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Notation and conventions

We use Planck units, ¢ = h = G = kg = 1, except for some parts in the
Introduction and in Chapter 2 (every change of units is specified in the text).
We always consider theories in four dimensions. Our conventions about the
indices of curved and flat space, together with the related metrics which raise
and lower them, are

indices space metric  signature
w,v... curved4-d g,  (+,—,—,—)
m,n,... curved 3-d  Yun (+,+,+)
a,b,... flat 4-d Nab (+,— =)
m, TL, o .. ﬂat 3_d 6mn (+7 +7 +)

The determinant of the metric g, is denoted with g and is negative, that
of Yy With v and is positive. The Vielbein basis that we use is reported
in Appendix A. The 4-dimensional spacetime covariant derivative, given in
terms of the Levi-Civitd connection, is denoted with V,, the 3-dimensional
one with V,,. We will use very often the following relations

1. 1 1---
Vi T = —= 0, (Vg Tl )

Val

Vo, T35 = —= O, (VI T3

vl

where T} and T,' ™" are respectively 4-dimensional and 3-dimensional
completely antisymmetric tensors of rank k. Other covariant derivatives,
when needed, are specified in the text.

The antisymmetric Levi-Civita symbol, in tangent space, is defined as

0123
e =+1 €o123 = —1

and in curved space (underlining the indices to stress that they are curved) it
is
B =141 e =g=—lgl
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Given a completely antisymmetric tensor Fiy) of rank k, its Hodge dual is
defined as the rank 4 — k completely antisymmetric tensor *F(4_y), with
components

x gl Ba—k) 1 ML -k Rkt 1) B

(4—k) - k!\/m (k) pa—tos1)---pa-

If F'is of rank 2, in four dimensions we have
*F =—F.

Real scalar fields are denoted with ¢*, i = 1,...,n (see Chapter 3); com-
plex scalar fields are indicated with 2% and their complex conjugates are z'
in general, a bar over a quantity denotes its complex conjugate. Vector fields
(when there are more than one) bear a capital Greek index, A, ¥ =1,... ny,
with ny = n + 1. Spinors will appear very rarely in Chapter 3: they are
always 4-component Dirac spinors, with spinor indices «, 3, . . ..



Chapter 1

Introduction

A black hole is a closed region of spacetime containing a singularity (a point,
or more generally a surface, wherein physical laws cease to be valid) from
which light, and therefore particles, cannot escape to infinity; it is enclosed by
a semi-permeable surface, named event horizon, that can be crossed coming
from infinity but not in the opposite sense.

Although originally (the Schwarzschild’s solution was found already in 1916)
black holes were considered only a troublesome curiosity in General Relativity,
in the years between 1960 and 1975 they started to be object of a great
deal of theoretical and observational effort, owing to the realization that
they could actually have a physical significance as trustful descriptions of
certain extreme states of matter, likely to exist in astrophysical contexts (as
consequences of the gravitational collapse of massive objects). In that period,
people like Hawking, Israel, Carter, Wheeler, between the others, contributed
to the development of a general theory of black holes, new such solutions
(for example Kerr’s) were found and various results (no-hair theorem, black
hole thermodynamics, Hawking radiation,. .. ) established. One of the more
outstanding achievements was undoubtedly the Bekenstein-Hawking formula
([, [2]), relating the area A of the event horizon to the entropy S of the

black hole:

Ac?
S=ks (1.1)

where kg is the Boltzmann constant. The particularity of the above equation
is that it relates a geometric quantity to a thermodynamic one; as we will see,
the is a consequence of a series of correspondences between the laws of
black hole physics and those of thermodynamics.

Subsequent to these developments was the discovery of supersymmet-
ric theories, in which symmetry under the Poincaré group is extended by
adding to the Poincaré algebra a set of anticommuting spinor generators,
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8 Introduction

which transform fermions into bosons and vice versa, these transformations
being global (independent on spacetime coordinates); and then of their local
versions, with the supersymmetry transformations depending on the points
of spacetime, i.e. Supergravity. This latter is a generalisation of General
Relativity, in which gravity is supersymmetrically coupled to other fields, and
then comprises all the classical solutions of Einstein’s relativity, so that black
holes fit naturally into the supergravity background; clearly their structure
gets more complicated, since requirement of supersymmetry translates in
the presence of additional bosonic and fermionic fields (here we will con-
sider only bosonic configurations). Further on, Supergravity theories are low
energy approximations of the more fundamental Superstring theory, that
could turn out to be the final theory of quantum gravity. The fact that A is
involved in ([1.1)) reveals the quantum-mechanical origin of the entropy, and
it would be auspicable an explanation of based on statistical methods,
i.e. determining and counting the black hole microstates; this is a field in
which Superstrings have given some promising results (progress in this field
started to be achieved in the middle of the ’90es, with the work of Vafa and
Strominger, [§]). In this thesis, however, we will not be concerned at all
with the quantum mechanical side of the problem. Instead, for all the black
holes we will consider the radius of the horizon is much larger that the string
scale, so that they can be well described by the supergravity approximation;
moreover, we will limit ourselves to deal with large black holes, for which
is valid. When this is not the case and the area of the horizon vanishes, one
speaks of small black holes; for them, calculation of entropy need quantum
corrections.

A particular attention has been devoted through the years to the so-
called extremal black holes, which we present in Chapter 2 in the context
of electrically charged black holes (Reissner-Nordstrom’s). It will be shown
that the event horizon exists only when the bound| M > |Q] is satisfied
(extremality bound; M and @ are the mass and the electric charge; other
parameters characterizing the solution can appear in more general cases, for
example angular momentum or other conserved charges, see Chapter 5); if
this does not happen, there is not an horizon covering the singularity and
a naked singularity appears. Extremal black holes are those for which the
above bound is saturated, M = |Q|; they possess some particular features
which make them easier to deal with in the Supergravity and String theory
framework (so far statistical computation of black hole entropy has been
successfully done only for extremal solutions). They are the only stable black

In chapter 2 this expression will be slightly different due to the normalization of the
action used there.



hole configurations, since loss of mass via Hawking radiation would bring
them beyond the extremal limit; consequently they cannot radiate and we
will see that their temperature is zero.

The feature of extremal black holes that we are most interested in in this work
is the attractor mechanism: in certain extremal black hole configurations
of gravity coupled to matter (in particular to scalar and vector fields) in
supersymmetric theories, scalars (or moduli) exhibit an attractive behaviour
near the horizon, in the sense that they run to fixed points while approaching
the black hole. In most of the cases, the values that scalars assume on
the horizon are independent from their initial conditions at infinity and the
attractive points can be found as functions of the conserved electric and
magnetic charges of the theory. This however is not true in general, since
examples have been found in which an (we could say incomplete) attractor
mechanism is present but some of the fixed points do not lose the dependence
on their own boundary conditions. It seems that the complete attractor
mechanism is proper of extremal black holes that are also supersymmetric
(these are named BPS-extremal black holes), i.e. that preserve a certain
fraction of the original supersymmetry. In any case, the existence of this
attractor behaviour has strong consequences on the formula : as we will
report in Chapter 4, the entropy of extremal black holes turns out to depend
only on electric and magnetic charges.

The purpose of this thesis is to analyse how the approach to the attractor
mechanism for static black holes coupled to N=2, d=4 vector supermultiplets
depicted in the article Black holes and critical points in moduli space by
Ferrara, Gibbons and Kallosh ([15]) can be generalized to stationary metrics.
The importance of the study performed in this paper is that the arising of
an attractor mechanism for extremal static black holes is deduced without
use of supersymmetry, as it was done in the pioneeristic papers [14] and [23],
where attractors were first discovered. The crucial point in this approach is
that the equations governing the system can be reformulated in terms of two
quantities which depend only on scalar fields: a symmetric matrix G;;, which
is the matrix controlling the scalar sector of the action (i.e. the metric of
the space spanned by the scalar fields), and the so-called black hole potential
Ver: we will see in Chapter 4 how it can be defined for static black holes.
It would be interesting to extend this treatment to rotating, charged black
holes (Kerr-Newman’s solutions, see Chapter 5), but the complexity of the
problem suggests to start with a simpler case. We then will consider a general
stationary metric of the form

ds* = eV (dt 4+ w)? — eV, pda™da™ (1.2)

also called conforma-stationary metric, and study the equations of motion



10 Introduction

of scalar and vector fields (belonging to vector supermultiplets of N=2, d=4
Supergravity) coupled to gravity in the background of metric , trying to
determine a suitable black hole potential. To work with a specific spacetime,
we will introduce in Chapter 5 a particular stationary solution of General
Relativity, the Taub-NUT solution, showing that it can be put in the form
. This solution is in reality a rather strange object, with a certain number
of particular features, which nevertheless plays an important role in many
fields of theoretical physics. For our purposes, it will be useful to see how
non-diagonal terms in the metric enters in the equations of motion and how
they could affect the emerging of a possible attractor mechanism. For what
concerns the applicability of the calculations that we will perform to the
Kerr-Newman case, a good starting point would be to put the Kerr-Newman
metric in the conformastationary form , and this already seems to be
problematic.
The thesis is organized as follows:

Chapter 2 introduces static black holes, starting with the Schwarzschild’s
solution and then moving to the Reissner-Nordstrom’s charged black
hole. Some topics like no-hair theorems and black hole thermodynamics
are discussed, and some useful changes of coordinates are performed.

Chapter 3 reviews the basic properties of black holes embedded in Super-
gravity, especially referring to N=2, d=4 theories, introducing some
formalism and quantities which will enter in the description of attractors.

Chapter 4 reports the calculations done in [I5], and a review of the attractor
mechanism for extremal black holes is given.

Chapter 5 after a brief description of the Kerr-Newman black hole, intro-
duces the Taub-NUT solution. The related Einstein equations are
worked out and solved, to prepare the ground for the general case.

Chapter 6 contains the original calculation for the equations of motion of
gravity coupled to supergravity vector multiplets in a Taub-NUT space-
time. The possible occurring of an attractor mechanism is discussed.



Chapter 2

Static Black Holes

In this chapter we review some properties of static black holes, starting with
the Schwarzschild’s solution and then moving to its charged version (Reissner-
Nordstrém’s black hole). We also perform some changes of coordinates which
put the solutions in a form that will be useful for the calculations done in
the next chapters. Only in this chapter, we will use the normalisations and
notations of chapter 8.2 of [3]: ¢ =1 and the electric and magnetic charges,
which will be defined in the following, have dimensions of mass.

2.1 The Schwarzschild black hole

The concept of Black Hole (BH) arises from the analysis of Schwarzschild’s
solution of General Relativity. Schwarzschild metric is the only solution of
vacuum Einstein equations which describes the spacetime outside a massive
static and spherically symmetric body[]] The metric is expected to reflect the
symmetries of the source, so a static (time-independent: a timelike Killing
vector does exist and it is orthogonal to some family of hypersurfaces, so
that there are not mixed terms like dt dr, ... in the metric) and spherically
symmetric (i.e. SO(B)—invariantﬂ) solution is sought. Einstein equations in
absence of matter are:

R, —=R=0 (2.1)

IThe uniqueness of the solution is a consequence of Birkhoff’s theorem; the statement
remains true also relaxing the staticity condition, since the region outside the source does
not depend on its internal dynamical properties.

2This means that the metric should admit three Killing vectors whose commutators
give the algebra of SO(3).

11



12 Static Black Holes

and a way to solve them is to make an ansatz about the form of the solution,
which, using Schwarzschild’s coordinates, in this case is

ds* = f(r)dt* — g(r)dr® — h(r)? (d6* + sin®0 dp?) (2.2)

with f(r), g(r) and h(r) undetermined functions of the radial coordinate 7.
Inserting the ansatz (2.2]) in the equation of motion and imposing asymptotic
flatness one obtains g(r) = f(r)"" and h(r) = r; the form of f(r) can be
completely specified requiring that, at large distance (large r), in the weak
field regime, the motion of a massive test particle be that of a body in a
Newtonian gravitational field produced by a spherically symmetric source
located at r = 0. Schwarzschild’s solution is then

2M oIMG\
ds* = (1 — G) dt* — (1 — G) dr? — r* (d6” +sin®0 dp®)  (2.3)

r T

and M can be identified with the mass of the body generating the gravitational
field; it represents also the total mass (energy) of the spacetime: for an
asymptotically flat spacetime this quantity is denoted ADM mass Map,
from Arnowitt, Deser, Misner (see for example [3] or [4]). The metric is valid
in the radial interval going from r = r., with r. the radius of the source, to
infinity ]

It is evident from that this metric is singular at » = 0 and r =
2MG = rg, where rg is the Schwarzschild radius of the source: in the case of
a spherically symmetric body in equilibrium both the points will be inside the
matter-filled interior, so the presence of singularities in the metric does not
really have physical implications; however, it is also well known that bodies
with a sufficiently large mass undergo complete gravitational collapse. In this
case, the behaviour of the Schwarzschild solution becomes significative in the
r < r. region. The first issue is then to identify the true nature of the metric
singularities, i.e. to understand if the divergences of the metric for r = 0
and r = rg reflect real singularities of the underlying spacetime geometry or
if they are instead caused by the failure of the chosen coordinate system to
describe correctly some regions of the spacetime (in this case they would be
coordinate singularities). In the current case, calculation of curvature scalars
(such as the Kretschmann invariant R, ,,R*'*”) shows that the singularity
at r = 0 is truly physical, not depending on the choice of coordinates, while
the one for r = rg is simply a divergence related to the coordinate system
that we are using. However, an analysis of the motion along radial null

3For r < r, the Einstein equations must be solved considering an energy-momentum
tensor which describes the interior of the spherically symmetric body; this leads to the
Schwarzschild’s interior solutions.



2.1 The Schwarzschild black hole 13

curves (describing the motion of massless particles, let’s say a photon) reveals
interesting characteristics of the zone near rg: considering radial null curves
(6, o = constant, ds* = 0) we get

ds® = (1 - %) dt? — (1 - %) T =0 (2.4)

and then

this last quantity measures the slope of light cones in a r —t diagram: for large
r they clearly assume the form they would have in flat space, but for r ~ rg
it happens that dt/dr = +00 and the light cones close up; it seems that the
photon keeps approaching indefinitely the surface at r = rg without reaching
it. In reality, this is the situation as seen by a (sufficiently) distant observer,
whose proper time can be identified with the coordinate ¢. It can be easily
calculated ([3]) that, when measured by the proper time a free-falling particle
(massive or not), the amount of time needed to go from a point r > rg to,
for example, r = 0 is finite and nothing strange happens when crossing rg.
If now we switch to Eddington-Finkelstein coordinates (u,r, 6, y), where t is
substituted by

U=t+r+rglog (L— 1)
rs
the metric (2.3) becomes

ds®> = <1 — T—S> du? — 2du dr — r? (d92 + sin’6 dg02) ; (2.5)

r

the condition for radial null curves gives, for ingoing motion,

du
i 2.
dr 0 (2:6)
while for outgoing photons
du rg\ —1
T_o(1-2) 2.
dr r (27)

From ([2.6)) it can be seen that the coordinate u is constant on radial null
geodesic. Particles coming from outside can cross the surface at r = rg; but
from it can also be deduced that, for » < rg, the light cones tilt over so
that motion can occur only towards smaller radii. In the end, once a particle
has crossed the surface at rg (which is light-like), it is obliged to keep travelling
inward, until it reaches the (spacelike) singularity at » = 0, while nothing
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can pass rg going outward. For this reason the r = rg hypersurface is named
event horizon and the region of spacetime described by the Schwarzschild
metric without matter in the interval 0 < r < rg is called a black hole.

As already said, the region corresponding to 0 < r < r, can be properly
described by a Schwarzschild (vacuum) metric in the case of gravitational
collapse of the massive source. In particular, when the radius of the collapsing
distribution of matter becomes less than r,, the spacetime for r < r, will
exhibit the behaviour presented above, and so it seems to acquire a physical
significance. Nowadays it is well known that black holes can form during the
final stages of the gravitational collapse of sufficiently massive starg’} there
is also evidence of the presence of supermassive black holes in the centre of
galaxies, where they could have originated from the collapse of the core of
a dense star cluster; another possibility is the formation of primordial black
holes in the first stages of the evolution of the universe, due to matter density
inhomogeneities.

Isotropic form for the Schwarzschild metric. For future purposes, it
is convenient to rewrite the metric (2.3 in a different coordinate system with
a new radial coordinate 7, in which the horizon is reached when 7 — —oc.
Let’s set G =1 and M = ry; to arrive at the desired form we firstly perform
the change

r=(p+70/2)°/p (2.8)
which puts (2.3) in the spatially isotropic form

2\ 2 2\ 2\*
ds* = 1— ro/2 1+ ro/2 dt* — 1+ ro/2 (dp® + p*dQy) (2.9)
p P P

where dQé) = d#* + sin®0 dy? is the metric on the unitary 2-sphere; the
horizon is at p = r9/2 = p,. We note that, in the limit ro — 0 (the so-called
extremal limit), the metric reduces to Minkowski’s. The parameter that goes
to zero in the extremal limit is called the non-extremality parameter, and in
the Schwarzschild case it is the mass M (the real importance of this limit
will be clear when dealing with more general, charged black holes). Now,
switching to the radial coordinate 7, defined by

To

= - 2.10
p QtanhTOTT’ ( )

4Taking into account the various effects which can affect the collapse of a star, such as
rotation, mass loss, possibility to form a neutron star and so on, a rough estimation of the
mass range in which a star is likely to collapse to a black hole is 2M o < M < 100M ),
with M the solar mass.
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the (2.9) takes the form
ds® = 2V dt* — e Uy, da™dx™ (2.11)
where the spatial three-dimensional metric is

4 2
7o U

dr? +

'YMd:Emdxﬂ = 4 2
sinh™ ro7 sinh® ro7

2%y (2.12)
Actually, the is valid for the exterior region of any static black hole, with
ro > 0, depending on the form of the function U = U(7); for the Schwarzschild
black hole it specializes to U(7) = ro7. The range of the coordinate 7 is
(—00,0), which corresponds to the zone between, respectively, the horizon
and spatial infinity. The use of a coordinate which reaches —oo at the event
horizon is common when studying the attractors mechanism, as will be shown
in Chapter 4.

2.2 The Reissner-Nordstrom black hole

The second example of black hole is the Reissner-Nordstrom’s, the simplest
BH-type solution of General Relativity in presence of matter fields, which in
this case are a single abelian, massless vector field A,,, whose associated field
strength is F),, = 20;,A,). The action for gravity coupled to electromagnetism
is the Finstein-Maxwell action

1 4 1 2
- _CF 2.1
et = 1.6 | 4Vl (R 1 ) (2.13)

from which the following equations of motion for the metric g, and the vector

field A, descend

1
G = 3 T, Einstein’s equation (2.14)

V. F*" =0 Maxwell’s equation, (2.15)

with

1 g
T,ul/ = F,uprp — Zgl“/Fpo'Fp

the energy-momentum tensor of the electromagnetic field. In the action (2.13))
a source for the electromagnetic field does not appear, however it is always
possible to define the total electric charge of spacetime through (see, for

example, [3])

1
= *F 2.16
1 167TG 52 ( )
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where a constant-time hypersurface with the topology of a 2-sphere at infinity
has been considered.

As in Schwarzschild’s case, a static, spherically symmetric solution is looked
for: it seems obvious then to reconsider the ansatz (2.2), always using
Schwarzschild coordinates; moreover, the following suggestion for the form of
the electromagnetic field strength

1
Fir o 47 (2.17)

follows from the requirement that the solution be a point-like charged, static
object. Then, inserting the ansatzs (2.2)) and (2.17)) in the equations of motion,
the electric Reissner-Nordstrom solution is found{]

_ _ 2
g5t = L) =re) o i dr? —r2d0%,  (2.18)
r2 (r—ry)(r—r-)
4Gq
where

T+ :GMZE’I“O TOZG\/M2—4(]2. (220)

Here M is the total mass of the Reissner-Nordstrém’s spacetime (the ADM
mass), containing all the contributions to the energy: that associated with
matter and the ones related to the electromagnetic and gravitational fields.
Even if the is a solution for every value of M and ¢, we shall restrict
ourselves to real and positive values of ry, the case which corresponds to
M > 2|q|. The metric is then singular at » = 0 and r = r,,r_; by computing
some curvature invariants one realizes that the divergence at r = 0 is a
curvature singularity, while those for r = r,,r_ are not. The value r, is where
the event horizon (with area A = 47r?) is located, while the hypersurface
corresponding to r_ is a Cauchy horizon, i.e. a light-like surface which acts as
a boundary for the domain of validity of a Cauchy problem.ﬂ It can be seen
that , properly extended in the beyond-the-horizon region and with
the matter concentrated in the origin describes a black hole, with a timelike
singularity in r = 0 that can be avoided by an observer which enters the event
horizon.

5And, again, thanks to Birkhoff’s theorem it is possible to prove that this is the unique
family of spherically symmetric solutions of the Einstein-Maxwell system. Moreover, it is
easy to see that if the electric charge is zero we recover Schwarzschild’s metric.

SFor a rigorous discussion, see [4].
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Extremal Reissner-Nordstrom black holes. In the special case M =
2|q|, the two horizons coincide being r, = r_ = GM; the resulting object
is an extreme (or extremal) Reissner-Nordstrom black hole, and the (now
vanishing) non-extremality parameter is 7o, defined in (2.20). It can be seen
that the causal structure of an extremal black hole is profoundly different
from that of a non-extremal one [3]. The physical properties of an extremal
Reissner-Nordstrom solution are in fact quite different from those of a standard
one, even for infinitesimal deviations from the extremal limit M = 2|q|. The
metric becomes

ds? = (1 - %)Qdﬁ - (1 - %) 0 — Ao, (2.21)
and the horizon area is given by Aytreme = 4713 = 4r(GM )2. A particular
feature which will have a role in the attractor mechanism presented in Chapter
4 is that the proper distance of every point from the horizon, along radial
directions and at constant time, is infinite

79 T+ -1
lim [ dr ( . —) = . (2.22)
ro—T4 r T
Now we can shift the radial coordinate p = r — GM in the metric ([2.21) and
obtain

GM\ GM\”
= (14 90) e (10 EE) @ i) o2

the horizon being now placed at p = 0. Taking the near-horizon limit p — 0,
the metric looks like

2 -2
ds? = (GLM> dt* — (GLM) dp? — (GM)?d2%, (2.24)
and this goes under the name of Robinson-Bertotti (or also AdS, x S?) metric.
The space described by is the direct product of a two-dimensional
anti-de Sitter space (AdSs) with radius Raqs = GM (t — p part of the metric)
and isometry group SO(1,2), and of a 2-sphere S? with the same radius
(and clearly SO(3)-invariant). This direct product is then invariant under
SO(1,2) x SO(3), so the near-horizon spacetime possesses more symmetries if
compared with the metric ([2.21]), which has isometry group SO(1,1) x SO(3)
(SO(1,1) ~ R*™ x Zy represents shifts in time and time inversions).

Another peculiarity of extremal black holes is the fact that their tempera-
ture is zero, as we will see when talking about black hole thermodynamics.
The importance of the extremal limit when black holes are considered in
extended Supergravity theories will be clarified in the next chapters.



18 Static Black Holes

Dyonic Reissner-Nordstrém black holes. The metric (2.18) can be
generalized including a magnetic charge p, which is defined as the integral of

the Hodge dual of *F
1
= — F. 2.25

The magnetic charge can be inserted in the RN metric modifying the definition
of ro which becomes

ro = G\/M? — 4 (p? + ¢?) (2.26)

so that now

(r—r)(r—r-) 1

_2GM N 4G (p* + ¢*)

I

the electromagnetic field is given by

_ 1Gq

Fyp=—; Fy, = —4Gpsin0 (2.27)
T
or, more symmetrically
4G N 4G
Ftr - 7’_2q ( F)tr == 7’_2p (228)

This gives a dyonic black hole. Apart from the shifting in the position of the
horizons r., the structure of this more general black hole is identical to the
electrically charged one.

T-coordinate version of the Reissner-Nordstrom metric. Also for
this black hole it is possible to express the metric in terms of the radial
coordinate 7 introduced in the Schwarzschild case: setting again G = 1, we
firstly define the coordinate p by

7.2

P>+ Mp+ 2

T = —
p

obtaining the spatially isotropic metric

(1_M>2<1+M>2 12\ /212

ds* = Y e (1 + p+7> (1 + p‘7> (dp* + p?d2%)
(o) (5)

P P

where

(2.29)

p+ = M £ 2[g|
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and the horizons are at p = +72. Then, performing the reparametrization

P T tanh s
we obtain again a metric of the general form (2.11)), but this time with

2
—2U _ ,—2roT '+ . "~ orgr 2.30
e e {_27"0 _27"06 ] : (2.30)

As expected, if ¢ = 0 the (2.30)) reduces to e™2V = 72707 which gives the
Schwarzschild metric.

2.3 Cosmic censorship and no-hair conjectures

If negative values for the mass M of the Schwarzschild black hole are allowed,
there is no more an event horizon covering the singularity in » = 0. Analo-
gously, if we admitted negative (M < —2|q|) and complex (—2|q| < M < 2|q|)
values for the ri of the Reissner-Nordstrom’s one, we would find in both
cases that there are no event horizons surrounding r = 0; both the curvature
singularities would be naked and they could be experienced by all observers.
However, there are strong arguments suggesting to exclude the possibility for a
naked singularity to exist as the endpoint of the gravitational collapse of a star
(or of an object with a physically acceptable energy-momentum tensor): for
example, the study of linear perturbations of the Schwarzschild metric shows
that the collapse of a system with small deviations from spherical symmetry
produces a black hole, not a naked singularity [5]. This idea is condensed in
Penrose’s cosmic censorship conjecture [6], which in its weak form states that
the complete gravitational collapse of a body always ends with a black hole,
or, in other words, that singularities deriving from the collapse are hidden by
an event horizon and cannot be seen by distant observers.

Another hypothesis about the general features of static (but also sta-
tionary) BH-type solutions of the Einstein-Maxwell equations is the no-hair
conjecture: any such black hole is fully described by the three parameters mass
M, angular momentum J and electric charge Q (and other locally conserved
charges). Analysis of the collapse of a perturbed Schwarzschild metric shows
that the final object is a Schwarzschild black hole, whose only parameter is
the mass; in the same way, calculations relative to the collapse of a star with
small departures from spherical symmetry and small non-zero electric charge
Q prove that the final state is a black hole with external fields determined
solely by M, Q and J. More generally, there exists a theorem (uniqueness
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theorem) whose formulation was suggested by Israel, Penrose and Wheeler,
which states that:

e the only black hole with charge and angular momentum both vanishing
is Schwarzschild’s;

e with mass and electric charge is Reissner-Nordstrom’s;

e the only black hole with mass and angular momentum is Kerr’s. Then all
the stationary solutions of the Einstein-Maxwell system are comprised
in the Kerr-Newman family (see Chapter 5).

Moreover, there are not black holes with non-constant scalar fields["] Generally,
the presence of non-constant scalar fields and of higher order multipole
momenta of the electromagnetic and gravitational field (that is, different from
charge, mass and angular momentum) is associated to the absence of an event
horizon, so that the corresponding solution is actually not a black hole. It
must be emphasized that the above statements work only for Einstein-Maxwell
black holes: a generalized version of the no-hair conjecture could suggest that,
in the presence of other types of matter (for example, in Einstein-Yang-Mills
systems), stationary black holes are described only by a set of global charges,
but this does not happen. For a review, see [9.

2.4 Black hole Thermodynamics

In this section we will point out some crucial features of black holes which
permit to consider them as (nearly) ordinary thermodynamic systems. First,
it was shown by Hawking [10] that, as a consequence of Einstein equations,
the area A of an event horizon never decreases with time: this result clearly
resembles the second law of thermodynamics, and it could suggest some
analogy between the area of a black hole and the entropy, the two being both
never decreasing quantities. Secondly, the event horizon of stationary black
holes is a Killing horizon (at least for the cases of our interest): that is, it
is invariant under one isometry of the metric with generating Killing vector
kE* and the modulus of £* vanishes on the horizon. On Killing horizons the
surface gravity

o — —% (VR (V k) (2.31)

|h0rizon

can be defined and it turns out to be constant over the event horizon of
stationary black holes (for example, see [4]). This brings to a second analogy

"For more information about the above statements, see references in [3] and [7].
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with thermodynamic system, remembering that the zeroth law of thermo-
dynamics states that the temperature is constant at every point of a body
in thermodynamic equilibrium. Furthermore, in the specific Schwarzschild’s
case, it can be shown ([I1]) that the following relation between mass (energy),
surface gravity and horizon area holds

1
dM = ——k dA 2.32
87TGKU ( )

and this could be viewed as a black hole version of the first law of thermody-
namics

dE =TdS

so that the identifications A <» S and k <> T seem to be plausible. The
discovery of Hawking’s radiation ([12]) allowed to fix the proportionality in
the above relations, since the temperature can be expressed by the surface

gravity throughﬂ
T=—— (2.33)

leading to the Bekenstein-Hawking entropy-area formula:

Ac?
— — 2.34
S=ks G (2.34)
or also e A
B
= = 2.
S l% 1 (2.35)

where [% is the square of the Planck length, I3 = hG/c3. The above formulas
are referred to the Schwarzschild black hole; they can be readily generalized
to the Reissner-Nordstrom case. In it has to be introduced a new term
to keep into account the effects of charge variations on the changes in the
mass:

1
dM = —kdA+¢"d 2.36
oA+ ¢ dg (2.36)
with ¢" the electrostatic potential on the horizon
4G q
(bh = ¢(r+) = )
T+

while the relations (2.33)) and (2.34) keep the same form: specifying them
with the values of k and A proper of Reissner-Nordstrom black holes we have

8In the next three equations we temporarily restore ¢ and use also the Boltzmann
constant kp, so that the temperature is measured in kelvin and the entropy in joule/kelvin.
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1 VvV M? — 4¢?
=10 I (2.37)
e 2TC (M AR )

r? 2
§="F= WG(M sy 4q2) . (2.38)

From ([2.37)) it is evident that extremal black holes have T"= 0. Moreover the
following relation can be deduced from ([2.37) and (2.38]):

ro = G2ST. (2.39)

In the case of a stationary (rotating) black hole, with angular momentum

J, the (2.36) can be further generalized in

— 1 h

where the constant €, is the angular velocity of the horizon. The new terms
in and have the form of the work term PdV of the first law of
thermodynamics. Finally, we mention that there are good arguments and
explicit computations suggesting that the third law of thermodynamics has
its black hole counterpart: it is impossible to reduce the surface gravity x to
zero through a finite sequence of operations. In the end we can summarize
the above considerations in the following laws of black hole thermodynamicsﬂ

zeroth law the surface gravity is constant over the horizon of stationary
black holes;

first law the variation of the mass in terms of changes in the horizon area,
charge and angular momentum is

1
dM = ——r dA + ¢" dg + Q, dJ;
&1

second law the area of the horizon never decreases with time;

third law it is not possible to achieve Kk = 0 by a finite number of physical
processes.

It is worth mentioning that the alternate version of the third law, which in the
thermodynamic case says that the entropy S vanishes when the temperature
reaches the absolute zero, does not apply to black holes, since A could remain
finite when k — 0.

9The following statements are taken from [4].



Chapter 3

Black holes and N=2, d=4
Supergravity

Black holes find a natural description in the context of Supergravity theories,
since the latter ones are supersymmetric extensions of General Relativity. In
some cases, when their gravitational field is particularly strong, they would
need a theory of quantum gravity to be thoroughly studied and understood;
however, their description within Supergravity is sufficiently correct when the
radius of the horizon is much larger than the string scale, i.e. in the limit of
large charges, which is the situation to which we confine ourselves.

In the present chapter we present some aspects and results of the theory
of black holes in extended Supergravity, considering in particular N=2, d=4
theories. From now on, we work in Planck units (then c=h =G = kg =1).

3.1 Supersymmetry and extremality

When black holes are embedded in N-extended Supergravities, their structure
becomes richer as supersymmetry imposes the presence of additional vector,
fermionic and scalar fields in certain proportionsE] It is remarkable that in
N > 2 theories the (properly generalized) extremality boundE]

M > Q| (3.1)

can be directly deduced from the supersymmetry algebra, so that the cosmic
censorship conjecture is always satisfied. A generalization of the constraint
(3.1) comes from the inclusion of scalars in the theory: referring to the case of

'We will always consider black holes as bosonic configurations and set fermions to zero.
2QQ is the electric charge in general, without taking into account extra numerical
coeflicients due to conventions, see previous chapter.
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four dimensional theories, as we will always do, the part of the supersymmetry
algebra regarding the supercharges is

{Qu0, QBs} = —(CV") 5 Pudap +i(C Zap), (3.2)

with supersymmetry indices A, B = 1,...,2p (specifying the different super-
charges that can be taken under consideration) and «, 5 spinor indices; the
supersymmetry charges Q4 = Qi{yg = Q% C are Majorana spinors and C' is
the charge conjugation matrix; P, is the four-momentum operator and finally
Z g is an antisymmetric tensor defined as

Z g = Re (ZAB) + Z’)/S Im (ZAB) (33)

where the complex antisymmetric matrix Z g = —Zp4 is the central charge
operator, with p = N/2 (when N is even) or p = (N — 1)/2 (for N odd)
complex eigenvalues, the central chargesﬂ Zm. For N =2, Z 5 can be written
as expZ, where €45 is the 2 x 2 antisymmetric matrix, and there is only one
central charge. Without going into the detailed proof (which can be found
in [I3]) we report that for generic NV it turns out that the following relation
holds:

M>\Z,| YZ, m=1,....p (3.4)

which extends (3.1]), replacing the electric charge with the central charges.
For M = |Z,,| (considering the maximum among the central charges) the
black hole is naturally referred to as extremal.

As already pointed out in Chapter 2, extremal black holes share a number
of important features; further new characteristics emerge when supersym-
metric coupling to matter (vector) supermultiplets is investigated. One (and
maybe the most important) of these is the phenomenon called attractor mech-
anism: when the dynamics of scalar fields is considered in an extremal black
hole background, it happens that, approaching the horizon, scalars run to
a fixed point ¢, which sometimes does not depend at all on their initial
values ¢, (which we assume to be given at spatial infinity), but only on
certain combinations of the electric and magnetic charges. This fact can be
seen as a realization of the no-hair theorem: black hole solutions near the
horizon are characterized only by discrete parameters associated to conserved
charges related to gauge symmetries, while they are not sensitive to the
values of scalars at spatial infinity. As we will see, this mechanism has strong

3These are additional generators which appear in the supersymmetry algebra of N > 2
theories; they commute with every other generator of the theory, so they give central
extensions of the algebra.
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implications for the Bekenstein-Hawking entropy formula : the near
horizon geometry of an extremal black hole is that of a Robinson-Bertotti
space (Eq. ) and the horizon mass parameter M = Mgzp turns out to
be equal to (the modulus of) the maximum eigenvalue Z,,,, of the central
charge of the theory, for a generic N-extended Supergravity, evaluated at the
fixed point:

MRB = |Zmam<¢h>p7 Q)| (35)
and so it is also
A ;
SBH = # = W‘Zmaw((bhup? Q)|2‘ (36)

Initially, the appearance of an attractor mechanism was realized in the
context of BPY extremal black holes, that is extremal black holes which
are also supersymmetric, in the sense that they preserve a fraction (1/2,
1/4 or 1/8) of the original supersymmetries of the theory: for them, the
bound is automatically saturated (this means that supersymmetry im-
plies extremality, while the converse is not true). Formally, the presence of
unbroken supersymmetries means that there exists a projector .S acting on
the supercharges () such that

(SQ)|BPS >=0 (3.7)

where |BPS > is a BPS state; S selects some of the supercharges and the
action of the resulting operators on the BPS state is its annihilation. From a
practical perspective, if the BPS state is realized as a background described
by a certain configuration of fields, equation (3.7)) requires that the super-
symmetric variations of all the fields are zero. If one considers only bosonic
configurations, the bosons already satisfy , since they supersymmetric
variations are proportional to fermions; imposing that fermionic transforma-
tions are in turn zero provides a set of first order differential equations for the
bosonic fields, called Killing spinor equations. By use of this procedure, in
[14] the attractor mechanism for N=2 BPS extremal black holes was first rec-
ognized; later on it was realized ([15]) that this behaviour is typical of generic
extremal black holes, not necessarily BPS (although in the non-BPS black
holes it is not true in general that the scalars at the horizon lose completely
they dependence on initial conditions). A remarkable characteristic of BPS
extremal black holes is that the extremality identity M = |@Q| remains valid
also when quantum corrections are taken into account and the Supergravity
perturbative approximation is no more justified.

4Bogomol’'nyi-Prasad-Sommerfield.
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3.2 N=2, d=4 Supergravity
The action that we will consider in this work il

S = / dz* /1] (R + G1j0,¢'0" ¢ + 2Im Nys Fi F** — 2Re Nys Fip F=H) .
(3.8)

It can describe the bosonic sector of all four-dimensional ungauged super-
gravities, previous specification of the metric G;;, defined on the scalar (or
moduli) space M, and of the symmetric period matriz N, which in
general depends on the moduli fields, N' = N (¢) (¢ indicates a real scalar,
further on we will consider also complex moduli). The F] ;1\11 = 28[MA‘,}] are
the field strengths of vector fields Aﬁ whose number and meaning we will
specify in a moment. The imaginary part of Ny (which we will call Iyx)
generalizes the square coupling constant appearing in ordinary gauges theories
and has to be negative definite in order to guarantee the positivity of energy:;
instead, the real part (from now on R,y) is a generalization of the theta-angle
of quantum chromodynamics. In particular we will consider a theory with
N=2 supersymmetries (which means 2 supercharges: every set of particles
related by supersymmetry will have three levels of spin, for example 1, 1/2, 0)
coupled to n vector supermultiplets, so the total particle contents is given by:

e the supergravity multiplet, with the spin-2 metric tensor g, (graviton),
two spin-3/2 gravitinos ¢, (I = 1,2), and the massless spin-1 gravipho-
ton flu: this last will be considered on the same level of the vector fields
of the vector supermultiplets, so henceforth we will drop the tilde;

e the n vector multiplets, labelled by the indices 4, j, . . . ; each is formed by
a complex scalar z* with i = 1,...,n (its complex conjugate is written
as Z' ), two spin-1/2 fermions -the gauginos- denoted as A\ (I = 1,2)
and a massless vector field AZ.

As already said, we work with all the fermions set to zero. In the end we
have n scalars and n + 1 = ny vectors. The ny vectors are then better
labelled by the indices A, X, ... =1,... ,ny. In N > 2 theories the structure
of the scalar manifold M4, is subject to certain conditions arising from
the coupling of scalars to vectors through the matrix A/, which we will briefly
examine in this section, referring to N = 2 theories. Our main goal is to
introduce the symplectic formalism of [16] and give some expressions for the
central and matter charges of the theory, together with some useful relations

5Qur conventions about the action, the supersymmetry transformation rules, etc. .. are
those of [I8].
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involving them; they will enter in the discussion of the attractor mechanism
in Supergravity, presented in the next chapter.

3.2.1 Duality transformations

If we consider n vector multiplets, in the there are n scalars and
ny =n+ 1 vectors, so A = 1,...,ny. The (vector) field equations descending
from are invariant under electric/magnetic duality: that is, defining the
dual field strengths

1 05 1 05

Gr=———cT51 Gp= ————~ (3.9)
4y/]g| 0 FA 4y/]g| OF*
i.e.
Gr = RasF™ + Izxg*F*  *G = Ry’ F> — Iy s F™ (3.10)
the Bianchi identities and Maxwell equations take the form
V, FAM =0 (3.11)
V)G =0 (3.12)
or, in a vectorial notation
*FA[LV
V., {* W} =VV =0. (3.13)
Gy

Invariance of the equations under electric/magnetic duality manifest itself in
the fact that the (3.11)) and (3.12) can be rotated into each other by a linear
constant transformation S € GL(2ny,R), acting on the 2ny x ny vector V:

V= {é g} v (3.14)

and the transformed vector V' satisfies the same equations. Now, since F'
and G are related as in , consistency requires that the matrix A does
transform as well
\ = R\ F™ + I} *F™ (3.15)
with
N’ = (C+DN)(A+BN)™". (3.16)

Furthermore, the requirement that the symmetry of A be preserved by the
duality transformation gives the constraints

D'B=B"D A'C=C"A D'A-A"D=1,,
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that is, S € Sp(2ny,R). So S must be a symplectic matrix, satisfying
STQS =0

where €) is the symplectic invariant 2ny X 2ny matrix

Q:{_i Hg}. (3.17)

Duality is then realized by linear symplectic (constant) transformations. If
some sources were present, it is evident from and that we would
have to consider electric as well as magnetic charges to preserve the symmetric
form of the equations; the charges should obviously transform in a consistent
manner, in particular they should form a symplectic vector (we will define it
in the end of this chapter).

Now, since vectors are coupled to scalars through the moduli-dependent
matrix N, it is clear that, when a duality transformation is performed on
the vector field strengths, the scalars should transform in a related fashion,
under the action of some diffeomorphism on M .44,. These diffeomorphisms
have to be also isometries of the scalar metric G;;, in order to leave the scalar
sector invariant and so guarantee the invariance of the field equations under
dualities. In the end one has to conclude that there is a homomorphism

I'so(Mscatar) — Sp(2ny, R).

In N=2 theories this considerations lead to the fact that the scalar manifold®|
is a special Kahler manifold, an object which we will define in the next section.
It seems [19] that for this class of manifolds all isometries are induced by
symplectic transformations, although a proof is still to be given. Finally, let
us mention that the symmetry under duality is referred to the field equations
and Bianchi identities, but in general it cannot be extended to a symmetry
of the action; moreover, the action of dualities is easily represented working
with the field strengths, while it would be more problematic to define them
on the vector potentials, since these transform non-locally.

3.2.2 Special Kahler Manifolds

Kéhler manifolds enter in the description of scalar manifolds in supersymmetric
theories.[] Since the scalar which appears in the (n) vector supermultiplets

5We are referring to the scalars of the vector multiplet: the moduli of a possible
hypermultiplet turn out to be inessential to the description of black holes [I3].

"For the various concepts of differential geometry which will appear in the following,
see for example [17].
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is complex, M.qar 1S a complex manifold, with complex dimension n; it
can be parametrized by the holomorphic complex coordinates z;, Z;«, with 1,
i* =1,...,n (representing the scalars).

A Kahler manifold is a complex manifold (with complex dimension n)
whose holonomy group is a subgroup of U(n) ([22]). Its metric can be written
locally as

QU* = Qj*i - @@JC (318)
where K is a real function called the Kdahler potential; moreover
Gij = Gij» = 0.

and the Levi-Civitd connection on the Kahler manifold is
The relation (3.18)) is preserved under the so-called Kdhler transformations:
K(z,2) — K(2,2) + h(2) + h(Z) (3.20)

where h is a complex holomorphic function of the scalars.

In N =1 Supergravity the scalar manifold which has to be considered is
a Hodge-Kdhler manifold: a Kahler manifold endowed with a complex line
bundle £ — M cqiar (With an associated U(1)-bundle) whose first Chern class
is equal to the cohomology class of the Kéahler 2-form K:

where A _
K =G dz' Ndz".

This means that, locally, we can define the (U(1)) connection (Kdhler 1-form)
as

i ) -

This connection is needed to define the covariant derivative with respect to
the Kéhler transformations, ([3.20)):

DO = (d + ipQ) P (3.21)

where ¢ = ¢(z,Z) is a smooth function transforming under Kéhler trans-
formations with weight p, ¢ +— e P**)¢ (a section of the U(1)-bundle). In
components (3.21)) is
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A covariantly holomorphic section is defined by D;«® = 0. Truly holomorphic
sections can be obtained from covariantly holomorphic ones with the position

o = P29

which gives ) . ) )

If the object on which the derivative acts bears also scalar indices i, i*, the
covariant derivative has to include the Levi-Civita connection (|3.19)).
Special Kahler manifolds are called for in N = 2 Supergravity. They can
be defined in several equivalent ways [20] and some of these make use of
an auxiliary holomorphic function F(z), called prepotential, from which the
Kahler potential can be derivedﬁ Here we give a prepotential-free definition,
following [13], which puts on evidence the symplectic structure of the theory.
A special Kahler manifold is a Hodge-Kéahler manifold which is also the base
space of a flat symplectic vector bundle with structure group Sp(2(n + 1), R);
this means that we can introduce the following (scalar-dependent) vectors

V= (fA7 hZ)
which are defined as vectors transforming under (global) Sp(2(n + 1),R)

transformations (they are the sections of the symplectic vector bundle)ﬂ In
addition, these sections are requested to be covariantly holomorphic

1
and obey the additional condition
i(VV) =i (T = Baf*) =1 (3.23)

where we made use of the product (V,W) =VTQW.
We can define the following three-index tensoﬂ

8In general the theory can be formulated without a prepotential; however, it has
been shown [20] that every formulation without prepotential can be obtained through a
symplectic transformation starting from one in which a prepotential can be individuated.

9They also tranform under (local) U(1) (with weight p = 1), since the Hodge-Kéhler
structure is mantained.

0D,V = V;: every time a quantity bears a scalar pedix i (or i*) , it has been acted on
by D; (D;+).
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in [I§] it is shown that this implies
D;V; = iCij, G Ve (3.25)

and that Cjj;;, is completely symmetric in its three indices. It is also seen how
the two relations

DV =GV (3.26)

D;V =0 (3.27)

follows from the definition of Special Kéhler manifold, through the require-

ments (3.22)) and (3.23)) (the (3.27) is immediate). Equations (3.25)),(3.26)

and will be useful when discussing the attractor mechanism in the next
chapter.

The Kahler potential U can be expressed in a symplectically invariant form:
introducing, as in the Hodge-Kahler example above, the holomorphic sections

v(2,Z) = e K2V = e7K/2 (fA L hs) = (XA , My)
ai*'U =0

it follows that
K=—-Ini({w,v)=—Ini (7AMA —MAXA> :
One can define the complex, symmetric (n + 1) X (n + 1) matrix N/ by
ha = Nasf>  hay = NasfZ (3.28)

and it turns out that this is the same matrix A appearing in the vector
sector of the action (3.8)): it is easy to check that, when the sections V' are
transformed by a S € Sp(2(n + 1), R) with the same structure as in (3.14]),
owing to the definitions the matrix N transforms as

N'(f', 1) = (C+ DN(f, h) (A+ BN(f,h)™" (3.29)

that is, exactly as in (3.16|).

3.2.3 Central and matter charges

The formalism that we are using provides explicitly symplectic expressions
for the field strengths of the graviphoton and of the matter vector fields, and
these in turn give the central charge and the matter charges of the theory.
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First, recalling the vector field strengths F* and their duals G defined in
(3.10), in the presence of electric and magnetic sourceﬂ it is possible to
define the magnetic and electric charges

ph = 4i FA  ga = = Ga (3.30)
T Jg2 4 S2

where S? is a 2-sphere. These should be viewed as bare charges, while the
physical ones, those entering in the interacting theory, can be deduced by the
supersymmetry transformation laws of the fermions. Here, in fact, appear
the interacting field strengths of the vector fields (called matter vector field
strengths) and of the graviphoton and they are linear combinations of the
FA and Gy, the coefficients being functions of the scalars. The physical
graviphoton field strength 7},, can be identified in the transformation law of
its fermionic superpartners, the gravitinos v y,:

5§¢]M :@H§[+T#V7V€[J§J+.... (3.31)

Here, the £ is the spinorial parameter of the supersymmetry transformation;
€7 is the 2-dimensional antisymmetric tensor (/,.JJ = 1,2). The derivative
D, acting on fermions, is defined as

D8 = (Du + %Q,) &

D, is the spacetime derivative covariant with respect to the spin connection

ab
Wy

1
D& = <3u - Zw:b%b> & (3.32)

where v4, = Y[y, While Q,, is
Q, = —% (0,2 0K — 9,7 0:-K) . (3.33)

The dots represent trilinear fermion terms. It has be shown [21] that T},
can be constructed by means of the symplectic section ( A ,hg) and vector
(F A 5 Gz}) :

T = hyF* — fAGy; (3.34)

the central charge Z (field theory representation of the central charge appear-
ing in the supersymmetry algebra (3.2))) is then defined as the integral over
S% of T ([21]):

1

Z=—— | T=f"2)q—ha(z,2)p" (3.35)
47T S2

"But also when there are not explicit sources in the action, see [3].
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In a similar manner, from the gauginos \!* transformation law we can deter-
mine the matter vector field strengths 75,

5§ )\Ii :Z',_yuauzigl_i_gij*q-,j*uyfyuyelt]g]_i_“' (336)
and, again, T} turns out to be given by a symplectically invariant combination
T = hai FY = FoGy — Ty = ha PN = fAGy. (3.37)

The matter charges are then

1
Zi= [ T= D0 i) (3.39)
™ Jg2

and since D;V = ( fA ,hAi) we get the further relation
Z; = D;Z. (3.39)

Finally, a sum rule has been derived for the Z and Z; [16]

e — 1
2P 12 = 2P + 2,67 Z; = —5Q"MQ (3.40)

where () is a symplectic vector built with the electric and magnetic charges

A
Q= [p } (3.41)
aa
and the matrix M is given by

([+R[_1R)AE _(R[_I)AE
M= : (3.42)
~(I"'R)y, (Y™

The quantities defined in (3.35]), (3.38]) as well as the identity (3.40) will

be used in the next chapter, when dealing with the attractor mechanism in
Supergravity. We will also see that the matrix plays a crucial role in
this context; in Chapter 6 we will work out how the same matrix appears in
the equations of motion descending from (3.8]).
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Chapter 4

Attractor mechanism in static
black holes

The attractor mechanism was first described by Ferrara, Kallosh and Stro-
minger in [I4] in the context of a N=2 supersymmetric extremal, magnetically
charged black hole, and then extended by Strominger [23] to the case with
both electric and magnetic charges (always BPS). These two derivations rely
on supersymmetry, in particular [14] deduces the damped geodesic equation
for the scalar fields from the vanishing of the gravitino and gaugino local
supersymmetry transformations. Here we consider the derivation proposed
by Ferrara, Gibbons and Kallosh in [15], which does not make any use of
supersymmetry. Instead, they reduce the dynamics of scalar and vector fields
in a static black hole background to a one dimensional geodesic motion of
conveniently defined scalar fields; the attractor mechanism is then explained
specifying requirements of regularity for the (extremal) configurations of the
solution. In the following chapters we will extend this procedure to the more
general case of a stationary metric characterized by an additional parameter
N (Taub-NUT metric), working out all the calculations, so now we will report
only the main passages; when dealing with the stationary case it will be
evident how setting the parameter N equal to zero (i.e. returning to the
static metric) one recovers the results that we are going to present now.

In the last section of the chapter we will examine some features of the attractor
mechanism when it is considered in the context of N=2, d=4 Supergravity.
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4.1 Equations of motion from 4 to 1 dimen-
sions

We consider theories with action as in (3.§]),

5= [ dx' Vgl (f+ G9,0/0" 5 + 2L FAF™ — 2Ras BP0

(4.1)
where G = G(¢), Ras = ReNas(¢) and Iy = Im Nyx(¢); the indices 7,7 =
1,...,n specify the (real, for the moment) scalars while A, ¥ =1,... ny =

n + 1 refer to the vectors. The hatted tensors F', R are 4—dimensional We
will look for static solutions and use the following ansatz for the metric

ds® = e2Vdt* — eV, da™da™, m,n=1,2,3. (4.2)

The equations of motion following from the action (4.1]) are

~ ) . 1 ) .
G;w + gij (@mﬁlau?ﬁ] - §gul/8p¢18p¢J)
R U .
+ 4y (F,?pFVEp — ZQWFP/},FEW) =0 (Einstein);

v, (IAE FEm Ry FE W) —0  (Maxwell);

o A 7 PA * 7
Y, (G50"97) = 50:G 0,0°0" ¢/ - (&-IAz Eiy =1 — 8, Ry, FSV*FZ””) =0
(scalars).

As we will prove in Chapter 6, the Maxwell equations can be written

(I+RIT'R),y —(RITY)Y e
VeV o =0; (4.3)
~(I'R)y, (Y™ X

Y™ and x, are 2ny scalars representing respectively the electric and magnetic
potentials. With the identifications

(I+RIT'R),y —(RI™YH) e
Muyn = M = (4.4)
~(RYy Y X

'In the calculation it will be useful to distinguish between four- and three-dimensional
quantities; the latter ones are without hat.
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the (4.3) reads
Vm [6_2UMMN 8@1111\7] =0. (45)

For what concerns the Einstein equations, considering them in tangent space
indices, their 00, O0m and mn components turn out to be, in order

R+ 2(0U)* — 4V2U + Gi; 0’ 0™¢7 — 4™ Myn0, WMO™TN =0 (4.6)
a[mwA an}XA =0 (47)

G + 2 (8mU8nU _ 5’”7”(%)2) +Gij (8m¢i8n¢j — 5% 0, ¢" 0" >

+ 472" Myn (8m\I/M8n\1/N — &”T”arqua’"\pﬂ =0. (4.8)

Finally, the equation for scalars becomes
, 1
Vi (gija%ﬂ) — 5&-%; O 02" —2e VO, Myrn 0, UM O2TN = 0. (4.9)

All the scalar and vector quantities appearing in the expressions from
to should be understood as 3-dimensional entities (see also Appendix
A): thanks to the hypothesis of staticity the 4-dimensional problem can be
reduced to a system of equations living in the 3-dimensional space. Now,
taking the trace of and inserting it in , rearranging a bit the various
coefficients, the system takes the form

Vi [4e72Y My 00N ] =0 (4.10)
O (20™U) + 472V My n0, WM 0™0N = 0 (4.11)
O™ Dyxa =0 (4.12)

Ry +200U0,U + G0 ¢ 0n ¢ + 462 Mun0,, M0, 0" =0 (4.13)

. 1 1
Vi (Gi;0™¢) — 350G Omd" 0™ ¢! — 50 (4e " Muyn) 0¥ 0™UN = 0.
(4.14)
We define the block-diagonal matrix

Guu 2
Gap = Gij

Il
§3
—~

=~

—_

ot
~—

Gun 4e U Myn
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and group the scalar fields which appear in the equations in a single vector
o' = (U ¢' v* xa); (4.16)

this permits to write the above system as

- 1 - -
O (Gan 0707 ) = 504G 0,070 = 0; (4.17)
Rom + Gap 0md” 9,07 = 0; (4.18)
™ Oy xa = 0. (4.19)

The first two equations can be derived from the effective 3-dimensional action

/ &z /] (R ] + Gas 8ma3AamngB> (4.20)

while the third acts as an additional constraint on the potentials.

To proceed we need to specify the 3-dimensional metric: in addition to staticity,
we make the hypothesis of spherical symmetry. The metric is assumed to be
of the form

ot r2
AT dr™ = S 0 d0?,; 4.21
Y sinh* ro7 sinh? ro7 @ ( )

determinant and Christoffel symbols as well as curvature and Ricci tensor
are listed in the Appendix A. If we also ask for the scalar fields to depend
only on the radial coordinate 7, the (4.19)) is automatically satisfied, while

the (4.17) and (4.18]) become:

d d¢B 1 doP de®

& (gAB ?) " g0GneT g = 422
do? doP

gAB?? = 27“0. (423)

The (4.22)) can be rewritten as a pure geodesic equation

d2 TA PA dq;B dqgc _
dr? BC dr dr
once we make the identification

1

IGp = §QCD (04GpB + 08Gpa — 0pGag)

(4.24)
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i.e. once we define the Christoffel symbols for what we could call, following
[15], enlarged scalar manifold.

Remarkably, the initial problem has been reformulated in terms of the one-
dimensional geodesic radial equation (4.22]) which can be derived from the
one-dimensional geodesic action

TA 1B
/dT gABdi%- (4.25)

Now, since the metric does not depend on ¥* and x,, and given the form of
(4.5)), it is possible to define the 2ny constants of motionﬂ

by
qn = dae™ Y (MAZM + My CZ‘—f) (4.26)
Pt = —dae (MA v + MA® d;—z) ; (4.27)
T

through these definitions, the electric and magnetic potentials can be elimi-
nated from the Einstein and scalar equations. In fact, gathering the charges
in the (symplectic) vector

P
QM = [ } (4.28)
I
it is easy to see that
AV
QY = a QYN Gyp—— (4.29)
dr
where
MN __ 0 _]Inv : : _ 0 ]ITLV .
Q = {an 0 is the inverse of Qun = T, 0]
then we have
AR 1 1
= —GMNQNpQF = —GMNQy. (4.30)
dr o o

2Since the two quantities on the right side of and are conserved, it
seems natural to assume that they are proportional to the electric and magnetic charges,
through the normalisation constant a. Moreover, the way they transform under symplectic
transformations is the same of the charges.
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Writing the (4.22)) and the (4.23) with the explicit fields and making use of
the (4.30), we obtain (prime means differentiation with respect to 7)

dot dg/
2(U")? + Gy di d(b QMNQMQN = 22 (4.31)
1
2"+ — GunG" ' GNeQpQg =0 (4.32)
dg’ 1 d¢y dd)k 1 MP ANQ
ar (gw dr ) 0iGjk—— Ir dr 242 0;GunG" G QpRo =0 (4.33)
which, with the definition of the black hole potentz’aﬂ
1
Veu(9,p,q) = 202 © e GM"NQuQw, (4.34)
become
dot d
2U")* + G f f +2e*YVpy = 2r) (4.35)
U+ Vg =0 (4.36)
dg’ 1 dg¢y dqﬁk
dT (gz] d ) - zg]k d d +8Z- [62UVBH} =0. (437)
The last two equations can be derived from the effective action
- 1, doid
Sett [U, ¢'] = / dr [(U) + Q,] f f — V| . (4.38)

In the end, we have found that the properties of the system are completely
determined by the metric on the scalar manifold G;; and by the scalar-
dependent potential V. In the above derivation, a crucial role was played
by the assumptions of staticity and spherical symmetry. In the stationary
case, which will be analysed later, things will be more complicated.

The procedure of transforming a n-dimensional problem (in this case the
system of equations, but the same could be done also directly on the action)
to a (n-1)-dimensional one (or also less) goes under the name of dimensional

3This definition of the black hole potential differs by a sign from that of Gibbons,
Kallosh and Ferrara in [15], and it is definite-negative.
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reduction, and it is a special case of a more general and articulated technique
called Kaluza-Klein compactification. By the way, the possibility of performing
this reduction is of fundamental importance for the proof of no-hair theorems
in the case of stationary black holes, see for example [9].

4.2 Attractors in extremal black holes
Now we consider the very special case in which the extremality parameter

vanishes, 12 = 25T = 0, so to have an extremal black hole; the metric then
becomes

_ dr? 1
d82 = 62Udt2 — € e (? + 7_—2d9%2)) (439)
In order to have a solution with finite area of the horizon,
—2U —2U(74)
A= / V900954 d9dp = / sin @ dfdy = 4n (4.40)
T=T4+ T=T4+ T 7—+

we have to require that, for 7 — —oo, the metric function behaves as

eV — <4£) 72 (4.41)
™

where A is the area of the horizon. We shall specify also a regularity condition
for the scalar fields: in particular, approaching the horizon, it will have to be

d¢t dgy
Gij %%GQUTZL < 00, (4.42)
condition which, on top of (4.41)), gives
Gij Oflicilﬁ (%) 7> — X? when 7 — —c0 (4.43)
T dr

with X? finite. With these requirements, the constraint (4.31)) in the near-
horizon limit becomes

1 A2

where ¢, = ¢(—00); it follows that

A S _47TVBH(¢h7p7 Q) (445)
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In the case of double-extremal black holes, black holes with constant scalar
fields, the above relation is saturated. We also note that with the hypothesis
we made the near-horizon geometry assumes the expression

Ardt®  Adr® A
dt? = — — — —— — —dQ%Q)
A2 4dn 12 An
which is the metric of a Robinson-Bertotti space, introduced in (2.24)), as it
becomes after the reparametrization 7 = 1/p; the mass parameter Mgp is

A
Mg =—. 4.46

b= (1.46)
Following [I5] we can say that the extremal black hole solution interpo-
lates between the asymptotic, Minkoskwi’s flat vacuum and the near-horizon,
Robinson-Bertotti space, i.e. between two different vacua with higher symme-
try.
More can be said about the relation (4.45)). The new radial coordinate

w = —log(—71)

goes from —oo at the horizon to 400 at spatial infinity. The hypothesis (4.42))
in the new coordinate reads

i ()

-z 7 2 A
7o do \ 7 — X° when w — —o0; (4.47)

Gij

now, if it were
i
dw
the scalars would be linear in w, but this is incompatible with the requirement
of finiteness of the moduli near the horizon. We are forced to set

dg'
dw

= constant for w — —o0

=0 forw— —

so that approaching the horizon the scalars assume a finite, constant value
¢,. Here emerges the fact that, in the context of extremal black holes,
the dynamics of the moduli seems to exhibit an attractive behaviouf} the
trajectories of scalars start at spatial infinity and end on the horizon, where
there is a fixed point ¢, with zero velocity. In some cases that we will
consider later on, the value of the moduli at the horizon does depend only

4A fixed point ¢ tiz 1S a point in which the phase velocity vanishes; it is named attractor



4.2 Attractors in extremal black holes 43

on the charges of the theory, while it is not sensitive to their asymptotic
values: when the scalars reach the horizon, they lose memory about the initial
conditions. When this happens, we speak of an attractor mechanism.
Thanks to the vanishing of the scalar velocity near the horizon, we can
reconsider the relation (4.45) and write also for single extremal black holes

A = _47TVBH(¢}L7 D, Q) (448)
and remembering (4.46)), it is also
Mgp = ~Viu(n,p, q)- (4.49)

If now we recall the entropy-area formula presented in (2.34]), the (4.48)
immediately gives

S = —7Vpu(én, p, q); (4.50)

the entropy of an extremal black hole depends only on the values of the scalars
at the horizon and on conserved quantities as the electric and magnetic charges.
The issue of determining the fixed points of the scalars can be faced noticing
that the equation of motion for scalars can be rewritten in the formalism
of equation (4.24)) (keeping the radial coordinate 7):

R e, 7 =
dr? L dr dr

since 0 = d¢'/dw = T7d¢'/dr, multiplying (4.51]) by 72 and considering it in

the near-horizon limit, we obtain

—€2UgijajVBH; (451)

d?¢ AT id
7 = A (G0 Ven)l,

with solution
i Am ij
¢ = = (g ajVBH)|¢h log(—7) + at + ¢p.

We drop the term linear in 7 since it would lead to a singularity at the horizon.
Moreover, it is clear that the only way to have a regular scalar field at 7 — oo
is to impose

%
BRI . (4.52)
dot |,
So the fixed values of the scalars are defined as those points in the moduli
space which extremize the black hole potential. Since the latter depends only
on the moduli and the (given) charges, the (4.52)) translates into a set of n
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equations with n variables, the ¢!, and it would be possible to determine the
fixed, attractive points in terms of the electric and magnetic charges only.
We cannot exclude, however, that the potential possesses some flat directions
in the moduli space, i.e. directions in which its derivative with respect to
some scalars vanishes identically. So, a priori, we should expect that the fixed
points may depend also on the asymptotic values of the moduli.

Until now we have analysed the problem with the non-extremality pa-
rameter ry set to zero. What if we do not make this assumption? It turns
out that the attractor mechanism does not work. First of all, requirement of
finite horizon area causes the metric function to behave as

_oU A sinh? ro7

e when 7 — —oo.

FE
With the change of coordinates
p — 26TOT

in the near-horizon limit it should be

e —
4 (pro)?
so that the full metric reads
47T 2 A
ds® = Z(prg) dt* — yp (dp” + dQ(QQ))

and the event horizon is now located at p = 0. The new radial coordinate p
measures the physical distance from the horizon in units of ry = y/A/4m and,
in contrast to the extremal case (see eq.(2.22))) this quantity turns out to be
finite for every point at a finite py from the horizon

po /Ad | A
/0 EP— Epo-

Then a first indication that the analogue of the extremal attractor mechanism
cannot happen when 7y # 0 comes from the fact that scalars approaching
the horizon do not have enough distance to travel to lose memory about
their initial values, while in the extremal case their radial distance from the
horizon always diverges. Furthermore, the requirement of regularity of scalars
near the horizon results in the statement that they should admit a Taylor
expansion in p around p = 0:

0P’ 14 .
;; o+ = (GI0,Vau) |, 9+ O6")

p=0
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and this puts no constraints, aside from finiteness, on their derivatives at the
horizon, so an attractor mechanism is not necessarily involved. Attractors
are typically related to extremality.

4.3 Attractors in N=2, d=4 Supergravity

In this section we specialize the previous treatment to the case in which
the action describes the bosonic sector of a N=2, d=4 Supergravity:
the scalar manifold M .44, is then a special Kahler manifold parametrized
by the complex coordinates 2%, z¥" and metric given by G;;» = 9,0;+K, with
K = K(z,%) the Kahler potential introduced in ([3.18)). The action is

S = / Az y/lgl (R +2Gy- 0,2 07 + 2Ly F F=1 — 2Ry B F1)

(4.53)
and the equations coming from it, (4.35)), (4.36) and (4.37)), become

2 dZZ dzj*
(U)o G g ¢ Vo =0 (454)
U’ 4 eV =0 (4.55)
a2z . dz"F dz!
59, e 2 4 2UGH ) Vi — (). 4.56
- + G 0kGy - d7_+6 G 0;-Vpu (4.56)

4.3.1 Supersymmetric attractors

The crucial fact which occurs when considering the above problem in the
context of Supergravity is that, as pointed out in [I5], the black hole potential
has exactly the same formP|of the symplectically invariant quantity introduced
in ((3.40))

1
—Ven = —§QTM Q= |Z‘2 + ’Zi‘2 (4.57)

S0 it is directly related to the central and matter charges of the theory[f] This
identification allows to study easily the critical points of the potential using
relations of special geometry, and also to gain insight into the difference of
behaviour between extremal BPS and non-BPS black holes. In fact, given

5To make direct contact with the notation of [15], and also to avoid extra numerical

factors, we set a® = 1/4 in (4.34)

6This is true in all supergravity theories, see for example [13].
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(4.57)), the lagrangian appearing in the effective action (4.38)) can be written
([15], [251)

2 i e J* .
Log = vy eVIZ] ) + Gij- dz | VG Dy 7 = VG DZ
dr d dr

T

¥ 2% (e]Z]) (4.58)

and the second order equations of motion can be solved assuming that the
following first order equationd], coming from L., are satisfied:

aUu U

~ —Vlz 4.
— ="z (4.59)
dz . _

e =GV D Z. (4.60)

It can be shown ([26]) that (4.59) and (4.60]) are derivable from the N=2
Killing spinor equations, so that the corresponding solutions are actually
supersymmetric (BPS). Evaluating them at the horizon, 7 — —o0, gives

(remembering (4.41]))

4z

(A)é = 1200, 70,0, 9) (461)

D:Z|, = 0. (4.62)

Using the (4.61]), an expression for the entropy of an extremal supersymmetric
black hole is readily found

S =7|Z (21, Zn,p, Q) (4.63)

and we can also justify eq. (3.5)): from (4.49), (4.57) and (4.62)) it is clear

that
MRB = |Zmaz<zhazh7p7 q>| . (464>

Moreover, equation permits to find the fixed points zj, Z, only in terms
of the charges p*, ga. In fact it has been shown ([14], [23] and [24]) that, for
supersymmetric configurations, the fixed points of scalars do not depend on
their values at infinity; we can conclude that there is an attractor mechanism

at work (specifically, the fixed points are supersymmetric attractors, following
[25]).

"These are also called flow equations.
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The is also equivalent ([24]) to requiring 0;|Z||, = 0: this expresses
the so-called minimal area principle, stating that the area of the black hole
horizon is proportional to an extremum of the modulus of the central charge,
extremized with respect to the moduli. We will see that this extremum is a
minimum.

We can give an argument for the fact that use of equations (4.59)), (4.60
means requirement of supersymmetry. If we evaluate the constraint (4.54
at spatial infinity 7 — 07, owing to we get (without writing the
dependence of the central charge on the electric and magnetic charges)

M2t (o0 o) + Gie 557 = | Z (200, Zoo) P = | Zi(200: Zoo) [P = 12 (4.65)
where .
;_ dz’
=l
It is evident that setting 7o = 0 (i.e. imposing extremality) in (4.65]) does not
imply the saturation of the BPS bound. Instead, this is reached if we use the

two equations (4.59)), (4.60), evaluated at spatial infinity:
MADM = |Z(zoo,200)| (466)

S =GY"DpZ|_; (4.67)

the first relation already provides the BPS condition; inserting the second
one in (4.65) when ry = 0 gives the same. This is an example of the general
truth that supersymmetry implies extremality.

Now, we can exploit the identity in order to study the critical
points of the black hole potential. Through the following relations, which
are immediate consequences of the (3.25)), (3.26) and ([3.27)) introduced in the
previous chapter and of the definition of Z, (3.35)),

DiD;Z = iCi, G* Dy Z (4.68)
Di-Z =0 (4.70)

it is immediate to calculate

— 8;Vpy = 22D Z +iCij, G G Do ZDy- Z. (4.71)
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This means that the critical points of the central charge are also critical points
for the potential:

The equation (4.62)) tells that a critical point of the central charge occurs at
the horizon. The nature of this extremum was analysed in [L5]: in particular,
being D;Z = D;«Z = 0 at the horizon, it turns out that

(9:051Z1), =0
while the mixed second derivatives are
1

so, if the scalar metric is positive at this critical point, the central charge,
and then the BPS mass, is correspondingly minimized. For what concerns
the extremization of the potential at the horizon, equations (4.52)), (4.57) and

say that
(OVen), = (0Ver), =0 — (Van), = |Zl; (4.74)
and, as calculated in [15],
(0:0;Ver), = —2(GijVan), (4.75)

so again, if the scalar metric does not change sign at this critical point, the
black hole potential reaches a minimum (remembering that in our notation
Ve < 0)

4.3.2 Non-supersymmetric attractors

The above discussion showed that extremal supersymmetric configurations
exhibit an attractor mechanism in their scalar sector; however, we already
anticipated that attractors as we have defined them are not automatically
introduced when we restrict to extremal solutions. The point is that the (4.58))
is not the unique way one can rewrite the effective lagrangian; the can
be rewritten as in but substituting |Z| with another function W (called
“superpotential”, [39]) depending on scalar fields and electric/magnetic charges.
The choice W = |Z| is the only case with the superpotential related to the
eigenvalue of the central charge, and the corresponding black hole solutions
are supersymmetric. In general, we can consider different superpotentials W,
which will not give supersymmetric configurations. Equations for the
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entropy and for the ADM mass are still valid but with Z replaced by
W the complete attractor mechanism does not always take place, since the
fixed points of scalars could depend on their values at spatial infinity, owing
to the presence of flat directions in the black hole potential (an example
of this is provided in [25]). In this case the critical points of the potential
are named non-supersymmetric attractors. For the time being, it seems
that the complete attractor mechanism takes place in general only in BPS
configurations; however, it has been shown that in all extremal cases the
entropy depends only on the charges [27].
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Chapter 5

Stationary BH-type solutions of
General Relativity

In this chapter we move from static to stationary solutions of General Rela-
tivity: first we briefly review the Kerr-Newman black hole, then we introduce
the spacetime which will be central in the following treatment, the Taub-NUT
solution. The motivation for studying the latter is that it would be interesting
to extend the calculation developed in the previous chapter (the rewriting
of the equations of motion of gravity coupled to vector supermultiplets in a
geodesic-like form and the determination of a black hole potential) to station-
ary black holes (i.e. Kerr-Newman’s), in order to analyse, for example, if an
attractor mechanism is at work. Since doing this in the Kerr-Newman case
seems pretty difficult, we will try to do the same in the simpler situation of a
Taub-NUT metric, which is maybe the most manageable stationary, black
hole-type metric (in the sense that an event horizon is present); facing the
issue of coupling scalars and vectors to this metric can give some insight into
how to handle the same problem in the Kerr-Newman’s case.

We will also see that some particular features of this solution don’t allow us
to classify it as real black hole, although it shares some properties with the
Reissner-Nordstrom solution.

5.1 Stationary Black Holes: the Kerr-Newman
solution

Schwarzschild’s (Reissner-Nordstrom’s) metric is the only static, spherically
symmetric black hole-type solution of the Einstein (Einstein-Maxwell) system.

If the staticity condition is relaxed and one contents himself only with sta-
tionarity, spherical symmetry will not hold any more and the spacetime will

o1
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be axisymmetricﬂ Stationary, axisymmetric metrics are characterized by two
Killing vectors 0, (generating time translations) and 0, (generating rotations
around the z-axis) which are not mutually orthogonal, so that the g, compo-
nent of the metric is different from zero. The only black hole-type stationary
solution of the Einstein-Maxwell system is the Kerr-Newman metric [28]:

2Mr — 4q? 2Mr — 4¢?) sin?
gs2 = (1= 2Mr A0 e o @My —Aq) sl
5 5
)
— Zd#’ — ¥db? — gsm? 0 dip* (5.1)
Y =1%+a’cos* 0 A =7r? —2Mr + 4¢* + o* (5.2)
A =3 (r*+d°) + (2Mr — 4¢°) a*sin® 4 (5.3)
4
A, = g (6.t — 0,0 asin? ) (5.4)

where a = J/M is the angular momentum per unit mass; the coordinates
(t,r,0,p) are called Boyer-Lindquist coordinates. The metric has three
parameters, M, a and the total electric charge of spacetime ¢: in the cases
a = q = 0 and a = 0 it reduces respectively to the Schwarzschild and Reissner-
Nordstrom solutions, while when ¢ = 0 we obtain its vacuum version, the
Kerr metric. If finally M = ¢ = 0, a # 0 the spacetime is Minkowski’s, in
spheroidal coordinates.

The expression is evidently singular when > = 0 and A = 0. Analysis
of curvature invariants shows that, when M = 0, the divergence given by
Y=0(Ge r=0,0=7/2:a ringﬂ) is the true physical singularity; instead,
only when M? > 4¢® + a® the equation A = 0 has two distinct solutions,
ry =M 4 /M2 — 4¢q% — a2: the surface at r = r,_ is the event horizon, while
the one at r_ is a sort of “inner” horizon; both the horizons cover the ring
singularity. In the extremal case, M? = 4¢* + a® (we can then identify the
parameter of extremality, 72 = M? — 4¢® — a?), the two horizons coincide (as
in the Reissner-Nordstrom black hole); the remaining option is the absence of
event horizons so that the ring singularity is naked, and the resulting object is
not a black-hole (this cased is ruled out by the cosmic censorship hypothesis).

! This is a consequence of a set of theorems by Hawking, Israel and Carter. References
and reviews can be found in [7].

2As it is clear taking the M — 0 limit, Boyer-Lindquist coordinates resemble spheroidal
coordinates.
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5.2 The Taub-NUT solution

The Kerr-Newman family of metrics exhausts the possible black hole-type
stationary solutions of General Relativity coupled to electromagnetism; now
we examine a further stationary solution which, strictly speaking, is not a
black hole (in compliance with the uniqueness theorems). The Taub-NUT
metric was discovered in 1951 by A. H. Taub [29] as an exact solution to
the vacuum Einstein equations, and then extensions of it were found in 1963
[30]. The charged version was given by Brill [31]. The main feature of this
metric is the presence of a new parameter, the NUT charge N which can be
interpreted as a dual (“magnetic”) mass. The structure of the singularities
related to the new charge is identical to that of the Dirac monopole vector
field, and this results in a relation between the time coordinate and the NUT
charge which resembles the Dirac quantization condition.

5.2.1 The vacuum Taub-NUT metric

The expression of the Taub-NUT metric in Schwarzschild-like coordinates is

ds® = f(r)(dt + 2N cos 0 dp)® — f~(r)dr? — (r* + Nz)dQ%Q) (5.5)
firy = =) (5.:6)
re =M+r, i =M?+ N> (5.7)

It reduces to the Schwarzschild solution for N = 0. M can be identified
with the mass of the solution. The new parameter N, called NUT charge,
can be interpreted noticing that the only off-diagonal term in the metric
is, for large r, g1, ~ 2N cos: the same form of the vector potential of a
magnetic monopole with charge proportional to N. Following this analogy,
the NUT charge could be considered a magnetic mass, dual to the mass M:
the Taub-NUT field is composed by a diagonal part which can be put in
relation with the Newtonian potential, given, for large r, by

Cgu—1 - M

2 r

¢

(this also confirms that M really represents the mass); and then there is a
off-diagonal, “gravitomagnetic” component, with strength controlled by N.
This is the reason for calling the solution a gravitational dyon (see also [32]).
For N # 0 the spacetime is not asymptotically flat: one evident first reason
is given by the presence of the off-diagonal term in the metric, which does
not vanish at infinity. Moreover, as pointed out by Misner in [33], although
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all curvature invariants vanish for r — oo (being R, = O(1/r?)), it is not
possible to find coordinate systems for which g,,, — 7, — 0 when r — oo.

Symmetries and periodic time coordinate. For N # 0 the above
metric is free of curvature singularitiesﬂ; in particular it is regular in r = 0,
so, although somewhat generalizes Schwarzschild’s metric, there is not
a singularity that could possibly be hidden by some event horizon: we are
not dealing with a black hole. But, as thoroughly discussed by Misner in
[33], the metric presents “wire” singularities (Misner strings) for § = 0,7
, which are not the standard singularities of spherical coordinates; instead,
they are related to the off-diagonal term containing the NUT chargeﬂ This
turns out clearly considering rectangular coordinates zyz and analysing the
corresponding expression for the one-form dt + 2N cos 6 dip; given the absence
of physical singularities, Misner strings have to be a topological defect. The
situation is similar to the case of a magnetic monopole placed in the origin: a
vector potential describing appropriately the magnetic field can be determined
locally, but it will be singular along some string-like region (usually these
strings- Dirac strings -are chosen to stay on the negative or positive part of
the z-axis). In the approach proposed by Misnelﬂ the two singularities do
not have a physical significance, since they can be removed introducing two
distinct coordinate patches:

e one covers smoothly the 0 < 6 < 7 region: here, shifting the time to
tn =1+ 2Ny,
the metric becomes
dsx = f(r) [dty — 2N(1 — cos0)de]” — f~'(r)dr® — (r* + N?)dQ},,
and is regular everywhere except for the south pole, 6 = 7;

e the other parametrizes the region 0 < 6 < 7, where the time coordinate
is changed to
tS =t - QNQD

3A calculation of the curvature can be found in [33].

“In the first treatment by Newman, Tamburino and Unti ([30]) the singularity at 6 = 0
was removed with a redefinition of the dtdp term.

°An alternative approach, suggested by Bonnor in [34], considers the § = 7 singularity
(after having removed the 6 = 0 one through the redefinition mentioned above) as physical:
the source of the TN field is composed by a spherically symmetric mass plus a semi-infinite
source of angular momentum along the symmetry axis. This interpretation, as opposed to
Misner’s, preserves the axial symmetry of the system.
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so that the metric is
dsy = f(r) [dts + 2N(1 + cos0)dp]” — f~'(r)dr® — (r* + N?)dQ},,
and is regular at the south pole but singular at § = 0.

By unifying these two patches one can obtain a metric free of singularities. In
the region 0 < 6 < 7, where the two parametrizations overlap, ty = tg+4Np
holds; being ¢ an angular coordinate with period 27, for consistency also
time has to be periodic, with period 8 Nw. This resembles the way the
Dirac quantization condition can be obtained by trying to eliminate the wire
singularities of the magnetic monopole. Furthermore, the group of motion
that the metric admits is determined by four Killing vectord’ three of these
(the spatial ones) have the commutation rules of the So(3) Lie algebra. It
can be shown that, when the time coordinate has period 8 N7, these So(3)-
generating vectors can be integrated to give an unitary representation of
the global SO(3) and consequently the spacetime is spherically symmetric.[]
Finally, it turns out ([33]) that constant-r hypersurfaces have the topology of
a three-sphere, S3, with (t/2N, 6, ) Euler angles.

Horizons and structure of the spacetime. The function f(r) vanishes
for r = r4, where the metric has two coordinate singularities. The two
hypersurfaces at r = r, which are Killing horizons, are two horizons analogous
to the ones located at » = r in the Reissner-Nordstrom black hole, and it is
possible to find extensions through them similar to the Eddington-Finkelstein
ones ([38]). In the following, we will refer to the outer surface as to the event
horizon.

The two surfaces also act as Cauchy horizons for the region r_ < r < rg,
where t is spacelike and r timelike: here the Taub-NUT metric describes a
closed, anisotropic, singularity-free spacetime (“Taub universe”: the original
Taub solution described this region). Following [31], this can be interpreted
as a universe “held together by its content of gravitational radiation, which
is present in its lowest possible mode”. Instead, for r < r_ and r > ry
(the regions described by the extension provided by Newman, Tamburino
and Unti), the role of ¢ and r is exchanged as t is timelike and r spacelike:
here it is evident that the Taub-NUT metric is somewhat an extension of
Schwarzschild’s. Owing to the periodicity of the time coordinate the metric
here possesses closed timelike curves (CRCs), and this is another obstacle to

6See [30], [33]. One of these Killing vectors is related to time translations.
"See Hurst, [35] for the general case; Dowker in [36] faces the problem in the gravitational
Taub-NUT case.



56 Stationary BH-type solutions of General Relativity

the interpretation of the Taub-NUT solution as a black hole. The presence of
CRCs is not a Taub-NUT’s exclusive feature but is typical of gravitational
solutions with some sort of dual mass [37]. CRCs could be avoided by dropping
the periodicity condition on the time coordinate, but at the price of keeping
the wire singularities. This pathologies cause no possibility for the Taub-NUT
metric to have some part in the description of macroscopical objects; instead,
it deserves some importance in the context of quantum gravity theories.

5.2.2 The charged Taub-NUT solution

The electrically charged version of the TN solution was found by Brill in 1963
[31]:

ds® = f(r)(dt + 2N cos 0 dp)* — f(r)dr® — (r* + N*)d2},, (5.8)

_(r=r)r—r)
f(T) - 7'2 i N2 (59>
4q (r? — N? \ 8¢ N7
=2 ) (P, =N o)
(5 ) (4 )
re =M +rg re = M? + N? — 4¢ (5.11)

where ¢ is the electric charge. When N = 0 we recover the Reissner-Nordstrém
spacetime. The solution can be further generalized with the inclusion of a
magnetic charge p: the form of the metric is the same as in , but 7y
(which now can be identified with the non-extremality parameter) has to be
modified:

rg = M?+ N? —4(p* + ¢*).

and the electromagnetic field strength becomes correspondingly

4q (r* — N?) — 8pNr

_ 8qNr + 4p(r? — N?)
(r2 + ]\72)2 B .

(r2 + ]VQ)2

Fy = ("F),, (5.12)

The spacetime described by the metric has a structure similar to the
vacuum Taub-NUT space: again, for r_ < r < ry, t is spacelike and r timelike,
and the metric describes a closed cosmological model whose electromagnetic
field contents are given by . For » < r_ and r > r,, the situation is
analogous to the vacuum case. If the non-extremality parameter ry is zero,
the two horizons coincide.

Conforma-stationary metrics. Also in this case it is possible and conve-
nient to write the metric in an isotropic form, with a new radial coordinate 7



5.2 The Taub-NUT solution 57

which covers the region from spatial infinity (where it will be 7 = 0) to the
horizon (7 = —o0). Firstly, we rewrite the in a slightly more general
way

ds® = f(r)(dt +w)? — f~'dr® — (r* + N?)dQ2,, (5.13)
keeping the identifications and . The w should be intended as a
1-form in 3-dimensional space; in the Taub-NUT case its only non-vanishing
component is w, = 2N cos . Now, performing the change of coordinate

2
p*+ Mp+ 2
r=

p
the following spatially isotropic form is reached

P P 2
e P (dt + w)
(1+p+7> <1+”*7) + 2=

p
2\ _/2\* N2
(14_&) (14_&) _|__2
P p P

p+ = M ++/4¢> — N?

and the horizons are at p = &7 Next, with the reparametrization

ds® =

(dp* + p*dy))

where

To

P T Jtanh

we reach the expression
ds? = 2V (dt +w)? — e Yy uda™da® (5.14)

where the three dimensional metric v,,, is that of (2.12)). The metric function

1S

2 2 2 2
—oU Corgr | TE TN =+ N ¢

2 2
e =e dro7 _ %62’”‘” . (5.15)

472 492 re
It is easy to see that the ([5.15)) reduces to the Reissner-Nordstrom metric
function ([2.30) when the NUT charge is zero. If instead it is the electric charge

which vanishes, we have the function for the vacuum Taub-NUT metric:

—2U _ "+ —orgr _ T— orgr

e = 2_7"06 2_7“06 . (5.16)
Metrics with the form ([5.14]) are known as conforma-stationary metrics.
Notice that neither nor depend on the angular coordinates, but
only on 7. In the next section and in Chapter 6 we will take advantage of
this, making the assumption of spherical symmetry for the scalar U (and

obviously also for the other fields that will be coupled to gravity).
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5.3 Einstein equations for the vacuum Taub-
NUT metric

In order to see in which way the new off-diagonal components of the metric
enter in the calculations we are going to perform, let us see firstly how the
equations of motion look like in the case of a pure gravitational system. So
we consider the general form of conformastationary metrics

ds* = &V (dt 4+ w)? — eV, pdada™ (5.17)

and in this case we will have w = wy,dyp and w, = 2N cosf. The spatial
3-dimensional metric is

7.4 7,2
A dr™ = 0 dr?+ 0 a0?,. 5.18
T sinh® ro7 sinh? o7 @ ( )

We want to solve the Einstein equation for the system whose action ig

S = /d:c‘*\/ER, (5.19)

from which the vacuum Einstein equation follows

G =R, — §QWR =0, (5.20)
with the ansatz for the metric, in order to determine the form of the
function e?Y. As said before, we shall assume that the function U depends
only on the radial coordinate 7. It is convenient to work in the tangent space,
using the choice for the Vielbein basis reported in Appendix A, where also the
curvature and the Ricci tensor and scalar can be found. We need to calculate
the various component of the Ricci tensor: the first thing to be determined
is the tangent space expression of the antisymmetric tensor W, = 20wy
The 3-dimensional part of the Vielbein basis can be easily specified using the
fact that the spatial metric is diagonal; thus a convenient choice for
the spatial dreibein is:

2
"o

1
vl == —% 5.21
T R sinh? roT ( )
2 To
— S 5.22
Ve Te6 sinh ro7 ( )
3 T sin 6
Ve T VI T Gin roT (5.23)

8We keep working with the normalization and notations of (4.1]), distinguishing between
four- and three-dimensional tensors.
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Since the only non-vanishing component of the 1-form w is the ¢’s one, the
matrix W (in curved indices) has only two non-zero components:

Wgw = —Wypos = Ggwsp = —2Nsinf (524)

and the same antisymmetric structure will be preserved switching to the
tangent space basis:

2N sinh? ro7

_ 0, _
W23 = Uy Vg Wgw = — 7"2
0

with Ws3 = —Wj3,. The Ricci tensor in flat indices is then

Roo = —e® (VU + 26V N?y™) (5.25)

Rom =0 (5.26)

N 64U

Rmn = 62U (Rmn + 2 a771(]677,[] - 5mnV2U - T(WmZWnZ + Wm?)WnS))
(5.27)

and the Ricci scalar
R=—e" (R—2V N2>y —2V2U +2(3U)?).

Now we can specify the various components of the Einstein equation, which
in flat indices are

A A~ 1 A
Goo = Roo — moft = 0= R +2 (OU)? —4AV2U — 6e*Y N2y =0 (5.28)

Gom = Rom — %Tmfz ~0 (5.29)
Gn = 0= Gn + 20,,U0,U — 6, (0U)?
€4U
~ G (WagWoy = 26,0 N97) =0 (5.30)

where in the last equation G,,, = R, — %5mnR, with all 3-d tensors. The
two equations that we have obtained

R+2(0U)* —4V2U — 6"V N*y™ =0 (5.31a)

64U

Gon + 20mU0,U — 6, (OU)? — - (WopWop — 20, N?7™7) =0 (5.31D)

can be further manipulated taking the trace of (5.31bf), which is

R+2(8U)* +2e N2y =0
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and putting it in (5.31al), obtaining
V2U + 2 N2y = 0. (5.32)

Now we’ll go back to curved (3-dimensional) space. To proceed, we need the
explicit form of the 3-dimensional Ricci tensor and scalar; the Christoffel
symbols of the metric (5.18)) are listed in Appendix A and, knowing them, it
is only a matter of time to compute the non-zero components of the Riemann
tensor

R7970 - RTQOT@ - _T(%

RQ@HW = sinh?ry7
and then find that the only non-vanishing term in the Ricci tensor is
R = —21%
so that for the Ricci scalar we have

o - sinh? ro7

Changing from flat to curved indices, the function V2U becomes 2L /" (1) =

Vil
v""U" (1) and the (5.32)) reaches its final form
U" +2e* N? = 0. (5.33)

For what concerns the ([5.31b)), all its three non-zero components give equations
proportional to
(U + U N? =12, (5.34)

The and form the system of differential equations that we need
to solve in order to determine U(7) (or, better, the second could be seen as
a constraint on the solutions to the first one). Actually, the first equation
can be obtained from the second upon differentiation with respect to 7, so in
fact it is sufficient to solve the first one; the integration constant which will

arise in the solution can be determined imposing asymptotic flatness. Solving
(5.34) we have:

(U + eV N2 =12 — U' = /r2 — eUN?

/
d
== oldr = | dr=T1+k.

rd — etV N?
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The left-side integral in the last line can be solved with the substitution
t2 = 12 — e N?; the result is

1 2 4UN2
S Y AT A i . (5.35)
drg g — /18 — e*UN2

and then we get the expression for the metric function, apart from the presence
of the yet unknown integration constant k:

N
e ?V =+ cosh 2ry(7 + k). (5.36)
To

We choose the sign +, considering the modulus of N. To determine the final
form of the solution we need k; the only way to do this seems to be the
imposition of asymptotic ﬂatnessﬂ in the limit 7 — 0:

N .
IV cosh 2ro(r+ k) 2% 1—2Mr (5.37)
To

where M is the mass. For 7 — 0 we havd™l
’N| 7—0 ’N| .
— cosh 2ro(7 + k) —— — (cosh 2rok + 2ry7 sinh 2rok) (5.38)
To To

and taking into account (5.37)) we get

% = cosh2rok | N|sinh2rok = — M. (5.39)

From these relations, we have
N?(cosh?2rgr — 1) = M? = 1} = M? + N?

which fixes the relation between the mass, the NUT charge N and the non-
extremality parameter ry. Returning to the (5.36)), using the two ([5.39)), the
final form of the metric function is reached:

oy N |V To . M
= —cosh?2 k)= — h 2rg7— — sinh 2rg7—
e - cosh 2ro (7 + k) o COS 7’07'|N| sin ToT’N|
B |N| 627‘07 + 6—27"07' o 627’07’ o 6—27"07 M
B To 2 |N‘ 2 ‘N‘
_ To + M672T‘0T + o — M€2ro7'
27’0 27’0

9More correctly, we impose that, at spatial infinity, the function e=2V behaves in the
same way of f(r) which appears in ; we have seen that Taub-NUT spacetimes are not
asymptotically flat.

10 cosh 27(7 + k) = cosh 217 cosh 2rok + sinh 2ry7 sinh 2rgk.
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and through the identifications ({5.7)) we have finally

—2U _ T_“r —2roT _ T‘__ 2roT 5.40
¢ (27"06 27"06 ) ( ' )

which in fact is the metric function for the Taub-NUT vacuum metric.

It seems that, with respect to the static case, the presence of the additional
parameter N modifies the equations of motion only with the term proportional
to eV N2. In the next chapter, where we will consider the equations of motion
of bosonic matter in a Taub-NUT background, the above calculation will be
useful to keep things under control, at least for what concerns the purely
gravitational sector.



Chapter 6

N=2 vector multiplets in the
Taub-NUT spacetime

In this chapter, we will face the problem of writing the equations of motion
for a system with action (3.8]) in the background of a Taub-NUT spacetime.
In particular we will try to put the equations into a one-dimensional form,
as it was done for the static case in [15] and as we reported in Chapter 4;
this will be possible due to independence on time of the system and to the
assumption of spherical symmetry for the various fields. Having done this,
the possible appearance of an attractor mechanism can be discussed. We will
find some complications due to the form assumed by the Maxwell equations,
and getting rid of vectors will not be as easy as in the static case; however,
at least formally the thing can be done, even though the resulting black hole
potential will have a more complicated form.

The calculations we will perform here are a generalisation of those of Chapter
4. As anticipated there, we have chosen to work out in detail the more
general case with NUT charge: setting this charge to zero provides exactly
the equations of motion that we presented in Chapter 4 without proof. As
a test of consistence we can also use the calculation done in the previous
chapter, where the equations of the pure gravitational Taub-NUT system
were solved.

6.1 Equations of motion

We are always interested in theories whose action is of the form (3.8

S = /dlA \g\ (R + Qijau(bia“qﬁj + 2[/\2 F;?VFE“V — QRAE ﬁuﬁy*[;@uu)
(6.1)

63
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where G = G(¢), Ras = ReNys(¢) and Iy = Im Nys(¢); the vector field
strengths are given in terms of the vector potentials F ,ﬁ\u = 28[#/11/}]; the
conventions about three- and four-dimensional quantities are those explained

in Chapter 4. The spacetime is given by a conforma-stationary metric ([5.14)
ds? = 2V (dt + w)® — ey pda™da™ (6.2)

and for the spatial 3-dimensional metric we keep using the expression ([2.12)):

A 2
ndr™da™ = 0 dr?+ 0 a0?,. 6.3
M sinh* roT sinh? roT ) (6:3)

Now, in the following calculation it is convenient to consider the components

Wy, of the 3-dimensional 1-form w appearing in the metric as the components

of an independent vector field (Taub-NUT field); we will specify them later.
We recall that the equations of motion descending from are

A . . 1 . .
G+ (060,09 ~ 50,0,00°0 )
N M -
+ 4y <F£pF,,Ep - ng,F;},FE"”) =0  (Einstein);

Vu (IAE FZM _ Ras, *FZ’“’> =0 (Maxwell);

1 AA R AA %
Y, (G50"97) = 50:Gu 0,0° "¢/ - (0:las L =0 — 03By BT ™) = 0

o

(scalars).

Since there is not dependence on time, we can rewrite the above equations
in the 3-dimensional space, performing a from-four-to-three dimensional
reductionﬂ: the 4 x 4 metric is decomposed into a 3 x 3 metric (which
is —e ?Y~,,), a three dimensional vector (w,,) and a scalar (eV); each 4-
dimensional vector field flf} instead gives origin to a 3-dimensional vector

field, let us name it V2, and a scalar, which will be its time component Af
(with 3-dimensional vectors and scalars we mean objects that transform in the
corresponding ways under SO(3)). We are going to obtain this dimensional
reduction of the equations of motion using the formalism of Scherz and
Schwarz (as described in [3]), with time playing the role of the compactified

IThis amounts to consider only the Fourier zero mode of the 4-dimensional metric and
fields in the so-called Kaluza-Klein compactification of the theory, in which the compactified
dimension would be the time. See [3].
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(although the term is imprecise) coordinate.

The form already makes clear the above decomposition of the metric; the
Scherk and Schwarz procedure makes use of the Vielbein formalism and we
will use the Vielbein basis reported in Appendix A (already used in Chapter 5).
Now, it is known that when a coordinate is compactified, some of the general
coordinate transformations of the higher-dimensional spacetime appears as
internal gauge transformations in the lower-dimensional one. To determine
the 3-dimensional vectors coming from the decomposition of the 4-dimensional
vector fields, we can exploit the Vielbeins: we define the following object,
which is a scalar under diffeomorphisms (for clarity we temporarily drop
N-matrix indices)

en Vi

33

el flu = —e"v 2w, Ay + Vv A, (6.4)

and this gives (flt = 1))

Vi = Ay — (6.5)

the quantity V,,, is a 3-dimensional vector, invariant under the internal sym-
metry coming from the dimensional reduction. This and the scalar A, are
the fields which origin from the decomposition of the vectors.

Now, taking the 3-dimensional part of the flu’s field strength and inserting
(6.5) we get

Fm = Fm = 28[mvﬂ} + 29 8[mwﬂ] + 28[m1p W)
= Gm + VVm + 28[m¢ W - (6.6)

As will emerge from explicit calculation, the 3-dimensional field strength will
be related to the quantity

H,,, = e“mer’;]:"w (6.7)
which, using , turns out to be

H,n = eyen (Gm + 1 Wm) = em€n Hpn- (6.8)

mn

The field strength H,,, is invariant under both ordinary local gauge and
internal gauge transformations. Finally, V,, and then H,,, carry a period
matrix index (as A, does).

The next step is to re-express all the equations of motion in terms of the
new 3-dimensional fields Am, wy, and 1, using the relations and .
Moreover, since we want to obtain a final expression for the equations in
terms of only scalar quantities, it will be necessary to introduce appropriate
new scalar fields. Let us consider separately the various equations.
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Maxwell’s equation. Let us start with the time component of Maxwell’s
equation

Vi (IAE FEmt Ry *sz) —0 (6.9)

where time derivatives can be ignored because of independence on time. The
F™  expressed in terms of the 3-dimensional field strengths, is (we temporarily
drop the multiplet index A)

Frot — _ymn [Foe — €'Vw? Fpp + VW Fpy + €'V w, w"Fy | (6.10)
and, using , it becomes simply
Pt = —gmyp 4 eV, (G2 4 p W) = 9™ + eV, H™™. (6.11)
On top of this, the in 3-dimensional form iﬂ

e2U

Vil

O {e—w\/m Ins [-0™ + eV, H>"]

mnr

€
+RA2

[H,, + Qan@z)zwr]} =0. (6.12)
For what concerns the spatial components
v <[AE FEmn Ry *Fzmn) —0, (6.13)
we use the following
Fron — AU (m g — o 9 4 2V (6.14)
inserting in , it turns out that it is simply Frmn — oAU frmn. thyg

the spatial component of Maxwell equation is

€2U

VIl

Now, we would like to express these equations (and also the following ones) in
terms of some scalars; two of these have already been determined, U, which
could be called the metric scalar, and ¥*, the electric potential (actually,
there are ny of this). The next one, let us name it the magnetic potential y,,
can be introduced dualizing the quantity between parenthesis in (6.15]):

O (er\/|fy| Ing HSm2 | Ry emnr ﬁwz) —0. (6.15)

e 9, xa = e/ | Ing HP™ + Rys €225 0, )™ (6.16)

. ~ mtnr
2Using Frmt — e pE < Fé

2/lg] LT 2620 /]
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which in turn gives
—2U
HA, = i/ﬁemm () orxs = (IR)yome®] . (617)
o Y
With the definition (6.16]) the (6.15)) is already satisfied. We need an alterna-
tive equation: for example the Bianchi identity for H,,,, which, using

and , gives

e 9 HA = e )N W (6.18)

Inserting in this last equation the expression ([6.17]), we get a first equation
for the electric and magnetic potentialsﬂ

Vi { e (I R) o™ — (1) oy | | = 000

2v/hl
(6.19)

Moreover, plugging (6.17) in the time component of Maxwell equation as
written in (6.12)), we have a second equation:

V(e (14 R R) 00 - (R P
emnr

— W dxa. (6.20)

2v/1l

The all thing can be conveniently written in matricial form

(I+RIT'R),y —(RITY)Y e
Vi e 2U o
—(7'R)y Y X

W emnr —XA
mn

9,
2 \/m B 1/}/\

and this explains how the matrix M, first introduced in (3.42), is built from

the equations of motion.

Einstein Equations. They are given by:
A : . 1 . .
G + Gij <8M¢’8V¢3 - igwﬁpqﬁ’@pqﬁ])

A A 1 SN S oo
+ 4)s (Fﬁ”FEp — ZQWF;},FEP ) =0. (6.21)

. . . . !
3In three dimensions, with metric ¥,,,, one has emnle =267
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We will consider them in flat indices. Starting with the 00-component, we
have:

e for the pure gravitational section:
A A 1 e 2 2 3 aUyp2
GOOZROO_EHOORIT R+2(8U) — 4V U—Ze %74 )
e for the scalar part
. . 1 . . e2U . .
0000 = 000,000 = S-0,6'0"
since
Do = € 0,0 = €0, + €5 0 = 0 (6.22)
and

0, 0°F = g™ 0 0nd’ =~ D' O™

o dealing with the vector part, we need to evaluate ® [y Fig and F/4 F= 4o,
For the first one, we have

I T - B A & mg - U.n
Foo = €gF e = €gFig +eg e, = e " etlhy,

and then
abiA Y _  _—2U_ ab _m n A X _ _—2U mn ;A Y A am, )2
n F‘aOF’bO_e n eaebF’th’ﬂt_6 g FthQt__ m¢ 0 ’¢ .

Calculating the scalar F lﬁ,ﬁ’ v we have firstly
FOLEPR = 28 FRmt g p pimn
using (6.5)), (6.11]) and (6.14])), we arrive to

2ENFEm = —20,, " 0™ + 264 0,000 w, HE

ﬁ&ﬁ*ﬁm = 64UHLHEm — 264U8mw/\ o.zQHEm
and then

FAERm = —20, 4" 0my® + eV H) g me, (6.23)
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Putting all together, we have an intermediate form for the 00-component:

62U 3 62U . .
- (R +2(0U)* — 4V2U — Z64UW2) + 79’@-]0@#8%]

— Iy (20,9 0™ + U HA HP™) = 0. (6.24)

Now we use the expression (6.17) for H2  in the last term of (6.24): this

gives

Ins (20,00 0™ + ¢V H,) H>™") =

20, 0" ™)™ (I+ RI?lR)Az — 20,0 0™ (Rf—l)AZ

~20,xa0"0% (I R)'Y, + 20,00y (17 =
(I + RIT'R) 5 _(R[_I)AZ (e
O [0" Xa] om = MO UM omuY.
—('Ry ()Y Xz

Thus, in the end, the 00-component of the Einstein equation is

R+2(0U)* — AV2U + Gij 0,yd'0™ ¢ =

3
Ze4UW2 + 42U My N0, WM 0 g

Next, we have the Om-component:

e first of all, the Einstein tensor reduces to
A - 1
GOm = Rom = §vn (€4Uan) )

e the scalar part does not contribute (see (6.22)));

e the vector part contributes with the term (apart from a factor of 4/,x)

ab A Y 2U mn A 13 r.m. n A X mr n A Y\ .
n FLL(]F’bm*e (7 FthQtwm_wvr 'UmFthnt—i_ﬁy UmFthm>7

expressing it in three dimensions (through (6.5])) we find

nPEARS = Vo N HE (6.25)
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and the equation assumes the form:
Vo (" Wo) — 81xs €V 0,9 HY = 0. (6.26)

Now, in order to have it expressed in term of the electric and magnetic
potentials, we use (6.17)): it follows

IAE €2U8n1/]A Hr%m = €mnr (anwAarXA - RAE andeard}E)

but the term with Ry is zero due to the symmetry of the period
matrix combined with the antisymmetry of the Levi-Civitd tensor. The
Om-component is then

Vn (€4Uan) - 8€mnran¢AarXA =0

Finally, we have the mn-component
A ) ) 1 ) .
Gmn + gij <am¢Z ngbj + §5mn8p¢zap¢])
A A~ 1 A oA
+ 41,5, (Fnﬁ“Ffa + Z%Jﬁ,ﬁﬂ”) =0. (6.27)

e The mn components of the Einstein tensor are

N

S 1
Gl = B+ =57 R = e’V (Rmn +20,U0,U — 8,1, VU — 3 e4UmeWnp>

e2V 1
- <R - UW? — 2V + 2(0(])2)
5mn 2 eGU 5mn
=V [Gmn +2 <8mU6nU - —5-(90) )} —5 (mewnp — TWQ)

(6.28)

where in the last line the 3-dimensional Einstein tensor is G,,, =
Ry — %5,””]%.

e The scalar part is
. ) 1 . )
gij <8m¢lan¢] + éémnaqulapgb])

= €2Ugij (am¢lan¢J - (San 6T¢Zar¢]) : (629>
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e The vector sector, apart from the term with the scalar F A F 21 which
has already been calculated, presents the quantity n“bF x EE .

b USING

Ff,}a =eYw,, e FAt + eVl el FA + erme”FA
an easy but tedious calculation yields
nabFA an - m¢Aan1/)2 - €4UH717\17‘H§T
and then the vectorial part in 3-dimensional fields is
s | (Ot 0™ = &V 1), )

_ Omn

o (20,0 0" - e H&HZM)} . (6.30)

Now we need to rewrite H2 HZ> using ; this brings to
(I 1) Ipxr — ( _IR)/;@WF}
< [ ()™ 0 — (R 00"

= ¢ (8n0pg — OmgOm) [ . } ! [ . } .

p q

A  _
HmTHnr - 67”7”106"7"‘1 |:

and with the same formalism we have also

A pH)
HA HSmn — 94U [ . } [ . ]

T T

so that ((6.30) becomes

4]@[(%%”1/@ T R [_..]j[.._]f)

o G au [ W PR | A

Then, a calculation nearly identical to the one in the 00-component
gives for the vector part

0

4 (MMNam\IJMan\I/N — %MMNam\pMam\pN)

and we have the final form for the mn-component



72 N=2 vector multiplets in the Taub-NUT spacetime

5mn 2 64U 5mn 2
G+ 2 ( OnUOLU = =2H0U)” ) = = ( WanpWap = =W

+4e 2 Myn <amxI:Man\11N — %‘@Wa%ﬂ =0

Scalar equation. We are left with the equation

j 1 n n A % T v
U (6000~ 000,06 (i EL ™ — 0 Bl 50) =0
Switching to 3-dimensional indices, we have first of all
V. (Gij0"¢’) = —* Vi (Gj0™ ) .

Next, we must take care of the term with the Hodge dual of the field strength:

. A~ . A ~ A 2 PN
OiBns B2 = 0,Rys (2B, F5™ 4 B, F¥mn) — - —— et B

Vdl

thanks to the symmetry of Ryy. Inserting and using again (6.17) we get

O Ras, FAYE™1 = 48, Ry, 0t [(rl}z)iI gt — (171 amXH]

— 40;Rpy —— Ot 0,05 w,.  (6.32)

Vol

The last term is zero by the combination of symmetry in the period matrix
indices and antisymmetry in the spacetime ones. Now, using ({6.32)), (6.23))
and, as usual, (6.17)) we find

0Ras B P10, 1y, FA PP —

20 0" [0iIns — (RIT'OII'R), . + (ORI 'R) . + (RIT'O:R) ]
A -1 -1\ = -1\ =
120,000 [2(RIOTT) ) = 2(0R 1) |

—2 0 a0 xx (I 0,1 171
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and this is nothing but the derivative of the matrix M with respect to the
scalars, multiplied by the spatial derivatives of the electric and magnetic
potentials:

OiRas FAFFEm — 00ys FA F51 =20, UM 9 My 020N, (6.33)

The equation of motion for scalars is then

. 1
Vm (gwc‘?mqﬁj) — 5&% 8m¢k8m¢)l -2 e‘QU&-MMN 8m\IJM8m\I/N =0

6.2 Taub-NUT and black hole potentials

6.2.1 The Taub-NUT potential

Let us recall all the equations that we have obtained so far:

- (I + Rl_lR)AE _(Rj_l)/\z P> emnr. —XA
vm 6_ am - WM 8£
N (RS (M X5 2v/hil P
(6.34)

R+ 2(0U)? — 4V2U + Gi; 0’ 0™¢) =
3 vy + 4672V Myn 0, P 020N (6.35)

4
Vo (€ Wom) — 8€mnrOnt0™0rxa = 0 (6.36)

5mn 2 64U 5mn 2

Gon + 2 8,,U0,U — 7(aU) = (W Wop = =W

+ gij (am¢lan¢] - 5% ar¢zar¢])

+de " Myn (&n\PM@n\PN — 5%37"\I’M<9T‘I’N> =0 (6.37)
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. 1
Vi (gijam¢]) - §aigkl 8m¢kam¢l —2e Y9 Muyn am\I’Mam\PN =0 (6.38)

It is evident that if the Taub-NUT field strength W,,, vanishes (which is
equivalent to set to zero the NUT charge V) we obtain the equations ,
.6, @7, and (4.9). The fields which appear are all scalars, except
for the Taub-NUT field strength W,,. We will replace it with a scalar field
a, which could be named Taub-NUT potential. Concentrating on the (|6.36)),
we set to zero the second termﬁ, so that, switching to curved indices, the
equation

Vi (e*VW™2) =0 (6.39)
can be solved with the introduction of the potential «, given by:
0,00 =/ |y| eV W (6.40)
and clearly
o—4U
Wt = ——™ 0,.au. (6.41)

-

The equation of motion for o can be obtained from the Bianchi identity for
the tensor W; it results

Vi (677 0™a) = 0. (6.42)

Through repeated use of (6.41) and subtracting from (6.35) the trace of
(6.37)), the equations (6.34)-(6.38)) reach the form

(I 4+ RIT'R),y, _(RI_I)AE [l —XA
Ve o™ =e W Opa0™
—(I7'R)A, (11" X U
(6.43)
VU + 74 (9a)® + 4e72Y My, WM omuN =0 (6.44)
Vi (e770%a) =0 (6.45)
—4U
R + 20,U0,U + —— 080 dyar

+ GijOm® 0nd’ + de™Y My 0, 90,9 =0 (6.46)

4This follows from comparison with the static case, but it is also automatic if (as we
will do) one assumes spherical symmetry of the configuration.
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L1
Vi (Gi;0™¢7) —50:9k O d*0™¢' =2V, Mysn 0, ¥MO™UN = 0. (6.47)

Now, we can first integrate the (6.45)): assuming spherical symmetry of o and
U, with explicit use of the three-dimensional metric v the (6.45)) becomes

d ([ _pday
ar (e %) =0

:C’—>a:C/e4UdT+K.

and then
ada

dr

We take C' = —2N E| The second constant K does not appear in the other
equations since « is always differentiated with respect to 7. Substituting
de — —2Ne' everywhere, assuming spherical symmetry for all the remaining
fields, the system becomes (prime means differentiation with respect to 7):

d (I+RIT'R),y —(RITY)y d P> d | =xa
— e — = 2N —
o w0 T e L
0 L,] , [¢"
_an 0 T XA
dUM quN
U" 422 Mpyy—— +2eUN? =0 (6.49)
dr dr
a=—2N / eVdr +G (6.50)
1 d¢'dy dvMauy o,
( ) gz] ar d + 2e MMN?? + e N = o (651)

A\ 1. . d¢tdd ) UM g
<gw > — 500 — 20 (e Murw) — =0. (6.52)

5The motivation for this is the following: in reality we already know the form of the
field strength Wiy, in the Taub-NUT case, see in the previous chapter. It is then
straightforward to check that, from , turns out that fi—f = —2¢*U N this also shows
that the assumption o = a(7) is correct, since the 6- and ¢-derivatives of « vanish. In the
end, the introduction of the potential «, in this case, is somehow pleonastic; however it
shows how to proceed in the situation where the off-diagonal component(s) of the metric
depends on some undetermined fields.
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6.2.2 Determination of the black hole potential

It is now crucial to find a way to eliminate the vector fields from the above
equations and possibly to define a reasonable generalization of the black
hole potential found in Chapter 4. Given the way the vectors enter in (|6.48))
this seems quite difficult: however, there are at least two ways to proceed,
although the result won’t be as satisfactory as before. The first one, a direct
generalization of the procedure followed in the static case, is the following:
noticing that the can be written in a more compact way in the notations
of Chapter 4,

d —2U d N d N
— — UV L =2N Qun—T :
o {e MMNdT } MN (6.53)

we can always define the constants of motion|
d
2Qu =20unQY =k« <6_2UMMNd—\I/N — 2N QMN\IIN) (6.54)
T
where we introduced the symplectic vector

A
Qv = [p 1 (6.55)
aa

constituted by the conserved electric/magnetic charges; what we have done
is to observe that the constant quantities in the (last) right side of
should be proportional, through &, to the electric and magnetic charges, for
the same reasons explained in Chapter 4. Here, however, the situation is
more complicated since we are forced to keep explicitly the vectors ®M (in the
alternative approach we will eliminate them but other problems will emerge).
The derivatives of the electromagnetic potentials are then

d QF

E\IIM _ 2€2U(M_1)MN QNP (N\IJP + 7) : (656)

expressions will look more readable if we consider the normalized charge
vector QM = QM /k. The (6.56) permits to rewrite the matricial products of

equations (6.49)), (6.51)) and (6.52)) as (at the same time we define the black

hole potential)

dUM N

2 —2U
e Mun dr dr

— 8¢ (N\If + Q)M (MM (N\If + Q)N
Vi (6, ¥, Q,N) (6.57)

6The factor 2 is for pure convenience, while x is a proportionality constant.
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dUM quN
—29; (e7?Y -
g (e MMN) dr dr

— gl (N\II T Q)M g (MM (N\IJ + @)N
= €2UaiVBH(¢7 \Ija Q7 N) (658)

so that, finally, the evolution equation for the metric function U, (6.49),
the constraint (6.51)) (analogous to the constraint (4.35))) and the dynamical
equation for the scalars are

U’ 4+ eV +2eN? =0 (6.59)
1, d¢'d
(U)" + 59 f fj Vi + e N? =13 (6.60)

- (gm y o + eV 0, Vy = 0. (6.61)
They have to be completed with the equation for the potentials.
Again, the four-dimensional equations of motion have been reduced to a
one-dimensional set of radial equations, which, apart from the presence of
the terms proportional to N2, are identical to the equations obtained in the
static case, , and . Then it is reasonable to expect that
we can repeat in the current case the analysis performed in Chapter 4.2, at
least as long as the explicit form of the black hole potential is not involved
(and with the possible differences arising from the new terms in N?). But
before moving further, we shortly describe the alternative method that can
be employed to define the black hole potential. If we rescale the potentials

Q M
M = (\PJFN)

equation ((6.56|) can be rewritten

d

oV =aN e (M) MY Qypdf = AYM oV (6.62)
-

where the matrix A depends on 7. The equation (6.62)) is identical, for

example, to the differential equation which describes the evolution in time of

a non-conservative system in quantum mechanics. It is well known that it

can be formally integrated by an iterative procedure; once one has defined

what, in this case, could be called a 7-ordered product

f(r)f(m) ifm >,
f(r)f(n) ifm>mn

7 k
d¢>_1zgkl¢d¢

T [f(m)f(7)] = {
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it turns out that the exact solution for (6.62)) is (dropping the matricial
indices)

O(r) =T [exp ( / A(o) do)] O (7) (6.63)

where we could take 7y = 0. The rescaled potentials evaluated at spatial
infinity, ®(79), can be expressed in terms of the constant electric and magnetic
charges and then one could get rid of the vector fields in equations (|6.49)),

(6.51) and (6.52)) using

A gy _ gy {exp ( / A(0) daﬂ T 0P () = AMTY P ()

dr P

The black hole potential could then be defined as (the radial derivatives of ®
and U are identical since they differ by a constant shift)

Ve (6, Q,N) = 8N2 &M (1) [TQM'QT] @™ (70). (6.64)

The equations of motion then take the same form obtained with the definition
(6.57). This second definition has the particularity that the vector fields are
no more involved, since only their constant asymptotic values appear, and
this would be the best situation; on the other hand, the solution of
given through the path-ordered exponential is formally correct but difficult
to deal with from a practical perspective. If we do not need the explicit form
of the black potential, we could equally use both the definitions; we choose
the first one, remembering that the scalar potentials of the vectors appear
explicitly and their behaviour should be kept under control.

6.3 Extremal limit and attractors

Now we want to repeat the considerations about finite horizon area and
regularity of scalars that in the static case lead to a probable attractor
mechanism. Considering extremal configurations, with ro = 0, the metric
becomes

dr* 1

2 —

d52 = 62U(dt + CL)) — € w (? + ﬁdQ%2)> (665)
and there is a unique horizon, since ry, = r_ = r,. Its area is given by

(referring to Schwarzschild’s coordinates)

A= [ Vangs dvd (6.66)
T=Th
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S0, in the parametrization we are using,

AU 2 AN cos2 O\ 2
A:/ <e sin” 6 B coS 9> 0.
T=TH

T4 T2

Since 7, = —00, the second term between parenthesis vanishes. The area will
then be regular if we require (as in the static case)

672U

A
= for T — —o0. (6.67)

We also ask for the scalar fields to be regular at the horizon, imposing

de' de?
gl] d7- EQQU’TZL < 00, (668)
condition that, together with (6.67)), ensures that
dotd¢? [(4m\ )
gZ] E% (I) T — X when 7 — —o00 (669)

with X? finite. Now, it is immediate to see that the above requirements
translate in the following behaviour of the constraint in the vicinity of
the horizon} for 7 — —o0

471 47\ 47\ * N2
=+ §X2 + (Z) Viw (¢n, ¥a) + (Z) = =0 (6.70)

and the last term goes to zero, so in the end (we do not indicate that
dependence of Vgy on the NUT and electric/magnetic charges)

dr 1, [4m\®
T T3X 7 Ve (¢, ¥n) =0 (6.71)

holds, near the horizon, also for the case with NUT charge. This readily gives
A S —47TVBH (¢h, \Ifh) ] (672)

it is now clear that, since (6.71]) is the same relation found in the static
case (equation (4.44))) and also the condition ([6.68]) does not change, one can
simply repeat the deduction done in Chapter 4, finding that (w = — log(—7))

do
dw

It should also be assumed that the electromagnetic potentials which the black hole
potential depends on are regular at the horizon; using the alternative definition of Vg,
the one with the path ordered exponentials, this would not be necessary.

=0 when w — —oo (horizon).
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Also in this case the scalars run into a fixed point, so an attractor mechanism
is likely to exist. This in turn gives

A

A= —47Viu(dn, Un, Q). (6.73)

Finally, the structure of the equation of motion for scalars, eq. (6.61)) does
not change with respect to the static case. Then it follows that the black hole
potential reaches a critical point at the horizon

8@51 (¢n,¥n)

=0

exactly as before. It seems that, apart from the complications in the definition
of the black hole potential, when scalar and vector fields are considered in a
Taub-NUT background it is possible to obtain the same results of the static
case for what concerns the behaviour of scalars and the existence of critical
points of Vgy at the horizon. Also the area-horizon relation is still valid.
There are some indications that an attractor mechanism may be at work;
on the other hand there is the novelty that now the critical values of the
scalars could also be related to the horizon values of the electric and magnetic
potentials. This seems unavoidable if we use the definition , which we
report:

Vin (6, 0,0, N) = 8 (pr + Q)M (MM (pr + Q)N, (6.74)

while it would not happen with the alternative definition ({6.64]).
The next step would be to specify the problem to the case in which the
action is that of N=2 Supergravity: we should then consider complex scalars

21, 7" as coordinates on a Special Kihler manifold and equations ([6.59),
and (6.61)) would become

U’ + eV +2e*Y N2 =0 (6.75)
dzt dz7"
(U")* + Gije didz— + e Vpy + U N? = 2 (6.76)
T T
d?z dzF dz!
T TG Gy VG0,V = 0. (6.77)

Next, it would be useful to have an identity like the (4.57) between the black
hole potential and a combination of the central and matter charges, but
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it is evident that, given the form of Vzy in , only the term without
electromagnetic potentials can be proportional to |Z ]2 + |Zi\2, and it seems
difficult to find another suitable invariant of special geometry, given the
presence of the potentials which are not, in principle, objects of special
geometry.

6.4 Conclusion

The above computation showed a way to treat the equations of motion of
vectors and scalars coupled to gravity in a stationary Taub-NUT background.
Some comments are in order. The new technical problem, with respect
to the static case, was the presence of the off-diagonal term in the metric.
Some initial attempts showed that, using explicitly the g;, component, the
pretty symmetric form of the equations was systematically broken and it was
complicated to check if the static case was obtained for N = 0, or also to see
if the matrix M was again involved (as it was expected). Things started to
work well when we considered the possibility of performing the dimensional
reduction explained in 6.1, using at the same time the general form for
the metric, with w,, an independent field. Once the right 3-dimensional fields
and coming from the reduction were determined, the calculations
were similar to the static case ones, only with the complication given by the
non-diagonal metric. The nice fact is that the new equations look as natural
generalizations of the static ones, and, once one introduces the NUT charge
N, this gives rise to a new, additive term; the contact with the static case is
then immediate.

The arguments which in Chapter 4 and in [I5] led to the (loosely speaking)
attractor mechanism can be reformulated and bring to the same conclusions.
It seems then that attractors are a constant feature of extremal configurations
in which scalars are present; it could then be investigated if the difference
between non-supersymmetric and supersymmetric, complete attractors still
holds.

On the other hand, some negative points also emerged: it has been shown that
the definition of the black hole potential Vg is more problematic and that
in the end there is not a satisfactory relation between Vg and an invariant
of special geometry, since when N # 0 vectors cannot be eliminated.

An important observation is that, for the reasons explained in Chapter 5,
we have assumed again spherical symmetry of the fields. This assumption
greatly simplifies things, but cannot be valid if we tried to solve the same
problem in the Kerr-Newman background (which would be the next step and
also a more significative problem from the physical point of view). In this
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last case, indeed, some attempts suggest that also the Kerr-Newman metric
can be put in the general conforma-stationary form (and this is an essential
point if we want to apply the above machinery), but with the metric scalar U
now depending on 7 and 6. It would not be possible then to rely on spherical
symmetry and calculations would be more complicated, in particular the
arguments used to deduced the attractor mechanism and the existence of
critical points of the black hole potential may not be sufficient.



Appendix A

Conforma-stationary metrics

A conforma-stationary metric has the general form
ds* = 2V (dt + w)? — ey pda™dz, m,n=1,2,3 (A.1)

with all components independent of the time coordinate t. w = w,,dz™ is a
3-dimensional one-form; 7,,, is the 3-dimensional metric (which in the cases
of our interest is always diagonal). The spatial part of the 4-dimensional
metric 1s

U 2U

2 —
Gmn = € WmWn —€ " Ymn

and

gm — _€2U

mn

v

In matricial form and Schwarzschild-like coordinates, they are

Guv =

© o2U e, U g eQwa 7
eVw, —e Wy, 4+ eVw w, e2Vw, wy eVw, w,

e2V g eV wgw- —e7 29 4 €2V wgwy eVwyw,
_eQUw@ eQUw¢wT eQUuprg —6_2U7W + erw@ww_

83
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'6—2U €2Uw2 €2U(,UT e2Uw9 €2Uwgo
62UWT _GQUVTT 0 0
wy
g =
62Uw0 0 _€2U,.y6'0 0
e2Vw?e 0 0 —e2Unpy

and the structure of the metric relevant for the dimensional reduction is

evident (see Chapter 6). When working in tangent space, we use the following
Vielbein basis

U U U U

e e’ W e —e" W,
a . 12 _
(e u) - 17 (e a) I

— n n

0 e v, 0 e’v,t
with
n

’YM = Ump ’Uﬂq(qu Wm = Um*(,uﬂ.

With the definitions
O = 0,0 0, Winn = 20imwh), Wonn = U Une W

the components of the spin connection are

1

Woom = —6U8mU, Womn = §€3UWmna

Wmon = Womn, Wmnp = _ermnp - 2€U5m[nap}U
where w? is the 3-dimensional spin connection. The components of the
Riemann tensor are (the hatted, left-hand side ones are components of 4-
dimensional tensors; all quantities in the right-hand side are 3-dimensional
objects; 3-dimensional covariant derivatives and curvature are built using the
3-dimensional spin connection)

) 1 1
Romon = §Vm8ne2U + eV 0,U0,U — €5, (0U)” + vaeGUmeWnp,

- 1 1 1

Romnp = _§Vm (€4UWRP) + §Wm[nap} etV — Zém[an]laqe4Ua
~ 1

Rinnpg = =€ Ry + §€6U (Wmnwpq - Wp[mWn]Q) -

— 2™ 6,0 (OU)* + 45, PV, 0"
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where 20 pg = OmpOng — OmgOnp- It is then straightforward to calculate the
components of the Ricci tensor:

Roo = —eV2U — 1 L oy (A.2)
A 1
ROm = Evn (€4Uan) (Ag)

1

Ry = (Rmn +20,U0,U — 8, VU — 3 e4UmeW"p) (A.4)

and the Ricci scalar
A 1
R=—e% <R —1 eYW? — 2V2U + 2(8U)2> : (A.5)

All the above expressions are used also in the static case, when the 1-form w
is zero, simply setting w = W = 0 everywhere.

The 3-dimensional metric that we use throughout the thesis is

4 2
ndrde = —9 dr? 4 —d(22 :
Tnn sinh” ro7 sinh? ro7

with dQé) = df* + sin® 6 dy?®. Its non-vanishing Christoffel symbols are

coshror sinh rq7 cosh ro7

I = —-2rg—— = 7 =sin?0I7
i sinh ro7 00 ro e o6
. cosh ror
Fi«p = —sinfcosf FT(, = —rg——
sinh ro7
F“” _Fgf OcoshroT o :COSQ'
T sinh r97 9% sind

The non-zero components of the Riemann tensor are then

R

ngw = sinh? ro7

0 __ 0 _ 2
0Tt T RﬂpT =Ty
and the Ricci tensor has only one non-vanishing component
2
R = —2r§
so that the Ricci scalar is

sinh?® ro7

R = Rmn’yi = RTTWTT = -
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