each other. In the
s — oo limit it can be easily seen that the solution is completely regular everywhere
(e72V only vanishes at r = 0 and u = 0) if the Abelian charges as chosen so that the
horizons are regular. This guarantees that all the terms in e 2V are positive. For
finite s this is more difficult to proof analytically, but, since the Higgs field has a
better behavior than in the s — oo case, it is reasonable to expect that it will also
be true. We have checked numerically that this is so in several examples.

2.3.3 Embedding in the SU(2)-gauged ST|2,4] model

The metric and scalar fields of the solution are now given by

eV = 2/2TT,[(72)2 — 29991 (2.149)
o—2U T2 20

7' = r=i 77 = A 2.150

T T[22 — 20009 7 i 7 (2150)

where ®° is the Higgs field of the Cherkis & Durcan solution (deformed with the Pro-
togenov hair parameter s) and where the harmonic functions Z', Z? and Zy are allowed to

have poles at r =0 and u = 0:

71 — A1+19%/\/§+qu¢/\/§7 72 —
r u r

T, =

r0/V2  quo/V2
Ao+q’07{f+q’ozif.

2 2
A2+pr/\/§+pu/ﬂ’

! (2.151)

. 3 . .
As in the CP" case, the Abelian charges at each center must be chosen with the
same criteria as in the corresponding single-center case. This means, in particular, that
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the Abelian charges at u = 0, p., g, 0 must be non-vanishing. p? may need to be activated,
depending on the branch we are considering. At r = 0, for s # 0 we get exactly the same
possibilities, but, for s = 0 there are two possibilities:

1. pl, a0, p? non-vanishing. We find a black hole at 7 = 0 in the + branch.

2. pl = Gro = p? = 0. e 2V is a complicated d-dependent constant in the r = 0 limit
and we get a global monopole.

Here we find an important difference with the single-center case, due to the fact
that ®*®® is a finite constant in the 7 — 0 limit instead of going to zero as r2: there is
no solution with p%qﬁo # 0 and p? = 0. In order to have such a global monopole solution
with plgo # 0 and p? = 0 in equilibrium with the monopole at u = 0 one may try to place
those charges at the point at which ®*®* = 0, but the resulting solution may not be well
defined there because the limit of the metric function depends on the direction from which
we approach that point.

The entropy of the solution is the sum of the entropies of both centers (vanishing

for global monopoles). As in the cP case, the monopole at each center does contribute
to the center entropy (except for global monopoles). The contributions of the monopole
and anti-monopole to the mass cancel each other:

1 X 1 1 1
1] =—|py + Pyl + 5 —

SMTaeSmZ2 | 5
Smra] |Gu,0 + qrol = §X—Oo|pu + p?. (2.152)

200 [e.e]

2.4 Conclusions

In this chapter we have discussed the construction of supersymmetric multi-object solu-
tions in N' = 2, d = 4 EYM theories, specifically in the so-called TP and ST[2, n]
models. These models were chosen due to their workability, the fact that they allow for a
SU(2) gauging and (in the second case) for their stringy origin. Starting with a deforma-
tion of the solutions to the SU(2) Bogomol'nyi equation found by Cherkis and Durcan that
adds to the 't Hooft-Polyakov monopole Protogenov hair, we have been able to construct
bona fide two-center solutions. These solutions describe a Dirac monopole embedded in
SU(2) in the presence of either a global monopole (the supergravity solution corresponding
to the 't Hooft-Polyakov monopole) or a non-Abelian black hole (a supergravity solution
with an 't Hooft-Polyakov-Protogenov monopole). In order to make the comparison with
the single-object case easier, we included a detailed discussion of the embeddings of the
spherically symmetric solutions to the SU(2) Bogomol'nyi equations into the two models,
and expressed the whole solution in terms of charges and moduli of the physical fields.

The constructed solutions are all static. It would be very interesting to study dyonic
solutions and to see how this interplays with the Denef constraint; the stumbling block in
this respect is not so much the Bogomol'nyi equation as the equation (2.20); for the moment
the only general solution we know of is to take Zy ~ Z% in the gauged directions, but this
automatically solves the Denef constraint. The only case for which we can find non-trivial
dyonic solutions is for the multi-Wu-Yang solutions, or if you like the s — oo limit of the
deformed Cherkis and Durcan’s solution; we refrain from discussing these solutions here
as, due to gauge invariance, even taking into account the singular gauge transformation,
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the restriction coming from the Denef constraint is basically the one corresponding to the
Abelian theory.

A natural question that follows from the results presented here and in Refs. [123,
124,155] is whether we could use a charge k& SU(2) monopole to construct globally regular
solutions; the answer is yes: observe that the construction of globally regular solutions in
section (2.2) hinges exclusively but crucially on the fact that the used monopole solution
is regular and is such that ®*®% < limz_,, *®*. A charge-k monopole may be rather
difficult to construct but the regularity is guaranteed and also the last needed ingredient
is known to be satisfied: indeed, using the Bogomol’'nyi equation (2.32) one can show that

OO DD = Fp Fopm > 0. (2.153)

This equation together with the Hopf maximum principle and the regularity, implies
that the function ®*®* is bounded from above by its value on the sphere at infinity, which
is exactly what one needs.

As was said in the introduction, the creation and study of non-Abelian solutions
to d = 4 supergravity theories is in its infancy and this holds doubly so for the higher
dimensional theories. One possible reason is that the structure of supersymmetric solutions
to higher supergravities (see e.g. Refs. [23,58]) is more entangled than the one given in
the recipe in section 2.1.2. For example, naively one would expect that Kronheimer’s link
of monopoles on R? to instantons on GH-spaces, would carry over to the supersymmetric
solutions as in d = 4 the base space is R? and that in d = 5 must be hyper-Kéhler; i.e. one
would expect the instanton equation to show up in the recipe for cooking up 5-dimensional
supersymmetric solutions. Perhaps it does, but it definitely is not obvious where and how
it is making its appearance in such a clear-cut manner as in d = 4.

The 4- and 5-dimensional EYMH theories are, however, related by dimensional
reduction/oxidation, whence the solutions to the cubic models presented in here could
be oxidized to 5-dimensions and can be studied with the hope of unraveling the structure
of 5-dimensional supersymmetric solutions.
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Resolution of SU(2) monopole singularities by
oxidation

This chapter is based on

Pablo Bueno, Patrick Meessen, Tomas Ortin and Pedro F. Ramirez
“Resolution of SU(2) monopole singularities by ozidation”,
Phys.Lett. B746 (2015) 109-113. [arXiv:1503.01044 [hep-th]] [48].

It has been known for a long time that selfdual Yang-Mills (YM) instantons in
4-dimensional Euclidean space E* and magnetic monopoles satisfying the Bogomol'nyi
equation in E3 [43]' are related by dimensional reduction. In its simplest setting, this
relation can be described as follows: if /lﬂ (i = 0,1,2,3)? is the gauge potential of a
selfdual YM instanton solution in E* and is furthermore independent of one of the 4
Cartesian coordinates, z say, then the z-component A, and the other three components
A, (m =1,2,3) can be identified with the Higgs field & = — A, and the gauge potential
A,, = A,, of a solution of the Yang—Mills-Higgs (YMH) system in the Prasad-Sommerfield
limit satisfying the Bogomol’'nyi equation:

Di® = SemmnpFp - (3.1)

The sign in the Bogomol’nyi equation depends on the orientation of the coordinates;
we have taken the one corresponding to z to be ¥ and epjo3 = €193 = +1.

The coordinate z has to be compactified for the instanton action to be finite:?
2 ~ z+4m. Thus, in practice, we are performing the dimensional reduction in S x E? and
the z-independent solutions can be considered to be the Fourier zero modes of instanton
solutions periodic in the direction z (the so-called calorons).

The paradigm of selfdual YM instanton in E* is the BPST instanton [19], usually
presented in Cartesian coordinates using the 't Hooft symbols. It belongs to a family
of selfdual YM solutions depending on an arbitrary function K, harmonic on E* (see
e.g. Ref. [131] and references therein). With K asymptotically constant and with a
single point-like pole at the origin K = 1 + 4/(\%p?), where |;E(4)|2 = p?, the solution

!This is the equation satisfied by the 't Hooft-Polyakov monopole [120,180] in the Prasad-Sommerfield
limit [182]. We will henceforth refer to these monopoles as BPS monopoles. Since the time direction
does not play any role here, we will also refer to the spatial parts of 4-dimensional Lorentzian solutions as
“3-dimensional” solutions.

?We dress 4-dimensional objects with a hat; hatless objects are 3-dimensional.

3This choice of period is unconventional but convenient for what follows.
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describes a single BPST instanton located at the origin. Replacing K by a harmonic
function on S' x E? with a single pole at the origin and asymptotically constant in E?2,
K =1+ (sinhr/2)/[A?r?(coshr/2 — cos z/2)], where p? = 22 + 1% = 22 + |Z(3)|?, we get a
caloron [111] whose Fourier zero mode gives, upon dimensional reduction, the spatial part
of a Wu-Yang SU(2) magnetic monopole [218], which is singular at the origin.

Since the BPST instanton and caloron are regular everywhere, the singularity of the
Wu—Yang solution can be understood as the result of having ignored the massive Fourier
modes in the dimensional reduction, but the mere oxidation of the 3-dimensional monopole
does not automatically restore them: the 4-dimensional singular instanton corresponding
to the Fourier zero mode of the BPST caloron is singular.

The above redoz relation was generalized by Kronheimer in Ref. [142] to a relation
between selfdual Yang—Mills instanton solutions in hyper—Kéhler (HK) spaces [142] and
BPS monopoles in E3. We are going to see that Kronheimer’s scheme provides an alterna-
tive reduction of the BPST instanton which relates it to the colored BPS monopole solution
of Protogenov [183]. Colored monopoles are a rather misterious type of monopole solutions
that exist for many gauge groups [160] and are characterized by asymptotically vanishing
Higgs field and magnetic charge which, nevertheless, can contribute to the Bekenstein—
Hawking entropy of certain (supersymmetric) non-Abelian black holes [47,155,160].

Let us start by reviewing Kronheimer’s result: consider a 4-dimensional HK space
admitting a free U(1) action which shifts the adapted periodic coordinate z ~ z 4 4m by
an arbitrary constant. Its metric can always be put in the form [97]

d3? = H'(dz + w)? + Hdz™dz™ (m=1,2,3), (3.2)

where the z-independent function H and 1-form w are related by*

dH = *dw . (3.3)

The integrability condition of this equation implies that H is a harmonic function in E3
which is furthermore required to be strictly positive in order for the metric to be regular
Now, for any gauge group G, let us consider a gauge field A whose field strength F is
selfdual *F' = +F in the above HK metric with respect to the frame and orientation

e0 = H '2(dz +w), e = HY?5%,da™ €013 = +1. (3.4)

Then, the 3-dimensional gauge and Higgs fields A and ® defined by

d = —HA,,
(3.5)
A, = Am—wmflz,

satisfy the Bogomol'nyi equation in E? Eq. (3.1). It is worth stressing that, had we
started with an anti-selfdual YM field we would have obtained the Bogomol'nyi equation
with opposite sign, which is acceptable, but also Eq. (3.3) with opposite sign, which would
be a contradiction: in this setup we can only reduce YM fields which are selfdual w.r.t. the
above frame and orientation.

4Unhatted objects are always defined in 3-dimensional Euclidean space E3.
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When H = 1, the HK space is just S' x E3 and one recovers the result explained
at the beginning. A more interesting choice is H = 1/r with r? = 2™, Writing the E3
metric dz™dz™ as dr? + ’I“QdQ%Q) and then redefining » = p?/4 the HK metric Eq. (3.2)
becomes the metric of E* in spherical coordinates

ds® = dp? + p*dQy, , (3.6)

where dQ%?’) is the round metric of the 3-sphere of unit radius in Eq. (B.14). This HK

space is, therefore, E* (0} and the shifts of z act freely on it because the origin p = 0 does
not belong to it.

Obviously, the standard BPST instanton is a selfdual solution in this space and,
provided that the gauge field is independent of z, we can reduce it directly (avoiding the
caloron step) using Kronheimer’s scheme to find a monopole in E? 0} This is what we
are going to do in the next section but, before, we want to review the relation between
the Euclidean action of the instanton and the monopole charge.

The gauge field strength components in the frame Eq. (3.4) are
Fap = H 'Fy— H2®(dw)a,

(3.7)
Foo = H 'D,®— H289,H,

Substituting them into the YM action and using repeatedly Eq. (3.3), the Bogomol'nyi
equation (3.1) and Stokes’ theorem we get

}l/d‘*m/ygm? = 4n /VS TH2d*dH ®* + 4n /WS [H'o4FA + L xdH19?] |, (3.8)

where V3 is E3 with the singular points of H removed: this means that the first term on
the r.h.s. always vanishes. The end result therefore reads

}l/dA‘m\/\g\F? = 4m /WB [H'o4FA 4+ 1 xdH19?] | (3.9)
and one must take into account that the boundary of V3 includes the singularities of H
as well as infinity.

For H = 1, V3 = E3 and the r.h.s. is directly related to the monopole magnetic
charge

ApA
pzl/ g’ (3.10)
i Js2. VOB®B

provided the Higgs field is asymptotically constant, as in the BPS ’t Hooft—Polyakov
monopole.

For H = 1/r, which is the case of interest here, V3 = Ei{o}, ov3 = {0} u S%,
and the integral will diverge precisely for monopoles with well-defined magnetic charge at
infinity and asymptotically constant Higgs fields. Thus, we can only expect convergence
for colored magnetic monopoles [160]. If the selfdual YM field has a finite action, then
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it must lead to a colored monopole in E3 by Kronheimer’s dimensional reduction. In the
next section we are going to see that this is indeed the case for the BPST instanton.

3.1 Singular reduction of the BPST instanton

In order to reduce the BPST instanton a la Kronheimer in the HK space with H = 1/r,
it is convenient to write it in spherical coordinates and, actually, it is easier to rederive it
directly using the following ansatz for the components of the SU(2) gauge potential
A7 =bp(pvg , A=1,2,3, (3.11)
R R R

where the v7 are the components of the SU(2) Maurer—Cartan (MC) 1-forms defined
R
in Egs. (B.12), satisfying Eq. (B.13), and b, (p) is a function of p to be determined by
R
imposing the selfduality of the gauge field strength. To this end it is most convenient to
use the frames

e =dp, €7 = %péaAv‘% , (3.12)
R R R

for the metric Eq. (3.6). Using the MC 1-forms it is straightforward to compute the gauge
field strength Ff:
R

A 2b

: , . 2b(b ¥ 1
FL :pdAaelgOAe,g“Jr( T ’

o aw€E NeL”. (3.13)
Requiring Fé to be (anti-)selfdual (FA(i)OCL = :I:%eachA(i)bc) in these two frames
R
we arrive at a differential equation for bjz (p) leading to two self- and two anti-selfdual
R

solutions describing a single BPST instanton or anti-instanton, of size® determined by the
parameter A, at the origin:

JAGH) _ 1 A A N2p? /4
) ) AL 1+)\2p2/4UL7 ) X AL - 1+)\2p2/4vL’
*F =+F *F=—-F
~ )\2[)2/4 ~A(— 1
AA(+) - _ A A = _ _ A
R 1+ 22p2/4 1 R 1+ 22p2/4 1
(3.14)
The gauge fields Af(i) are gauge-equivalent to the Aé(i) owing to
FAE) - - FA(E
VA u— yauu—t = A5 (3.15)

and the property Eq. (B.11). Then, we could just work with Ag(ﬂ and A?(f), which are

regular (they vanish at p = 0 while the other two are multivalued there). However, if we

()

want to use Kronheimer’s results we are forced to work with the singular ones, A? and

5 In the instanton literature it is customary to denote the size of the (anti-)instanton by p, see e.g.
Refs. [207], but here we’ll denote it by po. It is then easy to see that A = 2/po.
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flg(_), because as one can see the transformation between the frame é% in Egs. (3.12) and
. . R R
Kronheimer’s frame é* in Eqs. (3.4) preserves the orientation for € but reverses it for é%.

In other words: the regular gauge fields Aé(ﬂ and flf(_) are anti-selfdual in Kronheimer’s
frame and can therfore not be consistently reduced.

Let us, then, consider A?(H and Ag(_). By construction, these gauge fields are
invariant under the free U(1) actions in Egs. (B.5) and (B.4), respectively.

In other words: A?H) is ¢-independent and Aé(_) is 1y-independent and can be
dimensionally reduced along those directions because the only invariant point under these
actions (the origin p = 0) does not belong to our HK space. We can expect 3-dimensional
monopoles which are singular there.

Using directly Egs. (3.5), from A?(H we get the Yang—Mills and Higgs fields of a
BPS monopole solution

A(+) 1 54 up A(+) 1 4 UL
o = A = d==== 3.16
L r(14+X2r) ™o L (1+ /\2T)6 mntT T (3.16)
where we have defined the Cartesian coordinates y™/r = —§™ Avfsozﬁ

Yyt =rsinf cosy, yr =rsinfsing, yi =rcosh. (3.17)

The reduction of Ag(_) gives exactly the same 3-dimensional fields upon the replace-
ment of the Cartesian coordinates y7* by y5 = —H"(SmAvﬁw:?

yhr =rsinf cosp, yh=-rsinfsing, yy=—rcosf. (3.18)

As predicted by the arguments based on the Euclidean action, the 3-dimensional
BPS monopole obtained by this procedure is the colored monopole found by Protogenov
in Ref. [183]. The Higgs field vanishes at infinity and the magnetic charge, as defined
in Eq. (3.10) vanishes identically. The solution approaches the Wu—Yang monopole [218]
for r — 0 (which corresponds to A? = 0) and, therefore, one can argue that the solution
describes a magnetic monopole at the origin whose charge is completely screened at infinity.
This interpretation is supported by the computation of the Bekenstein—-Hawking entropy
Spr of non-Abelian black holes with this kind of gauge fields: there is a contribution to
S corresponding to a magnetic charge [47,155].

3.2 Oxidation of singular Protogenov monopoles

Reversing the procedure we just carried out, we see that the singularity of the SU(2) colored
BPS monopole disappears completely when it is oxidized to 4 Euclidean dimensions. Since
there are other singular SU(2) BPS monopoles [183], it is natural to ask whether their
singularities can also be cured by oxidizing them within this scheme.

The spherically symmetric solutions of the SU(2) Bogomol'nyi equations have the
following hedgehog form [183]:
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S4A = —r2h(7")eAmnyfd <y>, (3.19)
r r
ot = —rf(r)§t (3.20)

where the functions f(r) and h(r) must satisfy the differential equations

rh42h+ f(1+7%0) = 0, (3.21)

r(h—f)—=r*n(h—f) = 0, (3.22)

if the above Yang-Mills and Higgs fields are to satisfy the Bogomol’'nyi equation (3.1).
Apart from the family of colored solutions in Eq. (3.16), there is another 2-parameter (u
and s) family of solutions given by

1 1 ur
=—1[1- th h=-|—F"—7-—-1|. 3.23
rf= O preoth(urt o), rh= |l (3.23)

The BPS limit of the 't Hooft—Polyakov monopole [120,180] is the s = 0 member of
this family, and the only regular one. Before oxidizing them, we can compute the action
of the corresponding instanton using Eq. (3.9). The action turns out to diverge for all
values of s. However, even if all hope of getting a regular instanton by oxidizing these
solutions is lost, it is still worth finding the general expression of the singular instantons,
since it may give us inspiration for making instanton ansétze directly in 4 dimensions.
Using Kronheimer’s relations, Eq. (3.5), we find

AN = —r2f(r)vf + 72 [f(r) = h(r)] u?, (3.24)

where we have defined the 1-forms

u! = cossiné cosfdy + sinydf
u? = sintsinfcosfdyp — cospdh , (3.25)
ud = —sin®fdy.

These 1-forms depend only on two coordinates (¢ and ) and they can be seen as projec-

tions of the left-invariant MC 1-forms fuf

A
ut = B [5AB _ y’ig ] . (3.26)

They satisfy differential equations identical to the ones satisfied by the left-invariant MC
1-forms Uf up to the 1/2 factor, i.e.

du® = —egou® AuC (3.27)
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which makes them well suited for a generalization of the ansatz Eq. (3.11):

AL = b(p)vit + c(p)u?. (3.28)

Imposing selfduality of the corresponding field strength with the redefinition

b(p(r)) = —r*f(r), c(p(r)) = = [h(r) = £(r)] , (3.29)

leads to Protogenov’s equations (3.21) and (3.22); the oxidation of the BPS monopoles
gives all the selfdual instantons of that form.

3.3 Conclusions

In this chapter we have shown how a misterious kind of SU(2) BPS magnetic monopoles
known as colored monopoles, which are singular at the origin and have vanishing asymp-
totic charge and Higgs field, can be understood as the result of the singular dimensional
reduction of the BPST instanton, which is itself globally regular. The parameter appear-
ing in the monopole family of solutions turns out to be related to the one that measures
the instantons’ size.

The mechanism is analogous to the well-known mechanism curing gravitational sin-
gularities by oxidation as for example the KK-monopole [198] or in certain 4-dimensional
dilatonic black holes [98], but with the twist that here the fields are non-Abelian. The
mechanism that cures the singularity of the colored monopole does not, however, work
for the rest of the spherically-symmetric BPS monopoles of the theory: they always have
infinite action, but depending on the application this may or may not be a problem.

We have argued, based on the relation between the instanton action and the monopole
magnetic charge, that this relation between regular instantons and singular, colored mag-
netic monopoles should be general. It has recently been shown in Ref. [160] that colored
magnetic monopoles are present in the Yang—Mills—Higgs theory for all SU(V) groups and
the results of that paper can be used to construct regular selfdual SU(N) instantons, as
we will see in the following chapters. Possibly, the transmutation monopoles discovered in
Ref. [160], which have different (non-vanishing) charges at infinity and at the origin, can
be related to regular solutions by a similar mechanism.

The case studied here is just the simplest and most special of those comprised
in Kronheimer’s work Ref. [142], since it just involves E* .. One may wonder if the
rest can be of any relevance in physics. It turns out that the relation between N =
1,d =5 and N = 2,d = 4 super-Einstein—Yang-Mills (SEYM) theories must include the
relation between selfdual instantons in HK spaces and BPS monopoles in E3 discovered
by Kronheimer: the timelike supersymmetric solutions of N' = 1,d = 5 [23] (as it happens
in the Abelian case [93]) involve a 4-dimensional Euclidean base space of HK type and the
YM field strengths have a piece which is selfdual in that space. On the other hand the YM
fields of the timelike supersymmetric solutions of N' = 2,d = 4 SEYM [157] are required
to satisfy the Bogomol’nyi equation in E3 in combination with an effective Higgs field.
These two classes of theories and their solutions are related by dimensional reduction.
Explicit solutions of the latter describing non-Abelian black holes have been obtained
in [47,123,124,155,160]. Some of the solutions are powered by the colored BPS monopoles
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that we have shown to be related to the BPST instanton. It is then natural to expect that
the oxidation of the complete supergravity solutions will provide us with explicit solutions
of the ' = 1,d = 5 SEYM theory® involving the BPST instanton. These solutions,
whose form is quite intriguing, may be globally regular. The oxidation a la Kronheimer
of solutions involving other monopoles will give potentially singular solutions, but, just
as it happens with singular monopoles in d = 4, gravity may cover the singularities with
event horizons. All these new possibilities opened by the result presented in this chapter
are very interesting and well worth investigating.

830 far, no explicit solutions of these theories have been constructed.
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The search for classical solutions of General Relativity and theories of gravity in
general has proven to be one of the most fruitful approaches to study this universal and
mysterious interaction. This is partially due to the non-perturbative information they
provide, which we do not know how to obtain otherwise. It is fair to say that some of
the solutions discovered (such as the Schwarzschild and Kerr black-hole solutions, the
cosmological ones or the AdS;xS® solution of type IIB supergravity) have opened entire
fields of research.

Some of the most interesting solutions are supported by fundamental matter fields
and a large part of the search for gravity solutions has been carried out in theories in
which gravity is coupled to different forms of matter, usually scalar fields, Abelian vector
and p-form fields coupled in gauge-invariant ways among themselves and to scalars, as
suggested by superstring and supergravity theories, for instance. The solutions of gravity
coupled to non-Abelian vector fields have been much less studied because of the complexity
of the equations. Most of the genuinely non-Abelian solutions found so far, such as the
Bartnik-McKinnon particle [11] and its black hole-type generalizations [208], in the SU(2)
Einstein-Yang-Mills (EYM) theory, are only known numerically, which makes them more
difficult to study and generalize.

Supersymmetry can simplify dramatically the construction of classical solutions,
providing in some cases recipes to construct systematically whole families of solutions that
have the property of being “supersymmetric” or “having unbroken supersymmetry”, or
being “BPS” (a much less precise term) because these solutions satisfy much easier to solve
first-order differential equations.! These techniques can be applied to non-supersymmetric
theories if we can “embed” them in a larger supersymmetric theory from which they can
be obtained by a consistent truncation that, in particular, gets rid of the fermionic fields.

In order to apply these techniques to the case of theories of gravity coupled to funda-
mental matter fields we must embed the theories first in supergravity theories. d = 4 EYM

IFor a general review on the construction of supersymmetric solutions of supergravity theories, including
some of those that we are going to study here, see Ref. [171].
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theories can be embedded almost trivially in N' = 1,d = 4 gauged supergravity coupled
to vector supermultiplets, but there are no supersymmetric black-hole or more general
particle-like solutions in N' = 1,d = 4 supergravity: all the supersymmetric solutions of
these theories belong to the null class® and describe, generically, massless solutions such
as gravitational waves and also black strings (whose tension does not count as a mass).
This could well explain why there are no simple analytic solutions of the EYM theory.

Embedding of d = 4 EYM theories in extended (N > 1) d = 4 supergravity theories
turns out to be impossible, since the latter always include additional scalar fields charged
under the non-Abelian fields which cannot be consistently truncated away. On the other
hand, these scalar fields (or part of them) can also be interpreted as Higgs fields and we
can think of those supergravities (which we will call Super-Einstein-Yang-Mills (SEYM)
theories) as the minimal supersymmetric generalizations of the Einstein-Yang-Mills-Higgs
(EYMH) theory. Actually, some solutions of the SEYM theories are also solutions of the
EYMH theory, but this is not generically true and we cannot say that the EYMH theory
is embedded in some SEYM theory.

At any rate, analytic supersymmetric solutions of SEYM or more general gauged
supergravity theories should be much easier to find than solutions of the EYM theory and,
at the same time, much more realistic, since we know there are scalar fields charged under
non-Abelian vector fields in Nature.

This expectation turns out to be true. In 1991 Harvey and Liu [113] and in
1997 Chamseddine and Volkov [61] found globally regular gravitating monopole (“global
monopole”) solutions to gauged N’ = 4, d = 4 supergravity, a theory that can be related
to the Heterotic string. In 1994, a 4-dimensional black-hole solution with non-Abelian
hair was obtained by adding stringy (Heterotic) o/ corrections to an a = 1 dilaton black
hole [133]. This solution was singular in the Einstein frame.®> More recently, the timelike
supersymmetric solutions of gauged N’ = 2,d = 4 and N = 1,d = 5 were characterized,
respectively, in Refs. [124,157] and [20,23],* so the form of all the fields in those solutions
is given in terms of a few functions that satisfy first-order equations.

In the 4-dimensional case, these first-order equations are straightforward generaliza-
tions of the well-known Bogomol’nyi monopole equations [43] whose more general static
and spherically symmetric solutions for the gauge group SU(2) were obtained by Pro-
togenov in Ref. [183]. Then, the characterization of timelike supersymmetric solutions
was immediately used to construct, apart from global monopole solutions, the first an-
alytical, regular, static, non-Abelian black-hole solutions which cannot be considered as
pure Abelian embeddings [124], showing how the attractor mechanism works in the non-
Abelian setting [123,124]. Colored black holes® and two-center non-Abelian solutions were
constructed, respectively, in [155] and [47] by using, respectively, “colored monopole” and
two-center solutions of the Bogomol'nyi equations.

In the N =1,d =5 SEYM case, the characterization obtained in Refs. [20,23] has
not yet been exploited. Doing so to construct non-Abelian black-hole and black-string

2The Killing spinor of the supersymmetric solutions in the null (resp. timelike) class gives rise to a null
(resp. timelike) Killing vector bilinear.

3We will see, though, that it is closely related to the 4-dimensional black-hole solutions studied in [47]
and to the 5-dimensional ones presented here.

4In the N = 1,d = 5 case, the null supersymmetric solutions were characterized as well.

5Colored black holes have non-Abelian hair but vanishing asymptotic charges. The charges must be
screened at infinity because they contribute to the near-horizon geometry and to the entropy.
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solutions is our main goal in this chapter. It is a well-known fact, one that also holds
in the Abelian (ungauged) case that the vector field strengths of the timelike supersym-
metric solutions of these theories are the sum of two pieces, one of them self-dual in the
hyperKéahler base space, i.e. an instanton in the base space. In the non-Abelian case we
are interested in, this fact can be exploited in an obvious way to add non-Abelian hair to
black hole solutions.

As we are going to see, it will be convenient to refine the general characterization
obtained in those references to obtain a simpler recipe to construct supersymmetric solu-
tions with one additional isometry. These solutions are still general enough and can also be
related to the timelike supersymmetric solutions of N' = 2,d = 4 SEYM. In the timelike-
to-timelike reduction, we recover the relation between self-dual instantons in hyperKéahler
spaces with one isometry and BPS monopoles in E3 found by Kronheimer in Ref. [142]. As
we have shown in Ref. [48] this redox relation brings us from singular colored monopoles
to globally regular BPST instantons and vice-versa and it will allow us to obtain regular
black holes with a BPST instanton field.

The recipes we have obtained can be applied to any model of N' = 1,d = 5 super-
gravity coupled to vector multiplets in which a non-Abelian subgroup of the perturbative
duality group can be gauged. The explicit solutions we will construct will belong to a
particular model, the ST[2, 5] model which is the smallest of the ST[2, n| family of models
admitting a SU(2) gauging. These models are consistent truncations of N' = 1,d = 10
supergravity coupled to a number of vector multiplets on 7° and, for low values of n, they
can be embedded in Heterotic string theory. The SU(2) gauging can be associated to the
enhancement of symmetry at the self-dual radius U(1)xU(1) —U(1)xSU(2), although, in
order to study the details of the embedding of our model in Heterotic string theory (which
will be our next goal) more work will be necessary.

This chapter is organized as follows: in Section 4.1 we review the gauging of a non-
Abelian group of isometries of an N’ = 1,d = 5 supergravity theory coupled to vector
multiplets. The result of this procedure is what we call an N’ = 1,d = 5 Super-Einstein-
Yang-Mills (SEYM) theory. In Section 4.2 we review and extend the results of Ref. [23]
on the characterization of the supersymmetric solutions of N'=1,d = 5 SEYM theories,
giving the recipe to construct those admitting additional isometries and showing how they
are related to the analogous supersymmetric solutions of NV = 2,d = 4 SEYM theories
characterized in Ref. [123,157]. We will then use these results in Sec. 4.3 to construct
black holes and black strings (in the timelike and null cases, respectively) of the SU(2)-
gauged ST|[2,5] model of N' = 1,d = 5 supergravity and to study their relations, via
dimensional reduction, to the non-Abelian timelike supersymmetric solutions (black holes
and global monopoles) of the SU(2)-gauged ST|[2,5] model of N' = 2,d = 4 supergravity
(see Ref. [47]). Our conclusions are given in Section 4.4. Appendix C.4 reviews the
reduction of ungauged N' = 1,d = 5 supergravity to a cubic model of N' = 2,d = 4
supergravity, with the relation between the 5- and 4-dimensional fields for any kind of
solution (supersymmetric or not). This relation remains true for gauged supergravity
theories under standard dimensional reduction (which does not change the gauge group).
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41 N =1,d=5SEYM theories

In this section we give a brief description of general N' = 1,d = 5 Super-Einstein-Yang-
Mills (SEYM) theories. These are theories of N' = 1,d = 5 supergravity coupled to n,
vector supermultiplets (no hypermultiplets) in which a necessarily non-Abelian group of
isometries of the Real Special manifold has been gauged. These theories can be con-
sidered the simplest supersymmetrization of non-Abelian Einstein-Yang-Mills theories in
d = 5. Our conventions are those in Refs. [21,23] which are those of Ref. [36] with minor
modifications.

The supergravity multiplet is constituted by the graviton e?,, the gravitino 1/JL
and the graviphoton A,. All the spinors are symplectic Majorana spinors and carry a
fundamental SU(2) R-symmetry index. The n, vector multiplets, labeled by x = 1, ....,n,
consist of a real vector field A%, a real scalar ¢* and a gaugino NPT

The full theory is formally invariant under a SO(n, + 1) group® that mixes the
matter vector fields A*, with the graviphoton A, = AOM and it is convenient to combine
them into an SO(n, + 1) vector (Af,) = (A°,, A%,). It is also convenient to define a
SO(n, + 1) vector of functions of the scalars h!(¢). These n, + 1 functions of n, scalar
must satisfy a constraint. N’ = 1,d = 5 supersymmetry determines that this constraint is
of the form

Crixh' (9)h! ($)h" (¢) = 1, (4.1)

where the constant symmetric tensor C7jx completely characterizes the theory and the
Special Real geometry of the scalar manifold. In particular, the kinetic matrix of the vector
fields az(¢) and the metric of the scalar manifold g,,(¢) can be derived from it as follows:
first, we define

h; = Cryxh’h®, = hlh; =1, (4.2)
and
I 1 ahI I 1
hl=—V3h , =— 387535, hiz = +V3hre, = hihl =h'hp =0. (4.3)

Then, ayy is defined implicitly by the relations

h; = arsh’, hiz = arsh’ . (4.4)

It can be checked that

ary = —2C[JKhK + 3hrhy. (4.5)

The metric of the scalar manifold g, (¢), which we will use to raise and lower z,y
indices is (proportional to) the pullback of ays

oy = arsh’h’y = —2C1ychLh) b (4.6)

5The theory will only be invariant under a subgroup of SO(n,, + 1).
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The functions A’ and their derivatives hZ satisfy the following completeness relation:

ary = hrhy + gayhihY. (4.7)

By assumption, the real Real Special structure is invariant under reparametrizations
generated by vectors k% (¢)”

6o = kg, (4.8)

satisfying the Lie algebra®

k1, ksl = —fr/%kg. (4.9)

The invariance of the metric g, implies that the vectors k;*(¢) are Killing vectors. The
invariance of the constraint Eq. (4.1) implies the invariance of the Crx tensor

—3f1™ Crpym = 0. (4.10)

Multiplying this identity by h”h®hl we get another important relation:

f15h h = 0. (4.11)

The functions h!(¢), in their turn, must be invariant up to SO(n, + 1) rotations,
that is

ki®0.h7 — frix’h® =0, = ki =—-V3f,/5n%h7, = AWk =0, (4.12)

where we have used the completeness relation Eq. (4.7) and Eq. (4.11).

If the real special manifold is a symmetric space, then the tensor Cy i satisfies the
identity

CYEC;mCnpyk = 526" (LCunp) (4.13)

where C!/E = Cp k. In these spaces we can solve immediately A! in terms of the hy

1
Wt =271CT 8 hyhy, = CUEhihjhy = 57 (4.14)
To gauge this global symmetry group we promote the constant parameters ¢! to
arbitrary spacetime functions identifying them with the gauge parameters of the vector
fields Al(z) ¢! — —gAl(x). The gauge transformations scalars ¢, the functions h! and
the AIM take the form

"Some of these vectors may be identically zero. This is price paid for labeling the gauge vectors and
the Killing vectors with the same indices.

8Some of the structure constants may vanish identically, but it is assumed that some of them do not
because, otherwise, we would be dealing with an ungauged supergravity.
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oAp® = —gAIk‘[x, (4.15)
oAbt = —gfs'ATRE, (4.16)
OnAT, = 9N +gfi" AT A =D AT (4.17)

where D, is the gauge-covariant derivative. © Mhl has the same expression as ® MAI and
have the same gauge transformations as h! and A. We also have

Duhr = Ouhr +gfis A b, (4.18)

9,Cyxk = 0. (4.19)

On the other hand, the gauge-covariant derivative of the scalars is given by

D,0" = 0,0" + gA k", (4.20)

and transforms as

oAD" = —gAN Ok /"D, 0" (4.21)

The gauginos A*® transform in exactly the same way as ©®¢ and their gauge-
covariant derivatives are identical to the second covariant derivative of ¢*:

0,0,¢" = 0,D,¢" —T0,D,0" +T."D,0YD,¢" + gA' 10,k "D, ¢V (4.22)

The gauge-covariant vector field strength has the standard form

FI/“, = 2({9[“/11,4 + ngKIAJMAKV. (4.23)

The bosonic action of ' = 1,d = 5 SEYM is given in terms of arJ,9zy, Crox and
the structure constants fr;% by

prpoa
S = /d5:c\/§ {R—i— 2 00yDud" D" Y — Tar FTWF7 0 + #\/gCIJK&\W I:FINVFJPO'AKO(
_%gfL]VIIFJuuAKpALUA]wa + %ngL]VIIfNPJAKuALUAMpANo‘APa} }
(4.24)

Observe that this action does not contain a scalar potential V(¢) because

V(¢) = 3¢°h h/ k1" k¥ guy . (4.25)

(the expression that follows from the general formula in Ref. [36]) vanishes identically for
the kind of gaugings considered here, owing to the property Eq. (4.12). This fact is asso-
ciated to the vanishing of the corresponding fermion shift in the gauginos’ supersymmetry
transformations.
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The equations of motion for the bosonic fields are

29 e

= Gu — %GU (FI#pFJVP - %QWFIWFJM)

Ew =

‘1’%9903/ (Quﬁbx@uqby - %guugpﬁbw@p@y) (4.26)

1 05
Vg OAT,
nrpoa

(3
= D, (arsF’"") + f\l/g 7 CrixF vpFF oo + g1 ;0" 4" (4.27)

M

g™y 68

N

= D,0¢" + Lg"0yar FIP7F7 ,,. (4.28)

on
8
|

The supersymmetry transformation rules for the bosonic fields are

oy, = %Eﬂa L,

SAT = _iBplg i 4 iplen i (4.29)
€ 7 2 6z1/)u+ 2 xfz’m ’ :
ded® = LEaN”.

and the corresponding transformation rules for the fermionic fields evaluated on vanishing
fermions are

Sl = Ve = 22hiF P (g — Aguavs) €, (4.30)
ST = 1 (Do" — Ln] FT) €, (4.31)

where V€' is just the Lorentz-covariant derivative on the spinors, given in our conventions

by

Ve = (0, — 1 &) €. (4.32)

The equations of motion and the supersymmetry transformation rules are the straight-
forward covariantization of those of the ungauged theory, except for the addition of a source
to the Maxwell equations corresponding to the charge carried by the scalar fields.
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4.2 The supersymmetric solutions of NV = 1,d = 5 SEYM
theories

In this section we are going to review first the results of Ref. [23] particularized to the case
in which there are no hypermultiplets nor Fayet-Iliopoulos terms. We will simply focus on
the final characterization of the supersymmetric solutions. Then, we will analyze the form
of the solutions that admit an additional isometry and can, therefore, be dimensionally
reduced to d = 4, following Refs. [21,93].

Let us start by reminding the reader that a solution of one of the N' = 1,d = 5
SEYM theories is said supersymmetric if the so-called Killing spinor equations

ey, =0, ST =0, (4.33)

written in the background of the solution can be solved for at least one spinor € (z),
which is then called Killing spinor. The supersymmetric solutions of these theories can
be classified according to the causal nature of the Killing vector that one can construct as
a bilinear of the Killing spinor V¢ = ig;y%€ as timelike (V*V, > 0) or null (V*V, = 0).
These two cases must be discussed separately.

4.2.1 Timelike supersymmetric solutions

The fields of the timelike supersymmetric solutions of N' = 1,d = 5 SEYM theories are
completely determined by

1. A choice of 4-dimensional (obviously Euclidean) hyperKéahler metric

d§? = hypy(x)dz™dz™ . (4.34)
Fields and operators defined in this space are customarily hatted.

2. Vector ﬁeld§ dgﬁned in the hyperKéahler space, Al , such that their 2-form field
strengths, F/(A) are self-dual

R = 4 FT (4.35)

with respect to the hyperKéhler metric. This implies that A’ defines an instanton
solution of the Yang-Mills equations in the hyperKéahler space.

3. A set of functions in the hyperKéhler space fl satisfying the equation”
©2f1—%C[JKFJ~FK:0. (4.36)

Given Ay, Al fl, the physical fields can be reconstructed as follows:

9The coefficient of the second term is wrong by a factor of 2 in Refs. [21,23] although all subsequent
formulae are correct.
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. The functions f; are proportional to the hy(¢) defined in Eq. (4.2). The proportion-
ality coefficient is called 1/ f:

hi/f=fr. (4.37)

The functions h(¢) satisfy a model-dependent constraint (analogous to the con-
straint satisfied by the functions h!(¢), Eq. (4.1)). This constraint can be obtained
by solving Eq. (4.2) for the h! and substituting the result into Eq. (4.1). Therefore,
the constraint has the form F'(h.) =1 where F' is a function homogeneous of degree
3/2 in the h; and, substituting the above equation, one gets

P =F(f). (4.38)
Using this result in Eq. (4.37) one gets all the h; as in terms of the fr

hr = fiF (1), (4.39)

and, using the expression of the k! in terms of the Ay, one also gets the h! in terms
of the functions f7.

If the real special scalar manifold is symmetric, then we can use Eq. (4.14) to get

fE=21CKf f) fie (4.40)

. The scalar fields ¢* can be obtained by inverting the functions hy(¢) or hf(¢). A
parametrization which is always available is

¢x = hz/hO = fx/f() . (4'41)
. Next, we define the 1-form @ through the equation

LNt .
(faw) = *fh,Ff +, (4.42)

. Having solved the above equation for @ we have determined completely the metric
of the timelike supersymmetric solutions, which is given by

ds? = f2(dt + ©)? — f " hppda™dz" (4.43)
. Also, the complete 5-dimensional vector fields are given by
Al = —/Bhle® + Al where € = f(dt +&), (4.44)
so that the spatial components are
Al = AT, — VB fo, . (4.45)
The field strength can be written in the form
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FI = —\/39(h1e%) + FT, (4.46)

where © is the covariant derivative in the hyperKahler space with connection Al

Timelike supersymmetric solutions with one isometry

We are particularly interested in the supersymmetric solutions that have an additional
isometry. Following Refs. [92,93] we assume that the additional isometry is a triholo-
morphic isometry of the hyperKéhler metric (i.e. an isometry respecting the hyperKéahler
structure), in which case, as shown in Ref. [99] it must be a Gibbons-Hawking multi-
instanton metric [97]. Assuming z is the coordinate associated to the additional isometry,
these metrics can always be written in the form

hpnde™dz™ = H™ Y (dz + x)? + Hdz"dz", r=1,2,3, (4.47)

where the z-independent function H and 1-form x = x,dx" are related by

dy = *3dH (4.48)

x3 being the Hodge operator in E3. Assuming now that the rest of the bosonic fields of the
timelike supersymmetric solutions are z-independent one can simplify Eqgs. (4.35),(4.36)
and (4.42).

Let us start with Eq. (4.35) and let us assume that the selfduality of FT has been
defined with respect to the frame and orientation

e*=H'?dz+ ), er = HY2§" da" €103 = +1. (4.49)

Then, following Kronheimer [142],'0 Eq. (4.35) can be rewritten as Bogomol'nyi equations
for a Yang-Mills-Higgs (YMH) system in the BPS limit in E3 [43]

br(I)I = %Erstplsty (450)

where the 3-dimensional Higgs field and the vector fields are given by'!

2/6d!

HA!,
(4.51)
W64, = —Al 4+, Al,.

Thus, we can always construct a selfdual YM instanton in a Gibbons-Hawking space
from a (monopole) solution of the Bogomol'nyi equation of a YMH system in E3 (®!, A r)
[142]. Many solutions of these equations are known, specially in the spherically symmetric
case'?. In Ref. [48] this relation has been explored precisely for the SU(2) monopoles and
instantons we are interested in, and we will make use of those results later.

19Gee also Ref. [48].

'We have rescaled the 3-dimensional fields by a factor of —1/(2v/6) to conform to the normalization of
the fields in /' = 2, d = 4 supergravity. See Appendix C.4.

25e0e Ref. [183] for the SU(2) case and Ref. [160] and references therein for more general gauge groups.
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We can now use this result into Eq. (4.36), rewriting the 4-dimensional gauge vector
in terms of the 3-dimensional gauge vector and Higgs field defined above and using the
harmonicity of H and the Bogomol’'nyi equation to get rid of FI and ©2¢! (which vanishes
identically). The result is the equation in E3

D2 fr — ¢ frs frerM T OF fay — 8Cr e D? (870K /H) = 0. (4.52)
Defining
fr=1L;+8Crx®' o5 /H, (4.53)
and using the condition Eq. (4.10) we find a linear equation for the functions Lj:
DL — ¢ fr/l fe M@’ @KLy = 0. (4.54)
Finally, let us consider Eq. (4.42). Defining @ as

Ww=uws(dz+x) +w, where w=uwydz", (4.55)

Eq. (4.42) gives an equation for ws whose general solution is

ws = M +16vV2H 2Cr @ ®7 K + 3vV2H 1L ®1 |, where dxsdM =0, (4.56)
and the following equation for w:
xgy dw = HAM — MdH + 3v/2 (@%L; - leqﬂ) , (4.57)

whose integrability condition d?w = 0 is satisfied wherever the above equations for H, M, ®!, L;
are satisfied.
Summarizing: we have identified a set of z-independent functions M, H, ®! L; and

1-forms w, A’, ¥ in E? in terms of which we can write all the building blocks of the 5-
dimensional timelike supersymmetric solutions admitting an isometry as follows:

hi/f = L;+8Crx® o%/H, (4.58)
W = ws(dz+x)+w, (4.59)

ws = M+ 16vV2H 2C;x®' 070K + 3vV2H 110!, (4.60)
Al = 2v6 [H_1<I>I(dz +y) - 211} : (4.61)
P = o/6H! [i‘)@f A(dz + x) — *3H1")<1>1] , (4.62)

provided that they satisfy the following set of equations:

7



Chapter 4.  Non-Abelian, supersymmetric black holes and strings in 5 dimensions

dxsdM = 0, (4.63)

w3dH —dxy = 0, (4.64)

*x30®! —F1 = 0, (4.65)

O°L; — @ frl fretMe/ KLy, = 0, (4.66)

wgdw — {HdM — MdH + 3v2('DL; — leqﬂ)} - 0. (4.67)

For symmetric real special manifolds we can use Eq. (4.40) to write the metric
function f explicitly in terms of the tensor Crsx and the functions M, H, ®!, L;:

f3 = 3BCVKLIL L + 3% 2CYKCxpp L Ly 0M /H
(4.68)
+3- 260,01 C &) DK DL/ H? 429 (Cpype®! &7 K)? /13

Let us compare the above formulae with those of the ungauged case (in Ref. [21] in
our conventions). It is easy to see that all the functions M, H, ®!, L; become standard
harmonic functions in E3. Furthermore, the functions ®! are related to the functions K’
used in that reference by

I _ 1 I
T Lo (4.69)

Dimensional reduction of the timelike supersymmetric solutions with one isom-
etry

The supersymmetric solutions that admit an additional isometry can be dimensionally
reduced to supersymmetric solutions of N = 2,d = 4 supergravity using the formulae in
Appendix C.4'3. Performing explicitly this reduction will allow us to simplify the tasks of
oxidation and reduction of supersymmetric solutions.

First of all, the metric of the 4-dimensional solutions obtained through the dimen-
sional reduction takes the conventional conformastationary form of the timelike supersym-
metric solutions of the N' = 2, d = 4 theory

ds? = 2V (dt + w)? — e ?Yda"dz" (4.70)

where the 1-form w = w,dz" is precisely the 1-form given in Eq. (4.57) and the metric
function e~2Y is given by

e 2V = 2\/(f_lH)z;p(w5H2)2 . (4.71)

13These formulae are valid for any field configuration, supersymmetric or not.

78



Chapter 4.  Non-Abelian, supersymmetric black holes and strings in 5 dimensions

We can compare the equations satisfied by the building blocks of the timelike su-
persymmetric solutions of gauged N' = 1,d = 5 supergravity (4.63)-(4.67) with the equa-
tions satisfied by the building blocks of the timelike supersymmetric solutions of gauged
N = 2,d = 4 supergravity Ref. [123,157], which we rewrite here for convenience adapting
slightly the notation to avoid confusion with the different accents used to distinguish the
different gauge fields:

A ) (4.72)
DIy — 3% fax " fae" T7I T = 0, (4.73)
wgds — 2 [I@IA - I%IA] ~ 0, (4.74)

where D is the gauge covariant derivative associated to the modified gauge connection in
ES

AD = AN —wp AN (4.75)

The notation that we are using has implicit the identification of the gauge potentials
A coming from 5 and 4 dimensions, except for A = 0. Using the formulae in Appendix C.4
with the modifications explained in the last paragraph we can identify !

Xm = —2V24%,,, (4.76)
which leads to the identifications
ol = —%II“ , Li= 27114, H =21", M=—-1I. (4.77)

These are the only formulae we need to relate timelike supersymmetric solutions
in N = 1,d = 5 supergravity with one additional isometry to timelike supersymmetric
solutions in cubic model of N = 2, d = 4 supergravity with Z0 # 0'°.

For symmetric real special scalar manifolds we can use the explicit form of f in
Eq. (4.68) together with the expression for ws in Eq. (4.60) to get

eV = 2qBHCVRL L L — 2P MOy 0K 12 31CTK Cpe g Ly Ly DM

3 (L, ®! 2 3 HML:®' — L0212 1/2
2 ( 1 ) V2 I 4 } ’
(4.78)

Then, using the identifications Eqs. (4.77) together with the second of Eqs. (C.35) we get

e = 2{(dLT — 20T (da I'T™ + 20T + ST0T T
(4.79)
— (19T, + T'T,)}/* .
4The 0th components are never gauged if the dimensional reduction is simple (not generalized).
5 Those with Z° = 0 are related to null supersymmetric 5-dimensional solutions.
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4.2.2 Null supersymmetric solutions

The general form of the null supersymmetric solutions of N' = 1,d = 5 SEYM is quite
involved [23], but it simplifies dramatically when one assumes the existence of an additional
isometry so that all the fields are independent of the two null coordinates v and v. These
are the solutions which will become timelike supersymmetric solutions of N' = 2,d = 4
SEYM upon dimensional reduction and, therefore, we are going to describe only these.

u-independent null supersymmetric solutions

The metric of the general null supersymmetric solutions of N' = 1,d = 5 SEYM can always
brought into the form [23]'6

ds? = 2¢du(dv + Kdu + v2w) — (" 2dx"da" (4.80)

where the functions ¢, K and the 1-form w = w,dz" are v-independent. We are going to
assume also u-independence of all the fields throughout.

After the partial gauge fixing A, = 0, the gauge fields are decomposed as'”
Al = AT du — 2V6AT Al = AT da" (4.81)

and the vector field strengths take the form'®

FI = (/2/302h! %3 dw — 1) A du+ V3 x5 D(h' /1), (4.82)

where the 1! are some 1-forms in E? satisfying

hyt =0, (4.83)

to be determined and ® is the gauge-covariant derivative on E3 with respect to the con-
nection A’

Finally, the scalar fields will be determined by the equations obeyed by the scalar
functions A, which follow from the equations of motion.'?

Let us start by analyzing the Bianchi identities of the vector field strength. They
lead to the following two sets of equations:

_ﬁ *x O 0)—F = 0, (4.84)
DAL, —/2/3Ch! sgdw+ 1! = 0. (4.85)

Y6We have changed the notation and normalization with respect to [23] to avoid possible confusions
between the objects that appear in the null and timelike cases.

17 As the notation suggests, the gauge fields A" are the same as the N = 2,d = 4 fields denoted with the
same symbols, according to the general formulae of Appendix C.4. The same is true of the 1-form w.

18 All the operators in the r.h.s. are defined in E3.

9The field configurations that we have just described are automatically supersymmetric, but not nec-
essarily solutions of all the equations of motion and Bianchi identities [23].
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Eq. (4.84) is the Bogomol'nyi equation on E? and, thus, we define the Higgs field

v = —2—\1/§h1/€. (4.86)

Multiplying Eq. (4.85) by h; and using Eq. (4.83) together with hyh! = 1 we get
the equation that defines w

dw = \/3/2072 x5 {hleg} : (4.87)

Defining the functions

K;=CrrX’ A%, (4.88)

the above equation takes a much more familiar form

dw = 4v/6 3 {2%1{1 - K,sézf} : (4.89)

whose integrability condition is

»ID2K; =0. (4.90)

Given the functions ¥/, K; and the gauge fields A! we can solve this equation for w.
It should be possible to find the functions A’ » in terms of ¥ K% and, plugging these
result in Eq. (4.85), compute directly the 1-forms 1’.

From the Maxwell equations one obtains the equations that determine the functions
Ki:

352K[ — g2f]JLfKLMEJEKKM = 0, (4.91)

from which the integrability condition Eq. (4.90) follows automatically.
Finally, defining

N =K V24" K, (4.92)

the last non-trivial equation of motion, from the Einstein equations, takes the simple form

ViN =0. (4.93)

Summarizing: we have identified a set of u-independent functions ¥/, K7, N and
1-forms w,fll on E3 in terms of which we can write all the building blocks of the 5-
dimensional u-independent null supersymmetric solutions, assuming we can solve Eq. (4.88)
for A, as follows:

20This will certainly be the case for the particular model we are going to study, but we have not found
(even for just the symmetric case) a general way of solving Eq. (4.88) for Af,,.

81



Chapter 4.  Non-Abelian, supersymmetric black holes and strings in 5 dimensions

e = —2v25!, (4.94)
K = N+v24A' K, (4.95)
Al = Al du+2V6AT, (4.96)
FI = DAL, Adu+V3x3D(h /1), (4.97)

provided the following equations are satisfied®':

*xO! —F1 = 0, (4.98)

DK — P fr el MEISE Ky = o0, (4.99)
dw—4\/6*3{2155KI—K13521} = 0, (4.100)
ViN = 0. (4.101)

Using Eq. (4.1), we find a general expression for ¢:
(73 = =290 e nl ek (4.102)

Dimensional reduction of the u-independent null supersymmetric solutions

Using the general formulae in Appendix C.4, the u-independent solutions that we have
considered can be dimensionally reduced to timelike supersymmetric solutions of N' =
2,d =4 SEYM along the spacelike coordinate z defined by

u=J5(t+2), v=5(t—2), (4.103)

with metrics of the form Eq. (4.70) where the 1-form w = w,dz" is precisely the 1-form
given in Eq. (4.80) and the metric function e2Y is given by

e = JIB1—K) = \/_29/2CIJK212J2K(1 ~ N —VRALK)). (4.104)

In order to express entirely the metric function in terms of the functions K, £, N
we need to solve Eq. (4.88) for Al, as a function of K, %!, which we do not know how
to do in general. We can still compare the equations satisfied by these functions (4.98)-
(4.101) with those satisfied by T, Zp in N' = 2,d = 4 SEYM (4.72)-(4.74) knowing that
the vector fields AZ and the 1-form w are the same objects. We find that

21The gauge coupling constant is the 4-dimensional one.
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»! = —%IIH , Kr= —ﬁzﬂ-h (4.105)

while N must be proportional to either Z° or Zy. Since a wave moving in the internal z
direction should give rise to a 4-dimensional electric charge, it must be

N ~ Ty, (4.106)

but the precise coefficient cannot be determined from this comparison alone. We have to
find a more explicit expression for e 2V,

4.3 5-dimensional supersymmetric non-Abelian solutions of
the SU(2)-gauged ST[2,5] model

In this section we are going to consider a particular model of N' = 1,d = 5 supergravity
that admits an SU(2) gauging. This model is related to the SU(2)-gauged ST[2,5] model
of N' = 2,d = 4 supergravity some of whose solutions we have studied in Ref. [47]. We will
use the relations derived in the previous section to find relations between the non-Abelian
supersymmetric solutions of both theories.

We start by describing the 4- and 5-dimensional models and their SU(2) gauging.
4.3.1 The models

The ST[2,5] model is a cubic model of N' = 2,d = 4 supergravity coupled to 5 vector
multiplets ¢.e. a model with a prepotential of the form

i XX X

_ 1
‘7:__5 X0 ’

i=1,2---,5 (4.107)

where the fully symmetric tensor d;;; has as only non-vanishing components

diag = Nap, where (n43)=diag(+—---—), and o, f=2,---,5. (4.108)
The 5 complex scalars parametrize the coset space

SL(2,R) SO(2,4)
SO(2) ~ SO(2) x SO(4)

(4.109)

and the group SO(3) acts in the adjoint on the coordinates o« = 3,4,5. These are the
directions we are going to gauge and we will denote them with capital A, B,.... This is
the only information we need in order to construct supersymmetric solutions, but more
details on the construction of this theory can be found in Ref. [47]. We will need the form
of the metric function in terms of the functions ZM:

e = 2\/ (Z0TP1ap + 21000 ) (ToZsn®? — 2I'Ty) — (I°T0 — I'Ty + 10T,)2 . (4.110)
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The models of the ST[2, n] family are related to the effective theory of the Heterotic
string and compactified on T by a consistent truncation: the 10-dimensional effective
theory is N' = 1,d = 10 supergravity coupled to 16 10-dimensional vector multiplets with
gauge group U(1). Upon dimensional reduction on a generic 7% one gets N' = 4,d = 4
supergravity coupled to 16 + 6 = 22 vector multiplets, whose duality group is

SL(2,R) S0(6,22)
SO(2) ~ SO(6) x SO(22)

Observe that SO(6) acts on the 6 vectors in the supergravity multiplet and SO(22)
on the 22 matter vector fields. The coset SL(2,R)/SO(2) is parametrized by the only
scalar in the supergravity multiplet. A consistent truncation to A/ = 2,d = 4 eliminates
4 vectors from the N' = 4 supergravity multiplet and one of the remaining two vectors
becomes a matter vector field from the AN/ = 2 point of view and comes in the same
multiplet as the complex scalar that parametrizes the coset space SL(2,R)/SO(2). The
result is a ST|[2, 23] model from which one can consistently eliminate vector multiplets to
arrive to the ST[2, 5] model we are dealing with.

(4.111)

This is the story at a generic point in the moduli space of the Heterotic strings
on TC. At certain points, though, there is a enhancement of gauge symmetry usually
associated to an increase in the number of massless vector fields that we must take into
account in the effective theory. Our SU(2)-gauged model of N' = 2, d = 4 supergravity can
be interpreted as the effective theory describing the simplest of these situations in which
the enhancement of gauge symmetry arises in the sector of the 16 original 10-dimensional
vector fields.

The ST[2,5] model is related to a model of N' = 1,d = 5 supergravity coupled to 4
vector multiplets determined by the tensor C;_1 j_1x—1 = %dijk so its only non-vanishing
components are

Cowy = g0y , where (1) = diag(+ —---—), and z,y=1,--- 4. (4.112)
The 4 real scalars in the vector multiplets parametrize the coset space

SO(1,3)
SO(1,1) x ————=. 4.113
(11 % 5o, (4113)
Now the group SO(3) acts in the adjoint on the coordinates x = 2, 3,4 and, if we gauge it,
the theory goes to the gauged 4-dimensional model we just discussed. It should be obvious
after the 4-dimensional discussion that that this model can be interpreted as a truncation
of the effective theory of the Heterotic string compactified on 7°.

Again, we do not need many more details of the theory in order to construct su-
persymmetric solutions. For timelike supersymmetric solutions admitting an additional
isometry we will need the metric function, which follows directly from the generic expres-
sion Eq. (4.68)

f' = H {1 (6HLy+ 81y, ®°®Y) [9H2)™Y L, L, + 48 HO'L,®°
(4.114)

+64(q)0)2nmyq)mq>y] }1/3
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This metric function and the 4-dimensional one e~V are related by Eq. (4.71) using

Eq. (4.60) and the relations between the functions Z* and H, M, L, ®' in Egs. (4.77),
which we rewrite for this specific pair of models for convenience:

_ 970 0 _ _ 171 1 _ 172 A _ _ 174
H = 21° ¢ = -L7' o' = -L7> ¢4 = —L74
(4.115)
M = -Iy, Ly = 31, Ly = 2I,, Ly = 214,

For u-independent null supersymmetric solutions we first need to solve Eq. (4.88)
for A! w- For this model, we find

YK, — YK YK, (nXY) — 2 (2VK, — X°Kj)
A =6 ATy =6—-Y Y 4.116
SR > IR S0 o
where (nX%) = 1, X%, so that
e = 2\ (ZTP0ap) [LaZon®® + TH(1 — N)] — (~T1Ty +T0Ta)? . (4.117)
and we arrive at the following identifications
_ 70 0 _ _ 171 1 _ _ 172 A _ _ 174
0 = 19, W o= -1, B o= 472 34 = _d7A,
(4.118)
_ _ 1 1 _ 1
N = 1+2I(), KO — —2—\@21, K]_ —27\/51:27 KA = —mIA

4.3.2 The solutions

We are ready to put to work the machinery developed in the previous sections. We are
going to consider the simplest cases first.

A simple 5d black hole with non-Abelian hair

In order to add non-Abelian fields to our solutions it is exceedingly useful to consider
metrics with one additional isometry, because, then, we can make use of our knowledge
of the spherically symmetric solutions of the Bogomol’'nyi equations of the SU(2) YMH
system found by Protogenov in Ref. [183]. However, this isometry cannot be translational
if we want to find spherically-symmetric black holes because, then, the full 5-dimensional
solution will have a translational isometry. Thus, we will start with the choice H = 1/r
(r? = y"y")?? which, as we have shown in Ref. [48], relates the colored monopole solution?
to the the BPST instanton, which is spherically symmetric in E*.

We are, thus, going to consider a configuration with the following non-vanishing
functions:

22We need to distinguish between the Cartesian coordinates in E*, which we will denote by y” and the
Cartesian coordinates in E*, which we will denote by ™. The former are not a simple subset of the latter.
23This monopole is characterized by a vanishing magnetic charge.
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D =+ B A= )y, (4.119)

1 1
H=-, [jg=A
o 0 0+4r’ 4r

where qg,q1 are electric charges in some convenient normalization, Ag, A; are constants
to be determined through the normalization of the metric and the scalar fields at infinity
and f(r) is the function (not to be mistaken by f) that characterizes the Higgs field in
the spherically-symmetric monopole solutions of Ref. [183]%%).

The next step consists in finding the 1-forms Y, Al ,w and functions L; that satisfy
Eqgs. (4.64)-(4.67) for the above non-vanishing functions. w is closed and can be set to
zero, the functions L; can also be set to zero while?”

X = dp + cos 0di) , A4 = h(r)et sy dy® | (4.120)

where h(r) is the function that characterizes the gauge field of the monopole solution (see
Appendix A.5)). The spacetime metric is, then,

. . 1
ds? = f2dt* — f 7 |r(dp + cos 0dip)® + —(dr® +r?dQ3y) | (4.121)
T
where

A0y = db? + sin® 0dy?, (4.122)

and, upon the change of coordinates r = p?/4, it becomes

ds® = det2 — fﬁldacmdxm , where dz™dx™ = dp® + deQ%?)) . (4.123)

For this configuration, the metric function Eq. (4.114) is given by

f= 3{’/% (Lo — 373 f?) (L1)?, (4.124)

and it immediately follows that in order for the solution to be asymptotically regular,
the monopole must be the colored one for which 73 f/\2 ~ 1/r, because for all the rest
r3f2 ~ r (see Appendix A.5). With this choice,?® as shown in Ref. [48]?7, the gauge field
A4 = AA,,dz™ that follows from the use of Eq. (4.61) is that of a BPST instanton in E*:

AA _

1
1 A

1 - 4.125
G+ A2p2/4 L (4.125)

248ee Appendix A.5 in which we have written all of Protogenov’s solutions.

ZThe choice of angular coordinates is conditioned by the relation between the monopole and instanton
as explained in Ref. [48]. We will identify the compact coordinate z with the angular coordinate .

26We are going to study the consequences of the other choices in Section 4.3.2.

2TMore specifically, the gauge field one gets is A£(+).
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where Uf are the SU(2) left-invariant Maurer-Cartan 1-forms®®. Since the scalar functions

hA vanish for this configuration, the full 5-dimensional vector fields are, according to
Eq. (4.44), given by

) .

A0 = BE(Ly)2f3dt,

AV = 3521, (Lo — 43 13) fRat, (4.127)
A 1 A

1 4,
I1 4+ M2p2/4

Finally, the only non-vanishing scalar is given by by

Ly

=hi/hy=—F==- 4.128
6=/ = i (4128)

The integration constants are readily identified in terms of the asymptotic value of
the scalar as

Ag=212¢323, Ay = ELgl3 (4.129)

3 Yo 3 P >

while the mass and the area of the event horizon are given by

M o= 2713312 [¢§é3q0+2¢;§/3q1} : (4.130)

% = \/323 ((IO - 922) (@1)*. (4.131)

This solution can be understood as the result of the addition of a BPST instanton
to a standard 2-charge Abelian solution. This addition does not produce any observable
effects at spatial infinity, like, for instance, a change in the mass, but does produce a
change in the near-horizon geometry and in the entropy.

The metric function of the 4-dimensional solution e~2Y that one obtains by dimen-
sional reduction is related to the metric function of the 5-dimensional solution by

1 .
e W =2f3, (4.132)
r

which implies that the 4- and 5-dimensional solutions cannot be asymptotically flat at the
same time. In particular, with the choice made above (corresponding to a colored monopole
ind=4) e~ r~1/2 at spatial infinity, a behavior that does not correspond to any
known vacuum. With the monopoles we discarded, however, we get an asymptotically-flat
solution. The near-horizon behavior is simultaneously good in d =4 and d = 5.

28In our conventions, these are given by

vi = sintydf —sinfcosydp,
vi = —costydf —sinfsinydyp, and dvi + %EABC vEAvE =0, (4.126)
v = —(dy +cosfdy),
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A rotating 5d black hole with non-Abelian hair

In the context of timelike supersymmetric solutions of N’ = 1,d = 5 supergravity rotation
can be added by switching on the harmonic function M [119]. More specifically, we add
to the static solution we just constructed the harmonic function

_J)2

M = 4.133
4r ( )

which only appears in Eq. (4.60). The metric of the new solution is

J/2 2 1
4/(d<p + cos Hdw)] —f! [r(dcp + cos Odip)* 4 —(dr? + r2d9%2)) ,
r T
(4.134)
where the metric function f is still given by Eq. (4.124). The scalar field ¢ and the non-
Abelian vector field A4 take the same value as in the static solution while the two Abelian

vector fields are modified by the change

ds> = f2 |dt +

J/2

dt — dt + 4/(dg0 + cos 0dy)) , (4.135)
r

which describes the presence of a magnetic dipole moment associated to the rotation.

Asymptotically, the only novelty is the off-diagonal term ~ J/p?dt(dy + cos 0di))
which corresponds to identical values of the two Casimirs of the angular momentum, both
proportional to J, so this solution is a non-Abelian generalization of the Breckenridge—
Myers-Peet—Vafa (BMPV) spinning black hole [44,94]. The mass has the same expression
in terms of the charges as in the static case.

In the near-horizon limit, if the behavior of the metric function f is

fi~Rr, (4.136)

for some constant R, the metric can be rewritten in the form

.oor 72
ds® ~ RQdH%Q) - RQdQ%Q) —R? [cos a(dy + cosfdy) — sin aﬁdd)} , (4.137)

where ¢ is the rescaled time coordinate, defined as follows

p=t/X, X/R=+1-][J/2R32=cosa, (2R)*= \/3;’ (qo - 9§2> (@1)?,
(4.138)

and dﬂ%z),dﬁ%z) are the metrics of the 2-dimensional Anti-de Sitter and sphere of unit
radius
o [ TN\2, 5 dr?
dIT%y, = (ﬁ) d9? = = (4.139)

The constant-time sections of the event horizon are squashed 3-spheres with metric
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—ds* = R? {cos2 afdy + cos Odip)* + dQ%Q)} , (4.140)

and area

A 2
27r2_\/323 <QO_9§2) <QI)2_J2- (4-141)

A more general solution

In Section 4.3.2 we used the colored monopole solution in order to obtain an asymptotically
flat black-hole solution in the simplest way. However, we can also use the monopoles in
the 2-parameter family, for which, asymptotically, 3 f? ~ r if we switch on additional
harmonic functions and choose the values of the integration constants appropriately so
that the metric functions f (r),ws,w give an asymptotically-flat solution.

Throughout the following discussion, it is convenient to have the explicit form of
these functions for H = 1/r, ®4 = — f(r)d4,y” and L4 = 0 at hand:

f73 = 21 [5Lo+ 5r[(®')? = r2f?]] [(L1)? + Fr@°L, @ + G (ro0)2[(@1)% — r2 7] ,
ws = M +8V2r20(®1)2 — r2f2] 4+ 3v2rL; ®,
*zdw = LdM — Mdi+3v2(®'dL; — L;d®?)
(4.142)

where i = 0, 1. Apart from the functions H and ®4, we are going to consider the following
non-vanishing harmonic functions

{q)()?(I)IaLOaLlalu}y (4143)
with
0,1 0,1 p0,1 q0,1 b
PVt =AY — Lo1=A : M = —. 4.144
+ 1 0,1 0,1+ e a+4r ( )

f —3 is a product of two factors. Our strategy will be to make the constant piece of
1, Al cancel the constant piece in rf(r), u/g so that [(®1)? — r2f?] is asymptotically
O(1/r)%:

Al =p/g. (4.145)

This ensures that the second term in f —3 diverges asymptotically at most as O(r) while
the first is asymptotically constant. This constant can be made to vanish by choosing the
constant piece of Lo, Ag, to be

<1 + i) : (4.146)

29We choose the positive sign for simplicity.

89



Chapter 4.  Non-Abelian, supersymmetric black holes and strings in 5 dimensions

and now the first term is asymptotically O(1/r) and f~3 is asymptotically constant.

Next, we require that all the O(r?), O(r) and O(1) terms in ws vanish®’. This gives
two new relations®! between the constants A;, A* and a. The vanishing of w gives another
relation between the same constants. Thus, requiring asymptotic flatness fixes the values
of all these constants in terms of the Abelian charges p‘,¢; and p and ¢. Finally the
normalization of the metric at infinity also fixes the value of i and the solution has no
free moduli!

The values of the integration constants Ay, A' has been given above and the values
of the rest are®”

1 pl
88
Al - _?AO ( + 1) )

1/3
(16p° + 4gp°p" + gq*) (4 + gp*)

10 (3a0-+ (012 = 32 ) (a0 + 2612~ 33)

A =

b= A [32 —24%(p)* — 92%}
16p° + 4gp°p! + g1

48  22p1  5(ph)2 3 22up  11upPp! 3
Y - \@Ao[2+ pt 5@} _qo}_\/i[ pp’ | W'p” | Span)
g 2 4 g 29 4g
0/,-1\2 0 1.1 0
o J/2_6\/§[p(22?) +pqoérpq _8p}’
g

(4.147)
where J is the angular momentum.

The mass of this solution is given by

wA° 16 I 1 pt 24 I
M="2 b2 220 |3k 24P (1040 (22 ppt) — 9By
e [3q0+(p) 92} [39q1+8<g+4><0 <g+5p 9gp

(1.148)

and the area of the horizon is

A 16 8p" 8p"
0.2 = \/5 [3(]0 +(p')? - 92} [3Q1 +2ptp0 — g] [3q1 + 2p%p! + 5} —J%. (4.149)

390bserve that this does not imply the complete vanishing of ws: there are O(1/r) terms that give
angular momentum (which could be cancelled by the integration constant b in M) and also O(e™*")
terms that cannot be cancelled. Therefore, the metric is not static even if the angular momentum is set
to zero.

31The above values of Ag and A' make the O(r?) term vanish.

32We have not reexpressed the 4-dimensional gauge coupling constant g in terms of the 5-dimensional,
g to have simpler expressions.
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Null supersymmetric non-Abelian 5d solutions from 4d black holes and global
monopoles

Using the general results of the preceding sections it is very easy to construct null super-
symmetric solutions by uplifting 4-dimensional timelike supersymmetric solutions with Z°.
In particular, we can uplift the black-hole and global-monopole solutions of the ST|[2, 5]
model recently constructed in Ref. [47]. In this chapter we will focus on the single center
solutions only.

The 4-dimensional solutions depend on the following non-vanishing 7™

AN 7?

1 2
g PV 2 PIV2 s s i),
r T

(4.150)

2
Iy = Ao+ (JO/T\[’

where f(r) is the function f, s or fy in Appendix A.5 corresponding to one of the spherically-
symmetric BPS SU(2) monopoles, p', p?, o are magnetic and electric charges and A, A%, Ay
integration constants to be determined in terms of the asymptotic values of the scalars

and the metric.

The 5-dimensional metric is that of an intersection of a string lying along the z
direction and a pp-wave propagating along the same direction:

ds® = 20du(dv + Kdu) — 0~2dily) (4.151)

where

073 = ATY(T?)? - 2r2 fY], K=1+2I,. (4.152)

The scalar fields, defined by ¢* = h*/h?, are given by

¢t =1%/1", ¢ = =042l f(r)/T", (4.153)

and the vector fields are given by

A0’1 = —2\f6p1’2A, AA = 2\/617)(7")6147'3-%7‘(13)8 5 (4154)

where A is the vector field of a Dirac magnetic monopole of unit charge, satisfying dA =
*3d% and h(r) is the function h,, or hy in Appendix A.5 corresponding to one of the
spherically-symmetric BPS SU(2) monopoles.

The 4-dimensional electric charge gg corresponds to the momentum of the 5-dimensional
gravitational wave in the z direction and none of the scalar and vector fields depend on it.
For the sake of simplicity we are going to set it to zero (o = 0 and Zyp = —1/2 so K = 0)
and we are going to analyze the string solutions with the above scalar and vector fields
and with metric

ds? = ((dt* — dz*) — £ 2dTy) (4.155)
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with the metric function ¢ given as above.

The metric will be regular in the » — 0 limit if £ ~ r or £ ~ constant. These two
behaviors are, respectively, those of extremal black strings in the near-horizon limit and
those of global monopoles. Let us consider each case separately.

Global string-monopoles These are the string-like solutions that, upon dimensional
reduction along z, give the spherically-symmetric global monopoles constructed in
Ref. [47]. They can be constructed with f(r) = fus=o(r) (the BPST ’t Hooft-
Polyakov monopole) and with p!' = p? = 0, so that

03 = 4AN(A2? — 2212 ), ¢ = AZA, M = VA fueo(r) /AT,

(4.156)
and the only non-trivial vector field is A4.
The integration constants A2, ;i are given by
1 1
- L N (o I P N VR LTy
Xoo Xoo ﬁXoo

where |¢oo|? is the asymptotic value of the gauge-invariant combination ¢4¢4, and
the string’s tension (simply defined as minus the coefficient of 1/r in the large-r
expansion of gy ) is given by [72]

32| 1
Tmonopole = Wg}’@ . (4158)
These are globally regular solutions with no horizons, like their 4-dimensional ana-

logues.

Black strings They must necessarily have non-vanishing magnetic charges p''? in order
to have a regular horizon. This horizon will be a 2-dimensional surface characterized
by being normal to 2 linearly independent null vectors. The mass and entropy of
the black string will depend on the choice of monopole.

Let us first consider the BPST 't Hooft-Polyakov monopole (or equivalently, let us
add magnetic charges p'? to the above global monopole). In this case, the relation
between the integration constants A2, and the asymptotic values of the scalars
will be the same as before. The string’s tension and the area of the horizon contain
contributions from the magnetic charges p', p*:

P
T = &%Xéé?) |:p1 + SX;pz + Tmonopole7 (4159)
A 2/3
- = 92 1/,.2\2 ) A1
gy [P (*)7] (4.160)
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When we consider the more general 't Hooft-Polyakov-Protogenov monopole we find
that the area of the horizon receives a contribution from the non-Abelian charge,

% —9 {pl [@2)2 = 22] }2/3 . (4.161)

g

4.4 Conclusions

In this chapter we have studied the general procedure to construct timelike and null
supersymmetric solutions of N' = 1,d = 5 SEYM theories that can be dimensionally
reduced to timelike solutions of N' = 2,d = 4 SEYM theories. These solutions, therefore,
can also be constructed by oxidation of the 4-dimensional solutions and we have striven
to clarify this procedure and find the relations between the 4- and 5-dimensional fields
and the 4- and 5-dimensional equations they satisfy. The relation between instantons in
4-dimensional hyperKéahler spaces and monopoles satisfying the Bogomol’nyi equation in
E? found by Kronheimer plays a crucial role in this relation and, in combination with the
results obtained in Ref. [48], it allows us to construct spherically-symmetric 5-dimensional
solutions that contain YM instantons. The standard oxidation of monopoles gives rise
to 5-dimensional solutions that have an additional translational isometry and cannot be
spherically symmetric.

We have exploited the general results to construct the first 5-dimensional black-hole
and black-string solutions with non-Abelian YM fields. The simplest black-hole solutions
contain the field of a BPST instanton in the so-called base space and their behavior is
similar to that of the colored black holes found in 4-dimensional SEYM theories [155,160]:
the non-Abelian YM field cannot be “seen” at spatial infinity, it does not contribute to the
mass, but it can be seen in the near-horizon limit and it contributes to the entropy. One
can compare the entropies of the simplest non-Abelian black hole with that of another
black hole with the same Abelian charges and moduli (and, henceforth, with the same
mass). The entropy of the former is always smaller, so it is entropically favorable to lose
the non-Abelian field. It is not clear by which mechanism this can happen.

We have also found more complicated black-hole solutions which contain the field
of the instantons that one obtains by reducing Protogenov monopoles in the so-called
base space. Those instantons are not regular in flat space and, in general, the spacetime
metrics they give rise to are not asymptotically flat. We have shown that a judicious
choice of the integration constants (and, hence, of the moduli) in terms of the charges
produces a metric that is not only asymptotically flat with positive mass but also has
a regular horizon. Thus, at special points in the moduli space of the scalar manifold,
additional non-Abelian black-hole solutions are possible. In these solutions, the YM fields
do contribute to the mass and to the entropy.

Finally, we have also found black-string solutions by conventional oxidation of non-
Abelian black-hole solutions from 4 dimensions. One of them is a globally-regular string-
monopole solution and the rest are more conventional solutions.

It is clear that the new solutions that we have constructed need further study. Their
string-theoretic interpretation could be very interesting. The model we have chosen to
construct explicit solutions is a truncation of the effective theory of the heterotic string
compactified to 5 dimensions and can, alternatively, be seen as associated to the compact-
ification of the type IIB theory in K3 times a circle. This should simplify a bit the task
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and, perhaps, open the way to a microscopic interpretation of entropies that depend on
parameters that do not appear at infinity.
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A non-Abelian Black Ring

This chapter is based on

Tomas Ortin and Pedro F. Ramirez
“A non-Abelian Black Ring”,
Phys.Lett. B760 (2016) 475-481. [arXiv:1605.00005 [hep-thj] [172].

The discovery of black rings by Emparan and Reall in Ref. [81] showed how two
important properties of 4-dimensional asymptotically-flat black holes, uniqueness/no-hair
and spherical topology of the event horizon (which, for the 5-dimensional black ring, is
S? x S1), could be violated in higher dimensions.! For a range of values of the conserved
charges (mass, angular momenta) that may characterize an uncharged black ring, a dif-
ferent black-ring and a black-hole solutions are also possible. For charged black rings
(the first of which was constructed in Ref. [77]) the non-uniqueness becomes infinite; for
the same conserved electric charges one can construct black rings with regular horizons
with magnetic dipole momenta taking continuous values in some interval [80]. Despite
being innocuous to the conserved charges, these dipole momenta do contribute to the
BH entropy. The construction of supersymmetric black-ring solutions in minimal [78] or
matter-coupled N' = 1,d = 5 supergravity [30,79,91,92,170] using the general classifi-
cation of supersymmetric solutions of these theories started in Ref. [93] opened up the
possibility of constructing very general families of black-ring solutions with various kinds
of electric charges and moduli in which these issues could be studied.

The violation of the no-hair conjecture by non-Abelian fields in 4-dimensions is also
a well-known but less stressed fact, perhaps because the first solutions in which this was
observed [40,143,208], black-hole generalizations of the “Bartnik-McKinnon particle” [11]
with asymptotically vanishing gauge charges, were purely numerical, which makes more
difficult their study and understanding.? The first black-holes with non-Abelian hair (not
related to the embedding of an Abelian field into a non-Abelian one through a singu-
lar gauge transformation) given in an analytical form were found using supersymmetry
techniques in the context of N’ = 2,d = 4 Super-Einstein-Yang-Mills (SEYM) theory®

!See, for instance, the reviews [32,82,83] and references therein.

2For a review on hairy and non-Abelian black-hole solutions see Ref. [210] or the more recent Ref. [209)].

3This theory is the simplest N = 2 supersymmetric generalization of the Einstein-Yang-Mills theory.
This supersymmetrization requires the addition of scalar fields to the pure Einstein-Yang-Mills theory in
order to complete N' = 2, d = 4 vector supermultiplets and, often, the addition of full vector supermultiplets
to fulfill the requirements of Special Geometry. There may be more than one way of performing this
supersymmetrization. Thus, there are more than one N’ = 2,d = 4 SEYM theory with gauge group SU(2),
for instance. These theories are also known as non-Abelian gauged N’ = 2,d = 4 supergravity coupled to
vector supermultiplets.
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in Refs. [124] and [155] using the general classification of the timelike supersymmetric
solutions of these theories made in Ref. [123]. The black-hole solutions constructed in
Ref. [155] include the field of an SU(2) coloured monopole found by Protogenov in [183]
which also has asymptotically vanishing gauge charge. The monopole charge does con-
tribute to the entropy, though. These black holes, which can be seen as the result of
adding the coloured monopole to a standard black hole with Abelian charges, modifying
the entropy but none of the asymptotic charges, were called coloured black holes and they
seem to be ubiquitous [160].

The results of Ref. [123] have been used more recently to construct new single-center
and two-center non-Abelian solutions of N' = 2,d = 4 SEYM models that can be obtained
by dimensional reduction of N'=1,d = 5 SEYM models” in Ref. [47].

One of the main goals of that exercise was to open the possibility for the construc-
tion of the first non-Abelian black-hole solutions in d = 5 by oxidation to d = 5 of those
solutions, because the direct construction using the general classification of timelike su-
persymmetric solutions of Refs. [20,23] turns out to be too complicated. This can only be
done for certain models of the lower dimensional theory. The oxidation itself turned out to
be a non-trivial exercise if one wanted to construct solutions without spatial translation
isometries (which would be black strings instead of black holes), but, as was shown in
Ref. [48], one can use non-trivial cycles to perform the reduction and still preserve super-
symmetry, basically using Kronheimer’s mechanism [142]. Both kinds of black solutions
(strings and holes) were recently constructed in Ref. [159].

The d = 5 non-Abelian black holes constructed there are, again, coloured black
holes, with asymptotically vanishing gauge fields. They can be understood as the result
of adding a BPST instanton to a black hole with Abelian charges, leaving the mass and
electric charges unmodified. Just as in the 4-dimensional case, the non-Abelian field does
contribute to the entropy. The BPST instanton field turns out to be related by dimensional
redox to the coloured monopole at the heart of the 4-dimensional coloured black holes.

It is natural to try to see if black-rings also admit the addition non-Abelian instanton
fields and the effect this addition may have on the mass and entropy. In this chapter we
are going to construct and study a regular supersymmetric black-ring solution of N =
1,d =5 SEYM with a distorted BPST instanton. We start by reviewing in Section 5.1 the
recipe that we are going to use to construct timelike supersymmetric solutions, which was
obtained in Ref. [159]. In Section 5.2 we will carry out the construction of the solution
after which we will study its regularity and we will compute its essential properties. In
Section 5.3 we will study the limit in which the black ring becomes a non-Abelian rotating
black hole. Our conclusions are in Section 5.4.

5.1 The recipe to construct solutions

In Ref. [159] we have found a procedure to construct systematically timelike supersym-
metric solutions admitting an additional spacelike isometry (with adapted coordinate z)
of any N' = 1,d = 5 Super-Einstein-Yang-Mills (SEYM) characterized by the tensor Cy g

4Again, these are the simplest, but not unique N' = 1 (minimal) supersymmetrizations of the d = 5
Einstein-Yang-Mills theory and the supersymmetrization requires the addition of, at least, scalars. They
also go by the name of non-Abelian-gauged N’ = 1,d = 5 coupled to vector supermultiplets.
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and the structure constants fr;%:°

1. Find a set of t- and z-independent functions M, H, ®!, L; and 1-forms w, A’ y in E?
satisfying the equations (defined in E? as well)

dxsdM = 0, (5.1)

*3dH —dyxy = 0, (5.2)

*x0®! —F1 = 0, (5.3)

DL — Pt friMe’oK Ly = 0, (5.4)

wgdw — {HdM—MdH+3\@(<I>I©L1 —L1©<I>I)} - 0. (5.5)

The first two equations state that H and M are harmonic functions on E3. Once
H is given, the second equation (which is the Abelian Bogomol'nyi equation on
[E3 [43]) can be solved for . Eq. (5.3) is the general Bogomol'nyi equation on [E3.
In the ungauged (Abelian) directions, it implies that the ®! are harmonic functions
on E3 and, once they are chosen, the corresponding vectors AT can be determined.
In the non-Abelian directions, the equation becomes non-linear and one has to find
simultaneously solutions for the functions ®! and gauge fields Al through adequate
ansatzs or other methods. Eq. (5.4) is automatically solved if we choose L; oc ®!
(or zero). Finally, Eq. (5.5) can always be solved if the other equations are solved
(because they solve its integrability condition), except, perhaps, at the singularities
of the functions where, strictly speaking, the other equations are not solved. In most
cases, the integrability condition can be solved by a choice of integration constants in
the functions H, M, Ly, ®'. Then, of course, one has to integrate explicitly Eq. (5.5)
to obtain w.

2. Using them, reconstruct the solution’s 5-dimensional spacetime fields as follows:
(a) The scalars can be found from this equation for the quotients hy(¢)/f

hi/f = Lr +8Crx® % /H (5.6)

because there is always a parametrization of the scalar manifold such that

¢ = hy/ho. (5.7)

With the above equation for the quotients h(¢)/ f one can also determine the
function f. For the special case of symmetric scalar manifolds, it is given by®

®QOur conventions are those of Refs. [21,23] and are based on Ref. [36]. The supersymmetric solutions of
the most general A" = 1,d = 5 supergravity theory including vector supermultiplets and hypermultiplets
and generic gaugings were characterized in Ref. [23]. The inclusion of tensor supermultiplets was considered
in Ref. [20].

5Tn this expression, ClE = Crik.
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[ = 3BCVYELIL Lk + 3% 23C R Cypy LiL ;24 9M /H

(5.8)
+3-2L;01C @/ 0K DL/ H? 4 2° (CUKqﬂ@J@K)Q JH3.
(b) The metric has the form
ds? = f2(dt 4+ ©)? — f~1d§?, (5.9)
where f has been determined above, the 1-form & is given by’
w = ws(dz+x) +w, (5.10)
ws = M+ 16V2H 201 x®' 070K + 3vV2H 1L 3 (5.11)
and where the 4-dimensional Euclidean metric ds? is given by®
d§®* = H Y(dz + x)* + Hdz"dz", r=1,2,3. (5.12)
(c) The vector fields and their corresponding field strengths are given by
Al = BRI fdt+ o)+ AL,
(5.13)
FI = —/3O[R fdt+ &)+ FT,

where the vector fields A7 , defined on the 4-dimensional Euclidean space d3s2,
and their field strengths are given by

~

AT = 2V/6 [H_1<I>I(dz+x)—/vl]} ,
(5.14)

~

Fo= 2/6H! [@qﬂ A (dz + x) —*3Hi’)<1>f] ,

where © (resp. 5) is the exterior gauge-covariant derivative with respect to the
connection A’ (resp. AT).

In Ref. [159] we used this recipe to construct black-hole solutions with non-Abelian
gauge and scalar fields for the SU(2)-gauged ST[2,5] model.” This model has 4 vector
multiplets and, hence, 4 scalar fields that parametrize the symmetric space SO(1, 3)/SO(3).
It is defined by a tensor C7 i with the following non-vanishing components

"The unhatted w is the one occurring in Eq. (5.5).

8With H and y related by Eq. (5.2), this is a hyperKahler metric admitting a triholomorphic Killing
vector, also known as Gibbons-Hawking metric [97,99]. We will also denote the compact coordinate z by
. It will be assumed to take values in [0, 47).

9Actually, this is the name of the model of N' = 2,d = 4 supergravity one obtains by dimensional
reduction.
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Cowy = %Uzy , where (77:ch) = diag(+—---—), and zy=1,--- 4. (5.15)

The directions to be gauged are the last three, which we will denote by indices
a, B,...=2,3,4. the ungauged directions will be denoted by indices %, j,... =0, 1.

Being a symmetric space, we can use Eq. (5.8) to write the metric function f as a
function of the building blocks H, Ly, ®!:

[0 = H {5 (6HLy+ 8nyy®°®Y) [9H?* ™ Ly Ly + 48H P L, ®”
(5.16)
+64(D0)2n,, o]}
Now, in order to find solutions of this model, we just need to find building blocks
that satisfy Eqgs. (5.1)-(5.5). In the next section we will just do this to find a solution that
describes a black ring.

5.2 Non-Abelian Black Rings

5.2.1 Construction of the Solution

Inspired by Refs. [91,92], we choose a point Zy = (0,0, —R? /4) in E? and a harmonic
function N with a pole at that point,

1 _1
Ao

N=—
|7 — &

) 5.17
- (517
in terms of which we can write the non-vanishing building blocks in the ungauged directions
as

‘ Qi — Cijug’ "

(5.18)

These functions contain the integration constants ¢’, Q; and \;. The first two can be
interpreted as charges. The latter, whose value will be restricted by requirements such as
the normalization of the metric at infinity, are moduli. Eq. (5.1) is satisfied automatically.
Eq. (5.2) is satisfied with

S M =3\ (1—|flN), @ =-
L= g (- ) 2

X = cosfdy), (5.19)

where 7,0 € (0,7) and ¢ € [0,27) are spherical coordinates centered at r = |Z| = 0 with
the definitions and orientation

z! = rsinfsin,
x?> = rsinfcosp, €2 = = 41, (5.20)
x> = —rcosf,
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Egs. (5.3) are satisfied with

Al = —43/5 cos Opdipy, (5.21)

where 7,6, € (0,7) and 1, € [0,27) are spherical coordinates centered at r, = |Z,| = 0
with the definitions

%11 = gzl — $(1) = 1, 8in 0, sin ¢y, ,

22 = 2% — 2% =r,sinb,cost,, (5.22)
3 — .3 3 _

x, = x° —x5= —rpcosby,,

and the same orientation as the spherical coordinates centered at r = 0.

Egs. (5.4) in the Abelian directions are trivially satisfied because all f;; k =0 and,
finally, the integrability condition of Eq. (5.5) is identically satisfied for the chosen inte-
gration constants and w can be found by integration. We will compute w for the complete
solution later.

The above functions are enough to construct an Abelian black ring. Now, we excite
the gauged directions of this solution by adding to it a solution of the SU(2) Bogomol'nyi
equations on E3 (5.3)

o 1 S
o ea,ﬂgw—”d:ﬂfZ ) (5.23)

1 5 T _
ogra (14 X21y,) sty ogra (14 X21y,) T

[0} (0]

I ®»

This solution, originally found by Protogenov in Ref. [183], describes a magnetic
colored monopole placed at 7, = 0. It is singular at 7, = 0 as a field configuration in E3,
but this behaviour can change when we analyze the whole picture. In fact, we showed in
Ref. [48] that the monopole field gives rise to a BPST instanton in E* through (5.14), and
we used this result in Ref. [159] to construct a regular black hole of the same supergravity
theory we consider in this work.

In the present case we obtain a different instanton field configuration from (5.14),
which we call distorted BPST, because the pole of the harmonic function H is placed in a
different point (r = 0) than that of the coloured monopole (r,, = 0). This distorted BPST
is singular at r, = 0, which might turn the black ring solution ill-defined. Happily this
is not the case. The complete vector field contains the instanton plus an additional term,
see (5.13), where the latter cancels precisely this divergence at that critical point

lim <—\/§hIfW5 n 2\/5H_1<I>I) (dz+x) =0. (5.24)

Observe that in the ungauged case the ®“s would have been harmonic functions
—q¢“N/(4v/2) and the combinations Cijrd’ ¢ should have been replaced by C;sxq’q".
Here the asymptotic behaviour of the non-Abelian gauge field indicates that the “non-
Abelian ¢®s” do not contribute in the same way the ¢’s do. However, they have a similar
near-horizon behaviour.

The above functions define completely the solution. In what follows we are going to
analyze its metric to show that it describes a regular black ring and to compute its main
properties.
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5.2.2 Analysis of the Solution

In this analysis it is convenient to use two set of coordinates: those centered at r = 0,
(r,0,1, defined in Eq. (5.20)) supplemented by the time coordinate ¢ and the angular
coordinate ¢, and those centered at r, = 0 (7, O, Py, defined in Eq. (5.22)) supplemented
by the time coordinate t¢,, and the angular coordinate ,,. The relations

n = (7”2 + |Zo|? — 2| |r cos 9)1/2 ,
ro= (7"721 + |Zo|? + 2| |7y, cos Hn)l/Q , (5.25)
|Zo] = rcos® —ry,cosb,,

will be useful in the computations.

The metric function f can be obtained by substituting the functions H, L;, ®! in
Eq. (5.8). At this moment we just want to impose the standard asymptotic normalization

. g 33
lim f=1, = 3CY" M\ M= S N =1. (5.26)
r—o0 2

Now let us compute the only missing ingredient in the metric (5.9): the 1-form @.
Let us consider Eq. (5.5), which, upon substitution of the chosen functions H, M, Ly, ol
can be written as

: 1 % o %
*3dw = —Z)\iq’{—Z [1 _ o+ + rio| (r3—i— [Zol) (1 —cos®)| dr
r Tn ro
(5.27)
|Zo| sin 6 .
+|:7"§l (T—‘IOD do y
and a solution can be readily found assuming w has only one non-vanishing component,
w10
3y .0 R*\ 1
n

Observe that, since L, = 0 the non-Abelian terms do not affect w. However, they
do affect the whole 5-dimensional @ given in Eq. (5.10) via ws in Eq. (5.11):

w = (F—G)dp+ (F—Gcosh)dy, (5.29)
. 3)\,-qi R2 1
Fo= = P(rr4>%], (5.30)

% 0 2
_ < <A_..jﬁ oc aigh T | T _ 24 r 1
G |:3 Qi Cz]kq q) + Cz]kq q r T% g2 7“% (1 n )\27’77,)2 . (5.31)

16 n

3

10The expression coincides with that of [171] despite we have chosen Zo to be on the negative x° axis.

This is because the coordinate 0 has also a relative sign with respect to the used in that reference.
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The last term in G has a non-Abelian origin. In the r — oo limit in which the
metric tends to Minkowski’s (so we have an asymptotically flat solution), though, it is
subdominant and we do not expect it to contribute to the the angular momentum of the
solution.

So far we have been working in coordinates in which the hyperKéahler metric Eq. (5.12)
is of the form

1
d3* = r (dp + cos 0dip) + = [dr® + r* (df? + sin §%dyp?)] (5.32)
T

but, in order to compute mass and angular momentum, it is convenient to use a different
coordinate system (also centered at & = 0) ¢, 0, ¢1, 2, related to the former by

TZZv 0:267 ¢:¢1_¢27 90:¢1+¢25 (533)

in which the complete 5-dimensional metric is of the form

ds® = f2(dt +@)* — f~1 [dp? + p? (d©? + cos® ©de? + sin® ©de3)] | (5.34)
with

& = (2F — 2G cos® ©) dp1 — 2G sin® Odgs . (5.35)

The independent components of the angular momentum are now obtained from the metric
behaviour in the p — oo limit!'!

g el 4 ) ik
Joo = plggo 4GNcos2©® 2v34 <3QZ — Cigrd’a > ’ (5-36)

_ o Tlgiel0? _Li< ik .2)

and, from the absence of contribution proportional to g, we see that they coincide with
those of the Abelian black ring, as we expected.

Observe that these formulae allow us to identify

¢'\R? = T3 = 1) - (5.38)

Before we move to study the possible presence of an event horizon, let us point out
that the solution does not contain any Dirac-Misner strings.'” Indeed, the g4, (resp. Gigo)
metric component vanishes when the coordinate ¢, (resp. ¢2) is not well defined, which
happens at © = 7/2 (© = 0).

The solution may have an event horizon at ¥ = &y, where the norm of the timelike
Killing vector of the metric vanishes. In order to study the near horizon limit we need to

'We use units in which Gy = \/§7T/4.
2They could have been removed but only at the price of introducing closed timelike curves [162].
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use a different coordinate system because several components of the metric blow up there
in the coordinates we have been using so far. Recall the expression for the metric in the
original frame centered at & = 0

ds? = f2(dt + w)* + 2f2ws(dt + w)(dp + cos Ody))
(5.39)
—f2 (f_37’ - w%) (de + cos dep)z - f‘lr_ldx’“daf )

We first go to the auxiliary frame centered at the horizon with spherical coordinates and
take the r, — 0 limit. The functions that appear in the metric behave in this limit as
follows

16

fo= gt ond), (5.40)
3 i 2 2
Wy, = —ﬁ)\iq sin® 0,1, + O(r;) (5.41)
A ’[)2
ot = ka4 O(m), (5.42)
72 2 2 3
f ws = —;Tn + kQ?”n + O(Tn) , (5.43)
JUREIR 12
PUTr—wd) = 5tk +007), (5-44)
where we have defined the constants
- @\ 3
v o= <C’ijkqlq3q — 1GgQ> , (5.45)
1 y
L= 55 [9 - 62C*Cyy, (Qz‘ - Cumqhq”> (Qj — Cjped®q?) d'q™

0.1 2 1/2
i i g7 i 32

These expression for the constants v and [ resemble those of the Abelian case [92],
with an additional non-Abelian term. The precise form of the constants ki, ko and k3
in terms of the charges are messy. They do not occur in the calculation of any physical
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quantity, but they play a role in the near horizon analysis,'? since they are responsible
for the disappearance of O(r,;!) in the metric after we perform the following coordinate

transformation,

by b
dt,, = dr, + (; + 1> drn dpn = —dipy + 2dEn + Ldry | (5.50)
’I”n T'n T'n

where the constants by, bs and ¢; can be chosen such that all divergences in the metric in
the r, — 0 limit disappear:
v [v? APky + Pulky + 40%ks
C1 + I 3 2 ] ) 1 161

With this choice we find in the r, — 0 limit that the horizon has the following
metric

(5.51)

2
s, = —12dgk — - (A0 + sin® Odep?) . (5.52)

with the topology S x S2, so the solution is a black ring with non-Abelian hair, i.e. a

non-Abelian black ring. Using this metric we can compute the area of the horizon'?,

so the entropy of the non-Abelian black ring can be written in terms of the charges and
angular momenta using the expressions for the constants v and | Egs. (5.45) and (5.46)

together with Eq. (5.38) as follows:

. ] o 2
S = [3 - 6°C*Chim (Qi — Cinnd"q™) (Qj — Cipgd”q®) d'¢™ — 3 (¢'Qi — Cijnd' ¢’ ¢¥)
1/2
4 o q° °q* 2 32
=Ty, — Js) (Cipdiddt —16L ) 3 (@ - LL) (22 . (5.54
\/g( P2 ¢1) ( k9 44 92) (Ql 3 92 ( )

13We give their form here for the sake of completeness,

o , o
16A°R* %5 +3 (' Qi — Cijng'd’q")

k= SRy , (5.47)
Ak,
_ 4
ko —~ (5.48)
1 3R%K1 1, 0 1,002 2/ 1\2
b = o] o (603 (96 - 360"

+6(¢°q"/3) (—32Q1 + g°¢" (—2(¢")?/6¢" + 2¢°Qo + ¢' Q1))

+3 (4(91)2/692q°q1Q1 +32Q7 + ¢ (—q1Q1(4q°Qo +4¢'Q1) + (Cing'd’q" — qu¢)2>)
+4Nig' (—16qO + gQkaq"qjqk) RQ] —3[99°((¢")%/6 — Qo)(d°¢" /3 — Q1)*
+(—24(¢"q" /3)°X* + 6(¢")? /69" Ma"q" — 69°X10°Qog" + 9611 Q1 — 69°Mog’q Q1
—3¢°AM1(q")’Q1 — 24X°QT + 3¢°q" /3 (=321 + 29" 20¢"q" + g°Mi(g")* +16A*Q1)

+320i¢'q" — 8C¢jkqiqjqu2)\iqi + 692)\iqujqj) R*+ 16)\2/\iqiq0R4] } (5.49)
"“Notice that &, € [0,27), as can be deduced from expression (5.50) together with [ dQ ) = 2r°.
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Finally, we would like to compute the mass of the solution. We do so by compar-
ing the asymptotic behavior of the metric component g, with that of the Schwarzschild

solution, g ~ 1 — %%)(2; +---. We get

35/2A1
2

M

(AM1Qo + 2X0Q1) - (5.55)

The constants \; can be expressed in terms of physical constants. If we define the
physical scalars of the theory as ¢* = h,/ho we find that the only scalar with a non-
vanishing asymptotic value is the Abelian one and this value is ¢., = A1 /\o. On the other
hand, the asymptotic normalization of the metric Eq. (5.26) implied A\gA? = 2/33. Then,

Mo =233 (6L) T A =283 (gl )P (5.56)
and M takes the form

M = 2-1/331/2 [(¢}X>)2/3 Qo+2 (o)

Qi . (5.57)
and depends only on the moduli and on the electric charges Qg, @1 while the ¢*, which
correspond to magnetic dipole momenta do not contribute to it [80]. The non-Abelian
field do not contribute, either.

This expression looks identical to that of the non-Abelian black hole solution con-
structed in Ref. [159], but the charges @y and @; are not the same than the charges ¢p and
q1 that appear in the black-hole mass formula given in that reference. They are, actually,
related by Q?R = qZBH + C’ijkq]BRq]’%R. This is just reflecting the fact that the conserved
electrical charges in the black ring receive contributions from the magnetic dipole momenta
via the Chern-Simons term in the action. This effect is commonly described as ”charges
dissolved in fluxes” [30].

This non-Abelian black-ring mass formula, is, however, identical to that of the
Abelian black ring that one would obtain by removing the non-Abelian fields from this
solution. In other words: the presence of non-Abelian fields is not observable at spatial
infinity. They do contribute to the entropy, though, as in the black-hole case, their entropy
being smaller than that of their Abelian siblings.

5.3 Non-Abelian Rotating Black Holes

In the R — 0 limit, several things happen:

1. All the harmonic functions are now centered at r = 0 (except for M which becomes
constant):

i Ol aF
43/5N, Li= i+ Q= Cndd .

(5.58)

Y

1 . ,
H:N:; M:%Azqz’ @Z:_

2. The non-Abelian gauge field is also centered at r = 0:
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and the distorted BPST instanton is not distorted anymore.

3. The metric function f is now given by

fi= [ <A0+%> 22(1+IA2)H ()\1—&—%) —2(32)2 r2(1+1A2r)2]' (5.60)

The mass of this object is identical to that of the black ring Egs. (5.55) and (5.57).
it has no non-Abelian contributions. The near-horizon limit, though, includes non-
Abelian terms

R Y 2 2
Fratown vi- (3= 2) ($01-3@2) 6o

4. w vanishes identically and @ is determined only by ws, which takes the form

W = ws(dp+cosbdy),

(3@ ; k) 1 20 1 (5.62)
ws = 4 -
’ i Gl r g% r (14 A2r)?
As a result, the two angular momenta become identical
J¢1 = J¢>2 = Q\l/“q <3QZ - zykqj ) =J. (563)

Observe that the non-Abelian term in ws, which does not contribute to the angular
momentum, does contribute to the » — 0 limit just as the Abelian terms:

2
ws ~ Z/r, where Z = fj—i (5.64)
g

Let us study the near-horizon limit — 0. Using Egs. (5.61) and (5.64), we find that
the metric Eq. (5.9) behaves in this limit as

r? Y Z?
ds® ~ Waltz—ﬁdr YdQ(2)+ v rdt(dg0+cos Ody)+ <Y2 - Y> (dp+cosBdip)*, (5.65)
which can be rewritten in the form
ds?® ~ YdH%Q) — YdQ%Q) — Y [sin apdt — cos al(dip 4 cos Bdy)]? (5.66)

where r = (Y3 — Z2)1/2p, dH(QQ) = p?dt? — %2 is the metric of the AdS;, of unit radius and
sin?a = Z2/Y?3. This space is the near-horizon limit of the BMPV black hole [44], but,
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due to the non-Abelian contribution to Z (which can be understood as a sort of “near-
horizon angular momentum”), now « does not vanish for vanishing asymptotic angular
momentum J and we can have a stationary black hole with J = 0 whose near-horizon limit
is not AdS;xS3. The converse is also possible: we can make a = Z =0 for J = %qo /g?

and have a rotating black hole whose near-horizon limit is AdSyxS3.

The area of the horizon is
A
—— =8VY3—-272. (5.67)

5.4 Conclusions

The existence of black-hole and black-ring solutions with identical asymptotic behaviour
but with non-Abelian hair that contributes to the entropy [47, 155, 159, 160] challenges
our understanding of black-hole hair and the microscopic interpretation of the black-
hole/black-ring entropy, just as the Abelian hair discovered in Ref. [80] did. More research
is necessary to gain a better understanding of these solutions. In particular, the stability
of these supersymmetric non-Abelian solutions (which are entropically disfavored) needs
to be addressed and their possible non-supersymmetric and non-extremal generalizations
have to be constructed and studied.
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Non-Abelian bubbles in microstate geometries

This chapter is based on

Pedro F. Ramirez
“Non-Abelian bubbles in microstate geometries”,
JHEP 1611 (2016) 152. [arXiv:1608.01330 [hep-th]] [184].

The construction and study of smooth microstate geometries in supergravity theories
has become a fruitful area of research since the pioneering work, more than a decade ago,
of Bena and Warner [31] and independently of Berglund, Gimon and Levi [34], where a
strategy to obtain ample families of microstate geometries was given, generalizing earlier
results [102-104, 145-147, 153]. This kind of solutions can be roughly described as a
black hole configuration in which the horizon and its interior have been replaced by some
complicated, although smooth horizonless geometry while keeping the rest of the field
configuration looking like the unmodified solution. Any solution with such remarkable
properties is interesting per se, although it is in the context of the fuzzball proposal [151]
in which these configurations acquire their greatest significance.

The proposal originated as a possible solution to the information paradox and con-
jectures that the entropy of a black hole has its microscopic origin in the degeneracy of
a quantum bound state, the fuzzball. In this picture, the classical black hole would pro-
vide an effective description of the system, that would consist in a quantum ensamble of
geometries. These microstate geometries, when considered individually, would correspond
to string theory configurations with unitary scattering and hopefully a subset of these
states might be captured as smooth horizonless supergravity solutions. Since the pro-
posal suggests a modification at the horizon scale, such geometries should have the same
asymptotics as the black hole.

This conjecture opened a whole program in the quest to construct smooth microstate
geometries in theories of supergravity. Much progress has been made in this direction and
vast classes of such solutions have already been described in the literature, see [9,32,33,65,
193] and references therein. The direct identification of these configurations as representing
typical microstates of a particular black hole is generally unclear due to the absence
of a description in terms of a dual CFT. However very recently this identification has
been performed for a particular type of configurations known as superstrata, constituting
a major achievement of the fuzzball program [24]. Nevertheless, even though general
microstate geometries lack of this identification, they are still very useful in providing
valuable information about the physics of black holes in string theory, see for instance
[26-28, 154, 188].
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Chapter 6. Non-Abelian bubbles in microstate geometries

Typically these are described as topologically non-trivial spacetimes in five and six
dimensions, in the context of supergravity coupled to Abelian matter multiplets or pure
supergravity. In the present work we perform the inclusion of non-Abelian degrees of free-
dom for the first time'. The reason why this class of microstate geometries has remained
unexplored so far seems to be clear: the construction of explicit analytic non-Abelian so-
lutions in five- and six-dimensional supergravity theories has become accessible only in the
last few months [57,159,172]. The solutions that we present here constitute a non-Abelian
extension of the BPS three-charge smooth geometries described in [32]. We work in N = 1,
d = 5 Super-Einstein-Yang-Mills (SEYM) theories. One can think of these theories as an
extension of the five-dimensional STU model of supergravity, that describes a supergravity
multiplet coupled to two Abelian vector multiplets. SEYM theories are then obtained by
consistently coupling the STU model to a set of additional vector multiplets that trans-
form under the local action of a non-Abelian group®. Although this nomenclature might
seem unfamiliar in the literature of microstate geometries, in fact the underlying theory
where this solutions are constructed is quite frequently the STU model: five-dimensional
three-charge configurations are naturally described in this framework.

It is worth mentioning how N = 1, d = 5 SEYM theories are embedded in string
theory. The 10-dimensional effective theory of the Heterotic string describes N' = 1 su-
pergravity coupled to 16 Abelian vector multiplets. When the Heterotic string theory is
compactified on T°, there are special points in the moduli space for which there is an en-
hancement of the gauge symmetry. Then, besides the Kaluza-Klein vectors, the effective
supergravity description contains additional massless vector fields taking values in the al-
gebra of some non-Abelian group. A consistent truncation can reduce the supermultiplets
content (as well as their number) and result in the A" =1, d =5 SEYM theories that we
consider here. The explicit realization of this particular compactification and truncation
is discussed in the following chapters.

The procedure by which non-Abelian microstate geometries are found has a similar
structure than that of the Abelian case, but requires the introduction of some modifica-
tions. Just like in the case of supersymmetric solutions of STU supergravity, the con-
struction of BPS configurations satisfying the equations of motion of SEYM theory relies
on the specification of a reduced set of seed functions defined in R3. In the case of the
familiar STU model, these are simply harmonic functions that satisfy certain differential
equations whose integrability condition is the Laplace equation. The SEYM procedure
conserves these harmonic functions and introduces a new set of seed functions satisfying
the covariant version of these differential equations.

We find that the bubbling equations, which determine the size of the bubbles leading
to physically sensible geometries, contain a new contribution that appears standing next
to the magnetic fluxes threading the bubbles, see (6.45). This new term can be given a
physical interpretation in terms of the topological charge, or instanton number, associated
to the endpoints of the bubble of a non-Abelian instanton that builds up the vector fields.
As a consequence it should be possible to have stable bubbles without some magnetic fluxes
placed on them or, inversely, a bubble can collapse even though the fluxes are non-zero.

Another interesting peculiarity introduced by the non-Abelian fields is that the
solution depends on a set of continuous parameters that can be modified with no apparent

'Notice that globally regular non-Abelian gravitating configurations on contractible spaces have been
known since the late 80s, see [12,61,62,113]. These are usually referred as global monopoles.
2One can consider as well the introduction of additional Abelian vector multiplets.
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restriction whose influence is only local, i.e. their modification does not change any of
the asymptotic charges. This is a shocking feature that allows the construction of huge
amounts of microstate geometries with the same topology for a unique black hole, and its
proper interpretation requires further study.

Having said that, let us start talking about the details of non-Abelian microstate
geometries. We give a general description of the solutions that can be found using our
generating technique in Section 6.1. In Section 6.2 we describe how this method can be
utilized for the construction of smooth horizonless solutions. We conclude the chapter
in Section 6.3 with some comments about the results and discuss future directions. In
Appendix C.1 we give a brief summary of N’ = 1, d = 5 SEYM theories, describing its
matter content and its action. Appendix C.3 contains the solution generating technique
written in a step-by-step language.

6.1 Supersymmetric solutions of N’ = 1, d = 5 Super-Einstein-
Yang-Mills

A technique to construct supersymmetric timelike solutions with a spacelike isometry in
these theories was recently developed in [159], where it was used to describe the first non-
Abelian analytic black holes in five dimensions®. This method has also been used in [172]
to find non-Abelian generalizations of the Emparan-Reall black ring solution, [81], and
the BMPV rotating black hole, [44]. In the simplest settings, the configurations can be
roughly interpreted as three-charge Abelian solutions on top of which we place a non-
Abelian instanton that, interestingly, does not produce any change on the mass of the
solution while it reduces its entropy.

The solutions of N =1, d = 5 SEYM?* are specified by the form of the metric ds?,
the vector fields A’ and the scalars ¢*. The indices labeling the vectors take values in
{I,J,...=0,...,5}, with the Abelian sector contained in the first values {i,j,... =0, 1,2}
and the non-Abelian sector in the last three {«, 3,... = 3,4,5}. We make a continuous
use of this division in two sectors through the text. The scalars are conveniently codified
in terms of a set of functions hj labeled with the same indices than the vectors, such that
" = hy/hy. We also define the functions of the scalars with upper indices as

h' = 27CT K hyhy h'hy =1, (6.1)

where CT/K = C7;i is a constant symmetric tensor that characterizes the supergravity

theory. We work on the SU(2)-gauged ST[2,6] model, that contains n, = 5 vector mul-
tiplets and, as we mentioned in the introduction, can be understood as a non-Abelian
extension of the STU model. This model is characterized by a constant symmetric tensor
with the following non-vanishing components

Cozy = %nxy ,where (1) =diag(+—---—), and z,y=1,---,5. (6.2)

In [23] it was shown that timelike supersymmetric solutions of this theory are of the

3 A method for the systematic construction of null solutions and some explicit examples describing black
strings and regular string-monopoles are also given in that reference.
4See Apendix C.1 for a brief description of the theory.
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form

ds* = fdt+w)?— f1ds?, (6.3)

Al = —VBRIfdt 4 w) + AL, (6.4)

where d3? is a four-dimensional hyperKahler metric and the rest of elements that appear
in this decomposition are defined on this four-dimensional space. These elements satisfy
the system of BPS equations:

FI = *4F17 (65)
D% (hi/f) = iCrxF’-FX, (6.6)
dw +%idw = 2(hr/f)F". (6.7)

Here *4 is the Hodge dual in the four-dimensional metric d3? and FI is the field strength
of the vector Al

F]MV = 28[1“21]”} + ngKIAJ#AKV’ (6.8)

where fr; & are only non-vanishing when the indices take values in the non-Abelian sector,
in which case they are the structure constants of SU(2), fos? = €as-

Some words about notation are necessary. Notice that we use hats to distinguish
objects that are defined in four spatial dimensions. For example, A’ is used to represent the
five-dimensional physical vectors and Al is a vector in the four-dimensional hyperKahler
space. In a few lines we will introduce another collection of objects that are labeled with
inverse hats and that are defined in three-dimensional Euclidean space. In particular we
define the vectors A’. We use all these vectors to define covariant derivatives in five, four
and three dimensions for objects with upper and lower vector indices. For example the
four-dimensional covariant derivatives are defined by

Oh! = dh! + §fr TATRE Dhy =dhr + §frs*A'hg . (6.9)

The system of BPS equations can be drastically simplified under the assumption that
the solutions admit a global spacelike isometry along a compact direction [159]. Then the
mathematical objects that build up the physical fields can be further decomposed in terms
of elements defined in three dimensional flat space in the following manner

d§* = H '(dp+x)*+ Hdz"dz", r=1,2,3, (6.10)
Al = —2v6 |—H ol (dp+ x) + AT, (6.11)
hi/f = L;+8Crjx® ®KXH™1, (6.12)
w = ws(dp+x)+o, (6.13)
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where ¢ is a coordinate adapted to the direction of the isometry. Substituting back these
expressions in the BPS system of equations, we obtain the conditions that H, x, ®, Al L}, ws
and @ need to satisfy

*3dH = dx, (6.14)
x30d! = FI (6.15)
DL; = Gl MoK Ly, (6.16)
x3d = HdM — MdH + 3v2(®'OL; — L;937), (6.17)

ws = M+16V2H2C; k@ /0K + 3v2H 'L ®", (6.18)

where M is just a harmonic function in E3, i.e. V2M = 0.

Equations (6.14), (6.15) and (6.16) in the Abelian sector imply that H, ®* and L;
are just harmonic functions on E3. Once these are specified it is straightforward to find
the 1-forms y and A

In the non-Abelian sector (6.15) is the Bogomol'nyi equation [43], which is non-
linear and hard to solve in general. Fortunately this system, that describes a non-Abelian
monopole in Yang-Mills-Higgs theory, has been studied by many authors and the space of
solutions available in the bibliography is rich enough for the purposes of our work.

Equation (6.16) in the non-Abelian sector is easily solved if we choose L, o< ¢
or just L, = 0. However none of these choices is completely satisfying if one pursues
the construction of general smooth horizonless geometries. If one takes L, o< &% then
there are some potential restrictions on the space of possible ®¢ that can result in smooth
geometries. We will need to find a more general solution.

Finally, (6.17) can always be solved if its integrability condition is satisfied. This
condition gives a set of algebraic equations, which in this context are known as bubbling
equations, that impose restrictions on the distance between the different centers of the
solution (the points were the seed functions are singular). Then, of course, one has to
integrate explicitly equation (6.17) to obtain .

In summary, we have described a procedure to construct supersymmetric timelike so-

lutions in terms of a set of seed functions defined on three-dimensional flat space: H, ®!, L;
and M.

6.2 Smooth bubbling geometries in SEYM supergravity

Smooth microstate geometries are defined as horizonless, regular field configurations with-
out any brane sources but with the asymptotic charges of a black hole. At a technical
level this statement implies several conditions that we shall address in the following sub-
sections, being perhaps the most important of those the requirement of working with
manifolds with non-trivial topology”. This fact can be roughly understood from the fact

5By this we mean that they describe non-contractible spaces.
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that the existence of non-trivial cycles allows for the presence of measurable asymptotic
charges without the introduction of localized brane sources. See for instance [32] for a
detailed discussion about this topic.

The systematic procedure for finding solutions described in the previous section can
naturally accommodate ambipolar Gibbons-Hawking spaces, which have just the right
properties for these purposes. Let us start with a brief description of these manifolds.

6.2.1 Ambipolar Gibbons-Hawking spaces

Much of the very interesting physics exhibited by these solutions is related to the use
of ambipolar Gibbons-Hawking spaces, which are a particular example of ambipolar hy-
perKihler manifolds [167]. These have the form of a U(1) fibration over a R? base, with
the fiber collapsing to a point at a finite collection X = {Z,|a = 1,...,n} of points in
R3 which we will call centers. Any path in the base manifold connecting two centers,
Yab, defines a non-contractible 2-cycle through the inclusion of the U(1) fiber, A, ,. A
different path 7/, between the same centers describes an homologically equivalent 2-cycle
A%b ~ A,.,. We will denote any of the equivalent 2-cycles simply as Ag.

These spaces have the metric
ds* = H M(dp + x)* + H [dr? + 1% (d6* + sin®0dy?)] | x3dH =dy,  (6.19)

with the angular coordinates taking values in 6 € [0,7), ¢ € [0,27), ¢ € [0,47). H is a
harmonic function on E3 of the form

H:Z%v with 1o = |7 —Zef, Ta€X, (6.20)

a

while the 1-form y plays the role of local connection of the fiber bundle and can be written
as

X = Z szcoseadwa ) (6.21)

where 6, and v, are coordinates on a spherical frame centered in Z,.

Although H is singular when evaluated at the centers it is straightforward to check
that if all ¢q,, aka Gibbons-Hawking charges, are integers then the metric remains regular
at these points®. Indeed under the redefinition of the radial coordinate p, = 2./7, we find
that locally

d3?|p,0 ~ dp + Png%s)/qa ) (6.22)

being dQ%?)) /g the standard metric on S3/ Zjq,|- Asymptotically the manifold is also of this
form, d&?|, 00 ~ dp* + pde%?’)/Q, with the orbifold given in this case by 53/Z‘Q|, being
Q= Ea qa-

Physically, smooth bubbling geometries are claimed to represent microstate con-
figurations of some particular black hole, being both solutions indistinguishable asymp-
totically. Therefore we are interested in having the ambipolar Gibbons-Hawking space
asymptotic to R*, which we can achieve imposing @ = 1. This condition requires that

SWhen |qa| # 1 there is an orbifold singularity at & = Z,, but we will not worry about it since these
singularities are innocuous in the context of string theory.
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some of the Gibbons-Hawking charges be negative, and therefore the function H interpo-
lates between —oo and +o00. Each negatively charged center is surrounded by a connected
open region with H < 0, whose boundary is a surface where H vanishes.

Then the signature of the metric interpolates between (4 + ++) and (— — ——),
being clearly ill-defined at the surfaces where H = 0. It is this characteristic what renders
this space be ambipolar. This harmful properties, however, can be made compatible with
having a smooth five-dimensional supergravity solution due to the presence of both, the
conformal factor f~! multiplying ds? and the additional terms in the full metric, see
equation (6.3). We will elaborate on this in subsequent sections.

6.2.2 Seed functions for horizonless spacetimes

In the language of the solution generating technique outlined in Section 6.1, we have given
the first small step in the way to obtain a supersymmetric solution, that can be synthesized
as

o da . .
H_ZE’ with ¢, €7Z, za:qa—l. (6.23)

a

The remaining seed functions in the Abelian sector ®*, L; and M are also harmonic,

i i ke i L Ma
Ol =K+ ) 2 Li=0l+) <, M=mo+) =%,  (6.24)
a T'a a ra a ra

and from equation (6.15) we readily obtain

Al = Z ki cosOadi, . (6.25)

Notice that we imposed that the location of the singularities coincides with a Gibbons-
Hawking center. With this requirement we will be able to avoid that the building blocks
hi/f as defined in (6.12) become singular whenever any of the seed functions individually
diverge. This is the mathematical version of what at the beginning of the section we
called absence of brane sources, and it is the mechanism responsible of obtaining hori-
zonless geometries’. Also, the fact that the harmonic seed functions are singular at the
Gibbons-Hawking centers is directly responsible for much of the very interesting physics
captured by these solutions. Consequently, we would like the non-Abelian seed functions
to display a similar qualitative behavior, i.e. (®%, Ly)|r,—0 ~ 7,1 + O(19).

Protogenov’s SU (2) colored monopole [183] is a solution to the Bogomol'nyi equation
with this property, with only one single center. Colored monopoles are rather intriguing
objects. They describe a point with unit local magnetic charge surrounded by a magnetic
cloud that completely screens the charge as seen from infinity®. Despite its singular nature
when interpreted in the context of Yang-Mills-Higgs theory, single center colored monopole
solutions have been fruitfully used in the literature to obtain regular non-Abelian black

"Clearly this naming is pointing at the physical origin of these potential singularities once the solutions
are interpreted in the context of string theory.
8 . e . _ g Filed aled
The magnetic charge is defined as p = ;- /. s Vgege
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holes in four- [47,123,155,160] and five-dimensional [159,172] theories of gauged supergrav-
ity. Their presence has an interesting impact on black hole thermodynamics, modifying
the entropy without altering the mass.

Therefore, a family of well-suited non-Abelian seed functions @ is given by a multi-
center generalization of colored monopoles, which we construct now. From now on we will
assume the gauged group is SU(2) for the sake of simplicity, so the index « can take three
possible values. Nevertheless, following the ideas of Meessen and Ortin [160], it should be
possible to embed these monopoles in a more general group SU(N) and use them in the
construction of smooth bubbling geometries in SU (N )-gauged supergravity.

Plugging in the Bogomoln’yi equation (6.15) the ansatz of the hedgehog form

1 0P e _LOP (6.26)

oo = — , S
gP Oxs ° " gP oxs~ 1

we find that this configuration describes a monopole solution if P is a harmonic function,

Aq
P:Aﬁzr—, Ao #0. (6.27)

Substituting back in (6.26), we can write the solution as

Aa (x® — ) o Aa (x® — )
P = 5 a A% = ¥ s = 2
2 griP*  ry P=2 grzP° T, (6.28)

a a

S

The Higgs field of the monopole is singular at the centers and vanishes at infinity
+ (’)(TO) , lim ®% ~ O(T—2) 7 k‘g = 5?(v7 ) (6.29)

ko
lim ¢% = =% .
rq—0 Ta r—00 qrg

This solution corresponds to a multicenter colored monopole configuration.

The last seed functions we need to find are L., which are solutions of equation
(6.16), that we repeat here for convenience

D2Lo — § fup f2POPDVL, = 0. (6.30)

We can solve this differential system by making use of the ansatz

10Q .

Lo =—
“ gP Oxs " °

(6.31)

the equation reduces to the condition of () being harmonic. We choose ) to be of the

form \
Q=Y 2. (6.32)

Ta

a
The functions L, behave similarly to &% near the centers and at infinity
& s _ .8
lim Ly = -2 + O(Y), lim Ly ~ O(r~2), 10 = g0 @ =T (g g

rq—0 Ta a T—00 gra
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only differentiated by the presence of the parameters o, in the near-center limit. The
appearance of these factors will be fundamental for obtaining horizonless geometries.

After having fixed the general form of all the seed functions, we can start analyzing
the regularity of the metric. In order to construct horizonless solutions we need to avoid
having brane sources at the centers. In other words, we want the building blocks h;/f that
constitute the metric function, given by (6.12), to remain finite at these points. Keeping
the charges g, and k! arbitrary, it is possible to remove the brane sources by taking

E kK
liZ—SC[JK 22 (6.34)

qa

Notice that this expression is valid in both the Abelian and the non-Abelian sector. In the
former it fixes the value of the parameters [}, while in the latter it fixes the parameters
04. Regularity of the metric at the centers also requires ws to be finite there, something

that we achieve by choosing

kIkIEE
Mg = 8V2C  jx ~4-%% . (6.35)
da
The constant terms in the harmonic seed functions (6.24) define the solution at
infinity. In order to have an asymptotically flat metric (foo ~ 1, w5 o0 ~ 0) we need to

satisfy the constrains

ki =0, 27CIRLIIE =1, mo = —3v2) Ik (6.36)

6.2.3 Closed timelike curves and bubbling equations

By using an ambipolar Gibbons-Hawking metric we are taking a clear risk: the spacetime
metric might contain closed timelike curves (CTC’s) or even be ill-defined at the critical
surfaces where H = 0. We now study the conditions under which CTC’s are absent, so
the microstate geometries are physically sensible.

Let us expand the expression of the spacetime metric (6.3) and write it in the
following manner

05 = a2 + 220 — o (dp + LA ai-di -2 (6.37)
= f2H?2 $TX T w f roar )’ ’

where 7 is defined as

T=f3H—-wiH?. (6.38)

There is one general restriction that needs to be satisfied in order to avoid the
presence of CTC’s

7>0. (6.39)

Apparently there is one additional condition, f~'H > 0, but this is implied by the in-
equality in (6.39). Let us express this condition in more detail by evaluating Z in terms
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of the seed functions

I = —M?H?-18 (®1L1)2 — 32V2MCr g ®'®/ K — 6/2MHL ;!
(6.40)
+2THCHE L L L + 3*23CTECrpap L Ly LM > 0.

The first point to notice is that the form of this expression coincides with that of
ungauged supergravity originally derived in [31], where it was identified as the quartic
invariant of E7(7). The analysis of the positivity of this quantity is hard to do in general,
although we can assert that this bound can be satisfied for large families of configurations.
The reason behind this statement is that this has been shown to be the case for ungauged
supergravities, and many techniques to construct solutions satisfying this bound have been
developed. In any case, it is fair to say that this restriction definitely makes the process
of constructing explicit solutions more complicated.

There is one additional factor that can result in the appearance of CTC’s, and this
is the formation of Dirac-Misner strings. Those arise when the integrability condition of
the last differential equation that still remains to be solved, (6.17), is not satisfied. This
condition is obtained acting with the operator dx3 in that expression, which gives

{HVQM — MV2H + 3V2(3'V2L; — LiV2®' + DL, — Lafb?qﬂ)} 0. (6.41)

This condition is identically satisfied as a consequence of equations (6.14)-(6.16) every-
where except at the centers, where technically those equations cease to apply. The bub-
bling equations are algebraic constrains that guarantee that the integrability condition
is satisfied everywhere, setting the requirements that avoid the presence of Dirac-Misner
strings.

To make further progress it is convenient to define the symplectic vector of seed
functions

M — (H,3\/§<I>I,M, LI) : Sy = (M, Ly, —H, —3\/§<1>I> , (6.42)

and a symplectic vector of charges at each center

QM = (qa,3\f2ki,ma,l£) : Qria = (ma,lg,—qa,—?,\@k,{) . (6.43)
Now we can write the integrability condition as

SMD26,, =0. (6.44)

Interestingly the non-Abelian sector vanishes in the last expression due to the sym-
plectic product and the expression is reduced to S™Q, o0(Z — Z4) = 0 with the under-
standing that S and Q) are the components of the symplectic vectors in the Abelian
sector. Then, one could naively expect that the bubbling equations coincide with those in
the case of ungauged supergravity theories. However, this does not happen because the
charges [} are affected by the presence of the non-Abelian fields according to (6.34). After
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a few lines of algebraic computation, the resulting bubbling equations are conveniently
written as

3 ot gina] =56 (S -4) 09
a

where I, is the ith- flux threading the 2-cycle A,y and T,y contains information about
the topological charge associated to the centers a and b, see (6.63)

: K} k:) 5 </<;ak0‘ k:gk;g)
===, T =9 | %%+ . 6.46
b (% da b=I\ g Qi (6.46)

We are now ready to integrate (6.17). It is convenient to decompose the 1-form &
into two parts, 0?4 and w?, satisfying

*3do? = HdM — MdH + 3V2(®'dL; — L;d®"), (6.47)
*3dio? = 3V2PDLy — LyDD), (6.48)

The first equation can be solved independently for each pair of centers (a,b), with o4 =
Y0 ba cbfb. For each pair we use adapted coordinates such that ¥, = (0,0,0) and
@y = (0,0, —7gp), with spherical angles given by

a:}lb = 181Ny Sinyp xzb = 1r481n04c08Yqp xib = —ryco80,y . (6.49)

Upon substitution of the seed functions H, M, L;, ®*, (6.47) can be written as

*3d(:):14b ==

W{ i |:1 _ Tab + 7q " TaTab (Ta + Tab) (1 —cosby)| drg

Tab B 72 T r
(6.50)
Tqp Sin 0
+ |:abgab (Ta — Tab):| deab} )

Ty

being 1y, the radial distance as measured from &. A solution can be readily found provided
ijb has only one non-vanishing component, cfj;qb’%b

1

L Tq + Tab
242

Ty

8v2¢.qp —

CA k

Wab = S ba Ciij;bH{IbHab -
a

Hgb’]l‘ab] (cosBg — 1) (1 — > dipay . (6.51)

Now we turn our attention to (6.48). Notice that this expression contains three-
point interactions due to the presence of the connection A in the covariant derivative, so
at first sight its structure is more involved than that of its Abelian counterpart. However,
despite this complexity, the general solution for an arbitrary number of centers can be
found. It is most remarkable that the interactions among all of them can be written in a
very compact form! We obtain

9B — 3\/§€T$t 0Q 87P 2"
G2P?% Qx5 0xt T

(6.52)
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While deriving (6.51) and (6.52) we have assumed that the integrability condition
is satisfied by making use of the bubbling equations (6.45). As a consistency check we can
perform an inspection to confirm the absence Dirac-Misner strings in 0 and ©?. For the
former, it is straightforward to verify that the only component of the one form, u“)(fb’%b,

vanishes when the coordinate 14, is not well defined. In particular this happens along the

TatTab
)

direction, with (cosfg — 1) | 3~ = 0. In the case of the latter it suffices to check that w?
ab

is regular at the centers as a consequence of the antisymmetric character of the 1-form

components.

xib axis both in the positive direction, where (1 - ) .3+ = 0, and in the negative
ab

6.2.4 Fluxes and topological charge

We now turn our attention to the vector fields. We shall recall their expressions

Al = —VBRIf(dt 4+ w) + AT, (6.53)
Al = —2v6|—-olH (dp + x) + AL, (6.54)

where Al is determined in terms of &’ by the Bogomol'nyi equation (6.15) and whose
explicit form is (6.25) in the Abelian sector and (6.26) in the non-Abelian. From these
expressions we see that these fields can be understood in terms of three layers: the physical
vectors A!, a four-dimensional instanton Al with selfdual field strength and a three-
dimensional static magnetic monopole Al. Each of them is used to build up those preceding
it, in a configuration that resembles the structure of the Russian matryoshka dolls.

In the Abelian sector A? describes a configuration with several Dirac monopoles,
which is singular due to the presence of Dirac strings attached to each center. These
strings are eliminated in Ai by the new term in (6.54), although this term introduces new
strings in the compact direction ¢,

lim A" ~ —2V6 _Ka (dip + qacosbadipy) + kLcosOadipy | ~ 2\/6@dg0. (6.55)

ra—0 qa qa

The component in the local coordinate v, is compensated by the new term, but now AZD

is finite at the centers, where the coordinate ¢ is not well defined. Besides A is not
regular either at the critical surfaces characterized by H = 0. Yet again, this singularity
is cured at the next stage and the physical vectors A’ are globally regular up to gauge
transformations. In this case the first term in (6.53) compensates the divergence at the
critical surface,

Jim <—\/§hifa)5(d¢ n x)) — 2VBH % (dp + ) + O(H) (6.56)
_>

without introducing any anomaly elsewhere, which is guaranteed because w has been
designed to be free of Dirac-Misner strings.

To every non-trivial 2-cycle at the ambipolar space it is naturally associated a mag-
netic flux for each vector, defined as the integral of the field strength F* along the 2-cycle.
To compute this quantity we make use of our standard decomposition for A’, which is
valid everywhere except at the centers. Nevertheless since the field strength is globally
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regular the flux can be equally computed by taking the integral along the 2-cycle with
the poles excised. In this region the integrand is an exact form and we can make use of
Stokes’ theorem. We get

, 1 ‘ ki kS
H;:/ F2:<b—“>. 6.57
’ (2\/6)471' Agp % Ga ( )

We now consider the non-Abelian sector. Our recipe for constructing solutions
of N =1, d =5 SEYM theory naturally incorporates Kronheimer’s scheme [142], that
relates any static monopole A% to an instanton over a Gibbons-Hawking base, A%, through
equation (6.54). For example, in [48] this mechanism has been utilized to ozidize the
single center colored monopole, that has turned out to be the counterpart of the BPST
instanton [19]. On the other hand, Etesi and Hausel showed in [85] that families of
regular Yang-Mills instantons over an Asymptotically Locally Euclidean space (ALE) are
related to multicenter colored monopoles in Kronheimer’s scheme’. However, although
our instanton is related to the same monopole, it is necessarily different than the Etesi-
Hausel solution because they are defined on different bases: our Gibbons-Hawking space is
ambipolar, not ALE. In particular this means that our instanton is singular at the critical
surfaces. This is cured for the five-dimensional physical vector in the same manner than
it is for the Abelian vectors.

Even though the instanton A is ill-defined at the critical surfaces, we would like
to study if we can associate to it a topological charge, also known as instanton number'?.
Here we need to remark that this topological charge is associated to the vector A defined
on the ambipolar Gibbons-Hawking space. Therefore this quantity may not be a true
invariant of the physical spacetime. Nevertheless its computation is interesting by itself
and, as we are about to see, this quantity is finite even though the connection blows up.
We define the topological charge as

2
g 45 702
T— / AnE?, (6.58)
327T2 M4\S

where d*Y is the volume form of the manifold, 2 is the scalar obtained by taking the trace
of the field strength contracted with itself, B2 = F/f‘VFO‘ Hv - and My\S is the ambipolar
space without the critical surfaces. These have to be necessarily removed because the
canonical volume form associated to the metric vanishes there and the above integral
cannot be defined over them. To perform the calculation it is convenient to work in the
following flat frame of the cotangent bundle

¥ = s|H|7Y2(dp + x) e = |H|Y?dz*5 12 — ez = 1. (6.59)

where s is +1 when H is positive and —1 when H is negative. The volume form is expressed
in terms of the vielbeins as e® A el Ae? Ae® = Hdyp A d®z, where d®z is a shorthand for
dx' A dx? A dx3. The gauge field strength is obtained from (6.54) and its components in
this coframe are

9In fact, to the best of our knowledge, multicenter colored monopoles have only appeared in the literature
so far in [85], where they are used as valuable intermediates for computing the topological charge of their
instanton counterparts.

101t would be very interesting to study rigorously the construction of SU(2) fiber bundles over ambipolar
Gibbons-Hawking bases, but this goes beyond the scope of the present work.
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Fe = —2v659, (9°H ) e — _2v/6s [H*l o H*2q>a(dx)ab} . (6.60)
Substituting back into (6.58), using (6.14), (6.15) and integrating by parts we get

§2

T =
3272

PP .
/ do A dx [W? (> —4H '9°D%0 + 2H—2<1>a<1>av2H] .
Ma\(SUX) H
(6.61)

Notice that in this step the centers have also been removed from the integration space
because the decomposition (6.54) is not well-defined there. This does not change the
value of the integral because F? ig regular at these points. The second and third terms
in the above expression vanish identically in the region. We can integrate on ¢ and apply
Stokes theorem to get

V] aFHo <2 aFHa
g 3 oo [P0 g 2 PP
T ==— d’zVe | —— | = =— d“Yngl, | — | . 6.62

e (H) Ar Joys ”“(H (6.62)

Here V3 is R? with the centers and the critical surfaces excised, d?% is the volume form
induced on V3 and n, are the components of a unit vector normal to V3. Thus the
problem is reduced to a computation at the boundary of V3, which is composed of the
critical surfaces, the centers and infinity. Formally at the critical surfaces we receive an
infinite contribution to the topological charge, but notice that each connected critical
surface is the boundary of two disconnected regions of V3 and therefore it appears twice in
the computation. Since the normal unitary vector 7 has opposite direction in each case,
both infinite contributions cancel out because limgz 513 0, (éalfa) |ng| takes the same
value when ¥ is evaluated at both sides of the critical surface.

After having got rid of the critical surfaces, the computation of (6.62) is straightfor-
ward. The contributions at each center and at infinity are

kS kS
T, = §>-o"a Too =0, (6.63)
da
Assuming that we placed non-Abelian seed functions at every center, the total topological
charge is

-y . (6.64)

6.2.5 Critical surfaces

As we have already discussed at previous stages, the critical surfaces defined by having
H = 0 are worth special attention. Not only is the ambipolar Gibbons-Hawking metric
ill-defined there, but also many of the other auxiliary building blocks that make up the
solution contain inverse powers of H. Nevertheless, the spacetime metric and all physical
fields remain completely regular at the critical surfaces. It is interesting to illustrate in
some detail how this happens.
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Let us consider the metric as written in (6.37). In the purely spatial part there
are no singularities in these surfaces because the product f~'H defines a finite positive
quantity,

2/3

Jim. fH =8 (Cryr®' @’05)™" + o), (6.65)
_>

and 7 is also regular, as easily seen from its expression in terms of the seed functions (6.40).
Of course, this is only possible because limgy_,g f ~ 0 and this, in particular, means that
the critical surfaces are determined by the vanishing of the norm of the Killing vector that
generates time translations, V' = 0y, V*V, = f 2,

One might get worried by this statement, since timelike supersymmetric solutions in
supergravity quite frequently have event horizons at the regions where the timelike Killing
vector becomes null. Happily this does not happen here. First, because as we just saw the
spatial part remains regular, and second, because of the presence of the additional finite
term in the metric that keeps the determinant non-vanishing at these regions,

. 1 ITxJ+ K -1/3
Il{lglo frwsdt(dp + x) = NG (Crag®' @' ®") " dt(dp + x) + O(H). (6.66)

Then any massive particle sitting at the surface is unavoidably dragged along some spatial
direction. Critical surfaces have the same properties as the boundary of an ergosphere,
except from the fact that they do not actually surround an ergosphere since the Killing
vector V remains timelike at both of their sides. As a consequence of this they have been
named evanescent ergosurfaces [100].

In the previous subsection we already showed that the physical vectors are well-
behaved at the evanescent ergospheres. The physical scalars, constructed by ¢* = hy/hg,

are also regular here

. Cory @107
| = e _ 1+ O(H). 6.67
HILHO(ZS COLM(I)L(I)M + ( ) ( )

6.3 Final comments

The set of continuous parameters A\, that appear in the definition of the colored monopole,
(6.26), have no impact on the physics of the solution neither at the centers nor at infinity,
but they do affect the physical fields at intermediate regions. This means that the geometry
of a particular solution can be continuously distorted in some manner as long as the
modification does not introduce CTC’s. Therefore we can build a classically infinite
number of microstate geometries with the same topology for the same black hole or black
ring.

It is useful to explain in some detail why these parameters are special in this sense.
First, one has to notice that asymptotically the non-Abelian seed functions ®“ are sub-
leading with respect to the Abelian seed functions ®° (6.24). Second, the functions ®“
have the same limit at leading order at all the centers, whose value is independent of these
parameters. These characteristics imply that the mass, angular momenta and electric
charges of the solution are invisible to the parameters A\,. The size of the bubbles are also
unaffected by them, see (6.45).

The colored non-Abelian black hole solutions discovered so far are constructed from
a single-center colored monopole. They incorporate one parameter, say A;, interpreted
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R3

Figure 6.1: Representation of the multicenter instanton on the Gibbons-Hawking space.

as the size of the instanton field of the solution, that modifies the geometry outside the
horizon but does not alter any of the observables of the solution, like the mass, entropy,
electric charges or instanton number. In this context this parameter is interpreted as
non-Abelian hair. On the other hand microstate geometries have one parameter for each
center. Although we do not have a complete interpretation of the multicenter instanton
field contained in these solutions, preliminary analysis based on the expansion of the
instanton field A® near the centers suggest that each parameter codifies the information
of the size of an instanton placed at the corresponding center whose individual topological
charge is 1/qq.

On the other hand, the gauge coupling constant ¢ controls the relative weight of
the non-Abelian versus the Abelian fields. The closer this parameter is to zero the more
influent the non-Abelian ingredients are. This is in particular reflected in the bubbling
equations (6.45), from what we see that the size of the bubble can be dominated by one
or the other contributions for different values of the coupling constant.

Clearly these solutions require further study. The explicit construction of concrete
solutions with specific charges would be of course very interesting.
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A gravitating Yang-Mills instanton

This chapter is based on

Pablo A. Cano, Tomas Ortin and Pedro F. Ramirez
“A gravitating Yang-Mills instanton”,
JHEP 1707 (2017) 011 [arXiv:1704.00504 [hep-th]] [56].

Fueled by the research on theories of elementary particles and fundamental fields
(Yang-Mills, Kaluza-Klein, Supergravity, Superstrings...), over the last 30 years, the search
for and study of solutions of theories of gravity coupled to fundamental matter fields
(scalars and vectors in d = 4 and higher-rank differential forms in higher dimensions)
has been enormously successful and it has revolutionized our knowledge of gravity itself.
Each new classical solution to the Einstein equations (vacua, black holes, cosmic strings,
domain walls, black rings, black branes, multi-center solutions...) sheds new light on
different aspects of gravity and, often, on the underlying fundamental theories. For in-
stance, although the string effective field theories (supergravities, typically) only describe
the massless modes of string theory, it is possible to learn much through them about the
massive non-perturbative states of the fundamental theory because they appear as clas-
sical solutions of the effective theories.! Beyond this, there is a definite program in the
quest to construct horizonless microstate geometries as classical solutions of Supergravity
theories [32,33]. When interpreted within the context of the fuzzball conjecture [151],
these geometries have been proposed to correspond to the classical description of black
hole microstates. Therefore, in the best case scenario, it might be possible to find a large
collection (~ e ) of microstate geometries with the same asymptotic charges as a par-
ticular black hole, and, furthermore, to identify explicitly their role in the ensemble of
black-hole microstates. See Refs. [24,29] for recent progress in that direction.

Apart from the fact that they describe gravity, one of the most interesting features
of string theories is that their spectra include non-Abelian Yang-Mills (YM) gauge fields.
This aspect is crucial for their use in BSM phenomenology but has often been neglected in
the search for classical solutions of their effective field theories, specially in lower dimen-
sions, which have been mostly focused on theories with Abelian vector fields and with,
at most, an Abelian gauging. Thus, the space of extremal (supersymmetric and non-
supersymmetric, spherically-symmetric and multi-center) black-hole solutions of 4- and
5-dimensional ungauged supergravities has been exhaustively explored and progress has
been made in the Abelian gauged case, motivated by the AdS/CFT correspondence, but
the non-Abelian case has drawn much less attention in the string community and, corre-

See, e.g., Refs. [76,171,199].
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spondingly, there are just a few solutions of the string effective action (and of supergravity
theories in general) with non-Abelian fields in the literature.

One of the main reasons for that is the intrinsic difficulty of solving the highly
non-linear equations of motion. This difficulty, however, has not prevented the Gen-
eral Relativity community from attacking the problem in simpler theories such as the
Einstein-Yang-Mills (EYM) or Einstein-Yang-Mills-Higgs (EYMH) theories, although it
has prevented them from finding analytical solutions: most of the genuinely non-Abelian
solutions® are known only numerically.® Another reason is that non-Abelian YM solu-
tions are much more difficult to understand than the Abelian ones (specially when they
are known only numerically): in the Abelian case we can characterize the electromagnetic
field of a black hole, say, by its electric and magnetic charge, dipoles and higher multipoles.
In the non-Abelian case the fields are usually characterized by topological invariants or
constructions such as t’ Hooft’s magnetic monopole charge.

In general, the systems studied by the GR community (the EYM or EYMH theories
in particular) are not part of any theory with extended local supersymmetry (a NV > 1
supergravity with more than 4 supercharges)* and, therefore, the use of supersymmetric
solution-generating techniques is not possible. One can, however, consider the minimal
N > 1 supergravity theories that include non-Abelian YM fields, which are amenable
to those methods. Some time ago we started the search for supersymmetric solution-
generating methods in N’ =2,d = 4 [123] and N = 1,d = 5 [20,23,48,159] Super-Einstein-
Yang-Mills (SEYM) theories. The results obtained have allowed to construct, for the first
time (at least in fully analytical form), several interesting supersymmetric solutions with
genuine non-Abelian hair: global monopoles and extremal static black holes in 4 [47,155,
160] and 5 dimensions [160], rotating black holes and black rings in 5 dimensions [172],
non-Abelian 2-center solutions in 4 dimensions [47] and the first non-Abelian microstate
geometries [184].

Many of the black-hole solutions found by these methods can be embedded in string
theory and, in that framework, one can try to address the microscopic interpretation of
their entropy, which seems to have relevant contributions from the non-Abelian fields, even
though, typically, they decay so fast at infinity that they do not seem to contribute to
the mass. Following the pioneer’s route [149,201] requires an understanding of the stringy
objects (D-branes etc.) that contribute to the 4- and 5-dimensional solutions’ charges.
Furthermore, the interpretation of the non-Abelian microstate geometries would benefit
from the knowledge of their stringy origin. In this chapter, as a previous step towards the
microscopic interpretation of the 5-dimensional non-Abelian black holes’ entropy which
we will undertake in the following chapter, we identify the elementary component of the
simplest, static, spherically symmetric, non-Abelian 5-dimensional black hole that carries
all the non-Abelian hair. The solution that describes this component turns out to be
asymptotically flat, globally regular, and horizonless and the non-Abelian field is that of a
BPST instanton [19] living in constant-time hypersurfaces. Only a few solutions supported

2That is, solutions whose non-Abelian fields cannot be rotated into Abelian ones using (singular or
non-singular) gauge transformations. When they can be rotated into a purely Abelian one, it is often
referred to as an “Abelian embedding”.

3The most complete review on non-Abelian solutions containing the most relevant developments until
2001 is Ref. [210] complemented with the update Ref. [89]. Ref. [215] reviews the anti-De Sitter case. A
more recent but less exhaustive review is Ref. [209], although it omits most of the non-Abelian solutions
found recently in the supergravity /superstring context.

4The supersymmetric solutions of NV = 1 supergravity are massless (waves) or not asymptotically flat.
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by elementary fields with these characteristics are known analytically: the global monopoles
found in gauged N' = 4,d = 4 supergravity [61,62,113] and also in N’ = 2,d = 4 SEYM
theories [47,123] whose non-Abelian field is that of a BPS 't Hooft-Polyakov monopole.

The simplest string embedding of this solution is in the Heterotic Superstring and
the 10-dimensional solution whose dimensional reduction over T° gives this 5-dimensional
global instanton turns out to be the gauge 5-brane found in Ref. [200]. This is, therefore,
the non-Abelian ingredient present in the non-Abelian 5-dimensional black holes and rings
constructed in Refs. [160,172].

In what follows, we are going to derive the global instanton solution as a component
of the 5-dimensional non-Abelian black holes, we show that it is the Heterotic String gauge
5-brane compactified on 7° and we study the dependence of the distribution of energy on
the instanton’s scale parameter, showing that, no matter how small it is, there is never
more energy concentrated in a 3-sphere of radius R than that of a Schwarzschild-Tangerlini
black hole of radius R.

7.1 The global instanton solution

We are going to work in the context of the ST[2,6] model of N' = 1,d = 5 supergravity
(which is a model with 5 vector supermultiplets) with an SU(2) gauging in the I = 3,4,5
sector. This theory is briefly described in Appendix C.1 and a convenient parametrization
for our current interests is given in Appendix C.2. The solution-generating technique that
allows us to construct timelike supersymmetric solutions of this theory with one isometry
is that of Section 4.2.

Our goal is to construct the minimal non-singular solution that includes in the SU(2)
sector the following solution of the Bogomol’'nyi equations

a__ L 1 2% s
r r

- _ Adp =g — = 2528 7.1
gar(L+N2r) r 7 B=e Bcg4r(1+)\27’) =t (T

This solution describes a coloured monopole [155,160], one of the singular solutions
found by Protogenov [183]. Observe that this solution is written in terms of the 4(=
1 4 3)-dimensional Yang-Mills coupling constant g4. As shown in [48], the 4-dimensional
Euclidean SU(2) gauge field A4 that one obtains via Eq. (4.61) for H = 1/r is the
BPST instanton [19], which justifies our choice. Using the 4-dimensional radial coordinate
p? = 4r, the 5-dimensional Yang-Mills coupling constant g4 = —2v/6g, and renaming

422 = k2 (the instanton scale parameter) it takes the form®
jA K’ A
A” = W'[}R y (72)

where the v% are the three SU(2) left-invariant Maurer-Cartan 1-forms.

®Our conventions for the SU(2) gauge fields are slightly different from the ones used in Refs. [159,172)
and in Chapters 4 and 5: in this chapter the generators satisfy the algebra [Ta,Tg] = +eapcTc (which
is equivalent to changing the sign of all the generators), and the gauge field strength is defined by F =
dA+ gA N A. The left- and right-invariant Maurer-Cartan 1-forms vy, g have the same definitions, but the
overall signs of the components are different, as a consequence of the change of sign in the generators T'4.
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Let us now consider the ungauged sector. As it is well known, 5-dimensional
asymptotically-flat, static, regular black holes need to be sourced by at least three charges,
associated to three different kind of branes. A popular example is the D1D5W black hole
considered by Strominger and Vafa in Ref. [201]. The corresponding solution of the (su-
pergravity) effective action is expressed in terms of three independent harmonic functions.
In the basis that we are using, these functions are Lg 12, where the last two will be used
in the the combinations L4+ = L; & Ly in order to make contact with the literature.

Thus, we take®

Lo+ = Bot +qo+/p?, (7.3)

and we will assume that all the constants are positive.

This choice gives a static solution (W = 0, see the appendices for more information)
with the following active fields function

ds* = fXdi* — f7H(dp® + p?dQy),

1 1 K2
AV = L AV £ A2 =2 _qt A= — 4
SLo VBLi g +r2) 1 (14)
L R
2 = 920 k= (3fL_)34,
Ly
where the metric function f is given by
. 5 1/3
Fl= {%LOL@_} , (7.5)
and we have defined the combination
Lo=Lo—1p*®%, and o7 =%0" = 2t (7.6)
= 3 ’ = 3920 (2 + K2)2 " :
The normalization of the metric at spatial infinity demands %BOBJFB, =1 and we

can express the three integration constants B in terms of the values of the 2 scalars at
infinity:

By = Le?=k 23, By = 2e 9=k 23, B_ = kY3, (7.7)

and the metric takes the form

f = {(Bo/Bo) (/B (B} (7.9

where

5The simplest 5-dimensional non-Abelian black hole constructed in Ref. [159] has Ly = 0, or Ly =
L_ and, therefore, it has three Abelian charges as well, but two of them are equal, which obscures the
interpretation of the solution from the string theory point of view.
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. 2=t k23 2 4 2k? 2\ 1
Lo/By = 1 s e~ P 2/3 B
o/ Bo T (p“r/f?)QJr e\ g2 ) 2
7.9
Li/Br = 143k q0/(20%), (7.9)
L /B = 1+3k23q /p2.
If go = qo — % > 0 and g+ # 0 there is a regular event horizon with entropy
2 -
S = —=+/(3d0) (3¢+/2) (3¢-) - (7.10)
(5)
2Gy
The mass, however, depends on ¢g, not on ¢
M = 71'(5) equookgéii(qu) + €¢ookgo/3(3q+/2) + kgo4/3(SQ—) : (7.11)
4G N

so that the Yang-Mills fields only appear to be relevant in the near-horizon region, a
behavior also observed in 4-dimensional colored black holes Refs. [155,160]. Explaining
this behavior and finding a stringy microscopic interpretation for the entropy of these
black holes will be the subject of next chapter.

One of the main ingredients needed to reach that goal is the list of elementary
components (branes, waves, KK monopoles...) of the black-hole solution. In the Abelian
case, these are typically associated to the harmonic functions in which the brane charges
occur as coefficients of the 1/p? terms (in 5 dimensions) and these are the charges that
appear in the entropy formula. In the present case Lo /By has a term which is finite in
the p — 0 limit and another term, proportional to gy, which goes like 1/p? in that limit,
as an ordinary Abelian contribution would. The presence of the finite term suggests the
presence of a solitonic brane which does not contribute to the entropy.

In order to identify this brane we set gy = ¢+ = 0 in the above solution (but
g = é # 0) and we obtain’

ds® = fXdi* — [T (dp® + p?d0y),

F3 o= 14 2e 0 kE” p? + 207
392 (p2 + RQ)Q ’
(7.12)
1 . K2
A = — Sdt A= o,
NGT 9(p? + w2) T
e = M fT k= ke f¥1

"Notice that the cancellation of the term that diverges in the p — 0 limit can only be achieved in the
branch in which Lo > 0. In particular, if either Ly < 0 or L_ < 0 we are forced to work in the Lo > 0
branch and that contribution cannot be made to vanish,
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This solution depends on one function, f which has the same profile as the one
appearing in the gauge 5-brane [200].® The similarity can be made more manifest by
using the relation between the 5-dimensional Yang-Mills coupling constant g, the Regge
slope o, the string coupling constant g, = e?> and the radius of compactification from 6
to 5 dimensions ko, = R, /{5, where {5 = Vo' is the string length parameter:

g=kBe%=/2)\/120/ (7.13)
which brings €%? to the form”
A 2 4 2k2
2 _ 2000 f3 _ 2000 )1 L go/ T2 L 7.15
e e f e { + 8a TCETE (7.15)

It is not difficult to show that, indeed, this solution is nothing but the double
dimensional reduction of the gauge 5-brane compactified on T° [55].

From the purely 5-dimensional point of view, apart from the instanton field, the
solution has a vector field A° which is dual to the Kalb-Ramond 2-form and is sourced by
the instanton number density only, as in the gauge 5-brane [75]. Observe that this means
that the parameter gy is the sum of the instanton-number contributions (associated to a
gauge b-brane, as we are going to argue) which amount to just % and electric sources

of a different origin which amount to §o = qo — % which we have set to zero in the
above solution. The complete identification of the higher-dimensional stringy components
of the general solution will be the subject of the forthcoming chapter, see also [55]. Here
we just want to study the above solution, which in its 5-dimensional form is, apart from
supersymmetric, clearly globally regular (at least for finite values of k), asymptotically
flat and horizonless and they are the higher-dimensional analogue of the global monopole
solutions found in gauged N' = 4,d = 4 supergravity [61,62,113] and also in N' = 2,d = 4
SEYM theories [47,123].

The mass of the global instanton is obtained by replacing ¢y by # and setting
g+ = 01in Eq. (7.11):

s

B Ro---Rs
GgQGg{?)

M ,
9208

e P23 =8 (7.16)

where R; is the compactification radius of the 2’ coordinate and where we have used

(5) G (10) _ g 6,248
GN = m, and GN = 81 gsgs . (717)

8More precisely, the function H = e2#> f -3,
In our conventions, which coincide essentially with those of Ref. [200], the 10-dimensional Heterotic
String effective action is written in the string frame as

2
gs - A A
Shet = W/dac“’ lgle 2 [374(3@2 + 5 H? — o/ FAF ] . (7.14)
167Gy
The 10-dimensional string-frame metric solution is normalized such that it becomes (+1,—1,---,—1) at

spatial infinity. The same is true for the 5-dimensional metric, which can be seen as the modified-Einstein-
frame metric in the language of Ref. [149]. The relation between these two metrics involves rescalings by
powers of e?~%* and k/koo.
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Figure 7.1: Radial mass density function of the global instanton solution for different values of
the instanton scale, k2.

This value is eight times that of a single neutral (solitonic) 5-brane [51,52].

The metric depends on the instanton scale x?, and it becomes singular when & = 0.
It is tempting to regard that singular metric as the result of concentrating all the mass,
which is independent of k, in a single point. Thus, one may wonder how the radial
distribution of the energy depends on x and whether there is a value of k and p such that
the energy enclosed in a 3-sphere of that radius is larger than the mass of a Schwarzschild
black hole of that Schwarzschild radius (R% = 3rM/ (8G§\5,))).

The radial mass density, given by \/HTOO (T being the tangent-space basis com-
ponent of the energy-momentum tensor) is represented in Fig. 7.1 for different values of
the instanton scale and its integral over a sphere of radius R (the mass function) is rep-
resented in Fig. 7.2. The values of the integrals at infinity are not exactly equal because,
after all, there is no well-defined concept of energy density in General Relativity and we
are just using a reasonable approximation. In Fig. 7.3 we have represented the quotient
between the mass function and the Schwarzschild mass as a function of R and we see that
it never goes above 5/9 for any finite, non-vanishing value of the instanton scale.

7.2 Conclusions

Globally regular solutions supported by elementary fields are quite remarkable. In the
case of the 4-dimensional global monopoles [47,61,62,113,123] we have argued that they
represent elementary, non-perturbative states of the theory because they do not modify
the entropy of a given Abelian black hole solution when they are added to it. They
do contribute to the mass, though. Adding the global instanton to 5-dimensional black
holes should have the same result: unmodified entropy and increased mass. However, the
reverse seems to happen: the entropy is modified while the mass is not. The construction
of the global instanton solution seems to suggest that this is a false appearance caused by
an inappropriate definition of the charges involved. The exact role in 4-dimensional non-
Abelian black-hole solutions (in which it must appear disguised as a coloured monopole) has
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Figure 7.2: Radial mass function of the global instanton solution for different values of x? obtained
by integration of the mass density function in Fig. 7.1 with respect to p.

to be investigated. It is also unclear if a global instanton can be added to a Schwarzschild-
Tangerlini (or any other non-extremal black hole) and what the effect would be.

We have tried to deform this solution by adding angular momentum, which in these
theories is always possible, although the simplest ways to do it (adding a non-trivial
harmonic function M to generate a non-vanishing ws) would also introduce a singularity
at the origin. While we have succeeded in producing an ws regular at p = 0 and dropping
at infinity as p~2, the metric function f‘l becomes singular at p = 0. It is possible to
cancel those singularities by introducing additional Abelian harmonic functions with fine-
tuned coeflicients but the resulting f‘l either has zeroes, or leads to negative mass or
both.

The non-Abelian solutions found so far in the supergravity /superstring context are
the simplest to construct. One can expect, however, a space of solutions far richer than
that of the Abelian ones. Work in this direction is under way.

132



Chapter 7. A gravitating Yang-Mills instanton

— =001 @' — x=05Va |
— k=2N e’ x=5V a’

04F

02}

8 GN©) m (o)

0.1}

0.0F

Figure 7.3: Quotient between the radial mass function of the global instanton solution and the
mass of the 5-dimensional Schwarzschild black hole for with that Schwarzschild radius for different
values of k2. This figure is obtained by integration of the quotient of the mass density function in
Fig. 7.1 and Mg = 3mp?/8 respect to p.
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Figure 7.4: Value of the Kretschmann invariant for the global instanton solution for different
values of 2.
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Non-abelian black holes in string theory

This chapter is based on

Pablo A. Cano, Patrick Meessen, Tomas Ortin and Pedro F. Ramirez
“Non-abelian black holes in string theory”,
FPAU-0O17-05-IFT-UAM-CSIC-17-025. [arXiv:1704.01134 [hep-th]] [55].

One of the common features of black holes or black rings with genuinely non-Abelian
fields' in Einstein-Yang-Mills (EYM) theory, where they are only known numerically [40,
208], or in N' = 2,d = 4,5 Super-EYM (SEYM) theories [155,159,160,172], where they are
known analytically, is that their non-Abelian fields fall off at spatial infinity so fast that
they cannot be characterized by a conserved charge. For this reason they are sometimes
called “colored” black holes, as opposed to “charged” black holes. As a consequence, the
parameters that characterize the black holes must be understood as pure non-Abelian hair.

In the SEYM it has also been observed that the non-Abelian fields seem to contribute
in a non-trivial way to the BH entropy because their near-horizon behavior is similar to
that of their Abelian counterparts [155, 159, 160, 172]. Thus, apparently, the entropy of
these non-Abelian black holes and rings depends on non-Abelian hair! If the BH entropy
admits a microscopic interpretation, this conclusion is clearly unacceptable.

In this chapter we are going to solve this puzzle for a family of particularly simple
non-Abelian 5-dimensional black holes that can be embedded in String Theory [159] and
which can be seen as the well-known 3-charge D1D5W black-hole solutions discussed in
Ref. [50]? with the addition of a BPST instanton [19], which is genuinely non-Abelian in
the sense discussed above.?

In this case at least, the solution to the non-Abelian hair puzzle lies in the cor-
rect interpretation of the different charges that characterize the black hole. As we have
shown in Ref. [56], the charges that count the underlying String-Theory objects are com-
binations of the naive ones. The correctly identified charges can be switched off one by

IThat is: non-Abelian fields that cannot be related to an Abelian embedding via a (possibly singular)
gauge transformation [197]. Gauge transformations, whether regular or singular, have no effect whatsoever
on the spacetime metric and, therefore, if the non-Abelian fields can be related to an Abelian embedding,
the metric is effectively that of a solution with an Abelian field. This was the only kind of regular solutions
thought to exist in the Einstein-Yang-Mills theory, basically because the non-Abelian fields were expected
to behave at infinity like the Abelian ones [41,84,90]. See also See Refs. [89,210] and references therein.

2More information on these black holes and the String Theory computation of their BH entropy can be
found in Ref. [71] and references therein.

3Technically, this family of black holes is a solution of the SU(2)-gauged ST[2,6] model of N'=1,d =5
supergravity. This model and the solution-generating technique used to obtain the black-hole family is
described in full detail in an Appendix of Ref. [56].
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one and, switching off those that count the objects that give rise to the Abelian charges
(that is, setting to zero the number of D1s, D5s and the momentum) one is left with the
object that produces the net non-Abelian field. In 5 dimensions, this object is a glob-
ally regular, horizonless gravitating instanton [56] which, when uplifted to 10-dimensional
Heterotic Supergravity (the effective field theory of the Heterotic Superstring), is nothing
but Strominger’s gauge 5-brane [200].* In terms of these charges, as we will see, there is
a non-Abelian contribution to the mass and the non-Abelian contribution to the entropy
disappears, solving the puzzle.

This is a very important clue that we are going to apply to these solutions. In
Section 8.1 we are going to introduce them and rewrite them in terms of the charges that
describe the underlying String-Theory objects. In Section 8.2 we are going to uplift them
to 10-dimensional Heterotic Supergravity, a theory that has non-Abelian vector fields in
10 dimensions, and, in Section 8.3 we will reinterpret the solution in terms of intersections
of fundamental strings, solitonic 5-branes and gauge 5-branes, plus momentum along the
strings, and we will dualize it into a solution of Type-I Supergravity (the effective field
theory of Type-I Superstring Theory) [70, 125, 179] with D-strings with momentum, D5-
branes and “gauge D5-branes”, the duals of the gauge 5-branes, also referred to as D5-
branes dissolved into the D9 branes. Then, in Section 8.4 we discuss how this brane
configuration leads to the same entropy as the Abelian one, pointing to directions for
future work.

8.1 5-dimensional non-Abelian black holes

We consider the SU(2)-gauged ST[2,6] model of N' = 1,d = 5 supergravity, which can
be obtained from d = 10 Heterotic Supergravity by compactification on 7° followed by a
truncation. This is most conveniently done in two stages: first, compactification on 7%
followed by a truncation to N' = (2,0),d = 6 supergravity coupled to a tensor multiplet
and a triplet of SU(2) vectors and, second, further compactification on S'. The first stage
is almost trivial: all the 6-dimensional fields are identical (up to rescalings) to the first 6
components of the 10-dimensional ones. The second stage is described in detail in Ref. [57].

This model is determined by the symmetric tensor Co.y = %%y» with z,y = 1,2, A,
A,B,...=3,4,5and 1y = (+,—,—, —, —).° The A, B, ... are adjoint SU(2) indices. The
bosonic content of this model consists of the metric g,,,,, 3 Abelian vectors, AV Al and A?
a triplet of SU(2) vectors A4, and 5 scalars which we choose as ¢, k and ¢4 where ¢ can
be directly identified with the 10-dimensional heterotic dilaton and k is the Kaluza-Klein
scalar of the last compactification from d = 6 to d = 5.

A particularly simple family of non-Abelian black-hole solutions of ' = 1,d = 5
supergravity can be constructed by adding a BPST instanton to the standard 3-charge
solution [48,56,159]. The family of solutions is determined by 3 harmonic functions Lo +
which depend on three constants By + satisfying %BOB+B, = 1 and three independent
charges qo +

Lo+ = Box +qo+/p%, (8.1)

4For recent work on Abelian black-hole solutions of Heterotic Supergravity (with R?terms, the Hull-
Strominger system) see Ref. [109] and references therein.
A more detailed description of this model can be found in Appendix A of Ref. [56], for instance.
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and a non-Abelian contribution that depends on the 5-dimensional gauge coupling constant
g and on the instanton scale k

2k*

P2
3204 (2 + K2)2 "

(8.2)
The non-Abelian contribution appears combined with the harmonic function L as follows:

.Z/O = LO - %p2(132 s (83)

and, since it goes like 1/p* at spatial infinity while Lo goes like By+qo/p?, it is not expected
to contribute to the mass. However, both the Abelian and non-Abelian contributions
diverge like 1/p? near the horizon at p = 0, and, naively, one expects both of them to
contribute to the entropy. This can be manifest by rewriting L¢ as

. 2 1 2 p?+ 22
Lyo=B -+, 8.4

0 o+ (QO 992)p2 + 992 (p2 I I€2)2 ( )
where we have combined Abelian and non-Abelian 1/p? terms in EO, leaving a purely
non-Abelian contribution which is finite at p = 0. As in Ref. [56], we will call gy = qo — %

the coefficient of the 1/p? term.

The constants Bp+ are related to the moduli i.e. the values of the 2 scalars at
infinity.% as follows

By = Le?=k 23, B_ = 2Pk 23, By = LK. (8.5)

3 Is is convenient to use the functions Z~0 = EO /By and Z4 = L1 /By and the charges
Qo = Go/Bo = (q0 — %)/30 and Q1 = q+/Bx.
It is also convenient to transform the BPST instanton field from the gauge used in

Refs. [159,172] to one in which the 10-dimensional solution will be easier to recognize:"®

1 1 1 p?
Ap=-—— o — A= L4 (8.6)
Bg+22p2/4) " g (k2 +p2) "

where 2 = 4/A2. In the first gauge, the instanton field is not defined on the horizon,
while in the second one, it is not defined at infinity. The vector field strength is, evidently,
the same, but the Chern-Simons term is not and this difference will also affect the 10-
dimensional 2-form. The functions ®4 must be transformed as well but they only appear
in the gauge-invariant combination ®? and we will not need to compute them explicitly
in the new gauge.

5We will relate the charges to the numbers of branes in d = 10 after embedding the solution in Heterotic
Supergravity.

"The reason why this gauge was not used in Refs. [159,172] is that, in it, the gauge field cannot be
consistently reduced following Kronheimer.

80ur conventions for the SU(2) gauge fields are slightly different from the ones used in Refs. [159,172]
Here the the generators satisfy the algebra [T, Tg] = +eapcTc, the left-invariant Maurer-Cartan 1-forms
are defined by vz = —U~'dU and the right-invariant ones by vg = —dUU ~!. the gauge field strength is
defined by F' = dA + gA A A.
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After all these transformations, the active fields of the solutions are’

ds?> = f2dt* — f~(dp® + p2dQ§3)),

A = B3l A2 = oyEe
0 2y
8.7)
1 p? 2/3 dt (
LR —y Al — A2 = —\/[3ePk3
g2+ p7) " vie zZ_
62¢ = e2¢ooé 5 k = koo(fZ+)3/47
Z_
where the metric function f is given by
fB3=2y2,2_, (8.8)
and the Z functions take the form
Z0 = 1+—5+ 2 2 1 2)2°
p? 392 (p*+K?)
(8.9)
The mass and entropy of this family of black-hole solutions take the form
~ 2 —¢oo k:gé3
M o= @+ e+ 0 (8.10)
4Gy 39
G

Using the charge Qo instead of Qy = qo/ By, and assuming that Qo is not related to
the non-Abelian fields, the mass contains a net O(1/¢?) contribution from the instanton
while the entropy does not, against the naive expectations exposed above. We are going
to argue that, indeed, Q is a charge completely unrelated to the non-Abelian vector
fields, showing that it counts the number of neutral 5-branes (also known as solitonic or
NSNS 5-branes) while Q_ and Q4 count, respectively, the number of fundamental strings
and the momentum along them. Setting these three charges to zero we are left with the
only non-Abelian component of this solution which is the globally regular and horizonless
gravitating Yang-Mills instanton that we have found in Ref. [56], showing that it is is
nothing but the dimensional reduction of Strominger’s gauge 5-brane [200].

In Ref. [56] we have argued that the gravitating Yang-mills instanton (or the gauge
5-branes) should not contribute to the entropy while, obviously, it must contribute to

9Since we are going to use hats to denote 10-dimensional fields, we have removed the hats that we use
in our notation for the metric function f.
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the total mass of black-hole solutions, just as the global monopole does in 4 dimensions
[47,123]. the above mass and entropy formulae reflect this fact.

8.2 Embedding in d = 10 Heterotic Supergravity

In order to embed our solutions in 10-dimensional Heterotic Supergravity we are going to
show how the reduction and truncation of the latter leads to the SU(2)-gauged ST|2, 6]
model of N' = 1,d = 5 supergravity we are working with.

The action of Heterotic Supergravity in the string frame, including only a SU(2)
triplet of vector fields, is'"

2
~ gS = _ n A~ A A A
§ = m/dl% 9] 2% [R—4(8¢)2 S H? - /FAFA] , (8.12)
16wGy
where the field strengths are defined as

FA = dAY 4 LeABOAB A AC (8.13)

H = dB+2dwcs, (8.14)

and wcg is the Chern-Simons 3-form

wcs—FA/\AA 1 ABCAA/\AB/\AC dwCs:FA/\FA. (8.15)

10 A few words are necessary in order to explain why we use this truncation of the Heterotic String
effective action. The Heterotic String effective action is a double infinite expansion in powers of o’ and of
the string coupling constant g, (which occurs as the dilaton field in the action). In order to find solutions,
one is forced to truncate this action to a given order in o’ and gs. The truncation should be consistent
with the symmetries and homogenous in the two expansion parameters; that is: it should contain all the
elements whose order in those parameters is lower than the one chosen and the action should be invariant
under the relevant gauge symmetries to that order. This action should be a good approximation whenever
the contribution of the terms truncated is much smaller than the contribution of the terms of highest order
in the expansion parameters. However, there seems to be no truncation satisfying all these consistency
requirements, except the one of lowest order in o’.

Let us consider, for instance, the truncation to first order in o’: besides Yang-Mills term O/FZ, which
we have considered, we should add an additional term quadratic in the Lorentz curvature o 'R? and, at
the same time, a Lorentz Chern-Simons term o’ wr to the 3-form field strength H, whose Bianchi identity
will contain, on top of the Yang-Mills term « "TvF A F a Lorentz term o/ TrR A R. This truncation is very
popular in the literature, but the Chern-Simons terms give O(a’?) terms in the action and, therefore, in the
Einstein equations. Removing them would, however, break the gauge invariance of H to O(a’?). On the
other hand, the o' R? term breaks supersymmetry unless, as shown in Ref. [35], one includes higher-order
terms o/2R* and introduces further corrections through the use of a torsionful Lorentz connection.

This example shows that there is no canonical way to truncate the Heterotic String action. Of course,
there are more or less convenient truncations: ours, for instance, is dictated by our desire to use supersym-
metry as a tool to construct solutions, which would be spoiled by the introduction of the o' R2. Having said
this, one must always check that the solutions of the truncated action are good solutions of the complete
action to the chosen order in o and g,. In our case, this means that the solutions we are studying can be
considered good Heterotic String backgrounds to O(a’) and O(1) in g; if the curvature is small in units of
o/ and the dilaton field is also small. This property will be checked explicitly later on. This is sufficient if
we do not want to proof that a solution is exact to all orders in o’ which is not our goal: our solutions,
therefore, will have o corrections.
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In the above expressions, o/, the Regge slope, is related to the string length /5 by o’ = ¢2
and gs, the string coupling constant, is the value of the exponential of the dilaton at
infinity: gs = e?> in asymptotically-flat configurations. The somewhat unconventional
factor of g2 in front of the action ensures that, after a rescaling from the string frame to
the modified Einstein frame defined in Ref. [149] with powers of e®~?>< the action has
the standard normalization factor (167TG§\1,0))*1. The 10-dimensional Newton constant is
given by

GO — 864208 8.16
N

sTs

If we compactify this theory on T4, it is not difficult to see that truncating all the
components of the fields with indices in the internal coordinates y*, i = 1,---,4, is a
consistent truncation. The resulting 6-dimensional action and field strengths have exactly
the same form as the 10-dimensional ones, although the action carries an extra factor
(27¢,)* which is the volume of the T4:

G (2mls)tg

6 G(lo) /gl e [R 4(09)? + o H? — ’FAFA}. (8.17)

The 6-dimensional modified Einstein metric gg ;p is related to the the 6-dimensional
string metric g, by

Gio = 95 €GB s (8.18)

and, in this frame, the action takes the form

S = (2mts) 0 /dﬁx lg] [RE + (09)2 + e*QQAﬁﬁQ - a’gseféﬁAﬁA] , (8.19)
167G L0

which coincides exactly with the action of the theory of gauged N' = (2,0),d = 6 super-
gravity that we called N’ = 2A in Ref. [57] upon the redefinitions

o=-¢/V2,  gH2=H,  \goF'=F", (8.20)
which lead to the introduction of the 6-dimensional Yang-Mills coupling constant gg =
(gsa) /2.

Further compactification of this theory on a circle leads to the SU(2)-gauged ST[2, 6]

model of N' = 1,d = 5 supergravity we are working with, with Newton and Yang-Mills
constants given by

10

) - N - S
N (2R, 4R, V12 129,02

This reduction was carried out in detail in Ref. [57] and we can use its results, but we have

to take into account that we have to rescale the 5-dimensional metric with the Kaluza-
Klein scalar k£ divided by its asymptotic value, ks in order to preserve the normalization

(8.21)
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of asymptotically-flat metrics. This introduces an additional factor of kéég in the relations
between higher-dimensional fields and 5-dimensional vector fields and an additional factor
of k;?f’ in the relations between higher-dimensional fields and 5-dimensional 2-form fields.
Combining the koo-corrected rules given in Ref. [57] to uplift 5-dimensional configu-
rations to d = 6 and the relations given above between 6- and 10-dimensional fields in the
string frame, we arrive to the following rules that allow us to uplift any solution of the
SU(2)-gauged ST[2,6] model of N' = 1,d = 5 supergravity to a solution of 10-dimensional
Heterotic Supergravity preserving the normalization of the fields at spatial infinity:

452 = e [(k/koo)_Q/?’dsQ k22| - dyidy

¢=0,

kl/S A k2£A (822>
= * A
V12g.a/ vao! gS

k‘2/3 y k1/3
H=—"2_e2p= 43 o) FO 4+ 2 _ANF,
gS\/g ® gs\/g

where we have introduced the auxiliary fields

R
A=dz+ AT, At = Al + A%,
V12
(8.23)

F=F +£F" —24FA,
Notice that the map gives us the 3-form field strength H, but not the 2-form potential

B because the process involves a dualization. Therefore B must be obtained from (8.14)
once the field strengths H and F'4 have been computed.

8.3 String Theory interpretation

Using the uplifting formulae of the previous section, and defining the coordinate u = ko2
(whose period is 27 R,) we get the following solution of d = 10 Heterotic Supergravity'!

1 According to the discussion in footnote 10, we must find out now to which extent this solution of
Heterotic Supergravity can be considered a solution of the complete Heterotic String effective action to
first order in o and leading order in gs at least outside the event horizon at p = 0. For the Abelian black
holes that one obtains by eliminating the non-Abelian fields, this issue was addressed in Ref. [201] in terms
of the string-frame Schwarzschild radius and the value of the dilaton on the horizon and the conditions
derived in that case turn out to be valid in this case: the numbers of branes Nri, Ngs, Nw (defined below)
must all be very large and Ngp1 >> Ngs. The dependence of the curvature on these charges can be
illustrated in Figs. 8.1, 8.2, 8.3 and 8.4, in which the Ricci scalar has been represented as a function p in
units of £5s = v/ for different values of N = Np; = Ngs = Nw and k setting gs = 1. It is easy to see that
in all cases the curvature can be made arbitrary small by letting N be large enough.
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2 - o
ﬁ2:§wWWgaM—%whﬁm@—ww, i=1,2,3,4,
~ 1 1A
B = ———dvndu+3Qycosfdy Adg,
2
AA = P 4
(2 +p2)
6*2‘2’ = 6_2({5(’0&,
2o
(8.24)

where Zy and Z, are given in Egs. (8.9). In terms of the stringy constants, Zp is given by

5 QO / p2 + 2'%2
Zo=14+ = +8a 55—, 8.25
I R (529
showing that the charge Qo which is the coefficient of the 1 /p? term is probably associated
to neutral (or solitonic or NSNS) 5-branes [187] while the last term should be associated
to gauge b-branes. We are first going to discuss this point in more detail.

We start by noticing that, in absence of the Yang-Mills instanton, this supergravity
solution is the one found in Refs. [69,206] which describes solitonic 5-branes wrapped on
T°, and fundamental strings wrapped around one cycle of the 7° with momentum along
the same direction.

Let us consider the coupling of Ngs solitonic 5-branes lying in the directions %(u +
v),yl, -+, y*, to the Heterotic Supergravity action given in Eq. (8.12). Since the effective
action of the solitonic 5-branes is written in terms of the NSNS 6-form B, we must first
rewrite the action in terms of that field. It is convenient to use the language of differential
forms, so the action Eq. (8.12) takes the form

Nevertheless, it is convenient to compute the term TrR A R which occurs in the o/-corrected action, in
the equation of motion of the dilaton and in the Bianchi identity of the 3-form field strength H. This can
be done analytically as follows: first of all, we notice that, due to the index structure of this term

TrR A R Rap™ Rysupdz® A da® A da? A dz®

only the Weyl part of the Riemann cuvature tensor contributes to it. It is, therefore, invariant under
conformal transformations of the metric. On top of this property, we are going to use the fact that the
Riemann tensor for direct product metrics has a product form (all the mixed indices components vanish).

We start by considering a slightly simpler metric. The metric in the first of Egs. (8.24) with Z; =1
is a direct product of the form § = (¥, §(T*)), in an obvious notation. Therefore, R = (R®, R(T*)) =
(I%(G), 0). In its turn, the 6-dimensional metric is conformally equivalent to another direct product metric:
g% = 2z_§® = (g(MQ),§<4>) where §(Mz) is the 2-dimensional Minkowski metric. Thus, by the same
argument and conformal invariance TrR A R = TrR® A R©® = TrR™W A R™ . Finally, the metric §¥ =
Z_Zyg(R*) is conformally flat and TrR™ A R = 0.

The inclusion of the full p-dependent function Z; does not modify this result, even though the 6-
dimensional metric is no longer a direct product because the 2-dimensional part of the metric has the
structure of a pp-wave metric, whose Riemann tensor is orthogonal to itself, so that TrR® A RO =
TrR™ A R™ still holds and the rest of the proof that TTRAR=0 identically follows in the same way.

We have also checked that TrR A R vanishes identically for these solutions by explicit computation.
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Figure 8.1: Representation of the Ricci scalar of the metric with respect to p/v/o/ for several
values of N == Ny = Ng5 = Np1, gs = 1 and and k = 1.

g2

S = 16 (10) / e 2 {*R — 4dp N *dd + LH AxH + 20/ FA N *FA} : (8.26)
N

167G
and, after dualization xe 20 [ = ]if = dé’

2 S . . . .
S = gsl/{e—?¢ [*R — 4do A *dop + 20/ FA /\*FA}
167G
N (8.27)

+%62$ﬁA*FI+2(¥/§/\FA/\FA} .

The 6-form will couple to the Wess-Zumino term in the effective action of Ngs
coincident solitonic 5-branes via its pullback over the worldvolume

2 1
Ng5Tss5 g? / ¢« B, where Tss = W ) (8.28)
and the 6-form equation of motion is
2 » 2 ~ ~
I {d(*eQ¢H) —2d/FA A FA} — g2 N5Ts5 %) 04 () , (8.29)
(10) s
167Gy

where *(4)5(4) (p) is a 4-form in the 5-branes’ transverse space whose integral gives 1.

2

Integrating both sides of this equation over the transverse space'” we get

12YWe replace xe2® i by H for simplicity and use Stokes’ theorem in the first term. For the second term
we have

1 FA A
— FONFT =1 8.30
1672 /]R4 ’ ( )

the instanton number.
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Figure 8.2: Representation of the Ricci scalar of the metric with respect to p/va/ for several
values of N == Ny = Ngs = Ng1, gs = 1 and and x = 1072,

Qp = Qp — 8¢/ = 2Ngs, (8.31)

which confirms that QO = Qp — 8a’n, where n would the instanton number in more
general configurations counts solitonic (neutral) 5-branes. The number of gauge 5-branes
Ngs5 coincides with the instanton number n. Thus, we conclude that the parameter Qg of
the solution is

Qo = (2(Ng5 + 8Ngs) - (8.32)

The function Z_ is clearly associated to 10-dimensional fundamental strings wrapped
around the coordinate %(u—v). If we couple Np; fundamental strings lying in the direction

(u — v) we have

2 7oA
TFlNFl = gs/s d(*€_2¢H), where TFI =
14

(8.33)
167TGS\1,0)

2mal’

where V® is the space transverse to worldsheet parametrized by « and v, whose boundary
is the product Ty x S3.. Using Stokes’ theorem and the value of volume of T* (27(g)*, we
get

Q = (g:Np . (8.34)

Finally, the function Z is associated to a gravitational wave moving in the compact
direction %(u —wv) at the speed of light. The simplest way to compute its momentum is to
T-dualize the solution along that direction. This operation interchanges winding number
(Np1) and momentum (Ny ) and, at the level of the solution, it interchanges the functions

Z_ and Z, or, equivalently, the constants Q@_ and Q4. Thus,
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Figure 8.3: Representation of the Ricci scalar of the metric with respect to p/va/ for several
values of N == Ny = Ngs = Ng1, gs = 1 and and x = 1078,

Qy = 22Ny = 2 (gsls/R.)* Ny = 22Ny, (8.35)

where we have taken into account the transformation of the string coupling constant under
T-duality.

We conclude that the fields that give rise to the 5-dimensional non-Abelian black
hole in Eq. (8.7),(8.8) and (8.9) correspond to those sourced by Ng; fundamental strings
wrapped around the 6th dimension with N, units of momentum moving in the same
direction and Ngjs solitonic (neutral) and Ngs = 1 gauge 5-branes wrapped around the
6th direction and a T%. In terms of these numbers, the black hole’s mass and the entropy
in Egs. (8.10) and (8.11) take the form

R R 1
M = —>(Nss+8Ngs) + - Nr1 + = Nw, (8.36)
[ 2 R,

S§7s

S = 27’[’\/NF1NwNS5. (837)

Unfortunately, the dynamics of String Theory in the background of non-perturbative
objects such as solitonic and gauge 5-branes is not as well understood as its dynamics
in the background of D-branes. Therefore, it is convenient to perform a string-weak
coupling Heterotic-Type-I duality transformation [70,125,179] which acts on the fields as
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Figure 8.4: Representation of the Ricci scalar of the metric with respect to p/+v/a’ for a collection
with N == Ny = Ngs = Np1, gs = 1 and and k = 0.

follows:13-14

G =e P4 b=, ﬂl)) =e "By A}:‘ = g}ﬂftﬁ, (8.40)

where gr = e#> is the Type-I string coupling constant. These transformations lead to the
Type-I supergravity action

2
'8 = L / {e—% [*R — 4dp A+dp] + GO A+GO) 4 20/~ FAN *]-‘A} ,
167TGN71

(8.41)

13These are the transformations that preserve the normalization of the string metric at spatial infinity
and lead to the correct normalization of the action of the Type-I theory. In particular, the rescaling of
the gauge fields is required in order to reproduce correctly the term that appears in the expansion of the
Born-Infeld action of the O9-D9-brane system (in the Abelian case). The effective worldvolume action of
the D9-brane (Born-Infeld plus Wess-Zumino (WZ) terms) is

Spo = TDgg,/dgme—@\/det(jij +2na/ Fij) + W Z, (8.38)

where g; is the Type I string coupling constant. In the physical gauge, ignoring the cosmological constant-
type term because it will be cancelled by the O9-planes, and using Tpe = [(2745)°€sg1] " we get

2
Spo ~ %/dl% Il [o/e_"o]:Q] Wz, (8.39)
167Gy

where, now, 167FGS\}’OI) = (2ml,)"0sg7. If we rewrite the Type-I supergravity action in terms of the RR
6-form C(® just as in the Heterotic case, we get a term C© A FAANFA. This term originates in the WZ
term of the D9 effective action as well.

14The same procedure (a strong-weak coupling duality transformation within Type-IIB supergravity)
was followed in Ref. [50] to derive the D5D1W solution without non-Abelian fields from the solution
in [69,206] which can be embedded directly in the Type-IIB NSNS sector. The presence of non-Abelian
vector fields suggests the route we have taken.
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and our solution takes the form

9 = Zz_ . .
T T EW N C ER A SEN

A(2) 6_92700 6_5200 ~
C =~ dv A du + 1 QpcosBdy Ado,
- (8.42)
2

1A — oo /2 p A
A T e

. . Z
20 _ _2800070
e e Z, .

In agreement with the fact that under Heterotic/Type-I duality fundamental strings
and solitonic 5-branes transform into D1- and D5-branes, respectively, gravitational waves
remain gravitational waves with the same momentum, this solution describes the fields
produced by a D5-brane intersecting a D1-brane in the z direction with a wave propagating
along that direction. The Yang-Mills instanton is a nor-perturbative configuration of the
non-Abelian Born-Infeld field that occurs in the worldvolume of the parallel D9-branes
that give rise to the Type-I theory from the Type-IIB and sources D5-branes. Thus
Np1 = Ng1, Nps = Ngs, Ngps = Ngs and, in Type-I variables, the mass and entropy
formulae take the form

R, R, 1
M = —(N 8N, —N, —
9152( p5 +8Ngps) + PR + 7

S S

S = 2r/NpiNpsNw . (8.44)

In absence of the instanton (Ngps = 0) this solution is identical to the one originally
considered in Ref. [50], which is itself very closely related to Strominger and Vafa’s original
model [201]."> The same conditions (namely, that all the Ns are large and Ny >>
Npi ps) ensure that this solution describes at leading order in o’ (low curvature) and in
gs (perturbative string theory) a good background for Type-IIB string theory.

Nw , (8.43)

8.4 Discussion

In the previous sections we have shown that the 5-dimensional supergravity black holes
with 3 quantized Abelian charges Np1, Nps, Ny and a non-Abelian instanton can be seen,
up to dualities, as the fields associated to a 10-dimensional Type-IIB configuration with

1. An orientifold O94-plane and 16 D9-branes and their mirror images, that give rise to
the Type-I superstring theory with gauge group SO(32) (see, e.g. [5] and references
therein).

15See also Refs. [71,149,175].
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2. Nps Db5-branes wrapped around the 5th-9th directions and Np; D-strings wrapped
around the 5th direction with Ny, units of momentum along the 5th direction. Open
strings can end on these D-strings and D5-branes.

3. Ngps = 1 “gauge D5-brane”, sourced by an instanton field located in the 1st-4th
dimensions, which are not compact. This brane, which is the dual of the heterotic
gauge b-brane is often referred to as a D5-brane “dissolved” into the spacetime-
filling D9-branes and differs essentially from standard D5-branes because no strings
can end on them.

Since the entropy of the D1D5W black holes can be understood as associated to the
massless states associated to strings with one endpoint on a D1 and the other on a D5
(1-5 states) and this fact, as discussed in in Ref. [50] is unchanged by the presence of the
D9-branes and 09, -plane that defines the Type-I theory'® the microscopic interpretation
of the entropy of these non-Abelian black holes must be the same as in the Abelian case
and should give the same result at leading order. Observe that, as an intermediate step in
the uplift of the solution to 10 dimensions one obtains a non-Abelian string solution in 6
dimensions with an AdSsxS3 near-horizon geometry where the AdSs radius only depends
on 3 quantized Abelian charges Np1, Nps, Ny .

It is important to stress that the correct identification of the charges and their
meaning in terms of branes plays a crucial role to reach this conclusion as well as in
solving the apparent non-Abelian hair problem explained in the Introduction. A more
detailed study is, however, necessary to find corrections to the entropy.

In the last few years we have constructed non-Abelian stating and rotating black-
hole solutions in 4 and 5 dimensions [47, 123, 124, 155, 159, 160], as well as black-ring
solutions [172] and microstate geometries [184] in 5 dimensions. All those constructed with
“coloured monopoles” in 4 dimensions and many of the 5-dimensional solutions exhibit
non-Abelian hair which seems to contribute to the entropy or the angular momentum on
the horizon but cannot be seen at infinity. Many of them can be uplifted to 10-dimensional
Heterotic Supergravity and then dualized into Type-I Supergravity solutions and it is likely
that the correct interpretation of the charges of those solutions is enough to understand
the non-Abelian hair problem.

16The counting of states is, however, different since, as mentioned in Ref. [50] one has to take into
account the SU(2) degrees of freedom associated to the D5-brane of the Type-I string found in [217].
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SU(2) Yang-Mills solutions

A.1 The SU(2) Lorentzian meron

A Lorentzian meron is a classical solution to the pure SU(2) (Lorentzian) Yang-Mills theory
such that the 1-form gauge field A defining it, is proportional to a pure-gauge configuration,
which in our conventions would be %dUU‘1 where U(z) € SU(2). In Ref. [54] U(z) was
chosen to be of the hedgehog form

m

U= 2”“’75;‘:@, Ul=U"l=-U, =U?=—ls0. (A1)

and it was shown that A solves the Yang-Mills equations if the proportionality coefficient
is 1/2, that is

1 -1 1 a m .1
A= @dUU = —WE mnd dr Ta . (A2)

As we will see, this gauge field is nothing but the gauge field of the Wu-Yang SU(2)
monopole given in Eq. (A.15).

Since the field strength of a pure gauge configuration vanishes, we find that F'(A)
can be written in these two specially simple ways which we will use in Appendix A.3:

1

Now we can write the non-Abelian field strength F(A) in terms of F(B), where
F(B) is the field strengths of the Dirac monopole of unit charge Eq. (A.6) that we will
review in the next section

F(A)=F(B)U, F(B) = *gd=— (A4)

and the energy-momentum tensor of A in terms of that of B

T (A) = _%Tr[Fup(A)Fup(A) - %nm,FQ(A)] = F.,(B)F,"(B) — imsz(B) =Tw(B). (A5)
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A.2 The Wu-Yang SU(2) monopole

The Wu-Yang SU(2) monopole [218] is a solution of the SU(2) Yang-Mills theory that
can be obtained from the embedding of the Dirac monopole in SU(2) via a singular gauge
transformation (see, e.g. Ref. [192] and references therein). To fix our conventions, it is
convenient to start by reviewing the Wu-Yang construction of the Dirac monopole [219].

A.2.1 The Dirac monopole

The U(1) field of the Dirac monopole, that we will denote by B is defined to satisfy the
Dirac monopole equation', which can be written in several forms:

B 1 1, 1 a?

where d2? is the volume 2-form of the round 2-sphere of unit radius

m n p
0% = —%gmn,,"%d% A d% — sin 0d0 A dp . (A7)

The value of the magnetic charge has been set to g~ !

if the unit of electric charge is g.

and it is the minimal charge allowed

The above equation does not admit a global regular solution.

1
B®) = —%(COSH F ldey, (A.8)

are local solutions regular everywhere except on the negative (resp. positive) z axis (the
Dirac strings). A globally regular solution can be constructed by using BT in the upper
(lower) hemisphere and using the gauge transformation

BW — B = ¢ <1<p> , (A.9)
g

to relate them in the overlap region. If the gauge group is U(1) where the radius of the
circle is the inverse coupling constant 1/g, the gauge transformation parameter can have
a periodicity 27n/g with n € N. This is the well-known Abelian Wu-Yang monopole
construction [219]. In our case, since the period of ¢ is 2w, we get 27 /g, which is the
smallest value allowed p = 1/g. The solution that describes the monopole of charge n
times the minimum is n times this one p = n/g.

It is useful to have the expression of B®) in Cartesian coordinates:

gL [(0,0,F1) x (2, 2% 23)] - dF

2g r2(r + x3) ’

(A.10)

in which the singularity at » = 23 becomes evident. In this form, one can easily change
the position of the monopole from the origin to some other point z{' and the position of
the Dirac string from the half line that starts from the origin in the direction —(0, 0, F1) to

1This equation is just the Abelian version of the Bogomol'nyi equation.
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the half line that starts at the monopole’s position z{* hand has the direction s™ relative
to that point:

1 sy sy uP
B = —(1-2—— ——d—, A1l
2¢g ( s u ) e Y ( )
with
um =™ -2, u=um™u™, st ="M, (A.12)

A.2.2 From the Dirac monopole to the Wu-Yang monopole
Let us consider the Abelian B™) solution in Eq. (A.8) and let us embed it in SU(2) as
the 3rd component of the gauge field

A = 2Ty F(AM)) = 2F(B)Ts3. (A.13)

The SU(2) gauge transformation (which is evidently singular along the negative z axis
and makes the whole Dirac string singularity, but the endpoint at the coordinate origin,
disappear)

v =~ [1+Z192(Enp - Yn A.14
2(1+f>[+7"+ (T rl)], (A.14)
relates the gauged field A to
A= lgamndmm‘%n, AR =B AU 4 1dU<+>(U<+>)—1 , (A.15)
g r g

which is the gauge field of the Wu-Yang SU(2) monopole. As we have mentioned in the
previous appendix, this is also the gauge field of the Lorentzian meron Eq. (A.2). The
gauge transformation also relates 73 to ¢ in Eq. (A.1) and the Abelian vector

Uy wH)=t =213, (A.16)
The fact that the Lorentzian meron is the Wu-Yang monopole, which is related by

a gauge transformation to the Dirac monopole makes the relation Eq. (A.5) trivial.

This construction can be generalized to more general positions of the Dirac string:
if we consider embedding of the Dirac monopole solution B(®) in Eq. (A.11) into SU(2)

m
A®) = 9@ 5 ap (A.17)
s
it is easy to see that the gauge transformation

1 m m
Ul = — {1—8“—25%““:& , (A.18)
2(1—=740) o o

relates it to the same Wu-Yang monopole field Eq. (A.15)

151



Appendiz A. SU(2) Yang-Mills solutions

A = U AU~ 4 ldU(S)(U(S))*l ) (A.19)
9

A.3 The SU(2) Skyrme model

In this appendix we are going to show that the Lorentzian meron (Wu-Yang monopole) is
also associated to a solution of the equations of motion of the SU(2) Skyrme model [194]
written in the form [53]

A
SSkyrme = _% /d4$ {%RHRM + IGSW/SW/} s (AQO)
where
R,=V19,V, Sy = [Ry, Ry, V(x) € SU(2). (A.21)
The equations of motion are
w2 v
O RN + Za“[R”’F ]=0. (A.22)

If we take V = U1 (U given by Eq. (A.1)), then we can write R = 2gA where A is
Lorentzian meron’s gauge field Eq. (A.2) and
OuR" = —2¢8,A%, =0,
(A.23)

Ak Azm
8M[RV,F“ ] ~ 8m<r2> :O

A.4 Higher-charge Lorentzian merons and Wu-Yang monopoles

The construction of a Lorentzian meron can be generalized by using a generalization of
the unit outward-pointing vector =" /r denoted by £™ and defined by [8]

Cx 2 el \n 2 VR )
et (U EE L REAEN S) . peEPeEr. a2

or, in spherical coordinates,

(&™) = (sin b sin nep, sin 6 cos ny, cos h) (A.25)

and which reduces to ™ /r for n = 1. The essential properties of £™ are

dEMNAE™ = —nEmnpEPdD? (A.26)
1 m jen D 2 _ n
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The generalization of the meron solution is constructed in terms of the generalization
SU(2) matrix in Eq. (A.1)

— 9¢msa T -1 _
U(n) =2¢"9,, 1, , U(n) = U(n) = —U(n) , (A.28)

and takes the form

A= dU(n)Uf; . (A.QQ)

(n

1
29
The field strength is given by

n
F(Ag) = 5dA = g[A, A] = *(3)d@ (n) (A.30)

and can be related to that of a Dirac monopole of charge p =n/g

n

F(B)) = *@3)d F(Am)) = F(Buw) Uny (A.31)

297’
which is given by the expressions studied at the beginning. The energy-momentum tensor
of A is also equal to that of the Abelian monopole of charge n/g B. These fields can
also be related to the embedding of the charge n/¢g Dirac monopole into SU(2) with a
generalization of the gauge transformation Eq. (A.18)

s 1 m m
U = [1 — %gm - 2emna%£”Ta , (A.32)

2(1-5¢m)

relates it to the meron gauge field:

(s) (=1 _ 55" < 4 (s) (=1, L ) =1 _  p$)oS < a
U UmyUg) ™ = =2 - 0m Tas Uil Ay (UG) ™! + gdU(n)(U(n)) =nB;)2— 6T, .
(A.33)

To check that this gauge field solves the Yang-Mills equations of motion we first
stress that, with the above connection, U(,) is a covariantly-constant adjoint field. Then,
auxiliary the adjoint Higgs field

—(_F
q)(n) = ( 2 + 2g7“> U(n), (A.34)
satisfies
n
DCI)(n) = d@ U(n) , (A.35)

and the pair A,), ®(,) satisfies the Bogomol'nyi equations (A.38) and, as a consequence
the equations of motion of the Yang-Mills-Higgs system. The last equation implies that
®(,,) and D@,y commute so the Higgs current vanishes and A, also solves the sourceless
Yang-Mills equations.
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A.5 Spherically-symmetric solutions of the SU(2) Bogomol’nyi
equations in E?

The equations of motion of the SU(2) Yang-Mills-Higgs (YMH) theory in the Bogomol'nyi
Prasad Sommerfield (BPS) limit in which the the Higgs potential vanishes read

D F = _gepctoPDYol (A.36)

924 = 0. (A.37)

Static configurations satisfying the first-order Bogomol'nyi equations [43]

FAL = 6,0 PA, (A.38)

can be seen to satisfy all the above second-order YMH equations of motion.

BPS magnetic monopoles such as the (BPS) ’t Hooft-Polyakov solution found by
Prasad and Sommerfield in Ref. [182] satisfy the Bogomol'nyi equations and, therefore,
it is of some interest to identify all their solutions. In the spherically-symmetric case
this problem was solved by Protogenov in Ref. [183] and his solution can be described as
follows: the Higgs and gauge field can always be brought to this form (hedgehog ansatz)

ot = —54, f(r)y®, A, = = th(r), (A.39)

in which they are characterized by just two functions, f(r),h(r) of the radial coordinate
r = /y3y5. There is only a 2-parameter family for which these functions, denoted by

(fu,ss hus), are given by

1
1 — prcoth (ur + )], rhys = i

gr [ gr Linh (ur+s) ik (4.40)

T fus =

and a 1-parameter family for which these functions, denoted by (fx, hy), are given by

1 1
=— | —— hy=—1rf). A4l
7 fa p [1 n )\27} ; rhy = —rf) (A.41)
The BPS ’t Hooft-Polyakov monopole [182] is the only globally regular solution and cor-
responds to f, s—0. The f, s—o solution is given by

n 1 1
- == —-— Thyco = ——
Juwoo =0~ g g
and, for p = 0, it is the Wu-Yang monopole [218]. The latter solution is also recovered in
the 1-parameter family for fy—g.

(A.42)

The asymptotic behavior of rf(r) (which is the combination that occurs in the
metrics we study) for the different solutions is

1
Tf,u,s ~ _g +— + 0(6_4MT) , —rfx~ + O(T_S) ) (A43)

gr gA\212
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and the behavior near the origin (where the black-hole horizons may be in the metrics
under study) are

rf s r+0(), rf L_n» coths+O(r), rf LN r+O(r®). (A.44)
1,0 ™~ T 5 ) s T ’ D r . .
’ 29 ogr g gr g

If we define the magnetic monopole charge by

p= iﬂ /sgo Tr(OF), = ITT(@?) , (A.45)

then, we always find p = 1/g except in the 1-parameter family for finite A, for which we
find p = 0. As we have argued in Ref. [47], the A # 0 colored monopoles can be seen as a
magnetic monopole placed at the origin whose charge is completely screened at infinity.
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The metrics of the round S? and S?

In this appendix we will review the well-known construction of the SO(4)-invariant metric
on S? using its identification with the SU(2) group manifold, the construction of SO(3)-
invariant metric on S? using its identification with the SU(2)/U(1) coset space and the
relation between both of them.

All matrices U € SU(2) (UT = U™, detU = +1) can be parametrized by two
complex numbers zg, 21

z0 z
U= ( 0 = ), 1202 + |22 = 1. (B.1)

—Z1 20

Therefore, the SU(2) manifold can be identified with S3. Both are traditionally parametrized
by the Euler angles {6, p,1}:

20 = cos(0/2) ¥ T¥)/2 21 = sin(0/2) '¥V)/2. (B.2)

The main property of this parametrization is that any SU(2) rotation can be written as
the product of three rotations with these angles:

U(p,0,4) =U(p,0,0)U(0,6,0)U(0,0,¢). (B.3)

The Euler angles are usually assumed to take values in the intervals 6 € [0, ],

¢ € [0,27), and ¢ € [0,4m). Other choices are possible: for instance, § € [0, 7], ¢ € [0, 47),
and 1 € [0,27) also covers once S3. Only the coordinate chosen to take values in [0, 47)

should be considered periodic. There is a free U(1) action on S? associated to constant
shifts of the periodic coordinate. For the standard choice, this action is

U(p,8,v%) — U, 8,v)U(0,0,2a), a € [0,2m). (B.4)

Being a right action, it is adequate to define the right coset space SU(2)/U(1). If we
choose instead ¢ to be the periodic coordinate, the U(1) action is

U(p,8,v%) = U(2a,0,0)U(p,0,), a € [0,2m). (B.5)

Being a left action, it is adequate to define the left coset space U(1)\SU(2), which is a
more unusual option.
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A convenient basis of the su(2) Lie algebra is provided by the anti-Hermitian ma-

trices!

Ta= 30", (T4, Ta] = —€eapcTc - (B.7)

In this basis

U(p,0,0) = T3, U(0,6,0) = e’ U(0,0,1) = e¥Ts (B.8)
The left- (resp. right-)invariant Maurer—Cartan (MC) 1-form V7, (resp. Vg) are de-

fined by
V= -U"YU, Ve = —dUU!, (B.9)

and as a consequence of their definition they satisfy the MC equations
AV, Vi, ANV =0. (B.IO)
R R R

Observe that the left- and right-invariant MC 1-forms are related by the following
gauge transformations:

Ve =UV UL, (B.11)
The components of the MC 1-forms in the above basis Vj = vé T4 are given by
R R
vl = sinydf —sinfcospdy, U}z = —sinpdf +sinfcospdy,
vi = —costydf —sinfsiny dp, v4 = —cospdf —sinbsinpdy,
v = —(dyp +cosOdy), vy = —(dp+cosOdy),
(B.12)
and the MC equations in components take the form
dv’t :l:%eABCU]i Av§ =0. (B.13)
R R R

As their name indicates, the left- (resp. right-)invariant MC 1-forms are invariant
under the left (resp. right) U(1) action in Eq. (B.5) (resp. Eq. (B.4)).

Both the left- or the right-invariant MC 1-forms can be used as Dreibeins to construct
a bi-invariant (that is SU(2) x SU(2) ~ SO(4) -invariant) metric on SU(2) (~ S?) with
tangent space metric 45. The result is exactly the same in both cases: normalizing the
metric so as to get the volume of the 3-sphere of unit radius, we find

A3y = Jvitvr = Jugvg = [d0° + de® + dyp® + 2 cos 0 dpdy))| . (B.14)

The ¢# are the Pauli matrices, which we take to satisfy

oAcP = 648 4 ABCC (B.6)
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It is customary to rewrite this metric so that the invariance under the chosen U(1) action
is manifest. For the standard choice in which ¢ € [0,47) is the periodic coordinate and
there is invariance under the right action in Eq. (B.4)

A% = ; [d%)(&@) + vivﬂ , (B.15)

where dQ%z)(Q, ) is the standard metric of the round 2-sphere of unit radius

dQ(ZQ)(H, @) = db? + sin’® dp? = vivi +v20l. (B.16)

For the other choice, we just have to interchange ¢ and ¢ and L by R in the above
expressions.
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N =1, d = 5 Super-Einstein-Yang-Mills

C.1 The theory

In this appendix we give a very brief, workable description of SEYM theories and their
known analytic solutions adapted to the purpose of this letter. N = 1,d = 5 gauged
supergravities can be interpreted as the minimal supersymmetric realization of Einstein-
Yang-Mills-Higgs theories'. They describe the coupling between a supergravity multiplet
and n, vector multiplets, a subset of which transform under the local action of a non-
Abelian group. The supergravity multiplet is constituted by the graviton e?,, the gravitino
7% and the graviphoton Ag, while each vector multiplet, labgled by x =1, ....,n,, contains
a real vector field A”,, a real scalar ¢* and a gaugino \'*. The vector fields can be
collectively denoted as AIH, with {I,J,... = 0,1,--- ,n,}. The set over which these
indices take values is conveniently split in two sectors denoted as {i,j, -+ =0, , imaz }
and {a, B3, + = tmax + 1, -+ ,ny}, referred as the Abelian and the non-Abelian sectors
respectively.

The n, scalars ¢* parametrize a o-model equipped with a Riemannian metric g,
and can be understood as coordinates on a scalar manifold. On general grounds the o-
model metric is invariant under coordinate transformations in the scalar manifold of the
form

oag" = —gcl ki, (C.1)

where § is interpreted as the gauge coupling constant (see below) and k;*(¢) is a set of
Killing vectors of the scalar metric’>. The requirement that the o-model is compatible
with the supersymmetric structure that controls the coupling between scalars and vectors
gives rise to the mathematical construct known as Real Special Geometry, see [36, 171],
that completely characterizes the supergravity theory. Then, a Killing vector of the scalar
metric generates an isometry of the full supergravity theory if it respects the real special
structure of the theory, see Appendix H in [171].

The parameters that generate these isometries in the non-Abelian sector are space-
time functions, i.e. ¢* = ¢*(x), while the corresponding Killing vectors satisfy the algebra

[k, kgl = —fap Tk (C.2)

!Those were first considered in [107], see [21,23, 36, 159] for more detailed expositions in our same
conventions.

2Here the index I is for labeling each one of these vectors. We use it in order to keep notation simple,
and it should be understood that the Killing vectors will be non-zero only for a subset of the possible
values of the index.
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where fo37 are the structure constants of some non-Abelian group (we will often use the
notation fr; X, understanding that the structure constants just vanish whenever any index
take values in the Abelian sector).

The vectors in the non-Abelian sector, i.e. A, play the role of gauge fields under
the action of (C.1). That is, they transform in an appropriate way such that the covariant
derivative of the scalars defined as

Dud” = 0,u0" + GA® ko (C.3)

transforms, indeed, covariantly. The field strengths are defined in the standard manner in
both the Abelian and non-Abelian sectors,

Fl/ux = 28[;#4[1/] + ngKIAJuAKV . (04)

We will set all the fermionic fields to zero, which is always a consistent truncation
in these theories. The bosonic action of N'=1,d =5 SEYM is given by

1N
S = /d5x\/§ {R + 290y, 0"D* Y — 2ar FIHF7 0 + Tl\/gCIJKET [F1 o F e AR
(C.5)

_%gfLJ\/IIFJp,VAKpALo-AJW)\ + %ngLMIfNPJAKHALVAMpANaAP)\] }

The Real Special Geometry, and therefore the full supergravity theory, is completely
determined by the constant symmetric tensor C7jr. In particular the o-model metric
gzy (@) and the kinetic matrix a;(¢) are directly derived from this tensor, see for example
[159] for the explicit expressions.

We make use of the SU(2)-gauged ST[2,6] model, that contains n, = 5 vector
multiplets and the constant symmetric tensor C7 g that characterizes it has the following
non-vanishing components

Cozy = %nxy ,where (7)y) = diag(+—---—), and z,y=1,---,5. (C.6)

C.2 A special parametrization

The theory we are considering is a truncation of the effective field theory of the Het-
erotic Superstring compactified on T° that preserves an SU(2) triplet of vector fields.
The compactification and truncation reduce the theory to a particular model of gauged
N = 1,d = 5 supergravity to which one can apply the solution-generating techniques based
on the characterization of supersymmetric solutions described in Chapter 4.2. The dimen-
sional reduction of this model on a circle gives the so-called ST[2, 6] model of N’ = 2,d = 4
supergravity coupled to 6 vector multiplets and we will, therefore, refer to it by that name
in the 5-dimensional context as well. Here we are going to give a minimal description of
the bosonic sector of these theories and of the particular model we are considering. More
information can be found in Refs. [36,86,171].%

The ST[2,6] model model N' = 1,d = 5 supergravity contains 5 vector supermul-
tiplets labeled by z,y = 1,---,5, each containing a vector field A%, and a scalar ¢*.

30ur conventions are those in Refs. [21,23,171] which are those of Ref. [36] with minor modifications.

162



Appendiz C. N =1, d =5 Super-Einstein- Yang-Mills

Together with the graviphoton AO#, all the vectors are written Alu, I,J,...=0,1,---,5.
The only remaining bosonic field is the spacetime metric g,,,. The Cyjx tensor has the
non-vanishing components

Cowy = g0y » where (1) = diag(+—---—), (C.7)

and the Real Special manifold parametrized by the physical scalars can be identified with
the Riemannian symmetric space

SO(1,1) x SSO&S). (C.8)

A convenient parametrization of the scalar manifold is

hO _ €7¢k2/37 hl,? — k74/3 [1 + (62 + %e(ka) , h3’4’5 _ _2k74/3£374,57 (Cg)

where ¢ coincides with the 10-dimensional Heterotic Superstring dilaton field, &k is the
Kaluza-Klein scalar of the dimensional reduction from d = 6 to d = 5 and the ¢4 are the
fifth components of the 6-dimensional vector fields. The rest of the components that make
up the 10-dimensional vector fields have been truncated [57].

The group SO(3) acts in the adjoint on the coordinates z = 3,4,5 which we are
going to denote by A, B,... and this is the sector that is gauged without the use of
Fayet-Iliopoulos terms. This means that R-symmetry is not gauged and there is no scalar
potential.* The structure constants are fABC = +e45°.> We will denote with a,b,... =
1,2 the ungauged directions. Observe that this sector of the theory corresponds to the
so-called STU model: in absence of the h's we can make the linear redefinitions

h' = J=(h' +1?), h? =

7 (W' —h?), = Cupch®hPh¢=nRYA? . (C.10)

1
V2
Thus, our model can be also understood as the STU model with an additional SU(2)
triplet of vector multiplets.

With the above parametrization of the scalar manifold, the action for this model
can be brought to the form

S = / d°x\/g {R + 8,00" ¢ + 20, log kd* log k + 2e~ %k 2D, (4 DH A

— 52k YBF0 . FO + L (ngye k23 — Ohghy) FT - FY (C.11)

nvpoo
1 6

+m\/§

Aouna:nyupraa} )

where

4Models of this kind are called model of N' = 1,d = 5 Super-Einstein-Yang-Mills (SEYM), which are
the simplest N' = 1 supersymmetrization of the 5-dimensional Einstein-Yang-Mills (EYM) theories.
5These indices will always be raised and lowered with d g, just for esthetical reasons.
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FO,aw/ — 28[;LAO’GV} ’ (C.13)
FA,, = 20,A%, + ge*pc AP A, . (C.14)

Notice that AY u is sourced by e*"P7%,, F'), Y, which is related to the instanton
number on the constant-time hypersurfaces. In differential-form language, its equation of
motion is

d(e2?k=43 « F0) = smleyFY AN FY =0, (C.15)

which is similar to that of the Kalb-Ramond 2-form B. This is because A° is the 5-
dimensional dual of the dimensionally reduced Heterotic Kalb-Ramond form B. The
duality relation is

FO=e20k43 x H, with H=dB+ 2—\1/3%3 , (C.16)
where weg is the Chern-Simons 3-form of all the vector fields but A° itself
wes = sFTANAT + 3F- ANA+ FANAY — LgeapcA® N AP A A (C.17)
satisfying
dwes = T}xyFr ANFY. (0.18)

C.3 Procedure for constructing solutions

1. Timelike supersymmetric solutions of N' =1, d = 5 SEYM with a spacelike isometry
are constructed from a set of (2n, + 4) seed functions defined on E3. These are
denoted® as M, H, ®', L; and satisfy the following equations

SNotice that the seed functions ®! should not be confused with the physical scalars ¢* appearing in
the action (C.5).
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dxsdM = 0, (C.19)

x3dH —dy = 0, (C.20)

*xO®! — 1 = 0, (C.21)

DL — Pt Mo’ oK Ly, = 0, (C.22)

3 di — {HdM — MdH + 3vV2(9'DL; — sz“)@f)} — 0, (C.23)

for some 1-forms y,w and Al (with field strength P! ) defined also in E3. Here the
covariant derivative ® is defined in three-dimensional Euclidean space with respect
to the gauge field AT for objects transforming in the (dual) adjoint representation.
More explicitly,

D0 = dd! + gf 1A DK OLr=dL;+gfr XA L. (C.24)

Two subtleties about these expressions are worth mentioning. First, notice that the
structure constants are only non-trivial in the non-Abelian sector so the covariant
derivative reduce to the standard exterior derivative in the Abelian sector. Second,
the gauge coupling constant in this expression is rescaled with respect to the physical
gauge constant appearing in the action of the theory”, § = —§/2v/6.

2. Using the seed functions, the five-dimensional fields of the solution are obtained as
follows:

(a) We define the intermediate building blocks
hi/f = Lr+8Crx®’®%/H, (C.25)
that can be used to compute the physical scalars
¢ = hy/hg, (C.26)

and the metric function
ffg = 3?’CIJKL[LJLK +3%. 23CIJKCKLML]LJ(I)L(I)M/H

+3. 260,01 C &) DK DL/ H? 429 (Cpype®! &7 K)? JH3.
(C.27)
This is derived from the Real Special Geometry constrain 27CT/Khihjhg = 1,
which is valid for symmetric scalar manifolds®. In these spaces we can also
define
hlt = 27CT K b jhy . (C.28)

"This fact is an indirect consequence of the rescaling factor appearing in equation (C.34).

8This is always the case in the supergravity models that we consider here. In this expression, CT7E =
Crik.

165



Appendiz C. N =1, d =5 Super-Einstein- Yang-Mills

(b)

The spacetime metric is of the conformastationary form
ds® = f2(dt +w)? — f1ds?, (C.29)
where the 1-form w is obtained as

w = ws(dp+x)+w, (C.30)

ws = M+16vV2H 2Crx® &/ ®X + 3v2H 'L ®! (C.31)

being the inverse-hatted & the one in (C.23), and d3? is a four-dimensional
Gibbons-Hawking metric [97,99]

ds* = H Y(dp + x)* + Hdz"dz", r=1,2,3. (C.32)

The physical vector fields and their field strengths are

Al = —\VBRlf(dt+w)+ AT,
(C.33)
FI = —/BO[R f(dt +w)] + F!,

where the auxiliary vectors Al are four-dimensional gauge fields defined on the
Gibbons-Hawking space as

A= 2B [-Hel (dp+x) + A1)
(C.34)
FLo— —2V6 [ [0/ H Y (dp + )] + D21 |,

By this construction, which is due to Kronheimer [142], the field strength F7 is
self-dual in the Gibbons-Hawking space, describing an instanton configuration
intimately related to a lower dimensional static monopole.

Notice that D is the covariant derivative with associated connection A’ in the
Gibbons-Hawking space, while © is the covariant derivative with associated
connection A! in E3.

C.4 Dimensional reduction of N =1,d =5 SEYM theories

N = 1,d = 5 supergravity coupled to vector multiplets gives N’ = 2,d = 4 supergravity
coupled to vector multiplets upon dimensional reduction over a spacelike circle”. If some
non-Abelian subgroup of the isometry group of the scalar manifold of the 5-dimensional
theory has been gauged, and we perform a simple (as opposed to a generalized) dimensional

reduction,

the 4-dimensional theory will have exactly the same non-Abelian subgroup of

the (now bigger) isometry group gauged. Thus N = 1,d =5 and N = 2,d = 4 SEYM
theories are related by dimensional reduction over a spacelike circle.

It should be clear that, under the above conditions, the relation between the 5- and
4-dimensional fields in the gauged theories is exactly the same as in the ungauged one and

9See, for instance, Refs. [86] and references therein
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is, therefore, well known. In the conventions we follow here'’ the relation between the
bosonic fields of an N/ = 1,d = 5 supergravity model defined by Cy i (tilded) and the
bosonic fields of a cubic model of N' = 2,d = 4 supergravity defined by the symmetric
tensor d;jx (untilded) are '

S I
Juv = |ﬁ|2(guu_gu§gug/gg)7 dijr, = 60’&71]’71/6717
AOM = ﬁguz/gﬁv Aiu = *ﬁ (Ai_lu*;‘i_légu;/gg)v
70 = AT g R

(C.35)
and the inverse relations are

gz = —k°, AL, = \/BReZ!*1,
Juz = —2V2k*A°,, Al, = —2V6(A"1, —Rez™1A%,),  (C.36)
Guw = k_lguy—Sszoquu, Wl = k7 lQmzItt,

In these relations it has been taken into account that, if n, denotes the number of
vector multiplets in d = 5, then, the 4-dimensional theory has n, 4+ 1 vector multiplets
so that I,JJ K =0,--- ,n,, ¢,75,k=0,---,n, + 1. The additional 4-dimensional vector
multiplet is the ¢ = 0 one and, therefore, the 5-dimensional vector labeled by I corresponds
to the 4-dimensional vector labeled by i = I + 1.

While this is the whole story for the fields, it is important to realize that the factor
that related the 4- and 5-dimensional gauge fields changes the standard form of the co-
variant derivatives and gauge field strengths and it must be absorbed into a redefinition
of the gauge coupling constant. Thus, we also have

~ g
=———. C.37
9="37% (C.37)
Observe that this result has been obtained using the orientation €923 = 41, which
is not the one we are using in the main text (¢%9123 = 41). However, in practice, the
result can be adapted to that orientation by reversing the sign of each z tensor index.
This operation only changes the sign of AOM and ReZ*.

10That is, the conventions used in Refs. [20,21,23] for the N' = 1,d = 5 theories and in the conventions
used in Refs. [47,48,122-124,155-157,160] for the N' = 2,d = 4 theories.
" See, for instance, Ref. [171] which follows the conventions used here.
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Resumen

Esta tesis estd dedicada al estudio de la interaccion de campos de Yang-Mills no abelianos
con el campo gravitatorio asi como de su realizacién en el contexto de teoria de cuerdas
a través de teorias efectivas de supergravedad. Esta clase de interacciones se ha venido
considerando en diversos marcos teéricos desde hace varias décadas y sin embargo el grado
de entendimiento alcanzado durante todos estos anos ha sido limitado, especialmente si
lo comparamos con el que se tiene de la interaccién de campos abelianos con la gravedad.
Buena parte de esta falta de entendimiento se debe sin duda a la enorme complejidad de
estos sistemas; las ecuaciones diferenciales que rigen el comportamiento tanto de campos
gravitatorios como de campos de Yang-Mills no abelianos son de cardcter no lineal y su
resolucién es una tarea harto complicada.

La complejidad de estos sistemas, sin embargo, puede reducirse a través de la consid-
eracién de configuraciones de campos supersimétricas. Esta clase de configuraciones dan
lugar a soluciones con propiedades muy especiales, como es el caso de los agujeros negros
extremos. Aun asi, a través de ellas no sélo es posible comprender propiedades sobre el
acoplamiento entre ciertos campos y a la gravedad, sino que también es posible atisbar la
naturaleza cuéntica de ciertos sistemas gravitacionales. El agujero negro abeliano de “tres
cargas”, una solucién supersimétrica de supergravedad N' = 1 en 5 dimensiones, consti-
tuye el paradigma de ello. Esta solucién se puede entender como un agujero negro clasico
en supergravedad o como un sistema cudntico en teoria de cuerdas. Uno de los mayores
logros de esta teoria consiste precisamente en que la entropia de este agujero negro puede
calcularse en estos dos esquemas, obteniéndose el mismo resultado.

El principal resultado de esta tesis es la construccién de agujeros negros no abelianos
de “tres cargas” en teorias de supergravedad y su interpretacién en teoria de cuerdas, lo
que a su vez permite una identificacion microscopica de su entropia. Esto a su vez re-
quiere (o implica) la resolucién del problema de la presencia de “pelo” en estos agujeros
negros no abelianos. Es decir, mientras que los agujeros negros abelianos quedan com-
pletamente determinados por sus cargas conservadas (no tienen “pelo”), es sabido que los
agujeros negros no abelianos necesitan de algunos parametros adicionales para especificar
la solucién.

Otro destacado resultado de esta tesis es el desarrollo de una técnica de generacion
que permite la descripcién de amplias familias de soluciones en teorias de supergravedad.
La interpretacion de éstas en funcién de objetos fundamentales de teoria de cuerdas no ha
hecho mas que comenzar.
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Conclusiones

En el capitulo 2 describimos las primeras soluciones analiticas multicentro de campos no
abelianos acoplados a la gravedad, junto a otras soluciones con un sélo centro de diversas
caracteristicas. Este capitulo se desarrolla en el contexto de una teoria de supergravedad
cuatro dimensional en la que se ha gaugeado un subgrupo SU(2) del grupo de isometrias
de la variedad escalar. Este trabajo sirve como un punto de partida en la familiarizacién
con teorfas de supergravedad con campos de Yang-Mills no abelianos, asi como con sus
soluciones.

El capitulo 3 hace uso de la relacién entre monopolos estaticos en espacio plano
e instantones en variedades hyperKéhler con una isometria descubierta por Kronheimer
para ilustrar la conexién existente entre los singulares monopolos colorados y los popu-
lares instantones BPST. Esta relacion resulta clave para el desarrollo de una técnica de
construccion de soluciones en teorias gaugeadas de supergravedad N' =1 en cinco dimen-
siones, iniciando el camino hacia una posible interpretacién en teoria de cuerdas.

En el capitulo 4 describimos dicha técnica de obtencion de soluciones y la ponemos
en practica para describir los primeros agujeros negros no abelianos en cinco dimensiones.
Ademsds de esto, describimos algunas soluciones de tipo nulo como cuerdas negras. A
continuacién, en el capitulo 5, utilizamos nuestra técnica de generacién de soluciones para
describir un anillo negro (cuyo horizonte tiene topologia S2 x S!) asi como agujeros negros
rotatorios.

En el capitulo 6 describimos cémo obtener solitones regulares multicentro, también
conocidos como geometrias de microestados, en estas teorias. Las soluciones descritas
tienen las mismas cargas asintoticas que ciertos agujeros negros, aunque carecen de hor-
izonte de eventos. Este tipo de configuraciones se hace posible gracias al descubrimiento
de una solucién diénica no abeliana multicentro, en la cual las componentes eléctricas no
son triviales e interactian con las magnéticas dando lugar a geometrias no estaticas. Otra
propiedad de estos diones no abelianos es que, al contrario de lo que sucede en los de tipo
abeliano, las posiciones de los centros no estan sometidas a restriccion alguna.

Los capitulos 7 y 8 suponen la culminacién de esta tesis. En ellos se explica cémo
es posible obtener las teorias de supergravedad cinco dimensionales N’ = 1 con campos
de Yang-Mills no abelianos a través de la compactificacion toroidal de la teoria de su-
pergravedad heterdtica, acompanada de una truncacion consistente que reduce el niimero
de supersimetrias. A continuacion, se identifican los elementos fundamentales de teoria
de cuerdas que originan estas soluciones de supergravedad para dos clases especiales de
soluciones: un instanton global regular y un agujero negro no abeliano de “tres cargas”.
Esta identificacion hace posible el cdlculo de la entropia de estas soluciones desde un punto
de vista microscépico.
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