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Abstract

In this dissertation I study some properties of field theories at finite temperature
using the AdS/CFT correspondence.

I present a general proof of an “inheritance principle” satisfied by a weakly coupled
SU(N) (or U(N)) gauge theory with adjoint matter on a class of compact manifolds
(like S®). In the large N limit, finite temperature correlation functions of gauge
invariant single-trace operators in the low temperature phase are related to those at
zero temperature by summing over images of each operator in the Euclidean time
direction. As a consequence, various non-renormalization theorems of N = 4 Super-
Yang-Mills theory on S3 survive at finite temperature.

I use the factorization of the worldsheet to isolate the Hagedorn divergences at
all orders in the genus expansion and to show that the Hagedorn divergences can
be re-summed by introducing double scaling limits. This allows one to extract the
effective potential for the thermal scalar. For a string theory in an asymptotic anti-de
Sitter (AdS) spacetime, the same behavior should arise from the boundary Yang-
Mills theory. Introducing “vortex” contributions for the boundary theory at finite
temperature I will show that this is indeed the case and that Yang-Mills Feynman
diagrams with vortices can be identified with contributions from boundaries of moduli
space on the string theory side.

Finally, I consider the shear viscosity to entropy density ratio in conformal field
theories dual to Einstein gravity with curvature square corrections. For generic curva-
ture square corrections I show that the conjectured viscosity bound can be violated.
I present the calculation in three different methods in order to check consistency.
Gauss-Bonnet gravity is also considered, for any value of the coupling. It is shown
that a lower bound (lower than the KSS bound) on the shear viscosity to entropy
density ratio is determined by causality in the boundary theory.
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Chapter 1

Introduction

1.1 Overview

In this dissertation we study some properties of gauge theories with string theory
duals, at finite temperature. The conjectured duality between conformal quantum
field theories and string theory (of which gravity is the low energy, classical limit) has
been a remarkable idea since it connects two apparently very different theories. Its
importance was such as to motivate much research in the past decade. The conjecture
relates field theories in (d —1)-dimensions with string theory in d-dimensional asymp-
totically Anti-de Sitter (AdS) spacetimes (times a compact manifold). Through the
duality it is possible to describe the same physics phenomena using two different lan-
guages; since one of the two descriptions may be significantly simpler than the other,
researchers have been able to gain insight on physics previously unaccessible.

In this dissertation we will study two different situations where the correspondence
can be fruitfully used. In the first case (described in chapters 2, 3), we will analyze the
critical behavior of string theory at the Hagedorn temperature. We will start from a
quantum field theory with a U(N) gauge group and fields in the adjoint representation
on a class of compact manifolds. We will study properties of the partition function
at finite temperature and we will analyze the critical behavior of the theory. We can
then use the duality to obtain information about the behavior of string theory at the

Hagedorn temperature from this analysis. In particular we will show a way to re-
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sum the contributions of the most divergent diagrams in order to obtain an effective
potential description (Eq. (1.7)) of the phase transition. We will do this in both
the gauge theory and in the string theory. Along the way we will prove a general
result (Eq. (1.10)) valid for this class of field theories at finite temperature in the
large N limit. This result allows us to deduce information on correlation functions
at finite temperature from the zero temperature results. We will call this result an
“Inheritance principle”.

In the second part of this dissertation, described in chapter 4, we will consider an
example of the correspondence working in the opposite direction, studying the gravity
side to calculate hydrodynamic properties of quantum field theories. The limit in
which a strongly interacting field theory is described by hydrodynamics is accessible
in the gravity approximation and this allows us to compute transport coefficients from
the dual spacetime geometry. In chapter 4 we will compute the shear viscosity and the
entropy density of a field theory when string motivated higher derivative corrections
to the Einstein-Hilbert action are taken into account. We also argue that a recently
conjectured universal bound (Eq. (1.12)) on the ratio between shear viscosity and
entropy density may be violated when such corrections are present (Eq. (1.13)).

In the remainder of this introductory chapter, we will describe the main ideas
which laid the foundations for this work, and we will state more precisely what the
main original results of the thesis work are. Detailed derivations are left for the

subsequent chapters.

1.2 The holographic principle and the AdS/CFT

One of the main tools which is used in this thesis is the conjectured correspondence
between string theory in asymptotic AdS spacetimes (times a compact manifold) and
conformal field theories having one spatial dimension less than the AdS space. The
possibility of having a relation between a theory with gravity and a lower dimensional
theory without gravity is an idea which was first proposed in the works by 't Hooft
[76] and Susskind [73]. The idea is that gravity poses an upper limit to the amount
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of degrees of freedom that can be contained in a bounded region of spacetime. This
limit scales with the size of the boundary of the region and not with the size of the
volume contained. This also implies that a field theory defined on the boundary of
the region contains enough information to describe the whole gravitational theory in
the inside. The heuristic argument in support of this bound can be traced back to
the Bekenstein formula for the entropy of a black hole which states that, for a black
hole of horizon area Appy, the entropy is (G is the Newton constant)

Spy = %%f{. (1.1)
This provides an upper bound on the entropy of a bounded region of space in theories
containing gravity. The idea is that, given a spherical region of space with some
value S for entropy, one can produce a black hole of the same size by adding more
matter in a process which does not decrease the entropy. Therefore S can’t be larger
than Spy. This argument can be made more precise [12]; the sense in which the
correspondence between Anti-de Sitter (AdS) spaces and conformal field theories
(CFT) is a holographic correspondence is explained in [74], and we’ll review this

argument shortly.

The duality between string theory and gauge theory was first proposed by Mal-
dacena [51] and in [34, 79), in the context of type IIB string theory. In this original
example of the correspondence, the field theory in question is the maximally super-
symmetric SU(N) gauge field theory in 4 dimensions. Since the maximal number of
spinor supercharges one can have in four dimension is 4, this theory is denoted as
N = 4 super Yang-Mills (SYM). This theory is conformal and has also an SU(4)x
additional global symmetry (R-symmetry) which rotates the various fields among

themselves.

On the other hand one considers type I1B super-string theory on an AdSs x S®
background, where the S® and AdSs have the same size L* = 4mwg,N(c/)%. N is
determined by the flux of the type IIB 5-form through the S°.

In its strongest form (the one which is widely believed to be correct), the corre-
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spondence states that the two theories are equivalent when the coupling constants

are related by g, = ¢%,, = A\/N.

Classical string theory on AdSs x S° is obtained by fixing A and taking N ~
g;' — oo. This limit corresponds to having a 't Hooft expansion in the conformal

field theory.

The classical supergravity limit is obtained on the string theory side when, in
addition to g; — 0, the length of the string is negligible compared to the size of AdS.
This corresponds to aL—,; = 47w\ > 1, i.e. when the conformal field theory is strongly
coupled and therefore difficult to access via perturbative techniques.

Since we can perform calculations in the super-gravity approximation, we can ob-
tain information on the strongly coupled regime of the conformal field theory and vice
versa, from perturbative field theory calculations we can have information on string
theory on the curved background. In this thesis we will show examples of both cases.
The downside of the complementarity of regimes is that tests of the correspondence
are also very difficult, since we can very often reliably compute physical quantities
only in one of the two dual theories. A noteworthy exception to this argument is the
case of quantities protected by non-renormalization theorems which are the same at
both strong and weak coupling. In particular, using the superconformal symmetry of
N =4 SY M theory, it is possible to show that the spectrum of chiral operators and
some correlation functions are independent on the Yang-Mills coupling and are there-
fore the same both at zero and at very large coupling. Comparing the results obtained
in the supergravity approximation with the results from field theory provided an im-
portant early test for the correspondence. There are also other correlation functions
(of chiral primary operators) which are conjectured to be protected by some non-
renormalization theorem, [49, 23]. In chapter 2 we will prove that even though the
non-renormalization is a consequence of the superconformal symmetry, these proper-
ties are inherited by the finite temperature correlation functions at leading order in
the large N expansion.

Let us review now the sense in which the AdS/CFT is related to the holographic

principle, following [74] (see also [3] for a review). The core of the argument is that in
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order to measure the number of degrees of freedom of the field theory, it is necessary
 to introduce a cut-off § at high energy (UV). The number of degrees of freedom of
N =4 SYM on a 52 of radius 1 scales then according to the number of elementary

cells (with size of order §%) one can fit in the sphere
Scrr ~ N2673. (1.2)

In a set of coordinates for AdS where the metric is

2 \ 2
ds? = L? (— (-&—t%—)) dt® + (—1—_i7_2)—2(dr2 + r2d92)> : (1.3)

imposing a UV cut-off of order ¢ in the field theory is equivalent to imposing an
infrared (IR) cut-off at 7 = 1 — 4. Using the metric Eq. (1.3), the area of the surface
at r = 1 — ¢ is (when we include the compact S°),

Vs L3

Sass = gy ~ L7 ~ NP6 (1.4)

We see therefore that the entropy of the dual field theory scales in the same way as
the entropy of the AdS space, as expected from holography.

1.2.1 Large N expansion

Another way of understanding the correspondence is given by the large N expansion

of a field theory, first developed by ’t Hooft [75](for a review see also [21] and (3]).
Since this is the language we’ll employ in the chapters 2 and 3, we will give here

a short introduction to the main idea. Consider a field theory with a U(N) gauge

group. Let us consider a field in the adjoint, with lagrangian of the form

L = Tr(0¢:)? + ge0uiji Trdididr + g2 Bijra Trdidh; iy, (1.5)

where g, is the gauge coupling constant and the indices i, j, k, [ span some set of non-

color indices. The traces act on the color indices which are suppressed. The choice
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of the power of the coupling constant is consistent with the self-coupling of a gauge
field as in the case of a pure Yang-Mills or for SU(N) SY M. Re-scaling the fields by

a factor of g., we can rewrite this lagrangian as
1
L= p (Tr(0¢)® + Trg® + Tre?) . (1.6)
[

The propagator for this theory will carry a factor of g2 and each vertex a factor of
g-% In a Feynman diagram, each closed loop amounts to taking a trace, and will
therefore give a factor of order N. Considering the set of diagrams with no external
legs, it is easy to check that the total contribution of a diagram with V' vertices, L

propagators and F' loops is proportional to
Nng(L—V) — (Ngg)L_VNF_L+V — N2—2g()\)L—V,

where in the second equality we defined the ’t Hooft coupling A\ = Ng? and we
wrote F' — L + V in terms of the genus of the diagram, defined as the genus of the
surface of which the diagram is a triangulation. If we consider the limit in which A
is kept fixed and N is large, we can organize the diagrams in a perturbative series
in 1/N, where the power of N is determined by the genus of the diagram. The
expansion in genus is analogous to the quantum expansion in string theory where
the perturbative expansion is in terms of diagrams of different genus with weights
g%97%. The understanding is then that the sum over all diagrams with a fixed genus
in field theory is equivalent to string theory amplitudes on a world-sheet of the same
genus. In chapter 2 we will show how this expansion need to be augmented on the
field theory side to include new contributions ( “vortex diagrams”) in order to account

correctly for the finite temperature.

Using these new elements, in chapter 2 we are able to identify the leading order
divergence at the Hagedorn temperature 7' = Ty and to re-sum the contributions
from diagrams of every genus. This will allow us to describe the phase transition in

terms of a simple effective potential so that the free energy at the Hagedorn transition
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is

Fling =log / dgdg ¢ et mIMEY, (17)

In chapter 3 we will then show how the procedure of identifying and re-summing the

leading divergence is possible also in the string theory side, in a double scaling limit.

1.3 Finite temperature

In this thesis we study various properties of systems at finite temperature. In the
first part of this work we will concentrate on calculating the partition function and
n—point functions of single trace operators. The partition function at temperature
T =1/Bis,

Zg = Z C_ﬁE,

all states
where E is the energy of the state. This quantity can be calculated by considering a
path integral with Euclidean time, compactified on a circle of radius 8. In the path
integral language,
Zp = / D™ Jo 4relé], (1.8)

where L[¢] represents the Euclidean time lagrangian as a functional of the fields
&(t, £). Correlation functions of operators at finite temperature in the Eucliden time

formalism are calculated as
1 — [B drcle)
(017""0")[3 = Z—ﬂ D¢01...On6 o . (19)

In the finite temperature theory, bosons satisfy periodic boundary conditions in
the Euclidean time direction, whereas fermions satisfy anti-periodic boundary condi-
tions. The difference in boundary conditions causes fermions and bosons to have a
different mode expansion, thus breaking supersymmetry.

In chapter 2 of this dissertation we will show that at leading order in the large

N expansion, for a U(N) gauge field theory with fields in the adjoint on S° at a
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1

5 < T., the m-point functions of single trace bosonic *

temperature T = operators

satisfies,

]

Ga(r, &, mn) = Y Go(ri—muB,é1,..., 7 —mnB,&)  (1.10)
M1 oM =—00
where 7 and € are coordinates in the Euclidean time and on the S respectively, and
G and Gy are the correlation functions at T' = % < T, and T = 0 respectively. If
the n-point function satisfies some non-renormalization theorem at zero temperature,
Eq. (1.10) implies that the same property is inherited at finite temperature at leading
1

order in 5

In the context of the AdS/CFT we can ask whether these field theories at finite
temperature have a gravity dual. In this case one should consider the gravity solutions
with the correct asymptotic behavior. The thermodynamic properties of Anti-de
Sitter spaces have been first studied by Hawking and Page [37]. They showed that
at a certain temperature Typ there is a first order phase transition between two
possible gravity solutions. For T' < Typ, the relevant gravity background is the so-
called thermal AdSg41, while at T > Ty p the gravity background is the AdS;.; black
hole solution. This phase transition has been interpreted as a de-confinement phase
transition for the dual field theory in [80]. The dual field theory is defined on the
compact manifold S! x S9! and therefore the phase transition is sharp only in the
large N limit. The partition function and the de-confinement phase transition for free
SU(N) gauge theories on compact manifolds have been studied more recently also by
Aharony at al. in ([4, 5, 72]). Our discussion on properties of correlation functions
at finite temperature in chapter 2 will use some of the formalism developed in these
papers.

In the language of the last paragraph, Eq. (1.10) can be interpreted as suggesting
that the manifold on which the dual string theory is defined at 1" < Ty is the same
manifold of the zero temperature theory, but with the Euclidean time direction com-

pactified with period 8. This is analogous to the thermal AdS described above, but

1For more details and for the extension to the case with fermions, see Eq. (2.4)
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this description is now valid when the string length is comparable to the AdS scale.

1.4 Hydrodynamic properties of gauge theories

As mentioned in the previous section, we are able to calculate the partition function
for free fields at zero or small 't Hooft coupling using perturbative methods. The
gauge-gravity duality gives also a way to compute the free energy at infinite 't Hooft
coupling using the gravity dual. For the case of N'= 4 SY M, where the gravity dual
is well known, one can verify that the entropy calculated for free fields is comparable

to the result at infinite coupling,

w2 3 3 2
S)\=00N=4SYM = 'é'l\szg’V.S'3 = (Z) S)\=0N=4SYM = (Z) X -?;71'2N2T3V53. (1.11)

The A = oo result we quoted above is the Bekenstein entropy from the supergravity
background. There are other thermodynamic properties of strongly coupled field
theories which are calculable when the gravity dual is known. In particular, it is widely
expected that the behavior of field theories at long distances and low frequencies
should be described by hydrodynamics (for details see [62, 42]).

Hydrodynamics determines the form of correlation functions of the stress-energy
tensor and of conserved currents as a function of a few parameters such as the shear
viscosity 7, the bulk viscosity ¢ and the speed of sound ¢,. The gravity description
gives a description compatible with these constraints, and allows us to calculate the
value of transport coefficients for strongly coupled field theories.

A striking feature of all the theories with a gravity dual is that, in all examples at

hand, the ratio of shear viscosity over entropy density is found to be equal to [61, 46]
- (1.12)

This result was proven to be a general result for all field theories with gravity dual in
[17] and was conjectured to be a universal lower bound for all materials in [45].

On the other hand, we expect gravity to be just a zeroth order approximation
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with modifications due to finite length of strings and to non-zero string coupling.
The first type of corrections can be organized in a perturbative expansion, with terms
containing higher derivatives suppressed by powers of I;/L, where [, is the length of
the string and L is the AdS scale. The details of the perturbation will depend on
the details of the compactification of string theory. It may be asked what happens to
the lower bound Eq. (1.12) when higher order corrections to Einstein-Hilbert gravity
are taken into account. The first o/ correction to the IIB supergravity calculations
result Eq. (1.11) has been calculated in literature [35, 57, 18, 9] and was found to be

positive, therefore not violating the bound.

In chapter 4 we consider the lowest order higher derivative corrections to the
Einstein-Hilbert action with arbitrary coefficients. We consider the background de-
scribing an AdSs black hole and we calculate the shear viscosity and the entropy
density. We compute the shear viscosity using three different method as a check of
consistency. We also show that the bound Eq. (1.12) is generically corrected and

becomes,

|3

= %[1 —4r + O\, (1.13)

where )4 is the coefficient of the Riemann tensor squared term and has arbitrary sign.

For positive Ay the bound is manifestly violated.

We then concentrate on the particular case of Gauss-Bonnet gravity which is
technically less involved and we look for inconsistencies in the region of parameter
space where the bound is violated. In Gauss-Bonnet gravity the terms O(X?) in
Eq. (1.13) vanish, and the result Eq. (1.13) is correct for any value of the Gauss-Bonnet
coupling A;. We find that this theory violates causality in a region of parameter space
where

n 116
S

< —_ . 1.14
~ 4725 ( )

It seems therefore that the bound may be violated by a consistent gravitational theory
once higher derivative corrections are taken into account and it may therefore not be a
universal bound on the properties of matter. The question whether this gravitational

theory with higher derivative correction can arise as a consistent truncation of string
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theory is still open.

Experimentally, there are indication that a strongly coupled quark-gluon plasma
(QGP) has been produced during gold-gold collisions at RHIC. Experimental data
suggests that the hydrodynamic approximation may be relevant for this plasma and
that the ratio of shear viscosity over entropy density is very small, of the same order
of magnitude of Eq. (1.12).

Calculating hydrodynamics properties of field theories in the regime relevant for
experiments is difficult using the usual techniques of perturbative field theory or of
lattice QCD (even though recent progress in this direction has been made by [53]).
The AdS/CFT on the other hand gives us a setting where some of the computations
can be performed. Even though the gravity dual of QCD is not known we can improve
our understanding of it by using the results obtained for strongly coupled plasmas
in theories with a gravity dual. We'll give more details on this and a more complete

bibliography in chapter 4.

The results described in this dissertation have been published in the papers [18] and
[14] written in collaboration with Guido Festuccia and Hong Liu, and in the papers
[15] and [16] written in collaboration with Hong Liu, Robert Myers, Stephen Shenker
and Sho Yaida.
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‘Chapter 2

Large N field theory at finite

temperature

2.1 Qutline

In this chapter we consider a class of gauge theories with fields in the adjoint of a
U(N) gauge group on a class of compact manifolds, in the large N limit. In section
2.2 we consider their general properties and we show that the partition function and
correlation functions can be obtained by integrals over Wilson lines U. In section 2.3
we concentrate on correlation functions in the low temperature phase. We show that,
at leading order in N, correlation functions at 0 < T' < T can be obtained from the
result at zero temperature by introducing images in Euclidean time for each opera-
tor. This is valid for every value of the gauge coupling constant. Consequences of
this property, which we call the “Inheritance Principle” are then described in section
2.4. In the remainder of the chapter we go beyond the leading order and we consider
the expansion at all orders in 1/N for the partition function in the low temperature
phase. At finite temperature new elements, which we call “vortex diagrams,” need to
be considered. Carefully analyzing this new diagrammatic expansion we are able to
analyze and extract the leading divergence of the partition function at temperature
Ty. We conclude the chapter by stating that the behavior close to the critical tem-

perature can be described as the critical behavior of a scalar field. The relevance of
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this fact in terms of string theory is analyzed in chapter 3.

Parts of this chapter have been published in [13, 14].

2.2 Free Yang-Mills theory on S°

In this section we discuss some general aspects of free gauge theories with adjoint
matter on S® at finite temperature. We will assume that the theory under con-
sideration has a vector field A, and a number of scalar and fermionic fields' all in
the adjoint representation of SU(N). The discussion should also be valid for other
simply-connected compact manifolds. We use the Euclidean time formalism with
time direction 7 compactified with a period 8 = % Spacetime indices are denoted
by p = (7,4) with ¢ along directions on 3.

The theory on S® can be written as a (0 + 1)-dimensional (Euclidean) quantum
mechanical system by expanding all fields in terms of spherical harmonics on S3.
Matter scalar and fermionic fields can be expanded in terms of scalar and spinor
harmonics respectively. For the gauge field, it is convenient to use the Coulomb
gauge V;A* = 0, where V denotes the covariant derivative on S%. In this gauge,
A; can be expanded in terms of transverse vector harmonics, A, and the Fadeev-
Popov ghost ¢ can be expanded in terms of scalar harmonics. At quadratic level, the

resulting action has the form
1 2 L ooy t ~ L 52 2
So=NTr [ dr §(D7Ma) - §waMa + & (D +@,)é0 + §mava+macaca (2.1)
where we have grouped all harmonic modes into three groups:

1. Bosonic modes M, with nontrivial kinetic terms. Note that in the Coulomb
gauge, the harmonic modes of the dynamical gauge fields have the same (0 +
1)-dimensional action as those from matter scalar fields. We thus use M, to
collectively denote harmonic modes coming from both the gauge field A; and

matter scalar fields.

1'We also assume that the scalar fields are conformally coupled.
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2. Fermionic modes &, with nontrivial kinetic terms.

3. v, and ¢, are from nonzero modes of A, and the Fadeev-Popov ghost ¢, which

have no kinetic terms.

The explicit expressions of various (0 + 1)-dimensional masses wg, &,, M, can in prin-
ciple be obtained from properties of various spherical harmonics and will not be used
below. In Eq. (2.1), following [4] we separated the zero mode a(7) of A, on S? from
the higher harmonics and combine it with 0, to form the covariant derivative D, of

the (0 + 1)-dimensional theory, with
DM, = 0, M, — ifo, M), Dr&y = 080 — i[0, &) -

a(7) plays the role of the Lagrange multiplier which imposes the Gauss law on physical
states. In the free theory limit the ghost modes ¢, do not play a role and v, only give
rise to contact terms (i.e. terms proportional to delta functions in the time direction)

2

in correlation functions®. Also note that M,,¢, satisfy periodic and anti-periodic

boundary conditions respectively
Mo(1+B) = Mo(r),  &alm+B) = —&(7) . (2.2)

Upon harmonic expansion, correlation functions of gauge invariant operators in
the four-dimensional theory reduce to sums of those of the one-dimensional theory

Eq. (2.1). More explicitly, a four-dimensional operator O(r, e) can be expanded as

(o)
O(r,e) =Y fe)Qu(7) (23)
i
where e denotes a point on S* and Q; are operators formed from M,, &4, v, and their
time derivatives. The functions fi(o)(e) are given by products of various spherical

harmonics. A generic n-point function in the four-dimensional theory can be written

2Also note that since v,,c, do not have kinetic terms, at free theory level they only contribute
to the partition function by an irrelevant temperature-independent overall factor.
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(O1(11,€1)O04(72,€2) -+ - Op(Tny €0)) =
= Z F(er) - fir(en) (Qir (1) Qi (72) - - Qi (7)) (24)
i dim
where (- --) on the right hand side denotes correlation functions in the 1-dimensional
theory Eq. (2.1). Note that Eq. (2.4) applies to all temperatures.
The theory Eq. (2.1) has a residue gauge symmetry

M, — QM
§a — Q&N (2.5)
a — QaQt +iQ0.0 .

At zero temperature, the 7 direction is uncompact. One can use the gauge symmetry
Eq. (2.5) to set a = 0. Correlation functions of the theory Eq. (2.1) can be obtained
from the propagators of M,, &, by Wick contractions. Note that?

<Mi‘;'(7-) Ml?z(o))o = 'leGs(ﬂ Wa)5ab5il5kj
(&5(7) 5121(0))0 = % G#(7; @a)bab0irr; (2.6)

where

Gy(Tyw) = v%e“‘"*', Gy(T;w) = (—0: + w)Gs(T;w) . (2.7

and 1, j, k,1 denote SU(N) indices.

At finite temperature, one can again use a gauge transformation to set a(7) to
zero. The gauge transformation, however, modifies the boundary conditions from
Eq. (2.2) to

My(t+B8)=UMU',  &(r+8)=-U&U". (2.8)

The unitary matrix U can be understood as the Wilson line of a wound around the 7

direction, which cannot be gauged away. It follows that the path integral for Eq. (2.1)

3We use (---), and (---), to denote the correlation functions of Eq. (2.1) at zero and finite
temperature respectively.
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at finite T can be written as

()= 70 / dU / DM(r)DE(7) - -+ e 5olMaskaia=0] (2.9)

with M,, £, satisfying boundary conditions Eq. (2.8) and Z the partition function.

Since the action Eq. (2.1) has only quadratic dependence on M, and &,, the
functional integrals over M, and &, in Eq. (2.9) can be carried out straightforwardly,
reducing Eq. (2.9) to a matrix integral over U. For example, the partition function

can be written as

Zo(B) = / dU ePo® (2.10)

where Io(U) was computed in [72, 4]
= 1
Sers(U) = 3 ~Va(B) U™ TXU ™ (2.11)
n=1
with

Va(B) = z(nB) + (=1)"'2¢(nB),  z(B) =D e, ()= e,
’ 212
Similarly, correlation functions at finite temperature are obtained by first performing
Wick contractions and then evaluating the matrix integral for U. With boundary

conditions Eq. (2.8), the contractions of M, and &, become

Oub —mpm
ng(r)M,‘;,(O)=——b Y Gilr — mBwa)U7™UR:
., pe—

m——oo

e (r) €n(0) = by Z 1)"Gy(r — mB;@a) U™ UL . (2.13)

m=—00

Eq. (2.13) are obtained from Eq. (2.6) by summing over images in 7-direction and can
be checked to satisfy Eq. (2.8). As an example, let us consider the planar expression

of one- and two-point functions of a normal-ordered operator Q = TrM*4, with M
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being one of the M, in Eq. (2.1). One finds that

(TeM*)5 = 2 2o o Gs(—mPB)Go(—nf) (MU™TUTYU ™),
(2.14)

and the connected part of the two-point function is

(TrM*4 (1) TeM*(0)) p=

= 51 Lomnpg Go(T = mB)Gs(T — nB)Gs(T — pB)Gs(T — B) X

x(TtU ™ TT U™ " TrUPTYUP~9) , + (2.15)
+28 3, ntopg Go(—mB)Go(—1B)G.(r — pB)Gs(T — qB)x

x (TeU™TYU™ (TeU ™ PHTYU P-4 4 TP~ HTrUP-9)),

In Egs. (2.14)-(2.15) all sums are from —oo to +00 and

()= %/dU coe gSetsU) (2.16)

with Z given by Eq. (2.10). We conclude this section by noting some features of
Eq. (2.14)-(Eq. (2.15)):

1. Since the operators are normal-ordered, the zero temperature contributions to
the self-contractions (corresponding to m,n = 0) are not considered. In general,
the one-point function is not zero at finite 7" because of the sum over images;

this is clear from Eq. (2.14).

2. The first term of Eq. (2.15) arises from contractions in which all M’s of the
first operator contract with those of the second operator. The second term of
Eq. (2.15) contains partial self-contractions?, i.e. two of M’s in TrM* contract
within the operator. The non-vanishing of self-contractions is again due to the

sum over nonzero images.

4Full self-contractions correspond to disconnected contributions.
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2.3 Correlation functions in the low temperature

phase

It was found in {72, 4] that Eq. (2.1) has a first order phase transition at a temperature
T, in the N = oo limit. TrU™ can be considered as order parameters of the phase

transition. In the low temperature phase, one has
(TrU™)y; = Nbno + O(1/N) (2.17)

while for T > T,, TrU™,n # 0 develop nonzero expectation values. It follows from
Eq. (2.17) that in the low temperature phase, to leading order in 1/N expansion

(TEUMTYU™ - - - TEU™ ), = (TeU™) , (TeU™2),, - - - (TeU™),,
NNk 0 b0 (2.18)

where in the second line we have used the standard factorization property at large

N.

We now look at the implications of Eq. (2.18) on correlation functions. Applying
Eq. (2.18) to Eq. (2.14) and Eq. (2.15), one finds

(TrM*);=0+ O(1/N)
(TeM*(r)TeM*(0)), =4  G4(r — mB) + O(1/N?)

S (TMA - mp M), (219)

Note that the second term of Eq. (2.15) due to partial self-contractions vanishes and
the finite-temperature correlators are related to the zero-temperature ones by adding

the images for the whole operator.

The conclusion is not special to Eq. (2.19) and can be generalized to any correla-
tion functions of single-trace (normal-ordered) operators in the large N limit. Now

consider a generic n-point function for some single-trace operators. At zero temper-
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ature, the contribution of a typical contraction can be written in a form

n I‘l.]

n—2+2h H H G( (7i3), Tig =Ti —Tj (2.20)

i<j=1p=1

where 4, j enumerate the vertices, I;; is the number of propagators between vertices
i,j, G®)(r;;) is the p-th propagator between vertices i and j, and h is the genus of the
diagram. At finite temperature, one uses Eq. (2.13) to add images for each propagator

and finds the contribution of the same diagram is given by

n lij o n I
v | 11 > |(IIIe? (rg - m@8) | (MU TeU™ ), (2:21)
i<j=1p=1 mg;_a):_oo i<j=1p=1

where m ) label the 1mages of G®)(7;;). When involving contractions of fermions,
one replaces G (7',] - m ) by (-1)™ (P)G(p) (T,J -—m(p)ﬂ) for the relevant p’s.
The powers s1, Sg, - - - in the last factor of Eq. (2.21) can be found as follows. To each
propagator in the diagram we assign a direction, which can be chosen arbitrarily and
similarly an orientation can be chosen for each face. For each face A in the diagram,

we have a factor TrU®4, with s, given by

sa=Y (HmP,  A=12--F (2.22)
8A

where the sum 0A is bver the propagators bounding the face A and F' denotes the
number of faces of the diagram. In Eq. (2.22) the plus (minus) sign is taken if the
direction of the corresponding propagator is the same as (opposite to) that of the
face. s4 has a precise mathematical meaning: it is the number of times that the
propagators bounding a face A wrap the Euclidean time circle. We will thus call s4
the vortex number for the face A. To illustrate more explicitly how Eq. (2.21) works,

we give some examples in section 2.5.1

In the low temperature phase, at leading order in 1/N expansion, due to equation
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Figure 2-1: An example of a double-line diagram at finite temperature. Each prop-
agator carries a winding number (or image number), which should be summed over.
Due to the presence of U-factors in Eq. (2.13), associated with each face one finds a
factor of trU®4, instead of a factor NV as is the case at zero temperature.

Eq. (2.18) one has constraints on mg’) associated with each face
sa=) (FmP =0, A=1,2---F. (2.23)
84

Note that not all equations in Eq. (2.23) are independent. The sum of all the equations
gives identically zero. One can also check that this is the only relation between the

equations, thus giving rise to F — 1 constraints on m{”

i S- For a given diagram, the

number I of propagators, the number F' of faces and the number n of vertices® satisfy
the relation F'4+n — I = 2 — 2h, where h is the genus of the diagram. It then follows

that the number of independent sums over imagesis K =1 — (F —1)=n — 1+ 2h.

2.3.1 The planar case

For planar diagrams (h = 0), we have the number of independent sums over images
given by
K=n-1 (2.24)

i.e. one less than the number of vertices. Also for any loop L in a planar diagram,

one has®

> +m® =0 (2.25)
oL

®Note that since we are considering the free theory, the number of vertices coincides with the
number of operators in the correlation functions.
6The following equation also applies to contractible loops in a non-planar diagram.
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where one sums over the image numbers associated with each propagator that the
loop contains with the relative signs given by the relative directions of the propaga-
tors. Eq. (2.25) implies that all propagators connecting the same two vertices should

» _

have the same images, i.e. m;;~ = my; (up to a sign), which are independent of p.

Furthermore, this also implies that one can write
My =My — My . (226)

In other words, the sums over images for each propagator reduce to the sums over
images for each operator. We thus find that Eq. (2.21) becomes (for h = 0)

n lij

00
Y I -md) ~(m-mp)) . 220)
M1, mn=—00i<j=1p=1
In the above we considered contractions between different operators. As we com-
mented at the end of section 2.2, at finite temperature generically self-contractions do
not vanish despite the normal ordering. One can readily convinces himself using the
arguments above that all planar self-contractions reduce to those at zero tempera-
ture and thus are canceled by normal ordering. For example, for one-point functions,
n =1, from Eq. (2.24) there is no sum of images. Thus the finite-temperature results
are the same as those of zero-temperature, which are zero due to normal ordering.
When the operators contain fermions, we replace G5 by Gy in appropriate places

and multiply Eq. (2.27) by a factor
IT -yt (2:28)
i<j=1

where Iz(Jf ) is the number of fermionic propagators between vertices i, j. Using Eq. (2.26),

we have

(_1)Zi<jmiﬂfjf) = (_1)21',1’"1‘]:‘(3‘” = (—1)zime (2.29)

where ¢; = 0(1) if the i-th operator contains even (odd) number of fermions.

Since Eq. (2.27) and Eq. (2.29) do not depend on the specific structure of the
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diagram, we conclude that to leading order in 1/N expansion the full correlation

function should satisfy

oo

Go(mi, - Tn) = Z (=1)™4Go(r1 — mu B, - T — mpB) . (2.30)
m1,ma, Mn=—00
Note that Eq. (2.30) applies also to the correlation functions in the four dimensional

theory since the harmonic expansion is independent of the temperature.

2.3.2 Including interactions

In the sections above we have focused on the free theory limit. We will now present
arguments that Eq. (2.30) remains true order by order in the expansion over a small ‘t
Hooft coupling A. In addition to Eq. (2.1) the action also contains cubic and quartic

terms which can be written as

A 1
Sint = N / dr (x\§ Y baLsa+ /\Zdac4a> (2.31)
0 [+ a

where L3, and Ly, are single-trace operators made from &,, M,, v,, ¢, and their time
derivatives. b, and d, are numerical constants arising from the harmonic expansion.
Again the precise form of the action will not be important for our discussion below.
The corrections to free theory correlation functions can be obtained by expanding the
exponential of Eq. (2.31) in the path integral. For example, a typical term will have

the form

B B
/()fiTrz+1““/0 ATtk (O1(11) -+ On(Tn) Loy (Ta41) ** + Laoy (Tatk)) o (2.32)

where to avoid causing confusion we used (---)g, to denote the correlation function

at zero coupling and finite temperature. Using Eq. (2.30), Eq. (2.32) can be written
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as

th'"mn f_oooo dTn+1 e f—oooo dTn-Hc

(OI(TI - mlﬁ) e On(Tn - mnﬁ) £3a1(Tn+1) e £4ak (Tn+k)>070 (233)

where (- - - )0’0 denotes correlation function at zero coupling and zero temperature and
we have extended the integration ranges for 7,41, -+ T4k into (—o0o,4+00) using the
sums over the images of these variables. Eq. (2.33) shows that Eq. (2.30) can be

extended to include corrections in A.

2.4 The Inheritance Principle - Consequences of
Eq. (2.30)

Eq. (2.30) implies that properties of correlation functions of the theory at zero tem-
perature can be inherited at finite temperature in the large N limit. For example, for
those correlation functions which are independent of the 't Hooft coupling in the large
N limit at zero temperature, the statement remains true at finite temperature. For
N = 4 Super-Yang-Mills theory (SYM) on S*, which was the main motivation of our
study, it was conjectured in [49] that two- and three-point functions of chiral operators
are nonrenormalized from weak to strong coupling®. The conjecture, if true, will also
hold for N = 4 SYM theory at finite temperature despite the fact that the conformal
and supersymmetries are broken. Eq. (2.30) also suggests that, at leading order in
1/N expansion, the one-point functions of all gauge invariant operators (including
the stress tensor) at finite temperature are zero. Eq. (2.30), while surprising from a
gauge theory point of view, has a simple interpretation in terms of string theory dual.
Suppose the gauge theory under consideration has a string theory dual described by
some sigma-model M at zero temperature and some other sigma-model M’ at finite

temperature. The correlation functions in gauge theory to leading order in the 1/N

"Note L3 and L4, also contain ghosts ¢, whose contractions are temperature independent and
so will not affect our results in the last section.
8See also [24, 40, 29, 31] for further evidence.
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expansion should be mapped to sphere amplitudes of some vertex operators in the M
or M’ theory. Eq. (2.30) follows immediately if we postulate that M’ is identical to
M except that the target space time coordinate is compactified to have a period 8.
To see this, it is more transparent to write Eq. (2.30) in momentum space. Fourier

transforming 7; to w; in Eq. (2.30) we find that
Gﬁ(wh tee ,w‘n) = GO(wla toe >wn)v (2'34)

with all w; to be quantized in multiples of %” Thus in momentum space to leading
order in large N, finite temperature correlation functions are simply obtained by those
at zero temperature by restricting to quantized momenta. From the string theory
point of view, this is the familiar inheritance principle for tree-level amplitudes.

We note that given a perturbative string theory, it is not a priori obvious that the
theory at finite temperature is described by the same target space with time direction
periodically identified®. For perturbative string theory in flat space at a temperature
below the Hagedorn temperature, this can be checked by explicit computation of the
free energy at one-loop [59]. Equation Eq. (2.30) provides evidences that this should
be the case for string theories dual to the class of gauge theories we are considering
at a temperature T < 7.

For N = 4 SYM theory on S3, the result matches well with that from the
AdS/CFT correspondence [51, 34, 79].

When the curvature radius of the anti-de Sitter (AdS) spacetime is much larger
than the string and Planck scales (which is dual to the YM theory at large *t Hooft
coupling) the correspondence implies that IIB string in AdSs x S5 at T < T, is
described by compactifying the time direction (so-called thermal AdS) [79, 80].

The result from the weakly coupled side suggests that this description can be
extrapolated to weak coupling?®.

We conclude this section by some remarks:

%A counter example is IIB string in AdSs x S5 at a temperature above the Hawking-Page tem-
perature. Also in curved spacetime this implies one has to choose a particular time slicing of the
spacetime.

10Als0 note that it is likely that AdSs x Ss is an exact string background [52, 43, 10].
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1. The inheritance principle Eq. (2.30) no longer holds beyond the planar level.
For non-planar diagrams, it is possible to have images running along the non-
contractible loops of the diagram. These may be interpreted in string theory
side as winding modes for higher genus diagrams. We’'ll study in more details

these diagrams in the remainder of this chapter.

2. In the high temperature (deconfined) phase, where TrU" generically are non-
vanishing at leading order, Eq. (2.30) no longer holds, as can be seen from the
example of Eq. (2.15). This suggests that in the deconfined phase M’ should
be more complicated. In the case of N' = 4 SYM theory at strong coupling,
the string dual is given by an AdS Schwarzschild black hole [79, 80]. It could
also be possible that the deconfined phase of the class of gauge theories we are

considering describe some kind of stringy black holes [72, 4].

We finally note that the argument of the section is but an example of how the inher-
itance property for the sphere amplitude in an orbifold string theory can have a non

trivial realization in the dual gauge theory.

2.5 Yang-Mills Theory on S°® beyond the planar

level

In this section we will resume our discussion of the matrix model, considering con-
tributions beyond the planar level in the partition function. In the large NV limit, at
zero temperature, the free energy of the matrix model in Eq. (2.1) can be organized

in terms of the topology of Feynman diagrams
log Z =Y N*"Mf,(3) (2.35)
h=0

where fo()\) is the sum of connected planar Feynman diagrams, and fi()) is the
sum of connected non-planar diagrams which can be put on a torus, and so on. As

mentioned in the introduction, Eq. (2.35) resembles the perturbative expansion of
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a string theory, with 1/N identified with the closed string coupling g, and fx())

identified with contributions from world-sheets of genus-h.

In the next few subsections, we discuss the large N expansion of Eq. (2.1) at finite
temperature, and we see new ingredients arise. We find new contributions associated
with Feynman diagrams with vortices, which can be identified with degenerate limits
of a string world-sheet. In the next chapter we’ll then show how this behavior is

connected to the Hagedorn behavior in string theory.

In section 2.2 we showed that the free theory partition function reduces to an

integral over the matrices U,

Zo(B) = / dU eP® (2.36)
with I(U) given by
LU)=)_ %Vn(ﬁ)’I&U"TrU"". (2.37)
n=1

When the temperature T is small, this can be evaluated in the large N limit as [72, 4]

v n
Zo(8) = C || ——= + O(1/N? 2.38
where C is an N-independent constant factor. Z(3) becomes divergent if some V,,(8)
are equal to 1. From Eq. (2.12) one can check that Vi(8) > V,(8) for n > 1 and
that V1(B) is a monotonically increasing function of T', with V3(8 = o0) = 0 and
Vi(B = 0) > 1. Thus as one increases T from zero there exists a Ty at which

Vi(Ty) = 1 and Z; becomes divergent. Eq. (2.38) only applies to T' < T}.

The partition function Eq. (2.36) and more generally matrix integrals in Eq. (2.21)
can be evaluated to all orders in a 1/N? expansion. In appendix A we prove that,
up to corrections non-perturbative in N, the matrix integrals can be evaluated by

treating each TrU™ as an independent integration variable. More explicitly,

(o) = %/w .. h®) (2.39)
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can be evaluated by replacing

1 1
SOV = 6, STUT =6 =6, do=1, (2.40)
ie.
(ST ST Ly =
N N N v
= (H d¢id¢:> foy - Bop €XD <—N22vn(ﬁ>¢n¢;) +
% \i=1 n=1
+ nonperturbative in N (2.41)
where
1-V,
() =170 2.4
n
From Eq. (2.41),
1 1 1
—TrU —TeU® - - - —TYUF) =
(NTIU NT&"U NTrU )U
- H5s,,0 + = Z ( sl+s], H 5sk, )
N2 i<j=1 Ylsi| ﬁ) k=1 k#i,j
+ O(N 4) + nonperturbative in N (2.43)

where order 1/N? terms are obtained by contractions of one pair of ¢,,’s, order 1/N*
terms are obtained by contracting two pairs of ¢’s, and so forth. Each contraction
brings a factor of m Perturbative corrections in 1/N? terminate at order 1/N¥
(or 1/N¥=1) for F even (odd). For example, there is no other perturbative correction
in 1/N? for the partition function Eq. (2.38), and for F = 2,

1 1
(NtrU ".NtrU ™ = 8,00m0 + N%m‘smw,ﬂ + nonperturbative corrections(2.44)

To summarize, combining Eq. (2.21) and Eq. (2.43) we find that for a correlation

function of gauge invariant operators, there are two sources of 1/N? corrections:

1. From the genus of the diagram as indicated by the power of 1/N in Eq. (2.21).
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Figure 2-2: Examples of double-line diagrams with nonzero vortices. Each thin
line (vortex propagator) represents a contraction in Eq. (2.43). Compare the left
diagram to Fig. 2-1. Diagrams which are disconnected at zero temperature can be
connected through vortex propagators as in the right diagram.

This follows from the standard large N counting,.

2. From the 1/N? corrections of the matrix integral Eq. (2.43). The leading order
term in Eq. (2.43) imposes the constraint that for any face A of the diagram
the vortex number s4 should be zero. The next order corresponds to having
nonzero vortex numbers in two of the faces, say the faces A and B with sssp # 0
and s4 + sp = 0. Below, we will refer to those diagrams with nonzero vortex
numbers as containing vortices, in anticipation of their interpretation from the

1 From remarks

string worldsheet which we will discuss in the next chapter
below Eq. (2.22), if a face A of a Feynman diagram contains a vortex with
vortex number s4, then the propagators bounding the face wrap around the
Euclidean time circle s4 times. At finite temperature, due to the presence of

vortices, planar diagrams also contain higher order 1/N? corrections.

It will be convenient to represents the vortex contributions diagrammatically: we
represent each contraction in Eq. (2.43) by an oriented line between two surfaces
which have the opposite vortex numbers. The orientation of a line is that it exists
(enters) the surface if its vortex number is positive (negative). We associate a factor
1/N for each vortex and a factor 1/v,(8) to a line (vortex propagator) connecting two
surfaces with vortex number n. See Fig. 2-2 for some examples of such diagrams.

Note that a diagram with otherwise disconnected parts connected by vortex lines

1See also the discussion of [33] in the context of ¢ = 1 matrix models.
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Figure 2-3: Planar disconnected contributions to (TrM*(7)TrM*(0))

should be considered as connected, as in the right diagram of Fig. 2-2. In computing

a correlation function one should sum over all possible vortex contributions.

To summarize this subsection, in computing correlation functions at finite tem-
perature, one should consider not only Feynman diagrams which appear at zero tem-
perature, but also diagrams with nonzero vortices. Explicit examples are given in the

next subsection.

2.5.1 Examples of Eq. (2.21)

In this subsection we give some explicit examples on the use of equation Eq. (2.21)
for calculating correlation functions between single trace operators. For definiteness
we consider only bosonic operators, but the procedure is analogous for operators

involving fermions. Let us consider again the following simple example
(NTrM*(T)NTrM*(0)) (2.45)

where M can be any of the bosonic modes in Eq. (2.1). The calculation of Eq. (2.45)
amounts to drawing all possible double line diagrams. For example the disconnected
planar contribution is given in Fig. 2-3. From Eq. (2.13), each propagator carries
an image number (or winding number), which should be summed over. Each face A
carries a factor trU®4. s, is determined by choosing a direction for the propagators,

and an orientation for the face, as explained below Eq. (2.22). Fig. 2-3 therefore
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Figure 2-5: Some non-planar (torus) connected contributions to (TrM*(7)TrM*(0)).
For visualization purpose, the edge of one of the faces is drawn in red.

gives a contribution of the form

5 Y GU-mB)G(~nB)GA(~pB)Cu(~aB)x

m,n,p,g=—00

X (T U™ YU TrU ™™ " TeUP TrlU O TrlU ~P~9),,. (2.46)

The connected planar contributions are given in Fig. 2-4 with, for example, the

first diagram given by

(TrM4('2TrM4(O))
Y Gur—mB)G. (T~ nB)G.(T — pB)Ga(r — gB)

N2
m,n,p,q=—00

X (TYU™ " Ty U™ PTYUP-9TeUT™™),, (2.47)

planar connected =

In Fig. 2-5 we have also plotted some connected non-planar diagrams, with the first

diagram given by

ﬁ? E:,n,p,q=—oo GS(T - mIB)GS (T - nﬂ)GS(T - pﬁ)Gs(T - qﬂ)x
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Um,

Figure 2-6: Connected vortex diagram from disconnected double line diagram

X (Trm-pra-n Ty —mtp—a+n) (2.48)

Now let us consider the evaluation of the expectation values of traces of U in
Eq. (2.46)-(2.48) using Eq. (2.43). At leading order in the large N expansion the
expectation values give N¥', where F is the number of traces, times some product
of Kronecker delta enforcing all exponents to be zero. In this case we recover the
results of section 2.2. Higher order corrections in 1/N can be described graphically
by inserting pairs of vortices on different faces of the diagrams and connecting them
with the propagator 51%!5 One should sum over all the possible ways of inserting
pairs of vortices. Note that each vortex insertion gives a factor of 1/N. Diagrams
with disconnected parts connected by vortex propagators should be considered as
connected as in Fig. 2-6. Note that in terms of large N counting Fig. 2-6 is of the

same order as those in Fig. 2-5 with no vortices.

2.6 Free energy in interacting theory and vortex
diagrams

We now consider the Euclidean partition function of the interacting theory. Below
Eq. (2.38) we identified Ty as the temperature at which Z; becomes divergent. Our
purpose is now to identify Ty and the critical behavior near T to all orders in the

1/N? expansion.
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In perturbation theory, the partition function can be evaluated by expanding the

interaction terms in the exponent of the path integral

®  a\n BT
26,0 =203 " [Tan e v, @

n=0

In Eq. (2.49), (---)y4 denotes free theory correlation functions and recall that V' is
given by a sum of single trace operators of the form Ntr(---). The free energy can

be obtained from

[o) —1)* g n
lOg Z= log Zo+ E ( n|) /0 H dr; <V(Tl) Tt V(Tn»o,ﬂ,connected (250)
n=0 ’ i=1

i.e. one sums only over the connected diagrams. The discussion in the last subsection
for free theory correlation functions can now be directly carried over to-logZ. In
particular, there are two sources of 1/N? corrections: from the non-planar structure

and from vortices. We can expand log Z in 1/N? as

log Z(8) = Y N*2,(8) = N*Zo(6) + Z1() + w3 Z2(8) + - (250)

n=0

where 2, corresponds to the sum over connected planar diagrams with no vortices,
while Z; contains the sum of connected genus-1 non-planar diagrams with no vortices
and planar diagrams with one pair of vortices, and so on. Recall that each vortex
carries a factor 1/N and they always come in pairs. Also as remarked at the end of
the last subsection, a diagram with otherwise disconnected parts connected by vortex

propagators is connected.

To elucidate the structure of Z,, we introduce a new set of “vortex diagrams”, by

generalizing the diagrammatical rules introduced below Fig. 2-2:

1. Denote Q™™ as the sum of connected Feynman diagrams with genus h and
with n vortices. In terms of large N counting, Q™™ is of order N2~2h—n a5

we associate a factor 1/N with each vortex. Each vortex is labeled by a vortex
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Figure 2-7: The propagators and vertices for vortex diagrams. The vertices Q™ of
a vortex diagram have n legs, each of which is labelled by a vortex number. The sign
of the vortex number is positive (negative) if the corresponding leg exists (enters) the
vertex. The total vortex number of a vertex is zero. We show Q% QM3 in the
figure as illustrations.

number and the total vortex number carried by Q™™ is zero'?2. Diagrammati-
cally, Q™™ are represented as vertices with n oriented legs. The leg exits the

vertex if the corresponding vortex number is positive.

2. Vortex diagrams are then constructed following the usual rules with Q™ as
fundamental vertices and 1/vy(83),b > 0 as propagators. Note that b is the

vortex number carried by a propagator and v, was defined in Eq. (2.42).

3. The combinatoric rules are the same as standard Feynman diagram. In par-
ticular, if there are m identical vertices Q™™ in a diagram, there is a factor
1/m!, which comes from the fact that disconnected diagrams are obtained from

connected ones by exponentiation.

Using the above diagrammatical rules, we now enumerate the contributions to Z,.
See Fig. 2-7 for illustrations of propagators and vertices for vortex diagrams.

Let us first look at Z,, which is given by the sum of all planar diagrams without
vortex. In section 4 of section 2.3.1 it was shown that Z; is identical to the correspond-
ing expression at zero temperature and thus is temperature-independent'. Since the
free energy —(F is defined by subtracting the zero-temperature contribution (which

is the vacuum energy) from Eq. (2.51), we conclude that the planar contribution to

12This follows from the discussion below Eq. (2.22).
132, is a special case of the discussion in section 4 of section 2.3.1 with no external operator
insertions.
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Figure 2-8: Vortex diagrams contributing to Zl(s).

the free energy is identically zero4.

We now look at Z;, which contains three contributions: (i) genus-1 contribution
in free theory coming from the first term in Eq. (2.50); (ii) sum of genus-1 Feynman
diagrams with no vortices; (iii) planar diagrams with vortices. The first contribution
Z{I) is given by the logarithm of Eq. (2.38). The second contribution 21(2) is given
by Q9. To find the third contribution 2, let us denote Q% the sum of all
planar connected diagrams with two vortices of winding +b. Graphically, it can be
represented by a sphere with an arrow pointing in and an arrow pointing out, each
carrying vortex number b, as in the second diagram of Fig. 2-7. Using Q,(,O’z), Zl(s)
is obtained by summing the vortex diagrams in Eq. (2-8). The combinatoric factor
for a diagram with m vertices is 1/m following from the cyclic symmetry and we find
that

oo 1 (P00 | (1 9P0.8)
& ‘sz( w(6) ) - glg(l wg )

b=1 m=1

Adding all three contributions together we find that

2=20 4+ 2P + 20 =

00 (0,2)
=QY0(B3,\) — Z log{1-— —b—()‘—’i) +loguy(B) | =
b=1 us(6)

14as is the case for a string theory below the Hagedorn temperature.
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Figure 2-9: The dark thick line represents the re-summed propagator G, = —'—Ql-(‘g‘f)'
vp—Qy

l) 3)
Q\) )] Q(l 2) Q(O .4)

-@@@

— =N Q(O 3

Figure 2-10: Vortex diagrams contributing to Z,. All this diagrams have genus h = 2
if we consider the re-summed propagator as adding an extra handle to the diagrams

—QM(8,\) — Zlog ((8) - Q"2 0,5)) - (2.53)

It should be clear from the above discussion of ZF’) that ng’z) should not really be
treated as a vertex. Rather all Q,(JO’Z) should be re-summed along with the propagators

;ﬁ@ to obtain a “re-summed propagator” for each vortex number

o]

G(B) = I )<Q<°2>>

n=1

1
B Ql()o,z)

(2.54)

as shown diagrammatically in Fig. 2-9. Note that Eq. (2.53) can be rewritten in

terms of G, as

2= QY(B,N) + ) _1ogGu(B) - (2.55)

b=1
In the vortex diagrams for Z; with g > 2, only re-summed propagators G, appear.
As an example, the vortex diagrams contributing to Z; are shown in Fig. 2-10. Higher

order diagrams contributing to general Z; can be similarly constructed.

2.6.1 Critical behavior and the effective action

Now let us examine the critical behavior of Eq. (2.51) by increasing the temperature

from zero.
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In free theory, as reviewed after equation Eq. (2.38), there is a critical temperature
given by equation V;(8x) = 1 at which the free energy diverges as log Zp ~ — log(8 —
B). Note that there is only a one-loop divergence since all perturbative corrections

in 1/N to Eq. (2.38) vanish.

In the interacting theory the effective vertices Q™ should be regular at any
temperature since they involve only sums of products of Eq. (2.7) and their images.
The divergences of Z, then can only occur when the re-summed propagator Gy(83)

Eq. (2.54) become divergent, which happens when
. 1-V;
wB) =28, e B _goan g po12.. (250

If we again assume that Eq. (2.56) is first satisfied for b = 1 as one decreases § from

infinity'®, the critical temperature in the interacting theory is determined by

Vi(Ba(V) =1 - QP (), Ba(N) (2.57)

with the most divergent term in Z; given by (see 2.53)

2y = —log(B — Br(A)) + finite, B~ Bu(A) . (2.58)

The most divergent contribution to Z, can be obtained counting the maximal
number of divergent propagators at 7. We will now prove that the most divergent

contribution to Z, as 8 — [y is given by

1

(B—Bu)*m-D (259

Denote V®9 as the number of Q™9 in a diagram. Then the total number of re-

which should be the case for A small since Ql(,o,z) starts at order O(A). For large ), in principle
this does not appear to be guaranteed from the gauge theory point of view. However, from string
theory it appears always to be the case that the lowest winding modes become massless first.
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summed propagators and the genus g of the diagram can be written as

2L = %q:qvﬂ”q), g=1+ :4; (% tp- 1) yea (2.60)
The second equation of Eq. (2.60) can be obtained by thinking of each vortex prop-
agator as adding a "handle” to the diagram and therefore increasing the genus by
one. Then the total genus will depend on the genus of the various "blobs” in the
diagram (p) and on the various ”handles” connecting them (g). It is also convenient

to introduce

V=) veo g = pyo, (2.61)
y

p.a
where V' is the total number of vertices, g, is the apparent genus of the diagram (i.e.

the sum of the genus of each vertex). Equations Eq. (2.60) and Eq. (2.61) lead to
L-(V-1)=g—g,. (2.62)

Since vortex numbers carried by propagators have to be conserved at each vertex,
Eq. (2.62) implies that the total number of independent vortices in a diagram is
g — go- The maximal number of independent vortices among different degenerate

limits is then g, in which cases each vertex has the topology of a sphere.
From Eq. (2.60) and Eq. (2.61), we also have

1 1
— T _ (p.9)
V=3L-71Y(a-4V (2.63)

g
and Eq. (2.63) and Eq. (2.62) lead to

L=2g-1)-Y (2p+ g —9)y ), (2.64)

p.a

Eq. (2.64) implies that the maximal number of re-summed propagators is indeed
3¢9 — 3, obtained when only Q(®® appear in a diagram. However, it is impossible to

have all 3g — 3 propagators to be divergent at the same time, i.e. to have all vortex
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numbers to be %1, since by vortex number conservation if the vortex numbers of two

of the propagators coming out of a 3-point vertex are +1, then the third one can only

be +2.

Since at least one of the propagators going out of a 3-point vertex must have
vortex number |b| # 1, if our purpose is to find the mazimum number of propagators
that can have b = %1, one can ignore such a propagator. This implies we only need to
consider those diagrams in which every vertex has at least four insertions, i.e. m > 4.
Ignoring V(%% for the purpose of finding the leading divergence, equation Eq. (2.64)
implies that

L<2(g-1) (2.65)

where the equality holds when
v Lo, otherwise V®9 =0 | (2.66)

Thus we have proven that the most divergent term is of the form Eq. (2.59).

Furthermore, since the construction of vortex diagrams follows the standard com-
binatoric rules of Feynman diagrams, we find that the most divergent pieces at each

1/N?* order is precisely given by the expansion of

Fsing = log / d¢d¢* e_mﬁ¢¢*"'j%(¢¢*)2

A A2
= —log(8 — Bx) —27713)]\[2 +10N4mss + .- (2.67)
with ¢ is a c-number. with the identification
m = u(8)-Q" (A, 8), = QU —— Q2,010 (266)

v (8) — QP*

where the subscripts in Q™ denote the vortex numbers for each leg. Notice that
the four point coupling constant )4 will indeed contain a pair of Q(®® connected by a
propagator regular at By. Eq. (2.68) is exactly the behavior of a complex scalar field

with mass mgy in 0 + 1-dimensions. It is important to emphasize that our discussion
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above should also apply to strong coupling. Q™™ ()), which are the basic building
blocks of the vortex diagrams, can be defined non-perturbatively as follows. Since
at each genus the number of Feynman diagrams grows with loops only as a power,
we expect that Q™ ()) should have a finite radius of convergence in the complex
A plane. Once one obtains Q™™ ()\) near the origin, one can analytically continue

them to strong coupling.

2.7 Summary and outlook

In this chapter we studied the large N expansion of a generic field theory with fields in
the adjoint representation at some finite temperature T < Ty. We proved an “inher-
itance principle” satisfied by correlation function at planar level. We also considered
sub-leading corrections to correlation functions and to the partition function and we
showed that at finite temperature new ingredients arise. The large N expansion con-
tains corrections due to the usual genus expansion and corrections due to sub-leading
order contributions in the integrals over Wilson lines U. Close to the critical temper-
ature Ty we can identify the diagrams contributing to the leading divergence. We
then argued, from the diagrammatical expansion, that the leading divergence close to
Ty can be re-summed and expressed in terms of a simple integral Eq. (2.67), similar
in structure to a scalar A\¢* theory. In the next chapter we are going to analyze the
critical behavior of string theory close to the Hagedorn transition, and we are going

to find the string theory interpretation of the results in this chapter.
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Chapter 3

String theory amplitudes,
Hagedorn transition and tachion

potential

3.1 Outline

Since the early days of string theory, it was observed that the free string spectrum
has a density of states which grows exponentially with energy, and that the partition
function Z = e~P¥ of a free string gas at a temperature T = 5 would diverge when T
is greater than some critical value Ty [36, 39, 30]. The Hagedorn divergence occurs for
all known (super)string theories with spacetime dimensions greater than two. The
physical meaning of the critical temperature Ty and of the divergence has been a

source of much discussion since then.

In the late eighties, a few important observations were made which suggested that
the Hagedorn divergence signals a phase transition, analogous to the deconfinement
transition in QCD [67, 44, 56, 7]. At the Hagedorn temperature T} the lowest wind-
ing modes (with winding +1) around the periodic Euclidean time direction become
marginal operators in the world-sheet conformal field theory [67, 44, 56]. Sathiapalan
and Kogan [67, 44] argued that above the Hagedorn temperature, the winding modes
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would condense in a fashion similar to the Kosterlitz-Thouless transition in the X —Y
model and the world-sheet theory will flow to a new infrared fixed point. From the
spacetime point of view, these winding modes (with winding +1) correspond to a
complex scalar field ¢ living in one fewer spacetime dimension (i.e. not including
Euclidean time). Near the Hagedorn temperature, the spacetime effective potential

for ¢ can be written in a form

V = mg(B)¢"¢ + Mg (¢"9)” + Xegs (9°¢)° + -+, mg(B) < Ty =T . (3.1)

If )\, is positive (negative), the phase transition would be second order (first order).
In [7] Atick and Witten argued that for a string theory in asymptotic flat spacetime
the transition should be first order ! (i.e. Ay < 0) due to the coupling of the thermal
scalar to the dilaton.

The purpose of this chapter is to point out a relation between Hagedorn diver-
gences and the effective potential Eq. (3.1). While the one-loop Hagedorn divergence
has been extensively discussed in the past (see e.g. [81, 58] for reviews), Hagedorn
divergences from higher genus amplitudes have been investigated rather little. In this
chapter we use a factorization argument to extract Hagedorn divergences for higher
genus amplitudes. We show that they can be re-summed by introducing various dou-
ble scaling limits, which smooth the divergences. The double scaling limits also allow
one to extract the effective potential Eq. (3.1) to arbitrary high orders. That a dou-
ble scaling limits might exist for higher genus Hagedorn divergences was speculated
earlier in [50] and further discussed in [6] in a toy model motivated from AdS/CFT.

Our discussion further highlights that Hagedorn divergences signal a breakdown
of string perturbation theory due to appearance of massless modes and do not imply
a limiting temperature for string theory [67, 44, 7].

The discussion of this chapter will be rather general, e.g. applicable to string the-
ories in asymptotic anti-de Sitter (AdS) spacetime. The AdS/CFT correspondence

then implies that the critical Hagedorn behavior from high genera and the relation

1That the transition is of first order can also be argued from the non-perturbative instability of
the thermal flat spacetime discovered in [32].
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with the effective potential should also arise from Yang-Mills theories.

In the previous chapter we showed that the free energy of Yang-Mills theory
contains “vortex” contributions at finite temperature. In this chapter we show that
Yang-Mills Feynman diagrams with vortices can be identified with contributions from
the boundary of the moduli space on the string theory side.

The plan of the chapter is as follows. In section 3.2.1 we first review the one-loop
result and discuss the physical set-up of our calculation. We then extract the critical
Hagedorn behavior from higher genus amplitudes and show that one can find terms
in Eq. (3.1) by defining suitable double scaling limits. In section 3.3 we turn to the
comparison with Yang-Mills theory. We conclude in section 3.3 with a discussion of
some physical implications.

Parts of this chapter have been published in [13].

3.2 High-loop Hagedorn divergences in perturba-

tive string theory

3.2.1 Review of one-loop divergence and set-up

Consider a string theory consisting of a compact CFT times R®. The one-loop
free energy of the system at a finite temperature can be computed by the torus path
integral with a target space in which the Euclidean time direction is compactified with
period B = % and with anti-periodic boundary condition for spacetime fermions [59].
The Hagedorn singularity appears when the lowest modes with winding +1 around
the compactified time direction become massless [56, 67, 44]. More explicitly, the

mass square can be written as

2 2 2
o (BN _  _( B\ _(Bu
my(B) = (27&'0/) “@= (27ra'> (27ra’) (3:2)
where the first term is the winding contribution and ¢, is the zero point energy of the

string (in the winding sector). The second equality of Eq. (3.2) should be considered as
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a definition of the Hagedorn temperature. From Eq. (3.2), mj(8) — 0 as 8 — Sy and
becomes tachyonic when 3 < (y. In spacetime, the winding +1 modes correspond
to a complex scalar field ¢ living in one fewer spacetime dimension (i.e. spatial part
of the spacetime), which is often called the thermal scalar in the literature. We
will follow this terminology below. We will also collectively call modes with general
winding numbers (and no internal excitations) winding tachyons. Equation Eq. (3.2)
applies to both bosonic and superstring theories with possibly different ¢, for different
theories.

The critical behavior of the one-loop free energy F; as 8 — (g is controlled by

that of the thermal scalar

1
i =-2x —2' log(~V2 + mi(ﬂ)) + Ffinite) /B - IBH (33)

where V? is the Laplacian on the spatial manifold. If the gap of V2 along the compact
CFT directions is bigger than mi(,@), the singular part of Eq. (3.3) can be further

written as

i o — fwlog kK 4+ m3(B8)) + -
(m3(8))? d odd

d (3.4)
(m3(6))% logm3(5) d even

F) has a branch point singularity at mi(ﬁ) = 0 for all d. In particular, for d = 0 it is
logarithmically divergent as 8 — B

Fy = —log(8 — Bu) + finite . (3.5)

The above discussion should also apply to a static curved spacetime, for example
in AdS spacetime, even though an explicit computation of the one-loop free energy
is often not possible. For an AdS spacetime, since the Laplacian has a mass gap, we
expect the free energy for a thermal gas of AdS strings should behave as Eq. (3.5)

when the Hagedorn temperature is approached (see e.g. [48] for further discussion).
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In this paper we will focus our discussion on d = 0 or more generally those space-

times (including AdS) in which Eq. (3.5) is satisfied, for the following reasons:

1. The thermal ensemble cannot be defined in an uncompact asymptotically flat
spacetime due to Jeans instability. To make the canonical ensemble well defined,
an Infrared (IR) cutoff is needed. One particularly convenient (and well-defined)
IR regulator is to introduce a small negative cosmological constant?. For our
discussion below the precise nature of such a regulator will not be important as
far as it makes the thermal ensemble well defined. Such IR regulators introduce
a gap in the Laplacian V2, which will be kept fixed in the limit T — Ty and

thus will be greater than mﬁ when the temperature is sufficiently close to Ty.

2. The Hagedorn singularity is sharpest at d = 0. While the free energy is singular

at B = By for all dimensions, it is divergent only for d = 0.

The logarithmic divergence of Eq. (3.5) at 8 — [y implies that the string
perturbation theory breaks down before 8 = (g is reached. Thus it is not
sufficient to consider only the one-loop contribution to the free energy and
higher genus contributions could be important. Below we will show that as
B — Bu, it is necessary to re-sum the string perturbation theory to all orders.
We will then show that one can extract the spacetime effective action for the
thermal scalar from the re-summed series and that the divergences are smoothed

out.

When A4 in Eq. (3.1) is negative, i.e. when the transition is first order, there
exists a lower temperature T, < Ty, at which the thermal gas of strings be-
comes metastable. At a temperature T, < T < Ty, the thermal gas is still

perturbatively stable. Here we are interested in probing the critical behavior in

2In an asymptotic AdS spacetime it is possible to define a canonical ensemble in the presence
of gravity, as discovered by Hawking and Page [37]. Hawking and Page also found that the system
undergoes a first order phase transition at a temperature T p from a thermal gas in AdS to a stable
black hole. Treating an AdS spacetime with a small cosmological constant as an IR regularization
of the flat spacetime, it is natural to identify the first order phase transition argued by [7] with the
Hawking-Page transition. Note that the flat space limit, which corresponds to keeping g, small, but
fixed and taking the curvature radius of AdS to infinity, is rather subtle. In this limit the stable
black hole phase in AdS disappears and the Jeans instability should develop at a certain point.
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Figure 3-1: An example of a degenerate genus-6 Riemann surface. Each blob rep-
resents a surface of certain genus and thin lines connecting blobs represent pinched
cycles.

o &= &0
G20 O G0

Figure 3-2: Degenerate limits of a genus-2 Riemann surface. Notice that the 2nd, 3rd
and 5th diagrams here did not appear in Figure 2-10, since they contain propagators
which have zero windings

the metastable phase (or superheated phase) as T — Ty from below.

3.2.2 Higher loop divergences

We now examine higher loop divergences as § — [y. For simplicity we will restrict
our discussion to bosonic strings. We expect the conclusion to hold for superstring
theories as well.

The genus-g contribution F; to the free energy is obtained by integrating the
single string partition function on a genus-g surface over the moduli space M, of such
surfaces. The potentially divergent contributions to F} arise from the integration near
the boundary of the moduli space.

The boundary A, of M, is where a Riemann surface degenerates, which can be
described by pinching cycles on the surface (for reviews see e.g. [25, 8, 58]). There are
two types of basic degenerations depending on whether the pinched cycle is homol-
ogous to zero or not. If the pinched cycle is homologous to zero, a surface of genus
g degenerates into two surfaces of genus g, and g» (9 = g1 + g2) which are joined

together at a point. If the pinched cycle is not homologous to zero, a genus g surface
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degenerates into a surface of genus g — 1 with two points glued together. One can
pinch more than one cycle at the same time as far as they do not intersect with each
other. On a genus g surface, the maximal number of non-intersecting closed geodesics
is 3g — 3, so one can pinch at most 3g — 3 cycles at the same time. See Fig. 3-1 and

Fig. 3-2 for examples of degenerate limits.

Let us now examine the contribution to F, from boundaries of moduli space. The
pinching of a Riemann surface can be described in terms of cutting open the path
integral on the surface. The pinching is a local operation and so is cutting the path
integral (other than possible constraints from the zero mode integration). We follow

the standard procedure as described in [58]. One has
(1)g =D ¢"T* (A1), (Ai(22)),, (3.6)

and

(g =D a0 (A1) Ail))y (37)

for the two types of basic degenerations, where (- - -) o denote world-sheet correlation
functions on a genus g surface and i sums over a complete set of intermediate states.
g can be considered as the complex coordinate transverse to the boundary with ¢ — 0
corresponding to the degeneration limit. Integration of Eq. (3.6) and Eq. (3.7) near
g — 0 yields the propagator

8w

The contribution to the free energy from boundaries of moduli space can be ex-
tracted from diagrams like the ones in Fig. 3-1 and Fig. 3-2. One can treat blobs
(representing surfaces of certain genus with some insertions) as effective vertices and
thin lines (pinched cycles) as propagators. For 3 — By and assuming that the spatial

Laplacian operator —V? has a gap, then the propagator Eq. (3.8) for a pinched cycle
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Figure 3-3: Two possible degenerate limits of a genus-3 Riemann surface which give

rise to most divergent contributions. Each propagator has the thermal scalar running
through it.

is potentially dominated by that of the thermal scalar?,

. 8
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Since one can pinch at most 3g — 3 cycles at the same time, naively we may conclude
from Eq. (3.9) that F, diverges as mﬁm for g > 2 as 8 — By. However, there are
global constraints due to winding number conservation at each blob of Fig. 3-1 and
Fig. 3-2. As aresult, not all propagators can have the nearly-massless thermal scalar
propagating through them. Using exactly the same discussion as in section 2.6.1,we

can show that the most divergent terms at genus g are proportional to

1
TR .

and happens when only V4 £ 0, where V(™ is the number of vertices with genus
g and m insertions.

See Fig. 3-3 for degenerations which give rise to the most divergent contributions

3Note that it is not immediately obvious that the thermal scalar (or other winding modes along
the Euclidean time direction) appears in the intermediate states from the point of view of calculating
the free energy of a finite temperature string gas, since they do not correspond to spacetime phys-
ical states. Indeed in the one-loop calculation, they appear only after a modular transformation.
However, it is clear that they should appear in the intermediate states from the point of view that
we are working with a string theory compactified on a circle with anti-periodic boundary condition
for fermions.
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at genus 3.
To summarize, the most divergent contributions at each genus have the following

diagrammatic structure:

1. Each vertex has the topology of a sphere and has four winding tachyon operator
insertions with winding numbers 1,1, —1, —1 respectively. The total number of
vertices in a genus g diagram is g — 1. The path integral over each vertex gives

rise to an effective coupling

62 = (Va1 (0)Vsa(1)V-1(00) / 22V_1(2) (3.11)

SZ

Note that at 3 = [y, the vertex operators V.; for the thermal scalar are

marginal and Eq. (3.11) is well defined. Also A4 is gs-independent.

2. The propagators are given by that of the winding tachyon 3.9. The total number
of propagators is 2(g — 1).

Thus vortex diagrams correspond to a specific decomposition of the boundary of the
moduli space and can be considered as defining an effective string field theory for the
winding tachyon modes. Thus the most divergent contribution to the free energy at

genus-(n + 1) has the form

2n
2nyn 8w gfn
g™ <a'mg(ﬂ)) * B b 012

where a, is a combinatoric numerical factor depending on the specific geometric
structure of boundaries of moduli space. Determining these numerical factors from
direct world-sheet computation is a rather complicated mathematical question, which
goes beyond the scope of this paper. Below we will determine them using an indirect
argument. By now readers may have recognized the resemblance of vortex diagrams
with the diagrams in Fig. 3-1 and in Fig. 3-2. Indeed it is natural to identify vortex
diagram contributions in the gauge theory with contributions from degenerate limits

of string world-sheets in the corresponding string theory. For example, diagrams
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in Fig. 2-10 can be identified with various degenerate limits (Fig. 3-2) of genus
two Riemann surfaces. In particular, vortices in gauge theory vortex diagrams can be
identified with insertions of winding tachyon modes in the world-sheet. On the world-
sheet if one follows a closed contour around the vertex operator of a winding tachyon
mode of winding number b, the Euclidean time circle is traversed b times. Similarly,
as discussed in the previous chapter, if a face of a Feynman diagram contains a vortex
with vortex number b, the propagators bounding the face wrap around the Euclidean

time circle b times.

A more careful comparison between vortex diagrams for Z; and degenerate limits
of a genus-g surface (e.g. between Fig. 2-10 and Fig. 3-2) also show some important

differences:

1. Notice that the 2nd, 3rd and 5th diagrams in Fig. 3-2 do not appear in Fig.
2-10. These diagrams are distinguished in that some propagators are forced
to have zero winding due to winding number conservation. One can convince
oneself that this feature persists to all orders. Thus YM vortex diagrams do
not correspond to the full contributions from degenerate limits of a Riemann

surface. All propagators in the YM vortex diagrams carry nonzero windings.

2. Various degenerate limits of a Riemann surface do not follow the standard
Feynman rules and cannot be treated as Feynman diagrams. For example, the
third diagram of Fig. 3-2 can be obtained as a degenerate limit of the first
diagram and the fifth as a limit of the fourth, etc. In contrast, the vortex
diagrams we constructed in Yang-Mills theory do follow standard Feynman

rules. In particular, different diagrams in Fig. 2-10 do not overlap.
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3.2.3 Double scaling limits and the effective thermal scalar

action

In the last subsection we showed that the leading order Hagedorn divergences at all

loop orders can be written as

Mg? 2\
Fiing = —log(B — Br) + alﬁ,ﬁg +-+a, (-"m:) + - (3.13)
with - \
: (87 1)

Equation Eq. (3.13) suggests a double scaling limit

B — Bu
gs

B —Bu — 0, gs — 0, = finite (3.15)

in which case all higher order terms in the series become equally important and we

need to be re-summed.

How do we interpret the free energy F' obtained by re-summing the series? A clue
comes from the structure of the degenerate diagrams summarized at the end of the
last subsection, which resemble the Feynman diagrams of a |¢[* theory (see e.g. Fig.
3-3). Indeed the free energy of a |¢|* theory gives an asymptotic expansion which
is precisely of the form Eq. (3.13) with specific values for the numerical coefficients
an. Given that string theory should reduce to a field theory in the low energy limit,
and that here we are essentially isolating an effective theory for the nearly-massless

thermal scalar, it is natural to conjecture that Eq. (3.13) can be written as

Fung = log [ dpdg* e ms## ~9i2a(44")?
= —log(B — Bu) — 2%%% + 109%3 e (3.16)

with ¢ is a c-number. Equation Eq. (3.2.3) determines a, to all orders uniquely and
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implies the following effective potential for the thermal scalar
V =mipg" + Mgl (d0")* + -+ . (3.17)

In the past chapter we showed that the effective action Eq. (3.17) and Eq. (3.2.3) arises
from the critical behavior of Yang-Mills theories near the Hagedorn temperature.
The discussion in this chapter has used only fundamental properties of string theory
amplitudes, and we expect it to apply also to string theory on AdS background.
Using AdS/CFT the field theory calculation would serve as a proof of Eq. (3.2.3) for
string theories in an asymptotic AdS spacetime. Furthermore, since the factors a, in
Eq. (3.12) and Eq. (3.13) depend only on the mathematical structure of the moduli
space of Riemann surfaces and not on the specific string theory, the Yang-Mills theory

results serve as an indirect proof of Eq. (3.2.3).

It is clear from equation Eq. (3.2.3) that Hagedorn divergences at each genus order
in Eq. (3.13) simply signal breakdown of the asymptotic expansion in g due to that ¢
becomes massless. The my — 0 limit is apparently smooth in the re-summed integral
expression Eq. (3.2.3). When )4 is positive, i.e. when the transition is second order,
the integral Eq. (3.2.3) is finite and non-perturbatively defined. For negative (or
zero) M4, i.e. when the transition is first order, the integral Eq. (2.67) is not defined
non-perturbatively and higher order terms in the effective potential are needed. In

either cases the my — 0 limit is well-defined.

Eq. (3.2.3) implies that a, ~ n! for n large. This is in contrast with the (2n)!
growth of the asymptotic behavior for the full free energy. Here we are only looking at

contributions from boundaries of moduli space, which accounts for the slower growth.

Here we have been focusing on the lowest spacetime mode? of the thermal scalar,
which gives the most divergent contribution to the free energy. This explains the

finite-dimensional integral in Eq. (3.2.3). From general covariance it seems natural

4Recall that we assume that the Laplacian of the spacetime manifold has a mass gap.
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to generalize Eq. (3.17) to include derivatives

S= / &[5 (1062 +m26" + Mg? (987 + ) . (3.18)

where d?r integrates over the spatial directions®.

Let us now consider the generalization of the above double scaling argument to
extract higher orders terms in Eq. (3.17). From equation Eq. (2.60) the leading
contribution of a generic degenerate surface to the free energy can be written in the

form

(n,2k) (2n42k—2)
29—2 YnkV (2n+
gag Gs

B—PBr)E (B — Byg) Snk V™

where in writing down Eq. (3.19) we have assumed that all propagators in a degenerate

(3.19)

diagram carry winding numbers® +1 and that each vertex contains an even number of
insertions m = 2k, k = 2,3,-- -, due to winding number conservation. Now consider

the double scaling limit

(B-Bu) _ finite, g, — 0 (3.20)

9s

under which Eq. (3.19) is proportional to g¥ with K given by

K= i i V) (2n + 2k — 2 — ka) . (3.21)

n=0 k=2
For a < 1, we always have K > 0 for any choice of V(»?*) At a =1, weget K =0
for diagrams with V(%4 # 0 only while KX > 0 for all other diagrams. In the double
scaling limit Eq. (3.20) only the contributions of diagrams with K = 0 survive. These
are the most divergent contributions we isolated in Eq. (3.13) and lead to the effective

action Eq. (3.17). Now let us set by hand A4 = 0, then in Eq. (3.21), V49 = 0. The

®Note that for an AdS with a small negative cosmological constant, Eq. (3.18) applies to regions
in the interior of the spacetime, since in AdS gy component of the metric is nontrivial and the
thermal scalar always has a large mass near the boundary.

SIf there is a propagator carrying a winding number other than +1, we can treat the two vertices
connected by this propagator as a single effective vertex. Keeping doing this we obtain a degenerate
diagram whose propagators only carry winding numbers +1.
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most divergent contributions in the remaining diagrams are isolated by taking a = %,
at which K = 0 for diagrams with V%% 3 0 only and K > 0 for all the rest. In other

words now the most divergent contributions to the free energy can be written as

2 2n
F=—log(B—fu)+—29s ... @I .. 3.29
og( Br) (B Bu) (BB ( )

which implies the effective potential

V =m2gs" + Ae(¢¢*)° + - (3.23)

where Ag is related to the genus-0 six-point function of the vertex operators for the
thermal scalar on the world-sheet. Now restoring Ay and combining Eq. (2.67) and

Eq. (3.23) we would conclude that the effective potential can be written as
V = mi¢d”™ + Ma(¢9")” + Ae(99*)° + - -- (3.24)

The same procedure can then be repeated to the next order by first setting Ay and Ag
to zero and then extracting the most divergent terms in the remaining diagrams. One

can continue this to arbitrary orders in (¢¢*)" and we find the effective potential”

V=mi¢e + > IuglH(gg") + - (3.25)
k=2
The Aox term is obtained by setting all vertices with m < 2k to zero and performing
the scaling 8 — By ~ gz(l—%), ie. a=2(1-¢) in Eq. (3.20).
Finally let us consider how to define various Xe, As, - -+ from string amplitudes.
Recall that A4 can be obtained from Eq. (3.11) and Eq. (3.14). Naively one might
want to define Ao for & = 3,4,--- by the tree-level amplitudes of ¥ winding 1 and

k winding —1 modes. However, from factorization argument, these amplitudes are

"Note that the procedure is not well adapted to re-sum divergences due to vertices with genus
n > 1. From Eq. (3.21), to have K = 0 for n = 1, we need a = 2, in which case all genus 1 vertices
with arbitrary number of insertions contribute equally. To have K = 0 for n > 1, we need a > 2,
then from Eq. (3.21), diagrams with large k become more dominant regardless of the value of n.
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divergent at mﬁ = 0. The divergences come from diagrams containing lower order
vertices \gxr with &' < k and ¢ in the internal propagators, which can be found from
standard Feynman diagrams for the action m3¢¢* + Soh Aarg2 (gt )E. Agy s
thus given by the sphere amplitude of £ winding 1 and & winding —1 modes with the

divergent parts subtracted.

3.3 Comparison with the gauge theory expansion

and comments

As we mentioned above our discussion should also apply to type IIB string theory in
AdSs x Ss or other string theories in asymptotic AdS spacetime. In an AdS space-
time with curvature radius R much bigger than the string and Planck lengths, there
is a first order Hawking-Page transition at temperature Typ ~ 111 much below the
Hagedorn temperature Ty ~ \/—-la—, at which the thermal string gas in AdS becomes
perturbatively unstable [37]. The discussion of the last section describes what hap-
pens if one stays in the superheated thermal AdS phase above the Hawking-Page
temperature all the way to the Hagedorn temperature. From the critical behavior at

the Hagedorn temperature one can then map out the potential for the thermal scalar.

Hawking and Page’s semi-classical discussion applies to IIB string theory in AdS
with a cosmological constant small compared to the string scale and to the Planck
scale, which corresponds to ' = 4 super-Yang-Mills theory on S? at strong 't Hooft
coupling [51]. At zero and weak ’t Hooft coupling, which is dual to a small AdS,
thermodynamics of N' = 4 SYM theory on S® has been discussed in [72, 4]. In the
free theory limit the Hagedorn and Hawking-Page temperatures coincide. At weak
coupling it is not yet clear whether the transition is of first or second order [4].

To summarize, in this chapter we extracted the Hagedorn divergences to all string
loop orders and showed that they can be re-summed. The re-summed amplitudes have
the form of an integral over the potential Eq. (3.1) for the thermal scalar and smooth

the divergences. We presented arguments both from a world-sheet approach and from
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Yang-Mills theories using AdS/CFT. In the double scaling limits Eq. (3.20), world-
sheets with arbitrary number of thermal scalar insertions become equally important,
which is consistent with the expectation that the thermal scalar will condense and
the spacetime background will shift.

The fact that one can obtain the thermal scalar potential to arbitrary higher
orders by analyzing the local divergences in the thermal string phase is interesting.
The potential would enable one to find other possible phases of the theory. The results
also give an unambiguous prescription for computing the potential for the thermal
scalar near the Hagedorn temperature from string amplitudes. The relation we found
between vortex diagrams in Yang-Mills theory at finite temperature and degenerate
limits of world-sheet Riemann surfaces is rather intriguing and worth investigating

further.
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Chapter 4

Viscosity bound and causality

violation

4.1 Outline

The AdS/CFT correspondence [51, 34, 79, 80| has yielded many important insights
into the dynamics of strongly coupled gauge theories. Among numerous results ob-
tained so far, one of the most striking is the universality of the ratio of the shear

viscosity 7 to the entropy density s [61, 46, 17, 45]
n 1
A 4.1
? (41)

for all gauge theories with an Einstein gravity dual in the limit N — oo and A — oo.
Here, N is the number of colors and A is the ’t Hooft coupling. It was further
conjectured in [45] that Eq. (4.1) is a universal lower bound (the KSS bound) for all
materials. So far, all known substances including water and liquid helium satisfy the
bound. The systems coming closest to the bound include the quark-gluon plasma
created at RHIC! (77, 65, 71, 64, 27] and certain cold atomic gases in the unitarity
limit (see e.g. [68]).

5/s for pure gluon QCD slightly above the deconfinement temperature has also been calculated
on the lattice recently [63] and is about 30% larger than Eq. (4.1). See also [66].
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Now, as stated above, the ratio Eq. (4.1) was obtained for a class of gauge
theories whose holographic duals are dictated by classical Einstein gravity (coupled
to matter). More generally, string theory (or any quantum theory of gravity) contains
higher derivative corrections from stringy or quantum effects, inclusion of which will
modify the ratio. In terms of gauge theories, such modifications correspond to 1/ or
1/N corrections. As a concrete example, let us take N = 4 super-Yang-Mills theory,
whose dual corresponds to type IIB string theory on AdSs x S°. The leading order
correction in 1/ arises from stringy corrections to the low-energy effective action of
type IIB supergravity, schematically of the form o/*R%. The correction to /s due
to such a term was calculated in [18, 9]. It was found that the correction is positive,

consistent with the conjectured bound.

In this chapter, instead o_f limiting ourselves to specific known string theory cor-
rections, we explore the modification of 7/s due to generic higher derivative terms
in the holographic gravity dual. The reason is partly pragmatic: other than in a
few maximally supersymmetric circumstances, very little is known about forms of
higher derivative corrections generated in string theory. Given the vastness of the
string landscape [26], one expects that generic corrections do occur. Restricting to

the gravity sector in AdSs, the leading order higher derivative corrections can be

written as?
[=— / &z /=g (R - 2A + L? (a1 R* + a2 Ry R* + asR** Ryypo)) - (4.2)
167 GN
where A = —feg and for now we assume that o; ~ %; & 1. Other terms with

additional derivatives or factors of R are naturally suppressed by higher powers of
%é. String loop (quantum) corrections can also generate such terms, but they are
suppressed by powers of g, and we will consistently neglect them by taking g, — 0
limit.? To lowest order in o; the correction to 7/s will be a linear combination of a;’s,

and the viscosity bound is then violated for one side of the half plane. Specifically,

2Qur conventions are those of [20].
3Note that to calculate g, corrections, all the light fields must be taken into account. In addition,
the calculation of /s could be more subtle once we begin to include quantum effects.
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we will find
n_ _}_ - 2
P (1 - 8as) + O(e3) (4.3)

and hence the bound is violated for a3 > 0. Note that the above expression is
independent of a; and ay. This can be inferred from a field redefinition argument
(see section 4.2.3).

How do we interpret these violations? Possible scenarios are:

1. The bound can be violated. For example, this scenario would be realized if one
explicitly finds a well-defined string theory on AdSs which generates a stringy

correction with az > 0.

2. The bound is correct (for example, if one can prove it using a field theoretical
method), and a bulk gravity theory with a3 > 0 cannot have a well-defined
boundary CFT dual.

(a) The bulk theory is manifestly inconsistent as an effective theory. For ex-

ample, it could violate bulk causality or unitarity.

(b) It is impossible to generate such a low-energy effective classical action from
a consistent quantum theory of gravity. In modern language we say that

the theory lies in the swampland of string theory.

Any of these alternatives, if realized, is interesting. Needless to say, possibility 1
would be interesting. While there is clear evidence that for QCD 7/s is bounded from
above, recent analyses of n/s from RHIC data [65, 71, 64, 27] are important steps
toward being able to bound it from below. This further motivates to investigate the
universality of the KSS bound in holographic models.

Possibility 2(a) should help clarify the physical origin of the bound by correlat-
ing bulk pathologies and the violation of the bound. Possibility 2(b) could provide
powerful tools for constraining possible higher derivative corrections in the string
landscape. Note that while there are some nice no-go theorems which rule out classes

of non-gravitational effective field theories [1] (also see [2]), the generalization of the
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arguments of [1] to gravitational theories is subtle and difficult. Thus, constraints
from AdS/CFT based on the consistency of the boundary theory would be valuable.
In investigating the scenarios above, Gauss-Bonnet gravity will provide a useful

model. Gauss-Bonnet gravity, defined by the classical action of the form [82]

=2 / &’z /=g |[R—2A+ iGEﬁ(R? — 4R, R™ + R R*™)|, (4.4)
167Gn 2

has many nice properties that are absent for theories with more general ratios of the
o;’s. For example, expanding around flat Minkowski space, the metric fluctuations
have exactly the same quadratic kinetic terms as those in Einstein gravity. All higher
derivative terms cancel [82]. Similarly, expanding around the AdS black brane geom-
etry, which will be the main focus of the paper, there are also only second derivatives
on the metric fluctuations. Thus small metric fluctuations can be quantized for finite
values of the parameter Agp.* Furthermore, crucial for our investigation is its remark-
able feature of solvability: sets of exact solutions to the classical equation of motion
have been obtained [11, 19] and the exact form of the Gibbons-Hawking surface term
is known [55].

Given these nice features of Gauss-Bonnet gravity, we will venture outside the
regime of the perturbatively-corrected Einstein gravity and study the theory with
finite values of Agp. To physically motivate this, one could envision that somewhere
in the string landscape Agp is large but all the other higher derivative corrections are
small. One of the main results of the paper is a value of n/s for the CFT dual of
Gauss-Bonnet gravity, non-perturbative in Agp:°

g - %[1 — d)ga). (4.5)
We emphasize that this is not just a linearly-corrected value. In particular, the

viscosity bound is badly violated as A\gg — ;. As we will discuss shortly, Agp is

4@Generic theories in Eq. (4.2) contain four derivatives and a consistent quantization is not possible
other than treating higher derivative terms as perturbations.

5We have also computed the value of 17/s for Gauss-Bonnet gravity for any spacetime dimension
D and the expression is given in Eq. (4.45).
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bounded above by % for the theory to have a boundary CFT, and n/s never decreases

161

beyond 5z ;- without violating causality.

Given the result Eq. (4.5) for Gauss-Bonnet, if the possibility 2(a) were correct,
we would expect that pathologies would become easier to discern in the limit where

n/s is small. We will investigate this line of thought in section 4.6.

The plan of the chapter is as follows. In section 4.2, we review various properties
of two-point correlation functions and outline the real-time AdS/CFT calculation
of the shear viscosity. In section 4.3 we review the black brane geometry and the
thermodynamic properties of this background. We then explicitly calculate the shear
viscosity for Gauss-Bonnet theory in section 4.4 and section 4.5. In section 4.6,
we seek possible pathologies associated with theories violating the viscosity bound.
Various appendices are also part of this chapter. In appendix B we consider the black
brane solution of Eq. (4.2) and we calculate its thermodynamic properties without
doing the field redefinition. We also present an alternative calculation of the entropy
density using a compact formula obtained by Wald [78]. In appendix D we present a
calculation of the shear viscosity without doing the field redefinition, using the three

methods outlined in section 4.2.

Parts of this chapter have been published in [15] and [16].

4.2 Shear viscosity in R? theories: preliminaries

4.2.1 Two-Point correlation functions and viscosity

Let us begin by collecting various properties of two-point correlation functions, fol-
lowing [62, 63, 47] (see also [70]). Consider retarded two-point correlation functions
of the stress energy tensor T),, of a CFT in 3 + 1-dimensional Minkowski space at a

finite temperature T

G, @) = —i / QAT TEG(8) ([T (£, 7), Tos (0, 0))). (4.6)
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They describe linear responses of the system to small disturbances. It turns out that
various components of Eq. (4.6) can be expressed in terms of three independent
scalar functions. For example, if we take spatial momentum to be ¢§'= (0,0, g), then
Giz12 = %Gs(wﬂ), Gia13 = %;;_z—qul(W, 7), Gaa= g-((ﬁ—ué‘l(l—z)ng(W,Q),

(4.7)
and so on. At ¢ = 0 all three function Gy,3(w,0) are equal to one another as a

consequence of rotational symmetry.

When w, |¢] < T one expects the CFT plasma to be described by hydrodynamics.
The scalar functions G;2,3 encode the hydrodynamic behavior of shear, sound, and

transverse modes, respectively. More explicitly, they have the following properties:

e G, has a simple diffusion pole at w = —iDgq?, where

1
p=—1_=-21 (4.8)

with € and s being the energy and entropy density, and P the pressure of the
gauge theory plasma.

e G, has a simple pole at w = *c,q — il',q%, where c, is the speed of sound and
I', is the sound damping constant, given by (for conformal theories)
2 1
Ty = =2

= 3—T;' Cg = % (49)

e 7 can also be obtained from Gj23 at zero spatial momentum by the Kubo
formula, e.g.,

n= 111’1’%) %ImGlg,lz(w, 0) (410)

Equations (4.8)—(4.10) provide three independent ways of extracting n/s. In the
next subsection, we outline how to obtain retarded two-point functions within the

framework of the real-time AdS/CFT correspondence.
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4.2.2 AdS/CFT calculation of shear viscosity: outline

The stress tensor correlators for a boundary CFT described by Eq. (4.2) or Eq. (4.4),
can be computed from gravity as follows. One first finds a black brane solution
(i.e. a black hole whose horizon is R?) to the equations of motion of Eq. (4.2) or
Eq. (4.4). Such a solution describes the boundary theory on R*! at a temperature
T, which can be identified with the Hawking temperature of the black brane. The
entropy and energy density of the boundary theory are given by the corresponding
quantities of the black brane. The fluctuations of the boundary theory stress tensor
are described in the gravity language by small metric fluctuations h,, around the
black brane solution. In particular, after taking into account various symmetries
and gauge degrees of freedom, the metric fluctuations can be combined into three
independent scalar fields @,,a = 1,2, 3, which are dual to the three functions G, of
the boundary theory.

To find G,, one could first work out the bulk two-point retarded function for ¢,
and then take both points to the boundary of the black brane geometry. In practice
it is often more convenient to use the prescription proposed in [69], which can be
derived from the real-time AdS/CFT correspondence [38]. Let us briefly review it

here:

1. Solve the linearized equation of motion for ¢,(r; k) with the following boundary

conditions:

(a) Impose the infalling boundary condition at the horizon. In other words,
modes with time-like momenta should be falling into the horizon and modes

with spacelike momenta should be regular.

(b) Take r to be the radial direction of the black brane geometry with the

boundary at r = co. Require

¢a(r; k)lr:% = ']a(k)) k= (w')Q) (411)

where € — 0 imposes an infrared cutoff near the infinity of the spacetime
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and J,(k) is an infinitesimal boundary source for the bulk field ¢,(r; k).

2. Plug in the above solution into the action, expanded to quadratic order in
@q(r; k). It will reduce to pure surface contribution. The prescription instructs
us to pick up only the contribution from the boundary at r = % The resulting
action can be written as

1 [ d%

= —--2- W Ja(—k)]:a(ka T)Ja(k)

(4.12)

r==
€

Finally the retarded function G,(k) in momentum space for the boundary field
dual to ¢, is given by

Galk) = limy (k) (413

r==

€

Using the Kubo formula Eq. (4.10), we can get the shear viscosity by studying a
mode ¢3 with ¢ = 0 in the low-frequency limit w — 0. We will do so in the next
section.

Alternatively, we can solve the linearized equations of motion in the shear and
sound channels; using Eq. (4.8) or Eq. (4.9), we can then read off the viscosity and
the sound velocity from the pole structure of the retarded two-point functions. In
section 4.5 we will apply this procedure to calculate 7/s.

The above prescriptions for computing retarded functions in AdS/CFT work well
if the bulk scalar field has only two derivatives as in Gauss-Bonnet case Eq. (4:.4).
If the bulk action contains more than two derivatives, complications could arise even
if one treats the higher derivative parts as perturbations. For example, one needs to
add Gibbons-Hawking surface terms to ensure a well-defined variational problem. A
systematic prescription for doing so is, however, not available at the moment beyond
the linear order. Thus there are potential ambiguities in implementing Eq. (4.13).°
Clearly these are important questions which should be explored more systematically.
At the R? level, as we describe below in section 4.2.3, all of our calculations can be

reduced to the Gauss-Bonnet case in which these potential complications do not arise.

51n [18], such additional terms do not appear to affect the calculation at the order under discussion
there.
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4.2.3 Field redefinitions in R? theories

We now show that to linear order in o;, 5/s for Eq. (4.2) is independent of a; and
ap. It is well known that to linear order in «;, one can make a field redefinition to
remove the R? and R, R*” term in Eq. (4.2). More explicitly, in Eq. (4.2) set a3 = 0
and take
- L2 -
9w = Ju» + 2 L?R, — ?(az +201)3w R, (4.14)

where R denotes the Ricci scalar for Gu and so on. Then Eq. (4.2) becomes

__1 — h 2 _lﬂ/ — (7 — i 2
I—lﬁwGN/\/ B+ R -20)+0(?) = 1o [ VEg(R=20) +0(@?)
(4.15)
with
2AL? A
K= 3 (5&1 +a2), A= ].—I—_’C . (416)

It follows from Eq. (4.14) that a background solution g{® to Eq. (4.2) (with as = 0)
is related to a solution §® to Eq. (4.15) by

ds? = A%dsy,  A=1- (4.17)

w| &

The scaling in Eq. (4.17) does not change the background Hawking temperature.
The diffusion pole Eq. (4.8)) calculated using Eq. (4.15) around §©® then gives
the standard result D = = [62]. Thus we conclude that n/s = L for Eq. (4.2)
with a3 = 0. Then to linear order in «;, 7/s can only depend on as. To find this
dependence, it is convenient to work with the Gauss-Bonnet theory Eq. (4.4). Gauss-
Bonnet gravity is not only much simpler than Eq. (4.2) with generic a3 # 0, but also

contains only second derivative terms in the equations of motion for h,,, making the

extraction of boundary correlators unambiguous.
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4.3 Black brane geometry and thermodynamics

Exact solutions and thermodynamic properties of black objects in Gauss-Bonnet grav-
ity Eq. (4.4) were discussed in [19]. Here we summarize some features relevant for

our discussion below. The black brane solution can be written as

3
ds* = —f(r)N2df* + %r)drz + Z—z (; dw?) , (4.18)

2 4
fr) = —2—22/\1@ [1 - \/1 —4XgB (1 - %)] . (4.19)

In Eq. (4.18), Ny is an arbitrary constant which specifies the speed of light of the

where

boundary theory. Note that as 7 — oo,

2

fr) = #, with o= % (1 ++/1= 4/\03) . (4.20)

It is straightforward to see that the AdS curvature scale of these geometries is aL.” If
we choose Ny = a, then the boundary speed of light is unity. However, we will leave it
unspecified in the following. We assume that A\gp < %. Beyond this point, Eq. (4.4)
does not admit a vacuum AdS solution, and cannot have a boundary CFT dual. In
passing, we note that while tlhe curvature singularity occurs at r = 0 for Agg > 0, it
shifts to r = r, (1 - ZXL—B')_I for Agg < 0.

The horizon is located at r = r, and the Hawking temperature, entropy density,

and energy density of the black brane are &

1.1 d 1r
.2_71' \/g'rr EML':'? = Nn;L—-; (421)

To get the free energy F[T] of the macroscopic configuration Eq. (4.18), we note

T(ry) =

"Here we note that the Gauss-Bonnet theory also admits another background with the curvature
scale @ L where a2 = % (1 — +/T—4Xgg)- Even though this remains an asymptotically AdS solution
for Agp > 0, we do not consider it here because this background is unstable and contains ghosts
[11].

8Note that for planar black branes in Gauss-Bonnet theory, the area law for entropy still holds
[41]. This is not the case for more general higher-derivative-corrected black objects.
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the following correspondence in the classical limit:

e TFIT = Z|T) = ¢~ 1171, (4.22)
Here, I[T] is the Euclidean action of the configuration with temperature T. Eval-
uating the Euclideanized bulk action for Gauss-Bonnet gravity Eq. (4.4) with the
background metric Eq. (4.18), we find

1
167FGN

X / Cdr / " dtx / &*z;\/gE[R — 2A + cgp(R® — 4R, R™ + Ryype R¥P7)) =
T+ 0

__ Vs My i rfmz(m —5+5/1— 4\ )—4)\ . Hes
T167Gy T AgpL® | vt B o8 Ry yyy

Touk[T(ry)] = —

X

We regulate this result by subtracting the Euclidean action of the Agp-modified pure
AdS space (obtained by setting r. = 0 in Eq. (4.18))

4
re Tmaz
Lpux [T'(T(rs))] = ;

1 Nu Ti 1 %
- 167TGN 3T’ L5 )\GB

(12705 -5+ 5\/_1T)\GB)}

(4.23)

Ty

with 7"(T) chosen so that the geometries at 7 = 7., agree [80]. Quantitatively,

max

1 72 1 |r2 1 ré
— [ tmaz_ (1 _ /T4 ):- Tmag o f1-4 + .
T! \/ZAGBLz ( AGB T\] 12 2/\GB (1 \/ Ags + 4B ré )

Then the free energy is,

P = Tl - ) = gt (T) g a2

The entropy density is then given by

s[T] = -% (—%F[T]) = ?4GI—N( LT)3N%3 _ 4_6% (%)3 (4.25)

If we fix the boundary theory temperature T and the speed of light to be unity
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(taking Ny = a), the entropy is a monotonically increasing function of Agp, reaching

a maximum at A\gp = % and going to zero as Agg — —00.

In appendix B,we will calculate the entropy density using Wald’s entropy formula
(for a recent work on the relation between these two approaches for calculating the

entropy in AdS spaces, see [28]).

4.4 Shear viscosity for Gauss-Bonnet gravity in
the scalar channel

In this section we compute the shear viscosity for Gauss-Bonnet gravity Eq. (4.4) non-

perturbatively in Agp. Here, we follow the outline presented in the previous section,

with the Kubo formula Eq. (4.10) in mind. In section 4.5, we extract /s from the

shear channel Eq. (4.8)) and the sound channel Eq. (4.9) (perturbatively in Agg).

There we also find that the sound velocity remains at the conformal value ¢ = § as it

should. In the paper [15], a fourth method to calculate the shear-viscosity using the

membrane paradigm [46] was also presented. All four methods give the same result.

4.4.1 Action and equation of motion for the scalar channel

To compute the shear viscosity, we now study small metric fluctuations ¢ = hl,

around the black brane background of the form

2 3
ds? = —f(r)NZdt> + %)-d'rZ + % (Z da? +2¢(t, Z, r)dxldx2) . (4.26)
=1

We will take ¢ to be independent of z; and x5 and write

o(t,,7) = / f—;’;g‘;%qs(r;k)e%‘m, k= (,0,0,q), #(r—k)=¢"(rik) . (4.27)
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For notational convenience, let us introduce

L2 L? N 2 4\
Z=L, w=—w, tf:r—q, f=’73f= z (1-\[ d)gB + GB
+

2XgB
(4.28)

Then, at quadratic order, the action for ¢ can be written as

dkydk; .
S:/ (2 )2 S(k‘l,kz) with

St = 0,ks = 0)= —3 [ dsT2h (K(O.07 = Kad?+ 0,(Kad") (420
where
1 Nﬁr+ Y 5. f _ @? -2 527
167rG'N( )’ K'=21(z=2c50:5), Kz—KNgfz_qz(l—)‘GB ’f)’

(4.30)
and ¢? should be understood as a shorthand notation for ¢(z; k)¢(z, —k). Here, S
is the sum of the bulk action Eq. (4.4) and the associated Gibbons-Hawking surface
term [55]. The explicit expression for K3 will not be important for our subsequent

discussion.

The equation of motion following from Eq. (4.29) is®
K¢'"+K'¢ + Kop =0, (4.31)

where primes indicate partial derivatives with respect to z. Using the equation of
motion, the action Eq. (4.29) reduces to the surface contributions as advertised in

section 4.2.2,

S(ky =0,k = 0) = c / d;‘ig (K¢'¢ + K362) |outace - (4.32)

The prescription described in section 4.2.2 instructs us to pick up the contribution

from the boundary at z — oco. Here, the term proportional to K3 will give rise to a

9An easy way to get the quadratic action Eq. (4.29) is to first obtain the linearized equation of
motion and then read off K and K, from it.
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real divergent contact term, which are discarded.

4.4.2 Low-frequency expansion and the viscosity
General solutions to the equation of motion Eq. (4.31) can be written as
¢(2 k) = ain(K)Bin(2; k) + out(K)Pout(2; K) (4.33)

where ¢;, and ¢, satisfy infalling and outgoing boundary conditions at the horizon,
respectively. They are complex conjugates of each other, and we normalize them by
requiring them to approach 1 as z — oo. Then, the prescription of section 4.2.2

corresponds to setting
ain(k) = J(k) , Gout(k) =0, (4.34)

where J(k) is an infinitesimal boundary source for the bulk field ¢.

More explicitly, as z — 1, various functions in Eq. (4.31) have the following

behavior
K2 ~ (:)2 _1 2 K/ _ 1
K~ 16N112(Z —1)2 +0((z-1)7") +0(@), K 2-1 +0(1) . (4.35)

It follows that near the horizon z = 1, equation Eq. (4.31) can be solved by (for
$(2) ~ (2= 1) ~ (2 — 1)FEF (4.36)
with the infalling boundary condition corresponding to the negative sign. To solve

Eq. (4.31) in the small frequency limit, it is convenient to write

buteih) = FH (15200 1 0@ ), (4.7
#

where we require g;(z) to be non-singular at the horizon z = 1. We show in Ap-
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pendix C that g; is a non-singular function with the large z expansion
2
91(2) = —=———==—5 + 0(z7%) . (4.38)
—&AgB %2
Therefore, with our boundary conditions Eq. (4.34), we find

o(z;k) = J(k) |1+ ;%a%/l — 4B (—z-lz + 0(z'8)> + O(&?, *2)] : (4.39)

Plugging Eq. (4.39) into Eq. (4.32) and using the expressions for C' and K in
Eq. (4.30), the prescription described in section 4.2.2 gives

1 s
ImGlz,lz(w, 0) .S u)m (ﬁ) (1 - 4AGB) + O(wz). (440)
Then, the Kubo formula Eq. (4.10) yields
1 s
n= m (Eg) (1 - 4)\03) (4.41)

Finally, taking the ratio of Eq. (4.41) and Eq. (4.25) we find that
1oL wen) (4.42)
s A4r cB '

This is non-perturbative in Agp. Especially, the linear correction is the only non-
vanishing term.1°

We now conclude this section with various remarks:

1. Based on the field redefinition argument presented in section 4.2.3, one finds

from Eq. (4.42) that for Eq. (4.2),

1 ﬁ (1 - 8ag) + O(?) (4.43)

We have also performed an independent calculation of /s (without using field

redefinitions) for Eq. (4.2) using all three methods outlined in section 4.2.1 and

10Tt would be interesting to find an explanation for vanishing of higher order corrections.
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confirmed Eq. (4.43). This calculation is summarized in appendix D.

2. The ratio n/s dips below the viscosity bound for Agg > 0 in Gauss-Bonnet
gravity and for a3 > 0 in Eq. (4.2). In particular, the shear viscosity approaches

Z€ro as A\gp — i for Gauss-Bonnet.

3. Fixing the temperature 7" and the boundary speed of light to be unity, as we

take Agg — —00, ) ~ (—/\GB)i — 00. In contrast the entropy density decreases

as s~ (—Agg)"1 — 0.

4. The shear viscosity of the boundary conformal field theory is associated with
absorption of transverse modes by the black brane in the bulk. This is a nat-
ural picture since the shear viscosity measures the dissipation rate of those
fluctuations: the quicker the black brane absorbs them, the higher the dissipa-
tion rate will be. For example, as Agg — —00, n/s approaches infinity; this
describes a situation where every bit of the black brane horizon devours the
transverse ﬂuctuettions very quickly. In this limit the curvature singularity at
z= (1 — 13\'155) o approaches the horizon and the tidal force near the horizon

becomes strong. On the other hand, as A\gp — %7 n/s — 0 and the black brane

very slowly absorbs transverse modes.

5. The calculation leading to Eq. (4.42) can be generalized to general D spacetime

dimensions and one finds for D > 4 4 11!

T R

1 D-1
1 ( ))\GB] . (4.45)
s
Here again \gp is bounded above by ;. Thus for D > 441, 7 never approaches
zero within Gauss-Bonnet theory. For D = 3+ 1 or 2 4+ 1, in which case the

Gauss-Bonnet term is topological, there is no correction to 7/s.

For general dimensions we use the convention

L / dPz /=g [R—2A + agpL*(R? — 4Ry R* + Ryupe R™P7)) (4.44)
167TGN

S -
with A = —L=DD=2) apq \gp = (D — 3)(D — 4)acs.
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4.5 n/s for Gauss-Bonnet gravity in the shear and

sound channels

In this section we present the calculation of the shear viscosity in the shear and
sound channels, for Gauss-Bonnet gravity. This calculation is perturbative in Agp,

and follows the techniques developed in [47].

As we outlined is section 4.2.2 we can combine the metric fluctuations into three
independent scalar fields. In particular, if we consider a perturbation of the back-
ground metric of the form Ay, = hy, (r)e™™4%, with p,v = t,7, 21,29, 23, We can
label various kinds of perturbations according to their transformations under the
symmetry group of rotations in the 1 — 2 plane. There are three types of decoupled
excitations corresponding to spin 2 (scalar channel), spin 1 (shear channel) and spin 0
(sound channel). We presented in the section 4.4 the calculation in the scalar channel.

Here we consider the other two channels.

4.5.1 Shear channel

The shear channel excitations involve Ao, hpq and hz, with a = 1,2. Choosing the
radial gauge h,, = 0, the shear channel equations can be reduced to a single equation
for Z(r) = qg'thy +wg'thay. At first order in Agp, Z(r) satisfies the equation (below

we use the notation introduced in Eq. (4.28))

' 4_ ~
0= Z"(z) + Ziz) (5?‘ L 4 )+

A1 P+ 1) +245

=2 4 4 &2
G (—= +1)+zN—ug

VA
+Z(z2) EEE
~4(. 4 _ 1)2 2.4 0% _ o, 80t
+)‘_G§ 20 _8(2q (2* — 1) +4¢%z W_ 3z W)
2 PP 1) - )

72(z4 + 3) — 2z4-1‘\‘%25
+2(2) (2q L )} . (4.46)
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Following a similar analysis to that at the beginning of section 4.4.2, we find that the
solution to Eq. (4.46) which satisfies an infalling boundary condition at the horizon

2 =1 can be written as

2(2) = (1 - 21_4> m o(2) (4.47)

where g is regular at z = 1. The exponent is fixed by an expansion in the near horizon
limit. In order to find the hydrodynamical poles, it is enough to find g(z) for small
values of & and g, which we will assume are of the same order. For this purpose, we
introduce a scaled quantity W = % and expand g(z) as a power series of §. The

solution can be readily found to be
0@ =1+-L (1= 1) 142 (3072 -1 - 1) |+ 0@ 2,) . (248)
AW 24 24 17'GB
We thus find near infinity Z(z) can be expanded in 1/z as
Z() = A+ B4+ 0(z7%), z— o0 (4.49)
where

iq . q ~
A=1+ W + 32'@)\03 (W2 - 1) + O(q2)

iN? 2 3\
12 g g, 2AGBYW
L+ = (1-3\ep) =+

4nT
iq g g (1 w2
B=—-L ;¥4 ;Ao (— - 3—-—) +0(@)

T (4.50)

4w 4 W \2 4

i 1-3Xg [ N,
= - G5 - cet 4.51
47T W (w 1-—- )\GBq + ( )

Carrying out the procedure Eq. (4.11)-Eq. (4.13) one finds that

Gr(k) x % : (4.52)

In particular one can show that the poles of Gg(k) solely arise from zeros of A.
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The Dirichlet boundary condition corresponding to A = 0 determines the hydro-
dynamical pole as'?,

N2
w=—-iDg?+0(¢®), D= ﬁ (1 - 3Xea) (4.53)

Note that in the relation Eq. (4.8)) between the diffusion constant D and 7/s, the
boundary speed of light ¢ has been set to unity (otherv;rise the right hand side should
be multiplied by ¢?). Choosing N} = a® ~ 1 — Agp (see (Eq. (4.20)) so that the
boundary speed of light is unity, we find that

|3

= o= (1- $a5) + O0¥%s) . (4.54)

4.5.2 Sound channel

The sound channel excitations involve hy, hys, has, b1 + ho2, Aer, Agr, Ara.  Choosing
the radial gauge h,, = 0, the sound channel equations can be reduced to a single
equation for the variable [47]

' argtt) q* hy

4
Zs(r) = Eq933ht3 +29%has — (9%ha2 + g' 1) (1 T2 0gn) " 25— (459)

At first order in Agp, the equation for Z,(z) can be written as

(4.56)

@ 401 .4 ~200 _ 1R4 8
0 = Z!(2) + Z.(2) (3WZ (1 =52 +4°(9 16z+15z))

2(—-1+ z4)(—37V‘°—:;z4 + (14 32%))
—332%0 + 20 572%(32* — 2) — P2 — 1)(@22(—1 + 32*) — 16)
(=14 22 (=3 5724 + P(-1+32Y))
4(27—;2 + 6¢%% 24 (2* — 11) + g4(—11 + 662* — 272%))
+
25(— 37\]-;2'24 (-1 + 324))?

+ Z4(2)

+ AgB I:Z;(z) (

Z (Z) @
T AL+ ) (35 1 P11 3 (3" N

+@ @7+ 2) (= - s ) +32(4 — 2324 + 152%))—

10 198
(17 +152%) — 187v—6z14+
4

12We now need to assume w ~ O(g?).
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62@2

Ny?

— 452 (~180 + 1322* + §%2*(— 10+9z4(3+24))))}

Again the solution satisfying the in-falling boundary condition at the horizon z = 1

can be written as

1\ 7'
Z(z) = (1 - ?) s(z) (4.57)
Defining as above the quantity W = % and expanding s(z) in ¢, we find that

3W2t — (1424 —3+2z% 4 28
s(z) = — AGBgravir oy
(BW?2 —2)24 28(3W2 - 2)

+ i % + AesW (1 _ ;11) C“i:f( 3;V2)i o D] 4o (458)

The leading asymptotic behavior close to the boundary at infinity is

Zy(z) = As + Bz + 0(z7%),

with
Ay < (1 + Agp) — w(1-B0g) -2 _an e (4.59)
o< {1+ dan) - 2" 1°") NI T T N? ‘
Again, the hydrodynamical pole is found by setting A4, = 0, leading to
Weound = icsq —ilq? (4.60)
Ace
N 1 4.61
_2 N
- 4.62

By choosing the boundary speed of light to be unity, i.e. Ny =a ~ (1 - ’\42‘&1), we

thus find that ¢, = 2= and from Eq. (4.9)

- 11;(1 — dhg) + O(\2p) . (4.63)

w |3
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in agreement with the results obtained from the scalar and shear channel.

4.6 Causality in bulk and on boundary

4.6.1 Graviton cone tipping

As a consequence of higher derivative terms in the gravity action, graviton wave pack-
ets in general do not propagate on the light-cone of a given background geometry. For
example, when Agp # 0, the equation Eq. (4.31) for the propagation of a transverse
graviton differs from that of a minimally coupled massless scalar field propagating in
the same background geometry Eq. (4.18).

The equation of motion Eq. (4.31) can be written as
GV =0 (4.64)

where V, is a covariant derivative with respect to the effective geometry geit = Qgclt
given by

g;,f,f datds” = f(r)N{ (—dt2 + %dx%) + %dr2 . (4.65)

9

Here, Q% = -"fﬁz(l — Xeaf") and

N2 f(2)1 = dgaf'(z 1-Af"(z
c(z) = uz2 - ,\G;J;g ) = cg(z)—l—:Tfﬂ%—) (4.66)

can be interpreted as the local “speed of graviton” on a constant r-hypersurface.
A(z) = E?sz;@ introduced in the second equality in Eq. (4.66) is the local speed
of light as defined by the background metric Eq. (4.18). Thus the graviton cone
in general does not coincide with the standard null cone or light cone defined by

background metric.!3

3Note that )
¢ _1-)dgpf" 1-4igp+122%

L = , 4.67
c? 1 2¢af’ 1-4Xgp +4292 (4.67)

and in particular the ratio is greater than 1 for Agg > 0. Note that bulk causality and the existence
of a well posed Cauchy problem do not crucially depend on reference metric light-cones and such
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Figure 4-1: ¢2(z) (vertical axis) as a function of 2 (horlzontal axis) for A\gp = 0.08 (left
panel) and )\GB = 0.1 (right panel) For Agp < 100, c2 is a monotonically increasing
function of z. When Agp > 100, as one decreases z from infinity, c2 increases from 1
to a maximum value at some z > 1 and then decreases to 0 as z =1 (horizon).

In the non-gravitational boundary theory there is an invariant notion of light-cone
and causality. At a heuristic level, a graviton wave packet moving at speed ¢,(2) in
the bulk should translate into disturbances of the stress tensor propagating with the
same velocity in the boundary theory. It is thus instructive to compare ¢, and c;
with the boundary speed of light, which we now set to unity by taking Ny = a (a was
defined in Eq. (4.20)). At the boundary (z = 0o) one finds that c(2) = cy(2) = 1.
In the bulk, the background local speed of light ¢, is always smaller than 1, which is
related to the redshift of the black hole geometry. The local speed of graviton cy(z),
however, can be greater than 1 for certain range of z if Agp is sufficiently large. To

see this, we can examine the behavior of cj near z = 00,

14+ +1—4Age — 20Aga
2(1 —4XgB) .

cﬁ(z) -1= % +0(z78), z— o0, bi(AgB) = —
(4.68)

b1(Age) becomes positive and thus c increases above 1 if Agp > 155- For such a Ags,
as we decrease z from infinity, cg will increase from 1 to a maximum at some value
of z and then decrease to zero at the horizon. See Fig. 4-1 for the plot of c2(z) as a

function z for two values of Agg. When Agp = 1—23 one finds that the next order term

tipping is not a definitive sign of causality problems. Also note that For Agp < —%, there exists a
region outside the horizon where cg < 0. This is rather peculiar since there appears to be more than
one time direction in the effective geometry. Since this is not correlated with the viscosity bound,
we shall not explore it further in this paper.
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in Eq. (4.68) is negative and thus cg does not go above 1. Also note that A\gp — %,
bi(AgB) goes to plus infinity.!* Thus heuristically, in the boundary theory there is
a potential for superluminal propagation of disturbances of the stress tensor. In the
next sections, we will show that this indeed happens.

We now briefly comment on the status of the null energy condition in Gauss-
Bonnet gravity. The easiest condition to check is the null energy condition on the
Agp-corrected black brane spacetime: R,,[*l” > 0 for all null vectors [*. Somewhat
surprisingly we find that it is satisfied when the viscosity bound is violated (Agg > 0),
and violated when the viscosity bound is satisfied (Agg < 0). However for gravita-
tional theories with higher curvature terms this apparent violation is not a compelling

signal of problems.

4.6.2 Causality violation and the KSS bound

2
100"

and is inconsistent. Thus, for (3+1)-dimensional CFT duals of (4+1)-dimensional

In this section, we will argue that when Agp > the theory violates causality

Gauss-Bonnet gravity, consistency of the theory requires

n_16/1
->—=(—). 4.
s~ 25 (47r) (4.69)
This provides a concrete example in which a lower bound on 7/s and the consistency
of the theory are correlated. The 36% difference from the KSS bound is mysterious,
and we discuss two obvious possibilities below.
From standard geometrical optics arguments [54], in the large momentum limit, a

localized wave packet of a graviton should follow a null geodesic z*(s) in the effective

graviton geometry Eq. (4.65). More explicitly, write the wave function

o, Z,r) = / (;LUT)zd)(T;w,q)e_i“’th

in Eq. (4.64) in the form ¢ = e®®n®)g (¢ r x3) where © is a rapidly varying phase

Tn fact coefficients of all higher order terms in 1 /7 expansion become divergent in this limit.
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Figure 4-2: Left: c}(2) as a function of 2 for A\gp = 0.245. ¢ has a maximum ¢, .

at Zpas. AS Agp is increased from A\gp = %0 to A\gp = %, cg,max increases from 1
to 3. c2(z) also serves as the classical potential for the 1-d system Eq. (4.72). The
horizontal line indicates the trajectory of a classical particle. Right: U(y) (defined in

Eq. (4.80)) as a function of y for A\gg = 0.245.

and ¢, denotes a slowly varying envelope function. Inserting into Eq. (4.64), we find

at leading order 1°

dz# dx”
dS —;l—;— Z{,f =0 (470)
with the identification %= = g/%:k, = ¢!7,V,©. Given translational symmetries in

the ¢ and 3 directions, we can interpret w and ¢ as conserved integrals of motion

along the geodesic,
w= (ds) Ny, = <ds ) N Z" (4.71)

Assuming ¢ # 0 and rescaling the affine parameter as § = qs/Ny, we get from

Eq. (4.70) and Eq. (4.71)

dr\’> 5 g w
5) =¥ "¢ o= 7 (4.72)

This describes a one-dimensional particle of energy a? moving in a potential given by
cg. As is clear from Fig. 4-2, geodesics starting from the boundary can bounce back

to the boundary, with a turning point 74,,,(a) given by

e = 2 Poarn) - (4.73)

'Any (non-singular) conformal factor multiplying &0/ will not matter for null geodesics since we
can reparametrize affine parameters to get rid of it.
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In contrast, for Agp < ng c4(2) is a monotonically increasing function of z and there
is no bouncing geodesic. For a null bouncing geodesic starting and ending at the

boundary, we then have

' * t 2 [ o
At(a) =2 / —dr = — / ——dr, (4.74)
) Tturn(cl) r Nﬂ Tturn(a) f as — cg
® 2 [® c
Azs(a) =2 / s P / %, (4.75)
T'turﬂ(a) r Nﬂ Tturn(a) f V a2 - Cg

where dots indicate derivatives with respect to 3.

In the boundary CFT we have local operators which create bulk disturbances at
infinity that propagate on graviton geodesics sufficiently deep inside the bulk (r 5
w) [60]. In particular, we expect causality violation in the boundary CFT if there
exists a bouncing graviton geodesic with AT’;?%Z > 118, Now, as Twurn — Tmaz (0 —
Cg,maz), & geodesic hovers near 7, for a long time, propagating with a speed ¢y mas
in z3-direction. Indeed, the integrals in Eq. (4.74) and Eq. (4.75) are dominated by
contributions near 7mqe;. In such a limit, the ratio of the integrand in Azs(c) to that

in At(a) near Tmqz i Cgmaz- Thus, AAﬂts(ag)z — Cg.maz > 1, violating causality.

We will now show explicitly that the superluminal graviton propagation described
above corresponds to superluminal propagation of metastable quasi-particles!” in the
boundary CFT with AT”? identified as the group velocity of the quasi-particles. For

this purpose, we rewrite the full wave equation Eq. (4.64) in a Schrodinger form

~Py+ V(g = ™ (4.76)

16To be precise this only indicates the presence of a pole outside the boundary CFT light-cone in
the time-ordered two-point function. To be complete, we need to show that the retarded two-point
function does not vanish outside the light-cone.

17Quasi-particles in the boundary CFT correspond to poles in the retarded Green function which
are sufficiently close to the real axis in the complex w-plane. Such poles in turn correspond to
solutions of the equation of motion Eq. (4.64) which are normalizable near the AdS boundary and
in-falling at the horizon [69].
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Figure 4-3: V(z) as a function of 2z for Agp = 0.2499 and § = 500.

with ¥ and y defined by

dy _ 1 _ _ K
%N PP B—\E , (4.77)

N2f2 g
V(y) = @c(2)+ Vi, Wi(y) = _uB_ (B" + ?B’) - (4.78)

In the above primes denote derivatives with respect to z. Note that y(z) is a mono-
tonically increasing function of z with y — 0 as z — oo (boundary) and y — —oo
as z — 1 (horizon). c2(z) is given by Eq. (4.66). V; is a monotonically increasing
function of y (for A\gp > 0) with Vi(y = —00) =0and V1 ~y2asy — 0.

Since ¢ is monotonically decreasing for r > rmq., for large enough §, V(y) devel-
ops a well and admits metastable states (see Fig. 4-3). The wave functions of such
metastable states are normalizable at the AdS boundary and have an in-falling tail

at the horizon, corresponding to quasi-particles in the boundary CFT

Now consider the limit § — oo. Since V) is independent of ¢, the dominant
contribution to the potential is given by ¢*c>(z) except for a tiny region y 2 -—%.
Thus in this limit, we can simply replace Vi(y) by Vi(y) = 0 for all y < 0 and
V1(0) = +o00. Equation (4.76) can then be written as

P~
1

—0 (4.79)

Q] =

~K + U(y)y = o™y,
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where o was introduced in Eq. (4.72) and (see Fig. 4-2)

v =Y V<0 (4.80)
+o0o y=0 .

In the £ — 0 limit, we can apply the WKB approximation. The leading WKB wave
function e*©®73) is just the rapidly varying phase of the geometric optics approxima-

tion. The real part of o? satisfies the Bohr-Sommerfeld quantization condition (with

i g\ = - (4.81)

Yturn

n some integer)

The above equation determines w as a function of g for each given n. Taking the
derivative with respect to ¢ on both sides of Eq. (4.81), we find that the group

velocity of the quasi-particles is given by

_dw_ Azs(a)

Vg i~ Atla) (4.82)

where At(a) and Azz(a) are given by Eq. (4.74) and Eq. (4.75) respectively. Thus
as argued in the paragraph below Eq. (4.75), v, approaches ¢y mqez > 1 88 ¢ = Cgmaz;
violating causality. In this limit the WKB wave function is strongly peaked near
Tmaz, Teflecting the long time the geodesic spends there. One can also estimate the
imaginary part of o® (or w), which has the form e ™®7 with h(a) given by the
standard WKB formula. Thus in the § — oo limit the quasi-particles become stable.
Presumably local boundary operators that couple primarily to the long-lived quasi-

particles can be constructed by following [60].

4.7 Summary

To summarize, we have argued that signals in the boundary theory propagate outside
the light-cone. In a boosted frame disturbances will propagate backward in time.

Since the boundary theory is non-gravitational, these are unambiguous signals of
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causality violation and hence inconsistency.

Here we observe causality violation in the high momentum limit by looking at
metastable states near the top of the potential. This is in agreement with the ex-
pectation that causality should be tied to the local, short-distance behavior of the
theory. Also, a sharp transition from causal to acausal behavior as a function of A\gs
is possible because of the limiting procedure § — oo needed in our argument. A more
rigorous derivation of these phenomena using the full spectral function obtained from
the Schrodinger operator would be desirable.

We argued that, for a (4+1)-dimensional Gauss-Bonnet gravity, causality requires

g < %. Thus, consistency of this theory requires,

16 /1
g > (E) . (4.83)
This still leaves rooms for a violation of the KSS bound. We see two possibilities.
First, it could be that Gauss-Bonnet theory with Agp < % is consistent and
appears as a classical limit of a consistent theory of quantum gravity, somewhere in
the string landscape. Maybe this is how nature works and the KSS bound can be
violated, at least by 36%.

Alternatively, it could be that there is a more subtle inconsistency in the theory

within the window of 0 < Agp < %. These issues deserve further investigation.
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Appendix A

Proof of Eq. (2.41)

In this appendix we prove equation Eq. (2.41). In the next subsection we discuss some
elementary aspects of U(N) group integrals. We then proceed to evaluate Eq. (2.10).
Equation Eq. (2.41) is proved in the end.

A.1 Group integrals over U(N)

Consider the following integral over the unitary group U(N)

I=- dUkTrU“"”"sT ey A
- 75 J wllwos TJr=) (A1)

where a;, b;, ¢;, d; are positive integers and

k E]
D= Zaibi = chdj . (A2)
i=1 j=1

Vn is the volume of U(N).

Products of traces of U can be expanded in terms of characters of irreducible

representations of U(N), which are in one to one correspondence with irreducible
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representations of the symmetric group (see for example [22]),

k
TImUey> =~ xales bi)xa(U) (A3)
i=1 A

where X labels the irreducible representations of the symmetric group Sp. xa(as, b;)
is the character of the conjugacy class! of Sp given by the set {(a;,b;)} in the rep-
resentation A. x(U) is the character of U in the irreducible representation of U(N)
labeled by A. Now by using the orthogonality property for characters we can write:

I=Zx,\(a,~,b¢)x>"(ci,di)-v%/dUX,\(U)X,\'(UT)

AN

ZZXA(aiabi)XA(Ci,di) (A.4)
)
The evaluation of Eq. (A.4) can be divided into the following two cases:

1. If D < N, then the sum over A can be evaluated giving [22]

k
I = b b itenddy I Xa(0 ) = Sicasponfcenany [ [ asb! (A.5)
~ :

=1

where the completeness of characters of the symmetric group Sp enforces the
sets {(ai,b;)} and {(c;,d;)} to define the same conjugacy class in Sp, i.e., to be
the same apart from reordering. This means that the integral is zero for D < N

unless for any factor of Tr[U°]° in the integrand there is a corresponding factor

of Tr[U—9.

2. If D > N one needs to restrict the sum over the irreducible representations A to
the representations where x,(U) # 0, that we will indicate formally as A < N.
In this case the result is more complicated and we do not have a closed form

expression. For the case in which the sets {(a;, )} and {(c;, d;)} are equal up

1Recall that two elements of Sp are conjugate if and only if they consist of the same number of
disjoint cycles of the same lengths. Denote the number of cycles of length a; by b; then a conjugacy
class in Sp is given by a set of k couples {(a;,b;)} i=1,..k such that Ele ab; = D.
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to reordering one has

I=Y xaib)? < Haﬁb ! (A.6)

AN

A.2 Partition function integrals

We now consider the evaluation of the free theory partition function Eq. (2.10). To

warm up let us consider the following integral
1 P01 = 1
— [ dUenTUDU =—/dU — (5 TYUTLUTY?
Vn / 1%5; :_L_; P!( ' )

N
=) £ +0(z)

S +0(2) . (A.7)

1—21

For 0 < z < 1 the corrections to the N = oo result are of order O(z{) and are
therefore exponentially suppressed in N. In the more general case Eq. (2.10) (with

Va(B) = 2,) one can proceed exactly as above, writing

Zp= --1_ /dUeIo(U) = i /dU exp (z&: -z—nTI'U"TrUT")
% / w [1 (3 52 (vormorey)
_ H =

(A8)

where C(N) is given by

C(N)= H(Zz”")——/dUH(

1 \pr=0

n)Pn)]
Y anpn>N

< H (Z z”")] = D(N) (A.9)
Y, npa>N
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Note the the subscript in the above equation indicates that one should only sum over

those p, which satisfy > np, > N. D(N) can be estimated as follows. Consider the

expansion
o0 1 (o0}
5 =2 a2 .0F" (A.10)
n=1 Zn n=0

where a,, are polynomials in the z; with positive coefficients. Note that

D(N) = Z an(21, 22, ....) - (A.11)
n=N+1
Define
Z = max(zl,zé,z:,%, ...,z,%, o) (A.12)

Below Ty, we have 2z, < 1. Then we have 0 < a,(21, 22, ...) < an(2s,22,23,...) = b, 27
where the b,’s are the coefficients of the series of [[7_; ;=0 = >oarobn2l’. This
series has radius of convergence equal to 1 because the function has no singularities
for |z.| < 1. It then follows that for a given € > 0 there exists an M (e) such that

for n > M(e) it is true that b, < (14 €)*. Then for ¢ < - —1 and N > M(e) the

following holds:
> (1 + €)z,)N !
)= Al
C(N)<D(N) < D ((1+6z) =-— Girom (A.13)
n=N+1
and therefore the corrections are exponentially small since (1 + €)z. < 1.
To summarize we find that
1 z 7 1

- o tn ) — — Ke Ne A4
Zo VN/dUexp<n nTrU"TrU) gl_zn Ke (A.14)

where ¢ = —log(2*) > 0 and K > 0.
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A.3 Correlation functions

Correlation functions Eq. (2.16)

(H(TrU"" H(TrU‘“J)dJ = / dU eh®) H TrU%)b H(TrU‘cf)dJ (A.15)
=1 i=1
where a;, b;, ¢;, d; are positive integers of order O(N°) can now be calculated easily
using the technique above. Correlation functions of the form (T, (TxUTrU~%)br) .
are obtained by taking derivatives on Zy Eq. (A.14) with respect to 2

(Hmmmu—an)bn H md" zbn _ (A.16)
If in Eq. (A.15) the {(a;,b)} are not matched with {(c;, d;)} up to reordering, due
to A.5, the correlation function is zero up to nonperturbative corrections which are
of order (2*). For example, (TtUTrU*TrU~2*),, is zero at any finite order in 7
expansion unless a is zero.
The above results can be summarized by the following: the integrals can be eval-
uated by treating each TrU™ as an independent integration variable. More explicitly,
replacing

1 1 —n "
NTYU" - ¢n; NTE['U - ¢—n = ¢n7 ¢0 =1 (A17)

then
(%’I‘IUS1 %’I&U” .- %,—’I‘rU’F)U

= ZLO f_oow H:; doidd; ¢s, - - bsp €xp (“'Nz Z?:l l;nzn“pnd’;) +
+nonperturbative in N . (A.18)
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Appendix B

Thermodynamic properties of

solution

B.1 Thermodynamic properties of Eq. (4.2)

It can be verified that a stationary point for Eq. (4.2) with A = —6/L? is given by

2
dr? + r

1 -2
O+ TEE

ds® = —(ny)*(p(r) + h(r))dt? +

with p(r) = —(’—?— + %2-) = %25 - E‘;, and

5 1 1 5 a?
h(r) = 36 (-270:1 + o702 + '5—4a3) e + 2a3r—6.

The location of the horizon is now
1
Ry, = Th(l - 5(5&] + og + 20!3))

with 7 = m2b2.

The Hawking temperature can be calculated to be

1 Ry 1
TH = nn:l;r‘ar (f(T) + h(’!‘)),}zh = ngm (1 + 5(200[1 + 4012 - 40(3)) y

103

(B.1)

(B.2)

(B.3)

(B.4)



using the usual arguments. The temperature in the bulk and the boundary agree in

coordinates where ny = 1 — 1(10a; + 202 + a3).

B.2 Wald entropy formula

Instead of the procedure described in section 4.3, one could use the formula Wald
derived for the entropy (see, for example, [28]). Given the action Eq. (4.2), the

formula for the entropy is

S Wald = 4 d3$\/ﬁ><
Horizon . o
X (1 + L2(2Oll + ag + 20!3)R - L2(a2 + 4053)’7}‘7&_7' + 2C¥3L2h"7hklR¢kjl) , (B5)

where the h;; is the induced metric on the horizon and the Rieman and Ricci tensor
are evaluated using the metric Eq. (B.1) with a3, 05,03 = 0. From Eq. (B.5) the

entropy density is

s= i—R—g(l—S(Sa + ay — a3))
Gy 0P 1+02 — a3
A particular case is the Gauss-Bonnet term (a; = 1; a2 = —4; a3 = 1), for which

the first and second coefficients vanish, and the contribution of A% h"lRL-kﬂ is zero. We
recover therefore that adding the Gauss-Bonnet term at leading order in a;, as, a3

gives no correction to the entropy if the horizon is a flat manifold ([19)]).
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Appendix C

Derivation of (4.38)

In this appendix we give some details for obtaining g;(z) in equation (4.38). Plugging
(4.37) into the equation of motion (4.31) one finds a fairly complicated ODE for g;(z).

But, by changing variable a few times, it reduces to a simpler one. Namely, defining

u=\/1—4)\03+4>\03%, v=1-u, (C.1)

we get
(1 —v)(0y(vOpg1 + 1)) + 2(vByg1 +1) =0 . (C.2)

Here, we note that —In(v) is a (singular) solution, as one can also show from more
abstract reasoning. In fact, this led to our choice of change of variable. Now, we will

solve this equation. Defining

hi(u) = (u—1)0,91 + 1, (C.3)
we have
u@uhl = 2h1, (04)
which leads to
h] = c1u2 (05)
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where ¢; is an integration constant. Thus we find that

2 _
Ougr = 01:_ 11 =u+1 choosing ¢;=1. (C.6)

Note in order for g;(u) to be nonsingular at the horizon v = 1, we need to choose

¢1 = 1 as we have done above. Thus we have

1
9= '2'U2 tu+ecs. (C7)

We will choose the integration constant c, so that g; — 0 as z — oo. This then leads
to (4.38).
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Appendix D

Calculation of /s without field

redefinition

This appendix is organized as follows: first we’ll write down the equations for a
perturbation on the background Eq. (B.1), using the action Eq. (4.2) and then we’ll
perform a calculation of 7/s using the three methods outlined in the text, without

doing the field redefinition Eq. (4.14).

D.1 The equations

From the action,

1

I'= 167TGN

/ dx/=g(R—2A+ L* (1 R* + xR, R* + 03 R** Ry pe) ), (D.1)
the equations of motion at linear level in «;, 1 = 1,2, 3 are

1 1
R, - iRgW + Agu + (al(—gRQg,“, +2RR,, +2V*Rg,, — ZVMVVR) +
1
+ s (—ER)"’R,\ng + 2R;>R,\,, + V?*R,, — V’V,R,, — V’V,R,, + VPV"RPUQW) +

1
+ a3 | —4V*V R0 + 2R, " Rypoy — =9 RP R0, | = 0. D.2
B Py T oIk po By
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This expression can be simplified using the following identities,
(4 1 2
VPVR,, = EV R

1
VPV Rypos = V=V Ry + ViuRp) = =V’ + 5V, VR + Ry, R) = Ry R
V*V,R,, + V*V,R,, = V,V,R+2R\,R} — 2R, R*>.

Using the identities above, Eq. (D.2) can be written as

1 1
Ry = SRgu + Mg + V?Rgu (204 + 502)+
1
+ R)Ryu(—40s) + RapuR> (203 + dais) — Eg,w(ale + @2R* Ry, + a3 RP PR 05, )+
+2a1RR,, +203R, P*Rypsr =0 (D.3)

In the case of the Gauss-Bonnet term, with a; = 1%3- = a3,a = —2Agp, Eq. (D.3)

simplifies to be

1 A
Rp,z/ - §Rgl"'u + AgW + [—2AGBR2RAH - -_iﬁgﬂu(Rz - 4R’"’Rl“’+

+ R®'Ryy80) + AeBRRu — 2068 RowpuRY + AeBRu P Rypss] =0 (D.4)

As described in chapter 4, if one considers perturbation dependent only on (¢, r, z3),
there are three decoupled modes propagating on the black brane background, corre-
sponding to shear, scalar and sound channel. In the following sections we use all three

of these channels to calculate n/s.

D.1.1 Kubo formula and the scalar channel

The Kubo formula relates shear viscosity over entropy density ratio to correlation
functions of the stress energy tensor at finite temperature. Since the correlation
function is calculated at zero spatial momentum, using any channel will give the same

result, as explained above. In particular one could use the scalar channel. Expanding
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now the action Eq. (D.1), and collecting all terms quadratic in the perturbation, we
obtain an effective action I,. In order to be consistent with the previous notation
we can change variable to z and Fourier transform in ¢ and Z. The structure of the

effective action for ¢,,(2) = g**hy, will be:

- 3L 1
h = g | gt |, (A0 + B+
+OH(2)6- () + DgL(a)6-u(2) + B ()6, (2) + Fl(2)oo(2). (D5)

In order to have a well defined variational principle, one has to add boundary terms in
the action. The details are explained in [18], of which we are following the notation.
Changing coordinates to z = r/Ry, and introducing dimensionless variables, w =

wL?/(nyRy), k = qL?/(Ry;), the equations of motion are
Ady, + C¢, +2Dé, — (2B¢,, + Co,, + Fo,) + (ag, + 2E¢), + F¢.)" =0, (D.6)

or explicitly

— 524 2 (L2 2) 44
0+ gt @+ g e —0 @)

where J is linear in the o;. J can be expressed as J = J4¢""(2) + J3¢" (2) + Jod" (2) +
J1¢'(z) + +Jod(z), where the J; are,

1
Jy=22(1 - ;)(az + 4as)

Jy = %(1 + 72" (g + das)

J=0

J= mz((‘r’ + 24(=1 — 452* + 1052 4 2w?(2% + 2°%)))an+

+4(2 4 2%(5 - 482* +1052% + 2w?(2% + 2%)))ag) — 4(22 (=1 + 2%)%(0 + 4o3))K?
Jo= 5(_—_1'477):’»”2(15"2 + 4803 — 3w?2® (a2 + das) + 2*(40a; + 98ay + 37603)—
- 28(40a12+ 161a; + 616a3))+

+ m((—3(5‘12 + 2a3) + 6w?2%(ap + 4a3) — 224(100y + 2303 + 112a3)+
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(Oéz + 4a3)k4

+28(2001 + 157a; + 61403)) — A1+ 29

(D.8)

We impose the Ansatz ¢ = (z — 1)ir+e2(@1,02:03) £(2) and we solve perturbatively
in the ¢;. The exponent is fixed expanding Eq. (D.7) close to the boundary z =1 in
the following way. We set o; = 0, expand around z = 1 and determine ¢; = £%, and
recursive relations between derivatives of f at z = 1. For example, when k = 0, one

obtains f'(1) = —%ﬂ and f"(1) = f (1)’"(48?;?:;":53’1";"”3). Reintroducing

now the a; and expanding agaLin at z = 1, we can fix the exponent. It can be verified
with little effort that the exponent at linear order in the perturbation is independent

of k at linear order in ;. The final result, when o; # 0,k = 0 is (in terms of w)

isz 4
1\ ~yaRy, (1= 5(6ar+az—as)) 3iwl? o3 9
¢w(1") = (1 - ;) (1 - oR, W + O(w )) (D.9)

This solution satisfies the equations Eq. (D.2) up to order w with incoming boundary
conditions at the horizon and normalized to 1 at the boundary z — co. Note that the

exponent can be written compactly in terms of the Hawking temperature as —iz%-—.

Now that we have the solution we can use Eq. (D.9) to evaluate the action on shell.
The Minkowski AdS/CFT prescription tells us that if Ion—shet = 155 [ d*k/(27)* F|5,,

then GE  (w,0) = lim,_,c 2F. When varying the action,

N 1 dwdk ( ! |00
8T, = e / o ( /0 dz[EOM]5¢-w+(315¢+326¢)|RH)

the boundary terms are

B = ~(A¢,) + 2B¢, + Co. — 2EQ;) + Fo, — (F4,)
B = A, + Fé, +2E¢, (D.10)

The boundary term proportional to d¢' can be canceled at linear order in € by a
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Gibbons-Hawking term of the form
/ F Iy ) /
K= _A¢w¢~w - 5¢w¢—w + E(p1¢w¢—w + 2p0¢w¢—w)’ (D]']')

where p; and po are defined as the coefficients of ¢’ and ¢ respectively in Eq. (D.7).

The bulk action, Eq. (D.5) can be re-written as

- 1 [ dwdk 8
b= g | Tt ), 4z ( 2B+ [EOM}d)_u)
where ([18])
L bt Bt b~ Bt
F F'
B0~ Bt b~ (D12)

so that the on-shell action, after addition of the Gibbons-Hawking term, reduces to

dwdk
F= [ G+ Bl (D.13)

Plugging in, one calculates
1in(1) 2F,=CT+ zw—’-‘—(l — 8(5a1 + a2))

CT contains all contact and momentum independent terms that according to [18]

must be discarded. Using Kubo’s formula, this gives a value of the shear viscosity

1
n= T6nCr I3 (1 —8(5a; + az)).
In the case of the Gauss-Bonnet term, with a; = cgp, a2 = —4cgp, @3 = cgp, the

terms proportional to E in Eq. (D.12) vanish, and the value of the shear viscosity is

1 R
NeB = ng(l - 4)\GB). (D14)
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This gives a ratio of viscosity over entropy density equal to

1
g = —(1-8ay). (D.15)

For the Gauss-Bonnet term, we obtain the usual result:

1
g = E(l - 4AGB) (D16)

D.1.2 Shear channel

In the shear channel Eq. (D.2) become a set of three coupled differential equations for
the variables Ao(t,r, z3) and A,(t,r, z3) (we set hy = 0 with a gauge transformation).
Following [62] and [9] we Fourier transform in the time and z3 direction, and we
consider the gauge invariant quantity Z(r) = qAo(r) + wAs = —iF},. The equation
in the hs, direction must be used as a constraint to decouple this equation.
Changing coordinates to z = r/Rj, and introducing dimensionless variables, w =
wL?/(nyRy), k = qL*/(Ry), the equation for the perturbation becomes,

wrz4(1 — 52%) + 5k?(—1 + 2%)?
2(2* — 1)(—w?2% + k2(—1 + 24))

w2zt — k2 (24 -1)

Z/I(Z) -+ (—1 n Z4)2

Z'(z) +

Z(z)+J=0
(D.17)
where J = JoZ(2) + J12'(2) + Jo2"(2) + J3Z"(2) + JoZ""(z) is proportional to o;

and is given by

(=14 2%) (s + 4a3)

J4 = 2
P
T 2(—w?24(1 + 72%) + K?(3 — 102* + 72%)) (a2 + 4a3)
2 28(—w?zt + k2(—1 4+ 2*))
J2 = 0
Jy 2 [6k52%(—1 + 2)* (02 + 403)—

= A1 (A — (1T AP
—3w28((5 — 2* + 2w?2® — 452° + 2w+

+1052"2)ap + 4(2 + 52* + 20?28 — 482° + 20?2"° + 1052'%) 3] —
— 3k% (=14 2%)?[(15 + 752 — 2w?2® — 19528 + 6w?2'® + 1052') o+
+4(17 4+ 712* — 20?2® — 1932 + 6w?2'" + 1052'%)as]+
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+ 2k*w?24 (=1 + 2%)[1980; + 428(5a; — 890 — 361a3) + 81603+
+ 3w?2%(ag + 4as) + w2 (g + 4az)+
+3152'%(ap + 4as) — z4(20a1 + 25302 + 101603)]]
Jo= T3A(-1+ z4)3(—w2z4 + k2(-1 + z4)) %
x [3k52%(—1 + 2*)3 (0 + 4a3) + 3k*w?2* (—1 + 2*) [~ Tdas — 29803+
+3w?28 (e + das) — 424 (501 + 20z + T6a3) + 22%(10cy + 530 + 205a3)]—
— k(=14 2*)?[9uw?28(ap + das)—
—3(50 + 2603) — 22*(100; + Tlay + 26803) + 28(200y + 157y + 614a3)]+
+ w*28[150; + 4803 — 3w?28(ay + 4a3) + 2*(400y + 98 + 3760:3)—
— 2%(400 + 1610 + 616013)]] (D.18)

Solution to this equation at first order in a; and for small &, fixed w/k is

1 —iT'”+§(5a1+a2—a3) ) k2 1 w? .
Z(z) = (1—;—4—) [l—l-zav— (1—2(13( +3(1——)))+0(k )]

The exponent can be easily expressed in terms of the temperature, —i—""— 3(5a1 +
Qg —a3) = 4—;%, and it’s the same in all three channels.

The quasi-normal frequency is now obtained imposing Dirichlet boundary condi-

tion at infinity 2 — oo. Neglecting the term of order w?, one obtains the condition
k2
14+i—(1—6a3)=0.
+ 24w ( %)
Reintroducing the original variables this is

. . gmyL?
w=—ig’D = —zqzzﬂl—%;(l —6a3).

In terms of temperature

D= in T (1 - 80!3)
S0 now eta over s is

7~ L _say

S lshear - 47 3
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D.1.3 Sound channel

The procedure to deal with the sound channel is analogous to the shear channel,
apart from the fact that the algebra in this situation is much more complicated. In
this case we can look for solution with w and ¢ of the same order. We can therefore
follow the procedure of extracting the quasi-normal frequency in [9]. Using the same

notation as in the shear channel (w = wL?/(nyRy), k = qL*/Ry), the equation is

, , 3w?z4(1 — 52%) + k(9 — 162 + 1528)
7(:)+2'(2) ( 2(—1 4 24)(—3w?z* + k2(—1 + 32%))
+2(2) —3w*210 + 2k2w?28(—2 + 32%) — k2(~1 + 2%)(~16 + k22%(—1 + 32%)) +
22(—1 4 24)2(—3w?2* + k2(—1+ 32%))
+Jsound = 0 (D.lg)

The expression for Jyoung will be contained in the next subsection. Solution to the

equations of motion for small k£ and finite w/k is

1 1 )
= —_ dhex |t | _q 2 9 1 1
2= -1/ [t [-aw 4 (14 S - (1- ) )+
: 1 ;5.4
* (6(2k2 — 3W2)224) (1 o [SIzw Zag+

+3k*w? (3(—12 — Tiw)as + 2*(40c; + 8ay + (—20 — 63iw)as)) +
+ 2k*(12(3 + 2%)as + iw(21as + 2* (4001 + 8z + 3703))))] (D.20)

The exponent ez is the same as for the shear channel, ez = . One obtains a

quasi-normal frequency equal to:

0 2 1 , iL?
-4 D+ Lo+ cas )| - Pyt - D.21
\/gnﬁ [1 + (3 o + 3a2 + 3013)] q n"GRh [1 - 6as] ( )

In the case of a conformal invariant theory, the coefficient of ig? in the dispersion
relation is I'soung = %Ds. This result is therefore compatible with a dual gauge theory
which is scale invariant and described by hydrodynamics,

3 nﬂL2

D, = '2—Fso'und = 4R,

(1—6as). (D.22)

114



After taking into account the value of ny, it’s easy to show that the speed of sound

in the gauge theory is

1
Cs = —=, D.23
= (D.23)
and the diffusion coefficient agrees with what calculated in the shear channel,
7 21 = L -gay). (D.24)
8 lsound S | shear 4m

Do].-4 Jsound
Writing Jyouna = J0Z4(2) + J1Z5(2) + JoZl(2) + J3Z)'(2) + JuZ}"(2), we obtain,

Jy= 1 e
(3z2 (k2 + 3 (—k2 +w2) 24) )

x ((—1 + 2%) (27w*2% (a2 + 4as3) — 18k%w?z* (—1 + 32%) (a2 + das)+
+ k* (3201 + (19 —21824 +272%) ag + 4 (11 — 182* + 272%) 03)))
Js = 3 (3w22® + k2 (2 — 325))° 8
x (—81w8z'2 (1 + 72%) (a2 + 4as) + 27k%w*2® (5 — 202* + 632%) (02 + 4as)+
+ k(32 (7 +122* - 32%) o1 + (133 + 302" + 4202° — 7022'% 4 5672'%) ax+
+ 4(77 — 662 + 44428 — 7022 + 5672'%) a3) —
— 3ktw?z? (=32 (9 + 2*) o + (105 + 2* (185 + 632* (-7 + 92%))) o+
+ 4(33 4 2* (193 + 632* (-7 + 92%))) a3))
Jo=0
Ji = 2 X
3(—1 + 2%)2(3w22% + k2(z — 325))5
x (—=729w%2%((5 + 24(—1 — 452 + 1052® + 2w?(2% + 2%))) e+
+ 4(2 + 2*(5 — 482* + 10528 + 2w?(2? + 2%)))as)—
— 54k w21%(8(42 + 24(—49 + 4w?22(—3 + 52%) 4+ 1524(31 — 252 + 328)))au +
+ (843 + 2*(—3361 + 32%(1550 + 29662* — 69512® 4 472521%)+
+ w?22(—63 + 52*(31 — 452 + 812%))))ag+
+ 4(861 + 24(—3791 + 32%(1472 + 31442* — 699928+
+ 47252'%) + w222(—39 + 52%(23 — 452% + 8128))))as) + 18Kk8w? 28 (8(—966+
+ 2%(4295 + 16w?2%(5 — 172* + 1528) + 2*(—5396 + 4524(122 — 622% + 32%)))) o1+
+ (—4311 + 2*(21182 + 4w?22(95 + 2*(—392 + 152%(40 — 362* + 2728))) + 2%(~29333+
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+ 32%(3340 + 32%(6167 — 94262* + 472528)))))ag + 4(—2523 + 2*(13888 + 4w?22(55+
+ 24(—256 + 152%(32 — 362* + 272%))) + 2*(—22537 + 32%(1348 + 32*(6511 — 94202%+
+ 47252%)))))az) — 3k3w?24(16(1550+

+ 24(—10175 + 8w?2%(—17 + 24(119 + 452*(—5 + 32%)))+

+ 32%(9161 + 2%(—10214 + 152%(464 + 324(—57 + 2%)))))) a1 + (11755 + 2% (—78451+
+ 324(70625 + 924(—7417 — 2612* + 1050928 — 1190922 + 47252%)) 4 2w?23(—619+
+ 2*(4633 + 452%(—238 + 32%(86 — 572* + 2728))))) )+

+ 4(5720 + 2*(—39869 + 324(37406+

+ 324(—11255 — 71322 + 334532% — 35526212 + 141752'%)) 4 2w?22(—347 4 24(2729+
+ 4524 (—158 + 32*(70 — 572* + 2728))))))as) — 2k1%(z — 42° 4 32°)%(32(~1 + 152*)oy —
— 1902 — 4403 + 32%((89 + 2724 (=1 + 2*))aa+

+ 4(49 + 2724 (=1 + 2%))ag)) + £1°(32(199+

+ 24(1042 + 8w?2%(—1 + 32%)(—5 + 462% — 8428 + 452'%) — 324(2841 + 24(—7028+

+ 524(1489 — 8462* + 2432%))))) a1+

+ 3781 + 862403 + 24((10888 + 4w?2%(—1 + 32%)(—181+

+ 2*(1703 + 32%(—1220 + 32%(376 — 2072% + 812%))))+

+ 32%(—37464 + 2%(91280 + 2%(—73322+

+ 452*(—~328 + 32%(640 — 5762 + 1892%)))))) a2+

+ 4(3113 + 4w?22(—1 + 32%)(—101 + 2*(967+

+ 32%(—772 + 8882*% — 62128 + 24321%))) + 324(~15995 + 24(39379 + 2*(—21835+

+ 272%(—~1501 + 34132* — 285328 + 94521%)))))a3)) + 81k%w?2'6(~3(141az + 61603)+
+ 24(80(=1 + z%)%0y + 120403 + 474803 + 22(12w%(~1 + 22* 4+ 928) (a2 + 4a3)+

+ 22((898 — 44842* + 47252%)ap + 4(1049 — 45792* + 47252%)3)))))

Jo =~ s T AP 1+ (K2 + W)y

x (—kM24(—1 4 z4)%(—1 + 324)3(3201+

+ (19 — 182% + 27280z + 4(11 — 182* + 2728)a3)—

— 9k%w*28(8(11328 + z4(12uw*28 (3 + 52%)—

— 8(4903 + z%(—5392 + 152%(142 — 242* + 928)))

+ w?22(824 + 24(—1891 + 2%(4940 + 32%(—338 + 7524(—20 + 92%)))))))en+

+ (54048 + 2*(3w*28(—163 + 8152% — 14852% + 9452'%) + 32(—7567 + z*(13366+

+ 92%(—1226 + 2652 4 1292°)))+

+ 4w?22(1406 + 2%(—5287 + 24(5276+
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+ 324(7018 — 14190z* + 71552%))))))az + 4(33048

+ 24 (3wt 2B(—139 + 7752 — 14852° + 945212) + 8(—22415 + 492862* — 4975825+
+ 15543212 4 321321%)+

+ w?22(4261 — 195112* + 164142° + 823742'% — 1619552 + 830252%°))) a3 )+

+ 243w12226 (3w? 28 (0 + 4a3) — 3(502 + 16a3) — 224(2001 + 4902 + 188ci3)+

+ 28(400y + 161y + 616a3)) + k122%(1 — 42 + 328)(4(472 + 2*(3067+

+ 8w?22(11 — 482% + 452°) + 2%(—8815 + 92%(1414 — 6542* — 10528 + 452'%))))os +
+ 1121y + 255403 + 2*((4934 + w?22(—1 + 32%)(—227+

+ 6092* — 83728 + 567212) + 2%(—14405 + 2724(652 + 2772* — 95828+

+ 4712'%))) oz + 2(4004 + 2w?22(—1 + 32%)(—139 + 4892* — 83728 + 5672'%)+

+ 24(—12527 + 272%(480 + 8612* — 18042% + 9212%)))3)) + 3kBw?2* (16(—8256+
+ 24 (12w*23(5 — 182% + 1528) + 4(13925+

+ 24(—33527 + 32%(10882 — 1524(250 — 92* + 328))))+

+ 3w?22(—584 + 24(2526 + z*(—4975 + 2*(5834 + 924(—172 — 2002* + 752%))))))) 1 —
— 96(68202 + 1391ar3) + 24 ((9w*28(105 + 24(—652 + 52*(326 — 3962* + 1892%)))+
+ 64(7321 + 2*(—19486 + 324(7642 — 38852* + 24328 4 3962'%)))+

+ 3w?2%(—4847 + 2*(23182+

+ z%(—44805 + z*(13060 + 92%(12031 — 174102* + 71252%))))) o+

+ 4(3w?28(235 + 324(—556 + 52%(310 — 3962* 4 18928)))+

+ 8(32236 + 2%(—96433 + 32*(45560 + 92%(—3477 + 708z* + 2392%))))+

+ 3w?2%(—2611 + 2*(14148 + 24(—29175+

+ 24(—2656 + 92z%(12119 — 165802* + 69152%))))))az))+

+ k10(—4(—6016+

+ 24 (16w*28(—1 + 32)(23 — 662 + 4528) — 128(457 — 31022* + 679828

— 622522 + 20252) + w222(3600 + 2*(—42763 + 2*(133286 + 32*(—73003+

+ 32%(21268 — 52532 — 297023 + 945212)))))))a1 + 16(893a2 + 2020a3)—

— 24 ((w*28(—1 4 32%)(1099 + 32*(—1736 + 324(1198 + 8124(—16 + 72%))))+

+ 2w?2%(3096 + z4(—39661 + 24(124022 + 32*(—57817 + 36842*+

+ 9855928 — 111294212 + 38313219)))) 4 16(—6253 + 32%(15821+

+ 24(—36643 + 2%(35939 + 4524(—289 — 212* + 272%))))))a+

+2(2w28(~1 + 32*)(731 + 32%(—1384 + 32*(1118 + 812*(—16 + 72%))))+

+ 32(—2798 + 324(8001 + z*(—20098 + 2%(22423 + 924(~1214 + 992* + 902%)))))+
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+ w?22(5493 + 2*(—77381 + 21 (253045+

+ 32%(—107087 + 32(—27169 + 324(45035 — 471872* + 165872°)))))))as))+

+ 27k w212 (w?25(137601 — 1031ag — 601003)+

+ 567wz (g + 4a3) — 5088(2a + 9ar3) + 9602% (g + 55aq + 251ai3)—

— 90w22'8(900r; + 3650 + 1388a3) + 45w?2%%(100a; + 479 + 18460i3)—
—19228(250 + 413 + 193203) + 4w?2*(331a;+

+ 241705 + 9007as) + 2w?z'%(7060y + 2417as + 10012a;3) — 182'%(160a;+

+ (—448 4 33w*)ay + 4(—316 + 33w)as) + 22(32(210 + wh)ay +

+ w(1630z + 620013) + 192(14902 + 797a3))) — 81k*w?21%(240(1302 + 58ai3)+
+ 24(20(—1 + 2%)(16 + 2*(—16 + w?2%(—13 + 332%)))a1 — 16(44502 + 2006a3)+
+ 22(3wz8(—11 + 212%) (0 + 4a3) + 1622((209 + 412*)an + 2(509 + 592*)ig) +
+ 2w?((204 + 1312* — 153828 + 14432'%)ay+

+ (849 + 4272* — 585728 + 55412'%)a3))))) (D.25)
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