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Introduction

Black holes, regions of spacetime which appear black since not even light can escape,
are perhaps the most striking prediction of Einstein’s General Relativity. Since their
discovery, black holes have inspired physicists to raise many deep questions about the
fundamental laws of nature.

It is by now widely believed that black holes, or at least objects which can be approx-
imately described as classical black holes, actually exist in our universe, at the center of
galaxies or resulting from stellar collapse, and are thus not merely theoretical constructs.

The study of black holes is still an extremely active topic of research, and is central
to the ongoing quest to find a quantum theory of gravity. For one thing, black holes
typically encompass spacetime singularities, which signal the breakdown of the classical
theory. It is believed that such singularities will be resolved in a full theory of quantum
gravity.

Other clues toward the construction of a microscopic theory of gravity come from
black hole thermodynamics. Classical black holes obey the four laws of black hole me-
chanics [[1]], which are formally analogous to the laws of thermodynamics. If one wishes
to take the analogy seriously, then thermodynamic quantities should be assigned to a
black hole, in particular a temperature T" and an entropy Sgx [2] proportional to the area
of the horizon. This thermodynamic picture was corroborated by the famous calculation
by Hawking [3], who showed that in the semiclassical regime a black hole emits thermal
radiation corresponding to the temperature 7. The statistical interpretation of thermo-
dynamics then leads to a drastic change in the understanding of what a black hole is.
While in general relativity a black hole is a simple object, completely characterized by a
small number of parameters, the fact that it possesses an entropy suggests the existence
of a microscopic description in terms of a large number of degenerate states, all with
the same values of the macroscopic parameters. Any viable theory of quantum gravity
should then be able to reproduce, from the counting of microstates, the macroscopically
determined entropy.

One of the leading candidates for a theory of quantum gravity is string theory, or
more precisely its supersymmetric incarnation, superstring theory. According to super-
string theory all the elementary particles and forces of nature, including gravity, can
be described as vibrations of one-dimensional objects called strings, propagating in a
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10-dimensional spacetime. The low energy limit of superstring theory is a field theory
including gravity and enjoying a local symmetry relating bosonic and fermionic fields
to each other, i.e. a local supersymmetry, which is called supergravity.

To recover the universe we experience, which is 4-dimensional and possesses no un-
broken supersymmetry, from these 10-dimensional supersymmetric theories, it is gen-
erally believed that six of the ten dimensions are small and compact, giving rise to an
effective 4-dimensional theory, and that our universe is described by a supersymmetry—
breaking vacuum of this effective theory.

While supersymmetric vacua cannot describe our universe, they have played and
continue to play a key role in the development of string theory. In particular, the first
succesful computation of black hole entropy from microstate counting by Strominger
and Vafa [4] made use of the unbroken supersymmetry of the considered system. Super-
symmetry allows, owing to non-renormalization theorems, to extrapolate the result at
weak string coupling, where the system can be described in terms of strings and branes,
to strong coupling, where a description in terms of a black hole is valid. Following
this work similar tests have been performed succesfully for a large class of extremal and
near—extremal black holes, strengthening string theory’s position as a theory of quantum
gravity.

Black hole spacetimes, both with and without unbroken supersymmetries, which
asymptote to anti-de Sitter space are also interesting in the context of the conjectured
AdS/CFT correspondence. The correspondence, originally postulated by Maldacena in
1997 [5], asserts that string theory in anti-de Sitter space in d dimensions is equivalent to
a conformal quantum field theory without gravity living on the d—1 conformal boundary
of AdS. In a weaker form, the low energy limit of string theory, supergravity, is dual to
a strongly coupled CFT. Asymptotically AdS black hole solutions can be used in this
framework to approximate systems of physical interest described by field theories in the
strongly coupled regime, such as the quark-gluon plasma and various condensed matter
systems.

To find supersymmetric solutions of a supergravity theory one has to solve first or-
der differential equations called Killing spinor equations. This is typically easier than
trying to solve directly the equations of motion, which include the second order Ein-
stein equations. In this sense, supersymmetry can be regarded as a solution generating
technique. It turns out that it is possible to extend this method to non-supersymmetric
theories. This means that, at least for certain theories, it is possible to find a set of first or-
der equations, which in this case are not related to an underlying supersymmetry of the
theory, whose solutions are also solutions of all the equations of motion. This approach
is what is known as fake supergravity [6]. Fake supersymmetric solutions can exhibit
properties that are generally absent from genuine supersymmetric solutions, such as a
positive cosmological constant and explicit time-dependence.

Many open problems in black hole physics, for instance whether the cosmic censor-
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ship conjecture really holds, or what happens when black holes collide, or again how
accretion influences the growth and thermodynamics of black holes, are dynamical in
nature. To study such problems it would therefore be desirable to have dynamical black
hole solutions at our disposal. Unfortunately, not many such solutions are available in
the literature. Fake supergravity provides a way to obtain new dynamical black hole
solutions.

The goal of this thesis is to obtain novel black hole solutions, both supersymmetric
and non-supersymmetric, with potential application to the issues outlined above. The
thesis is organized as follows. In chapter[I|we briefly introduce the extended N = 2 su-
pergravity in four dimensions, writing the bosonic action, both for the ungauged and the
gauged theory, the equations of motion and the supersymmetry variations for vanishing
fermionic fields. In chapter 2| we review the classification of the timelike supersymmet-
ric solutions of N = 2, d = 4 gauged supergravity coupled to matter supermultiplets
originally published in [7]. We also present a simple supersymmetric black hole solu-
tion we found using this classification, which is, to the best of our knowledge, the first
supersymmetric solution to gauged supergravity with nontrivial hyperscalars. Chap-
ter [3| reviews the classification [8] of the fake supersymmetric solutions to fake N = 2,
d = 4 gauged supergravity coupled to vector multiplets, a theory obtained from the cor-
responding genuine supergravity by analytic continuation. Making use of these results,
in chapter[#we obtain some fake supersymmetric solutions, representing multi-centered
black holes in a cosmological Friedmann-Lemaitre-Robertson-Walker background, with
and without rotation, and with flat or curved spatial sections. We also study in some
detail the physical properties of the non-rotating single—centered solution. In chapter
we present a different multi—centered solution in a FLRW background, which is not
obtained from either genuine or fake supersymmetry, but rather as a generalization of
the previously known charged McVittie spacetime [9, [10]. As a particular subcase, this
solution describes multiple black holes in a background that is locally anti-de Sitter. We
also discuss some physical properties of the single-centered asymptotically AdS case
and generalize the solution to arbitrary dimension. Appendix |A| contains the conven-
tions we use throughout the thesis, while appendix [Bis a review of various geometric
structures used in the main text, in particular to define N = 2, d = 4 supergravity. Fi-
nally, in appendix [C] we give a succint account of the formalism for dynamical black
holes proposed by Hayward [11} 12,13} [14], giving in particular a generalized definition
of black holes, and generalized laws of black hole dynamics.






CHAPTER 1

N = 2,d = 4 gauged supergravity

A field theory with local supersymmetry is necessarily invariant also under local space-
time translations, i.e. under spacetime diffeomorphisms. This means that it must include
gravity, which is why these theories are called supergravities. The first supergravity ac-
tion was constructed in 1976 by Freedman, Ferrara and van Nieuwenhuizen [15], and
more general theories were discovered afterwards, in higher dimensions, coupled with
matter supermultiplets, and with more than one supersymmetry generator.

Supergravity was initially considered as a good candidate for a quantum theory of
gravity, since, given the good high-energy behaviour at low perturbative order, there
was hope that it could be ultraviolet finite. This however turned out not to be the case,
and supergravity is by now considered to be just the low energy effective limit of a more
fundamental theory, namely superstring theory or M-theory.

Supergravities symmetric under N supersymmetry generators, with N > 1, are
known as extended supergravities. It is possible to use some or all of the vector fields
of a supergravity to gauge a Yang-Mills subgroup of the internal symmetries of the the-
ory; in this case the theory is called a gauged supergravity.

In what follows we will focus on extended N = 2 gauged supergravity in four di-
mensions. This class of theories is interesting on its own, e.g. for studying black hole
solutions, since it has enough symmetry to be manageable while still allowing for inter-
esting scalar manifold geometries an matter couplings. Moreover it has applications in
string theory, as it emerges naturally from compactifications of 10-dimensional super-
string theory and 11-dimensional M-theory.

In this chapter we briefly review N = 2, d = 4 gauged supergravity coupled to
matter. In section [1.1) we introduce the field content and the ungauged action for the
bosonic sector of the theory, in section we discuss the internal symmetries and the
gauging, and in section[I.3] we give the expressions for the bosonic equations of motion
and the supersymmetry variations for vanishing fermions.

The discussion here is far from being exhaustive. For a more complete treatment we
refer e.g. to [16] or [17].
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1.1 N = 2,d = 4 supergravity

The field content of the theory includes of course the gravity multiplet, which consists
of the graviton e?, two gravitinos 1y, (I = 1,2) and a vector field A° , called graviphoton.
The gravity multiplet can in general be coupled to matter multiplets, specifically to a
number ny of vector multiplets and a number n g of hypermultiplets.

Each of the ny vector multiplets, labeled by an index ¢ = 1,...,ny, is composed of
one complex scalar Z*, two gaugini A'’, and one vector field A’,, while each hypermul-
tiplet contains four real scalars (the hyperscalars) and two hyperini. The hyperscalars and
hyperini of all the hypermultiplets in the theory are collectively denoted as respectively
¢“(u=1,...,4ng)and ¢, (o = 1,...,2ny). The i = ny + 1 vector fields of the theory,

A, A%, are also referred to as the array A% (A =0,...,ny).

Gravity Vector Hyper

Fields | e ¢, A°, | A', X' 71| ¢, ¢*

B Iz jZ

Spin | 2 3/2 1 | 1 1/2 0 [1/2 0

Table 1.1: Field content of N = 2, d = 4 supergravity.

We describe every fermionic field of the theory, meaning the gravitinos, gauginos
and hyperini, as Weyl spinors.

In the ungauged theory, the self-coupling of both the complex scalars Z* and the hy-
perscalars ¢* is described by non-linear sigma models. The complex scalars parametrize
a target manifold My of complex dimension ny which turns out to be a special Kahler
manifold (see Appendix[B.4). The special Kahler geometry, through the period matrix
N as defined by the relations (B.29), determines also the couplings of the ny scalars Z i
with the 7 vector fields A*. The hyperscalars, on the other hand, parametrize a quater-
nionic Kahler manifold My (described in Appendix of real dimension 4ny. In the
ungauged theory, besides the self-coupling determined by the sigma model, the hyper-
scalars are only coupled minimally to gravity and do not couple directly to the vector
multiplet fields.

In this thesis we are interested in bosonic solutions, that is, solutions on which all the
fermionic fields vanish. We will therefore concentrate on the bosonic sector of the theory.
The bosonic sector of the action for the ungauged N = 2, d = 4 supergravity is

S = /d4l’ ‘g‘ [R + 2 gij auzia,u,zj + 2 Hm) aﬂquauqv

+2 15 FAWE,, — 2Ry M % F¥ ], (11)

where G;;(Z, Z) and Hy, (q) are the metrics respectively on My and Mgy, the field
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strengths are defined as usual, F* = dA*, xF is the Hodge dual of F, and we have
introduced the following abbreviations for the real and imaginary parts of the period
matrix:

IAZ = jm(NAg) s RAE = 9%8(./\/‘/\2) . (1.2)

1.2 Symmetries and gauging

From the expression it is clear that all the isometries of the quaternionic Kahler
metric H,, are symmetries of the action. To preserve the supersymmetry, the isometries
must also preserve the quaternionic Kahler structure, which means that they must be
generated by quaternionic Killing vectors (see Appendix[B.7).

The isometries of the Kédhler metric G;;, on the other hand, should preserve the spe-
cial Kéhler structure, meaning that they should not only be generated by holomorphic
Killing vectors, but also that they must be embedded in the symplectic group Sp(7, R)
as explained in Appendix This however is still not sufficient to guarantee that these
isometries are symmetries of the action (L.I). The isometries of G;; which are symme-
tries of the action are only those which can be embedded in the subgroup of Sp(7n,R)

a b
S = ( . T ) (1.3)

withb=c= qﬂ If the theory admits a prepotential F () these are exactly the symplectic

generated by 27 x 2 n matrices

transformations leaving F = 1 yAF invariant.

Since the theory contains 7 = ny +1 vector fields, we can choose to gauge a symmetry
subgroup of the product scalar manifold My ® Mpy with dimension up to 7. This is
generated by holomorphic Killing vectors kx (Z) = kr*(Z2)0;+ka*(Z)0; and quaternionic
Killing vectors ka (q) = ka"(q)0, satisfying the same Lie algebra

[ka, ks] = — fas"kr, ka,ks] = —fas"kr. (1.4)

The matrices S associated with & should also provide a representation of the same Lie
algebra, [Sy, Ss] = — fas! Sr, which means

S\ = ( a(;\ —(a(,)A)T > with (CLA)FE = ngF. (15)

The constraint (B.52)) can then be written, for the section V, as

fas?L Mg =0, (1.6)

1t would be possible to modify the action by adding a Chern-Simons term in such a way that transforma-
tions with ¢ # 0 would also be symmetries of the action. We will not however consider this possibility.
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and using equation (B.51) it implies the conditions
LAPy=0, LMpi=0, L= —ifMPy. 1.7)

After the gauging procedure, the action (1.1) is modified to

S = /d4:1: 9| [R+2G;D,Z"D"Z7 + 2H,, D ,¢"D"¢"

+2I5s FAWE,, — 2Ry FM < F®,, —V(Z2,Z,q)] , (1.8)

where now the field strengths are
1
FA = dAr + §ngFAAE AN AT (1.9)

where g is the gauge coupling constant, and the covariant derivatives acting on the
scalars are

0,72 = 0,7 + gAN ka'(Z),  Duq" = 0,q" + gAY ka"(q) . (1.10)
The gauged theory includes a scalar potential,

V(Z,Z,q) =

2
~ - 1
% £A£2(4Hm,kA“kEv — 3PA"Ps®) + GT A fRPATPST — §IAZPAP2 . (1.11)

where I"®[sr = §*r and the other quantities, including the moment maps P (Z, Z)
and P57 (q), are defined in Appendix[B} Using the identity

,, 1 5
R L (1.12)

the potential can be rewritten in the form
_ _ 1
V(2.2,q) = g* |2£" L7 (Huka"ks” = PA"Py") = 21" (PaPy + PA"Pe") | . (L13)

The gauging procedure introduces new couplings in the theory. In particular the
hyperscalars are now directly coupled to the gauge fields and to the vector multiplets
complex scalars through the covariant derivatives and the scalar potential.

We will later restrict to abelian gaugings. If the gauge subgroup is abelian, the struc-
ture constants fux! are zero. Therefore the matrices S in vanish, and so do also the
moment maps P, (B.51), and the holomorphic Killing vectors ks (B.41). The covariant
derivatives acting on the complex scalars Z* reduce then to ordinary derivatives. This
is a consequence of the fact that the sections £* (or equivalently x*) transform in the
adjoint representation of the gauge group, which is trivial in the abelian case.
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It should also be noted that even in the absence of hypermultiplets, ny = 0, the
triholomorphic moment maps P,* can be non-vanishing. In this case they are constants
known as Fayet-Iliopoulos terms, and correspond to the gauging of a subgroup of the
SU(2) x U(1) R-symmetry group.

1.3 Equations of motion and supersymmetry variations

Following [7] we write the bosonic equations of motion obtained from the action (1.8) as

g = 1 4 ~0, £, = 1 55207

“2/lgl de 2,/]g[ 02"

A“ES\;HCSZ?\#:O’ “5—4\}@ “”(?q‘s;:m (1.14)
and the Bianchi identities for the vector field strengths as
BM =D, « FAVH, (1.15)
with
Ew = G +8I\sF T PFP™,, + 26,40 ,2'D,)27 — %guyngingJ]
Mo (90,0 D" — L0 D" Dpa’] + 50,0V (2, Z.0), (1.16)
E' = Dux ENT ot Lo(n D7+ Ra DR ZY) 4 ka DV, (1.17)
E = DZVLOFAN A FN L+ %aiV(Z, Z.,q), (1.18)
g = D"+ iauwz, Z.q), (1.19)

where the dual field strengths Fy are defined by

08

1 _
Frp=———— = 2Re(Nass F=1 ) = RasF= 0 + Inss x FZ . (1.20
A 4\/|?|5*FAW (Nax ) AsE Ty, AS I (1.20)

The supersymmetry transformation rules of the bosons are the same as in the un-
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gauged case,

dee, = —%&Hﬁael +c.c., (1.21)
AN, = Lpsaig L 1.22
Ay = I,u.eJ+8f €1JA Vel + e, (1.22)
, 1.,
VAR 1)\“61, (1.23)
S.qb = EU u o I
«¢" = Var (%" +c.c., (1.24)

while for vanishing fermionic fields, the rules for the fermions are

1
567/}I,u = Q,uel + |:T+,LLI/€IJ - QSIUHVEIK(UI)KJ] 7V6J7 (125)
S = izt + [($7+ + Wi) el + %W”” (JGE)IKeKJ} €, (1.26)
5€CO¢ = anI uﬁquej + NaIGI ) (127)

where the covariant derivative on spinors is given by
Duer = |V, + % (Qu + gAANPA)} €r + % (Azuauq“ + gAAMPAx) oley, (1.28)
and Q,, is the pullback to spacetime of the Kihler connection
Q= —% (,KdZ" — 0K dZ") . (1.29)

The quantities 5%, W', W' and N,/ appearing in these rules are called fermion shifts
and are defined as

g _ %gﬁAPAx7 (1.30)
Wie = gGIfAPL", (1.32)
Not = gUolulka®, (1.33)

while T}, and G, are respectively the graviphoton and matter vector field strengths,
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defined by

Ty = 2iL7 Iy FA (1.34)

JZR]

Gi,uz/ = _gijf—szEAFAuuv (135)

or equivalently, combining the vector field strengths F'* and their duals Fj into a sym-
plectic vector F = (FA | F,)T, by

Tt = (VF) and Gt = %gijwmﬂ. (1.36)






CHAPTER 2

Supersymmetric solutions

The first efforts towards a systematic characterization of supersymmetric solutions to
supergravity theories dates back to 1982, when Gibbons and Hull [18] obtained a partial
classification for pure N = 2, d = 4 ungauged supergravity. Since then many more re-
sults have been obtained, and in recent years powerful techniques have been developed
[19] 20} 21], allowing further advances in the field.

Restricting our attention to N = 2, d = 4 supergravity, the most complete classifi-
cation to date is the one given by Meessen and Ortin in [7], where they characterize all
the bosonic timelike supersymmetric solutions to the theory coupled both to vector mul-
tiplets and to hypermultiplets, with non-abelian gauging of the isometries of the scalar
manifold, using the bilinear method of [20]. Previous, less complete classifications in-
clude those in [22, 23] 24} 25, 26, 27].

In this chapter we review the results of [7], and subsequently use them to obtain a
new supersymmetric black hole solution, which we will present in a paper currently
under preparation [28]. This is, to the best of our knowledge, the first analyti super-
symmetric black hole solution to gauged supergravity having nontrivial hyperscalars,
with the exception of the solutions that can be obtained with the method outlined in
[30], in which however the hyperscalars are required to be covariantly constant.

The chapter is organized as follows. In section[2.T|we first introduce the Killing spinor
identities for a generic supergravity theory following the treatment in [31]. Then we
apply the formalism to N = 2, d = 4 supergravity, obtaining the minimal set of equations
of motion that must be imposed on a supersymmetric configuration to ensure that all
the equations of motion are satisfied. In section starting from the Killing spinor
equations, we obtain the equations characterizing supersymmetric field configurations.
In section [2.3|we impose the residual equations of motion, and we summarize the form
of the fields of a supersymmetric solution and the equations they have to satisfy. Finally
in section [2.4| we apply these results to a simple theory with one vector multiplet and
one hypermultiplet, and obtain our black hole solution.

INumerical supersymmetric black hole solutions in AdSs with nontrivial hypermultiplets where obtained
in [29]
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2.1 Killing Spinor Identities

Consider a generic supergravity theory with action S. The local supersymmetry of the
theory means that there exists some supersymmetric transformation, with parameter
€(), acting on all the bosonic fields ¢” and fermionic fields ¢/ of the theory such that

f_
6.8 = Z&bb Z(WM =0. (2.1)
If we now vary this identity over the fermions, and subsequently set the fermionic

fields to zero, we obtain

5(5.9)
5¢f2

of=0

55 6(5.9") 528 b 65 5(0.0") 525 " B
{Zb: (6¢b L + Spf28¢0 f‘b) Z(M,fl Sl +5¢f25¢f1 0c ¢ ) -

¢7=0

=0

85 6(6
[Z 6¢b 5¢f2 Z 5¢f25¢f1 ] =0, (2.2)
qu

where the last equality follows because the bosonic quantities ¢b and d.¢/ are of sec-
ond order in fermionic fields, and consequently their fermionic variation vanishes for
vanishing fermionic fields. Equation follows purely from the supersymmetry of the
action and is true for every bosonic field configuration.

If we restrict eq. to bosonic supersymmetric field configurations, i.e. bosonic
field configurations satisfying

551{ ¢f|¢f:0 =0, (2-3)

for some supersymmetry parameter ek () (a Killing spinor), then we are left with

5(6.,.5)
o7

65 4( €K¢>) B

$1=0

These are known as Killing Spinor Identities [31]], and relate the bosonic equations of mo-
tion 2 ¢l’ to each other through the variation with respect to the fermionic fields of the
supersymmetry variation J., ¢” of the bosonic fields. This means that in general one
needs to impose only a subset of the equations of motion on a bosonic supersymmetric
configuration to ensure that all the equations of motion are satisfied.

We now want to apply this formalism to N = 2, d = 4 supergravity. Using the super-
symmetry transformation rules of the bosonic fields egs. and the definitions
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of the equations of motion (1.14) inside eq. (2.4), the Killing spinor identities become

Eveel — i LhEN\ e, = 0, (2.5)
el — 2T fidg e, = 0, (2.6)
U e, = 0. (2.7)

By performing duality rotations on the above identities, it is possible to obtain a formally
electric-magnetic duality-covariant version of them. These are:

Eal'vyer — 4i(EM|V)erse? = 0, (2.8)
el +2i(g U e, = 0, (2.9)
ELul e = 0, (2.10)

where £" is a symplectic vector containing both the Maxwell equations and Bianchi iden-

_ (B
on = ( - ) , (2.11)

The vector bilinear V* = ie’y%¢; constructed out of Killing vectors can be either a null

tities:

or a timelike vector, dividing the supersymmetric field configurations in two classes. We
will consider only the timelike case. In this case we can use an orthonormal frame whose
time component e° is given by V/|V|. Acting on the identities on the left with
gamma matrices and conjugate spinors, then, we obtain

50’m — gmn _ 07 (212)
1
(V/X|£%) = SIx|7'e™, (2.13)
(V/X|E™Y = o0, (2.14)
Y 0 1 —ia
(Us E7) = Se&r, (2.15)
({d]em™) = o, (2.16)

g = 0, (2.17)
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where X = €| X| = L!7¢/¢; is the scalar bilinear.

Using the special geometric completeness relation (B.34), these identities imply that
every timelike supersymmetric configuration automatically satisfies all the equations of
motion except £% = 0, &' = 0 and the symplectic vector of equations £° = 0. They also
imply that to guarantee that all the equations of motion are satisfied, it suffices to impose
that the time components of the Maxwell equations and Bianchi identities both vanish,
g’=0.

2.2 Supersymmetric configurations

Our goal is to obtain supersymmetric bosonic solutions of the equations of motion
derived from the action (1.8). We will first look for supersymmetric field configu-
rations, and later impose the remaining equations of motion, namely the 0-components
of the Maxwell equations and Bianchi identities, as explained in section[2.1}

We will for the moment consider the field strengths F'* and the vector potentials A*
as independent fields; they will become related once we impose the Bianchi identities.
Supersymmetric field configurations are those for which the supersymmetry variations
of the fermionic fields vanish. More precisely, they are field configurations
for which the equations 6.ty ,, = .\ = 6., = 0, which are first order differential equa-
tions for the supersymmetry parameters, admit at least one solution €;. The equations
are known as Killing Spinor Equations and their solutions as Killing spinors.

The Killing spinor equations imply other equations for the bilinears

X = %{ilJE]EJ , Vo= ZEI’}/QEI , V¥, = iUIIng’yaEJ , DT = iUxIng’yabEJ (2.18)
constructed out of Killing spinors. These can be obtained by acting on the left with
gamma matrices and conjugate spinors on the Killing spinor equations.

From the gravitino supersymmetry transformation rule eq. the independent
equations we get in this way are

i

DX = VT, + ﬂSmVI/L , (2.19)
VuVy = 0, (2.20)
dV = 4XT~ —V258%%% +cc., (2.21)

T = x 0 i Qx
DV = T (w2 + EXS Guv + C.C., (2.22)

DVT = iV VP74 coc., (2.23)
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where V, V¥ and ®* are the differential forms associated with the corresponding bilin-
ears, and the SU(2)-covariant derivative is given by

DVE =dV*» + AV NVZ. (2.24)
From the rule for the gauginos, eq. (1.26), we get the equation

iXEKICDp,Zi + Z'(I)KI;U/@VZi _ 4Z-EIJGi+HVVKJV

— iWie T VE Wit IV E =0, (2.25)

while the rule for the hyperinos eq. (1.27)), which using (B.61) and the completeness rela-
tion for Pauli matrices (A.31), can be rewritten as

_ 1 -
Date! — iK %o I Dgv e’ — igel LMkp ey + 5g.cA@“P,;’vaﬂff”eJ =0, (2.26)
gives the equation:
VIehD g — iK% 0® ) VT D ,qY + g X 6T i £ kn " + %gxc‘AQUPA%“K =0. (227)

Equation (2.20) tells us that V#, which as said before we are taking to be timelike, is a
Killing vector, as usual in supergravity, while the V* are not Killing because of eq. (2.22).
Equation (2.19) can be rewritten in the form

v - 1 x xT

VTt = —i, X — ES Vi, (2.28)

and its consistency requires
VED,X =0. (2.29)

The antisymmetric part of equation (2.25) gives
, 1 A N i ;
VGt = - XD,2' + W'V, — —W*VT 2.30
I 2 Ql‘ + 4 123 4\/5 Mo ( )
which implies

VD, Z 4+ 2XW =0. (2.31)

The special geometry completeness relation (B.34) implies
FM =i AT 4 2fM60 . (2.32)

Substituting equations (2.28) and (2.30) in (2:32), and using and (I.12) we obtain

VYA = £, X + XD, + %g[AZ(PgVM +V2PsTVT ) (2.33)

which through (A.17) allows us to obtain for the field strengths F? the expression

1 1 1
FY = D[R] - 5« {V A [@IA +/2g (RARZPE - 8|X21AEP§> Vx} } , (2.34)
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in terms of the zero Kéler weight sections

_ 1% _ 1%
wen(2). zm(Y) a9
The trace of equation (2.27) is
VED,q" — ivV2KT U VR " 4+ 29X L kA" =0, (2.36)

and its real and imaginary parts are

VED,q" 4 29| X PR = 0, (2.37)

KZ“ VERD 0 + V29| X 2T k™ 0. (2.38)

To make further progress we introduce a time coordinate ¢ associated to the timelike
Killing vector V by
VHED, = V20, (2.39)

It is then always possible to make the gauge choice
VEAN, = V248, = 2| X|PRA. (2.40)

In this gauge, because of , equations (2.29), (2.31) and (2-37) reduce to the require-
ment of time-independence for all the scalar fields and the bilinear X,

7' =0,X =0,q" =0, (2.41)

which of course implies also the time-independence of the R and 7 sections.
The definition and the Fierz identity V? = 4|X|? imply that the 1-form V must
take the form
V = 2V2|X|?(dt + w), (2.42)

where w is a spatial 1-form, time-independent since V' is Killing, which by definition

1 14
dw = ——=d . 2.43
i (7) 24
This last expression, using equations (2.19) and (2.21), becomes

must satisfy

_ i Y _ Y - 2 A TY/T V
do =2 s [(X@X XDX +igV2| X|PRAPAY )/\X|4] L (244)

From the Fierz identities we know that the VV* are mutually orthogonal and that they
are also orthogonal to V. Furthermore they imply

VEV, =4|X?  and = VTHVT, = -2|X|?. (2.45)
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This means that the metric can be written as

1 1
)

ds* = ——
T T AXPp 2| X2

Sy VIR VY, (2.46)

and that the V* are a Dreibein for a 3-dimensional Euclidean metric:
02y VIR VY = hppda™da™, (2.47)

where we introduced the remaining 3 spatial coordinates ™ (m = 1,2,3). The 4-
dimensional metric takes the coordinate-form
1

ds® = 2|X|%(dt 2_
s | X[ (dt +w) AIXP

R daz™dz™ . (2.48)

In what follows all objects with flat (z,y, ...) or curved (m,n, . ..) 3-dimensional indices
will refer to the above Dreibein and the corresponding 3-dimensional metric. The po-

sition of the flat z,y,... indices is irrelevant, since they are raised and lowered with
Oy
Using these conventions, eq. (2.44) takes the 3-dimensional form
= g Apz
dw)zy = 24y, § (LD, ) — ——R"P} ¢, 2.49
(@) = 260y { T0.0) — =8P | 219)

where D is the covariant derivative with respect to the effective 3-dimensional gauge
connection
AAm = AAm - wmAAt = AAm + \/§\X|2RAwm . (2.50)

More information on the spatial 3-dimensional metric comes from equation (2.23). Its
purely spatial part of equation takes the form

dV® + VAV ANV 4T =0, (2.51)
with
A®, = A%, —gALPT, (2.52)
x g Apy T
T° = ——I'PYVYAV®, 2.53
& LPh (2.53)

Equation (2.51) can be interpreted as Maurer-Cartan’s first structure equation for the
Dreibein V*, with spin connection

Doy (V) = —yzwA®s + V29T PV 5717 (2.54)

To summarize, we have shown that, in the timelike case, a bosonic supersymmetric
field configuration, with the gauge choice (2.40), necessarily satisfies equations (2.48),
(2.49), (2.51), (2.41), (2.34) and (2.38). In particular, at this stage no constraint is imposed
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on R and Z, and consequently on the complex scalars Z*, other than t-independence.
These necessary conditions are also sufficient to have supersymmetry, since as proven in
[7] for any such configuration there is always a Killing spinor, taking the form

er =Xy, (2.55)
where 77 is a constant spinor satisfying the constraints
nt 4+ iy el ;=0 and nr + "®e@®7 ;=0 (nosum over z). (2.56)

Each of the four compatible constraints in (2.56) is able to project out half of the compo-
nents of ;. However only three of the constraints are independent, so that of the eight
real components one always survives. The configurations are then at least £-BPS.

2.3 Timelike supersymmetric solutions

As argued in section[2.1} if a supersymmetric configuration satisfies the time components
of the Maxwell equations and of the Bianchi identities, then it solves all the equations of
motion of the theory.

The time component of the Hodge dual of the Bianchi identities is just the Bianchi
identity of the effective 3-dimensional field strength I, which has the following 3-
dimensional expression:

- 1 -
FA,, = —EEW@ZIA +gBM.}, (2.57)

where
1

81X |2
The integrability equation of (2.57) takes the form of a generalized gauge covariant

B, = V2 |R*R® + M| Py? (2.58)

Laplace equation for the Z*,
D27 + 0,84, =0, (2.59)

where the covariant derivatives include both the gauge connection and the spin connec-
tion for the 3-dimensional base space with metric ;.

The time component of the Maxwell equations takes instead the form of a sort of
Bianchi identity for the dual field strengths Fy, which can be written as

1 - 1 - 1
— —Cuz wF , = — T g;I x -2 T ¥ IQIAI
\/55 yzD2Fry ﬁ9< |D,Z) P} + 59 fa fayr b

92

h u T T
4\X|2R [kauks® — PA"PS™ ], (2.60)

+
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where F) is defined by

- 1 -
FAzy = 7\ﬁezy2{©zIA + gBAz} P (261)
with
1
= 2 I's| pz
Brs = V2 |[RAR” + SIXE RarI™ | P (2.62)

To summarize, a timelike supersymmetric solution of N = 2, d = 4 gauged super-
gravity as defined by the action is given by a metric g,,,, 7 = n, + 1 vector fields
Aﬁ, ny complex scalar fields Z% and 4np real hyperscalars ¢* such that the metric and
vector fields take the form

1
ds? = 2|X? (dr + w)? — Wh,,mdymdy", (2.63)

1 -
AN = —§RAV + AN dy™ (2.64)

where the 3-dimensional metric h,,,, must admit a Dreibein V* satisfying the structure
equation
AV + €7 (Ay - gAAPAy) AV 4 %IAPAyVy AVE =0, (2.65)

| X|? can be determined from R and Z,

1

37~ R (2:66)

the 1-form V is given by
V =2v2|X? (dr +w), (2.67)

and the spatial 1-form w satisfies

(dw) gy = 2 Exye {(I|35zI> RAPZ} , (2.68)

g
2v2xi2 A

The complex scalars Z i the sections R and Z, the 1-form w, the function X and the
hyperscalars ¢* are all time-independent. The complex scalars are determined, in a way
that depends on the chosen parametrization of the special Kéhler manifold, from the
sections R and 7.

The effective 3-dimensional gauge connection A* must satisfy

. 1 .
(QAA)Ty = FAxy = *ﬁexyz{f'gzz-/\ + gBAz}a (269)
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from which follows the integrability condition (2.59). A similar condition for the Z’s is
given by (2.60), which can be rewritten as

B ~ ~ 2
DTy +9DuBrs = o (ID:T) P + T fa@ farr® I9T° T
LY g kauks” — PA"Ps®]. (2.70)
41X 2
Finally, the hyperscalars must satisfy
KU, VEED 0" + V29| X 2T k" = 0. (2.71)

For a given special geometric model the sections R can always, at least in principle, be
determined in terms of the sections Z, by solving the so-called stabilisation equations. This
means that to obtain a supersymmetric solution one needs to solve the above equations
for I, Tn, w, V= and q“.

In what follows we will restrict ourselves to abelian gauging, in which case some of
the above equations simplify. Namely, equation becomes

(dw)ay = 2€ay: {<II8J> - N;)(QRAPZA} : (2.72)
the expression for F'*
(dAN),y = PN, = —\%em{aﬁ +gBMY, (2.73)
and equations and simplify to
VA + gV B2, =0 (2.74)
2
ViIa +9VaBas = SO Ph+ 5m R auks' —PaPsT L @279)

where V,, is the covariant derivative associated with the 3-dimensional metric A,,,.

2.4 A black hole solution

We now turn to the task of obtaining an explicit solution with non-trivial hyperscalars.
To do so, we consider a simple theory with just one vector multiplet and one hypermul-
tiplet, ny = ng = 1.

More specifically, let the hypermultiplet be the universal hypermultiplet [32]. This is
called universal since it arises as a subsector in every N = 2 Calabi-Yau compactifica-
tion of M-theory or Type II string theory, and it parameterizes the quaternionic space
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SU(2,1)/U(2). The metric on this space can be written in terms of the hyperscalars
(¢7 a, 507 50) as:

1 1 !
Huudg"dg" = dg? + 7¢* (da - 2<£d£>> + eI + (d&0)Y), (276)
and the corresponding SU(2) connection has components
1 9 e2? 1
Al = e?dsy, AZ=e%de®, AP = - <da — 2<§|d§>> . (2.77)
As of the vector multiplet, we choose a special geometric model specified by the
prepotential

Flx) = —ix"x", (2.78)
with the parametrization x° = 1, x! = Z. Then it is easy to obtain from (B:2T) the Kahler
potential K = —log [49Re(Z)] and the scalar metric

1

900k S Rz

(2.79)

while the period matrix N ,y, giving the scalar-vector couplings, is calculated from

eq. to be
Nz—z’(Z ; ) . (2.80)
0z

Using the definition (2.35), the dependence of the R section on the Z section for this
special geometric model is readily seen to be

R'=-7, R'=-T, Ro=I" Ri=1", (2.81)
so that the complex scalar is given by

R+t Ty —iT!
TR T T, — i (282)

and
1

— = (R|T) =2 (I°T" + T,14) . 2.83
S~ (RID =2 (T +1Ty) 28)

Since the theory includes two vector fields, we can choose to gauge up to two isome-
tries of the metric H,,,. We choose to gauge the (commuting) isometries generated by the
Killing vectors

kn = knOq + 03¢ (€000 — €%, (2.84)

where k, and ¢ are constants, meaning that we are gauging the R group of the transla-
tions along a with the combination ANy, and the U (1) group of rotations in the £9-¢,
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plane with the field A°. The triholomorphic moment maps associated with the Killing
vectors (2.84) can be obtained from (B.66)), and are

PL = —d%c€%?, PA = 03c&oe?,
(2.85)

P?\ =00 {1 - iem ((50)2 + (50)2)] + %];A€2¢~

With these choices the scalar potential (1.13)) reads

V=Ll [ o s @+ )] - hoee)

7 odd -
24 ekfklcew}. (2.86)

Y71z 1
For simplicity we will look for solutions with R® = R' = Z; = Z; = 0, which implies
from that the scalar Z is real and from that the gauge fields are in a purely
magnetic configuration. From eq. follows that w is a closed 1-form, and can be
reabsorbed with a redefinition of the coordinate ¢, leading to static solutions. This choice
also implies that eq. is satisfied trivially.
We will also take the hyperscalar a to be constant and ¥ = &, = 0, so that the moment

maps (2.85) become
. 1-
PA=Pi=0, PR=dc+ kne™. (2.87)

Eq. (2.69) implies then dV3 = 0, making it possible to define a coordinate r such that
locally
V3 =dr. (2.88)

We will impose radial symmetry on the solution by requiring the scalar fields Z, ¢ and
the sections 7" to depend only on r.
The ¢, £° and &, components of equation (2.38) reduce then to the constraint

ANy =0, = AMky =0 (2.89)
while the a component becomes

_ 9 2¢ A7
¢ = ——e*? Tk, (2.90)
2V2

where the prime stands for a derivative with respect to .
If we now introduce the remaining coordinates # and ¢ by choosing

Vi=e"Mag  and  VZ=e"0f(0)dp, (2.91)
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where at this stage f is an arbitrary function of 6, the remaining components of eq. (2.65)
are satisfied provided that the following conditions are met

W) = —Lpigh = _ 9 <CIO + ‘fszz%A) 292)
Vet V2 2 ’ '
!
A° = —Mdgo. (2.93)
gc
From (2.93) and the constraint (2.89) we also have
7. i
it = ko £100) dy . (2.94)
ki gc

Finally, eq. (2.73) gives the following two equations

A V2o £7(0)
ge  f(0)

N .
[(IAkA) - % (IA)2 kaP3 | 2V () = (—1) (no sum over A), (2.95)
while eq. (2.74) is automatically satisfied since we obtained F™* as the exterior derivative
of the effective connection A%,
Equation (2.90) allows us to use the chain rule to trade the coordinate r for ¢ in
eq. (2.95), which summing over A becomes

1 A7) A7 2 07 17, —2¢\ _
50s [(Z k:A) } - (z kA) +27% (I Fy — T0ce ) —0. (2.96)
If we impose the condition
Ttk = 10ce % (2.97)
this equation is solved by
¢ —¢
Pr-__% = p_c_* (2.98)
ko + ce=2¢ ki ko +ce 29

where « is an integration constant. Substituting these expressions back in (2.95) for A = 0
or A = 1, we obtain an expression for the function W (r),

PP b ()
2W(r) _ |2 2¢ ¢ 2
e {agc (k0+ce )e } 70 (2.99)
The expression (2.99) is also a solution of equation (2.92), which is non-trivial, proving
the constraint eq. to be consistent with all the equations. From (2.99) we also
conclude that f”(0)/f(#) should be a positive constant, therefore f() in general takes
the form

f(6) = ysinh (60 + p) , (2.100)
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where v, § and p are constants. We can now go back to the coordinate r by solving
equation (2.90) to obtain the dependence of ¢ on r, obtaining

_ 1 (_ 3v
ng_—glog( 2\/§T+B>, (2.101)

where (3 is yet another integration constant.
All the integration constants can be reabsorbed with the coordinate change

(4\/% 22

——t, ———
gkic 3ag

(t,7,60,¢) " —p), =2 “”>, (2.102)

5 oy

allowing us to write the complete solution as

~ 2 ~ -2

1672 1 1 21

g = 07 (R g [y Rod A L geey Gin2eag)| | 2103)
g2kic cr c r2 2

p0 — _coshl, Ar = Focoshl, (2.104)
o e
1
é=—logr, 7= ki r2. (2.105)
1

We start the analysis of the solution by noting that it has no free parameters, since
all the constants appearing in are completely determined by the choice of
gauging. Observe also that in order to maintain the correct signature and to have Z > 0,
which is required to have a real Kéhler potential, we have to impose k1 ¢ > 0.

The metric is singular in r = 0 and, if ko ¢ < 0, also in 7 = \/~ko/c. The sin-
gularity in 7 = rg = 0 is a true curvature singularity, while the one in r = ryy = \/~ko/c
is not and corresponds instead to a Killing horizon, always covering the curvature sin-
gularity.

With the metric written in the form (2.103), it is immediate to see that in the asymp-
totic limit r — +-o0 it reduces to

1672 dr? 1
2 _ 22 O Loope 2 2
ds® = e r - 3 (d9 + sinh” 6 dp ) , (2.106)
which is manifestly conformally equivalent to AdS;xH?. Note that even if the scalar
fields diverge in this limit, this does not constitute a problem since the boundary terms
resulting from the integration by parts of the action vanish.

In the near horizon limit, r — rp, after the coordinate change ¢t — ¢/4, the metric

takes the form

g — — A Ko fape A e G2 g 2.107
S__g27k71r t_’[’T_( =+ sin (p), ( )
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which exhibits the geometry of AdS,xH?, while the scalar fields take the values

b= —%log (_’%) 7 z= M (2.108)
C

The magnetic charges are given by

PA:i/FA:pAV, Vz/sinh@d@/\dgo, (2.109)

yielding for the magnetic charge densities

0 1 L ko 1

=_ = — . 2.110
b dmge b k1 4mgce ( )
The Bekenstein-Hawking entropy density can then be written as
2
s = § = Ko 5 = 32m2pYpt . (2.111)

Vo ki g2c






CHAPTER 3

Fake supergravity

Supersymmetric solutions to a supergravity theory are obtained by looking for field con-
figurations for which the Killing spinor equations admit a solution. The general form of
the Killing spinor equation arising from the vanishing of the gravitino supersymmetry
variation is given by

(Vu+M,)e=0, (3.1)

where € is a spinorial function, V, is the general covariant derivative on spinors and M,
are matrix—valued functions.

Finding supersymmetric solutions is in general simpler than trying to solve directly
the equations of motion of the theory, since the first order Killing spinor equations are
usually easier to solve than the second order Einstein equations. It is then natural to
wonder whether this procedure can be generalized to find broader classes of solutions.
In other words, one would like to know if there are first order equations of the form
for which the field configurations admitting a nonzero solution ¢ are solutions of the
equations of motion of some field theory with gravity, not necessarily supersymmetric.

This kind of approach is known as fake supergravity [6], since the equations (3.1), while
having a form similar to the Killing spinor equations, are not related to an underlying
supersymmetry of the theory. Fake supergravity allows to find solutions of theories
that are only loosely related to supergravity, but also non-supersymmetric solutions of
genuine supergravities.

In this chapter we review the classification of fake supersymmetric solutions pre-
sented by Meessen and Palomo-Lozano in [8ﬂ The considered theory is obtained by
analytic continuation from genuine N = 2, d = 4 gauged supergravity coupled to vector
supermultiplets (see chapter T).

In section [3.1|we set up the theory, write the fake Killing spinor equations and their
integrability conditions, which relate the equations of motion, greatly reducing the num-
ber of independent equations of motion for a fake supersymmetric configuration. In sec-
tion (3.2l we proceed to characterize the fake supersymmetric solutions by deducing first

1Related work in 4 and 5 dimensions was published in [33} 134, 35].

25
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order equations for the fields from the fake Killing spinor equations and imposing the
residual equations of motion. We conclude by summarizing the form of the fields in a
fake supersymmetric configuration and the equations they must satisfy.

3.1 Fake N = 2,d = 4 supergravity

We start from genuine N = 2, d = 4 gauged supergravity as presented in chapter
but without hypermultiplets, ny = 0, and with one (combination) of the n = ny + 1
vector fields gauging a U(1) subgroup of the SU(2) factor of the full R-symmetry group
SU(2) x U(1) through the Fayet-Iliopoulos mechanism. This corresponds to having a
constant triholomorphic moment map.

Then we perform a Wick rotation on the Fayet-Iliopoulos term, or in other words we
take the constant triholomorphic moment map P to be imaginary,

PL s iCp02, (3.2)

where O is a constant and we have taken P} = P} = 0 without loss of generality.

The effect of this Wick rotation is that instead of gauging a U(1) group, we are gaug-
ing an R-symmetry through the effective connection Cy A*. The presence of a Fayet-
lliopoulos term is compatible with the gauging of a non-Abelian subgroup of isometries
of the scalar manifold with structure constants fax!, provided that the constraint

fas'Cr =0, (3.3)

which is a consequence of the equivariance condition , is satisfied. Since one vec-
tor field is used to gauge this R-symmetry, this isometry subgroup can have at most
dimension ny .

As long as we restrict to the bosonic sector without hyperscalars, the action after the
Wick rotation is real and still describes a valid theory of gravity. We rewrite it here for

convenience:

S:/d4:c | [R+2Gi; D, 2D 77

+2Izs FAMEE,, — 2Ry FA S F2,, — V] (3.4)

The action (3.4) has exactly the same form as in the case of genuine supergravity (1.8)
without hypermultiplets, the only difference being in the scalar potential that from the
expression (1.13) is now modified to
_ 1
V(Z,2) = g* |2[CaL| + 11" (ChCs = PaPs) | (3.5)

allowing in particular to have a positive cosmological constant.
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The idea behind fake supergravity is to find first order differential equations for
which the existence of a solution implies that the equations of motion of the theory,
or at least a subset of them, are satisfied. This is analogous to what happens in genuine
supergravity, in which the Killing spinor equations, through the Killing spinor identi-
ties, reduce the number of equations of motion that one has to actually impose on a field
configuration to obtain a solution.

Since we are considering a theory that is obtained by a slight modification of a gen-
uine supergravity, it makes sense to try to obtain such fake Killing spinor equations by
modifying in some way the true Killing spinor equations of the theory from which we
started. As mentioned, we are introducing an R-connection which together with the ex-
istent Kadhler U(1)-symmetry due to the vector coupling means that we should modify
the covariant derivative on spinors as

Dyer = Ver + %Quq + %Aﬁ [Pa + iChler . (3.6)

In this chapter we will denote respectively with D and with © derivatives with or with-
out the R-connection.
We then alter equations (1.25{1.26)) to obtain the following fake Killing spinor equa-

tions:

Dyer + |:T+uy€],] + %CAEAUW, 51]] ’)/VGJ = 0, (3.7)
Pzl + (¢ v wie, = 0, (3.8)

where the object
Wi = f% FiM [Py + O] (3.9)

now combines the contributions of both the fermion shifts W and W defined in (1.31)
and (1.32), and the field strengths 7" and G* T are still as defined in (1.34) and (1.35),

Tt = 2L s FA T, (3.10)

Gt =GP Is\FAT. (3.11)

Note that the fake Killing spinor equations (3.743.9) are not simply obtained from the
supersymmetry rules (1.25{1.26)) with the substitution (3.2), since this would not lead to
the correct equations of motiorﬂ but rather with

PRo®l; —  —iCpd'y. (3.12)

Since the above fake Killing spinor equations do not come from un underlying super-
symmetry of the theory, we cannot obtain Killing spinor identities with the procedure

2We thank P. Meessen for clarifications on this point.
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explained in section In this case the relations between the different equations of
motion will instead be obtained from the integrability conditions for equations (3.7}{3.9).
These can easily be calculated and give rise respectively to

By er = =2 £ [By — NasB”| e’ (3.13)

and
Bler = —2if™h [$A - NAEﬁz} erge’ (3.14)

with the Bianchi identity
B =DFN =0 (3.15)

and the equations of motion defined by

. 1 1
B = R + 2G50 ,2'D,) 27 + Al x5 [FA FEr — 477WF,§§,FEPU] ~ 59wV, (316)

pptv
wBy = DF) — % (kas x DZ" + ki xDZ7) (3.17)

] , . , 1.,
B' =07 —i0'NasF F¥5 07 40 Nas Fpm F¥7 07 4 S0V (3.18)
with the dual field strengths
FA=NasFE~ + NagFET. (3.19)

As was the case for supersymmetric field configurations in supergravity, the inde-
pendent number of equations of motion one has to impose in order to ensure that a
configuration for which equations admit a solution is a solution to the full set
of equations of motion is greatly reduced. If the squared norm of the vector bilinear
V, = iely,es is positive, meaning that V is timelike, we only need to solve the time
components of the Bianchi identity, and of the Maxwell equations,

wxBY=0, 1w« By =0. (3.20)

The authors of [8] studied also the null case, when V' has vanishing norm, but we
will only consider the timelike case.

3.2 Fake supersymmetric solutions

We now proceed as we did in the supersymmetric case. By acting on the left with conju-
gate spinors and gamma matrices on the fake Killing spinor equations (3.7}{3.8) we obtain
equations for the bilinears.
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From equation (3.7) we get, in terms of the real symplectic sections of Kéhler weight
zero R and Z defined in (2.35),

DX = %CA,CA V o+ iw T, (3.21)
DV, = glX[?CaR" g + 4Im(X T) | (3.22)
DV = gCARA VAVE 4 gC’AIA « [V AV, (3.23)

while equation leads to
2X D7 = 4G — W'V, (3.24)

The bilinear V' in the supersymmetric case was a Killing vector, but this is not the
case here, as one can see from equation (3.22). We are still free however to introduce a
time coordinate 7 from V' by choosing an adapted coordinate system through

V19, =20, (3.25)

but now the components of the metric will depend explicitly on 7.
From equation (3.23) we can calculate

£yV® =1y:dV® +d (1 VT) = g Cary AMV® + 29| XPCARM V7, (3.26)
which, if we make the same gauge choice as in the supersymmetric case,
wAN = —2IX 2 RN, (3.27)

reduces to
£y V=0, (3.28)

telling us that the 1-forms V* are 7-independent.
From the contraction of equation (3.21) with V we get

1 1 .
b QVY = —g9(R[C) + ig(Z|C), (3.29)

where we introduced the symplectic vector

(o
C = ( o > . (3.30)
1

- D = 2((RIDT) - i(Z1DT)) , (3.31)

Using the identity

=
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that can be easily proven using eqs. (B.28) and (B.32), the real and imaginary parts of
eq. (3-29) can be written as

(R|VyT + gm =0 (3.32)

<1\vvz+gc>:o, (3.33)

where we used the gauge choice (3.27) and the second constraint in (1.7).
Contracting instead equation (3.24) with V" leads to

Dzt = -2X W, (3.34)
which upon using again the gauge-fixing (3.27) and the constraints takes the form
VyZi = —g X fACy. (3.35)

Using then the first special geometry identity in (B.32) we can rewrite the above equation
to

which can be manipulated by using the special geometry properties and again eq. (3.34)
to give
(U;| VvT + gc> = 0. (3.37)

Equations (3.32), (3.33) and (3.37), together with the special geometric completeness re-
lation (B.34), then imply

VyI = —g c, (3.38)

which means that only the lower components Z of the sections Z are 7-dependent, and
that this dependence is linear.

As in the supersymmetric case, the Fierz identities imply that the 1-form associated
with the vector bilinear V' must take the form

V =2V2|X|? (dr + w), (3.39)

but now the 1-form w can be 7-dependent. The Fierz identities also imply that the V*
are mutually orthogonal and orthogonal to V, allowing us to introduce the remaining
coordinates and write the metric in the form

1
2 2 2 m n
ds? = 2|X|2 (dr + w)? — o Py (3.40)

where the three dimensional Riemannian metric h,,,, has the 1-forms V* as a Dreibein,

B = VEVE . (3.41)

m'n
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If we define

- . 1
AN = AN dy™ = AN + §RA v, (3.42)
equation (3.23) in the chosen coordinate system reads
i g A
dV® =gCp AMAVT + == CAIM ™2 VYAV 3.43
gtlna 22 A ( )

Equation tells us that the base three dimensional space with metric h,,,, must be a
Gauduchon-Tod space (see Appendix B.8), with the conformal transformations sending
one element of the conformal class into another corresponding to the residual gauge
freedom

OpAD = Cp AN 4 dw(y),  V® = e Ve, (3.44)

From the definition of w eq. (3.39) and the antisymmetric part of equation (3.22) fol-
lows
dw 4 g CAAM A (dT +w) = V2% [V A (Z|DT)] (3.45)

where we made use of the identity (A.17) to write explicitly 7", starting from the ex-
pression for 1y 7" that can be obtained from eq. (3.21). The time dependence of w can be
determined by contracting equation (3.45) with V. In this way we get

Lyw=gV20, AN — w=gOr\AM+ @, (3.46)

where @ = @, dy™ is T-independent. Substituting the above result into equation (3.45)
and keeping only the T-independent part, we arrive to

Do = eI | DL — 0,0, T) VI ANVZ, (3.47)

where we defined
I=1|,— (3.48)

and the derivatives associated with the effective three dimensional connection A by

DO =do+gCOpyAM NG, (3.49)

DT = 0T+ gAL SAT. (3.50)

The field strength F* can be deduced as in the supersymmetric case from the expres-
sion (2.32), using equations (3:2T) and (3:24) to obtain 17" and 1y G* ™, and then the
identity (A.17). The result reads

1 1
FY = —o®(RYV) — 5 « [V A DI?

1 A 1 S~ A
= —-9(R"W)—- —="*D, I VY AV*. 3.51
3D (RYV) = 55D, (351)
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At this point we proceed to impose the remaining equations. The time component of
the Bianchi identity translates to

. - 1 -
OAay = By = ——5 " D.I7, (3.52)

which due to eq. (3.38) is manifestly 7-independent, implying that the potentials A" are
also 7-independent. The integrability condition for eq. (3.52) is a generalized Laplace
equation for the Z"s.

A similar condition for the Z5’s comes from the imposition of the time component of
the Maxwell equations, and after some manipulations it reads

D27, — (Dz@z) 0:Ip = % fa@ fayr T Isy — % e T%Zs CrI". (3.53)

To summarize the results of this section, a fake supersymmetric solution to the theory
defined by the action (3.4) is given by a metric and ny + 1 vector fields of the form

ds? = 2|X? (dr + w)? — %hmndymdy", (3.54)
2|1X]
1 _
AN = fiRAV + AN dy™ | (3.55)

and ny complex scalars Z* whose dependence on the sections V, or equivalently on R
and 7, in general depends on the chosen parametrization of the special Kdhler manifold.
In what follows however we will always take the scalars to be given by

£t R+

Zi= = = T
£ RO4+i7°

(3.56)

The 1-form V is given by the expression (3.39), w = wy,dy™ is a 1-form which in general
depends on 7, and h is the metric on a three-dimensional Gauduchon-Tod base space. In
particular there must exist a dreibein V'* for h satisfying

AV = gOAAM AVE + I\ TAev2 VY AV, 3.57
glna 2\@ AL € ( )
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Furthermore the following equations must hold:
w=gCr\AM + &, (3.58)
EA = fisryzxﬁ)zzA, (3.59)
Ty \/i
8, =0, 9,In=--2_c,, 3.60
r=m550 (3.60)
R25 = g QTA 7 g 07 T
D2Zs — (Dait) O:Zn = % fa@ farIT Is = & [r0™ITs 0T, (361)
D& = e (I|D, T — 0,0, T)VY ANV, (3.62)
with
FA=9AN, O=wl—o, I=1I|—, (3.63)
DpZ = 0T 4 gCAAAT + gAASAT, D,Z = W"D,,T. (3.64)






CHAPTER 4

Black holes in an expanding universe from fake

supergravity

Not much is known on dynamical processes involving black holes, since only a few time-
dependent black hole solutions have been constructed so far. The first and perhaps most
famous one is the McVittie spacetime [9], whose interpretation as a black hole in a FLRW
universe has been the subject of some controversy in the literature [36, 37, 38]. Another
example, which however violates the energy conditions, was constructed by Sultana and
Dyer [39] using conformal techniques.

Kastor and Traschen (KT) [40] obtained a solution describing an arbitrary number of
black holes in a de Sitter universe, each carrying an electric charge equal to the mass.
This leads to a no—force condition, such that the whole system is just comoving with
the cosmological expansion. This solution allowed an analytical discussion of black hole
collisions and of the issue of whether such processes lead to a violation of the cosmic
censorship conjecture [40| 41]. The KT solution is a time—-dependent generalization of
the Majumdar-Papapetrou (MP) spacetime [42}43], which describes maximally charged
Reissner-Nordstrom black holes in static equilibrium in an asymptotically flat space.
The MP solution is supersymmetric, and in this case the no—force condition allowing to
take arbitrary superpositions of black holes despite the high non-linearity of Einstein’s
equations can be traced back to linear differential equations arising as a consequence of
the existence of a Killing spinor.

Supersymmetry however is only compatible with a negative or vanishing cosmolog-
ical constant, thus no true Killing spinor can exist in a theory with positive cosmological
constant. Despite this, it was shown in [44] that the KT solution admits a fake Killing
spinor, leading to an explanation of the black hole superposition similar to that for the
supersymmetric MP solution. The fake Killing spinor equations are obtained in this case
from the Killing spinor equations of pure N = 2 gauged supergravity, simply taking the
gauge coupling constant to be imaginary.

Maeda, Ohta and Uzawa (MOU) obtained [45], from the compactification of higher
dimensional intersecting brane solutions, four- and five-dimensional spacetimes, fur-
ther studied in [46]], describing black holes in a FLRW universe filled with stiff matter. In

35
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[47] Gibbons and Maeda presented a class of spacetimes interpolating between the KT
and the four—dimensional MOU black holes as solutions to a theory with a Liouville—
type scalar potential, later generalized to arbitrary dimension and further analyzed in
[48].

As of time-dependent rotating black hole solutions, only a few examples are known.
A spinning generalization of the KT solution in a string-inspired theory was given
by Shiromizu in [49], while five-dimensional multi-centered rotating charged de Sit-
ter black holes were constructed in [50, 51], and a rotating generalization of the five-
dimensional MOU solution was obtained in [52] by solving fake Killing spinor equa-
tions.

In this chapter we use the classification of fake supersymmetric solutions [§] re-
viewed in chapter [3| to construct explicitly some time-dependent solutions, describing
multi—centered black holes in a cosmological background, which were originally pre-
sented in our papers [53}54]. All these solutions are obtained considering theories with
only one vector multiplet, nyy = 1, and with Abelian gauging, i.e. with the Fayet-
Iliopoulos gauging of the R-symmetry and no additional gauging of the isometries of
the special Kéhler manifold. In section [f.T|we consider a rather generic special geomet-
ric model, but with the further restriction that the complex field Z takes on real values
on the solution, which will lead to non-rotating spacetimes, which turn out to be gener-
alizations of the Gibbons—Maeda black holes [47].

We then proceed to analyze in some detail the physical properties of the solutions in
the single—centered case, making use of the formalism introduced in appendix

In sectionwe consider a different truncation of the same model, and obtain again
the spacetime of [47] but with one of the gauge fields dualized to an electric, rather than
magnetic, configuration.

In section[4.3|we consider in a general way some possible choices for the Gauduchon-
Tod structure of the base space, without referring to a specific special geometric model
and without restrictions on the values of the scalars. We give explicit expressions for
the section Z and the rotation 1-form w suitable to describe black holes, both single— and
multi—centered.

Finally in sections 4.4 and [4.5 we apply the results of section [4.3|to two specific spe-
cial geometric models. Since we are no longer requiring the scalar field to be real we are
able to obtain multi—centered solutions with rotation and NUT-charge, in a cosmological
background with flat or curved spatial sections. In particular for the first choice of prepo-
tential we are able to write the solutions with flat spatial slices in terms of two complex
harmonic functions, in a form similar to the Israel-Wilson—Perjés class of metrics [55}/56],
of which they are time-dependent generalizations.
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41 The F(x) = —4(x°)"(x*)?*~" model

Given this prepotential with n # 0, 2, from (B.21) we can derive the Kahler potential

2

e K =lgrn 2T NG e 1)
4 4
where we took |x°| = 1.
If we consider the truncation Jm(Z) = 0, the Kidhler metric becomes
_ _ _n(2-n) —2 _ NoN1 _oy
g = 323Z]C|jm(z):0 = T%e(Z) = T@ s (4:2)
6
where we defined
ng = 2n, np=2(2-n)=4—ng, ¢ =logRe(2). (4.3)
From equation (B.31)) we obtain then
5o
. [ noez 0
N=—1 , (4.4)
8 ng
0 ne"z®
and for the scalar potential (3.5) we get
V:E nO(nO_l)e—%¢+2nOnle%¢+nl(n1_1>e”2—0¢ 4.5)
2 t2 tot t2 ’ ’
with the definition
na
th = — . 4.6
=g (46)

If one wishes to have a non-zero potential in the particular cases ny = 1 and ng = 3 one
has to require respectively C; # 0 and Cy # 0.
Plugging these expressions into (3.4) leads to the bosonic Lagrangian

’I’LQTL1 ny _no

71[: R4+ = qua ¢_ @ n1¢7F0 FO#V_ 4 7¢F1 Fl,uu

1 ’no(no — ].) ,L21¢ +2n0nleno;n1¢ + nl(nl - ].)6"70(1J

47
2 2 tots 2 (4.7)

We see that in order to avoid ghost fields in the Lagrangian one has to impose 0 < ny < 4,
corresponding to 0 < n < 2 in the prepotential. One can check that for t; — oo (ie.,
C1 =0), reduces to the Lagrangian used in [47], if we identify ng = ng, n1 = ng.
Rather than solving the stabilisation equations and express the R section in terms of
Z, in the present case it is more convenient to express all the components of R and 7 in
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terms of Z°, 7, and the scala field ¢. The definition (2.35), together with the constraint
Jm(Z) =0, leads to

n,
T'=e?10, Iy = eIy,
ni
8 ngn 8 n
RO= "™ 7%, R'=——e7%T,
ni ni

Ro = %e%zo, Ry = L0, 4.8)

as well as ) ) -
—— = (R|T) = = P ?(T%)? + 2 T 9(T))2. (4.9)

2| X2 2 n?

Notice that since both Z° and Z! must be independent of 7, either Z° = 0 or ¢ is also
independent of 7. In this second case using (3.60) we see that Cp = 0 < C; = 0, so that
if we require a non vanishing scalar potential we must impose Cy, C; # 0; we also find
thate? = 1S = &

no Cl to °

4.1.1 Construction of the solution

The simplest solution of eq. (3.43) is the flat three-dimensional space, with

Vi =gt

m m?

CAAM = Ca T = 0. (4.10)

With this choice for the base space we don’t need to distinguish between z,y, z... and
lower m,n,p, ... indices.
If we require a nonvanishing scalar potential V' # 0, then C,Z* = 0 together with

implies either

7°=0 = T' =Ry =R, =0, (4.11)
or a constant ¢ with
C,
¢$=_20 412
e o, (4.12)

and Cy, C; # 0; but if ¢ is constant we should also have e? = %%' so this choice is

clearly inconsistent. The only consistent possibility is then Z° = 0. Using equation (3.59)
this immediately implies
FO=F'=0. (4.13)

Because of (4.11) and Cy A* = 0, eq. (3.62) implies d = 0, and thus locally
w=df, (4.14)

where f is a generic function of the spatial coordinates.
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Equation (3.61)), since we are in the Abelian case and the structure constants vanish,
then becomes

0p0p(Lo + £5 ) =0, Opdp(PTy — 1Ly =0,
= (4.15)
0p0p(T1 + 255 f) = 0T — 2Ly =0,

with ¢ = ¢|,—o. This can be solved by introducing two generic harmonic functions of
the spatial coordinates Ho, H1 as

ny 5 _ [/to+Ho
4\/§(f/t1+7{1)a € f/t1+H1

At this point, using (3.60) and Zy = ¢®Z; we obtain

ni1 T + f no T+ f )
! 4\/5 < tq 1) 0 ( 0

I, = (4.16)

e = 0T 0 (4.17)

and from (4.9) one gets

1 [T+ f E3 T+ f E

We have now all the elements needed to write down the complete solution in terms of
the two generic harmonic functions 7, and #;. Since f appears everywhere as a shift in
the time coordinate 7 we can set it equal to zero with the coordinate change t = 7 + f to
obtain

ds? = U~2dt? — U2dy? (4.19)

-1
t t/to+7‘[o
AN = [ = dt =In(+t—F%H>
(tA +HA> 0 n(f/ltl +H1> 7

with

; Sy 7
U= ( + 7'[0) ( + ”H1> . (4.20)
to t

Here one clearly recognizes the substitution principle originally put forward by Behrndt
and Cveti¢ in [57], which amounts to adding a linear time dependence to the harmonic
functions in a supersymmetric solution of N = 2, d = 4 supergravity.
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4.1.2 Physical discussion

As a first remark if we set C; = 0, corresponding to t; — oo, and make the choice of
harmonic functions

N ((Ji) N gi)
Ho = -, Hi =1+ —, (4.21)
;W—yz‘\ ' ;W—?M

we recover precisely the solution presented in [47]. The same is true if we set Cy =
0, change the sign of the scalar field and exchange everywhere 0 and 1 indices. This
solution represents a system of multiple maximally charged black holes in a universe
expanding with arbitrary equation of state P = wp, with w = % sothat -1 <w <1
for 1 < ng < 4 (for ny < 1 the scalar potential is unbounded from below). Note that
one can have w < —1 by allowing ny < 0 or ng > 4, but then of course the action (4.7)
contains ghosts. In this case, we would have black holes embedded in an expanding
universe filled with phantom energy. In the limit ny = 4 one obtains the Kastor-Traschen
solution [40], describing multiple black holes in a de Sitter background, while for ny =
0 the scalar potential is zero and the solution is the Majumdar-Papapetrou spacetime,
describing multiple extremal Reissner-Nordstrom black holes in an asymptotically flat
background. Notice that we can also recover the Kastor-Traschen solution keeping both
to and ¢; finite and taking toHo = t1H1.

Retaining both Cj, and C the scalar potential has critical points; the derivative of the
scalar potential can be written as

n t t
V'[¢] = Tlo?;l e [1 - eﬂ {1(1 — o) + (1 —ny)e?| . (4.22)
412 t t

We can see that if we take ¢ot; > 0 there is, for every value of 0 < ng < 4, a minimum in

e = %, Vinin = 6tfn1/2t5”°/2. For 0 < ng < 1or 3 < ng < 4 there is also a maximum
ine? = —37n0 0 Vinax = 2(1257) “egth /2 om0/ however for these values of ng the

potential is not bounded from below. For 1 < ng < 3 the potential is bounded and the
minimum is global.

If on the other hand we take tgt; < 0, there is only a negative minimum in e? =
—1:—2?% ifl < ng < 3, Vipin = —2(}:2?)"01"1 t1|~™1/2|tg|7"0/2, while there are no

critical points for 0 < ng < 1or3 < ng < 4.

For ¢pt1 > 0 and assuming that the harmonic functions have a well-defined limit for
|§f] = oo, one can study the asymptotic behaviour of the metric; swapping the coordinate
t for t defined by

~ ng ny
dt t T4 t T4
—=|—= — ;= i i 4.2
7 (to +ko> <t1 +k1> , k; ‘glgoﬂz, (4.23)

the metric asymptotically assumes a Friedmann-Lemaitre-Robertson-Walker form,

o dt

ds® = dt* — a*(t)di” a(t) = e (4.24)
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The explicit form of a(t) is complicated; however it is possible to obtain the time depen-
dence of the density and pressure,

3 n2 1 nito\
o 3m 1 (pe mto 425
Pl 1287 2 R({)£<R()+not1> ’ @2
~ 5 TL2 1 ~ nq to 2 8 ~ ni t2
P(t)=—-———-2 = H+——) - — (R +—2 4.2
®) 1287 3 R(1)=" l(R( )+ no tl) 5no (R ®)+ no t?) ’ 20
where )
rp) = W/t (4.27)
t(t)/to + ko
so that
~ ny ni tg
pP(t) _ B =-2 1_&% (4.28)
) =3 dng = w\? ]’ .
p (@) + i)

that gives the correct value of [47] in the limits ¢ty — oo or ¢; — oo.

If both ¢y and ¢; are finite, w is time-independent only if toko = ¢1k1, which is equiv-
alent to consider ky = k1 = 0, since we are free to set ky = 0 without loss of generality
by shifting ¢. In this case a(f) = /%, with f, = t0°/*#7*/*, w = —1 and the spacetime is
asymptotically de Sitter independently of the value of ng, while the scalar field tends to
the critical value e? = t /.

Note that in the case tpt; > 0, the solution tends to de Sitter for |j] — oo and
arbitrary kj either for ¢ — co or t — —oo (for positive or negative ¢, respectively).

Since we are interested in black hole systems, we consider harmonic functions of the
form

t
HA(@:‘])E*"F,HA:*—F]@\‘FZF, A (4.29)

and take ky = 0 since it can be eliminated by shifting ¢. Notice that while we could take
some of the charges to be zero, this would lead to a divergent scalar field in the limit
|7 =il = 0.

The scalar curvature of (£.19) reads

o §1’L1(377,1 — 4)1%H3 + 6n0n1t0t1H0H1 + n0(3n0 — 4)t%H12

R o
8 32 H,” H,
non Hy\?
+ ——r (8p In °> : (4.30)
8H,® H,* H

which is singular for Hy = 0 or H; = 0.
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We can also consider the limit |§ — ¢;| = 7; — 0 for some 4; then the time dependence
drops out and the metric reduces to AdS, x 52,

2 12
ds? —Qdﬂfﬁm%J%%, (4.31)

r;—0 — li2
with I; = (Q{")m0/4(Q\")m /4. As we shall see later, does actually not describe the
geometry near the event horizon of our time-dependent solution.
We turn now to study in more detail the system with a single black hole. Since in this
case there is spherical symmetry, we will work in spherical coordinates,
Ho(t,r):i+@7 Hl(t,r):i+k1+&. (432)
to r t r
If Qo, @1 # 0 we will assume in the following, without loss of generality, |Q1t1] > |Qoto]-
Since r = 0 is not a curvature singularity unless one of the charges is zero, the space-
time can be extended to r < 0. The singularities are represented in the r-t plane by two
hyperbolae having the asymptotes » = 0 and respectively t = 0 or t = —kqty; if k1 # 0
they intersect unless Qoto = Q1t1. To ensure the regularity of the solution we must re-
quire HyH; > 0; this corresponds to the area external to the singularities in the r-¢ plane
for tot; > 0 or to the area between them if ¢y¢; < 0 (see figure .
The present spacetime satisfies the weak energy condition; to see this, compute the
energy-momentum tensor components Ty, for an observer with orthonormal frame

L =Utdt, el=uUdr, E=Urdd, e =Ursinbdy.
One obtains

p? =Fi+Fo+Fs, P=Fi +Fs—Fs, Py=F —Fs—7Fs,

P = P = PN = F, TS = —Fs, (4.33)

where p = Ty, Pr = Th11, Po = Ths = T33, the other off-diagonal components are zero,
and

1 1 2 2
Fi=U? ”0”1( ) . F=u?h (Q‘)—Ql) . (439

16 toHo B tlHl 167‘4 Ho Hl
u2 no ni 2 no ni
_u N _ _ 4.35
Fa=7 (toHo t1H1> t2H? t%Hf] ’ (4:35)

U? (@} | mQ} nony (1 1 Qo @1
_ - _ 20 X))  436
]:4 4rt ( Hg * H12 ’ JT:S 87"2 toHO tlHl H() H1 ( )
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Q1t1

Qoto

Figure 4.1: Allowed coordinate ranges in the » — ¢ plane. The dashed curves denote the

curvature singularities, the allowed range is the white area for ¢yt; > 0 or the grey area

for tot1 < 0. We assume here k1t; and Qoto positive; the other cases can be obtained by

reflection or rotation.
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2
Since Fy, Fa, F4and Fy + F3 = U> % (t:;)Io + tl”ﬁl ) are positive definite, the energy

densities p? and p°™ are positive. Notice also that F,—Fy = U > (nﬁi—?o + %) ’ /(167%)
is positive definite and that F § =4F 1 F,.

T% can always be diagonalized by changing to a different orthonormal basis. Its
eigenvalues are

1

. 1
b= (p ~PyJlp P - 4731) , (4.38)
Py =Py, (4.39)

In terms of these the weak energy condition can be stated as

We have
p=Fs+Fs+|F1—Fao| > (F1+Fs3)+ (Fs—F2) >0, (4.41)
p+P.=2|F — Fy| >0, (4.42)
p+Po=Fi+Fs+ (Fy—Fo)+|F1—Fa| >0, (4.43)

and thus holds. Whether the strong and dominant energy conditions are satis-
fied depends on the values of the parameters; it has been shown in particular that the
Gibbons-Maeda solution (t; — co) satisfies the strong energy condition if and only if the
asymptotic cosmological background does [48], and that the Maeda-Ohta-Uzawa solu-
tion (t; — oo, ng = 1) satisfies the dominant energy condition [46].

The spherical symmetry allows us to covariantly define the circumference radius
R=|r|U=|r|Hy o/t s 1/% it is immediate to see that this radius vanishes on the singu-
larities. In a spherically symmetric spacetime it is also possible to compute the Misner-
Sharp quasilocal energy [58], that can be interpreted as the energy inside a closed surface
of radius R,

m =4nR(14+V,RV'R) , (4.44)

where

1 tno (t + k1t1)ny 2 5 ng n1 2
pp_ L _p2gmo g . (445
VultVIR = =35 [(tOHO T ) R\ S, T (4.45)
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Following [46)] 48] we can look for trapping horizons [11]. Introducing the Newman-
Penrose null tetrads

1
I = — (U 'dt —Uadr)
7 )
1
n = % (U 'dt +udr) (4.46)
T
m = U——=(df+isinfdy) ,
7 ( )
and the complex conjugate m, satisfying l#n, = 1 = —m*m,, the expansions of the

outgoing and ingoing radial null geodesics are defined by
0, = —2m“mIV,l,,  0_=-2m“m’V,n,, (4.47)

which evaluated explicitly are

1 no ny tng (t + k‘ltl)nl
9:7"1/12( + )i( + . 4.48
= 2V 2rU [ toHy  t1H;p toHp t1Hy (4.48)

While 6, are not covariant quantities, their product is; comparing (4.45) and (4.48) it is
straightforward to conclude that

2
R2
A metric sphere is said to be trapped or untrapped if 0,0 > 0 or 6,6_ < 0 respectively,

0.0_ =—V,RV'R. (4.49)

and to be marginal if 6, 6_ = 0. A trapping horizon is the closure of a hypersurface foli-
ated by marginal surfaces, which means that it occurs when 6, 6_ = 0, or equivalently
when V,, R becomes null.

It is possible to geometrically define on trapping horizons a local surface gravity k;
and the associated Hawking temperature 7; = ;‘% [13)[14],

1. -
k== VuVIR |y, =
_i tn0t1H1 + (t + kltl)nltoHo 2 no n n 2 o N + n
8R not1 Hy + nitoHo toHo  t1Hy t2HZ ~ t3H?

t2n0 (t + k1t1)2n1 tno (t + kltl)nl
—9 4.50
* (tgHg * t2H? toHo * t1Hq ’ (4:50)

where V is the covariant derivative associated with the two dimensional metric normal
to the spheres of symmetry. This surface gravity satisfies on the trapping horizons an
identity similar to the usual relation for stationary black holes,

KMV, K, = kK, (4.51)
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where in place of a Killing vector we have the Kodama vector K = g~ '(xdR), with x
evaluated with respect to the normal metric. It should be noted however that an observer
whose worldline is an integral curve of K does not measure the temperature 7; near the
trapping horizons; the observed temperature is, to first order, ' = T; C —1/2 with redshift
factor C = V,RV*R.

Now if we take k; = 0 or equivalently consider the limit » — 0, ¢ — oo with rt kept
finite, vanishes for t> = P2 H* H"*, i.e.,

tr "oty "
= (Tra) (Fra) 452)

or nitoHy + not1H; = 0 if tot1 < 0. However the latter solution doesn’t correspond
to a change of sign in 6, 60_, so it doesn’t identify a trapping horizon. Notice that the
solutions of have constant circumference radius R, and since the gradient of R
becomes null there, the trapped horizons are null surfaces in the limit » — 0, ¢ — oo
with rt fixed. In this limit the geometric surface gravity simplifies to

1 tno tn1 > < t’rlo tn1 )
ki =— + 2 — — . 4.53
""" 8R <t0H0 t1Hy toHoy t1H; (4:58)

The identification of event horizons is a nontrivial task for dynamical black holes,

since it requires the knowledge of the entire causal structure of the spacetime. Never-
theless, we can argue as in [46], and use the fact that the event horizon has to cover the
trapped surfaces provided the outside region of a black hole behaves sufficiently well
[59]. Since the spacetime is indeed well-behaved for positive r (as long as we are
outside the forbidden regions in fig.[4.1), and the trapping horizons contain null surfaces
in the limit » — 0, £ — oo, we shall examine in the following if these null surfaces
are possible candidates for the black hole event horizon. As we said, the limit » — 0,
t — oo with rt kept finite is equivalent to taking k; = 0. In this case, the metric is in-
variant under the transformation ¢ — at, » — r/a, and thus admits the Killing vector
& = t0y — r0,, which is hypersurface orthogonal. Introducing the coordinates

R 2 R
T:jzlog\t|+/ Rf((R)) ., R= Q’:to7 (4.54)
FR) = (Quol'R? —*(R), o(R) = Q3R+ 1) PR+ 2 T s
such that £ = d7, the metric can be written in static form as
ds? = TR a2 (000122 ym2 _ g(Rya? (4.56)

9(R) f(R)
From it is clear that there are Killing horizons where f(R) = 0, that is, in (r,t)
coordinates, t* = r?H{° H{"; thus the Killing horizons coincide with the trapping hori-
zons [.52). As the near-horizon geometry enjoys the unexpected symmetry under
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translations of the time coordinate 7" (which is not a symmetry of the original spacetime
(4.19)), our solution provides (like the ones in [45, 46]) a realization of asymptotic
symmetry enhancement at the horizon of a dynamical black hole. The fact that the hori-
zon does not grow, i.e., the ambient matter does not accrete onto the black hole, was
conjectured in [52] to be related to fake supersymmetry.

Since the spacetime is static, we can calculate the surface gravity on the hori-
zons which is given by

2
1 1 ngR niR
k2 = — =V 6, VI = = -2 4.57
5 Vubr Ve 4<R+1+R Qi ) 57
oto

that depends only on R (or equivalently on rt) and where R is one root of f(R) = 0.
Note that, contrary to the asymptotically flat case, there is no preferred normalization
for the Killing vector £ here, and that the surface gravity is sensitive to this norm. Notice
also that in general is nonvanishing. A temperature different from zero would be
in contradiction with supersymmetry, but not with fake supersymmetry: Following the
explanation in [60], consider a black hole with temperature 7. A spinor in the Euclidean
section must then be antiperiodic under translation of the Euclidean time through a pe-
riod 8 = 1/T. Supersymmetry implies the existence of a spinor field solving the Killing
spinor equation, and this spinor must be periodic to give a regular solution. Both re-
quirements are compatible only if the period is infinite, or equivalently when the tem-
perature vanishes. Now, in fake supergravity, there are no fermions whose variation
under a putative fake supersymmetry transformation is associated to the fake Killing
spinor equation. The latter is just an auxiliary construction, which implies (under certain
conditions) the second order field equations. Thus, the above contradiction for nonzero
temperature does not arise.
Rewriting in static coordinates,

1 noR mR noR R
k= + 2 — - , (4.58)
8VIQutoR] (R—l R—%)( R-1 R—S)
we see that it agrees with (4.57) up to a normalization factor constant over each Killing

horizon. This is the same factor that ties the Kodama vector K to the Killing vector £ on
the horizons,

1 noR ’an

Klkg ==+ ( + ) . (4.59)
4/1QotoR[ \R—-1 R-&u
The horizon condition can be rewritten as
n
n n t T t
R|=aR+1]7|R+b7, a= % ?0 , p= Al (4.60)
ot Qoto

If tot1 > 0 the accessible regions of spacetime are those with R > max(—1, —b) and
R < min(—1, —b).
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We see that for b > 1 there are always exactly two horizons for negative R, one
for R < —b and one for -1 < R < 0; however only one of these is accessible since
they are located in disconnected regions of the spacetime. For ¢ > 1/4 one has R <
a(R +1)? < a(R + 1)™/2(R + b)"1/2 for every positive R and consequently there are
no other horizons. On the other hand if a < 1/(4b) there is an interval for which R >
a(R+0)? > a(R+1)"/2(R +b)"/2? and there are thus two distinct horizons for positive
R. For intermediate values of a there can be zero or two, possibly coincident, horizons
for positive R depending on the value of the parameters. b = 1 corresponds to the single-
centered Kastor-Traschen solution, or Reissner-Nordstrom-de Sitter with mass equal to
the charge, the extremal case corresponding to a = 1/4. We can then identify the three
horizons in the R > —1 region as respectively inner and outer black hole horizons and
cosmological horizon.

For b < —1 there is always one horizon in the region R > —b and at least one, at most
three horizons for R < —1. In this case R = 0 is not accessible.

For b = 0, corresponding to a black hole charged under only one of the gauge fields,
there is a solution in ® = 0 which is not a horizon since it is coincident with a singularity;
depending on the value of the parameters there can be zero, one or two horizons for
R > 0. In the region R < —1 there is always a single horizon.

If tot; < 0 the accessible region is given by the values of R between —1 and —b. For
b > 1 there can be zero, one or two, possibly coincident, horizons; for b < —1 there are
always two horizons, one with negative and one with positive R. For b = 0 there is
again a solution in R = 0 coincident with a singularity; depending on the value of the
parameters there can be zero, one or two additional solutions corresponding to horizons.

With the choice of coordinates we made, the radial null geodesic equations simplify
to

T+2T7xTR=0, R=0, (4.61)

which means that R is an affine parameter for the radial null geodesics and consequently
all horizons and singularities are reached within a finite value of the affine parameter.
From the null condition dR = +f(R)dT/(Qotog(R)) we obtain the expressions for the
radial null geodesics in the near-horizon and near-singularity limits,

R ~ Rhor : T=:|:2f1k10g|R—Rhor|—|—Cl,
ni ng
: — 49Q0 (@ _ ) ? (RDTTZ
Re-1 5 T=+2% (G _t0)" RIWED 4o (4.62)
no Qoto 1+n21
Qn 0@ (@ n) T (GHR)
R~ =38 T=+23 (Q?_t;) 2+ T3,

where ¢; are constants and  is the surface gravity .



Black holes in an expanding universe from fake supergravity 49

4.2 Alternative truncation

In section we considered the truncation Jm(Z) = 0; we could instead have taken
Me(Z) = 0, but this choice is not consistent for every value of n with the prepotential we
had there. Here we consider a slightly modified prepotential,

Flx) = ) (), (4.63)

4(1 —n)
with n # 0,1,2, that leads to consistent results with the truncation e(Z) = 0 (but
not with Jm(Z) = 0). The model is of course related to the one of section
by a complex rescaling of the y*, and thus the truncations considered here and in the
preceding section are actually two different truncations of the same model.

From (B:21), taking |x°| = 1 we obtain the K&hler potential

e—)C — Zl(lziin)zl—ﬁ[nz + (2 _ n)Z] +c.c., (464)

and, imposing Re(Z) = 0, the Kdhler metric

n(2 —n) 9 noni ng=ni
= 020zK = Im(Z) = —— e 2z 9, 4.65
g YAA |§Re(Z):0 4 m( ) (nl _no)ge ( )
with ng = —f_—”n, ny = @ =4—ng, = mfno log Im(Z).
From equation (B.31)) one obtains the vectors’ kinetic matrix
. L)
) npe 2 0
=_— n , 4.66
N 8 ( 0 n1670¢ > ( )
while (3.5) leads to the scalar potential
1 - 1 n —_ 1 n
y=i|mlm=) ey mim oD el (4.67)
2 12 2
where we defined as before ty = — 23& .
Substituting in eq. (3.4) we have
_ non n, ni v n ng v
€L =Rt = 0,00"6 — e OE) FO — SLeBOL FI
1 [noln 1) e i =) e

2 t2 t3

which differs from the Lagrangian obtained in the previous section only by a sign in front
of ng in the exponents and the absence of the cross term in the potential. To avoid ghost
fields in the action we must restrict ng and n; to positive values, which corresponds to
have in the prepotential either n < 0 or n > 2.
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We can again, starting from the definitions (2.35) and imposing this time the con-
straint Se(Z) = 0, write all the components of the sections R and Z in terms of two
components, namely Z° and Z', and of the scalar field ¢, obtaining

To = —%64’11 . I = %6%0,
RO = T oL ) R = —e T 70 )
Ro = %6"714’10, Ry = 7;1 e P! (4.69)
as well as ) 1
axp = R0 =3 e F(I0)2 4 O (Th)2 } (4.70)

From and (3.60) we see that, since we exclude the case Cy = C; = 0,Z' =0 is
equivalent to Cp = 0, Z° = 0 is equivalent to C; =0, and C;Z' = —Z—;COIO.

4.2.1 Construction of the solution

As before we take

VE =02,  CpAM=C\I* =0. (4.71)
Since C1Z! = —Z—;COIO, CAZIM = 0 with ng # ﬂimplies CoZ° = 0. One has thus either
Co=TI'=00rC; =7I° = 0. We will consider just the first case since the second can be
obtained simply by exchanging 0 and 1 indices. We have thus

Co=0, TIT'=T,=R°=R.=0, (4.72)
and from Cy AN =0, taking into account that C; # 0,

Al =0. (4.73)

Eq. (3.59) yields
_ 1
F° = —ﬁsmnpapzo, (4.74)

and from the Bianchi identity dF° = 0 we obtain
0" =0 =  I°=+2H,, (4.75)

where #, is a generic harmonic function of the spatial coordinates.
Using (4.72) and Cy A* = 0, from eq. (3.62) we conclude as before & = df, where f is
a generic function of the spatial coordinates. (3.61) implies then

9,0, (L + 90 f) =0 = I, = (f/t1 +H1), (4.76)

2v2 4\f

For ng = 2 (n — 4o00) we could take both Cy,C1 # 0 (equivalently, Z°, 7' # 0); however this would
lead to exactly the same solution we obtain here, with just a field redefinition.
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where H; is another harmonic function of the spatial coordinates. Using (3.60) and (4.69)
one gets

n (f+7)/th+M
Ty = ——=((1+ f)/t1 + H1), P L AR 4.77
1 4\@((7 )/t + M) € e (4.77)
and from (4.70) one computes
1 (T+f El no
IXE (751 +7—l1> H? . (4.78)

Eliminating f by introducing the new time coordinate ¢ = 7 + f, the solution can be

written as
ds® = U~2dt> — Udy?,
0 1 m n 1 l -
FY = *ié‘mnpap%() dy A dy y A= E + Hl dt; (479)
6=In t/tl + Hq
Ho ’
with ny
t 4 mo
U= (151 + 7—[1) Hot - (4.80)

This is, with the right choice for Hy and #;, the spacetime found in [47] and discussed
further in [48]; however in this case, instead of having two gauge fields in an electric
configuration, one of them is magnetic due to the different sign in the exponent of its
scalar coupling. In other words, one of the field strengths in the Gibbons-Maeda solution
is dualized here.

4.3 Choice of base space

4.3.1 Flatspace

The simplest solution of eq. (3.43) is three-dimensional flat space, with
VZ =06, Cp\AM=C\I" =0. (4.81)

With this choice for the base space we don’t need to distinguish between z,y, z... and
lower m,n,p, ... indices.

IfCy = C, =0, ChZ = 0is automatically satisfied and the section Z is time-
independent. Using equation and the Bianchi identity dF"® = 0 it can be seen
that the Z" must be harmonic,

7°=Vv2H°, I'=v2H'. (4.82)
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Moreover, (3.61) implies that the Z» are harmonic as well,

H, H,
To= —r, = 4.83
0 2\/5 1 2\/5 ( )

Equation (3.62) becomes
di = x5 (HodH° + HidH' — H'dHy — H'dH,) . (4.84)

If at least one of the C, is nonzero, e.g. C1 # 0, C\I* =0 implies ! = —g—(l’IO. Then,
(3.59) and the Bianchi identity dF° = 0 yield

I° =\V2Hy,, I'=-V2 %Him, (4.85)
1

where Hiy, is a time-independent harmonic functiorﬂ
l) together with 1i implies that the time-independent combination Z, — g—?I 1
is harmonic. It proves convenient to express this defining

Co 1 1
To=22 (1, - —H )+ ——H,, 486
. Cl(l " 1) st (4.86)

with Hy, H; harmonic functions independent of 7. Since there are no further constraints
on 71, the Z can be written as

1 T 1 T t1
Ti=—(24f), To=—r|Z+Ho+2(f-H)|, 4.87
= (f41) mmss |t tr-m)|. @
where ty = —(gC,)~! and f is a generic function of the spatial coordinates.
Equation (3.62) becomes
do = *3 [(HO — ?H1> dHim — Himd (HO — ?Hl)] N (488)
0 0
and from (3.61) one gets
Opp = t10p0, f . (4.89)

It is always possible to set f to zero with a shift in the time coordinate, 7 = t — ¢ f +t1 H1,
and replacing @ by @ = @ — t1df + t1dH,, such that

1 [t 1 [t
I = — —_— —|— H B I - = - + H 3
WG (tl 1) "7 92 (to 0)
t t
diy = %3 KHO - tlH1> dHiy — Hind (HO - lHlﬂ . By, =0, (4.90)
0

dr+o=dt+w.

2Since Hip, is related to the imaginary part of the scalar field Z, the label ‘im’ stands for ‘imaginary’.
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An explicit choice for the harmonic functions, best expressed in Boyer-Lindquist co-
ordinates (7,0, ¢) with z + iy = V72 + a2 sinfe’? and z = r cos¥), is

H=k+qRe(V)+QIm(V), (4.91)
with )
V=—-—+—. (4.92)
r —tacosf

If all the harmonics have this form, is solved by

1 —~ — —~
“ = % [—Qa sin” 0 (2 kQr + qQ) +kq(r® 4+ a?) cosf| dp, (4.93)
where
2 2 2 —~ . - - t1
Y=r"+a"cos" 0, TY = TYim — Tim¥ , x:xo—t—xl. (4.94)
0
This choice is also suitable to be generalized to the multi-centered case. To this end,
define )
V(Z,a) = — (4.95)
Va2 +y? + (2 —ia)?
and consider harmonic functions of the form
H=k+Y (%e(Vi) + QIm(V7)) (4.96)
I

with V; = V(& — &1, ar), where &5 is an arbitrary point in R? and the parameter ay in
general depends on I. As long as the charges are taken to satisfy gim; = @ {7, Qim; =
o Q 1 for every I, with o independent of I, reduces to

di> = (ak — ki) 3 dH (4.97)

where H = Hy—t, H; /to. wis thus given by a sum over I of terms of the form l) with
q@ = 0. More explicitly, lb with these charge constraints can be written in Cartesian
coordinates and generalized to

QIS)%(VI) (j[jm(V[)

A:*2 ];;7]{-/1 o
W (Oz m); |f—j’1\2+a%+1/|V1\2 |j;'—fI|2+CL%— 1/|VI|2

car[(x —zr)dy — (y—yr)da] . (498)

4.3.2 Three-sphere

Since Gauduchon-Tod spaces are actually conformal classes, it would be possible to take
any conformally flat three-dimensional manifold as a base space simply by applying a
conformal transformation to the quantities in with appropriate conformal weights,
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leading to a nonzero Cp A2, This would however result in the same four-dimensional
solutions expressed in different coordinates.

On the other hand there is a different Gauduchon-Tod structure that can be defined
on the same conformal class, giving nonequivalent four-dimensional solutions. Start
from a 3-sphere, with metric in the form

1
ds? = i d6? + sin® 0 d?® + (dy + cos 0 dy)? | | (4.99)
and choose the dreibein

vi— % (sint df — sinf cos dyp) ,
2 _ 1 in 0 si
v :5(0081/1d9+sm0s1n7,/1ds0) )

1
V3 = 5 (dip + cosbdyp) , (4.100)

that obeys
AV = —e"™FVYANVZ. (4.101)

Thus, equation (3.43) is satisfied with
CrAM =0, CpAZh = 222 (4.102)

A useful consequence of (4.101) is that with this frame choice we have for the associated
spin connection w,®, — w,”, = 2%, where w, ¥, = V, #w, Y , as can easily be seen
from Maurer-Cartan’s first structure equation. This in particular implies that for a scalar

function f on the sphere
0p0p f =V, VT f, (4.103)

where V is the Levi-Civita connection associated with the metric (4.99), and
(00, 8y] = 27970, . (4.104)

From (4.102) it is clear that the ungauged theory, Cy = C = 0, is incompatible with
this GT-structure, hence at least one of the Cy must be nonzero. If C; # 0, (4.102) gives
It = 2v2¢t — %IO, where the t5 were def}ned in The Bianchi identity dF° = 0,
using (4.101), immediately implies e*¥*9, F,, = 0. Plugging in the expression for F,
given by (3.59) and using (4.103) one concludes that Z° must be harmonic on the sphere,

70— V3Hym, T'=+2 <2t1 - %Hi > . (4.105)
0
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Equations (3.60) and (3.61) again imply that the combination Zp — {*Z; is harmonic on

the base space,
t1 1 1
Zo=— Iy — —=H: | + —=H,, 4.106
o= (T st ) 4 st (4.106)

while no additional constraint is imposed on Z;, so one has

_ (T _ (T bop
112ﬂ<t1+f>, 102\/5(%+H0+t0(f Hl)), (4.107)

where a generic function f on S* was introduced. (3.62) becomes
t t
do = *3 KHO - tlHl) dHim — Himd (HO - tlHl) —2tdf + 2@] , (4.108)
0 0

with 0,&, = 10,0, f due to (3.61). Setting as before f = 0 by taking 7 =t — t1 f + t1.H;
and & = & + t1df — t1dH;, one gets

1 t 1 t
To= — (L 4+Hy), To=——(L4mH), 4109
T 22 (to O) T2 (t1 1) (.109)
and & satisfies
di> = *g | HdHyy — Higd H — 2ty dH,y + 2@} L 0@ = V™G, =0,  (4110)

with H = H, 0 — %H 1. If the harmonics are chosen such as to satisfy dHim A dH = 0, the
simplest solution to these equations is & = 3 H; mdH — %ﬂ' dHim +t1dH,, with d& = 0, and
all other solutions can be obtained by adding arbitrary solutions of dw —2%sw = 0, which
implies V™w,, = 0; these are clearly independent of the choice of harmonic functions.

To make an explicit choice for & and the harmonics it is convenient to work with the
usual hyperspherical coordinates,

dszs = d¥? + sin® U (dO? + sin® © d®?) . (4.111)
In these coordinates the simplest nontrivial choice of harmonic function on S is

cos ¥
Tinw

which is singular in the points ¥ = 0,7. In a neighbourhood of the singularities the

H=k+

(4.112)

metric on S* is well approximated by the flat metric in spherical coordinates with ¥
playing the role of a radial coordinate, and H ~ k + £. If all the harmonics are chosen
to be of the form (4.112), the minimal & becomes

o - 1 kg — kiG =21t
2 sin® W
which is the differential of a harmonic function and as such can be set to zero by a shift

dv, (4.113)

in the time coordinate and a redefinition of the harmonics Hy and H;. This is equivalent
to take w = 0 from the beginning by imposing the constraint

kqi — kig —2q1t1 = 0. (4.114)
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The equation dw = 2 3 w, together with (4¢.101) and (4.104), implies 0,0,w, = —8wy,
which means that the components of w with respect to the dreibein V* are spherical

harmonics on S® with eigenvalue 1 — n? = —8. Using the well-known expressions for
these spherical harmonics and rewriting the one-forms V* in the coordinates itis
possible to obtain the most general solution for w which is regular on the three-sphere.
The metric is obtained by considering S* embedded in C2, |2;|2 + |22|> = 1, and
taking the parametrization

0 0
21 =cosg es(Pt¥) 29 = sin 3 e3(P=¥) (4.115)

Comparing this with the usual parametrization for S* in R* one obtains in the coordi-

nates (4.111) the expressions

V1= —sinOsin®d¥ + sin U(sin ¥ cos ® — cos ¥ cos O sin &) dO
— sin U sin ©(cos ¥ cos © + sin ¥ cos O sin @) dP ,

V2 =sin O cos ® dV¥ + sin ¥(sin ¥ sin ® + cos ¥ cos © cos ®) dO (4.116)
— sin U sin ©(cos ¥ sin @ — sin ¥ cos © cos ) dP,

V3 =cos©®dVU — sin ¥ cos U sin © dO — sin® ¥sin® © dd ,
and the most general regular w is

w =(acos ® — bsin ®)(sin © d¥ + sin ¥ cos ¥ cos © dO — sin® ¥ sin O cos O dP)
—sin W(asin ® + bcos ®)(sin ¥ dO + cos ¥ sin © dP)

— ¢(cos © d¥ — sin ¥ cos ¥ sin © dO + sin® ¥ sin® © dd) , (4.117)

where a, b, and c are constants.
It is also possible to construct multicentered solutions by taking sums of harmonic
functions with singularities in arbitrary points on the 3-sphere. Given the standard em-

cos ¥

o5 Y can be written as
sin W

bedding of S in R*, the harmonic function

x
V1—a2’

and the analogous harmonic function with singularities in any couple of antipodal points

h= (4.118)

can be simply obtained by a rotation in R* sending the point (1,0, 0,0), corresponding
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to ¢y = 0, in one of the new points. However in this case one has in general dw # 0, and
in order to reinstate dw = 0 while keeping the possibility of having an arbitrary number
of black holes in arbitrary positions and with independent charges one has to impose
gim = « ¢ for each of them, where « is a proportionality constant.

4.3.3 Berger sphere

A more general Gauduchon-Tod space can be defined starting from the Berger sphere
[61], which is a squashed S® with metric

ds? = d6? + sin® 0 dp? + cos? pu (d) + cos 0 dp)? . (4.119)
Given the well-known expressions for the left-invariant 1-forms
UlL =siny df —sinfcosy dyp, U2L = cosy df +sinfsiny dp, Ugf =di 4+ cosfdyp,
and for the right-invariant 1-forms
ol =sinpdh —sinfcospdip, oF =cospdd +sinfsinpdi, a:]f =dp + cosfdy,
one can define the dreibein [62]

V! =cospoll £sinp (cos@oQR fsinasincpog) ,

V2 =cospol Fsinp (cos@afz +sin9cos<pa§) ,

V3 = cos polt +sinpusin @ (sin ool 4 cosp of) , (4.120)
that satisfies
T : L T COSLb 4oz z
dV® = £sinpcospoz ANV —— € VEVIANVZ (4.121)
so that equation (3.43) is satisfied with
- i 2
AN = £SO g V2 @12
g g

Using Maurer-Cartan’s first structure equation it is possible to see that for a scalar func-
tion on the Berger sphere

Dy 0u f & 2sin prcos p (05),0p f = Vi VS . (4.123)

Again at least one of the Cy must be nonzero. If we assume C; # 0, (4.122) yields
T' = /2t cos pu — %IO, where the t, are defined as before.
The Bianchi identity dF'* = 0, using (4.121), implies

e (0, % 2sin preos pof ) FlL = 0.
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Substituting the expression for F, given by (3.59) and using (4.123) one gets for Kin =

170,
Vo
Vi [Vm +sinp cosuaém} Kim = {Vm =+ sin g cos U3Lm} VinKim =0. (4.124)
Eqns. and l) imply that the combination K = 2v/2(Z, — %I 1) satisfies

(Vi V™ —sin? ) K =0, (4.125)

while no additional constraint is imposed on Z;, so one has

11:2;5<;+f>, 10:2\1/§<;+f(+2f>, (4.126)
where a generic function (0, ¢, ) was introduced. becomes
dw + sin g cos i U3L A = %3 [K'dKim — KimdK — 1, cos udf + cosp(b] , (4.127)
and from we get
V@™ Fsinpcospol o™=t (Vi V™ — sin? w) f. (4.128)

It is possible to set f = O by taking 7 =t —t;f + t1 1 and @ = @ + td(f — Kq) =
. L _ . . A .
sin yucos okt (f — K1), where K1 (0, p, ) satisfies (4.125). In this way

1 t 1 t
To=—F+=|—+Ko ), ITi1=——=|—+K1 ), 4.129
7 92 (to O) 'T o2 (t1 1) (4.129)
with Ky = K + %K 1, and @ satisfies

dd;j:sinucosuo?{‘ AW = %3 [f(dKim — Kimdf(—tl cos udK; —&—cos,uof)} ,

V'™ QOm Fsinpcos pos, o™ =0. (4.130)

There is no obvious way of finding solutions to the eqns. (.124) and (@.125) that in the
limit © — 0 reduce to harmonic functions of the form given in which is what one

would expect for black hole solutions. It is however possible to consider simple solutions
given by the trivial choices

Ky=K; =0, Kim = kim , w=0, (4.131)

with ki constant.

44 The F(x) = —ixoxl model

Given this prepotential, from (B.21) we can derive the Kéhler potential

e X =Re(2), (4.132)
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where we fixed |x°| = 1. The Kéhler metric is then
1
G =070;K = Zi)“ie(Z)’Q. (4.133)
From equation (B.31) one obtains
i 0
N=—- ( ) , (4.134)
4\ 0 %
and for the scalar potential (3.5) one gets
C3 C?
V=g | +4C0Cr + | . 4135
# ez 190 sz 1%
(2.35) leads to
1 1
RO = —47,, RY = —47,, Ro = Zzl, Ri = ZIO, (4.136)
as well as ) )
= =(RIT) = - IT" +81T; . 4.137
4.4.1 Flat base space
Using the results of section 3.1} one gets in the ungauged case from (.137)
L HH' 4 HH 4.138
X + oty (4.138)
and the solution takes the well-known form [63]
1 Hy —iH!
2 _ 9| x|2 2)2 — 72 Z=="0""" 4.139
ds | ‘ (dT+W) 2‘X|2dy ’ Hlfl.H()’ ( )
FO =d (2|X|°Hy(d7 + @)) — *3dH°, F'=d (2|X|°Ho(dr +@)) —*3dH", (4.140)
with @ satisfying (4.84). In the gauged case the solution can be written as
. 1 t/to + Ho +it1/toHim
ds® = 2| X |?(dt L T = , 4.141
= X+ 0)7 = o di™ t/ti + Hy — iHim (4.141)

t
FO =d |:2|X2 <t —|—H1> (dt-’-d))] — x3dHip
1

Fl=4g [2|X2 (tt + HO) (dt +&;)] + i—l *3 dHip ,
0 0
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where

1 t t t o
— = — + H, —+ H{ | — —=H: 4.142
SN <t0+ ) (tﬁ > o Him (4142)

and & = © — t1df + t1dH, satisfies eq. (£.90).
Both solutions can also be rewritten in terms of two complex harmonic functions Hx

as follows:
ds? = ;(dt +w)? — Re(HoH1)dy?, z - , (4.143)
%e(’l—lo’Hl) Hy
%e(?—ll)
FO=d | (dt dIm(Hy),
[%Q(H0H1)( +w)] + *3dJIm(H1)
9“&2(7‘[0) :|
F'=d|———(dt dIm(Ho),
[%e(’HoHl)( +w) | +*3dIm(Ho)
where w is time-independent and satisfies
dw = x3Tm (HodH1 + HidH,o) - (4.144)

In the ungauged case, the only additional constraint on the complex harmonics is that
they are independent of time. In terms of the harmonics defined above they are given
by

Ho=Hy—iH', M, =H, —iH. (4.145)

In the gauged case the time dependence of the harmonics is completely determined by
OHp = l/t/\ﬂ In addition they must satisfy Jm(#H,) = —i—;ﬁm(’Hl), and thus

t
Ho = —

t t
=~ 4+ Hy+itHpm, Hi=—+H —iHm. (4.146)
lfo to tl

In this case there is also the additional constraint d,w, = 0.

Notice that reduces to the Israel-Wilson-Perjés [56] 55] solution for Ho = H;.
This means in particular that we can recover the Kerr-Newman solution with mass equal
to the charge by taking

q _ qa sin? 0(2r + q)

Ho=Hi=1+qV =14+ —-—"—,
0 ! ta +r—iacos€ r2 + a2 cos? 0

do, (4.147)

expressed in Boyer-Lindquist coordinates.

3Here one recognizes the substitution principle originally put forward by Behrndt and Cveti¢ in [57], which
amounts to adding a linear time dependence to the harmonic functions in a supersymmetric black hole of
N = 2, d = 4 supergravity.
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This construction suggests the more general form (4.91) for the harmonics, with w
given by (4.93). With these choices the gauged solution explicitly reads

2 —~ — —_
ds® :EKalt2 + % [—a sin? § (2 kQr + qQ) +2kq (r* 4+ a®) cos 9} dtdy
A 2 Ao
- - = 4.148
Y(r? 4+ a2)dr Eda ( )
+ L [—asin2 0 (2/@7” + cj@) +2kq (r? + a?) cos f 2— A(TQ + a?)sin? 0| dy?
4A 32 ’
%
A N (3(t/t1 + k1) + q1r + Qracos ) dt
1Y — - : 29
-3 {A (X(t/t1 + k1) + 17 + Qracos §) (2 kQr+ qQ) — 2@1-7“} asm dy
) —~ (r? + a?) cos
+ A (2(t/t1 + k1) + qir + Qracosb) kq — g fdgo, (4.149)

Al :E (Z(t/to + ko) + gor + Qoacos ) dt

A
1[X —~ — t1 asin’0
-5 {A (3(t/to + ko) + qor + Qoa cos ) (2 kQr+ qQ) + QtOQir} > dy
) —~ t; | (r*+a?)cosd
+ A (X(t/to + ko) + qor + Qoacosb) kq + ?qi fd(p’ (4.150)
0
_ X(t/to + ko) + qor + Qoacos b + ity /to(X ki + qir 4+ Qiacos ) (4.151)
 X(t/ty + k) Fqr + Qracosf —i(X ki + qir + Qiacosf) '
where
t t
A= {E <t + k()) + qor + Qoacosﬁ} {E (t + k:1> + q1r + Qracosf
0 1
51 2
- X ki + qr+ Qiacosf]” | (4.152)
0
. - - t
Y =r? +a%cos? 6, Ty = TY; — ;Y , T =ux9— Loy (4.153)
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It can be seen from these expressions that the constant kq in w represents essentially a
NUT charge.

4.4.2 Spherical base space

Using the results of the complete solution can be written in terms of harmonic
functions Hi,, Hy, H1 on S%and a time-independent one-form & as

ds?* = 2|X*(dt + @) — m—dszs
t
P =q |:2|X2 (t —|—H1> (dt +(21):| — x3dHiy ,
1

t t
Fl=d [2|X2 <t + HO) (dt—HO)] + ti *g dHip, ,
0 0

. t/to + Hy —i2t1 + itlHim/tQ

Z
t/ty + Hy — iHim ’

(4.154)

where

1 t t t1
(L H )~ +H )+ Hum (2t — 2 Hu ), 4.155
2[X|2 <t0 + 0) (t1 + 1> + ( T ) (4.155)

and & satisfies (4.110). In particular the harmonics can be taken to be of the form (£.112),
with @ as in The curvature scalars R, R, R" and R, ,,R""*? are singular for
ﬁ = 0, but not in the points ) = 0, 7 unless qoq1 = i—;qf

Note finally that the scalar field assumes the constant value Z = ¢, /t, (where
the potential has an extremunﬂ) if toHy = t,H, and H; = t,. In this case, H = 0
and & = t1dH;. If we take w = 0 and define a new time coordinate 7 by t + ¢t H; =
tot1 sinh 7, the metric becomes

ds® = toty [dT2 — cosh? Tdsgs] , (4.156)
and the gauge field strengths F* vanish, so that the solution is dS,. For w # 0, one gets a

deformation of dS, with nonzero F'*. This is what happens also in the “asymptotic” limit
U ~ 7/2 of the solution with the explicit choice (4¢.112) and with toko = t1k1, k; = to.

4We assume t1/to > 0.
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4.4.3 Berger sphere

For this base space, the results of section imply that the complete solution can be
written in the form

1 2

ds® = 2| X|*(dt £sinpcospodt + &) — Wd% ,

t
FY'=d {2|X|2 (t +K1> (dt:l:sinucos,uagt—f—w)}
1
— %3[dKim £ sin pcos p ok K],
4
Fl=d {2|X|2 (t +K0> (dt:l:sinucosuaéterJ)}
0

t
+ t—l 3 [dKim % sin g cos ok (Kim — to cos p)],
0

- t/t() + K() — itl Cos [ + ithim/tO

Z - )
t/t1 + K1 — iKim

(4.157)

where

1 t t t1
I —+ K Kin [t — =K 4.158
2|X|2 (to +KO> (tl + 1) + Kim ( 1 COS [ tO 1m) ) ( )

the functions K, and K satisfy (4.125), Kin satisfies (4.124), and the time-independent
one-form @ is a solution of (4.130).

With the trivial choices (4.131) the solution reduces to

totl . L 2 t2 + apa 2
ds? = ———(dt + sin p cos t)*— ——ds
t2 + apon ( 2 Hos ) tOtl 3
t2 cos t1t—i
AN = +tpsinp _eosp  an ok Z= L Z.Oél , (4.159)
t2 —+ agop t()tl to t— 10
with
Qp = tlkim 5 o] = totl COS U — &g = totl Cos u — tlkim . (4160)

Imposing oy = a1, the scalar becomes constant and one obtains a solution of Einstein-
Maxwell-de Sitter theory already found by Meessen [64]. This can be seen as a deforma-
tion of dS4, which is recovered when p = 0.
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— _1(M?
45 The F(x) = —5 ( o~ model
Using (B.21)) this prepotential leads to the Kahler potential
e X =Im(2)3, (4.161)
where we took |XO‘ = 1, and to the K&hler metric
3/~ —2
G =0z0zK = iJm(Z) . (4.162)
The vectors’ kinetic matrix is, according to equation (B.31),
) —ZRe(Z2)* = L|Z* Im(Z) 3ZRe(Z)
N = 1 ) (4.163)
3ZRe(Z) —-3Z 4 i3 Im(Z2)
and from (3.5) one gets the scalar potential
4 Ct
V=cg—1-. 4.164
37 Im(2) (4-164)

It is worth noting that with the choice C; = 0 the potential vanishes, and the fake su-
persymmetric solutions constructed here are also solutions to the equations of motion of
the corresponding ungauged supergravity.

Requiring Re(Z), Im(Z) # 0 and (R|Z) > 0 the stabilization equations give

1
RO = 55 (@) +4T°LT +4T0(1°)]
R' = 2 (671" + 3T,(T)? ~ 9ToI°T]

98

2
Ro = ——= [16 (Z1)® — 27(Z0)*T° — 27 oI, T,

278
1
Ri=rcs [4(21)°T" — 12Z01°T, — 9Z0(Z")?] , (4.165)
with
0 4 1 128 0 1 0 1
S =1 —4TT) + (T + - I(T0)* = 200(2')° — STI°Th T, (4.166)
and .
=(RIT)=S. (4.167)

21X
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4.5.1 Flat base space

Using again the results of[4.3.1| the solution in the gauged case can be written in terms of
harmonic functions Hy , H; and Hiy, and a time-independent one-form w as

 TH+itiS/to

ds? = S7(dt + w)? — Sdi?, Z , 4.168
( ) g TS (4.168)
Him Him !
F'=d Zo(dt—i—w) — %3dHim , F'=d QT(dt—&-w) +t—1*3dHim,
S S to
with
t\* 4
S = .| HmHo 7_0 + 1 Him2 + HinH1 Tl — *7‘[12 R
to 27
1\ t
7_0 - Hlm [(1> Hlm HO + 1H1] )
to to
T e (B  HinH + O H
- 9 1 3 tO im7t1 tO im710
t t
Ho=—+ Hp, Hi=—+Hy, (4.169)
to tl

while w solves eq. (#.90).

In the case Cy = 0 (ty — o0) and with the convenient redefinitions H; — 3/2 H;,
t1 = 3/2t; the solution simplifies to

Hi

2 _ o1 2 g2 g _
ds* =8 (dt +w)* — Sdy*, ol 133

(4.170)

HyH? HinH?
F°=—d <(392““(dt +w)> — x3dHim , Fl=d < Sng (dt —|—w)> ,

where

S = \/ Him M3} — H2 H3 . (4.171)
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With the choice and (4.93), this can be explicitly written as
ds® :%2@52 + % [—a sin (2 I@r + c@) + 2@ (12 + a®) cos 0| dtdyp
- st - 5 (#172)

i a2 ) “A 7002 2 2_3 2 A 2
+{4A[ asin 9<2er+qQ>+2kq(r + a*) cosf E2(7" + a®)sin“f| dp*,

by
A0 — _ 7 (Xko + qor + Qoa cos 8) (Zkim + Gim” + Qima cos 9)2 dt

E = —
+ {QAQ (Xko+qor+Qoa cos 0) (Xkim +gim” + Qima cos 0)2 (2er + qQ) + QimT:| .

asin?0
>

» —~
do — [AQ (Bko + qor + Qoacos 0) (Zkim + gimr + Qima cos 9)2 kq + Qim:| .

(r? + a?) cos 6

4.173
z (4.173)
1= . ,
A =z (3Zkim + ¢im” + Qima cos 6) [E(t/tl + k1) + i + Qracos 9]
1 kOr - a0 S 20 | T2 2
cldt — == | (2kQr + qQ ) asin®0 + kq(r® + a®) cos 0| dp| , (4.174)
2%
7 2
X(t/ty + k 0
7 = _ [S(t/t1 4 k1) + @i + Qracos 6] w175

(Bkim + Gim” + Qima cos 0) (Xko + qor + Qoacos ) +iA’

where

A= { [E(t/fl + k1) + qir + Qracos 9]3 [Zkim + gim” + Qima cos 6]

[N

— [Zko + gor + Qoa cos 9]2 [Zkim + gim” + Qima cos 6]2}

Y =72 +a’cos?h, TY = ToYim — Tim¥o - (4.176)
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In the case of flat gauging, ¢y = 0 (which is inequivalent to C, = 0 for this model),
the results of are still valid provided one exchanges 0 and 1 indices everywhere.
Redefining Hy — 3 H;, the solution simplifies to

Hy -

ds* = S Hdt 4+ w)? — Sdy?, Z = ,
H;

(4.177)

FY=—d Him(dt+w) : F'=d E(dt—kw) — *3dHim ,
u? u?

with

S = HmU = Himy\/3H? — 2HoHi, . (4.178)

The metric with the same harmonic functions and w as before can again be written in the

form (4.172)), but where now

ry = 3(T1¥im — TimY1) A = [Ekim + gimr + Qimacos ] A

A

{3 Xk +qr+ Qracos 9]2 — [2(t/to + ko) + gor + Qoacos ] -

N|=

[Zkim + ¢im” + Qima cos 6]} | (4.179)

while the other fields read

b
AY = — Xz (Xkim + Gim™ + Qimacos ) -

1 - — —
. {dt + o [(2/6@7" + qQ) asin® § — 2kq(r? + a?) cos 9} dap} , (4.180)

P
Al :E (Xk1 + g17 + QracosB) dt

17X — in? 0
_Z [N (Xk1 + 17 + Qracos 0) (2er + qQ) — 2Qimr] a sin dy
2 | A2
o 2 2 0
+ {Azz (Ski + qur + Qracos ) kg — qim] % 0, (4.181)
Z:_Ek1+q1r+Q1ac039—zA. (4.182)

Ykim + Gim” + Qima cos d
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X

4.5.2 Spherical base space

Using the results of the complete solution can be written as

T' — iSHim

ds®> = ST (dt + &)? — Sds2s J=——""""™
’ (df +6) °s? T + iSHim

(4.183)

1
FO = —d [;(dt—f—w)} _*SdHim; F‘1 =d [;(dt—i-w)] +%*3 dHim7

where
- 4
S=1]-H (T°+H§;n) FHL (T = —HwH?),
27
. _ 4 1~ ~
T° = B + HimHimH1 + H2 Ho , T = §Him7-l§ + gHﬁn?{l — HinHimHo .
t ~ t1
ta to

and w satisfies (4.110). An explicit solution can be obtained with harmonics of the form
(4.112), obeying the constraint (4.114), and & given by 4.117).

4.5.3 Berger sphere

Making use of the results of the complete solution can be written as

T' —iSK;

ds?> = 87 (dt + sinpcos pokt +)? — Sds? | =———,
( H o3 ) 3 TO+iSKim

(4.185)

F'=_4d [Q(dt + sin pcos okt + dj)} — %3[dKim = sin pu cos g 0% Kim] ,

1
Fl=¢g [;(dt + sin p cos p okt + ob)} — x3[dKim = sin pu cos pp 0% Kim]
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where
~ 4
S = \/_/co (7°+ K%) + K (7’1 = 27Kim/c§> 7
~ ~ 4 1~ ~
TO = Kén + KimKimK:l + Kime:O 5 Tl == gKlmK:f + gKﬁn’Cl — KimKimKO ,
t ~ tq
’CA:a—’—KA’ Kim:tlcoslu—%Kim. (4.186)

Here the functions K, and K satisfy eq. (4.125), Kin obeys (4.124), and the one-form @
is a time-independent solution of (4.130).






CHAPTER 5

Multi-centered black holes with a negative cosmological

constant

Composite objects formed by elementary constituents with mass—to—charge ratio equal
to one have been studied for a long time in general relativity. In the Newtonian theory
of gravity it is clearly possible to obtain a system of point charges in static equilibrium
by fine-tuning the charge suitably with the particle mass in such a way as to balance
the gravitational and electrostatic forces. On the other hand, the non linearity of the
equations of motion imply that in general relativity the existence of a similar system is
not guaranteed.

The first indications that such a general relativistic analogue actually exists dates
back to 1917, when Weyl obtained his famous two-body static axially symmetric elec-
trovacuum solution [65], later generalized independently by Majumdar [42] and Papa-
petrou [43], who removed the requirement of axial symmetry. A stationary general-
ization of the MP solution was constructed by Israel and Wilson [55] and Perjés [56].
All these multi-black-hole geometries are supersymmetric and thus admit supercovari-
antly constant spinors [18, 22]. As a consequence, they satisfy rather simple first-order
equations, which explains why one can build arbitrary superpositions of the elementary
constituents, in spite of the nonlinear nature of the Einstein-Maxwell equations.

Nevertheless, supersymmetry does not seem to be necessary for the existence of these
bound states, since by now we know many examples of multicentered black holes that
are not BPS, see e.g. [66] or chapter E}

The study of composite systems like “black hole molecules” has played a crucial role
in several recent developments of supergravity and string theory, especially in attempts
to understand the quantum structure of black holes. Moreover, they are of interest in the
field of holography, in particular for applications of the gauge/gravity correspondence
to condensed matter phenomena (see e.g. [67] for a review). In this context, it was
established recently in [68] that stable and metastable stationary bound states in four—
dimensional anti-de Sitter space exist, and it was argued that their holographic duals
represent structural glasses. The glassy feature of these black hole bound states is related

71
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to their rugged free energy landscape, which in turn is a consequence of the fact that the
constituents can have a wide range of different possible charges.

In this chapter we present the work published in [69], showing how to construct mul-
ticenter solutions in any FLRW spacetime and for arbitrary dimension. These geometries
are sourced by a U (1) gauge field and by a charged perfect fluid, and their construction
doesn’t rely on genuine or fake supersymmetry. Generically, the black holes that we
construct are determined by a function satisfying the conformal Laplace equation on the
spatial slices of the FLRW background universe. This can be seen as a generalization of
the characterization in terms of harmonic functions taking place for supersymmetric or
fake supersymmetric multicentered black holes.

Since anti-de Sitter space can be written in a FLRW form with hyperbolic spatial
slices and trigonometric scale factor, our recipe allows, as a particular subcase, to ob-
tain multicenter solutions in AdS. Like the underlying FLRW universe, these are highly
dynamical, and thus different from the bound states of [68]. Unfortunately, the big
bang/big crunch coordinate singularities that appear when one writes AdS in FLRW
coordinates become true curvature singularities once such a dynamical black hole is
present. We show that this implies that actually only one point of the conformal bound-
ary of AdS survives. This makes it questionable if our solutions admit an AdS/CFT
interpretation in the usual sense.

The chapter is organized as follows. In section 5.1 we show how to construct multi-
center solutions in an arbitrary FLRW universe, starting from the charged generalization
of the McVittie spacetime [9] originally presented in a little-known paper by Shah and
Vaidya [10]. In section we discuss some physical properties of the single—centered
solution in AdS, both for mass—to—charge ratio generic and equal to one. In particular, we
determine the curvature singularities and trapping horizons, compute the surface grav-
ity of the latter, and show that the generalized first law of black hole dynamics proposed
by Hayward [13] holds. Finally in section[5.3} the higher-dimensional case is considered.

5.1 Multi-centered maximally charged McVittie solutions

In [10], Shah and Vaidya presented a charged generalization of the McVittie solution [9],
with metric

2
[1- (2 - Q) ]

ds? =

2
Sdt

4a2r?

|:1 + M\/1+kr2 + (M2 7 QQ) 1+kr2:|

2
Caa?l1s M\/1 + kr2 O Q) L+ kr? | dr? +r2d0? + r?sin® 0dg? 5.1)
ar 4a27r? (1+ kr2)2 o
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and U(1) field strength given by

2
. Q 1 [1—(M2—Q2)i2522] s 52
=— r . .
ar? 1+ kr? VTR r2]?
R (L M (2 - @) 38
(5.1) and (5.2) satisfy the Einstein-Maxwell equations
Gu =811y, , Vo, F* =AdmnJH (5.3)
L P L [2) 1z W
Ty = o —F,,F,’ + EQWFP,\F + puyuy + p(upty — guw) JH =out, (54)

where the pressure, energy density, charge density and four-velocity of the charged per-
fect fluid source read respectively

V1+kr2 r2
i a2 [1 + M41:7r + (M? - @Q?) iiéﬁﬂ} 3&2
[1 _ (MQ _ QQ) 1+k7-2} B ;

4a2r?

2 71
V14 kr? 1+ kr? 1+ kr?
—k{a? |1+ M= M? 2 1— (M?-Q*))—— .
{a P ae ) | -or - BT b L 6
-3
a® 3k V14 kr? 14 kr2 V1 kr2
Stp =35+ 2 I Vo L Ve B i 24 MYZTIT (56
2a? ar 4a?r? ar
kQ V1 + kr? V1+kr? 1+ kr?
g = S PIVIERC N an BER e mgi 67)
4 a3 T ar 4a2r2
1— (M2 - 02 14-kr?
u = ( = Q )4a2r2 2dt (58)
LR (0 - QY R

Moreover, k = 0,1 determines the geometry of the spatial slices. From (5.7) it is clear
that the cosmic fluid is required to be charged if the spatial geometry of the underlying
FLRW universe is curved.

In the maximally charged case M = |Q| (obtained in [70]), after the coordinate change

r= = tan YEY 61) and (5.2) boil down to
1

2
_ VE
|:1 + Ma sin(\/gi/l/2)i|

ds? = dt?

2 vk : o SIP(VEY) o
a [1+Ma Sk o/2) dy” + B (d6? + sin” 0d¢?) | , (5.9)
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Mk cos(VE/2) d A dt vk o

_ cos —d M— " |4 5.10

F = sin?(Vk1/2) [1+M VE r [(H a sin(Vk1p/2) fe 10
a sin(Vk1/2)

while the pressure, energy- and current density become

—2
. 2 .. .2
8mp = —3“—2—% T VAR L (“ - “2> T L , (5.11)
a? a a sin(vk/2) a a a sin(vVE/2)
-3
L vk vk
8rp=3—5+-5 |1+ M—FF—— 2+ M———F 5.12
TPEYE T o2 a sin(x/Ez/;/2)] [ a sin(vVE1/2) (12)
—4
ArJ = E%L e YRy (5.13)
4 a3 sin(vVk/2) a sin(vVk/2)
This solution appears to be characterized by the function
H= Mi\/E 7 (5.14)
sin(Vkv/2)
which happens to satisfy the conformal Laplace equation on E*, S* or H?,
V2H = éRH, (5.15)

where R = 6k is the corresponding scalar curvature. It is straightforward to verify
that one can take any function H solving (5.15), and the resulting fields still satisfy the
Einstein-Maxwell equations (5.3). This allows to generalize to a multi-centered so-
lution by choosing # to be a linear combination of terms obtained by acting on H with
the isometries of the three-dimensional base space metric. Alternatively, one can use the
conformal invariance of (5.15), which implies

V?’H = -RH, (5.16)

where V2 and R denote the Laplacian and scalar curvature of the conformally related
metric §;; = 22g;; respectively, and H = Q~'/2H. Now let g;; be the flat metric,
gijdz'dx? = dZ?, and

i g 4dz?

Gijdx'da? = e 5 -
1+ kz?]

Starting from the usual one-center solution for a flat base, H = \/2M /||, one gets

.M Mk
H=—"\1+kiz=—"Y3"_
E sin(vVk/2)
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which is the function appearing in (5.9). Taking instead

N
Qr
H= <
27
leads to
- 1 1/2 al Qr
H=—[1+Fkz? < (5.17)
\/5[ ) ,;Iar—xz\

It would be interesting to understand whether there is a deeper reason for the appear-
ance of this conformal structure.

Notice that the existence of this multi-centered generalization of is also sug-
gested by considering a charged probe particle in the geometry (5.9), whose equation of
motion is

Vopt = —qF* 0" . (5.18)

If the particle is BPS, m = ¢, and we take v = v'; for its four-velocity, it is easy to
show that the attractive gravitational force encoded in the Christoffel connection exactly
cancels the repulsive Lorentz force, such that the particle can stay at rest at fixed 1, 6, ¢.

5.2 Singularities and horizons in the single-centered asymptotically
AdS case

In this section, we shall discuss some physical properties of the single-centered (non
necessarily maximally charged) solution in AdS, which does not coincide with the well-
known Reissner-Nordstrom-AdS black hole, but is highly dynamical.

Let us choose &k = —1 and a(t) = Isin(¢/l), with ! > 0 and 0 < ¢/l < 7. Then, far
from the black hole () — oo or  — 1), the energy density and pressure approach the
values given by a negative cosmological constant A = —3/1%, while the charge density
goes to zero. In this limit, the metric tends to AdS in FLRW coordinates, i.e.,

ds® — dt? — 12 sin2§ (dyp? + sinh®ydQ?) . (5.19)

The FLRW form is related to global coordinates 7, # by

t t P\? r
7 = [sin 7 sinh 1, cos 7 = (1 + 12> cos 7, (5.20)
which casts into
7@2 ’f‘2 -1
ds® = <1 + l2> dr? — <1 + z2> dr? — #2d02 . (5.21)

(5.19) has a lightlike big bang/big crunch singularity in ¢ = 0 and ¢ = Ir respectively,
that are of course artefacts of the coordinate system ¢, . In fact, by introducing 7,7, one
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big crunch (¢t = lm, ¢ = 00)

big bang (t = 0,1 = 00)

Figure 5.1: Carter-Penrose diagram for AdS in FLRW coordinates.

extends the spacetime beyond these singularities. The causal structure of AdS in FLRW
coordinates is visualized in the Carter-Penrose diagram fig.

Notice also that, due to cos?(t/l) < 1, the last eq. of implies 7/l — m/2 for
7 — 00, so that actually only the point 7 = I7/2 (which is of course a two-sphere) of the
conformal boundary of AdS is visible in FLRW coordinates.

Rewriting the metric for brevity as

ds? — g I_ 42 — a2 f? (de + Sinz(f¢)d92> 7

I2
with

M M? — 2 M2 — 02

f=1+ vk +k 5 @ , g=1—-k 5 @ . (5.22)
asin(vVky/2) 4a2sin®(VE/2) 4a2sin®(VE /2)
the scalar curvature is
a>  f(a a®\ 3, flg+2)+g?
SR S A (e [y AC A 2

R e 69 (a az) 2k: pyE (5.23)

The spacetime with & = —1 has thus curvature singularities in a(t) = 0, sinh(¢/2) =

L VMEZQ" ond sinh(v/2) = iQ M.

; however the only singularity that is connected with

VI

imally charged case, M = |Q)|, this singular hypersurface becomes the union of the hy-

the asymptotlc region ¢ — +oo is the hypersurface sinh(¢/2) = In the max-

persurfacest =0, ¢ = [w and ¢ = 0.
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To determine if the present spacetime describes a black hole, one can look for trap-
ping horizons [11]. Introducing the Newman-Penrose null tetrads

L (94 ne L (9
l_\/§<fdt afdw), \/i(fdt+afd¢>’

m _afsinhy
V2

and the complex conjugate m, the expansions of the outgoing and ingoing radial null

(df + isinfdy) , (5.24)

geodesics are respectively
0, = —2m“mIV,l,, 0= —-2m“mV,n,, (5.25)

and once evaluated read

VB[, g+sh($/2)(f +9)

Ox = a sinh ¢ f2

(5.26)

Marginal surfaces are defined as spacelike 2-surfaces on which ;. = 0 (/- = 0), and
trapping horizons are defined as the closure of 3-surfaces foliated by marginal surfaces
suchthatf_ # 0and £_0; # 0 (04 # 0and L,0_ # 0) on the 3-surface, where L is the
Lie derivative along the outgoing or ingoing radial null geodesics. From eq. it is
clear that if ¢ # [ 7/2 the two expansions can’t both vanish at the same time, while in ¢ =
I /2 they only vanish behind or on the singularity, since outside of the singularity both
f and g are positive, so that no horizon can exist in any case for ¢ = { 7/2. Furthermore
L_6, and £, 0_ are negative in the whole considered region; as a consequence the only
condition necessary to locate the trapping horizons is the vanishing of 6 or 6_.

For M # |Q)| there are always solutions to §1 = 0 that lie on the singularity; this
means that the horizons intersect the singularity and there is a time interval around
t = [ /2 for which they are not defined. On the other hand, if M = |Q| the horizons are
defined for every ¢ # [ 7/2, while for t = [ /2 they tend to coincide on the singularity
¢ = 0. For ¢y — +o00, 8+ = 0 implies @ — £1 which means that the horizons tend to the
axest =0and ¢t =1Im.

There are always two trapping horizons: One for ¢t > i7/2 where §; = 0and 6_ =
2v/2% < 0, and the other for t < [7/2 where _ = 0 and 6 = 2v2% > 0. Since £_0,
and £, 0_ are negative these are respectively an outer future trapping horizon, which
can be interpreted as the horizon of a black hole, and an outer past trapping horizon,
which can be interpreted as the horizon of a white hole.

In figures[5.2land [5.3|we display, respectively in the cosmological (FLRW) coordinates
(t,1)) and in the global coordinates (7, ) as defined in (5.20), the curvature singularity,
the trapping horizons and the radial null geodesics intersecting in a point with ¢t = i7/2
or 7 = lm /2, for arbitrarily chosen parameters; the plots are obtained by numerical meth-
ods.
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Sﬂ/Z

Sﬂ/Z

Figure 5.2: Plots of curvature singularity (red), trapping horizons (blue) and one pair of
radial null geodesics (green) crossing in ¢ = I7/2, in FLRW coordinates (¢, 1) for M # |Q|
(left) and M = |Q)| (right). For M = |Q| the curvature singularities coincide with the axes
Y =0,t=0and t = Ir.
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tﬂ/Z

™

Toa=__ —

™

Figure 5.3: Plots of curvature singularity (red), trapping horizons (blue) and one pair
of radial null geodesics (green) crossing in 7 = I7/2, in the coordinate system (r, #) for
M # |Q| (left) and M = |Q)| (right). The plot for M # |Q| is zoomed in on the vertical
axis to show its relevant features. For M = |Q)|, the axis # = 0 belongs to the curvature
singularity.
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The radial null geodesics satisfy

dr _ af*

— = (5.27)
dy g
For the case M = |Q| this means that the singularity at ¢ = 0 is never reached, since
for finite a the derivative tends to infinity. On the other hand the ¢t-component of the
geodesic equation for radial null or timelike geodesics in a ~ 0 and finite 1, using |¢)| <
|£|/(af?) reads
. cos(t/l)
t+ ——=t“~0 5.28
*7 sin(t/1) ’ (5.28)
where a dot indicates a derivative with respect to the affine parameter. The solution,
t ~ £lcos™t (1A + ¢2) shows that the singularities in ¢ = 0, I are always reached for
finite values of the affine parameter.
Taking advantage of the spherical symmetry, it is possible to define in a simple, geo-
metrical way the surface gravity k; on the trapping horizons [13] and the associated local
Hawking temperature ' = 2L [14], according to

R R O R[f(a @ a2
=g ViVIR| T2 {g ( - > T2
1 1 3 i cosh(/2) (1 1 g
T e (0)2) (29 cosh W”)iﬁfsmh(wm (2+g f)] 529

where R = af sinh 1 is the areal radius, V is the covariant derivative operator associated
with the two-dimensional metric normal to the spheres of symmetry, and the vanishing
of expression (5.26) was used. k; is in general not zero even in the maximally charged
case, and is positive on the horizons, as is expected for outer trapping horizons. It is
straightforward to verify that the generalized first law of black hole dynamics proposed
by Hayward in [13],

RA 1
E =" 47V, (5.30)
8 2

holds on the trapping horizons. Here a prime represents a derivative along a vector
field tangent to the trapping horizon, A = 47R? is the area of the spheres of symmetry,
V = 47R? is the areal volume, 7 is the trace of the total energy-momentum tensor 7'
with respect to the two-dimensional normal metric, and E is the Misner-Sharp energy,
defined as

1
E = R(1+V,RV'R). (5.31)

Notice that V,,RV*R = 0,6_R?/2 is identically zero on the trapping horizons, imply-
ing E' = 1R’
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5.3 Higher-dimensional generalization

It is possible to construct higher-dimensional generalizations of the multi-centered solu-
tions found in section To this aim, inspired by previous results [71} [72], we use the

ansatz
ds? — 92 2 2,25 7.2
s° = th —a”fP-2dsy, (5.32)
F = D-1g 1-9 2+4Q 1_1 UQﬂ/\dt
BN f A 7"
with
H M27Q2 H2 M27Q2 H2
=14 Mgt =g 9=~ gy (5.33)

where a(t) is a function of time, H (%) is a function of the spatial coordinates, D and
ds% = h;jdz'dz? are respectively the dimension and the metric of the spatial slices. No-
tice that the square bracket in the expression of F is equal to QH/(aP~2f) and is just a
way to express the charge () in terms of the functions f and g.

The nonvanishing components of the Einstein tensor for are given by

f

Gy =" £ ¢ Dol

2 QS 2¢% 285 D -2

DID-1)a2¢> R 42 D-1( g ¢> V2H
f23:§ a’H

2 1 1 1D-1 J\’| ¢* OHRW™O,H
+{D—2fO_g>MD_D+D_$+2D—ZO_f>}fﬂ@ e

. 1. 1 V2 H vV, V. H

D—1 g\> 1 g 1 O,HR™O,, H
+{2(1_f> ‘2(1‘51){1‘@‘”}0]}172 A

_ {(01) (1:‘){)22 (1;) [D+2(1D)ﬂ}Dl_23’J§ZJJT{, (5.34)
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where V, R;; and R represent respectively the covariant derivative, Ricci tensor and
scalar curvature of the spatial metric h;;. From the expression for F' one obtains for the
electromagnetic energy-momentum tensor

1D-1] 9\’ g 1\ | g> O Hh™O,, H
grTem = - |(1-2) +4% (1-= 5.35
T T 2D ( 7) g)_ PR 539

D-1[/ g\ gf, 1\]1 1 -
8l = ——~— (1f) +4? (19) HQ(aiHaszhijath omH ) .

The requirement to have a perfect fluid as matter source translates into the condition
Gij — 8mT{" o< hij. This implies that R;j  hyj, that s, the spatial slices must be Einstein
manifolds, and that the function H must satisfy the condition

ViV,H D HOH
H D-2 H?

Notice that (5.36) is conformally invariant on Einstein manifolds, in the sense that under a
conformal transformation that maps h; to h;; = ¢**h;;, assuming that H tranforms as
H= e#“’H, one has

For a metric, U(1) gauge field, fluid velocity and current density of the form
ds®> =V (t,z")dt* — gijdr'dz? A = ¢dt, uw=+VVdt, J = pedt (5.38)

(which is precisely what we have here), the conservation laws V,T#" = 0 imply

p+p s Pe o
G o;V \/‘781(;5—0. (5.39)

These equations carry information on how the pressure gradients balance the equilib-

T .
Op + %guatgij =0, Oip+

rium of the system. In particular, the second one shows that the spatial gradient of the
pressure cancels the gravitational and electromagnetic forces. Note that, due to the ex-
plicit time-dependence, there is one additional equation w.r.t. (17) of [73].
Let us now turn to (5.36). In the particular case of a conformally flat spatial metric,
hij = edeij, for it to be Einstein it must also be of constant curvature, and one can
D—-2

always take e = 1+ %72, withr? = 3" z'2%. Then we have H = (1 + £+2) = H,, with
H, satisfying (5.36) on flat space, i.e.,

2—D

Hy = (ar® + f'a’ + )72, (5.40)
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where o can always be set to 1 by rescaling the parameters M and Q. In this case the
energy density and pressure of the fluid are given by

D(D-1)@* , kD(D-1) 1
2 a? 2a? fD2—2

P .
TP =7 (G — 8nT™) =

D-1 1 V2H _D- 1 1 OHR™O,, H
_(1_g)f v o 3(1_>f O HR™O ’

D-2 ) o= a*H D—-2 g) o=  a?H?
hs k (D—1)(D -2 o a
S P SN CES UL BT
Da?fp-2 2a fo—= g\a a
D(D —1)a? 2 1\ D—-1V2H
- — 1—— ) —— 41
2 a? + a2fp=2 < g) D H’ (541)
while the current density reads
1/2 -
D—-1 g 2 g 1 g V?’H
drn = - | ——= ||1—= 4= 11— - dt. 5.42
=y K 7) i ( g)} i H 642

In the maximally charged case, |Q| = M, the ansatz (5.32) reduces to

1 2 D-1 1 1\ dH
2= —_dt? —a?fr2ds? =\ 1% ) = Adt
ds det a“fp-2dsp,, F B —2)f< f) ,

H

with

and the Einstein tensor boils down to

D(D-1)d1 R 1 D-1( 1 1 V2H
f2

Gy = L Sl IO
t 2 a? f? T2 2= D-2 =z a’H

f

LID-1 0 1N 1 aHR" O, H
2D -2 f ngié a’H? ’

@N‘ Q-

D a 2 DD -1 2
Gij :(1 — l))hijanm (Z — ) — %C’LQJCD—Q hi]‘

0, HO, H

= (5.44)

f

A D-1 1\’ [10,HA™S,, H
o B2 )

“Rhy; + ——
2 J+D—2 2 H?
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Finally, the electromagnetic energy-momentum tensor becomes

1D-1 1\* 1 HK™,, H
SrTE™ = (1) = % 0

T 2D-2 f) pEs @H?E
o D-1 1\? 1 1 .

In this case the condition to have a perfect fluid source, G;; — 871" o h;j, simply re-
duces to the requirement that the spatial slices are Einstein manifolds, R;; o h;;, while
H can now be any function of the spatial coordinates, i.e., does not need to hold
anymore. The maximally charged solution is thus less constrained. This is of course also
true in the four-dimensional case, with suitable forms for the density, pressure and cur-
rent of the fluid. For a spatial metric of constant curvature the energy density, pressure
and current density of the fluid are respectively given by

DD —-1)a® kDD -1) 1 D-1 1\ 1 V2H
8mp=——F——"—5+ 7~ R B B =)
2 a? 2a? fo—= D=2 f) o= a*H
k (D-1)(D-2) i a? D(D —1) a?
= = v Y (1-D B R S
sp 2a? f% + )f a a2 2 a?’
D-1 1 1 V2H

Given that H can be an arbitrary function in the extremal case, what was the reason
for the appearance of the conformal Laplace equation in section To answer this
question, let us go back to the nonextremal solution, and consider the case where h;; is
the metric on a space of constant curvature. As we already said, one has then (setting
a=1)

D—-2

2—D

H= (1 + Zﬁ) Hy, Hy= (r* + Bz ++)2 (5.47)

If the parameters in (5.47) satisfy the constraint v = 3¢ /4, Hy can be rewritten as
1 .
-8'/2), (5.48)

| f . a—:»o ‘ D—2" ( 0
which is harmonic on D-dimensional flat space. In this case, H in (5.47) satisfies the

conformal Laplace equation

Hy =

D-2 .
mRH. (5.49)

(5.49) results thus from extrapolating the nonextremal case (where (5.36) must hold) to
the maximally charged situation, under the additional assumption that &;; has constant

V2H =

curvature.



Conclusions

In this thesis we obtained new black hole solutions, with and without supersymme-
try, with particular emphasis on multi—centered black holes in cosmological Friedmann-—
Lemaitre-Robertson-Walker backgrounds. These are highly dynamical spacetimes, and
we hope that they can be used to shed some light on some long-standing problems in
black hole physics which are dynamical in nature, such as what happens when black
holes collide and whether the cosmic censorship hypothesis holds.

In chapter 2] using the characterization of supersymmetric solutions to N = 2, d = 4
gauged supergravity coupled to matter by Meessen and Ortin [7], we were able to obtain
what is, as far as we know, the first analytical supersymmetric black hole solution with
a nontrivial hyperscalar field. This solution however has a rather peculiar asymptotic
behaviour, and the hyperscalar is not charged under the two U(1) gauge fields of the
theory. Our actual goal was to find analytic supersymmetric black holes with charged
hyperscalars in anti-de Sitter space, possibly generalizing the AdS black hole solutions
of [74]. This is a difficult task, since the inclusion of hypermultiplets makes the BPS
equations much more complicated. Nevertheless, we still hope to be able to obtain some
solution of this kind, perhaps by considering a different gauging or special geometric
model.

In chapter 4] we used the classification of fake supersymmetric solutions [8] to obtain
multi-centered solutions in a cosmological background. Fake supergravity allows to
apply the powerful techniques used to classify supersymmetric solutions of supergrav-
ities also to non-supersymmetric theories. In our case, it enabled us to find solutions
with and without rotation, and with both flat and curved spatial geometries. The lin-
earity of the fake BPS equations makes it possible to superimpose an arbitrary number
of black holes, obtaining multi-centered spacetimes with metrics characterized by har-
monic functions on the three-dimensional base space. We first obtained spacetimes gen-
eralizing the black holes previously obtained by different methods in [47], which in turn
were a generalization of the KT [40] and MOU [45] solutions, and analyzed some phys-
ical properties of the single-centered case. Then we added rotation and NUT—charge to

85



86 5.3 Higher-dimensional generalization

a subclass of these solutions, and also found multi—centered solutions in a FLRW back-
ground whose spatial sections are 3-spheres.

Some possible extensions of this work include a more detailed study of the physical
properties of our solutions, in particular in the rotating case. It would also be worthwhile
to try to extend the analytic studies of nonrotating black hole collisions in de Sitter space
performed in [40, 41] to the more general solutions considered here, and see how the
results depend on the rotation, the cosmological scale factor different from dS, and the
spatial curvature of the underlying FLRW cosmology.

In chapter 5| we obtained a multi—centered generalization of the charged McVittie
spacetime [9,[10], sourced by a U(1) gauge field and a charged perfect fluid, in arbitrary
dimension. While there is no obvious relation of these solutions to genuine or fake su-
pergravity, the metric is given in terms of a function satisfying the conformal Laplace
equation on the spatial slices of the FLRW background, generalizing the usual construc-
tion in terms of harmonic functions encountered in multi-centered (fake) supersymmet-
ric black holes. Since the background of these solutions can be any FLRW spacetime,
as a particular subcase we obtained multi—centered black holes in a background that is
locally anti—de Sitter space in cosmological coordinates. For the single—centered asymp-
totically AdS case we discussed some physical properties, and verified the validity of a
generalized first law of black hole mechanics.

It would be interesting to investigate whether it is possible to mimic the perfect fluid
with one or more scalar fields, and to embed our solutions in some simple model of
matter—coupled genuine or fake supergravity. Since the charge density ¢ of the cosmic
fluid is nonvanishing for k£ # 0, these scalars would have to be charged under a U(1)
gauge field.



APPENDIX A

Notation and conventions

The conventions used in this thesis are the same as those of [8}7], which in turn are based
upon the ones in [75]. We report them here for convenience.

A.1 Tensors

We use Greek letters pu, v, p, ... as curved tensor indices in a coordinate basis and Latin
letters a, b, ¢, . .. as flat tensor indices in a tetrad basis.

We symmetrize () and antisymmetrize || with weight one (i.e. dividing by n!).

We use mostly minus signature (+ — ——) for the metric of a four dimensional space-
time. 7 is the Minkowski metric and a general metric is denoted by g.

Flat and curved indices are related by tetrads e,* and their inverses e*,,, satisfying

eaﬂebuguu = TNab » ealz,ebu'r]ab = G9uv - (Al)
V is the total general and Lorentz covariant derivative, whose action on tensors and
spinors (%) is given by
vugy = aufy + ]_'\M)ugp )

Vi = 0,8% +wpeb, (A.2)

Vil = 0 — wuu " vard,
where v, is the antisymmetric product of two gamma matrices (see next section), w,,,*
is the spin connection and I',,,” is the affine connection. The respective curvatures are
defined through the Ricci identities

[vm VV] & = Ruvop(r) §7 + THVvafgp ’
[vm V., & = Ruvba(w)fb ) (A.3)
[v;u vu} w = _iRpVab(w)’Vabw .
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and given in terms of the connections by

Ruwp®(T) = 20,07 + 2T ua T
(A4)
Ruyab(w) = 25)[u w,,]ab — 2W[#‘acw‘y]cb .
These two connections are related by the tetrad postulate
v,ueau - 07 (AS)
as
w#ab = F,mb + eal’@#eyb , (A.6)
which implies that the curvatures are, in turn, related by
Ry’ (T) = €, b Ryuva (W) - (A7)

Finally, the requirements of metric compatibility and vanishing torsion fully deter-
mine the connections to be of the form

F/J,l/p = %gw {3#91/0 + augpa - aag,ul/} ;
(A.8)
Wabe = —Qabe + Qpea — Qcaba Qap® = eaﬂebya[uecy] .
The 4-dimensional fully antisymmetric Levi-Civita symbol is defined by
60123 =41, = €p23=—1. (A9)

We define the Hodge dual of a completely antisymmetric tensor of rank &, F(;) by

HiH(d—k) — 1 B(d—k) M (d—k+1) " Hd
*E e = e SR (A.10)

1
k9]

Differential forms of rank k are normalized as follows:

1

F(k) = HF(k)mmukdfM FANKIREIVAN dfﬂ“k . (All)
The exterior and interior derivatives act on differential forms as:
1
dF(k) :E&,F(k)m...ukdm” ANdxPt A NdxtE (A.12)
1
ZVF(k-) ZWVUF(k)VHZ"'de(EM2 A Adxt® (A13)

For any 4-dimensional 2-form, we define the self-dual and anti-self-dual forms as

Ff=_(F+ixF), = +ix F* = F*, (A.14)

N | =
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For any two 2-forms F' and G, we have then

+ +
FE.GF =0, F*,’.GF,,=0.

(A.15)

Given any 2-form F' = %Flwd;z:“ A dz* and a non-null 1-form V = V,dz", we can

express F' in the form

F=V2EAV -x«(BAV)], E,=F,V", B, = «F,,V".

For the complex combinations F* we have

FE=V2CEAV £ix (CEAV)], Cr=FLVY.

1%

A.2 Gamma matrices and spinors

We work with a purely imaginary representation

and our convention for their anticommutator is

(", 7"} = +2n™.

Thus,

T ~a-1

PP =T =t =y

The chirality matrix is defined by

. 1
¥ = —ir"y" " = Feasear™ ",

and satisfies

t =

Y5 == =15, (vs)2 =1.

With this chirality matrix, we have the identity

N T
’yal an:((4)_n)'€a1 anbi b4_n’}/b1-»-b47n’y5'

Our convention for Dirac conjugation is

P =ihT.

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)
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Using the identity Eq. (A.23) the general d = 4 Fierz identity for commuting spinors
takes the form

AMX)(@Ng) = FAMN@)(x) + 3(AMY N@)(1hyax) — §(AMY**N@) (Y yabx)
— 1AMy N @) (ya5x) + 1AM N @) (V15X -
(A.25)
We use 4-component chiral spinors whose chirality is related to the position of the
SU(2) index:
YsXI = +XI, Vsur = —Vur, Ys€r = —€r . (A.26)

Both chirality and position of the SU(2) index are reversed under complex conjugation:

5x3 = vsx' = —x", Vs p = st =+, vse; = ysel = +el . (A27)
We take this fact into account when Dirac-conjugating chiral spinors:

X =ik, xX's=-x". ete (A.28)

A.3 Pauli matrices

The Hermitean, unitary, traceless, 2 x 2 Pauli matrices ¢” (x = 1, 2, 3) are

gl_(“), 02_<9‘Z>, 03—<1 0>, (A.29)
1 0 vt 0 0 -1

and they satisfy the following properties:

(O_m)IJ(Uy)JK — 6wy§IK_~_i€xyz(Uz)IK’ (A30)
(@) (a™) = 205,65 — 656", (A.31)

\ )
(@ s (ahR = 3 e[ L(0%) s = (o) 6" 4] (A.32)

We can also define o-matrices with only upper or lower indices as
(@) = (") k™, (0" =erx(0™) s, (A.33)
which are symmetric matrices

(o) = (6™) 15 =0, (A.34)
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and satisfy the property
i(0®) 1y = [i(a®)17]". (A.35)

It is possible to use the o-matrices to switch between SU(2) indices and three dimen-
sional vector indices using the convention

Al = %Af(aI)IJ. (A.36)

A.4 Bilinears and Fierz identities

Starting from (fake) Killing spinors it is possible to construct the following bilinears. The
scalar bilinear is defined by

el gey, (A.37)

and can be inverted to give
€reg=cr7X. (A.38)

The vector bilinears are defined by the decomposition

1 1
I = -] . = -V, 51 T x z\1 A.39
VU.J 1€ Ya€J 2V J+\/§Va (0)J7 ( 3)
whose inversion gives
1
V, = V! and Ve = — () v, A40
ol o \/5(0 ) 1 Vo (A.40)

Finally there are three imaginary self-dual 2-forms defined by
1 .
Drjab = €rYar€s = i(dz)u@‘zb — " = (™) o, . (A.41)
The Fierz identities imply

1
= ——— [VuVy — 2VoV] A42
Nab 4|X|2[ b a b] ( )

and
wV® =0, g(V,V) = 4X>, g(V*,V¥) = —2|X|* 6" . (A43)
The bilinear 2-form ® can also be obtained from the vector bilinears V and V? as
7

* = —
V2X

VEAV +ix(VEAV)] . (A.44)






APPENDIX B

Geometry

In this appendix we present the definitions and review some properties of the geometries
mentioned in the main text. The discussion here is mostly based on references [16)[76}17],
the appendices of [7] and, for section B.8} appendix C of [35].

In the literature there are different definitions of special Kdhler manifold, not all of
them equivalent. Our definition is based on the definition 2 of [76], which does not rely
on the existence of a prepotential.

For a more in depth analysis of the topics discussed here, and for the omitted proofs
of some statements, we refer the reader to the sources mentioned above and references
therein.

B.1 Complex manifolds

A topological space M is a complex manifold of complex dimension n if there is an open
cover {U;} of M such that on each U; there is a homeomorphism v¢; : Uy — V; C C7,
and on intersections Uy N U the transition maps 7 o d);l are holomorphic.

From a local point of view, an n-dimensional complex manifold can be viewed as a
2n-dimensional real manifold parametrized by n complex coordinates Z¢. We can start
from the 2n real coordinates 2!, ..., z", 2™, ... 2?" and define

A N i=1,...,n
(B.1)

7' =g — gt =71,
We can also write the 2n complex coordinates as Z¢, where the index @ runs first through
the holomorphic coordinates i and then through the anti-holomorphic coordinates 7. The
map between the coordinates z* and the coordinates Z® can then be considered as a
standard coordinate transformation, and the usual relations from differential geometry
remain valid. While a generic coordinate transformation Z’* = f%(Z, Z) would not pre-
serve the splitting between holomorphic and anti-holomorphic coordinates, holomor-
phic transformations of the form Z"* = f¢(Z) do.

93
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A different characterization of a complex manifold can be given in terms of a complex
structure. On every real manifold of even dimension it is possible to locally define an
almost complex structure, which is a tensor J,*(r) mapping the tangent space in itself,
with the property J,¢J.> = —§,b. If this structure can be extended globally to define
a smooth tensor field, then the manifold is an almost complex manifold. Every complex
manifold has a global almost complex structure, which can be given in holomorphic

57 0
J= ( 6 _Z,éj) , (B.2)

but the converse is in general not true. There is a theorem stating that an almost complex

coordinates by

manifold is a complex manifold if and only if the Nijenhuis tensor vanishes:

Nayp© = J, " (0ady,© — 0 d ) — J,* (04, — 0ady©) = 0. (B.3)

B.2 Kihler manifolds

If a Riemannian metric is defined on a complex manifold, the line element takes the

general form
ds® = GodZ*dZ" = 2G;;dZ'dZ7 + G;;dZ'dZ7 + Gr;dZ'dZ7 . (B4)

The metric is said to be Hermitian if there are choices of coordinates for which G;; =
Gz; = 0, or equivalently the line element takes the form

ds? = GapdZ?dZb = 2G;dZ'dZ7 . (B.5)

These coordinate systems are then said to be adapted to the Hermitian structure. Given

a Hermitian metric, we can define the fundamental 2-form:
J =iG;;dZ" NdZ7 . (B.6)

A Kihler manifold is a complex manifold with Hermitian metric such that its funda-
mental form, in this case also called Kahler form, is closed, dJ = 0. This is equivalent to
the condition

akgij - aigkj =0, (B-7)

which implies the existence in every coordinate patch of a real function K(Z, Z), the
Kiihler potential, such that the metric is locally given by

The Kéahler potential is not uniquely defined, since a Kahler transformation

K(2.2) = K'(2,2) =K(2,Z) + [(Z) + [ (2) (B.9)
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leaves the metric invariant. In general there is no globally defined Kéhler potential, but
potentials on overlapping coordinate patches differ by a Kéhler transformation.

A Kéhler manifold can equivalently be defined as a real even dimensional manifold
with an almost complex structure J and Hermitian metric G such that J is covariantly
constant with respect to the Levi-Civita connection:

Vo, ¢ =0. (B.10)

The condition for the metric to be Hermitian can be restated as the requirement that it
is invariant under the action of the almost complex structure, JG.J? = G. The condition
is sufficient to ensure that the Kidhler form, which in real coordinates can be written
as

J = %Jab dz® A da®, Jab = J,“Gep (B.11)

is closed and that the Nijenhuis tensor (B.3) vanishes.
It is worth noting that the Levi-Civita connection for a Kidhler metric is greatly sim-
plified. The only non-vanishing components are those of the form

=000, T =0"0,0y. (B.12)

B.3 Kihler-Hodge manifolds

Consider a holomorphic line bundle, that is a rank one complex vector bundle with holo-
morphic transition functions, over a Kdhler manifold L — M. If we take a Hermitian
fibre metric h(Z, Z) on L, there is a unique connection compatible with both the holo-
morphic and the Hermitian structures. The curvature form of this compatible connection
is given by

F = 0;07log(h)dZ" NdZ7 . (B.13)

Since .7 is a closed 2-form, the equivalence class ¢1(L) = =[] defined from .Z up to
addition of exact differential forms is a cohomology. This cohomology class is what is
known as the first (and only) Chern class of the line bundle, and it is independent of
the choice of h. The fundamental form 7 of a Kéhler manifold is also a closed differen-
tial form, and like the curvature form it defines a cohomology class 5-[.7], called K&hler
class. Integrating a representative of any cohomology class on a closed surface one ob-
tains a number which clearly does not depend on the choice of the representative itself,
and is thus a characteristic of the class.

A Kéhler manifold M is a Kihler-Hodge manifold if and only if there exists a holomor-
phic line bundle L — M such that the first Chern class of the bundle equals the Kahler
class: )

The first Chern class of a line bundle is always an element of the integral cohomology
group, which means that the integral over a closed surface of a member of ¢;(L) is an
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integer. This, together with (B.14), implies that the Kéhler class is of integral cohomology
too. Conversely, it can be shown that on a Kdhler manifold with Kéahler class of integral
cohomology it is always possible to define a holomorphic line bundle whose first Chern
class equals the Kéahler class.

In supergravity there are in general complex scalar fields Z* parametrizing a Kéhler
target manifold M, and Kéhler transformations of the form are symmetries of the
action. Under this symmetry the fermions of the theory transform as

b — e~ 1(F@=FD)y, (B.15)

defining in a natural way a U(1)-bundle over M.
The Kéhler potentials in different coordinate patches on intersections U; N U satisfy

Ki—Ky=fr)(2)+ fr,(2), with fro=—fir, (B.16)

and for the U(1)-bundle to be well defined on triple intersections Uy N Uy N Uxk a cocycle
condition must hold:

e—%(fu(z)—f_w(z)) e—%(fJK(Z)—f_JK(Z)) e—i(fxz(z)—f_za(z)) -1
(B.17)
- Jm(frs+ fix + fx1) =47 crik,

where ¢k is a real constant. At the same time the identity (K; — K;) + (K; — Kk) +
(Kx — K1) = 0 implies from (B.16)

Re (frs+ frx + fxr) =0. (B.18)

From equations (B.17) and (B.18) follows that we can define a holomorphic line bun-
dle on M, with sections given by holomorphic functions x(Z) and transition functions
ef15(2) " This bundle is well defined since it too satisfies the cocyle condition on triple

intersections,
ef10(2) fix(2) ofxi(Z) — q (B.19)

The exponential of the Kzhler potential ¢X(7:%) can be seen as a Hermitian metric on this
bundle, and the curvature of the unique compatible connection is

A A 1
F =0,0;,KdZ' NdZ? = Gi7dZ° NdZ?) = —iT = (L) = o 7] . (B.20)
™
In supergravity then the existence and regularity of fermion fields transforming under
Kéhler transformations as in (B.15) implies that the target space of the complex scalars is

a Kéhler-Hodge manifold.

B.4 Special Kihler manifolds

Consider an n-dimensional Kéhler-Hodge manifold M, and let L — M be the holomor-
phic line bundle with first Chern class equal to the Kéhler class of M. M is a special
Kihler manifold if there exist on M:
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1. A holomorphic flat vector bundle H — M with fibre dimension 2(n + 1), and
whose structure group is the symplectic group Sp (2(n + 1), R).

2. A holomorphic section Q(Z) of L ® H satisfying the constraints
K = —log [i{Q|)] and (QD;Q) = (2]0:;Q2) =0, (B.21)

where the Kédhler covariant derivative of (7)) is given by ©,Q2 = 9;Q2 + (9;K) Q.
The section 2(Z) is locally represented by symplectic vectors of the form

[ xXM2) _
Q(2) = < a(2) ) A=0,....n, (B.22)

and on coordinate patch intersections U; N U the transition maps act on (Z) as
Uz) — EOM;2) (B.23)

where the maps f;; : Uy N U; — C are holomorphic, the M;; are constant matrices in
Sp (2(n +1),R), and on triple intersections a cocycle condition holds:

efIJfJKfKI =1, MigMjgMgr=1. (B24)

If we assume that the components F, depend on Z' only through \*(Z), the second
equation in (B.21) becomes

O™ [2Fa —0a (X7Fa)] =0, (B.25)

and is satisfied if there is a holomorphic homogeneous function of second degree F (),
called a prepotential, such that 75 = JpF. Itis possible to prove that if the (n+1)x(n+1)
matrix (y*,D;x") is invertible a prepotential always exists. In general a prepotential
may not exist, but it’s always possible, for a given special Kahler manifold, to change to
a frame in which there is a prepotential by acting on 2(Z) with a symplectic transforma-
tion [76]].

A section V(Z) of a different bundle, which is only covariantly holomorphic, is often
introduced

_ ﬁA(Z) _ _K(2,2)/2 _ .
V(Z)<MA(Z) > =e QZ), DV=aV--(@K)V=0, (B26)

together with the objects

1 I
2 hai

In terms of V and U; the constraints (B.21) become

(VIVY=i and (VD)= (V|U;)=0. (B.28)
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In extended supergravities, the coupling of the complex scalars to the vector fields is
given in terms of a (n + 1) x (n + 1) period matrix N'. This matrix is entirely determined
from special geometric data, and is defined through the relations

My = NpsL*, hai = Nasf? . (B.29)

The (n+1)x(n+1) matrix (£”, f7) is always invertible [76], so N is given by the matrix
product
Nas = (Ma, ha) (€7, )7 (B.30)

which when a prepotential F(x) exists becomes

(Narx®) (Nsax®)

Nas = Fas + 2i
> > X Nowx ¥

(B.31)

with Npyy, = Im(Faxp) = Im(0p0sF), showing explicitly that A is symmetric. In
the general case the symmetry of A follows from the vanishing of the matrix product
(¥, ES)T (J\_/' - /\_/'T) s (£, f¥), due to the second constraint in (B.28), together with

the invertibility of (£, ).
The definitions (B.26) and (B.28) imply the relations

(Ui Uz) = iGir (U |V) =0, (B.32)
while the definition of the period matrix NV, (B.29) together with its symmetry leads to

(U | U;) =0. (B.33)

The identities (B.28), (B.32) and (B.33) tell us that the n + 1 sections V and U/;, and their
complex conjugates, are linearly independent. This allows us to write the useful com-

pleteness relation, for a generic symplectic section A,

A=i( A|VW —il AIVW + il A|U)GU; — il A|U3)YGU; . (B.34)

B.5 Symmetries of special Kdhler manifolds

For a generic Riemannian or pseudo-Riemannian manifold, the isometries are the trans-
formations that preserve the metric G. This means that they are generated by a vector
field k satisfying the Killing equation

£1Gab = Vaky + Vipks = 0. (B.35)
When the manifold is Kdhler, one also wants to preserve the complex structure

£x b =Vak¢J. b =V c=0. (B.36)
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Since the complex structure in holomorphic coordinates has the form (B.2), when the
indices a and b are both holomorphic or anti-holomorphic this equation is automatically
satisfied, while for mixed indices it translates to the conditions

Ok =0, k=0 — k=k"(2)0; + k'(2)0;, (B.37)

which is the reason why a vector field k satisfying both eq. and eq. is
called holomorphic Killing vector. If k is holomorphic, the completely holomorphic or anti-
holomorphic components of eq. are automatically satisfied for a Kahler metric,
while the components with mixed indices become

which is equivalent to require that the Kihler form is preserved:
0= £, = (wd+du) J = dy,J = —id (k;dZ’ — k;dZ") (B.39)

where we made use of dJ = 0 and ¢, is the interior derivative with respect to k. Since
1:J is a closed form, by Poincaré’s lemma there exists a (real) function P(Z, Z), called a
moment (or momentum) map, such that locally

wT = —dP. (B.40)

This means that a holomorphic Killing vector, if the function P(Z, Z) is known, is given
by
k'(Z) =iG0;P(Z, Z), (B.41)

which is the reason why P is often called Killing prepotential. Equation (B.41) can be
inverted to give

(B.42)

_%' K0,K(2.Z) — KoK(Z,Z)] % (\Z) = A(2)) ,

where A\(Z) is a generic holomorphic function. This expression is completely general
since eq. (B.40) defines P up to a constant, which can be absorbed in the function A\(Z).

Eq. implies also
0=1i(KOK+kHK) —i(A+A) =i (£ik = A=), (B.43)

meaning that in general, under an isometry generated by k, the Kéhler potential changes
by a Kahler transformation, determined by the holomorphic function A\(Z) appearing in
the expression of the moment map P.
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The Killing vectors of a manifold generate a Lie algebra. In particular for holomor-
phic Killing vectors the Lie bracket relation is

lens k] = (kn'Diks” = ' 0iky )05 + (k' Ouk” = k" 0uky7 )0,
(B.A4)
= —fas" (kp'0; + kp'r) |

showing that the holomorphic and anti-holomorphic components of the Killing vectors
satisfy the algebra separately. The Lie derivative must satisfy the condition [£4, £3] =
£ kn k5], Which when applied to eq. (B.43) gives

LAy — £330 = —fas' Ar. (B.45)

This in turn implies that the moment maps transform in the adjoint representation of the
symmetry group,

LaPs = (k'O + k') Py = i (k‘Aigijkzj - kEigijkAj) = —fas' Pr, (B.46)

where £, is the Lie derivative with respect to k5. Equation (B.46) is called equivariance
condition.

Up to now we have considered a generic Kdhler manifold. For a special Kéhler
manifold, we want to consider isometries that also preserve the special structure. This
amounts to require that the isometries are embedded in the symplectic group, or more
precisely that the sections Q(Z) transform as follows:

£40 =80 — M (2)9, (B.47)

where the functions Aj (Z) generate Kadhler transformations and the real, constant, 2(n +
1)x2(n 4 1) matrices

Sp = < . bT > ) with b=bl" and c=cT, (B.48)

c —a

generate transformations in Sp(n + 1). Note that the matrices Sp must provide a rep-
resentation of the Lie algebra of the symmetry group, [Sa,Ss] = —frs! Sr. Since  is
holomorphic, its Lie derivative is given by

LAQ = kp\"0;0 = k"D — k'O KQ = k"D — iPAQ — M Q, (B.49)

where we made use of (B.42). Comparing the expression (B.49) with the one in (B.47),
and taking the symplectic product with €2, one obtains

kN (QD:Q) —iPA(R]Q) = (QSAQ) . (B.50)

The first constraint in (B:21) implies that (2|D;Q) = 0, and we are left with the simple
relation
Pa = MQISAQ) . (B.51)



Geometry 101

If instead we take the symplectic product with €2 we get the constraint

(QSAQ) = 0. (B.52)

B.6 Quaternionic-Kahler manifolds

A quaternionic-Kihler manifold is a 4n-dimensional Riemannian manifold (with n > 1)
whose holonomy group is a subgroup of USp(2n) x SU(2).

An equivalent, but perhaps more transparent, characterization of such manifolds is
the following: a quaternionic-Kéhler manifold is a 4n-dimensional Riemannian mani-
fold admitting a locally defined triplet Ruv of almost complex structures satisfying the
quaternion relation

KIK? = K3, (B.53)

and whose Levi-Civita connection preserves K up to a rotation,
) — — v
VK, + Ay xK, =0, (B.54)

where A = A, (¢) dg" is a triplet of 1-forms on the manifold.
For n > 1 it is possible to prove that a quaternionic-Kédhler manifold is necessarily
Einstein and that the SU(2) curvature is proportional to the complex structures:

1
Ry, = —HuwR (B.55)
4n

R
dn(n+2)’

F* =dA" + %EWZA‘” ANA® = K" » (B.56)
where H,, is the metric tensor of the manifold and K* = %Kzquzvdq“ A dq? are the
2-forms associated with the almost complex structures. For n = 1 we will consider
equations and part of the definition of quaternionic-K&hler manifold. In
supergravity the constant s in must be negative, in particular we take » = -2,
which implies that the quaternionic-Kdhler manifolds relevant for supergravity have
negative scalar curvature.

It should be noted that, despite the name, quaternionic-Kdhler manifolds are not in
general Kdhler manifolds. In fact in many cases they don’t even admit a globally defined
almost complex structure (see e.g. [77]). If however s = 0, which means that the SU(2)
curvature is zero, the manifold is hyper-Kihler, and in particular it is Ricci flat and Kghler,
having a triplet of covariantly constant complex structures. Hyper-Kédhler manifolds do
not appear in supergravity, but they are relevant for rigid supersymmetry.

In supergravity it is customary to introduce frame fields U“ , ; (¢) connecting the scalar
fields ¢“, that are coordinates on a quaternionic-Kdhler manifold, to the fermions (*. The
index « runs from 1 to 2n, while I = 1,2, so that the U*_;(¢q) can be seen as 4n x 4n
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invertible matrices when (o) is considered as a single index. The inverse is written
U, (g):
N R A TR (B.57)

and there is a reality condition
Uara = (U™,) = ers Cag U, Ul = (U2, )" =< €20 U%,,, (B5S)
where C, 3 is a non-degenerate tensor satisfying
Cup = —Cga s CopCPY =32,  C* = (Cup)”. (B.59)

The metric is given by
Huv = U(XIu €rJ Caﬂ UﬁJU s (B60)

so that e7; C,3 can be interpreted as a metric in tangent space.
From the above definitions follows that it is possible to define a triplet of almost
complex structures starting from the frame fields,

K®,? = —iu* uv, 0%, (B.61)

where the o® are the Pauli matrices. The frame fields are covariantly constant using a
connection on every index,

v,U, = 0,u, + A, S U A U T U =0, (B.62)

where A, = LA, - 7,7 and A,,” is the USp(2n) connection. It is then easily verified

that the almost complex structures in (B.61) satisfy (B.54).

B.7 Symmetries of quaternionic-Kahler manifolds

To preserve the quaternionic-Kéhler structure we must require that the isometries pre-
serve the complex structures K” up to a rotation. This means that the “quaternionic”
Killing vectors k generating the isometries satisfy the equations

£iHuo = Viky + Vioky = 0 (B.63)

L£iK®,” = k"V,K*,” + V k"K®," — Vi k'K, = —e™*WYK*®”, (B.64)

where we introduced a compensator field W*. Using (B.54), equation (B.64) can be
rewritten as

Vo kK?,Y = VKUK, W = e™7PYKZ Y| with P? = k'A% — W* . (B.65)

The objects P* are called triholomorphic moment maps, and they are in many ways analo-
gous to the moment maps introduced in section [B.5|
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Contracting equation (B.65) with K',*, and using the quaternion algebra relation
K*,“KY," = —§*¥6§," + e*¥*K*,”, we obtain the expression

- 1. ., ,
P = —K*,/"V,k", (B.66)
2n

which gives the moment maps P in terms of the Killing vector k.
Equation (B.64) is equivalent to the analogous equation for the 2-forms K,

£K® = (id + dug) K = —™V*WIK? | (B.67)
which, since from eq. (B.54) we have dK® = —e*¥*AY A K*, can be rewritten as
Dy K® = dyK® + e™V*AY A 3 K? = ¢"V*PYK* . (B.68)

Taking the exterior derivative of (B.68), after some straightforward calculations and mak-
ing use of the proportionality relation (B.56) between F* and K, we arrive to

eVFWYANKF =0 with w® =dP* + e™?AYP? + K" (B.69)

Equation (B.69) in components is e"¥*w?, K*

[u™ vw]

comes K” "w”, = 0. Since it is always possible to rotate to a frame in which two of the

= 0, and contracting with K™ it be-

three w® are zero, and since K*,"” are invertible matrices, this implies w® = 0, or
D,P* = 0,P" + e™*AY P* = » K" k". (B.70)

Equation is the analogous for quaternionic-Kéhler manifolds of eq. (B.4I), and can
be considered as the defining equation of the triholomorphic moment maps.

We assume that the Killing vectors satisfy the Lie algebra [ka, ks] = —f,5;" kr. The
Lie derivative should then satisfy the condition [£4, £5] = £, k.- Applying this con-
straint to equation we obtain for the compensator fields the relation

2L Wy, + W YWy = — f "W (B.71)

3]
which from eq. (B.70) implies for the moment maps the equivariance condition
e* PAyPEz - %kAu Kzu’ukzv = fAEFPFw ’ (B72)

analogous to the equivariance condition (B.46) for K&hler manifolds.

B.8 Gauduchon-Tod spaces

A Weyl manifold is an n-dimensional manifold M together with a conformal class [g] of
metrics on M, and a torsionless connection D which preserves the conformal class, i.e.

DpGur =20, 9, (B.73)



104 B.8 Gauduchon-Tod spaces

where g is any representative of [g] and 6 is a 1-form on M. From the above definition
follows that we can express the connection as

D&y = Vby + 70 € With 5,7 =7, 0 = 000, + 000, — 607, (B74)

where V is the Levi-Civita connection for the chosen g € [g]. The curvature tensor of this
connection and the associated Ricci and scalar curvature are defined by

DD & = Wy, 760 Ww=W,,", wW=w,". (B.75)

The Ricci tensor is not symmetric and its antisymmetric and symmetric parts are given
respectively by
Wi = *g F., where F=db (B.76)

and
W) = R — (n— 2)V(N0V) —(n—2)0,0, — g [V,0° — (n—2)0,6°] . (B.77)

Equation (B.73) implies that, under a conformal transformation g — ¢**g sending
one element of [g] to another, the 1-form 6 transforms as § — 6 + dw. This means that
¢ can be seen as a gauge field gauging a R-symmetry. W, ,” and W,,, are conformally
invariant, while the scalar curvature transforms as W — e~ 2% V.

In analogy with the definition of Einstein manifolds, a Weyl manifold is said to be

Einstein-Weyl if the curvatures satisfy the conformally invariant condition

1
W(HV) = ﬁngW' (B.78)

A smooth manifold with three complex structures, that is three globally defined al-
most complex structures whose Nijenhuis tensor vanishes, satisfying the quaternion al-
gebra, is called an hypercomplex manifold. If in addition a Riemannian metric is defined
on the manifold which is Hermitian with respect to each of the three complex structures,
g (J*V, J*W) = g (V,W), then the manifold is called hyper-Hermitian. In [61], Gaudu-
chon and Tod studied the structure of four dimensional hyper-Hermitian Riemannian
spaces admitting a tri-holomorphic Killing vector, i.e. a Killing vector compatible with
the three complex structures on the hyper-Hermitian space. A result of that study is that
the three dimensional base-space, that is the space of the orbits of the tri-holomorphic
Killing vector with the induced metric, is determined by an orthonormal frame, E¥, a
1-form 0 and a real function x that must satisfy

dE* = O NE” — k% B, (B.79)

where x is the Hodge operator associated to the metric constructed out of the frame fields
E7®. Equation (B.79) is equivalent to the statement that the space is a three dimensional
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Einstein-Weyl manifold with the additional conditions:

W = ‘%”2’ (B.80)
*d0 = dr +Kf. (B.81)

A three dimensional Einstein-Weyl manifold that satisfies (B.80)-(B.81), or equivalently
a three dimensional Riemannian manifold satisfying (B.79), is called a Gauduchon-Tod
space.






APPENDIX C

Dynamical black holes

Black holes are conventionally defined by the existence of an event horizon. A rigorous
definition of event horizon however relies on the global assumtpion of asymptotic flat-
ness (see e.g. [78]). Furthermore the global nature of event horizons means that they
cannot be located by a physical observer, since this would require the knowledge of the
entire causal structure of the spacetime.

In this appendix we present an alternative definition of black hole, proposed by
S. Hayward and based on the quasi-local concept of trapping horizons [11l], which does
not require the spacetime to be asymptotically flat and can be used also for dynamical
spacetimes. Following [13] we will also give, in the spherically symmetric case, a gener-
alized first law of black hole dynamics.

C.1 Trapping horizons

The intuitive idea behind the definition of trapping horizons is that inside a black hole
both the ingoing and the outgoing light rays converge, so that all signals are confined in
a shrinking region.

Start from the definition of marginal surface. Assuming that the spacetime is time-
orientable, let 6, and 6_ be the expansions of the future-pointing null geodesics orthog-
onal to a spatial two-surface S. Then S is a marginal surface if one of the expansions,
which we take to be 6., vanishes on S:

6.l =0. (C.1)

A trapping horizon is the closure, H, of a three-surface H foliated by marginal surfaces on
which
0_|;#0 and £_604]5 #0, (C2)

where £_ is the Lie derivative along the direction of the null geodesics with expansion
6_. Marginal surfaces and trapping horizons are called

?uter " £ 04|y <0 and future " 0_|H<O. (C23)
inner £ 0|y >0 past 0|y >0
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The future outer trapping horizon provides a quasi-local definition of black hole,
which does not rely on the global structure of spacetime or on the assumption of asymp-
totic flatness. This definition captures the idea that the ingoing light rays should con-
verge, 0_|, < 0, while the outgoing light rays should diverge outside the black hole and
converge inside, so that they are parallel on the horizon, 6, |, = 0with £_60,|, <0.In
the same way the past outer trapping horizon defines a white hole, while inner trapping
horizons are associated with cosmological horizons.

C.2 Spherical symmetry

In a spherically symmetric spacetime, the area A of the spheres of symmetry is a geo-
metrical invariant. This enables us to define in a coordinate-independent way the areal

radius R = ,/ﬁ.

The line element can always be locally written in double null form,
ds? = 2g,_detde — R?*dO?, (C.4)

where the null vectors J,+ are taken to be future directed and Ris a function of £+, and
the null expansions are given simply by
_0:A 0+ R

=2=" (C5)

Or == R

Marginal surfaces are then spheres on which g~ !'dR is null,
OuRO*R =0, (C.6)

and trapping horizons are the closure of three dimensional hypersurfaces foliated by
marginal spheres. It also follows that marginal spheres and trapping horizons are outer
if V2R < 0, inner if V2R > 0 and degenerate if V2R = 0; and that they are future if
g~ 'dR is future directed, and past if g~ 'dR is past directed.

Spherical symmetry also allows to define the quasi-local Misner-Sharp energy [58],

B="0+10,R0R) (€7)
which can be interpreted as the active gravitational energy and enjoys many desirable
properties, in particular reducing to the correct expression in a number of physically
interesting limits [12].

In a dynamical spacetime there is no timelike Killing vector. If the spacetime is spher-
ically symmetric, however, it is still possible to identify a preferred time coordinate. This
dynamic time is determined by an analogue of a timelike Killing vector, the Kodama vec-
tor [79] defined as

K=g'(%dR) (C.8)
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where %, denotes the Hodge dual with respect to the two dimensional metric normal to
the spheres of symmetry. From the definition follows that

2F
R ’

which means that K is spatial on trapped spheres, temporal on untrapped spheres, and

K'9,R=0 and KMK,=0,RO"R=1— (C9)

null on marginal spheres. In particular, a trapping horizon is a hypersurface on which
K is null, and can be seen as a generalization of a Killing horizon, which is defined as
a hypersurface on which a Killing vector is null. Note however that unlike a Killing
horizon, a trapping horizon is in general not null.

In the stationary, spherically symmetric case the Kodama and Killing vectors agree if
K and g~ 'dR commute.

C.3 Dynamical surface gravity and local Hawking temperature
A dynamical surface gravity can be defined in a spherically symmetric spacetime as
1~
k= —§V2R (C.10)

where V is the derivative operator associated with the normal two dimensional metric.
From the definition it is immediate to conclude that k; is positive, negative or vanishes
respectively on outer, inner and degenerate trapping horizons.

From the Einstein equations follows that

E
b=y~ 20TR, (C.11)

where 7 is the trace of the total energy-momentum tensor 7},, with respect to the normal
metric. This expression shows that when 7 = 0, k; has the form of the Newtonian
gravitational acceleration, with E substituting the Newtonian mass.

The Kodama vector satisfies everywhere the relation

K'Vi, K, =ko,R, (C.12)
which on trapping horizons can be written in the form
KMV Kyl = +hkK,, (C13)

analogous to the relation in the stationary case defining the surface gravity from the
timelike Killing vector. As a consequence, when the Kodama and Killing vectors agree,
e.g. in the Reissner-Nordstrém case, k; reduces to the usual surface gravity.

In [14] the authors used the Hamilton-Jacobi tunneling method to show that the dy-
namical surface gravity can be identified, near a trapping horizon, with a temper-
ature

T~_— (C.14)
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analogously to the identification of the surface gravity with the Hawking temperature
in the stationary case. T' must be positive, so this local temperature is only defined near
outer trapping horizons, on which k; > 0. It was also argued that the temperature mea-
sured to leading order near the horizon by an observer, whose worldline is an integral
curve of the Kodama vector, is not T, but instead

. 2F
T:l, with C=1-—. (C.15)

Ve R
The presence of the redshift factor C' means that the temperature diverges on the trap-
ping horizon, where R = 2E. More precisely, T’ is the (finite) limit on the horizon of the

redshift-renormalized temperature:

VO 25 7. (C.16)

C.4 Generalized first law of black hole dynamics

The definition of the Misner-Sharp Energy (C.7) together with the Einstein equations
implies
1
o B = Ay, + §T8MV (C.17)

where V = §WR3 is the areal volume and

b = TR + %T@uR. (C.18)

In [13] it is argued that eq. effectively expresses conservation of energy, with the
two terms on the right representing respectively an energy supply term and a work term.

Projecting eq. (C.17), evaluated on a trapping horizon, along a vector z tangent to the
horizon, we obtain the generalized first law of black hole dynamics:

A1
g kA Ly (C.19)
8 2

where the prime stands for a derivative along z. If an electromagnetic field is present,
excluding magnetic monopoles it is constrained by spherical symmetry to be in a purely
electric configuration, and (C.19) can be rewritten as

kA +EV 1

8'/T + iﬁlhervl ) (C'ZO)

E/

where £ is the magnitude of the electric field. The contribution of the electric field to the
work term agrees with the standard expression for electric work in special relativity,

1
W= 7/ £2av, (C.21)
87T )

substantiating the interpretation as work term.
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In the stationary case, without gravitational sources besides the electromagnetic field,
the only spherically symmetric solution is the Reissner-Nordstrém solution. If again we
exclude magnetic monopoles this solution is characterized by two constants, the electric
charge e and the asymptotic energy m, and for m > |e| it represents a black hole with
Killing horizon at R = m + v/m? — e? and surface gravity k = %\/ m? — e2. For this
black hole the first law is usually given as

kdA  ede
dm = — 4+ — C.22
m=-——+5 (€22)
where the differentials are taken in state space (m, e). The Misner-Sharp energy for the
Reissner-Nordstrom black hole is

62

E=m— — .
m— o (C.23)

so that eq. (C.22) can be rewritten as
kdA + AV
87 ’

which has a form similar to eq. (C.20), showing that eq. (C.19) can be considered a
dynamical generalization of the usual first law. The main differences are that the gen-

dE = (C.24)

eralized law is evaluated on trapping horizons, and that the state space differentials are
replaced by derivatives along the horizon.

In [11] Hayward also introduced a generalized second law of black hole dynamics.
For a spherically symmetric spacetime the generalized second law of black hole dynamics
states that if the null energy condition holds on a trapping horizon, then the area of the
spheres of symmetry A, or equivalently the energy E, is nondecreasing along the horizon
if the horizon is future outer or past inner, or nonincreasing if the horizon is past outer
or future inner.

The analogue of the zeroth law is trivial in spherical symmetry, since it simply states
that £; is constant on the marginal spheres foliating a trapping horizon.
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