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Abstract

This dissertation is a collection of works on different topics based on holographic dualities. The
dualities studied here are the Kerr/CFT and AdS/CFT correspondence and the researches carried on

aim to check their robustness for some particular theories of gravity.

We first demonstrate that the Kerr/CFT duality can be extended to superentropic black holes,
which have non-compact horizons with finite area. The duality is robust as the near horizon limit
of these black holes commutes with their ultraspinning limit. We notice that the duality holds as
well for both the singly-spinning superentropic black holes in four dimensions and the double-spinning

superentropic black holes of gauged supergravity in five dimensions.

Second, we test the AdS/CFT duality in Lovelock gravity theories or higher curvature theories of
gravity in which we investigate the holographic Smarr relation beyond the large N limit. By making
use of the holographic dictionary, we obtain a holographic equation of state in the conformal field
theories (CFTs) dual to AdS spacetimes. We check the validity of this equation of state for a variety
of non-trivial black holes including rotating planar black holes in Gauss-Bonnet-Born-Infeld gravity

and non-extremal rotating black holes in minimal 5d gauged supergravity.

In the remaining part of this dissertation we return to investigate AdS/CFT duality, but now focus

on computational complexities defined in the CFTs dual to AdS black holes.

The first one is the volume-complexity, which consists in a duality between a quantum information
metric or Bures metric in a (d 4+ 1)- dimension CFT and the volume of a maximum time slice in the
dual (d+ 2)- dimension AdS spacetime. We examine specific cases of black holes such as the Banados-
Teitelboim-Zanelli (BTZ) and the planar Schwarzschild-AdS black holes in (d + 2)- dimensions, along
with their geon counterparts. Geons being quotient spaces of AdS black holes obtained from the
identification of the left and right boundaries of their conformal diagrams. We find that the proposed

duality relation remains the same for the geon space with a topological factor of 4.

The second one is the action-complexity, which conjectures a duality between the action of an AdS
bulk evaluated on a Wheeler-De Witt (WDW) patch and a CFT computational complexity providing
a measure of the minimum number of gates necessary to reach a target state from a reference state.
We compute the dependence of the CFT complexity on a boundary temporal parameter (time) and
find that its variation with time is commensurate with the rate of change of the bulk action on the
WDW patch. We remark that the action-complexity duality holds for the geons associated to these
black holes (with a topological factor up to 4) as well.
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Chapter 1

Introduction

The holographic principle, as a principle of string theory, states that a description of physics in the
volume of a region of space is encoded on a lower-dimensional boundary (such as a gravitational horizon

or an asymptotic region) of this region.

The principle was first proposed by 't Hooft and was later reformulated by Susskind, where he
brought new ideas to 't Hooft and Thorn’s previous works [1, 2]. In his work, Thorn observed that

gravity emerges in a holographic way from a lower-dimension description of string theory.

The holographic principle has also been inspired by black hole thermodynamics in which it is
conjectured that the maximal entropy in a given region scales as the square of the radius of that
region. In fact, following Hawking’s theorems [3], Bekenstein thought of black holes as maximum
entropy objects, i.e. objects that contain more entropy than any other object of the same volume [4].
In his work an upper bound was put on the entropy in a given region of space and that bound was
proportional to the area of that region. He thus realized that the entropy of a black hole is proportional

to the area of its event horizon. This entropy is also referred to as the Bekeinstein-Hawking entropy.

In the black hole context, the information content of an object falling into the black hole is retrieved
in surface fluctuations of the event horizon. This feature implies that the black hole information
paradox finds an answer in the framework of string theory [5]. The aforementioned papers on the

holographic principle or dualities were landmarks that spurred numerous investigations in the field.

Later, Brown and Henneaux proved that the asymptotic symmetry of a 2 + 1 gravitation theory
gives rise to a Virasoro algebra, whose two dimensional conformal field theory is the corresponding
quantum theory. Their work laid the foundation that has led to the Kerr/CFT duality which will be

discussed in detail later in this chapter.



The greatest realization so far of the holographic principle is the AdS/CFT correspondence intro-
duced by Maldacena [6]. The AdS/CFT correpsondence or gauge/gravity duality, is a conjectured
duality between an Anti-de Sitter space in d 4+ 1 dimensions and a conformal field theory in d dimen-
sions in its boundary. It cannot be overlooked in the understanding of string theory (and quantum
gravity) because it provides a non-perturbative formulation of string theory. It also provides useful

material in the study of strongly coupled quantum field theories.

This duality is very useful as it represents a strong-weak duality, which means that the fields in the
quantum field theory are strongly coupled while the ones in the dual gravitational theory are weakly
coupled. This consideration implies that the fields in the gravitational theory are more mathematically
tractable. The fact of translating problems into a more mathematically tractable form in string theory

is a trick used in several aspects of other fields of theoretical physics such as condensed matter physics.

Many examples of the AdS/CFT correspondence have been proposed and the most famous of them
states that [6] “A type IIB string theory in (AdSs x S°)n plus some appropriate boundary conditions
(and possibly also some boundary degree of freedom) is dual to N =4 d =3+ 1 U(N) super
Yang-Mills theory”. The subindex indicates the dependence of the radius of the AdS on N. Another
example of the correspondence states that [6] “A (0,2) conformal field theory is dual to M-theory on
(AdS7 x S*)n .

As stated earlier in this chapter, for holographic dualities in general, the AdS/CFT correspondence
solves the black hole information paradox, to some extent, as it shows the evolution of a black hole
in a fashion that is consistent with quantum mechanics. In fact, in the context of the AdS/CFT
correspondence black holes are equivalent to a configuration of particles in the dual conformal field
theory. Since these particles are subject to the laws of quantum mechanics and thus evolve in a unitary

way, the black hole has to evolve in a unitary way as well.

The main weakness of the AdS/CFT correspondence resides in the fact that most of the black
holes considered are physically unrealistic, since most of the versions of the correspondence involve

high dimension spacetimes with unphysical supersymmetry [6, 7].

In [8] M. Guica et.al. proposed another form of holographic duality known as the Kerr/CFT
correspondence, which was a step towards understanding astrophysical black holes. The Kerr/CFT
correspondence applies to black holes that can be approximated to extreme Kerr black holes, i.e.
black holes with the largest possible angular momentum that is compatible with their mass. The
correspondence posits an equality relation between the Bekenstein-Hawking entropy of a Kerr black

hole and the Cardy entropy of a two-dimensional chiral field theory near its horizon [8].

In the past two decades many fields of theoretical physics have been orientated towards holographic



dualities. These dualities establish equivalence relations between observables existing in a theory of
gravity and those in its dual field theory. In other words, the dynamics of observables defined in a field
theory can tell us about the way their corresponding observables in a dual gravitational theory evolve
and vice-versa. This fact is of tremendous interest as it becomes possible to get enough information
on the dynamics of a theory of gravity just by investigating some observables associated with its dual

field theory. This actually makes the field of holographic dualities very interesting and appealing.

This dissertation concentrates on providing additional theoretical evidence pertinent to the holo-
graphic principle. We extend these holographic dualities to new classes of black holes and gravitation
theories. These new classes of black holes include super-entropic black holes (or ultraspinning Kerr-
AdS-like black holes) and AdS quotient spaces known as geons. Their study provides new information
about holographic dualities since they have particular topologies that can either modify the form of

(or perhaps even prevent) holographic dualities or provide more evidence for their robustness.

In chapter 3, we study the Kerr/CFT correspondence for a new class of black holes referred to as
super-entropic black holes, which are new ultraspinning limits of Kerr-AdS black holes, in which the
rotation parameter a approaches the AdS radius . Emparan and Myers [9] studied ultraspinning black
holes in the large angular momentum limit [10]. But this new class of four dimensional rotating black
hole solutions were elaborated in [11, 12] for both A/ = 2 gauged supergravity coupled to a vector
multiplet and Einstein-Maxwell-A theory. These black holes have the characteristic that their horizons
are non-compact but have finite area. Topologically the event horizon is a sphere with two punctures.

This feature provides a broader range of possible horizon topologies than what was previously thought.

Because of the features that characterize these black holes, an interesting question we investigate
concerns the existence of the Kerr/CFT correspondence near their horizons. Can the presence of the
punctures prevent them from exhibiting the Kerr/CFT correspondence when taking the near horizon

limit?

In chapter 4, we test the robustness of one of these holographic dualities namely, the AdS/CFT
correspondence in higher order curvature theories or Lovelock theories. A Lovelock theory of gravity
is a generalisation of Einstein’s general relativity to higher dimensions introduced by David Lovelock
[13]. This class of theories is said to resemble string-theory-inspired models of gravity because the
action contains, among others, a quadratic Gauss-Bonnet term. This quadratic term is present in
the low energy effective action of the heterotic string theory, and also in six dimensional Calabi-
Yau compactification of M-theory [14]. Despite being quadratic, the Gauss-Bonnet actions leads to
differential equations of second order and has the property of being ghost-free [15]. These considerations

make this class of theories interesting (as opposed to arbitrary higher-curvature theories of gravity).



Basically, Lovelock theories of gravity appear to be useful in understanding how a theory of gravity
is corrected at short distances due to the presence of higher order curvature terms in their action. This
theory has also been considered as a testing ground to study the effects of introducing higher-curvature

terms in the context of AdS/CFT correspondence.

Now turning into what drives our attention, it is known that the introduction of the cosmological
constant as pressure (along with an associated volume) has led to the extension of the thermodynamic
phase space in the domain of black hole thermodynamics. The two new variables have led to the
realization that black holes can exhibit diverse phase behaviour comparable to those observed in gases,
superfluids and so on [16, 17, 18, 19, 20]. In fact, it has been found in black holes new phase behaviour
such as those seen in gels and polymers as well as triple points such as those observed in water. It was
also noticed that black holes in general are analogous to Van der Waals superfluids. The aforementioned

features have given rise to an emerging field known as black hole chemistry [21].

Since the introduction of a negative cosmological constant has in a certain way led to the holographic
depiction of black holes as systems dual to those in conformal field theories [6, 22, 23], it is of interest
to see how the variety of phase behaviours observed in black holes [21] is manifest in the dual field

theories.

In [24] the question of what the implications of black hole chemistry would be on the variables
in the boundary field theory of an AdS space has been studied. A holographic Smarr relation was
established in Einstein gravity via a holographic dictionary. The thermodynamic first law combined
with the Smarr relation in the bulk correspond to an equation of state in the boundary conformal field

theory.

In chapter 4, we aim to establish a holographic Smarr relation in the context of Lovelock gravity
by extending the holographic dictionary in order to include higher-order curvature contributions. We

shall also check the validity of the equation of state for some cases of Lovelock theories or black holes.

Prior to moving to the content of the next chapter we recall some important points on holographic
dualities. Dual connections between entanglement and geometry is a topic that researchers from many
fields of theoretical physics have been working on in recent years [25, 26, 27, 28, 29, 30]. Eternal AdS
black holes are known to be dual to the thermofield double (TFD) state, which is a state that entangles
two copies of the CFTs defined on the AdS boundaries. These copies of the CFTs are connected by a
wormhole or a Einstein-Rosen-Bridge (ERB). Since the boundary field reaches thermal equilibrium in
a (short) time that is of the order of the thermalization time 8 = 1/T" (due certainly to entanglement),
whereas the ERB grows on a much larger time [31] , it implies that there must exist some quantities

in the field theory that evolve even after thermal equilibrium has been reached [32, 33].



These hypotheses led Susskind to think of a holographic complexity as a quantity in the boundary
CFT whose the growth is equivalent to the evolution of the ERB [34, 35, 36]. Along with his collabo-
rators, he proposed two new quantities in a theory of gravity that both follow the growth of the ERB

at late time.

The first one is the volume-complexity, which states that the complexity of a state in the boundary
CFT is proportional to a maximal volume of a time slice connecting the boundaries (CFTs) [31, 34].
The second one is the action complexity, in which a computational complexity of the boundary state
is identified to the gravitational action evaluated in a particular region of the bulk referred to as the
Wheeler-De Witt (WDW) patch [37, 38]. But questions still remain regarding the interpretation of

these complexities in the boundary CFT.

In chapter 5, we study the volume-complexity conjecture based on the work done by Miyaji et al
[39] in which they introduced the CFT complexity as a quantity called the information metric or Bures
metric. The information metric is defined as the fidelity susceptibility of a state in the CFT. Indeed,
a marginal deformation was performed on the state and the scalar product between the state and its
deformation led to the fidelity susceptibility. It appeared that the late time growth of the information

metric was proportional to the one of the gravitational volume-complexity.

We probe this conjecture in chapter 5 by considering quotient spaces of AdS black holes called geons.
Geons are obtained through the identification of the two sides of the conformal diagram of eternal
AdS black holes. We compute the CFT volume-complexity of the geons along with its gravitational

counterpart and thus check the robustness of the conjecture for the geon case.

Moving from understanding the nature of a computational complexity in the CFT dual to a
codimension-one volume (volume) in the bulk, more recent work has suggested a deeper relationship
between CFT complexity and the bulk spacetime [37, 38] that we explore in chapter 6. Here we extend
our investigations of holographic complexity by considering the time-dependent action-complexity in
the CFT. This quantity was introduced as a measure of the minimum number of operations necessary
to approximate a unitary operator between a reference and target states of the CFT. We propose a
time-dependent action-complexity in the CFT whose the growth at late time is proportional to the
one associated to the gravitational action-complexity. We verify the conjecture for the geons case as

well.

In chapter 7, we summarize the most important results of this thesis and give some directions for

future work.



Chapter 2

Some important background

This chapter is mainly intended to provide a brief background on conformal field theories as they play

a central role in the elaboration and understanding of what will follow in the present dissertation.

We shall start with the definition of a conformal transformation, then derive the conformal group
in d dimensions and finally study how a field theory transforms under a conformal map. We shall
also review the conformal invariance in d = 2 as this particular case is the smallest one and finds
applications in quantum field and string theories. In the context of the current work d = 2 conformal

field theories are connected to theories of gravity.

To end the chapter, we shall briefly review holographic dualities, the Kerr/CFT and AdS/CFT
correspondences as they are the ones which matter the most in this work, while insisting more on the

conformal field theory side. A short review on black hole chemistry shall appear as well.

2.1 Conformal transformation and global conformal invariance

A conformal transformation is defined as a map: z — z mapping a point z to another 2 and under

which the metric tensor transforms as [40]

’

9 (7) = M) G- (2.1)

From (2.1) we can infer that more generally a transformation is said to be conformal if it does not

affect the angle between two arbitrary directions.

A conformal transformation can be locally thought of as a (pseudo) rotation and a dilation. The

set of conformal transformations forms a group which admits the Poincare group as a subgroup. The

6



Poincare group corresponds to (A(z) = 1) in (2.1). In d dimensions the conformal group is identified

with the non-compact group SO(1,d + 1).
Let us consider an infinitesimal transformation defined as
ot = g =2t + e (2) (2.2)

where e#(x) is the parameter of the transformation such that the metric under this transformation
changes as

Guv = Guv — (a,uey + 81/5#)- (23)

In order that (2.3) be conformal, it must obey the condition

Oper + 0vey = f(x)gu (2.4)
with f(z) a function determined by
f(z) = %&Le“. (2.5)

For the sake of simplicity, we assume that a conformal transformation is an infinitesimal deformation

of the metric
uv = Nuv (26)

where 7, =diag(—1,1,...,1).

Appying a derivation on (2.4), then permuting indices and taking linear combinations, we have

0,0v€p = MupOu f + M pOuf — M0, f- (2.7)

After tracing the above equation over pu, v

20%¢, = (2 —d)0,f (2.8)
and using (2.5), it follows
(2= d)0,0,f = 1,0 f. (2.9)
Hence
(d—1)0%f =0. (2.10)
From (2.8) and (2.9), we get
0,0, f = 0. (2.11)

The above equation is solved by the function
f(x) =A+ B,a* (2.12)

7



A and B, are constants.

Making use of (2.11) and (2.12) it results that the parameter of the conformal transformation obeys

0,0u€, = C (2.13)
with C a constant. This leads to the expression
€ = ay +bux” + cupr’a’. (2.14)
A particular form of (2.14) gives rise to the infinitesimal transformation

g =gt 4 2(xb)z” — b2® (b constant) (2.15)

which is known as the special conformal transformation (SCT).

The different possible infinitesimal transformations we can generate are

zH* = zt+a”
zh = azt
zh = MFbx”
/ xh — b2
vho= 1—2b.x + b2x2 (2.16)

and correspond to the translation, dilation, rigid rotation and SCT respectively. The SCT in the last
line of (2.16) corresponds to the composition of an inversion (z* — “;—Z), a translation (i—; — f:—; —bH)

gh—bkg? ). For an infinitesimal parameter b# (2.16) is equivalent

. . H
and another inversion (27 — b — T 9o rb2a?

to (2.15).

These infinitesimal transformations are generated by the operators

P, = -id,

D = —izto,

L, = i(z,0,—x,0,)

K, = -i(2z,2"9, —2°9,) (2.17)

which correspond to the translation, dilation, rigid rotation and SCT generators respectively. These

8



operators obey the commutation rules given by

[D,P,] = iP,
(D, K,.] —iK)
(K, Py 2i(nu D — Lyw)
(K, L] i(Mpu Ky — Mo K1)
[Py, L] i(MpuPy — v Ppi)
[Luws Lps) = i(upLyo + Mo Lvp = NupLve = NvoLuo)- (2.18)

The next step of this chapter consists in the construction of conformal invariants. To this end, we
consider functions I'(z;) of N points x; that are left unchanged under all types of conformal transfor-

mations.

First, imposing translation and rotation invariance implies that any function I'(z;) can depend only

on distances |z; — x;|. Scale invariance then implies that only ratios of distances, such as

|z; — x4
|z — 1]

are physically meaningful. Under SCT the distances |z; — x;| becomes

’ ’

|z, — =

|zi — ]

2)1/2(1 — 2b.x; + b2 )1/2

j|:(

As we can clear see the functions % are not invariant under SCT.

— 2b.x; + b2

Thus, we are led to the conclusion that it is impossible to construct an invariant function I'(x;)
with only 2 or 3 points and the simplest possibilities are the functions of 4 points

|z — zal|xs — 24 |1 — xa|z3 — 24]

|21 — @3||w2 — @4 w2 — 23|z — 24|

These expressions are known as anharmonic ratios or cross-ratios. For N distinct points there exist

N(N —3)/2 independent ratios.

2.2 Conformal invariance in field theory

Here we review some basic notions on how a field theory transforms under conformal transformations

and its implications on quantities such as the two-point functions.

Under a conformal transformation # — ', a spinless field transforms as [40]

NZ
Oz (z) (2.19)

d(z) = d'(z) = e




with A the scaling dimension, d the dimension of the spacetime and |8x/ /0z| the Jacobian of the

conformal transformation of coordinates. A field transforming like (2.19) is called quasi-primary. We

infer that ,
ox

| = A(z) =42 (2.20)

with A(z) introduced in (2.1).

Focusing now on quantum field theories, in which we define the two-point function of two fields

4 (x1) at the point x; and Py(z3) at a2 is
1

(P1(21)®2(22)) = /[d‘l’]@l(ﬂﬂl)%(ﬂ?z)eXP[*S[‘PH (2.21)

where Z is the partition function, ®;(z1) and ®5(xz3) are quasi-primary fields, ® the set of all func-
tionally independent fields in the theory and S[®] the action, which we assume to be conformally

invariant.

Under a conformal transformation, the two-point function (2.21) transforms as
—Ay/d —Ag/d

(@1(21)P2(x3))- (2.22)

’

Oz
ox

’

ox

<(I)1(x1)¢’2($2)> = %

=T T=T2

The scale transformation (x — Ax) invariance puts (2.22) into the form

(@ (21)Po(x2)) = A21H22(Dy (M) Do (Az2)) (2.23)

Rotation and translation invariances gives to the two-point function the form

(@1 (21)Pa(22)) = f(|21 — 22) (2.24)
where f(z) = A21T22 f(Az). Equation (2.24) can also be expressed as
(@1 (21)Po(22)) it (2.25)

- |fL'1 — :L'2|A1+A2
with (2 constant coefficient.

The SCT invariance )
or
ox

1
(1 —2b.x + b222)d (2.26)

imposes the constraint
Ci2 Cia  (yryp)(81ra2)/2

|21 — @g| A1 A2 N AR Ty — | ArtAe (2.27)

with ~; =1 —2b.x; + bzx? and which is identically satisfied only if A1 = As.

It thus results that two quasi-primary fields are correlated if and only if they have the same scaling

dimension. Therefore, the two-point function reads as

% it A = A
(1 (21)®s () = § 121~ 72 . (2.28)

0 otherwise
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2.3 Conformal invariance in two dimensions

In this section we restrict our study to conformal field theories in two dimensions and overview some

of their important features.

Let us consider coordinates (2%, z!) on the plane, which transform under conformal transformations

as

2P — wh(2Y) with p,v=0,1 (2.29)

which implies the metric transformation

OwH dw”
MY —_— —_— QB
g <8z0‘) <8z5>g ' (2.30)

Introducing complex coordinates z and z such as

z = 2044zt
z = 20—izt (2.31)
It follows (2.29) the transformation
z = w(z). (2.32)

The set of global conformal transformations forms a group that is referred to as the special conformal
group.
The complete set of conformal mappings on the complex plane is

az+b
cz+d

flz) = with ad—-bc=1 (2.33)

and a,b,c,d are complex numbers.

Therefore the global conformal group on the complex plane (d = 2) is isomorphic to the group of
complex invertible 2 x 2 matrices with determinant equal to 1, that is, to SI(2,C). Note that SI(2,C)

is isomorphic to the Lorentz group SO(3,1) in four dimensions.

Prior to proceed further, we recall that a holomorphic infinitesimal transformation is expressed as

Y=zte(z) with e(z)= > 2! (2.34)

n=—oo

assuming that the infinitesimal mapping admits a Laurent expansion around z = 0.

Considering that a spinless and dimensionless field ®(z, Z) on the complex plane satisfies

D(z,z) = P(z,2)

= 0(z,2)—€e(2)00(,7)—e(2)0d(z,7) (2.35)

11



we are led to the relation

¢ = —€(2)00 —€(z2)0P
= ) [enln®(2,2) + &l ®(2, 2)] (2.36)
in which the generators
l,=—2"t'9, and 1I,=—-2z""0; (2.37)

have been introduced.

These generators satisfy the commutation rules

[ln, lm] = (n—m)lptm
[Z_n, l_m] = (n—m)lpim
lsin] = 0 (2.38)

and yield a conformal algebra which is the direct sum of two isomorphic algebras also known as the
Witt algebra.
In two dimensions, the notion of quasi-primary fields applies also to the fields with spins.

Let A be the scaling dimension and s the planar spin. By defining a holomorphic transformation

h and his counterpart h as

h = %(A +5) and h=_-(A-s) (2.39)

we notice that under a conformal map z — w(z) and Z — @(Z), the field theory transforms as

& (w, @) = (d”> _h<d‘° o). (2.40)

In the case of an infinitesimal map
z — w(z) such that w=2z+¢€(z) and w=Zz+¢€(%) (2.41)

with € and € very small, we obtain

5.0 = B (2,2) —D(z,2)
—(h®D.€ + €0, D) — (hPDsE + D= D). (2.42)

Thus, fields whose variations under local transformations in two dimension are expressed as in (2.42)

are defined as primary fields.

The correlation functions under a conformal transformation change as [40]

wW=w;

(D1 (w1, @1)... P (W, 00p)) = ﬁ (f;:);:} (32_)) . (P1(21,21)-- P (21, Zn)) (2.43)

=1

12



in which the distance x;; between the points z; and z; is equal to (zijiij)l/z.

Hence the two-point function on the complex plane takes the form

<(I)1(21,51)<I)2(22,22)> = W when (h1 =hy=h or iLl = BQ = h) (244)

2.4 Holographic dualities

2.4.1 Kerr black holes and chiral conformal field theories in two dimensions

It has been recently conjectured that a duality exists that links extreme Kerr black holes to chiral
conformal field theories in two dimensions [8]. A key implication of the aforementioned conjecture
is the existence of an equality relation between the Bekenstein-Hawking entropy of an extreme Kerr
black hole and the Cardy entropy of a two dimensional conformal field theory defined near its horizon.
Here we do not need to be very explicit about the technical details on the subject and we leave them

to the next chapter.

Let us consider the near horizon limit of an extreme Kerr black hole (the angular momentum is
related to the mass J = M?). The resulting metric admits asymptotic symmetries preserved by some
diffeomorphisms. There exist consistent boundary conditions for which the asymptotic symmetry
generators (of the diffeomorphisms) form one copy of the Virasoro algebra i with central charge

cn =127 [8].

We ensue from the above statement that the near horizon states can be identified with states of a

chiral half of a two-dimensional CFT.

In the extreme limit, the Frolov-Thorn i vacuum state reduces to a dimensionless temperature
(Tr, = 1/27) thermal density matrix whose the conjugate energy is the zero mode generator [y of the

Virasoro algebra.

The Cardy formula, under unitarity assumptions, gives a microscopic entropy for the CFT S, 5000 =
7T;CLTL = 27J  which equates the macroscopic Bekenstein-Hawking entropy — Spacro = A/4 =

2wJ where A is the horizon area of the Kerr black hole.

IThe Virasoro algebra is widely used in two dimensional CFT and string theory and reads as the Witt algebra (2.38)

to which is added a central charge term as follows [ln, lm} =m—-—m)lpt+m + %(n3 —n)dn+m,0-
2The Frolov-Thorn vacuum for the Kerr black hole is equivalent to the Hartle-Hawking vacuum for the Schwarzschild

black hole. The Frolov-Thorn vacuum is obtained by expanding the quantum field theory in eigenmodes of the asymptotic
energy w and angular momentum m. After tracing over the states inside the horizon, the vacuum reads as a diagonal

density matrix in the energy-angular momentum eigenbasis.
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2.4.2 Anti-de Sitter spacetimes and conformal field theories

Since most of the topics covered in this dissertation are built around the AdS/CFT correspondence, it
is important in the current subsection to review some basic properties of Anti-de Sitter (AdS) spaces
that lead to the statement of a correspondence relation between these spacetimes and the conformal

field theories defined on their boundaries.

In order to derive the metric of an AdS spacetime we start with a five dimensional flat manifold
whose metric reads as [41]

ds? = —du® — dv® + da® + dy? + d2* (2.45)
and embeds a hyperboloid given by
—u? -+t P 422 = =P (2.46)

where « is a real constant.

In terms of the coordinates (t/, 0,0, ) one the hyperboloid defined via the relations

u = asint cosh p
v = acost cosh P
x = a«asinhpcosf
y = «asinhpsinfcos¢
z = asinhpsinfsin¢ (2.47)
(2.45) takes the form
ds* = o[ — cosh? pdt 2 + dp? + sinh? pdQ23]. (2.48)

This corresponds to the metric of an AdS, spacetime. In d dimensions, the AdS metric (2.48) becomes

ds* = o[ — cosh? pdt'® + dp? + sinh? pdQ_,]. (2.49)
Introducing the variables
r = a«asinhp
t = at (2.50)
eq.(2.49) now reads
d 2
ds? = — f(r)dt® + % +r2d03, (2.51)

where f(r) =1+12/a?.
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AdS manifolds with metrics (2.49) or (2.51) are maximally symmetric Lorentzian solutions to

3

FEinstein equation with constant negative curvature

From the d dimensional form of (2.45) we infer that the large isometry group of AdS; is the

non-compact group SO(d — 1,2).
Let us now turn our attention to field theories. Generally in these theories a ground state around
which is performed a perturbation expansion is sought-after. An AdS; spacetime along with its

isometry group SO(d — 1,2) are a nice choice of maximally symmetric group states.

AdS, spacetimes appear to be the near horizon geometry of the extreme black holes and p-branes?,
which are very central to the understanding of the theory. p-branes are referred to as extended objects
with p spatial dimensions that move in a higher (particularly in 11 dimensions) dimensional spacetime.

p = 0 objects are point particles, p = 1 are strings, p = 2 are membranes and so on.

It is known that a supergravity theory is solved by a supersymmetric solution that admits one or
more spinor €; satisfying [42]

Va€r + Noer =0 (252)
with V the Levi-Civita connection and N, a Clifford algebra valued one-form.

In an AdSy
1

2R
where R is the AdS radius and ~, are the generators of the Clifford algebra.

Ny== a=0,1,.,d—1 (2.53)

We thus notice that when we particularly consider the case of N 3-branes with large N, we find
that they have a supergravity description as a classical BPS ® spacetime solution of a 10 dimension

type IIB supergravity theory admitting 16 Majorana-Weyl killing spinors e;. That is [43, 44],
ds? = H™Y?(—dt?* 4 da®) + H'2dy? (2.54)

with = € E3, y € ES and H(y) an harmonic function on E®. E? and ES are the 3d and 6d Euclidean

spacetime respectively.

3A maximally symmetric d dimensional manifold with metric gur has a Riemann tensor Ryopv = K(Gpugor —
9gpv9op) With k a normalized measure of the Ricci curvature gieven by x = ﬁ and R the Ricci scalar. x < 0 for

AdS spacetime.
4A Dp-brane is an extended object with p spatial dimensions. It can be thought of as a p-dimensional hyperplane

moving in a d-dimensional space. Let x*(i = 1,...,p) be the directions on the Dp-brane, it position is specified by
z* =0 (a = p+1,...,d). The fact that the endpoints of the open string lie on the Dp-brane implies that the string

coordinates normal to the brane satisfy Dirichlet boundary conditions z%(7,0)|s=0 = 2%(7,0)|o=x = T®.
5BPS states are named after Bogomolnyi, Prasad and Sommerfeld. Extremal (stable) black holes, which correspond

to the endpoint of the Hawking evaporation, are BPS states for extended supergravity theories. Extremal black holes

are characterized by the equivalence of their mass and charge [45].
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For N coinciding 3-branes,

H=1+ (R>4 (2.55)

r
with R = (g2 ,,N)"*ly and r = |y|. gy is the gauge field coupling constant and [, the string
length.

Let us now focus on the near horizon geometry of (2.54) and (2.55). Near the horizon the isotropic

coordinates break down and for small  (2.54) becomes

,,,2

2
ds :?

2
(—dt* + da?) + %er + R%*da?. (2.56)

Using the change of coordinates z = R/r we obtain from (2.56) the metric

1
ds? — ?(dZQ + N datdz”) + R2da? (2.57)

with ¢ =0,1,...,3 and 7, the Minkowski metric. We notice that the near horizon metric (2.56) or
(2.57) correpsonds to that of an AdS; x S spacetime. It is also obvious to notice that the symmetry
group of the AdS5 x S° is the same that the superconformal group in 3+1 spacetime dimension [46].
Indeed, the conformal symmetry group in 4d is isomorphic to the isometry group of the AdSs spacetime

and the R-symmetry group is isomorphic to the SO(6) symmetry group of S5 as well.

From a couple of arguments (that we will not enumerate here) among which the above symmetry
arguments, it results a reasonable AdS/CFT duality conjectured in [6]: A type IIB E string theory in
(AdSs x S®)n plus some appropriate boundary conditions (and possibly also some boundary degree of

freedom) is dual to NN =4 d=3+1 U(N) super Yang-Mills theory.

2.5 Black hole chemistry

In this section we cover some key notions of black hole chemistry [21], as they represent an important

part in the understanding of the next two chapters particularly.

A fundamental relationship between gravitation, thermodynamics and quantum mechanics has been
established due to a number of theoretical arguments and calculations carried out over the past several
decades. Originally black holes were thought of as objects characterized by few basic parameters such
as their mass, charge and angular momentum [50]. They were also seen as entities absorbing all matter

and emitting nothing and had neither temperature nor entropy.

60ne of the four ground states of closed string theories (type II) has the form |R¢) ® |RY) ® |p™, Tr). |R%) (i =
1,2 and a = 1,...,8) are the Ramond ground states or those subjected to fermionic boundary condition W!(r,7) =
+0! (1, —m). Type ITA strings are those for which the left and right Ramond ground states are different, i.e. i # j. Type

IIB strings are those whose the left and right Ramond ground states are the same, i.e. ¢ = j.
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The study of quantum field theory in curved spaces has led to major changes in the understanding
of black holes. Indeed, it was found that black holes can radiate heat comparable to black body
radiation 7 and that the area of a black hole never decreases. Black hole radiation, while rooted in the

basic foundations of quantum physics, paradoxically leads to a loss of information [47, 48].

Following this approach, it was possible to interpret the area of the black hole horizon as the
thermodynamic entropy and its surface gravity as the thermodynamic temperature [51, 49]. In [52]
Hawking stated that the area of the event horizon of a black hole can never decrease. It appears that

this area law is similar to the second law of thermodynamics as noticed by Bekenstein.

Bardeen, Carter, and Hawking [51] subsequently formulated the 4 laws of black hole mechanics
under the assumption that the event horizon of a black hole is a Killing horizon (which is a null

hypersurface generated by a corresponding Killing vector field). These laws are:

1. The surface gravity s of a stationary black hole is constant over its event horizon.

2. A rotating charged black hole with a mass M, angular momentum J and charge Q obeys

SM = SiaA + Q8T + Q.
Y3

3. Hawking’s area theorem states that the area A of a black hole event horizon can never decrease,

ie. 64 > 0.

4. The surface gravity k of a black hole cannot be reduced to zero in a finite number of steps.

From these laws it follows that black holes are physical thermodynamic systems that have temperatures

and entropies.

Recently, the introduction of the cosmological constant as the pressure of the black hole, along
with a volume, has given rise to a new set of techniques for studying the behaviour of black holes.
This approach has led to the discovery of new phase behaviour analogous to that observed in gels and
polymers. Triple points analogous to those in water have been observed as well in black holes.

These black holes have been understood as heat engines. It was also found that these black holes are

"Hawking discovered, when taking into account quantum effects, that black holes emit radiation [49] that has a black
body spectrum with a characteristic temperature
hK

kpT = —
B 21

where kp is the Boltzmann’s constant, ¢ the speed of light, i the Planck’s constant and x the black hole surface gravity.
The surface gravity « is defined as

gavagb — I{ﬁb

where £% is a normalized Killing vector that generates the horizon.
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analogous to Van der Waals fluid and exhibit various behaviour of substances encountered in everyday

life. These black hole features resulted in a field known as black hole chemistry [21, 53].

In the black hole thermodynamics language the thermodynamic energy FE, temperature 7' and
entropy S correspond to the mass M, the surface gravity x and the horizon area A of the black hole

respectively. These quantities are related as follows

E = M
T = &
2
A
s = 7 (2.58)

However, the correspondence breaks down when it comes to the first law of thermodynamics. Indeed,

the first law of thermodynamics and the corresponding black hole first law read as

dE = TdS — pdV + work terms and
M = 8idA +QdJ + ®dQ (2.59)
T

where QdJ + @dQ is regarded as the work terms.

It is clear to notice that the term pdV in the first equation of (2.59) does not have a counterpart in

the second equation of (2.59) [54]. To solve this problem, the mass of the black hole was interpreted

as the enthalpy of the spacetime [55].

This idea results from the consideration of the Smarr relation [56, 57], where in d dimensions [58]
it is given by
(d—3)M = (d—2)TS (2.60)

for a static asymptotically flat d-dimensional black holes.

The fact of introducing the cosmological constant as the pressure modifies the Smarr relation. In
fact, regarding the mass M as a function of both the horizon area and the cosmological constant, i.e.

M = M(A, A) and by the Euler’s theorem on homogeneous functions we obtain

oM oM

Knowing that T' = 4%, equation (2.61) implies that the pressure p as a thermodynamic variable

[59, 60] takes the form
A (d-=1)(d-2)

T8 16m2 (2.62)

p =
. . . o OM
with the conjugate variable V' = —8r 5.
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Thus the modified Smarr relation and the extended first law of thermodynamics become

(d—3)M = (d—2)TS—2pV and

dM TdS + Vdp. (2.63)
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Chapter 3

Super-entropic black holes and the

Kerr-CFT correspondence

This chapter is based on the exploration of the extension of the Kerr-CFT correspondence to a new
class of black holes known as super-entropic black holes. Its main purpose is to extend the domain
of application of the correspondence and prove that it is a reliable one (robust). The elaboration of
this chapter depends strongly on some basic notions on the Kerr-CFT correspondence that we have
briefly reviewed in section 2.4.1 and will see in more detail in the next few sections and the black hole

chemistry covered in section 2.5.

3.1 Introduction

In the past few years dualities between black holes and conformal field theories (CFT) have been
of considerable interest, yielding new insights into our understanding of gravity. Omne of the most
prominent among them is the “Kerr/CFT correspondence” [8], which established a duality between
the horizon of a Kerr black hole (bulk) and a 2d CFT. Many other intriguing results [61] have been

obtained since then.

Recently a new class of rotating black hole solutions was obtained from the Kerr—-Newman-AdS
metrics [62, 11, 12]. These black holes have been called super-entropic insofar as their entropy is larger
than that expected from the reverse isoperimetric inequality conjecture [63], which states that the
thermodynamic volume of a black hole provides an upper bound on its entropy. The basic idea of

the procedure is to transform an azimuthal coordinate of a d-dimensional Kerr-AdS metric (written in
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rotating-at-infinity coordinates) and then take the limit as its associated rotation parameter approaches
the AdS length. The new azimuthal coordinate is then compactified, yielding a black hole whose horizon
is topologically a (d — 2)-sphere with two punctures. These black holes form a new ultraspinning limit
of the Kerr-AdS class of metrics, and possess a non-compact event horizon of finite area (and hence

finite entropy), the first example of such objects in the literature to date.

In this chapter we study the Kerr-CFT correspondence for super-entropic black holes. It is not
a-priori obvious that the correspondence exists, given the non-compactness of their event horizons; as
we shall see some but not all super-entropic black holes exhibit this correspondence. We will consider
specifically the superentropic limit of singly-spinning Kerr-Newmann-AdS black holes in d dimensions
[12] as well as the ultraspinning d = 5 black holes of minimal gauged supergravity [65, 64]. Similar
studies of Kerr-Newman-AdS black holes [61] found that there exists a correspondence between the
extremal versions of these black holes and a d = 2 (chiral half of a) CFT at its boundary. A key feature
of these metrics is that in their near-horizon (NH) limits, the resultant metrics acquire a new form
that has an extended asymptotic symmmetry group (ASG) whose generators depend strongly on the
boundary conditions imposed. These boundary conditions have to be chosen in such a way that the
charges associated with the diffeomorphisms preserving them satisfy a number of conditions such as
finiteness, integrability and so on. These constraints ensure the existence of the charges (generators of
diffeomorphisms); indeed, the consistency of the theory relies on them. Ignoring these constraints will

certainly lead to ill-defined diffeomorphism generators from which no physics can be deduced.

Moreover, the boundary conditions allow us to compute the central charges that stem from the
Virasoro algebra satisfied by the charges associated with the diffeomorphisms preserving the boundary
conditions. Once obtained, the central charges yield the CFT entropy Scpr via the Cardy formula,
which is expected to be identical to the Bekenstein-Hawking S entropy of the black hole, thereby
establishing the correspondence. It is not a-priori obvious that super-entropic black holes admit such
a correspondence, given their properties. It is the purpose of this chapter to demonstrate that such a

correspondence exists and indeed is robust.

The present chapter is organised as follows. In section two, we provide a brief review of the super-
entropic black hole, highlighting its thermodynamic quantities and its relationship to the Smarr relation
and the reverse isoperimetric inequality. In section three, we review the Kerr-CFT correspondence for
Kerr-AdS black holes, along with the choice of boundary conditions. We then consider the Super-
entropic-CFT correspondence, beginning with a Kerr-Newman-AdS black hole and taking both its
super-entropic and near horizon limits in either order, and obtain the same results in either case. In
section five, we perform a similar analysis for super-entropic black holes of minimal gauged supergravity

in d =5 [65]. We conclude with some remarks on our results.
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3.2 Super-entropic black holes

In this section we review some important notions on super-entropic black holes and their construction.
In other words, we shall derive the thermodynamic quantities associated to these black holes and the
Smarr relation obeyed by these quantities. Let us start with the Kerr-Newman-AdS black hole metric

64, 12]

Ay _do Y Yo o~ in?0. _ do
ds* = fz—a[dtfasiHQGg]erEdf2+?d92+SS;: [adtf(Feraz)Ed)]Q
— _ _d_
A = —g(dtfasirf@?(b) (3.1)
where
2 2
= = 1—?—2, S:l—%coszé, Y, =72 4+ a%cos?f
a _2 2 7?2 2
Wh, = m, Aa:(T’ +a)(1+17)—2mr+q

wp, is the angular velocity and a is the rotation parameter of the black hole. Taking the ultraspinning

limit a — [ yields the super-entropic black hole, whose metric is given by [64, 12]

. 47
ds* = —é[dt_— Isin? fdyp)* + Z + Z; _qp” + 22 e[ldf— (72 + 1?)de]?
R A sin” 6
A= — %(dz— Isin20di)) (3.2)
where
=2
Y=+ 1%cos?f, A(F)=(+ %)2 —2m7 + ¢* (3.3)
provided the rescaled coordinate 1)
Y 2
_ _ a .
1/):%, ::1—1—2 with a — 1 (3.4)

is taken to be periodic, identifying 1) ~ 1)+ . The quantity u can be regarded as the chemical potential
of the black hole [12].

It is important to stress that the chemical potential defined here is not that used in the string
literature [66]; indeed it is independent of the electric charge. Rather this terminology arose from
considerations of holographic duality for non-relativistic field theories — the holographic dual of a d
dimensional spatial CFT is a gravitational solution in a bulk space of d + 3 dimensions’. This dual

spacetime (solution) realizes Galilean scaling as an isometry. For example, starting with the 5d planar

'n [67, 68], this spacetime has the form ds? = r2(—2du dv — r?Vdu? + dz?) + dr?/r?, where = (x1...z4) are the
spatial coordinates of the Galilean field theory and v a positive integer. The light-cone coordinate u is the boundary

time coordinate and v is proposed to be treated as a compact coordinate.
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Schwarzschild-AdS black hole (times S°, with the geometry supported by the five-form flux Fis)) [69],
upon applying a transformation known as a Null Melvin Twist to this geometry [70] a new metric
is obtained®. The Killing generator of the horizon of the non-extremal solution takes a form, from
the gravitational perspective, that leads to a charge independent chemical potential®. It is in this
latter sense that the term ‘chemical potential is being employed for the solution under consideration in
this chapter. The asymptotic form of the metric (3.2) is AdS3, but with the compactified coordinate

1Y) becoming null. This feature is similar to that of the asymptotically Schroedinger and Galilean

spacetimes [69], and so the quantity p was referred to as a chemical potential [64].
Trying to find roots of the function A(r), we notice that it admits roots 3 only when

2

Ty
m > my = 27"*(1—2 +1) (3.5)
where
2 I? q?
r*zg[—lJr 4+3l—2] (3.6)
For an extremal black hole
r2
TL =Tk m:2T+(i+1) (37)

12
and we note that extremality can occur even if ¢ = 0.

The super-entropic character of these black holes can be understood in the context of an extended
phase space framework [71], where the cosmological constant is identified with the thermodynamic
pressure according to

A

P=—-——
8w

(3.8)

in d spacetime dimensions, with its conjugate quantity treated as thermodynamic volume V. The

2The metric reads

2,2 2 2 i
2 _ .2 Ber<f o f o dy 2 dr (dy + A) 2
ds* = r[- : (dt + dy) f%dr +T+da:]+m+7+d24
& 1 4,4 i 2T
e? = T f=1—=r/r%, dA = 2J, k=1+p =y
2 ~
F<5) = dC<4> = 2(1 + *)d¢' X J X J, B(g) = %(fdt+ dy) X (d¢+A)

B is a fixed parameter and r4the horizon radius. Performing a Kaluza-Klein reduction on that new metric [69], we
obtain a non-extremal solution which, in the light-cone coordinates, asymptotically approaches the extremal solution

(which has the Galilean scaling as an isometry).

%% = % + ﬁ% The chemical potential is p = 21

3 The Killing generator of the horizon ¢ = 557
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thermodynamic parameters of the super-entropic black hole are

wm

%7

M,

g

o2’

(¢/D)z

1+ 22’
1

I(1+2)’

(L= a?)[(1 4222 4 g2
8ra(l+ 22)

A = 2ul*(1+2?),

O « =
I

o
I

wp =

: (3.9)

2 l
= glg,u:v(l +2?) = ng,

_ q2/l2]
1+ a2V

_ M o A
S = 2[(1+x)f4

1
Ty = ——[322 -1
H dmlx [3I

with = r; /l. The quantities M, J, Q, ®,wp,V, K, Ty, A and S are the mass, the angular momentum,
the charge, the electric potential, the angular velocity at the horizon, the volume, the conjugate
variable to the chemical potential u, the Hawking temperature, the area and the entropy of the black

hole respectively. The first law of black hole thermodynamics is now extended to [57]
OM =T6S 4+ wpdJ + P6Q + VP (3.10)

with the quantities (3.9) satisfying the Smarr relation [57]

d—3 d—3 2

with d = 4. The quantity S in (3.9) violates the Reverse Isoperimetric Inequality, which asserts [63]

(d=1)V\TT [ wy_o\ 72
=(—" >1 12
R (wd—z 1 > (3.12)
where .
pr
Wq = (313)
P(45)

Tt is straightforward to show that for the quantities in (3.9), we obtain

.1‘2

which clearly violates the inequality. The entropy of this class of black holes exceeds, for a given

o=

thermodynamic volume, the bound set by (3.12), and hence are called super-entropic.
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These singly spinning super-entropic black holes have extensions in any dimension, with metric [64]

A o 2 2 _ snd
2= S (df— 1sin? 6d)? + a2 g ¢ 20
p A si

ds (1t — (7% 4 1?)dy))? 4 72 cos® 0dQ3_, (3.15)

nZé p?

where

=2
A= (l + %)2 —omi>™?, p? =72 4+ 1% cos® 0

and df22 is the metric element on a d-dimensional sphere, where as before we identify ¥ ~ ¥ + pu.
d—1

2

Writing g = £7 their thermodynamic parameters are

L5’
M = Zi=2(q -2y,
8w
_ l
W = ’I’i—‘rp’
1
T = ——[d-5)P+ri(d—1
4W+l2[( S +ri( )],
2
J = ——Mi
d—2"""
wd_Q d—4 A
§ = @it =7,
T'J,_A
= 1
1% T (3.16)

respectively denoting the mass, the angular velocity at the horizon, the Hawking temperature, the

angular momentum, the Bekenstein-Hawking entropy and the volume of the black holes respectively.

While there exist horizons in any d > 5 only when m > 0 and for d = 5 when m > [?/2, the
extremal limit exists only in d = 4. Specifically, extremal super-entropic black holes are those for
which

5—d
2
= — 3.17
2= (3.17)

whose only non-trivial solution is for d = 4. Henceforth we shall only consider this case.

3.3 The Kerr-CFT limit

Here we review the Kerr-CFT correspondence for the Kerr-Newman-AdS black hole. We intend to

write the black hole metric in terms of the coordinates near its horizon. Returning to the metric (3.1)

in the extremal case and carrying out the near-horizon (NH) transformation

t = rot/e

6 = 0

r = ry+tergr

¢ = ¢+ Zwprot/e (3.18)
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where € is a small parameter, it yields a metric of the form

ds® = T(0)[-r?dt* + %2 + a(0)do* + ggzg(dg + krdt)?]
d¢

A = JO)(Z + krdt) (3.19)

in the € — 0 limit where k is constant. The quantities ', o, 7, f are functions of the variable 6§ and

can be computed from (3.1). However (3.19) is quite general: the metric of any d = 4 stationary,

axisymmetric extremal black hole, with a compact horizon section of non-toroidal topology, will have
a near-horizon limit of the form (3.19), with T', o, v, f taking specific values depending on the black

hole studied [72, 73]. Note that the new coordinates (¢, ¢, 6, r) are dimensionless. The quantity rg is

a parameter with dimension of length whose value will be subsequently be fixed.

The metric (3.19) is invariant under the isometries [61]

Kl = 6t7

KQ = tat — Tar7

- 1t k

Kg = (ﬁ + 5)875 t’f'ar — ;ad),

Ky = 0y (3.20)

which generate a SI(2,R)r, x U(1)g symmetry group.

To study the corresponding CFTs, we will refer to the case of the Kerr-Newman- AdS black hole

explored in [61] and perform a similar analysis. The metric function A(r) in (3.1) has a root r4 when

with

12
r? = sl a?/1? + /1 + 14a2/12 + a*/1* +12¢2/1?]
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The thermodynamic quantities of the black hole (3.1) are

M = m,
J = Ma,
Q = q
_ qr
¢ = 1(a?/i2 + x2)’
a/l?
o =
h a?/12 + a2’
4
A = TP+ ),
Te — 3x2(a?/1? + 2%) + 22%= — (a? /12 + 22) — ¢*/12
S dnlx(a? /12 + z2) ’
a2 a? a2 2a2
oo P+ a2+ ) + (3.21)

3 =2
respectively being its mass, the angular momentum, the charge, the electric potential, the angular
velocity at the horizon, the horizon area, the Hawking temperature and thermodynamic volume. For

an extremal black hole Ty = 0 yielding
2
T4 =T, m:2r*(l—§+1)
The Bekenstein-Hawking entropy as computed in [64, 12] takes the value

=42y =4 (3.22)

= 4
noting that ¢ is defined in the interval [0, 27).

We now aim to compute the CFT entropy of the Kerr-Newman-AdS black-hole (3.1). To this end,

we first take the near horizon limit (3.18) and obtain the metric (3.19), with

by
e = — %
(©) 1+ a?/12 + 622’

1+ a?/I? + 62

) = ———
0 Ll
~v0) = il4(a2/l2 + %)% sin? 6,
S,
L (a/ 1)z
(/12 + 22)(1 4+ a?/I%2 + 622)’
) , a1+ a2
7'0 =

2\ (2 _ 02 /12 cone?
10) = q(1+33 ) (% — a*/1% cos? 0) (3.23)

2¢  x%24a?/1%cos? 0

and = ry/l as before. The asymptotic symmetries of this metric contain diffeomorphisms ¢ such
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that [61]

0cA, = LA,
6Cg;w = ‘CCg/yuu (324)
as well as a U(1) gauge transformation
onA = dA. (3.25)

We will shortly see that the diffeomorphism and gauge transformations ({, A) obey an algebra and
that their associated charges (¢ A obey the same algebra up to a central charge term. The charge

difference between two neighbouring metrics g,,, and g, + g, is [8, 61]

5Qcn = g [[(cliigl + Kealhoag. 4) (3.26)

with
ay =6A,, hu =09,
Khig) = ieaw[g@#h — (YDyht + C,DVRM + %hD”(“ — h¥ D, ("

- %h‘”’(D“CU + DyCM)]da® x daP (3.27)

and
Ken = éeam[(—%hw” +2F 7 h,Y — SFM)(CPA, + A) — F*(Tay — 2F*(Vaq
— 9" g"Pa, (LA, + 0,M)]dx™ x dzP (3.28)

with 0FH = ghog"B(D4as — Opay).

In order that the integral (3.26) be well defined we must impose suitable boundary conditions which
fulfil the conditions given in [74, 75, 76]. The choice of boundary conditions determines the asymptotic
symmetry group (ASG), which is nothing but the allowed symmetries (those preserving the boundary
conditions) modulo the trivial ones (those for which the associated charges vanish). The idea is to make
the boundary conditions as weak as we can whilst keeping the consistency of the theory 4. Consistency
implies that the charges associated to the diffeomorphisms have to be finite (or may vanish). We show
in the appendix that the surface charges defined in (3.26) with the boundary conditions given in [8]

are finite and integrable. Choosing these same boundary conditions for the NH metric (3.19) yields

O(r*) 0@1) o@/r) 0(1/r?)
o) o/r) od/r)
O(1/r) O(1/r?)

o(1/r?)

Py ~

4Making the boundary conditions weak amounts to choose them such that most of their contributions to the conserved

charges associated to the diffeomorphisms ¢ vanish at infinity (r — 00). See egs. (A-3) and (A-4).
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and for the gauge field
a, ~O(r,1/r,1,1/r?) (3.29)

all in the basis (¢, ¢, 6, r). Making the choice
A=—f(0)e()

for the compensating gauge transformation [61] satisfies the above boundary conditions.

The most general diffeomorphism preserving these boundary conditions is
E=[C+0O1/r*0, + [—ré (¢) + O)]0, + O(1/7)0p + [e(d) + O(1/1%)]0, (3.30)

where C is an arbitrary constant and €(¢) an arbitrary smooth function of ¢. This includes the
diffeomorphism

¢ =€edy— 1€, (3.31)
where € = de/d¢$. This yields the Virasoro algebra
i[Cmv Cn] = (m - n)Cm+n7 Cn = C(En) with €, = —e~in¢

and

[A’rn)An]C CerLauAn - CﬁaﬁbAm

i[Am, An]le = (m—n)Amyn
which is the algebra of the ASG.

As noted above, the charges @,, associated with these diffeomorphisms and gauge transformations

(Cn, Ap) satisfy a similar algebra

H{QumiQu) = (= 1) Qe+ o= [ (Kelhigl + Kalhaig. 4)
= (M —1)Quin + 1%(7# — ) Smn 0 (3.32)

the distinction being the central charge contribution, where « is a constant obtained after we parametrize

Qr. Proceeding as in [61] we therefore get a central charge
3k
c=— [ VI(0)v(0)a(0)db. (3.33)

To determine the temperatures of the left and right-moving CFTs, we make use on one hand of
the first law
TdS = dM — (wpdJ + dQ) (3.34)
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and its extremality constraints
T%dS = dM — (widJ + ®°¥dQ) =0

to obtain

TdS = —[(wn - wi)dJ + (@ — 5°7)dQ).

These variations can also been expressed as

dJ  dQ
s = = + =2
S=7,tT

(3.35)

(3.36)

(3.37)

We recall that for a scalar field its expansion in eigenmodes of the energy and angular momentum

is [8]

P — Z Dy efiEfﬁ’iJ’LZfs(,r’ 0)
E,J,s

for a Kerr-AdS black hole. Near the horizon, the factor

eszthsz

becomes

e—z‘Et’+iJzL — o UB-wiT tro/etidy

e—inRt-‘rinL’(/)

upon using (3.18), where

ng = (E—wp"J)ro/e,

nL:J.

(3.38)

(3.39)

(3.40)

For any system the density of states is p = e, with S the entropy. Using this fact we extend the

preceding expressions of np and ny for a Kerr-Newman-AdS black hole to

ng = (E—wi®J—®“Q)ro/e,

’flL:J

(3.41)

so that the density matrix in the energy and angular momentum eigenbasis has the Boltzmann weight-

ing factor

e~ (E—wnJ=2Q)/Ty _ —(nr/Tr)—(n/TL)—Q/T.
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and is a diagonal matrix when tracing over the modes inside the horizon. Comparing both sides of

this equation yields the temperatures of the left and right-moving CFTs

T o _aTH/a.T
L= Owy [0z |,
TR = THTO )
€ exr
6TH/8x
T, = ———— 4
c 0®/0x |, (3.43)

as well as the T, term in (3.42). For extremal black holes Ty = 0 we see that Tp — 0 and a

straightforward computation shows that the temperature of the left-moving CFT is Tp = ﬁ and

_ 1 [3(a®/1? 4 22°) + 22 — 1)(a?/1* 4 2°)
~ 2mq (x2 —a?/1?)

T. (3.44)

which is proportional to an inverse length (~ [71).

The upshot of this exercise is that an extremal Kerr-Newmann-AdS black hole is dual to a 2d
conformal field theory at its boundary with a mixed state whose density matrix is expressed below.
The Hartle-Hawking vacuum state is generalized around the Kerr-Newman-AdS black hole with a
density matrix

p=e¢ 7L Te, (3.45)

Substituting our results into the CFT entropy from Cardy’s formula, which states that the entropy of
a unitary CFT at large T" or with 7' >> ¢ satisfies ®

2
Scrr = ?CLTL (3.46)

yields
Scrr = gl2(a2/l2 + 2?%) (3.47)

which is in agreement with the expression in (3.22). Conditions for the applicability of (3.46) have
been given in [8] in situations where T >> ¢ does not hold. We shall see that a sufficient condition
for the applicability of Cardy’s formula in the super-entropic case is to set the electric charge ¢ to be

large.

5For a conformal field theory on a Euclidean torus, the partition function with periodic time is Z[38] = Tr e PH —
e~ BF. Very low temperature (3 — oo) are characterized by the free energy dominated by the lowest energy state. It has
been shown [77] that the vacuum state on the cylinder has the Casimir energy H = —c/12 (c is the central charge) which
implies that the partition function takes the form Z — e%#/12 as 8 — co. In an Euclidean space both directions of the
torus are equivalent, i.e. we can assume that o is the time and 7 the space. Since we want the spatial direction to range

in the interval [0, 27) we will use the transformation 7 — %"T, o — %’ra. This yields the relation Z[472/8] = Z[8] and
(3772
implies that the partition function now reads as Z — e 38 as 3 — 0. In the case of a 2d CFT, the entropy of a system

at large energy scales as S(F) — NVE where N is the number of degree of freedom of the system. From the above
equations, the free energy scales as F ~ N2T?2 with N2 = ¢, so does E. It follows the Cardy formula S ~ N2T = ¢ T.
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KNDS KCFT

SE SE-CFT

Figure 3.1: The above diagram indicates the various limits we are considering for the Kerr-Newman-
AdS (KNDS) black hole: the Super-Entropic (SE) limit, the Kerr-CFT (KCFT) limit, and both limits
together (SE-KCFT). The horizontal arrows (in red) are the near horizon limit (NH) and vertical ones
(blue) the ultraspinning limit. The resulting black hole is obtained by taking both limits one after

another; we find that the same SE-KCFT limit results, indicating that the square commutes.

3.4 Super-entropic-CFT correspondence

In this section we establish that the ultraspinning super-entropic limit (3.2)—(3.4) commutes with the

Kerr-CFT limit (3.18), as shown in figure 3.1.

Let us first consider the lower path in figure 6.1a, which consists in starting with the Kerr-Newman-

AdS black hole and taking the super-entropic limit, obtaining (3.2). The next step is to take the

near-horizon limit of the extremal version of (3.2). We obtain the metric (3.19), now with

Eazz + cos? 6

rg = —-——->"7
() 2 14322
2
0) = 1+ 3z2),
a () sin20( +377)
a4, (T42?)?
v(0) = I[“sin 07x2+c0s29’
Eo— T
(T +22)(1 4 322)°
9 2 1422
g, = ———s
0 21+ 322’
1+ a2) 22 — cos? 6
o) = ) (3.48)

r 22+ cos?0

whose functions are also given by the a — [ limit of (3.23). The resulting metric likewise has the same

topology as that of the metric (3.2), with punctures at the poles [64, 12].

To compute the entropy of the corresponding CFT, the steps remain the same as described in the

previous sections. We impose the same boundary conditions and therefore the same diffeomorphisms
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and ASG. The central charge is now

¢ = Sk / IO @)a(@)do

27
3k
= PR 42
7r
3xul?
= —_— 3.49
(1 + 322) (3:49)
using (3.48). We remark that c¢ is very small when the electric charge ¢ becomes very large.
Considering the extremality constraint of the extended first law, we obtain
T7°dS = dM — (wi*dJ + @°7dQ + K" du)

— (3.50)

with p the new thermodynamic variable whose conjugate is K in (3.9). The first law then takes the

form
TdS = —[(wp, — wi)dJ + (D — D°%)dQ + (K — K°)du] (3.51)
or alternatively
_dJ  dQ  du
s = T + T, + 7, (3.52)

In this case the Boltzmann factor reads as

o (BE—wnJ—2Q-Kp)/Tr (3.53)

and we extend ngr and ny, as follows

nR (B —wi®J —@°°Q — K u)ro/e,

ng = J (3.54)

It then takes the final form

e—nR/TR_nL/TL_Q/Te_H/TI—L. (355)

Evaluating ng at the extremal limit, we find that it vanishes, unlike the situation for the Kerr-CFT
case. Hence ngi can be interpreted as a quantity that measures a deviation from the extremal limit of

a super-entropic black hole.
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It follows from the preceding relations that

T . 8TH/87’+
v Owp /Ory |,
Tr = %OTH ;
T _ 6TH/67"+
© 3@/8T+ 617
aTH/a’f'+
T, = ——— )
g oK o |,, (8.56)
which are explicitly
oo L _ (1+ 22)(1 + 32?)
LT oork 2nw ’
TR = 07
o 1 (Bz2 +1)(22 +1)
c nq (z2-1) ’
1 (14 32?)

We remark that T}, is a quantity inversely proportional to the square of a length (~ { ~2). Furthermore,

Ty, > c for sufficiently large g, justifying the use of Cardy’s formula (3.46) at least in this regime. We

therefore find upon insertion of (3.49) into (3.46) that

Scpr = %12(1 +2?) (3.58)

for the extremal super-entropic black hole.

Turning now to the upper path in 3.1, we must take the limit a — [ in the metric (3.19) using the

functions (3.23). This is straightforward and yields exactly the equations (3.48), where (as in (3.4))

we must rescale ¢ — ¥Z in (3.19), identifying 1) ~ ¢ + u once the limit is taken. The Hartle-Hawking

vacuum density matrix becomes

p=¢ L T Tn (3.59)

with the temperatures identical to those in (3.57). Likewise, the Cardy formula (3.46) yields (3.58) for

the CFT entropy using central charge and the left temperature obtained in (3.33) and (3.57)respec-

tively, thereby establishing the commutativity of the Kerr-CFT and super-entropic limits.
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3.5 Super-entropic black holes of gauged supergravity

The second set of black holes are black holes of minimal gauged 5d supergravity whose metric is [65]

2w fw? % I
ds* = dy’— o+ di? + Zdf?
° Yoy T TR T
3
4 = Vi (3.60)
by
where
S 2d£2 =2 2 - =2 b2 =
o = 2T 9 2048 + T cos? 09,
Zah Ha =p
v = bsin?0de + acos® Ody,
Sdi _do _dy
w = — —gsin® 9_—¢ — bcos? Q?w,
Zalh Za b
S = Z,cos?0+ Zpsin?6,
(72 + a®)(7? 4+ b?)p? /12 + ¢* + 2abq
A = -2 —2m,
Y = 7 +a’cos’0+b%sin?0,
2= P4l
2
- a
Za = 1-— ﬁa
- v
=p = 1- ﬁv
2abq
f = @m+ E )z — g2 (3.61)
Considering coordinates that rotate at infinity
- - a
(b = QSR + ﬁta
= - b
Y = Yr+ 2t (3.62)
we rewrite the metric in the more suitable form [78]
4
ds* = —e%? + Z ele’ (3.63)
i=1

35



with

A
0o _
€ T2+y2 ’
2 2
et = o/t zy dr, (3.64)
Y L
e = o 5 (dt — Pdyy),
=2 4 .2
3 re+y
= d
€ % Y,
4 ab ! 2 -2 =22 qy?
= D — P)dipy — PyPdipe + ——F
€ ry< +(y° —7)dyr — 7y ¢2+ab(r2+y2)w>
and
vy - 04y — )0 —y?)
= 2 ,
w = dt +yPdyn,
£ = T—(a®+ )1 — a®b%ihs,
B a  og b Yr
Vo= a27b25a+b27a25b’
v — 1 ¢n 1 dn
2 a® —a?) 2, ' bla®—b?) 5’
> = a’cos? 0+ b?sin? 6. (3.65)

Let us introduce new notations @ = ¢r/=, and 1) = 1r/Z;. The thermodynamics quantities for these

black holes are

a(rd +b%) + bq

Yo T (rl 4+ a?)(r? +b%) + abg’
e = b(r3 +a?) + bq
(r2 4+ 62)(r2 + b%) + abg’
T ri[l4 (2r2 +a® +b%)/1?] — (¢ + ab)?
2rry [(r3 + a?)(rd 4 b2) + abq]
g = Tl Aa)rs £ 0+ abg (3.66)

25,54

and are the angular velocity in the direction @ at the horizon, the angular velocity in the direction 1
at the horizon, the Hawking temperature and the entropy of the black hole respectively. In the case

of an extremal black hole r solves
ri 1+ (2r3 4+ a® + %) /1] — (¢ + ab)® = 0. (3.67)

This equation admits a positive root that grows as long as the charge ¢ gets larger.
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Let us consider first the upper path as in figure 3.1. Assuming extremality via (3.67), upon taking

the NH limit

the vielbeins (3.64) take the form

where

and

k1

ko

aq

Q2

A

P2

t = tro/e,
6 = 9,
T = Try+rore,
¢ = ptuwptro/e,
v o= Y+ wytro/e
eV = T'(0)rdt,
dr
1
= re)—
‘ g
e = a1€1 + Qgeg,
e = T'(0)a(6)ds,
et = Bier+ Baen
12 P
43r2 + 12+ a? + b’
ol
(Eqcos2 0 + Zysin? 6)T(0)’
dy + kirdt,
dyp + kordt,

l2[(ri + a2)(r3 + b2) + abq]
4r2 (3r2 + 124 a® + b?)
l2[[a(r3_ +b%) + bq|(ri 4+ b%) + bqri]
2r [(r3 + a?)(rd 4 b?) + abq|[3r3 + 12 + a? + b?]
Pb(r3 + a®) + ag)(r + o) + agri]
2r+[(ri + a2)(rf_ + b2) + abq] [37"3_ + 12+ a? + b?]

Y Ti—i—aQ

= a . —
ri+y2 aZ — b2’

_ Y rf_—&—bQ
- Ti+y2b2—a27

(a® — y?)laqy® + b(r3 + a?)(rd + y?)]
reula® = (% )

(0% = y*)[bgy” + a(r +0%)(r1 +y°)]
rey(b? —a?)(r] +y?)

)

)
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The computation of the central charge requires the choice of boundary conditions

O(r2) O(1) 0(2) O(fr) O(1/r?)
o) o) o) o/
hyw ~ o) o@1/r)y o@1/r) (3.72)
o(/r) 01/
_ o(1/r?)

in the basis (¢, ¢,1,0,r). The diffcomorphism that preserves these boundary conditions is

£ = [C+0/r))0 + [=r(e(¢) + € (¥)) + O1)]0, (3.73)
+ O(1/)0 + [e(p) + O1/r*)]0, + [e(v) + O(1/1%)]0y

It clearly contains the diffeomorphisms

Co = €(9)0, —1€(©)0r,
Cp = €(¥)0y — 1€ ()0 (3.74)

When following the same steps than the previous cases the diffeormorphism ¢, gives rise to central

charge

o = 3k /\/r a(0) (a2 — aiB2)2d0dpdi)
37Tk1[(7"+ +a?)(r3 +b%) + abq]

= 3.75
o .5 (3.75)
Similarly for the diffeomorphism ¢y,
3k2 5
Cp = \/F )Ja(0)(azf1 — a1B2)?d0dpdi)
3 k 2 +0? b
_ 3k, r++a)£t+ )Jraq]. (3.76)
2r Ho S
The first law of thermodynamics and the extremality constraint (3.67) give
TdS = —[(wy —wy")dJ, + (Wy — wy")dJy + (P — °)dQ)] (3.77)
and can be rewritten as
ddJ. dJ. dQ
ds = T8 4 28 4 TF 3.78
T, Ty T, (378)
The Boltzmann factor for black holes of gauged supergravity reads as ¢
e~ (B-woJo—wyJy—2Q)/Tu _ o—nr/Tr—n¢/To—ny/Ty—Q/Te (3.79)

61n order to get a correspondence with a 2d CFT, the ratio ny, /Ty, is regarded as np/Tr = ny/Ty + ny /Ty
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where

ng = (E- we'Jp —wyt Iy — DrQ)ro/e,

Newy = Jouy- (3.80)

We then get the temperatures of the left and right-moving CFT’s as well as the quantity T, associated

to the electric charge

T _OTy/Ory | _ 1
¢ Owy/Ory |, 2ky’
T _ 8TH/87”+ - L
v Qwy /Oy |, 2ky’
TR = TZTO = 07
8TH}5T+
T. = — . .81
) aq)/arJr ex (3 ; )

The applicability of the Cardy formula (3.46) again requires large ¢ and small rotation parameter

compared to the AdS raduis a < [. Thus, the CFT entropy is ”

2 7T2

T
Scrr = §C¢T¢+§C¢T¢
r2 +a?)(rZ + ) + ab
2r 2.5

for the extremal black hole (3.63).

The super-entropic limit of (3.63) can only be taken in one azimuthal direction [64]. Without loss

of generality, we choose this be the ¢-direction, setting a — [ and requiring the new coordinate ¢ to be

periodic with period p. Replacing ¢r/Z, with ¢, the vielbeins and associated parameters are obtained

by a =1 in (3.64) and (3.65) respectively. The thermodynamic quantities of this super-entropic black

"In the corresponding 2d CFT the product of the left central charge and temperature is interpreted in term of the

coordinates ¢ and ¢ as cpTp = cpTyp + cyTy-
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hole are [64]

M o= H(m+bq/l)(2+5b)7
8 =p
B Hlerbq
Jo = 4 =,
w2bm + q(b? +12)/1
Jy = = ,

oo

p
=p

I(r3 +b*) + bq

Yo T (r2 +12)(r2 +b2) + lbg’
wy = b(ri +12) +1g
(r3 +12)(r3 +02) + lbg’
T, — T2 4 0)/P (g4 b
2rr [(r2 +12)(r2 +b2) + lbg]
s - prl(ri 4 12)(r3 + b%) + lbg] _A
4r 5, 1’
o — V3qri
(r2 +12)(r2 +b2) + lbg’
1v3q
Q = K2 (3.83)

and are the mass, the angular momentum in the direction ¢, the angular momentum in the direction
1), the angular velocity in the direction ¢ at the horizon, the angular velocity in the direction v at the
horizon, the Hawking temperature, the Bekeinstein-Hawking entropy, the electric potential and the

electric charge of the black holes respectively.

Upon taking the NH limit (3.68) for the extremal case

P+ (202 P12~ (g +1b)2 =0 (3.84)

we obtain (3.69,3.70,3.71) with a = [. This is the same result as that would be obtained if the

super-entropic limit of (3.69) were taken.

After fixing the same boundary conditions (3.72) we find

_ 3kpf(r + 1) (r3 4 %) + Ibq]

3.85
“ r, 5, (3.85)
and
3k 22+ +1b
4’1"+ =p
the central charges, this result is valid for both the upper and lower paths of figure 3.1.
For either path the first law of thermodynamics and its extremality constraint are

TdS = —[(wy —wy)dJ,+ (Wy —wy")dy + (P — @)dQ + (K — K“")dp] (3.87)
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which we write as
dJ, % dQ  du

s = =22 & ,
S=Frt Tt T (3.88)

and the Boltzmann factor is

o T (Bwodo=wy Jy—0Q—Kp) _ ~TE - i (3.89)
where
; . p . T
np = (E—wJ, —wiJy — 0°Q — K p)—,
€
Nepqy = J@ﬂp. (390)

The temperatures of the two left and one right-moving CFT’s and the quantities T, and T}, respectively

associated with the electric charge and the chemical potential are

6TH/8T+ 1
T, _HufOry )
0wy /0y |, 2k,
aTH/8T+ 1
Td) = _—_ = y
5w¢/ /87'_;,_ e ka
T
TR = aro = 0,
€ exr
T _ 8TH/87"+
¢ - 8@/8r+ e:L”
aTH/aT+
T, = ———— 3.91
" aK/6T+ exr ( )
upon comparing the two equations in (3.90).
Finally, we find that the CFT entropy is
w[(r2 +12)(r2 + %) + lbg
Sopr =1 (g 0y ) ] (3.92)

47‘+Eb
for both paths. As before, a sufficient condition for the Cardy formula (3.46) is that the electric charge

q is sufficiently large, thereby ensuring that T, > c and T, > c.

3.6 Conclusion

We have demonstrated that the super-entropic black holes, despite the non-compactness of their hori-
zons, have well-defined Kerr-CFT correspondence limits. These limits are robust: the CFT limit of a
super-entropic black hole yields the same results as the super-entropic limit of an extremal near-horizon
Kerr-AdS metric. Indeed, we verified that we always end up with the same outcome depending on

whether we follow either the upper or lower path in figure 3.1. Our work enlarges the class of metrics
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respecting the Kerr-CFT correspondence in novel directions (black holes with non-compact horizons

of finite area) whose implications remain to be explored.

A remarkable feature of super-entropic black holes is that the new variable u, interpreted as the
chemical potential and obtained from compactification of the azimuthal direction, not only enters into
the Cardy formula to yield an entropy for the CFT, but also yields a new quantity 7}, that appears in
the Hartle-Hawking density matrix. The latter scales as the inverse of the square of a length (~ [~2)

in 4d or more generally as (~ [279) in all dimensions d.

We note that the Kerr-CFT correspondence only applies for singly-spinning super-entropic black
holes in d = 4, since the extremality condition does not hold for d > 4. The d = 5 gauged supergravity
super-entropic black holes, however, do exhibit the correspondence. In both cases, a sufficient condition
for the applicability of the Cardy formula (3.46) is that the electric charge of such black holes is taken
to be large. This is in contrast to both Kerr-Newman-AdS and gauged supergravity black holes in

which both large electric charges and small rotation parameters compared to the AdS radii (a < ),

are required.

We expect that the Kerr-CFT correspondence for the recently obtained multiply spinning super-

entropic black holes [64] can be established using arguments similar to the ones that we have presented.
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Chapter 4

Higher order corrections to

holographic black hole chemistry

Unlike the previous chapter, we focus here on the AdS/CFT correspondence and try to extend it to
gravitation theories beyond Einstein’s theories that are referred to as Lovelock theories. Our study is
made possible by the definition of a holographic dictionary, which connects thermodynamic quantities
and laws in the bulk to those in the dual CFT. The validity of these holographic laws for Lovelock
theories endorses the AdS/CFT correspondence. As in the previous chapter, some background on black

hole chemistry (see section 2.5) is required to a better understanding of the content of this chapter.

4.1 Introduction

For nearly two decades the AdS/CFT correspondence [6] has been the subject of intense research,
motivated by the fact that it posits a connection between an anti de Sitter (AdS) black hole and a
conformal field theory (CFT) defined on its boundary. In the context of black hole thermodynamics,
an understanding of the physics of the AdS black hole can be reinterpreted in terms of a thermal

system on the boundary field theory and vice-versa.

The general assumption underlying nearly all investigations of the AdS/CFT correspondence is
that the cosmological constant is a fixed parameter. However increasing interest has been focused on
regarding the cosmological constant as a thermodynamic variable via the relation

A (d-1)(d-2)

= — = 4.1
87TGd 167Tl2Gd ( )
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where P is the pressure of the black hole system [57]. With this comes the associated concept of
volume V for a black hole, which is the thermodynamic conjugate of pressure. The extension of
thermodynamic phase space to include these two variables has led to the realization that black holes
can exhibit enormously rich and diverse phase behaviour, including Van der Waals phase transitions
for charged black holes [16, 17], triple points analogous to water [18], re-entrant phase transitions
analogous to those seen in gels and polymers [19], and even superfluid phase transitions analogous to
those in superfluid helium [20]. This burgeoning subfield is now referred to as black hole chemistry

[21]

It is therefore of interest to ask what black hole chemistry implies for the variables in the boundary
field theory. What do the first law of thermodynamics, the Smarr relation, and so on look like on the
CFT side? The quantity [ in (4.1) is the AdS radius and is related to the number of colours N in the
dual gauge theory via a holographic relation of the form [24]

L N? (4.2)
Gq
where the d-dimensional gravitational constant G4 has a length dimension of d—2. This kind of relation
was first introduced in the AdS/CFT correspondence from string theory [6], in which an AdS5 x S5
spacetime appears to be the near horizon geometry of NV coincident D3 branes in type IIB supergravity.
The correspondence between an AdSs x S° spacetime and a A" = 4 SU(N) Yang-Mills theory on its
boundary was expressed as follows

4 Pl
= YRy (4.3)

V204
0
where ¢p; is the 10-dimensional Planck length. From the two preceding relations we can remark that

the variation of the AdS radius [ amounts to the variation of the color number N in the boundary

Yang-Mills theory.

An interesting subject to think about is on the nature of the connection between the bulk and the

CFT on its boundary as well as its implications when we are in presence of another theory of gravity.

The suggestion that varying the pressure, or A, is equivalent to varying the number of colors, IV,
in the boundary Yang—Mills theory has been proposed by a few authors [79, 80, 81], with V being
interpreted in the boundary field theory as an associated chemical potential u for colour. This has
the consequence that the variation of A in the bulk moves on around the space of field theories in the
boundary. Alternatively, one could keep N fixed, so that field theory remains the same, in which case
varying A in the bulk corresponds to varying the curvature radius governing the space on which the

field theory is defined [24].

From this latter perspective, a generalized Smarr relation can be derived by considering the ther-
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modynamics of the dual field theory [24]. Noting that the free energy of the field theory scales simply
as N2, we have

Q(N, 1, T, 1) = N*Qo(u, T, 1) (4.4)

in the limit of large N. For a conformal field theory the equation of state reads
E=(d-2)pV (4.5)

and together with (4.4) can be used to obtain the standard Smarr relation (d—3)M = (d—2)T'S—-2PV

for an uncharged AdS black hole. In this sense equation (4.4) can be regarded as a ‘holographic Smarr

relation’. Since N? ~ %, varying A is equivalent to varying the AdS length [, and since N is fixed,

G4 must also be varied.

The purpose of this chapter is to investigate the holographic Smarr relation (4.4) beyond the
large N limit, including sub-leading corrections to this relation. We will see that relation (4.4) can
be generalized to a form that includes subleading 1/N corrections whose bulk correlates are related
to the couplings in Lovelock gravity theories. Lovelock theories are higher curvature or derivative
generalizations of Einstein’s theory, and in the context of string theory are understood as quantum
corrections to Einstein gravity. We shall show that the Lovelock couplings are related to a function of

N, with variations of the Lovelock couplings in the bulk dictating the behaviour of the corresponding

CFT via the variation of these functions.

Inquiries on how far this generalization extends (or what are the limits thereof) for a given black
hole are also be of considerable interest. The bulk Smarr relation and the corresponding CFT equation
of state are both expected to be satisfied at the lowest order (Einstein-Hilbert action). We shall look
at what happens at higher order, considering especially the CFT equation of state to see whether or

not it breaks down.

In section 2, we review some important notions and relations for Lovelock black holes, particularly
the first law of thermodynamics and the Smarr relation. In section 3 we investigate how these important
relations in the bulk theory are viewed in the CFT, particularly with regards to the derivation of the
equation of state in the boundary field theory. Section 4 is devoted to the holographic derivation of
the Smarr relation where we mostly make use of the equation (4.36) of the holographic dictionary and
by regarding the grand canonical function {2 as a homogeneous function of functions of N. In section 5
we check the validity of the equation of state, introduced earlier in section 3, for some particular cases
of black holes, including spherically symmetric AdS lovelock black holes, rotating planar black holes
in Gauss-Bonnet-Born-Infeld gravity, and non-extremal rotating black holes in minimal 5d gauged

supergravity. An explanation of the dependence of the function of NV is in section 6, and in the last

section we make some concluding remarks.
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4.2 A Review of Lovelock black holes

In this current section we review the derivation of thermodynamic quantities associated with Lovelock

black holes and some relations implied by these quantities.

Lovelock gravity is a generalization of Einstein’s theory whose action and field equations are non-
linear in the curvature whilst always maintaining second-order differential equations for the metric.

Its Lagrangian has the form [13]

d—1

1 2
L= Ay L) 4.6
167Gy k;a(’“) (4.6)

with d the spacetime dimension, &) the Lovelock coupling constants for the k-th power of curvature,

and L(*) the Euler density of dimension 2k. These Euler densities are expressed as

L(k:) _ i&alblv--akkaCIdl ..Rckdk (47)

2k, crdy...cpdy a1by’ apbg

where the 5511511:::3:5: are the totally antisymmetric in both set of indices of the Kronecker delta

functions and RZ’;ZE the Riemann tensors.

From the Lagrangian (4.6, 4.7), the variational principle yields the vacuum equations of motion for

Lovelock gravity, which are

with G(*); the Einstein-like tensors, which read as

1 aaibi...apby pcidy Rckdk (49)

(K% _ _
G b — 9k+1 beidy...cpdy “rarby T tagby

and each of them satisfy independently the conservation law VaG(k)Z =0.

If we minimally couple the theory to a Maxwell field F;, the action is

d—1
1 2
S = dlx\/= Aoy LF) — 4G Foy F). 4.10
167er/ v g[kzzoa(k) hrdtab } ( )
and yields
d—1
2 a 1

Gy GW), = 81Gy[FuFf — 1 JabFeaF ] (4.11)

k=0

for the equations of motion. Without solving these equations, it can be shown for solutions of asymp-

totic constant curvature that the first law of thermodynamics and the Smarr relation respectively
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are

. =
OM = T5S+usQ — 1o m > vMsag,
k=0

d—1

(d—3)M = (d—2)TS+(d—3),uQ+§2(k_1)\11(k)
k=0

D T (4.12)

where the solution is characterized by a mass M, a charge @), Lovelock coupling constants &) each

having thermodynamic conjugate W) and (if it is a black hole) a temperature T, and an entropy S.

Restricting attention to spherically symmetric metrics

ds* = —f(r)dt* + f(r) tdr® + r2dQ%K)d72
F = r(%dt A dr (4.13)

where dQ%K) 4_o is the line element of a compact space of dimension (d — 2) with constant curvature
(d—2)(d—3)k (k = —1,0,1), the equations of motion (4.11) for charged spherically symmetric black
holes of mass M read [82, 83, 84, 85, 86, 87, 88|

N, (PN t6nGaM 871G Q>
M) T @ -9
(4.14)
where the charge is given by
1
Q=—"y /*F (4.15)
2w,y
and where w((il_)Q = % and
o 7d(0) o] =&
0 (d_l)(d_2)7 1 (1)
2k
) H(d —n) for k>2 (4.16)
n=3

is a simple and useful rescaling of the Lovelock couplings.

Iy

Computing the temperature T' = ~——

via standard Wick rotation arguments, we need not explic-

itly to know f(r) in order to determine the mass M, temperature T, entropy S and electric potential
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w of the black holes. These thermodynamic quantities are [85, 89]

(n) 2
w W Q
167er Za’“’i T S gy, s
1 _ 87TGdQ2
T = —M— (d—2k—-1 R L 4.17
oy [ZW G = e (17
S Wt(iﬁ)Q(d _ 2) k‘lik_lakrflf%
4Gy — d— 2k ’
uo= Wfin)2
(d—3)p "

with D(ry) = 3, _; kay(kr; )51 and 7y the horizon radius. From the extended first law (4.12) and

Smarr relation (4.12) we can obtain the thermodynamic conjugate quantities k) [90, 91]

VA k>0 (4.18)

wt(i’i)Q(d -2 pd—2k | F AmkT
167Gy *  |ry d—2k

in terms of the rescaled coupling constants. The above quantities satisfy the Smarr relation (4.12).

From these quantities it follows that the thermodynamic pressure and volume are given by

A (d-1)(d—2)

P = — =
871Gy 16nG, O
e i
Vo= 419
n+1 ( )

where n = d — 2.

Before proceeding we pause to comment on the relationship between these quantities and the more
standard notions of thermodynamics bulk pressure and volume in black hole thermodynamics, which

are [92]
oM

A
P, = & and V, = pr‘s,Qb,a;cgl'

(4.20)
The first relation is the standard identification of « with the cosmological constant [90]. Hence
PV = ap¥©), (4.21)

The CFT pressure and volume can be defined as p and v = wff)R". The pressure p has a length
dimension of —(n + 1) and R is the radius of the sphere on which the CFT is defined.

4.3 Equation of state

In this section we derive the equation of state by looking at how transformations of parameters on

the field theory lead to transformations in the bulk or vice versa. An example of this is the proposed

48



correspondence between varying the cosmological constant A ~ (cp) in the bulk and variations in the

number of colors N in the field theory [81, 79, 93, 94, 95].

The Smarr relation (4.12) has been posited [24] to be derivable from the scaling properties of

the free energy of the dual field theory in the limit of a large number of colors N. The free energy
Q(N, p, T, 1) of the field theory dual to Einstein-AdS gravity scales as (4.4)

Q(N,/L,T,l) = N2QO(:U/7TvZ) . (422)
where N2 is the central charge. Extending Q(NV, i, T, 1) to Lovelock gravity theory we posit

QN, 1, T 0y, R) = 3 gr(N)Q (1, T, . R) (4.23)
k=0

where the gi(N) are assumed to be polynomial functions (as suggested in [24]) of N. We will see in
the next section that this form is of great interest in the derivation of the holographic Smarr relation

for Lovelock gravity.

Noting that the thermal properties of AdS black holes can be reinterpreted as those of a CFT at
the same finite temperature [23], the grand canonical free energy and its density are expressible in
terms of the on-shell action the (Euclidean) bulk solution as [24]

Q = M-TS—uQ,

Q = M-T5-uQ (4.24)

where the quantities M, S and Q are the respective mass, entropy and charge per unit volume of the
CFT. Note that these thermodynamic quantities are defined on the boundary and have the following
form: Q ~ Qpl, p~ pp/l, 045 = a,12(=F) and \Ilgf) = ¢F2(-=1) while others are kept unchanged.

Let us consider conformal field theories, whose equations of state is obtained by taking into account

the behaviour of the thermodynamic quantities under an infinitesimal scale transformation

as = 0,

Q = 0,

dof = 0 (k>1),

dM = Mad,

dp = (n+1)pd),

dv = —nvd\. (4.25)

A is the parameter associated to the scale transformation. From these relations and the extended first

law of thermodynamics

dM =TdS + pdQ + Y 0 daf (4.26)
k
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we are led to the equation of state

M= (n+1)p. (4.27)

Also the extended first law is reduced to

dM = vdp (4.28)

and (under the constraints of (4.25)) knowing that

, o ®
= %
~ ~ OR
= (Q0pv+ v@RQ)a—p (4.29)
we get
n ~ ~
Orp = EQ + 0rf)
— nQ + R@RQ
= —(n+1p (4.30)

where ROrp = —(n + 1)p because of the length dimension of p. Inserting the equation of state (4.27)
into (4.30) yields

M = —(nQ + RIrQ) (4.31)

or alternatively, using (4.24),

(n41)M = n(TS + uQ) — ROrQ (4.32)
which is the holographic equation of state.

For rotating black holes (4.32) has to be slightly modified; we have to add one more condition to
(4.25)

dJ; = Jid\ (4.33)

with J; the angular momentum associated to the i-th angular variable. The additional condition takes

(4.32) to the new expression

(n+1)M =n(TS+ pQ) + (n+1) > w;J; — Rdrf (4.34)

(2

where Q; is the angular velocity associated with the i-th angular variable and Q = M — T'S — uQ —

Zi wiji .

4.4 Holographic Smarr relation

The grand canonical free energy (4.23) introduced in the previous section is a polynomial on the

variable N2. In Einstein gravity [24] only the first term of  is taken into account. This can be
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justified by the fact that the dual field theories to the black holes are considered to be in the large N
limit.
For a Lovelock black hole nonzero additional terms appear due to contributions from the higher

curvature terms. Without knowing explicitly their form, the dimensionality
[o] = 2(k —1) or oy ~ 21 (4.35)

of the Lovelock couplings implies that

d—2

Br (o) ? =1 = gi(N) (4.36)

for which the k = 0 term is
Bolé™2 = N? (4.37)
recovering the relationship (4.2) obtained previously [24]. Here 3y = ﬁ, with § an arbitrary

dimensionless constant.

Equation (4.36) implies

0X d—2 0X

for any arbitrary function X of the parameters ay. Setting X = 2, equation (4.38) then becomes

o0 d—2 o0
— =g — 4.
U 80ék 2(k - 1) Gk 8gk ( 39)

After multiplying both sides by 2(k — 1) and summing over k we have

> 2(k — 1)ay T —2) ng— (4.40)
k=0 k=0

where W(F) = %. We thus have the general relation

o
Z ak—k (d— 229’“39 (4.41)

k=0

noting that —2ap0,, = 10;. Recalling that the Euler scaling relation f(tx1,...,txy) =t"f(z1,...,Zm)

implies
nf(xy,... xm):z:wﬁ (4.42)
9 ) J J ax]
for a homogeneous function of order n, it is straightforward to see that equation (4.40) can be written
as
Z 2(k — 1)apU* = (d — 2)Q (4.43)
using
o0
Q= g —— 4.44
kzzo o (4.44)



which holds since €2 is an homogeneous function of the g, of degree 1.

More generally Q is a function of (gg, R,Q) and not just the gx. For any function f(I,Z7), its

derivative with respect to [ will be
Z
ofl,Z)|z, = 0uf|z +p 9z fli- (4.45)
if the quantity Z has scaling behaviour Z = ZylP for some constant Zy. For charged black holes,
Ay=1A, pm=1lp,  Qy=0Q/l (4.46)

after converting to a canonical normalized field strength of dimension 2, and the radius R = Ryl for

the boundary CFT since

ds%oundary = _dt2 + 12d9372 (447)
is the boundary metric [24]. Hence we obtain

22 —1aki: d—2) ng—+ +Q—Q (4.48)

and so (4.40) now reads as

> 2(k - 1)ay v

k=0
=(d-2)> 909, 2, 7 + R@RQ|H’T’%21 +Q009, 1.,
k=0
=(d—=2)Q—M - puQ
=(d—-3)M—(d—2)TS — (d - 3)uQ (4.49)
upon using (4.24), which implies
Q= —S8dT — Qdp + vdp+ Y _ Urday, (4.50)
E>1

so that dgQ = —p and OrQ) = vOrp = —M from (4.27) and (4.30). We see that (4.49) is the Smarr
relation (4.12).

4.5 Some cases

The main purpose of this section is to check the validity of the holographic equation of state (4.34) for

a variety of special cases.
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We shall consider spherically symmetric AdS Lovelolock black holes whose metrics are given in

(4.13) and (4.14). The thermodynamic quantities for these black holes are given by

2
- ko, d—1—2k Q
167rG Ri— 220%’{ + 2(d — 3)r? 43 pd—2
d—1
T - d—2 T - kekF™ 1akri 2k
4G4 Ri—2 o d-2k
- Q?
— 4.51
O = gy TR (451)
and
g _ =2 i Zk[i_ 47rkT]
© 16mGy Ri=2lr, d—2k
V=uw{,R"2  R=I (4.52)

From these equations the free energy density looks like

dmkr, T Q?
_ k—1 d 2k—1 +
- 167TGdld 2 Zakﬁ [K d— 2%k ] (d 3) d— 3ld 2

(4.53)

To compute R@RQ} N T.or Ve have determine how the other quantities scale in term of I. It is easy
WML

to notice that 1972/Gq ~ 1%, 7. ~ 12T, Q ~ [3d/2—4pd=2 " ) — akFlz(k_l), Q =1Q, and so

RaRQ‘N,y,T,akF lalQ’ldfz/Gd,u,T,akF
d—2 _ Cop_ 8n(k —1)ry T
- k k—1 d—2k—1 AN — ol — )T+ 4 4.54
167G gle—2 ; T " d— 2k (4.54)
and using (4.17) and (4.51) it is also easy to check that
~ ~ (d—2)T — kr"tayrd 2k Q?
d—1)M+ RO = (d—2

(d=1)M + Ror ( )[4Gdld2 ~  d-2k - (d— 3)r{ 12

— (-2 + Q) (455)

recovering the equation of state (4.32) with n =d — 2.

We next consider rotating planar Lovelock black holes in Gauss-Bonnet-Born-Infeld Gravity. The

action in d dimensions is given by [96]

1
Ig = — / d*z/=g[R — 2A + a(Ruyys B*° — 4R, R* + R?) + L(F)]
167Gy
1 A ab
= 55Ga Jons V=[O + 2a(J — 2G4,0%)] (4.56)

where A = —(d —2)(d — 1)/2I? is the cosmological constant, o the Gauss-Bonnet coefficient and L(F')

L(F) = 4532 (1 —/1+ ;;22) (4.57)

the Born-Infeld Lagrangian
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where 3 is the Born-Infeld parameter which has a dimension of mass, F? = FrE,, with F,, =
OuA, —0,A,. Regarding the boundary term, © is the trace of extrinsic curvature ©2 of the boundary,

G“b('y) is the Einstein tensor on the boundary and J the trace of
1
Top = g(@cdecde)ab +200,.0¢ — 20,.0°04, — 0%0,4) (4.58)

In order to solve the equations of motion derived from the action (4.56) we consider a d dimensional

asymptotically AdS spacetime with k rotation parameters, whose metric reads [97, 98]

k 2 9 k
ds® = —f(r) (Edt -y aidqbi) + % > (aidt — Eldg;)?
=1 i=1

d? S 2 2 5v2
+ fr) T2 Z(aid¢j - ajd¢i) +r°dX (4.59)
i<J

where £ =14/1+ Zf a?/12 and dX? a (d — 2 — k) dimensional Euclidean metric. Using the ansatz
A, = h(r)(E8), - 6,,a;) (4.60)

the equations of motion for the vector potential yield

d—2 ¢ 1 d-—3 3d-7
W) ==\ gg =gy a2t (2’ 2d_2) 2(d_2) _”> (4.61)
where 2 F (a, b; ¢; z) is a hypergeometric function and
_ (d=3)(d—2)¢?
Inserting (4.59) into the gravitational field equations gives
2
r
S 4.
10) = sz~ Vo) (163
where
(d—4)aB?n 1 d—3 3d-7
= 116" Y g (2 : - 4.64
(d—4)(d—3)a d—1 2,.d—1
+ 4(d_2)(d_ DT (A7 4+ (d = 2)(d — 1)m — 48%r" 1 (1 — /1 4+ n)).
Setting f(ry) = 0, from the above expression it follows that m is given by
2Ard—1 4p%r41 ¢ 1 d-3 3d-7
= 1—4/1 2(d — 2 —— o F1( = ; -
m @—2d=1 T @d=a=1" ) 2d -2 2 1<2’2(d—2)’2(d—2)’

with r the horizon radius.
The thermodynamic quantities associated with these black holes are
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M = —-1)=2 -1
_ T+ 201 _ T
_ E a2
S = aa
1 —
Ji = 1671'Gd( — 1)Zma,,
a;
“is g
2(d — 3)(d —2)=
0 (d—3)(d—2)

87TGd e

i—2 ¢ 1 d—3 3d-7
= — - T R = ; 4.
2 V%d—wzﬂﬂ2l(wzw %) 2(d—2) 7”) (4.65)

For the d dimensional black holes whose thermodynamic quantities given above we can see that

1
(d-1)M Tong iz (@ = 2d=1m+ 167erld 2™ Z 12
= ([d-2)(TS+pQ)+(d—1) sz i (4.66)

which is (4.34) upon setting n = d — 2, provided RORQ vanishes.

To compute ROz, we have to keep in mind that the bulk quantities Qy, o, JP, w? are redefined in
the CFT as Q = Qul, pu = /1, Ji = J?/1, w; = lw; we also have 1972 /Gy ~ 1°, 7 ~ I*T, q~ ulrifd
and a; ~ lw; and R = [. Hence a direct computation of (4.24) yields

Q=0 (4.67)
and so

RaRQ|N,u,T,wi = lalQ|l"_1/Gn+17M7T7wi

I (4.68)
as expected.

Finally we consider non-extremal rotating black holes in minimal 5d gauged supergravity. This

provides an interesting non-trivial example with both charge and angular momentum. The metric in
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the Boyer- Lindquist coordinates z# = (¢,r, ¢, 1) reads [65]

Ag 2 f{ Do 2

ds? = ———= 1+ ¢*r?)p2dt + 2quldt + S v +(_ dt — ) +—dr +—d92
:u:pr[( g ro)p q] 2 ¢ g\Ez ¢ A A,
2 2 b2

+ ! —|—a sin? 0d¢? —|— s cos? 0dyp?

Za =p
3¢/ A

A = ff(_ g dt—C) (4.69)
P ZaSb

where

v = bsin®0do + acos? 0dip,

¢ = asin? Gi—qb + bcos? Gi—f,
Ay = 1—d%¢? ZOSQ 0 —b%g?sin’ 0,
A — (r? +a®)(r* + b*)(1 + ¢*r°) + ¢* + 2abg om,

T

P> = r?+a*cos? 0+ b*sin? 0,
Z, = 1-a%¢%
= = 1-—10b%¢?

f = 2mp? — ¢* + 2abqg®p? (4.70)

with a,b the rotation parameters associated to the coordinates ¢, respectively and g is a constant

with dimension of length.

The associated thermodynamic quantities are

mm (22, + 25 — ZZp) + 27qabg?(Z, + Zp)

M e :
b o AR AB)(L+gPrY) +bg
(P +a®)(r? +b?) +abg
- Wi 4a)(L+grl) +ag
b (r3 +a?)(r3 +b2) +abg ’
o i1+ g2 (2r3 +a® +b*)] — (¢ + ab)?
2rry [(r3 + a?)(rd 4 b?) + abq]
g - 2 [(r3 + a?)(r1 4 b?) + abq]
QEaEbT+G5 ’
o 7[2am + qb(1 + a%g?)]
e 4Z27,Gs ’
5o 7[2bm + qa(1 + b%g?))
b 42,52G5 ’
Vi
Q = ==+
4=2,2,G’
3 2
uo= Vaqrs (4.71)

(r3 +a?)(r3 +b%) + abg
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where 74 is the horizon radius and

(r2 +a®)(r2 + v?)(1+ ¢*r%) + ¢* + 2abq
2r3 '

In five dimensions 5d equation (4.34) takes the form

AM = 3(TS + pQ) + 4waJy + 4wy, — RORSL. (4.72)

To check the validity of this equation, we need to underline how the CFT quantities are defined in
term of the bulk ones as in the previous example. Q = Q°l, u = pb/l, J; = J?/I, w; = lwb. Also
B)Gs ~1° ry~1T, g~ plr? and a; ~1 (a1 = a, as = b) and R = I. We compute Q in the
appendix and find from (B-4) that

RaRQ|N,T,u,w7~, - lalﬂ’l?’/Gs,T,u,wi

—4M + 3(TS + pQ) + 4w Jo + dwpdy

(4.73)

showing that (4.34) is satisfied.

4.6 On the g;(IN) dependence on N

In the present section we investigate how the functions gi(NN) can be approximated. To do so we
employ the ansatz that the gi(N) appear as functions of powers of N? [24]. More explicitly, we
assume

ge(N) = O(N2(0=H) (4.74)

which means that for higher order curvature theories (k > 2) the functions gi(NN) are highly sup-
pressed in the large N field limit. We shall here restrict our attention to the leading terms of each
higher curvature contribution. When we look at a higher curvature theory of gravity, the additional

contributions are seen as correction terms to the Einstein-Hilbert action.

To better illustrate what is meant, we can consider a pure Yang-Mills theory, or a field theory
coupled to a Yang-Mills gauge theory, whose Lagrangian L(!) gives rise to planar and non planar
diagrams. We can also consider a Kaluza-Klein-like model which couples gravity to a Yang-Mills gauge
theory so that the general Lagrangian is similar to that of a pure gravity theory . In such theories
gauge field self-interaction terms are part of the Lagrangian L(!), whereas higher order diagrams come

explicitly from higher curvature terms (Rqy1 = Rg + gF? + ...).

Considering only non-planar diagrams with 4 vertices, as shown in figure 4.1, we know that these

kinds of diagrams bring a contribution to the scattering amplitude proportional to N2gi,, = A2,
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(a) (b)

Figure 4.1: (a) This planar diagram contributes to the scattering amplitude with an amount pro-
portional to N2(gyar)® = N2X\° and corresponds to L in the Lovelock theory. As we know that
every closed loop comes with a factor N. (b) The non planar diagram, which is of great interest here,
contributes to the scattering amplitude with a term proportional to N2(gyar)* = N°A? and is linked

to L. The Yang-Mills coupling gy as appears at each vertex of the diagram.

Figure 4.2: The following diagram can be thought of as two similar copies of the four vertices non
planar diagram piled together one on top of the other. It gives rise to a contribution to the scattering
amplitude proportional to N2(gyar)® = N~2)\* and corresponds to L in the Lovelock theory. For the
term in L(®) in the Lovelock theory the corresponding diagram will consist in a stack of k copies of the
four vertices non planar diagram, whose the contribution to the scattering amplitude is proportional

to N2(gYM)2k _ N2(17k))\2k
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where gy s and A are the Yang-Mills and ’t Hooft couplings respectively. It clearly appears that these
diagrams lead to contributions of the order of N in the computation of the scattering amplitude. This

reasoning generalizes to higher curvature terms (k > 2) in the following way:

LO~RY — N?
LM ~RY — NO
L®~R? - N2
L® ~RE 5 N20-R) (4.75)

with R some scalar measure of the curvature. Following the above construction we can infer that there
should be a correspondence between the dependence of the functions gx(N) on N2 and the contribution
of non-planar diagrams to the scattering amplitude (see figure 4.2), where we infer N2(gypr)%* =

N2(=k) N2k This suggests the correspondence (4.74). These results are applicable to any higher-

curvature theory of gravity.

4.7 Conclusion

By considering the grand canonical free energy €2 in both the bulk and the field theory on its boundary,
we have derived a holographic Smarr relation valid beyond the large N limit, with subleading terms
of the from g () arising from higher-curvature corrections of the type found in k-th order Lovelock
gravity. By assuming that  in the CFT is a homogeneous function of degree one of the g (N) functions
we were able to obtain the holographic equation of state (4.34). We illustrated its validity for several

non-trivial cases in Lovelock gravity and in minimal gauged supergravity in 5 dimensions.

We expect that asymptotically AdS black holes will in general satisfy the relations we have derived,
testifying to the robustness of the correspondence between the bulk relations such as the Smarr relation
and the equation of state in the CFT. It was shown [24] that Einstein-gravity black holes whose dual
field theories are the large N gauge theories with hyperscaling violation satisfy a modified equation
of state in the large N limit. We therefore expect that many other non trivial examples of black
holes exist where the equation of state beyond this limit has a slightly modified ! form from the
one we obtained. Some of these black holes are the black Dn branes, which are dual to maximally
supersymmetric gauge theories in n + 1 dimensions. Higher-curvature theories that are dual to gauge

theories with hyperscaling violation should be good examples of such theories. An interesting project

IField theories that are maximally supersymmetric gauge theories in n + 1 dimensions dual to Dn-branes [24] verify

an equation of state of the form (n+1—60)M = (n — 0)(TS + pQ) with 6= 7%.
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for future work would be to investigate for these black holes the form of the equation of state at higher

order.
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Chapter 5

Geons and the quantum

information metric

We now turn our study of the AdS/CFT correspondence toward another aspect of holographic dualities
known as holographic complexities. The complexity we explore here is the volume-complexity which
consists in a conjectured relation between a computational complexity in the CFT introduced as the
information metric ! and a codimension-one volume in the dual bulk space. The point of this chapter
is to investigate on the volume-complexity conjecture for (d+ 2)-dimensional AdS black holes and their
quotient spaces called geons. Geon spacetimes, because of their topology, have a qualitatively distinct

relationship between bulk and boundary as compared to their black hole counterparts. By studying

them, we can see if the proposal in [39] is sensitive (or not) to this feature.

5.1 Introduction

Research in holography has been of interest since the advent of the AdS/CFT correspondence con-
jecture [6], and has since been extended to more general notions of gauge/gravity duality. A recent
new example is the proposal that there exists a dual connection between the geometric length of

an Einstein-Rosen bridge and the computational complexity of the dual Conformal Field Theory’s

IThe information metric is also known as the fidelity susceptiblity. By definition, the fidelity of a state in quantum
information theory is a measure of the closeness of two quantum states. It can be thought of as the probability that a
state will pass a test to identify as another. Considering a one parameter state |¥(\)) and its deformation |¥(A+6X)), the
fidelity of the state |¥(\ 4 d)\)) is defined by the scalar product F' = [(T(A)|[T(A+5N)| =1 —Gax A2+ 0(6X3) where
G\ is the fidelity susceptibility.
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(CFT’s) quantum states [34, 99, 36]. This in turn has led to a broad number of investigations on
the topic, many concerned with its quantum informational aspects and whether there exists a CFT
quantity that is dual to a volume of a codimension one time slice in anti-de Sitter(AdS), analogous to
the relationship between holographic entanglement entropy and the area of codimension two extremal

surfaces [100].

A recent proposal to this end has been that of a correspondence between a quantum information
quantity referred to as the information metric (or the fidelity susceptibility) and the volume of a
maximum time slice of an AdS-like black hole [39]. The notion of a quantum information metric Gy
has been around for quite some time and consists of the comparison between a quantum state of the
CFT and its counterpart in a marginal deformation ? thereof, giving rise to a term proportional to the
fidelity susceptibility. The proposed corresponding bulk quantity is the maximal volume of a time slice
connecting the two boundaries (CFTs) of the dual AdS black hole. After comparing the computations

of each, the following relation
Vol(X,.ax)

Rd+1 (5.1)

Gy =ng

was proposed [39], where ng is the O(1) constant, ¥ a time slice, d the dimension of the spacetime,

and R the radius of the AdS spacetime.

Our intention here is to explore the proposal (5.1) for topologically nontrivial spacetimes. We
specifically shall consider geons. Introduced by Wheeler in 1955 as bound gravitational and electro-
magnetic entities, geons were found to be unstable due to the tendency of a massless field to either
disperse to infinity or collapse into a black hole. Topological geons were introduced somewhat later
[101], generalizing the original construction by allowing nontrivial spatial topology with a black hole
horizon. These objects provide an arena for advancing our understanding of black holes in both clas-
sical and quantum contexts and so are of considerable interest. Specific examples include topological
censorship theorems [102], Hawking radiation [104, 103], and the behavior of Unruh de Witt detectors
as probes of hidden topology [105]. The topological identification inherent in the construction of geons

affects both the bulk interior and its posited relationship to the dual CFT, making these interesting

objects of study insofar as understanding the proposal (5.1) is concerned.

We consider the corresponding geon space of two distinct black holes: the Banados-Teitelboim-
Zannelli (BTZ) black hole in d = 3 and the AdS-Schwarzchild black brane in (d 4 2) dimensions. We
compute the information metric and the maximal volume of a time slice in the bulk for each case and
compare them. Our results suggest that the coefficient ng4 is a function of spacetime topology: we find

in both cases that the proportionality in (5.1) is preserved, but the coefficient is increased by a factor

2By marginal deformation, it is meant a deformation for which the scaling dimension A of the scalar field is equal to

d+1,ie. A=d+1.
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of 4. The information metric is indeed sensitive to spacetime topology.

The current chapter is organized as follows. In Sec. 2 we briefly review the notion and construction
of geons. In Sec. 3, we describe the information metric and compute it for the black holes as well as for
their geon counterparts. Section 4 consists of a computation of the maximal volume of a spatial slice
for each case, and then extends these considerations to the planar Schwarzschild metric and its geon
counterpart. In the concluding section we summarize our results and their implications. Appendix A

contains some computational details of our work.

5.2 Review of geons

The construction of a geon generally makes use of a freely acting involutive isometry that acts on
a (black hole) spacetime. A necessary condition for the construction is that the spacetime must be
time orientable and foliated by spacelike hypersurfaces with a single asymptotic region [106]. The
asymptotic region is generally also required to be stationary and allow conserved charges to be defined

by appropriate integrals.

Let us illustrate this for the BTZ black hole, which is a quotient of AdSs, and its geon counterpart
(the RPy geon) is obtained via further quotienting as follows. The metric for the nonrotating BTZ
black hole is [105]

ds*> = —f(r)dt® +dr?/f(r) + r’d¢?

f(r)

~M +7%/1*  with 7, =I1VM. (5.2)

with [ the AdS radius and r the horizon radius. Writing Eq. (5.2) in Kruskal coordinates, in region

(I) (figure 5.1a) where
U= _e—ur+/l2’ V= emur/l2
d
v=t+r", u=t—r" with r*= o (5.3)

()

it takes the form
l2

ds® = —
s 1+ 0V

[—4dUdV + M (1 — UV)*d¢?] (5.4)

and we remark that the metric in the new coordinates is invariant under the interchange of U and V'
as well as under the translations of ¢. The geon is the resulting space obtained via the identification
(see figure 5.1a)

J (U, V,¢) = (V,U, P(¢)) (5.5)
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P is the antipodal transformation and
={Id,J}~7Zs (5.6)

is the group generated by the freely acting involutive isometry J. Equation (5.5) corresponds to

(t,¢) = (=t, o+ ) (5.7)

in the original coordinates (5.2).

5.3 241 Geon information metric

The proposed quantum information metric Gy [39] is defined by considering the fidelity susceptibility

between neighboring states
[{N[(A + X)) = 1 = Gan(61)* + O((0N)?) (5-8)

in the dual CFT, where the parameter A generates a one parameter family of states [¢)(\)). In this
section we shall compute this quantity for the states associated with the geon dual, considering only
the time-dependent states. These states in the thermofield double (TFD) description of the finite
temperature state in a 2d CFT dual to the AdS3 read

Urpp) = e UFHIEN™ o= G4 1y, (5.9)

n

where Hj o are the Hamiltonians of the CFT; 5 respectively, and |n); 2 are the unit norm eigenstates

of the CFT 5 respectively. It is important to emphasize that these Hamiltonians are identical.

We shall work with the Euclidean path-integral formalism of the 2d CFT, in which case we must

compute (¥, (7)|Wrpp (7)), where

—(Bar
Urpp(r)) = Y e GHDEAI L) n),

’ 1 _ E e ’ ’
Vrpp(T)) = N Ze (G ), ), (5.10)
n

in terms of the Euclidean time. Here N is a normalization factor and the state |U.__(t)) is an
eigenstate of the Hamiltonian H 1 + Hé, which is an infinitesimal marginal deformation of the original

Hamiltonians. Following the construction in [39], the scalar product (5.8) takes the form

3B - e
(exp[— f%:-r—i-e dry [ d4xzSL))

T 5T Y [ L
[(eXP[—(f§+T+E +f_§_T+€) m [ dlx ])]

(U |y = (5.11)

(NI
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with 0L = L' — L = 0AO(7,x). L and L' are Lagrangian densities associated with the Hamiltonian
H and H' respectively, and we shall henceforth assume the perturbation dA - O(7, z) is marginal (of
dimension A = d + 1 = 2 for the present case). O(7,x) is an operator defined in the field theory. € is

a very small parameter that we regard as a cutoff.

In the Euclidean path-integral formalism the two point function for the BTZ black hole is defined
on S! x S! (where one S is the thermal circle with period 3) and takes the form [107, 108]

(5)*2
(O(¢1,1)0(b2,72)) BTz = Y E (5.12)
" [sinh2 <”(¢2¢;31+27m)) + sin? <7T T2 Tl))}
where A is the total conformal dimension of the primary field ©. Upon expanding (5.11) and com-

paring to (5.8) we find

38

1 2m T —T—€ §+T—e
GBIz = 5/ do1deo de/ dri(O(¢1,11)O0(d2,72)) BTZ- (5.13)
0 _

g-{-‘r-‘re g—‘r-‘rG

Noting the identity

2mw(n+1)

Z/OQW dpaf(pa +27n) = Z/Q dap f(22)

n ™

/00 dx f(z) (5.14)

— 00

with x, = ¢ + 27n, n integer, we can rewrite (5.13) as

2 7_7_ € Byr_e
BTZ / dl’l/ dl’g d72/4 dT1<O((£1,’7'1)O(.’£2,’7'2)> (515)
8 _

7 t7+e gfﬂre

where x; € [0,27), 2 € R and the new two point function reads

(5)*2

x-
l:sinh2 (77(9025—961)) + sin? (77(7'25—71)>1|

Now that we have assembled all the ingredients to compute the information metric (5.16) , we

(O(x1,71)0(22,72)) =

(5.16)

(11 —T2)

define u = and likewise Z = w, noting the restriction (0 < u < 7). We obtain for the

integration over xo of the integrand in (5.15) an integral of the form [39]
o0 _ 1 2sin®u — 1
/ di (sinh® & +sin®u) > = —5——— + (u—7/2) —g——. (5.17)
oo sin” u cos? u sin® u cos® u
To find the information metric we have to integrate over all the variables in (5.15). Upon integration

of (5.17) with respect to 71, we find

38

1 2 LT —e 2 T (B/A+T—e—T9)
GBIZ = _,/ dzq dTo (cot2u+2(2ﬂ/)> ﬁw )
2 J, 5yt sin®2u /| 7B/
Vi Vi 2mV; 47t
_ ™ ¢ (21T 5.18
o 28 + 5T ( 5 ) (5.18)
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where V; = 27 is the finite volume obtained upon integration over z; from 0 to 2.

For the geon the corresponding calculation is similar. The two point function is [108, 109] *

/ ’

(O@)0(@))geon = (O(@)O(x ) prz + (O@)O(J)) 12 (5.19)

where the first term is the contribution (5.12) that appears in the BTZ case and the second term is

the geon contribution to the two point function. Using (5.7) it reads

B (5)**

(O(¢1,71)0(J 92, JT2)) BTZ = Z b x-
n [Sinh2 <7T(¢2¢1B+7T+27m)> + sin? <7T(T2ﬂ+‘r1))]

The information metric for the geon will be G537" = G5 + C;“f\iz, the latter contribution coming from

(5.20)

(5.20). Making use of the identity (5.14), we obtain from this term an integral of the form (5.15) but

where

(5)*2

-
[sinh2 (”(fg“)) + sin® <ﬂ<725+71>ﬂ

The integration over the second term in (5.20) proceeds as before, the only distinction being the sign

(O(x1,1)O0(22,72)) =

(5.21)

of 1. We obtain

~pry Vi Vi 27V AmT
G =% ~og t g Tt (=)

B
which is the same result as in (5.18).

(5.22)

We see that the quantum information metric for the geon is the sum of these two contributions

and so is double of that of the original black hole

2
geon __ V1 TV 4mVy AT
G)\/\ = Te - 7 + 52 cot (7) (523)
Returning to the original (non-Euclidean) coordinates via 7 = it, the quantum information metric
becomes
geon __ V1 TV 47T2V1 47t
G)\)\ = ? - 7 + ﬁQ tCOth (?) (524)
In the late time limit ¢ > 3, it reduces to
eon ’/TVYI 47'(-2‘/1
In the early time limit ¢t — 0, we obtain
Vi 1673
G~ —— Vit?, 5.26
AA 4e * 333 ! ( )

3Since a point in the geon space has two images (due to a mirror reflection) in the corresponding BTZ black hole.
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We now consider the bulk side of this calculation. As prescribed in [110, 111, 112, 113, 114] a
perturbation of the parameter at the time slice 7 = 0 in the CFT is equivalent to adding a defect

brane action
S=T / N (5.27)
b

to the Einstein-Hilbert action. The above statement can also be generalized to time-dependent states.
In the case of an infinitesimally small deformation, the quantity T can be approximated to [39]

(6))?

T:ndw

(5.28)
with d =1 for a 3d bulk and ng an O(1) constant fixed when normalizing the two point function.
Turning to the case of the BTZ black hole with the coordinates given in [32] as
ds® = R2( — sinh? pdt? + dp? + cosh? pd;vQ) (5.29)

which can be obtained from (5.2) by setting r = [v/M cosh p and appropriately rescaling ¢ and =. Here

we identify x — x + 27 and we do not have to unwrap the metric as in [39, 32].

In the region (II) of the Penrose diagram of the black hole figure 5.1a, we use the analytic continua-
tion through the parametrization k = —ip and = t+47/2 and define ¥ to be the space characterized

by k = x(t) and such that

Vol?T%4 (%) = R?V; / dt Cosn\/sing K — (Or/)OF)2. (5.30)

Denoting by k. the value of x for which 9x/0% = 0 [defined within the interval (0 < k. < 7/4)], and
noting that /-@ — L is a constant of the motion, we can repeat the steps in [32] to obtain a maximum
volume Vol(me). This result can be extended to the region (I) in figure 5.1a and we find

V0£:; 72/ cos kdk +2/”°° cosh pdp (5.31)
1 \/sm 2k, )/ sin?(2k) — 1 \/1+sm 2k, )/ sinh?(2p)

and for the ¢ coordinate in region (I)

t = /m dr . /poc dp (5.32)
0 sin Ii\/l — sin?(2xk)/ sin? (25, ) 0 sinh p\/l + sinh?(2p)/ sin®(2k.)

with the integration contour shown in figure 5.2a, and where the factor of 2 comes from the symmetry

in figure 5.1a.

If we define the UV cutoff p such that ef>= o 7/4e, we find for f = 27 (computation details are
given in the Appendix A)
Vol®™(¥X) oW

R2 >~ Z + Vlt and
o
9GET? % + Vit (5.33)



for the late time limit (¢ > 8 or k. — 7/4) as well as
Vol?"%(%2) Vi 2

R2 >~ 476"‘;‘/1152 and
Vi 2
2G%T? ~ —— 4 2142 5.34
b9 Ie +3 1 ( )

for the early time limit (t — 0 or k. — 0), recovering the dual results for the BTZ black hole and

(in both cases) the holography relation

Vol®T4(%0)
R2

claimed in [39]. The above results have been obtained through computations expressed in details in

the Appendix (C-2, C-4).

2G5 ~ ni"™ (5.35)

For the geon space the computation is similar, except that the symmetry of figure 5.1a is absent
in figure 5.1b and so the volume Vol(X) * is reduced to half the value for the BTZ case (Vol**(X) =
Vol (X)/2) and the quantum information metric (5.24) is twice the BTZ value. We therefore obtain

VO]GI-)ON(E)
R2
Vol“"oN (%)
a2
which is consistent with the holographic relation (5.35) but with a different factor. This suggests that

GEON _ GEON
2Gk)\ = ny

(5.36)

the coefficient ny is sensitive to the topology of spacetime.

5.4 Information metric for planar black holes and their geon

counterparts

We next consider (d + 2)-dimensional ® Schwarzchild-AdS planar black holes, with the metric of the

general form

ds* = —f(r)dt* +dr?/f(r) + r?d¥?
fr)y = —M/ri 40212 (5.37)
which in turn becomes
1 dz?
2 2 2
ds = ; [ — h(Z)dt + m + dZd]
h(z) = 1—(z/z)"" (5.38)

4From the geon standpoint the volume VolGe‘m(E) at time ¢t = ¢ + 2 is interpreted as the sum of the corresponding
BTZ volume VolBTZ () at t = t; —t2 and t = t1 + t2 evaluated on half of the BTZ diagram, i.e. Vol (S)(t1 +ta2) =
VolBTZ (%) (t1 — t2) + VolBTZ () (t1 + t2). Tt is clear to see that for a symmetric time evolution (1 = ta = t/2), the

first term of the right-hand side is time independent.
5Here we use the index d instead of d + 2 on the AdS, i.e. AdS, for AdSg442, to simplify the notation.
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CFT, CFT, CFT, = CFT,

(a) (b)

Figure 5.1: (a) Penrose diagram of the AdS (BTZ) black hole. The diagram shows two 2d CFTs each
at one boundary of the AdS (BTZ) black hole as the AdS/CFT correspondence requires. (b) Penrose
diagram of the AdS (BTZ) geon. This diagram appears to be the half of the AdS (BTZ) black hole one.
In fact, the geon space is obtained via the identification (5.5) and consequently ”splits” the original
space into two pieces which are equivalent by a mirror symmetry. As the resulting space happens to
be a one-sided black hole, an important and remarkable feature of this diagram is that the two CFTs

are now identified and lie on the only remaining boundary.

via the change of variable r = [/z and by setting | = M = 1.

The quantum information metric for CFT 44 associated to the d+ 2 dimension AdS-Schwarzschild
planar black holes is given by

38

B
1 T —T—€ T+7—€
fodsd = /+ N dT21 dTl/ddiCl/dd$2<0($177'1)0((£27T2)>SAde (539)

g—T-‘rﬁ

o |

with
Cia

|(r1 = 72)2 + (@1 — 22)2[A

where the coordinates = are unwrapped (i.e. z € R) and Cjz is a constant whose value will be

(O(z1,71)0(22, 72)) s4d5, = (5.40)

subsequently fixed. Upon carrying out the integration over x, the information metric takes the form

SAdS 1T e
Gyt = 5/ dTg/ d7'1/d xl/daj
§+‘r+e 7ﬁf‘r+e

I'(A - %) Crom 7 (W/ﬁ Q(Afi))

X —. (5.41)
D(A)  [sinh?(Z2) + sin?(TOm2))ja- 50
Choosing Cig = % for an exactly marginal deformation A = d + 1 [39] the information
w2 T'(A
metric can be put into the form
SAdS 1T e
G)\)\dzf/ dTg/ dTl/dxl/dx
2 %—&-T—i—e —*—T-‘ré
m™Yd+3
x () (5.42)

[sinh?(Z2) + sin (W)](dﬁ)m

B
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which is quite similar to the CFT5 case, the only difference is that the integral over x; is taken over a

d-dimensional spacetime. Using the expression

0o
d
/ [sinh2 T —tsin2 t]" - 2271—1 Sin"(Qt) ﬁ(?% n) Fl (n7 n,n, 2n, I+ 1/a7 1+ 1/b> (5'43)

with a =cot2t+4 and b= cot2t—i, we are led finally for the late time limit (7 > 8 and d odd)

to
Vi  (2r\"!
GSAdS: ?j + (g) Var (5.44)
and the early time limit (7 — 0 and d odd) to
v 9\ 4+2
G5 ?j + ( g) Var?. (5.45)

Here Vj; is an infinite d-dimensional volume.

Proceeding as before, we define a hypersurface z = z(t). Its volume is

Vol¥4dSa+2 (37) dt /- 2

Following the same steps as in the previous section, we are led to a maximum volume (with z, the
value of z such that 9z/9t = 0)

Vol9AdSat2 (37 / dz
= d

d
Rd+1 Zd+1\/ﬁ\/1 _ (Z/Z*)Q(d+1)(h*/h) an

dz
- / h/1 = (2./2)2@+ D (h/h,) (5.47)

In the late time limit (t > S or z. — 27T 20), we obtain for d = 1 + 4n (with n integer)
Vol¥4dSa+2(3) 2T 2 dz %0 dz
Rd+1 QVd[i/ d+1]] 5 Lz )d+1 +/ d+1] — L= d+1}
0 21 4 3 (5)d+] o 21— (&)

1
1 [ 2914z #o 21 dz
t = - d+1 |:_Z/ dF1 1/ 2z \d+1 +/ o 1/ 2 \dil :| (548)
22’0 0 (1+23ﬁ)[1+§(*) :I 0 (1—F)[1—§(%) ]

20

with the integration contour given in figure 5.2b. Integrating out these expressions, we find the same

behavior as in the previous case (with zo = 3/27)

ISAde+2 E 2 d+1
VO—() . Va (ﬂ> Vit and

Rd+1 = ded B
oGNS g + (?)dHth (5.49)
When looking at the early time limit (¢ = 0 or z, — zp), we have
SAdSg 2 20 d+1
VOle—:(E) - 2Vd[/0 0 Zdi\/ﬁdz + ;szﬁ;l) i 0 i/ﬁdz}

U R W N G

t:—ZZf+1 \/h>3dz+§zf(d+l) o \/h>5 dZ}

(5.50)
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Im(p) Im(2)%

Figure 5.2: (a) The contour chosen on the complex plane p to compute Vol(X,..,) for the BTZ black
hole. £, is the point on the imaginary axis. (b) Represents the contour chosen on the complex plane
z for the computation of Vol(3,,.,) for the AdS Schwarzschild planar black hole. z, on the imaginary

axis is at v/2z and at zo on the real axis.

after integrating

Vol 4d5atz(x) d+1)2 [f2n\%"
R S A = Vit

Rd+1 N @ 25(%’7—&-1 ?

d+2
V. 2
263 = T () v (5.51)

which is similar to the previous case with (d = 1). Hence we obtain

Vol¥4%%(53,...0)
SAdS max
2657 = ”gAdS—RdH (5.52)

which is an extension of (5.35) to d dimensions.

Turning now to the geon, the identification (5.7) acts on the same pair of coordinates with the

other coordinates remaining invariant. For the holographic computations in (d + 2)-dim the volume

V1 in (1 + 2)-dimensions is replaced by the (infinite) volume Vy associated with (5.38). Likewise, we

find that the generalization of the two-point function (5.40) for the geon consists of two contributions

of equal value, and so we obtain
GiJa8eeome = 9GS, (5.53)
Putting all these aforementioned results together, we find
S AdSgeon SAdSgeon VOlgCDn(me)
2G5 = ong e Ra+1
Vol**** (X,,.x)
SAdS max

for the planar Schwarzschild AdS black hole.

71



5.5 Conclusion

By investigating both bulk and boundary contributions for the BTZ black hole and the d-dimensional
planar Schwarzschild AdS black hole, we have found that the relation (5.1) holds for their geon counter-

parts apart from a factor of 4. For each case, compared to its black hole counterpart the information
metric of the corresponding geon is twice as large and on the bulk side the maximum volume of a

time slice for the geon is half as large. We conclude that the relation (5.1) (and thus the coefficient

geon

nq) is sensitive to the topological structure of the spacetime, with nf" = 4ng for the cases we have

considered. In this sense the information metric in the CFT is a ”probe” of spacetime topology.

It would be interesting to explore this relationship further, extending the proposed relation (5.1) to

spacetimes of more interesting topology, including rotation, solitons, and more generalized geometries.
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Chapter 6

Topological and time dependence of

the action-complexity relation

The focus of the present chapter is similar to the previous one, but here we deal with an action-
complexity conjecture instead. It has been conjectured that there exists a computation complexity in
the CFT (seen as a measure of the minimum number of gates necessary to approximate an unitary
operator between two states known as the reference and target states) which is connected to an action
evaluated on a particular region of the dual bulk space. We study the action-complexity conjecture on
both the (d+ 1)-dimensional AdS black holes and their geons. We attempt to derive a time-dependent
CFT action-complexity as it is expected to grow at late time similarly to the bulk action-complexity in
order to have a consistent conjecture. Because geons have a qualitatively distinct relationship between
bulk and boundary as compared to their black hole counterparts, we can test the sensitivity of the

proposal in [115, 116] to this feature.

6.1 Introduction

The importance of dualities between quantum field and gravity theories is difficult to underestimate.
The AdS/CFT correspondence [6], the first and most successful, posits the existence of a d-dimensional
conformal field theory (CFT) on the boundary of a (d + 1)-dimensional asymptotically anti-de-Sitter
(AdS) spacetime, and has therefore led to several dualities between quantities observed in AdS (for

example black holes in the bulk) and those in the CFTs defined on their boundaries.

We explored in chapter 5 the proposal of Watanabe et.al. [39], who introduced a duality between

73



a quantum information metric defined in the CFT on the boundary of an AdS black hole, and the
volume of a time slice in the AdS. Their work was motivated by Susskind’s idea [34] that it would be
interesting to find a quantity in a CFT that might be dual to a volume of a co-dimension-1 time slice

of an AdS black hole spacetime.

More recently a similar idea was proposed suggesting a correspondence between computational
complexity in a CFT and the action evaluated on a Wheeler-De Witt (WDW) patch in the bulk [38].

In specific terms the conjecture is

C = Iypw/m (6.1)

where the WDW patch refers to the region enclosed by past and future light sheets that are sent into
the bulk spacetime from a time slice on the boundary. Subsequent work [117, 115] was devoted to a

better understanding of how one evaluates the right-hand side of this relation.

Complexity is concerned with quantifying the degree of difficulty of carrying out a computational
task. However a sufficiently clear definition of its meaning in the CFT remains to be fully formulated.
One attempt to this end [116] proposes a function providing a measure of the minimum number of
gates necessary to reach a target state from a reference state in the CFT. This proposal is motivated
by an earlier attempt [118] to provide a geometric interpretation of quantum circuits, which consisted
of the definition of two states — a reference and a target state — along with a unitary operator mapping
the former to the latter. The minimum number of gates required to synthesize the unitary operator
has been interpreted as a minimum length between the identity operator and that unitary operator in
the manifold of unitaries. This manifold is endowed with a local metric known as the Finsler metric.
The aforementioned proposal [116] chose instead the Fubini-Study metric, and the computational
complexity obtained from some fixed reference and target states (related by unitaries involving a

squeezing operator) appeared to be somewhat similar to the action on a WDW patch in the bulk.

Furthermore, a time dependent expression of the complexity derived from the CFT computations
remains to be derived, despite previous work computing the rate of change of the conjectured com-
plexity in terms of the rate of change of the action on a Wheeler deWitt (WDW) patch at late time
[38, 117, 115, 119]. It is of particular interest to determine how computational complexity grows in the
late boundary-time limit. An attempt to build a time-dependent complexity from CFTs [120] yielded
an expression for complexity that did not grow linearly at late time as conjectured. To this end, one
goal of the current chapter is to compute from the CFT perspective the dependence of complexity on

boundary time in the late time limit.

The other goal of is to understand if and how equation (6.1) is sensitive to topological effects. The

simplest spacetimes that allow the most straightforward exploration of such effects is the AdS black
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hole in (d + 1) dimensions with an identification that renders it an RP? geon [106]. The complexity
of the AdS black hole spacetimes has been studied recently [115], but their geon counterparts have
not (though there has been recent work incorporating a different form of topological identification
in the BTZ case (d = 2) [121]). In the particular case d = 2, the BTZ-geon is obtained by placing
further identifications on the BTZ black hole; the boundary of the Euclidean continuation of the BTZ
spacetime is an RP? space, whereas that of its geon counterpart is a Klein bottle [106, 122]. Previous
work [123] demonstrated that the quantum information metric [39] was sensitive to spacetime topology
in this case, and so it is reasonable to expect complexity to have a similar dual dependence on bulk

topology.

This chapter is organized as follows. In section 2, the notion of complexity will be revisited and
written in term of control functions, introduced as the Hamiltonian components in a basis of generalized
Pauli matrices. The same steps will be followed in section 3, but here the manifold of unitaries will
be taken to be SU(1,1), which is non compact. A useful expression of the complexity will then be
derived. Section 4 will specify our considerations to Gaussian states as they are very central in the
understanding of quantum information processing with continuous variables. The reference and target
states will both be taken to be Gaussian states. The complexity of a d dimensional CFT will be
expressed in section 5, as well as its rate of change in the late time limit. To attain this, a time-
dependent target state will be chosen, and thus the unitary map between the reference and target
state will have time dependence. Section 6 will be devoted to the complexity of the Schwarzschild-
AdS441 spacetime and its geon counterpart as a quotient space, along with its equivalent quantum
system, and in section 7 the rate of change of the action in the bulk evaluated on a WDW patch for
both the AdS44; black hole and the AdSgy1-geon will be computed. The result will be two similar
correspondence relations that illustrate the sensitivity of (6.1) to the topology of the bulk. The last

section will be a conclusion and discussion, in which our results will be summarized in the context of

previous work.

6.2 Complexity and cost function

Here we intend to define computational complexity in a quantum theory and study its evolution in
terms of a single parameter. We revise the notion of complexity introduced in [118] as a quantity
obtained from two fixed (in time) states and a unitary operator mapping one state to the other. We
follow the same steps in the case where at least one of the states (from which the complexity is con-
structed) is time-dependent. This complexity can be understood as the minimum number of resources

required to reach a given configuration of a quantum system starting from an initial configuration
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thereof.

We will be working with quantum systems (more specifically CFTs) whose set of unitary operators
corresponds to SU(2™). To this end, let us consider a quantum system whose Hamiltonian in an

SU(2™) basis takes the form [118]
H(t) =Y 7' (t)o; (6.2)

where o; are the 4™ — 1 basis matrices of SU(2") and ~(t) are the components of the Hamiltonian in
that basis. These are functions of the variable ¢ defined in the interval [s;, sf], and are referred to as

control functions.

The evolution of an arbitrary operator V' in the manifold SU(2"), whose Hamiltonian is of the

form (6.2), satisfies the equation [118]

% = —iH@)V with V(0)=1 and V(1)=U (6.3)

where I is the identity operator. We have also defined ¢ in the interval [s; =0, sy = 1].

We now introduce two states, an initial reference state |R) and a final target state |T), whose
relationship is given by

IT) = UIR) (6.4)

with U the unitary operator introduced in (6.3). It can be reached or approximated by a combination

of unitary gates of SU(2"). In this context, computational complexity is defined as an expression

quantifying the minimum number of gates or operators required to synthesize U.

To make this concrete we introduce a cost function as a functional of the control function via the

relation [118] )
cs0) = [ sty (6.5)

where the function f is a given distance function. We define complexity by minimizing the cost
function via

Cy¢(U) Eingf('y). (6.6)

In order to be more specific on the nature of the function f(v), let us define the tangent space to
the unitary manifold SU(2") at the point U as Ty SU(2") (or T to be short). Thus, we identify f(v)
with a metric function mapping elements of the tangent bundle TM (M = SU(2")) at a point U to
elements of the set of scalars R. That is, f : TM — R. We can reformulate f(v) in terms of a new

metric function via [118]
FU,y) = f(y) with y € TySU(2™) (6.7)
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and
y=> y'(0/02")y,
y' = iTr(o;dU/dt UT)/2m or y.o; = idU/dt UT. (6.8)

The coordinates ° are determined for a given unitary operator in equation (D-2) in the appendix.

The cost function (6.5) is proportional to the length associated with the metric function F(U,y),

and will have the form [118]
tes) = [ deF(s(0),[5)) (6.9)
I
where s : I — M maps elements of an interval I to those of the manifold M = SU(2"), s(t) is a point

on the manifold and [s]; the tangent space to the manifold at that point. The complexity measure

(6.6) is obtained by minimizing Iy (s) over the interval from reference to target state.

There are various different types of functions F(U,y) that one can employ to compute (6.9). We

will only enumerate those that involve an L(Y)-norm and an L(®-norm along the path, namely [118]

Fl(U7y) = Z ‘y2|7

BUy) = |3 ()

i

Fy(U.y) =) plwt(o)ly'l,

Fy(Uy) = \/ZQ(wt(m))(yi)z (6.10)

where p(wt(o;)) and g(wt(o;)) are weight functions.

Suppose that the target state is a state that depends on a parameter o (not to be confused with

the basis functions o;) defined in the interval [s;, s¢]. The expression (6.4) in this case takes the form

[W(0)) = U(0)|R). (6.11)

Introducing the Fubini-Study metric [116]

dsps(0) = do\/|05[9(0))? — [(¥(0)|06]¥(0))[? (6.12)

we find

(). [T(s5))) = / 7 dsrs(o) (6.13)

i

yielding the length as function of ¢ associated with the F'S metric. The above expression tells us about
the evolution of the computational complexity as a function of . We shall postpone the question as

to whether the current metric is an L(Y-or L®)-norm in the coming sections.
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6.3 SU(1,1) manifold and metric generation

We now review the steps required for the derivation of the unitary operator mapping the reference to
the target state and thus the Fubini-Study metric that the unitary yields [116], but with complexity
reformulated to be time-dependent. For simplicity we shall deal with quantum systems whose manifolds
of unitaries are non compact and isomorphic to SU(2). We shall specifically work with the group

SU(1,1) which admits the Poincare disk as the manifold associated with its coset SU(1,1)/U(1).

Coherent states, which are either characterized by complex eigenvalues of a non compact generator
of the group SU(1,1) [124] or by points of a coset space of the same group [125], can be defined for a
unitary irreducible representation of SU(1,1). SU(1,1) coherent states are the result of a two mode

squeezing operator

So(6) = exple K — K] (6.14)

acting on a Fock state. ¢ is a complex parameter and Ky are generators of the SU(1,1) group that

we will define explicitly in the next few steps.

We start with a target state |¥(o)) (where o is a parameter in the time interval [s;, s¢]) in a d
dimensional CFT, which obeys the equation (6.11) with a reference state being a two-mode state of
some momentum spaces. This two-mode state consists of a product state |?, 7?> of two basis states,
one mode representing a state of positive momentum ? and the other of negative momentum —?.

This can also be expressed in terms of the quantum numbers associated with the momenta |ng,n_).

We also consider the unitary operator U(o) to be of the form
U(o) = efad ™tk o(F o) (6.15)

with

— — —
k

9(E,0) = ar(K, 0K (K)+a(K,0)E_ (%) +w(k,0)Ko(E) (6.16)

and A a momentum cut-off parameter. Note that the direction that only gives an overall phase to the

state is modded out .

- - - - -
The quantities ay(k,0), a_(k,0), w(k,o) are arbitrary functions whereas K (k), K_(k)

ﬁ

and Ko( k) are the generators of the SU(1,1) algebra. These latter quantities can be written in term

of annihilation operators (b,b_ ) and creation operators (b%, bi?) associated with the respective
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- =
modes (k,— k) as [116]
1
K, = ib%bf_?
1
K_ = ib?b*?
Lot t
Ky = Z(b?b? + biﬁb_?) (6.17)
and satisfy the commutation relations
1
Ky, K_]=—-Ky and [Ko, Ki] = iiKi (6.18)

It is straightforward to show that (6.15) can be put into the form [126]

Ue) = ehnd kv Fo)ke(®) ol d' k10500 (F o) Ko(K) ofy d' ™ k- (Fo)K-(F) (19

where the new functions 'y+(?, o), 'y,(?, o) and ’70(?, o) read as

B 204 sinh 2
TE T OZcoshE — wsinh =
Yo = (coshZ — 2% sinh Z) 2
2
=2 = % — oo (6.20)

It is desirable to obtain the simplest possible form of (6.19). This can be done by imposing the

conditions [116]

5(1—1(0)
K_|R)=0 and Ky|R) = 7] |R) (6.21)
on the reference state, yielding
1 — —
W(o)) = N efad?k 1+(F.0)K+(F)| R
N = 30070 [ dt R log(ho(F o) (6.22)

and so only the factor involving v, needs to be taken into account. The quantity 691 (0) comes from
E-%

the commutation rules [b_-, Al ?,] =64 ) obeyed by the operators b_4 that appear in the

generator K.

Now that we have managed to find a reduced form of the unitary operator U(o), we will chose a
reference state and attempt to derive the complexity using the Fubini-Study metric (6.12). By choosing

a reference state annihilated by the b 1

|R) = 10,0) (6.23)

In another momentum sector the reference state is identified with a vacuum state, i.e. a state with no particle

— —
excitation for the modes k and — k according to the operator b? and b_?.
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we obtain, when omitting the variables and the integrals
|T) = Ne?+5+0,0). (6.24)

We find that (6.24) becomes

0) = V1= ) (34)"n,m) (6.25)

upon choosing N so that the target state is normalized. Inserting (6.25) in the Fubini-Study metric,

dstg = (0U|0T) — (U|T)(T|5T) (6.26)
we get (see also appendix (D-4))
5[
dstg = 10+ 6.27
7S = = PP (627

Restoring the variables and the integrals, we obtain a more general form of the complexity (6.13) with

Sf
cm = min/ dgx/‘/d?_l/ddlk |dsps(o)/do|
Y+ S;

the expression

(6.28)

with 'y;_ = 0v4 /00 and Vy_; the (d — 1)-dimensional volume of a time slice. Upon comparison with

(6.10) we see that (6.28) is an L(™)-norm.

We will mostly use the case where n =1

sy 4
c® = min/ do Vd*/dd—lk T+

[— P

T+ 2

(6.29)
as it leads to a function easier to integrate as well as to a complexity whose rate of change corresponds
to that of the action evaluated in the bulk. Note that the gates for different k’s are not allowed to act

in parallel in order to obtain the C") norm.

6.4 Gaussian states

Here we briefly review the Gaussian states of a quantum system [116]. Such states play a central
role in quantum information processing with continuous variables as well as in quantum field theory
where the vacuum states of some field theories (for example, quantum electrodynamics) appear to be

Gaussian states. We shall choose the reference and target states to be Gaussian states.

Consider a scalar field theory in a d dimensional spacetime with the Hamiltonian density
1

Hp =3 /dd_lx (72 + (0,®)? + m?d? (6.30)
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where m is the mass of the field ®(x) and 7(x) is its conjugate momentum. These obey the commutation
rules
[@(Z),7(Z)) =" (T - T). (6.31)

The field and its conjugate momentum in terms of the annihilation a; and creation operators aL are

explicitly given by

1
vV 2wk
w(r) = /ddilkT'(;:(ak e the _ aL eth) (6.32)

A1k

=
&
I

(ak e—ikw _’_aL eikx)

with  wyp = VA2 + m?2. Substituting (6.32) into (6.31) we find

—
— /4
k —

[a— a%,] =k —k) (6.33)

k b
with all other commutators zero.

It is helpful to write things in momentum space where the Hamiltonian can be expressed in a more
elegant form as

1
H,, = /dd—lk Wk [a%a? + 5} (634)

and the field and its associated momentum become

— 1
#(R) = —5=(ap +a' )
(%) = \/(;T];(a? —al ). (6.35)

In the sequel we consider a CFT for which the field is massless (m = 0).

A pure Gaussian state |.S) is a state for which [116]

[\/?@(?) + \/Q%kﬂ?)] Sy =0 (6.36)

where «aj = wy corresponds to the ground state |m) of the theory. The ground state of the theory

can be a good choice of the target state.
To construct the reference state |R(M)) we write the Bogoliubov transformation [116)
b = Blaz + ﬁ,;a*_? (6.37)
and require
by |R(M)) = 0. (6.38)
where 52' = cosh2ry, , B, = sinh2r; and 7, = log( {‘/m) This corresponds to a state with o, = M

in (6.36).
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CFT] CFTQ

(a) (b)

Figure 6.1: (a) Conformal diagram of a BTZ (d = 2) black hole. As we can see, a CFT is defined at
each boundary thereof. (b) Quantum circuit which consists in an unitary U acting on n qubits. In
the context of the current work its associated complexity can be regarded as equivalent to the action

integral evaluated on a WDW patch in BTZ black hole.
6.5 Conformal field theory in d dimensions

Employing the formalism of the previous sections, we now compute the complexity defined in the
CFT dual of an AdS gravitational theory. The spacetimes we have in mind for the latter are AdS
black holes which, according to the AdS/CFT correspondence, admit CFTs on their boundaries. The
Penrose diagram for the AdS;4; black hole is illustrated in figure 6.1. The BTZ case can be described
as a quotient space of AdSyy; with d = 2.

Here we aim to derive the computational complexity associated to quantum theories defined in the
boundary CFTs. States on such CFTs are described by thermofield double (TFD) of finite temperature,
defined in a thermal circle of period 8 [107]

ITFD(t)) = e *H1+H2)t TED(0))

_ o—i(Hi+Hy)t z e PE/2|n) 1 In)s (6.39)

n
with H; 5 the free Hamiltonians, |n); 2 the eigenstates of the free Hamiltonians defined on the CFT o
and FE,, their corresponding energies. These states on the CFT; can be assigned to the positive
— —
momentum modes k and the ones on the CFTy to the negative momentum modes — k of a scalar

field theory.

We see that

|ITFD(0)) = Ze‘BE"/2|n>1|n>2

d—1 —Bwy /2 1T _F
A ) (6.40)
for a free scalar field theory. The state |[I'FD(0)) is annihilated by operators b, defined via a
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Bogoliubov transformation as

b? = coshﬁka?—sinhﬁkai?
b = cosh@ka_?—sinht?ka% (6.41)

with tanh @, = e=Pwr/2,

We can regard the states in the boundaries as two-mode states where one side of the diagram
—
(figure 6.1a) corresponds to states of a conformal scalar field theory with positive momentum %k and

%
the other side to a scalar field theory with negative momentum states — k. The total Hamiltonian of

the system according to (6.34) will be

H = H\+H

= /dd_lk wilalar + alag +1] (6.42)

where wp =k, a1 = a» and az = a_—. Using (6.41), the total Hamiltonian (6.42) in the basis

i X Sk
(6.17) has the form

aJ{al + (L;az + 1 =4 cosh(20;) Ko + 2sinh(20;) (K. + K_) (6.43)

and so (6.39) becomes

|TFD) = e+ K+ Fo-K-FwKo 1P pp(0)) (6.44)
with

a4 = —21 WE tsinh(?@k)

w = —4i wy, t cosh(20y). (6.45)

Equation (6.44) will become 2

ITFD) = e+ K+elogo)Kopr-K— 17 p(0)) (6.46)

using the transformation of the unitary operator (6.19).

We obtain a state equivalent to (6.24) and (6.25), but where

—isinh(26;) sin =
cos 2 + i cosh(20y) sin E
E=2w,pt and wp=k. (6.47)

Y+ = with

2The computational complexity is evaluated for the reference and target states corresponding to the TFD at time

t = 0 and t respectively.
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In term of the parameter o the control function v4 can be written as

—isinh(26;) sin =2 )
k = th
12k, ) cos = + i cosh(26,) sin 2 A

= = 2kt 0. (6.48)

Tt is easy to check that v4 = vy (k, o) as a function of o, satisfies the conditions

vi(k,s;) = 0 and
—isinh(26y,) sin(2kt)

+(ksp) = cos(2kt) + i cosh(20},) sin(2kt) (6.49)

corresponding to reference and target state respectively. It appears that the control function is time-

dependent and this fact will imply a time-dependent complexity.

In order to compute the complexity in the simplest possible manner we consider situations in which

the control function obeys the condition |y | < 1, which is holds if the operator is unitary.

Now that we have assembled all the ingredients, the complexity (6.29) as a function of ¢ is

sy Vi !
min/ do 41 /dd—lk bl
T+ 84 2 ]‘ - |IY+|2

= 2Va1Qpa-287 2 = DI(d)¢(d) t (6.50)

cM(t)

as detailed in eq. (D-5) in the appendix. The computational complexity can be understood as the

minimum number of gates needed to synthesize a unitary operator U (figure 6.1b).

Before proceeding further, we define the total energy of the scalar field as (see (D-15) in the

appendix)

E = Vd_l/ddilk wkeiﬁwk

= Vi 1Q4_2870(d). (6.51)

Hence the complexity (6.50) takes the form

CcV(t) =224 — 1)¢(d)E t. (6.52)

Note that the rate of change of the complexity for very large ¢ is

dC(t) ~sa
TE ) — nyE (6.53)

with ng = 2(2¢ — 1)¢(d) a dimensionless constant. Equation (6.53) means that the variation of the

complexity with respect to time at late time is proportional to the total energy E of the CFT . This
total energy E will later be identified with the mass of the AdS black hole dual to the CFT.
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Figure 6.2: (a) The current diagram shows the thermofield single state on the boundary of the BTZ-
geon. The red and blue points represent the right- and left-modes of the thermofield single (both
modes or CFTs are superposed on the same boundary), respectively. The thick blue line corresponds
to the complexity derived from the entangled state. (b) This diagram corresponds to the first one but
here the situation is seen in the BTZ context. Unfolding the CFTs on the first diagram, the left-modes

appear on both sides of the new diagram (which a BTZ one). It results a sum of two complexities.
6.6 (Geon and direct products

In this section we repeat these computations in the context of the AdS411-geon.
The AdS441 black hole has the metric
ds> = —f(r)dt®> +dr*/f(r) +r°d%2 4,
fr) = rk—w2/r72 410212 (6.54)
which, in Kruskal coordinates (07 v, 2') with i =1tod—1, takes the form
ds® = —fdUdV + r*d%2 4 (z") (6.55)

where f and r are smooth functions of (U, V).

The AdSg441-geon is the quotient spacetime resulting from a freely activing involutive isometry

applied to the AdS411 black hole [106]. It is obtained via the identification [106, 105]

J:(U,V,2') — (V,U, P(z?)) (6.56)

which corresponds to the change
(t,x%) — (—t,—z") (6.57)
in the spacetime coordinates. P(z') = —z' is the antipodal map on the (d — 1)-dimensional sphere

S=1" which corresponds to k = 1 in (6.54).
The state associated with the CFT on the geon boundary is the thermofield single [109]
|W,) = e~ B/AHIOH Oy (6.58)
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where |C) is the cross-cap state, consisting of an entangled state between left- and right- moving

modes of a free boson CFT (see figure 6.2a). In terms of the modes j, and j, of the holomorphic and

anti-holomorphic conserverd currents J = i0X and J = i0X, respectively, it is solution to [127]
[in + (=1)"j-n]IC) =0 (6.59)

and thus takes the form

C) = exp [— > (_:L)njnjn} 10) (6.60)

n=1

which clearly shows entanglement between the left- and right-moving modes of the CFT.

In the case of the geon space, we claim that due to the reflection coming from the involution J the

metric function F(U,y), satisfies
F(U,¥)ceon < F(U,y)prz + F(U/ayl)BTZ- (6.61)

The right-hand side of (6.61) saturates the geon metric function. This make sense when the complexity

is regarded as the minimum time required to approximate the unitary. The presence of first and second

terms on the right hand side of (6.61) is depicted in figures 6.2a and 6.2b.

Thus the unitary operator U’ and the tangent space vectors y/ to the manifold of unitary operators
at U’ correspond to those where the spacetime coordinates for the left-modes are (—t, —z) 3. Equation
(6.61) can be understood as the metric function of a quantum system consisting of the direct product
of two other quantum systems (figures 6.3a and 6.3b). Indeed, let us suppose that F, s, and Fap
are the metrics given in equation (6.7) on SU(2)"4, SU(2)"® and SU(2)"4*"5 respectively. The
metric Flap of the system composed of a unitary U on the n 4 qubit and a unitary V on the np qubits
is [118]

Fip(U®V,Ha+ Hp) = Fi(U, Ha) + F3(V, Hp) (6.62)

where Hy € SU(2)" and Hp € SU(2)"2 (omitting the tensor factors 4 ® . and .® Ip acting
trivially on V' and U, respectively). The Finsler metrics F4, Fp and Fap are said to form an additive

triple of Finsler metrics. Equation (6.62) leads to the inequality

Fap(U®V,Ha+ Hp) < Fo(U,H4) + Fp(V, Hp). (6.63)

The quantity we are now going to compute is the complexity corresponding to the metric F(U /, y/)

in (6.61). We first introduce the notion of an F-Isometry. A map h : s(t) — h(s(t)) is an F-Isometry

3The coordinates on one of the CFTs (left or right) change as (¢, %) — (—t, —z?) while they remain unchanged on

the other CFT.
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if and only if the length (6.9) associated with the metric F'(s[t], [s];) satisfies the relation

lp(s) =1lp(h o s) (6.64)

and
F(s[t], [s]e) = F((h o s)(t), [h 0 s]¢). (6.65)

In the tangent space to the manifold at s(t), it acts like

[h o st = hy[s] (6.66)
with h, defined as
hy: Ts(t)M — Th(s(t))M (667)
such that the F-Isometry reads as
F(z,y) = F(h(x), h.y). (6.68)

Under the identification (6.57), the momentum components transform as

0 0 0
ko:a%m—-a:—ko
P N C— (6.69)

ozt O(—x?) ox?

From the above relations we infer that the quantities k = \/Z'itll k?, and E = 2wyt with (wp —
—wg, t — —t) are invariant under these transformations. Hence the control function

—isinh(26},) sin(2kt)
cos(2kt) + i cosh(20y,) sin(2kt)

T+ = (6.70)

is still invariant under these transformations. Thus, the geon transformation is an F-Isometry, and

still obeys the condition |y,| < 1.

The complexity is therefore equal to twice that of the AdS441 black hole since the two contributions

from the geon metric contribute equally to the complexity

sy /
o) = min/ do Vd_l/dd*k el

T 1— |y f?
= 2ngFEt (6.71)
and the rate of change thereof is
dC t Geon
% =2n4F. (6.72)

Equations (6.71) and (6.72) hold for any (d + 1) dimensional AdS geon with d > 2.

For any limiting value of ¢, the geon complexity is still twice the amount obtained in (6.52). More

explicitly, we have

COon(t) = 2 CA98at1(¢), (6.73)
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CFT] = CFTQ

(a) (b)

Figure 6.3: (a) Conformal diagram of a BTZ geon. The two CFTSs, one at each boundary are now
identified in only one boundary. (b) Quantum circuit composed of unitaries U acting on n4 qubits
and V acting on np qubits (when V = I, the np qubits are ancilla ones). This circuit complexity

corresponds to the action integral evaluated on a WDW patch in the BTZ geon space.

6.7 Rate of variation of the action

In this section we verify the action-complexity conjecture in the context in which we have been working;:
between an action evaluated in the bulk (on a particular patch) and the complexity computed in the

CFTs at the boundaries of the Schwarzschild AdS black holes and their geon counterparts.

Consider a Schwarzschild-AdS black hole in d + 1 dimensions whose metric is given by

ds?* = —fdt> +dr?/f + TQdEid_l
2 w2
Fe Do (6.71

where k = 0 for planar black holes. We aim to compute the action evaluated on a WDW patch, as
shown in the figure 6.4a, for this black hole. The different contributions to the action from the bulk
and the boundary terms are [115, 117]

1 d(d —1) 1 1 _
I = Al gy /= / d*VhK — / d\d? 1o
167G N /M wV=g(R+ 12 )+ 87GN Jp vh 87Gn I VA R
1

+

/ dita/on + / dta\/oa (6.75)
= =’

871G N 8GN

with the cosmological constant (not to be confused with the cut-off parameter in the CFTs) A =

—d(d —1)/(21?) and the curvature radius R = —d(d + 1)/I1% .

The first term in (6.75) accounts for the bulk contribution. The other terms are the boundary
contributions. The second term is the surface or Gibbons-Hawking-York term, in which K represents
the extrinsic curvature. The third term comes from the null hypersurfaces with x a parameter related

to the tangent vector to these hypersurfaces. The fourth term (Hayward term) is a joint term involving
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the junctions of spacelike/timelike hypersurfaces [128, 129, 130, 131]. The last term is also a joint term

involving the junctions of null hypersurfaces.

Evaluating the bulk contributions, we obtain for the four quadrants of figure 6.4a

1 d(d—1)
Ipur = dt e /= S
Bulk 167G /M Wy (Rt =)
I A e *
= RO /0 dr 7 (Vo — (1)) (6.76)

where v=t+r* and r*= f dr/f. The surface contributions lead, for the four quadrants in figure

6.4a, to

1
I, = d*z+\/1h| K
GHY 87TGN/B T | |

Qg1 dwi=? B
= lorGe e —(0) (6.77)

with A the induced metric on the surface. The only nonzero contributions are those coming from the
singularities (r = 0).
The null surface contributions are

1
Inug = — -t :
Null 87Cn /B/ d\d 9\5 K (6 78)

with 2# = (\,04) parametrizing the null hypersurfaces and + the induced metric on them. & satisfies
the equation k*V ,k, = kk, and k* = aai; are the tangent vectors to these surfaces. It is possible to
choose everything to be affinely parametrized such that x = 0. We thus can infer that the null surfaces
do not contribute to the action. The joint term (Hayward) contributions have the form

1
87TGN

IHay =

/ d4 /o). (6.79)
b

In our case there is no contribution coming from this term since there are no spacelike/timelike junctions

for the chosen patch (figure 6.4a). The contribution of the last term for the four quadrants is

1

Line = e /2/ dtz\/oa

Qa1 4 _ _
= o0 GNeg Yog(ed2 Jwi=2). (6.80)

It is important to recall that here the only non zero contributions are those of the junctions at the
region near the singularities (r = ¢g with € very small). And we also have to keep in mind that
those contributions only appear when we consider black holes with hyperbolic metrics (k = —1) whose
horizon radii are smaller than the AdS radius (r, < [). We shall not consider these kinds of black

holes any further; they lead to similar conclusions.
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After summing up all these contributions we find that the rate of change of the action at late time

is

dI 1d

= = ——I I

at|, .. th[ Bulk T GHY] e

I

a = 2M, (6.81)
dt t—o0

with M, given in appendix (D-11). We shall see in the next few steps that the mass term M, can be

identified with the total energy F of the scalar field.

Focusing now on the geon case, since in figure 6.4b only half of the patch (two quadrants) contributes
to the action, it implies that the total action for the geon space will be the half of that of the AdSz41
black hole.

In fact, the time in the geon conformal diagram (see figure 6.4b) is moving up for both the left and

right CFTs. The geon action can be interpreted in the AdS context as

Igeon(t1 +t2) = Taas(t1 +t2) + Taas(t1 — t2). (6.82)

This can be justified by the fact that a given point in the geon diagram has two images in the AdS
diagram. For symmetric time evolution (t; = t3 = t/2) the second term of the right-hand side of (6.82)

is time independent whereas the first term is time dependent and is only evaluated on half the patch

of the AdS black hole.

The rate of change at late time for the geon action then becomes

% Y (6.83)
t—00
We thus obtain for d > 2 the relation
Geon 1 AdS
I =3 JAdSd+1, (6.84)

Setting the total energy E of the CFTs to be equal to the mass term M, of the AdS4z41 black hole,
we infer that the complexity (6.53) defined in the CFTs at the boundaries of the AdS;41 black holes

can be expressed in term of the AdSg41 action (6.81) as follows

CAdsar1 — %IMMH. (6.85)

Equation (6.85) is the conjectured relation.

Making use of the equations (6.73) and (6.84) we find the same relation for the AdSg41 geon

CGeon — QndIGeon (686)
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(a) (b)

Figure 6.4: (a) Conformal diagram of a BTZ black hole with its WDW patch. The coloured area
in light blue is the area over which we evaluated the bulk contribution. The green lines are the null
hypersurfaces and the red points are the joints that involve null hypersurfaces with spacelike and
timelike ones. (b) Conformal diagram of the geon space with the WDW patch on it. It is obvious to
notice that only half of the coloured area, the green lines and red points in the BTZ diagram appear

for the geon space.

except for a factor of 4, indicative of the sensitive of complexity to the underlying topology of the

spacetime.

In [121] the action was computed at t = 0 for the BTZ-geon on a WDW patch partitioned into non-
intersecting pieces associated with each boundary and a remaining interior piece. It was found that
the action evaluated on each partition is precisely half the WDW patch-action of the corresponding

two-sided BTZ wormbhole (¢ = 0) and is independent of the black hole mass.

6.8 Conclusion

We have derived the computational complexity of a CFT defined on the boundary of an AdS4+1 black
hole as a function of a temporal variable ¢, and have explicitly computed the small-t and large-t limits.
The quantity ¢ can be regarded as the boundary time parameter, yielding the rate of change of the
CFT complexity. Up to a factor this equals ny times the rate of change of the bulk action evaluated

on a WDW patch as conjectured [117, 38].

Our results are commensurate with previous work [116], where the target state was defined for a
fixed value of time and where a different control function was employed, resulting in a dimensionless
complexity proportional to Vy_;A%~!. Similar results have been derived in the context of the cMERA

circuit [132, 133, 134].
In contrast to this, we began with a generic TFD state defined on the boundaries of an AdSy; black
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hole as the target state and obtained a more complex control function depending on the parameter
t. This led us to a dimensionless expression (6.50) for the complexity that is a function of ¢, which is

proportional to Vy_1A4" as well.

We have also established a correspondence between the geon quotient space of the AdSyy; black
hole and a quantum system consisting of a product of two quantum systems. We found that the
complexity of the CFT on the boundary of the AdS,4; geon is twice that of the its AdS44+1 black hole
counterpart. Furthermore, we found that the rate of change of the bulk action of the AdS;,; geon

evaluated on a WDW patch is half of that of the AdSyy; black hole.

We therefore infer that the complexity/action relationship is sensitive to the topology of the bulk
spacetime: there exists the same kind of correspondence relation between the complexity of a CFT
and the bulk action of a geon evaluated on a WDW patch (6.86), but with the additional (topological)

factor of 4.

It would be interesting to compute in future investigations the computational complexities C'(™) (withn >
1) associated with the same control function ’y+(?, o) and see whether they can lead to desired and
more general forms of the complexity C(1). Likewise an exploration of the computational complexities
C™ (with n > 1) for charged and/or rotating AdS black holes (and their geon counterparts [106])

should also provide further insight.
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Chapter 7

Conclusion

Here we summarize the main results derived in this dissertation, and provide some important remarks

and directions for future study in the field of holographic dualities.

In chapter 3, we found that some, but not all super-entropic black holes exhibit the Kerr/CFT
correspondence when considering their near extremal horizon limit despite their reputation to have
non-compact horizons. It was also proven that starting with a Kerr-AdS-like black hole the outcome
of the study is independent of limit that is taken first. In other words, the order between the super-

entropic and the Kerr-CFT limits does not matter.

We explored the Kerr/CFT correspondence for singly-spinning super-entropic black holes and found
that the correspondence exists in four dimensional spacetimes. We noticed that beyond that dimension,
i.e. for d > 5, the Kerr-CF'T correspondence does not apply to these black holes because they cannot
be extremal. We were also able to show that the five dimensional gauged supergravity super-entropic
black hole presents the Kerr/CFT correspondence near its horizon only when it carries a very large

electric charge (this condition allows the applicability of Cardy’s formula).

From these different cases of super-entropic black holes it appears that the Kerr/CFT correspon-
dence is a robust holographic duality for this type of black hole. Whether the Kerr/CFT correspon-
dence holds for other cases of super-entropic black holes, such as multiply spinning super-entropic

black holes, remains to be tested.

In chapter 4, we managed to obtain the holographic equation of state for Lovelock theories of
gravity by assuming that the grand canonical free energy in the CFT is a homogeneous function of
the functions gy (N) of the number of degree of freedom N or central charge N? of the field theories.

We checked its validity for many non-trivial cases of Lovelock theories and the 5d minimal gauged
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supergravity (which is a rotating black hole). The validity of the equation of state for many cases of

Lovelock theories provides further supporting evidence for the robustness AdS/CFT correspondence.

An important question left for future investigation concerns Einstein gravity black holes whose
dual field theories are the large N gauge theories with hyperscaling violation. For these theories the
equation of state is slightly modified and it would be interesting to see whether this new equation of

state holds in Lovelock theories.

In chapter 5, we explored the volume-complexity conjecture, which connects computational com-
plexity in a CFT, known as the quantum information metric, to the maximal volume of a time slice in
the bulk. We proved that the volume-complexity conjecture holds for both the planar Schwarzschild-
AdS black holes and their geon counterparts. The fact that the conjecture applies to the geon quotient
spaces gives a glimpse on the robustness of the AdS/CFT duality. The relation between the CFT and
gravitational volume-complexity comes with a factor 4 due to the topology of the geons, showing that
the volume-complexity proposal is sensitive to the topological structure of the spacetime. This sug-
gests that an exploration of this conjecture for more interesting topologies, such as the ones including

rotation, solitons and more generalized geometries, would be of interest.

In chapter 6 we derived an expression for the action-complexity in the CFT (the fields theories
consist in free scalar field theories and quantum states of the field theories are Gaussian ones) as
a function of a temporal variable. As in the volume-complexity conjecture in the previous chapter,
we were to able to demonstrate that the action-complexity holds for both the (d + 1)-dimensional
AdS spacetimes and their geons. The action-complexity conjecture is sensitive to the topology of
the spacetime, with a factor of 4 appearing in the action-complexity relation. Thus provides further
evidence in support of the robustness of AdS/CFT holographic duality. An interesting problem to
tackle concerns the nature of the action-complexity conjecture for charged and/or rotating black holes
as well as for theirs geon counterparts as the computation of the complexity in the CFT for the

aforementioned black holes remains an open question.

To end this concluding section, we recall that in the current dissertation we studied two holographic
dualities namely the Kerr/CFT correspondence and the AdS/CFT correspondence. We found evidence
in favour of the robustness of these holographic dualities by probing them in some new classes of black
holes and theories of gravity. These classes of black holes include super-entropic (ultraspinning Kerr-
AdS-like) black holes and quotient spaces of AdS black holes known as geons. The theories of gravity
involve both Einstein and Lovelock theories. The holographic aspects of black hole chemistry were
further extended and strengthened. Clearly, there is much more to be learned about holographic

duality from the study of these black holes as they have unusual topologies (features).

94



Bibliography

1]
2]

[9]

L. Susskind, ”The world as a Hologram,” J. Math. Phys. 36(11): 6377-6396.

C. B. Thorn, ”Reformulating string theory with 1/N expansion,” International A. D. Sakharov
conference on Physics. Moscow. pp. 447-54, (1994).

S.W. Hawking, ”Black holes and thermodynamics,” Phys. Rev. D13, 191 (1976).

J. D. Bekenstein, ”Universal upper bound on the entropy-to-energy ratio for bounded systems,”

Phys. Rev. D23 (215): 287-298.

L. Susskind, ”"The Black Hole War - My Battle with Stephen to Make the World Safe for Quantum
Mechanics,” Little, Brown and Company (2008).

J. Maldacena, ”The Large N Limit of Superconformal Field Theory and Supergravity,” Adv. Theor.
Math. Phys. 2 (1998) 231-252, [arXiv:9711200v3 [hep-th]].

O. Aharony, S. S. Gubser, J. Maldacena, H. Qoguri, and Y. Oz, “Large N Field Theories, String
Theory and Gravity,” Phys. Rept. 323: 183-386 (2000).

M. Guica, T. Hartman, W. Song and A. Strominger, "The Kerr/CFT Correspondence,” Phys.
Rev. D80, 124008 (2008), [arXiv:0809.4266 [hep-th]].

R. Emparan, and R. C. Myers, "Instability of ultraspinning black holes,” JHEP 0309, 025 (2009).

[10] R. C. Myers, and M. Perry, ”Black Holes in Higher Dimensional Space-Time,” Annals of Physics,

Volume 172, Issue 2, p. 304-347.

[11] D. Klemm, ”Four-dimensional black holes with unusual horizons,” Phys. Rev. D89, 084007 (2014).

[12] R. A. Hennigar, D. Kubiznak, and R. B. Mann, ”Entropy Inequality Violations from Ultraspinning

Black Holes,” Phys. Rev. Lett 115 (2015), no 3 03101.

[13] D. Lovelock, "The Einstein tensor and its generalizations,” J. Math. Phys. 12 (1971) 498.

95



[14] A. Lukas, B. A. Ovrut, and D. Waldram, ”On the Four-Dimensional Effective Action of Strongly
Coupled Heterotic String Theory,” Nucl. Phys. B 532 :43-82 (1998).

[15] D. G. Boulware and S. Deser, ”String-Generated Gravity Models,” Phys. Rev. Lett. 55, 2056
(1985).

[16] D. Kubiznak and R. B. Mann, "P-V criticality of charged AdS black holes,” JHEP 1207, 033
(2012).

[17] S. Gunasekaran, R. B. Mann and D. Kubiznak, ”Extended phase space thermodynamics for charged
and rotating black holes and Born-Infeld vacuum polarization,” JHEP11 (2012)110. .

[18] N. Altamirano, D. Kubiznk, R. B. Mann and Z. Sherkatghanad, ”Kerr-AdS analogue of triple
point and solid/liquid/gas phase transition,” Class. Quant. Grav. 31, 042001 (2014).

[19] N. Altamirano, D. Kubiznak and R. B. Mann, ”Reentrant phase transitions in rotating anti?de

Sitter black holes,” Phys. Rev. D 88, no. 10, 101502 (2013).

[20] R. A. Hennigar, R. B. Mann and E. Tjoa, "Superfluid Black Holes,” Phys. Rev. Lett. 118, no. 2,
021301 (2017).

[21] D. Kubiznak, R. B. Mann and M. Teo, “Black hole chemistry: thermodynamics with Lambda,”
Class. Quant. Grav. 34, no. 6, 063001 (2017).

[22] E. Witten, ”Anti-de Sitter space and holography,” Adv. Theor. Math. Phys.2 (1998) 253-291.

[23] E. Witten, "Anti-de Sitter space, thermal phase transition, and confinement in gauge theories,”

Adv. Theor. Math. Phys.2 (1998) 505-532, [arXiv:9803131 [hep-th]].

[24] A. Karch and B. Robinson, ”Holographic Black Hole Chemistry,” JHEP 12(2015),
073, [arXiv:1510.02472v2 [hep-th]].

[25] B. Swingle and M. V. Raamsdonk, ”Universality of Gravity from Entanglement,” [arXiv:1405.2933
[hep-th]].

[26] T. Faulkner, M. Guica, T. Hartman, R. C. Myers, and M. Van Raamsdonk, ”Gravitation from
Entanglement in Holographic CFTs,” JHEP 03 (2014) 051, [arXiv:1312.7856 [hep-th]].

[27] E. Bianchi and R. C. Myers, “On the Architecture of Spacetime Geometry,” Class. Quant. Grav.
31 (2014) 214002, [arXiv:1212.5183 [hep-th]].

[28] N. Lashkari, M. B. McDermott, and M. V. Raamsdonk, ”Gravitational dynamics from entangle-
ment thermodynamics,” JHEP 04 (2014) 195, [arXiv:1308.3716 [hep-th]].

96



[29] V. Balasubramanian, B. D. Chowdhury, B. Czech, J. de Boer, and M. P. Heller, "Bulk curves from
boundary data in holography,” Phys. Rev. D89 no. 8, (2014) 086004, [arXiv:1310.4204 [hep-th]].

[30] M. V. Raamsdonk, ”Building up spacetime with quantum entanglement,” Gen. Rel. Grav. 42
(2010) 23232329, Int. J. Mod. Phys.D19,2429(2010), [arXiv:1005.3035 [hep-th]].

[31] D. Stanford and L. Susskind, ”Complezity and Shock Wave Geometries,” Phys. Rev. D90 no. 12,
(2014) 126007, [arXiv:1406.2678 [hep-th]].

[32] T. Hartman and J. Maldacena, ”Time Evolution of Entanglement Entropy from Black Hole Inte-
riors,” JHEP 05 (2013) 014, [arXiv:1303.1080 [hep-th]].

[33] H. Liu and S. J. Suh, ”Entanglement Tsunami: Universal Scaling in Holographic Thermalization,”

Phys. Rev. Lett. 112 (2014) 011601, [arXiv:1305.7244 [hep-th]].

[34] L. Susskind, ”Computational Complexity and Black Hole Horizons,” Fortsch. Phys. 64 (2016)
2443, [arXiv:1403.5695 [hep-th]].

[35] L. Susskind and Y. Zhao, ”Switchbacks and the Bridge to Nowhere,” [arXiv:1408.2823 [hep-th]].

[36] L. Susskind, ”Entanglement is not enough,” Fortsch. Phys. 64 (2016) 4971, [arXiv:1411.0690
[hep-th]].

[37] A. R. Brown, D. A. Roberts, L. Susskind, B. Swingle, and Y. Zhao, ”Holographic Complexity
Equals Bulk Action?,” Phys. Rev. Lett. 116 no. 19, (2016) 191301, [arXiv:1509.07876 [hep-th]].

[38] A. R. Brown, D. A. Roberts, L. Susskind, B. Swingle, and Y. Zhao, ”Complezity, action, and
black holes” Phys. Rev. D93 no. 8, (2016) 086006, [arXiv:1512.04993 [hep-th]].

[39] M. Miyaji, T. Numasawa, N. Shiba, T. Takayanagi, and K. Watanabe, ”Gravity Dual of Quantum
Information Metric,” Phys. Rev. Lett. 115, 261602 (2015).

[40] P. D. Francesco, P. Mathieu, and D. Senechal, ”Conformal Field Theory,” (1997).

[41] S. Caroll, ”Spacetime and Geometry (An Introduction to General Relativity),” (2004).
[42] D. Z. Freedman, and A. V. Proeyen, ”Supergravity,” (2012).

[43] G. W. Gibbons, ”Anti-de Sitter spacetime and its uses,” [arXiv:1110.1206v1 [hep-th]].

[44] M. Banados, A. Gomberoff, and C. Martinez, "Anti-de Sitter space and black holes,” Class. Quant.
Grav. 15 (1998) 3575-3598, [arXiv:9805087v1 [hep-th]].

97



[45] S. Krippendorf, F. Quevedo, and O. Schlotterer, ”Cambridge Lectures on Supersymmetry and
Extra Dimensions,” [arXiv:1011.1491v1 [hep-th]].

[46] R. Haag, J. Lopuszanski, and M. Sohnius, ”All Possible Generators of Supersymmetry of the s
Matriz,” Nucl. Phys. 88 (1975) 257.

[47] S. B. Giddings, ”The Black hole information paradox, in Particles, strings and cosmol-
ogy. Proceedings,” 19th Johns Hopkins Workshop and 5th PASCOS Interdisciplinary Symposium,
Baltimore, USA, March 22-25, 1995, pp. 415-428, 1995 [hep-th/9508151].

[48] S. D. Mathur, "The Information paradox: A Pedagogical introduction,” Class.Quant.Grav. 26
(2009) 224001, [0909.1038].

[49] S. W. Hawking, ”Particle Creation by Black Holes,” Commun. Math. Phys. 43 (1975) 199-220.
[50] W. Israel, ”"Event horizons in static vacuum space-times,” Phys. Rev. 164 (1967) 1776-1779.
[51] J. D. Bekenstein, "Black holes and entropy,” Phys.Rev. D7 (1973) 2333-2346.

[52] S. Hawking, ”"Black holes in general relativity,” Communications in Mathematical Physics 25

(1972) 152-166.
[53] R. B. Mann, "The Chemistry of Black Holes,” Springer Proc. Phys. 170 (2016) 197-205.

[54] B. P. Dolan, ”Where is the pdV term in the first law of black hole thermodynamics? in Open
Questions in Cosmology,” ed. G. J. Olmo (Intech, Rijeka, Croatian, 2012) [arXiv:1209.1272].

[65] D. Kubiznak, and R. B. Mann, ”Black Hole Chemistry,” [arXiv:1404.2126).

[66] M. M. Caldarelli, G. Cognola, and D. Klemm, ”Thermodynamics of Kerr- Newman- AdS black
holes and conformal field theories,” Class. Quant. Grav. 17 (2000) 399-420 [arXiv:9908022 [hep-th]].

[57] D. Kastor, S. Ray, and J. Traschen, ”Enthalpy and the Mechanics of AdS Black Holes,” Class.
Quant. Grav. 26(2009) 195011, [arXiv:0904.2765).

[58] L. Smarr, "Mass formula for Kerr black holes,” Phys. Rev. Letter. 30, 71-73 (1973).

[59] J. Creighton, and R. B. Mann, ”Quasilocal thermodynamics of dilaton gravity coupled to gauge
fields,” Phys. Rev. D52, 4569-4587 (1995).

[60] T. Padmanabhan, ”Classical and quantum thermodynamics of horizons in spherically symmetric

space-times,” Class. Quant. Grav. 19, [arXiv:0204019 [gr-qc]].

98



[61] T. Hartman, K. Murata, T. Nishioka and A. Strominger, "CF'T Duals for Extreme Black Holes,”
JHEP 0904, 019 (2009), [arXiv:0811.4393v2 [hep-th]].

[62] A. Gnecchi, K. Hristov, D. Klemm, C. Toldo, and O. Vaughan, “Rotating black holes in 4d gauged
supergravity, JHEP 1401, 127 (2014), [arXiv:1311.1795].

[63] M. Cvetic, G. Gibbons, D. Kubiznak, and C. Pope, ”Black Hole Enthalpy and an Entropy In-
equality for the Thermodynamic Volume,” Phys. Rev. D84, 024037 (2011), [arXiv:1012.2888].

[64] R. A. Hennigar, D. Kubiznak, R. B. Mann and N. Musoke, “Ultraspinning limits and super-
entropic black holes,” JHEP 1506, 096 (2015), [arXiv:1504.07529 [hep-th]].

[65] Z. Chong, M. Cvetic, H. Lu, and C. Pope, "General Non-Exztremal Rotating Black Holes in Mini-
mal Five-Dimensional Gauged Supergravity,” Phys. Rev. Lett. 95, 161301 (2005), [arXiv:0506029v1
[hep-th]].

[66] E. Caceres, and A. Kundu, ”Holographic Thermalization with Chemical Potential,” JHEP09, 055
(2012).

[67] D. T. Son, ”Toward an AdS/cold atoms correspondence: a geometric realization of the Schrodinger

symmetry,” Phys. Rev. D78: 046003, 2008  [arXiv:0804.3972 [hep-th]].

[68] K. Balasubramanian ,and J. McGreevy, ”Gravity duals for non-relativistic CFTs,” Phys. Rev.
Lett. 101:061601, 2008  [arXiv:0804.4053 [hep-th]].

[69] C. P. Herzog, M. Rangamani, and S. F. Ross, "Heating up Galilean holography,” JHEP0811, 080
(2008), [arXiv:0807.1099v3 [hep-th]].

[70] E. G. Gimon, A. Hashimoto, U. E. Hubeny, O. Lunin, and M. Rangamani, ”Black string in
asymptotically plane wave geometries,” JHEP0O8 (2005) 035, [arXiv:hep-th/0306131].

[71] N. Altamirano, D. Kubiznak, R. B. Mann and Z. Sherkatghanad, ”Thermodynamics of rotating
black holes and black rings: phase transitions and thermodynamic volume,” Galaxies 2, 89 (2014),

[arXiv:1401.2586 [hep-th]].

[72] H. K. Kunduri, J. Lucietti and H. S. Reall, ”Near-horizon Symmetries of Extremal Black Holes,”
Class.Quant. Grav. 24, 4169 (2007), [arXiv:0705.4214 [hep-th]].

[73] H. K. Kunduri and J. Lucietti, ”A Classification of Near-Horizon Geometries of Extremal Vacuum
Black Holes,” J. Math. Phys. 50: 082502, (2009), [arXiv:0806.2051 [hep-th]].

[74] G. Barnich and F. Brandt, ”Covariant Theory of Asymptotic Symmetries, Conservation Laws and
Central Charges,” Nucl. Phys. B 633, 3 (2002), [arXiv:hep-th/0111246].

99



[75] G.Barnich and G. Compere, "Surface Charge Algebra in Gauge Theories and Thermodynamic
Integrability,” J. Math. Phys. 49, 042901 (2008), [arXiv:0708.2378 [gr-qc]].

[76] J. D. Brown and M. Henneaux, ”Central Charges in the Canonical Realization of Asymptotic
Symmetries: An Ezxample from Three Dimensional Gravity,” Commun. Math. Phys. 104, 207
(1986).

[77] D. Tong, ”String Theory,” [arXiv:0908.0333v3 [hep-th]].

[78] D. Chow, M. Cvetic, H. Lu, and C. Pope, ”Extremal Black Hole/CFT Correspondence in (Gauged)
Supergravities,” Phys. Rev. D79, 084018 (2009), [arXiv:0812.2918v2 [hep-th]].

[79] C. V. Johnson, ”Holographic Heat FEngines,” Class. Quant. Grav. 31 (2014) 205002,
[arXiv:1404.5982].

[80] B. P. Dolan, “Bose condensation and branes,” JHEP 1410 (2014) 179.

[81] D. Kastor, S. Ray and Traschen, ”Chemical Potential in the First Law for Holographic Entangle-
ment Entropy,” JHEP 11(2014), [arXiv:1409.3521].

[82] D. G. Boulware and S. Deser, "String Generated Gravity Models,” Phys. Rev. Lett.55 (1985)
2656.

[83] J. T. Wheeler, ”Symmetric Solutions to the Mazimally Gauss-Bonnet Extended FEinstein Equa-
tions,” Nuclear Physics B 268 (1986), no.3 737-746.

[84] J. T. Wheeler, ”Symmetric Solutions to the Mazimally Gauss-Bonnet Extended Finstein Equa-
tions,” Nuclear Physics B 273 (1986), no.3 732-748.

[85] R. G. Cai, A Note on Thermodynamics of Black Holes in Lovelock Gravity,” Phys. Lett. B582
(2004) 237-242 [arXiv:0311240 [hep-th]].

[86] A. Castro, N. Dehmami, G. Giribert, and D. Kastor, ”On the Universality of Inner Black
Hole Mechanics and Higher Curvature Gravity,” Journal of High Energy Physics 7 (2013)
164, [arXiv:1304.1696].

[87] X. O. Camanho and J. D. Edelstein, "A Lovelock Black Hole Bestiary,” Class. Quant. Grav. 30
(2013) 035009, [arXiv:1103.3669].

[88] T. Takahashi and J. Soda, ”Pathologies in Lovelock AdS Black Branes and AdS/CFT,” Class.
Quant. Grav. 29 (2012) 035008, [arXiv:1108.5041].

100



[89] T. Jacobson and R. C. Myers, ”Black Hole Entropy and Higher Curvature Interactions,” Phys.
Rev. Lett. 70 (1993) 3684-3687, [arXiv:9305016 [hep-th]].

[90] A. M. Frassino, D. Kubiznak, R. B. Mann and F. Simovic, ”Multiple Reentrant Phase Transitions
and Triple Points in Lovelock Thermodynamics,” JHEP 09 (2014), 080, [arXiv:1406.7015 [hep-th]].

[91] B. P. Dolan, A. Kostouki, D. Kubiznak and R. B. Mann "Isolated Critical Point from Lovelock
Gravity,” Class. Quant. Grav. 31 (2014), 242001, [arXiv:1407.4783v1 [hep-th]].

[92] D. Kastor, S. Ray, and J. Traschen ”Smarr Formula and an Extended First Law for Lovelock
Gravity,” Class. Quant. Grav. 27(2010) 235014, [arXiv:1005.5053].

[93] J. L. Zhang, R. G. Cai and H. Yu, ”Phase Transition and Thermodynamical Geometry for
Schwarzschild AdS Black Holes in AdSs x S° Spacetime,” JHEP 02 (2015) 143, [arXiv:1409.5305].

[94] J. L. Zhang, R. G. Cai and H. Yu, ”Phase Transition and Thermodynamical Geometry of Reissner-
Nordstrom-AdS Black Holes in Extended Phase Space,” Phys. Rev. D91 (2015), no. 4 044028,
[arXiv:1502.01428].

[95] E. Caceres, P. H. Nguyen and J. F. Pedraza, ”Holographic Entanglement Entropy and the Extended
Phase Structure of STU Black Holes,” JHEP 1509 (2015) 184, [arXiv:1507.06069).

[96] M. H. Dehghani and S. H . Hendi ”Thermodynamics of Rotating Black Branes in Gauss-Bonnet-
Born-Infeld Gravity,” Int. J. Mod. Phys. D16 : 1829-1843, (2007), [arXiv:0611087v1 [hep-th]].

[97] J. Lemos and V. Zanchin ”Rotating Charged Black Strings and Three-Dimensional Black Holes,”
Phys. Rev. D 54, 3840 (1996).

[98] A. M. Awad ”Higher Dimensional Charged Rotating Solutions in (A)dS Space-times,” Class.
Quant. Grav. 20, 2827 (2003), [arXiv:0209238v3 [hep-th]].

[99] L. Susskind, "Addendum to computational complexity and black hole horizons,” Fortschr.Phys.
64, 24(E) (2016).

[100] S.Ryu and T. Takayanagi, ”Holographic Derivation of Entanglement Entropy from anti-de-Sitter
Space/Conformal Field Theory Correspondence,” Phys. Rev. Lett. 96, 181602 (2006).

[101] R. D. Sorkin, ”Introduction to topological geons, topological properties and global structure of
space-time,” edited by P. G. Bergmann and V. De Sabbata (Springer, New York, 1986), pp. 249-
270.

[102] J. L. Friedman, K. Schleich, and D. M. Witt, ”Topological Censorship,” Phys. Rev. Lett. 71,
1486 (1993); Phys. Rev. Lett. 75, 1872(E)(1995).

101



[103] P. Langlois, ”"Hawking radiation for Dirac spinors on the RP? geon,” Phys. Rev. D 70, 104008
(2004); Phys. Rev. D 72, 129902(E) (2005).

[104] J. Louko and D. Marolf, ”Inextendible Schwarzschild black hole with a single exterior: How
thermal is the Hawking radiation?,” Phys. Rev. D58, 024007 (1998).

[105] A. Smith and R. B. Mann, ”Looking inside a black hole,” Classical Quantum Gravity 31, 082001
(2014).

[106] J. Louko, R. B Mann and D. Marolf, ”Geons with spin and charge,” Classical Quantum Gravity
22, 1451 (2005).

[107] J. Maldacena, ”Eternal black holes in anti-de-Sitter,” JHEP 0304 (2003) 021.

[108] J. Louko, D. Marolf, and S.F. Ross, ”On geodesic propagators and black hole holography,” Phys.
Rev. D62 (2000) 044041.

[109] M. Guica and S. F. Ross, ”Behind the geon horizon,” Classical Quantum Gravity 32, 055014
(2015).

[110] A. Karch and L. Randall, ”Locally localized gravity,” JHEP 05 (2001) 008.

[111] A. Karch and L. Randall, ”Open and closed string interpretation of SUSY CFT’s on branes with
boundaries,” JHEP 06 (2001) 063.

[112] T. Azeyanagi, A. Karch, T. Takayanagi, and E. G. Thompson, ”Holographic calculation of bound-
ary entropy,” JHEP 03 (2008) 054.

[113] T. Takayanagi, "Holographic Dual of BCFT,” Phys. Rev. Lett. 107 101602 (2011).
[114] M. Fujita, T. Takayanagi, and E. Tonni, ”"Aspects of AdS/BCFT,” JHEP 11 (2011) 043.

[115] S. Chapman, H. Marrochio and, R. Myers ”Complezity of Formation in Holography,” JHEP
1701 (2017)062, [arXiv:1610.08063v2 [hep-th]].

[116] S. Chapman, M. P. Heller, H. Marrochio and, F. Pastawski ”Towards Complexity for Quantum
Field Theory States,” Phys. Rev. Lett. 120, 121602 (2018), [arXiv:1707.08582v2 [hep-th]].

[117] L. Lehner, R. C. Myers, E. Poisson, and R. D. Sorkin ”Gravitational action with null boundaries,”
Phys. Rev. D94, 084046 (2016), [arXiv:1609.00207v1 [hep-th]].

[118] M. A. Nielsen, "A geometric approach to quantum circuit lower bounds,” Journal of Quantum

Information and Computation, Volume 6. p 213-263, [arXiv:0502070 [quant-ph]].

102



[119] D. Carmi, S. Chapman, H. Marrochio, R.C. Myers, and S. Sugishita,”On the Time Dependence
of Holographic Complexity,” JHEP 11, 188 (2017), [arXiv:1709.10184v1 [hep-th]].

[120] R. Yang, C. Niu, C. Zhang and, F. Kim ”Comparison of holographic and field theoretic complex-
ities by time dependent thermofield double states,” [arXiv:1710.00600v2 [hep-th]].

[121] Z. Fu, A. Maloney, D. Marolf, H. Maxfield, and Z. Wang ”Holograhic complezity is nonlocal,”
JHEP 02, 072 (2018), [arXiv:1801.01137v2 [hep-th]].

[122] J. L. Friedman, K. Schleich and D. M. Witt, Topological censorship, Phys. Rev. Lett. 71, 1486
(1993) Erratum: [Phys. Rev. Lett. 75, 1872 (1995)], [gr-qc/9305017].

[123] M. Sinamuli and R. B. Mann, ”"Geons and the Quantum Information Metric,” Phys. Rev. D 96,
no. 2, 026014 (2017), [arXiv:1612.06880 [hep-th]].

[124] A. O. Barut, and L. Girardello , "New ”coherent” states associated with non-compact groups,”

Commun. Math. 21 (1971 )41.
[125] A. Perelomov, ”Coherent states for arbitrary Lie group,” Commun. Math. 26 (1972) 222.

[126] A. B. Klimov, and S. M. Chumakov A group-theoretical approach to quantum optics: models of
atom-field interactions,” (Wiley-VCH) p.322.

[127] R. Blumenhagen, and E. Plauschinn, ”Introduction to conformal field theory,” Lect.Notes Phys.
779(2009)1-256.

[128] G. Hayward, ”Introduction to conformal field theory,” Physical Review D 47, 3275, 1993.

[129] J. D. Brown, and J. W. York, ”Quasilocal energy and conserved charges derived from gravitational

action,” Phy. Rev. D 47, 1407, 1993.

[130] I. Booth, and R. B. Mann ”"Mowing observers, nonorthogonal boundaries, and quasilocal energy,”

Physical Review D 59, 064021, 1999.

[131] 1. S. Booth,”Metric-based Hamiltonians, null boundaries, and isolated horizons,” Class. Quant.

Grav. 18, 4239 (2001), [gr-qc/0105009].

[132] J. Haegeman, T. J. Osborne, H. Verschelde, and F. Verstraete ”Entanglement renormalization

for quantum fields,” Phys. Rev. Lett. 110, 100402 (2013), [arXiv:1102.5524 [hep-th]].

[133] M. Nozaki, S. Ryu, and T. Takayanagi ”Holograhic Geometry of Entanglement Renormalization
in Quantum Field Theories,” JHEP 10, 193 (2012), [arXiv:1208.3469 [hep-th]].

103



[134] A. Mollabashi, M. Nozaki, S. Ryu, and T. Takayanagi ”Holograhic Geometry of cMERA for
Quantum Quenches and Finite Temperature,” JHEP 03, 098 (2014), [arXiv:1311.6095 [hep-th]].

104



Appendices

A Vanishing charge difference between neighbouring metrics

Here we determine explicitly the charge difference between two neighbouring metrics (3.26), which in

turn gives rise to the central charge.

Prior to computing the integrals that contribute to the central charge we have to determine the

non zero components of h,, (at leading order), which are

htt = *2€I7’2(k2’}/ — F),
e//
hv‘ - _7Fa
¢ r
hep = 26,’}/. (A-1)

Upon inserting these expressions into (3.27,3.28), we obtain

k} | T
KC+KCA_ 2<F€m6n+F2

€ 6"+1fQ €m

(fen +A) — (m < n))dﬂ xdp+--+  (A-2)
where a,y,I" and f are functions of 6 and k is a constant. The first two terms in the above equation
are the gravitational and gauge contributions to the integrand of (3.26), and respectively yield the two

central charge terms in (3.32); the third term is eliminated via the gauge choice A = —f(0)e(o).

The remaining terms in the ellipsis are those that vanish when r — oo or are not tangent to the
surface over which the integration (3.26) is taken [8]; hence they do not contribute to the integral. We
have checked that all such terms vanish. Rather than providing an exhaustive list of these terms, we

shall provide only a few examples. The terms that stem from the boundary conditions (3.29) are of

the form
1
K¢ O J€wag h7 D"y da® x dz?
1.
> —§g15922h13r5343d9 x d¢
k2 y

f——O( )e db x d¢ (A-3)
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whereas the contributions coming from the gauge field have the form

1
Ken DO c€uwapF"(%a da® x dzP

8
1
> —5911922F12C0% df x d¢
kf
2F2(9( Je df x do (A-4)

where the coordinates (z!, 2%, 22, 2%) are (¢,7, ¢,0) respectively. It is clear that all these contributions

are finite and vanish for r — oo.

B Equation of state in 5d gauged supergravity

We consider here a computation of the free energy density of rotating black holes in minimal 5d gauged

supergravity. From the thermodynamic quantities given in (4.71) we see that

~ ~ ~ = = 1
AN = 3(TS + uQ) — dwady — 4oy = Zgmgm(2Z, + 25, — 2,53) =5
=25 Gsl
21 1 3 3
b = — TS —
T E=EI (EatEgE - aplS T aphe
u Wq
SR [2am + gb(1 + a*g )]G B
wp
— 2bm + qa(1 + b*g* : B-1
B2+ a4 Ve (B-1)
The free energy density reads as
~ mm _ - - nqabg®(Zq + Zp) 72 5 o, 9 5
Q = ————= (28, +25, — 5,2 - T b
G et 5 Dt s Gy LU T 4
2 V37 Tam Wa wbm W
— —————Tabg— 7/1(11* —= = —2
25,55 Gsl3r EaZpGslBry 2525,Gsl3ry 1 2E,.= FG5l3ry 0l
_ mgb(l+a’g®) we  mga(l+b7g%) wy (B-2)
4725, Gsl3ry 1 42,E2G503r, 17
Therefore, we have
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and which can finally be written as

9 q*r? 1
42,5, [(r3 + a?)(rd 4 b?) + abq] G51°
—AM + 3(TS + pQ) + Awa J, + 4wy Jy. (B-4)

10, —AM + 3TS + 4wy Jy + 4wy, +

Q’l?’/GmT»/hwi

using (4.71).

C Complexity-Volume: computations in the bulk

Here we provide more details on some of the computations in the bulk.

Let us start with the BTZ black hole; in this case we obtain from (5.31) for the late time limit

Vol® (%) ™/ cos 2k P cosh 2p
—_— = - d dp+t
R2V; /0 sin H—~_/() sinh p Pt
. /”/4 de /Pw dp
~Jo sinkcos2k o sinhpcosh2p
(C-1)
or, more explicitly,
Vol?"% (%
ORTVE) = 2coshpe — V2 —log(1 —V2) +t
. /”/4 ds /Pw dp
~Jo sinkcos2k o sinhpcosh2p
Setting e”> ~ 7 /4e, this can be approximated to the asymptotic form
VolI?"* (% %
Vo (%) o™ L iy (C-2)

R? 4e
with ¢ ~ —log e, which is congruent with the results we got from the CFT computations. We can also

see that the closer the parameter € gets to 0 the greater is the time t.

When looking at the early time limit, we find from (5.31) that

VOIBTZ(E) Poo Poo dp
—— = 2 h pdp + sin® 2., —_—
RV /0 cosh pap -+ sin” 2K /0 sinh psinh 2p
Poo dp
t o= —sin2, [ 0 —— b C-3
SHer /0 sinh psinh 2p (C-3)

which can also take the form
Vol®™(2) 7V 2 4
—_—f~ —— + ¢ -4
R? 4e + ™ (C-4)
1 s

where now ¢ ~ —(: — §)sin(2x,). Here we notice that the term in 1/¢ can be eliminated by means

of renormalization of the time ¢ in (D-6), rendering the latter finite and converging to 0 when k.

approaches 0.
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Concerning the AdS Schwarzschild planar black hole, we obtain in the late time limit

Vol# 44542 (53) _pVa_ i /1 da N /1—6 da (©5)
Rd+1 zg 2# . xd+1[1 +xd+1] . xd+1[1 _ %xd+1}

from (5.47), or explicitly
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This can finally be put into the asymptotic form

Vol¥4dSar2(sy v, gt

RO gt “
d
with ¢~ 6‘”12F1[d+1’ d+11’ D (d+1)e]
The early time limit reads
Vol#445a+2(x3) 2& dx 1, tme gdtlgy
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Hence
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R delz 46(3, 751) 26

where now t ~ —izo\v/h, | (df1)2 B4, d%_l)] The term in 1/4/€ can be removed by renor-

\/(d+1)3
malizing this expression so that the time ¢ goes to 0 when z, = zj.
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D Supplementary material for the action-complexity relation

D.1 Coordinates on the tangent plane
Consider the manifold of unitaries SU(2") and the unitary operator [118]
U=exp[-iy o] (D-1)
J
thereof, the tangent to SU(2™) at this point U, admits the coordinates

y' = iTr(oydU/dt UT)/2"

= dv'/dt. (D-2)

For the metric function Fy (U, y) = f(v), the complexity or length (Euclidean distance) associated with

it reads
Civ) = it [ o0 a
= ir;f/IZd’yi. (D-3)

In the Poincare disk model (with 4% (i = +)), the complexity or length (hyperbolic distance) associated
with the metric F} (U, y) has the form

. dy+
Ci(U)=inf | ———. D-4
) =int [ (D-1)

D.2 Complexity

This subsection is devoted to the derivation of the final form of the computational complexity C' (M (t).

As introduced earlier in the previous sections, it has the form

Sf !
ey = min/ do M/dd_lk el
T+ sy 2 1- |’Y+|2

SV
/ do dzl/dd‘lk |2wj,t sinh(260,)|

i

e~ Bk/2

2Wy1t Qe / L

= 2V 1Qua2(2 = 1)B7IT(d)¢(d) (D-5)

where we employ the control function

— —isinh(26;) sin(2kto)

V+(k,0) = cos(2kt) + i cosh(20y,) sin(2kto) oY
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yielding in turn
17|

—_— = 2wkt sinh 20k D-7
Ty 20 (®-1)
with
. 2e—Puwr/2
Slnh(?ak) = m (D—8)

D.3 AdS/CFT (Planar black holes)

Here we review some useful notions on the metric of Schwarzschild-AdS black hole, particularly the

planar one, as well as the metric of its boundary CFT.

A planar Schwarzschild-AdS black hole in d + 1 dimension has the metric

ds?

—fdt* +dr?/f + r?dSE 4y
f o= —w2rd2 4022 (D-9)

Changing variables to z = [/r, (D-9) becomes

l2

ds? ng[—i«bdf2 +d2*/h+d32 4]

h = 1—(2/%)% (D-10)

where #=1t/l, R=1, z¢ =19"2/w?2 and wi2=r¢/]2,
The mass of this black hole is

d—1

= ——— Qg w? 2 D-11
167TGN 0.d 1 ( )

The metric of the CFT on the boundary of the black hole is of the form
dsl%oundary = _dtQ + ldei’d71 (D_12)
(k =0) for planar black holes. It can be rewritten as

ds%oundary = _ZQ[dEQ + dzi,dfl] (D'13)

and we can label ¢ as t.

D.4 Total energy of the scalar field

Here we compute the total energy of the scalar field knowing the probability densities of the Hamilto-

nian eigenstates |n,n).
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Starting with the state |TF'D(0)) in (6.40) we find that the density matrix is obtained from the

expression

p = Tr(|TFD(0))(TFD(0)|)
=S e (D14

Nk

after tracing over the states |ng)o, where e~#“* are clearly the probability densities of the Hamiltonian

eigenstates. From the above expression we infer that the total energy of the scalar field reads as
E = Vi /ddilk‘ Wk e Pwr

= Vd_l/dd*k k e Pk

= Vi 1Qea2879T(d). (D-15)

111



	List of Figures
	Introduction
	Some important background
	Conformal transformation and global conformal invariance
	Conformal invariance in field theory
	Conformal invariance in two dimensions
	Holographic dualities
	Kerr black holes and chiral conformal field theories in two dimensions
	Anti-de Sitter spacetimes and conformal field theories

	Black hole chemistry

	Super-entropic black holes and the Kerr-CFT correspondence
	Introduction
	Super-entropic black holes
	The Kerr-CFT limit
	Super-entropic-CFT correspondence
	Super-entropic black holes of gauged supergravity
	Conclusion

	Higher order corrections to holographic black hole chemistry
	Introduction
	A Review of Lovelock black holes
	Equation of state
	Holographic Smarr relation
	Some cases
	On the  gk(N) dependence on N
	Conclusion

	Geons and the quantum information metric
	Introduction
	Review of geons
	2+1 Geon information metric
	Information metric for planar black holes and their geon counterparts
	Conclusion

	Topological and time dependence of the action-complexity relation
	Introduction
	Complexity and cost function
	SU(1,1) manifold and metric generation
	Gaussian states
	Conformal field theory in d dimensions
	Geon and direct products
	Rate of variation of the action
	Conclusion

	Conclusion
	Bibliography
	Appendices
	Vanishing charge difference between neighbouring metrics
	Equation of state in 5d gauged supergravity
	Complexity-Volume: computations in the bulk
	Supplementary material for the action-complexity relation
	Coordinates on the tangent plane
	Complexity
	AdS/CFT (Planar black holes)
	Total energy of the scalar field



