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Preface

Alternative theories of gravity are those which provide description of gravitational interaction
different from the description of the usual general theory of relativity. In 1920, soon after the
birth of general relativity, efforts were made to propose these modified theories of gravity. In
those days, work in this direction was mainly due to the curiosity to challenge the newly presented
general theory of relativity, but with time, interest and motivation to work on modified gravities
waxed and waned. Overall, however, a continuous activity in this direction over the past ninety
years may still be found. A part of this thesis is another such effort in the aforementioned

approach.

In this thesis, higher curvature gravity theories are considered which modify Einstein’s theory
of gravity due to the addition of higher order curvature terms to the Einstein-Hilbert term.
The primary motivation for this modification comes from the appearance of quadratic curvature
terms in the low-energy effective action of string theory and is also due to black hole solutions
in higher curvature gravities. Furthermore, these black hole solutions exhibit certain properties

which are unavailable in the usual Einstein’s theory of gravity.

Black hole emission and absorption phenomena is related to an important quantity, known
as greybody factor. Due to greybody factor Hawking radiation’s spectrum deviates from the
spectrum of black body radiations. Some studies of greybody factor are presented in this thesis

which elaborate the characteristics of the radiations emitted from black holes.

The outline of the thesis is as follows: In Chapter 1, historical background of general relativity

is introduced followed by current challenges and then a brief description of higher curvature
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gravities. This chapter also introduces the notion of greybody factor and its importance. In
Chapter 2, the quartic version of generalized cubic quasi-topological gravity is constructed. This
class of theories includes Lovelock gravity and a known form of quartic quasi-topological gravity

as special cases and possesses a number of remarkable properties:

e In vacuum, or in the presence of suitable matter, there is a single independent field equation

which is a total derivative.

e At the linearized level, the equations of motion on a constant curvature background are
second order, coinciding with the linearized Einstein equations up to a redefinition of New-
ton’s constant. Therefore, these theories propagate only the massless, transverse graviton

on a constant curvature background.

e While the Lovelock and quasi-topological terms are trivial in four dimensions, there exist
four new generalized quasi-topological terms (the quartet) that are nontrivial, leading
to interesting higher curvature theories in d > 4 dimensions that appear well suited for

holographic study.

In Chapter 3, four dimensional black hole solutions to the theory are constructed and their
properties are studied. Further, black brane solutions in general dimensions of the theory are
studied. Results of this study may lead to interesting consequences for dual conformal field
theories. In Chapter 4, generalized Reissner-Nordstrom anti-de Sitter black hole solution for
generalized cubic quasi-topological gravity is constructed. Asymptotic and near-horizon solu-
tions for this theory are found in d spacetime dimensions. A form of extended first law of black
hole thermodynamics for these black holes is also presented. Critical values of volume, pressure

and temperature are presented.



In Chapter 5, a general expression for the greybody factor of non-minimally coupled scalar fields
in Reissner-Nordstrom-de Sitter spacetime in low frequency approximation is derived. Greybody
factor as a characteristic of effective potential barrier is also presented. The role of cosmological
constant, both in the absence as well as in the presence of non-minimal coupling, is presented.
Considering the non-minimal coupling as a mass term, its effect on the greybody factor is
discussed. The significance of the results are elaborated by giving formulae for differential
energy rates and general absorption cross sections. The greybody factor gives insight into the

spectrum of Hawking radiations.

In Chapter 6, greybody factor of massless, uncharged scalar fields is worked out in the background
of cylindrically symmetric spacetime, in the low-energy approximation. Two cases are discussed.
In the first case, analytical expression for absorption probability is derived with the spacetime
kinetically coupled with the Einstein tensor. In the second case, an analysis is performed in
the absence of the coupling constant by using the wave equation, which is derived from Klein-
Gordon equation. The radial part of the wave equation is solved in the form of hypergeometric
function in the near-horizon region whereas in the far region, the solution is of the form of
Bessel’s function. Finally considering the continuity of wave function, the two solutions in the
low energy approximation are smoothly matched to get a formula for absorption probability.

The last chapter concludes the thesis by summarizing the outcomes of this work.
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Chapter 1

Introduction

1.1 Historical background of general relativity

Gravity is a fundamental force which has puzzled the man for ages despite the fact that it is
related to phenomena which can be experienced in everyday life. It is also an established fact
that the gravitational interaction was the first of its kind which underwent experimental investi-
gations. This was its simplicity that allowed the construction of an experimental apparatus. At
the end of thel6! century, it was Galileo Galilei who first introduced pendulums and inclined
planes to study gravity. In fact, it appears that gravity played an important role in building in
Galileo’s mind ideas related to the requirement of experiments in science; his experiments had
a great impact on modern scientific thinking. However, gravity was not well understood until
1665, when Isaac Newton introduced his famous “inverse square gravitational law”. Newton’s
view of gravity was based on two concepts. First, space is absolute, i.e., a fixed, unaffected struc-
ture with physical phenomena taking place in a rigid arena. Second, inertial and gravitational

mass coincide. The first twenty years of Newton’s gravity managed to explain all the aspects of



gravity known at that time. However, soon it was realized how large a portion of physical world

was insufficiently described by this theory.

In 19*" century, there were certain experimental results which could not be predicted by New-
ton’s theory of gravity. These include Verrier’s observation of a 35 arc-seconds excess precession
of Mercury’s orbit in 1855 and later on, Newcomb’s more precise observation of 43 arc-seconds.
Also, Mach’s idea in 1893 about Newton’s absolute space is considered as the first constructive at-
tack on Newtonian physics. In the form of initial formulation of Mach, the idea was rather vague
but Einstein put it in mainstream physics in a more elegant way. According to Einstein, “inertia
originates in a kind of interaction between bodies”. This idea totally contradicts Newtonian pic-
ture of inertia, according to which inertia was a property of absolute space. Furthermore, Dicke
suggested that the gravitational constant should be a function of mass distribution, contrary
to Newton, who thought that it should be a universal constant. These were the developments
which compelled physicists of that time to reconsider the basic axioms of Newtonian picture of

gravity.

Einstein in 1905 postulated his theory of special relativity, which successfully explained many
non-gravitational phenomena, but it was in contradiction with Newtonian physics. Since relative
motion and related concepts of Newton and Galileo were ruled out by the theory of special
relativity, it was soon realized that one has to generalize the special theory of relativity to
accommodate non-inertial frames of reference as well. In 1907, Einstein predicted gravitational
redshift by his idea of equivalence of gravity and inertia. In 1915, he succeeded in formulating his
general theory of relativity which included gravity. Remarkably, this theory matched perfectly
with the experimental results about the precision of Mercury’s orbit and the deflection of light

from the Sun, which later measured in 1919 by A. Eddington.



Despite general theory of relativity being well-accepted and a practised theory of gravity, New-
ton’s theory could not be abandoned completely. This was because it was realized that Newton’s
ideas were valid in limited cases and were sufficient for most practical applications. Also it is
important to note that general relativity reduces to Newtonian gravity in the limit of certain
gravitational field strengths and velocities. In other words, it can be said that Einstein reformu-

lated some of Newton’s ideas in a more suitable way, for example, his equivalence principle.

Nowadays, general relativity is facing questions similar to Newton’s gravity, some of which are
briefly presented above. These include issues of being inefficient at providing explanation to

particular observations, being incompatible with established theories and lack of uniqueness.

1.2 Current challenges of general relativity

Modern physics is based on two great theories: general relativity and quantum field theory. Both
these theories are successful in their own arenas of physical phenomena. As general relativity
is based on a classical viewpoint, it describes gravitational systems and non-inertial frames.
On the other hand, quantum field theory is quite successful in revealing the mysteries of high
energy or small scales, where classical description is not valid. In quantum theory, spacetime
is considered as flat whereas in quantum field theory, this is generalized to a curved spacetime
and that quantum fields play in a rigid arena. On the other hand, general relativity does not
take into account the quantum nature of matter. In fact, the behaviour of gravitational fields at
quantum scales itself is not clear. An interesting question which follows is the extent to which

these two great theories are compatible.

The real problem is that there is no idea whether gravity retains its nature as a force at small
scales or not. This is because it is the weakest interaction compared with other interactions, so

that the characteristic scale under which one could experience relevant non-classical effects of
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gravity is too small and is of the order of 1 cm, the Planck scale, which is of course a big

problem.

There are many reasons why physicists are trying to fit together general relativity and quantum
mechanics [1]. Curiosity is the main motivation for cutting edge scientific triumphs. In the
present context, curiosity lies in finding how the theory of quantum gravity would look like and
what modifications in general relativity and in quantum mechanics are required, in order to

make these theories compatible.

Some of the theories which modify general relativity are considered in this thesis. In particular,
those theories which are obtained by adding higher curvature terms in the usual Einstein-Hilbert

action are investigated.

1.3 Higher curvature theories

The Einstein-Hilbert action in general relativity is the action that gives Einstein field equations.

The gravitational part of this action is given by

C

4
— 1
167TG/R\/ gd x, (1.1)

Igu =

where g = det(gqp) is the determinant of the metric tensor, R is the Ricci scalar, G is the
gravitational constant and c is the speed of light in vacuum. Although it is in the simplest possible
form, but it has all the important required properties, including the one which requires equations
of motion to be of second-order. Despite the fact that general relativity is one of the most
successful theories of all times, it has some limitations. For example, it is not renormalizable.
To overcome this limitation, loop quantum corrections were suggested [2]|, which is done by

adding counter terms in the action, which are higher order in curvature scalars. Furthermore,



in string theory, one can obtain the Einstein-Hilbert action from o’ expansion of string theory,
where Vo is the string length. If one considers higher order in o/ expansion of string theory,
then higher curvature corrections appear. String theory makes other strong predictions about
the nature of addition of higher curvature corrections to the Einstein’s gravity [3]. The most
important predictions include existence of super-symmetry and extra dimensions. According
to one of the requirements of super-symmetry, spacetime has 10 dimensions. This convinces
physicists to look for the modifications of general relativity in higher dimensions to solve the

problems of quantum gravity.

Such studies have enough motivation to extend gravity beyond Einstein’s theory and study some
interesting black hole solutions in the resulting theories. A part of this thesis is devoted to those
theories in which terms are added to the Einstein-Hilbert part, which are of higher order in

curvature.

1.4 f(R) theories

When square of the Ricci scalar is added to the Einstein-Hilbert part of the action, we get the

simplest possible extension of Einstein’s theory of gravity. The action in this case is given by

Tir) = /(R+ozR2)ddx. (1.2)

This action is usually known as the Starobinsky mode [4] and is a particular case of more general
class of Lagrangians, which are simply polynomial functions of the Ricci scalar. Theories of these
general class of Lagrangians are called f(R) theories. These theories provide very good toy
models to test the laws of black hole thermodynamics. If one couples these theories minimally

to scalar fields, then these are equivalent to Einstein’s gravity. Due to this property, these



theories are usually known as scalar-tensor theories. The natural restriction on scalar fields is
that they are proportional to the first derivative of the function, which in turn ensure that these
theories are ghost-free. If we consider general f(R) theories, then equations of motion will be
of fourth order and hence propagate ghosts, but if we consider a scalar-tensor subset of f(R)

theories, then they are ghost-free.

1.5 Lovelock gravity

Lovelock theory of gravity is regarded as the generalization of Einstein’s theory of general rela-
tivity. It was introduced by D. Lovelock [5, 6]. In arbitrary dimensions d it is the most general
theory of gravity which yield second order equations of motion. Therefore, Lovelock’s theory is
the natural generalization of Einstein’s theory in higher dimensions. Both the theories coincide
in three and four dimensions but are different in higher dimensions. Since Einstein-Hilbert action
is one of the terms that constitute the Lovelock action, therefore Einstein’s theory is a special

case of Lovelock’s theory in dimensions greater then four. Lagrangian of the theory is given by

t n
L caiby...anbn o fr
L=y=gy anR" R = oup-oie [ BT (1.3)

n=0 r=1

where Rgdb represents Riemann tensor and 5?11511:::3"5" is the generalized Kronecker delta which is
defined as
a1b1...anbn _ 1501 sb1 an sbn
Outayorq = ”'5[C15d1"'5cn 5dn}‘ (1.4)

The coupling constants a,, appearing in the above Lagrangian have dimensions of [length]?" .

Expansion of the product in equation (1.3) gives the following

L =+v/=g(ao + a1R + az(R* + RapeaR™* — 4R, R™) + a30O(R?)). (1.5)



It is clear from above equation that ag corresponds to the cosmological constant, while a,, with
n > 2 are coupling constants for additional terms that correspond to the ultraviolet corrections to
Einstein’s theory, involving higher order contractions of the Riemann tensor R‘gfi’. In particular,
second order term is R? 4+ Rgpea R*? — 4R, R%®, which is precisely the quadratic Gauss-Bonnet

term, which is the dimensionally extended version of the four-dimensional Euler density.

Lovelock and f(R) gravities have received a lot of attention in the quest to modify general
relativity. There is a class of theories in which both these classes appear as special cases. This
class is known as f(Lovelock) theories. The general form of the action of f(Lovelock) gravities

can be written as

1
St (Lovelock) = e /(ddﬂﬂ\/ lg|f (Lo, L1, L2, ...,E%)), (1.6)

where f is a differentiable function of dimensionally extended Euler densities given by

£7’7, — 6b1b2~~~b2n Ra1a2.. Ra2n—la2n (17)

a1a2...a2n " "b1by """ Ybap—1boy

We can see that, in particular, £; is the usual Einstein-Hilbert term and L9 is the Gauss-Bonnet

term. We will see the form of L3 in later sections and develop the form of £4 in later chapters.

It is evident from the above that we can reduce f(Lovelock) theories to the usual f(R) and
Lovelock theories if we choose f to be a linear combination of the sum of arbitrary functions
of Ricci scalar and Euler density, respectively. As we have seen above, Lovelock gravities are
the most general theories having second order equations of motion but in the f(Lovelock) case,
the equations of motion are of fourth order. In a particular case, if one restricts the number of
dimensions to four, then the action will contain the Ricci scalar and Gauss-Bonnet terms alone.

Such theories are usually known as f(R, G) gravities.



1.6 Einsteinian cubic gravity

After the great success of Lovelock and other theories in modifying Einstein’s gravity, physicists
devoted efforts to construct new theories of gravity, which are free of ghosts. These efforts also
include the work in the direction to construct theories of cubic curvature corrections to Einstein’s
gravity. Quite recently, a new model of cubic curvature gravity has been presented [7]. This
gives a unique model when it is added to quadratic and cubic Lovelock terms. It also provides
Einstenian spectrum at linearized level, meaning that the theory is ghost-free. Furthermore, it
has dimension-independent coupling constants. This new model is coined as “Einsteinian cubic

gravity”. The Lagrangian density for this new theory is given by

1
Leca = %[—2/\ + R] + 1 X4 + K[B2X6 + AP, (1.8)

where
P =12R, R4’ R 1% + Rup™Red® Ref™ — 12Rupea R*R" + SR RS RY. (1.9)

Also, X4 and Xg are four- and six-dimensional Euler densities, respectively, representing Lovelock
terms and have the explicit forms given by

X4 — _15a1a2a3a4R0102 RCBC4 (110)

4 C1C2C3C4 ayaz=razaq4’

and

Xg = _150102@3(14@5@6R0102 Ra3a4C3C4RC506 (1_11)

4 C1C2C3C4C5Cq aila2 asae

An interesting thing about the contribution of this new P term is that it is active in four
dimensions. Remarkably, P contributes in all dimensions except d = 3 and d = 6. Therefore it

allows one to study the affects of cubic order curvature in four dimensions. It was claimed [7]



that P is the unique theory for cubic curvature in which the linearized equations of motion
match the Einstein’s gravity. Therefore, it provides a useful holographic toy model and also one

can seek interesting black hole solutions of this new theory.

1.7 Generalized cubic quasi-topological gravity

Quasi-topological theories are very interesting gravity theories because when evaluated on a
spherically symmetric background, the field equations of these theories reduce to second order
differential equations and also produce exact solutions, similar to those of the Lovelock gravity.
This is peculiar, because when the condition of spherical symmetry is relaxed, the order of field
equation rises to four. Another important thing which makes quasi-topological theories more
relevant than the Lovelock theories is that for a given order of curvature, these theories are active
in dimensions less than the corresponding dimensions in which Lovelock theories are active for a
given order of curvature. For example, if we consider cubic order in curvature, Lovelock gravity
will be active in dimensions seven and higher, whereas quasi-topological gravity will be active in
dimensions five and higher. Furthermore, on the background of a constant curvature spacetime,
the linearized equations of motion of the theory coincide with that of the linearized equations
of motion of Einstein’s gravity up to an overall pre-factor. This match of linearized equations of
motion guarantees that the theory is physical, free of ghosts and does not posses extra degrees of
freedom other then Einsteinian gravity. This is very important, because if a theory propagates
extra degrees of freedom, then some of them may carry negative kinetic energy, which in turn is
equivalent to breakdown of unitarity in quantum theory. Furthermore, this match of equations
of motion with Einstein’s theory of gravity implies that the holographic studies of the theory

are significantly simplified.
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The gravitational action containing cubic order in curvature possesses generalized Schwarzschild
solution (usual Schwarzschild solution can be recovered by turning off the coupling constants
with cubic interaction terms), that is, possesses a vacuum static spherically symmetric solution,
characterized by a single metric function and having the most general form of Lagrangian, which

can be written as 8|

ECQTG =—-2A+ R+ aXy+ BXe+ puZg — \Sg. (112)

Here «, B, i1, A are coupling constants and A is cosmological constant. The forms of Z; and Sy

are given by |[§]

1 (3(3d— 8)

3(3d — 4)
abcd
2d—3)(d—4) RopedR“R — ——

Z; = RRC RO+ A 5

R,°R."R

3d
—3(d — 2) Rupa R, R + 3dRuepa R R + 6(d — 2)Ra R R, + §Rf”) . (1.13)

and

4(66 — 35d + 2d2)

S _ 14Rae fRabcdR . 2RabRacd€R cde — RacRabR .
d c bedf + bed 3(d—2)(2d—1) b
2(—30 +9d + 4d?) _ b ed (38 — 29d + 4d?) abed
T (d—-2)(2d—1) RRT Racea = A(d—2)(2d — 1) FRabea R
(34 — 21d + 4d?) ) (30 — 13d + 4d?) 4
R4WR™R — R3. 1.14
(d—2)2d—1) 12(d — 2)(2d — 1) (1.14)

This new theory has many remarkable properties:

1. If one wishes to recover Einstein’s gravity from it, it can be done by simply setting o, 3, u

and X equal to zero.

2. In four dimensions Sy reduces to “Einsteinian cubic gravity” and in all dimensions, this

theory provides the generalized Schwarzschild solution.
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3. In the background of a constant curvature spacetime, linearized equations of motion match

with linearized equations of motion of Einstein’s gravity.

1.8 Black hole solutions

Higher curvature gravities contain whole classes of new black hole solutions which are unavailable
in the classical Einstein’s gravity. It was observed that addition of quadratic curvature terms in
the Einstein-Hilbert action did not produce any modification to the vacuum Einstein equations.
Therefore, the effect of adding the terms containing three Riemann curvatures was investigated.
Results of this analysis [9] showed that, there is a modification in the relation of the mass of the
black hole and its thermodynamic parameters. Particulary, the entropy of the black hole is not

proportional to the area of the horizon which is in contrast to the usual Einstein’s gravity.

Furthermore, perturbative analyses were developed to consider black holes in the context of string
theory [10-12]. In these references, authors have examined affects of curvature squared terms
on spherically symmetric black holes in general dimensions and also considered four-dimensional
black hole solutions with angular momentum or with charge. An important observation was
that, apart from other thermodynamic modifications made by the higher curvature terms, these
terms also generate various new long-range scalar fields "hair" on the black holes. However,
these hair are not primary as they can be completely determined by, for example, mass and
charge. Therefore, these solutions are not violating “no hair theorems”. In fact, new hair arise

because the scalar fields have non-minimal coupling with higher curvature terms.

Due to strong implications in string theory, physicists have focussed on Lovelock gravity. Re-
markably, exact spherically symmetric solutions were found for Gauss-Bonnet theory [13]|. These
results are extended to arbitrary Lovelock theories [14-16] and also to include charged black

hole solutions [17]|. These solutions exhibit certain peculiar properties such as multiple horizons
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and unusual thermodynamical aspects. For example, some of these solutions exhibit vanishing
Hawking temperature [18|. The next interesting aspect which was considered and explored was
whether scalar hair found in the earlier work survived beyond perturbative theory or not. In
this direction, four-dimensional exact dilatonic solution in Gauss-Bonnet theory was investi-
gated [19]. The full equations of motion of this analysis are difficult and thus analytic solution
is not possible. Therefore, relying on the numerical evidences, it was found that modified black

holes do carry these secondary scalar hair as do the charged black holes [20].

Some black hole solutions in f(R) theories are also known [21, 22]. Particularly, for the case
f = R+ asR?, it was observed that, for as > 0, no new hair can arise. Thus, for this condition,
black hole solutions are same as that of Einstein’s gravity. This work was extended [22] to include
spherically symmetric solutions in arbitrary dimensions for general polynomial action. Results
of this study revealed that, regardless of the other terms in the action, the only constraints on
quadratic terms, as above i.e., as > 0, ensured the existence of asymptotically flat black holes

which are like the Schwarzschild solution.

1.9 Black hole thermodynamics

Black hole thermodynamics is certainly one of the most remarkable features of black hole physics,
because it provides a common point to thermodynamics, quantum field theory and general
relativity and thus provides hope that it might give insights into quantum gravity. Originally,
it was developed in the context of Einstein’s gravity. Afterwards, it was easy to extend similar
framework for the case of higher curvature theories. It was the work of Hawking [23| who first
showed that, black holes could actually radiate with temperature T, proportional to its surface
gravity k:

kT = (1.15)

2mc’
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Here kg is, h Planck’s constant and c is speed of light. This was the prediction of quantum field
theory for spacetimes possessing horizon, which is independent of the dynamics of the gravity
theory. Using the Euclidean path integral approach [24] in higher curvature gravity, the first law
of black hole thermodynamics can be written as

P55 = 25M — Qb (1.16)
2me

where M, J and §2 are mass of black hole, angular momentum and angular velocity at the horizon,
respectively. Once black hole temperature and surface gravity are known, black hole entropy
can be calculated. In the context of Einstein’s gravity, the famous Bekenstein-Hawking entropy

relation is given by [23-25]

k3¢ Ay

5G4 (1.17)

SBH

where Ap represents the area of the event horizon. As will be seen in the next section, this

formula is not valid for the case of higher curvature gravities.

1.9.1 Wald entropy

In higher curvature gravities, it was found that temperature is still proportional to the surface
gravity, but entropy is no longer proportional to the area of the event horizon. Wald [26]
generalized the usual Bekenstein-Hawking entropy formula for black holes in higher curvature
gravities. To see this generalization, consider a Lagrangian of the form L£(gup, Rapee). Then,
Wald entropy is given by [27]

S = —271'/P“bceeabecealdas7 (1.18)
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where €., = kqlp — Lo kp is the binormal to bifurcate the Killing horizon. For the case of Einstein’s

gravity

Pabce _ oL

ac  be ae bc
= — . 1.19
ORupee 327G (99 9"9") ( )

b:

From this relation and the fact €, —2, we can get the usual area-entropy relation S = A/4.

1.10 Greybody factor

If one considers black holes as a thermal system, then black holes will have temperature and
entropy. This implies that black holes can radiate. As thermal systems, black holes have an
associated temperature and entropy and therefore they radiate, and the radiations are called

Hawking radiations. The emission rate in a mode of frequency w, at the event horizon, is given
by [23]

1d3k
I(w) = <€Bwi1(2ﬂ)3> . (1.20)

In this relation g is used to denote the inverse of the Hawking temperature and minus (plus)
sign is for bosons (fermions, respectively). This formula for emission rate can be generalized
for any dimension and it is valid for massive and massless particles. Spectrum of the radiations
from black holes at the event horizon is perfectly same as that of the black body spectrum. Due
to this, it gives rise to the information loss paradox. The important fact is that the geometry
of the spacetime around a black is non-trivial. This non-trivial geometry modifies the spectrum
of Hawking radiations. In fact, the non-trivial geometry acts as a potential barrier which allows
some of the radiations to transmit and reflect the rest to the black hole. The mathematical
expression that summarizes all the above discussion is

w)d3k
I(w) = <eﬂz(i)1(27r)3> , (1.21)
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where «y(w) is known as the greybody factor, which is frequency-dependent.

Physically, greybody factor originates from an effective potential barrier by a black hole space-

time. For example, the potential barrier for massless scalars from Schwarzschild spacetime is

Veps (r) = (1—LH> <TH+ l(Hl)), (1.22)

r r3 r2

where 7 is the horizon’s radius and [ is angular momentum of the scalar. It is this potential
which transmits or reflects radiations from black holes. Therefore, it gives rise to the frequency

dependent greybody factor.

Greybody factor not only accounts for the deviation of Hawking radiations from black body
spectrum, but is also important in working out energy emission rates and is also relevant for
computing the partial absorption cross sections of black holes. In this thesis we investigate some
spherically symmetric and axially symmetric spacetimes for these effects. The main procedure
to get expression for greybody factor is to derive the solution of wave equation in the near
horizon and asymptotic regions separately and then match them to an appropriate intermediate
point [28-38]. In this thesis we investigate some spherically symmetric and axially symmetric

spacetimes for these effects.



Chapter 2

Quartic Quasi-Topological Gravity

2.1 Introduction

Physicists expect that modification of Einstein-Hilbert action by the addition of higher curvature
terms could lead to the formulation of the theory of quantum gravity. In this context, Gauss-
Bonnet term, Lovelock class and various other theories are developed by various authors [3,
5, 10, 39, 40|]. Higher curvature gravity is interesting area of research for many reasons. For
example, it has been known for more than forty years that these theories allow for renormalizable
quantum gravity [41]. Also, in the holographic context, the study of these theories has led to the
discovery of numerous interesting properties [42] of conformal field theories [43-47]. Details of
these studies revealed that, the inclusion of quadratic terms has been shown to lead to violations
of the Kovtun-Son-Starinets (KSS) viscosity/entropy ratio bound [47, 48| and studies of cubic

curvature theories have led to holographic c-theorems [49], valid in arbitrary dimensions [50].

Thermodynamic studies reveal that black holes in higher curvature theories have peculiar be-
haviour. Recently, there has been a renewed interest in the thermodynamics and phase structure
of black holes. Motivated by the basic thermodynamic scaling arguments, it has been realized

16
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that when describing AdS black holes, cosmological constant should be treated as a thermo-
dynamic black hole parameter i.e., the pressure and its conjugate quantity is known as the
volume. It was found that, in this framework, the critical behaviour of the charged AdS black
hole becomes a physical analogy with the van der Waals fluids such that the liquid /gas becomes

analogous to small/large black hole phase transition [51-53].

Quasi-topological theories are those for which, in vacuum or in the presence of suitable matter,
in the spherically symmetric case, there is a single independent field equation for one metric
function that is a total derivative. Also, for spherical symmetry, the field equation is in the
form of a polynomial of the single metric function. Whereas, for generalized quasi-topological
theories, in spherical symmetry, field equation contain first two derivatives of the single metric
function. As we will present in this chapter, there are four new generalized quasi-topological
theories which are non-trivial in four dimensions. This is intriguing finding because quartic

Lovelock and several quartic quasi-topological theories are trivial in four dimensions.

The motivations stated above led to the construction of a new cubic theory of gravity, quasi-
topological gravity [54-62], which possesses a number of remarkable properties. As we know
that the cubic Lovelock term — the six dimensional Euler density — is gravitationally non-trivial
only in d > 6, this new cubic quasi-topological term contributes to the field equations in five
dimensions and higher. The equations of motion, which are fourth order on general backgrounds,
reduce to second order under the restriction to spherical symmetry. The theory admits exact
spherically symmetric black hole solutions with the metric function determined by a polynomial
equation very similar to the Wheeler polynomial of Lovelock gravity. Remarkably, despite the
field equations being fourth order on general backgrounds, the linearized equations of motion
describing graviton propagation in a constant curvature background are second order and match
the linearized Einstein equations, up to a redefinition of Newton’s constant [56, 63]. In other

words, the additional massive scalar mode and massive, ghost-like graviton are absent.
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In a recent work Ref. [8] it was shown that cubic quasi-topological gravity and cubic Lovelock
gravity can be understood as members of a class of gravitational theories—generalized quasi-
topological gravity—which, under the restriction of spherical symmetry, have a single independent
field equation. This is a sufficient condition to allow vacuum static spherically symmetric (VSSS)

solutions described by a single metric function; that is, solutions of the form

d 2
ds* = —N?fat* + % + %A% ) g (2.1)

with N = const., i.e., the solution is characterized in terms of a single metric function f [64]. Here
dZ% 4—2) k is the line element on a surface of constant scalar curvature £ = +1,0, —1 corresponding

to spherical, flat, and hyperbolic metrices, respectively. In Ref. [8] it was demonstrated that the

most general theory to cubic order in curvature having this property is given by the action

1
167G

/ddl'\/ —g [—2/\ + R4+ aXy+ BXs+ puZq — )\Sd] . (2.2)

Here, A is the cosmological constant and «, 8, i, A are arbitrary coupling constants. R stands

for the Ricci scalar and X4y and X are the four- and six-dimensional Euler densities,

1 aib
_ 1b1azb2 c1dy cads
X4 - _1601 dicads Ra1b1 Ra2b2 )
X — 15a1bla252a3b3R C1d1R CzdzR cads 2
6 — 3 a1b1 asbs asbs ) ( 3)

g ¢ dicadacsds



19

corresponding to the standard Gauss-Bonnet and cubic Lovelock terms, respectively. Z; is the
cubic quasi-topological term given by (2.10) below, and Sy is a new term whose explicit form
4(66 — 35d + 2d?)

3(d —2)(2d — 1)
(38 — 29d + 4d?)

Si = 14R,* R Rycqy + 2R Ro"* Rycae — Ro“R* Ry,

2(—30 + 9d + 4d?)
 (d—-2)(2d-1) 4(d—2)(2d — 1)

(34 — 21d + 4d?) “ (30 — 13d + 4d?)
Ta—edo RupRR 12(d — 2)(2d — 1) "

R™R* Racba — RRqpcq R

(2.4)

was elucidated for the first time in Ref. [8]. Interestingly, while both the cubic Lovelock and quasi-
topological terms vanish in four dimensions, the new term S; makes a non-trivial contribution to
the field equations, reducing to the contribution of Finsteinian cubic gravity [65]. However, while
Einsteinian cubic gravity does not permit solutions of the form (2.1) in d > 4, Sy does. In this
sense, Sy can be viewed as the d-dimensional generalization of the four-dimensional Einsteinian

cubic term.

In Ref. [8] it was observed that the linearized equations of motion derived from the action (2.2)
coincide with the linearized Einstein equations, up to a redefinition of Newton’s constant. Thus,
to cubic order in curvature, the entire class of theories which have a single independent field
equation for a VSSS ansatz enjoy the property of propagating only the massless, transverse
graviton familiar from Einstein’s gravity. It was also conjectured In Ref. [8] that this would be a
general feature for this class of theories to all orders in the curvature. Shortly after this, it was
demonstrated [66] that this is indeed the case for any theory for which the metric (2.1) describes
the gravitational field outside a spherically symmetric mass distribution. This caveat explains
why some theories, such as f(R) gravity, admit solutions of the form (2.1) with N =1 but also
propagate additional modes on the vacuum; in these theories, the metric (2.1) does not describe

the gravitational field of a spherical mass [66].

The aim of the present chapter is to provide the quartic version of generalized quasi-topological
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gravity describing all quartic Lagrangian densities which, under the restriction of a VSSS ansatz,

have only a single independent field equation.

This chapter is organized as follows. In section 2.2 we first review the procedure by which
the generalized quasi-topological gravities can be constructed, and present the results of this
construction for the quartic case. In section 2.3 we discuss the linearized theory and in section

2.4 we derive the field equations from the actions we construct.

2.2 Construction of the quartic theories

2.2.1 Review of the construction

We begin by briefly reviewing the construction used to obtain the generalized quasi-topological
theories in [8]. The central idea is to construct theories that supplement Einstein gravity with
higher curvature terms in a manner such that these terms can be “turned off" by a suitable
adjustment of parameters in the action. Our conditions are the same as those mentioned in |7].

Explicitly, the conditions are:

1. The solution is not an ‘embedding’ of an Einstein gravity black hole into a higher order
gravity [67—69]. That is, the solution must be modified by the addition of the higher

curvature terms.

2. The solution is not of a pure higher order gravity, but includes the Einstein-Hilbert term.

For example, pure Weyl-squared gravity allows for four dimensional solutions with N =

1 [67, 70-72].

3. Further, the theory must admit an Einstein-Gravity limit, i.e. reduce to the Einstein-

Hilbert action upon setting some of the parameters in the action to zero. This excludes
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certain theories that tune the couplings between the various orders of curvature terms

[73, 74].

These are, effectively, designed so that the most general solution of the theory takes the form

of (2.1) with N = 1. That is, we demand that,

where

(2.6)

is the generalized Einstein tensor. We emphasize once again that in enforcing equation (2.5) we
do not place any constraints on the metric function f. In a general quartic theory, evaluating
the field equations in full generality is an arduous task. It is more convenient to enforce (2.5) by
taking advantage of the Weyl method [75, 76]. Here, one inserts the metric ansatz (2.1) into the
action, integrates by parts to remove boundary terms, considering the action as functional of N
and f, Z[N, f] and varies the action with respect to N and f to obtain the two field equations.

A simple application of the chain rule reveals that

(k) d—2
62 ) a228u 0L _ Y- ¢
_— = _— = —_—— — N T 2.
ON “ia-2)" fN2° & ¥ [gt gr]v (2.7)
and so condition (2.5) becomes

YA

— =0 (2.8)

0f In=1

as was pointed out in [66].
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Carrying out this procedure for a cubic theory of gravity, one is led to the following action

1
167G

/dda:\/—g[—ZA + R+ alXy + BXs + pZq — ASq] (2.9)

where A is the cosmological constant and «, 3, i1, A are arbitrary coupling constants. R stands for
the Ricci scalar and Xy and Xy are the four- and six-dimensional Euler densities, corresponding
to the standard Gauss-Bonnet and cubic Lovelock terms, respectively. Z; is the cubic quasi-

topological term,

1 3(3d — 8) 3(3d — 4)
Z — Rab dRe fReCL Cc RacRabcdR_iRacRcaR
g e fibd f+(2d73)(d74)( g bed
3d
—3(d — 2) Rucba R R% + 3dRoupa R R + 6(d — 2) Ry R Ry + §Ri”) . (2.10)

and Sy is a new term, written explicitly in (2.4).

Here we are interested in constructing the quartic generalization of this action. The possible

quartic curvature interactions are given by [63, 77

L1 =R RY™RIV Ryjan, Lo = R R Ry;anRI ", L3 = R RRI Ry o,
Ly =R R R I"Ryrin, L5 =Ry R ReginRef’", L= Rape" R RypjaR™ .,
L7 = (RupeaR*?, L3 = R™®R. R Rypsp, Lo = R®Rog"o R Resny,

L10 = R®R. I ReneR"y,  L11 = RRSSYRSI R, L1a = RRy“ Ry Rep™,
Li3=R™R“RaygR% ¢, Lia= RPR“ReciaR%0’y,  Li5 = RR“RepraR oc,

Li6 = RRy°RyescR¥ o, L17 = ReyRY Ropeg R, L13 = R™®RRypeq R,

L19 = R’Rapea R, L0 = RR*R*“Racpa, La1 = R*“R"RRapea ,

L = RRy°RRy" . Lo3 = (RapR™)?,  La4 = R'Ry°RSR,

Los = Ry R™R?,  Los = R'. (2.11)
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It is worth noting that in dimensions less than eight, the above 26 curvature invariants are
not independent. The reason is because a certain linear combination of these yields the eight

dimensional Euler density,

1

_ aibiazbaazbzasby cidy cads cads cady
Xy = ?561511@512535[3@514 Ra1b1 Rasz Ra3b3 Ra4b4 (2'12)

which vanishes identically in dimensions less than eight. Furthermore, under the restriction to
spherical symmetry, there are additional, subtle degeneracies. There exist certain combinations
of the above curvature invariants that identically vanish for spherically symmetric metrics [78].
Thus, we can expect certain degeneracies of theories in the spherically symmetric case: The field
equations will not change upon the addition of one of these terms to the action. However, we
should note that the resulting theories will be different when one moves away from spherical

symmetry.

In what follows we focus on the quartic contributions to the action and write the following action

1
S
167TG/dx g

26
—2A+ R+ ZCZLZ-] (2.13)
=1

turning off the quadratic and cubic terms for the time being. In the following subsections we will
enforce condition (2.8) on this theory by fixing the constants ¢; such that the condition is satisfied
for any metric function f. From a practical perspective, we first compute the action (2.13) in
complete generality by explicitly determining each of the 26 terms in arbitrary dimensions for a
VSSS ansatz. This procedure is made significantly more manageable via a simple Maple script
that we have used to determine the dimensional dependence. Our results have been cross-checked
up to (in some cases) 19 dimensions. All subsequent calculations were then performed working

directly with this completely general action.
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We now split our discussion into two parts. First, we will consider the case of dimensions greater
than four and then we will consider the four dimensional case. This is because, as was observed
in the cubic theory [8], the four dimensional case is somewhat special, while all other dimensions

can be treated on equal footing.

2.2.2 The case for dimensions larger than four

Enforcing the condition (2.8) on action (2.13) revealed that, in five and higher dimensions, there
are nine constraints that determine the class of theories with this property i.e., those which
possess VSSS. Somewhat arbitrarily, we solve the constraints for cia, c¢17, c19, €20, Co1, €29,
c23, 24 and co5. The expressions for these constraints are lengthy and the results are given in
Appendix A. After these, we are left with seventeen free parameters that we have to adjust to
get interesting quartic curvature terms. Learning from the existing literature, to classify such

theories, one must divide these theories into two categories:

1. Theories for which the field equation is in the form of total derivative of the polynomial of

the metric function.

2. Theories which contain more than one derivative of the metric function.

For each of the above categories, we will present field equations in § 2.4. For now, we will

present suitable forms which fulfill the conditions of either of above categories, for the 17 quartic

theories.

2.2.2.1 Lovelock and quasi-topological theories

In this section, we determine the number of constraints required, in addition to the nine con-

straints mentioned above, to allow all terms in the action to vanish (for those which lead to
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more than one derivative in the field equations for the VSSS metric function f, see § 2.4). The
resulting field equation is then a total derivative of a polynomial in f. We conclude that two
additional constraints are the minimum number required in order to get rid of these higher
derivative terms in the action. Furthermore, we find that this conclusion does not depend on

the particular choice of the constraints and therefore choosing arbitrarily cg and cq5, we get

2 (=8 + 2d* — 23d + 39d* — 16d°) 2 (122 + 130d? — 207d — 37d* + 4d*)
(3

T B d—4) (@ —-6d+11) T Bd—4)(d—4) (@ —6d+11)
(5d —7) (d — 4) 8 (82 + 82d? — 21d® + 2d* — 139d)
T Bd-4)(@—-6d+11) T (3d—4)(d—4) (@ —6d+11)
16 (82 + 82d* — 21d* + 2d* — 139d) 4(d—2)(d—3) (4d* — 17d + 16)
T Bd-D[d-4(@—-6d+11) O Bd—4)(d—4) (2 —6d+11)
32(d—1)(d—3)(d—2) (d—4) (d—3)d
B VA-D(@ -6+ 2@ -6+ 2@ -6t 2
s — 8d" — 111d° + 570d° — 1190d* + 210d> + 2725d? — 3308d + 1024Cl
(3d —4) (d — 4) (d% — 6d + 11) (d® — 7d% + 14d — 4)
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(3d —4) (4% — 6d + 11) (d® — T2 + 14d — 4)
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N 4(d—1) (845 — 116d° + 673d* — 1966d> + 2983d* — 2148d + 512) N
(3d — 4) (d — 4) (d — 6d + 11) (d® — 7d? + 14d — 4)
32(d—1) (2d* — 15d® + 32d* — 9d — 4) (d — 2) (d — 3)
(3d — 4) (d — 4) (d — 6d + 11) (d3 — 7d% + 14d — 4)
N (d—3)* (d? — 6d +2) N (d—4) (3d° — 21d? + 37d — 11) -
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- _ 2.15
B TET - T P te s d— AT F oy aa—ace (2D

Two additional constraints can be imposed to eliminate more than two derivatives of N(r) in

the action. These will make variational principle more manageable. These terms vanish anyway
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because the theory is constructed in such a way that N = 1 solves one of the field equations.
The remarkable property of these theories that we can kill higher derivatives of N(r) and also
that the field equations are algebraic, is consistent with Conjecture 2 of Ref. [66]. To ensure this

we choose c¢1g and cog, given by

1
8= (3d —4) (d—4) (4% — 6d + 11) (d® — 7d2 + 14d — 4) (d — 942 + 26d — 22)

x [ —2(2d"% — 112640d* + 6558d° + 71315d" — 2329d" — 16827d" + 447d°

— 46d° — 6654d° + 87822d — 28032)c; — 4(2d'° + 156501d? + 16490d°

— 158736d% — 3749d" + 107067d* + 562d® — 50d° — 50145d° — 92828d + 25270) ¢y
—2(d — 4)(4d® — 92d" + 900d°® — 4901d° + 16264d* — 33711d> 4 42690d>

— 30290d + 9280)c3 — 16(d*® 4 81391d> + 10461d°® — 93331d> — 2292d"

+ 67198d* + 325d° — 27d° — 32176d° — 39268d + 7550)cs — 32(d'® 4 81391d>
+10461d° — 93331d% — 2292d" + 67198d* + 325d° — 27d° — 32176d°

— 39268d + 7550)c5 — 8(2d° 4 88410d* + 15059d° — 106219d% — 3597d"

+ 81940d* + 555d° — 50d° — 42522d° — 42618d + 9088)cg

—32(d—2)(d—3) (d® — 18d" +137d° — 573d° + 1436d* — 2191d> 4 1884d>

— 584d — 164)cy + 3(3d — 4)(d — 4) (d — 3) (5d° — 60d* + 281d° — 626d°

(d—5) (d* — 6d* + 10d — 6)
(d2 — 6d+ 11) (d3 — 7d? + 14d — 4)
3(d-1)(d—3) (d—3)? A (d—3) .
B9 +26d—22"" T BT 14d—4 BT B T2 +14d—4 M

2(d — 3)?

C16
d3 —7d% + 14d — 4

+ 632d — 184)cs] — c10

(2.16)
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1
(3d — 4) (d — 2)° (d2 — 6d + 11) (d3 — 9d2 + 26d — 22) (d% — 7d + 14) (d — 4)

C26 =

C1
>< —_

24(147c110 + 340880d% + 2457d5 — 20d* — 475564d> + 6300d” 4 317426d*

—927d® — 366d° + d'? — 97214d° — 87616d — 2048) + %(200d10 — 467516d>
—29192d°® — 224" + 359578d° + 3084d" — 208682d* + 1757d° — 919d° + d*?

4 94783d° + 393168d — 155456) + %(d — 4)(d"® — 20d? + 150d® — 440d"

— 401d° + 6292d° — 16150d* + 12280d° + 13312d* — 26080d + 10240)

+ %(d —2)(d™ — 22d"° 4 194d° — 806d® + 995d" + 4130d° — 13426d° — 203424d*
+ 181192d* — 412060d* + 442000d — 194240) + %S(d —2)(d" —22d"° 4 1944°

— 806d® + 995d" + 4130d°® — 13426d° — 20342d* + 181192d> — 412060d>

+ 442000d — 194240) + %6(195d10 + 499536d> — 13335d° — 22d"! — 40394843

+ 3582d" + 163666d* + 1153d° — 826d° + d'? — 14578d° — 316736d + 79872)

- C—g(d — 2)(d" — 1840 4 122d° — 324d® — 169d" + 2302d° + 810d° — 28868d*

4 88832d° — 152480d” 4 168128d — 87552)

(3d* — 284> + 105d — 176d + 120) (d — 4)°
C
A(d? —7d + 14) (d® — 94 + 26d — 22) (d? — 6d + 11) (d — 2)°
(d* — 6d3 + 8d* + 18d — 24)

- 3610
2(d? — 7d + 14) (d? — 6d + 11) (d — 2)
(d° — 10d* 4 2943 + 16d* — 172d + 152) (d—4)
+ 3C11 + 3C13
2(d? — 7d + 14) (d3 — 9d2 + 26d — 22) (d — 2) 2(d? —7d+14) (d — 2)
(d? — 6d + 12) (d —4)
3C14 + 3C16

2(d? — 7d + 14) (d — 2)

d3 — 8d? +20d — 8
o + ) s (2.17)
2(d? —7d+14) (d — 2)

(d2 —7d+ 14) (d — 2)

Resulting theories will have a field equation with a form similar to that of Lovelock gravity, as
presented in Ref. [61] — the quartic quasi-topological gravity. The field equation, which will be

presented in § 2.4, and it will be shown there that it is a total derivative of a polynomial in f(r).
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We are left with thirteen free parameters after the two additional constraints (2.16) and (2.17)
are imposed, given the constraints in Appendix A and equations (2.14) and (2.15). We remark
that only seven of these terms make non-trivial contributions to the field equations; these are
characterized by the constants ¢y, co, c3, ¢4, c5, cg and c7. Of these seven non-trivial theories, one
will be quartic Lovelock gravity, i.e., the choice of these constraints that yield eight dimensional

Euler density is

Xg LCl = 96, Cy = —48, C3 = 96, Cq = —48, Cy = —6, Ce = 48, Cr = —3,

cg = —384, C10 = —192, C11 = 32, C13 = —192, Cl4 = 192, Cl6 — —192. (2.18)

Another selection which possesses non-trivial field equation is

zZW: ¢ =0, ¢y =8(d— 2)(860 — 2113d + 1959d> — 810d + 102d* + 30d° — 11d° + d")
c3=0, c4=0, cg=0,
cs = —(d — 2)(1108 — 2723d + 2639d* — 1224d> + 235d* + 10d° — 10d° + d7),
c7 = —1292 + 2929d — 2741d? + 1527d> — 684d* + 276d° — 82d° + 14d" — d°,
cs=0, ci0=0, c1 =0, c13=0,

c1a = 16(d — 2)%(274 — 389d + 183d* — 34d> + 2d*), c16=0. (2.19)

This choice gives quartic quasi-topological gravity [61].

All of the above presented theories are available in literature and we made choices of ¢’s to recover
their forms. Now we will make choices of ¢’s to get new theories of desired properties which are
mentioned above for quasi-topological and generalized quasi-topological theories. Therefore, we
find five new quartic quasi-topological theories which are not available in literature previously.

We make the following simple choice of ¢’s for these new terms given by:
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c1 =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);
Zc(lg) : cp =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);
Zc(l4) : c3 =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);
Z(gs) : ¢4 =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);

cs =1, other ¢; = 0 except those constrained in Appendix A and equations (2.14)-(2.17).

(2.20)

Lagrangian densities for these theories have very complicated dimension, dependent on the
spacetime dimension. Their explicit forms for any dimension d > 4 are included in Appendix B.
Each of the quasi-topological theories contribute to the field equations in dimensions d > 5, but
are ‘quasi-topological’ in d = &, i.e., they do not contribute to the equations of motion for eight

dimensional spherically symmetric metrics.

As mentioned above, we have found seven quasi-topological Lagrangians for the quartic order
in curvature. One of these is the quartic Lovelock term, one is previously known term [61] and
five are new. All of these six theories fall into the class of theories known as quasi-topological
gravity. It is not possible to “move between” these quasi-topological terms by adding a term
proportional to the eight-dimensional Euler density: there is no linear combination of the Zc(li)
terms we have defined which can yield Ag. This is in notable contrast to the cubic case where,
in five dimensions, there are two contributions to the field equations, namely, in the notation of

Ref. [56], Z5 and ZZ. However these densities obey the relationship [56]

Xo = AZL — 82, (2.21)

and since the six dimensional Euler density identically vanishes in five dimensions for any metric,
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it follows that there are not really two independent theories. Cubic quasi-topological gravity is

unique. The fact that in the quartic case

6
X £ a2y, (2.22)
=1

for any choice of the coefficients ¢; means that each of these theories are distinct for general
metrics. However, as mentioned at the beginning of this section, there is a sense in which these
theories are degenerate. Under the constraint of spherical symmetry, there exist invariants that
vanish for any spherically symmetric metric [78|. In fact, the combination

1) = 10 @ P9 50, (2.23)

F(q) K(3)

will always be such a term [the quantities with the hats are defined below in equation (2.31)].
Thus, in spherical symmetry, there is a “unique” quasi-topological theory in the sense that
each of the Z(gi) terms makes the same contribution to the field equations and are related to
one another by the addition of a term that vanishes on spherically symmetric metrics. We

emphasize, however, that these theories are ultimately distinct because they will each yield

different dynamics when spherical symmetry is not imposed.

The quartic quasi-topological term (2.19) was also claimed to be unique; however, this does not
appear to be the case, at least in the sense originally described [61]. That theory is unique
only in the sense described above: terms vanishing under the constraint of spherical symmetry
can be added to the action without altering the field equations. However, apart from spherical

symmetry, these are distinct theories, even in dimensions less than eight.
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2.2.2.2 Generalized quasi-topological terms

We now move on to consider generalized quasi-topological terms. Of the 13 free parameters re-
maining under the restrictions imposed by the constraints in Appendix A and equations (2.14)-
(2.17), the Lovelock and six quasi-topological terms comprise of the only seven non-trivial the-
ories. The remaining six terms do not contribute to the field equations of a VSSS ansatz. Here,
we do not explicitly present the Lagrangians for these terms, but rather simply indicate choices

of constants by which they are produced. We make the following choices:

Cc(ll) : cg =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);

4+ cio=1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);
4+ c11 =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);
4 - c13 =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);
4+ c1a=1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17);

Cc(l6) : c16 =1, other ¢; =0 except those constrained in Appendix A and equations (2.14)-(2.17).

(2.24)

In (2.24) and in § 2.2.2.1, we presented choices of constants that yield 13 of the 17 theories. We
find that seven of these theories are non-trivial on a spherically symmetric metric and belong to

the Lovelock or quasi-topological classes.

These remaining six terms yield vanishing contributions to the field equations when N = 1
is permitted (e.g., in vacuum or for electromagnetic matter), but would make non-vanishing

contributions in the presence of more general matter distributions.

We shall now relax the additional constraints imposed in equations (2.14)-(2.17) in order to

obtain a full family of theories satisfying the constraint (2.5). These four distinct new theories
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— the quartet — have a field equation that is a total derivative of a quantity that is a polynomial

in both f(r) and its first two derivatives and it will be elaborated in subsequent section.

We make the following selections:

Sél) =1,
oo 2d° —23d° +106d" — 292d° + 58842 — 709d + 320
0T d(d—3) (3% —18d + 19) (d? — 6d + 11) ’
1
C15 =

X
(d — 3)% (d3 — 9d2 + 26d — 22) d (3d2 — 18d + 19) (d? — 6d + 11)

x [d"0 —20d” 4 188d° — 1211d" + 6287d° — 25778d° + 75674d"
— 146251d® + 172418d* — 110076d + 28160] ,

all other ¢; = 0 except those constrained in Appendix A ; (2.25)

56(12) e =1,
2 (2d° — 24d° +103d* — 161d* — 67d* + 409d — 274)
d(d—3) (3d?* — 18d + 19) (d? — 6d + 11) ’
2 X
(d —3)%(d3 — 9d2 + 26d — 22) d (3d? — 18d + 19) (d? — 6d + 11)

Cg = —

C15 =

x [d" —16d° + 55d° + 601d" — 7258d° + 35933d° — 1022754
+ 177665d° — 184591d” + 104237d — 24112]

all other ¢; = 0 except those constrained in Appendix A ; (2.26)
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56(13) D=1,
o _ 4(2d% — 25d° + 112d" — 185d” — 70d” + 494d — 340)
T d(d—3) (3d% —18d + 19) (d® — 6d + 11) ’
4
C15 =

X
(d —3)%(d® — 9d2 + 26d — 22) d (3d? — 18d + 19) (d? — 6d + 11)

x [d"0 — 18d” + 99d® 4 193d" — 5212d° + 30115d° — 93864d*
+175930d° — 196892d” + 120000d — 29920

all other ¢; = 0 except those constrained in Appendix A ; (2.27)

_ 8(2d° — 25d° + 112d* — 185d° — 70d” + 494d — 340)
d(d—3)(3d? —18d + 19) (d? — 6d + 11) ’

8
X
(d — 3)? (d3 — 9d2 + 26d — 22) d (3d? — 18d + 19) (d? — 6d + 11)

Cg =

C15 =

x [d' — 18d” + 99d° 4 193d" — 5212d° + 30115d° — 93864d"
+ 175930d° — 196892d” + 1200004 — 29920],

all other ¢; = 0 except those constrained in Appendix A . (2.28)

We have chosen these constants to render the field equations in general dimensions as simple as
possible. Our choices have been further motivated by the four dimensional case, which will be
presented in § 2.2.3. The explicit Lagrangian densities that result for these terms are presented

in Appendix C.

Although, we have made many different attempts, it does not seem possible to select additional
constraints such that the reduced Lagrangian of these generalized quasi-topological theories takes
the form,

LN7f=NF0+N/F1+N”F2 (229)
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where F; are functions of f and its derivatives with respect to r. In other words, it does not
seem possible to eliminate terms that are higher order in the derivatives of N (e.g., N'?/N, etc.)
without also eliminating the theory. This adds further support to Conjecture 2 made in Ref. [66]

since we also find that the field equations for these theories are not algebraic.

We have now listed choices of constants for all 17 theories which satisfy condition (2.5) at the
quartic level. We are now able to write down the explicit action for the full theory in five and

higher dimensions. This takes the form

1
T = M/ddx\/—g[—2A+R+O<2X4+a3X6—I—,uZd—)\Sd—l—a4X8
T

6 4 6
+ Z /l(i)ZC(ll) — Z )‘(i)'SC(;) + Z v(i)Cg)] . (2.30)

For any situation in which the stress-energy tensor satisfies T} = T (including the vacuum), the
Cc(li) terms will make no contribution to the field equations: their contributions to the generalized
Einstein tensor all contain derivatives of N. For this reason, we shall not include these terms in
our action in any of the discussion to follow. In the above, we have made the following rescalings

of the coupling constants to simplify the resulting field equations:
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A 1
MO = 1) @d=2)(d=3)7(d—4)([@d—g) PV
o 24(3d — 4)
H@) = (@ =3) (d— 8) (2843 — 173d + 160 + d° + 184% — 1044)"'®)”
o 12(3d — 4)
H®) = (@ =3) (d— 8) (—12d* + 61d8 + 242d — 167d2 + &> — 137)"'G)
o 12(3d — 4)
HO = @ =3) (d—8) (d— 4) (d® — 1042 + 31d — 26)"'™)>
o 6(3d — 4)
HG) = (@ —3Y(d— 8) (d° + 7943 — 14d* + 316d — 170 — 224d2)"'®)
o 3(3d — 4)
HO) = (d—3)(d— 8) (& + 7943 — 14d* + 316d — 170 — 22442)"'®)
[ d (3d® — 27d* 4 73d — 57) \

()™ (2d5 — 20d* + 56d° + 3642 — 346d + 320) ")
A (3d* —27d* +73d —57)d
A@) = A@)

4(d5 — 12d* + 61d3 — 167d2 + 242d — 137)

e (3d3 — 27d% +73d — 57) d

() 7 8 (d5 — 14d* + 79d3 — 22442 + 316d — 170) ")’
oo (3d3 — 27d% +73d — 57) d \ 2.31)

@7 16 (5 — 14d* + 79d3 — 22442 + 316d — 170) "W~ '

In the first term above we have defined
P =(d"—20d" +142d® — 472d* + 743 d — 436) . (2.32)

This concludes our discussion of the theories in dimensions larger than four. We now turn to a

discussion of the four dimensional case.

2.2.3 The case for four dimensions

As was observed in the cubic version of generalized quasi-topological gravity, the four dimensional

case is somewhat special, with only seven constraints as opposed to nine. We find that the most
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general four dimensional theory satisfying (2.5) is given by placing the following seven constraints

on the quartic terms in the action:

19 1 1 4 8 14 o6 1 1 1

C12 = —@Cl - 502 - 503 - 504 - 505 - BCG - T507 - gcs - 109 - 5011;
23 4 1 11 22 41 28 1 11
17 = —%Cl - 502 - ECS - 304 - 305 - T506 - 307 - ﬂ% —C9 — ECIO
1 1 1 1
- 6013 - 5614 - 5015 - 10167
11 7 1 9 9 17 16 1 1
€19 = 351 + 2% + 123 =+ 10 + 5C5 =+ 156 + 5T + 188 =+ 1 + €10
3 1 1 1 1
+ g1 T gf1 + 161~ 5,615 — 40185

72 144 104 1088

6 32 7 4
0= —c1+ —coy+2c3+—cd+ —c5+ —cg+ cr 4+ —cg + —ci0 + 8c11

5 3 5 5 5 15 3 3
8 2 0
— 3613 + 5614 — 3615 — 2c16 — 4c18 + 2c04 + 8cas 4+ 32¢96
5 8 1 16 32 1 4
€21 = —501 - 502 - 503 —4eq — 8¢y — ?CG - 307 - 568 —C9 — 5010 —‘n
+ gC1s — gl + 3C15 ~ €21 — degs — 16c96
7 10 2 20 64 2 2
C22= =301~ 5 G~ g3~ 4cq — 8cs — 3%~ 36T 30 500~ 2c11
1 1 2
+ 3613~ 301 + 3615 2¢94 + 1696 ,
1 1 1 4 8 14 28 7 3
€238 = 154 + 3027 ¢4 + 5¢4 + 5C5 —+ 156~ 57 3% + o+ gCl0 — 5
5) 1 1 1
+ 5013 + 5014 + 5615 + 5616 + c18 — 2c95 — 12¢96 . (233)

Thus, one is left with a 19 parameter family of quartic densities whose solutions are of the form

equation (2.1) with N = constant. We shall now discuss a useful choices for these theories.

In general, only the six terms corresponding to c1, c2, ¢4, ¢5, ¢ and ¢ make nonzero contribution
to field equations in the context of VSSS metrics. Furthermore, each of these six terms make
the same contributions to the field equations, up to overall constants. These six terms provide
the quartic generalizations of the cubic &4 term in four dimensions. The remaining 13 terms do

not contribute to the field equations of a VSSS ansatz, or in any case where the stress-energy
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tensor satisfies T} = T"". Our focus here will be to present the six non-vanishing contributions.

In the previous subsection, we presented four Lagrangian densities, Sc(li) with ¢ = 1,2, 3,4.
These terms account for four of the six contributions in four dimensions, upon setting d = 4 in
the expressions presented in Appendix C. The two additional non-trivial contributions can be

obtained by the following selection of free parameters.

8&5)2 06:1, Cg = ———

all other ¢; = 0 except those constrained in equation (2.33) ;

224
8(6) . -1 - =
4 Cr y €9 15 °
all other ¢; = 0 except those constrained in equation (2.33). (2.34)

We have presented explicit forms for these expressions in Appendix C. In addition to the six
non-trivial terms, there are 13 terms that are the four dimensional analogs of the Cg) terms.
We do not present full expressions for these terms here since they have no effect on the field
equations in the situations we are interested in. A simple choice for these terms is obtained

simply by taking ¢; = 1 and all other ¢; = 0 (except those which are constrained) for each of

the constants that have not been fixed by the above considerations.

We note again that the imposition of spherical symmetry yields a degeneracy amongst these
theories: they differ by terms that vanish for a spherically symmetric metric. However, this

degeneracy is lifted if spherical symmetry is relaxed and so the theories are ultimately distinct.

The action for the non-trivial contributions to the field equations in four dimensions reads

6
1 4 }: N
1= e /d x\/—g |: —2A+ R— )8y — - )\(1)84 :|, (2.35)
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where

) 5 . 5
As) = 55200 Aoy = ~ggAo) (2.36)

with all other S\(i) as defined in equation (2.31) with d = 4. These choices of normalization have

been made to simplify the form of the field equations.

2.3 Linear theory and vacua

In this section, we provide a brief discussion of the linearized equations of motion for the theories
presented in § 2.2. As conjectured in Ref. [8] and then demonstrated in Ref. [66], a theory
satisfying equation (2.5) must necessarily have linearized equations of motion that agree with
the linearized Einstein equations on a constant curvature background, up to an overall constant.
The only caveat is that, in this theory, the metric (2.1) describes the gravitational field outside
of a spherically symmetric mass distribution. Thus, this section provides a useful check of the

correctness of the theories, and the results may be useful in future studies of these theories.
In what follows, we will closely follow Ref. [63], adopting the conventions therein.

We consider a perturbation h,, away from a constant curvature spacetime g,; such that,

Jab = Gab + hab . (237)

The curvature of the constant curvature background is given by,

Rabed = 2K Ga[cGapp » (2.38)
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for some constant K. Adopting the procedure explained in [63], the linearized equations of

motion for hy, are then given by,

1 _ _ _
58& = [e —2K (a(d—1)+¢) + (2a + C)D] GCLLb + [a+2b+ ] [gabD — vavb] RF

1
= -1k (2.39)

~ Kla(d~3) = 2b(d — 1) ~ ] guR" = 1T,

where a, b, ¢ and e are convenient choices of parameters based on the linearization procedure

which can be computed from the following two relationships

(25 aco = 2ex(x ~ 1), (2.40)
2
(O a0 = 4x(x — Dl + bx(x 1) + e(x — 1), (2.41)

here, o is a parameter and x is an arbitrary integer number, which will remain undetermined
because values of a, b, ¢ and e do not depend on Y, therefore we will not compute its value. In
the above, all quantities with a bar correspond to those defined for the background metric, ggp,

while

1
Goy = Ry — §§abRL —(d—1)Khgy,
1.- _ _ _ _
RL = 5 [VaVehy 4+ ViVehe — Ohgy — VaVph] + dKhay — Khgap
RL =vVhy, — Oh — (d — 1)K, (2.42)

where h = §™hg,. The additional scalar and massive graviton modes will be absent provided
2a+c=0and 4b+c = 0 [63]. In other words, these terms will be absent provided the linearized
equations are proportional to the linearized Einstein tensor (plus cosmological term) on the

same background. Let us now explicitly present the linearized equations for the theories we have
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constructed. Specifically, we consider the theory
! SSNEUIIE S
_ d N 7 ~ %
I_M/dx\/fg[—2A+R—;)\(i)Sd +;u(i)zd], (2.43)

which includes all of the non-trivial contributions at the quartic level, except for the Lovelock
term, which has been thoroughly studied previously. The results can be easily extended to cases
with additional terms appearing in the action by simply adding the contributions arising from

these terms to the relevant equations below.

We will define, for convenience, the following constants:
6 44204, 4
nY_ s A Y Ao (2.44)
i=1 i=1

Then, it is a matter of calculation to show that the linearized equations are given by,

L = [1 +4 <u + <d_8)>\) Kﬂ GL. (2.45)

3

N |

Note that in the above, it is the couplings without hats that appear; the definitions made in
equation (2.31) significantly simplify the form of the linearized equations. As expected, we see

the result is proportional to the Einstein tensor linearized on the same background.

(6)
4

In four dimensions, the additional terms S f)) and S, also contribute, while the quasi-topological

terms make no contribution. The linearized field equations then become

L _
gzzb - ab

1 1
3 {1 — 36AK3] GL ind=4 (2.46)

where the sum defining A now runs over all six couplings, A¢.

The full field equations will relate the curvature of the background, K, to the length scale
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introduced by the cosmological constant, A. This dependence can be obtained by evaluating
the field equations (see next section) on the constant curvature background. One finds that the

following relationship must hold,

2A

(d—8) _
_QL—DM—2Y+K+<M+3A)K4_O’ (2.47)

with 4 and A defined by the sums above. Note that when the higher curvature terms are switched
off, the cosmological constant uniquely determines the curvature of the constant curvature solu-
tions of the theory. However, when the higher curvature terms are present there will generically
be multiple solutions for K: four in this quartic theory. In general, only a single one of these

solutions will have a smooth limit to the vacuum of Einstein’s gravity upon sending p, A — 0.

In order to ensure the proper coupling to matter, the prefactor appearing in front of ng in the
linearized equations must have the same sign as in Finstein’s gravity. If this were not the case,
then the graviton would be a ghost. For the theory discussed here, this requirement demands

that

d—8
1+4<#+(3>A>K3>0. (2.48)
This condition must be satisfied by any physically reasonable solution to the equations of motion.

We close this section by noting that, in a d > 4 theory that contains both the quasi-topological

and generalized quasi-topological terms, the value

w=— A (2.49)

seems to be special. When the couplings are constrained in this way, the theory has a unique
vacuum coinciding with the Einstein’s gravity vacuum. Furthermore, the above inequality for

the absence of ghosts is trivially satisfied.
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2.4 Nonlinear field equations in spherical symmetry

Here we present the field equations that are derived from the actions presented in Section 2.2.
We consider first the theory defined in dimensions larger than four, and then close with the four

dimensional case.

2.4.1 The field equations in dimensions larger than four
2.4.1.1 Quasi-topological theories

We consider first the field equations for the quasi-topological gravities constructed in Section 2.2.
The field equations of Lovelock gravity are well known and we do not discuss them here. We

consider the following action,

(d—1)(d—2)

6
1 d . = o (i)

where the fi(;) terms are as in equation (2.31). A spherically symmetric metric (2.1) satisfies the

field equations F' = 0 with N = 1 and
1 6
F=(d-2r"" [62 —Y+ Z M(i)¢4] : (2.51)
i=1

where we have defined

zp:f_k. (2.52)

r2

Equation (2.51) is a total derivative and can be easily integrated revealing that f is determined

by the following algebraic relationship,

6
(d—2)rdt [;2 -+ Z“(i)¢4] =m, (2.53)
=1
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where m is an integration constant which is related to the mass of a black hole. Note that in
passing from the action to the field equations, the hats have been removed from the p’s. It was
for this simplification that the fi;) terms were defined as in equation (2.31). These equations

only hold for d > 4 but d # 8: in eight dimensions, the quasi-topological terms are trivial.

2.4.1.2 Generalized quasi-topological theories

We next present the field equations for the four non-trivial generalized quasi-topological terms
that were presented in § 2.2. The field equations for these theories are not algebraic, but rather,
in vacuum, integrate to a second order differential equation that the metric function f must

satisfy.

We consider now the following action,

T —

1 d (d-1)d-2) S )
167rG/d :U\/—g[ 7 —|—R—;/\(,)Sd , (2.54)

where the ;\(i) terms are as defined in equation (2.31). The field equations of this theory can be

written in the following simple total derivative form,
F' =0, (2.55)

where

2

4
i=1

and the Fs, represents the contribution from each Sc(ii) to the field equations, which is the same
for each term Sc(li) due to the choices made in equations (2.25)- (2.28). Note that, once again, in

passing from the action to the field equations, the hats have been removed from the A’s. It was

for this simplification that they were normalized in equation (2.31). Explicitly, the contribution
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made to the field equations from each Sc(li) is given by

=(k—f) {(d—4)f(k—f)f”+f’2 <(d2—223d+32>f_;k(d_4)>] T
P2 A1 (6= =5+ - 1600

f/3

+ff (k=) (=9 (d=7)r"F +

[((Bd —16) f — 8k) (d — 5) r 6

f/
— 37 (3d - 16) H] , (2.57)
where f = f(r) and its prime denotes a derivative with respect to 7.

2.4.2 The field equations in four dimensions

In four dimensions, the only non-trivial contributions to the field equations come from the

generalized quasi-topological terms. Considering the action

6
1 4o W0
IGWG/d:E g|: + R ;)‘(1)54 ], ( 58)
with the 5\(1-) terms defined in equations (2.31) and (2.36), the field equations read
F =0, (2.59)

where
r2 6
F =2r |:]€—f+€2:| + 2 (Z)\(”) F$4, (260)
=1

and Fg, is given by the same expression as in equation (2.57) evaluated in d = 4. Explicitly,

this takes the relatively simple form,

1" 14 13 12
Fs, fff <f_f >+£+f(f+2k)+2ff (k—f). (2.61)
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This completes the presentation of field equations for the new quartic theories. In the next

chapter we move on to a discussion of their black hole and black brane solutions.



Chapter 3

Black Hole and Black Brane Solutions

in Quartic Quasi-Topological Gravity

3.1 Black hole solutions in four dimensions

To explore features of the newly constructed quartic quasi-topological gravities in previous chap-
ter, here we will present black hole solutions in four dimensions. We consider the simplest case
i.e., the generalization of Schwarzschild solution for these theories. Therefore we aim to study
the vacuum field equations. An exact solution for the field equations is very difficult to obtain
and our efforts in this regard failed. Therefore we rely on perturbative solutions. We work out
asymptotically flat black hole solutions in four dimensions. It is a very important characteristic
of the generalized quasi-topological theories that higher curvature modifications occur in four
dimensions while maintaining relatively simple field equations. Here we only work on the spher-

ically symmetric solutions which can be easily generalized to other cases (i.e. those with £k =0

46
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or —1). We consider the action

o 1 4 — 7 (quartic)
I—16WG/da¢\/ g[-2A+ R+ KS; ], (3.1)

where K is the quartic coupling. The field equations naively contain up to third derivatives of
the metric function, but after imposing spherical symmetry and setting N = 1 they reduce to a

single equation F’ = 0, where

o 24k [ ff'f" 1, £
F_H(k_f)+5K|: ’1“2 <f_2Tf_k>+8r

ffl2

r3

f/3
+6?(f+2k)+

- 1. (32)

with k = 87G, f = f(r) and we have set A = 0. We have made a choice for K given by,

K= Z AGi)- (3.3)

A notable thing here is that the Einstein’s gravity can be recovered from here by simply setting
K = 0. In calculations we will keep k for the general case but at the end we will put £ =1 to

focus only on the asymptotically flat spherical black hole.

Integration of field equation gives

, (3.4)

where C' is the integration constant and the factor 1/k gives us the valid contribution to the

mass coming from the large r solution, as we will see shortly.
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For the asymptotic flat solution we consider as r — oo, we also assume that the K terms have

small corrections, so that use the following expansion of the metric function
C
fry=k— - + eh(r), (3.5)

where € accounts for the order of contribution of h(r). We use this expansion into (3.2) and
only retain the linear terms in h(r). Therefore, we get a second order inhomogeneous differential

equation after setting e = 1. A particular solution upto the first order of K is given by

C  108k3kKC3  97Tk3KCH4 K*C®

hp(r) =k — o + 579 T 510 o ( 17 ) ) (3.6)

Now, we consider the homogeneous equation which has the form,

" 5 I 2,6
hh — ;hh —wr hh = O, (37)
where
5

2 (3.8)

Y T 36r3kC2K]

Here the assumption is that w? is positive, which, in turn, implies that K is negative. The
homogeneous equation can be solved exactly in terms of Bessel functions, but in this case it is
the approximate solution which is more relevant to capture the behaviour. The first derivative

term is small and hence negligible for large r, so the approximate solution can be written as,

4 4
hin(r) ~ Aexp <wi> + Bexp (—WZ> . (3.9)
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For asymptotic flat spacetime we get A = 0, so at leading order we obtain

h(r) & hy(r) + B exp (—‘*’4) . (3.10)

The solution obtained for the homogeneous equation is similar to Yukawa-type terms and it
is also exponentially decaying. Therefore we can neglect it and hence we are only left with
the correction that appears to the particular solution. Another justification for this is that the

theory which we have developed does not propagate massive ghosts.

The ADM (Arnowitt, Deser and Misner) mass corresponding to the asymptotic solution is given

by [79]

d—2 . -
= g a2 10— gu) =

w(k)QC
87G '’

(3.11)

where w(z)q—2 represents the volume of the space with the line element d¥;q_o; for a two-sphere

this is just we = 4.

Next we will explore the behaviour of the solution near the event horizon. To do this we consider

the following expansion for the metric function

f(r)=4rT(r—ry)+ Z an(r—ry)", (3.12)

n=2

where T' = f’(r;)/(4m) represents the Hawking temperature and we opt to use temperature
instead of f’(r;). We use this expansion in the field equation (3.2) and perform series expansion

in (r —r4). Retaining only zero and first order expansion we get the two relations given by

C 1
= = 5 (5kr? + 51273k K 2T + 7687 K kr, T?)
K SKTY
1
0 = (5kr — 20w} T + 51272k K kPT? + 2567 Kk T).

3
SKTY
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These two equations allow us to determine physical quantities. The first equation gives the
value of C' which is related to mass (3.11), and from the second equation we could determine
T in terms of the horizon radius, ry. We can observe that the second equation is quartic but
only one root is real and approaches to nonnegative value for K — 0. Therefore this branch is
interesting and appropriate one due to the fact that it possesses smooth Einsteinian limit, so we

will consider it in our discussions.

We now use numerical solution of the field equation to match the two solutions i.e., asymptotic
and near-horizon solutions. The initial data for numerical scheme will come from the expansion
very near to the horizon. To get this data we have to use higher orders in the expansion (3.12).
Although the higher order terms are more complicated, but good thing is that at each order one
can solve for the new parameter a,, in terms of parameters in the previous orders that themselves
are eventually related to the single free parameter ag at second order. We consider the value of

this free parameter as [80]

ag = f”(;*) = —é[l + 4], (3.13)

where § accounts for the corrections, which appear due to higher curvature terms, to the usual
Schwarzschild solution which can be recovered by setting § = 0. It is important to choose the
values of § very carefully as it should be consistent with the boundary conditions (i.e. f(r) — 1
as r — 00). We use the shooting method to determine it. In (3.12), our expansion runs for
twelve orders. Good results can be obtained with fewer terms, but the construction of these
terms is easily automated and therefore working to a high order comes with no extra difficulty.
We have found that determining § to ten significant digits is sufficient to integrate the solution

to the point where the large r expansions become accurate (see Figure 3.1).
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FicUrReE 3.1: Asymptotically flat solution in quartic theory, black curve is for usual
Schwarzschild solution and blue, red and green curves are for K = —0.32, —1, —3 respectively.

The results of numerical solution are presented in Figure 3.1. Here behaviour of f(r) against
the dimensionless distance r/C' is presented for various values of K. It can be observed from

the graph that the solution approaches the expected value for asymptotically flat black holes.
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When quartic coupling is increased we get more outward displacement of the horizon compared
to the Schwarzschild black hole. This behaviour appears due to the addition of higher curvature
terms in the action which in fact removes metric singularity as r — 0. However, the curvature
singularity remains, because it is observed that the Kretschmann scalar diverging as 1/r* and
Ricci scalar as 1/r2. This can be confirmed through an expansion of f(r) as r — 0. These

results are same as those observed for the case of cubic theory [7, §].

Another interesting aspect that we want to elaborate from the black hole solutions is that, despite
the equation of motion for f(r) in these theories being a third order differential equation (though
a total derivative), asymptotically the black hole solutions we have obtained are characterized
only by their mass. In the near-horizon solution, the free parameter as is equivalent to a choice
of boundary conditions, and it appears that there is a unique value yielding asymptotically flat
conditions. One might naively expect that since the equations of motion are third order and the
black holes may possess “higher derivative hair". However, the above discussion shows that this
is clearly not the case for this class of theories. The black holes are characterized by a single
free parameter (after fixing boundary conditions) and that is the black hole mass. In Ref. [66]

it was suggested that this may be a general feature of this class of theories.

3.1.1 Black hole entropy

As described in Chapter 1, the usual Bekenstein-Hawking entropy gets modified due to the
addition of higher curvature terms. These corrections were incorporated by Wald and the entropy

relation is given by (1.18).

We start by considering the quartic quasi-topological theories. Our analysis shows that each
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Zc(li) makes the same contribution to the Wald entropy. For the theory written down in equa-

tion (2.50), we find the expression for entropy given by,

G _ (d=2) k? d—2 (4)
sy = (= 8)@““)” , for 2,7, (3.14)
giving
d—2 3 6
_ 4 (d—2) kK
§=—7 1+ (d=8) % ZE 1 By | s (3.15)

for the theory (2.50). For a theory containing additional terms, the above entropy density is

simply modified by the addition of the entropy densities corresponding to the extra terms.

)

In the case of the generalized quasi-topological terms, SY , due to our choices of constraints

and the normalization of 5\(1-) in equation (2.31), we find the same contribution to the entropy
(4)

from each S;”. For the particular case of the theory presented in equation (2.54) this relation

becomes,

0 _ md=2)T 4, [(d — 4k | Am(d = SKT (4m)°

= - 5 (30— 16)T } Ay (3.16)

T+

giving for the theory in equation (2.54),

d—2 4
Yy {1 B Z 4r(d —2)T [(d — 4)k? N 47(d — 5)kT N (47)?

—16)T2| \; 1
z - (34— 16) }/\(1)}, (3.17)

where T' = f’(r4.) /4 is the temperature. In all the above cases we have set G = 1. Again, if the
Lagrangian contains additional terms, then the corresponding entropy densities of these terms

will be simply added to the above.

The results presented above are valid for the case of four dimensions, where the only modification

is the addition of the two additional terms corresponding to the contributions from Sf) and Sf)
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yielding

2 327272 O 4
Sqea = —F [1 n :4 Ay (k + ;mT) ] . (3.18)
+ =1

As a consistency check of the calculations, one can verify that the first law of black hole ther-
modynamics holds. Using near horizon solution presented above, and replacing C with M, from

equation (3.11), we find that

oM =T658S, (3.19)
where
2 22
wor?y 19272T% 4 47
= 1 Klk+ —rT 2
S 5r + 5T K + 3 T+ , (3.20)

from above. Since each of the terms going into the first law was computed independently, the

fact that this relationship holds provides an important check of our calculations.

3.2 Black brane solutions in quartic quasi-topological gravity

In this section, we aim to construct the black brane solutions of the quartic generalized quasi-
topological gravities presented in Chapter 2. In order to get a more direct implication, we will
only consider quartic generalized quasi-topological terms supplemented to the Einstein-Hilbert

term. Therefore, we consider the action (3.1). Also, the metric ansatz is given by

,r.2

iz dr?
ds® = — |=N()2f(r)dt* + Y da?| +
=1

52
r2f(r)’

» (3.21)
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where [ is the AdS length. The resulting field equation reads F’ = 0 with

F=d-2) )" [ (f-1] + (djf)Ae“rdl (34 —16)rf' +4(d—6) f)r*f [’

(3d — 16) (d + 1)
3

1
~ 4 (34~ 16) rt 4

PFF 4+ 2d (d—6) A2 + 4? (d—8)1, (3.22)

and we have set k = 0 and rescaled A with powers of £ so that it is dimensionless. Integration
of this gives F' = C, where C' is an integration constant, depending on the mass. Here, we will
use N = 1/4/fsx which means that the speed of light in dual CFT (conformal field theories) is

equal to one.

3.2.1 Perturbative solution

Similar to the case presented in previous the section, here again we are not able to solve the field
equation exactly and, therefore, choose to go for an approximate solution. To obtain asymptotic

solution, we use the following expansion of the metric function f(r)

2C

f(?“) = foo - (Tf)

In the above the quantity, fo, represents the asymptotic value of the metric function which can
be obtained by solving
(d—8)

1—foo+TAf§o:0. (3.24)

Defined this way, the black branes asymptote to an AdS space with curvature radius (=1 /V foo-
We substitute this choice for f(r) into the field equations. An inhomogeneous equation in h(r)

is obtained by setting all terms €” equal to zero for n > 1 and then, at the end, by setting e = 1.

The general form of the equation is complicated and not presented here for the sake of simplicity.
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The form of particular solution of the resulting differential have the form,

o Ad=8)fEN PC
") = TRy A~ 3 )T
3(d* — 8d% + 13d? — 10d + 32) (4(d — 8)Af2 + 3) Af2, r4C? o AC3 395
2 (4(d — 8)Af3, — 3)? (rf)21-2 <W> - B2)

We note that, provided fo, # 0, there are corrections of the same order as the mass of the black

brane from the higher curvature terms.

Next, we consider the homogenous part of the differential equation for large r. We are led to
two separate cases. First, we consider the d # 6 case. In this case, the differential equation has

the form,

(3d—16)(d—1)*C

h// _
4(d = 6) foordfd=3

W —w2rd3h =0, (for d # 6) (3.26)

with

3-4(d=8)ML s

“i= 3y (d—1)(d—6)Cf2 (3.27)

To get a valid solution and make sure that the AdS boundary conditions are satisfied, we must

have w? > 0 which constrains the coupling to satisfy

3 —4(d—8)\f3
N

0. (3.28)

Physical solution has to satisfy this inequality. An approximate solution to the homogenous

equation meeting the above condition is given by

(d=1)/2 (d-1)/2
h(r) ~ Aexp (%) + Bexp (—%) . (3.29)

To ensure the boundary conditions are met, we have to set A = 0. Also, it can be observed that

the second term is suppressed and can be ignored.
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For the case of six dimensions, calculations give the following form of the homogeneous equation,

B2y wgrSh = 0, (3.30)
T
where
2(3 +8Af2)
2 o0/ pb
=" TJo0/y 31
6T T2, (3.31)
and we must have
A 3
% >0 ford=6. (3.32)

In this case the approximate solution can be written as,

e 5
h(r) = Aexp <w65r> + Bexp (—WZT ) . (3.33)

Again, we set A = 0 to ensure consistency with the boundary conditions, and also discard the

contribution of second term due to its enormous suppression.

The importance of the consideration of homogenous equation is evident from the above results.
These calculations give the restriction on couplings which are not available with particular
solution alone. Furthermore, we observe that we can drop the exponential terms from our

considerations.

3.2.2 Near-horizon solution

Here, we will present the near-horizon solution for the black brane case. We use the following

expansion for the metric function,

T o l?
= %(r —ry) + Z an(r —ry)", (3.34)

T
+ i=2

f(r)
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assuming that the metric function vanishes linearly as r — r, for non-extremal black holes.
Using this ansatz into the field equations allows one to determine the coefficients from the

resulting recurrence relation. The first two of these are

C = (4731 —16(3d — 16)m AT 5040 f2 174

16
0= (d—1)r} — 4/ fosTrit* + —(d—5)(3d - 16) 2T (3.35)
These two relations allow us to determine C', the integration constant, and the temperature
in terms of the horizon radius. The rest of the terms become more and more complicated
and, in fact, are not required for thermodynamic considerations. It is well established now
from some extensive studies that the thermodynamics of black objects in the generalized quasi-

topological theories can be studied exactly, despite the lack of an exact solution to the full field

equations [7, 8, 66, 81].

To close this section, we remark that the above result shows that, in five dimensions, temperature
is same as that of the Einstein’s gravity, but in all other dimensions, it gets modified by these

higher curvature terms.

3.2.3 Thermodynamical considerations

The expression for the entropy for these theories has the following form

(ri )H [1 16 (d — 2)(3d — 16)x3¢0 £ T

: (3.36)
3 r

which is not simply given by the Bekenstein-Hawking area law, but rather contains corrections
due to the generalized quasi-topological contributions. This is remarkably different from what is

observed in both Lovelock and quasi-topological gravity, where the area law remains unaffected
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for black branes, and may have interesting holographic consequences. For d < 5 the entropy is

larger than that in the Einstein’s gravity (A = 0), whereas for d > 6, it is smaller.

As a check, we can demonstrate that (3.36) satisfies the first law,

de = Tlds, (3.37)
where the energy density has the form,
e = ﬁc,
167/ foo 0243
-2
(d—2) (77301 —16(3d — 16)m* Ar 2005 f2 7. (3.38)

T 167/ Fouf2d-3

The factors of ;. appearing in the entropy and energy densities can be eliminated by solving

the second equation of (3.35). This is made easier by writing,

A%/ foo

=yH———T .
] (3.39)
where ) solves the equation,
4 3, A 3

which is obtained by substituting r; for the above definition in the second equation of (3.35).
Here, we have included the subscript A to illustrate that this quantity depends directly on the

coupling A.
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The entropy and energy densities now have the forms,

S

1298 — A\(d = 1)*(d — 2)(3d — 16) R ATl FooT\ 2
4843 Yd-1 ’

d —2)¢d—4 Are2 T\ 47
= (25672731 [167% — (d — 1)*(3d — 16)A] (wﬂd_‘/lfiT) . (3.41)

The analysis of the polynomial (3.40) reveals that there will be real, positive solutions for 7y,

provided the coupling satisfies

81

A S 6(d—1%(d—5)(3d = 16)’

(3.42)

with equality corresponding to a positive, real double root. This does not apply in d = 5, but in
this case, A does not contribute to the polynomial, and the only valid solution is v, = 1, which

is valid for any value of the coupling.

Free energy density can be constructed from energy densities and have the form

F=ec—-Ts=

1298~ A(d = 1)*(d — 2)(3d  16) () BV

19270/ foo s d—1

The entropy and energy densities can be shown [using equation (3.40)] to satisfy the relation
e=—-Ts, (3.44)

which is expected for a CF'T living in d — 1 dimensions.

An interesting aspect of the above results is that the entropy and energy densities are modified
from the Einstein’s gravity result. Similar results were noted for five dimensional black branes
in cubic generalized quasi-topological gravity [66]. In Lovelock and quasi-topological gravity,

this is not the case: the expressions are identical, apart from the appearance of the term f,
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characterizing the curvature of the AdS space [56]. In a sense, the properties of black branes in

these latter theories are ‘universal’.



Chapter 4

Charged Anti-de Sitter Black Hole
Solutions in Cubic Generalized

Quasi-Topological Gravity

4.1 Charged black hole solutions in cubic GQG

In this chapter we shall study charged static, spherically symmetric AdS black holes in generalized
quasi-topological gravity. This includes a more thorough study of the results presented for

asymptotically flat solutions and AdS black branes in recent works [66, 82|.

The most general cubic theory satisfying the condition gx¢g» = —1, ensuring dependence on a
single metric function, includes the cubic Lovelock and quasi-topological terms, in addition to
the GQG term. Since both Lovelock and quasi-topological terms have been previously studied,

here we take Einstein’s gravity accompanied only by the cubic generalized quasi-topological term

62
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and a Maxwell field. In d spacetime dimensions, the action is given by [8]

_ 1 i — | (d=1)(d—-2) 12(2d — 1)(d — 2) 1w
N Wi/dwﬁ[p+R+ 1-3 pSs g — ~Fop F| , (4.1)

4

(d=1(d=2) 4

where the cosmological constant A = —*=—5

4(66 — 35d + 2d?)
3(d —2)(2d — 1)
2(—=30+9d + 4d?) _ b ed (38 — 29d + 4d?)
- R™R Racbd -
(d—2)(2d — 1) 4(d—2)(2d — 1)
4 — 21d + 4d> —13d + 4d>
(d—2)(2d — 1) 12(d —2)(2d — 1)

S3q = V4R, R Rycgr + 2R Ro " Rycae — R.°R™ Ry,

R Rabcd Rabcd

R3. (4.2)

The ansatz for the metric is in the following form

d 2

2 _ T2T 2
A = NP +

and the field equations permit N(r) =constant [8]; we set N(r) = 1 for simplicity. In the above,
dZ% d—2) k denotes the line element of the (d — 2)-dimensional transverse space, which we take
to be a surface of constant scalar curvature k = +1,0, —1, associated with spherical, flat, and

hyperbolic topologies, respectively.!

A particular case of the metric (4.3) is a constant curvature space, for which the metric function

is given by,

2
Faas(r) =k + foo% . (4.4)

!The case k = 0 has been previously investigated [83] and so we only concentrate on non-planar black holes.
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Here, ¢ is the length scale associated with the cosmological constant, while f., is a constant that
solves the following polynomial equation:

7
L= foot g (d = 6)(4d* — 49d> 4 291d> — 514d + 184) f3 =0, (4.5)

which is insensitive to the value of k. With pu # 0, fo will differ from unity, indicating that the
higher curvature terms contribute to the radius of curvature of the space. In general, the real
solutions to this polynomial may be positive or negative — we discard any negative solutions,
since these would correspond to dS vacua. Restricting to only foo > 0, the effective radius of

the AdS space is then given by leg = ¢/\/ foo-

The negative of the derivative of equation (4.5) with respect to fo coincides with the prefactor

appearing in the linearized equations of motion [8], and therefore must be positive

o
P(foo) =1 =35(d - 6)(4d" — 49d® 4 291d> — 514d + 184) f2 > 0, (4.6)

to ensure that the graviton is not a ghost in these backgrounds.

As our aim is to study charged black holes, we introduce a Maxwell field F, = 9,4y — OpAa,

with electromagnetic one-form defined as,

A = qE(r)dt. (4.7)

By substitution of the above expression in the Maxwell equation, the unknown function is

determined as

E(r) = 2((5_}2))70;_3, (4.8)
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where the specific choice of the prefactor is made to simplify the thermodynamic expressions.

The only independent field equation from (4.1) becomes

Lpi, =0, (4.9)

with

F = (k fr)+ 2>+qugd+r3“ (4.10)

The term F, , is the contribution from the cubic generalized quasi-topological term to the field

equation and is given by

32232(2d — 1)k 9 4 443 d—s o (T
Se Bd—3) et (@ +5d = 15) (S04 = 810 7 (T + k= f)

(A= ) ~ 48— B ~ B)) - (= AT )

57 o 261 357 57
x((—d*+ 2rd* — = d? + 312 — 489) f + k(129 — 192d + —=d? - 2od* + d') )|
(4.11)

Since the above equation is a total derivative, it can be directly integrated to yield
F =m, (4.12)

where m is an integration constant with dimensions of [length]9~2 and we shall see shortly that
it is related to the mass of black hole. Although exact solutions to these field equations are
not possible, we can study the asymptotic behaviour and near-horizon behaviour of the metric
perturbatively. From the near-horizon expansion it will be possible to completely characterize

the thermodynamics of the black holes.
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4.1.1 Asymptotic solution

The asymptotic form of the metric function is

2 m q2

r

f(T):k_Ffooﬁ—m‘f'm‘Feh(r)a (4.13)
where h(r) describes a correction to the Einstein’s gravity solution due to the cubic terms and
€ is used to track the order of these contributions. Inserting the above expression into the field
equation, at first order in € we obtain an inhomogenous second order differential equation for the
modified function h(r). Assuming that p # 0,2 the homogenous part of the equation at large r

is
" 4 ! 2..d—-3
h’h — ;hh -y hh = 0, (414)

where

2 _ 31*P(foo)
7T T - 1) (2 +5d—15) fopm (4.15)

First, consider the case of 42 > 0. In this case the solution to (4.14) takes the form,?

5
d—1 d—1

d—1 d—1
2yr 2 2yr 2
5/2 v 5/2 g
hpe = Ar°/°1 s <d 1>+Br K (d 1), (4.16)

20f course, the coefficients of h” and h’' appearing in the differential equation are proportional to u, and
therefore, in the p — 0 limit, these terms are simply absent, and the full solution limits to the d-dimensional
RN-AdS black hole solution of Einstein’s gravity.

3Note that the first and the second terms in this equation contribute to the same order at asymptotic infinity
and so pure exponential solutions (without some power of r) are not valid.
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where I and K denote the modified Bessel functions of the first and second kinds, respectively,

and A and B are constants. Schematically, in the limit of large r, the behaviour is

d—1 d—1
29r 2 2vr 2
hy, ~ Ar®/? exp <;r_21> + Br®/% exp (— ;7;21 ) , (4.17)

which shows that by imposing A = 0, the homogenous solution falls off super-exponentially in
the asymptotic region — this can be viewed as a consequence of the fact that the theory does
not propagate ghosts on AdS. The super-exponential fall off of the second term also justifies our

dropping of the homogenous solution below.
Note that k is not present in the approximate large r solution.

Consider next 42 < 0; the homogenous solution at large r becomes

d_1 d_1
20y|rz"2 20q|rz2"2
— 5/2 5/2
hn_ = Cyr Jd51< — >+02r Yd51< — (4.18)

where J and Y are the Bessel functions of the first and second kinds, respectively. Note that
the radial dependence is such that, in any dimension, we get solutions that oscillate rapidly and
grow faster than r2/¢2, and thus do not approach AdS at infinity. The only consistent possibility
would be to impose C1 = Cy = 0, eliminating the homogenous part of the solution. Since in
all but this finely tuned case the asymptotic structure of the black holes is not AdS, in what
follows, we disregard solutions with 2 < 0, imposing the constraint 2 > 0, thereby restricting

our attention to solutions that do not have oscillating behaviour near infinity.
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The differential equation for the metric perturbation h(r) has a complicated particular solution

given by

L _ P(f)=1 m  P(fe) =1 ¢° 8058k
p(r) = P(fx) rd—3 P(fs) 12d=6 7 P(foo)rt d,7

P(foo) —2 foo"n2
P(foo)? (2201

P(foo) -2 foomq2

P(foo)2 2p3d—T7

—%(72d5 —294d* + 2358d°% — 11880d? + 18888d — 6624)

+11(216d° — 342d* — 2442d° 4 5064d* — 1992d + 2016)

— — P(fs 2 km?
24p(d = 2)(d = 1)* (d + 5d — 15) P( (foo) )2 it
w,d,l 3 w,d, D)k 2 w,d,l 4
+O (;1(3(‘00)37“?32057 g2((f )2133?7 Pg(:}g )2r43lq10> ) (419)

where P(f) is defined in (4.6). We have written the five leading terms, indicating the fall off
structure of the next corrections to hy(r). It is easy to see that as u — 0, hy, — 0 because, in
this limit, P(fs) — 1 eliminates the first and second terms, while g — 0 removes the remaining

terms.

From the particular solution we note the leading order corrections are of the same order as
the mass and charge, similar to Gauss-Bonnet gravity. Furthermore, as long as the graviton is
not a ghost, the denominators are positive (and non-vanishing). Finally, since the particular
solution falls off polynomially in 7, it is the dominant contribution to the general solution for

h(r) = hpy + hy and we can safely neglect hjy in equation (4.16).

4.1.2 Near-horizon solution

Next, we look at the solution near the horizon, which is achieved by performing the following

expansion for the metric function:

flr)y=4rT(r —ry) + Z an(r—ry)", (4.20)
=2
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where T is Hawking temperature of the black hole, which can be written as

_f

T=". 4.21
pm (4.21)

Inserting the near-horizon expansion of the metric function into the field equation and demanding

it satisfy the field equations at each order of (r — ry) we find from the first two orders

d—1 2
s P @ 12(2d—1) [ 2686 (d—3)
— _ 2000, o
“ ot /3T T (d-3) [ 13 4T 90 1

X( k(d — 4)(129 — 192d + 37 @* — 57 g3 4 d*)rd=7

3
2
+(d® + 5d — 15) (64k7r2ri_5 + ?W3TT1—4)T2)] ’
d—2 9
— d—4 Ty q s 12,1
0 = (d=3)kr{ "+ (d— 1)72 - (cl—:s)ri—_2 — 4rTrd=3 ¢ a3
k

x|[—13(@=3)(d=4)(d=T) (516 — 768 + 357d2 — 57d° + 4d*) r4=°

128 )

—5 (= 4)(d=3) (d* +5d — 15) 7T

—647%(d — 3)(d — 5) (d2 +5d— 15) krfifﬁTQ
+(d—3)(d—4)(d—6)m (4d* — 33d” +127d — 166) eri‘7T] : (4.22)

which determine the mass parameter and temperature in terms of the horizon radius and cou-
pling. These formulae are enough to determine the thermodynamic properties of the black hole.
Going to higher orders we eventually get all the series coefficients in terms of as, which is a free

parameter whose value is fixed from the boundary condition at infinity.

Consider next the behaviour of the metric function for r — 0. Expanding the field equations

near the origin we find

f(r)=ao+ra; +rag+---, (4.23)
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where these coefficients depend on the mass and charge parameters. Therefore the metric is
regular at the origin, implying that the Kretschmann scalar Ropea R4 ~ =% This is a milder
singularity than that which appears in Einstein’s gravity, for which the metric in these coordi-
nates is singular at » = 0 and for which RgpegR*® ~ r~0. It would be interesting to study if it

is possible to remove this singularity completely by adding matter fields.

4.2 Thermodynamic considerations

In this section we investigate the thermodynamic properties of charged black holes in cubic
generalized quasi-topological gravity. Applying the black hole chemistry formalism [53|, we start
by investigating the first law and Smarr relation, taking both A and p to be thermodynamic
variables. We then look at the physical constraints between the cubic coupling and the charge
and present the domain for parameters to get physical critical points. We also illustrate the

critical behaviour for the black holes here.

4.2.1 First law and Smarr relation

The near-horizon expansion of the metric function discussed in Section 4.1.2 above allows for
the mass and temperature of the black holes to be determined algebraically by (4.22), despite
the lack of an exact solution. However, except for d = 4 an explicit solution for the temperature
is complicated, so we shall use the second equation implicitly instead to show that the first law

is satisfied.



71

To calculate the entropy, we use the Iyer-Wald formalism explained in Chapter 1. Calculation

yields the form of the entropy for the action (4.1),

)
g — (d42> ok d—2 [1 + 48“(d 2) (871' (d? +5d — 15) r T(k + 7ry T)
+
_%(d —4) (4d® — 33d” + 127d — 166) k:Q)} , (4.24)

where ¥(4_9) 1 is the volume of the submanifold with line element d¥(;)q_o. When k =1, this
is just the volume of the (d — 2)-dimensional sphere, while for k¥ = 0 and k¥ = —1 the numeric
answer depends on what type of identifications are performed. The pressure is defined in the

standard way,

A (d-1)(d-2)
P& ™ el (429

with other thermodynamic quantities given by

) IPPI \/ 2(d —2)(d — 3 2(d —2)
(d—2),k"+ q
V="t 0 =% I kel S

(d-1) ~ (d=2), 167 d—3 r‘fr_?”

U, =—32(d - 2)(d” + 5d — 15) (4_2) 1 (71' rAT 4 37rkT2 )

n (d—=2)(d—4)X4-2) %

{3 (4d® — 33d* + 127d — 166) k*Tr4=°

4
k3 d—7
<129 —192d + gaﬂ 547d d4> ”], (4.26)
T
and [79] the mass
d—2
= mZ(d,Q)vk [m — 8058]{7[,6(56177] y (427)

where we have absorbed the d47 part into the mass since it occurs at the same order of m.
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These quantities satisfy the first law of black hole thermodynamics, as it is then straightforward

to confirm

dM =TdS + VdP + ®dQ + ¥, dp, (4.28)

which is the extended first law, with V' the thermodynamic volume conjugate to the pressure
and ¥, the potential conjugate to the coupling p. The quantities also satisfy the Smarr formula

that is expected from scaling,

(d—3)M = (d—2)TS5 — 2PV + (d — 3)®Q + 4u7,, . (4.29)

Our aim is to study the critical behaviour of these black holes, and so we must obtain the
equation of state. This is constructed by replacing 2 in the second equation in equation (4.22)

in terms of pressure, yielding

T (d-3) k€ Bo T
P = Z_W(d_2)v7+v2d_4+(d—?)(d—4)v—6—(d—ﬁ)(d—4)ﬁlv5
p B
+(d— 5)—@2 T? 4+ (d — 4)702 T3, (4.30)

where, to simplify the resulting expressions we have introduced

dry o 16773 5-2d 2
e R — — — 2
v EO (d—3)(d—2)""q
28 (4d* — 57d® + 357d® — 768d + 516) k 3x 22 (d? +5d — 15) k
50 - 5 M, 52 == 3 M,
7(d — 2) (d—2)
3 x 28 (4d3 — 33d? + 127d — 166) k? 2172 (d? + 5d — 15
pr = ( 1 ) K, Pz = ( 3 )u, (4.31)
(d—2) (d—2)

where we refer to v as the specific volume and the others are rescaled physical parameters. In

the sequel we choose 83 and e as the free parameters.



73

The non-linear dependence of the equation of state on the temperature in (4.30) has been
observed for the generalized quasi-topological theories in Ref. [81]. We shall study how including
cubic generalized quasi-topological terms modify the results for Einstein’s gravity in four and
higher dimensions up to seven. To facilitate the study of the thermodynamics, we present the

explicit form of the Gibbs free energy G = M —T'S

4 791! G vd-1p 043k e? pd—2
= = — Bo(d — )7 —
g [d— 2] S d-1 wd—2) (@ gpas  Pold= (1=
487%(d — 2)? (d? + 5d — 15) v@ =5
—B1(d — 8T — T? — Bgud=473 4.32
Brld =4 ) 0 dT —57d5 1 35742 — 7684 + 516 fav (4.32)

where the overall positive factor is suppressed in the new definition to simplify the expression
and other parameters are defined in equation (4.31). In stable equilibrium, the preferred state of

the system is that which minimizes the Gibbs free energy at constant temperature and pressure.

The equation of state in general d using the rescaled parameters given in equation (4.31) is

T (d—3)k  B3(d—4)T%  6B3(d — 5)kT? e? 3B3(d — 6)(d — 4)k>T

Py T Rd—2 T @ T(d—2pt T2 T g2(d—2)p
(4d — 33 +127d — 166)  fs(d — 7)(d — 4) (4d* — 57d + 357d> — 768d + 516) k
(@ +5d—15) 05 873(d — 203 (& + 5d — 15) 00

: (4.33)

where we note that all quantities depend only on e?, and so the same results hold for both

positive and negative charge.

The general idea for observing phase transitions is to see whether the coefficients of different
powers of v in the equation of state have signs that allow for various maxima and minima of p.

A necessary condition for a critical point to occur is that

op 0%p
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which will generally have non-degenerate solutions. An exception to this occurs when

op

57 = 0- (4.35)

which corresponds to a singular critical point. We find for general d that dp/90T is proportional

to a power of 1/v and so we do not obtain any singular critical points.

Unfortunately, the equation of state is quite complicated and does not admit an analytic solution
for the critical values in arbitrary dimensions. However, some insight can still be gleaned from
its form. We begin by isolating Op/dv = 0 for €2, and then plug this result into 9?p/dv?. (Due
to the non-linear temperature dependence, it’s not possible to isolate either dp/dv or §%p/Ov?

for the temperature or volume.) This produces the following result

0= —7T(2d—5)(d—2)°v2+4k(d—3)*(d—-2)* v
— 6144 T37% (d — 4) (2d — 7) (d* + 5d — 15) (d — 2)° v}
— 98304 7T 2ky (d — 4) (d — 5) (d* + 5d — 15) (d — 2)* v?

+ 3840 u Th*m (d —2) (d —4) (d —6) (2d — 9) (4d*> — 33d°> + 127d — 166) v,

—3072kp (d—5) (d—7) (d—4) (4d* — 57d° + 357 d? — 768d + 516) , (4.36)

which fixes the critical volume, v., when the other quantities are known. In the following, we
concentrate only on the case of four dimensions and discuss thermodynamic behaviour in some

detail.

4.2.2 Critical behaviour in four dimensions

The existence of critical points for four dimensional charged black holes has been previously

pointed out in both Einstein’s gravity [84] and in ECG [81]. The equation of state (4.30) takes
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the following relatively simple form:

T ke 3B3kT?
p= v 2mv? vt mot

: (4.37)

where for small v (i.e. for small black holes) the contributions from the electromagnetic and

higher curvature terms equally dominate.

Solving equation (4.34) we find for general values of B3 and e? that the critical temperature,

pressure and volume are

2 3m3e? £ my/9mdet — 4k4B; _ 3m2er £ \/9mtet — 4k1Bs - 2k
¢+ 1872k 35 v Pes 32k2 35 v YeE T g

(4.38)

which result in two choices because the equation of state is quadratic in T. Note that if 83 < 0
then if £ > 0 only T,_, p.— and v._ exist; if & < 0 then only 7.4 exists, but both p.— and v._
are negative. Note that no solution exists for & = 0, recovering the result that no critical points

exist for black branes.

From the above relations, it is obvious that the constraint

9rret

B3<W7

(4.39)

must hold to get a well defined critical solution. We also find that the ratio of critical quantities

in (4.38) is independent of the black hole

3
b 4.40
8’ ( )

and in this sense is universal. Note that this ratio is independent of choice of spherical or
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hyperbolic geometry, though in the latter case we do not have critical points since p.— and v._

are negative.

Remarkably, the ratio (4.40) is precisely the same as that first observed for charged black holes
in four dimensional Einstein’s gravity [84]; higher curvature corrections have not affected this
universal value for spherical black holes. However, for four dimensional black branes the van der

Waals ratio can differ from this value [83].



Chapter 5

Greybody Factor of Scalar Field from
Reissner-Nordstrom-de Sitter

Black Hole

5.1 Introduction

The study of asymptotically non-flat spacetime geometries received a lot of attention after it was
discovered that our Universe has entered into a new phase of accelerated expansion [85]. Among
these non-flat geometries de Sitter spacetime is of great interest due to its rich symmetries and
also because it could incorporate the accelerated expansion of the Universe due to the presence
of non-zero cosmological constant in the Einstein field equations. As predicted, the Universe
is in continuous expansion, so in far future it will pass through a de Sitter phase. Further,
de Sitter geometry could also approximate the inflationary phase of our Universe [86]. The
fact that all black hole spacetimes of Kerr-Newman family can be generalized to include a

cosmological constant makes black hole de Sitter spacetimes an interesting field of investigation.

7
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De Sitter spacetime is the maximally symmetric Lorentzian space having positive curvature. In
four dimensions the symmetry group is SO(1,4) and topology is R x S. Due to the structure
of de Sitter spacetime, inertial observers are surrounded by cosmological horizons, which are a
characteristic of spacetimes having positive cosmological constant. Also dS/CFT correspondence
enhances the interest in the study of de Sitter spacetimes as they provide connection with

conformal field theories.

Thermodynamically, in particular, and otherwise, in general, black holes are the most interest-
ing and relevant objects in any gravitational theory. Their thermodynamics and entropy have
been investigated by taking into account quantum mechanical effects [87, 88]. Also, Hawking
temperature of radiations emitted from variety of different black holes was calculated [89-93].
Greybody factor defined as the probability for a given wave coming from infinity to be absorbed
by the black hole (technically, rate of absorption probability) is directly connected to absorption
cross section [23, 28-33, 94-97|. Black hole emission and absorption phenomena is related to
this important quantity known as greybody factor. It is this quantity that makes it different
from emission and absorption of a black body. The question is, how this quantity originated? It
is generated by an effective potential barrier by black hole spacetimes. This potential quantum
mechanically allows some of the radiation to transmit and remaining to reflect back. This leads
to the frequency dependent greybody factor. Due to this factor black hole thermal radiation
formula is different from the black body radiation formula. Greybody factor not only alters
the thermal radiation formula but is also important to compute the partial absorption cross
section of black holes [35, 98, 99]. In the literature there are investigations for greybody factor
of scalar fields for Schwarzschild-de Sitter black hole. These include the cases of lowest partial
modes in low energy regimes [36, 38, 95, 100, 101]. The absorption and emission spectra of a
Schwarzschild black hole was studied in Ref. [38]. There has been a considerable interest in the

study of greybody factor of scalar and fermionic radiations from asymptotically flat spacetimes
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and black strings [28, 30-33, 94, 102-107].

In this chapter, we use the simple matching technique to solve the radial equation resulting from
the Klein-Gordon equation in the background of the Riessner-Nordstréom-de Sitter black hole. In
this method we divide the space into two regimes, namely near the black hole horizon and near
the cosmological horizon and find solutions for radial equations in both the regimes separately.

Then we stretch these solutions to an intermediate point r,,. The choice of r,, is such that

Th < Tm, Te>Tm and wry <1, (5.1)

where 7, and 7. correspond to black hole and cosmological horizons respectively and w is the

frequency.

The rest of the chapter is organized as follows. In Section 5.2 we will discuss the Klein-Gordon
equation and the profile of effective potential in the background of Reissner-Nordstrom-de Sitter
black hole. In Section 5.3 we compute the greybody factor, starting from near black hole horizon
solution, near cosmological horizon solution, and then matching them at an intermediate point.

This yields expressions for greybody factor and spectrum of Hawking radiations.

5.2 Klein-Gordon equation and profile of effective potential

The spacetime metric for Reissner-Nordstréom-de Sitter black hole is given by,

b

2 (V2 —
BT

dr? — r? (d02 + sin? Gdgpz) , (5.2)

where

fry=1-"—+= - —, (5-3)
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and related electromagnetic field is given by the four-potential
Q
A, = 75;. (5.4)

Here M is the mass and @ is the charge of the black hole. Introducing a dimensionless cosmo-
logical parameter A = 1/3AM?, a dimensionless charge e = % and dimensionless coordinates
t — t/M, r — r/M. It is equivalent to putting M = 1 [108]. The horizons are determined
by the condition

2 e?

1-24+ = —x2=0. 5.5
7‘+r2 " (5.5)

It is clear from the above equation that in the special case of e = 0, the black hole spacetimes

exist for 0 < A < 2—17

Before going into detailed calculations of analytic result of greybody factor we comment about
its validity. It is interesting to note that it is valid for arbitrary quantum number [ and coupling
&. On the other hand the accuracy of the result is guaranteed only if the two asymptotic regions
overlap, which implies that it is only valid for small frequencies. Also the approximation which
we have used is justified for “small” black holes (compared with characteristic dS scale) that is
A << 1. Therefore the result of greybody factor is valid only in complementary regions of the

parameter space.

We consider a scalar field theory in which the field is either minimally or non-minimally coupled

to gravity and described by the following action

S = / d*zy/=g[R — ER®* — 0,90" D). (5.6)
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The equation of motion for the above theory can be written as

1

ﬁau (V=99 0,9(t,r,0,p)] = —4EAD. (5.7)

In the above, we have used R = —4A and £ is a coupling constant determining the magnitude
of coupling between the scalar and gravitational field, with £ = 0 corresponding to the minimal

coupling. In matrix form the above line element can be written as

flr) 0 0 0
0 —= 0 0
f(r
uv = ) . (5.8)
0 0 —r? 0
0 0 0 —r?sin?6

Also,

V—g =r%siné. (5.9)

Using these values in equation (5.7), it takes the form

1 1

1 r2sin @
0] -0, 2 _ T'(I) - o B
72 sin 0 t( F(r) O >+T2Sin98 (r*sin 0 (—£(r)) 9, @) + —5——20p (= sin 60y P)
+ La (0,P) = —4EAD (5.10)
r2sing * : :
Let
®(t,1,0,) = ' R(r)Y(0,%), (5.11)

therefore, the radial part of equation (5.10) is

1d dR(r) w2 I(1+1) _
ﬁ%(rzf(r)) Rl e R + 4EA| R(r) =0, (5.12)
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where [(I + 1) are the eigenvalues coming from the (6, ) part.

Before solving equation (5.12) we will discuss the profile of effective potential due to which

greybody factor originates. We employ the following transformation on equation (5.12)

U
R(r) ==
and the tortoise coordinate
a‘/’ p— ﬂ
= 7
such that
d d d? 9 d? , d
T =l et g

Thus equation (5.12) takes the form

<dcfz +w? = Vess (7’)> U(r)=0,

with
L(1+1)

Vs =10 (M5 —aen s L),

r

(5.13)

(5.14)

(5.15)

(5.16)

In Fig. 5.1, we draw the profile of effective potential for different values of the cosmological

constant for £ = 0.01, ¢ = 1 and [ = 0. It is observed that an increase in the value of cosmological

constant, decreases the height of gravitational barrier and thus enhances the greybody factor.

In Fig. 5.2, the effective potential is depicted for different values of the coupling constant and

A =0.01,¢g=1and ! = 0. It is observed that increase in the value of the coupling constant

leads to the increase in gravitational barrier, which subsequently suppresses the emission of

scalar fields.
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FIGURE 5.1: Profile of effective potential for different values of the cosmological constant for
¢£=001,g=1and ! =0.

0.035 .
0.030
0.025
0.020
0.015

0.010 F

0.005 -

1.2 1.4 1.6 1.8 T

FIGURE 5.2: Profile of effective potential for different values of the coupling constant for A =
0.01,g=1and [ =0.

5.3 Greybody factor computation

5.3.1 Near black hole horizon solution

Equation (5.12) is the master equation of our interest. We will solve this equation in two regions
separately, namely, near the black hole horizon and the cosmological horizon by using a semi-
classical approach known as simple matching technique. Then we will match both the solutions

to an intermediate region to get the analytical expression for the greybody factor.
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For the near-horizon region r ~ rp, we will perform the following transformation to simplify the

radial equation [101]

_ f()
"TIT T g
where
- A
==
Thus we get
o _ (g Bl
dr rp (1 —2r)’

where, in the above

—6AMr + 4AQ%rE + 6 My, — 6Q*
B(ryy = 5 .
6Mr), — 3Q

Using equations (5.17) and (5.18) in (5.12), we obtain

“R(9) dR(g) F? A (1= Erf) N
90 =) =g =) = B, U= g)g Bl (—g) | 9 =0
Here
F, = wrp,
_ T (1-2r) B 2r2= (1 - 2r})
" (1—g)?B(ry) (1—g)B(rn)’
and

A= [1(1+1) —4EA] 72

In order to further simplify the above equation we use field redefinition

R(g) = g"* (1 —g)"" F(g).

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)
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In equation (5.20) we use this definition of R(f) to get

d*F(g) dF i vi o 21
g(l—g +[1+2u — 2u1 + 211 + Cy) 9] — +(— —pi +p1 — 2 + —vi—
1 C, F? F? An (1= Erj)
+v1 —wCi+ —— —11Cy + + - F(g)=0. (5.25
-y By T B (i-9 Blmi-g @70 69
Now, define
ap =pu1 +v1+Cy — 1, (526)
b1 = u1 + vy, (5.27)
c1 =1+42u. (528)

Also, constraints coming from the coefficients of F(f) give

2 F2
— ] 5.29
M1 + B2(T’h) ) ( )
and
F? A (1 — =02
V241 (Cy —2) + —5 i — 20 ( i) _ 0. (5.30)

= tr—— (5.31)
h

and

(5.32)
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Thus equation (5.25) by virtue of equations (5.26) —(5.28) and constraints (5.29) , (5.30) becomes

000D ey~ (vt B0 (g =0, (5.33)

In the near-horizon region the solution can be written in the form of general hypergeometric

function, which has the form

R(g)ng = A1g" (1—g)"" F (a,b,c;9) + A2g7 "' (1 —-g)" Fa—c+1,b—c+1,2—¢c;g), (5.34)

where A; and A, are arbitrary constants. For the near-horizon case there exists no outgoing

mode, we choose Ay = 0, thus we get

R(g)ng = A19" (1 — g)"" F (a,b,¢;9) . (5.35)

5.3.2 Near cosmological horizon solution

We now solve the radial equation (5.12) close to the cosmological horizon r.. In this case we

choose the radial function & (r), in place of g (r), which is defined as

h(r)=1-2r (5.36)

We employ the following transformation on equation (5.12)

r—h(r), (5.37)

so that

=== (—2). (5.38)
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Using this, equation (5.12) becomes

d’R(h)
dh?

2
+ (1 —2h) d}jléh) + 2 (fi wh _Aii) 5 R(h) =0, (5.39)

h(1 —h)

where, F. = wr?, B. = —2 and \. = [l (I + 1) — 46A] r2. We redefine the radial function as

R(h) = k"2 (1 — h)”* X (). (5.40)

Using equation (5.40) in (5.39) gives

h(1—h) di?;gh) + [c2 — (1 + ag + b2) f] CD;(Z}L) — agbe X (h) = 0. (5.41)
In the above we defined
ag = g + 1o+ 1, (5.42)
bo = s + va, (5.43)
co =14 2us. (5.44)

Also the constraints coming from the coefficients of X (h) are

F
2 c
— =0 5.45
and
F2 A
2 c _
vy + —Cg Bz 0. (5.46)

From the above two equations we obtain the values of power coefficients as

A
B: B

Fe

BT + (5.47)

fo+ = o
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Equation (5.41) is again a hypergeometric equation and in order to ensure the convergence of
the hypergeometric function, we choose negative sign of v5. Near the cosmological constant both

the modes, incoming and outgoing exist, so the general solution can be written as

R(h)CH = Blh‘m(l—hy&F (ag, bQ, C2; h)—i—th_MQ(l—h)VQF (CLQ —Co + 1, b2 —Co + 1, 2 — C2; h) .

(5.48)

5.3.3 Matching to an intermediate region

In order to match the above two solutions of the radial equation i.e., the near-horizon and near
cosmological horizon solutions, to an intermediate region we use matching technique. We first
shift the near-horizon solution given in equation (5.35) to an intermediate region, for which we
change the argument of the hypergeometric function from g to 1 — g . This gives the following

105, 109]

F(Cl)r(cl —al — bl)

R(g)ve = Arg" (1 —g)" { I'(c—a)l'(c—b)

F(ai,bi,a1 +b1 —c1 +1;1—g)

er—ai—b, L(c1)T(a1 + b1 —c1)
T'(a1)T'(b1)

_|_(1_g) F(01—a1,01—b1,C1—a1—b1+1;1—9)}- (5'49)

In the limit r > r,, g — 1 and we can use

(gt~ ()" = (h)l (5.50)

and

1 — g)rtei—ai—bi o Th 2=Bp—n
(1-g) ~ (7

12

<;)_(l+1) . (5.51)
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So, in an intermediate region the solution will take the following form

o Plel(er—ar —b1) (7 ! D(e))(a1+by—c1) (7 —(+1)
Rr)pn _Alr(ci —all)F(ci —bi) <rh> +A 1F(a1)F(bi) 1 <rh> , (5.52)

or
R(r)pg = Fir~ " 4+ Forl, (5.53)
In the above we have used
I(c1)T(a1 + b1 — 1)
=A 5.54
F1 1 T(a )T (b1) ) ( )
F2 _ Alf(cl)F(cl — a1 — bl)' (5.55)

F(Cl — al)I‘(cl — bl)

Now we turn to equation (5.48) and shift its argument of hypergeometric function from h to

1 — h. Thus near cosmological horizon, we have h(r.) — 0, therefore

o= ()= 5

and
Te

7(14»21/2) l
(1 — h)r2tee—az=be o (’") ~ <T> . (5.57)
Te

By using the above approximations and properties of hypergeometric functions [109] we can

write equation (5.48) as

. [(c2)T (e — az — ba) (2 — co)T(c2 — ag — ba) r —(I+1)
fire = {BIP(@ —az)l(ez —ba) | b T(1 — ag)T(1 — by) ] <7~>
I'(c2)l'(az + b2 — c2) (2 — c2)l(ag — by — ¢3) r\!
[Bl T'(a2)T(bo) BzF(a2 1= )by +1— CQ)] <Tc> ; (5.58)

or

r\ D) !
R(r)c = (F3B1+ F 4B2) (r) + (FsB1+ FeB2) <T> . (5.59)

c C
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Here we have used

_ F(CQ)F(C2 — a2 — b2) o F(Q — CQ)F(CQ —ag — b2)
k3= T(cg —az)l(co — by)’ Fa= T — ap)T(1 = by) (5.60)

. F(C2)T(a2 + by — 62) _ I‘(Q _ C2)F(a2 — by — 62)
Fo= I'(az)T(be) F6= T(az+1—c)T(ba+1—c3) (5.61)

5.3.4 Greybody factor

Greybody factor |Al|2 for the emission of scalar fields can be defined by the amplitudes of the

waves at the stretched cosmological horizon solution [101] that is

2
AP =1- |2

B (5.62)

As the power law in (5.53) and (5.59) is same, we match these two solutions to get the values of

By and Bs as
B1:F1F6—F2F4’ (5.63)
FsFe¢—FaFs
B, = F2rs—FiFs (5.64)
FsFe¢—FaFs

Using values from equations (5.63) and (5.64) in (5.62), we get the analytic formula for greybody

factor for arbitrary mode [ as

FoF3—Fi1Fs 2

(5.65)
FiFe6 —FoF4

|Al|2:1_‘

In the following plots we depict the greybody factor ]AZ\Z as a function of wry. In Fig. 5.3, we
take A = 0.001, g = 3.5, [ = 0, for different values of £; in Fig. 5.4 A = 0.05, ¢ = 3.5, [ = 0, for
different values of &; in Fig. 5.5 A = 0.01, ¢ = 3.5 and [ = 0, for different values of ; in Fig.

5.6 £ =0.2, A =0.001 and [ = 0, for different values of ¢; in Fig. 5.7 £ =1, A = 0.001, [ = 0,
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for different values of q. An increase in value of the coupling parameter, decreases the greybody
factor. This is due to the fact that non-minimal coupling plays the role of an effective mass and

hence suppresses the greybody factor.

0.910
0.905
0.900
0.895
0.890

0.885 |

1.1 1.2 1.3 1.4 1.5

F1GURE 5.3: Greybody factor as a function of wry, for different values of £, when A = 0.001,
q=35and [ =0.
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0.990 —
0.985 —
0.980 —

0975

1.0 1.5 2.0 2.5

FIGURE 5.4: Greybody factor as a function of wry, for different values of £ , when A = 0.05,
qg=35and [ =0.
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FIGURE 5.5: Greybody factor as a function of wry, for different values of ¢ , when A = 0.01,
q=35and ! =0.
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FIGURE 5.6: Greybody factor as a function of wry, for different values of ¢, when £ = 0.2,
A =0.001 and [ = 0.

32 3.4 3.6 3.8

FIGURE 5.7: Greybody factor as a function of wry for different values of ¢, when £ = 1,
A =0.001 and [ = 0.
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5.3.5 Energy emission

The flux spectrum, that is, the number of massless scalar particles emitted by the black hole per

unit time is given by [100]

dN (w) dw 1 >
= @+ A W), .
0 %eﬁ{_l%( +1) Ar (w) (5.66)

By using the value from equation (5.65) into (5.66) we get

dN d JR -
W) _do 1 S @41y, (1- |2 lils
dt 2T Tu — 1125 F1Fe—Fafq

2
). (5.67)

Also, the differential energy rate is given by [100]

&’F (w >
dtdfﬂ):2 % 12 (20 4+ 1) A; (). (5.68)
— 1 1=0

On using the value of the greybody factor we get

PEW 1w FoF3—Fils
=——= N(@2+1 g LA LA L
Z( 1 ( 'FIFG—F2F4

2
). (5.69)

The relevance of the low frequency limit is evident from the above results, that the coupling
is only significant in this regime. As the coupling to scalar field is irrelevant in high frequency

limits, the enhancement in emission rate occurs only at low frequencies.

5.3.6 Generalized absorption cross section

The definition of absorption cross section for asymptotically flat spacetimes is not valid for

asymptotically non-flat spacetimes. For these cases the general formula for absorption cross
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section is given by [100, 110]

o0

U:;al—zz (20+1) A (w

=0

Using the value from equation (5.65) we obtain

o0 T o0
o= Z ;Z (20 +1) <1—‘
=0 =0

FoF3s—FiFs

FiFe —FoF 4

]

(5.70)



Chapter 6

Greybody Factor of Scalar Fields from

Black Strings

6.1 Introduction

Scalar fields, non-minimally coupled with gravity, have shown significant features, both for in-
flation and dark energy. Also, the non-minimal couplings between derivatives of the scalar fields
and the curvature reveal interesting cosmological behaviours. In general, the scalar-tensor the-
ories give both the Einstein equation and the equation of motion for the scalar in the form of
fourth-order differential equations. But if the kinetic term is only coupled to the Einstein tensor,
the equation of motion for scalars is reduced to a second-order differential equation. Therefore,
from the point of view of physics, considering such a coupling can be interpreted as a good theory
because it is very simple. In the light of the earlier results [111-113| there is a need for more
efforts to be focussed on the study of scalar fields coupled with tensors for more general cases.
In order to fill the gap in the literature, for the case of cylindrically symmetric black holes, we

have studied the properties of the scalar field when

95
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e they are kinetically coupled to the Einstein tensor and

e they are without any coupling.

Our efforts are organized as follows: in Section 6.2, Klein-Gordon equation in a charged, black
string background is calculated with a coupling to the Einstein tensor. In Section 6.3, solutions
of the radial equation resulting from the Klein-Gordon equation in the near-horizon region and
the far horizon regime will be presented. We will also match the solutions to an intermediate
region to get the value of absorption probability (greybody factor). In Section 6.4, all the above

analysis is then performed in the absence of the coupling parameter.

6.2 Klein-Gordon equation in the background of a charged black

string

The Klein-Gordon equation when the Einstein tensor is coupled to a massless, uncharged scalar

field is

—0 — W 4 pet) 0,T| =0, 6.1
\/jgux/ g(g net) (6.1)

where 1 is a coupling constant and ¢*” is Einstein tensor. The charged black string having

non-zero components of Einstein tensor is [37, 114]

1

2 _ r 2
ds® = —f(r)dt 7

dr?® 4 r2d6* 4 o*r?d2?, (6.2)

where

sy =aret - M 2T (6.3)

ar  a?r?
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Here M is the mass, @ is the charge and « = —A/3, with A being the cosmological constant.

For the above metric the Einstein tensor e*¥ in matrix form can be written as

WA 0 f 00
€ T A4

Also

V=g =ar?. (6.5)

Substituting the components of the Einstein tensor and spacetime metric in equation (6.1), it

takes the form

2 2
at[ <——jj]ﬁf> atqjhalﬂar[ <f+4’7Q f)aqf}
1 4nQ? 1 1 4AnQ)?

Using the form of cylindrical harmonics

U(t,r,0,2) =e “'R(r)Y(0,2), (6.7)

we get from the radial part of equation (6.6) as

1d 4nQ>? dR anQ*\ w? Q*\ Fin
e {ﬁ <1 + ) f} dff) + [(1 + OZ?A) - (1 - OZM> a;ﬂ] R(r)=0, (6.)

where F,, = [(l 4+ 1) are the eigenvalues coming from the (6, z) part.
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6.3 Greybody factor computation

6.3.1 Near-horizon solution

Equation (6.8) is the master equation of our interest. We will solve this equation in two regions

separately, namely, the near horizon region and the far region by using a semi-classical approach

known as the simple matching technique. We will match both solutions to an intermediate region

to get the analytical expression for the absorption probability.

For the near-horizon region r ~ r, we will perform the following transformation to simplify the

radial equation [115-119]:

r— f,
which implies
df B(r
% = ( - f) 5 +)7
+
where r is the horizon and
4Q2 — 2a4ri
B =1-—-.
(r+) AMary —4Q?
Using the above, equation (6.8) takes the form
d*R(f)
1-— 1-Ck
fa-nga-c
o B () R
Biry) A= f)f  \atri +49Q?) B (ri)a? (1 - f)

Here

F, = wry,

and

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)
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In order to further simplify the above equation, we use the field redefinition

R(f) = f* Q= f)"F(f).

Using this in equation (6.12), we obtain

d°F dF
fa=1) dfgf)+[1+2,u—(2,u+2u+0*)f]df
2 2 C*
+[u7— P+ —2ur+ 1V_f —1/2—12_Vf+V—uC*+ 1V_f e
F? F? B atrd — 4nQ? Fn, B
+BQ(T+)f " B2(ry) (1—f) <a4ri + 47]Q2) B2(ry)a? (1 — f)]F(f) =0

We define

a=p+v+Ci—1, b=pu+v, c=142u.

Also the constraints coming from the coefficients of F'(f) give

F2

2 *
+ =0,
"B
and
F2 atrt — 4nQ? F
2 * + Im
B%(ry) atry +4nQ? ) B%(ry)a?

From this we get the values of 4 and v:

pt = e :
B(ry)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)
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and

N

F2 atrd — 4nQ? Fim
vy = [(2 - C,) £ \/(2 —C)2—4 (BQ(T+) — (O/Lé " 4ZQ2> 32(7;)042)] . (6.21)

Equation (6.16) by virtue of (6.17) and the constraints (6.18)-(6.19) becomes

d*F(f)
df?

—|—[c—(1+a—|—b)f]cw(f)—abF(f):0. (6.22)

Fa- i

For the near-horizon case there exists no outgoing mode, which means 4 = p— and v =v_. So
in the near-horizon region the solution can be written in the form of the general hypergeometric

function, which has the form

R(f)nu = C-f*(1 = f)"F (a,b,¢; f), (6.23)

where C'_ is an arbitrary constant.

6.3.2 Far horizon solution

Now we find the solution of the radial equation for the far region. In this case the radial part

will have the form

d*R(r)rr ~ 4dR(r)rr 5 Fim
= _ =0. .24
03 + T 4+ (w 5 | R(r)rr =10 (6.24)

This is the well-known Bessel equation, and in a far field its solution can be written as

1

Tow

Rpgr(r) = [B1Jy(war) + BaY, (war)] . (6.25)

;
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In the above solution J,, and Y, are Bessel’s functions. For v =1+ 1/2, and in the limit » — 0,

the above solution can be written as

N By (*g")" . BI'(y)
= Veart (v+ 1) myaar (20)7

Rpp (r) (6.26)

6.3.3 Matching the two solutions

We now stretch the near-horizon solution to an intermediate region [105, 109] which gives

L [T(e)l(c—a—10)

I'(c—a)l'(c—10)

c—a—b F(C)F(a +b— C)
I'(a)I'(b)

R(f)Nng =C_f"(1—f)

F(a,b,a+b—c+1;1—f)

+(1=17)

F(c—a,c—bc—a—b+1;1—f)[. (6.27)

We can approximate 1 — f for the case r > ry as

1— fo = (6.28)

So, the form of the final solution for the near-horizon case becomes

R(r)ng ~ Ar? + Agr~wHC-=2), (6.29)
Here we have chosen
AM\" T(e)T'(c —a —b)
A1 =C_ | — 6.30
! < a ) ['(c—a)l(c—0b)’ (6.30)

and

(6.31)

@W)‘@+@‘”r«mwa+b—c>
: .

“:C< a)T()
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In the low-energy limit we can use the approximation

— v~ 1+ 0(w?), (6.32)

v4+Cy—2~—(1+1)+0®W?). (6.33)

From equations (6.26) and (6.29) matching the coefficients and eliminating C_ give

B 1 1 I(c—a—-bT(a)I'(b)
B=—=—— I“(l+1/2). .34
B 7 (awd) P Te—ale—br@re Y (030
The greybody factor can now be given by [100]
2 (B* — B
() =P = 2 (6.5

By using the value of B we can find the expression of absorption probability of the radiations
emitted from the charged black string. This relation gives a measure of how much the radiations

are different (or modified) from the spectrum of the black body radiation.

6.4 Absorption probability for scalar field without coupling to

the Einstein tensor

In this section we find an analytical expression of the absorption probability for scalar field from
the charged black string without coupling to the Einstein tensor. The Klein-Gordon equation

for a massless, uncharged scalar field is

1

ﬁaﬂ [V=9(g")0,%] = 0. (6.36)
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Using the values of each component of the spacetime considered in the previous section, we get

the following equation:

1 1 1 1

Considering cylindrical harmonics, we can separate the radial part of equation (6.37), which has

the form

dR(r)  [w®  Fim

+ [f 052 R(r) =0. (6.38)
As in the previous case we will find two solutions of the radial equation (6.38), one for the
near-horizon and the other for the far horizon regime. In the case of the near-horizon region, we

use the transformation r — f, which implies

af B(ry)
where
2 4.4
Blri)—1- 2@ Z2a7m (6.40)

" AMaor, —4Q?°

Using equation (6.39), equation (6.38) takes the form

d*R(f)
df?

IR(f) F? Fin
T = T B - NF B et (- )

fa=1) R(f) =0. (6.41)

Here

F,=wr,, C,=2-—

5o (6.42)
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In order to further simplify the above equation, we use field redefinition

R(f) = f* Q= f)"F(f). (6.43)

In equation (6.41) we use this definition of R(f) to obtain

d’F IF
fFA=1) dfgf)+{1+2u—(2u+2u+o*)f}df+
’uz 2 V2 2 2v
T_M +M_2/ﬂ/+1_f_y_ﬁ+ f O, +
F? i atri — 4nQ’ Fim
BQ(T+)f+BQ(7”+)(1—f) _< 4ri+4nQ2) B2 (r)a2(1— f ]F : (6.44)

We again use the definitions given in (6.17). The constraints coming from the coefficients of

F(f) yield
FQ
2 *
= 45
p” + B2r) 0, (6.45)
and
F? F,
C.—2 . = =0. 6.46
v ) B(ry)  B(ry)a? (640
These give the values of p and v as
Fi
Py = F—— (6.47)

B(ry)’

1

V:t:§

2-0,)+ \/(2—0*)2_4 <B§f+) _ BQZT)QQ)]. (6.48)
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Equation (6.44) by virtue of the above constraints becomes

d*F(f)
e

+[o—ﬂ+a+®fy%;ﬂ—awwﬂ:0. (6.49)

fa=1

For the near-horizon case there exists no outgoing mode, which means p+ = py— and v = v_. So,
in the near-horizon region the solution can be written in the form of the general hypergeometric

function, being of the form
R(f)nu = Cr-f*(1 = f)"F (a,b,¢; f), (6.50)

where C}_ is an arbitrary constant. We now stretch the near horizon solution to an intermediate

region [105, 109] so that

R(f)nuw=C_f*(1— f)" ?EZ)E(:);(Z - l;;

c—a—b F(C)F(a +b— C)
T(a)T(b)

F(a,bya+b—c+1;1—f)+

(1—=f) F(c—a,c—b,c—a—b—f—l;l—f)] (6.51)

We again approximate 1 — f for the case r > r, as before, and obtain the final form of the

solution given in (6.29).

Now, as in the previous section, the radial equation for the far region reduces to the form of

Bessel’s equation, and the form of the final solution in this region is

B (%) Bl (v)
R ~ 4 — - 6.52
FR (7‘) ‘oorD (V + 1) Joar (wzr) ( )
Using the same procedure as in the previous case, we find
B 1 1 IT'(c—a—-b)I'(a)l(b
B=2l=_= (c=a=HT@TO) 1o, 9. (6.53)

"B 7 (awd)? T Te— a)l(c— HI (@)
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The absorption probability and hence greybody factor can be found by using the value of B in

equation (6.35).

0.8 j £=0
i — £ =0.001
0.6 — ¢ =0.1
L — £=05
0.4 - ¢=1
02
I | | i T ' " ]
0.2 0.4 0.6 0.8 1.0

FI1GURE 6.1: Greybody factor as a function of the frequency for £ = 0,0.1,0.001,0.5,1 and for
=1

1.0 -
I — &£=0
0.8 j — £ =0.001
I — £=0.1
0.6 — £=05
: — ¢-
04r
02r
| | | | | — M
F 0.2 0.4 0.6 WO.S 1.0

FIGURE 6.2: Greybody factor as a function of the frequency for £ = 0,0.1,0.001,0.5,1 and for

l=2.
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The effect of the coupling constant on the greybody factor is also analyzed graphically for
different partial modes. In Figure 6.1, we have drawn the graph of greybody factor as a function
frequency for different values of coupling constant and for [ = 1. In Figure 6.2, the same is
depicted for [ = 2. It is observed that for different modes, stronger coupling enhances the

absorption probability in low frequency approximation.



Chapter 7

Summary and Conclusion

We have constructed a complete set of quartic curvature theories of gravity. Under the restriction
of spherical symmetry, the field equations of each of these theories reduce to the total derivative
of a single metric function. In the case of four dimensions, we found that there are six generalized
quasi-topological theories which have non-trivial contribution and these are given in equations
(2.25)-(2.28) and (2.34). The equations of motion of these theories are in the form of total

derivative of a polynomial of single metric function f(r) and its first two derivatives.

In the case of dimensions five and higher, theories constructed here break up into the following

categories:

1. Quartic Lovelock gravity: the explicit form of the Lagrangian for this class is given by
the eight dimensional Fuler density Xg. An interesting aspect of theories of this class is
that the equations of motion are always of second order. Furthermore, if we impose the
restriction of spherical symmetry, the equation of motion will be unique and in the form

of a total derivative of a single metric function.
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2. Six quasi-topological theories, with Lagrangians given by equations (2.19) and (2.20). One
of these, given in equation (2.19), is already known [61]; the remaining five given in equa-
tion (2.20) are new. For all these theories, in a general background, the equations of motion
will be different and are of fourth order. On the other hand, if we impose the condition of
spherical symmetry, the equations of motion are of second order and contributions of each
of six Lagrangians coincide. This is due to the fact that the Lagrangians are equivalent up

to the terms which vanish for spherically symmetric metrics.

3. Four generalized quasi-topological theories are found whose Lagrangians are given by equa-
tions (2.25)-(2.28). For this quartet, if we impose the condition of spherical symmetry, field
equation will be same and in the form of a total derivative of a polynomial of single metric

function f and its first and second derivatives.

4. The Lagrangians for six theories, whose field equations vanish when one sets NV as constant,
are given by equation (2.24). For situations where the stress-energy tensor has T} # T,

there will be two non-trivial field equations that determine N and f.

We have presented a generalized charged anti-de Sitter black hole solution for cubic quasi-

topological gravity and also elaborated its thermodynamic aspect.

Furthermore, we have derived the analytic expression of greybody factor for non-minimally
coupled scalar fields from Reissner-Nordstrom-de Sitter black hole in low energy approximation.
This expression is valid for general, partial modes. For coupling to scalar curvature, which can
be regarded as mass or charge terms, greybody factor tend to zero in low frequency regime,
irrespective of the values of the coupling parameter. Non-zero greybody factor in low frequency
regime means that there is non-zero Hawking emission rate of Hawking radiations. The matching

technique is used in deriving formula for greybody factor. The significance of the results is
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elaborated by giving formulae of differential rate of energy and generalized absorption cross

section from the greybody factor.

The results of the present study reduce to those of Ref. [101] in appropriate limiting case, i.e.,
if we put charge @Q = 0, we recover the previously reported results. The effective potential and
greybody factor are also analyzed graphically. We observe that the height of gravitational barrier
increases with the increase of £, the coupling parameter, whereas in the absence of the coupling
parameter, it is decreased by increasing the values of the cosmological constant. Also, from the
plots of greybody factor, it is observed that an increase in the value of the coupling parameter
decreases the greybody factor. This is due to the fact that non-minimal coupling plays the role

of effective mass and hence suppresses the greybody factor.

In the previous chapter, we have presented a study of the greybody factor for a scalar field which
are coupled to the Einstein tensor in the background of a charged black string, considering low
energy approximation. We demonstrated that the greybody factor depends on the coupling
between Einstein tensor and scalar field. It is observed that the presence of coupling enhances
the greybody factor of the scalar field in the black string spacetime. Furthermore, for weaker
coupling, greybody factor decreases with increase in charge of black string. In the second case,
we discussed this work without considering coupling of scalar field and the Einstein tensor. It
is trivial from results that the later case reduces to the result of former in absence of coupling

constant.

In the case of three-dimensional topological black holes [90, 120] like the charged BTZ (Baniados
, Teitelboim, Zanelli) black holes, we find the propagation of scalar fields with non-minimal
coupling to gravity obeys the Universality theorem. This means that under the restrictions

of zero angular-momentum, low energy regime, massless/chargeless scalar field and minimal
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coupling, the greybody factor approaches to a constant value. However, Universality theorem

does not hold for zero angular-momentum if any of the above restrictions is relaxed.

We have thus explored theories in several aspects. Consideration of linearized spectrum of these
theories revealed that on a constant curvature background, it is only the massless graviton that
is propagated by these theories. We also have found the explicit forms of field equations of
these theories in general spacetime dimension d which are valid for spherical symmetric back-
ground. Also, explicit form of black hole entropy in general spacetime dimension is presented.
The consequence of this particular result is very interesting; for the case of black brane solu-
tions, it modifies the usual Bekenstein-Hawking area law. It was observed previously that this
aspect was not seen before for theories like Lovelock and quasi-topological gravities. Therefore,
holographic consideration of these generalized quasi-topological theories may have interesting
implications. Furthermore, we have found four dimensional asymptotic, flat, black solutions for
these theories. This solution revealed that it is characterized only by mass, implying that it
does not give rise to higher derivative “hair”. We have presented perturbative and numerical
solutions, but interestingly, thermodynamics can be studied analytically. In this regard, we
found that first law of black hole thermodynamics holds. We presented black brane solutions of
these theories in general d dimensions. Expected thermodynamic relations for a CFT (without
chemical potential) are satisfied by these solutions, living in one dimension less. We also found
the peculiar thermodynamical behaviour of these black brane solutions which is in contrast to
the corresponding black brane solutions in Lovelock and quasi-topological gravities. For this

reason, this result may have interesting consequences in holographic studies.

This class of theories (which has now been constructed to cubic [8, 65] and quartic order) pro-

vides interesting generalizations of Einstein’s gravity that are non-trivial in four (and higher)
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dimensions. This contrasts with previous constructions of Lovelock and quasi-topological gravi-
ties, which vanish on four dimensional (spherically symmetric) metrics. The generalized quasi-
topological terms can be thought of as the theories which have many of the interesting properties
observed for Einsteinian cubic gravity [65] in four dimensions |7, 81], but in higher dimensions
and /or to higher orders in the curvature. These theories necessarily [66] propagate only a mass-
less, transverse graviton on a constant curvature spacetime. Furthermore, they admit black hole
solutions which are characterized only by their mass. The thermodynamics of the black holes

can be studied exactly, despite the lack of an exact, analytic solution to the field equations.

Construction of these theories has opened many problems which deserve further study. These
problems include further investigations of the properties of four and higher dimensional black
hole solutions in these theories. Also, as we know that the Birkhoff theorem holds for Lovelock
and quasi-topological gravities [71, 72, 121]; it would be interesting to see whether this is the
case for these theories. More interestingly, these theories seem well-suited for holographic study
and therefore can serve as a good toy model in such investigations. A study in the context of
holography could better shed further light on the stability of the solutions of these theories and
the allowed values of coupling constants, and may reveal novel features in the case of black brane
solutions of the theory. An ambitious undertaking would be to elucidate the general structure
of the Lagrangians in this class of theories. This has been long known in the case of Lovelock

gravity [5] but remains an open problem in the (generalized) quasi-topological cases.
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Appendix A

The Constraints in General Dimensions

We get the following values of constraints on cy9, c17, c19, €20, €21, €22, C23, Co4 and co5 in order to

ensure that condition (2.5) is met for the quartic action given by equation (2.13) in dimensions

d larger than four.

C12 =

(19 — 40d + 38d% — 15d3 + 2d*) (2 — 69d + 83d? — 32d> + 4d*)

T3(3d — 2)(—22+ 26d — 92 + d3) " 3(3d — 2)(—22 + 26d — 92 + dB)
(13 — 2d — 4d? + d®) 4(d — 2)(—2 + 22d — 13d> 4 2d3)

3(3d — 2)(—22 + 26d — 92 + a3 3(3d — 2)(—22 + 26d — 942 + )

8(d — 2)(—2 + 22d — 13d> 4 2d3) 8(d — 3)(—1 + 6d — 5d? + d°)

3(3d — 2)(—22 + 26d — 92 + d3)°  3(3d — 1)(—22 + 26d — 9% + d3) "
(d—4)(d —3)(d —1)? 8(d—3)(d —2)%(2d — 1)

2(3d — 2)(—22 + 26d — 942 + &) "~ 3(3d — 2)(—22 1 26d — 9% + d3) "
(d—2)(1 —7d + 2d?%) (5 — 28d + 27d? — 9d® + d*)

4(3d — 2)(—22 + 26d — 92 + d3)® "~ (3d — 2)(—22 + 26d — 92 + )

(16 — 15d + 3d?)

Al
4(—22 1 26d — 942 + a3) M (A-1)
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(—200 + 430d + 566d% — 2677d> 4 3194d* — 1807d® + 524d°® — 74d" + 4d®)
2(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(272 — 1572d + 4104d* — 5617d> 4 4420d* — 2042d° + 536d® — 73d" + 4d®)
B (d—2)2(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(336 — 1418d + 2520d% — 2107d> + 885d* — 168d° + 7d° + d")
2(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9&% + &) °
4(148 — 790d + 1986d? — 2683d> + 2126d* — 991d° + 262d° — 36d" + 2d°)
; (d—2)2(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
8(148 — 790d + 1986d? — 2683d> + 2126d* — 991d° + 262d® — 36d" + 2d°)
N (d—2)2(d—1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d°) “
2(136 — 988d + 3086d2 — 4784d> + 4079d* — 1975d° + 531d° — 73d™ + 4d®)
a (d—2)2(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
8(20 + 58d — 134d? + 74d3 — 15d* + d°)
T (d—2)(3d —2)(—22 + 26d — 942 + &) "

(24 + 36d — 296d> + 683d> — 698d* + 368d° — 94d° + 9d")
4(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d? + d3)
3(40 — 546d + 2232d? — 3935d> + 3633d* — 1870d° + 538d° — 81d" + 5d®)
2(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)

(—240 + 184d + 2538d% — 7062d> + 7893d* — 4550d° + 1418d° — 228d" + 15d°)

C17 = — (&1

2

C4

Ce

&3]

€9

4(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d°) €10
3(d —4)(d — 3)(d — 1)%(—1 4+ 3d) (—4 — 13d + 39d? — 24d> + 4d*)
2(d—2)2(2d — 1)(—22 + 26d — 92 + d3) ' T 4(d—22(d-1)(2d—1) ' °
(d — 3)d? (=2 — 8d + 23d% — 13d3 + 2d*)
TAd—22d DM T 2@ —22d-_DEd-1) B
(2 + 7d — 9d% + 2d°) (d—4)(d — 1)(—1 + 3d)

T 2(d-22@2d—1) T 2d-22@2d—-1) ¥ (A.2)
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C19 =

(—344 + 2086d — 4878d? + 5109d® — 2618d* + 590d° — 10d® — 17d" + 2d®)
4(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(—1000 + 4684d — 7926d? + 6691d> — 2963d* + 595d° — db — 18d" + 2d®)

&1

2

2(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d? + d3)
(552 — 2214d + 2702d* — 1489d> + 358d* — 14d® — 8d° + d7)

4(d—2)2(d— 1)(2d — 1)(3d — 2)(—22 + 26d — 942 + &)

(—1096 + 5100d — 8504d2 + 7072d3 — 3046d* + 579d° + 846 — 1947 + 2d°)

(d—2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d°) “

2(—1096 + 5100d — 8504d> + 7072d* — 3046d* + 579d° + 8d°® — 19d" + 2d®)

(d—2)2(d—1)(2d — 1)(3d — 2)(—22 + 26d — 94 + d3) “

2(—448 + 2150d — 3790d? + 3299d> — 1488d* + 302d® — db — 9d" + d®)

Ce

(d—2)2(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
2(368 — 580d + 262d? — 30d> — 5d* + d°)

(d—2)(3d — 2)(—22 + 26d — 92 + d3) "

(360 — 1388d + 1568d? — 593d® — 124d* + 146d° — 36d° + 3d")

8(d— 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9&% + &) °

3(—T76 + 3662d — 6388d? + 5545d> — 2543d* + 576d° — 38d° — 7d" + d®)

4(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 92 + d3) @

(—1152 4 6104d — 12474d? + 12330d> — 6321d* + 1592d® — 128d°® — 18d" + 3d®)

"1

8(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d®) €10
3(d — 3)(16 — 49d + 41d> — 11d3 + d*) (=11 + 25d — 14d? + 2d%)
Hd—2)2d—1)(—22+26d -9 + )™M T Ad—22[d-1@d-1)
(d—3)d (=74 16d — 8d% + d?) (d—4)(d—1)
d—22d-D ™M 2@ —22—1)ed- 1) " 2d—22@d-1)“*
2 3
(-8+17d—6d? +- ) (A.3)

A(d—2)2(2d — 1)
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C20 =

8(66 — 106d — 27d? + 99d> — 52d* + 8d°)

(d—2)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
8(—220 + 638d — 716d? + 427d> — 133d* + 16d°)
~ (d—2)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)

4(264 — 634d + 494d* — 175d3 + 23d%)
T (d—2)(2d — 1)(3d — 2)(—22 + 26d — 942 + &) ®

32(—132 + 362d — 384d? + 227d> — 69d* + 8d°)
T (d—2)(2d — 1)(3d — 2)(—22 + 26d — 942 + &) *

64(—132 + 362d — 384d? + 227d° — 69d* + 8d°)

T ([d—2)(2d — 1)(3d — 2)(—22 + 26d — 92 + &%)

16(—132 + 422d — 548d? + 373d® — 127d* + 16d°)

(d—2)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d?)

— cl

2

Ceé

256(d — 3)(d — 1)d 4(44 — 80d + 26d? + 13d3 — 14d* + 3d°)

T (8d—2)(—22+26d — 982 + )T (d—2)(2d —
12(—44 + 116d — 148d?% + 116d® — 41d* + 5d°)
T (d—2)(2d — 1)(3d — 2)(—22 + 26d — 942 + &3)°
2(176 — 416d + 242d? + 22d3 — 53d* + 9d°)
(d—2)(2d — 1)(3d — 2)(—22 + 26d — 92 + d3) " *°

1)(3d — 2)(—22 + 26d — 9% + ) >

24(d — 3)(d — 1)%d 2(—5 +2d)
Td-ed-1(-22+26d o2+ @) M T @—2d- )™

4 8 4(—3 4 2d)

T T i yed— ) T U—@d- 1)

cie +

8(d—1)d

(d—2)(2d— 1) (A-4)
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C21 =

4(—96 + 509d — 1068d? + 1031d® — 516d* + 141d® — 23d° + 2d")
(d—2)(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
4(—332 + 1560d — 2593d? + 2194d> — 1041d* + 288d°® — 48d° + 4d")
(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)

4(64 — 253d + 246d? — 101d> + 20d* — 5d° + d°)
(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
16(—180 + 850d — 1408d? + 1191d3 — 559d* + 153d° — 25d° + 2d")
(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
32(—180 + 850d — 1408d? + 1191d> — 559d* + 153d°> — 25d5 4 2d")

(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 92 + &) =
32(—80 + 381d — 657d? + 566d> — 268d* + 73d> — 12d° + d")
(d—2)(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)

32(d — 3)(—24 + 26d — 5d* + d3)

C1

2

C3

Cq

Ce

(3d — 2)(—22 + 26d — 942 + d3) "
(116 — 464d + 557d2 — 326d° + 115d* — 36d° + 6d°)

(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d3)
12(—148 + 689d — 1170d? + 989d® — 452d* + 115d° — 16d° + d")

(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 92 + d3)

2(—256 + 1284d — 2475d? + 2301d® — 1132d* 4 304d° — 45d° + 3d")

(d—2)(d—1)(2d — 1)(3d — 2)(—22 + 26d — 92 + &) €10
3(—28 4 78d — 51d? + 3d® + 2d%) 2(5 — 10d + 4d?)

T Ed— 1) (22 426d 9B+ )M T [d-2)(d-Dd—1)™

2d 4(3 — 6d + 2d?) 8(d—1)

(d—2)(2d -1

d—2)d-—D)M @—2d-1)2d— 1) W@—2)2d—1)

4(d—1+ dQ))C18 (A5)



119

(—9504 + 28040d — 26710d? + 7806d> + 2763d* — 2722d° + 1012d° — 222d" + 15d% + 2d?)
12(d — 2)(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d? + d3)

(11616 — 38016d + 46080d? — 27850d° + 10107d* — 3153d° + 1051d° — 235d" + 14d® + 2d°)
* 6(d — 2)(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9 1 &)

(—15840 + 49168d — 53582d? + 25858d% — 5241d* + 356d° — 62d°® + 14d" + d®)

12(d — 2)(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)

(14784 — 47304d + 55236d? — 31612d° + 10792d* — 3404d° + 1165d° — 248d" + 13d° + 2d?)
* 3(d—2)(d—1)(2d = 1)(3d — 2)(—22 + 26d — 9& + &)

2(14784 — 47304d + 55236d> — 31612d> 4 10792d* — 3404d° + 1165d° — 248d" + 13d® + 2d°)
* 3(d—2)(d— 1)(2d — 1)(3d — 2)(—22 + 26d — 9& + &)

2(3168 — 10564d + 13436d% — 9026d> + 4002d* — 1539d° + 537d® — 118d" + 7d® + d?)

3(d —2)(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
2(d — 2)d(—264 + 102d — 48d* + 13d> + d*)
3(3d — 2)(—22 + 26d — 9d2 + d3)
(—1760 + 4280d — 2348d? — 960d> + 1127d* — 150d® — 76d° + 14d" + d®)
8(d —2)(d —1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(1408 — 1224d — 3726d? + 4544d3 — 245d* — 1603d° + 784d°® — 134d" + 3d® + d°)
4(d —2)(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)

(—10560 + 34480d — 39088d? + 17370d® + 582d* — 3803d° + 1726d° — 338d" + 12d° + 3d°)
* 24(d — 2)(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 98 + )

d(—220 + 309d — 68d% — 38d> + 8d* + d°)

4(d — 2)(2d — 1)(—22 + 26d — 9d2 + d3)

C22 = C1

€2

C3

Cq

C5

Ce

C7

C8

€9

C10

C11

_(72—77d7d2+11d3+d4)c RN _(60—47d—13d2+11d3+d4)c
6(d—2)d—1)2d—1) ° da—1"" 6(d—2)(d—1)(2d—1) °
d+7)(—12 + 5d + d? d(d+T7)(—=12 + 5d + d?

- ( )( )616 — ( )( )018 - 2(d - 2)d626 (A6>

6(d —2)(2d — 1) 12(d —2)(2d — 1)



120

(7104 — 35088d + 67484d? — 520184 + 8628d* + 11187d® — 7810d° + 2236d" — 288d® + 3d° + 2d'°)
24(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(13824 — 65760d + 107232d% — 80268d> + 21812d* + 7485d° — 7491d® + 2305d" — 295d° + 2d° + 2d*°)
N 12(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d°) @
(—6144 + 28032d — 37964d? + 27334d® — 11888d* + 2799d° — 64d° — 98d" + 8d® + d°)
N 24(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3) s
(15168 — 73200d + 120720d* — 92556d> + 26636d* + 7372d° — 8018d° + 2449d" — 302d® + d° + 2d')
N 6(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d®) “
(15168 — 73200d 4 120720d* — 92556d° + 26636d* + 7372d> — 8018d° + 2449d" — 302d® + d° + 2d'°)
N 3(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 92 + d°) @
(6624 — 31560d + 52724d* — 39676d> + 10258d* + 4194d® — 3873d° + 1167d" — 1484° + d° + d'°)
- 3(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d®) o
(—5856 + 7872d — 1872d? — 1008d> + 630d* — 128d° + 5d° + d")
- 3(d — 2)(3d — 2)(—22 + 26d — 942 + d°) “r
(—1856 + 8016d — 10784d? + 6260d> — 618d* — 1205d° + 722d® — 160d” + 8d° + d°)
N 16(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9 + d°) s
(12096 — 55344d + 88108d? — 6031843 + 9758d* + 10317d° — 6659d° + 1620d” — 152d® — 3d° + d'7)
- 8(d— 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d®) o
(20352 — 98400d + 177616d> — 139276d> + 34518d* + 16968d° — 14063d® + 3850d” — 410d® — 6d° + 3d'?)
- 48(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 942 + d®) c1o
(672 — 2232d + 2438d? — 1299d° + 448d* — 86d° + 2d° + d")
N 8(d —2)2(2d — 1)(—22 + 26d — 9% + d°) i
(—96 + 168d — 29d% — 31d> + 5d* + d°)
12(d — 2)2(d — 1)(2d — 1)
(d—4)d (=120 + 222d — 41d? — 31d® + 5d* + d°)
2d—22d—1)™M T 12(d—22(d—1)(2d—1)
(72 — 42d — 25d? + 6d° + d*) (96 — 168d + 66d> — 49d> + 6d* + d°)
Rd—22@d—1) e 24(d — 2)2(2d — 1)
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12(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d? + d3)
N (480 — 5880d + 14820d? — 18556d° + 13312d* — 5672d° + 1333d° — 116d" — 11d® + 2d°)
3(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
N 2(480 — 5880d + 14820d? — 18556d> + 13312d* — 5672d° + 1333d® — 116d" — 11d® + 2d°)
3(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
2(888 — 5176d + 10700d? — 11444d> + 7212d* — 2805d° + 639d° — 58d" — 5d® 4 d°)
3(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
2(—1248 + 1968d — 1116d* + 366d> — 62d* — d° + d°)
3(d — 2)(3d — 2)(—22 + 26d — 9d2 + d3)
(—32 + 600d — 1476d> + 1936d> — 1469d* + 614d° — 112d5 + 2d" + d®)
8(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(2448 — 12968d + 25506d% — 25744d3 + 14727d* — 4859d° + 840d° — 38d" — 9d® + d°)
4(d —2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d? + d3)
N (6432 — 30800d + 58832d% — 57438d> + 31686d* — 10223d° 4 1810d° — 86d" — 24d® + 3d”)
24(d — 2)2(d — 1)(2d — 1)(3d — 2)(—22 + 26d — 9d2 + d3)
(d —3)(—16 + 12d + 37d*> — 2943 — d* + d°)
4(d — 2)2(2d — 1)(—22 + 26d — 9d2 + d3)
(=33 + 61d — 25d% — d3 + d*)
 6(d—2)2(d—-1)(2d—1)
N d o — (—36 + 67d — 25d% — d° + d4)c15 (30 —25d +d*)
2(d —2)2(d — 1) 6(d —2)2(d —1)(2d — 1) 6(d —2)2(2d — 1)
(d—1)d(—36 +d + d?)

- —2 A.
12(d—22(d—1) 8~ 2des (8.9)

Co5 = + c1

C2

C3

Cq

Cs

Ce

C7

C8

€9

€10

C11

C13

C16




Appendix B

Quasi-Topological Lagrangian Densities

In this appendix we provide a list of the explicit forms of the quasi-topological Lagrangian

densities, which are obtained by the choices made in equations (2.19) and (2.20).
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= 16(d — 2)(244 — 451d + 306d% — 91d> 4 10d*) R, R® Ry Req
—64(d — 2)(7 — 5d + d?)(14 — 14d + 3d*) R.* R Ry R
+8(—388 + 931d — 856d? + 379d® — 82d* + 7d°) Ry R% R?
+(—980 4 1683d — 1060d? + 302d® — 36d* + d°) R*
—32(d — 4)%(d — 2)%(14 — 14d + 3d*>) R R RR b
+2(2764 — 6289d + 5788d? — 2776d° + 736d* — 103d° + 6d°) R? Rypeq R4
+64(d — 3)(d — 2)%(—58 + 75d — 30d? + 4d°) R,¢ R R Rygee
—48(d — 3)(d — 2)(4 — 31d + 37d? — 15d3 + 2d*) R® R R Ryge s

+16(d — 2)3(274 — 389d + 183d? — 34d> + 2d*) R® R R %! Ry

4(d — 4)(118 — 596d + 876d? — 581d° + 195d* — 32d° + 2d°®) Rop R Rege p R4S

+16(d — 4)(d — 3)(d — 2)(d — 1)(14 — 14d + 3d*) R R,°% Ry’ Rye 1,
—(d —2)(1108 — 2723d + 2639d? — 122443
+235d* + 10d° — 10d° + d7) Rap® R R 4" Re phi + 8(d — 2)(860 — 2113d
+1959d? — 810d? + 102d* + 30d° — 11d° + d") R/ R Ry ' Rep, fi
+(—1292 + 2929d — 2741d? + 1527d>® — 684d* + 276d° — 82d°

+14d" — d®) Rapea R®“R, 1y RO (B.1)
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1

(d—4)(d —2)3(3d — 4)(11 — 6d + d2)(—4 + 14d — 7d® + d®)(—22 + 26d — 9d2 + d3)
x [(d — 4)(d* — 9d* + 26d — 22)(d — 1)(2d® — 36d" + 264d° — 969d° + 1486d* + 1289

xd® — 8530d* 4+ 11948d — 5632) R Ry R R g — (d — 2)(—22 + 26d — 9d* + d*)(3840
—9872d + 13772d* — 12446d° + 6133d* — 795d° — 639d° + 327d" — 60d® + 4d°) R,“R™
X Ry Req + (d — 1)(d — 4)(—22 + 26d — 9d* 4 d*)(—5632 + 11948d — 8530d> + 128943
+1486d* — 969d° + 264d° — 36d" + 2d°) R, R Ry Roq + %(d — 2)(92672 — 459640d
+851460d? — 741570d® 4 245584d* 4+ 91339d° — 122856d° + 51524d" — 10130d° + 451
xd” +192d'° — 36d™ + 2d'?) R, RV Ry.R — (—19968 + 129856d — 351080d? + 486664
xd3 — 350864d* 4+ 91452d° + 48784d° — 50566d" + 18113d° — 2536d° — 243d'° + 143d"*

—20d"2 + d'3) R, R R? + — (385024 — 19500164 + 3753760d> — 3555864d° 4+ 1582172

oi
xd* — 4394d°® — 370858d° 4 206017d" — 59436d° + 10909d° — 1522d'° + 1954 — 20d'?
+dB3)R* 4 4(d — 2)%(—36480 + 97652d — 90614d> + 16524d> + 30278d* — 24508d°
+6916d° + 152d" — 625d° 4 173d° — 21d*° + d*')RRP R R g + i(d — 2)(—328704
+1158096d — 1701488d? + 1286084d°> — 430702d* — 82374d° 4 157229d° — 79874d"
+23397d® — 4346d° + 507d*" — 34d" + d*?) R? Rapeq R — 2(d — 2)3(—28032 + 87822d
—112640d> + 71315d° — 16827d* — 6654d° + 6558d° — 2329d™ + 447d® — 46d° + 2d'°)R®
X RRy“ Rpege — 8(d — 2)?(—22 + 26d — 9d* + d3)(—64 + 1592d — 2909d? + 1743d> — 58d*
—371d° +167d°% — 30d” + 2d®) R, R™R¥ Rygee + (d — 2)3(—22 + 26d — 9d* + d°)(1024
—3308d 4 2725d* 4 210d* — 1190d* 4 570d° — 111d° + 8d") R R R Ryt + é(d —2)3
x (1792 — 3743d + 2678d* — 531d> — 247d* + 150d° — 29d° + 2d")(—4 + 14d — 7d* + d*)

1
X RRop R R ey + 5(d—2)(=22+26d — 9d% 4 d3)(9216 — 31760d + 41152d> — 22702

xd® +914d* + 5611d° — 3201d° + 839d" — 111d® + 6d°) Rey R R pge R |

_2(—8 — 23d + 39d% — 16d° + 2d*)
(d—4)(3d — 4)(11 — 6d + d2)

RR,“*Rye’" Raepn + Ra®e R Ry"/ Rap;  (B.2)
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1

(3)
z8)
d T 12(—d+d)(—2+ d)(—4 + 3d)(11 — 6d + d2)(—22 + 26d — 942 + d3)(—4 + 14d — 7d® + d3)

x [ —24(=2 + d)(—22 + 26d — 9d* + d*)(—3408 + 9452d — 13070d> + 12869d"
— 9751d* 4 5409d° — 2053dS + 496d" — 68d° + 4d°)R,* R Ry Rog

+ 24(—4 + d)(—3 + d) (=22 + 26d — 9d* + d*)(1716 — 5894d + 8839d* — 75384°
4 4008d* — 1364d° + 291d°® — 36d” + 2d°) Rypy R Reqg R + 32(—2 + d)(— 71704
+ 400996d — 956122d> + 1301340d> — 1128581d* + 652069d° — 251257d°
+60923d" — 7184d® — 444d° + 290d'° — 40d" + 2d'?)R,°R™Ry.R — 24(15680
— 106664d 4 323592d* — 568168d> + 638164d* — 479674d° + 243364d° — 80096d"
+ 14246d® + 229d°? — 800d'° 4 1964 — 22d'? + d'3) R, R R? + (—302144

+ 1720608d — 4189176d> 4 5863660d> — 5304058d* + 3284002d° — 1431861d°
+ 445160d" — 99552d° + 16457d° — 2171d*° + 248d'* — 2242 + d**)R*
+48(—2 4 d)? (70472 — 240892d + 359520d> — 299804d> + 143976d"* — 30793d°
— 6594d° 4 7094d" — 2428d® + 453d° — 46d™° + 2d* ) R® R R Ry cpq

+ 6(—2 + d)(316048 — 1340112d + 2613908d> — 3095774d> + 2474698d*

— 1403521d° + 577724d°% — 173518d" 4 37673d° — 5759d° + 588d"°

— 36d" + d'?) R?Rypeg R — 48(—2 + d)3(25270 — 92828d 4 156501d>

— 158736d> + 107067d* — 50145d° + 16490d° — 3749d" + 562d° — 50d°

+ 2d"YRP RR,“* Ryeqe — 192(—2 4 d)%(—22 + 26d — 9d? + d*)(—40 — 1069d

+ 3085d? — 3689d> + 2463d" — 1001d° + 247d° — 34d" 4 2d®) R, R R% Ryge.
+24(=2 + d)*(—1 + d)(—22 + 26d — 9d* + d*)(988 — 3197d + 3661d> — 2141d>
+689d* — 116d° + 8dS) R® R Ry Rygey + 4(—2 + d)>(—4 + 14d

— 7d* 4 d3)(—1654 + 4528d — 5595d + 4003d® — 1751d* 4 459d° — 66d°
+4d")RRyp R R o + 12(—2 4 d)(—22 4 26d — 9d° + d*)(—8144 + 33248d
— 60534d” + 64054d® — 43371d" 4 19504d° — 5824d° 4 1112d"

—123d% + 6d°) Rip R Rege f R — 24(—2 + d)®(—22 4 26d — 9d* + d®)(—4

+ 14d — 7d* + d®)(122 — 207d + 130d* — 37d* + 4d*) R Ry, " Ry’ " Rye g1

+ Ro I R™™R I Ry (B.3)
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1
12(—2 + d)2(—4 + 3d)(11 — 6d + d2)(—22 + 26d — 942 + d3)(—4 + 14d — Td® + &)

zW =

x [ = 48(=2 + d)(—22 + 26d — 9d* + d*)(136 — 230d + 271d”* — 248d°

+119d* — 26d° + 2d®)R,* R Ry Reg + 48(—1 + d) (=22 + 26d — 9d* + d*)(968
—2030d + 1645d> — 689d> + 161d* — 20d° + d®) Ry R* Roq R

+16(—2 4 d) (16144 — 75888d + 132572d> — 115700d> + 54596d* — 13179d°
+902d5 + 277d" — 64d® + 4d°)R,CR™ Ry R — 24(—1520 + 9492d — 24910d>

+ 33458d% — 24719d* + 9944d° — 1768d° — 118d" 4 110d® — 184" + d'°) R,y R?’ R?
+ (33280 — 158960d + 285656d> — 263172d> + 139206d"* — 44518d° + 8963d°
—1272d" 4 162d® — 18d° + d'O)R* + 96(—2 + d)*(—3112 + 7497d — 6676d>
+2251d% 4 265d* — 441d° +138d° — 19d" 4 d*) R R RRypa

+ 6(—2 + d)(—28000 + 90828d — 127196d> + 100724d> — 49778d* + 15961d°

— 3326d° + 434d" — 32d% 4 d”) R? Rupea R™* — 24(—2 + d)?(9280 — 30290d

+ 42690d* — 33711d> + 16264d* — 4901d° 4 900d° — 92d" + 4d®) R RR,“* Rycqe
—48(—2 4 d)?(—22 + 26d — 9d* + d*)(—24 + 538d — 817d> + 444d> — 101d*

+ 8d°)Ry*R™®R¥ Rygee + 12(—2 + d)?(—22 + 26d — 9d% + d3)(—384 + 1396d

— 1615d? + 781d® — 167d"* + 13d°) R R R0/ Ryges + 4(—2 + d)*(—4 + 14d

— 7d? 4 d®)(—496 + 1049d — 844d> + 321d> — 58d* + 4d°) RR o' R™™ R g s
+12(—4 + d)(—=2 + d)(—1 + d) (=22 + 26d — 9d* + d*)(194 — 370d + 237d>

— 63d> + 6d") Rup R™ Rege s R% — 12(—4 + d)(—2 + d)*(—7 + 5d)(—22 + 26d

—9d* + d*)(—4 + 14d — 7d* + *) R R,“* Rye’" Rye 1] + Rap R R I Rypp;  (B.4)
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(5) 1
zZ\2) —
4 6(—4+d)(—2+d)3(—4+ 3d)(11 — 6d + d?)(—22 + 26d — 9d? + d3)(—4 + 14d — 7d? + d3)

x [ —48(=2 + d)(—22 + 26d — 9d* + d*)(—144 + 188d — 1374d* + 4021d°

— 5045d* + 3387d° — 1325d° + 304d" — 38d% + 2d°) R, R Ry Rq

+ 48(—4 + d)(—22 + 26d — 9d? + d®)(—1804 + 9398d — 18611d* + 196394>
—12568d* + 5162d° — 1380d° + 234d" — 23d® + d°) Ry R™’ R.q R

+ 64(—2 + d)(—39608 + 263092d — 689234d> + 982248d> — 8607354

+ 487978d° — 179717d5 + 40454d" — 4102d® — 390d° + 1794*°

—22d" + d'?)R,*R® Ry R — 24(4736 — 58896d + 273136d> — 618416d°

+ 804696d" — 652724d° + 339308d° — 109530d" + 18000d® + 735d° — 1064d*°

4 234d" — 24d"% 4 d'3) R, R™R? + (—318080 + 2132288d — 5677552d>

+ 8307160d> — 7598852d* + 4634276d° — 1950058d° + 577374d" — 1226484°
+19523d° — 2542d"° + 286d" — 24d"? + d'*)R* + 96(—2 + d)*(17960 — 85612d

+ 156176d% — 144780d® + 69622d* — 10116d°> — 7511d° + 5207d" — 1574d°

+268d° — 25d*° + d'"HYR®RRR yepq + 6(—2 + d) (178336 — 1018016d + 2405768d>
— 3225004d> + 2781796d* — 1644450d° 4 687962d° — 206196d" + 44081d°

— 6568d° 4 648d'° — 38d'" + d'?) R Rypeqg R — 96(—2 4 d)?(7550 — 39268d

+ 81391d% — 93331d> + 67198d* — 32176d° + 10461d°® — 2292d" + 3254°

—27d° + A" R®RR,“% Ryege — 384(—2 + d)?(—1 + d)(—22 + 26d — 9d>

+ d3) (=152 + 929d — 1562d? 4 1239d> — 542d* + 135d° — 18d° + d") R, R R Ryyee
+48(—2 + d)3(—22 + 26d — 9d* + d®) (=716 + 3557d — 5760d> + 4566d> — 2022d*
+513d° — 70d° 4 4d") R® R R0 Ryges + 8(—2 + d)3(—4 + 14d — 7d° + d3)(—878
+ 3064d — 4182d? + 2976d° — 1215d* + 288d° — 37d° + 2d") RRyp™ R Regey

+ 24(=2 + d)(—22 4 26d — 9d° + d®)(—2704 + 14944d — 32382d> + 37746d°

— 26667d" + 12018d° — 3491d5 + 635d" — 66d° + 3d”) Rup R Rge p RZ/

—48(—2 + d)3(—22 + 26d — 9d* + d3)(—4 + 14d — 7d* + d®)(82 — 139d + 82d>

—21d% + 2d*) R™ Ry “* Ry’ " Ryesn) + Rap®™ R Ree Rypn (B.5)
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(6) 1
zZ\0) —
4 3(—4+d)(—=2+d)3(—4+ 3d)(11 — 6d + d?)(—22 + 26d — 9d? + d3)(—4 + 14d — 7d? + d3)

x [ —48(=2 + d)(—22 + 26d — 9d* + d*)(—144 + 188d — 1374d” + 4021d* — 5045d*

+ 3387d° — 1325d5 + 304d” — 38d® + 2d°) R, R Ry Req + 48(—4 + d)(—22

+ 26d — 9d° + d®)(—1804 + 9398d — 18611d> + 19639d> — 12568d* + 5162d°

— 1380d° 4 234d™ — 23d® + d°) Ryy R Ry R + 64(—2 + d)(—39608 + 263092d

— 689234d* + 982248d° — 860735d* + 487978d° — 179717d° + 40454d" — 41024°
—390d° 4 17940 — 22d'" + d'?)R,* R Ry R — 24(4736 — 58896d + 273136d>

— 618416d° 4 804696d" — 652724d° + 339308d° — 109530d" 4 18000d® + 735d°
—1064d0 + 234d™ — 24d"% 4 d'3) Ry, R R? + (—318080 + 2132288d — 5677552d>

+ 8307160d® — 7598852d* + 4634276d° — 1950058d° + 577374d" — 122648d° + 19523d°
— 2542d"0 + 286d! — 24d'? + d'3)R* 4 96(—2 + d)? (17960 — 85612d + 1561764

— 144780d> 4 69622d* — 10116d° — 7511d°® + 5207d" — 1574d° + 268d°

— 2501 + A" YRPRRR ypq + 6(—2 + d) (178336 — 1018016d + 2405768d>

— 3225004d3 + 2781796d* — 1644450d° 4 687962d° — 206196d” + 44081d°

— 6568d° + 648d'° — 38d"! + d'?) R Rupeqg R — 96(—2 + d)3(7550 — 39268d

+ 81391d? — 93331d> + 67198d"* — 32176d° + 10461d° — 2292d" + 325d°

—27d° + d'YR®RR,“% Ryege — 384(—2 + d)?(—1 + d)(—22 + 26d — 9d>

+ d3)(—152 4+ 929d — 1562d* + 1239d> — 542d* + 135d° — 18d° + d") Ru“ R R Ry ce
+48(—2 + d)3(—22 4 26d — 9d* + d®)(=716 + 3557d — 5760d> + 4566d> — 2022d*
+513d% — 70d® + 4d") R R Ry Rpge + 8(—2 + d)*(—4 + 14d — 7d*

+ d3)(—878 + 3064d — 4182d* + 2976d° — 1215d* + 288d° — 37d° + 2d") RRwp* R**“ R g s
+ 24(—2 + d)(—22 + 26d — 9d? + d®)(—2704 + 14944d — 32382d* + 37746d> — 26667d*
+12018d° — 3491d° + 635d" — 66d° + 3d°) Rup R* R g p R

—48(—2 + d)3(—22 + 26d — 9d* + d°)(—4 + 14d — 7d* + d®)(82 — 139d + 824>

—21d% + 2d*) R R, ““ Rye’ "Ry )| + Rap™ R Req™ R ph (B.6)



Appendix C

Generalized Quasi-Topological

Lagrangian Densities

Here we present the explicit forms of the quartet of generalized quasi-topological theories, which

are obtained by the choices made in equations (2.25)-(2.28) and (2.34).
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L _ 1
Si' = 6(d — 3)2(d — 2)2(d — 1)d(11 — 6d + d2)(19 — 18d + 3d?)(—22 + 26d — 9d2 + d°)

x [ —2(d — 2)*(675840 — 1895902d + 2220384d” — 1342691d* + 370480d"

+ 36380d° — 68962d° + 27252d" — 6100d° + 862d° — 74d"° + 3d' )RR R R 4
— 2(1332480 — 3880512d + 4484792d? — 2299414d> + 114412d* + 452234d°
—195096d° — 509d” + 26111d® — 9952d° + 1830d'° — 175d* + 7d'?) Ry R Rog R
+ 8(d — 2)*(d — 1)(8160 — 19934d + 18411d* — 6271d> — 1872d* + 2790d°
—1261d° + 301d” — 38d% 4 2d°) R,CR® Ry R + 2(374400 — 1072928d

+ 1257694d? — 724744d> + 156052d* + 53793d° — 49657d° + 17344d"

—3698d® + 525d° — 47d° + 2d'M )Ry R R? + 24(d — 2)(—128640 + 368958d

— 429005d% 4 239408d> — 43691d* — 22101d° + 15982d° — 4406d" + 625d°
—43d° + d"YR™®R“RR g — 3(361600 — 1116656d + 1410902d>

— 875630d° 4 208502d* + 51581d° — 38382d° — 577d" + 6668d° — 2637d°

+ 500d" — 49d"" 4 2d"%) R Rypeq R — 24(d — 2)(d — 1)(—119680

+ 338440d — 401078d? + 240034d> — 58237d* — 13906d° + 14831d°

— 4890d" + 849d® — 784" + 3d°) R, R™R¥ Ry,

+ 6(d — 2)%(d — 1)(28160 — 110076d + 172418d? — 146251d°

+ 75674d* — 25778d° + 6287d% — 1211d" + 188d® — 20d° + d'*) R R* Ry Ryge s
+2(d — 3)(d — 2)*(d — 1)(—2400 + 9201d — 9929d* + 2690d° + 1954d*

—1667d° + 507d® — 72d" + 4d®*) RRap™ R R g0 + 3(—113920

+ 801792d — 1837992d* 4 2067094d> — 1242116d* + 346968d° 4 4985d°

— 18628d" — 8905d° + 9138d° — 3089d™° + 5464 — 51d'? 4 2d'*) Ryp R Rege p RZ/
—6(d —3)(d — 2)*(d — 1)(—22 + 26d — 9d* + d*)(320 — 709d + 588d>

— 292d° 4+ 106d* — 23d° + 2d°) R Ry“™ Ry Rye g1

+ RS RYAR I Ry (C.1)
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sP

1

= 3(d - 3)2(d — 2)2(d — 1)d(11 — 6d + d2)(19 — 18d + 3d2)(—22 1 26d — 98 1 d%) -

x [ —2(d — 2)*(—578688 + 2025158d — 3185710d* + 2977426d° — 1839784d*

+ 791721d° — 244086d° + 54763d"” — 8972d° + 1049d° — 80d'° + 3d )R, RP Ry R .

+ (2281872 — 8031408d + 12067376d> — 9693872d> + 3903996d" + 22113d°

— 946024d° + 572163d" — 189362d° + 39599d° — 5244d'° 4 405d" — 14d'?) Ry R R.q R

+ 8(d — 2)*(d — 1)(—6987 + 21346d — 29861d* + 26093d> — 15931d* + 6882d°

—2031d5 + 385d" — 42d® + 2d”) R,°R™ Ry R + 2(—320580 + 1132666d

— 1781245d* + 1646682d> — 998922d* + 421855d° — 128958d° + 29348d"
—5024d® + 627d° — 51d'° + 2d"M )Ry R R? — 12(d — 2)(—220296

+ 774954d — 1199885d* + 1070366d° — 604828d* + 223750d° — 53844d°

+ 7998d" — 628d° + 12d° 4+ d*°) R® R RRpq — 3(—309620 + 11491584

— 1856955d> + 1675917d% — 875073d* + 209908d° + 40520d° — 53295d"

+ 21313d® — 4912d° + 693d"° — 564" + 2d?) R2R4p.q R
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The following two Lagrangian densities are relevant only for the four dimensional theory.
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