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Abstract

String theory and holography have been able to provide the microstates accounting for the entropy of
supersymmetric and extremal black objects, such as black holes and black strings. Gauged supergravity in
different spacetime dimensions allows for rotating, charged black objects displaying inner horizons, in addition
to the outer event horizon. The product of the areas of these horizons has been shown to depend on angular
momenta and electric charges, but not on the mass. The thesis studies these features both from first principles
and in concrete examples. The main aim is to implement the extremal and supersymmetric limit of the black
hole thermodynamics. It is found that in this limit the area product formulae reproduce certain relations between
the conserved charges that have been emphasized recently. A key role is played by the recently discovered
extremization principle for the black hole thermodynamics in the supersymmetric and extremal limit. We show
that this in fact captures the areas of all horizons as well as the area product formula. We give an explicit
proof of these results in the context of black holes in five-dimensional N = 2, U(1)? gauged supergravity and
four-dimensional V' = 2, U(1)* gauged supergravity and argue that they hold more generally.
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Chapter 1

Introduction

It is well known that black holes are thermal objects, their thermodynamics is derived from quantities
related to the outer event horizon. One of the aim of a fundamental theory of quantum gravity is to account
for the thermodynamics of black objects, starting from a microscopic statistical description. This has been first
achieved, in the framework of string theory, for a class of asymptotically flat black holes [1] and from there a
lot of work has been done.

On the other hand, after the discovery of the AdS/CFT correspondence [2], the interest in the study of
asymptotic Anti de Sitter (AdS) black holes has grown. The correspondence was originally formulated in type
IIB string theory on AdS5 x S°, whose low energy limit is described by a supergravity theory on the same
background, and states that the theory is dual to a conformal field theory in four flat spacetime dimensions.
One of the main features of the AdS/CFT correspondence is that it is a weak/strong duality, meaning that if
one of the two holographic duals is a weakly coupled theory, the other is strongly coupled and vice versa. Many
generalizations of the correspondence have been found later on (e.g. AdSy/CFT3 [3]).

In this context, studying black hole solutions on AdSp backgrounds has proven to be a powerful tool to
test the validity of the correspondence, these black holes are solutions of gauged D dimensional supergravities,
which are obtained from dimensional reduction of the original eleven/ten dimensional supergravity [4]. Black
holes are related to thermal states of the dual CFT [5] meaning that, assuming the validity of the correspondence,
one can give a microscopic interpretation of the black hole thermodynamics in terms of an ensemble of states
in the dual CFT.

Despite many (AdS) black hole solutions have been constructed in the last twenty years, only recently
there have been some advances in proving the validity of the picture of black holes as made by microscopic
constituents of the dual field theory, the reason is the difficulty in dealing with strongly coupled field theories.
In [6, 7] the Bekenstein-Hawking entropy of a class of supersymmetric Ad.S4 black holes has been reproduced
from an exact localization computation in the dual field theory, considering the leading order in the large N
expansion'. A similar result has been obtained later for supersymmetric Ad.S5 black holes in [8, 9, 10].

The requirement of supersymmetry is usually needed to have a good control of the two sides of the holo-
graphic picture. On the gravity side, a peculiarity of these supersymmetric black hole solutions is that they are
generally not well-behaved unless one further imposes extremality [11]. This happens because supersymmetric
but non extremal black holes are characterized by the presence of a naked singularity, or by causal pathologies
such as closed timelike curves (CTCs) outside the event horizon. We will call "BPS" the solutions that are both

supersymmetric and extremal. BPS black holes in different dimensions and with different sets of charges seem

"Dual field theories are generally gauge theories with gauge group given by e.g. SU(N). Requiring that NN is large is needed to
account for the large value of the black hole entropy (even in the zero temperature case), which implies a large number of microscopic
degrees of freedom.



2 Chapter 1. Introduction

to share some general properties.

In particular it has been found in all cases that the Bekenstein-Hawking entropy can be obtained from an
extremization principle [12, 13, 14]. One can define a rather simple, homogeneous function I (w;, ¢’) of some
variables (w;, ¢!) related to the chemical potentials of the black hole thermodynamics. These satisfy a linear

> wi— Y ¢l =+2mi, 1.1)
7 1

the entropy of the BPS black hole is then found by extremizing the following entropy function:

constraint of the form:

I(wi, ¢") —w; J; — ¢" Q1 (1.2)

with respect to the (w;, ¢) variables subjected to the constraint (1.1), (.J;, Q) are the conserved charges of the
black hole solution, corresponding to angular momenta and electric-like charges.

The works cited above did not derive the entropy function, nor give a meaning to the (w;, ¢') variables,
which moreover, are found to be complex when solving the extremization equations. These explanations re-
cently came from the work of [8] who derived the extremization principle for a class of five dimensional AdS
black holes. They considered a complexified family of supersymmetric but not extremal solutions in Euclidean
signature, this allowed to identify I(w;, ¢) as the Euclidean on-shell action in the supersymmetric solution,
that is a saddle point of the gravitational path integral, and the (w;, ¢') variables as a modified set of chemical
potentials which, in the extremal and supersymmetric (BPS) limit allows to define a non-trivial thermodynam-
ics. Moreover, condition (1.1) has been interpreted as a regularity condition for the killing spinor near the event
horizon.

In this framework the extremization of the entropy function (1.2) corresponds to the (constrained) Legendre
transform of the grand-canonical potential [ in the supersymmetric solution. A key point in the discussion of
[8], was to implement the constraint (1.1) in the Legendre transform via a Lagrange multiplier A, which is

found to be determined (via the extremization equations) in terms of the charges from the cubic equation:
A3+ pa (i, QDA + p1(Ji, @A + po(J;, Q") = 0. (1.3)

Moreover, the homogeneity of degree 1 of the Euclidean supersymmetric action I allows to obtain the
entropy simply as S = +2miA where A has to be chosen as one of the roots of (1.3), requiring reality of .S
obtained in this way allows one to derive the BPS entropy.

In the last few years, it has been shown that the extremization principle is a general feature of many classes
of static [6] and rotating Ad.S black holesin D = 4,5, 6, 7 dimensions [15], Ad.S4 black holes with acceleration
[16], and it has been explored considering higher derivative corrections to the original five-dimensional theories
[17] and also for asymptotically flat black holes [18].

In our work we are going to reconsider the extremization principle as discussed by [8], we will show that
there is actually more to learn about it which regards the properties of the inner horizons of the black hole.

The idea of black hole solutions with multiple horizons is not a new one, e.g. four-dimensional Reissner-
Nordstrom and Kerr-Newman black holes have an internal Cauchy horizon, together with the outer event hori-
zon. Properties of these internal horizons have been studied since the eighties. A remarkable feature is that, in
some classes of four and five dimensional multi charged, static and/or stationary asymptotically flat black holes,
the wave equation for a minimally coupled scalar field in the black hole background is sensitive to the geometry

near both horizons [19, 20]. Moreover the Bekenstein-Hawking entropy? for the outer and inner horizons can

?1t should be noted that one can formally define quantities such as the entropy, or chemical potentials for the Cauchy horizon. The
way to do it is to repeat the same calculations that one usually does for the outer horizon also for the Cauchy horizon. In this way one



be rewritten as [19, 20, 21] (regardless of supersymmetry and extremality):

Sy = % = /Ng £ /Ny, (1.4)

where Ng/; = Ng/(M, J;, Q') are generally functions of all the charges. Remarkably the product of the
two entropies S_S; = N — Np, turns out to be independent of the mass M of the black hole, which implies
that it should be quantized at the quantum level, due to the quantization of the electric charges and the angular
momenta.

The splitting of the entropy (1.4) into two distinct contributions and the properties of the scalar wave
equation, led the authors of [19, 20, 21] to conjecture the possibility of explaining the microscopic origin
of the thermodynamic properties of the black hole by considering an effective string model (or equivalently
two-dimensional CFT). The two contributions appearing in the entropy S_ are interpreted as deriving from the
right/left moving modes on the string (or right/left moving sectors of a C'F'I5), which has to be taken weakly
interacting to allow for the splitting in (1.4). In this picture the mass-independence of the entropy product
formula, and the consequent quantization at the quantum level, played a special role as it was related to the
level matching condition of the dual® C F'T5.

This conjecture has been proved valid in specific cases where the near horizon geometry contains an AdSs
factor, which is holographycally dual to a C'F'T». This happens for specific types of black hole solutions [23]
(here the inner horizon were not considered), and in the extremal case [24, 25, 26]. Very recently these ideas
have been applied also to the AdS5 black holes that we have discussed in the beginning [27, 28], where an
agreement with the results obtained by studying the dual field theory on the boundary at infinity has been
found. Outside of extremality, where the duality with the C'F'T5 is not as well established, one usually exploit
the thermodynamic properties of the outer and inner horizon, to infer the thermodynamic properties of the R/ L
sectors of the effective dual C F'T5 [28, 29, 30].

Inspired by the possibility to obtain a microscopic interpretation of the outer and inner horizons properties
in terms of a dual C F'Ts, some authors have studied the properties of the area product formula in more general
settings, see e.g. [31]. In almost all cases the area product formula is found to be mass-independent. In partic-
ular in [32] some of the AdS black holes discussed at the beginning have been studied, again the independence
of the area product formula on the mass of the solution holds, but only if one considers also more general
horizons than the event and Cauchy horizons, specifically complex horizons. These "virtual" horizons emerge
as complex zeroes of the function which determines the position of the "physical" event and Cauchy horizon as
its positive real zeroes ri.. The authors of [32], treated these complex horizons as formal loci which however
turn out to be necessary to obtain the area product formula. It is important to stress that in a general setting only
the mass independence of the area product formula is recovered. Instead the splitting in Eq. (1.4) generally
appears for black holes with at most two horizons.

Quoting [32], the independence of the area product formula: "would suggest the possibility of an explana-

can compute an area A_, surface gravity x— and (in the stationary case) finding a null killing vector of the form V' = 0, + -0, for
the Cauchy horizon, it is then natural to interpret these as thermodynamic quantities (e.g. S— = iA, orT_ = ;—;). Clearly, it should
be kept in mind that these are only formal definitions, and one should then work to understand what is the meaning of these quantities
as thermodynamics quantities.

3Some concerns about this conjecture have been raised by Visser [22], in particular the Ny /1 variables should be integers in order
to be associated with a number of excitations. Moreover interpreting the area product mass-independence in terms of the level matching
condition, implies that the product of the areas should be quantized as S_S; o< LN (Lp is the Planck length), again with N integer.
These requirements do not follow immediately from the observations of [19, 20, 21] unless one considers the supersymmetric and
extremal solution. For example the quantization of the area product in terms of infegers does not follow generally from the mass
independence, which simply states that S S_ only depends on the quantized charges. This additional requirement can be obtained
provided that one tunes the elementary electric charges, upon which the charges Q' are quantized, so that once S;.S_ is written in
terms of the quantized charges and angular momenta, one correctly obtains S_ 5S4 LﬁN with N € N. Moreover Ng,;, € N implies
the quantization of the mass of the black hole solution.
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tion for the microscopic behaviour of such black holes in terms of a field theory in more than two dimensions",
where all horizons may be relevant to study the microscopic properties of the given black hole solutions. Un-
fortunately however, at least to our knowledge, very little to no work has been done in understanding these
complex horizons, contrary to the Cauchy and event horizons as we have briefly discussed above.

The present thesis aims at making some steps forward in the understanding of the properties of these com-
plex horizons. We will concentrate on the black hole solutions of four and five dimensional gauged super-
gravities discussed at the beginning, dual to thermal states of three and four dimensional field theories on the
boundary of the spacetime. The end goal would be to obtain a microscopic interpretation of the properties of
all the horizons. If possible, it is natural to assume that it would arise by considering the dual field theory on
the boundary. This would be different from what we have briefly described above, the reason being that the
dual C'F'T5 description formally arises by studying certain near horizon geometry, while here we will consider
the asymptotic AdSp geometry. One may speculate that both pictures can be used and could be related, some
indications may have been given by [28], which however did not consider the virtual horizons. Understanding
if such an interpretation actually exists would be an ambitious result, which would certainly require much more
work than what can be done in this thesis. Indeed, we will not directly address these problems, but rather give

an analysis of the properties of the different horizons*

, concentrating on the gravitational side of what we hope
is a broader holographic picture.

We will first consider the known area product formula and show that, in the BPS solution, it is equivalent
to the BPS constraint on the charges, which allows us to get extremality from the supersymmetric solution. We
will briefly argue why this is actually a non trivial result, and use this as our starting observation. In trying
to frame this result in a more fundamental picture we will define a set of thermodynamic variables (entropies
and chemical potentials) for each horizon, showing that they trivially satisfy a first law of thermodynamics, in
doing so we will generalize some results previously obtained for other kind of black holes [29, 31, 30].

A key role in our discussion will be played by a sort of "exchange symmetry" which relates quantities
defined for each horizon®. Using this symmetry we will deduce the possibility of defining a set of universal
quantities which allows us to capture the properties of all horizons at once. This idea applied to the quantities in
Egs. (1.1, 1.2), will allow us to show that the extremization principle is universal in the sense that it reproduces
all the horizons entropies in the BPS limit. A key role is played by the Lagrange multiplier (1.3). Indeed,
we find that while the purely imaginary root of (1.3) gives the outer horizon area, the other roots provide
the "entropy" associated with the other horizons. Promoting the extremization principle to an "universal"
extremization principle, will explain our starting result regarding the area product formula in the BPS limit,
and allows to unify the properties of all horizons in the BPS limit (and formally also in the supersymmetric but
not extremal case) in a more fundamental picture. We will explicitly show that our results are valid for many
classes of AdS black holes, in different dimensions and with different set of conserved charges, we will also
prove it for a new generalization for a class of Ad.S, black hole solutions with acceleration. We will argue why
this result can be seen as a starting point to obtain a holographic interpretation of the properties of all horizons,

and also argue how these results may be extended to non-supersymmetric solutions. We leave for future work

4Studying these complex horizons, formally requires to consider complex solutions for the metric and gauge/scalar fields, with
analytically continued radial variable or, equivalently, complexified parameters (see e.g. [8] Sec. 3.1). These would not be allowed
as Lorentzian solutions. However, we are interested in studying these horizons interpreted as formal loci, and in particular, their
generalized thermodynamics (which is characterized by formal complex thermodynamic quantities), without addressing what physical
meaning these quantities might have (this is not so clear neither for the "physical" Cauchy horizons). The motivation to do so is found
in the properties of the area product formula. Moreover, one can regard these complexified solutions as complex saddle points of the
gravitational path integral (hence as formal solutions of the equations of motion), we will make some quick comments about this when
studying the five-dimensional black holes.

SThis symmetry has already been observed for black holes with only an event and Cauchy horizon. In this case it has been argued
that the exchange symmetry of the horizons is related to the 7 -duality of the dual C'F'T> (See [19], in particular Sec. 4).



a better explanation of these aspects.

The plan of the rest of this work is as follows. In chapter 2 we give a review of elementary aspects of
supergravity in D = 4,5 dimensions and on supersymmetric and BPS, asymptotically AdS black hole solu-
tions. In chapter 3 we concentrate on two classes of solutions of gauged D = 5 supergravity. Starting from the
single charged, double spinning black hole solution, we will first give a detailed review of its known properties
(Sec. 3.1); then we also present the extremization procedure discussed in [8] and the derivation of the area
product formula of [32]. Next in Sec. 3.2 we prove our original results about, where we first analyse what kind
of horizons does the solution admit, and then show in detail how the results that we have just anticipated are
derived. In particular showing how the extremization principle can be promoted to a universal extremization
principle for all horizons.

In Sec. 3.3 we move on discussing the consequences of the universal extremization principle for the general
double spinning black hole with three charges, of the U (1) gauged theory (STU model). We explicitly check
the validity of these results for the simpler solution where the two angular momenta are set equal in Sec. 3.4.
For this black hole solution we follow a similar logic as for the single charged case, for this reason we don’t go
at the same level of detail.

In chapter 4 we generalize our results to the Ad.S black holes in four dimensions which arise from the U (1)*
gauged theory. We first consider the spinning single charged solution, showing how the universal extremization
principle is carried out in this case (Sec. 4.1, 4.2), next we quickly discuss the pairwise equal charged case
(Sec. 4.3). Also in this case we discuss the consequences of the universal extremization principle for the
most general solution with four independent charges, explicitly showing the validity of this universality for the
specific solutions discussed before. Finally, in Sec. 4.5 we conclude discussing the generalization of the single
charged solution with acceleration, and we explain the new features that arise when acceleration is present.
For this solution the universal area product has never been discussed before, so we will derive it and show its
equivalence with the BPS constraint between the electric charge and the angular momentum. Again we will

show that the universality of the extremization principle works out also in this case.






Chapter 2

Review of supergravity and supersymmetric
black hole solutions in AdS backgrounds

The main subjects of our investigations are asymptotically AdS black hole solutions in supergravity theo-
ries. It is therefore useful to give a brief introduction to supergravity before starting with the main subjects. A
complete review on how to construct supergravity theories would go beyond the scope of the present thesis.
Here we only provide a brief introduction to their structure, focusing on the features that will be relevant in the
following chapters.

We are interested in N' = 2 gauged supergravity in D = 4,5 dimensions, possibly coupled to a certain
number of Abelian vector fields which generally allow to gauge a larger Abelian group U(1)", translating
in the possibility of having black hole solutions with multiple electric-like charges. The reason why we are
interested in these theories, for a certain number of vector multiplets, is that they can be obtained as consistent
truncations of supergravity theories in ten or eleven dimensions where the AdS/CFT correspondence is naturally
established. We will say a little more about this when introducing each specific theory, in the next chapters.

We are going to follow closely the presentation of [33], and discuss the on-shell, component formulation of

the above supergravity theories, not considering auxiliary fields.

2.1 Elementary aspects of supersymmetry in D = 4,5

The properties of supersymmetric theories depend on the number of spacetime dimensions where they are
formulated in. On one hand, massless physical states in D (flat) dimensions, which are massless irreducible
representations of the Poincaré group ISO(1, D — 1), are classified by representations of the SO(D — 2) group.
In four,(five) dimensions massless particles are characterized by helicity,(spin) and are therefore described by
2,(2s + 1) states.

This is important because massless particles are the "building blocks" of the irreducible representations of
the super-Poincaré group, the supermultiplets, which must contain the same number of fermionic and bosonic
degrees of freedom. This requirement implies that in higher dimensions, one has to consider longer supermulti-
plets, for example, the supergravity multiplet in D = 4 contains just the spin-2 graviton and the spin-% gravitino
(Guv» %), while in D = 5 the minimal supergravity multiplet contains also a gauge field (g, ¥y, Ap).

Moreover, the properties of the spinorial representations of the Lorentz group are different in different
dimensions [34], this directly influences the properties of the supercharges. In particular, remember that any

irrep. of the Clifford algebra in D Lorentzian dimensions,

{La, T} = 2nqp, Nap = diag(—1,+1,- -+, +1), 2.1

7
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is also a representation of the Lorentz algebra via the map:

- 1
p(Map) = E[Tmfb], (22)
here (a,b=0,1,--- , D — 1) and M,y are the generators of the D-dimensional Lorentz algebra.

Generally these spinorial representations of the Lorentz group are reducible. Take, for example, the irrep. of
the four-dimensional Clifford algebra given by Dirac matrices, the corresponding representation of the Lorentz
group is the (%, 0) @ (0, %) An irreducible spinor representation can be obtained by imposing constraints on
the spinors on which the wanted representation acts. These constraints can be chirality conditions or reality
conditions, in four dimensions these give rise to Weyl or Majorana spinors.

What kind of constraints one can impose depends on the dimension D, due to the different properties of the
Lorentz group in different dimensions, and halve the independent components of a spinor, hence influencing
the minimal number of real independent supercharges one can have. This is reflected in the length of the
supersymmetry representations, denoted as supermultiplets.

In D = 4 either a chirality or Majorana condition can be imposed on Dirac spinors to get an irrep. of the
Lorentz group, but not both. The minimal amount of supersymmetry in 4D is achieved by considering, for
example, one Majorana supercharge, which contains four independent real components.

In D = 5 one can show that two inequivalent irreps. of the Clifford algebra can be obtained by starting
from the four-dimensional I', matrices and adding one of +I'5. The corresponding representation of the Lorentz
group acts again on four-components complex Dirac spinors. In 5D one cannot impose neither a chirality nor
a reality condition, meaning that the minimal amount of supersymmetry is achieved considering one Dirac
supercharge, containing eight independent real components. For this reason, the D = 5 supergravity multiplet
contains more states with respect to the four-dimensional one.

However, in D = 5 there is a special type of condition that one can impose, called symplectic Majorana
condition. First one has to double the number of Dirac spinors (e.g. the supercharges Q;) so that to have an

even number of them 2V, then one imposes the following condition:

(Qi)" = Q;BQ;, (2.3)
where ();; is a real antisymmetric matrix such that 02 = —I,y and B is the matrix that allows us to express
(To)* as (I'y)* = —BI',B~!, the number of independent components does not change, as we had to double

the number of supercharges first. This allows to make explicit the R-symmetry group, which in D = 5 is found
tobe USp(2N) = U(2N) N Sp(2N, R).

It is equivalent to work with N Dirac supercharges or 2N symplectic Majorana ones, but usually in the
literature one refers to IV extended D = 5 supersymmetry to the one with an even number of symplectic
Majorana supercharges. Hence, the N = 2 supergravity we are going to consider is truly the minimal one
despite the N = 2 designation. Similarly, when considering the D = 5 supergravity multiplet, the eight
fermionic degrees of freedom can be thought of as distributed between two symplectic Majorana Dirac spinors

wfl so that the multiplet is given by (g, @bz, A,), where the 7 indices are in the fundamental of USp(2) =
SU(2)g.

2.2 Pure supergravity

Supergravity can be thought of as a gauge theory of supersymmetry where the supersymmetry transforma-

tions with fermionic parameter e are promoted to local transformations. To see how this works (following the
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discussion of [33], Ch. 2), let us start with a supersymmetric theory with Lagrangian .Z’. Let us consider D = 4
and A/ = 1 supersymmetry so that we have only one global fermionic symmetry with parameter ¢, such that
0L = 0,V

If we promote € to a local parameter, we lose the invariance under supersymmetry as the Lagrangian now
transforms as 6.2 = 0,V* +0,€J", where J* is the conserved current associated with global supersymmetry
transformations. Notice that the components of J# must be spinorial quantities.

Following the Noether procedure, supersymmetry is restored by adding to the Lagrangian a term like:
/ 1 -
L= ——1,J", Oetpy = Mp0,e, 2.4)
M,

where M), is a (for now arbitrary) mass parameter needed to get a mass-dimension 4 Lagrangian, and v, is the
gauge field associated with the local supersymmetry transformation, which couples to the supercurrent J* of
the original theory. Its components are Majorana spinors, so it carries both a spinorial and a Lorentz index .

We are not finished yet, as generally one finds that the supercurrent is not gauge invariant, which means
that we need to add more terms to the Lagrangian. In particular, one finds that (after some calculations):

1 - 1 _ L v
662/ == —ﬁp(sed)u J'u + Mpwu 59]” ~ —(%e JIJ + ﬁpe ’y#wyTM + .- ) (25)
the first term exactly cancels the variation of .Z by construction. Instead, the variation of the current gives
rise to many terms, one of which is proportional to the stress-energy tensor of the original theory T#”. The
cancellation of this particular term can be achieved by adding to the Lagrangian a new coupling between T+
and a symmetric tensor field g,,,, such that:

1
2" = _gul/lea 6eg/u/ ~ 767(;#/111)7 (2.6)

M,
guv can only be the spacetime metric, and therefore v, must be its superpartner, the spin—% gravitino.
Promoting supersymmetry to a local symmetry requires coupling the original theory to the supergravity
multiplet (g, %, ), which can be made dynamical by adding the corresponding kinetic terms. To fully restore
supersymmetry in the original Lagrangian .’ (which contains also matter fields) one should add more terms. In
this way, one would get a matter-coupled supergravity theory. However, what we have discussed above already
allows us to obtain the supersymmetric Lagrangian for the pure supergravity multiplet, not coupled to matter.
It can be shown that this is nothing but the sum of the kinetic terms for the graviton and the gravitino, after

having performed the required spacetime covariantizations'

M2 1 Seby = M, D e
S = / d*z/—g TI’R—gszw”ﬂDyw,} , . P , .7

559#1/ = ﬁg'y(;ﬂpy)

—-1/2

in these conventions, we have M, = (87G y) , which is the reduced Planck mass [33], moreover vy*** =

ab

Al APl and D, =0, + iw/‘jbfyab is the covariant derivative” acting on spinors via the spin connection Wy’

latin letters indicate flat indices and are related to the curved (greek) ones via the vielbein (e.g. 7* = €j;7").

The specific form of the kinetic term for the gravitino in (2.7), allows to have the propagation of only the

"Having not included auxiliary fields, the supersymmetry algebra closes only on-shell, hence [0cy 5 0es|thu = Oley,e0)%u holds only
on-shell. &}, ,]%,. is the variation of 1), under the element of the super-Poincaré group given by: [e1Q, €29Q).

The covariant derivative acting on the gravitino should also take into account the Lorentz index in 1, so that one should have
Vuy = Dytpy — I, 4, but in the action (2.7), it always appears the antisymmetrized covariant derivative of 1), which satisfies
Vu¥y) = D1, due to the torsionless condition on the Levi-Civita connection I‘ﬁw] =0.
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physical spin—% degrees of freedom contained in the 1), field, and is called the Rarita-Schwinger action [35].

An important comment has to be made about the way the spin connection w®

is interpreted (let us also
treat the vielbein and spin connection as 1-forms). Recall that in Einstein gravity (not coupled to matter), the
spin connection is determined in terms of the vielbein 1-forms w® = w%(e) via the torsionless condition
T* = De® = 0, hence it is a composite field depending on e®. This is known as the second-order formulation
of general relativity [33, 36]. However, one can adopt a different point of view and treat w? as an independent
field. In this way the wanted gravitational degrees of freedom are described on-shell, as one finds that the

equation of motion for the spin connection is precisely the torsionless condition isi EL = () & De® = 0. This
1

is called first order (or Palatini) formalism [33, 36].
This distinction is important in supergravity theories, where fermions are always present. In a general
gravity theory coupled to fermions, one finds that in the first order formalism, the equation of motion for the

spin connection acquires an extra term that is bilinear in the fermions. Considering the example given in Eq.

(2.7), one would find [33]: De” — ; Al/pqﬂ A v%p = 0. In this case, the symmetry under local supersymmetry
P

for the theory in Eq. (2.7), can be proven by fixing the susy transformation for w®
b

in such a way that 6.5 =
0. Alternatively, adopting the second order formalism, one interprets w® as a composite field which is now

determined by the condition 7% = De® = 4]\145 ¥ Ay [33]. In this case, w™ (e, ¥) = w®(e) + K%®(1)) is not

a torsionless connection anymore, due to K ®*(v)) which is quadratic in the fermions, but one can show that the

equations of motion in the two formalisms are equivalent [36]. Notice also that one has to add interaction terms
for the fermions in this case (due to the K (1)) piece). Moreover, w®(e, ) and the Levi-Civita connection
'/, are now not equivalent, the latter still being torsionless as Fﬁw} = 0, and only determining w®(e) (this
means that footnote 2 is still true). In this case, the susy transformation of w?(e, 1)) is fixed by those of the
vielbein and the gravitino. However, in order to prove the invariance under local supersymmetry in the action

(2.7) one simply needs the condition 7% = De® = @1& A v,

2.2.1 N = 2 extended pure supergravity

Eq. (2.7) is the pure N' = 1 supergravity action in D = 4, but we are going to work in A/ = 2 extended
supergravities, which allows to have gaugings within the pure supergravity theory itself. Moreover, in D = 5
there is not a generalization of (2.7) due to the different field content of the minimal supergravity multiplet,
which instead is similar to the four-dimensional A = 2 one.

Let us stick to D = 4, in N/ = 2 extended supersymmetry the supergravity multiplet is now given by:
(G, w;iu A,,), where the two gravitini now form a doublet in the fundamental representation of the SU(2) g
R-symmetry subgroup of the full U(2) z symmetry.

It is tempting to view the supergravity multiplet as a sort of combination of N” = 1 multiplets as (g,,.,, 1/;2;, A, =
(gw,, 1/1,(})) P (1/),@, Au)- The second one is the A/ = 1 gravitino multiplet whose globally supersymmetric

action is given by:

1- 1 Setby = 17"PyueR,
S= / d‘*a:(—QW“”Pamp—4F,WF’“‘”) Ve = a el 2.8)
deA, =€y,

Indeed, by coupling pure supergravity (g,., 1/1,(})) (2.7) with the above theory (wl(f), A,) (2.8) interpreted as
a sort of "matter theory", following the Noether procedure described in the last section, allows one to get
a local supersymmetric theory, with parameter ¢(!), for the desired physical fields (G 1%, A,). One has
to add interaction terms of the form )t/ F and 1%, and also covariantize (2.8) under space-time coordinates

redefinitions. One then realizes that this new theory enjoys an SO(2) symmetry which rotates the two gravitini
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@ZJfL, this implies that the theory is also invariant under another local supersymmetry transformation €? which
can be obtained by essentially swapping the role of the two gravitini.

In this way, one gets the pure N' = 2 supergravity theory [37, 38], only the SO(2) = U(1) € U(2)r
symmetry is evident if one uses Majorana spinors ¢L, ¢, which can be interpreted as SO(2) doublets, and it is
the only symmetry that can be gauged by using the A,, gauge field present in the supermultiplet, without adding
matter.

We will need only the bosonic part of this theory when discussing black holes, which is simply given by
summing the bosonic parts of (2.7, 2.8), and the supersymmetry transformation rule of the gravitini:

1
84, = MyD,e — Zw”"yﬂFup e+ O0(?) (2.9)

where the two Majorana gravitini and supersymmetry parameters €’ have been combined into one Dirac spinor,
Yy, = f}) + iw,(?) [39] in this way, the SO(2) symmetry that rotates the two real spinors, becomes an U (1)
symmetry for the complex Dirac spinor. The O(¢)?) terms are not going to be relevant for us, since the gravitino
is set to zero in the background.

What about D = 5 pure supergravity? Unfortunately, one cannot repeat the procedure we have described
above, and one has to resort to other methods [40]. Skipping the details, the pure D = 5, N’ = 2 supergravity
theory is actually similar to the four-dimensional one. For example, the bosonic part of the Lagrangian, which
we are interested in, has the same structure but in five-dimensions one is allowed to add a Chern-Simons gauge
invariant term proportional to the 5-form F A F A A = —@e”“ p")‘FWFpUA A, it is easy to see that under a
gauge transformation A, — A,, 4 0,,A this term transforms as a total derivative.

Regarding the gravitino supersymmetry transformation, one finds again a similar result as in D = 4 (2.9):

oYl = MpDpe' —i—=(T /P — 45" TP) Fpe’ + O(?), (2.10)

1
43
M, here is related to the five-dimensional Newton’s constant, so it is formally different from the one used
before. Remember that in this case the spinors are symplectic Majorana and form a doublet of the U Sp(2) g =
SU(2)r R-symmetry group of the five-dimensional Poincaré superalgebra. Also in five-dimensions the pure
supergravity theory contains only one gauge field A,, which allows to gauge only a global U(1) symmetry of
the theory (contained in the R-symmetry group).

2.2.2 Gauging and AdS background

We will now describe the procedure of gauging the above pure supergravity theories, specifically we want
to give an idea of what kind of modifications are needed in the Lagrangian and in the gravitino supersymmetric
transformation rule. The most important point for us is that upon gauging, a negative cosmological constant ap-
pears, meaning that the gauged version of the above supergravities have AdSp and not Minkp as a background
solution. Similarly, black hole solutions in these gauged supergravities are asymptotically AdSp.

Let us consider again the four-dimensional case. As we have already said, we can only gauge the global
SO(2) symmetry rotating the two Majorana gravitini (and correspondingly the two supersymmetry parameters
€, or equivalently the U (1) symmetry associated with the Dirac gravitino v, — eigo‘(”")wu where ¢ is the
gauge coupling constant. Local U(1) symmetry is then restored by minimally coupling the gravitino with the
gauge field A, (now seen as the gauge field associated with the local U (1) symmetry), hence one promotes the

Lorentz-covariant derivative of the gravitino to a Lorentz and gauge-covariant derivative:

D, — D, = D, —igA,, (2.11)
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this implies that the gravitino susy rule (2.9) acquires a new O(g) term of the form §y" = M)zld —iMp gAye,
while the other supersymmetry transformations are unchanged.

The action that one gets at this stage is not locally supersymmetric anymore. To restore supersymmetry,
one has to add other O(g) and O(g?) terms in the Lagrangian and further modify the susy rule of the gravitino.
For example, the supersymmetry variation of the kinetic term of the gravitino produces a new O(g) term of
the form: igM,€F),,y**P1),, which appears as a consequence of the new O(g) variation &Zu ~ igMpA,E, (an
integration by parts is also required). This term can be (partially) cancelled by the 1)t F' term cited above, if we
further modify the gravitino susy rule as ¢/ = 690 — igM, Aye + § M2y e, [41].

This new piece in the gravitino susy rule produces yet new terms when considering the variation of the La-
grangian, for example, from the kinetic term of the gravitino one gets a new O(g) term of the form gMg &MV“W’%D,,G,
this is trivially removed if one adds to the Lagrangian a mass term for the gravitino of the form® .%,
gMpqﬁH'y‘“’@Z)l,, the variation of this piece cancels the above term upon considering dv,, ~ M,D ,e.

Finally, we arrive at the last relevant piece that one has to add to the Lagrangian, this is the O(g?) cosmo-
logical constant that essentially allows to cancel the O(g?) variation of the gravitino mass term %, obtained
by considering 01, ~ §M27,€, so one has to add the following term* .#” = \/—g g>M,}. Where the use of
the same letter for the gauge coupling constant and the determinant of the metric hopefully does not cause any
confusion, given that the latter always appears under a square root.

Remarkably, these modifications are sufficient to restore the invariance under local supersymmetry. Notice
that we had to add a cosmological constant term A o —gQM]f whose sign is negative and fixed, hence the
background solution of this gauged supergravity theory is AdSy.

The fact that the gauging procedure introduces a negative cosmological constant is a general fact for gauged
suepergravities. For more complicated cases where there are also matter couplings and scalar fields, the mass
term %, and the cosmological constant will become scalar field dependent, producing a Yukawa-like coupling
for 1, and a scalar potential, which can be seen as an effective cosmological constant. It turns out that only
vacua with negative or vanishing cosmological constant can be compatible with supersymmetry, while gener-
ally dS vacua break supersymmetry. The reason for this can be deduced from algebraic considerations (see e.g.
[33]). Indeed, once a cosmological constant is introduced the background solution is either AdS or dS space-
time, the isometry group is not Poincaré anymore but SO(1,4) or SO(2, 3) for dS or AdS in four dimensions.
A consistent supersymmetric gravity theory with cosmological constant should then be obtained by promoting
the symmetry groups of dS or AdS to supergroups. It turns out that this can be consistently done only for the
AdS isometry group SO(2, 3) (in this way, the corresponding superalgebra closes).

These algebraic considerations also help to understand another peculiarity of the gauged theory that we
have found above, which is the fact that the gravitino acquires a mass m, ~ gM, while all other states
in the supergravity multiplet stay massless. This would not be possible for the super-Poincaré group irreps.
(each supermultiplet is degenerate in mass) but in the gauged case we should consider the irreps. of the super-
SO(2,3) group. In this case, one finds that the generators of spacetime translation P, are such that’ [P?, Q] # 0

and moreover, P? is not anymore a Casimir of the algebra. This means that the definition of the mass of the

*One can immediately see this by noticing that it holds v**?, = —y**.

“This term does vary under local supersymmetric transformation as it depends on the metric via its determinant, one can then show
that its variation cancels the O(g?) variation of the gravitino mass term [33].

*Itis also true that [P,, Q] o« g # 0, this is different from what happens in the super Poincaré group and is needed in order to satisfy
the super Jacobi identities [33]. From this, one can show that the super Jacobi identities can be satisfied only for AdS space, using
the properties of its isometry group. Moreover, the modification of the P,, Q commutator is at the origin of the constant ~ g~ € term
appearing in the gravitino susy rule, which also makes the mass term .%,,, and the cosmological constant appear in the action. This is
true also for Pure N' = 1, D = 4 AdS supergravity, where the g parameter is not a gauge coupling constant. However, if one couples
this pure AdS supergravity with suitable supersymmetric matter, as we did above, one would find that one has to make the gravitini
become charged under the gauge field, with g becoming the gauge coupling constant [38].
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elementary particles in Ad.S is trickier, and does not need to be degenerate in the supermultiplets.
Finally ,the bosonic part of the action for N' = 2, D = 4 pure gauged supergravity relevant for our

discussions is given by:
— [ f Mza2 orpd 1 v
S = T/ —g 7R +39°M, — ZF“VF ) (2.12)

while the susy transformation of the gravitino is given by:

. 1 v
= My (Dy = igAu = G My )€ = 37" Fop e+ O(). 2.13)

In five dimensions, the discussion follows the same. Remember now that there are two symplectic Majorana
gravitini carrying an SU(2) index i. We can consider the U(1) transformation generated by the o3 generator
of SU(2) which acts on the gravitini as 1/)&1) — eigo‘(””)gbf}) and 1/},?) — e_igo‘(x)wg). The gauging procedure
produces similar modifications to the Lagrangian and gravitino susy transformation rule, also in this case a
negative cosmological constant appears (see e.g. [42]).

The explicit gravitino susy transformation rule is given by:

i i1 v v i 1 ' ij
U= Dy — i (07— 48,17 ) Byl g<2\/§F“ + ZAM> el + O(1?), (2.14)

remember that ¢, and € are symplectic Majorana spinors, moreover €'/ = —e’* and 2 =1.

2.3 Coupling pure supergravity to vector multiplets

As we have anticipated in the introduction, we are also interested in supergravity theories where we gauge
larger Abelian U(1)™ groups. This cannot be done in pure supergravity as there are not enough vector fields
which can play the role of gauge fields. This problem can be solved by coupling the pure supergravity theory
with vector multiplets, we are then going to give a rather brief and incomplete overview on this topic, hoping
to convey some basic ideas on the structure of this matter coupled supergravities, (more details can be found,
for instance, in [33] and [36]).

Let us again stick to D = 4. We want to couple the pure supergravity theory to A/ = 2 vector multiplets. In
D = 4 these contain a gauge field A,, two Majorana spin—% gaugini A’ whose i index transforms under the R
symmetry group, and a complex scalar ¢. A/ = 2 matter coupled supergravity necessarily contains scalar fields,
it is well known that when scalar fields are present in a generic supersymmetric theory, the properties of such a
theory strongly depend on the geometry of the scalar field manifold® M. The idea is that in a supersymmetric

theory the ng scalars {¢"},,—; ... », can be seen as (complex) coordinates for M. However, the presence of

other fields and the requirement of preserving supersymmetry impose some constraints on M.

For example, considering the globally supersymmetric A/ = 1 most general (non-renormalizable) Wess-
Zumino model, there are also ns; (Majorana) fermions x” in the same multiplet as the scalars, whose susy
transformation contains a term like: 0x7 ~ {M)"e r and 5)(7}% ~ &M)ﬁ €1, using the notation of [33] we denote

¢" = ¢™. Supersymmetry relates the left handed component of y to ¢ and the right handed one to ¢", this
structure must be preserved by the internal geometry of M which implies that it should be thought of as a

SThinking at the most general non-renormalizable theory, it is allowed to have non-minimal kinetic terms, e.g. gi; ( $)0,0'0" ¢, and
possibly other kinds of non-minimal couplings between the scalars and other fields. Even without considering supersymmetry, in gen-
eral non-renormalizable theories for scalar fields (non-linear sigma models) it is natural to view the scalars as coordinates parametrizing
a (scalar)manifold M. This allows to give a geometrical interpretation of the various couplings that one has in the theory. For example,
in the non-minimal scalar kinetic term one identifies g;;(¢) as the metric of the scalar field manifold.
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complex manifold, covered by biholomorphic coordinate systems’. Other constraints can be deduced from

this. For example, by studying the holonomy group of M and requiring that it does not mix ¢" and ¢", one
can derive that M must be a Kdhler manifold.

Oversimplifying it, we may say that in this case the geometry of M is determined by a real function
K (¢", ¢™) called Kdihler potential (for example the metric on M is g, = 05,07 K), which is invariant under
the Kihler transformations: K — K + h(¢™) + h(¢™). These relate the different expressions of K on different
coordinate patches on M. Notice also that the susy transformation rules of the fermions indicate that they
should be thought as tangent vectors on M, hence one has to covariantize all derivatives of the y fields with
respect to scalar field redefinitions, which adds non minimal couplings between scalars and fermions.

What happens when supersymmetry is made local? Generally new structures and constraints have to be
imposed on M. For example, one can couple the above general non-renormzalizable Wess-Zumino model
to the supergravity multiplet by generalizing the Noether procedure discussed previously. Restoring local su-
persymmetry requires adding many terms to the Lagrangian, together with the metric and the gravitino. One
realizes that in this way all fermions must transform under Kéhler transformations as (e.g. taking the gravitino):

Yy — expls Mip Im(h($))7s] 1y, this implies that all derivatives of the fermions must be made Kéhler covari-

ant. The new terms that appear in the Lagrangian in this way are precisely (part of) those needed to restore
local supersymmetry.

Fermions should now be thought of as sections in a principal U(1) bundle over M, Kihler transformations
on them can be seen as the maps that relate the different local definitions of the fermions on different coordinate
patches on M, similarly as happened for the Kahler potential. This additional structure on M constrains further
the geometry of M which now becomes a so called Kdhler-Hodge manifold. More details can be found in
[33, 36]

Finally, let us consider extended (specifically N' = 2) supergravity coupled to matter. Assume that only
N = 2 Abelian vector multiplets are involved, in this case, scalars appear in the same multiplet as the vectors.
Moreover, the number of vectors does not match the number of scalars as also the supergravity N' = 2 multiplet
contains a vector, the graviphoton. The field content of N' = 2 supergravity coupled to ny vector multiplets is
then: (g, 1/12“ A{H A" @™, where the graviphoton is generally not distinguished from the other ny vectors.
indeed, the I index runs from O to ny,, while the n indices run from 1 to ny, as there are ny scalars. The ¢ index
is instead related to the usual SU (2)r doublets.

In this case, M turns out to be still a Hodge-Kéhler manifold, but of special type, the reason is that once
Abelian vector fields are involved (and we have not yet gauged any symmetry), the theory exhibits the phe-
nomenon of electric-magnetic duality. These are a set of symmetries of the equations of motion plus Bianchi

identities for the vector fields which, if the Lagrangian of the theory is .Z’, can be written as:

vh 9L _ dGr =0 1 0%
oFk — ! , where: €0 Gl =270, (2.15)
dFT =0 dFT =0 2 oFx

here we allow for the most general gauge kinetic terms in .Z of the form Ze. ~ Py F JVF T LRy F lfyl:" T 4
200" F, P{V , where the matrices Pr; and Ry possibly depend on the scalar fields. Electric-magnetic duality
acts as rotations of the following two-component vector:

., F = SF, (2.16)

7 As chirality is a physical spacetime property, it must be preserved. From the susy transformation rules of the fermions this implies
that " and ¢" should not "mix". Hence, we cannot view M as a real manifold of dimension 2ns, as parametrizing it with real
coordinates necessarily requires to mix ¢" and ¢".
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the equations of motion plus the Bianchi identities and the definition of G s in terms of the F! field strengths
(2.15) are left invariant by any S € Sp(2ny, R).

Duality transformations generally change the Lagrangian but leave invariant the equations of motion, mean-
ing that they can be seen as a way to describe the same underlying physics with different fields or explicit
degrees of freedom®. Coming back to supersymmetry, if one uses a different set of gauge fields after a duality
transformation, one may expect to also have a different set of scalar fields as they sit in the same multiplet as
the vectors. Again, these new scalars would not be different degrees of freedom, but only a different way to
describe the original ones given by ¢".

Moreover, there is one more vector than the number of scalars, and also this aspect should be taken into
account. The way to deal with this is to mimic what we have done in the [ symplectic vector, and define the

following scalar-field dependent symplectic vector V:
V(p) = , V' = 8V, for a symplectic transformation: S € Sp(2ny + 2, R), (2.17)

X1(¢) and F;(¢) are a set of ny + 1 auxiliary scalar fields and their duals, which depend on the physical ny
scalars ¢". The auxiliary fields make it easier to take into account the duality.

For consistency, one finds that V(¢) should transform under Kéhler transformations V — exp[—h(¢)]V,
meaning that (¢) should be thought as a section of a flat holomorphic vector bundle with a symplectic structure
group over M. Moreover, by taking Kihler covariant derivatives of )V one obtains quantities that carry both
an [ index and an m index, which again transform covariantly under Kihler transformations but also under
scalar field reparametrizations. The auxiliary fields and their kdhler covariant derivatives can be used to obtain
quantities that are simultaneously, duality, Kahler and scalar field redefinition covariant. These are needed to
consistently write (for example) the susy transformation rules of the fermions, which are considered invariant
under duality transformations, but transform under Kéhler and scalars redefinitions.

The structure of M is now determined from the auxiliary scalar fields”. This imposes some other constraints
on M which now becomes a local (or "projective") special Kihler manifold'”.

The main message that we want to convey is the importance of the scalar field manifold in matter coupled
supergravity theories, and the need to use the auxiliary scalar fields X once extended, matter-coupled super-
gravities are taken into account. In practice, however, we will always work in a fixed symplectic frame where all
the physical degrees of freedom are described by the F! field strengths and X7 (¢) auxiliary scalars'!. Finally,
having more vector fields at our disposal allows us to gauge a larger global symmetry group.

The considerations above can be repeated also in the five-dimensional theories, but in this case the structure
of the scalar manifold is drastically different. The reason is that the N' = 2 vector multiplet in this case contains
a real scalar field ¢ instead of a complex field. Moreover, the two spin—% fields are now symplectic Majorana
spinors. Again, scalars and vectors are in the same multiplets, this implies that the properties of M can be
described by ny + 1 real auxiliary scalars X' (¢), in particular M is given as the hypersurface in the auxiliary
R™ *+1 space parametrized by the X/, defined via the constraint:

M= {xT e RV Ok XTXIXE =1}, (2.18)

8For example, one may use only the electric field strengths ' as is usually done, only the magnetic Gy ones or a combination of
both.

°for example K is determined in a symplectic invariant way in terms of V

0 projective refers to the fact that we have to use the X auxiliary scalars, which provide a redundant description being the physical
scalars one less in number.

"n this case X can be viewed as simple functions of the scalars, so we may as well write the actions in terms of only the physical

scalars ¢, knowing that under a duality transformation the explicit expression of the action may change.
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where the Cj i constants define the Chern-Simons term CrjxF!T A F7 A AK. One finds that the Cr i
constants completely determine the structure of the supergravity theory in this case.

It is a general fact that in different dimensions and in different N -extended supergravities, the scalar field
manifold may be completely different. This happens even when considering scalar fields in different multiplets,
for example, the scalars in the four-dimensional A" = 2 hypermultiplets (generalizing the N' = 1 chiral mul-
tiplets), would produce a completely different scalar field manifold My, with respect to the one associated
with the scalars in the vector multiplets.

For the explicit actions of N' = 2, D = 5 ungauged and gauged supergravity coupled to ny, Abelian vector
fields See [42, 43].

2.4 Supersymmetric, extremal and BPS black hole solutions in gauged super-

gravities

When discussing black hole solutions in supergravity theories, one usually set to zero all fermionic fields in
the action. This allows to simplify a lot the equations of motion, which can be solved more easily. Doing this,
the four and five dimensional pure A = 2 gauged supergravity reduces to the Maxwell-Einstein theory with a
cosmological constant (and Chern-Simons term in five dimensions).

Clearly, the general black hole solutions of these bosonic theories do not preserve supersymmetry, as the
supersymmetric transformations would make non-zero fermionic fields appear. The standard way to restore
at least part of the original supersymmetry in the above black hole solutions, is to require that there exists
(at least one) killing spinor € [39, 44, 45, 46]. A killing spinor is a spinorial field that satisfies the equation
SsusyWulp=0 = @#e = 0, which for the pure gauged supergravities described above is simply given by setting
to zero Egs. (2.13, 2.14). If matter is present, one should require that also the susy transformation rule for all
the fermions vanishes (see e.g. [47]). To fully restore the original supersymmetry, one would need more than
one independent killing spinor, but generally one is able to restore only a fraction of it'?, for example, in D = 5
gauged N' = 2 supergravity the only solution that is maximally supersymmetric is empty Ad.S5 spacetime [44].

Requiring the existence of at least one killing spinor imposes some constraints on the parameters of the
solution, which usually arise from an integrability condition derived from the killing spinor equation [44, 48],
this is a necessary but not sufficient condition. As an example, in D = 4 it is given by [@M, @,,]e = Ruve =0,
where R, is called supercurvature, and one has to require that its determinant vanishes (R, is a 4 X 4 matrix
in spinor space).

A different but equivalent way to derive the conditions that allow to restore supersymmetry, is to study
the Bogomol’nyi matrix obtained from the anticommutator of the supercharges!® Q evaluated on the given
solution, and in particular requiring that it admits at least one vanishing eigenvalue, from similar considerations
as in footnote 12 each vanishing eigenvalue allows to restore a fraction (1/4 in the N' = 2 case) of the original
supersymmetry [11, 49]. The supersymmetric condition that is obtained in this way is a constraint on the

conserved charges, but is equivalent to the one that is obtained from the integrability condition of the killing

2Remember that in the A/ = 2 theories above, there are eight real supercharges that can be organized in four couples of operators
that rise/lower the spin of a state in the supermultiplet. Requiring that one killing spinor exists can naively be seen as requiring that
one of the four couples of real supercharges acts trivially on the fermions in the specific solution considered, so that once we set the
fermions to O they do not appear under the action of this restricted set of supercharges. In this way we restore one quarter of the original
supersymmetry per independent killing spinor .

'3This is related to the integrability condition [V,,, V,]e = 0. To see this, notice that the latter is essentially [dc, , dc, ]t = 0,
then one can interpret the gravitino v,, as the gauge field associated with the gauging of the supersymmetry parameters. This allows
to derive the gravitino susy transformation rule from purely algebraic considerations interpreting the supergravity theory as a sort of
Yang-Mills theory [33]. It is a general feature of Yang-Mills theories that [dc,, de, ]9, = O, e,]%p, the latter is the transformation of
the gravitino under the element [e1 Q, €2 Q] of the given superalgebra, which is related to the anticommutator of the supercharges.



2.4. Supersymmetric, extremal and BPS black hole solutions in gauged supergravities 17

spinor, which is instead a constraint on the parameters of the solution.

An important point has to be made now. If one simply imposes the supersymmetry conditions described
above, either requiring the existence of a killing spinor or vanishing of the eigenvalues of the Bogomol ' nyi
matrix, one gets a (partially) supersymmetric solution, which however, is generally a not well-behaved black
hole solution. For example, if one considers the Lorentzian solution, one usually finds that the supersymmetric
solution has a naked singularity or causal pathologies such as closed timelike curves outside of the event horizon
[11], a different kind of problem arises in the Euclidean supersymmetric solution [8].

To regulate these pathologies, one has to further constrain the solution, for example, requiring the absence
of closed timelike curves or of naked singularities will produce an additional constraint. Remarkably, the well
behaved solution obtained in this way is also extremal. In the cases we are going to study we will always find
that supersymmetric but not yet extremal solutions have naked singularities, requiring that an event horizon
exists will always imply that the solution is also extremal, and in particular that the function determining the

position of the horizons has a double root.






Chapter 3

Asymptotically AdS5 black holes in SD,
N = 2 gauged supergravity

In this chapter, we will discuss in detail the results that we anticipated in the introduction. We are going
to consider asymptotically AdS5 rotating and electrically charged black hole solutions of 5D, N' = 2 minimal
gauged and U(1)? gauged supergravity also known as STU model. The former can be thought of as a special
case of the second one where we set the three gauge fields equal and the scalar fields to suitable constant values
[50].

As anticipated in the introduction, this supergravity theory can be obtained as a consistent truncation on S°
of type IIB supergravity on AdS5 x S° background to N = 2 supersymmetry [4], in this way the original SO(6)
isometry group of S° is reduced to its Cartan subgroup U(1)3, which is the gauge group of the supergravity
theory we consider. By means of the AdS5/C F'Ty correspondence, this supergravity is dual to a " = 4 SYM
field theory [2], if black holes are involved, the duality correlates the thermodynamics of the black hole and the
dual field theory [51, 52, 53].

The generic black hole solution admits six independent conserved charges: two angular momenta associated
with the two independent rotations along two orthogonal spatial planes!, three electric charges associated with
the U(1)3 gauge group and the energy (or mass). We will directly consider the solution with one electric charge
and two angular momenta [54] of minimal gauged supergravity, and the solution with one angular momentum
and three electric charges [50] of the U(1)? gauged supergravity. Other non-extremal black hole solutions of
this theory with different combinations of charges can be found in [55, 56, 57].

3.1 Review of the double spinning charged Ad.S; black hole solution

3.1.1 Review of the general non extremal and non supersymmetric solution

Following the conventions of [8] with non canonically normalized gauge kinetic term, the bosonic sector of
minimal 5D gauged supergravity contains the metric and the graviphoton A, gauging the R symmetry group,
the Lagrangian is given by [42, 43]:

2 8
L=(R+12¢®)x1 — —FAxF+—FAFAA 3.1

'we are considering asymptotically AdSs spacetimes meaning that the asymptotic isometries are given by the SO(2,4) group,
rotations are generated by the subgroup SO(4) which admits two commuting U (1) rotations.

19
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where g > 0 is related to the cosmological constant and it is the inverse of the AdS radius. The general (non
extremal) asymptotically AdS black hole solution with two unequal angular momenta was first found in [54],

in the conventions of [8] the solution is:

Ng[(1 4 ¢gr?)p?dt + 2qu]dt 2 A 2 2 2
gs? —  Bell +g:lp2+qu] n ql;w+i4<ﬁidt_w) L P2 P e
ZaZpp P P \ZqZp A, Ay
2 2 2 b2
— a4 sin29d¢2+$00526dw2, (3.2)
Za =p
3 A
- %(H 0 dt—w) + adt, 3.3)
SaSd

where:

(r? +a®)(r* + ) (1 + ¢°r%) + ¢* + 2abg

A, = 5 2m,
r
Ap =1—a?¢g? cos® 0 — b*¢g?sin’ 0, p* =12+ a’cos® 0 + b*sin? 0,
Eo=1-d"¢% E=1-g°, f=2mp* — ¢* + 2abqg”p?,
in? 6 bcos? 6
v = bsin 0 dé + acos? 0 dy, w=27 064 2% 7 g, (3.4)
Za =p

The explicit components of the metric can be found in [54], we allow for different gauge choices for the A
field parametrized by the o parameter [8]. The solution is given in terms of Boyer-Lindquist type coordinates
(t,r,0 €0, 5], ¢ ~ ¢p+2m,% ~ 1p+2m) which are not rotating at infinity?, and depends on the four parameters
(a, b, q, m), which must satisfy a’g? < 1,b%¢* < 1 to avoid faster than light speed rotations of the 4D Einstein
universe on the » — oo boundary where the dual CFT lives [52, 53].

Thermodynamics
The solution above admits four conserved charges associated with the three killing vectors (0; — E, 0y —
J1,0y — Jo) and one electric charge ). The angular momenta and the electric charge can be unambiguously

evaluated by using the appropriate Komar integrals [54]. Following the conventions of [8], these quantities are

given by:
w[2am + gb(1 + a?g? 7[2bm + ga(1 + b%g? s
5=l bl +ag)] gy = T2bm + gall + 7)) Q=-21—, (3
2ol 45,5 292,20

the calculation of the conserved energy/mass is more subtle due to the appearance of IR divergences caused
by the infinite volume of the AdSs background, these can be removed via different procedures (background
subtraction method [52], holographic renormalization [53, 58]). In our case, the conserved energy has been
calculated by integrating the first law of BH thermodynamics [59]: dE = TdS + QidJ1 + Qa2dJs + PdQ,
where the temperature, entropy, and angular/electric potentials will be defined momentarily>, the expression
for the energy that one obtains in this way is:

mm (22, + 25 — Z45p) + 2mqabg®(E, + Zp)

=2=2

—a—bp

E =

(3.6)

2Taking the large 7 limit of the metric (3.3), one finds [8]: ds® ~ %2 + 7"2(— EAé,, dt® + % + Si;ﬁdqﬁ2 + %dzﬁ), which can
be shown to be the metric of AdSs as seen by a non rotating observer, in non—stanclllard coordinates [52(1.

3The conserved mass has also been obtained [60] from the integration of a conserved quantity Q[K], associated with the asymptotic
killing vector K = 8, where Q[K] is obtained following the AMD construction from the asymptotic Weyl tensor on the conformal
boundary of the spacetime, and also more recently [8] via holographic renormalization which makes use of the boundary stress-energy
tensor. This provides a connection between the "thermodynamic" definition of the mass and its definition as the conserved charge

associated with an isometry of the spacetime.
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The other quantities are expressed in terms of the outer horizon radius r, which is the largest real root of
A, (r). The Killing vector that vanishes on the horizon is V' = 0; + €10, + 220y, where the two angular

velocities relative to a non rotating frame at infinity are given by:

0 _ a(rl +0*)(1+ g*r2) + bq 0 — b(r? +0*)(1 + ¢°r2) + aq a7
b (r3 4+ a?)(r2 +b%) +abg’ 2T (r2 4+ a?)(r2 + b?) + abq ’ '
the Hawking temperature, proportional to the surface gravity is:
T ri[l + g%(2r3 + a® + b2)] — (ab + ¢)?
= T2 12 ) (3.8)
2rry (15 + a?)(rg 4 b%) + abq]
the electrostatic potential on the horizon is:
B VIA, [T = 3gqr} (3.9)
Hloo ™ 2[(r2 + a2)(r2 + b2) + abg]’ ’
finally the Bekenstein-Hawking entropy of the outer horizon is:
g m[(r + ai)(r} +b%) + abq] 3.10)
28,5+
These quantities obey the first law of thermodynamics by construction
dE =TdS + Q1 dJi + QodJy + D dQ, (3.11)

the fact that we can integrate the first law to get the energy depends crucially on the definition of S as one
quarter of the area of the outer horizon®.

Finally, one can define a grand-canonical potential 7' for the thermal ensemble at fixed chemical potentials,
from the principles of Euclidean quantum gravity this is calculated from the Euclidean on-shell action I [61].

The Euclidean on-shell action I should be evaluated on the regular Euclidean section from 7 to infinity,
where the metric should be kept real and positive definite. Following [8, 60], this can be achieved by first
performing the Wick rotation ¢ — —ir, then the additional analytic continuation® a,b — ia, b allows to
recover a real Euclidean metric, the m, ¢ parameters remain real.

Regularity can be achieved by studying the near horizon Euclidean metric which, from [8, 54], is:

2 402 2 of 2m ? 2 P2 2 . 2 . 2
dss ~ A [dR +R <ﬁ> dr ] + A, df” + ggp(de + i01dT)" + gy (dip + iQadT)

+ 294y (do + i1Q1d7)(dyp + 1QadT), (3.12)

where R? = r — r,, and notice that after the analytic continuation of the (a, b) parameters, i); are real.
(R, 7) parametrize an R? plane in polar coordinates, and the spacetime comes to an end on the horizon at
the origin of this plane at R = 0. A conical singularity at R = 0 is avoided if one performs the standard thermal

identifications 7 ~ 7 + . Moreover, the presence of rotation, and of the mixed dtd¢ and dtdiy terms requires

*Other definitions of S as a monotonically increasing function of A would not produce a closed differential on the RHS of Eq.
(3.11), which would not be exact either.

5 After the wick rotation, the dtd¢ and dtdip terms in the metric become imaginary, by making also a, b imaginary one recovers a
real Euclidean metric. Notice that as m, ¢ remain real, the gauge field necessarily remains imaginary in Euclidean signature.
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us to impose the following identifications [61], when one goes around the Euclidean time circle:

(Ta ¢7 W“’(T‘f‘/& ¢—19157I/J—1592) (313)

A regularity condition also has to be imposed on the gauge field. As the Euclidean time circle shrinks to a
point at R = 0 one has to require that the component of the gauge field along the direction that shrinks vanishes.
However, it is not sufficient to require that LatA‘r T 0 because when one goes around the time circle, one
also moves along the (¢, ¢) directions due to rotation.

To see what the correct regularity condition is, one can introduce the coordinates [8]:

A~ ~

T =T, ¢ =¢—ih7, Y =1 —i8daT, (3.14)

in this way, the mixed ¢, 1/t terms in the near horizon metric (3.12) disappear, and the regularity conditions
that one has to impose are the standard "untwisted" identifications: (7, b, 1&) ~ (T + B, b, 1[))

A rotation along the Euclidean time circle is now not accompanied by rotations along the qg,qﬁ directions in
the near horizon limit, hence the regularity condition for the gauge field is: La%AL_)TJr: LvA‘T_W+ = 0, where
one can easily see that the killing vector V' that vanishes on the horizon is simply V' = i0; in these coordinates.

It is easy to see that this condition on the gauge field can be implemented by performing a gauge transfor-

mation and fixing the o parameter in Eq. (3.3) as [8, 61]:

wA =0 = a=-0 (3.15)

From the real, positive definite metric on the regular Euclidean section outside the horizon, one computes
the on-shell action, which provides the semiclassical approximation of the full quantum gravity theory, and in
particular of the grand-canonical partition function® Z = e~'. It then follows that T'I can be considered as the
grand-canonical potential.

The calculation of the Euclidean on-shell action was first performed by [60], who removed the long range
divergences appearing in the calculation of the integral using the background subtraction method.

The result they found was:

1= = 202 4 a2 1) - a7 (3.16)
EaZb * + (r2 4+ a?)(r2 +b?) + abq]’ '

and one can show using Egs. (3.5) to (3.10) that the quantum statistical relation (QSR) is satisfied in the form:
TI=E—-5—01J1—Q9Jo — ®Q, (3.17)

justifying that T'I is indeed the grand-canonical potential.

As a final remark, remember that the angular velocities and the electrostatic potential relevant for the
thermodynamics, must be considered relatively to the observer at infinity [53, 59]. The metric (3.3) is non
rotating at infinity, so the angular velocities of the horizon in Eqgs. (3.7) are already the ones entering the

thermodynamics.

®The thermal identifications (3.13) imply that a Euclidean QFT on this geometry describes thermal states at finite 7" and 21 2. To
see why we also have a fixed electrostatic potential & one should look at the transformation properties of charged correlators when
7 — T + (. However, as the graviphoton and the graviton are both neutral, these transformation properties do not appear on the metric
or the gauge field. Alternatively, one notices that the regularity condition implies that « = —® meaning that any matter outside the
horizon is immersed in the same electric potential as the black hole. Moreover, the boundary gauge filed reads Apqry = 1®dt, meaning
that the thermodynamics of the black hole should be matched to one of the dual CFT at fixed electrostatic potential.
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3.1.2 Supersymmetry and BPS solutions

Following the discussion in Sec. 2.4, to restore at least part of the supersymmetry, one has to impose
additional constraints on the parameters of the theory. In particular, on supersymmetric solutions one has to
impose that a solution of the killing spinor equation d,,%,, = 0 exists [44]. In this case, it turns out that the
solution admits one killing spinor, hence restoring one quarter of the total supersymmetry, if the parameters

satisfy the constraint:
m

- 1+ag+bg’

the same condition was obtained in [54] following the discussion of [11], by requiring that the Bogomol ' nyi

q (3.18)

matrix evaluated on the solution admits at least one vanishing eigenvalue, for this solution only one eigenvalue
can be set to zero at a time (other cases are related by changing the signs of the parameters), this produces the

following constraint on the conserved charges (which can be shown to be the same as Eq. (3.18)):
3
E—gh—gJ— 59@ =0, (3.19)

Purely supersymmetric solutions are in general non physical due to the appearance of closed timelike curves
(CTCs) [11, 54] and naked singularities in the Lorentzian solution or, if one passes to Euclidean signature,
because one needs to consider a complexified family of solutions characterized by a complex value of the
charges and potentials (See [8] in particular Sec.3.1 and appendix A). Either requiring the absence of CTCs and
naked singularities in the Lorentzian solution, or to have a real value for the charges and chemical potentials in

the Euclidean case, one must impose the additional constraints on the parameters

m = ;(a—i—b)(l+ag)(1+bg)(1—|—ag+bg), (3.20)

a+ b+ abg > 0, 3.21)

the solution that one gets in this way can be shown to be also extremal. We will refer to "BPS" solution as the
one for which both supersymmetry and extremality are realized.

BPS solutions have a fixed value of all the chemical potentials’:

B — o0, Q=7 =g, Q=B =g, O — OF = ;g. (3.22)

The condition A, (r) = 0 can now be easily solved and gives as largest root:

1
Ty = §(a+b+abg)’ (323)

which is real due to Eq. (3.21), the conserved charges and entropy then reads:

. _ m(a+ b)(2a + b+ abg) *:W(a—i—b)(a—&—%—i—abg) 0 = m(a+b)
P 4g(1—ag)*(1—bg) 27 4g(1—ag)(1—bg)? "’ 29%(1 — ag)(1 — bg)’
2( b) (3.24)
* mla T o “ . 1 " *
= e sl T = 77\/3(Q 2= UL+, (3.25)

the energy can be obtained from the supersymmetry condition on the charges Eq. (3.19), while the other three

charges are not all independent, remember that the BPS solution has only two free parameters left, hence only

"In the BPS solution we only impose two conditions on the parameters (3.18, 3.20), so one may expect that only two chemical
potentials are fixed. However, a consistent BPS partition function can be obtained only via a specific limit of all chemical potentials,
which enforces the constraint (3.19) and allows to have states with non-zero statistical weight despite 8 — oo [62].
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two charges are independent. Indeed, a non-linear relation for the conserved charges can be found and is given
by:
27 s s
@+ Bt =(30"+ o) (3@ - S0t + ), (.20

as anticipated in the introduction, this condition will turn out to be equivalent to the area product formula, when
considered in the BPS limit. In anticipation of the explicit check of this fact, notice that in the RHS of Eq.
(3.26) appears the BPS entropy squared (S*)2. We will return to this important point later.

3.1.3 BPS limit of black hole thermodynamics

In this section, we will give a review on how to get a consistent BPS thermodynamics, using the complex-
ified family of supersymmetric and Euclidean solutions introduced by [8]. As anticipated in the introduction,
this will also provide the basis to derive the extremization principle.

As a starting point, notice that the temperature vanishes and 3 — oo in BPS solutions due to extremality.
This makes quantities like / (3.16) diverge making the thermodynamics in the BPS solution apparently ill-
defined. Notice however, that the grand-potential 7' I should remain finite, suggesting that it is possible to
define a consistent thermodynamics in the extremal limit, where a quantum statistical relation should still hold.

However, remember that BPS solutions also require to impose supersymmetry. This makes all the chemical
potentials take a fixed value in the BPS solution (3.22). This means that if we want to study the grand-canonical
thermal ensemble for the BPS black hole, we cannot use the chemical potentials (3.22) as thermodynamic
variables.

A possible solution for these problems, and especially for the triviality of the chemical potentials (3.22), has
been explored by some authors [8, 62]. The key idea is to consider the BPS solution via a limiting procedure
along a specific trajectory in the parameter space, this is usually chosen to be non extremal so that to avoid
the divergence of 3 but preserving one of the two conditions which define the BPS solution. For example [8]
considered a trajectory preserving supersymmetry, while [62] considered a trajectory preserving the condition
q = ¢« (3.18), parametrized via a parameter p such that m = my + u, so that the BPS solution is obtained
in the p — 0 limit (¢, and m, are the BPS parameters obtained by (3.18, 3.20)). As was pointed out in [8]
there are actually infinite possible trajectories that one can consider, because the BPS solution is obtained by
imposing two independent conditions.

By doing things carefully, one is able to define a non trivial thermodynamics for the BPS solution in this
limit, and particularly to define some modified chemical potentials that remain non-trivial in the BPS limit, this
also allows to remove any possible divergences caused by 3.

As anticipated, we will follow [8]. We first need to consider supersymmetry alone, which means that we

must impose the constraint, setting g = 1:
m

T 1t+a+b’

it is convenient to parametrize the supersymmetric trajectory using as a parameter the outer horizon radius r,

q (3.27)

this can be done by trading m with r using Eq. (3.60), obtaining a relation m = m(r.), inserting this relation

in the supersymmetric constraint (3.27) one gets a quadratic equation in ¢ with solutions:
g=—ab+ (1+a+0br? £iry(rl —r*?), (3.28)

remember that 72 = a + b + ab, is the BPS value of the outer horizon radius.

In [8] it was chosen to keep 4 positive and real, then one must necessarily promote ¢ to a complex pa-
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rameter, unless one is exactly considering the BPS solution® 7, = r*. This happens because in the pure

supersymmetric case, positive real solutions of the A, = 0 condition do not exist, and hence there is not an
outer horizon. This will be explicitly checked later.

A complex ¢ (but also m) parameter implies that also the metric and the gauge field are complex, so effec-
tively one is considering a complexified family of solutions parametrized by the real parameter . This would
not be allowed in Lorentzian signature, however, one finds that these solutions formally satisfy the requirement
of preserving supersymmetry (a killing spinor exists also in this complexified background) provided that one
rotates to Euclidean signature [8]. These solutions are clearly unphysical, as one realizes by considering the
Lorentzian solution, but are nevertheless useful as they reduce to the physical BPS solution in the r; — 7*
limit, in such a way that one is able to obtain a consistent thermodynamics in the limit. Moreover, some relevant
quantities will take a particularly simple form if supersymmetry is first imposed.

Moving on, the next step is to rewrite the chemical potentials and the conserved charges of the supersym-

metric solution in terms of the (a, b, ) parameters:

(1 4dr ) (r*? Fiary)
(a+iry)(r2Firy)’

(1 £ ry ) (™ F ibry) oo ST+ F1)

O = =
! (b+iry ) (r2Firy)’ 2 2 xiry

0y =

(r? —r2)2(1+ a+b)ry Fi(r? — 3ri)]

T —
—2m(a+ir_)(bLtir_)(r2Fir_)

(3.29)

the supersymmetric chemical potentials of the outer horizon are now complex, the sign ambiguity is related to
the one in Eq. (3.28). When r — r*, the chemical potentials become real and take the fixed values (3.22).
Similarly, the conserved charges and entropy take the form:
Ji = gl _Wgzlﬁ_b;;)?f)_ =) [—ab+ (1+a+b)ri Firy(r*? —1r})],
m(a + 2b+ ab)
T A1 -b)(1—a?)(1-t?)

[—ab+ (1 +a+b)rl Fir (r? —r})],

Jo [—ab+ (1 +a+b)rl Fir (r? —r})],

@= 2(1 — a2)(1 — b2)

3 72(a £ iry ) (b iry ) (Fir? —ry)
E=J1+J+ = S = 3.30
1+ 2+2Q7 2(1—&2)(1—122) 3 ( )
again, the charges are complex unless . = 7* in this case they take the BPS value (3.24).
Finally, one can show that the chemical potentials in Eqs. (3.29) satisfy the following constraint:
B(l+ Q4+ Qo —20) = F2m1i, (3.31)

this is one of the results anticipated in the introduction (1.1).

Eq. (3.31) is a consequence of the fact that we are reducing the number of independent parameters by
imposing the supersymmetry constraint (3.27), this is also reflected in the chemical potentials, which are not
all independent. The same is true for the charges Eq. (3.19). If one chooses different trajectories that satisfy
different conditions one would still find some conditions that would be different from (3.31, 3.19) (see [8]).

Condition (3.31) appears frequently in the discussion of supersymmetric black holes, and in [8] it was

shown to be related to a regularity condition of the killing spinor near the outer horizon in Euclidean signature.

8 As we are using . as parameter for the supersymmetric trajectory, then in the limit 7, — 7* one obtains the BPS solution where
all physical quantities must be real.
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New chemical potentials

We have not solved the problem of finding a set of suitable chemical potentials, that allows to non-trivially
describe the thermodynamics in the BPS limit, yet.

Following [8, 62], these quantities are given by:

wi = B — ), wy = B(Q2 — Q3), ¢ = (P — %),

w1 + wo — 2¢ = F2mi, (3.32)

one can explicitly check that, in the BPS limit 4 — r* equivalent to 7" — 0, the quantities in Eq. (3.32) take
a non-trivial value in terms of the parameters (a, b) °:
wi(a,b) = lim w;(rs,a,b), ¢*(a,b) = lim ¢(ry,a,b), wi +ws — 20" = F2mi,  (3.33)
T4 —T* ry—r*
the explicit expressions are not important and can be found in [8].

Remarkably, using the new variables (3.32) the supersymmetric Euclidean on-shell action I can be rewritten

as:
m

N 27 W12 ’

(3.34)

this is the supersymmetric Euclidean on-shell action appearing in the entropy function (1.2).

The rather simple and homogeneous expression (3.34) is a peculiarity of having chosen to preserve super-
symmetry. If instead one considers a different trajectory to define the BPS limit, one would generally get a more
complicated expression for the Euclidean action I which cannot be easily rewritten in terms of the variables
(wi, @), this will turn out to be very important later.

In terms of the new variables (3.33), the QSR can be rewritten as follows:
I:—S—wl Jl—WQJ2—¢Q. (335)

Notice that the dependence on 3 has disappeared, and one can safely take the extremal limit 7' — 0 in
the above quantities. Moreover, in this limit, the quantities (3.32) take a non-trivial value in terms of the (a, b)
parameters, which means that we can obtain a well defined and non-trivial BPS on-shell action I and QSR.
Essentially Eqgs. (3.34, 3.35) still holds when considering the "star" BPS quantities.

It has been argued in [8] that the quantities in Eq. (3.33) can be interpreted as the chemical potentials
associated with the J;,  charges, once [ is interpreted as the conjugate variable to the charge associated with
the supersymmetric Hamiltonian {Q, Q} = E — J; — Jp — %

This interpretation can be demonstrated by performing the extremization principle, which consists in eval-
vating the Legendre transform of the action I (which is interpreted as the grand-potential) with respect to the
(w;¢) variables, in order to obtain the entropy as a function of the charges S(J;, Q). This can formally be
done without taking the BPS limit, which instead can be derived by imposing reality of the relevant physical
quantities, such as the entropy and the charges'”.

In practice, one needs to remember that the chemical potentials, both in the supersymmetric and not ex-
tremal and in the BPS solution, are not independent but satisfy the constraint (3.33) meaning that they cannot

be varied independently. To solve the problem, one can either parametrize (w;, ¢) in terms of three auxiliary

From their definition, it is easy to realize that (w5, @*) are the sub-leading order terms in the expansion of the chemical potentials
(925, ®) around the BPS value 2 = Q + %wi* and similarly for the electrostatic potential.

""Notice that contrary to the charges and entropy, the supersymmetric chemical potentials (w;, ¢) remain complex even in the BPS
solution.
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variables in such a way that the constraint (3.33) is automatically satisfied, and then consider variations of these
auxiliary parameters [12], or add a Lagrange multiplier A which enforces the constraint [8].

What we have just described is precisely the extremization principle that we anticipated in the introduction.
As promised, we are now going to review how it is carried out, following [8].

3.1.4 The extremization principle

From what we have said above, the entropy (as a function of the charges) can be obtained from the following

constrained Legendre transform:
S(Q, Jl, JQ) = ext{w“d,,/\} —I(wi, ¢) — W1 Jl — W2 JQ — ¢Q — A(w1 + wo — 2¢ + 27T’i)] N (3.36)

notice the appearance of the entropy function as anticipated in the introduction (1.2), plus the Lagrange multi-
plier A enforcing the constraint (3.33). Notice also that we have not taken the BPS limit yet, meaning that we
are formally dealing with a complex value of the charges and the entropy.
The extremization is carried out as usual by evaluating the RHS after having expressed the chemical poten-
tials and the Lagrange multiplier in terms of the charges, this is done by solving the extremization equations:
o1 =—J;—A, o1 = —Q +2A, w1 + wa — 2¢ = F27i, 3.37)
Ow; 19J0)

notice that as the action I (3.34) depends only on the chemical potentials, one can easily solve the extremization

equations by means of some algebraic manipulations. One would have to do much more calculations if I would
have been expressed in terms of the (a, b, 7 ) parameters, as it generally happens when a different trajectory is
chosen. The expressions of the chemical potentials in terms of the charges and A can be found in [8] and will
not be needed here.

Obviously, one of the equations in (3.37) has to be used to find A as a function of the charges, it is however

much simpler to notice that the following identity holds:

ar\? oI\ [ oI
(%) _2W(8w1> <8w2> —0 s (@420 —20(Ji + A) (T A) = 0, (3.38)

this is the cubic equation for A anticipated in the introduction (1.3):
A + paA® + prA+po =0, (3.39)

with coefficients:

(BQ*-mn+n),  m=—3(30+37), G40

1
2

e

1
Poz—g(Q3+27TJ1J2), p1=

remember that these coefficients are complex, as the charges in the non extremal solution are also complex.
For the purpose of finding the entropy S = S(Jp, J2, @), it is sufficient to only consider the solution of
(3.39) A = A(J1, J2, @), the reason is that the entropy is proportional to A. To see this, notice that [ is an
homogeneous function of degree 1 of the chemical potentials, then by using the Euler theorem one finds that:
ol ol

I = 90

inserting this into (3.36) one finds:
S = extp [£2miA], (3.42)
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where A has to be taken from the solutions of (3.39).

This discussion also allows us to see what conditions we should impose to obtain a physical solution,
particularly from Eq. (3.42) we see that a physical real value for the entropy can be obtained if A is purely
imaginary, this is always true if the following condition on the coefficients of the cubic polynomial (3.39) is
satisfied:

Po = p1p2, (3.43)

moreover, one should require that the charges are all real. In this way, the cubic polynomial factorizes as
follows:
(A% +p1)(A+p2) =0, (3.44)

meaning that there are two conjugated imaginary roots given by A = 41, /p1, choosing the one that produces a
positive entropy from Eq. (3.42) one finds:

S =21\/p1 = 7/3(Q)% — w(J1 + J2), (3.45)

which is real provided that the charges are real and exactly correspond to the expression for the BPS entropy
that we have found before (3.25), with g = 1.

Moreover, notice that the condition (3.43) which allows to get a real entropy, is exactly the BPS non-linear
constraint (3.26), once we explicitly write the p; coefficients in terms of the charges. This means that in this
way we are truly reproducing the entropy of the BPS solution as we have already imposed supersymmetry, and
the BPS non-linear constraint is an equivalent way to express the extremality condition (3.20).

Actually, the full BPS thermodynamics is reproduced, as one may check that the expressions for (w}, ¢*)
(3.33) are the saddles that solve the extremization equations (3.37), once we substitute A = A(J5, J3, Q*) and
we rewrite the BPS chemical potentials and the BPS charges in terms of the (a, b) parameters.

As pointed out in [8] this is a non-trivial result as one has to consider a specific BPS limit along a trajectory
which preserves supersymmetry. Precisely supersymmetry allows to obtain the constraint (3.32) and the super-
symmetric Euclidean on-shell action (3.34) in the simple form that we have shown. This is crucial to obtain the
results that we have discussed above.

As anticipated in the introduction the extremization principle has been considered in many other classes of
black holes (See [6, 15, 16, 18]).

To conclude the actual review of the known results about this black hole solution (that are relevant for us)
we should address the universal area product formula of [32]. However, we find more useful to first introduce
the notion of physical and virtual (or "complex") horizons that we will use throughout all our work. This will
make it much easier to correctly interpret the universal area product formula, and also to understand our first

main results regarding the area product formula and the BPS non-linear constraint (3.26).

3.2 Properties of the general horizons for the single charged, double spinning
black hole solution

Let us now consider the properties of the general horizons of the above black hole solutions. We start by
first clarifying what these general horizons are, and how we interpret them. Next, we derive a formula for the
inner virtual horizon entropy as a function of the charges S* (Q*, J5, J3) valid in the BPS limit'!. This allows

us to explicitly show the equivalence of the universal area product formula and the BPS non-linear constraint

"1t is understood that by "extremality” we always mean vanishing of the outer horizon temperature. To avoid confusion, we clarify
right away that we will never consider "extremality" in terms of vanishing of the inner horizons temperature.
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(3.26). We then derive a set of thermodynamic quantities for each horizon, discussing the symmetry that relates
the horizons. Using this symmetry, we prove the validity of the first law of thermodynamics for each horizon,
and give a proposal for a definition of a grand-canonical potential for each horizon thermodynamics. This is
equivalently obtained by imposing the validity of the QSR. We will not give an independent derivation of these
generalized grand-potentials, accordingly, we will not rely much on them.

Based on these considerations, we conclude that the extremization principle of Sec. 3.1.4, can be pro-
moted to a universal extremization principle. In doing so, we derive the BPS entropies of all horizons from
one calculation, and provide an independent derivation of the area product formula. In this framework, the
equivalence between the area product formula and the BPS non-linear constraint is explained and is related to
the factorization condition (3.43).

The results that we are going to prove represent our original contribution in the study of the above black
hole solution.

3.2.1 Physical and virtual horizons

Following [32], we will consider as "horizon" any constant r; hypersurface, where r; is any root of the
A, radial function, being it real or complex. Hence the terms "horizon" or "root of A," can then be used
interchangeably.

Formally, any horizon defined in this way is a null hypersurface (¢"" = % vanishes if evaluated at r;), and
it exists a killing vector V' = %, in an appropriate coordinate system, whose norm vanishes on all the horizons.
To check this one has to consider the g;+ component of the metric (in the appropriate coordinate system where
V = %), and evaluate it at » = ;. One realizes that gy (r;) = 0 whenever it holds A, (r;) = 0, which is
the definition of a general horizon. This is an instance of the symmetry that relates the horizons, the idea is
that in many cases it is only needed that A, (r;) = 0 is satisfied to perform a given calculation, this does not
distinguish the horizons, which are then treated symmetrically.

An important comment has to be made now. Despite some horizons are associated with an imaginary,
or even complex, root r; this will generally not represent an obstruction for our calculations, which however
should be treated as formal. An example has been given above when we stated that virtual horizons can be
seen as null hypersurfaces at constant r;. Despite being formally true (¢"" vanishes regardless of the fact that
r; can be complex), this implies to consider the metric for complex values of the radial coordinate, and hence
consider an analytically continued solution (equivalently one can keep a real radial coordinate and complexify
the parameters of the solution [8]). As already said in footnote 4, we are interested in considering these complex
horizons as formal loci satisfying the A, = 0 condition, and in studying the properties of the generalized
(complex) thermodynamics that can be defined for them. We are not going to directly address the problem of
giving a physical interpretation for the complex horizons, and simply make some comments about it.

A similar discussion holds also for the various thermodynamic quantities that we are going to derive for
them, which should be thought of as formal quantities. These quantities can be derived by simply using the
properties of the A, function and the symmetry that relates the horizons, starting from those of the outer
horizon. However, these quantities are the same that one would derive by studying the complexified metric
(e.g. by studying the near horizon metric).

In the following, we will refer to the complex horizons as virtual or inner horizons, while by physical
horizons we mean the event or Cauchy horizons associated with real and positive roots of A,..

Let us now quickly discuss what kind of horizons we may expect for the present black hole, we need to
study the solutions of A,.(r) = 0 (Eq. (3.4)) whichis a cubic polynomial in the 72 variable!? meaning that there

2The metric (3.3) depends only on 2, hence it enjoys a symmetry under exchange of 7 — —r with curvature singularity located at
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are three horizons. In Fig. 3.1, the curves A, = 0 are depicted in the (r2,m) plane for a fixed value of the
other parameters, whose specific value does not change the qualitative behaviour shown.

When m > me,; there are two physical horizons associated with the ri > r¢ € RT roots, while a virtual
horizon always exists and is associated with the 72 < 0 root. For this reason this black hole solution is special,
because the virtual horizon appears for a purely imaginary value of r_, or better, a negative value of > (and
not for a genuine complex r_). Notice that when m = ¢ = 0, the inner horizon is associated with the root

r? = —g%, meaning that an inner horizon is present also in pure AdSs space. This can be trivially seen by

considering that the metric (3.3) reduces to the one of AdSs space if one sets m = ¢ = 0 and performs a

suitable change of coordinates, which essentially removes the dependence on the (a, b) parameters [52]

dr?
dshgs, = —(1 + g°r?)dt* + ) + r2dQs, (3.46)

-3
If one wants to take seriously the spacetime at 7> < 0, one may first notice that the metric (3.46) has sig-

if we allow for 72 < 0, a virtual horizon appears at 7> =

nature (—, +, —, —, —) for small values of |r?| and (+, —, —, —, —) for large values of |r?|. When r? becomes
negative the signature of the metric changes, this happens because one has to cross the 2 = 0 point where the
metric degenerates. One could interpret these two sections as separate spacetimes which both solve the Einstein
equations and are connected to different spatial infinities for 72 — +o0 or 72 — —o0, the latter happens to also
contain an event horizon. This observation could be relevant to give a physical meaning to the virtual horizon.

We can immediately realize that the inner horizon is characterized by an imaginary value of the area (or
entropy with abuse of terminology). This immediately follows if one generalizes the formula of the entropy for
the outer horizon (3.10), for 72> < 0. Instead, interpreting the virtual horizon as a genuine hypersurface, one
may notice that the determinant of the metric induced on the (0, ¢, ) coordinates:

det(g| - (ab(ab + q) + (a® + b*)r? + 7"4)2 cos? fsin? 0
etgio.6p) = (1 — a2g?)2(1 — b2g2)2r2 ’

(3.47)

is negative as soon as > < 0. The area of the inner horizon evaluated at r_ is therefore necessarily imaginary'3.

Notice that at > = —¢~* the above determinant takes the value det(glg,¢,y) = — 5 cos® #'sin6?, which

formally is the surface element of a three-sphere of radius r_ = é.

As a final comment, notice that if one wants to consider the extension of the black hole metric (3.3) for
r2 < 0 seriously, one has to face the problem that a new curvature singularity appears. Indeed, the function
p? = r? + a?cos 62 + b%sin #? can now vanish, producing some divergences in the metric. This is actually
a genuine curvature singularity as one can see that the Ricci scalar diverges when p? = 0. Indeed, taking the

trace of the Einstein equations, one gets the following expression for the Ricci scalar:
L oo 2 2 AF
R=_—-F"—209" — R=-|209+2¢"— ), (3.48)
12 p
however, one can show that the inner horizon never touches this new curvature singularity, as it holds:

p? =0 r? = —a?cos? f — b?sin? 0 72| < a® + b2
— —
r2+ri+ri=—(a®+b*+g2) r? < —(a® + b?) 72| > a® + v?
(3.49)

r = 0 [55], it is then reasonable to consider r2 rather than 7 as a more natural radial coordinate.
3One may argue that one should consider the root of the modulus of the determinant of the metric so that a real value for the area is
re-established. This however breaks the symmetry under exchange of horizon radius ;.
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As we have already said, we will not elaborate more on these considerations.
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Figure 3.1: The solid lines represent the curves A,.(r?;m) = 0 in the (r%, m) plane (for them the vertical axes represents
m,), for a fixed value of the other parameters and g = 1. The qualitative behaviour is not influenced much by the specific
value of the parameters. The different colors differentiate the three horizons, one can recognize the extremal solution,
where 73 = ri. Notice that an inner horizon 2 < 0 always exists , even when m = 0 as we have previously observed.
The dashed curves instead represent the behaviour of the temperature T'(r2, a, b, ¢) Eq. (3.8), where 72 should be thought
of as one of the horizons radii, substituting m via Eq. (3.60) (for this curve the vertical axes represents T'). When 72 < 0
the imaginary part of 7" is shown, as the temperature is imaginary in this case. The specific value of the temperature, for
a fixed value of the m parameter, of the three horizons is shown, again the colours differentiate the three horizons. Notice
that at the extremal configuration, the temperature vanishes as expected, and is negative for the intermediate horizon.

3.2.2 Inner horizon radius and area in the BPS limit

Let us now consider again the supersymmetric and extremal (BPS) solution, we are interested in finding an
expression for the area of the inner horizon in terms of only the conserved BPS charges. From now on, we will
use "area" and "entropy" interchangeably assuming that S = f. Remember that the expression for A_ in the
general solution is given by Eq. (3.10) with r_ substituting 7. The idea now is to determine r_ in terms of the
parameters (a, b, m, q), in this way one gets A_(a, b, m, ¢) and then use the definition of the conserved charges
to write A_(E, J1, J2, Q). In the BPS solution this can be easily done.

Notice that by rewriting the radial function A, as:

2
20 (r) = (12 + a®)(r? + b*) (1 + ¢*r?) + ¢* + 2abq — 2mr? = ¢? H(r2 —r?), (3.50)
i=0
one can obtain a system of equations that determine the horizon radii 7;:
24+ +r2 =—(a®?+b*+g7?)
r2rd+rdr? + 2t = g72(a® + 0% + a®b?¢% — 2m) , (3.5

r2rér? = —g72(ab+ q)*

in the BPS case, this system can be solved analytically in terms of the two independent parameters (a, b),

remember that ¢ and m are fixed by Eqgs. (3.18, 3.20), and are real being the BPS solution physical.
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The BPS values of the inner and outer horizon radii are given by:

: .
r* = g(a + b+ abg) , rl = i;(l +ag + bg) , (3.52)

inserting this result in the formula for A_, after some algebraic , one can prove that in the BPS limit it holds:

* 27T2i
T T b (14 ag +bg) + gla-+ b+ abg)|. (3.53)

where we have chosen the plus sign in the expression for r* (3.52), the other sign choice can be obtained by
sending 7 — —i. As expected A* is imaginary as a, b, g are real.

Finally, using the definition of Q* (3.24) one is able to find the following expression for A* :

A* = —4mi <3Q* + 7;) (3.54)

notice that A* depends only on * and not on the angular momenta as we might have expected, and receives
a constant contribution from the cosmological constant parameter g. This contribution survives in the Q* = 0

case where a = b = m = ¢ = 0 and the metric trivially reduces to the one of static AdS5 spacetime (3.46),

2

which has a virtual horizon at r?> = —g~2 as we have seen before. A direct computation of the area of this

virtual horizon in AdS5 spacetime gives exactly A_ = —2;3’, which is the area of an S® sphere of radius

r = ig~'. It is not clear what the meaning of this contribution is, and whether it can be thought of as a

contribution from empty AdS5 spacetime. However, this observation might be an indication that we have to
consider the spacetime with 2 < 0 more seriously.

Notice also that the BPS value of the virtual horizon area (or entropy)(3.54) is quantized in terms of the
electric charge, at the quantum level. This may indicate the possibility of finding a microscopic interpretation
for this quantity, which could also explain why it turns out to be independent on the angular momenta J;, J3.

One could have somehow expected a similar result for A*, indeed, the BPS solution is described by only
two independent parameters so it is natural to expect that BPS quantities depend only on (Q, J1, J2) up to the
BPS non-linear condition. The only non trivial result in this sense is that we are actually able to invert the
relations that define the charges, in terms of the other parameters, in a closed manner. This is easily done by

noticing that one can obtain the following relations:

. QT —rr+ ) . Q120" + 1) — 2n(Jf + J3)
= 0 T T Gy 89

from which one can obtain all other quantities in terms of the conserved charges, remembering the dependence
of 7* and r* on a and b, and from this all the results that we have found above follow.

3.2.3 Universal area product

We will now consider the area product formula obtained by [32], let us first give a review of how it can be
derived in the general solution, and then discuss its implications when considering the BPS solution.

Following [32] one notices that the radial function A, can be rewritten as in (3.50), this allows us to
2

calculate products of the form [],(c? — r?) = g~?r~2A(c) which appear in the product of the three areas.

To exploit this observation, one rewrites the horizon areas as [32]:

_2mP((rf +a®) (] + %) +abg] _ 27%(2m +abgg®) [ q(g+adb)

A o = —r2], 3.56
' EaSbTi EaZp(1+ g%r7)ri | 2m + abgg® " (350
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the product of the areas can then be computed in terms of the parameters (a, b, ¢, m) using Eq. (3.50) to trade
products of the roots ;. Then, using the expressions for the conserved charges (3.5) one can show that the

product of the areas can be rewritten in terms of only the (J1, Jo, Q) charges, and takes the expression”:

2
AL AgA_ = —i(4m)3 (Q3 n g—ng J2>, (3.57)

this result holds for the general non supersymmetric and non extremal solution.
Even if we will not use much this fact, it is important to stress that the product of the areas does not depend
on the mass of the solution, as we have discussed in the introduction.

Equivalence between the universal area product and the BPS non-linear condition in the BPS limit

We are finally ready to prove one of the main results of this thesis. Consider the universal area product
found above (3.57), in the BPS solution the areas of the physical horizons are equal Aj = A% = A* and can
be rewritten in terms of only the BPS charges using (3.25). We also found that the inner horizon BPS area A*

is a function of the BPS charges (3.54), if one inserts these informations in the area product formula one finds:
s 3 *\3 2£**_* N2 __ . 3 * l *2_1 * *
i(4m)”( (QF)” + e JiJy )= AZ(A")" = —i(4m)”( 3Q™ + 253 3(Q") gg(Jl +J3) ), (3.58)

the RHS is precisely the BPS non-linear constraint (3.26).

We have shown that considering the universal area product formula in the BPS limit allows to derive the
BPS non-linear constraint in a different way. One could have somehow expected this result as in the BPS
solution the universal area product formula represents a constraint on Ji, Jo, (), once we rewrite the areas in
terms of them. However, we might have found that this constraint was trivially satisfied, for example A* (A*)?
might have been identically equal to the RHS of (3.57) after having expressed the BPS horizons areas in terms
of the BPS charges and finding the less exciting result 1 = 1.

For this reason, this is a non trivial result, this is also true because we had to consider the virtual inner
horizon on the same footing as the physical event and Cauchy horizons, indeed the explicit expression of A*
in terms of the charges is crucial to obtain the equivalence between the area product and the BPS non-linear
constraint.

The main task we will pursue now is to understand if this relation between the area product formula and
the BPS non-linear constraint can be obtained from an independent, and more fundamental calculation. As we
have anticipated, this will lead us to discover that the extremization principle can be promoted to an universal
extremization principle, which is able to reproduce the BPS thermodynamics of all horizons in a unified way.

It is worth mentioning that the results we have found above are valid in the BPS limit, moreover, part of what
we will find in the following depends crucially on the presence of supersymmetry, or better, on the constraint
that supersymmetry imposes. However, remember that when supersymmetry is present, there is also a relation
of the type (3.19), meaning that the mass-independence of certain quantities (for example the BPS entropies)
is a less striking result. In any case, the mass-independence implies the quantization of such quantities at
the quantum level. It would be interesting to understand if in the BPS solution, one could account for the
(quantized) entropies of all horizons (and not only the outermost one) starting from a microscopic description,
similarly as it was done for black holes with two horizons or, in this case, by considering the description in
terms of the dual field theory on the boundary.

However, we need to remember that the area product formula remains mass-independent also in the non-

"*The result found in [32] is different with respect to the one we present here due to the different normalization choice regarding the
electric charge used in [8].
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supersymmetric solution, in this case, this is a non trivial result. It would then be interesting to explore the
implications of this fact without having to resort on supersymmetry, which forces all quantities to be mass
independent by means of (3.19). The price to pay is that in this case a holographic description (in terms of
the boundary field theory) is not well established. A possible way to study this problem could be to consider
different BPS limits along different trajectories that do not preserve supersymmetry, as we have discussed in
Sec. 3.1.3. In this way, at least in the BPS limit, one recovers the holographic description and may be able to
understand something about the non supersymmetric solutions.

As for the microscopic accounting of all BPS entropies, we may leave a possible answer to these questions

for future works.

3.2.4 Thermodynamics quantities and relations for the other horizons

Chemical potentials and first law for the other horizons

We are now going to give a definition for a set of thermodynamic quantities, specifically chemical potentials,
associated with each horizon. The conserved charges are instead considered universal, hence, the same for all
horizons.

Inspired by [30, 31] the idea is that once we get the thermodynamic quantities associated with the outer
horizon, the ones associated with the other horizons can be obtained simply by swapping r with r;. This only
regards the chemical potentials (77, 21, {22, ®) and the area, which are intrinsic properties of the horizons, while
the charges (F, Ji, Jo, Q) are the same for all horizons, indeed, they are calculated with suitable integrals at
infinity so it is natural to assume their independence with respect to the horizon we consider. Accordingly, one
notices from Egs.(3.5) that the conserved charges can be expressed without the need to use the horizons radii
r;, unlike the chemical potentials. This identification of the horizons’ properties seems standard in the literature
up to a sign difference in the definition of the temperature, which we will discuss briefly.

In our case, the chemical potentials for the outer horizon are given by Egs. (3.7) to (3.9), the dependence
on 74 is already explicit and allows to get the chemical potentials for the other horizons without further work.

We can be more precise about this statement. Take the temperature as an example. It can be calculated from

the surface gravity, which is obtained from the following scalar function, where V' is the null killing vector on

1
k(r,0;m,a,b,q) = \/—QVMV,,V“V” , (3.59)

which also depends on the parameters of the black hole solution. The surface gravity of (say) the outer horizon

the horizon

is obtained by taking the limit 7 — 7 (m, a, b, ¢) and one gets a constant depending only on the parameters of
the solution.

In our case, we do not know the explicit form of r(m, a, b, q), we solve this problem by trading one of
the parameters of the solution with 7 using the defining condition of the horizon position A, () = 0, in this
way we trivially get:

(rf +a?)(r} +0*) (A1 +¢°r) + ¢° + 2abq

= 3.60
m 0 , (3.60)

the surface gravity of the outer horizon is then evaluated by the limit!>:

ky(ry,a,b,q) = lim K(T,e; m(ry,a,b,q),a,b, q), (3.61)

rT—T4+

5Generally, it is sufficient to naively impose the condition (3.60) and substitute r with 7. to get the correct result, but in some cases,
like the calculation of the surface gravity, one needs to take the limit with care, for example by setting A, = eand m = (---) — 5 and
taking the e — 0 limit at the end.
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providing the result in Eq. (3.8).

Notice that there are two "sources" for the r, dependence in the final expression for x; coming from
the explicit r dependence in the scalar function Eq. (3.59) and from the exchange m <> r,. Turning to
the evaluation of the surface gravity for the other horizons, we can still use Eq. (3.59) and take the suitable
r — 7o, limit in Eq. (3.61), the dependence on r. that still remains in m () can be traded with a dependence
on ro,— by noticing that Eq. (3.60) holds regardless of which solution of A,.(7;) = 0 is used.

In this sense, the surface gravity (and consequently the temperature) of each horizon is obtained simply by

replacing r with rg or r_.

ki(ri,a,b,q) = lim k(r,0; m(r;,a,b,q),a,b,q), (3.62)

=7

The same argument can also be made for the other chemical potentials.

Notice that we only have to use the symmetry under the exchange of the horizons and the properties of
the A, polynomial, to define the chemical potentials for each horizon. However, if we consider the Cauchy
horizon, these quantities are exactly the ones that can be derived from the metric, and the same would still be
true for the inner horizon if we regard it as an hypersurface in the space with 2 < 0.

One may notice a sign difference in the definition of the temperature with respect to the usual identifications
found in literature ([28, 31]) which we will discuss later. The chemical potentials on each horizon are then

defined starting from those of the outer horizon as:
Ty =Ty (ry — 1), Q12 = Qg (r — 1), Q= &4 (ry — 1), (3.63)

Verification of the validity of the first law for each horizon

Having clarified how to evaluate the thermodynamic quantities on each horizon, we are now ready to verify
the first law of thermodynamics for each horizon. This can actually be done almost effortlessly as follows.

Let us consider a generic horizon 7, first we trade the parameter m with r; from the definition of the charges

(3.5) then it is only a matter of using the chain rule to rewrite the first law that we want to check as:

dE =T;dS; + Q1 dJy + Qo dJo + ©;dQ
:Zidri—i-cfsda—i—igdb—kcgdq, (3.64)
one immediately realizes that checking the first law for a given horizon is only a matter of relabelling the r;
parameter!'® on the various chemical potentials and on the entropy appearing in the above equation, then the
same relabelling can be made also in the charges as m is equivalently expressed in terms of each r;. This means
that checking the first law for each horizon can be made equivalent to a global relabelling of the r; parameter
in the above equations which cannot alter its validity.

From this discussion, one can conclude that the first law is in some sense a universal relation valid for each
horizon. The key relation that one has to satisfy is A, (r) = 0 which is independent on the particular solution
r; we choose, this independence ultimately reflects on the first law, provided that we identify the chemical
potentials of the horizons as done above.

Notice also that these arguments are valid only if we assume as first law for the intermediate and inner

horizons the one in Eq. (3.64) and not the modified first law that is most commonly found in the literature,

'®Remember that even if we could have a complex value for 7;, all quantities that are involved depend only on ; and not 7;, hence
are holomorphic functions of r; which can be differentiated without problems.
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which, for the intermediate horizon would read:
dE = -TdS +--- (3.65)

the reason for this difference is that the temperature for the intermediate horizon (usually referred to as "inner
horizon" [28, 30, 31] for black holes with only two physical horizons) should be negative. An intuitive reason
is that the intermediate and outer horizons have mirroring behaviours. Think for example about what happens
to the areas of the two horizons when the black hole approaches extremality [31].

This implies that along the same thermodynamic transformation, d.S and d.Sy have an opposite sign, which
also implies that the first law of the intermediate horizon is satisfied with a negative value of the temperature,
see also [63] for a discussion. In the literature, it is usually chosen to keep the temperature positive, which
forces to use the modified first law Eq. (3.65).

In our case, from the definition of the intermediate horizon temperature in Eq. (3.63), one actually finds

that 7Ty is negative. This can be seen, for example, graphically in Fig. (3.1).
2

A similar analysis can be done for the inner horizon, associated with r2 < (. In this case, the first law is
verified provided that the inner horizon temperature is taken to be purely imaginary as can be easily seen from
the dependence of T on 1%_ Again, insisting on having a positive temperature also for the inner horizon would
force us to modify the first law in a similar way as before, introducing an ¢ factor.

Recalling that also S_ is purely imaginary, we can then recover a first law involving purely real quantities.

Remember that all other thermodynamic quantities depend on 72 only
dE = £i|T_|dS_ 4 --- = £|T_[d|S_| +--- . (3.66)

Area product formula and first laws

The first law for the three horizons, allows to get another interesting relation by starting from the universal
area product formula (3.57), in particular the fact that the product of the areas is independent of the energy of
the BH can be equivalently expressed as a relation involving S; T; terms.

To get this relation, one considers the variation of the product of the areas with respect to variations of the

conserved charges:

~[(dSy dSp dsS_
d(S+S505-) = <dESOS + S+d—ES, + S+SodE>dE + (3.67)
using the first laws (3.64), we have the standard relation ‘fl% = T% The independence of the area product from

the energy can then be rewritten as the following condition:

_ SoS_ n SpS- " S1.50 . (SOTO)(Sfo) + (S+T+)(57T,) + (S+T+)(S,T,)

0 -
T, To T_ T ToT- ’

(3.68)

where the temperatures are those defined through Eq. (3.63), again using the positive temperatures would
require to modify the above relation with suitable signs or ¢ factors.
We want to check if the above relation holds in the present case, to do that we notice that the product 7;S;
is explicitly given by:
m ril+4¢*(2rt +a® +b%)] — (ab+ q)?
o) )

4=, T

T;S;

(3.69)

then, using Egs. (3.51) which define the horizon positions we can substitute in the above expression a? + b? =
—(r2 +r¢+r2 +g72)and (ab+ q)* = —g*r2rdr?.



3.2. Properties of the general horizons for the single charged, double spinning black hole solution 37

After some easy simplifications, one gets the following result

2
7.5, = g T (ri — rir% — rir% + 7”87“2) = g T (r%r — 7“8) (7‘_2|r — 7“3), (3.70)

the relations for the other horizons are easily obtained by appropriately permuting the indices. Using this result,
one can easily verify the validity of the condition Eq. (3.68) as the numerator of the RHS vanishes identically.
In [30, 63], similar relations appeared for black holes with two horizons for which the area product is
independent of the mass, in that case, it reads 7.5 +7_5_ = 0.
Notice also that Egs. (3.68, 3.70) agree with the ones shown in [63] (Egs. 5.34, 5.35) for the Wu black hole
with three independent electric charges and two angular momenta once we reduce to the solution that we are
studying here, after some basic algebraic manipulations.

Grand-canonical potential for each horizon and quantum statistical relations

The universality of the thermodynamic properties of each horizon described above, allows us to give a pro-
posal for a definition of the thermodynamic potential for each horizon, this is essentially obtained by imposing
that a suitable quantum statistical relation holds.

To do so, one can start from the grand-canonical potential of the outer horizon (3.16), and trivially substitute

r4+ with 7;, then our proposal for the universal grand-canonical potentials T} I; is:

2,.2
7T qer;
T [ — — a?(r? 2(r2 £ p?) — L 3.71
B T= =N m =g (ri +a’)(ri +b%) (r2 +a?)(r? + b) + abg]’ 3-71)
this definition could be equivalently obtained by imposing that the following QSR holds:
Ii = =S; — Qi J1 — Qodo2 — 9,0, (3.72)

once we trade the m parameter with the horizon radius 7; in the definition of the charges.

Notice that with this definition, one should be careful about the sign of the potential for the intermediate
horizon, and one would definitely get an imaginary value for the potential of the inner horizon, due to our
definition of 8; we have 5y < 0 and [_ is imaginary.

It would be useful if we were actually able to get Eq. (3.71) from an independent calculation, in the same
way as we can get I as the Euclidean on-shell action on the appropriate regular Euclidean section, hoping
also to be able to develop a physical interpretation of these new quantities in the process. We have explored the
possibility of performing such a calculation, but we have not found a simple way to do it. We leave for a future
work the task of finding a better explanation of these generalized grand-potentials /;. However, we can make
some considerations.

To calculate I it may be possible to follow a similar strategy as for 1. In this case, one should also consider
the spacetime between these two horizons and evaluate the Euclidean on-shell action from r¢ to infinity. The
reason why one should integrate up to infinity and not up to r, for example, can be guessed from the fact that
the chemical potentials for rg are all relative to their value at infinity, following the definitions in Eq. (3.63),
similarly the conserved charges are evaluated from integrals at infinity.

One should also remember that in Euclidean signature, the spacetime "comes to an end" on the horizons,
in the sense that the Euclidean time circle shrinks to a point. Integrating from 7 to infinity then means to
consider the Euclidean section contained between r¢ and r plus the one from 7 to infinity, the on shell action

evaluated on the latter gives the known result I in [60], so we should only evaluate the on shell action in the
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intermediate Euclidean section Iy_,4 and so:
Iy = lo»+ + 14, (3.73)

this calculation must be done carefully as, despite not having long range divergences as the spacetime is fi-
nite between ry and r, there are two horizons and hence two sets of regularity conditions to impose on the
Euclidean time circle to avoid conical singularities. This can be done only if the temperatures and the other
chemical potentials of the two horizons are the same!”, which however should not be the case as one can easily
see by looking at the behaviour of the temperatures for the two horizons in Fig. 3.1. Another fact to take in
consideration is that, when performing the Wick rotation ¢ — —i7 the spacetime between the two horizons has
signature (—, —, +, +, +). Clearly, we expect Iy_,,, to vanish in the extremal limit.

The situation is much trickier for 1_, as the inner horizon is located at 7> < 0, this means that integrating
from 2 to infinity one encounters the black hole (ring) singularity, but also the other singularity appearing at
p = 0. A possible way out could be to analytically continue the solution and smoothly change the integration
path in such a way to avoid the singularity, but it is not clear how to do it. A physical interpretation of the nature
of the inner horizon would be helpful in this case.

3.2.5 Universality of the extremization principle

We are finally ready to discuss the generalization of the extremization principle as a universal extremization
principle, able to reproduce the thermodynamics of all horizons in the BPS solution (but also formally in the
supersymmetric but not extremal one).

The idea now is that we can repeat the procedure discussed in Sec. 3.1.3 separately for each horizon!®. By
virtue of the symmetry under the exchange of horizons radii r; as parameters, the results that we have already
discussed generalize to all horizons. However, there are some caveats that one has to take care.

The first step is to parametrize the supersymmetric trajectory whose limit is the BPS solution in terms of

r;, this can be done by simply trading 7 for r; in the supersymmetric constraint (3.28):

m

= =- 1 2 iry(r? — r*? 74
TR ab+ (14 a+b)r; £ir,(r; —r*), (3.74)

q

where r* is the BPS value of the outer horizon radius.

We have already seen that if we want to keep 4 (but also ) real, then one is forced to introduce a complex
q parameter [8]. However, if we use the inner horizon radius r_ in (3.74) one would get a real q parameter
because r_ is imaginary. One can understand why this happens by looking at Fig. 3.1. In practice, the condition
A, (r?) = 0 can always be solved for any real value of the parameters if one considers % < 0, hence, one can
always find 72 < 0 which produces any given real value of m (also in the supersymmetric solution where m
is fixed by ¢, a, b) this, however, is not always true for the outer or intermediate horizons, for example if one
considers the supersymmetric but non-extremal solution.

This produces an apparent contradiction with what we have said so far, as it seems that using r4 (or rq)
as a parameter and using r_ produces different results (complex or real g parameter,) breaking the symmetry
under the exchange of r;. This is solved if one remembers that the symmetry exists only among the roots of A,

and we clearly cannot compare the roots of different A, polynomials. What was done in [8] was to consider a

This is true provided that the regularity conditions on the intermediate horizon are related to its chemical potentials in the same
way as it is for the outer horizon. This may be checked by a near horizon limit analysis, but one can expect that this is actually the case
due to the symmetry under exchange of 4 and 7.

Bwe are going to change perspective in a moment and rather think in terms of universal quantities instead of treating each horizon
separately. For now, it is useful to proceed in this way.
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family of supersymmetric solutions with complex ¢ and m parameters, in such a way that the complexified A,
radial function had two real positive roots /, and r(, but in this case the third root 7”_ is not purely imaginary
but complex, so that also g from Eq. (3.74) is complex.

The other possibility is instead to keep all parameters real, this forces us to consider complex conjugated
r4+ and 7o variables which produce a real value of g from Eq. (3.74), which is the same that we would obtain
using the imaginary root r_.

For a simple matter of convenience, we are going to to consider the second choice and keep real a, b, g, m
parameters, which also allows to maintain a real value of the conserved charges in the supersymmetric and
non-extremal solution, the entropies S g are still complex. It is important to stress that this is only a matter of
choosing a parametrization to describe the supersymmetric trajectory, and accordingly, the complex variables
r4 and ro should be thought of as the parameters describing such supersymmetric trajectories, or equivalently
as "convenient parameters" that can be used instead of m, rather than an analytically continued radial coordi-
nate. We will briefly discuss what constraints one has to impose on these parameters to truly parametrize our
supersymmetric solutions. Clearly, the BPS solution is obtained when 4 = rg — r* or equivalently r_ — 77*.

Coming back to our discussion, notice that if we impose ¢ to be real in (3.74), then the requirement ¢ = ¢
implies that once we choose the sign convention for r_, we also fix the sign convention for 7 to be the opposite.

The same happens for r_ because /(72 — r*2)2 = —(r2 — r*2) We choose the negative sign for 7, as in [8],
then Eq. (3.74) for the other parameters reads:

—ab+ (1+a+b)r2 —iry(r2 — 2
.= ( Jri —irg (ry ) | (3.75)
—ab+ (1+a+ b)ra_ + im,,(ra_ —r*2)

we can now fully generalize the results of Sec. 3.1.3, and for each horizon we can parametrize the various
supersymmetric thermodynamic quantities in terms of (a, b, r; ), the expressions that one would find are exactly

equal to Egs. (3.29, 3.30), we can then define the "lower case" chemical potentials:

wii = Bi(1,; — 1), wa; = Bi(Qa; — 1), ¢i = i <<I’i - ;), (3.76)

W1 +wa; — 2¢; = F2mi, (3.77)

the upper sign is related to the outer horizon quantities, while the lower one is related to the intermediate and
inner ones.

For the inner horizon, this redefinition of the chemical potentials would not be needed, indeed, one can
check that Q27 _, ®* do not take fixed values in the BPS solution, as happens for the outer and intermediate
horizons, so the interpretation of these new chemical potentials that we have developed in Sec. 3.1.3, does not
hold if we consider the inner horizon.

This redefinition is useful as it allows to rewrite all the grand-potentials I; as we have already seen (3.34)

I; = %i, Ii = =8 —wi; J1 —waiJa — ¢ Qi (3.78)
27 Wi, W2
one can explicitly check these results, but they are automatically true starting from those of the outer horizon.

Combining Eqgs. (3.77, 3.78) one may repeat the extremization procedure singularly for each horizon, the
calculations that one has to do are exactly the same as those that we have already discussed in Sec. 3.1.4, and
one should recover the BPS thermodynamics for each horizon.

We are now going to show this, but adopting a different point of view. Notice that in the discussion above we
have distinguished between each horizon (essentially, we have kept the ¢ indices). However, one does not need
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to do so, as we have seen that we eventually arrive at expressions that are universal (3.77, 3.78). Then, instead of
performing three separate extremizations for each horizon, we will define an universal supersymmetric grand-
potential I defined in terms of universal chemical potentials (w1,ws, ¢), these have to be thought of as not
associated with a specific horizon and satisfy the relations found above.

We will then perform one universal extremization procedure considering the universal quantities given
above (this has essentially already been done in Sec. 3.1.4), and we will be able to reproduce the BPS ther-
modynamics of all horizons at once. This has the advantage that one does not have to necessarily use the I;
grand-potentials, instead one simply needs to consider the universal quantities.

Let us see how this works.

Proof of the universality of the extremization principle
The starting point is given by the universal relations:

I_27T 3

= — , I=-S85—wJ—-wyJos—¢Q, w1+ wg — 2¢ = £271, 3.79)
27(4)1602

from the extremization procedure discussed in Sec. 3.1.4, the entropy is given by:
S = extp [£2miA], (3.80)
where A has to be taken from the solutions of the cubic polynomial (3.39):
A3+ paA? + piA +po =0, (3.81)

where the coefficients can be found in (3.40).
Our claim now is that the three roots A; reproduce the thermodynamics of the three horizons, for example,

the entropies are given by:
Sy = 2mil, So = —2milq, S_ = —2mils, (3.82)

the sign difference is related to the one in (3.74).

Notice that with our choice of parametrization of the supersymmetric solution, the charges and hence the
coefficients of the cubic polynomial are real, meaning that there will always be a real root A3 and two complex
conjugated roots Aj. It is natural to associate Aj to the inner horizon as it always produces an imaginary entropy
as we expect.

Following our claim, the three roots A; of (3.39) also determine the supersymmetric chemical potentials of
each horizon (w1 ;, w2, ¢;) as, possibly complex, functions of the charges. This can be seen by starting with
the universal supersymmetric chemical potentials (w1, w2, ¢), which, upon solving the extremization equations,
can be written as functions of the charges and A (see [8]). Inserting one of the three roots A; in these functions

reproduces the chemical potentials of the horizon associated with the A; root:
wi; = wi(Q, J1, J2, Ay), wa; = wa(Q, J1, J2, Ay), ¢i = 0i(Q, J1, J2, ;) (3.83)

To verify the validity of our claim (considering for example the entropies), we should compare the expres-
sions that we get from the extremization principle (Eq. (3.82)), with the ones that we already know in the
supersymmetric (3.10) or BPS case (3.25, 3.54). The same check should be performed on the supersymmetric

chemical potentials.
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It is easier to do these checks in the BPS case, where the entropies and the chemical potentials for each
horizon acquire distinct expressions in terms of the parameters (a, b). In this case, one can easily distinguish
between the various horizons. Instead, in the supersymmetric but not extremal case, the above quantities are
expressed in terms of the r; parameters. Then, the symmetry under the exchange of r; does not allow to
distinguish the horizons, unless one is able to find an explicit expression for the r; radii in terms of the other
parameters in the supersymmetric solution. Luckily, one needs less to distinguish the horizons in the susy case,
we will discuss this later.

Notice that by assuming the validity of Egs. (3.82), the universal area product formula immediately follows:

S1S80S_ = (2mi)3 A A Ag = —(2mi)3py = —im® <Q3 + 27TJ1J2). (3.84)

Validity of our claim in the BPS case
As we have already discussed, the BPS solution can be recovered from the extremization principle if one
imposes the condition (3.43), which makes the cubic polynomial in A factorize as:

(A+p2)(A%+p1) =0

: (3.85)
Q") + 2wt Ty = (3@* n ) (3(@*)2 . J2*>)

Po = pi1p2 —

the charges are real, meaning that the two roots A = =i, /p; are purely imaginary. By means of our definition
of the entropies S and Sy (3.82) one gets the same positive real value'® for them as expected.

The other root of the cubic polynomial instead is real and is given by A = —py and has to be associated with
the inner horizon entropy. By substituting the explicit expression of the parameters p; in terms of the charges

(Egs. (3.40)), one gets for the three entropies:

St =S8y =2m/p1 = 7T\/3(Q*)2 —nw(JF + J3), S* = 2mwipy = —mi <3Q* + g), (3.86)

remarkably, these are precisely the BPS entropies for the various horizons that we have already found before
(3.25, 3.54), this result was already known for the outer horizon but is new for the outer horizons.

Notice also that if we define the entropies as in (3.82), we automatically derive the universal area product
formula, but we also automatically find that in the BPS solution the area product formula and the BPS non-linear
constraint are equivalent due to the factorization condition (3.85).

As anticipated, the extremization principle is able to reproduce all the horizon entropies in the BPS limit.
Furthermore, one can explicitly check that the extremization equations Eqs. (3.37) for a given horizon are
satisfied in the BPS limit if one chooses the correct root A;. This can be quite easily checked as the BPS value
of every relevant quantity is easily expressed in terms of (a, b) using Egs. (3.24), (3.55) and (3.34), this proves
that the full thermodynamics of each horizon is reproduced.

Validity of our claim in the supersymmetric but non extremal case

One can show that the universality of the extremization principle discussed above also holds in the super-
symmetric but not extremal case (which we will refer to as simply "supersymmetric" now on), meaning that
the thermodynamic quantities for each horizon are all reproduced at once by the extremization principle, also
in this case. These results must be interpreted as formal results, as the pure supersymmetric configurations

are non physical if one does not impose extremality. However, there are cases where proving the validity of

"For this to happen, it is important that the S and Sy entropies have an opposite sign in their definition in terms of the A; roots
(3.82), this happens precisely due to the sign difference in (3.74)
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the universality of the extremization principle along the full trajectory and not only in the BPS limit, may be
physically relevant. This is the case if the BPS solution is reached via a trajectory that always contains physical
solutions (that are causally well-behaved and do not allow for naked singularities). For an example, see [62].

In the pure susy case there is no constraint on the coefficients of the cubic polynomial (3.39), and generally
there are two complex conjugate roots and one real root A; as we have already discussed.

To compare the definitions of the entropies obtained from the A roots with the expected supersymmetric
expressions for the entropies (3.30), we should formally find the explicit solutions for the three horizon radii r;.
Indeed, to make the comparison, both (3.30) and the A; have to be expressed in terms of the same parameters
(r;, a,b), but the symmetry under exchange of r; would not allow us to truly differentiate between the horizons,
and we could not check which of the three roots A; have to be associated with which horizon.

Luckily, it turns out that it is sufficient to find the range of validity for each horizon radius r; interpreted
as a parameter describing the solution. This information is sufficient to differentiate the various horizons. For
example, the simple requirement that _ should be imaginary and r,r¢ complex allows to differentiate these
two sets of horizons. To find the range of validity for each parameter r; we can use the requirement that the
relation m = m(r;) is a bijective function.

Let us start with the inner horizon, one can immediately associate the real Ag root with the inner horizon,
as in this way one correctly gets an imaginary value of the inner entropy. A3 is given in terms of the conserved
supersymmetric charges (Ji, Jo2, Q) via the complicated cubic root formula, and by using Egs. (3.30) one gets

A3 in terms of the parameters (7_, a, b), which can be directly compared with (3.30):

—im?(a +ir_)(b+ir_)(r*? —ir_)

5= = 2(1— a2)(1 — b2) ’

(3.87)

the two expressions do not agree if one allows r_ to take any imaginary value, see Fig. (3.2) on the left. The
problem is that for small values of m the condition A, = 0 admits three imaginary r; (or equivalently negative
riz) roots?’. This can be immediately seen in the ¢ = 0 — m = 0 case, where A, = 0 has the three trivial
solutions: 72 = —1, 7?2 = —a%,r2 = —b?, or by looking at Fig. 3.2 where the behaviour of the A,.(r,m) = 0
supersymmetric curves has been shown for small values of m and for imaginary values of .

If we associate all the pure imaginary roots of A, = 0 with the inner horizon r_, the function m(r_)
would not be invertible. We can make it invertible by restricting the range of validity for Im[r_] = —ir_
as shown by the green curve in Fig. 3.2 in the center, where remember that the BPS solution is located at
Im[r*] =1+ a+ b > 1 hence on the right branch of the curve.

From a direct computation, we find that:

TA:%<1+a+b+\/a2+62—ab—a—b+1>

Im[r_] € (—oo,r¢) U (ra,00), where:
TC:%<1+a—|—b—2\/a2—|—b2—ab—a—b—i—l)

)

(3.88)
by taking this into account one finds a perfect agreement between the two definitions of the entropies, as shown
in Fig. (3.2).

The same check can be performed for the complex root A; which is associated with either the outer or
intermediate horizon. Let us consider the intermediate horizon, as the m(rg) relation has the same sign choice
as for the inner one (3.74). Again, A; can be rewritten in terms of the parameters (7, a, b) and the expression
we get can be compared to the expected supersymmetric entropy of the intermediate horizon, which has exactly

the same form as Eq. (3.87) (after we substitute r_ for rg).

2This means that for small values of the m parameter, there are three imaginary values that satisfy the relation m = m(r;).
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In this case, one has to take into account only the complex values of rg that produce real m, g parameters.
In other words, we have to take r( such that it solves A, = 0 with real coefficients. The requirement that m, ¢
are real imposes a constraint between the real and imaginary parts of r (that can be obtained by studying ¢(r¢)
(3.74)). By taking this into account, g is given in terms of a variable z € R as:

m

ro = +v/ab+a+b—2x(1+a+0b) + 322 +ix, — =TTl

= (a+1-22)(b+1-2x)(a+b—2x),
(3.89)

if z = 0, and choosing the positive sign in front of the root, one gets the BPS outer horizon radius r* € R, and

the BPS value of the ¢ parameter as expected. The sign of g does not depend on the sign of the real part of ry.

Notice that ry becomes purely imaginary if « € [rp, 7], where:

TB:é(HHb_¢a2+b2_ab_a_b+1), (3.90)

because the term under the square root is negative, meaning that z = I'm[rg] only if x ¢ [rp,74].

One can see that the function m(ro(z)) (3.89) is not injective as a function of z precisely when = € [rp, r4],
meaning that in this region, x is not a good parameter to use. Instead of x one can use I'm[rg] = —irg € R
when x € [rp,ra] — ro € iR. This is shown in Fig. 3.2 on the right, representing the function:

(o (1mfre))) = { 7O whens e £ rmoral (391)

m( — iro), when: = € [rp,74]

hence, the mass parameter interpreted as a function of Im/[rg]. It is demonstrated graphically that this is indeed
a bijective function, hence I'm|[ry] can be used as a good, real parameter to trade m.

Moreover, we immediately see that in the region where 7 is purely imaginary (blue line) the plot of m(rg)
exactly matches the corresponding piece that we have found when discussing the inner horizon as a parameter,
this confirms the fact that not all purely imaginary roots r; have to be associated with the inner horizon.

Keeping in mind the above considerations, one finds that the definition of the entropy from A; and from
Eq. (3.87) agree, provided that one chooses the right sign for the real part of 1y, which turns out to be positive
for the left branch of the curve at Im/[rg] < rp (this is also required to recover the BPS horizon radius when

Im[ro] = 0), and negative for the right branch for Im/[rg] > r4
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Figure 3.2: (Left plot: ) Comparison between the definitions of the inner horizon supersymmetric entropy, from Aj
(dashed curve), and from Eq. (3.87) (solid red curve), the two definitions agree only for the expected values of Im/[r_].
(Central plot: ) behaviour of m(r) when r € ¢R. For small values of m there are three imaginary roots r;, these must
be associated with r_ (green curve), ry (blue curve) and r4 (red curve), in order for the three horizons radii to be good
parameters. Notice that when m = 0 there appear the three expected solutions: r_ = 7, rg = ai, r4 = bi.

(Right plot: ) Plot of Eq. (3.91), the black line being the m(ro(z)) function and the blue line being m(—irg). This
definition is needed for m(ry) to be bijective. When 7 € iR (blue line) the m(r() curve matches the corresponding piece
in the central plot, meaning that those imaginary values of 7; must be associated with the intermediate horizon.

Similar considerations hold true for the outer horizon. When rg is imaginary also r4 must be imaginary
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and its imaginary part must take values in [r¢, 75| (red curve in the central plot of Fig. 3.2.

Discussion

As we have claimed, the thermodynamics of all the horizons can be reproduced from one universal extrem-
ization principle, which is also able to reproduce the area product formula, the BPS non-linear constraint, and
explain the equivalence between these two formulas in the BPS limit. These are interpreted by means of the
factorization condition (3.43) for the cubic polynomial, which allows to get real entropies. As new results, we
have derived the inner and intermediate horizons areas, the universal area product, and its equivalence with the
BPS non-linear constraint, directly from the extremization principle.

A key role is played by the constraint on the chemical potentials (3.32), this makes the Legendre trans-
form determining the entropy a constrained Legendre transform, which can be carried over by introducing the
Lagrange multiplier A which, being determined by the roots of a cubic polynomial, reproduces all horizons
thermodynamics.

The constraint (3.32) takes that specific form because we are considering a BPS limit along trajectories that
preserve supersymmetry. The advantage of preserving supersymmetry is that the action [ in terms of chemical
potentials takes a rather simple form (3.71). This makes it much easier to solve the constrained Legendre
transform. Moreover, remember that the Euclidean on-shell action I, has been reproduced from the dual field
theory only in a supersymmetric setting up to now [8].

Another comment regards the possibility of finding the cubic polynomial (3.39) in a different way. Indeed,
one could generalize the procedure to derive the product of the areas of Sec. (3.2.3), and derive formulas for
the sum and mixed products of the entropies S_ + Sy + .54, and S .Sg+ S1+.5_ 4+ 505_ in terms of the charges.

This would allow one to derive a Christodulou-Ruffini-like formula:

(S —S_)(S—8)(S—5.)=0, — (S —5*)(S —8*)?2 =0, (3.92)
this relation holds regardless of supersymmetry or extremality and will generally be mass-dependent. Moreover,
in the BPS limit, this formula should be equivalent (but not the same due to (3.82)) to the cubic polynomial
(3.39). A Christodulou-Ruffini formula has been given in [63] for a class of 4D black holes, by manipulating the
horizon equation. This may be possible to do also in the 5D case, but one has to deal with rather complicated
expressions of the (m,a, b, q) parameters, which means that rewriting the sum and partial products of the
entropies in terms of only the charges would be difficult.

Another comment regards the expression of the BPS inner horizon entropy as a function of the charges.
We have already noted that it does not depend on the angular momenta A* = —4mi (SQ* + g) this can be
understood by looking at the structure of the cubic polynomial (3.39) and the fact that A* is related to the ps
parameter, which is the coefficient of the quadratic term. One can immediately see from the factorized form of
the polynomial in Eq. (3.44) that the angular momenta can only appear in the p; and pg coefficients.

This is a consequence of the structure of the Euclidean action, which is related to the fact that this particular
black hole solution only allows for two independent angular momenta. Moreover, the electrostatic potential
must appear cubed in the Euclidean action (for a reason that we will explain briefly). Then the requirement of
having an homogeneous function of degree 1 of the chemical potentials, as it is found in the supersymmetric
case, fixes the form of the action, which in turn determines the cubic polynomial.

To see why the electrostatic potential must appear cubed, one has to view this black hole solution as a
particular class of solutions of ' = 2, U(1)™ gauged supergravity (See [47, 64]), whose general black hole
solutions admit n independent charges and two angular momenta. Our case can be obtained by setting the n
charges equal.
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It has then been conjectured in [13] that the BPS outer horizon entropy, can be obtained by extremizing the

following function of the chemical potentials (, J, K = {1,--- ,n})
C I4J K
I=p 1IKP ¢ ¢ ’ (3.93)
w12

where ¢! is the electrostatic potential associated with the n — th gauge field A”.

We also have to impose the usual constraint?! wy + wo + > I ¢! = 1, here y is an arbitrary parameter
that depends on the normalization of the chemical potentials, while C1 5 is the completely symmetric tensor
appearing in the Chern-Simons term, which fixes the structure of the whole Lagrangian. The extremization
procedure in this case has been carried out in [15], showing that the outer horizon entropy is the same as the
one originally found in [65].

The structure of the supersymmetric Euclidean action [ in Eq. (3.93) is fixed by the supergravity theory
properties, in particular the Cjx tensor, which imposes that I depends on cubic monomials of the potentials
¢!. This ultimately reflects in the way the entropies depend on the various conserved charges.

As a final comment, notice that the extremization principle gives a method to derive the thermodynamic
properties of all horizons (in the supersymmetric case), starting from the dual field theory via the AdS/CFT cor-
respondence. The reason is that the universal Euclidean action I, which appears in the extremization principle,
can be computed in a supersymmetric setting from the dual CFT on the boundary. This is arguably one of our
most important observations, as it may directly connect the properties of all horizons with the dual field theory
description.

This concludes the analysis of the single charged black hole solution. In the next sections, we are going
to extend the results we found to other black hole solutions, following a similar logic. The next case we
are going to consider is the single spinning black hole solution with three electric charges of U(1)? gauged
D = 5 supergravity. Before analizing it, we consider the consequences of the universality of the extremization
principle for the general solution with three charges and two angular momenta. Then we specialize to the single

spinning case, showing that the results obtained via the universal extremization principle are correct.

3.3 Universality of the extremization principle and U (1)? gauged supergravity
general black hole solution

The extremization principle has been derived for a large class of black hole solutions, see [8, 15] for the
U(1)3 and U(1)™ gauged cases. It is always able to correctly reproduce the outer horizon BPS entropy, but what
about the other horizons? Luckily, generalizing the results found above is quite straightforward. We discuss the
case of the general U (1) gauged black hole solution, concentrating on the BPS case??.

The supersymmetric Euclidean action and the supersymmetric constraint now read ([8, 12]):

[ =278 @’?
wiws , (3.94)
Wi 4+ wo — 201 — 2¢% — 2¢% = £27i

where ¢! are the electrostatic potentials associated with the Aﬁ independent gauge fields.

The coefficient 1 and the normalization of the chemical potentials has been fixed in such a way that by

2'Remember that one can always rescale the chemical potentials in order to make the constraint have the same form as the one
discussed here.

2To study the pure supersymmetric case one would have to find the range of validity of each horizon radius 7; intended as a
parameter. This would require studying the properties of the metric, which we are not going to do here.
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setting ¢! = ¢? = ¢> = %qb, one recovers the previous results for the one charge case (Eqs. (3.34, 3.31)).
Instead, by setting w; = wo = %w and ¢; — % one recovers the case with three charges and one angular
momentum discussed in [15] (Egs. (2.51, 2.53)).

The extremization procedure goes through as before [15], and we simply review the main steps. First, one
defines the entropy function whose extrema give the entropy as a function of the charges, the supersymmetric

constraint is taken into account by adding the usual Lagrange multiplier:
S = ewtyy, pny[—1 —wi Ji — ¢' Qr — Awy + wg — 20" — 2¢% — 2¢° £ 27i)], (3.95)

at this stage, one should admit the possibility of having complex charges. Then, by imposing that the physical
quantities are real, we can recover the BPS limit.
One should now write the chemical potentials and A as functions of the conserved charges using the ex-

tremization equations, however A can be obtained by exploiting the identity:
0= (20— Q1)(2A — @2)(2A — @3) — 2m(A + J1)(A + J2), (3.96)

which is a cubic equation for A:

AP+ paA® + p1A + po =0, (3.97)
with coefficients:
p2 = —%<Q1 + Q2+ Qs + %)
p1= i(Qle + Q2Q3 + Q3Q1 — (/1 + Jz)) : (3.98)

po=—% <Q1Q2Q3 + 27TJ1J2)

the homogeneity of degree 1 of the Euclidean action I simplifies the calculation of the entropy, which is given
by S = extp[+2miA], where A has to be chosen among the solutions of the cubic polynomial. The claim is
that the three roots represent the entropies of the three horizons following Egs. (3.82).

Let us now specialize to the BPS case, the entropies obtained from the roots of the cubic polynomial are
generally complex, in order to get a real value for the outer and intermediate horizons entropies, one has to

impose the factorization condition:

(A+p2)(A2+p1)=0
QIQ3Q; + 2w T = (Q; Qi Qpt ) (Q;Qg L QIQ)+ Q30— n(J; + J2*>)
(3.99)

this condition is the generalization of the BPS non-linear condition to the three charges, two angular momenta

Po = p1p2 —

case, this indicates that requiring reality for the entropies is equivalent to considering the BPS case.
The three BPS entropies are then given by:

51 = S = 2mypr =7\ /QIQ5 + Q505 + Q@1 — (T T J5)

(3.100)
S* =2mipy = —mi <Q’1‘ + Q5+ Q5 + 72T>

In the general supersymmetric case, the universal area product is also derived, and from the factorization con-
dition (3.99) follows its equivalence with the BPS constraint in the BPS limit.

S.180S_ = —(2mi)3py = —im® (Q;QgQg + 27TJ1*J2*>, (3.101)
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this result for the area product formula, agrees with the one found in [66].

In the next section (3.4), we verify the validity of these results for the black hole solution with three charges
and one angular momenta. In particular, we re-derive the BPS horizons entropies, the BPS non-linear constraint,
and the universal area product formula. Then, from the discussion made in this section, the proof of the
universality of the extremization principle directly follows.

Remember that the original results that we find, are related to the fact that we consider all horizons rather

than just the outer horizon, as was done in the literature.

3.4 Single spinning U (1) charged AdSs black hole solution

Motivated by the observations of the previous sections, we want to verify if those results hold for the black
hole solution with one angular momentum and three unequal charges, arising from the N' = 2, 5D, U(1)?3
gauged supergravity theory, also known as STU model.

We follow the same logic as for the single charged solution, and for this reason we are not going to go at the
same level of detail. First, we give a review of the general black hole solution of [50], following the discussion
of [15]. We then discuss the generalization of the thermodynamics of all the horizons and derive the formulae
involving the T'S products. Then we obtain the area product formula, which has not been directly derived yet
but follows from the analysis of [66], showing that it agrees with the result that we have obtained from the
extremization principle of Sec. 3.3.

Next, we move on studying the BPS solution, deriving the relation A* (J*, Q7). In the process, we show
that the properties of all three BPS horizons, the area product formula, and the BPS non-linear constraint, are
the same as those derived from the universal extremization principle, hence proving the validity of our claim

also in this case.

3.4.1 Review of the solution

The bosonic part of the Lagrangian is [42, 43]( following the conventions of [15, 50]):
1 & 1 1o ) 1
= —— [ |(R+4¢>) (X1 =062 )51 (X)) "FIAxF! - ATAFIAFR] (3,102
167 K I ;( R0 ) 2;( ) =g lersx] », G:102)
The A’ fields are three Abelian gauge fields and the ¢ = (¢!, ¢2) are the real physical scalars, while the { X'}

are the auxiliary scalars given by:

b G LD AL G I L (3.103)
the scalar field manifold is given by the submanifold in the { X’} field space given by X' X2 X3 = 1.

The black hole solution with three independent electric charges and one angular momentum can be obtained
by setting the two independent angular momenta equal. The solution can be expressed in terms of coordinates
(t,r,0,¢,1), these coordinates are different from the ones used in the previous section ("old") and are related
by:

b= wold — o, b= wold 4 ¢old’ 0 — %901{ (3.104)

with this set of coordinates the rotation only occurs along the ) coordinate.
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It is convenient to use the following left-invariant 1-forms of S

o1 +i0y = e*"w(dﬁ + isin 0do),

= dy 4 cosfdo . (3.105)
The black hole solution is given by:
3| Y, 2. r? bil 2fo
ds? = (H,HyH. ———dt d —_— — —=dt 3.106
o5 = (M) | gt pr® 4 (o o)+ 4T4H1H2H3< ) O
Hy HyH3)'/3
xt = (HiH2Hs) 7 Al = Aldt + AL, (3.107)

Hy ’
and it depends on the parameters (m, a, d1, 02, d3). If one sets §; = d2 = 3 this black hole solution reduces to
the one with one angular momentum and one electric charge of minimal A = 2 supergravity [50], as the three
gauge fields A’ become equal, and the three auxiliary scalars X! become constants.

The functions (Hy, f1, f2, f3,Y) are defined as:

2ms
Hr=1+ I

fi=r H1H2H3 + 2ma’r® + 4m2a2[ (c1coc3 — 518283)518283 — s%s% — s%sg sgsﬂ
_ 2 2

fo= 2ma(010263 — 315253)7" + 4m“as1 8983,

f3= 2ma2(1 + 921“2) + 4g*m?a? [2(010203 — 515283)515283 — 5%5% — 8%8% sgsﬂ

Y = f3+ ¢*rSHiHoHs + 1* — 2mr?, (3.108)

with s; = sinh 6, ¢; = cosh 67. The components of the A’ fields will not be needed and can be found in [15].
The position of the outer horizon is given by the largest root 7 of the Y function, this is a Killing horizon

associated with the killing vector:

_ fa(ry)
V—8t+2f1( oy, (3.109)

it is trivial to check that this vector has a vanishing norm on the horizon. As anticipated, rotation occurs only

along psi in these coordinates.

Thermodynamics

The solution has five conserved charges (E, J, Qr), in [50] the electric charges and angular momentum
were obtained from the usual Komar integrals, while the energy from the integration of the first law. The
same results were obtained in the framework of holographic renormalization by [15] up to a constant shift of
the conserved energy, this shift is related to the renormalization scheme that is used to regulate the divergent
integral defining the energy.

The conserved charges are found to be:

mam
2

E:E0+m(3+a292+28%—|—25%+2s§), J =

mn
1 (crcac3 —515283), Qr = 5 SICh (3.110)

Ey is the constant shift cited above, it can be interpreted as a contribution to the energy from empty AdS5

space, as it survives when m = 0.
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Again, the chemical potentials for the black hole thermodynamics are expressed in terms of the outer

horizon radius r as:

dy -1 2 1
T = (rs) (47rr+\/f1(r+)> , Q= 2f2(7"+) o = 7m(5101 + 54 Qcrsysk — S[CJCK)),

dr f1(7"+)7 ’I"?FH](TJF)

(3.111)
where T is obtained as usual from the surface gravity , € is the horizon angular velocity relative to a non rotating
observer at infinity, and ®! are the electrostatic potentials, defined as &/ =y, A! |§3i

Finally, the Bekenstein-Hawking entropy of the outer horizon is:
2
§= 5V, (3.112)

notice that one has to require f1(r4) > 0 in order to have a real value for the temperature and entropy.
These quantities satisfy the first law of thermodynamics:

dE =T dS +QdJ + o' Q, (3.113)
and the quantum statistical relation, in the following form [15]:
I=BE—-S—-8QJ—-p30'Qy, (3.114)

where the Euclidean on-shell action was calculated in [15] using holographic renormalization. They showed
that also in the definition of the action it appears a constant term Iy = SEy , that is interpreted as the on-shell
action of the empty AdSj5 space.

From the same considerations that we did in the single charge case, we can interpret the on-shell action

as minus the logarithm of the grand-canonical partition function.

Supersymmetry and setup of the extremization principle
In [11], it was found that the solution preserves one quarter of the original supersymmetry if the parameters
satisfy:
ag = e~ (O1+d2+d3) (3.115)

this condition is equivalent to the following one on the charges:

E—Ey=29J+g(Q1+ Q2+ Q3), (3.116)

which is obtained by requiring that the Bogomol’nyi matrix has at least one vanishing eigenvalue [11].
For simplicity, we set ¢ = 1 now on. Supersymmetric solutions are naturally parametrized by the four
parameters (m, 7). Equivalently, one can trade the §; for the new parameters ; defined as [15]:

o _ (2 +2) (s +2) g, _ p2(s T2 +2) s _ sl +2)(u2 +2)

= (11 +2)paps N (p2 + 2)pspr = (s + 2ppin (3.117)
in terms of these parameters the susy condition (3.115) becomes:
1243 1/4
o <(M1+2)(u2+2)(ﬂg+2)> : (3.118)

In anticipation of performing the extremization principle, we want to parametrize the supersymmetric so-



50 Chapter 3. Asymptotically AdSs5 black holes in 5D, N' = 2 gauged supergravity

lutions with the r, parameter by trading m using the Y = 0 condition?®. In doing this, one faces the problem
that Y is of third order in m, making the relation m(ry, d7) quite complicated. The situation improves if one

where m”* is the BPS value of the m parameter which will be given below. Because of this coordinate redefini-

tion, Y (R) is only quadratic in m, so that one can more easily invert the Y = 0 relation:
Y(R,0;;m)=0 — m=m(R,J), (3.120)

notice that the symmetry under exchange of horizon radius r; is not altered by the change of coordinates given
above, and in any case, the condition Y (R) = 0 still does not differentiate between the roots R;. Therefore, all
the results discussed by [15] generalize for all horizons, as we have seen before.

Again, one finds that either m or R, are generally complex. In particular, this happens close to the BPS
solution Rf = u1, and one has to choose which variable to complexify. For large values of R instead, both m
and R can be chosen real, However, when moving towards the BPS solution, one always needs to complexify
one of the two parameters. We will not study the pure susy case for this black hole solution, so we will not
elaborate more on this.

It was then shown in [15], that the modified supersymmetric chemical potentials (w, ') satisfy the key
relation:

w— ¢t — 2 — ¢ = F2mi, where: w=p(Q-2), ¢ =p@ -1), (3.121)

where the sign ambiguity is a reflection of the sign ambiguity in the definition of m (R, d;7) as the root of a
quadratic polynomial, it is important to remember that once the sign choice for the outer horizon is fixed, the
sign choice for the other two horizons is fixed as well, and one has to take the opposite sign.

The supersymmetric action takes the form:
¢'9* P’

w2

I-Iy=m

, I—Iy=-S—wJ—-¢'Q, (3.122)

these quantities allow to define a non-trivial thermodynamics in the BPS limit.

Remember that even if we have derived these quantities for the outer horizon, we prefer to think about
these as universal quantities, not related to a specific horizon yet. The distinction emerges only after having
performed the extremization principle. Our results are also true if one performs the three extremizations distin-
guishing each horizon from the beginning. This implies, however, to rely on the non-fundamental definitions
of Ip and 1_.

This serves as the setup for the extremization principle. Then, the entropy of the outer horizon is given by

the following constrained Legendre transform, as shown in [8, 15]:
S = ewt iy g0y [—(1 D) —wl— Q- Alw— ¢l — g2 — P % 2771')] (3.123)

Following our claim, this constrained Legendre transform should also reproduce the entropies of the other
horizons. We have already explored the consequences of this assumption in Sec. 3.3, where we notice that
the general relation Eq. (3.95) reduces to the one relevant for this black hole solution (3.123) once we set

w1 = we = 3 and rescale (;SI — %I and also ) — 2@);. This will allow us to compare the results obtained in

BNotice that it would be easier to trade a instead of m for r_, due to the structure of the ¥ function. However, a is fixed by the susy
condition (3.115).
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Sec. 3.3 with those that we are going to obtain by studying the solution directly, in the next sections.

The BPS solution
General supersymmetric solutions have causal pathologies, these can be avoided by imposing other condi-
tions on the parameters, which also make the solution extremal.

In particular, one finds that CTCs can be avoided by imposing the constraints [47]:

1
m=m* = o/ ppaps(pl +2) (2 +2) (s +2), >0,

Ay piopis(pn + pg + p3 + 1) > (pape + pops + papn)? (3.124)

one can see that by imposing also this condition one gets an extremal solution and that the outer horizon position
is real and positive r, > 0.
The BPS value of the charges is given by [47]:

T
Tt = S @mapaps + paps + papis + papm),
T
Qi = 5 (21 + ppa + s — paps), (3.125)

the other electric charges ()7, can be obtained from the expression of ()7 by cyclic permutations of the indices,
while the conserved energy can be obtained by using the susy constraint on the charges (3.116).

The BPS outer horizon entropy reads:

2
v
S* = Z\/4M1M2M3(M1 + po + p3 + 1) — (pp2 + pops + p3pn)?,

= om Q15 + @303 + 301 — 37, 3.120

the chemical potentials take the fixed values * = 2 and ®/* = 1, justifying the definition of the modified
supersymmetric chemical potentials (w, ¢’) given in (3.121).

A non-linear relation between the three BPS electric charges and the angular momentum can also be found
in this case. Indeed, after imposing susy and extremality, only three independent parameters are left, meaning

that only three conserved charges are independent. The non-linear relation can be found to be:

QIQQs + 77 = (QTQE +Q5Q5 + Q3Q7 — ;TJ) (QI +@3+ Q5+ Z) (3.127)

S*Z/(27r)2

Notice that the outer horizon BPS entropy (3.126) is the same as the one found via the extremization
principle (3.100) upon suitably manipulating the charges, and the same holds true for the BPS non-linear
condition (3.127) as compared to (3.99).

Notice that in the RHS of Eq. (3.127) it appears the BPS entropy squared (S*)2. This has been explained
in Sec. 3.3 as being a consequence of the equivalence between the universal area product formula (LHS of
(3.127)), and the BPS non-linear constraint.

We now proceed to study the properties of the general horizons of this solution. In particular, we want to
show that the universal area product formula and the BPS inner horizons entropies, as obtained by studying the

solution directly, agree with the definitions given in Sec. 3.3.
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3.4.2 Properties of the general horizons

Let us start by giving a brief analysis of what kind of horizons we may expect for the above black hole
solution. The situation is similar to the single charged case (Sec. 3.2.1) but we will find some qualitative
differences.

As Y is a cubic polynomial in 2, there will be three horizons once more. The usual set of relations that

determine the three radii r; can be found by rewriting:

Y(r) = g2 H(r2 —r?), (3.128)
by matching the coefficients with the expression in Eq. (3.108) one gets:

r3 +r3 +12 = —2m(s}+ s3+s3) — g2
rird +rirt 4+ r2r2 = 4m?(sish + sisi + s3st) + 2m(a® — g7?) - (3.129)
rirdr? = —8m3sisisi — g2 f3(r = 0)

To understand what kind of horizons we may expect, consider the curves Y (r%,m) = 0 in the (72, m)
plane. In this case, these curves are qualitatively different from those of the single charged solution because Y
is cubic in m and not linear, see Fig. 3.3. In particular, for appropriate fixed values of the (d;, a) parameters,
there are two extremal configurations m.;¢ + associated with a minimum and maximum value of m. When
these two extremal values coincide, the BPS solution is obtained. To see this, we can fix the §; parameters,
which parametrize the general BPS solution, and follow a trajectory where a approaches its BPS value (3.115).
This is shown in Fig. 3.3, where the black dot represents the BPS solution for the given §; parameters.

If one considers any possible value of (d7,a), one would find qualitatively different behaviours for the
Y = 0 curves. However, we shall only consider the ones described above, as they generally admit a BPS limit.
In this case, there are two physical horizons located at real and positive radii 4 and 7 (the event and Cauchy
horizons), and a virtual horizon located at a negative value of 2. Similarly to the single charged black hole
solution, an inner horizon with 72 < 0 always exists for every value of the parameters?*. This is not true for
the outer and intermediate horizons, for example, in the supersymmetric but not extremal solutions.

Giving a complete analysis of the regularity conditions for this black hole solution is quite involved [50],
and goes beyond the scopes of our work. For this reason, we limit ourselves to the points discussed above,

which are sufficient for what we are going to show next.

Thermodynamics of the other horizons and 7'S product formulae

The same reasoning used in the single charged case can also be applied here. The chemical potentials and
the entropies of each horizon can be obtained from those of the outer horizon (3.111, 3.112) by the replacement:
r+ — 7r;. The same holds for the on-shell action, so we could give a proposal for an "on-shell" action, or
better, a thermodynamic potential, for each horizon but we will not use these generalized definitions as already
discussed.

The conserved charges are the same for each horizon. This is confirmed by looking at the definitions (3.110)
where one does not need to use r; as parameter.

Then, proving the validity of the first law and the QSR for each horizon is only a matter of relabelling the
r4 parameter in the expressions associated with the outer horizon. This is true after we have traded one of the

2Because Y (r) is a cubic polynomial in 72, there must be at least one real root, provided that the parameters of the solution are kept
real.
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Figure 3.3: The solid (blue) lines represent the curves Y (r?;m) = 0 in the (2, m) plane for a fixed value of the §;
parameters, while the a parameter tends to the BPS value, which in this case is approximately given by a ~ 0.368. The
BPS solution is represented by the black dot. The solid (red) line represents the locus where T'(72;m) = 0. The qualitative
behaviour of the Y = 0 curves is different from that of the single charged black hole in Fig. 3.1. In this case, there are two
physical horizons for suitable values of the (7, a) parameters, if m is contained between two extremal values Mgz 4.
For both of these extremal configurations, the temperature vanishes. This behaviour does not appear for every possible
value of the (07, a) parameters. However, in these cases, we find that the solutions do not admit a BPS limit, or they are
characterized by the presence of a naked singularity.

parameters for a given horizon radius r; using the condition Y (r) = 0. Y(r) is linear in>> a2, so we can easily

trade a in favour of r;:

2

Y (ria,m,0;) =0 — a* = a®(ry,m, 61). (3.130)

With these definitions, we should find a negative temperature for the intermediate horizon, and an imaginary
temperature for the inner horizon.

The validity of the first law for each horizon allows us to derive a relation of the form of Eq. (3.68), which
expresses the mass-independence of the product of the areas in an equivalent way. Indeed, the products (73)(S;)
can be rewritten as in Eq. (3.69):

Y (r;)  wg?

TiSi= g :T(r?—rz)(rf—rz), with:  j, k # i, (3.131)

this is the analogue of Eq. (5.34) of [63], and were also found in [15]. Using this result and the first laws, it is
trivial to check that it holds:

_ 508, S5 8:So _ (SoTo)(S-T0) + (SyT)(S-T-) + (84 T4)(5-T-) (3.132)
= T+ TQ T - T+TOT_ ' '

d(S4+S_So)/dE

0

3.4.3 Area product formula

We now turn our attention to the area product formula. This has not been directly derived yet but can be
easily obtained as a special case of [66] and Eq. (3.101). In particular, by setting J; = Jy and rescaling
Q1 — 2Qy in Eq. (3.101), one expects to find the following entropy product formula for this case:

S_SoSs = —z’(if)?’ (QlQQQs + Zﬂ), (3.133)

Bfor each value of the parameters one finds two solutions +a related to R/L handed rotating Black Holes
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as expected, the product of the areas does not depend on the mass of the solution, which is exactly what is
expressed by Eq. (3.132).

We now verify the validity of Eq. (3.133) following the procedure of [32]. From the definitions of Y, f1, f3
in Egs. (3.108), we can rewrite the Y function as follows:

Y(r) = fs + ¢*rSHiHo Hy + vt — 2mr? = g2 f1(r) + 1% + 2m(a® — 1%), (3.134)
if we evaluate the above equality on a given root r; of Y we immediately find the following result:
G fi(r) = —rt 4 2m(r? — a®) = — (2 = r?)(d* — r?), (3.135)

where, in the second equality we have rewritten g f1 (r;), which is a quadratic polynomial in rZ, in terms of its
roots (c?, d?), which then satisfy:

c? d? = 2ma? Y(c)=g*fi(e) + ¢ —2m(c® — a®) = g* fi(c)

) g , (3.136)
2+ d?=2m Y(d) = g*f1(d) + d* — 2m(d® — a?) = ¢* f1(d)

the second set of equations is obtained because (c?, d?) are the roots of the polynomial that appears in the

definition of Y (), if we use (3.134). Eq. (3.135) allows us to rewrite the entropy of a general horizon as:

2 2
S = T V) = G/~ — )@ — 1) (3.137)

therefore:
_7762' 2 N1/2,42 . 2\1/2 _71'62' _7r6i
S_SpSy = 8 | |(c ri) A (df =) = r /Y (¢)Y (d) = 85 V file) fi(d), (3.138)

where we have used Egs. (3.128, 3.136).

The expression obtained in this way is rather complicated, but it can be explicitly checked that it agrees with
the expected formula in terms of charges (3.133). To see this, it is convenient to trade the (m, a) parameters for
the (c?, d?) in the definition of the charges. This can be done easily using Eqs. (3.136).

3.4.4 Independent derivation of S*

The final step to prove the universality of the extremization principle, is the derivation of S* by directly
studying the black hole solution. We should recover the result in Eq. (3.100), once we put J; = J3.
We need to find the BPS value of the inner horizon r* . First, it is convenient to find the expression of the

s parameters in terms of the py. After a bit of algebra, we find:

o 1 Jui(p2 +2)(ps +2) (111 + 2)pops
= -2 3.139
T <\/ (1 + 2piops \/Ml(MQ +2)(p3 +2) > ’ G159

the RHS is always positive because of the condition (3.124). The other s; parameters are found via obvious

permutations of the indices.

Then, using the known value of the outer horizon BPS radius:

1
=g (\/muzus(m +2)(p2 + 2) (13 + 2) — g otz — papie — papis — u3u1>, (3.140)
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and exploiting the first of Eqgs. (3.129), one is able to derive the following expression for the inner horizon

radius:
*2 1
=y Vs (pn + 2) (2 + 2) (s + 2) — papaps — pape — pops — papn — 201 — 2 — 2p3 — 2 ),
(3.141)
Setting (1 = p12 = p3 = 0 and thus reducing to empty AdS5 spacetime, we find 7*2 = —1in g = 1 units,

which is the radius of the virtual horizon appearing in the Ad.S5 space discussed in the single charged case.

To evaluate the inner horizon entropy, we can use the same trick that we used in the discussion of the
universal area product, this allows to simplify the expression for the Bekenstein-Hawking entropy initially
given in Eq. (3.112), to the one in Eq. (3.137):

2
™
Si = Ty —rt + 2mle? — o), (3142

Specializing to the inner horizon, using the definition (3.142) for the entropy and remembering the BPS

value of the a and m parameters in Egs. (3.118, 3.124), one can show that:

. 1
S* = —2m% {1 + p1 A+ pe +p3 + 5(#1#2 + p2p3 + M3M1)],

o (Q; Qb+ Q5+ ”), (3.143)

4

proving the validity of the result that we have already found from the extremization principle.
As a final test of the validity of the extremization principle’s universality, we have checked that the extrem-
ization equations are actually solved in the BPS case. From Eq. (3.123) the equations that one has to verify

are.
oI —1Io) _ _2W¢1¢2¢3 _

(I — Ip) ¢’ o
Ow w3 T

—J—A _
J ’ ool w2

if one considers the explicit expression for a given root (in the BPS solution) A;(J*, Q7), and the expressions of

=—Qr+A, (3.144)

the chemical potentials (wj, qﬁi[ ) that can be obtained from Egs. (3.111, 3.121), then, the extremization equations
are found to hold in the BPS solution, after we express all quantities in terms of only the ;; parameters.

This concludes the explicit proof of the universality of the extremization principle for the single spinning,
triple charged black hole solution. We are now going to turn our attention to a different class of (AdS) black

holes in four dimensions.






Chapter 4

Asymptotically AdS; black holes in 4D,
N = 2 gauged supergravity

In this chapter, we are going to turn our attention to some special cases of the general asymptotically AdSy
black hole solutions of U(1)* gauged N = 2, D = 4 supergravity.

This supergravity theory arises as a consistent truncation of SO(8) gauged N’ = 8, D = 4 supergravity [4],
the procedure reduces the original SO(8) gauge group to its Cartan U (1)* subgroup. Furthermore, the N = 8
theory can be obtained as a consistent truncation on S” of D = 11 supergravity on AdSy x S”. By means of
the AdS/CFT correspondence [3], the thermodynamics of the black holes that we are going to consider should
be reproduced by a dual three-dimensional conformal field theory [6, 67].

The most general black hole solution is described by six conserved charges [68]: the energy F, one angular
momentum J, and four electric charges associated with the four U(1) gauge symmetries. We are going to
directly consider the solution with two independent charges of [68], and the one with one charge [69] which is
also a solution of pure N = 2 supergravity. We are also going to consider the generalization with acceleration
and magnetic charge [16, 70] of the latter.

We discuss the three black hole solutions separately, first giving a review of the known properties of the
solutions and then generalizing the results that we have found in the previous sections to the current ones.
For the black hole solution with acceleration, we also derive the area product formula, which has never been
discussed before. We also discuss the consequences of the universality of the extremization principle in the
general solution with four charges, starting from the supersymmetric entropy function proposed by [14]. In this

case, we will not provide an explicit proof of the universality of the extremization principle.

4.1 Review of the single charged, spinning Ad.S, black hole solution

Let us start discussing the single charged solution of pure A" = 2 gauged supergravity. This was originally
found in [71], but we will follow the presentation of [69].
The bosonic part of the action for D = 4 minimal N' = 2 gauged supergravity is given by:

1

5= Ton

/d4a;\/?g<R+6— 1F2>, 4.1)

where we have fixed the cosmological constant so that the Ad.Sy solution has radius 1 [69].
This theory admits an electrically charged, spinning, asymptotically Ad.S, black hole solution parametrized

by three constants (m, a, ). In Boyer-Lindquist type coordinates (t, 7,6, ¢), the metric and the graviphoton

57
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gauge field describing the solution are given by:

A, ) 2 2 2 Ay sin? ) 2
dsi:—<dt—asm 9dd)) +W<dr do >+ g Sin H(adt—(r +a)d¢> ’

W = ATJFAT W =

2m7 sinh 26 a sin? 6
— dt — d
25 ),

—

A 4.2)
where the gauge field can always be modified by adding a pure gauge term of the form adt, which is required
when discussing the regularity of the solution in the Euclidean signature.

The functions that appear in the metric and the gauge field are defined as:

7 =17+ 2msinh? ¢, A, = 1% 4 a® = 2mr + 727 + d?), E=1-d?

Ag =1 —a’cos?, W =7 +a?cos? ), (4.3)

the position of the horizons is given by the roots of the A, quartic polynomial.

We need to assume a? < 1 so that the Einstein universe on the conformal boundary does not rotate faster
than the speed of light [53], and we can assume without loss of generality that all parameters are non negative
[69], a,m,d > 0.

The black hole solution is characterized by three conserved charges, its energy F, charge () and angular

momentum J which are given by:

E:mcosh%, Q:msinh%, J:macosh25’ @.4)

=2 = =2
= = =

these are all positive, due to our assumptions on the parameters.

The Bekenstein-Hawking entropy of the outer horizon is:

=2 2
S — w7 (4.5)
where clearly r is the outer horizon radius, hence the largest real root of the A, polynomial.
The chemical potentials of the outer horizon are given by:
_ A}Z(m_) 7 a— CLS + f%r), ®— m'/j_g,_ sinh257 46)
4 (73 + a?) 7+ a? 7+ a?

where one needs to remember that the angular velocity relevant for the thermodynamics is not directly the one
of the horizon €1y, obtained by requiring the vanishing of the norm of the killing vector V' = 0; + Qy 0,
on the horizon, but rather the difference between 2 and the angular velocity of the asymptotic observer
Q= Qg — Qoo [53]. Similarly, the electrostatic potential is defined as ® = V“A#|Z;$.

With these definitions, one can easily show that the first law of thermodynamics is satisfied, together with

the quantum statistical relation:
dE=TdS +QdJ+ ®dQ, I=BE-S-08QJ—-80Q, 4.7)

where the Euclidean on-shell action is given by:

2,22
dm=c s ry

4.8
R% + a? (4.8)

2(a27—1) ri + 6771527"3r + 7y (a2 + 12m284) + 2ms? (a2 + 4m?st — 1) —m+
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with s, ¢ used as a shorthand notation for sinh § and cosh §. This can be obtained from the more general black
hole solution discussed in [15] with two pairwise equal charges, by setting §; = d2 = § in such a way to reduce

to the present one charged solution.

4.1.1 Supersymmetric and BPS solution

It can be shown that half of the total N = 2 supersymmetry can be restored by imposing the following

constraint on the conserved charges [72] :

_ =g
E=J+Q «— 5 , 4.9)

e >3
this follows as usual from the requirement that the Bogomol’nyi matrix has a vanishing eigenvalue.
It can be shown [69] that by imposing the supersymmetry constraint (4.9) in the definition of the chemical

potentials Eqgs. (4.6) one finds that they satisfy the usual constraint:
B(1+Q—20) = 421, (4.10)

in the spirit of [8], these should be thought of as functions of the (r, d) parameters, where m has been traded
for v using the A, (r) = 0 condition. We discuss this in more detail later. This will also allow us to explain
the origin of the sign ambiguity in the above relation.

As usual, one defines the modified chemical potentials (w, ¢) as:

2mi(a — 1)
1+ a=+ 2y

2mi(a + iFy )

— B 1) =+ TG Z )
w=p-1) 1+ a2

b= B@—1) =+

w — 2¢ = £27i, 4.11)

these provide the non-trivial intensive parameters describing the thermodynamics of the BPS solution.
The quantum statistical relation and the supersymmetric action for each horizon now take the form:
i ¢*

I=5—-wJ—-9¢0Q, I=F-—— (4.12)
2w

from this, one can develop the extremization principle, and obtain the black hole entropy from the constrained

Legendre transform:
S(Q,J) = extyygay|—1 —wJ —¢Q+ Alw — 2¢ F 2mi)|. (4.13)

It was shown in [69] that this extremization principle correctly reproduces the outer horizon thermodynamics
in the supersymmetric solution. The same result can also be obtained from the discussion of [14] after having
reduced to the present solution.

Extremality and BPS solution
Pure supersymmetric solutions are characterized by causal pathologies in Lorentzian signature, as usual.
Moreover, the function A, does not have positive real zeros. However, one can obtain a regular and supersym-

metric solution free from causal pathologies, by imposing also the condition [69]:

2v/2¢2 (64 + 1)

m=a(l+a)V2+a= (64_1)5/2

, (4.14)
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in this limit, one can show that the A, polynomial has a double real root corresponding to the physical outer
horizon, and the black hole is extremal.

In this case, one can check that the outer horizon chemical potentials take a fixed value! Q* = ®* = 1 and
T =0.

In the BPS limit, the charges are given by:

Vovet —1

et —3

4
7 g _ 2V2vel -1 ve -1 (4.15)

o= (—3)

and they satisfy the following constraint:

*
J*:%(\/1+4Q*2—1>, (4.16)
in addition to (4.9).
The Bekenstein Hawking entropy for the outer horizon can be shown to be equal to:

§* = f(\/l 4Q7 — 1). 4.17)

2

One may notice that now the BPS constraint (4.16) has a different structure with respect to the ones that we
have found in the five-dimensional case. However, the equivalence between the area product formula and the

BPS constraint continues to hold, the only difference being that in this case it is not directly evident.

4.2 Properties of the general horizons of the single charged solution

Let us now turn to our original analysis of the properties of the general horizons of this black hole solution.
The main task of this section is to show the validity of our claim regarding the universality of the extremization
principle also for this solution. This universality holds true also in this case.

We also discuss the relation between the universal area product, which we have directly derived, and the
BPS condition, showing again that in the BPS limit they are equivalent, provided that one knows the expressions

of the BPS entropies of all the horizons.

4.2.1 Physical and virtual horizons

Let us consider the A, polynomial (4.3) and rewrite it as:
A, :r2+a2—2mr—|—7’2(7’2+a2) :H(r—ri), (4.18)
i
where remember that 7 = r + 2ms?.
As we have already noticed, there are four roots r; of A,., which satisfy (using r or 7):

"

r1+ro+ 13+ rg = —8ms? L+ o4 3474 = 0
riry v 4o =14 a? 4 24m?st 7 Fifg + g+ =a?+1 : (4.19)
rirors + - = 2m(1 — 2a?s? — 16m?s%) Fiigfs + - - = 2m(1 + 2s2)

rirorary = a® + 4m2s*(1 4 4m?s?) F17oT3Ty = a? + 4m?s%(1 + s?)

"This justify the definition in Eq. (4.11).
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from the first equation, involving the sum of the roots, we conclude that at least one root must be negative.
However, it is easy to see that the polynomial A,(r) is strictly positive if » < 0 and we assume all parameters
to be non negative, as we did at the beginning. This means that there are no real negative roots. The only
possibility is that there are at least two complex conjugated roots whose real part is negative.

This means that there will always be at most two physical horizons associated with the real positive roots
(ro,74+), and at least two virtual horizons associated with a couple of complex conjugated roots (r_,7_).
Giving a physical meaning to these complex roots is even more difficult than it would be in the five-dimensional
case, where the virtual horizon is associated with the real root 72 < 0. However, we will see that some of the
observations that we have made for the inner horizon in relation to the spacetime with > < 0 are also valid
here.

We could argue, for example, that the virtual horizons are somehow associated with the virtual horizon
that appears in the empty Ad.S, spacetime when we allow 72 to be negative. Indeed, notice that when we set
m = § = 0, so that to recover empty AdS, spacetime?, the polynomial A, reduces to a quadratic in the 72
coordinate, with 72 = —1 and 72 = —a as zeroes. The latter can be removed via the change of coordinates
[52] that removes the a parameter and puts the metric (4.2) into the standard form of static AdS, spacetime.
Instead, 72 = —1 is the genuine virtual horizon (remember that we have set the AdS, radius to 1), notice that
it is associated with the complex conjugate pair of roots r_ = 3.

As soon as we let m > 0, the polynomial (4.18) becomes of quartic order in r, and one can check that

already at first order in m the root r2 splits into two complex conjugate solutions of A, = 0, given by:

m(2s*(1 — a®) + 1))

_ =i
T 1 T

+ O(m?), (4.20)

notice that the real part of r_ is negative as expected.

Similarly to the five-dimensional case, the virtual horizons reduce to the one of pure AdSy space in the
m — 0 limit. The difference being that in the five-dimensional case, the polynomial determining the horizon
radii is always cubic in 72, allowing us to use it as a coordinate. In this way, even if there are two complex
conjugated horizons also in the five-dimensional case, at r— = =i(---), we can regard them as the same
horizon, related to the same value of 72 .

From a more detailed analysis of the roots of the A, polynomial, one realizes that there are two physical
horizons if m € [Megt,—, Meat +] meaning that there are two extremal values for the m parameter. When m
takes one of the extremal values, the solution is extremal. This is similar to what we saw for the five-dimensional
black hole solution with three independent charges in Sec. 3.4.2, and happens because the A, () polynomial is
of fourth order in m.

This can be seen more easily by passing to the 7 radial coordinate, which makes A, (7) only quadratic in
m. The condition A, (7;m) = 0 can be equivalently expressed by considering the relation m = m(7) given
by:

7 (257 + 1) £ \/f2 (252 +1)? — 452 (52 + 1) (72 + 1) (a® + 72)
m(7) = (2 T) , 4.21)

plotting these curves, one finds the behaviour shown in Fig. 4.1 which is similar to what we have seen in Fig.

3.3. where one can also see that for m = myu¢, + the solution is extremal. For other values of m there are
always four complex roots if we keep the parameters of the solution real.

As a final note, one can explicitly check that the BPS solution can be equivalently obtained by simultane-

2As previously discussed in the five-dimensional case, by setting m = § = 0 one gets the metric of AdS4 spacetime but in non-
standard coordinates due to the presence of the a parameter (and hence rotation). The standard metric of the AdSys spacetime can be
obtained via a suitable change of coordinates [52].
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Figure 4.1: Behaviour of the A,.(r;m) = 0 curves (solid line) in the (r, m) plane, for a fixed value of the s parameter,
while a tends to the BPS value, which in this case is approximately a ~ 0.88. The dashed line represents the locus
where T (r+; m) = 0, while the black dot represents the BPS solution associated with the given value of the s parameter.
The situation is the same as for the five-dimensional black hole solution with three charges 3.3. There are two extremal
configurations associated with m.,; 4+, which coincide and produce the BPS solution once a = a,. The qualitative
behaviour does not change if we consider different ranges of the parameters.

ously requiring that mz¢ + = Meat,— = M, by using the general relation (4.21) and imposing extremality.

Supersymmetric and BPS horizons

From now on we will use R instead of 7 to make the notation lighter.

It is important to consider what happens in the supersymmetric case, following [8] we want to use an
horizon radius 7; as a parameter describing the supersymmetric solutions, we need to study Eq. (4.21) after
having imposed the constraint (4.9), in this way the relation® m = m(R;) becomes:

2¢2|Ri(1 + et) £ i(R2(et — 1) — 2)}
R} —1 ’

m =

(4.22)

remember that e = €.

If one forces the horizon radius to be real, then one must introduce a complexified family of solutions char-
acterized by a complex value of the m parameter, one also has to pass to Euclidean signature for consistency.
This is analogous to what we have seen in the five-dimensional case [§].

However, we will follow the same conventions that we used when discussing the five-dimensional case and
keep the parameters of the solution real. This implies that in the general supersymmetric solution we will have
four virtual horizons, associated with two pairs of complex conjugated roots (R, R) and (R_, R_). This is only
a choice of parametrization that is more convenient to us, as it allows us to keep a real value of the charges.
Moreover, in this way we keep the symmetry under exchange of horizon radius I2; when used as a parameter
describing the solution.

Notice that by keeping m real and fixing one of the two signs in (4.22) when using one of the complex roots
R, we are forced to choose the opposite sign when considering the same relations in terms of R;. This happens
in order to satisfy m = m. The sign differences in Eq. (4.22) propagates in many places when discussing
the universal extremization principle, and determines which sign appears in the expression determining a given
horizon entropy in terms of the corresponding A root.

*Remember that this relation does not distinguish between the horizons, meaning that all roots solving A,.(R; m) = 0 can be used
here.
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Finally, notice that in the BPS solution, obtained after having imposed both (4.9) and (4.14), one is able to
explicitly find all the roots of the A, polynomial, which are given by:

R*=+\la, R =—Vatila+1), (4.23)

clearly R* is a double root. This solution corresponds to the point in Fig.4.1. Having found the explicit value
of R*, we can directly derive the expressions of the inner horizons entropies, which are obtained as usual from

the generalization of Eq. (4.5). Remembering the expression of the BPS electric charge (4.15) we find:

s =2 (Vi+dQ7-1), st = -2 (1+4Q" + V11 4Q7), 4.24)

2 2

where we have also given the BPS value of the physical BPS entropy for completeness.

Notice that when we set Q* = 0, hence reducing to empty AdS, spacetime, the BPS entropies reduce to
S* = 0 and S* = —m. The latter is precisely one quarter of the area of a 2-sphere with radius 72 = —1 that
appears in empty AdS, space when we allow 72 < 0. This is the same observation that we made in the five-
dimensional case in Sec. 3.2.2. This observation reinforces the idea that we might have to treat the spacetime
with 2 < 0 more seriously, as it seems to be a general feature for these Ad.S black holes which does not depend
on the number of dimensions of the spacetime, nor on the number of independent charges that characterize the
solution.

These results can be used to show the equivalence between the BPS constraint (4.14) with the universal

area product, which we are now going to derive.

4.2.2 Universal area product formula

The universal area product has not been derived yet for this specific solution, however, it should trivially
follow from the results of [32] for the pairwise equal charged case.
We can proceed as in Sec. 3.4.3, first notice that the condition A, (r) = 0 is equivalent to:
5 —7? 4 2mr — a? (r—=>5)(r—d)

2
- — 42
rta (r + 2ms2)2 (r +2ms2)2 "’ (4.25)

where:
b+d=2m, bd = a® (4.26)

moreover, A, evaluated on either b or d reads:
Ar(0) = (b+2ms?)?((b+ 2ms?)? + a?), (4.27)

exploiting this result, the product of the four entropies can be rewritten as (using S; = £ (72 + a?), Eq. (4.5)):

Ar(b)Ar(d)
A

N »(—2ms?)?’

(4.28)

~
Il
—_
<.
I
—_
-

rearranging the above expression in such a way that only terms depending on bd and b+ d appear one finds that
the product of the entropies reads (also using Eqgs. (4.4)):
2,4

4
H Si = (;177_16#)4 (4m234c4 + a2($2 + 02)): 7T4 <Q4 + 4J2)7 (4.29)
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this result agrees with the expected one found in [32] for the pairwise equal case, once we reduce to the one
charged case and suitably rescale (@, J).
We can now specialize to the BPS solution, where ST = S3 = S* and the BPS entropies are given by Egs.

(4.24). By inserting these informations in the area product formula one finds:
or? (2 +50Q72 —2/1+ 4@*2) — 55§ — gt (Q*4 n 4J*2>, (4.30)

this is precisely the BPS constraint (4.14). To see this, one can view the above equation as an equation for J*,
whose solution is precisely (4.14).

In anticipation of what we have shown, also in this case the equivalence of the area product formula and the
BPS constraint can be interpreted by means of a factorization condition, needed to obtain real entropies from

the extremization principle.

4.2.3 Thermodynamics of all the horizons

Following the logic of the five dimensional case, we will now proceed to define the generalized thermo-
dynamics for each horizon. Again, we can do this in such a way that the first law and the quantum statistical
relations are automatically satisfied. This, will also prepare the ground to show the universality of the extrem-
ization principle.

Following Sec. (3.2.4) it is quite easy to define the relevant thermodynamic quantities for the other horizons.
In particular, the conserved charges remain fixed while the chemical potentials, the entropy, and the on-shell
action are simply obtained by replacing the explicit dependence on . with the appropriate r; root in the various
definitions associated with the outer horizon (4.5, 4.6, 4.8). Clearly, the two virtual horizons are characterized
by a complex value of these quantities, which we treat as formal quantities.

The first law of thermodynamics and the QSR for each horizon, are immediately derived from those of the
outer horizon once we trade one parameter of the solution with a given R; (e.g. we can trade m using Eq.
(4.21)). It does not matter which horizon radius is used until A, = 0 is satisfied, and again checking the first
law or the QSR for each horizon is only a matter of relabelling the r; parameter. For the intermediate horizon
at g one would get a negative temperature.

We can now easily generalize equations (3.68, 3.69). From the mass-independence of the entropy product

formula, combined with the generalized first law for each horizon, we get:

d(51525354) _

dE =
g5 1 , Atfixed Q and J, (4.31)

dE T T;

implying the following identity which generalizes Eq. (3.68) in the case where there are 4 horizons:
(S2T5)(S3T5)(SaTn) + (S1T1)(S3T5)(SaTy) + (S171)(S212)(SaTy) + (S1171)(S2T2)(S5T3) = 0, (4.32)

this relation can be easily checked by noticing that the products 7; .S; for a given horizon can be rewritten as
(using Egs. (4.19)):
m(1+2s%) — Ri(2R? +1+a%) 1

7,8 = = - = ((R1—Ra)(Ry—Ry) (By—Ry) +3R3 (B + Ry + Ry + Ry) ),

(4.33)
this generalizes Eq. (3.69) and allows to easily check the validity of Eq. (4.32).
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Supersymmetric case and setup of the universal extremization principle
As a final step, before moving on proving the universality of the extremization principle, let us consider
the supersymmetric chemical potentials for each horizon. These are obtained by imposing the supersymmetric

constraint and trading m for the appropriate R; parameter in Egs. (4.6), one gets:

- eSR? (2R; F1i) + ¢ (—4R? — 4R; & 2i) + 2R} + 4AR; +i(R? + 2)
l 2 (et = 1) B2 + 4)

, (4.34)

_2(ef 1) (B2 +1) (1) (U EiR)R; 14020,
(1) R4 s (A—1)R;+2i T, = F2mi, (4.35)

the sign ambiguity is correlated to the one in the m = m(R;) relation (4.22). As we have already discussed,
once we choose a sign convention for a given horizon, we have to choose the opposite sign for the conjugated
horizon. These relations are the same in form if we choose to work with complex horizons radii R; and real m
or if we force (R, R ) to be real and complexify m (as done in [8]). However, the two choices give different
chemical potentials, because the two possibilities above correspond to two different ways that can be used to
parametrize the supersymmetric solution.

Next we introduce the usual modified chemical potentials (w;, ¢;):
wi =B —1),  ¢i=Fi(®i—1),  wi,—2¢; = F2mi, (4.36)

by virtue of the symmetry under exchange of horizon radius R;, these have the same expression as the ones
given in Eq. (4.11). Remember that only for the outer and intermediate horizons these represent, in the 7'y — 0
or Ty — 0 limit, the subleading order contributions in the expansion of the potentials around the BPS solution,
following a supersymmetric trajectory.

The quantum statistical relation and the supersymmetric action for each horizon now take the form:

i ¢7
Ii=5 —wi J —¢; Q, L =F5—+. (4.37)
2 Wq

We are now ready to define the universal action I, depending on the universal chemical potentials (w, ¢) not
associated with any particular horizon. As we have already discussed in the five-dimensional case, this allows
us to not depend on the definitions of the I; actions.

Notice that the sign ambiguity appearing in the relation m = m(R;), which we have seen to be fixed
between two conjugated horizons, has propagated to the supersymmetric constraint (4.36), but also to the
action I; (4.37), this means that one has to formally define two universal actions, one associated with the
horizons located at (R, R_) and one, with opposite sign, associated with the conjugated horizons at (R, R_).

We are now ready to prove the universality of the extremization principle.

4.2.4 Universal extremization principle

In [69] the extremization principle was briefly discussed (concentrating only on the outer horizon). We are
going to consider their discussion, extending their calculations and taking all the horizons in considerations.
The starting point is given by the following universal relations:
. i ¢?
w — 2¢ = F2me, I = IFi—, (4.38)
w

the fact that the two couples of conjugated horizons (R, R_) and (R, R_) have a sign difference in the definition
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of the action, implies that we should formally treat the two couples separately. This is different from what we
have done in the five-dimensional case and, indeed, the procedure is slightly different in this case. However, we
are going to show that one can derive the properties of all four horizons from one calculation, which directly
generalizes what we have done in the five-dimensional case.

The entropy S = S(Q, J) can be obtained from the following constrained Legendre transform:
S = extipgn) [—I W] —$Q+ Aw— 20+ 2m‘)] , (4.39)

following our choice of parametrization, the charges are real.
The extremization equations are:
oI ol
— =—J+4A, — = —0Q — 2A, 4.40
together with the supersymmetric constraint, they should be used to determine the chemical potentials and A.

Combining the second extremization equation and the supersymmetric constraint gives:

2 (2= 2AQ+28) i
=0ty YT 7”( 2(Q + 2A) — i )

4.41)

these depend on J through A, once we have solved the extremization equations to determine A = A(Q, J).
The Lagrange multiplier can be obtained by noticing that the following combination of derivatives of the

supersymmetric action vanishes:

OV 001 Ly (Q+20)* F2i(-J+A) =0 (4.42)
_ 11— = 2\ — — .
96 F B + 5
the Euclidean action is an homogeneous function of degree one of the chemical potentials, meaning that it still
holds:

Si = £2miA,, (4.43)

where A; is a root of the polinomial in Eq. (4.42).

To associate the right root A; to its corresponding horizon, one should choose the root that satisfies the
extremization equations Eqs. (4.40), once we consider the explicit expressions for the chemical potentials
associated with that given horizon, and we express everything in terms of the (a, ) parameters. This can be
easily done in the BPS limit and, with some care, also in the general supersymmetric case. The discussion is
similar to that of the five-dimensional solution.

Notice that in this case, we have two quadratic polynomials determining the Lagrange multiplier A. The
two pairs of roots (A, A_) and (A, A_) are separately associated with the horizons at (R, R_) and (R, R_).
This happens because of the sign difference in the definition of the supersymmetric action.

However, we can recover a completely unified description of all four horizons by considering the following

quartic polynomial determining the A roots:
(Q+20) +4(=T+A)? =0« [(Q+28)*=2i(=T+A:)| [(@Q+28)"+2i(—T+ M) = 0. 4.44)

Even if one could formally work by using only the quadratic polynomial in A it is worth considering also
the procedure with the quartic polynomial, which directly generalizes the one discussed in the five-dimensional
case. Moreover, we will need it in the following, when discussing the extremization principle for the general

solution with four charges.
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Extremization principle using the quadratic polynomial
Let us choose the + sign in Eq. (4.42), one gets the following:

A%+ A%(QQ — i)+ i(mj + Q% =0, (4.45)

the roots are given by:
1
A= 1(—2@+z’iz\/1+4i(@+2j)>, (4.46)

these are complex, as the charges are real, but this is coherent with the fact that in the general supersymmetric
solution all horizons are complex. The BPS case is obtained by imposing that at least one of the two A roots
is purely imaginary, we cannot require to have two conjugated imaginary roots as the quadratic polynomial has
complex coefficients, this confirms our interpretation that each quadratic polynomial reproduces either (R, R_)
or its conjugated pair of horizons, as one of the two must always be complex.

One can see that only the root with the — sign in (4.46) can be made purely imaginary by requiring*

Im[ 1+ 4i(Q + 2J)] —2Q — (1 +16(Q + 2J)2)‘1* sin B arctan[4(Q + 2J)]] —2Q. (447

A solution can be found by exploit the trigonometric identities sin(%) = y/3=5% and cos[arctanz] =

(22 + 1)7%. This allows us to rewrite the above condition as the following quadratic equation in J:

J2+JQ-Q*=0, — J:%(\/1+4Q2—1>, (4.48)

whose solution is exactly the BPS condition (4.15). Imposing the above constraint, the two roots of the quadratic

polynomial becomes>:

A*:—%<\/1+4Q*2—1>, At=i(1+4¢@*+ 1+4Q*2), (4.49)

by using the definition of the entropy in terms of the Lagrange multiplier S = 27wiA, we immediately see that
we correctly reproduce the results already found in the BPS solution for the entropies Eqs. (4.17). The results
for the conjugated horizons can be easily obtained by replacing : — —: in all expressions.

Finally, notice that exploiting Eqs. (4.49), the expressions for the BPS charges (4.15) and the expressions
for the BPS chemical potentials for the two horizons, one can check that the extremization equations are solved,
this confirms that the two roots A are correctly associated with the expected horizon.

The product formula for the entropies can also be derived from the extremization principle, the constant

term in the quadratic polynomial gives the product of two horizons meaning that:

[ 5 = @m)*AA_AA_ =7 (Q* + 2i0)(Q* — 2i]) = 7' [Q* + 4J7]. (4.50)

Supersymmetric but non extremal case
Eq. (4.46) allows us to find a formal expression for the supersymmetric entropies S,.S_ as a function of
only the conserved charges. The entropy product formula is always satisfied by means of Eq. (4.50).

We can check if the entropies obtained from this definition agree with the ones that one would get from the

“Remember that we have initially fixed the parameters to be positive, meaning that also the charges are positive. One finds that the
other root can become, real but only if the charges are negative.

>To find the expression for the complex root one needs to exploit the identity 1 + 4iQ+/1 + 4Q2 = (2iQ + /1 + 4Q2).
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formula of the area Eq. (4.5). As we have seen in the five-dimensional case, to correctly associate each A root

to the corresponding horizon entropy:

1 o . o
A==-(-2 - 1+4 2
((eri-wivE@)|, L
1 R | (R% + a?)
A Z(—QQ +i4iv1+ 4@(@ —+ QJ)) ‘Q(e,R,),J(e,R,) Q 1—-q2 4.51)

we need to find the range of validity for R and [Z_ interpreted as "good" parameters that substitute m, where
with "good" we simply mean that the inverting relation m = m(R;) is bijective, remember also that m > 0.

With our parametrization, we have m € R. This requirement imposes a constraint on the real and imaginary
part of the complex horizon radii, in particular, using the inversion relation Eq. (4.22) one easily finds that it
must hold:

4_1 2 _ (4 1 2 4_1 2 _ (4 1 2
R:\/(e )xe4£el+ )x + iz, R:_\/(e )we4£el—|— )x + i 4.52)

The + sign is associated with the R root while the — sign is associated with the R_ root whose real part must
be negative. Setting z = 0 we recover the real BPS solution for the physical outer horizon radius R* = \/a, and
similarly setting z = 1 + a we recover the BPS solution for the virtual horizon radius R* = —/a + i(1 + a).

The roots become purely imaginary if the radical is negative, this happens if x € (ﬁ, 1), this is similar
to what happened to the r( root in the five-dimensional case. However, we cannot allow x to take these values
as it would produce an imaginary m = m(R). To see this, let us insert Eqs. (4.52) into the inverting relation
(4.22), obtaining:

e/ (x — et — D —2)(e*(1 — 22 x
2 V@ = 1D((et = 1)z —2)(e*(1 - 20) + 20+ 1)

m(Ri(z)) = (e* — 1)5/2 '

(4.53)
the sign depends on which horizon radius R or R_) is considered. Notice that precisely when z € (ﬁ, 1)
the mass parameter is imaginary, hence we should exclude those values from the range of validity of x. There
are two separate branches of allowed values for the  parameter, one finds that each branch must be associated
with either R or R_ in such a way to satisfy the condition m > 0 see Fig. (4.2).

m(R_(x), e)

T oo :

*Im[R_*] =1+a,

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25
Im[R;j1=x

Figure 4.2: Behaviour of m = m(Rl(:r)) in Eq. (4.53), associated with R in red, and R_ in black. We see that,
imposing m > 0 implies that the two allowed regions for the z = I'm[R;] parameter are associated with either one of the
two horizons. Notice that the BPS value for m (4.14) (with e = 1.5 we have m,(e) & 1.16) is obtained precisely when
Risreal (x = 0) and when Im[R_] =z = 1 + a.(e).

In particular, one finds that the complex variable R(x) (associated with the outer horizon) is related to a
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positive value for m if z < ﬁ. Instead, R_ (z) (associated with the inner horizon), produces a positive value
formifz > 1.

After having understood which numerical (complex) values R and R_ can take, one can easily check
numerically that the relations in Eqs. (4.51) are satisfied, provided that one evaluates them in the correct range

of the x parameter.

Extremization principle using the quartic polynomial
Consider now the quartic polynomial obtained by multiplying the two quadratic polynomials generating the
two couples of roots, from this the thermodynamics of all four horizons can be reproduced at once.

(Q+28)" +4(=7+0)° = [(@+20)" —2i(- + Q)| [(@+28)* +2i(-T +Q)], @54

explicitly, it is given by:

ps=2Q P =@ - )

1
A+ p3A3 + pQA2 + p1A +py, where: , 2
p=i04602) T \m= (@ +a)

(4.55)

The entropy product formula can be immediately read off from the py parameter. Proceeding as usual, the
BPS solution can be imposed requiring that the quartic polynomial has two conjugated imaginary roots, this
can be done as the polynomial has real coefficients. This is achieved by imposing the following condition on

the p; coefficients:

PL  Pops (4Q*+1) (J2+JQ — Q%)
p3+ p 2 - 4(Q*—-JQ)

and again, one easily sees that this condition is equivalent to imposing the BPS constraint (4.15). The above

=0 (4.56)

condition is the factorization condition which puts the quartic polynomial in the form:

<A2 + p1> <A2 +p3A +p2 — 1?1) ; (4.57)
p3 p3

then in the BPS limit one finds for the outer physical horizon that®:

5% — 277\/271 _T <\/1 Q7 — 1) (4.58)
3

2

while the BPS value of the two virtual horizons entropies, are obtained by considering the roots A_ of the

quadratic polynomial” A% + psA + py — BL:

p3

S* =i <—p3 + /4? — dp, —|—p3> = —g(l +4iQ + /1 + 4Q2). (4.59)
3

These are exactly the results found in Eqgs. (4.24), moreover, the extremization equations can be found to
be satisfied for each horizon by choosing the appropriate root for A, this has essentially already been checked
when discussing the case generated by the quadratic polynomial.

As a final comment, notice that the equivalence between the universal area product formula and the BPS

constraint, can be derived using the definitions of the BPS entropies in terms of the p; parameters (4.58, 4.59),

®One needs to use (/1 +4Q2? — 1) = —1 —2Q% 4+ /1 +4Q2 .
"One needs to use: (/1 +4Q2 +1)% =2 +4Q?* +2/1 +4Q2 .
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and rewriting the factorization condition (4.56) as:

m=D(m-B) s py—s?s s (4.60)
p3 p3

This concludes our discussion for the present black hole solution.

4.3 Pairwise equal charged, spinning AdS, black hole solution

In this section, we are going to generalize some of the previous results also to the pairwise equal charged
solution. We will mostly concentrate on the properties of the BPS horizons in order to prove the universality of
the extremization principle. We will not elaborate on the details of the solution as it does not bring any novelty
with respect to the single charged case, which can be trivially obtained from the present solution.

Let us start with an overview of the properties of the solution.

Review of the black hole solution

Consider the black hole solution of [68], we simply give a review the relevant features of the solution
skipping all the details that are not directly needed.

This is a particular solution of U(1)* gauged N/ = 2 supergravity, the bosonic fields of this theory are: the
metric g,,,,, four Abelian gauge fields A! which are then set pairwise equal A' = A2 and A3 = A% and two
real scalar fields, the axion and the dilaton®. One can find in [15, 68] the specific expressions for the metric and
the other fields characterizing the solution.

The solution is given using coordinates (¢,r,0, ¢), with € [0, 7] and ¢ ~ ¢ + 27 parametrizing a 2-
sphere, and depends on four parameters (m, a, 1, d2) which can be roughly associated with the mass, angular
momenta, and the two independent electric charges. It is interesting to notice that the scalar fields depend on
the combination r; — r where r; = r + 2m sinh? 6;, meaning that by setting J; = o = J the two scalar fields
can be set to zero, while the two gauge fields become equal. One can easily check that in this way one recovers
the single charged solution discussed in Sec. 4.1.

The function determining the position of the horizons is now given by:
Ay =12 +a® — 2mr + rira(rira + a?), (4.61)

where we have set the Ad.S, radius to 1 as usual, notice that it trivially reduces to (4.3) if 61 = Jo.

The solution has four independent conserved charges:

m ma
E=_(1+si+s3), J=—3(1+s+s3),

[
[

m SsiC1

Q1=0Q2= , Q3 =Qs=—=—, (4.62)

—
2= =
= =

where s; = sinh §;, ¢; = coshd; and = = 1 — a2. These have been obtained via the standard Maxwell and
Komar integrals, and by integrating the first law to get the energy in [11], or via holographic renormalization in
[15].

The chemical potentials of the outer horizon, which is located at the largest positive root r4 of A,., are

8The original U (1)* gauged A/ = 2 supergravity theory is obtained by coupling the A” = 2 supergravity multiplet with three vector
multiplets, hence the theory would contain a total of three complex scalars, or equivalently, six real scalars. After having set the four
gauge fields pairwise equal, one also sets four of the total scalar fields to constants so that only two non-trivial real scalar fields [68]
remain. Equivalently, one realizes that the field content described above is consistent with the one that one gets when considering pure
supergravity coupled to one vector multiplet
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given by the following expressions:

T — A;"(r'f‘) 7 0= a(1+r17’2)7 (I)1:Q)2: , (I)3Zq)4: ,
47 (r ro + a?) riry + a? riry + a? rire + a?

2m S1C1 T2 2m S92 Co2T1

(4.63)

these have been calculated in a non-rotating frame at infinity with coordinates (¢’ = t, ¢’ = ¢ + at) (see [15])
hence the angular velocity is both the horizon angular velocity (the killing vector generating the horizon is
V' = 0y +Q0y ) and the thermodynamic one. Moreover, having set the gauge fields pairwise equal, also makes
the electrostatic potentials pairwise equal as they are defined via the usual relation ®/ = 4y, A! |:i

Finally the Bekenstein-Hawking entropy is:

m(ryry + a?)

—
—
—

S = (4.64)

Notice that all the thermodynamic quantities reduce to the ones of Sec. 4.1 upon setting J; = &, with the
exception of the electric charges that reduce to Q1 = Q3 = % where () has been defined in (4.4).
The above thermodynamic quantities satisfy the first law of thermodynamics in the form:

dE =T dS + QdJ 4 28 dQ; + 283 dQs, (4.65)
and the quantum statistical relation:
I=BE—-S—8QJ-28d'Q, —230%Qs, (4.66)
where I is the Euclidean on-shell action that was calculated in [15] by using holographic renormalization.
Supersymmetric solutions

Supersymmetry is (partially) restored if the above solution satisfies the condition® [15]:

2

aa = ——-
62(51+52) _ 1’

4.67)

again, one finds that the supersymmetric chemical potentials and charges satisfy the standard supersymmetric
constraints:
B(14Q— & — ®3) = F2ri, E—J-2Q; —2Q3 =0, (4.68)

where as usual, one should think of these quantities as parametrized by the (ry,d7, d2) parameters, with r
substituting m by using the A, (r;) = 0 condition. Also in this case A, (4.61) is quartic in m so to effectively
trade m for the outer horizon radius, one needs to introduce the new coordinate R = r + 2m s% which makes
A, (R) only quadratic in m. This is similar to what we did before (Sec. (4.1.1)) and was discussed in [15].

One can introduce the modified chemical potentials:

w=pQ-1), ¢ =p@ -1), w-¢'—¢’=F2m, (4.69)
in terms of which, the supersymmetric Euclidean action and the QSR take the usual form:

I_q:£¢1¢3

2w

I=-S—wJ—2¢'Q1—2¢Qs. (4.70)

Notice that if we impose to have real parameters, this condition satisfies the bound a? < 1 only provided that a > 1 because
e2(®1+92) 5 0, moreover one has to impose &; + d2 > log(+/3).
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The quantities (4.69, 4.70) remain well defined in the BPS limit and allow to describe a non trivial BPS
thermodynamics. Moreover, starting from these relations it can be shown [14] that the constrained Legendre
transform of the supersymmetric action /, with respect to all chemical potential is able to reproduce the BPS
entropy, after having imposed the usual reality condition.

Extremality and BPS solution

As usual, supersymmetric solutions have causal pathologies, and the condition A, (r) = 0 determining the
position of the horizons only has complex roots. One can obtain a well-behaved solutions by imposing another
constraint on the parameters'® [11]:

h?(0; + 6
m? =m? = cosh’ (91 + 62) , @.71)
4e91+02 ginh (51 + (52) C181C2 89
it can be shown that in this way the solution becomes extremal and A, has a real double root at:
2
T 91 %2 4.72)

T cosh(dy + d2)’

the chemical potentials of the outer horizon take the fixed values: Q* = 1, ®l* = $3* = 1 and T = 0, while

the charges now depend only on (47, d2) and satisfy the constraint [14]:

T = (QF + Q) (\/1 F6AQTQ% — 1), (4.73)

together with the one in (4.68).

The BPS outer horizon entropy is given in terms of the charges as [14]:

s =2 (VI+61Q1Q5 - 1), (4.74)

Qo
<.

again the results for the single charged case in Sec. 4.1.1 can be recovered by setting Q7 = Q3

4.3.1 Properties of the BPS horizons

In this section, we are going to derive the BPS entropies and radii for the virtual inner horizons. Notice that
also in this case the A, function (4.61) is a quartic polynomial in r, hence there are four horizons (possibly
complex conjugated).

It is useful to work with the parameters e; = €. In terms of these, one can easily find that the supersym-

metry and BPS conditions on the (a, m) parameters (4.67, 4.71) become:

2 2v/2eq ea(1 —1—6% e%)
P : m — . ) (4.75)
efes—1 (e3— 13/ —1)(e 1)
We need to find the BPS value for the inner horizon radius R* = r* — 2ms?. This can be done by

rewriting: A,(R) = [[,(R — R;), where R; are the general horizons radii. In this way, one gets the usual

%A real mass parameter is obtained provided that §;6o > 0 so that s1s2 > 0, and remember that §; + 2 has already been set
positive when considering the supersymmetry condition (4.67). The combination of these 2 bounds forces §; and J2 to be positive.
Then, if we also require 7, > 0 this forces also m to be positive, meaning that the BPS solution is characterized by a positive value of
all parameters and hence charges from Eqs. (4.62).
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relations between the roots:

Ri+Ry+ Rs+ Ry = 4m(3% — S%) = A 2R€[Ri] + 2R* = Ag

RiRy+---=1+a*+4m?(sf — s3)> = A BPS |R* [ + 2Re[R* |R* + R** = A
—

RiRyRg+ -+ =2m(1 + 2 + a®(sf — s3)) = Ay~ Fs=fu=F* 2|R* |?R* 4+ 2Re[R*|R** = A

RiRoR3R, = a’ + 4m2$%(1 + S%) = Az |Rt‘2R*2 = Ajg

4.76)
where clearly one should impose the constraints (4.75) on the A; coefficients, and we have written the inner
virtual horizons radii as R} = Re = R_.

Combining the first and the last equations above, one gets:
As

* * 1 *
[RL]* = 5, Re[RL] =5A0— R, 4.77)

which, after some calculations, and using the known result for R* that follows from Eq. (4.72), one finds that:

ea/2(ef — 1 e1y/2(ed — 1 e2e2 + 1
R = 24 o 2 2) ’ RZ =~ 14\/T22) +iga—r, (4.78)
e1v/(e5 —1)(efe3 — 1) ear/(ef —1)(e3e3 —1) efes—1

the other equations hold with these definitions. Everything reduces to the previous single charged BPS solution
upon setting §; = ds.

Inserting the result for R* in the definition of the entropy (4.64), one finds an expression for the virtual
horizons BPS entropies in terms of the (eq, e2) parameters. We will not explicitly show it as it is quite long, but

it can be used to explicitly check that the virtual horizon BPS entropy is equivalent to the following expression:

U .
St = =S [18iQ1+ Q) + T+ 64Q;Q§}. (4.79)
Also in this case, one can notice that by setting Q7 = Q3 = 0 and reducing to AdS, space, one obtains
R* = +iand S* = —m. As we have seen in the single charged case.

As a final comment, notice that by using the universal area product formula, which was derived in [32] for

this solution, and the expressions for the BPS horizons entropies one can recover the BPS constraint (4.73):

*2
S* §* 8% = (21)? [‘]4

+16Q:2@§2] = QL SHQY). (4.80)

Instead of discussing the universality of the extremization principle for this solution, which is a rather trivial
generalization of the procedure discussed in 4.2.4, we are going to discuss it for the more general four-charged
solution in the next section, and then reducing those results to the pairwise equal case.

4.4 Universal extremization principle for the four-charge black holes

The extremization principle for the general black hole solution was discussed in [14] who concentrated, as
usual, on the physical outer horizon. We are going to revisit their discussion following a different procedure,
analogous to the one in Sec. 4.2.4, and extending their results by explicitly solving the extremization equations
and deriving the universal area product and BPS constraint on the charges for the general four-charged solution.
We will also consider the inner horizons. Finally, we will reduce to the pairwise equal case showing the validity

of our claim for this solution as well.
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The form of the supersymmetric on-shell action proposed in [14] is the following:

I= iQii\WW, (4.81)
w
here we work in units where the Newton’s constant and the AdS, radius are both one, we also consider a
different proportionality constant with respect to [14].
The proposed action depends on the (¢!, w) variables, which we interpret as the supersymmetric chemical
potentials generalizing the ones defined in Eq. (3.32), and satisfying the usual constraint given by:

w— ¢ — ¢? — ¢% — ¢ = +2mmi, (4.82)

the ambiguity in the signs has been clarified when discussing the single charged solution, remember that of the
four supersymmetric horizons, two are associated with the complex roots (R, R_) for which one can choose
one of the two sign conventions. Then, the conjugated horizons at (R, R_) must be associated with the opposite
sign convention!!.

The entropies of all horizons should then be reproduced by the following constrained Legendre transform:
S = extyyprpy|—1 —wl — Q1+ Aw — ' — ¢* — ¢* — o' F 271'1')}, (4.83)

where clearly J and ) are the supersymmetric charges of the black hole, which at this stage should be allowed
to be complex, similarly as for the chemical potentials.
Performing the extremization principle with respect to the chemical potentials requires solving the follow-

ing extremization equations:

ol oJ

plus the constraint (4.82), in order to find the chemical potentials and A in terms of the charges. We find a

solution to the above equations to be:

_ 21/ Q1Q2Q3Q4 o = _M, with: I4+J+#K+#L,

w

S} ’ S}
0= > QQQk Fi\/Q1Q:2Q3Q4 (4.85)
[<T<K

where Q7 = Q1 + A, the dependence on J is hidden in the definition of A = AQr, J).
As before, one can find an equation that determines A by noticing that a suitable combination of derivatives
of the action I vanishes, this observation leads to the following equation determining A:

1
0=(A+Q1)A+Q2)(A+Q3)(A+ Q4) + Z(A — J)? = A + p3A® + paA® + p1A + po, (4.86)

notice that in the general case it is not possible to find a quadratic equation determining A as for the single
charged case.

"""This should be true also in the four-charged solution, for which we don’t have the explicit solution. However, the condition A,. = 0
should still be of quartic order in r, and moreover, by making the usual choice of keeping the parameters of the solution real in the pure
supersymmetric solution, the structure described above for the four roots should hold.
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The coefficients of the quartic polynomial are given by:

( (

p3 =P Pr=Q1+ Q2+ Q3+ Q4
1
= = —|— P P —
P2 =1 ; 2 ,  where: 2 ZI<J @rQs 4.87)
p=-35+H P3=3 ;1 ;.xkQrQsQk
([P0 = J; + Py Py = Q1Q2Q3Q4

Being the Euclidean action I an homogeneous function of degree 1 of the chemical potentials, it still holds:
Si = £2miA,, (4.88)

where A; should be taken among the roots of Eq. (4.86). Notice that by assuming the validity of this definition
for the supersymmetric entropies of each horizon, one immediately derives the universal area product formula,

but formally only in the supersymmetric case:
4 J?
[15i=n) <Q1Q2Q3Q4 + 4>« (4.89)
i

Generally, the roots of the quartic polynomial (4.86) are complex, arranged in conjugated pairs if we work
in a parametrization that leaves the charges real. Following the same procedure of Sec. (4.2.4) we should
recover the BPS solution by requiring that the quartic polynomial admits two conjugated purely imaginary
roots (when the charges are all real). This is always the case provided that we can factorize the polynomial as
in (4.56):

<A2 + %) <A2 + p3A + py — i—;), (4.90)

this is possible provided that on requires the factorization condition:

b1 n bop3

b3 p1

1 1 2
=py — ZP12 (J2 + 4P4) — §P1(4P2 + 1)(2P3 - J) + <P3 — g) =0, 4.91)

which, as we know, allows us to derive the BPS constraint on the charges. Indeed, this is a quadratic equation
in J which can be solved to give:

_ 8Py —4AP\P,— P £ |PIVX

J 4(1 +P1)2 ’

(4.92)

where:

X = [(1 +4(Q2+ Q3)(Q1 + Q1)) (1 +4(Q1 + Q3)(Q2 + Qu)) (1 + 4(Q1 + Q2)(Q3 + Q4))], (4.93)

remember that imposing Eq. (4.92), one should recover the BPS solution where the charges are real, and hence
one must have X > 0. Moreover, we will see that the correct BPS constraint is reproduced in the pairwise
equal and single charged case provided that one choose the plus sign in Eq. (4.92).
The BPS entropy of the outer horizon is then obtained from the imaginary root A; = ¢ %
2P 1+4P, + 8PPy — VX
p3 8(1+ Pp) 7

(4.94)

where the BPS condition (4.92) has already been imposed.
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Finally, one can find the entropies of the remaining two horizons by solving the quadratic equation A? +

p3A + pa — BL = 0. The virtual horizons entropies (S_, S_) are then proportional to the roots:

1
A=2[p3i\/4pl4p2+]93
p3

again we have already imposed the BPS condition (4.92).

, (4.95)

1—2P4—|—8P2P2—8P3P1—|—4P2—|—\/
Pl:FZ 3
2P% 12

2

Finally, following the same logic as in (4.60) one can show that the universal area product and the BPS

constraint are equivalent in the BPS solution.

Reduction to the pairwise equal and single charged cases
Let us see what results we find when we reduce to the pairwise equal or single charged solutions. We can

get these cases by imposing the following redefinitions for the pairwise equal case:

- 4143 . i
ol =¢? = Lo, ¢P =o' = J¢° T=+52%, w—¢'—¢* = +2mi

Q1=0Q2—2Q1, Q3=Q4—2Q3 I=-S—wl—20'Q1 —2¢°Q3
(4.96)

while the single charged case is obtained by imposing the redefinitions:

? a0 s 2w W2 A (4.97)
Qr — Q I=-S—wl—¢Q

in these two cases, the main results that we have found above simplify a lot. Starting from the BPS condition
(4.92) one gets:

T= @+ @) (VITe@igs —1),  J=2(Vitagi-1) (4.98)

which are exactly the results found in (4.15, 4.73) , then the outer horizon BPS entropy is found to be propor-

tional to the purely imaginary root A = +i, / Wthh is given by:

AZ = g(l +3201Qs — /1 + 64Q1Q3> - 116 (\/1 640,05 — 1) , (4.99)
A2 = é<1+2Q \/1~|—4Q2) (\/1+4Q2—1) . (4.100)

Similarly, one finds that also the roots associated with the virtual horizons A _ simplify, they are given by:

—2(Q1 +Qs) F («/1 +64Q1Q3 + 1) — o> <\/1 402+ 1) 4.101)

for the pairwise equal case one can easily check that A_ correctly reproduces the expected value for the BPS
inner horizon entropy Eq. (4.80).

This proves the universality of the extremization principle also for the pairwise equal charged solution.

4.5 Single charged, spinning AdS, black hole with acceleration

As our last example, we are going to consider the generalization of the black hole solution of minimal

D = 4, N = 2 gauged supergravity discussed in Sec. 4.1, with acceleration and magnetic charge [70]. This
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solution depends on two more parameters p, « related to the magnetic charge and acceleration.

The presence of the acceleration makes the event horizon, and more generally all constant (¢, ) slices have
conical singularities, these stretch up to the AdS boundary and are usually referred to as cosmic strings [16].
These singularities can be completely removed if one embeds the D = 4 solution in D = 11 supergravity
[73] and imposes some constraints on the parameters of the D = 4 solution. In particular, one needs to
quantize the conical deficits on the north and south poles of the horizon, this makes the horizon a spindle whose
topology is determined by two different integers n., related to the N/S pole singularities. For the purposes
of our discussion, the only new property that we are going to use about the horizon geometry is its Euler
characteristics . Other details about the geometry of the horizons will not be needed.

From the constraints that one has to impose to get a regular solution, after the uplifting, one finds that
the magnetic charge is fixed and depends on the properties of the spindle, in particular G(4)Qm = (n— —
ny)/(4n_n,) where G 4 is the four-dimensional Newton’s constant. This implies that one necessarily has
to consider a magnetically charged solution (to have regularity after the uplifting). We will also see that the
presence of the magnetic charge is necessary in order to impose supersymmetry.

Unless explicitly stated, we will work with fixed spindle topology, hence fixed n. parameters, and in
the assumption that the solution is regular under the uplifting. In this way, it has been shown [70] that the new
parameters p, « are fixed in terms of the spindle topology. This means that the solution we are going to consider
is described by the same three parameters (or charges) of Sec. 4.1, plus two fixed constants n or equivalently
(G(4)Qm, x) which are treated on the same footing as the AdS radius'? g. However, some of the results that we
are going to find are true also in the general case, where we do not make any assumption on the new parameters
or the horizon topology.

In this framework, we want to see if the results of Sec. 4.1 generalizes to the present case, we will give first
a review of the solution and explain the role of the new parameters, next we will discuss the properties of all
the horizons of this solution and prove the universality of the extremization principle. We will also derive the

universal area product formula which has never appeared before in the literature for this solution.

4.5.1 Review of the solution

We will quickly review the black hole solution following [16], the metric is given by:

1| Q/1 2y
2 _ _~ | _ 2 ~ .2
ds® = 7 Z(mdt asin quﬁ) + er
)y P 2
+Pd92+zsin29<2dt— (r2+a2)dgb> ] (4.102)

where we have defined:

P(#) =1—2amcosf + (oaz(a2 + e 4 p?) — az)) cos? 0,

Q(r) = (1> —2mr + a® + 2 + p*)(1 — ®r?) + r%(a® + r?),
H(r,0) =1— arcosé, (r,0) = 72 + a® cos? 6. (4.103)

"2One can relax these assumptions and still obtain a consistent thermodynamics by considering the AdS radius, the magnetic charge,
and the cosmic strings, as thermodynamic variables [16], the reason why we want to fix all these parameters is that in this way we get a
fixed geometry on the conformal boundary where the dual CFT lives, remember that the cosmic strings "touch" the conformal boundary
because all constant (¢, r) slices have conical singularities. Moreover, the presence of a magnetic charge influences the properties of
the gauge field at infinity.
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In order to avoid confusion with the notation of the previous sections, we denote the parameter associated with
the magnetic charge as p instead of g as was done in [16].

The expression of the gauge field can be found in the references. The solution depends on the already
mentioned parameters (m, e, p, a, o) which we consider to be all positive following [16]. k is a normalization
constant for the time coordinate, it turns out that it is related to the acceleration parameter « in order to have a
first law of the correct form [16]. Notice that the parameters that we are using here are not exactly the same as
the ones in Sec. 4.1, as one can easily see by setting p = a = 0 in the above metric. However, in this case it
can be shown that the solution reduces to the one discussed in Sec. 4.1 [70].

The positions of the horizons are given by the roots of the (Q(r) quartic polynomial, so there are four
horizons (either physical or virtual). In this case, we need to require for the outer horizon radius, the following
condition:

0<ry < é, (4.104)

which ensures that the outer horizon is located between the singularity at » = 0 and the conformal boundary at
H(r,0) = 0, and that the horizon does not touch the conformal boundary at # = 0.

Horizon topology and regularity
To understand how the ny parameters appear, we need to study the constant (¢, 7) slices & parametrized
by (6, ¢). These have the topology of a 2-sphere but with conical singularities at the poles. As usual, 6 can

be taken with range 0 < 6 < 7, next let us consider the restriction of the metric on the (6, ¢) coordinates and

evaluate it near the north/south poles at 6. _ = 0, 7.
1% P
ds?|g.s = 7D FdHQ t5 ((7’2 +a?)? — %a2 sin? 9> sin? 9dd>2]
(P +a®) [ o a0 0
> do OPid 4.105
o~0x  H2Py sint0Fde”), (4105)
where
Py = P(0)|or = Z + 2am, Z=1+a%a®+ e +p?) —d? (4.106)

Eq. (4.105) is the metric of a 2-sphere (near the poles), which is regular only provided that the ¢ coordinate
is chosen with periodicity A, = 27/ Px.

Clearly, unless aom = 0 we have P, # P_, meaning that one cannot avoid at least one conical singularity
on Y. This singularity stretches up to the boundary generating the "cosmic string", as it is present for all
constant (¢, r) slices.

Following [16, 73] we choose the periodicity A to be:

% 1 1

= 4.107
2 ny Py n_ P’ ( )

this implies that the conical defects at the poles have deficit angles given by 27r(1 — i) and one has &= 52
if ny = n_ = 1, which is possible only provided that am = 0.

Notice that Eq. (4.107) fixes A but also represents a constraint on the parameters once we fix both n.
The idea is that both conical singularities are fixed by Ay, as it is expressed by the above equation. This also
implies that once we fix the conical singularity on one pole, say the n parameter, the conical singularity on
the other pole is fixed by n_ = Ilz—jn+ and cannot be chosen freely. We have to tune the parameters of the
solution in such a way that after we have independently chosen n and n_, it holds the relation (4.107), and
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specifically:
ny Lo _=-2em (4.108)
no Pp  Z+42am
remember that this happens only if we fix both n. and n_ as it was done in [16, 73], this condition will be used
later to fix the o parameter in terms of n....

For later convenience, it is useful to define the tensions of the "cosmic strings" as the parameters:

1 1 1 Ay
- 1——}: 1 — (24 2am)=2)]. 4.109
and the Euler characteristic of 2:
1 1
=t = 2 4G (e + ), (4.110)
n4 n_
which computes to y = 2if n_ = n, = 1 as expected for a sphere.

We can now clarify in which sense we quantize the conical defects on the horizon, this simply means that
we have to choose n4 as coprime positive integers, this makes &5 a weighted projective space, which is an
orbifold also known as a spindle [16]. This quantization condition is one of the requirements that allow to
obtain a regular solution after the uplifting'>.

The quantization condition is not sufficient to describe a regular solution, one also needs to impose the
following condition on the parameters'*:

p=am, 4.111)

this will turn out to be also one of the supersymmetry constraints.
Before moving on, let us recap what we have found so far for these "regular" solutions. We have the
parameters'> (m, e, p, a, o;n4), plus two constraints (4.108, 4.111), the latter can be directly implemented,

while the first one can be solved more easily by first introducing the parameter [16]:

1=2Guy(p- +p4)  no+ng

W= = , (4.112)
2G (4)(p— — p+) n_ —ny
this allows us to rewrite the condition (4.108) as follows:
_ =42
no _=FEem = oamp —— =2, 4.113)
ny =—2am am=p
remembering the definition of = we can easily find for « the following:
2pp — 1+ a?
of = BT (4.114)

T a2+ e2+p?

this fixes « in terms of the spindle data n. and the other parameters.

Notice that this condition and (4.111) are then easily implemented if one uses p as a parameter describing
the solution, while v and m are fixed in terms of the others. In the following, we may want to use as parameter
m instead and consider «, p fixed. This can formally be done but one has to deal with a cumbersome expression

for o (and therefore p) as now the condition (4.114) (or equivalently (4.112)), is a fourth order equation in c.

3From now on, we will simply refer to these regular solutions, which can be obtained after the uplift, as "regular solutions"

4There would also be another technical condition to impose on the geometry of the D = 11 supergravity theory, which is obtained
after the uplift, but it does not play any role in our discussion so we will ignore it.

15Clearly, we assume the AdS radius g as fixed, and we do not include the  parameter which turns out to be fixed in terms of the
others.
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Either way, we will refer to the above conditions (4.112, 4.114) as "regularity" conditions, it is understood that
when we impose these we are thinking ny as taking fixed values, hence fixing the spindle geometry.

We will consider this case in more detail later but for now it is sufficient to keep in mind that o and p can
formally be expressed in terms of m and the other parameters.

Thermodynamics

From now on we will set also G4) = 1.

In this section, we provide the relevant quantities entering the thermodynamics of this black hole solution,
more details can be found in'® [16, 73] but they are not essential for our discussion.

The solution admits four conserved charges (E, J, Qc, Qm):

eAy A Ag\? mAy (2 + a?)(1 — a’2)
- ¢ = — E = 4.11
Qe 27’ @ J=am T)’ 2tk E(1+a2a?) (“-115)

these definitions are true in the general solution, where we have not imposed the regularity conditions yet.

These quantities were calculated in [16] using holographic renormalization. In order to do so, one needs
to remember that the conformal boundary of the metric (4.102), where the charges are calculated as surface
integrals by using the boundary stress-tensor, is located at H(r,#) = 0. Furthermore, the energy E of the
solution must be calculated considering the asymptotic killing vector 0 = 0y + Qw%dﬁ, where Q. =
_%5511;732252))‘ These definitions allow us to obtain a set of charges that satisfy standard thermodynamics
relations.

Notice that once we impose the regularity conditions, from the definition of the magnetic charge (),, and

p = am one can show that:

n— —ny 1
dn_ny 204 (1+p)’

Qm = p— = piy = (4.116)
hence, the magnetic charge is completely determined by the spindle data n. in the regular solution'”. This
allows us to equivalently use the combinations (n4,n_),(u, n4) or (Qm, x) to express the spindle data.
Moving on with the thermodynamics, the chemical potentials associated with the above charges are given
by:
27 a Q' (ry) ery
Q= — 55— — T= ————"—5~ b = —5—— 4.117
KAg12 +a2 drk(a® +712)’ ° k(r2 +a?)’ ( )
N——
Qn

where V is the null killing vector on the horizon: V' = 0; + %Q 10y, one may also define a magnetostatic
potential ®,,,, which one has to take into account when considering the thermodynamics of the general solution,
but it does not play any role for us.
The Bekenstein-Hawking entropy reads:
Ay ri + a?

g T8 (4.118)
2 1—0427“_%

16See also [74] for a discussion of the thermodynamics of this black hole solution with vanishing magnetic charge.
The idea is that in the regular solution all topological data (the cosmic strings and the magnetic charge) are fixed in such a way that
after the uplifting the singularities are removed [16].
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while the Euclidean on-shell action associated with the outer horizon is given by [16]:

a’ +r? e —p? 20t (e? + p?)
—4 + am(1—-2a2 - ———2)|. 4.119
r+<(a2r§r—1)2+a2+ri>+ m( “ 1+ a?a? > ( )

167K

1

One can show that these quantities satisfy the following quantum statistical relation, independently from

the value of x, and also without imposing the regularity conditions

I=-S+BE—-BQJ—Bd.Q., (4.120)

(E4a?)(1—a2E)
1+a2a?
regularity conditions, so that the thermodynamics of the solution depends on the 3 charges (E, J, Q). ), and their

while the usual first law is recovered only provided that one fixes x = and imposes the

corresponding chemical potentials defined above
dE =TdS+QdJ + ®.dQe, (4.121)

notice that if the acceleration is absent o = 0 then x = 1, hence this parameter is intrinsically related to the

acceleration.

4.5.2 Supersymmetry and BPS solutions

Let us consider the regular solution in this section (fixed spindle topology). Following [16, 73] the solution
admits a killing (Dirac) spinor, and hence preserves supersymmetry provided that the parameters satisfy the

conditions:

p=am,

0=a?(? +p*)(E+a?) — (p — aae)?, (4.122)

the first condition is also one of the two regularity conditions, and can only be satisfied provided that p # 0.

The supersymmetric solution is also extremal if the parameters satisfy the additional constraint [73]:
ap*(ace — p)(e + aap) + ade?(e? + p?)? = 0, (4.123)

unfortunately, implementing these conditions is rather cumbersome.
Luckily, the situation simplifies if one introduces the new set of parameters (b, ¢, s) given by [16]:
bs S S S e a
e=—, P=—%, M=—75, a=—, — b=-, ¢c=—, s=oaaq, (4.124)

a‘c a‘c a’c o D po
we need to assume a, « # 0. Remembering that we are considering all parameters to be non-negative then we
have b > 0 and ¢, s > 0. The first supersymmetry condition is automatically implemented in these definitions.
In the following, we will provide only the explicit expressions for the quantities that we will directly use, and
briefly summarize how the BPS solution is obtained. More details can be found in [16].

In terms of the new parameters one finds that the charges take the simple expressions:

_ Qm \/(QCQm - XS)(2CSQm + X)

Qe:anu J:Cng M )
XV's

(4.125)

positivity of the mass M implies that ¢ > 2spu.
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The supersymmetry condition in Eq. (4.122) reduces to a linear equation for ¢, which is solved by:

2(1 +b?)sp
== — 7" 4.126
T T obs - 52 ( )
the extremality condition Eq. (4.123) now becames:
V(1 +0%)%s = *(1 —bs)(b+5) ———— b*(b* + 1) = c(c + 2bu), (4.127)

Eq. (4.126)

unfortunately, this condition is still not practical to implement. We will need to exploit a different method, to
obtain the BPS solution, which we are going to discuss later.
Remember that « is determined from the other parameters as:
o2 2pp —1+a?  s[2cp+ s(c? —1—b?)] 412(1 — bs)? — (1 — 2bs — s%)?

= 4.128
2T 204w gEGEmars 0 &P

the supersymmetric solution is now parametrized by (b, s), plus the two constants (x, @Q.,). Accordingly, only
two charges are independent and indeed, they satisfy the usual relation:

2
M= ;J+Qe, (4.129)

which may be expected to be a consequence of the supersymmetry algebra evaluated on the solution [16].

The supersymmetric trajectory
As usual, we want to use one of the horizon radii as parameter for the supersymmetric solution by inverting
the relation ()(r) = 0. This will also allow us to more easily obtain the BPS solution.

Following [16], it is convenient to define first:

ﬂ
Il

0, (4.130)

Qlw

where it is understood that we can formally work with any horizon radius 7;, solution of Q(r;) = 0.
The new quartic polynomial Q(p), despite being more complicated than the starting one (Eq. (4.103)), is

now only quadratic in b. The condition Q(p) is thus easily solved as:

2up N (1 — 52 4 2ius)
P2 =1 2s(p?>—1)(p?s® — 1 Fius(p?>+1)

7B(0.9). (4.131)

where:
B(p,s) = (1= p*)(1 = p*s*) + 2u(1 + p*)ps, (4.132)

imposing that b remains real, as we have done before, forces us to consider complex p radii, which are organized
in two complex conjugated pairs as ()(p) has real coefficients. This is analogous to the discussion in Sec. 4.2.1,
remember that one has to choose the opposite sign choice in (4.131) when considering the conjugated horizons.

Alternatively, one can keep p € R and introduce complex b and s parameters as in [16]. Eq. (4.131) is the
usual equation that allows to trade one of the parameters of the solution (in this case b) for one of the horizons
radii.

The chemical potentials can be shown to satisfy the usual relation:

5(1 + %Q - 2<1>e) — T2mi, (4.133)
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the sign is correlated to the sign choice in Eq. (4.131). The modified chemical potentials (w, ¢) are:

2
W:B(Q_>> ¢:B((I>e_1>7 %w—¢:$m', (4134)
X
notice that the same relations of the non-accelerating case (Eqs. (4.11)) can be obtained by setting y = 2.
In terms of the supersymmetric chemical potentials, the universal euclidean action can be rewritten as

follows:

T2
1__s_wj_¢Qe_q:;[w+Q;w], (4.135)

with our choice of parametrization, we have real charges, while the entropy and the chemical potentials are

complex. Notice that the above result reduces to the non-accelerating one in Eq. (4.37) by setting ),,, = 0.
This discussion was originally made for the outer horizon, but we can generalize it with no effort to any

horizon. Hence we can immediately regard the chemical potentials (4.134) and the supersymmetric Euclidean

action (4.135), as the universal ones.

The BPS solution

Let us now consider how the BPS solution can be derived. We need to impose extremality on the solution,
which is achieved whenever the quartic polynomial Q has a vanishing first derivative when evaluated on a real
value of p, which then becomes the radius of the BPS outer horizon. This is equivalent to requiring that Q has

a double real root p .

4822 (14 8% (p 7 0) (£ips® + p(p Fi)s — 1)
(1—p2s® +ip(l+ p2)s)2

Q' (p) B(p,s) =0, (4.136)
where we have used the definition of the b parameter in Eq. (4.131).
By solving the extremality condition for a real value of p, we clearly break the invariance under exchange
of horizon radius as parameter, as requiring reality forces us to consider the outer (physical) horizon radius.
The only allowed real solution of Eq. (4.136) is obtained if B(p4, s) = 0 which can be seen as a quadratic
equation in s, the other possibility would need to require p+s = 1 and p = 1 which is not possible due to the
definition of p.

In this way, the BPS solution is parametrized in terms of p and p as follows:

TR RS gy [ R D2 (1
s = ) c = —H )
p+(p% — 1) pr—1 pi—1
2
b= (4.137)
pr—1

from the constraints 0 < ary = sp4 < 1 and s > 0 one immediately finds that 0 < s* < 1 and p4 > 1.

Equivalently, after some calculations, one can re-express the BPS solution in terms of b and p as follows:

:u+\//112+—u2’ . (—n+ VI 12) (0 VTH 0+ 42)

b

— b, c*:b( 1—|—bQ—I—,u2—,u2),
(4.138)

in both cases, one can check that the supersimmetry and extremality conditions Eqs. (4.126, 4.127) are both

P+

satisfied, and that p (b; i) is a root of the Q polynomial.
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One can show that in the BPS limit, the conserved charges satisfy the additional constraint:

*
Jr = %(—X+\/x2+16(Qg2+Q¢n)2>, (4.139)
and the outer horizon chemical potentials take the fixed value:
* * 2 * * ]'
T =0, Q= X o7 =1, o, = b (4.140)

finally the outer horizon BPS entropy takes the following expression:

S* =mQ s*c*ipriJrl =7 \/ 24+16(Q2+Q2,) — (4.141)
- m 1—8*2p3__4 X e m X |s .

notice that in all expressions involving only the charges, by setting x = 2, Q),, = 0 one again obtains exactly

the solution of the non-accelerating case discussed before'8.

4.5.3 Properties of the general horizons of the black hole solution

We turn our attention to the other horizons of this black hole solution, following closely the presentation in
Sec. 4.2, as the results that we are going to find are the generalizations of those of the non-accelerating solution.

Many calculations will be only briefly described as they represent a trivial generalization of those of Sec. 4.2.

Qualitative behaviour of the 4 roots of Q)(r) in the regular solution
Let us concentrate on the regular solution in the following discussion.
In order to study what kind of horizons characterize this black hole solution, we need to study the Q(r)

polynomial. Remember that we have to impose the following condition on the position of the outer horizon:
1
O<ry <—. (4.142)
o

The relations that determine the four roots are obtained as usual by rewriting the ()(r) polynomial as:

"

2
T+ T2+ 13ty = —ing
14+a2(1—a?)—a?(e2+p?
) rirg o = Hza ) (o)
Qr)=(1-a)[tr—r) — . . (4.143)
i TITeT3 = T8
2 2 2
+e4
T1Ter3Ty = 5P

Due to the acceleration, it is not true anymore that two of the four roots are necessarily complex. Indeed,
by looking at the expression of Q(r) we see that negative roots are now possible provided that |r;| > é, and
the argument that we have made in Sec. 4.1 breaks down. However, also in this case, there are generally only
two physical horizons (when they exists) located at 0 < r; < é while the other two horizons are complex
conjugated, hence virtual.

First of all, notice that we can have at least one physical horizon located at r < é only provided that the
acceleration parameter satisfies the bound:

0<a<l, (4.144)

"8The non accelerating limit is more delicate if one wants to take it also for the b, ¢, s parameters as from their definition, if o« = 0
these parameters become infinite
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this can be easily seen by imposing p = am and noticing that Q(r) is strictly positive if a > 1 and r < é as:

Q(r) = (r* = 2mr + a® + € + o*m?)(1 — &%r?) 4+ r%(a® + r?)
> (r? = 2mr + o®m?) (1 — o?r?), (4.145)

>0 >0

the quadratic polynomial in the second line vanishes if « = b(1 + V1—a? ), meaning that if @ > 1 it is never
zero and has a fixed positive sign. From this discussion we also see that as o approaches 1, the other parameters
must be closer to 0 in order to have a physical horizon that does not touch the boundary.

We should now also impose the condition (4.114) in order to truly parametrize the "regular" solution, it
would be more convenient to use the p parameter, but we use m instead, which allows us to more directly
compare the following results with those of Sec. 4.1.

Using p = am into Eq.(4.114) produces a quartic equation for a:

S e (146

a‘e” + a*m-a

for suitable values of the (m, e, a; ) parameters, there are two real and positive solutions o = aq 2(m, e, a; 1)
of (4.146). The greater of the two (say a) can possibly be bigger or smaller than 1 and one can check graph-
ically that it is never associated with a solution with physical horizons at r; < a%, for any value of the
(m, e, a; ) parameters. Instead, the smaller solution o1 (m) generally allows to find a black hole solution that
admits two physical horizons r; > rg, where 7 satisfies the bound r < a% In this case, when the two
physical horizons exist, the other two horizons are always found to be complex. Moreover, these configura-
tions reduce to the BPS solutions discussed in Sec. 4.5.2 for suitable values of the parameters that satisfy the
supersymmetric and extremality constraints.

The qualitative behaviour of the Q(r, m; a1 2(m)) = 0 curves is shown in Fig.4.3.
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Figure 4.3: The solid lines represent the graphs of Q(r, m; a;(m)) = 0, associated with the regular solution, obtained
by setting p = =, and a = «;(m) as given by the two real solution of (4.114) (when they exists). The blue/orange
solid lines are obtained considering the two real roots «;(m), respectively the smaller(cv )/largest(cz) one. The dashed
lines represent the 7 = «;(m)~! curves (position of the boundary at & = 0), again the blue/red one is associated with
the smaller/largest root c;(m). Choosing the smaller solution o (m) of (4.114) produces a solution with two physical
horizons that never touch the boundary (for every fixed value of m, the points on the blue solid line always satisfy
r < aj(m)~1). Moreover, these solutions admit a BPS limit, meaning that we can continuoulsy change the parameters
to obtain a BPS solution. Instead, choosing the largest root «y(m) never produces a physical solution as the horizons
always stretch beyond the boundary. Moreover, these solutions are not connected to BPS configurations. The qualitative
behaviour does not change if we vary the parameters.
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Finally, notice the different qualitative behaviour with respect to the case studied in Sec. 4.1. In particular,
in this case there is only one lower extremal solution (if one takes into account the cases where physical outer
and intermediate horizons exist). For suitable values of the parameters (which satisfy the supersymmetry and
BPS constraints), this extremal configuration is a BPS solution.

Virtual horizons BPS entropies

As we have discussed above, the BPS solutions are characterized by the presence of two physical horizons
(which coincide, being the solution extremal) and two additional virtual horizons, associated with the two
complex conjugated roots of the Q(r) or Q(p) polynomial. Let us then call p_ the complex root associated
with the virtual horizon with entropy S* , which is given by the same formula as the one for the outer horizon

BPS entropy:
Pt +1

S* =1Qs f ———
1— S*QP%’

(4.147)

we want to find an expression for S* depending only on the charges. To do so we need to find p_, which we
parametrize as p— = A + ¢B. Then, we can obtain the usual relations which determine the four roots p; of
Q(p) by rewriting: Q(p) = [[;(p — pi), remembering that there is a double root p, as the solution is extremal,
one finds:

A+ pr=—ps3

A2+ B2+ 4Ap, + % =py =-5—ps

204+ (A* + B> + Apy) = —p Bzi\/@ ’

(A% + B?)p3 =po

(4.148)

The =+ sign in front of the B coefficient is associated with the fact that we have two complex conjugated roots.
Let us take the root with a positive imaginary part, by finding the parameters p; from Q(p) and using either
Eqs. (4.137) or Egs. (4.138) to parametrize the BPS solution in terms of (p4; ) or (b; i), one can show that

the following relation holds for the virtual horizon:

[a—.

=3 {x +8iQ; + \/XQ +16(Q52 + Q%) |, (4.149)

which again correctly reduces to the expression found for the non-accelerating case (Eq. (4.17)) in the usual
limit.

We can use this result, together with the expression for the BPS outer horizon entropy (4.141), to show the
equivalence between the BPS constraint (4.139) and the area product formula, which we are going to derive

now.

Universal area product formula

The area product formula for this black hole solution has not been derived yet, but it should reduce to the
one found before, Eq. (4.29), when we set (Q,, = 0, x = 2). Accordingly, following the same steps as in Sec.
4.2.2, and remembering the definition of the conserved charges (Egs. (4.115)) one is able to find the following

result for the product of the entropies:
[15:==](Q2+ Q%) +47%), (4.150)
i

the calculations are exactly the same as those we have already done for the non accelerating solution, so we

will not repeat them here.
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We find that the area product formula is the natural generalization of the one previously found for the non-
accelerating case (4.29). This result actually holds in the general solution where we do not have imposed the
regularity conditions yet. In this case (), can be chosen freely and does not depend on the topology of the
horizon or acceleration. This means that in the general solution we are allowed to consider a non-vanishing
acceleration and also @),,, = 0, in this case we see that the area product formula for the accelerating (4.150) and
non-accelerating (4.29) black hole solutions are the same. This implies that the universal area product formula
in the general solution is independent of both the energy, and the acceleration of the solution.

The situation is qualitatively different in the regular solution, in this chase @),, is fixed in terms of the
spindle data n and hence depends on acceleration. However, the area product formula is still valid in the form
(4.150), and depends only on @),,. This implies that, despite having formally added two new constants n,
which characterize a specific family of accelerating black holes by fixing the topology of the & hypersurfaces,
the area product formula formally depends on only one of them.

Remember in fact that the (14, n_) constants can be traded for (@, x) in the regular solution, but the area
product formula does not explicitly depend on x. This means that the product formula is invariant under any
transformation of the n constants that leaves Q,,, invariant!®. Remembering that Q,, = p_ — . we see that
the transformation p4 — 4 + k leaves the magnetic charge invariant, which translates in a transformation of

the spindle parameters n4 of the form:

n+ 57 €N
ny — ————, where: k€ Q st m+ , (4.151)
1—4nik n-__ &N
1—4n_k

Finally, it is quite easy to show that using Eqgs. (4.147, 4.149) for the horizons BPS entropies, and the area
product formula Eq. (4.150) one can derive the BPS non-linear condition Eq. (4.139).

HS* 4QP+@QY)° — J*—Q*< x+\/x+16(Q*2+Q2)>. (4.152)

4.5.4 Universal extremization principle

The universal chemical potentials and thermodynamic potential I have been computed in Sec. 4.5.2 fol-
lowing the discussion of [16], they also showed that the outer horizon BPS entropy (4.147) is reproduced in the
usual way from the extremization principle. We are now going to briefly discuss the extremization principle,
partially discussed by (4.147), and extending their discussion also for the other horizons.

The starting point is given by the usual universal quantities:

X

2
= 2[¢ Q2 } A= =i, (4.153)

we are considering the supersymmetric but non-extremal solution which is characterized by four complex hori-
zons, organized in two coupled of conjugated horizons. In this framework, remember that the sign ambiguity in
(4.153), is associated with the sign ambiguity in the inverting relation b = b(p;) (4.131), and one has to choose
the opposite sign when considering an horizon and its conjugated.

The entropy is obtained from the constrained Legendre transform:

S =extyypny|—1 —wl — Qe + A( w—¢=E m)] (4.154)

"“We also must require that Q. and J are left invariant, but this can be easily done by suitably changing the parameters e and a,
remember the definition of the charges in Eq. (4.115).
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by solving the extremization equations, plus the supersymmetric constraint,

W= — Fmi
a_ ;X , or _ Q. — A, — QA (4.155)
Ow 4 99 ¢ =Fmi+ Fw

where as usual, being the action I an homogeneous function of degree 1 of the chemical potentials, implies:

where A; are the roots of either one of the two following quadratic polynomials or of the quartic polynomial:

A2+A<2Qe¢z”2‘> L QX+ Q% +2i] =0, (4.157)

2
A? +4\%A3 + <6Q§ +2Q3% + fl)A? +(4Q2 +4Q.Q2, — 2JX)A + 4% + (Q2 + Q%) = 0, (4.158)

b3
D2 P Po

selecting the appropriate root allows to reproduce the thermodynamics of the corresponding horizon. Notice
that by setting 0,, = 0,x = 2 and rescaling A — 2A one gets exactly the same results as in the non-
accelerating case.

Notice also that by using the quartic polynomial, one can immediately read from the pg coefficient the
entropy product formula Eq. (4.150) (up to a 7 coefficient).

The BPS limit can be obtained by imposing that the above quadratic(quartic) polynomial has one(two)
purely imaginary roots. If we consider the quadratic, polynomial this condition has to be directly imposed on
one of the two roots A; of the quadratic polynomial (4.157):

Ai = =i = Qe £ V/\% + 402, = 8ixQe + 4), (4.159)

where 7) takes the values +1 and differentiates the two roots of each quadratic polynomial, essentially choosing
7 corresponds to choosing the horizon at p or p_, (and similarly for the conjugated horizons). The calculations
are similar to those of the non-accelerating case.

Alternatively, the BPS solution can be obtained from the quartic polynomial by requiring that the coeffi-

cients of (4.158) satisfy the factorization condition:

n + Pop3 _

b3 b1

p2 (4.160)

in both cases, one can show that imposing these conditions is equivalent to imposing the non-linear BPS con-
dition Eq. (4.139), and hence one correctly obtains the BPS solution.

Finally, in this limit, it is easy to prove that the four roots A; correctly reproduce the BPS value for the
entropies shown in Eqgs. (4.147, 4.149), hence showing that the universality of the extremization principle can
actually be generalized also in the accelerating case as expected. We do not show the calculations, which are
the direct generalization of those of the non-accelerating case.
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Conclusions

In this thesis, we have explicitly shown the equivalence between the universal area product formula [32] in
the BPS limit, and the BPS constraint on the charges, for different classes of asymptotically AdS black hole
solutions in gauged supergravity. This was one of our main results and we have briefly argued why it can be
regarded as a non-trivial fact.

This result has motivated us to explore the properties of the general horizons for the above black hole
solutions. These were interpreted as formal loci, satisfying a condition of the form A, (r) = 0 for either real
or complex values of the radial coordinate (horizon radius ;). The area product formula can be derived only if
one considers also these complex horizons, and treats them on the same footing as the real Cauchy and event
horizons.

Following this logic, we have given a definition for a set of thermodynamic variables for each horizon,
valid in the general non-supersymmetric solution. We generalized some results that were previously obtained
for other classes of black holes [30, 31]. In particular, we have found that the conserved charges are universal
quantities, in the sense that they are defined asymptotically and do not depend on which horizon is considered.
Instead, the entropy and the chemical potentials are intrinsic properties of each horizon. These can be defined
exploiting the symmetry that exchanges the various horizons, which we have discovered being a consequence of
the A, = 0 condition not distinguishing between its roots (hence between the various horizons). Exploiting this
symmetry, we have shown that, once the thermodynamics associated with the outer horizon is defined, one can
define a generalized (formal) thermodynamics for all horizons. The quantities defined in this way agree with
the ones that one would formally get by studying the metric (e.g. in the near horizon limit for each horizon).
In this way, the first law of thermodynamics is trivially satisfied for each horizon, together with a quantum
statistical relation. The latter can be used to define a grand-canonical potential for each horizon. However, we
have not been able to relate these generalized grand-potentials to independent quantities, calculated directly in
the supergravity theory. Indeed, one may expect they are related to a suitably defined on-shell action, as it is
for the grand-canonical potential associated with the outer horizon thermodynamics.

Using the first law of thermodynamics for each horizon, we have rephrased the mass independence of the
area product formula by means of a condition involving 7; .5; terms. These were obtained in [63] for the five-
dimensional black hole solution with two angular momenta and three charges, but in a different context. Similar
relations have also appeared in [30] for black holes with only two horizons.

The symmetry under exchange of horizon radius inspired us to define a set of universal thermodynamic
quantities, in particular, the chemical potentials and the Euclidean action. This idea allowed us to consider the
extremization principle as discussed in [8] in a different way. The extremization principle has been explored
for many (supersymmetric) AdS black hole solutions [10, 13, 14, 15, 16], and it is always able to reproduce the
outer horizon BPS entropy by means of a constrained Legendre transform. We have proven that the extrem-
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ization principle is able to reproduce the BPS entropies of all horizons in the BPS limit (and formally also in
the general supersymmetric solution), and not only of the outermost one. For this reason, we have said that
the extremization principle can be promoted to a universal extremization principle. We have also seen that the
area product formula can be derived from the extremization principle in the general supersymmetric solution.
Moreover, in the BPS case, the requirement of having purely imaginary solutions for the Lagrange multiplier
A = A(J;,Qr) (and hence real BPS entropies), given by the factorization condition, is equivalent to the BPS
constraint on the charges. The factorization condition also directly shows the equivalence between the area
product formula in the BPS limit, and the BPS constraint.

We have explicitly shown these results for some classes of AdS5 [50, 54] and AdSy black holes [68,
69], also considering AdSy black holes with acceleration [70]. We have discussed the consequences of the
universality of the extremization principle for the most general black hole solutions (with no restrictions on the
independent charges) for each theory. Our work seems to indicate that, when the extremization reproduces the
outer horizon BPS entropy, it can also be used to describe all horizons thermodynamics, by viewing it as an
universal extremization principle.

It would be interesting to explore these results for other AdS black holes in D = 6, 7, or for asymptotically
flat black holes [18], or by taking into account higher derivatives corrections in the original theory [17]. It
would also be interesting to understand if an universal extremization principle can be found without having to
resort to supersymmetry.

On a more fundamental level, it would be interesting to explain the results that we have obtained by con-
sidering the dual field theory description. In this sense, the extremization principle may play a central role as
the supersymmetric Euclidean action, which appears in it, has been obtained from calculations in the dual field
theory via the AdS/CF'T correspondence. This means that, by using the extremization principle, we have a
method to derive the entropies for all horizons (in the supersymmetric case) starting from the dual field theory
perspective. The end goal would be to account for the thermodynamics of all the horizons, by means of mi-
crostates of the dual field theory. This may also give some indications on how these complex horizons (but also

the Cauchy horizon) can be physically interpreted.
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