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CHAPTER I

Introduction

Quantum mechanics and general relativity are two pillars of modern physics. On
one hand, quantum mechanics governs the law of physics at a short distance scale.
The characteristic property of quantum mechanics is the wave-particle duality: all
the matters in nature are particles whose probabilities to take some particular states
are determined by their wave functions. Quantum theory is known to consistently
describe three of the four known types of interactions—electromagnetic interactions,
weak interactions and strong interactions—and they constitute the standard model
of particle physics. On the other hand, general relativity is a classical theory of the
remaining interactions—gravitational interactions. In general relativity, as opposed
to physics until the nineteenth century, the spacetime is no longer a fixed object, but a
dynamically changing object, and its dynamics is governed by the Einstein equation.
The gravitational force is weak at currently accessible short distance scales, but gets
stronger than other interactions at large distances!. Hence general relativity plays a
key role in discussing large scale dynamics of the spacetime such as the evolution of
the universe and the formation of stars.

Given these two great achievements in the twentieth century’s physics, one natural

1Generally, the gravitational force is weaker at large distance. As opposed to other interactions, however, it
cannot be shielded by anything, such as confinement in strong interactions, heavy force carriers in weak interactions
or cancellation of the charges in electromagnetic interactions, so it gets the strongest at large distance.



question arises: can one combine quantum theory and general relativity to construct
a quantum theory of gravity? Not only is the quantum gravity of theoretical inter-
est, but it has several applications to the real world. One application is to discuss
rigorously the beginning of the universe. It is now widely accepted that the universe
started from the Big Bang, a very large density state and its subsequent explosion.
In fact, one can mathematically show in the classical framework that the universe
starts from a singularity at which the energy density is infinitely large [71]. However,
the problem of this analysis is that one, in principle, cannot use classical theory at
the initial singularity: there, everything is confined in an infinitely small volume, so
the physics involved should be quantum theory. Thus, one needs a quantum theory
of gravity to analyze the very beginning of the universe. Another, somewhat related
application is to understand (small) black hole physics. Classically, a black hole is
an object from which nothing can escape. However, one can show semi-classically
that a black hole thermally emits particles and reduces its size. Again, the problem
is the final stage of the reduction. If the size of the black hole gets very small, one
needs to use quantum theory to describe its dynamics.

Unfortunately, naive attempts for unifying quantum theory and general relativity
fail. The problem stems from the fact that quantum theory generally has a process
where a particle emits a virtual particle which is re-absorbed in a short period of
time by the original particle, and that process yields a divergent contribution to the
probability?. If the virtual particles are the ones involved in electromagnetic, weak or
strong interactions, we know how to regularize the divergences and how to introduce
counterterms in the theory to cancel the divergences via renormalization techniques.

But if the divergences are associated with graviton emission and re-absorption, one

2Recently, the possibility that the gravitational theory with the maximal number of supersymmetries does not
have the short distance divergences has been investigated. See [48] and references therein for details.



generally needs an infinite number of counterterms, which destroys the predictability
of the theory. The divergence occurs in a very short time scale, which can be trans-
lated into a short distance by Lorentz transformations, so a predictable quantum
theory of gravity should require some special ingredients at short distance.

One reasonable, and the only currently known-to-work modification at short dis-
tance is to replace particles in the theory by small strings. The resulting theory is

called “string theory” and has the following properties/advantages:

1. String theory includes two types of strings, open strings and closed strings, and
different particles are described by different types of oscillations of the strings.
Consistent string theories are known to always have a graviton in the closed
string spectrum [119, 105], so a consistent string theory is naturally a quantum

theory of gravity.

2. String theory, in addition to strings, has extended objects called “D-branes” in
its spectrum [102]. In a weakly interacting theory, a D-brane is a static object
on which open strings end. On the other hand, the mass of a D-brane gets small
compared to strings in a strongly coupled theory, so it behaves as a dynamical

object in the strong coupling regime.

3. All the known string theories consisting only of bosonic degrees of freedom have
tachyons in their spectra, implying that the theories are expanded around unsta-
ble vacua. One can of course try to find the stable vacua for the bosonic string
theories, but an easier way to eliminate tachyons is to introduce fermionic de-
grees of freedom. All the perturbatively consistent theories of that type have ten
spacetime dimensions and supersymmetry, a symmetry exchanging bosons and

fermions, and called type IIA, type IIB, type I, heterotic SO(32) and heterotic



Eg x Eyg, respectively. All the theories are further unified into eleven-dimensional
M-theory, and all the string theories can be obtained as particular loci of M-

theory [74, 117].

4. String theory is defined in ten dimensions, so one somehow needs to reduce
it to four dimensions for real world applications. One can do that either by
considering that six of the dimensions are very small [26] or that our universe is
realized on four-dimensional D-branes [102]. A large set of theories of this type
have a large gauge group, and may include standard model interactions (and
many more). Hence one would expect that string theory is not just the quantum
theory of gravity, but a promising candidate for the “theory of everything”.
Semi-realistic models have been constructed using small six extra dimensions,

D-branes, seven-branes in F-theory and M-theory.

In summary, string theory is a quantum theory of gravity, and furthermore can
possibly describe all the interactions in nature.

In this thesis, we focus on the large distance description of string theory, called “su-
pergravity” [53, 47]. Supergravity is a supersymmetric field theory which describes
gravitational interactions or, in other words, a supersymmetric version of Einstein
gravity. The reduction from string theory to supergravity can be understood as fol-
lows. The typical length of strings in string theory is much smaller than the scale one
can reach by any currently established experiment. Therefore, string theory should
be effectively described as particles interacting with each other, because the string
length is negligibly small. The interactions of particles are then described by using
quantum field theory. One can determine the form of the theory by the invariance
under general coordinate transformations and supersymmetry, and the gravitational

part of the theory is uniquely determined to be that of supergravity.



In particular, we consider a special kind of corrections to supergravity from string
theory, namely the higher derivative (or higher curvature, in gravitational perspec-
tive) corrections. Typically, higher derivative corrections are understood as correc-
tions to supergravity from short distance physics. If we restrict our attention to
the gravitational sector, the action should be written purely in terms of quantities
associated with the spacetime which are covariant under general coordinate transfor-
mations, namely the curvature of the spacetime R. Then, a general higher derivative

action is written as

1
1.1 =
( ) S 167TGd

/ Az /g(R+ o' R* +a”R3+---) |

where (G4 is the d-dimensional Newton’s constant and «' is proportional to the square
of the string length. o/ is an extremely small quantity, so the terms depending on
the positive powers of o’ do not affect physical processes unless the matters are
confined in a very small region, typically at string length scale, and the extremely
large density of matters curves the spacetime so that the curvature is of order 1/¢/.
If the curvature is not of order 1/a/, the higher derivative corrections are small, and
one can treat the corrections perturbatively. In this thesis, we are considering the
leading order corrections, namely four derivative or curvature squared corrections to
supergravity and their supersymmetrization.

We are focusing on five-dimensional gauged supergravity in this thesis. Techni-
cally, gauged supergravity is defined as a supergravity theory in which the gravitino,
the superpartner of the graviton, is charged under some internal gauge group. How-
ever, what is really important is that gauged supergravity, unlike the ungauged case,
has a negative cosmological constant, so it is defined on an Anti-de Sitter (AdS) space.

The gravitational theory on AdS space is believed to have a dual, non-gravitational



conformal field theory® description living on the boundary of AdS space via the
AdS/CFT correspondence [92]. Five-dimensional supergravity is of particular in-
terest because the dual field theory is four-dimensional and realistic, and also the
AdS/CFT correspondence in this case is “derivable” from string theory, as will be
explained more in detail later.

As an application of five-dimensional gauged supergravity with higher derivatives,
we discuss the hydrodynamic properties of gauge theory plasma, observed in heavy
ion collisions, via the AdS/CFT correspondence (See [27] for a comprehensive review
for this subject.). The hydrodynamics of gauge theory plasma has been studied
extensively using perturbative quantum field theory, using lattice gauge theory and
using the AdS/CFT correspondence. One interesting hydrodynamic quantity which
characterizes the properties of gauge theory plasma is the shear viscosity to entropy
density ratio. It is pretty difficult to compute this for SU(N) gauge theory with
N = 3, which describes the real quark-gluon plasma found in experiments, but it
can be computed in the large N limit using the AdS/CFT duality [103, 83]. The

result is
(1.2) L

where 7 is the shear viscosity of a plasma and s is the entropy density. The shear
viscosity to entropy density ratio was initially done in the context of the supergravity
dual to N/ =4 SU(N) super Yang-Mills theory, but later extended to various other

theories. For example, the ratio can be calculated for
e N =1 SCFTs [83]

e non-conformal theories [18]

3Conformal field theory is a particular kind of quantum field theory which, roughly spaeking, is invariant under
the change of the length scale.



e theories with fundamental matters [94]
e finite chemical potential [93, 108, 91]
e time dependent background [77]

and all of the theories yield the same result as (1.2). In this sense, the result is
universal at large N. Further, based on this extremely small viscosity, it has been
proposed that this ratio is the lower bound (KSS bound) of the shear viscosity to
entropy density ratio.

The result (1.2) is quite interesting because it matches with the experimental

measurement of the quark-gluon plasma (See, for example, [109].)

(1.3) <02,

» |3

In this sense, one can argue that this is the first non-trivial “experimental verifica-
tion” of string theory, provided that the large N limit is a good approximation of
the N = 3 gauge theory.

However, if one considers finite IV corrections, the shear viscosity to entropy den-
sity ratio deviates from the KSS value 1/(47). As is explained later, the finite N
corrections in the CFT side correspond to higher derivative corrections in the grav-
ity side. Inclusion of the leading order finite N corrections yields a deviation of the
ratio from 1/(4x). Furthermore, one can show that the KSS bound is violated in
the presence of finite N corrections [81, 17]. We discuss the effects of such finite N
corrections and also the effects of introducing finite chemical potential in this thesis.
In the real-world experiments, N is three and there is a finite chemical potential for
the U(1) baryonic charge, so our discussion is an attempt to fill the gap between the

analysis in [103, 83] and the real-world experiments.



The rest of the thesis is organized as follows. In Chapter 2, we review the off-shell
formulation of five-dimensional supergravity with curvature squared corrections. We
first discuss the building blocks of the theory and see how one can construct the higher
derivative terms in a systematic way. In Chapter 3, we gauge the supergravity theory
obtained in Chapter 2 and gain a supergravity theory with a negative cosmological
constant. We also discuss how to obtain the vacuum AdS5 solution in this chapter. In
Chapter 4, we apply the gauged supergravity theory to discuss the thermodynamic
behavior of gauge theory plasma. The primary tool to relate the supergravity to
gauge theory is the AdS/CFT correspondence, which is reviewed in this chapter.
The dictionary translating the physical quantities in the AdS side into those in the
CFT side and vice versa is also discussed. Finally, in Chapter 5, we compute the
shear viscosity to entropy density ratio in the presence of higher derivative corrections
and chemical potential and see how the KSS result is altered.

This thesis is based on the works [34, 35] in collaborations with Sera Cremonini,
James T. Liu and Phillip Szepietowski. More specifically, the discussions in Chapter 3
and 4 are based on [34], and those in Chapter 5 are based on [35]. Five-dimensional
gauged supergravity with higher derivatives is one of the various topics on which
the author has been working during the graduate study. The other topics he has
been working on are supersymmetric classical solutions of multiple M2-brane theories
[67], phenomenology of gauge mediated supersymmetry breaking [69, 66] and three-

dimensional supergravity with higher spin fields and its holographic dual [70].



CHAPTER II

Off-Shell Supergravity with Higher Derivatives

In this section, we review the off-shell formulation of supergravity with eight
supercharges in five dimensions [121, 120, 87, 54, 12, 11]!. The five-dimensional
supergravity with eight supercharges is first formulated in an on-shell method, in
which the closure of the supersymmetry algebra requires the equations of motion [63].
A shortcoming of the on-shell formulation is that one needs to consider the closure of
the algebra and the invariance of the action simultaneously. The equations of motion
are affected by the form of the action, so while trying to preserve the supersymmetries
of the action by adding terms, one also needs to take care of the algebraic structure of
the supersymmetry. On the other hand, the off-shell formulation does not require the
equations of motion for the closure of the algebra. Therefore, when one adds terms
to the action to preserve supersymmetry, one need not worry about the modification
of the algebra. This is the reason why we employ the off-shell formulation in this
thesis.

We start with the observation that general coordinate transformations and local
Lorentz transformations, under which any extension of general relativity? is invariant,

act on spacetime coordinates in the same way as local Poincaré transformations.

I The off-shell formulation of supergravity was first developed for theories with four supercharges in four dimensions
[110, 51, 106] and extended to eight supercharges in four dimensions [16, 44, 52] and six dimensions [10] as well as
five dimensions. An interested reader can refer to excellent reviews [96, 115] and references therein.

2We simply call this class of theory “gravitational theories” in the rest of the thesis.
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This observation opens up a possibility that a gravitational theory can be regarded
as a “gauge theory” of the Poincaré symmetries. In the gauge theory language,
the gauge field associated with the local translations could be regarded as vielbein,
and that associated with the local Lorentz transformations as spin connection in
gravitational theories. Unfortunately, the situation is not so simple for the following
reason: the local translations do not act on the fields in the same way as general
coordinate transformations. In other words, local translational invariance in gauge
theory formulation is just an internal symmetry of the theory, so one needs to realize
it as a spacetime symmetry to obtain a gravitational theory. This problem is solved
by imposing appropriate constraints.

In this thesis, we utilizes conformal tensor calculus [50, 80, 79], in which we impose
the superconformal invariance, not just super-Poincaré invariance, on the theory. The
reason why we impose this larger symmetry is quite simple: generically, the larger
symmetries a theory has, the simpler it gets. By introducing this larger symmetry
group, we facilitate the construction of the action. Then, we introduce expectation
values for auxiliary fields to break the conformal symmetry and obtain Poincaré
supergravity. At this point, the theory is off-shell, meaning that the closure of the
super-Poincaré algebra requires the equations of motion. One obtains the on-shell
Poincaré supergravity by eliminating the auxiliary fields by equations of motion.

So, our approach is summarized as follows:

1. Construct a gauge theory of superconformal invariance.

2. Impose constraints to obtain spacetime superconformal symmetries.

3. Introduce expectation values on the fields to break the conformal symmetries.

4. Eliminate the auxiliary fields using equations of motion.
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This approach is illustrated in Section 2.1 using an example of Einstein gravity. In
the context of supergravity, the first two steps are discussed in Section 2.2 and the
last two are discussed in Chapter 4.

The rest of this chapter is organized as follows. For an illustration of the idea to
construct the supergravity action in the superconformal setup, we start with con-
structing Einstein gravity in the conformal setup in Section 2.1. In Section 2.2, we go
over how to construct a gauge theory of superconformal symmetries, the constraints
to obtain the spacetime superconformal symmetries and the off-shell supergravity
multiplet, called the Weyl multiplet. In Section 2.3, we discuss the supermultiplets
needed to construct an supergravity action coupled to gauge fields. In Section 2.4, we
discuss how to construct a two derivative conformal supergravity action. In Section
2.5, we discuss the construction of supersymmetric higher derivative terms, or more
precisely, the supersymmetric completion of curvature squared terms. Finally, in
Section 2.6, we discuss the application of the supersymmetric four derivative terms

in string theory.

2.1 Einstein Gravity as a Gauge Theory

In this section, we construct Einstein gravity using the conformal gauge theory
techniques discussed above. Einstein gravity is a theory which describes the dy-
namics of the spacetime. In other words, if the spacetime is described by a pseudo-
Riemannian manifold M endowed with a metric g,,, where the distance on the man-
ifold is defined as ds? = g,,, dz"dz” for a spacetime coordinate z*, Einstein gravity is
a theory which determines how g,, changes with time. A fundamental requirement
on the theory is that the physical equations must be independent of the choice of

coordinates, or equivalently, invariant under the general coordinate transformations
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(sometimes called diffeomorphism):
(2.1) r— f(x),

where f(x) is an arbitrary function of . The infinitesimal version for this transfor-

mation is
(2.2) r—x+e(x),

where ¢(x) is an arbitrary infinitesimal function of z*. Hence, the action of the theory
must be written in terms of quantities consisting of the spacetime metric g,, and
must be invariant under the general coordinate transformations (2.2). One can build
such a quantity using the Riemann curvature tensor R, ,,. One advantage of using
the Riemann curvature is that a quantity consisting of the Riemann curvatures with
all the indices contracted with the inverse metric g" is invariant under the general
coordinate transformations. Thus, the simplest possible form of the action consists
of the Ricci scalar R = R,,,9"¢"° and the invariant volume form d°z+/det g. It is

given by

(2.3) S ! d°xrv/det gR |

~ 167G,

where the five-dimensional Newton’s constant (G5 is introduced to make the action S
dimensionless. The goal of this section is to reproduce this action in the conformal
gauge theory formalism.

For this purpose, one introduces a vielbein ef,(z) by

(2.4) ds® = g, drtds” = nab(eZd:z:“)(elb,dx”) :

where 7)., is the metric of flat Minkowski space. In other words, the vielbein is used

to define a orthonormal basis e* = ejdz* for the cotangent bundle of the spacetime
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M. One can also introduce the spin connections w%(z) = w,%dz" as a change of

the orthonormal basis for two infinitesimally close points:
(2.5) de® = wy N el .

Then, one can write the Riemann curvature as

(2.6) R™ = R, da"dz" = dw™ + w" Aw,’,

where the spacetime indices pu, v and the indices for the orthonormal basis a, b can be
interchanged by multiplying with the vielbeins. Since we introduced the orthonormal
basis, the theory has additional local symmetries which rotate the orthonormal basis.
These symmetries are called local Lorentz symmetries and, combined with the general
coordinate transformations, constitute the local Poincaré invariance of the theory.

One can construct Einstein gravity as a gauge theory with the local Poincaré
invariance. Here, however, we introduce a larger symmetry group, namely the con-
formal group, of which the Poincaré group is a subgroup. It consists of dilatations
D and special conformal transformations K® as well as translations P* and Lorentz
transformations M in the Poincaré group. As has been discussed at the begin-
ning of this chapter, one first constructs a gravitational theory with local conformal
symmetries, and then reduce the symmetries to the Poincaré group by giving an
expectation value to fields transforming under D and K* transformations.

Now that we know the symmetry group of the theory, let us construct the action.
We are considering a gauge theory of the conformal group, so the first step is to
introduce the gauge fields, covariant derivatives and field strengths. For P¢, M D
and K, we introduce the gauge fields ef, wu“b , by and [}, respectively. The covariant
derivative is defined as D,, = 0,— > hf}X 4, where the sum is taken for all the genera-

tors X*. The field strength corresponding to a generator X is denoted by R,,, (X4).
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Then, one can construct an action invariant under the local transformations, which
yields a gauge theory with the local conformal symmetries being realized as internal
symmetries. This completes the step one of the construction.

Once we obtain a conformal gauge theory, the next step is to identify the conformal
symmetry, realized as an internal symmetry in the gauge theory, as the real spacetime
symmetry. We have seen that Einstein gravity has local Poincaré symmetries, in
which P® generates the general coordinate transformations and M® generates the
local Lorentz transformations. Therefore, we need to identify the local translation
in our gauge theory with diffeomorphisms and Lorentz transformations in Einstein
gravity. In order to illustrate this point, let us consider the local translation of the

gauge field e,*:
(2.7) 0p(E)en” = Saigs (E))en” — 043 — Ry (P)E” .

The first two terms are essentially the covariantized diffeomorphism, and the local
translation differs from the covariantized diffeomorphism by the last term. In order

to identify these two symmetries, one can impose
(2.8) R, (P)=0.

Here, R,,,* is, roughly speaking, in the form of 20y,e,* — 2w[uabey}b plus covariantiza-
tion terms, so the constraint can be interpreted as the torsionless condition in general

relativity. Similarly, the identification of the symmetries requires
(2.9) R, (M)ey =0 .
This constraint allows [ to be expressed in terms of the Ricci tensor as

1 1
—(Ruw — sguR)e”™ .

(210) fﬂa = 6 8
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In this way, we identified the symmetries of our gauge theory as those in Einstein
gravity. We have completed the step two of the construction. Another point which
is worth mentioning is that this constraint makes the covariant curvature RZZ,’/(M )
traceless. Thus, for a background in which the nontrivial independent field is only

the vielbein, R (M) is the Weyl tensor of the metric, i.e.

a a 4 a b 1 a b
(2.11) R, (M) = R, + gRLeV]] - geLeV]]R ,

where Rgp.q is the ordinary curvature tensor constructed from the metric.

So far, we have not specified the form of the action. In order to obtain the

Einstein-Hilbert action, we take our action to be

(2.12) S = / d°re¢pD"D,¢

where e is an abbreviation of det e, and may be written as y/det g,,, in terms of the
metric, and ¢ is a scalar field with conformal weight 3/2. If one writes the covariant

derivatives explicitly, one obtains

(2.13) S = / d’zegel[(0, — 3b,) D¢ — w, Dy + f,¢) ,

where D,¢ = 0,0 — %bu¢. To obtain Einstein gravity, one first must reduce the
conformal symmetries to Poincaré symmetries by giving expectation values to the
fields. To break the special conformal symmetry, we note that b, is not invariant for
any value of b,. Therefore, we take b, = 0 to break the special conformal symmetry.
The dilatation can be fixed by taking ¢ = M, where M is some dimensionful constant.

Then, all the terms but the last term vanishes in (2.13), so we obtain
M3

By setting M3 = (7G5)~!, one obtains Einstein gravity. This procedure completes
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step three of the construction. Since there is no auxiliary field to be eliminated in

this theory, we have completed step four as well.

2.2 Conformal Supergravity as a Gauge Theory

As in the bosonic example, the first step to construct a supergravity action is to
define a gauge theory of the superconformal group®. The superconformal algebra con-
sists of translation P?, Lorentz transformation M, dilatation D, special conformal
transformation K¢, SU(2)g transformation U¥, supercharge Q' and superconformal
charge S’, where i,7,--- are indices for SU(2)r symmetry. In gauge theory, one

defines the gauge fields corresponding to these generators, which are denoted as
(2.15) e, W bu fu' VI W4, 9

We use two types of covariant derivatives in this thesis, and they are defined as

A
(2.16) D, = du— Y WXy
XA=Meb, D, U
D, = Du— Y. hiXy
XA=Qi,Si Ko

where X 4 denote the generators and hf} the corresponding gauge fields. As is obvious,
D,, is covariantized with respect to M, D and U%, and 25“ is fully covariantized un-
der the superconformal symmetry. The fully covariantized field strengths are defined
as
(2.17) [D,,D,] = — > R X,

XA=Qi,M® D,U# 8¢ Ke
The explicit form of the field strengths and the covariant derivatives acting on the

transformation parameters are given in Appendix B.

3The detailed algebraic structure is not important in this thesis. An interested reader can refer to Section 2.5 of
[115].
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The superconformal symmetries of this gauge theory can be identified, as in the
bosonic case, as the spacetime superconformal symmetries by the following con-

straints:

~

(2.18) R, (P)=0, "R (Q) =0, R“(M)e",=0.

These are called “conventional constraints”, and we use this set of constraints through-
out this thesis.

The conventional constraints are not invariant under the original supersymmetry
transformations. One way to see that is to notice the fact that the conventional
constraints, as can be seen from (B.6), let us solve the gauge fields w,*, qu and f,*
in terms of other gauge fields*. This reduces the number of degrees of freedom and
yields a mismatch between the bosonic and fermionic degrees of freedom. Hence,
one needs to introduce auxiliary fields to match the number of bosonic and fermionic
degrees of freedom, and also modify the supersymmetry transformations so that the
constraints are invariant. We do not know of any systematic way to carry out this
procedure, but the resulting multiplet is known as the Weyl multiplet[87, 12], which

consists of the independent gauge fields and auxiliary fields

(2.19) v, ¢ D,

b

where v is an antisymmetric tensor, £ is an SU(2)g-Majorana spinor and D is a

scalar field. The commutation relation between two Qs and that for S and Q are

4The explicit expressions for dependent fields in terms of independent fields are given in (B.1)
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given by

(2.20)00(c1), 0(e2)] = Op(2iE17ae2) + Oar (20817 equay) + Oy (—4iEy - ved)
+05 (- )+ 0k (),

(221) [ds(n),00(c)] = dp(—2ien) + dur(2iEy"n) + du(—6its”)

0 ()

For other commutators, it would be more useful to write them in terms of the gauge
transformations, rather than commutation relations. The transformation properties

under @', S* and K® are given in the form of § = €Q; + 7'S; + £ K, by

(2.22)
de,* = —2iEy"Y,,
o, = Due' + %v”bmbei — W'
b, = —2ied, — i, — 2k,
VI = —6ielg]) + 4iey - vyl) — %—%Xﬁ + 6inapd),
OVap = —%57abX - 32—.251%1)(@),

0X' = De' — 29"y e Dyvy. + v - RU)je — 29" €qpeactv™ + 4y - v,
§D = —iePx — 8ieRw(Q)v™ + inyx.
This Weyl multiplet includes a graviton e,* and gravitinos ¢, and constitute a part

of the on-shell supergravity multiplet. Note that R(M ) should satisfy a similar

relation as (2.11):

4 1
(2.23) R, (M) = R,™ + =R — el R |
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2.3 Supermultiplets

In this section, we introduce three particular types of supermultiplets, namely,
vector multiplets, hypermultiplets and linear multiplets. Vector and hypermultiplets
are not optional, but are required to construct an off-shell Poincaré supergravity
multiplet®, as is discussed later on. The linear multiplet is used to construct an

invariant action.

2.3.1 Vector Multiplet

A vector multiplet is a multiplet which has gauge fields WJ , SU(2)-Majorana
gauginos ) scalar fields M’ and auxiliary fields Yg , whose ¢ and j indices are
symmetric, as its components. [ is the index for a gauge group G and the fields are
conveniently denoted as, for instance, W, = WJT T'in terms of the generators of the

gauge group T7. The Q- and S-transformations of the components are given by

(2.24)
SW, = —2iey,Q + 2ieg, M,
SM = 2izQ,
. 1 N . 1~ ) o .
N = 37 F(W)e' — 5@]\4&?1 +Y' el — Mn',

~

oY = 2igpQ)) — gty Q) — ig‘(ixj)M — 2igel[M, Q] — 2i7t Q7).

The transformation laws above shows that the supersymmetry transformations are
not separable from the gauge transformations under the gauge group G. It is thus

required to modify the supersymmetry transformations as

(2.25) 0(e1), 0o(e2)] = (RLS. of (2.20)) + 6 (—2igiesM).

50ne can use, instead of a hypermultiplet, another multiplet to form an on-shell supergravity multiplet, but we
use a hypermultiplet in this thesis.
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Therefore, the supercovariant curvature is given by
(2.26) Fy (W) = 20, W,y — g[W,, W] + 4ithy,y,y Q — 2inh,ab, M.

Not only does one need the vector multiplets to couple supergravity to gauge
fields, but also it is required as a part of the on-shell gravity multiplet. The on-
shell supergravity multiplet should contain a vector field, graviphoton, as well as a
graviton and gravitinos[63]. Since there is no vector field in the Weyl multiplet, one
needs to combine the Weyl multiplet with a supermultiplet including a vector field to
construct a supergravity multiplet. One can also see that the gauge transformations
showing up in the right hand side of the supersymmetry algebra (2.25) is, from the

definition, the gauge transformation associated with the graviphoton on-shell.

2.3.2 Hypermultiplet

A hypermultiplet consists of scalars A’ spinors ¢, and auxiliary fields F:. They
carry the index o (= 1,2,...,2r) of USp(2r). The scalars satisfy the reality con-
dition A’ = —(A%)*, and (, are USp(2r)-Majorana spinors. A subgroup G’ of the
gauge group G can act on the index a as a subgroup of USp(2r). The @ and S

transformations of A’ and (, are given by

(2.27) SA, = 2iE'¢,,
6" = DAJe —v-vel AY — gML AJe? + 3A,
where Zb and M, include the ‘central charge’ gauge transformation Z. The quantity

g is the coupling constant, and the notation X,Y represents the action of generators

of the gauge transformation,

(2.28) (X ) = X9V P 4 XO0Zv°,
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where X takes values in a Lie algebra, Y takes values in its representation, and ¢;%g
is the representation matrix. The closure of the algebra thus determines the ‘central

charge’ gauge transformation of A’, via F!, though we set Z = 0, (F. = 0) in this

[0}

thesis®.

2.3.3 Linear Multiplet

A linear multiplet consists of a real scalar L, whose i and j indices are sym-
metric, a SU(2)-Majorana spinor ', a vector E,, and a scalar N. The Q and S

transformations on the components yield

(2.29) oLV = 2iglp)),
i ™ T 3] 1 a_i 1 i
o' = —DPLY¢; +37 sEa+§€ N
+27 - ve; LY + gM,L¢; — 6L"n;,
R = 2@'57“1’151)(,0 — 257"y + 6iEVV?
+2i95Y* Mo — 4ige'~y"Q Lij — 8imy* e,

. 1 . o

ON = —2ieDyp — 3igy - vp + e L + 4igei0I Ly — 6ine.
The algebra closes if E* satisfies the following - and S-invariant constraint:
(2.30) D,E® + gM,N + 4igQ,o + 2gY 7 L;; = 0.

One important property concerning the linear multiplet is that any symmetric,
real composite bosonic field LY, which is invariant under S transformations, au-
tomatically leads to the above transformation law with suitable choices of ¢!, E®
and N. Thus, the construction of a linear multiplet can be carried out by repeated

supersymmetric transformations starting from the lowest component, L.

6Interested readers can refer to [87] and [54] for details.
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2.4 Invariant Action at Two Derivatives

In this section, we construct the invariant action for supergravity coupled to ny +1
U (1) vector multiplets. The starting point of the construction of an invariant action
is to realize that the following Lagrangian is invariant under the superconformal

transformations:
(2.31) e 'L(V-L) = Y7 Ljj+2iQ- o+ 2ipfv,Q; - LY
1 -7 _ba - (% _abc,j
—SWa- (B = 2ty + 20y Lis )

1 _ _ .
+M - (N = 20 — 200 9] Ly )

Here, we restrict our consideration to neutral L;; for simplicity. Then, one can
embed two sets of vector multiplets, V' and V', into the linear multiplet to obtain
the action quadratic in the gauge field strengths. More concretely, we identify the

lowest component of the linear multiplet L;; as
(2.32) Lij(V : V) = Yéfl - iQ{ijIJa

where fr; = 02f(M)/OMTOMY and f(M) is an arbitrary quadratic homogeneous

function of M. Then, one can obtain the higher components by carrying out the
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supersymmetry transformations and comparing both sides. The result is

23) @(V-V) = —puf
+ <7?Qf =57 v — g[M, Q) ) fi
+< }L W) + zDMfQJ YIQJ) fi7,
E(V-V) = b(4vabf+F (W)f1 + i f11)

+ (~2ig10, 70" + g0, DuM)')
_ 1 A A
+ <—2ngI%[M, Q7 + geabcderd(W)FdeJ(W)) fir,
o 1
N(V-V) = —DD,f+ <—§D—3v2) f
+ (—2Fu (W) + X0 + 2ig[0, Q) ) /i
—LFL(W)FY (W) + LDeMID, MY
+ J1r.
+2Q PO — iy - v + Y Y
By plugging this into (2.31), one can obtain the invariant two derivative action. The
resulting action is completely symmetric in I, J and K, so we obtain an invariant
action Ly given a gauge-invariant cubic polynomial N = crjg MIMIM%. The
fermionic part does not matter in this thesis, so we just present the bosonic part of

the action:

(2.34)

1.1
€Ly e = N (—50 + JR(M) - 31}2) + N7 (=20 FL,(W))

1 1 )
+NIJ (_ZFa{b(W)FabJ(W> —+ §’DGMIDCLMJ + }/;'§YJZ])

1
= g N KW E (W) Fpo (W),

Note that there is a Chern-Simons interaction, W A F' A F', which stems from the
W, - E* term in the invariant action formula (2.31). The strength of the interaction

is NV, implying that it governs the entire vector multiplet Lagrangian.
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One thing which we need to mention for the vector multiplet Lagrangian (2.34) is
that the equation of motion of the auxiliary field D imposes N' = 0. This is obviously
problematic, because it forces the coefficient of the Einstein-Hilbert term to vanish.
A way out is to introduce a compensator hypermultiplet and add the compensator
action to the vector multiplet action. The compensator action is obtained by embed-
ding the square of hypermultiplets into the linear multiplet and using the invariant

action (2.31) as

(235) e 'Ly, ... = D ADA,+ AT (gM)* A,

1 3 1 o
2= — — 2 4 AS AP
+ A (8D—|— 16R(M) 1Y ) + 29Y, 5 A7 A,

where A? = A% Al = A?dz* Al with the metric d,” arranged to be §5* for a compen-
sator. Here, we have already eliminated the auxiliary fields F;, using their equations
of motion. Let us now consider a system coupled to ny + 1 conformal vector mul-
tiplets, I = 0,...,ny, and one conformal hypermultiplet, A, (i,a = 1,2), as a
compensator. We let its action be Ly = Lg — %EV. The equation of motion for D

gives A% 42N = 0, while the scalar curvature appears in the Lagrangian in the form

S 2 Layron.

(2.36) (A 3

Thus, we can make the Einstein-Hilbert term canonical by fixing the dilatational
gauge transformation D via the condition A? = —2. It also fixes N' = ¢y yxe M M7 MK
1 via the equation of motion for D. The target space of the scalar fields with this

constraint is called a very special manifold and has been studied in the literature

[46].
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2.5 Supersymmetric Completion of R? Terms

2.5.1 Strategy

Before moving on, we need to make a few comments on the physical interpretation
of the higher derivative terms, in particular in the off-shell formalism. Firstly, if we
naively apply the variational method to obtain the equation of motion from a higher
derivative theory, it results in a differential equation which is higher than second
order. This means that giving the value and the first derivative of a field does not
suffice as initial values. In other words, there are ‘extra modes’ in addition to the
modes of the two-derivative Lagrangian. This is inevitable if we take the Lagrangian
as giving an ultra-violet definition.

However, we regard our Lagrangian as the effective low-energy description in a
derivative expansion with a small expansion parameter o’. Thus, the solution to the
equation of motion should take the form of a perturbative expansion in o/, and, in
particular, its o’ — 0 limit should exist. Such solutions are known to be determined
by the value and the first derivative of a field at ¢ = 0, just as in the case with the
two-derivative Lagrangian, making the ‘extra modes’ mentioned above unphysical”.

Secondly, it is readily checked that the auxiliary fields would appear with physical
kinetic terms and begin to propagate when one constructs higher derivative terms
in the off-shell formalism. It is known, however, that the auxiliary fields can be
eliminated perturbatively in o/ (see e.g. the introduction of Ref.[4]) to produce
many higher derivative terms in the physical fields. The resulting Lagrangian is to be
understood as explained in the previous paragraph. Thus, the would-be propagating
auxiliary fields are just the ‘extra modes’ associated with the higher derivative terms,

and they are not to be regarded as physical fields.

"The details can be found, for example, in [49] and [32].
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The third comment is of a slightly different nature. In the higher derivative theory

of gravity, one can redefine the metric as
(2.37) G = G + ARG + bR, + -+ .

with ¢ and b small parameters. This leaves the leading-order Einstein-Hilbert term
intact, while changing the form of the higher-order derivative terms. For example,
it can be used to arbitrarily shift the coefficients of R**R,, and R?, while that of
RMPP R, cannot be shifted. It should also change the supersymmetry transfor-
mation law. The physics described by the Lagrangian, of course, remains the same
under the redefinition. We need to use a redefinition to compare our results to those
in the literature.

Below, we construct a very specific higher derivative term, whose form is not pre-
served by (2.37). This is because we use a very specific form of the supersymmetry
transformation dictated by the superconformal formalism. Change in the conven-
tional constraints (2.18) also induces a field redefinition among the fields in the Weyl
multiplets without altering the physical contents of the theory. Our choice of the
constraint Rl‘j = () is a convenient one because it greatly reduces the number of higher

derivative terms to consider by forbidding the appearance of terms like R R or

~

R,
With these preliminary remarks, we set out to construct a supersymmetric curvature-
squared term in 5d N' = 2 supergravity [68]. More precisely, we obtain the super-

symmetric completion of the mixed gauge-gravitational Chern-Simons term,
(2.38) W Ry pg Rae’?.

We recall that the gauge Chern-Simons term in (2.34) arises from the W, - E* term

in the V - L invariant action formula. Judging from the similarity of the roles played



27

by the gauge curvature F, and the metric curvature R, a natural guess would
be to first embed the Weyl multiplet into a vector multiplet VW] with extra
antisymmetric Lorentz indices ¢ and d, and then to construct a linear multiplet from
the L(V!,V7) embedding formula. However, we have found that this method is not
significantly better than the direct construction of the linear multiplet. Therefore,

our strategy is as follows:
1. Embed the Weyl multiplet to the linear multiplet.
2. Use the £(V - L) invariant action formula.
3. Gauge-fix down to the Poincaré supergravity.

The strong restriction in five dimensions, of course, already appears in the two-
derivative Lagrangian. Indeed, the structure of the four-dimensional N’ = 2 vector
multiplet is determined by a holomorphic function F(X71), but in five dimensions, the
corresponding object N must be a purely cubic function. This restriction comes from
the gauge invariance of the gauge Chern-Simons terms, just as in the case considered

above.
2.5.2 Embedding and an Invariant Action

The linear multiplet should have E, 3 €upeaeRs,(M)R®9(M) to be used in
the invariant action formula in order to obtain the gravitational Chern-Simons term

(2.38). The supertransformation law (B.9) for R(Q) reveals that we need the follow-

ing structure:

(2.39) E,>RM)® <+ ¢3R(MRQ) < Ly> R(Q)
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Thus, LY is of Weyl-weight 3 and an SU(2)g triplet, constructed solely from the

Weyl multiplet. Hence L% should be given by
(240) LYW = iRuC(QR™M(Q) + Aiix'y) + An™ R (U)

for suitable coefficients A; 5. This quantity must be invariant under S transforma-

tions to be the lowest component of a linear multiplet. The transformation
(2.41) Ss(mLIW? = 8i R (Q)v™ — 8iff iy ™xP) Ay
+ (62’77(1'}??;%(@)#" - %ﬁ“mx”) Ay

fixes Ay = —4/3 and A; = 1/12. Then, the embedding formula is determined by a

straightforward but tedious and lengthy repeated application of the supersymmetry

transformation:
(2.42)
ij A2 (i Paby) Lo ion 4 ap i
L][W] = ZRab (Q)R / (Q)+E2X X] _gv Rabj(U)a
7 2 1 i 1 D i Habed Habi DJ 1 J
'[W7] = 12X D+ Z%bRcd (Q)R™(M) — R*™;(U) | R,(Q) + 13 YabX
+ SV[Cﬁcéa]bi(Q)vab - QVCRabi(Q)T)avbc
1 ~ i .ab ]'abciA 2 D ac, bd
- gy[an}X v+ 67 T X Davbc - g’YabRcd (Q)U v,
1 . A 1 Ay R
E[W? = —g%bcdeRbcf I(M)R (M) + 6€abcdeRbC” (U)R%*,;(U)

W 2 - 8 >
+ Db (_gvabD + 2Rabcd(M)UCd o geabcdeUCfovde

) 16 4
— deapeaev” ;DM 4 gvacv“’vdb + §vabv2> :
1 .

L 2 . .

N[WQ] - EDQ + ZRade<M)Rabcd(M) i §Rabij(U)Rabzg(U)
25 16 por 8 Aa, b 8 o

a §Rab0d(M)UabUCd + ?U“bDchvac + §DavbcDavbC + §D“v”°vaca

— = €abeact "V D v + BUapv " vegv™ — 2(vapv™)”.

3



29

Here, we have omitted the terms trilinear in fermions in the expression of ¢* and the
terms including fermions in the expressions of £, and N. The first non-trivial check
comes from the constraint (2.30), indicating that the divergence of E, vanishes. This
holds because the divergence of the first line in F, vanishes, by the Bianchi identity,
while the second and third lines vanish if we use the identity ﬁ“ﬁbAab = 0 for a
K-invariant, SU(2)-singlet, antisymmetric tensor A,,. Another non-trivial check is
the K-invariance of E, and N, and we can see that £, and N are invariant under K
transformations.

We form an invariant action for off-shell conformal supergravity from the linear

multiplet constructed above, using the V' - L formula. The bosonic term is

(2.43)
LV-LW?)|, = ¢ViL7[W?] - %CIWC{ E“W?] + %CIMIN[W2]
_ _gc,xgvabR;@(U)
+%eabcdecfwabecfg(M)Rde 14(M)
+éC]MIRabcd(M)Rabcd(M) B %CIMIﬁabjk(U)Rabjk(U)
+%CIMID2 + écIFI“bUQbD - %C[Mlﬁfabcd(M)UabUCd

]. al 2 8 A A
— §C[F1abRabcd<M)UCd + gchIvabDchvac
4 . - 4 R .
—{—gC[MIDa’UbCDa’UbC + gC]M[DancDb’Uca
2

~ 2 . ~
—gclMIeabcdev“vadevef + gc[F[“beabcdevchfvde

~ ~ 4 ~
Tab c d, e ITab d
+erF P eapeqev” f D f_ gC[F P Va0V

1 ~
—gchIabvabvchCd + 4 M g v*veqv®® — e MY (vg50°)?

for constants ¢y [68]. Note that the term containing the second-order supercovariant
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derivative of v depends on the Ricci tensor through the K-gauge field given in (B.1),
because f)avbc includes the terms ~ b,vp. and ~ wa[bdvc}d, and the supercovariant
derivative of b, and w," yields fu [ see (B.2), (B.4) and (B.6)]. The result is

aa 2 1
(2.44) Vap D'D 0% = v, DD v — gvacvchab — EvabvabR

modulo terms including fermions.

To conclude this section, we should mention that another set of supersymmetric
curvature squared terms has recently been constructed [13]. The newly constructed
terms are apparently different from (2.43) and it would be interesting to see if these

terms play a physically important role when embedded in string/M-theory as (2.43).

2.6 Applications to String Theory

We summarize the applications of the higher derivative action (2.43) to string
theory in this section. Although the primary goal of this thesis is to discuss the
gauged supergravity with higher derivative terms and its applications, we believe
this subject is of interest for most of the readers of this thesis.

But before discussing the applications, we relate the five-dimensional supergrav-
ity with (more than) eight supercharges and a vanishing cosmological constant to
string/M-theory. This type of supergravity theories can be obtained as a low-energy
effective theory of type II or heterotic string theory compactified on K3 x S* or T,
or that of M-theory compactified on a Calabi-Yau three-fold. It can be understood
by simply counting the number of supersymmetries: type IIB string and M-theory
have 32 supercharges, and 7°, K3 x S* and a Calabi-Yau three-fold preserve all, half
and one-quarter of the supersymmetries of the theory, respectively. As was discussed
in the Introduction, the low-energy effective theory of string/M-theory is supergrav-

ity, so one, after the compactifications, ends up with having five-dimensional super-
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gravity with at least eight supercharges. This relation is why the five-dimensional
supergravity has numerous applications to string/M-theory.

One direction of applications is to use the higher derivative action to understand
black hole physics. A supersymmetric black hole, or BPS black hole in a more
common terminology, in string/M-theory can be realized by wrapping D-branes on
cycles on the internal compact manifold. Since the D-branes have masses, one can
increase the Schwarzschild radius of the D-branes by increasing the number of D-
branes wrapping the internal manifold. Then, a black hole is formed when the
Schwarzschild radius surpass the compton wave length. This type of black hole has
been extensively studied for over 15 years, and several properties of black holes in
Einstein gravity are now understood microscopically, including the thermodynamic
entropy [111] and Hawking radiation [25, 41].

Most of the analyses explained in the previous paragraph, however, have been
validated using the two-derivative approximation of the supergravity action. The
two-derivative action is applicable for any infinitely large black holes, but one needs
to consider the higher derivative corrections to compute the finite size effects on
the physical quantities. The higher derivative action (2.43) opens up a possibility
to discuss the finite size effects to the five-dimensional black holes, and they have
actually been investigated by several authors [28, 24, 29, 3, 30, 38, 45, 88, 7]. It
has also been argued that the thermodynamic entropy computed using the higher
derivative terms (2.43) is exact at the classical level, and cannot be modified by
higher order corrections [84, 85, 42].

Another direction, closely related to the previous example, is to figure out the
worldsheet theory of multiple heterotic strings [40, 78, 89, 86]. The worldsheet theory

of N coincident fundamental strings has not yet been known except that the theory
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should be described by 2d CFT with central charges (cp,cr) = (24N,12N). One
may try to understand it from the gravity dual description, but the gravitational
solution of N coincident strings is known to be singular [39], and so unreliable at
this level. Here is where the higher derivative terms play a role. The higher derivative
corrections in (2.43) resolve this singularity [28], and the analyses of the gravity dual
suggests that the multiple heterotic strings should be described by nonlinear N' = 8

superconformal field theory in two dimensions.



CHAPTER III

Gauged Supergravity with Higher Derivatives

This chapter in devoted to obtaining the gauged supergravity action with higher
derivatives. Gauged supergravity is a particular kind of supergravity theory in which
the gravitino is charged under the internal gauge group G. It was proposed as an
attempt to construct a maximally supersymmetric N' = 8 supergravity in four di-
mensions [43], and extended to five dimensional supergravity soon later [65, 64, 62].
A qualitative difference from the ungauged supergravity is that gauged supergravity
has a negative cosmological constant and the vacuum solution is a maximally super-
symmetric AdS space. Later in this thesis, gauged supergravity is used to analyze
the AdS/CFT correspondence.

We start this chapter with explaining how one obtains gauged supergravity from
ungauged supergravity in Section 3.1. Then, we proceed to constructing mini-
mal gauged supergravity action at two-derivative order in Section 3.2 and at four-
derivative order in Section 3.4. For the construction of minimal gauged supergravity
with higher derivatives, one needs to know the maximally supersymmetric vacuum
solution of the theory. Hence the solution is discussed in Section 3.3. The discussions

on this chapter are based on the paper [34].

33
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3.1 Gauged Supergravity

In this section, we briefly summarize how to obtain the gauged supergravity ac-
tion. The detailed calculation is given in the next section. As has been mentioned
earlier, gauged supergravity is defined as a supergravity theory in which the grav-
itino is charged under the gauge group G. Here in this thesis, we only consider
G = U(1)"v*Ll. Since supergravity is a gauge theory of super-Poincaré symmetries
and in particular the gravitino is the gauge field associated with the supercharge,
one can express the condition that the gravitino is charged under G in terms of the

commutation relation:

(31) [Gla Qa] = PIQQ?

where G} is the generator of G and P is the charge vector of the gravitino under G.

To obtain the commutation relation (3.1), we utilize the fact that the gravitino
in ungauged supergravity is an SU(2)g doublet. Then, if one gives an expectation
value to a field which is charged under both SU(2)g and G, the symmetry group is

broken as
(32) SU(Q)R x G — Gdiag.a

and the gravitino acquires charges under the Gy symmetry. More concretely, we

introduce the charged compensators, whose transformation properties are defined by
(3.3) GrA; = Pi(io®) Al

Then, only the following linear combination of U and G remains to be the symmetry

of the theory:

(3.4) 5L (AT) = 5(AD) + 5y (AL Pyic).
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The equation of motion for V/ requires
(3.5) Vi = Py(ioc®)" W,

In this way, all the SU(2) g non-singlet fields, including the gravitino, are now coupled

to the gauge group G/ with charge vector given by Py.

3.2 Two-Derivative Lagrangian

We construct the on-shell two-derivative Lagrangian in this section. We start with
the off-shell Lagrangian £y — Ly /2, where Ly and Ly are given in (2.34) and (2.35),
respectively, break the superconformal symmetries to super-Poincaré symmetries,
and eliminate the auxiliary fields.

In addition to the gauge symmetries of Poincaré supergravity, we have SU(2)g
symmetries U, dilatational invariance D, special conformal transformations K and
S-invariance. We focus on the bosonic part of the action in this thesis, and break
the bosonic symmetries by giving appropriate expectation values to the fields. As

has been discussed in the previous section, we break D and SU(2)r symmetries by

(3.6) A% = 52

(2 (2

This expectation value mixes the U(1)g € SU(2)g and U(1) internal gauge symme-
tries and consequently assigns U(1) charges to the gravitino as discussed previously.
To break the K-invariance, note that the dilatational gauge field b, is not invariant

under K-transformations for any value of b,. Thus, one can set
(3.7) b, = 0.

which is basically irrelevant to the form of the action. These two conditions are what

we impose to obtain the (bosonic part of) off-shell Poincaré supergravity action. The
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explicit form of the action is given by

e 'Ly = DN —1)—R(3+IN)+ BN + 1) + Lepyre AR FE

wovp

2N Fy, 4 Ny (5F,, F7 0 = 3D"M D, M) — N, Y5 Y7o

4= pv

+2 [|(V;’j — gWiPI(¢a3)ij ? + 4g* (P M")? 4+ 29Y " Pr(io®);4],

where we used D, A = (—gW, P;(ic®)§ + V,5)087.

Integrating Out the Auxiliary Fields

We can move onto integrating out the auxiliary fields. In the action (3.8), Vlfj

shows up in the second term in the third line in the form of a magnitude square, so

one can readily integrate it out and obtain

(3.9) V7 = gPy(ic®) W,

As discussed in the previous section, the SU(2)r gauge field is identified as a linear

combination of U(1) gauge fields, and now all the SU(2) g non-singlet fields, including

the gravitino, are coupled to G.

We then integrate out YJ . The equation of motion is given by
(3.10) —2N1,Y;] + 4gP;(ic®)7 = 0.
Assuming that N7; can be inverted, one obtains

(3.11) Vi = 2N Y Ps(io?),;.

Before we move on, let us discuss the form of the potential at this point. After

eliminating Y;g , one obtains the scalar potential of the form

(3.12) V = —4g*2IN"YHYY PPy + (PrMT)?,
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where we used the fact that the Abelian gauge group G acts trivially on the vector
multiplet scalars M' and so D,M! = 9,M"'. Note that N;; turns out to be the
coefficient of the gauge kinetic term, so the first term must be negative definite. The
second term is the negative of the real value squared, so it also must be negative. This
implies that the theory must have negative cosmological constant at the vacuum.
The auxiliary fields v, can be eliminated using the equation of motion for v,,.
To make the form of the solution simpler, we first solve the equation of motion for

D:
(3.13) LV 1) = 0.

The equation of motion for D imposes the constraint N/ = 1 on the scalar manifold.
This constrained scalar manifold is called “very special geometry” and is extensively

studied in the literature. The equations of motion for v, yields
(3.14) 203N + L) + 2N FL, =0,
which, in turn, implies
1 I
(3.15) Ve = = N1 E -

Note that this v, is originally from the Weyl multiplet and related to the graviton
and gravitino by supersymmetry. Therefore, by definition, this particular linear
combination of the gauge fields should be identified as the graviphoton in the on-
shell gravity multiplet.

Finally, we solve for D. It can be primarily done by using the equation of motion

for M*:

(3.16)  NI(D — LR+ 60, v") + 2 N1 FL " + L cp i F, F5 ™ 4+ Np,OM7

, 6V

5o~

+% cUKé)#MJa“MK — g
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Multiplying M to the equation of motion for M? yields

(3.17)
D — §R+6u, 0" = —SNiFL 0" — ENp F F7 — NG 0,M 0" M7
oV
I I
—NIOM' + 3M'

One can readily solve for D using this equation. However, the result includes R,
which changes the correctly normalized coefficient of the Einstein-Hilbert term. To

avoid this problem we add the trace of the Einstein equation

(3.18)
R, —3iguR = —iN(0,M'0,M7 —Lg,0.M' 0" M)
—3(NING = NI (FELZF = 19w FXF727) + 590V
One can eliminate the explicit R dependence using the trace of this equation. Plug-

ging in the on-shell value of v, and the trace of the Einstein equation, one obtains

the on-shell form of D

(3.19)

D = —%NIJ(ZLMI&“M" - %NIDMI + %L(NINJ - %NU)F;{VFJW
oV
oM

= — SN O MM — INTOM! + J(NINy — N1 )L F7#

5 2 I
5V +2M

+24° (6P Py(NTH!Y — PP MM

Now that we have solved for all the auxiliary fields, the on-shell action can be
obtained by plugging the solutions of the auxiliary fields into the off-shell action

(3.8). It yields
(320) e'L = —R— N O MM — L(NINy — Npj)FL FIH

o cryr VP ALFE] S 4+ 4g* 2N PPy + (PrMT)?)

ptvp
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where now the M7 are a set of constrained scalars satisfying the very special geom-
etry condition N/ = 1. The Lagrangian perfectly matches the bosonic sector of the

standard two-derivative N/ = 2 supergravity action coupled to ny vector multiplets.

3.3 Supersymmetric AdS; Vacuum Solution

In this section, we consider the maximally supersymmetric vacuum solution of
our supergravity theory and see how Q and S transformations in the conformal
supergravity reduces to the physical supersymmetry Q' in Poincaré supergravity.
We will be finding the vacuum solution using the BPS equations, which does not
depend on the action in the off-shell formulation, so most of the analysis in this
section is applicable even in the presence of higher derivative corrections.

We make an ansatz for the AdS space as

d 2
(3.21) L? <u2na5dx°‘d:v’8 — U—UQ) ,
where a, 3 = 0,1,2,3, n = diag(+, —, —, —), v = z* and L is the curvature radius.

We further suppose that any field with non-zero spin is zero. We start with the fact

that in such a background, the equation

4

(3.22) Dy = 57

Yue =10

has eight linearly-independent solutions, corresponding to the physical supersymme-
tries of the theory. Here, D, denotes the derivative covariant with respect to local
Lorentz transformations, and ¢ is a spinor without the SU(2)-Majorana condition.
If the i = 1 component of an SU(2)-Majorana spinor &' satisfies (3.22), then the

1 = 2 component instead satisfies

?

(3.23) Dy 4 o

7,72 =0.
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Thus, to express it covariantly under SU(2)g, one needs to introduce a unit three-

vector ¢ so that

I
(3.24) D,e" — sz(q -0)'e? =0.

The supersymmetry transformation of the gravitino (2.22) can then be made zero by

choosing

i_ Lo o
(3.25) n' = i(zq-a) €.

The supersymmetric transformation which remains after the gauge fixing is

1

(3.26) 5(e) = bg(c) + 5 (ﬁ(“f' 5)5) .

The vanishing of dgx* implies that D = 0.

Next, the vanishing of the gaugino transformation (2.24) requires
(3.27) Yiiel — — M (ig- )6’ =0
for all I. This relation is satisfied for the maximal number of £ if and only if

1 Lo =
(3.28) Y= i(lq )y M.

We can set iq-& = io® without loss of generality. The vanishing of the transformation
of the hyperino 6¢* = 0 under the gauge fixing A$ o 6% determines the curvature

radius as

(3.29) L= g(PIMI)‘l.

Another interesting condition comes from the [dg,, ;] commutator. From (2.20),
(2.22) and (2.25), it is

(3.30) [06,(2),05(e")] = 6 (—%5<i(z'a3)j>ka’k> + 0 (—2iM &)

= 0y (2P M (ic®)Vee") + bg(—2iM e’

= 6n(—2iM'ee),
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where ¢, is the surviving gauge transformation under the condition A%; o 6% defined
in (3.4). This implies that §(M?') should leave the scalar VEVs invariant if we
consider additional charged matter fields.

The reader can check that the analysis up to this point does not use any specific
property of the action. Thus it is applicable to any d = 5 N = 2 supergravity
Lagrangian with arbitrarily complicated higher derivative terms. Now, let us write
down the condition (3.28) for our Lagrangian. Since our higher derivative Lagrangian
is independent of Y;ﬁ, the solution of Y;ﬁ does not change in the presence of four

derivative terms and is
(3.31) Y = 2N Py(ic®)y;.
Substituting this into (3.28), we obtain

1 J 3 JasK
(332) PI:ZNIJM /L:§C]JKM M /L

This is the attractor equation in 5d gauged supergravity first found in [33]. By
multiplying this equation by M! we find the condition N' = c;jxg MM MK =1
again. One can check that it solves the modified equations of motion which follows
from £y + L;. The correction to the potential (N — 1)? does not shift the VEVs of
the scalars, since the solution before considering higher derivative corrections satisfies
N = 1, minimizing the added potential. Note that higher terms with respect to the
hatted curvature Rabcd(]\/[ ) do not change the AdS solution, since the AdS background
gives fiabcd(M ) =0.

In this thesis, we are mainly interested in the R-charged black branes, so let us
truncate the two-derivative supergravity action coupled to vector multiplets into the

minimal supergravity. Note that the linear combination of U(1) charges in the right

hand side of (3.30) should be identified as the U(1)g charge in the superalgebra by
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definition. The truncation, therefore, can be done by taking !
(3.33) M = M, W) =MW,

As we have seen, M is fixed in gauged supergravity by the attractor equation (3.32),

which yields

- 3 — 3
(3.34) PIMI:§, (N 1)”PIPJ:§7
in which case the potential becomes V = —12¢%. The resulting Lagrangian for the

bosonic fields of the supergravity multiplet (g,,, W,,) then reads
(3.35) e 'L=—-R-3F., + 1" "W,F, F\, + 12¢°,

which reproduces the conventional on-shell supergravity Lagrangian [65] once the
graviphoton is rescaled according to W, — W,/ V3.

While this completes the analysis relevant to the leading, two-derivative action,
we note that the expression for D simplifies further in the case of constant scalars.

Substituting (3.33) and (3.34) into the expression (3.19) for D yields the simple result
(3.36) D = 1NN — N FLF/™ = 3F°

By taking N' = 1, we see that this explicit form of D does not play a role in the leading
expression for the two-derivative Lagrangian. However, it will become relevant in the

discussion of higher derivative corrections, which we turn to next.

3.4 Higher Derivative Lagrangian

Generally, obtaining the on-shell supergravity action with higher derivative terms

is a difficult task. To obtain the on-shell action from the off-shell action, as we saw

INote that our definition differs by a factor of 1/3 from the conventional one where Wy, = WJ./\/’].



43

in the previous section, one needs to integrate out the auxiliary fields. This is easy
at two-derivative order because the equations of motion do not have any derivatives
for the auxiliary fields and hence are algebraically solved. If one includes the higher
derivative terms, however, the terms including the derivatives shows up in the action
and the equations of motion can no longer be solved algebraically.

Nevertheless, one can still obtain the leading order higher derivative corrections
to the two-derivative action [4]. To see that, let us expand the off-shell action and

the solutions of the auxiliary fields in terms of the number of derivatives as
(3:37) Sofs-shen =S +8W 4 i =P + W 4

where the numbers in the superscripts in the expansion of the action represent the
number of derivatives and those in the expansion of the solution indicate that ¢
is the terms in the solution which show up when one solves the equation of motion
up to n derivatives. The difficulty we described in the previous paragraph was that
it is hard to obtain ¢*), which apparently matters when one tries to derive the four-
derivative on-shell action. However, plugging the solution of the auxiliary fields into

the off-shell action yields

5S®
00

(338) Sonfshell = 5(2)<(b(2)) + 5(4)(¢(2)) =+ ¢(4) (¢(2)> + e

= SO 4 5D (@) 4 ...

where from the first line to the second line, we used the two-derivative equation of
motion. Therefore, one does not really need to find ¢* and one can plug the solution
of the two-derivative equations of motion for auxiliary fields into the four-derivative
off-shell action to obtain the four-derivative on-shell action. This is the strategy

taken in this section.
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We now turn to the four-derivative corrections to the action, which we parame-
terize by L£,. For convenience, we separate the contributions to £; present in the un-

gauged theory from those coming strictly from the gauging, £, = £i"&2eed 4 geaused

The two are given by:

(3.39)
—1 pungauged __ 1 1 I vpaf pAo 1Lagl vpo 1 In2
e 1L} = Lo |Eeume AT R RN 5 + LM Cyy e CF7 + LMD
1l pv  1ag1 pv, . po 1l py po
—|—6FWU s M Clvpet!v 5 F Clivpo
8af! v wo _ 16 pgl, pp v 2p01,2
+EM v, V'V v o M v U,JZ,RM SM'v°R
+3MIVRPY ,, + §MIV0PY
3 plrp T 3 vVpp
2 I v, pA ad 2 I pv ) Ao
— 5 M €Lpra V"V V507 + S FT Y €, pA 00V s

I pv A, 06 4 I pv A
+F e onov” sV 07 — S FT M, 0" oy,

_1plpy 2 I vp Ap I/,.2\2
3 F 10,07 + AM v, v v\ M (v*)*],

(3.40)
6_1£%auged = iCQI _Tlgeuu/»\a AIuRupij(U)R?jU(U)
—E MR U) By iy (U) = 4 Y0 R V()]
where
(3.41) RI(WU) = .7 ViVl — (u e ).

As we can see, the constants c¢o; parameterize the magnitude of these contributions.
Notice that the scalar D no longer acts as a Lagrange multiplier, since it now appears
quadratically in £;. In fact, by varying the full action £ = Ly + £; with respect to

D, we obtain the modified very special geometry constraint

Cor v
(3.42) N=1- E(DM’ + FyL),
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which encodes information about how the scalars M are affected by higher-derivative

corrections.

Integrating out the auxiliary fields

As in the two-derivative case, in order to obtain a Lagrangian written solely in
terms of the physical fields of the theory we need to eliminate the auxiliary fields
D, v, VZV and Yé from £ = Ly + L£;. In Section 3.2, we solved for the auxiliary
fields by neglecting higher order corrections, and then integrated them out of the
two-derivative action. It turns out that the lowest order expressions for the auxiliary
fields are sufficient when working to linear order in the co; [4]. This allows us to

reuse the results of the previous section for the auxiliary fields, which we summarize

here:

(3.43) Vi = gPi(ic®)7 Al

(3.44) Vi o= 2W Y Ps(ic%);,
(3.45) U = —3NIFL,,

(3.46) D = (NN —sN)ELF ™.

While it is valid to use these lowest order expressions, it is important to realize that
the scalar fields are modified because of (3.42). This modification leads to additional
contributions to the two-derivative on-shell action (3.21), which combines with £,
to yield the complete action at linear order in co;.

In principle, we may work with the full system of supergravity coupled to ny
vector multiplets. However, here we focus on the truncation to pure supergravity,
where the scalars M’ are taken to be non-dynamical. Even so, they are not entirely

trivial. While at the two-derivative level, we may simply set them to constants
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according to (3.33), here we must allow for the modification (3.42) by defining
(347) MI:MI—FCQMI, ALIMIAIM CQECQ[MI,

where M are possible scalar fluctuations that enter at O(cz). Substituting this into

the expressions (3.45) and (3.46) for the auxiliary fields then yields
(3.48) U = —3F,, + O(c), D=3F*40(c),

which match the lowest order expressions for constant scalars. The modified very

special geometry constraint (3.42) can now be simplified further, and becomes

(3.49) N=1- %Fz +0O(c2).

In general, a solution to the fluctuating scalars M1 ought to come from the equations
of motion. However, as a shortcut, we make the ansatz that M s proportional to
M. The modified constraint (3.49) is then enough to fix the correction to the scalars

to be

. M= - & pe 2].
(3.50) 2F 1 0()

Consistency with the equations of motion will presumably demand an appropriate
relation between the various cy; coefficients. However, since the vectors will be
truncated out, we only care about the combination ¢y given in (3.47), and will not
work out this relation explicitly.

We are now ready to integrate out both the scalars M! and the auxiliary fields
from the two-derivative action £y. By making use of the corrections? to the leading

order scalar expressions (3.34)

3 Co _ 3 Co
51 PM]:—[l——FQ} 1”PP:—[1 —FQ}
(3 5 ) 1 5 2883 ) (N ) Ty 3 + 988 )

2These can be easily verified using Py = i/\T]]M‘].
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we find that the contribution coming from £ yields the following terms:

(3.52)

1
671£0 =—R-— Z%FZ

1 1 5
P Ay, Fg + 1247 F? + —(F?)? — —¢*F?
1 plo + 120 +24 el g (F) -9

Turning next to the four-derivative contributions, we note that, since such terms
are already linear in ¢y, we may simply use the leading order solution for the scalars.

The gauging contribution (3.40) is then particularly simple

(3.53) et Lol — —g—ZgZ Epvprg APFVPFN

On the other hand, the contribution to £1"¢*"#% is given by:

(3.54)
—1 pungauged CQ 1 vpdy PAC 2
e~loymeneed 51|75 e AR R 5y 4 8CW(,
+1—60W,)AFWFW — F"F,,R; — gRF2
3 v P 3 13 i 3 HIvp
+5 VN P10+ VPN By 4 S VEEY F,
1
+3 e PP (BFPV P+ APPVFY 4 G V™)
45 45
F FYP R FM — =2 (2 2] .
Toa P 3560 )
The full on-shell Lagrangian is thus given by
(3.55)
3 5 1 1
L — —R-— Z—1F2<1 Y ) 7 (1 — o029 )WPMA#FV,JFM + 1242
02 1 2 1 2 2i| ungauged
RF?>+ —(F Lumeaneed
o [16 64< Vi+h4

Finally, we may redefine A, to write the kinetic term in canonical form:

5
final old
(3.56) Al _\/§<1+—144cg )A# .



48

The Lagrangian then becomes:

1 1
(B57) L = —R-F+ W(l - 602g2>6“yp)‘0A#F,,pF>\a +12¢2

C2 ]- 2 1 2 2] ungauged

RF?2+ —(F gaug

24[48 +576( Fl+ 4 ’
with
(3.58)

CQ 1

—1 pungauged vpd )\U 2
€ £1 = Ep.l/p)\aAuR PR oy + 8C,ul/po'

24 16\/_
1 1

v A v 2
+7 GCM,,,JAFﬂ FPA — SF'EF,, Ry — o RE

1 1 1
+—FWV”V,;F"P + VIFV B, + VY, E,

Ewma FH (3FPAV sF7 + AFPN sFA + 6FPsVAF0
32Vf-u‘ﬂ ( 5 5 )

5 5
v E, F"PE\FM —

F? 2] .
256( )
This completes the construction of the curvature squared action in five-dimensional

gauged supergravity.



CHAPTER IV

AdS/CFT Correspondence and Holographic
Thermodynamics

In this chapter, we discuss the AdS/CFT correspondence and holographic ther-
modynamics as its application. The AdS/CFT correspondence! [92] is a strong-weak
type duality between (D + 1)-dimensional gravitational theory in AdSp,; and con-
formal field theory in D dimensions. The gravitational theory at strong coupling
corresponds to CFT at weak coupling and vice versa, so it has been used to find the
strong coupling dynamics on the various CFTs. This chapter is devoted to introduc-
ing the AdS/CFT correspondence with particular emphasis on the subjects which
are used in the thesis and figuring out some thermodynamic properties of CF'Ts using
the duality with higher derivative terms.

The rest of this chapter is organized as follows. In Section 4.1, we briefly go over
the AdS/CFT correspondence, with a particular emphasis on the subjects which we
need to use in this thesis. In Section 4.3, we discuss the thermodynamic properties of
black branes, which corresponds to introducing finite temperature in the CFT side.

The discussions on this chapter are based on our work on [34].

IFor a comprehensive review of AdS/CFT correspondence, see [1]. AdS/CFT correspondence is a concrete
realization of the holographic principle [113, 112]. For a review of holographic principle, see [15].
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4.1 AdS/CFT Correspondence

4.1.1 AdS/CFT Correspondence with Eight Supercharges

The AdS/CFT correspondence [92] was first proposed as an equivalence between
type IIB supergravity on AdSs x S5 and N = 4 superconformal field theory. This ini-
tial proposal, however, is not useful when we discuss the application to “real world”
physics, since the theory has too many supersymmetries. We therefore consider a
more realistic extension of the AdS/CFT correspondence, namely the correspondence

2 In order to see how we obtain the cor-

between theories with eight supercharges
respondence. We briefly review the original “derivation” of the correspondence [92]
with 32 supercharges.

Initially, the AdS/CFT correspondence has been derived as two equivalent de-
scriptions of theories near D3-branes. D3-branes, (3 + 1)-dimensional supersymmet-
ric massive extended objects in string theory, have two types of descriptions. If the
coupling constant is small, one can describe a D-brane as an object on which open
strings can end [102]. Also in this coupling regime, the interactions between the
closed sting degrees of freedom in the bulk and open string degrees of freedom are
negligibly small compared to the interactions of the open strings. Hence the D-branes
can be described purely by open strings, and the resulting theory at low-energy is
N =4 SU(N) super-Yang-Mills theory in four dimensions.

On the other hand, D-branes can also be seen as the source of gravitational forces
due to their masses. Therefore, if the coupling constant is large, the interactions
between D-branes and gravitons get large and they form a black hole at some point.

In this description, the open string degrees of freedom are hidden behind the black

hole horizon, and the D-branes can be regarded just as a background geometry. More

2The number of fermionic charges is doubled in superconformal field theories. This theory has four supercharges
and thus possesses N = 1 supersymmetry.



o1

concretely, the geometry is given [73] by

(4.1) ds® = <1 + L—4> o ds3, — <1 + L—4) v ds
. - 7"4 My 7’4 RS,

where r parametrizes the distance from the branes, L is a parameter with dimension
of length, M, spans in the directions parallel to the branes and R® is the space
transverse to the branes. Note that the degrees of freedom near the horizon are
redshifted, and so have smaller energy compared to the degrees of freedom in the
bulk. We therefore expect that only the near-horizon degrees of freedom survive at
low-energy. This proposal can be made more concrete by taking the near-horizon
limit of the geometry » — 0. Then the constant term in the warp factor can be

neglected and the resulting geometry is

(4.2) ds* ~ ﬁdSQ —L—Q(dr2+r2d92)
) 12 "Ma r2 5

— 12 (—d% _ dZQ) _ L2002

52
The metric in the parentheses in the second line is that of AdSs, and df25 defines the
line element on S°. Therefore, this is AdSs x S° geometry and the theory reduces to
type IIB supergravity on AdSs x S°. In this way, we have obtained the equivalence
between N = 4 super-YM theory in four dimensions and type IIB supergravity on
AdSs x S°.

The number of supercharges in both sides of the theory can be seen as follows.
Initially, type IIB string theory 32 supercharges. We defined the type IIB theory on
flat spacetime, so the background does not break any supersymmetries. Then, the
N parallel D-branes are known to break half of the supersymmetries, so we have 16
supercharges at this point. Finally, the number of supersymmetries is enhanced to

twice near the horizon, so we end up with having 32 supercharges.
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In order to just keep eight supercharges, we have to break three quarters of su-
persymmetries in such a way that the near-horizon geometry of the D-branes still
have AdSs. To keep the AdSs factor, note from the derivation of AdSs x S° as a
near-horizon geometry in (4.2) that the radial direction r is combined with the di-
rections parallel to the D-branes to form the AdS; factor. Therefore, the transverse

directions to the D-branes should have a cone-type geometry
(4.3) ds® = dr® + r’ds%,

and the D-branes should be placed at the tip of the cone. One also needs to break
three quarters of supersymmetries, which requires that the cone geometry should be
a six-dimensional Calabi-Yau manifold. The cone is Calabi-Yau if and only if the
five-dimensional base space Xj is a Sasaki-Einstein manifold [82, 61]. In conclusion,
the AdS/CFT correspondence with eight supercharges can be obtained by placing N
parallel D-branes on the tip of a Calabi-Yau cone and the resulting theory is type I1B
supergravity on AdSs x X5, where Xj is a five-dimensional Sasaki-Einstein manifold,
on the gravity side and NV = 1 SCFT in the CFT side. Then, one can reduce the
supergravity on X5, and one obtains five-dimensional gauged supergravity with eight

supercharges.

4.1.2 GKP-Witten Relation and Two-Point Functions

Now that we know how to obtain theories on both sides of correspondence and
compared the symmetries, we would like to know the concrete correspondence be-
tween the physical quantities. One can derive them using the defining equation of

the AdS/CFT correspondence, called the GKP-Witten relation [60, 118]:

(4.4) e Lsugra[d(@.y)loaas; =do(z)] — <exp(_/d4¢0(:p)@($))>7
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where y is the radial coordinate of the AdS space, ¢ denotes a field in general, and
O is an operator corresponding to ¢. Intuitively, this relation suggests that the
partition function of supergravity with a fixed boundary condition is equal to the
partition function of CFT with an operator sourced by the boundary value of the
field. This relation is used several times in the following discussion.

For an application of this GKP-Witten relation, let us consider how to compute
the two-point function in CFT from the corresponding gravitational description.
What the GKP-Witten relation implies is that the generating function of the N-point
correlators in CFT can be derived using the corresponding gravitational description.
Especially, the Green’s function can be computed by taking the second order deriva-
tive of ¢q for the gravitational partition function. In this subsection, we focus on the
scalar fields living on the AdS space and compute the Euclidean Green’s function
for the corresponding operator. This result can be applied to computing the shear
viscosity of gauge theory plasma in the next chapter.

We consider the following coordinates of an Euclidean AdSs in five dimensions:

7TL)? L?
( ” ) (f(u)dt® + dsgs) + —4u2f(u) du?,

(4.5) ds® =

where T is the Hawking temperature of the black brane and f(u) = 1 — u?. The
horizon is located at © = 1 and the boundary of the AdSs at u = 0. Since we are
interested in Green’s function, only the quadratic terms matter. A general invariant

action at two-derivative order is given by

(16) S = [ Eoya5(0,6)9" (@) - m*o@)?)

On (4.5), the action can be rewritten as

m2L?
22

(4.7) S=13 / dzd®z73 {(ang)? + (0;0)* + ——¢°
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One can Fourier transform ¢ as

d*k .
(1) o) = [ eIl
Then, the action is expressed as
(4.9)
o d*kd*K 6(k + K 22
s=ut [ as [ S55 L {aszasz/ - (kk’— i )fkfkf} do(k)Go(K').

At quadratic order, one can always rewrite the action as a sum of boundary term

and terms proportional to the equation of motion. The equation of motion for fj is

3 m2L?
(4.10) I/c/_;fl;_ <k2‘|‘ g ) Jr =0.

Using this, one obtains the on-shell boundary action

B d'kd'K’ , T (2)0: fi(2)
(4.11) S = L3/ e
Then, the two-point function is expressed as
(4.12) (OR)O(K)) = —213@r) ok + k) L 200Tk2) ’“’(Zf;f 2)

To obtain the explicit form of the two-point function, one needs to solve the equation

of motion to find fi(z). A regular solution is given by

22K, (kz)
4.13 = —=".
( ) fk(z) EQK,/(]{?E)

Plugging this into (4.12) yields the two-point function in the gravity perspective.

4.1.3 Relation Between the Parameters

To compute physical quantities in the CFT using the gravity description, one
first needs to express the parameters in supergravity using those defined in the cor-
responding CFT. Especially, in our supergravity with four derivative terms, there

are two parameters

(4.14) k* and ¢/ M’
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On the other hand, the CFT has two central charges
(4.15) a and c.

To see the relation between these parameter, one can utilize the correspondence in
symmetries [2]. Let us carry out U(1) transformations on both side of (4.4). In the

AdS side, the action transforms as

tI‘(G]GJGK) I J K tr GI I b
416)  Dpup =+ LTI TR AT AN FI A FE ¢ A ab|
(4.16)  Toun +/ { T NETNES 4 o5 AT A Ray N R

Therefore, we have non-invariance at the boundary of AdS space. This corresponds

to the anomalies on the CFT side. The U(1) transformations in the CFT side yields

tr(GIGJGK)FJ A FK i trG;

o I ab
(4.17) 51(A) Zowr = / A { e oo R AR }

where G is a global U(1); generator, and the trace is taken to be a sum over all the
fermion loops. By comparison, we obtain the relation

TCor

4.1 t —
( 8) I‘G[ 8G5

To relate ¢y = co; M to the central charges, we can use the relation
(4.19) a= i(StrR?’ —trR), c= i(9trR3 — 5trR)
' 32 32 ’

provided we can relate G; appropriately to the U(1) charges R. A few comments
are needed to explain how to identify the R-charge correctly. First of all, the R-
charge is a particular linear combination of the G, proportional to M'G;. Also, the
supercharge @, should have R-charge one. The U(1) charges of @, can be read off
from the coupling between the gauge fields and the graviphoton in the gravity side,
and the algebra is given by [Gf, Qo] = PiQ.. This uniquely determines the R-charge
as

MIG[L 1 7TCQL
4.20 R= trR=—— .
(4.20) P ' P, M8G5
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Recall that the combination PyM! = 3/2 can be determined from the vacuum solu-

tion, (3.34). By plugging this equation into (4.19), we obtain

o _ 8Gs

(4.21) 51 = =L (c—a).

In addition, the gravitational constant also can be determined from the U(1)

anomaly. Eq. (4.16) implies

T 2
(422) tI'(G[GJGK> = 8_G5 (120[][( — %C([PJP[Q) .
By multiplying M'M7MX on both sides, we obtain

27 T 3¢
4.23 —trRP=—— (12— — ) .
(4.23) SL3 T 8Gs ( 4L2)

The formula for the central charges (4.19) and (4.21) then gives

1 a

4.24 = .
( ) 16nGs  2m2L3

Using this relation, (4.21) can be rewritten as

Ca c—a

4.2 —
(4.25) 2412 a

These relations can be computed using the holographic Weyl anomaly [72, 14, 100, 55]

and the results agree with each other.

4.2 R-Charged Black Branes

The embedding of the leading order five-dimensional A" = 2 gauged U(1)? super-
gravity into IIB supergravity was done in [36]. If the three U(1) charges are taken to
be equal, we end up with the minimal supergravity system that we have considered
above. The static stationary non-extremal solutions are well known, and were found

in [9]. For the truncation to minimal supergravity, they take the form

(4.26) ds* = H7*fdt* - H<f71d7“2 + TQank),
_ o [3(kQ 4 p) 1
A = 5 (1 - H)dt,
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where the metric functions H and f are:

(4.27) ey = 1+,
f(r)y = k- 7% + ¢*r*H?.

Here p is a non-extremality parameter and dQ%,k for k =1, 0, or —1 corresponds to

the unit metric of a spherical, flat, or hyperbolic 3-dimensional geometry, respectively.

4.2.1 Higher order corrected R-charged Solutions

We find corrections to the R-charged solutions (4.26) given the higher derivative
Lagrangian (3.57). The discussions on this section is primarily based on [34]. To this

end, as in [90] we treat ¢, as a small parameter and expand the metric and gauge

field as follows:

(4.28) H(r) = 1+ % + cohy (1),
fr) = k=5 + g H + afi(r),
. 3(kQ + 1) 1+ coaq(r)
A = 5 (1 - == >dt,

where hq, f1, and a; parameterize the corrections to the background geometry. Solv-

ing the equations of motion for the theory, we arrive at:

Q(kQ + )
4.29 hy = <= TH
(4.29) ! 72r0H2
F —59°Q(kQ + ) p
! 7214 9615 Hy '
Q 3Qu
ay m[‘l(/{?QﬂLM)—?W— 2 }
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The new corrected geometry is therefore given by

(4.30)  H(r) = Ho(r)+02{w},

24| 3rSH?
8¢°Q(k 2
I e A L
A(r) = Apolr) — ;—Z 3%£§§[§+ #) [2(]@@ + p)r? — /M“2H0:| ,

where Hy, fo, and Ay refer to the background solutions (4.26) and (4.27). Finally,
we should note that in the literature () and p are sometimes written in terms of a
parameter 3, defined by sinh® 8 = kQ/u>.

We will state the £ = 0 and k£ = 1 solutions explicitly, since they have several
interesting applications: the former to studies of the hydrodynamic regime of the
theory, and the latter to the issue of horizon formation for small black holes. For

k = 0, the solution is given by

(4.31) H(r) = Ho(r)+§—i[;r6—%},
8 2 2
fr) = fo(?")+;—i{— %ﬁQuT‘éHJ,
V3
Adr) = Awlr) - 2 {%%i (ur? — Qu)} .

while for £ =1 it is given by

am  He) = - 2] HO ]

< { _8PQQ+p)  p }

24 3r4 47”6H0 ’

3Q(Q + p)
2r8H}

flr)y = folr) +

A(r) = Ato(r)—%[

((262 + )t — Qu)} :

4.2.2 Conditions for Horizon Formation

We would like to conclude this section with some comments on the structure of

the horizon for the solutions that we have found. In particular, we are interested
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in whether higher derivative corrections will facilitate or hinder the formation of a
horizon. In the standard two-derivative theory, the BPS-saturated limit (u = 0)
of the & = 1 solution (4.26)-(4.27) describes a geometry with a naked singularity,
the so-called superstar [99]. Furthermore, even if the non-extremality parameter is
turned on, one finds that a horizon develops only given a certain critical amount,
> pe [9]. It is therefore natural to ask what happens to such geometries once
we start incorporating curvature corrections. For the superstar, we would like to
see hints of horizon formation. In the non-extremal case, on the other hand, it
would be nice to determine whether the inclusion of higher-derivative corrections
leads to a smaller (larger) critical value p,, increasing (decreasing) the parameter
space for the appearance of a horizon. However, one should keep in mind that our
arguments are only suggestive, since our analysis is perturbative, while the formation
of a horizon is a non-perturbative process. Moreover, given that even in the non-
extremal case turning on p does not guarantee the presence of a horizon, it is not
clear at all whether higher derivative corrections can be enough to push the superstar
to develop a horizon. A more proper analysis would involve looking directly at the
SUSY conditions, and asking whether they are compatible with having a superstar
solution with a finite horizon. In fact, there are already studies which seem to indicate
[97] that this may not be possible.

The spherically symmetric solutions presented in (4.32) are of the form:
(4.33) ds* = Fi(r) dt* — Fy(r) dr? — F3(r) d%; .

Horizons appear at zeroes of the function Fj(r). One can make arguments about
their existence without having to solve explicitly for their exact location. Notice

that Fi(r) is a positive function for large r. Thus, a sufficient condition for having
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at least one horizon is

where 7,,;, is a (positive) minimum of Fj(r). This was the reasoning used in [9] to
study the properties of the horizon of the non-extremal solution.

For the corrected superstar solution we have, expanding in c;:

f fotelfi —2fohiHy?
(4.35) Flzﬁ: 0 CQ(ng ohiHy ™)

+0(c3).

It is easy to see that, to leading order, the numerator does not vanish. With the
inclusion of higher-derivative terms, however, it picks up a negative contribution,
hinting at the possibility of a horizon. Furthermore, the minimum of the function

F = fo+ co(fi — 2foh1Hy') will shift. Let’s see precisely how that happens. To
(0)

min

T) =

lowest order, its minimum is given by z,: = 2@, which in turn gives us F'(

1+ 27¢*Q/4. Including higher order corrections, we find

o 1y 81¢%Q — 4
Now we have
(4.37) F(Zmm) =14 27¢°Q/4 + c5( : 92)
. Lmin) = ¢ 487
g 2972Q 48

which tells us that the minimum of the function will be slightly closer to zero as long
as g>Q > 4/81.

The analysis of the conditions for the existence of a horizon in the non-extremal
case (u # 0) is significantly more involved. The expression for the corrected horizon

radius in terms of the original, two-derivative horizon radius rq is:

(4.38)

2{g4H§(3Q2 —26Qr2 + 3ry) — 2g*H2(13Q — 3r3) + 3}>

— rf1
" T“( T 24 Hyro[g? H2(Q — 2r2) — 1]
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Notice that we traded p in favor or 7y in the expression above by making use of
fo(ro) = 0, i.e. the relation u/rj = 1+ ¢?rjH3. As we mentioned above, in the
two-derivative case one finds a critical value p..;; above which a horizon will form.
It would certainly be interesting to explore for which parameter values ry decreases
or increases, and more importantly, how the (corrected) critical value of u is affected

by the curvature corrections. We leave this to future studies.

4.3 Holographic Thermodynamics with Higher Derivatives

We may now study some of the basic thermodynamic properties of the non-
extremal solutions constructed above. With an eye towards AdS/CFT in the Poincaré
patch, we will focus on the k& = 0 solution (4.31), although the analysis may easily
be carried out for the other cases as well. We begin with the entropy, which for
Einstein gravity is characterized by the area of the event horizon. In the presence
of higher derivative terms, however, this relation is modified, and the entropy is no
longer given by the area law. Instead, we may turn to the Noether charge method
developed in [116] (see also 76, 75]).

The original Noether charge method is only applicable to a theory with general
covariance, but has been extended to a theory with gravitational Chern-Simons terms
in [114]. Our action includes a mixed Chern-Simons term of the form A A R A R.
But as long as we keep this term as it is, with a bare gauge potential, the general
covariance is unbroken and we can still use the original formulation. In the absence

of covariant derivatives of the Riemann tensor, the entropy formula is given by [116]

oL

5 €uv€po 5
-Rul/po

(4.39) S = -2 / dP2xv/—h
b

where ¥ denotes the horizon cross section, h is the induced metric on the it and ¢,

is the binormal to the horizon cross section.
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For the metric ansatz (4.26) the only non-vanishing component of the binormal

€uv 18
(4.40) € = —€q = H 12,

Applying the prescription (4.39) to the action (3.57), we obtain, to linear order in

Co,
(4.41)
A
S — T | _pp Vo
SGJ g*’g
C vpo vo vo v 7
+i(—§(]“ P7 — 559" T 4 g PR — PR )]@w%
T=r4
_ A, MQE3%)
4G, 48(r2 + Q)3 |’

where A = f V—h dS13 is the area of the horizon for the solution to the higher
derivative theory. Also, r, denotes the radius of the event horizon for the corrected
black brane solution, while 7 is the horizon location for the original, two-derivative
solution (4.27). The former can be found by requiring that the g, = f(r)/H(r)?
component of the corrected metric vanishes®. Similarly, rq satisfies fo(ro) = 0. Notice

that the non-extremality parameter p can be expressed entirely in terms of rg and
Q:

(4.42) Jolro) =0 = p= w-
0

We can therefore eliminate p from (4.41), and write the entropy in the following

form:

2@"’37"8

4.4 .
(4.43) 5 48 r?

=—|1
Tex + cag

3To linear order in the expansion parameter cg, this coincides with demanding that f(r) vanishes.
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The first term above is simply the contribution coming from the area, while the
remaining O(c2) term is the expected deviation from the area law.
In order to arrive at the entropy density, we need one more ingredient, which is

the relation between the corrected and uncorrected horizon radii r, and r¢:

B co 2 (r2 + Q) (3Q* — 26Q1r2 + 3r))
(4.44) Ty =To <1 + 2 248 (O = 212) ) :

This is because the area A appearing in (4.43) is computed using 7. This expression
allows us to write the entropy per unit three-brane spatial volume entirely in terms

of ry as well as the physical parameters of the theory

(4.45) N ) (1 | 2 6%(3Q ~ 14Qr — 217"6"))

4G5 L3 24 8r2(Q — 2r3)
AEQPR (- e -2
w L6 8r2(Q — 213) '

In the second line we have used the relations (4.24) and (4.25) to replace the gravita-
tional quantities G5 and ¢y by the central charges of the dual CFT. Notice that the
lowest order term above matches the two-derivative entropy computation of [108].
While rq is the coordinate location of the horizon in the lowest order computation,
it is not in itself a physically relevant parameter. Instead, it may be viewed as a proxy
for the Hawking temperature associated with the non-extremal solution. A simple
way of computing this temperature is to identify it with the inverse of the periodicity

of Euclidean time 7. The relevant components of the metric are given by
(4.46) ds* = H2fdr*> + Hf 'dr* + - - -,

and the horizon is located at f(r;) = 0. Expanding near the horizon and identifying

the proper period of 7 to remove the conical singularity yields the temperature

(rZ + Q)% (2r2 - Q) ey (3Q3 +4Q%*2 + 59Qrs — 107“8)]

447) Ty =
(47 Tu 2w L? r2 2412 8rd(2r2 — Q)
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In principle, we may invert this expression to obtain ry as a function of temperature
Ty and charge (). This then allows us to rewrite the entropy density as a function
of charge and temperature, s = s(Ty, Q). In practice, however, non-trivial R-charge
introduces a new scale, so that the entropy density/temperature relation no longer

takes the simple form s ~ T resulting from simple dimensional analysis.



CHAPTER V

Holographic Hydrodynamics

In this chapter, we apply the AdS/CFT correspondence to analyzing the hydro-
dynamic properties of gauge theory plasma!. The primary goal of this chapter is to
compute the shear viscosity, denoted by 7 in this thesis, over the entropy density
ratio of gauge theory plasma observed in heavy ion collisions. Experimentally, this

ratio is given, for example in [109], by

(5.1) <0.2,

» |3

Theoretically, however, it is pretty hard to compute this quantity reliably. The main
problem is that at the energy scale at which gauge theory plasma is formed, the
theory is somewhat strongly coupled. Hence, the standard perturbative calculations

are unreliable. Actually, perturbative calculations [5] yield

1
(5.2) T —mat~ 1,

s aj

at the relevant temperatures, which is quite off from the experimental value. Another
problem is that the shear viscosity is a real-time quantity, meaning that the viscosity
is associated with the time evolution of the fluid. So, the Euclidean computations

such as lattice gauge theory calculations also do not work very well?.

LFor a comprehensive review of this chapter, see [27] and references therein.
2Nevertheless, there are attempts to obtain the 7/s from lattice computations. See [95] for details.

65
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The AdS/CFT correspondence overcomes these two difficulties. First of all, the
strong coupling in the CFT side corresponds to a gravitational theory at weak cou-
pling, so one can reliably compute the strong coupling quantities in the CFT using
the gravitational description. Also, Lorentzian AdS/CFT techniques have been ex-
tensively studied, so one can compute real-time quantities in contrast to the lattice
gauge theory. The shear viscosity computation was first done by Policastro, Son and

Starinets in [103], and the result is

(5.3) n = gN2T3.

When combined with the entropy density computed also in using AdS/CFT, one

obtains the shear viscosity over entropy ratio [83]
(5.4) To .

This result is universal for any large N gauge theory and within the interval allowed
by experiments [18, 94, 93, 108, 91, 77].
Based on this extremely small ratio, Kovtun, Son and Starinets conjectured the

following KSS bound:

(5.5) <

» |3

1
47
In this chapter, however, we show that this bound is violated by finite N corrections
or, in gravity language, in the presence of higher derivative corrections. We introduce
the finite chemical potential for R-charge, but it worsens the violation of the bound
(35, 98].

Before our work [35] has been published, there have been numerous works pub-
lished on the computations of the shear viscosity over entropy density ratio with

higher derivative terms. The first example is the inclusion of finite 't Hooft coupling
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corrections, which corresponds to higher derivative terms in ten-dimensional super-
gravity [20]. Then, the four derivative terms in five-dimensional Einstein gravity,
which, as discussed in Section 4.1.3, correspond to finite N corrections, have been
taken into account [81, 17]. It yields a lower ratio than the KSS result for theories
with ¢ — a > 0, showing that the KSS bound can be violated in the presence of
finite NV corrections. Later, it has also been shown that the CFTs with gravity duals
generally satisfy ¢—a > 0 [21], although there are some counter-examples in theories
with no Lagrangian descriptions [56, 57]. The inclusions of both finite NV corrections
and chemical potential have also been considered in [58, 23], but the include only a
particular subset of four-derivative terms. Our work is the first result which considers
all the four derivative corrections in a way consistent with supersymmetry.

The rest of this chapter is organized as follows. In Section 5.1, we briefly review
how to compute shear viscosity using Lorentzian AdS/CFT correspondence and re-
produce the KSS result for 1/s. In Section 5.2, we extend the analysis of Section
5.1 with higher derivative corrections in the gravity side, and see the KSS bound
is violated. As discussed in the previous chapter, these higher derivative effects are

interpreted as finite N corrections in the CFT side.

5.1 Holographic Shear Viscosity at Two-Derivatives

In this section, we compute the shear viscosity over entropy density ratio using
Lorentzian AdS/CFT techniques. First of all, shear viscosity is formally defined as

a parameter in the stress energy tensor of a fluid:

2

(5.6) Tij = 0iip =1 (aﬂby’ +0jui — 3

5ijakuk> - C%‘@kuk,

where 7 is shear viscosity and ( is bulk viscosity. In order to clarify the meaning of

the shear viscosity, let us decompose a fluid into layers. Then, the shear viscosity
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is the coefficient of the terms which represent the change in fluid velocity in two
adjacent layers. As the shear viscosity increases, the amount of energy associated
with the change in fluid velocities in adjacent layers increases. Therefore, the shear
viscosity can be thought of as the coefficient of “friction” between two layers, or
equivalently, as the resistance of a fluid under shear stress.

Shear viscosity of a fluid can be generally computed using the Kubo formula:

(5.7) 0 = lim ~Tm (—@' / QAT 0(1) [Ty (1, ©), Ty (O, 0)]>> |

w—0wW

where the quantity in the parentheses is the retarded Green’s function for the shear
modes of stress tensors. The goal of this section is to evaluate this formula using
AdS/CFT techniques. As has been discussed in Section 4.1.2; the Euclidean two
point function is calculated as the coefficient of the terms quadratic in the boundary
fields ¢9. We extend this technique to the Lorentzian case.

The detailed procedure to obtain the retarded Green’s function has been discussed
in [107, 104]. At quadratic order, the Lorentzian on-shell action, as in the Euclidean

case, can be written as

(5.8) 5= / %%(—@}—(/ﬁ 2o(k),

where a field ¢ is expanded as

(5.9) bz, 2) = / %mmw

There are two differences from the Euclidean case. In the Euclidean case, the classi-
cal action for ¢ is uniquely determined by its value at the boundary ¢y and imposing
regularity at the horizon. However, regularity at the horizon is not sufficient to
determine the solution in the Lorentzian case, so one needs more refined bound-

ary condition at the horizon [6]. The authors of [107, 104] imposed the incoming
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wave boundary condition, in which nothing can escape from the black hole horizon.
Another difference is that if one naively applies the GKP-Witten procedure, one

obtains

(5.10) G(k) = —F(k,2)|28 — F(—k, 2)|z"

zB)

which is a real quantity, and cannot be a candidate for the retarded Green’s function.

A way out given in [107, 104] is to take the retarded Green’s function as
(5.11) Gr(k) = —-2F(k,2)|.p -

Although there is no rigorous justification of this procedure from first principles, it
passes several consistency checks. So, we apply this procedure to compute the shear
viscosity of gauge theory plasma in this section.

So, let us compute the shear viscosity at two-derivative order without any non-
trivial gauge field. Since we are interested in the retarded Green’s function for 7,

we consider the metric perturbation

where b.g. in the superscript implies the background geometry, which is given by

2 _ ﬁ f(u) 2 _ H(w)dsa | — H(u)
(5.13) ds® = ” H(u)dt H(u)dsgs —4g2u2f(u)

du?
where f(u) =1 —u? and H(u) = 1. We introduce H(u) although it is trivial in this
case for later use. Since we are just interested in the gravitational part of the action,

one can safely set the gauge field to vanish. Then, the action is just the Einstein

action

(5.14) S = —16;G5 U du/dm\/g(R— 12¢°) +2/d4x\/—_hK} :
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where K is the extrinsic curvature of the boundary and the last term is the Gibbons-
Hawking term, which is added to cancel the boundary terms in the variation of the
action. One also needs to add counterterms to keep the action finite, but we omitted
them because it does not matter in the following computation. If one considers the

metric perturbation (5.12) and defines ¢ = h*,, then the equation of motion is given

by

1+u2¢/ +w2_q2f
uf k uf?

(5.15) - )

The solution representing the incoming wave boundary condition at the horizon is
(5.16) dr(u) = (1 —u) ™/ Fy(u),

where F'(u) is regular at uw = 1. One can express Fj(u) as

1+u
2

(5.17) Fi(u)=1— % In T

where the terms with higher order in w do not contribute to the calculation of the
shear viscosity and thus are omitted. Then, F(k, z) is given by

22

(5.18) F(k,z) = 2miTw + k) + -+,

Plugging this into the Kubo formula (5.7) yields the shear viscosity [103]

(5.19) n = gN2T3.

On the other hand, the entropy density of the black brane is given by s = m2N?T3 /2.

Hence the shear viscosity over entropy ratio is given by
(5.20) A

This is how KSS derived the formula [83].
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5.2 Holographic Shear Viscosity with Higher Derivatives

We turn to the calculation of shear viscosity with four derivative terms in this
section. One difficulty in the calculation with higher derivative terms is that the
equation of motion includes higher order in derivatives. If one expand the Lagrangian

to second order in the perturbation ¢ = h*,, one finds

(5.21)

1 d*k [t Y o /
S = 167TG5/(27r)4/0 du|:A¢k¢*k+B¢k¢—k+C¢k¢fk+D¢k¢,k

+EGS"  + Foidl |-

This action involves fourth order derivatives of ¢; thus the equation of motion also
includes terms proportional to ¢"”. To solve the equation, one needs to impose four
independent boundary conditions, but we do not know what those conditions should
be.

However, if one assumes that ¢y, the coefficient of the four derivative terms, is a
small parameter, which is the case for sufficiently large NV, one can reduce the order
of derivatives using the leading order equation of motion [20]. The tree level equation

of motion is given by

(5.22) o+ (f_é_%) ¢/+@2H3¢ _ o,

fo ufd
where we have defined the dimensionless frequency

w2

5.23 =
( ) w 4947%

The lowest order metric functions are

(5.24) fo=(1+qu)®— (1+ q)*u?, Hy =1+ qu.
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Taking additional derivatives of (5.22) allows us to eliminate ¢" and ¢”” terms in

the full equation of motion. The result is rather simple:

1" f/ 1 (1 + Q)gu / CDZH?) _

Notice that the form of this equation is almost identical to that of (5.22), the lowest
order equation of motion, modified only by the presence of the corrected metric
functions f and H as well as one new term, which is explicitly O(cz).

Since the function f(u) vanishes linearly at the horizon ., the point u = u, is a

regular singular point of the equation of motion (5.25). This suggests that we write

(5.26) ¢(u) = f(u)"F(u),

where F'(u) is assumed to be regular at the horizon. The exponent v is then obtained
by solving the indicial equation. In the hydrodynamic limit, the lowest order solution

is known [93, 108] and is given by:

(5.27)
2 (2—a; — 14 203u)(E+a; + 1) 9
= folu)™ 1——[Aln — — +31In (1+(ay+1)u—asu } ,
%0 = folu) { 2 (E+a+1—2a3u)(E—a; — 1) (1+(or+1) ')
where
(5.28)

1
ap = 3q, as = 3¢°, as = ¢°, Z=(14q)(1+4q)"2, A= _3q—;—
The exponent 1 is given by

1w
5.29 Vg = — ,
529 U O
and may be re-expressed as vy = —iw /47Ty, where Tj is the lowest order temperature.

Note that we have chosen incoming wave boundary conditions at the horizon as

appropriate to the shear viscosity calculation.
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Adding higher derivative terms will have two effects on this solution, one being
a correction to the function F'(u) and the other a modification of the exponent v

defined above. For the exponent, solving the indicial equation gives

o) ( 0_210—59q—4q2—3q3)__iw

(5:50) SN G TR 8 (¢ —2)? 4T

where the relation to the temperature is valid to linear order in c;. We may now
substitute ¢(u) = f(u)”F(u) into the equation of motion (5.25) and linearize in ¢,
to obtain an equation for F'(u). While this is difficult to solve exactly, since we only
need a solution in the hydrodynamic regime, it is sufficient to work to first order in
w (or equivalently v). The solution for F'(u) is quite complicated and can be found
in Appendix C.

Given this solution, it remains to evaluate the on-shell value of the action. As
explained in [20], the bulk action (5.21) must be paired with an appropriate gen-
eralization of the Gibbons-Hawking term. In general, the fourth order equation of
motion yields a boundary value problem for the two-point function where additional
data must be specified (e.g. fields and their first derivatives at the endpoints). How-
ever, when working perturbatively in ¢, the equation of motion reduces to a second
order one, given by (5.25). This allows us to use a generalized Gibbons-Hawking

term of the form

F
(5.31) K = —A¢rd_y — SOhbLs + E(Dr16} + 2p0di) oL,
where
fy 1 i
.32 =2 = =
(5.32) 21 0w D2 uf?

are the coefficients in the lowest order equation of motion (5.22).
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Evaluating the on-shell action then amounts to evaluating a boundary term

d*k 1
(5.33) S:/Wﬂjo,
where
Fr = 1 B C—-A E' ¢
F = Tonn {( - >¢k¢ Kt ( Vorb_k — E'dpd_i
1
(5.34) —l—Egb ¢ i E¢m¢_k — E(;S >¢k¢ + 2E 2 ¢k¢

In order to compute the shear viscosity we need only the limit of the above action
as u approaches the AdS boundary (i.e. u — 0). It turns out that only the first
and third terms contribute. This yields a value for the shear viscosity via the Kubo

relation

1 (gr0)3 3 ¢y 5+ 6q + 5¢°
) = lim — lim(2Im F L (qg+1 /2(1+——).
(5.35) i w1 1 u1 ( k) = 167Gx (q ) 3 54

Finally, dividing this by the entropy density (4.45) gives a value for the shear viscosity

to entropy density ratio of

(5.36)

n 1 } 1[ c—a
—=—|1—1co(1 =—|1—- 1
Tt eltd] = —(1+4)|,

where we have rewritten ¢, in terms of the anomaly coefficients ¢ and a using (4.25).

The shear viscosity over entropy density ratio (5.36) can be expressed purely in
terms of the CFT quantities. To do that, one uses the fact that the boundary value
(the difference from the value at the horizon, more precisely) of the time-component
of a gauge field should be identified as the chemical potential for the charge associated
to the gauge field [31, 37]. More concretely, the R-charge in the bulk ¢ is, at the

leading order, related to the R-charge chemical potential ® in the CFT as

(5.37) ® = groy/3q(1+q)



(0]

This relation, together with the temperature at the leading order Ty = %(2 —q)(1+

q)"/?, yields

3 4 _ 8
5.38 = — [ 14+ -2 — /1 + P2
(5.38) q 2¢< +3 \/ +3 )

where ® = ¢g®/27T is the dimensionless chemical potential. Note that q is an
increasing function with respect to ®, which ranges from 0 to 2. Substituting this

into (5.38) into (5.36) yields

n 1 c—a 3 4_, 8 _
5.39 —=—|1- I+ —= |1+ 59" —4/1 — P2
( ) S 47r[ c ( +2<I>2( +3 +3

As is obvious from the expression for n/s in (5.36) and the fact that ¢ is defined

to be positive, the introduction to the chemical potential worsens the violation of
the KSS bound, provided ¢ — a > 0. Taking the range 0 < ¢ < 2 into account, one

sees that the ratio takes the following range:

1 c—a i 1 c—a
4 — (11— < =< —(1-
(5.40) 47r( 3a>_s_47r( a)

forc—a > 0.

After the work [35], there have been numerous works computing the shear viscosity
to entropy density ratio in various types of theories. A partial list includes a dilaton
gravity with four derivative terms [22], Einstein gravity with four and six derivative
terms [8], that with up to ten derivatives [101], Lovelock gravity [59], and Gauss-

Bonnet gravity with dimensions greater than five [19].
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APPENDIX A

Notations

A.1 Notations

We summarize our notational conventions in this appendix. Firstly, the com-
ponents of various multiplets and their basic properties are summarized in Ta-

ble. The gamma matrices v* satisfy {7, 7*} = 2n% and (v*)" = 9w’ where

n® = diag(+,—,—,—,—). Ya.» represents an antisymmetrized product of gamma
matrices:
(Al) Ya..b = Va--- M)

where the square brackets denote complete antisymmetrization with weight 1. Sim-
ilarly (...) denote complete symmetrization with weight 1. We choose the Dirac

matrices to satisfy

(A2) ,yal---as — 6a1...a5,

where €% is a totally antisymmetric tensor with €?1234 = 1.

The SU(2) index ¢ (i=1,2) is raised and lowered with €;;, where €5 = ¢! = 1, in

the northwest-southeast (NW-SE) convention:

(A?)) AZ = EijAj, Az = AjEjZ'.
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The charge conjugation matrix C in 5D has the properties
(A.4) ct =—c, clo =1, Cry,Ct =~L.
Our five-dimensional spinors satisfy the SU(2)-Majorana condition
(A.5) V=gl =vTC,

where the spinor indices are omitted. When the SU(2) indices are suppressed in the
bilinear terms of spinors, the NW-SE contraction is understood, e.g. ty® )\ =
piy@an ), Changing the order of the spinors in a bilinear leads to the following

signs:
(A6) &Wal...an)\ _ (_1)(n+1)(n+2)/25\7a1...anw.

If the SU(2) indices are not contracted, the sign switches. We often use the Fierz

identity, which in 5D reads

B D 1.
(A7) N = (V) = SO0 ) + 5 (9™ ),



Table A.1: Multiplets in 5D superconformal gravity.
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field type remarks SU(2) Weyl-weight
ey’ boson flinfbein 1 -1
!, fermion SU(2)-Majorana 2 -1
by boson real 1 0
Vi boson Vi = VIt = (V)" 3 0
Vab boson real, antisymmetric 1 1
X!  fermion SU(2)-Majorana 2 s
D boson real 1 2
dependent gauge fields
w,ﬂb boson spin connection 1 0
;,  fermion SU(2)-Majorana 2 :
fu® boson real 1 1
Vector multiplet
Wy boson real gauge field 1 0
M boson real 1 1
Q' fermion SU(2)-Majorana 2 3
Yi; boson Y7 =Y = (Y;)* 3 2
Hypermultiplet
AP boson A = eij.A?pga = —(A¥)* 2 3
¢*  fermion C* = (Ca)Tyo = ¢oTC 1 2
F¥  boson Fi = —(FM)* 2 5
Linear multiplet
LY boson LY = [Jt = (L;;)* 3 3
@' fermion SU(2)-Majorana 2 z
E, boson  real, constrained by (2.30) 1 4
N boson real 1 4
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APPENDIX B

Definitions and Useful Formulae for the Weyl Multiplet

In this appendix, we summarize useful formulae for the Weyl multiplet. Firstly, the

solution to the constraints (2.18) is given by the following:

(B.1) W = W™ 4§20, Y + Yy, 00) — 2,107,
with wgab = —2@”[“8[uey]b] +efleetloe 9 e .,
i 1 a b 1 i

vsa 1 a ! b
fu = (65“5 —@eu )RV (M).

Here, R,*(M) = R,,,**(M)e, and the primes on the curvatures indicate that R/, (Q) =
Rib(@)'qﬁu:O and ZA%;L“(M) = RMQ(M)\f,,b:@ The transformation laws of their depen-
dent gauge fields can be obtained by using those of the independent fields of the
Weyl multiplet, in principle. The explicit K-transformation laws of the gauge field

ab
Wy

(B2) Ok (€)™ = —4giie,”

are needed to check the K-invariance of the embedding formulae in (2.42).
We used two types of covariant derivatives in the main text. The first one is the
‘unhatted’ derivative D,, which is covariant only with respect to the homogeneous

transformations Mgy, D and U% and the G transformation for non-singlet fields
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under the Yang-Mills group GG. The other is the ‘hatted’ derivative 15“, which denotes
the fully superconformal covariant derivative. With h;‘ denoting the gauge fields of
the transformation X4, they are defined as
(B.3) D, =0, — Y mhXa,  Du=D,— Y. hiXa

X 4=M,;,D, Ui (,G) X4=Qi,S" K,
Below we give the explicit forms of the covariant derivatives appearing in Eq.(2.22)

for convenience:

(B4) DM€Z = (8,;, - Zwuab’yab + %blt) e — Vuzjgj’
, 1 1 , P
D' = (8u - Zwuab%b - §bu) n= Vi

Dulic = (0u = bu) €k — wu"éxc,
Dyvay = Opap + 2w 10 “Vb)e — buvap + %ﬂ;ﬁabx + gi?/_fuptab(Q),
DX = DuX' — DUl + 29y Dyvye — - R(U) 7
2V apeac "0 — 4y - v,
3

DMXZ = (aﬂ — Zwuab’Yab - Ebu) XZ — Vlile] .

The superconformally covariant curvatures RWA are defined as the commutator

of the covariant derivatives:

(B5) [f)aa ﬁb] = - Z RabAXA .
A:Qi,Mab,D,Uij,Si7Ka
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They are given explicitly by the following expressions:

ﬁMV“(P) = 206" — Qw[uabey]b + 2bpue,)”" + i,y by,
R,NQ) = 20,11, — %W[uab%b%] + by — 2‘/[ij1],‘] + Vabfpth ™ — 2919},
Ru™(M) = 204w, — 2wy wi)® — 4,y du) + 20037 v
+aih 1 Ry (Q) + 2ithy ) R(Q) + 8l e,
Ru(D) = 20by) + 4] + 4 i),
R,I(U) = 20,V = 2Vi, Vil + 12100 ¢)) — 4ii,y - vy, + %w{im X
Rul(S) = 204,60 — sty — byl — 2Viisl) + 2ty + oo
R (K) = 204" = 2, fup — 2bpufu)® + 207 bu + -+,
where the dots in the S* and K¢ curvature expressions denote terms containing other
curvatures.

To compute the Q-variation of the covariant derivatives of some fields, the follow-

ing formula is useful:

(B.7) [00: Da) = —00([0gULlcov)) — 05 ([6@@.]cov)) +
Here, the fermionic terms are omitted and |- - -].,, denotes the covariant part of the

variations, namely,

. 1 .
[6Q¢Z]COV = §7abcvbcgla
i Lis 1 i j
bodieor = 5 (Ra' (U1 = 570y B(U))
1 o . ~ . ~ . A R
- E( D,y -ve' + fyadeDbUCdsl + YapDevPet — 27665’1)17%1 — 3Dy,
(B.8) — Vabede€ VPV + Agpvegy" e + 160076t + 5vbcvbc%si>.

Using this, we can verify that the variations of the supercovariant curvatures not

contain any term non-covariant with respect to the superconformal transformations.
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Finally, we present the explicit forms of the variations of the supercovariant cur-

vatures R*(Q) and RY(U):

(B.9)
D s cd i s i 1 i 7
R, (Q) = _ZRab (M)Yeag" — gRab j(U) '+ E7 R (U)'Vab6
. 1~ ) 1 . )
67abcdeD U ‘e’ + EZD[aUCd/Yb]cdgZ + 67&667)111)6[65jZ
2 4 c i 1 ~Ne i 1 i
— =Dy Ye" + DV e + 5 PVae
3 3 3
2 2 c, . d z+ 4 c d i 1 2 z+
Svab’y ve' 3’chv[a Up) € 3%1 Up] Ved€ 6%6?1 €
1 cd, i 4 7 7
— 5 YabedV“ N’ + 5V V)N’ + 207",
3 3
(B.10)
(SRabij(U) = _61'5(2'}%&{)]')(5) -+ 4i€_(i7 . Uffiabj) (Q) + %é_(i’)/[aﬁb]xj),
[ —(1 i) . .c i (7 ] c
- 15( Yabea X v — 55( Yefa X vy
(i I L j
+6i7 R (Q) — 571w’

The ellipsis in (B.9) represents terms trilinear in fermions in 6o R(Q). No term of

~

IsR(Q) is omitted.
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APPENDIX C

Some Detailed Computations Related to 7/s

The quadratic action for the scalar channel perturbation ¢ is given in (5.21) in terms
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of six coefficients A, ..., F. Here we present their explicit forms:
(C.1)
4
A(u) Efo
o [2ufo(l+ @ Bqu—1)  32¢%quP(1+q)°  gPuP(1+q)° W Hi
c — _Z 0
2 H} 3 H, 2 3|
3
u
e — w_ng N g*(dqu+1)°H3  g*u(l + q)*(56¢*u” + Tqu + 11)
9 3u 6
2.3 6 (9@ 2,2 2,3 6
9w (1 +¢)°(26¢°u” — 17qu +17) s o, 39%u(1+4q)
— 8¢%(1 SN
+ 6H7 g (1+q)°qu” + VR ,
2¢%(4qu — 3)HZ  24¢%*(1 3(2 1
) 9*(4qu —3)Hy  2¢°(1 +q)*(2qu + 1)
u? H,
2
tea| — ((4qu + 1)Hy — (14 ¢q)*(—=11qu® + 13u2)H0>
6Uf0
_9°(1 + ¢)°(4¢*u® + 45qu + 3)
3H,
G u(1+ q)°(4¢%u® — T¢*u?® — 32qu + 15)
+ 7 ’
20
202 H? — ®qud(1 + q)3 3 L
D(u) g 11y 93q2( q) 4 w2 2o +o| 2 02
u’ Hy 4u? fy g% 12ufg
2.2 1 3
e g4<8fj 2 (2(31qu — 9)H} = 3u3(1 + )* (5¢*u® — 4qu +11))
0
C19¢9%q(1+9)*  3g%u(l + ¢)°(6¢*w* — 17qu + 1)}
3H? 2H? ’
4 f2
E 0
2(2(4qu + 1) HZ — u?(1 + q)*(7Tqu + 4
F(u) e fo (2(4q )H ( q)°(7q ))

3H2

Here we also present the O(cg) solution for ¢. Writing ¢(u) = f(u)”F(u), we may

expand F(u) to first order in both ¢y and w

(C.2)

F(u) = Fy(u, w) + ca(Fro(u) + wFiq(u)).

Since F'(u) satisfies a second order equation (after linearizing in ¢y and using the

lowest order equation of motion), it is consistent to choose the boundary conditions
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such that F'(u) is normalized at the boundary (F'(0) = 1) and is regular at the
horizon.
The function Fy(u,w) is given by the expression in the curly brackets in (5.27),

while the remaining functions are

(C.3)
Fl(](U) = O,

14 q)*2(11¢° + 4¢* + 179¢° — 10¢> — 8¢ — 16
Fn(u)i(Q)(qq ¢* —10¢° — 8¢ — 16)

32¢°(1 + q)*(¢ — 2)°
X [z In(g*u? —3qu —u—1)+m

i(q + 1)3/2(60¢° + 99¢° + 648¢* — 69¢> — 154¢> — 104q — 16)
i 16(dg + 1P2(q + 1)7(q — 27
—(+3¢) o 2¢°u—(1439)
(4g+1)2(¢+1) (4¢+1)2(¢+1)
iln(1 4 qu)(1 + q)*/?
8¢?
i(q + 1)%%(—4¢° + 21¢* 4 143¢® — 21¢® — 39¢ — 6)
B 8¢1(4q +1)(q — 2)?
i(q + 1)32(4q" — 27¢° + 64¢° + 511¢* + 137¢° — 128¢° — 57q — 6)qu?
- 8(1 + qu)g*(q*u? — 3qu — u — 1)(4q + 1)(q — 2)*
i(—12¢° + 102¢° + 605¢* + 63¢> — 177¢* — 63q — 6)u
8(1 4 qu)q*(¢®u® — 3qu —u — 1)(4q + 1)(q — 2)*
i(4¢° + 21¢* + 143¢% — 21¢* — 39q — 6)
8(1 + qu)g*(¢*u® — 3qu — u — 1)(4q + 1)(q — 2)*

X {tanh1
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