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Preface

This book is an edited version of the review talks given in the Fifth Aegean School
on the AdS/CFT correspondence, held in Adamas on Milos Island, Greece, from
21st to 26th of September 2009. The aim of this book is to present an advanced
multiauthored textbook which meets the needs of both the postgraduate students
and the young researchers, in the fields of Field Theory, String Theory, Gravity
and Condensed Matter Physics.

The AdS/CFT correspondence is a powerful tool in studying strongly coupled
phenomena in field theory using results from a weakly coupled gravity back-
ground. The principle of the AdS/CFT was developed within the string theory and
it was proved to be very useful in describing strongly coupled phenomena in gauge
theories like quark-gluon plasma and heavy ions collisions. Soon it was realized
that its applicability can be extended, in a more phenomenological approach, to
condensed matter systems and to systems described by fluid dynamics.

The selected contributions to this volume are aimed to describe the principle of
the AdS/CFT correspondence in its field theoretic formulation in string theory, its
applicability to holographic QCD and to heavy ions collisions and to give an
account of processes in fluid dynamics and of phenomena in condensed matter
physics, which can be studied with the use of this principle.

In the introductory part of the book the article by Christos Charmousis after
introducing the basic properties of the anti de Sitter spacetime, it discusses the
static black holes in this space, their basic properties and the novel topological
effects due to the presence of a negative cosmological constant. The anti-de Sitter
spacetime is a necessary ingredient to build up the gravity sector of the dual
conformal field theory. To extract information about the transport coefficients of
the boundary dual theory the properties of the background gravity sector should be
known, best described by perturbation theory. The article by George Siopsis
reviews the perturbations of black holes in asymptotically anti-de Sitter space and
it shows how the quasi-normal modes governing these perturbations can be cal-
culated analytically and it discusses the implications on the hydrodynamics of
gauge theory fluids per the AdS/CFT correspondence.
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The contribution by Philip Argyres introduces the basic concepts of the cor-
respondence and its foundation in string theory. He first reviews the properties of
d-dimensional conformal field theories and describes their relation to quantum
gravitational theories on (d + 1)-dimensional anti-de Sitter spacetimes. The
"t Hooft limit of U(N) Yang-Mills theory is reviewed and then it is described how
an appropriate limit of type IIB superstring theory with D3-branes can be used to
motivate a precise and computable correspondence between a 4-dimensional
conformal field theory and a quantum gravitational theory on AdSs x S°. He
finally discusses an extension of this construction in which probe branes on the
AdS spacetime are included.

The second part of the book deals with the holographic realization of the AdS/
CFT correspondence. The first article presented by Elias Kiritsis reviews the
applications of the correspondence to QCD. In particular it provides a detail
review of holographic models based on Einstein-dilaton gravity with a potential in
5 dimensions. Such theories, for a judicious choice of potential are very close to
the physics of large-N Yang-Mills theory both at zero and finite temperature. The
model can be used to calculate transport coefficients, like bulk viscosity, the drag
force jet quenching parameters, relevant for the physics of the quark-gluon plasma.

The next article by Romuald Janik in a pedagogical way presents the techniques
of the AdS/CFT correspondence which can be applied to the study of real time
dynamics of a strongly coupled plasma system. These methods are based on
solving gravitational Einstein’s equations on the string/gravity side of the AdS/
CFT correspondence. These AdS/CFT methods provide a fascinating arena
interrelating General Relativity phenomena with strongly coupled gauge theory
physics.

The contribution by Veronika Hubeny discusses the fluid/gravity correspon-
dence which originates from the AdS/CFT correspondence. This correspondence
constitutes a one-to-one map between configurations of a conformal fluid dynamics
in d dimensions and solutions to Einsteins equations in d + 1 dimensions.
In particular, the bulk solutions describe a regular generic, non-uniform and
dynamical black hole which at late times settles down to a stationary planar black
hole. The iterative construction of such solutions is indicated and the key physical
properties are extracted.

The article by Amos Yarom is on heavy ions collisions. This contribution
provides a review of two particular applications of the gauge-gravity duality to
heavy ion collisions. The first involves a study of the wake of a quark as it travels
through the quark gluon plasma and its possible connection to measurements of jet
correlations carried out at the relativistic heavy ion collider at Brookhaven. The
second section provides, via the gauge/gravity duality, a lower bound on the
entropy produced in a collision of two energetic distributions. This is then com-
pared to particle multiplicity in gold—gold collisions.

This part of the book ends with the article by Jiro Soda. In his article, he
explains how the AdS/CFT correspondence is related to the Randall-Sundrum
braneworld models. There are two different versions of these braneworlds models,
namely, the single-brane model and the two-brane model. In the case of the
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single-brane model, the relation between the geometrical and the AdS/CFT cor-
respondence approach using the gradient expansion method is revealed. In the case
of two-brane system, he shows that the AdS/CFT correspondence play an impor-
tant role in the sense that the low energy effective field theory can be described by
the conformally coupled scalar-tensor theory where the radion plays the role of the
scalar field.

The last part of the book consists of four articles and they discuss various
aspects of the application of the AdS/CFT correspondence to condensed matter
physics. In the first article Subir Sachdev reviews two classes of strong coupling
problems in condensed matter physics, and describes insights gained by applica-
tion of the AdS/CFT correspondence. The first class concerns non-zero tempera-
ture dynamics and transport in the vicinity of quantum critical points described by
relativistic field theories. The second class concerns symmetry breaking transitions
of two-dimensional systems in the presence of gapless electronic excitations at
isolated points or along lines (i.e. Fermi surfaces) in the Brillouin zone.

The next article by Gary Horowitz gives an introduction to the theory of
holographic superconductors. These are superconductors that have a dual gravi-
tational description using gauge/gravity duality. After introducing a suitable
gravitational theory, he discusses its properties in various regimes: the probe limit,
the effects of backreaction, the zero temperature limit, and the addition of mag-
netic fields. Using the gauge/gravity dictionary, these properties reproduce many
of the standard features of superconductors.

The string theory realization of holographic superconductors is given in the
next contribution by Matthias Kaminski. After reviewing the basic D-brane
physics and gauge/gravity methods at finite temperature he constructs the gravity
dual of a D3/D7-brane system yielding a superconducting or superfluid vector-
condensate. The corresponding gauge theory is 3 + 1-dimensional N = 2 super-
symmetric Yang-Mills theory with SU(N,) color and SU(2) favor symmetry and it
shows a second order phase transition typical to superconductivity. Condensates of
this nature are comparable to those recently found experimentally in p-wave
superconductors such as a ruthenate compound.

The final article is by Tassos Petkou who discusses some attempts to construct a
Kalb-Ramond superconductor. The article starts by explaining theholographic
implications of torsional degrees of freedom in the context of AdS,/CFTj,
emphasizing in particular the physical interpretation of the latter as carriers of the
non-trivial gravitational magnetic field. It presents a new exact 4-dimensional
gravitational background with torsion and argue that it corresponds to the holo-
graphic dual of a 3d system undergoing parity symmetry breaking. Finally, it
compares the new gravitational background with known wormhole solutions—
with and without cosmological constant—and argue that they can all be unified
under an intriguing Kalb-Ramond superconductivity framework.

The Fifth Aegean School and consequently this book, became possible with the
kind support of many people and organizations. The School was organized by the
Physics Department of the National Technical University of Athens, and supported
by the Physics Department of the University of Tennessee. We received financial
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support from the following sources and organizations and this is gratefully
acknowledged: Ministry of National Education and Religious Affairs, Alexander
Onassis Foundation, the “S&B Industrial Minerals S.A.”, General Secretariat of
Aegean and Islands Policy, Springer Lecture Notes in Physics. We specially thank
the staff of the Milos Conference Center “George Iliopoulos” for making available
to us all the excellent facilities of the Center and for helping us to run smoothly the
school. The administrative support of the Fifth Aegean School was taken up with
great care by Fani and Christina Siatra. We acknowledge the help of Vassilis
Zamarias who designed and maintained the website of the School. We also thank
Kostas Anagnostopoulos for helping us in editing this book.

Last, but not least, we are grateful to the staff of Springer-Verlag, responsible
for the Lecture Notes in Physics, whose abilities and help contributed greatly to the
appearance of this book.

Athens, July 2010 Lefteris Papantonopoulos
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Chapter 1
Introduction to Anti de Sitter Black Holes

Christos Charmousis

Abstract These introductory notes concern basic properties of negative constant
curvature spacetimes and their black holes. For comparison purposes we will begin
by reviewing flat spacetime, the spacetime diagram and two particular patches,
Milne and Rindler. We will then discuss anti de Sitter, its symmetries, basic
properties and the construction of the spacetime diagram. We then look into the
properties of anti de Sitter spacetime giving some global and local parametrisa-
tions. We will study the static black holes and then discuss their basic properties
and novel topological effects due to the presence of a negative cosmological
constant. We show using the classical Euclidean path integral approach their
thermodynamic properties in the canonical ensemble with a heat bath of constant
temperature. Finally we discuss, rather briefly, stationary and axially symmetric
spacetimes and some properties of the rotating black holes.

1.1 Spacetimes of Constant Curvature
1.1.1 Spaces of Maximal Symmetry and Constant Curvature

Let us consider in d dimensions Einstein’s equations with cosmological constant A,

GAB"'AgAB:O- (11)
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4 C. Charmousis

Here, Gap is the Einstein tensor and capital Latin letters denote d dimensional
spacetime indices. The simplest of solutions to (1.1) we can consider are spaces
locally characterised by the geometric condition,

R
Rapcp = m (8ac 88D — 84D 8BC), (1.2)

where d is the spacetime dimension and R, Ricci scalar curvature. Using (1.1) we

see that,

d—2
2

Gap = —Rgasp = —Agas.

In other words R = %A are the, locally, constant curvature solutions of the
Einstein equations with cosmological constant. They are Einstein spaces which are
locally homogeneous. In particular for A = 0 we have flat-Minkowski spacetime,
for A > 0 positively curved, de Sitter (dS) spacetime and for A <0 anti de Sitter
spacetime (adS).

The above three spacetimes are of maximal symmetry and therefore by defini-
tion admit the maximal number of Killing vectors. Flat spacetime for example is
isometric under the group of Poincaré transformations, in other words d-dimen-
sional Lorentz coordinate transformations plus d translations. This is obvious in the
inertial Minkowskian system of coordinates. Therefore we have d + d(d — 1)/2 =
d(d + 1)/2 Killing vectors as generators of these symmetries all together. Since
this is the maximal number of Killing vectors (see Exercise 1) this spacetime is by
definition maximally symmetric. Flat spacetime is defined as the unique space of
zero Riemann curvature (and of trivial topology).

Before moving on to non zero constant curvature spacetimes it is useful to
classify the maximally symmetric n = d — 1-spacelike sections. They are
respectively representing locally Euclidean, spherical and hyperbolic sections and
their line element can be written in a compact fashion as

dy?

dK? = 2dO? >0 1.3
=T gt 1>0, (1.3)

n—1s

for normalised curvature k = 0,1, —1 respectively. The spherical line element
do

-1 (n>1) is given by the iterative relation,

dQ} = do? + sin®(0,)dQ}_,,..., dQ, =d0,

(1.4)
O € [O,T[[, .0 € [0,277.'[7 k=2,..,n—1.

Setting y = sin¢ or y = sinh ¢ in (1.3) for k = 1, —1 respectively gives us the
usual line element for the unit sphere and hyperboloid,

dQ? = d¢* + sin® pdQ? ¢ € [0,7] (1.5)

n—1-
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dH? = d* + sinh? dQ?

n—1°

€ [0, 4+o0[. (1.6)

We will be making extensive use of these parametrisations later on.

1.1.2 Flat Spacetime

1.1.2.1 Conformal Spacetime Diagram

To understand some of the basic properties of anti de Sitter space it is useful to first
make a rapid go through the case of flat space. This way we can introduce relevant
definitions in a more intuitive setting and compare properties. We turn our
attention to flat spacetime and in particular to its conformal spacetime diagram
(see for example [1]). One can write d dimensional Minkowski spacetime (1.3) as

ds* = —di* +dr* + r’dQ;

1 (1.7)
in a spherical coordinate system (compare with (1.3)). To obtain the structure of
flat spacetime at infinity we will go to a spacetime metric which is conformally
equivalent,

2ap(x) = Q*(x)gas,

to the initial one (1.7). The important point to realise is that the structure we obtain
at asymptotic infinity will be common to all asymptotically flat spacetimes. This is
due to the fact that a conformal transformation will shrink or stretch spacetime
lengths but will not alter the null cones and therefore asymptotic properties. The
main idea therefore is to use conformal transformations in order to bring
asymptotic infinities to finite values for the conformally transformed metric. This
is the central idea of Carter—Penrose diagrams.

To achieve this for flat spacetime we first pass to null retarded and advanced
coordinates, u =t — r,v =t + r, where u or v = constant correspond to null radial
geodesics of (1.7). Now we can bring coordinate infinity to finite values via the
coordinate transformation, tan U = u,tan V = v with —%n< U, V< %n. Go once
again to time-space like coordinates 7 = U + V,7# = V — U. Then (1.7) is con-
formally (and not coordinate) equivalent to

ds* = —di* + di* + sin? 7dQ;_,

with conformal factor, Q = 2cos(U)cos(V), i.e., ds* = Q*ds*> (compare with
(1.3)). Its important to keep track of the coordinate ranges,

—n<i+ri<mn, -n<i—rF<m, F>0. (1.8)
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Fig. 1.1 Three dimensional i
diagram and spacetime
diagram (right) of Minkowski
spacetime. The quarter
diamonds on the left are the
regions of Rindler and Milne
spacetimes

We can now draw the Carter—Penrose spacetime diagram for flat spacetime
(see Fig. 1.1). The domain defined by (1.8) is a triangle with its boundary defining
asymptotic infinity of flat spacetime. It will correspond to a diamond shaped region
of the Einstein cylinder (see [1]). In the diagram 3~ and S stand for null past
infinity and future null infinity, respectively, whereas i~, it are the endpoints of
timelike geodesics r = constant. i¥ is that of spacelike geodesics t = constant.

A Cauchy surface is a spacelike surface intersecting all null and timelike
inextensible geodesics. It will inevitably touch i® asymptotically. As its name
indicates a Cauchy surface is therefore a valid set of initial data (for our second
order Einstein field equations). A non-geodesic curve, such as xg = constant, can
reach null infinity & if it is uniformly accelerated approaching the speed of light
as t — +oo. The tangent curve emanating from xp = constant at ' is the
acceleration horizon of the worldline xg = constant. No events above this line can
be witnessed by the observer whose worldline is xg = constant. These effects
concern Rindler and Milne spacetimes which we briefly turn to now.

1.1.2.2 Rindler and Milne Spacetimes

The line element for (spherical) Rindler spacetime is given by

ds® = —xkdty + dxh + xj cosh? 1rdQ2 |, xg >0, (1.9)
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and we immediately note that for xz = 0 we have a singularity. Direct calculation
of the Riemann tensor for this spacetime gives us identically zero i.e., we have a
coordinate (and not curvature) singularity and furthermore Rindler spacetime is
just a coordinate patch of flat spacetime. Indeed the coordinate transformation
relating it to (1.7) is given by

t sin(V+U E—
tanhtR:—:M, xpg=Vr:—=+vV—tanUtanV. (1.10)
r o sin(V—-U)

From the above we see that Rindler spacetime covers only part of the global
spacetime diagram since UV <0. The lines V =0 and U = 0 corresponding to,
xg = 0 and tr — +o00, are event horizons for the observer with coordinate time 7z
and worldline xg = constant. An observer with worldline xz = constant is in
uniform acceleration a = XLR since his trajectory in the original inertial Minkowski
coordinates are hyperbolas (1.10). The inverse transformation reads,

t = xgsinhtg, r = xgcoshtg.
To get Milne spacetime we can consider,

. in
XR — Iy, R — Xy +—=.

2

This transformation, is one involving complex coordinates, however, it maps us
to a real metric which is a different portion of flat spacetime (UV > 0). It is Milne
spacetime,

ds* = —dty, + 0,dH?, 1ty >0, (1.11)

which is now a cosmological or time dependent type of metric. Notice it has no
initial big bang singularity. An observer of Milne spacetime has rather a cosmo-
logical horizon at #); = 0 and has Hubble expansion rate H = i in proper time.
Note that (just like in de Sitter spacetime) there is no horizon problem in this
cosmological metric due to the fact that Milne spacetime is free of curvature
singularities.

1.1.3 Anti de Sitter Spacetime

1.1.3.1 Definition, Boundary and Isometries

Useful and elegant representations of de Sitter and anti de Sitter spacetimes are
obtained by embedding d dimensional hypersurfaces in d + 1 dimensional flat
spacetime. Then de Sitter spacetime of curvature scale a is defined as the
hyperboloid,
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d
~X3+ > X} =d, (1.12)
i=1

embedded in d + 1 dimensional Minkowski spacetime. De Sitter space is topo-
logically i x S?~! and thus its spatial sections are compact (see also [1 or 2-4]).
We shall focus on adS space from now on.

AdS spacetime in turn is obtained by considering the hyperboloid,

d—1
X +X;-> XP =" (1.13)

i—1
of radius of curvature / > 0 embedded in the d + 1 dimensional spacetime,

d—1
ds* = —(dX§ +dX7) + ) _dX;, (1.14)
i=1

where note the double time coordinates. Clearly, any element of the Lorentz group
SO(2,d — 1) will leave (1.14) and (1.13) unchanged (by construction). Also we
see that translation invariance is broken by (1.13). Since SO(2,d — 1) has
d(d + 1)/2 Killing generators just like flat spacetime, which is of maximal sym-
metry, SO(2,d — 1) is the precise isometry group of adS.

A second important point is that adS spacetime has a conformal boundary' at
the hyperboloid infinity. To see this we rescale all coordinates by X4, — X4 A and
take A — oo. This limit defines the boundary as

d—1
Xp+X5-> XP =0, (1.15)
i=1
Xy = XaA A € R (1.16)

Suppose first that Xy # 0: we can then divide by X, and then rescale. We
therefore have that the boundary verifies,

d—1
~X;+Y X =1,
i=1

which is a hyperboloid in d — 1 dimensions. This is just d — 1 dimensional de Sitter
space according to (1.12). The topology is that of & x 42 If Xy = 0 on the other
hand, from (1.15) we have a sphere in d — 2 dimensions (times a point). Adding the
two spaces together the boundary is a maximally symmetric space S' x §%~2,

! The boundary is called conformal for it admits not one but an equivalence class of metrics
which are related via a conformal transformation, gﬁ‘:f‘"d‘”y = QFZ(",”""“”’. This equivalence class
is manifest in the arbitrariness of A in (1.16).
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Since the adS isometry acts on this space the boundary preserves SO(1,d — 1)
symmetry. Note, however, that additionally we still have d extra transformations
(1.16) for the boundary metric, 1 dilatation and d — 1 special conformal transfor-
mations. The symmetry group is the conformal group C(1,d — 2) that possesses,
Lorentz and angle preserving transformations. Due to this last property, which has
to do with the fact that we are dealing with an equivalence class of metrics, the
boundary of adS admits as many symmetries as the bulk adS space. In other words
the symmetry group of the boundary C(1,d — 2), is isomorphic to the symmetry
group of the bulk adS space, SO(2,d — 1).

1.1.3.2 Parametrisations

Let us now construct line elements for adS space in d dimensions. A global
parametrisation is constructed as follows. Given the form of (1.13) we consider

two spheres X& + Xﬁ = rf, Z?;l Xl2 = r% of radii r, r, such that
1= (1.17)

This equation is solved setting r; = Icosh(u/l),r, = Isinh(u/I) where u €
[0, 4+00[. Now we just take the relevant parametrisations in polar spherical coor-
dinates, (1.3) for ¥k = 0, and replace them in the line element (1.14),

ds* = —(dr} + r{d®) + dr3 + r3dQ_,
= —cosh?(u/1)d* + du® + I* sinh*(u/1)dQY ,. (1.18)

The embedding in flat space is thus defined in coordinates, (¢, u, 0y, ...,0,_2) as,

Xo = Icosh(u/l)sin, X, = Icosh(u/l) cos,

X, = Isinh(u/I)cos 0y, ..., X4y = Isinh(u/l) sin 0;...cos 0,_,. (1.19)

The boundary lies at u — oo. This is the global parametrisation of adS since all
points of the hyperboloid are taken into account exactly once. This metric is
solution to the Einstein equations with cosmological constant,

d—1)(d-2

Note that the timelike coordinate is an angular coordinate € [—m, n[. This
signifies that adS is a spacetime with closed timelike curves! We can, however, get
around this; since the space is not simply connected (i.e. the time circle cannot be
topologically reduced to a point) we can unwrap the circle of the time coordinate
and take a new coordinate ¢ € [—00, +0c] with t = in each 2z-interval. This means
that we are effectively taking infinite copies of the hyperboloid. This is the uni-
versal covering of adS space,

(1.20)

ds* = —I cosh*(u/l)dt* + du* + I* sinh? (u/1)dQ_,. (1.21)
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Fig. 1.2 Spacetime diagram with timelike geodesics of adS spacetime (1.29). All past and future
timelike geodesics from 7 = 0 focus in the past at point p and and in the future at point g. The
resulting “geodesic” triangular region covers only part of the timelike future of p. Similarly, the
Cauchy surface at t = 0 covers only the triangular region in between p and ¢ and their null past
and future, respectively. Any event beyond this triangle is not causally connected to T = 0 unless
suitable reflective boundary conditions are imposed at the adS boundary. The accelerating
timelike curve C “escapes” from this bounded region and gets to see beyond, ending up at the
boundary of adS

This space is, however, not a Cauchy space (or in other words globally
hyperbolic). We can of course define a Cauchy surface but it represents no longer
sufficient initial data to describe the entire space of adS. Data on the boundary of
adS have to be also specified (see Fig. 1.2). We will come back to this briefly when
studying the spacetime diagram.

Also note that for the normal adapted coordinate u, 0, is not a Killing vector for
adS. In adS space we miss a global spacelike Killing vector generating transla-
tional invariance in u (in de Sitter space we do not have a global timelike Killing
vector). Taking u = up constant with u, large we see that,

ds? ~ lze@(—dt2 +dQ ),

that the geometry of the boundary is indeed topologically R x S?~2 for the uni-
versal covering of adS. Had we considered we would have got, S' x S92,
Let us now consider a local parametrisation defined by

Xg+ X1 . Xo
y=ln =Tl o 0
l Xa+Xg1
X; .
X i=1,..,d-2. (1.22)

Xyt Xaot
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This parametrisation covers only half of the hyperboloid since we must have
Xy + X4-1 > 0 in order for (1.22) to be well defined. In order to find the relevant
line element we must invert (1.22). Using (1.13) it is easy to show that,

d-2 2
y = )i X — 1
Xo+Xg1=ler, Xg—Xg-1 =le7 1—|—ell—2>,

Taking the sum and the difference we then obtain the inverse transformation,

X4—1 = Isinh (%) ——e(x2 =7,

[
2
Xo = lfer, X; = Ixer,

[,
Xy = zcoshe) + el =), (1.23)

where x* = Zf;z sz (compare with the global parametrisation (1.19)). Inserting

into (1.14) we now get the desired line element,
ds? = e (—dP + dx?) + dy?, (1.24)

with y € [—o00, +00] measuring proper distance. Note that by rescaling the (7, x)
coordinates we can get rid of the /> factor. Planar coordinates are obtained by
setting r = lel. We obtain,

2 2 2 2 Idr
ds* = r*(—dt" + dx”) + Ea (1.25)

with » > 0. We will use this chart for planar black holes. Again note from (1.22)
that planar coordinates cover only half of the hyperboloid. To cover all of adS we
take two portions r > 0 and r <0. Note that the boundary is attained at r — oo
whereas we have a horizon at » = 0 due to the fact that we cannot cover all of adS
space. This is a degenerate (i.e. of zero temperature) Killing horizon associated to
the Poincaré flat slicing of adS space (we will come back to this in a moment).
Finally the Poincaré chart is obtained as the conformally flat version of adS by
setting z = £

12
ds* :?(—Jiz + dx* + d7%), (1.26)
where now the boundary is at z = O for this chart.
Let us now find a proper time parametrisation of adS. We proceed as for the

global parametrisation modulo we now start by considering, Xg = p%,Xﬁ —
S X2 = p3 of radii py, p, such that

1

pi+ps =1, (1.27)
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which is solved setting p; = Isint, p, = [ cos 7. We repeat the same procedure for
the hyperboloid X3 — Z;:ll X? = p} with X, = p, cosh and then we parametrise
S ! X2 using (1.3) for x = 0. All in all we have,

Xo =sint, X;=Icostcosh,

1.28

X =lIcostsinh cosly,...,X; | =Ilcostsinh sin6;...cos 0y ( )
and replacing in the line element (1.14) we get,

ds* = —Id7* + I* cos® tdH?_,|. (1.29)

This coordinate system is only defined for t €] —im,1n[. Therefore in this
patch —/ <X, </ (see Fig. 1.2).

1.1.3.3 Spacetime Diagram

Let us turn our attention now to the spacetime diagram for adS. Our starting point
is the global coordinate system (1.21). As before we write the metric in a con-
formally flat form and define novel coordinates so as to bring infinity of the radial
coordinate to a new finite coordinate value. Time, however, is either periodic in or
infinite in ¢. This amounts to solving d0 = dul cosh and therefore considering the
coordinate transformation,

0 =n u
24 D) =l 1.
tan (2 + 4) el, (1.30)

with 0 € [0,%[. The line element is

l2
ds* = o (=dr’ + d6* + sin® 0dQY;,_,) (1.31)

and it is conformally equivalent to a quarter of the Einstein cylinder (1.7). The
difference here is that 0 € [0,7] rather than 0 € [0, [ for flat space. Also note that
we cannot make a conformal transformation which brings time infinities to finite
values for then the conformal factor explodes. It is useful for comparison between
different charts to note that,

sin ¢ cost
0= l 7Xd =1 )
c cos p (1.32)

os 0
X, =ltanpcosfy,....X;_; = Iltanpsin6..cos 0,_;.

Therefore the spacetime diagram consists of an infinite strip of length 7/2 (for
the universal covering). The boundary resides at 0 = %, the endpoint of both future



1 Introduction to Anti de Sitter Black Holes 13

and past null geodesics. For timelike geodesics we use the proper time slicing,
(1.29). Indeed comparing Xy, X; for (1.32) and (1.28) we get

1
sint =sintcosf, cost=——sin0 (1.33)
tanh

for T and constant respectively (see Fig. 1.2).

Note that timelike infinity in the past i~ or future it is infinite. As a conse-
quence there is no finite Cauchy spacelike surface at all in this space. This is
because although any constant #y surface (r = 0 or 1 = 0 in Fig. 1.2), X say, covers
the whole of adS at instant r = 1y, however, we can find null surfaces that never
intersect X. This means that universal adS is not globally hyperbolic: Cauchy data
on arbitrary spacelike surface X, determines the system’s evolution only in a
region bounded by a null hypersurface called a Cauchy horizon for X (the trian-
gular region in Fig. 1.2). Physics on adS depends also on the boundary conditions
imposed at the boundary. Secondly all timelike geodesics emanating from ¢ = 0
focus at point ¢ and diverge at p never reaching the boundary of adS. Unlike de
Sitter space which inflates spacetime events away from each other, anti-de-Sitter
never allows free-falling particles to escape to the boundary. There are actually
regions in the future of p which can never be reached by any geodesic as is shown
in the figure but only by accelerated observers as the curve C in (1.2). This is a
sign that the gravitational potential in adS will be a bounding potential for
gravitons or free particles.

Planar (or Poincaré) coordinates cover the region r >0 which gives us the
triangular region in the spacetime diagram. Indeed we have (1.23) r =X, +
Xy = Cmg (cost + sin 0 cos Q) given the global patch (1.19) in coordinates (1.31)
(see Fig. 1.3) Note that the r = const worldlines are now accelerating trajectories
and as a result we have the presence of an adS horizon at r ~ co. The Poincaré
patch is in this sense similar to the Rindler patch in flat spacetime.

Exercise 1 Show that for a Killing vector we have

VaViéc = —RPealp-

Deduce that any Killing vector can be obtained by its values &* and V&g at
any point P € M. From Killing’s relation deduce therefore that there are at most
d<d+1) linearly independent Killing vectors in M and hence at most ddrl) H)

etrles of the metric (for more details see [5]).

isom-

Exercise 2 The constant curvature slicings of adS are given by the following line
element,

)
ds* = —(k +

dr? 2 10
dr* +K+ s+ r7dK; . (1.34)

=)
Z =
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Fig. 1.3 On the right a 3 dimensional representation of (universal) adS space with all but one
(symbolically Q in the figure) of the angular coordinates fixed. The boundary of adS is
represented by the infinite cylinder, the bulk of adS space by its interior. The fundamental domain
is the cylinder bounded the horizontal cups t = /2. The Poincaré region is bounded by the
tilted adS horizon caps r = 0 and covers half of the fundamental domain for ¢ € [-7/2,7/2]. On
the left a projected 2 dimensional view of the Poincaré region [3]

For k = 0 we obtain the flat slicing already encountered (1.25). Show that the
spherical slicing is nothing but that of global coordinates (1.21). Find the coor-
dinate transformation relating the flat and spherical parametrisations. Find then the
region of validity of the Poincaré coordinates. Show that the hyperbolic slicing
gives a time dependent version of adS. Find its domain of validity.

Exercise 3 Show that the global coordinate system for de Sitter space is,
t
ds* = —dt* 4 a* cosh? (7) do?. (1.35)
a
Therefore there is no global timelike Killing vector in de Sitter space. Construct

the Poincaré slicing and the Carter—Penrose diagram for de-Sitter space (see for
example [1]).
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1.2 Static Black Holes
1.2.1 Basic Properties

Assume a d =n + 1 dimensional spacetime such that it has n — 1 dimensional
sections of constant curvature given by the line element (1.3). Then one can show,
for metrics of such symmetry, that the general solution of Einstein’s equations
with cosmological constant admits a locally timelike Killing vector. This is a
slightly generalised version of Birkhoff” s theorem for vacuum spacetime (see for
example [6]). The solution reads (see [7, 8])

2 2 ar* r* 2
ds* = —V(r)dt +W+l—2dKn_l, n>2, (1.36)
where
poor
V(r> = K_rn,2+l_27 (137)

where the (n—1) dimensional metric dK>_, is given by (1.3) and the adS curvature
length / is related to the cosmological constant (1.20). Parameter y is an integration
constant which, as we will see, is associated to the black hole mass [9, 10]. For the
charged version of these black holes and their thermodynamics see [11].

Unlike de Sitter or flat spacetime, black holes in adS [12] will exist for all three
values of k =0,1,—1. In other words black hole horizons do not have only
spherical topology in adS, we can have toroidal or even hyperbolic black holes.
The horizons have to undergo topological identifications so as to make the horizon
surface compact. For flat horizons, k¥ = 0, one can simply identify all flat direc-
tions in order to get a torus of n — 1 dimensions. One can identify flat directions
non-trivially, creating non orientable horizon surfaces such as the Klein bottle in
2 dimensions and so forth. For k = —1 the construction is more complicated. Here
we give a rapid overview but the interested reader should consult [13—-16]. Take a
locally H? horizon (in a 4 dimensional hyperbolic black hole) and consider
a quotient space ¥ = H?/T". Here, H? is modded out by its discrete subgroup
I' made of discrete boosts of SO(2,1) (which as we saw earlier belongs to the
symmetry group of H?). Then X turns out to be a compact space of genus g. The
compact space has 4g sides and the sum of its angles has to give an overall angle of
27 in order to avoid conical singularities (see Fig. 1.4). The fundamental domain
of X is a polygon whose edges are geodesics of H. The action of I" will identify
opposing edges. The simplest case free of conical singularities is a regular
hyperbolic octagon with opposite edges identified [13]. Often these black holes are
referred to as topological black holes [7, 14-17] due to the identifications one has
to undergo in order to compactify the horizon geometries. In fact, any Einstein
space of dimension n — 1 can form a horizon for an adS black hole [7].
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Fig. 1.4 The fundamental region depicting a regular hyperbolic octagon in the Poincaré

hyperbolic unit disk, D = {x € ®? : x| <1} with metric ds® = %

get warped as we approach the boundary. Each depicted arc is orthogonal to the disks boundary.
Thus each polygon side is a geodesic segment in this space. The sum of angles gives 27 ensuring
the absence of conical singularities. The opposite edges of the polygon are identified via the
action of I'. The thus constructed horizon surface is a compact space which is locally hyperbolic.
This figure is taken from [6] where the detailed construction can be found

. Notice how distances

The solutions for k¥ = +1 are sometimes called “Schwarzschild-adS” solutions
because they reduce to the standard Schwarzschild solution when the cosmological
constant vanishes, [ — oo, and to adS in global coordinates when pu = 0. In fact,
these are the genuine asymptotically adS solutions precisely because asymptotically
we recover the global patch of adS space. Moreover, their topology is IR? x §"~!,
and the horizon is the sphere S§"~1 like that of the Schwarzschild solution.

Given that these black holes are static their horizons, in this coordinate system,
are the zeros of the potential. We will denote their (largest root) event horizon by
r = rp, V(r,) = 0. This event horizon has typically a non-zero temperature which
can be calculated the standard Euclidean way: Indeed consider ¢+ — it. We have

dr?

v(r)
and the metric is then of Euclidean signature for r > r,. This can be seen by
expanding around r = ry,

ds* = V(r)dt® + + rldK> (1.38)

1,
ds* ~ (Z v,j) p?d0* +dp* + - -, (1.39)

2(r—ry)
V7,

"h

with radial isotropic (or cylindrical) coordinate p = . Clearly in order to

evade a conical singularity at the origin of the axis, r = r,, we must impose the
periodicity,
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4z
= 1.40
P =) (1.40)
As we will see, the Euclidean quantum field propagator, with the above periodic
boundary conditions, describes a canonical ensemble of states in thermal equi-

librium with a heat bath of temperature T = ﬁ_' [18] where

47l
R e 1.41
b nr? +x(n—2)P (1.41)
This relation can be inverted to find
2nl? n(n —2)p*
h=—— [1 £/l —xk——=F— |, 1.42
" npf N ap (142)

which allows us to take f§ as the parameter that determines the solution. For
Kk = +1 the minus branch for r, exists and corresponds to small black holes in adS.
Notice that in the limit where r;, > [ the ¥ = %1 classes of solutions approach the
planar black hole class ¥ = 0. This admits an interpretation in terms of an “infinite
volume” limit, in which the curvature radius of $"~! or H"~! is much larger than
the thermal wavelength of the system [19].

Setting 1t = 0 we recover differing patches of adS space. For k = 0 we obtain
the Poincaré patch which covers only part of adS. In this case r — oo is the
boundary of adS whereas r = 0 is a horizon. This is a degenerate Killing horizon
meaning that there is no temperature associated with it (This is also true for the
x = 1 case). These are then the ground states for their respective class of solutions
parametrised by p. In other words adS space is not associated with some tem-
perature or inversely we can construct any temperature adS state by suitably fixing
the period of Euclidean time. This is similar to flat spacetime and in contrast to de
Sitter spacetime. For k = —1 however, we have a bifurcate Killing horizon at
r, = [ with r > [. The hyperbolic slicing covers a yet smaller triangular portion of
adS but the horizon in question has now temperature, § = 27xl. This patch is very
similar to the Rindler patch of flat spacetime. Therefore in this case it is not clear
what is the ground state of the system. We stress, however, that the ¢ = 0 case is
the only one which has no curvature singularity. The issue of the ground state is an
important question since when calculating the partition function it is important to
specify the background solution with which to annihilate divergences. AdS/CFT is
capital in resolving this and we will come back to this in a moment [9, 10].

Furthermore, for the k = —1 class of black holes [8], and in contrast to the
K = +1,0 classes, the zero temperature solution exists and is different from the
one that is isometric to adS. In fact, for k¥ = —1 there is a range of negative values
for u such that the solutions still possess regular horizons. When we are in such a
configuration we also have an inner horizon much like for a RN black hole. The
minimum values of u and 7, that are compatible with cosmic censorship and for
which the horizon is degenerate are [7],



18 C. Charmousis

2 —2\"? )
Hexy = — (n ) ln—27 Fext = 1 la (143)

n—2 n
and,

P l
/’texl:727 rext:ﬁ, for n = 4. (144)
For these values of the parameters, the black hole is extremal with coinciding inner
and event horizons.

1.2.2 Thermodynamics

The thermodynamics of adS black holes have many interesting properties which
are rather different from their asymptotically flat or de Sitter cousins. We will
use here the path integral method developed by Hartle and Hawking [20] in
order to calculate the partition function and then, using standard thermodynamic
formulas, the basic thermodynamic quantities for adS black holes. Already as we
mentioned above, the k = —1 case, presents subtleties due to the fact that the
background adS solution possesses a temperature at r, = [ whereas at the same
time there is an extremal black hole of zero temperature. Therefore it is not
clear, at least naively, which is the right background one should use. The adS/
CFT correspondence cures this ambiguity by providing through the boundary
CFT the correct geometric counter-terms. These are used to cancel out the
infinities and provide a background independent way to calculate the partition
function [9, 10, 21, 22]. For this presentation we will concentrate on pre-adS/
CFT method as a motivation and comparison with adS/CFT which will
be studied later on. We therefore concentrate here solely on the x =1 case
(for the conserved charges see [23, 24]) giving in particular an overview of the
Hawking—Page phase transition.

We shall consider a canonical ensemble with a constant temperature heat
bath. The system has thus fixed temperature but is allowed to exchange energy
with the heat bath. In asymptotically flat space although a black hole can be in
equilibrium with thermal radiation at some common constant temperature Ty,
this equilibrium is unstable once gravitational corrections are taken into account.
In other words, if the mass of the black hole were to increase due to some
infalling matter then the temperature would decrease and the black hole would
continue to grow. This means that the canonical ensemble, where the black hole
is in thermal equilibrium with a heat bath of constant temperature, is ill defined
if gravitational energy flow is not held fixed. In adS space, however, the thermal
radiation remains confined close to the black hole since the gravitational
potential, V ~r?/I? increases for large r. This is true for any choice of origin
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since adS is a homogeneous space. Non-zero rest mass particles are confined and
prevented from escaping to infinity and one can consider a canonical ensemble
description for any given temperature 7. Effectively, though volume of space is
infinite, adS provides a confining gravitational box. The canonical ensemble
partition function is defined via a path integral [25] that takes us from a given
configuration S, (S, g, ) — (5',¢',¢’) to S via all possible paths. These paths
represent arbitrary matter fields and arbitrary metrics which are asymptotically
flowing to zero and adS, respectively, in periodic time t with period f§ (1.40).
Here ¢ represents collectively matter fields and g Euclidean metrics.
Symbolically,

(&0, Sg.6.5) = / D¢, 8) exp (~1[,g]). (1.45)

The path integral is taken in Euclidean signature in order to optimise regularity.
Indeed, this permits the amplitude to be an elliptic operator with an exponential
damping factor rather than an oscillating one. All defined above possible config-
urations are allowed but one can argue that regular classical solutions, i.e. saddle
points of the action, are going to give the dominant contributions to this integral
and in particular to the partition function Z = e~! where,

1 d

Here BT is the Gibbons—Hawking boundary term yielding a zero contribution for
adS (unlike flat space where it is the sole term giving a contribution). We have
immediately run into a problem: the volume integral resulting from this calculation
is clearly infinite, both for adS space and the black hole in question. We will
therefore here, have to regularise by some vacuum (background) solution behaving
similarly at asymptotic infinity to the black hole in question, so as to get rid of the
infinities. We choose the background as the ground state since it is a regular
solution satisfying the same boundary conditions for any temperature of the heat
bath. We resort to [26] considering an upper cut-off r <R, subtracting the two
volume integrals and then taking the limit R — oo.

Let us take a closer look [19]. Our background in question is pure adS in global
coordinates. For adS and the black hole we have, respectively,

Vol (R / O/R / , (1.47)

§d—2

B
Vol,(R) = / dt / dr / aQri=2. (1.48)
0 ry §d—2
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and note the differences in the bounds of integration for the two integrals.
Although the period f for the black hole is fixed by (1.41), for adS space it is
arbitrary, f3,. We can therefore fix f§, so that the temperature of both configurations
is the same at r = R. This is consistent with the fact that we are assuming a
common heat bath for the canonical ensemble at temperature 7. This sets,

R2
[N

V1+E

After evaluating the action difference and taking the limit we finally obtain,

Bo = (1.49)

Vol($4=2)ri2(1* — r%)

—log(Z2)=1= 4G[(d = l)ri Y (d-3)7]

(1.50)

The action I we have calculated is essentially the difference in between the
saddle points present in the partition fuction. We see that / is positive for small ry,
compared to / which means that the tunnelling probability from adS to a black hole
is exponentially suppressed. We have thus semi-classical stability. On the contrary
the sign is inverted for larger 7, than /, which points to an instability, physically
favouring tunnelling to black holes. In between we can expect to find a phase
transition. Let us now pursue to find in a standard way the thermodynamic

quantities. The mean energy of thermal radiation is E = .- p;E;, where p; =
Le7PEi and therefore,
0 (d — 2)Vol(S*=2)(I72r4-1 — p473)
E=——|looZ — + t M 1.51
op 8 167G ’ (151)
where M = % is the gravitational mass of the black hole ([23, 24] for

x = 1, with the general conserved charges for locally asymptotically adS space-
times given in [21]). The entropy S =), ... pilogp; is given by
A

1
S=PE—1=—r"Vol(§"?) =—

1.52
4G 4G (1.52)

where A is the volume of the horizon. Here we see how in adS the entropy-area
relation is verified. The heat capacity i.e., the amount of heat energy required to
increase the temperature by a unit quantity, is given by

_oE_orn,
0T or, oT

n— 1)Vol(§%-2)—3
SURIZ e e

2
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with C, the second derivative of the action with respect to temperature, gives
thermodynamic stability. The free energy is given by F = E — TS = IT
We can finally check the possible phases: first we note that r;, is an increasing

function of the mass M. Now it is easy to check that 0 < f<f,,,., where
Bnax = W. Hence for temperatures 7' <7}, = 5 there is no black hole

and we have a pure (adS) phase of thermal radiation with negative free energy. For
T > T, there are two black holes with M_ <M (1.42). The black hole with the
smaller mass has negative specific heat. It is therefore unstable to decay either to a
larger black hole or to pure thermal adS. The bigger black hole has on the contrary
positive specific heat and is thus thermodynamically stable. Furthermore for
Tin <T <Typ the free energy of the plus branch is less than pure thermal adS
which is energetically favoured. However, for T > Typ the situation is inversed
and the large black hole state has less free energy than thermal adS space. AdS
space can therefore tunnel towards this large black hole which becomes the
energetically preferred state.

1.3 Beyond Static Black Holes

Suppose we now reduce the symmetry of spacetime, requiring a stationary and
axially symmetric spacetime. As is often the case once symmetry is reduced the
field equations are no longer integrable and knowledge of the full spectrum of
solutions is lost. The presence of the cosmological constant presents a genuine
complication with respect to the vacuum case which remains integrable for the
stationary axially symmetric case (see [27-33] and references within).

Our aim in this section is to describe the difficulty associated to the presence of
A and to discuss briefly this open problem. Let us focus here mostly on the case of
d =4 dimensions to simplify the problem as much as possible. Consider a
spacetime with two killing vectors one which is locally timelike and one axial
which are no longer orthogonal to each other. In other words we have lost d — 2
maximal symmetry and we have traded stationarity for staticity. The general
metric anzatz reads,

Q
2

ds* = ”oa 2 (dr* + dz?) + we 2dg? — aet (di + Adg)?, (1.54)

where O,, O¢ are the Killing vectors in this adapted coordinate system. The metric
functions, v, and Q depend on r and z. Note that we can still undertake 2
dimensional conformal transformations in the (r,z) plane without loss of gener-
ality. The field equations read,

Aw = —2A02e®, (1.55)

v- (é%ﬁ’A) =0, (1.56)
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1
aﬁ : (ﬁg) +262(VA) =0, (1.57)

1
A+ (VQ)? — (VA =

Ao
— 1.
=3 (1.58)

o, o 1 1 -

20, — 7%4 =32 Q) — 5e9A§ (€=%4) (1.59)
and correspond to a 4 dimensional spacetime with cosmological constant [16]. The
derivative operators are the usual flat 2 dimensional operators with respect to » and
zand { = r +iz.

This system is a slight generalisation of the Lewis—Papapetrou system for A =
0 (see for example [27-33]). In particular static and axially symmetric metrics
(usually called Weyl metrics) with A = 0 are obtained setting A = 0. The vacuum
case is long known to be integrable [27-33]. This is no longer true in the presence
of the cosmological constant and also in higher dimensions [34]. In higher
dimensions this is due to the appearance of novel curvature scales, much like the
cosmological constant, associated to the additional Killing vectors. However,
when all curvature scales are set to zero (all spatial Killing vectors have U(1)
symmetry) the system is integrable for D > 4 and has been studied extensively in
[35]. To picture how this works for vacuum and fails for A # 0 let us switch off in
(1.55-1.59) the curvature scale A and A (for simplicity). Note then from (1.55) that
o is a 2 dimensional harmonic function and we can use the 2 dimensional con-
formal transformations of the metric (1.54) to fix, without any loss of generality
o = r. Then (1.57), is just Laplace’s equation, written in 3 dimensional cylindrical
coordinates, a linear ODE! Solving for Q is in fact the same as solving for a
Newtonnian axial source! Given any Newtonian source we can find (and even
superpose) Q, the corresponding Weyl potential for the static and axisymmetric
metric (1.54). In fact using this Newtonian analogy we can construct multi black
hole solutions (see for example [34, 36-38]). In essence once we have determined
the source corresponding to a black hole (a linear massive rod lying on the r = 0
axis) we just superpose such sources on the symmetry axis. For a non-linear theory
as GR, however, this is not all. Using the non-linear (1.59) we solve for v obtaining
the full metric solution. Typically v picks up conical singularities on the axis » = 0
which are interpreted as keeping the static equilibrium between attractive gravi-
tational sources. For a double black hole we have either two infinite cosmic strings
lying on r = 0 pulling apart the black holes or a rigid strut in between the rods
keeping them apart [36-38]. The former corresponds to a conical defect,
v(0,z) > 0, whereas the latter to a conical excess, v(0,z) <0.

Firstly go back to A # 0. Note now that the curvature scale A spoils this
integrability at step 1 given that we can no longer adequately fix the coordinate
system as before (1.55). Furthermore secondly, switching back on A takes us from
the static to the stationary case. Integrability for A = 0 is still maintained largely
due to the fact that (1.56—1.57) combine together to form a complex equation, the
Ernst equation with respect to a complex potential £ that has as its real part the
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Weyl potential and as its imaginary part a dual of the rotation A [39, 40]. It is
interesting that this mathematical property remains true even when A # 0. [41],
[42]. The Ernst equation replacing (1.56), (1.57) reads,

1= — B (?57)2 Ao
V. (wa) = Ree ) TR (1.60)

with & = %o + io.

Let us now look at a specific example solution first found by Carter, which
generalises the Kerr metric in the presence of a cosmological constant. The
solution reads,

A in20 2 Assin2 0 2 2 2
dsiz_—(dt—“sm d(p)+ (":;1 (adt—ri_a d(p)

—
—a

2 2
+p2(di+ﬁ), (1.61)

where k is the adS curvature scale, M is the black hole mass, a the angular
momentum parameter and

A= (r+d)( +r?) - 2Mr, (1.62)
Ag=1—a’k*cos’ 0, E,=1-d*k, (1.63)
p* =r*+a’cos’0, A= -3k (1.64)

Rotation is bounded since the solution remains valid for a> <k* and is singular
at a*> = k*. The exterior event horizon is the largest zero of A(ry) =0 and the
extremal limit is obtained when the inner and and outer horizons coincide. This
also sets the lower bound for the mass parameter, m > m,,, which is extremised for
a®> = k*. Unlike the static black holes here the zeros of A do not correspond to the
position of the Killing horizon of 0,. In fact the geometric region defined by
the null Killing generator of the horizon and the Killing horizon of 0, defines the
ergoregion as in the case of Kerr spacetime. In this region we have superradiance
effects for certain wave modes due to the possible energy extraction of the black
hole with the reflected wave mode being of greater energy than the initial one
(Escattered > Einitiar)- Now an intriguing possibility arises [43]. AdS, with its con-
fining gravitational potential, can act as an amplifier to this effect. This is true for
massive modes due to the confining potential not allowing them to escape to
infinity but shooting them back into the hole, and massless modes alike, due to the
reflecting boundary conditions imposed at the adS boundary. One expects through
this effect that the black hole will gradually loose its angular momentum [43].
Such an instability was found for small black holes in [44].

In 5 dimensions an interesting difference occurs [43] (for the generalization of
Carter’ s solution to higher dimensions see [45—48]) and this effect, can in some
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cases, be washed away. First there is an additional angular momentum parameter
due to the extra Killing vector. The null generator of the horizon reads, y =
0; + Q404 + QO where €; is the rotational velocity associated to each angular
momentum parameter. If the hole is sufficiently slow rotating ; <k with respect
to the curvature scale of adS, the vector y remains timelike all the way up to
infinity. In other words in adS matter can be in a co-rotating frame with the black
hole, something impossible for a Kerr spacetime where y is spacelike and an
external observer would have to move at a speed greater than light to keep up with
the black hole rotation. This effect also agrees with the rotating black hole ther-
modynamics in adS [43] where a similar phase transition occurs as for the static
case we studied earlier (see also [49] for a more general discussion including the
case of adS black rings and other assorted higher dimensional black objects).

Let us finally give the Ernst potential for the rotating black hole solution found
by Carter. We can transit in between the coordinate system of (1.61) and (1.54) by
setting

drz_
=

do?
dr’, — =dz?, (1.65)
Ay
meaning that z and r are implicitly given as functions or 6 and r, respectively.
Using (1.54), this is all we need to know in order to identify the different

components:

o°= Sl:nG\/AAg, (1.66)

—a

A asin® O(A — Ag(r* + a?))

, 1.67
Eu(a?Agsin® 0 — A) (1.67)
=2 2 02 m\2
E (A —a*A 0
N Gl e r (1.68)
AAgyp* sin” 0
¥ = p*all?, (1.69)
The electric Ernst potential for Carter’s solution is given by
1
£ = p (A — & sin* 0Ag — 2iacos 0(kK*p*r + M)). (1.70)

If there is no rotation, a = 0, the Ernst potential is real and corresponds to the
x = 1 black holes we studied in the previous section. For M = 0 we have pure adS
but the potential is still complex since the metric has non-zero angular momen-
tum.” If A = 0, € is the usual Ernst potential in the coordinates of (1.61).

2 This is quite unlike the situation for Kerr’s solution at asymptotic infinity.
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Chapter 2
Perturbations of Anti de Sitter Black
Holes

George Siopsis

Abstract I review perturbations of black holes in asymptotically anti de Sitter
space. I show how the quasi-normal modes governing these perturbations can be
calculated analytically and discuss the implications on the hydrodynamics of
gauge theory fluids per the AdS/CFT correspondence. I also discuss phase tran-
sitions of hairy black holes with hyperbolic horizons and the dual superconductors
emphasizing the analytical calculation of their properties.

2.1 Introduction

The perturbations of a black hole are governed by quasi-normal modes (QNMs).
The latter are typically obtained by solving a wave equation for small fluctuations
in the black hole background subject to the conditions that the flux be ingoing at
the horizon and outgoing at asymptotic infinity. These boundary conditions in
general lead to a discrete spectrum of complex frequencies whose imaginary part
determines the decay time of the small fluctuations

1
Sw = —. 2.1
Sw . (2.1)

There is a vast literature on quasi-normal modes and I make no attempt to review it
here. Instead, I concentrate on obtaining analytic expressions for QNMs of black
hole perturbations in asymptotically AdS space. One can rarely obtain analytic
expressions in closed form. Instead, I discuss techniques which allow one to
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calculate the spectrum perturbatively in an asymptotic regime (high or low
overtones). For high overtones, the frequencies at leading order are proportional to
the radius of the horizon. For low overtones, one in general obtains an additional
frequency which is inversely proportional to the horizon radius. Thus for large
black holes there is a gap between the lowest frequency and the rest of the
spectrum of QNMs. I pay special attention to the lowest frequencies because they
govern the behavior of the gauge theory fluid on the boundary according to the
AdS/CFT correspondence. The latter may have experimental consequences per-
taining to the formation of the quark-gluon plasma in heavy ion collisions.
Moreover, I discuss phase transitions to hairy black holes which correspond to a
dual superconducting phase. I concentrate on the case of black holes with a
hyperbolic horizon because their properties can be understood analytically.

In Sect. 2.2 T discuss scalar, gravitational and electromagnetic perturbations of
an AdS Schwarzschild black hole analytically calculating the QNM spectrum in
the high frequency regime. In Sect. 2.3 I calculate the QNM spectrum analytically
in the low frequency regime and discuss its relevance to the hyrdodynamic
behavior of the dual gauge theory fluid on the boundary. In Sect. 2.4 I introduce
hairy black holes and discuss their phase transition in the case of a hyperbolic
horizon which can be understood analytically. The dual gauge theory corresponds
to a superconductor whose properties can be calculated via electromagnetic per-
turbations. Finally, I conclude with Sect. 2.5.

2.2 Perturbations

In this section I discuss scalar, gravitational and electromagnetic perturbations of
an AdS Schwarzschild black hole in d dimensions analytically calculating the
QNM spectrum in the high frequency regime. Low overtones will be discussed in
the next section.

The metric of an AdS Schwarzschild black hole is

r? 2 dr?
0 = (G K s Pz (22

2 — 3

I shall choose units so that the AdS radius / = 1. The horizon radius and Hawking
temperature are, respectively,

K d—1)r* +K(d—-3
2,[1 = rd_l (1 +—2>, TH = ( )V+ + ( ) (23)
ik 4mry

The mass and entropy of the hole are, respectively,

d—3 d—2
+

Vol(Skas), S=""Vol(Zxas).  (2.4)

M=(d—2)(K+r)— —

167G
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The parameter K determines the curvature of the horizon and the boundary of AdS
space. For K = 0, +1, —1 we have, respectively, a flat (R?~2), spherical (%) and
hyperbolic (H?2/T, topological black hole, where T' is a discrete group of
isometries) horizon (boundary).

The harmonics on Xk 4> satisfy

(V2 + )T =0. (2.5)
For K = 0, k is the momentum; for K = +1, the eigenvalues are quantized,
K =11+d-3)-9, (2.6)
whereas for K = —1,

2

=&+ <d;3> +9, (2.7)
where ¢ is discrete for non-trivial I'. 6 =0, 1,2 for scalar, vector, or tensor per-
turbations, respectively.

According to the AdS/CFT correspondence, QNMs of AdS black holes are
expected to correspond to perturbations of the dual Conformal Field Theory (CFT)
on the boundary. The establishment of such a correspondence is hindered by diffi-
culties in solving the wave equation governing the various types of perturbation. In
three dimensions one obtains a hypergeometric equation which leads to explicit
analytic expressions for the QNMs [1, 2]. In five dimensions one obtains a Heun
equation and a derivation of analytic expressions for QNM:s is no longer possible. On
the other hand, numerical results exist in four, five and seven dimensions [3-5].

2.2.1 Scalar Perturbations

To find the asymptotic form of QNMs, we need to find an approximation to the
wave equation valid in the high frequency regime. In three dimensions the
resulting wave equation will be an exact equation (hypergeometric equation). In
five dimensions, I shall turn the Heun equation into a hypergeometric equation
which will lead to an analytic expression for the asymptotic form of QNM fre-
quencies in agreement with numerical results.

2.2.1.1 AdS;

In three dimensions the wave equation for a massless scalar field is

1 3 r_2'_ 1 2 1 2
—o(P(1-%)o0) - P04+ 3D =0, (2.8)
r r r

2_ 2
r ri
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Writing the wavefunction in the form

O — ei(wtfpx)\{-l(y)’ y = r_;’ (2_9)
the wave function becomes
Y0y =Dy = DY)+ y¥ +p*y(y — ¥ =0 (2.10)

to be solved in the interval 0 <y <1, where
w w . p P

== == . 2.11
@ 2r,  4nTy’ P 2r.  4nTy ( )
For QNMs, we are interested in the solution
() =y(1 —y) " Fi1(1+i(d+p), 1 +i(d — p); 2;y), (2.12)

which vanishes at the boundary (y — 0). Near the horizon (y — 1), we obtain a
mixture of ingoing and outgoing waves,

T (+2i)
F(1+i(o+p)I(1+i(d—p))

Setting A_ = 0, we deduce the quasi-normal frequencies

WA (1—y) O +A (1), A=

O=2p—in, n=12,... (2.13)

which form a discrete spectrum of complex frequencies with I <O0.

2.2.1.2 AdSs

Restricting attention to the case of a large black hole, the massless scalar wave
equation reads

4
=0.(Pf(r) 0,®) — f()62®——V2(1> 0, f(r)= —r—j. (2.14)

Writing the solution in the form

® = O PIP(y), y = (2.15)

+‘N| o

the radial wave equation becomes
A~ 2 /\

/ P
[0 B CASR A ) A )
For QNMs, we are interested in the analytic solution which vanishes at the
boundary and behaves as an ingoing wave at the horizon. The wave equation
contains an additional (unphysical) singularity at y = —1, at which the
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wavefunction behaves as W~ (y + l)id’/ 4

function near the singularities y = £1,

P(y) = (y— 1)+ 1)1 FL(), (2.17)

we shall obtain two sets of modes with the same @, but opposite .
F.(y) satisfies the Heun equation

i+ 1 41
y(yz—l)Fi"+{(3—l2 (I))yz—lz cby—l}F’i

A . A A ~2
0] 0] . . w p _
+{2<i4:|:1 l)y (iF1)y 4}@_0 (2.18)

. Isolating the behavior of the wave-

to be solved in a region in the complex y-plane containing |y| > 1 which includes
the physical regime r > r,.

For large &, the constant terms in the polynomial coefficients of F’ and F are
small compared with the other terms, therefore they may be dropped. The wave
equation may then be approximated by a hypergeometric equation

i+ 1 [+ 1 1 10
(y2—1)Fl+{(3—l 3 (Z))y—lT&)}F;+%<i¥$l—i> F. =0,

(2.19)

in the asymptotic limit of large frequencies @. The acceptable solution is
Fo(x) =2Fi(ar,a;c;(y+1)/2), ar=1-FHo+1, c=3+1d. (2.20)
For proper behavior at the boundary (y — 00), we demand that F be a polynomial,

which leads to the condition

a,=-n, n=12,... (2.21)

7

Indeed, it implies that F' is a polynomial of order n, so as y — oo, F ~y" ~y~%
and W ~ y i@/4yF0/4yas =2 ag expected.
We deduce the quasi-normal frequencies [6]

= 2n(£1 — i) (2.22)

in agreement with numerical results.

It is perhaps worth mentioning that these frequencies may also be deduced by a
simple monodromy argument [6]. Considering the monodromies around the
singularities, if the wavefunction has no singularities other than y = %1, the
contour around y = 41 may be unobstructedly deformed into the contour around
y = —1, which yields

MDM(=1) = 1. (2.23)

Since the respective monodromies are M(1) = e™/? and M(—1) = ¢T™/2,
using 3@ <0, we deduce & = 2n(+1 — i), in agreement with our result above.
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2.2.2 Gravitational Perturbations

Next I consider gravitational perturbations. For definiteness, I concentrate on the
case of spherical black holes (K = +1). I shall derive analytic expressions for
QNMs [7] including first-order corrections [8]. The results are in good agreement
with results of numerical analysis [9]. Extension to other forms of the horizon is
straightforward [10].

The radial wave equation for gravitational perturbations in the black-hole
background (2.2) can be cast into a Schrodinger-like form,

a*y

— A V)Y = o’ , (2.24)

in terms of the tortoise coordinate defined by

dr, 1

A 2.25

ar =70 (225)
The potential V for the various types of perturbation has been found by Ishibashi
and Kodama [11]. For tensor, vector and scalar perturbations, one obtains,

respectively,

vrlr) =g {13 (LA (@ T0OL -

U +d—3)
2

L (@d=2)d=4() ") } (2.27)

W) =) - e

I

-2
Vs(r):J;—:z) €(£+d—3)—(d—2)+(d_13(5?3_2)”}

{d(d—l)z(d—2)3u2 6(d—1)(d—2)*(d—4)[((t+d—3)—(d—2)|u
X R2,2d—8 - R2pd—>

(d—4)(d—6)[l(t+d—3)—(d—2)]’P 2(d—1)*(d—2)"1’
+ R2 + 73d—9

4(d—1)(d—2)(2d> = 11d+18)[{(L+d —3) — (d —2) |11
+ y2d—6

(d=1)*(d=2)*(d—4)(d—6)1
+ 72d—6
6(d=2)(d—6)[l(t+d—3)—(d—2)]’n

43
6(d=1)(d=2)°(d=4)[l(l+d=3) = (d—2)|u
=3

+A[l(l+d—3)—(d—2)] +d(d—2)[(({+d —3) — (d—z)]z},
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Near the black hole singularity (r ~ 0),

1 At 1 _(@-3) t+d-3)
(2.28)
Ay e d>—8d+13 (({+d-3)
W=-"S+—"——r 4., =
Ve T —2d - 2™ i A =i 15) )
(2.29)
and
l —a_2
VS:_—2+ AS 1 r*ﬁié_k"'v (230)
4 [=2(d -2y
where
" (2d® — 24d® +94d — 116) (d*> —7d + 14)[(({ +d — 3) — (d — 2)]
S — .

4(2d —5)(d - 2) (d—1)(d—2)*
(2.31)

I have included only the terms which contribute to the order I am interested in. The
behavior of the potential near the origin may be summarized by

T S

V=t T AT (2.32)

where j = 0 (2) for scalar and tensor (vector) perturbations.
On the other hand, near the boundary (large r),

.2 o0
J5 — 1 _ / dr
V= +o, Fo= | —, 2.33

Ar. 1) / 70 (233)

where jo, =d —1, d —3 and d — 5 for tensor, vector and scalar perturbations,
respectively.

After rescaling the tortoise coordinate (z = wr,), the wave equation to first
order becomes

(Ho +of Hl)‘l’ —0, (2.34)
where
a  [?-1 a1

By treating H; as a perturbation, one may expand the wave function
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W(z) = Wo(z) + 0 Wi (2) + - (2.36)

and solve the wave equation perturbatively.
The zeroth-order wave equation,

HOLP()(Z) = O7 (2.37)
may be solved in terms of Bessel functions,

Wo(2) = A1v2Jy(z) + Ax2v/2Ny(). (2.38)

For large z, it behaves as

2 .
Yo(z) ~ \/;[Al cos(z — oy ) + Ay sin(z — oy )]
1 o
=——(A| —idy)e e +
\/2_71( 1 — iAz) -
where ox = § (1 £)).
At the boundary (r — o0), the wavefunction ought to vanish, therefore the
acceptable solution is

Wo(re) = By o(re — 7) J,-%(w(r* — 7). (2.39)

Indeed, ¥ — 0 as r. — 7., as desired.
Asymptotically (large z), it behaves as

(Al + l.Ag)ejLia*eiiz,

-

T

1 (1+j)- (2.40)

Y(r,)~ \/%Bcos[a)(r* —7)+p, B

This ought to be matched to the asymptotic form of the wavefunction in the
vicinity of the black-hole singularity along the Stokes line 3z = S(wr,) = 0. This
leads to a constraint on the coefficients Ay, A,,

Ajtan(wr, — f—ay) — Ay =0. (2.41)
By imposing the boundary condition at the horizon
¥(z) ~e, 7z — —oo0, (2.42)

one obtains a second constraint. To find it, one needs to analytically continue the
wavefunction near the black hole singularity (z = 0) to negative values of z. A
rotation of z by —m corresponds to a rotation by — "5 near the origin in the
complex r-plane. Using the known behavior of Bessel functions

J(e7™z) = e ™I (z), Ny(e z) = e™N,(z) — 2icos nvJ,(z), (2.43)

for z<0 the wavefunction changes to
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Wol2) = 0z { Ay = i1+ €A Jy(—2) + AT N(=0) | (2.44)

whose asymptotic behavior is given by

. e—in+1)/2 i . e—in(+1)/2 .
~——— A —i(l +2™)Ay| e + ————[A| — iAs] €7 2.45
o [Ar—i( JA2] e [A} — iA;] (2.45)
Therefore one obtains a second constraint
Ap —i(14+2™)A; = 0. (2.46)
The two constraints are compatible provided
1 —i(1+2e™) |
tan(w7, — f — o) -1 =9 (247)
which yields the quasi-normal frequencies [7]
WFy = 2(2 +j+js) —tan”! ﬁ + nm. (2.48)

The first-order correction to the above asymptotic expression may be found by
standard perturbation theory [8]. To first order, the wave equation becomes

HoVW1 + H, ¥y = 0. (249)

The solution is

o a 2N

/ 4%
Z N, / 1\{; /
—\/Ejg(z)/dz’\/z—Nf(Zx{ O(Z). (2.50)
0

where W = 2/m is the Wronskian.
The wavefunction to first order reads

Y(2) = {Ai[l = b(2)] = Araa () }v/2J(2) + {A2[1 + b(2)] + Arar (2) } V2N, (2),
(2.51)

where

and A depends on the type of perturbation.
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Asymptotically, it behaves as

¥(z) ~ \/3 [A| cos(z — oy ) + Al sin(z — oy )], (2.52)
where
Al =1 =blA| — @Ay, A, =[1+DJA; +a1A; (2.53)
and I introduced the notation
ay = a;(c0), a =ax(o0), b=b(0). (2.54)
The first constraint is modified to
Al tan(wr, — f — o) — Ay = 0. (2.55)
Explicitly,

[(1 —b)tan(wF, — B — o) — a@]A; — [1 + b + @y tan(wr, — f — o, )]A; = 0.
(2.56)

To find the second constraint to first order, one needs to approach the horizon. This
entails a rotation by —r in the z-plane. Using

al(eﬂ‘nz) _ e’inﬁe’injal(z),
ar(e”"z) = = eVay(z) — 4c0s2%ja1 (z) = 2i(1 + ™)b(2)|,
ble™z) = e ™ [b(z) — i(1 + e ™)y (2)],
in the limit z — —oo one obtains
¥ (z) ~ —ie ™2, cos(—z — o) — ie"™?By sin(—z — a4 ), (2.57)
where
Bl =A; — Ae "E3b — i(1 + e ¥)ay]
— Aye T [e””jaz — 4 cos? %jal —2i(1+ e”"j)l_)}
—i(1 + e) [Az F Are ™3 — i(1 + e )ay] + Ale*fﬂ%e*"ﬂf@,}
B, =A, +A267"“%[l_7 —i(14 e ™)a) +A167i"ﬁefi"j&1.

Therefore the second constraint to first order reads
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[1 — e ™5 (ia; + b)A; — [i(1 4 26™) + e 3 ((1 + €¥)ay + ¥a, — ib)]A, = 0
(2.58)

Compatibility of the two first-order constraints yields
1+b+artan(wr, —f—oy)  i(142¢™) 4 e "2 ((14e™)a, +e™a, — ib)
(1—b)tan(wr, — f—oy) —ay 1 — e ™ (ia, +b)
= O7
(2.59)

leading to the first-order expression for quasi-normal frequencies,

1
OF, = (2+j—|—joo)+?ln2—|—mr
i

I

Ly = . i=r o . =3
~3 {6lb —2ie”""2b —9a; + e 2a; +ap — e ’"Haz},

where

. _nA (nn)% r(dlz)r(é+2z1 32))
1=\ 7= ,
4 \2r. F2(2 ))1"(%—!—2(‘! 1))
~ nd—-3) = Cod—=3\]|_
=|l+2cot—cot= | —j+—=
ap [ + COtZ(d—Z)CO 2( j—i—d_z)]al
_ n(d—73)_
= — t .
b co 2(d—2)al

d=3

Thus the first-order correction is ~ O(n~2).
The above analytic results are in good agreement with numerical results [9] (see
Ref. [8] for a detailed comparison).

2.2.3 Electromagnetic Perturbations

The electromagnetic potential in four dimensions is

Vem = @f@) (2.60)

Near the origin,

j2—1+z(e+1)r;3/2+
4r? 2y/—4u ’

*

Vem = (2.61)
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where j = 1. Therefore a vanishing potential to zeroth order is obtained. To cal-
culate the QNM spectrum one needs to include first-order corrections from the
outset. Working as with gravitational perturbations, one obtains the QNMs

i o e
WF, = nn 4lnn—|—2iln(2(1+l)A\/Z), A_Z\/Tw' (2.62)

Notice that the first-order correction behaves as Inn, a fact which may be asso-
ciated with gauge invariance.

As with gravitational perturbations, the above analytic results are in good
agreement with numerical results [9] (see Ref. [8] for a detailed comparison).

2.3 Hydrodynamics

There is a correspondence between N = 4 Super Yang-Mills (SYM) theory in the
large N limit and type-IIB string theory in AdSs x S° (AdS/CFT correspondence).
In the low energy limit, string theory is reduced to classical supergravity and the
AdS/CFT correspondence allows one to calculate all gauge field-theory correlation
functions in the strong coupling limit leading to non-trivial predictions on the
behavior of gauge theory fluids. For example, the entropy of N' = 4 SYM theory
in the limit of large 't Hooft coupling is precisely 3/4 its value in the zero coupling
limit.

The long-distance (low-frequency) behavior of any interacting theory at finite
temperature must be described by fluid mechanics (hydrodynamics). This leads to
a universality in physical properties because hydrodynamics implies very precise
constraints on correlation functions of conserved currents and the stress-energy
tensor. Their correlators are fixed once a few transport coefficients are known.

2.3.1 Vector Perturbations

I start with vector perturbations and work in the d-dimensional Schwarzschild
background (2.2) with K = +1 (spherical horizon and boundary). It is convenient
to introduce the coordinate [12]

"= (r—*)H. (2.63)

, (2.64)
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where prime denotes differentiation with respect to u and I have defined

f(u) —fg)lusz<u1}%u> (2.65)
R L e
(d—1)(d— 2)(1 +L)
- 5 up, (2.66)

(l+d 3)

where 12 =
2

First T consider the large black hole limit r. — oo keeping & and L fixed
(small). Factoring out the behavior at the horizon (¥ = 1)

¥ = (1 —u) (), (2.67)
the wave equation simplifies to
AF" + BoF' + CoiF =0, (2.68)
where
A= —(d =3 (1 — uts)
R VI =1
i uas (1 — uas)
d—1 1—u

By =—(d—3)[d—4— (2d — 5)u5—‘]m i 2(d—3)?

SR CE U VR YT,
—(1)72 d—32 ? 25138(1—1,[«13)
=t (d-3) ’
1 —uas (d—l) (1 —u)
—(d-3) o [d_4_(2d_5)uﬁ]u%7( . )2 i@ ut”(l—ud_s)
d—l 1—14 d—l (l—u)z

One may solve this equation perturbatively by separating
(Ho +H,)F =0, (2.69)

where

HoF = AF" + B()F/ + C()’()F
HF = (B(;) — Bo)F/ + (C(I),i — Co,o)F.

Expanding the wavefunction perturbatively,

F=Fy+F + (2.70)
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at zeroth order the wave equation reads

HoFp =0 (2.71)
whose acceptable solution is
Fo = ula, (2.72)
being regular at both the horizon (¥ = 1) and the boundary (¥ = 0, or ¥ ~ IR
0 as r — oo). The Wronskian is
wo__ ! (2.73)
d_:(l — ud z) '
and another linearly independent solution is
. w
Fy =F()/—27 (2.74)
Fy

which is unacceptable because it diverges at both the horizon (Fy ~ In(1 — u) for
u ~ 1) and the boundary (Fy ~u T for u & 0, or ¥ ~r7 — 00 as r — Q).
At first order the wave equation reads

HoF) = —H Fy (2.75)

whose solution may be written as

FoH\F
Fi = FO/F2/ 0 10. (2.76)

The limits of the inner integral may be adjusted at will because this amounts to
adding an arbitrary amount of the unacceptable solution. To ensure regularity at
the horizon, choose one of the limits of integration at u = 1 rendering the inte-
grand regular at the horizon. Then at the boundary (u = 0),

. FoH, F
F1=F, / % + regular terms. (2.77)
0

The coefficient of the singularity ought to vanish,

1
F()H]FO

oy =0 (2.78)

0

which yields a constraint on the parameters (dispersion relation)

agl? —ia; — a,»® = 0. (2.79)
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After some algebra, one arrives at

_d-3

ap —ﬁ, a =d—3. (280)

The coefficient a, may also be found explicitly for each dimension d, but it cannot
be written as a function of d in closed form. It does not contribute to the dispersion
relation at lowest order. E.g., for d = 4,5, one obtains, respectively

65 1 5
=In3,

1

= 6 2

Equation (2.79) is quadratic in & and has two solutions,

N & o d-3 I

=~ — DR — . 2.82
N i ® i > _Hd—l (2.82)
In terms of the frequency w and the quantum number ¢,
Al+d—-3) o d—-3 (l+d-3)
N — & — . 2.83
R e P ) (2.83)

The smaller of the two, wy, is inversely proportional to the radius of the horizon and is
not included in the asymptotic spectrum. The other solution, w;, is a crude estimate
of the first overtone in the asymptotic spectrum, nevertheless it shares two impor-
tant features with the asymptotic spectrum: it is proportional to r and its dependence
on ¢ is O(1/r%). The approximation may be improved by including higher-
order terms. This increases the degree of the polynomial in the dispersion relation
(2.79) whose roots then yield approximate values of more QNMs. This method
reproduces the asymptotic spectrum derived earlier albeit not in an efficient way.

To include finite size effects, I shall use perturbation theory (assuming 1/r; is
small) and replace H,; by

1
Hy=Hi+5H, (2.84)
Y

where
H+F = A+F// —+ B+F/ —+ C+F (285)

The coefficients may be easily deduced by collecting O(1/r2) terms in the exact
wave equation. One obtains

Ay = —=2(d — 3% (1 — u)
B+:—M—3Wkd—ﬂﬁ—&0—w—lh———wﬂ

C+d;2P4Qd$uwl)l_umﬂ}
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Interestingly, the zeroth order wavefunction Fy is an eigenfunction of H,
HiFo = —(d—2)F, (2.86)

therefore the first-order finite-size effect is a simple shift of the angular momentum
operator

. . -2
iz —. (2.87)
r
+
The QNMs of lowest frequency are modified to
L(l+d-3)—(d-2) 5
= — 1 . 2.88
Wo l (d—l)r+ +O( /r+) ( )
For d = 4,5, we have respectively,
(=1 +2) (U417 —4
=— — 2.89
@o ! 3r+ ’ ! 4r+ ( )
in agreement with numerical results [9, 13].
One deduces from (2.88) the maximum lifetime of the vector modes,
4
Toax = 2 Ty (2.90)
d
In the case of a flat horizon (K = 0),
k2
R S 2.91
()] l(d_])rer ( 9)
which leads to the diffusion constant
D= 1 (2.92)
o 47CTH ' '
In the case of a hyperbolic horizon (K = —1), a similar calculation yields [10]
2
g+l 1 167
Wy =—-l———, T=—< Ty. 2.93
" @ ool < d—1)2 ™ (2.93)

It follows that for d = 5, these modes live longer than their spherical counterparts
which is important for plasma behavior.
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2.3.2 Scalar Perturbations

Next I consider scalar perturbations which are calculationally more involved but
phenomenologically more important because their spectrum contains the lowest
frequencies and therefore the longest living modes. For a scalar perturbation we

ought to replace the potential Vi by

=2l (3))

x {d(d—2)(1 +i2>2um—6(d—2)(d—4)m<1 —I—é)u

I+

‘m

[

-3

BN

1 3
+ (d — 4)(d — 6)Pu T + (d — 2)2<1 +r2> u?
Jr

1 2
+2(2d* - 11d + 18)m<1 +—2> w
I

d—9d-6)(1+4)
+( )( rz)( +r+) u2_3(d_2)(d_6)ﬁ12<1+ri2>u
6(d—2)(d—4)m e 5
_ ( ) rz) (1+r+)u+2(d—1)(d—2)ﬁ13+d(d—2)’:l—2 7
(2.94)

o UHd=3)=(d=2) __ 2(t+d—2)(¢=])
([@d-1(d-2)r2 " (d-1)(d-2)r;

In the large black hole limit . — oo with 71 fixed (small), the potential sim-
plifies to

where m =

- (0 1 —urs 2d-8 . d=S
VO (u) = rra? d(d —2)u= — 6(d — 2)(d — &),

+(d—4)(d — 6)iPu ™5 + (d — 2)%u’
+2(2d* — 11d + 18)iw* — 3(d — 2)(d — 6)i*u +2(d — 1)(d — 2)@3}.

(2.95)

The wave equation has an additional singularity due to the double pole of the
scalar potential at u = —m. It is desirable to factor out the behavior not only at the
horizon, but also at the boundary and the pole of the scalar potential,

d—4
e W23

Y= (1-—u 71

e F ). (2.96)

Then the wave equation reads
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AF" + BoF + Co,F = 0, (2.97)
where

0 2d-8

A=—(d—3)u (1 - u?)

By = - (- 31 - [ - 20

= %8(1 — U %)

—(d—3)[d—4— (2d — 5)ur|us — 2(d — 3)*

d—1 1—u
Co = — (1 — i) (d-2)d-4) (d-3)d-4) 2(d-3)
’ du? u(m+u) (it u)
41 d=s i ud?(l—uda)
—l{d—4—(2d—5)u13}ud3+2(d—3)d_1 - 1
. A d—1 Q
y d—4_?—3 -3 i [d—4— (2d — 5)ud=sud=
2u m-+u d—1 1—u
_(d—3p @ W (1 — i) VS () — 07
d—1 (1 -u) 1 — uf}
+ (d —3)? w1 -

@—17 (1—u)
I shall define the zeroth-order wave equation as HoFy = 0, where
HoF = AF" + ByF'. (2.98)
The acceptable zeroth-order solution is
Fo(u) =1, (2.99)

which is plainly regular at all singular points (u = 0, 1, —m). It corresponds to a

wavefunction vanishing at the boundary (‘¥ ~ r=T" as r — o0).
The Wronskian is

(7 + u)®

W=
M%(l —uﬁ)

(2.100)

and an unacceptable solution is Fy = JW. It can be written in terms of hyper-
geometric functions. For d > 6, it has a singularity at the boundary, For~ u=3 for
u~0, or Y~ 73— 00 as r — oo. For d = 5, the acceptable wavefunction

~1/2 whereas the unacceptable one behaves as r~'/2Inr. For d = 4,

behaves as r
the roles of Fy and F, are reversed, however the results still valid because the
correct boundary condition at the boundary is a Robin boundary condition [12, 14].

Finally, note that F is also singular (logarithmically) at the horizon (u = 1).
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Working as in the case of vector modes, one arrives at the first-order constraint

1 C-
2 — 2.101
=0 2.101)

because HFo = (Bs — Bo)Fyy + Ci,Fo = Cq,. This leads to the dispersion relation
ay — a,id — a,»* = 0, (2.102)

After some algebra, one obtains

d—114(d—-2)m d-3 1 .
a) = , ag=—7s, a=—{14+0(m)}. (2.103
0 2 (1+ﬁ1)2 1 (1+ﬁ1)2 ? m{ ). )

For small 71, the quadratic equation has solutions

Wy~ —i— m+ —— M (2.104)

. d-3 d—1
0

related to each other by @] = —d,*, which is a general symmetry of the
spectrum.
Finite size effects at first order amount to a shift of the coefficient ag in the
dispersion relation
1
ajp — ap + —23+ (2105)
T

After some tedious but straightforward algebra, we obtain
1
m

The modified dispersion relation yields the modes

At —— 1. (2.107)

In terms of the quantum number ¢,

(e+d=3)-(d=2), [it+d=3)

@ ~ =i =3) T, d—2

(2.108)
in agreement with numerical results [13].

Notice that the imaginary part is inversely proportional to r, as in vector case.
In the scalar case, we also obtained a finite real part independent of r..

The maximum lifetime of a gravitational scalar mode is found from (2.108) to
be
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o d
max*(d

2
3)d

AnTy. (2.109)

In the case of a flat horizon (K = 0), one obtains

k d-3
o=+ —i K2, 2.110
d—2 (d-1)(d-2)rs ( )

showing that the speed of sound is

1
V= 2.111
— (2.111)
as expected for a CFT and the diffusion constant is
d-3 1
=— . 2.112
d—2 4nTy ( )
For a hyperbolic horizon (K = —1), a similar calculation yields [10]
24 @32 (g -3y 4 ) 4d -2
w==+ é—'_(z)—i( I+ 4 ], ‘c<—( ) 5 4nTh.
d—2 (d—1)(d—2)rs (d —3)(d—1)
(2.113)
In the physically relevant case d =5, evidently the K = —1 scalar modes live

longer than any other modes, which is important for plasma behavior.

2.3.3 Tensor Perturbations

Finally, for completeness I discuss the case of tensor perturbations. Unlike the
other two cases of gravitational perturbations, the asymptotic spectrum of tensor
perturbations is the entire spectrum. To see this, note that in the large black hole
limit, the wave equation reads

2d—8
d-3

—(d = 3)* (= — i)Y' — (d—3)[(d — HuT — (2d — 5)’|¥’

— Py —_ 2 M2
+{,;2+Mm+<d 2, _ ‘”d,}wo.

4 4 1 — uas

For the zeroth-order equation, we may set L = 0 = &. The resulting equation may
be solved exactly. Two linearly independent solutions are (¥ = F| at zeroth order)

d—=2 >

Folu) = w3,  Fo(u) = u—zf’f—%ln(l - u_) (2.114)
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Neither behaves nicely at both ends (v = 0, 1). Therefore both are unacceptable
which makes it impossible to build a perturbation theory to calculate small fre-
quencies which are inversely proportional to ry. This negative result is in agree-
ment with numerical results [9, 13] and in accordance with the AdS/CFT
correspondence. Indeed, there is no ansatz that can be built from tensor spherical
harmonics Tj; satisfying the linearized hydrodynamic equations, because of the
conservation and tracelessness properties of Tj.

2.3.4 Hydrodynamics on the AdS Boundary

The above results in the bulk dictate the hydrodynamic behavior of the dual gauge
theory fluid on the conformal boundary. To see the correspondence, one needs to
understand the hydrodynamics in the linearized regime of a d — 1 dimensional
fluid with dissipative effects. The fluid lives on a space with metric

dsy = —di* +dZg 4, (2.115)

The hydrodynamic equations are simply the requirement that the stress-energy
momentum tensor be conserved,

V. T = 0. (2.116)

As the duality corresponds to a conformal field theory one must also demand scale
invariance which implies

TH=0, e=(d-2)p, (=0, (2.117)

where €, p and ( are the energy density, pressure and bulk viscosity of the fluid. In
the rest frame of the fluid, the velocity field is u* = (1,0, 0,0) and the pressure py
is constant. Consider a perturbation

' = (L,u'), p=po+dp, (2.118)
Applying the hydrodynamic equations, one obtains

(d —2)0,6p + (d — 1)poViu' =0

L o . d—4 . : (2.119)
(d— Dpodu' +0'0p —n|V'Vju' + K(d —3)u' + m@’(vju’) =0,
where I used the curvature tensor R; = K(d — 3)g;;.
For vector perturbations, consider the ansatz
p=0, u =Cype ™V, (2.120)

where V' is a vector harmonic.
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The hydrodynamic equations imply

—io(d — 1)po +nlky — K(d — 3)] = 0. (2.121)
Using
4
Mgt S _dm - (2.122)
Po sM s K+rt

with o from the gravity dual, one obtains for large r,
= (2.123)

which is the standard value of the ratio in gauge theory fluids with a gravity dual
[15].

For scalar perturbations, consider the ansatz
U = Ase ™13'S,  Op = Bse 'S, (2.124)

where S is a scalar harmonic.
The hydrodynamic equations imply the system of equations

(d — Z)inS + (d — 1)[70]{%./45 =0

. ,d—3 (2.125)
Bs + As {lw(d — 1)po — 2(d — 3)Kn + 2nkg ] =0.

d—2
The determinant must vanish,

' (d - 2)io (d — 1)poks —o. (2.126)

1 —iw(d — 1)py — 2(d — 3)Kn + 2nk3 4=3

Arguing along the same lines as for vector perturbations, we arrive at
n 1
s

= 2.127
4z ( )

which is the same result as the one obtained with vector QNMs.

2.3.5 Conformal Soliton Flow

The above results have been applied to the study of the quark-gluon plasma which
forms in heavy ion collisions (at the Relativistic Heavy Ion Collider (RHIC) and
elsewhere). In the case of a spherical horizon (K = +1), the boundary of space-
time is $° x R. This may be conformally mapped onto a flat Minkowski space.
Then by holographic renormalization, the AdSs-Schwarzschild black hole is dual
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to a spherical shell of plasma on the four-dimensional Minkowski space which first
contracts and then expands (conformal soliton flow) [13].

Quasi-normal modes govern the properties of this plasma with long-lived
modes (i.e., of small Sm) having the most influence. For example, one obtains the
ratio

v, 1 _o*—400*+72 . 7w
—=—R——"————5sin— 2.128
o 6n o —dw M ( )

where v, = (cos 2¢) evaluated at 0 = 7 (mid-rapidity) and averaged with respect

(=)
o2 +x7)

Numerically, %2 = 0.37, which compares well with the result from RHIC data,
%2 ~ 0.323 [16].
Another observable is the thermalization time which is found to be

to the energy density at late times; 6 =

is the eccentricity at time ¢ = 0.

1
T=— R

2[Sw|  8.6Tpea

~ 0.08fm/c, Tpeax = 300 MeV (2.129)

not in agreement with the RHIC result T~ 0.6 fm/c [17], but still encouragingly
small. For comparison, the corresponding result from perturbative QCD is
122.5 fm/c [18, 19].

In the case of a hyperbolic horizon (topological black hole; K = —1), one needs
to work with a conformal map from H?2/T xR to a (d — 1)-dimensional
Minkowski space. Finding an explicit form of this map for d =5 involves a
considerable amount of numerical work. However, it is important that one consider
this case because the modes of hyperbolic black holes live the longest [10].

2.4 Phase Transitions

In this section I discuss hairy black holes in asymptotically AdS space and their
duals. At low temperatures, an instability leads to symmetry breaking and the
formation of a dual superconductor. Electromagnetic perturbations of the black
hole determine the conductivity in the bulk. First I review the case of a flat horizon
(K = 0) [20] and then I discuss the case of hyperbolic horizon (K = —1) where
exact analytical results are obtained [21].

241 K=0

Consider a scalar W of mass m?> = —2, which is above the Breitenlohner-Freedman

(BF) bound coupled to an electromagnetic potential A, in 3 + 1 dimensions. The
Lagrangian density is
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1 1 2
L= SO + ¥ — P — %\PZ(a#e A0 — A", (2.130)

where 0 is a Stiickelberg field. g is an arbitrary parameter which can be thought of as

the electric charge of the scalar field ¥ (one may instead turn ¥ into a complex scalar

field of charge g coupled to an electromagnetic potential in a standard fashion).
The Lagrangian density (2.130) is invariant under the U(1) gauge transformation

Ay — A, +0,0, 0—0+o. (2.131)
To fix the gauge, set
0=0. (2.132)

Working in the probe limit (¢ — oo) in which there is no back reaction to the
metric, assume that the fields propagate in the black hole background (2.2) with
d=4 and K =0. The radius of the horizon and Hawking temperature are,
respectively,

ro= '3, 1=t (2.133)

47

Assuming spherical symmetry and an electrostatic potential Ag = ®(r), the field
equations yield two coupled non-linear differential equations [20]

/ 2
v+ (]i+%>‘1"+ (9) IP—F%‘I":O
r

f f ! (2.134)
, o2, 2%
P +-P ——D =0,
r f
where I set g =1 and

2
fr)=r - 7“ (2.135)

As r — o0, one obtains the boundary behavior

p) g o

where one of the ¥) = 0 (i = 1,2) for stability, @ is the chemical potential and

@) = —p (charge density).
Below a critical temperature T; a condensate forms,

(0)) = V2w (2.137)

of an operator of dimension A = i.
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At T =Ty, one may set ¥ =0 in the equation for @ and deduce (using
(D(r+) = 0)
1 1
<D:p(———). (2.138)

ry r

Then the equation for ¥ turns into an eigenvalue problem which yields

Ty ~ 0.226,/p, 0.118\/p

depending on the boundary conditions.
To study the properties of the dual CFT, apply an electromagnetic perturbation.
It obeys the wave equation

/ wz 2\{12

to be solved subject to the boundary conditions that it be ingoing at the horizon,
A~ fi@/4T) “and at the boundary (r — 00),

A
A=A0 4= 4 ... (2.140)
r
Ohm’s law yields the conductivity
A
o(w) = PYICR (2.141)

For T> Ty, ¥ = 0, therefore A ~ ¢’ where r, = f dr/f(r) is the tortoise coor-
dinate. It follows that

alw) = 1. (2.142)
At low T, for (O) # 0, we have

(O1)
2r

Y~

S

. . s
Since ry — 0, we obtain A ~¢e'®", where ' =4/ w? — ((’)1>2. Therefore, for

< {0y), No = 0, i.e., we obtain a superconductor with a gap.

242 K = -1

Turning to the case of a hyperbolic horizon [21], choose a scalar ¥ of mass

m? = —2, as before, but conformally coupled with potential
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_87‘EG
T3

The system has an exact solution (MTZ black hole [22])

V(¥) e

dr?

fMTZ(r)

3 ro
‘P(V)—-\(er‘_ro, O =0. (2144)

The temperature, entropy and mass are, respectively,

r02

ds* = —furz(r)dr® + +r*dd®,  furz =1r* — (1 +7) ) (2.143)

with

ory

e~ D (2145)

1 1 o
T:% r+_§ s SM]Z:E(2F+—1), MMTZ:
and the law of thermodynamics dM = TdS holds.

At M = 0, the MTZ black hole coincides with the topological black hole with
no hair (Eq. 2.2) withd =4, K = —1),

d 2
A2y = —(* — D)di* + ﬁ + 2d? (2.146)

and an enhanced scaling symmetry (pure AdS space) emerges at the critical
temperature

To=— (2.147)

At this point there is a phase transition which can be seen by calculating the
difference in free energies,

o
AF = Frgy — Fyrz = — —— mP(T — Ty)* + - -- 2.14
TBH MTZ 8nGn ( 0) 4+, ( 8)

showing that there is a third-order phase transition at Tj.

Perturbative stability of the MTZ black hole has also been demonstrated for
T <Ty (M<0) [21]. Comparing with the flat case, note that here both v and
¥ are non-vanishing, yet the MTZ black hole is stable. However this is true only
if the mass is negative which is never the case with a flat horizon. Also, here the
condensation of the scalar field has a geometrical origin and is due entirely to its
coupling to gravity.

Moreover, the heat capacities in the normal and superconducting (corre-
sponding to the MTZ black hole) phases, respectively, as T — 0 exhibit a power-
law behavior
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o o
Co~—ro- T, Cim~— T, 2.149
3v3G 2G ( )

Since both ") and ¥@ are non-vanishing, we have a multi-trace deformation of
the CFT [23] with a condensate

(0)) = \/%(Tg —T%). (2.150)

It should be noted that the deformation does not break the global U(1) symmetry
because YV is a real field (see Eq. 2.130).

To study the conductivity, apply an electromagnetic perturbation. It obeys the
wave equation (2.139) which may be solved using first-order perturbation theory in

7,

2 . 2 .
—ior qa i N2 (0,20 q9 i np2 (o
= 4 ——e" ¥ - ——e " ¥ . .
A=e +2icoe /dr (e 2ie /dr (r) (2.151)
The conductivity to first order in ¢ is
o0
A(l) q2 2 —2ior,
alw) = YU 1 —E/ dr¥=(r)e . (2.152)
The superfluid density is found from
R[o ()] ~ 1nd(w),  Io(w)]~ ”a » — 0. (2.153)
One obtains
r 3 12 3nq?
2 2 0 2
s q/ () 4nG ry + 1o Alo =T, o 4G ( )
T+
Near T =0,
1y(0) — ng(T) %%T‘S, 5=1 (2.155)

In Table 2.1, this analytic prediction is compared against exact numerical results
for various values of the charge ¢g. Naturally, the agreement is best at small values
of g.

Table 2.1 The exponent ¢ characterizing the low-temperature dependence of the superfluid
density n;

4/VG 1 3 5
B 1.025 £ 0.007 1.52+0.03 1.78 +0.03
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Table 2.2 Numerical vs analytical results for the normal and superfluid densities

Q/\/E Pnumerical A/analytical Olnumerical Canalytical
0.1 0.0020 0.0024 0.0225 0.024
0.5 0.0538 0.0597 0.552 0.589
1.0 0.187 0.239 2.196 2.356
2.0 0.684 0.955 8.678 9.425
3.0 1.325 2.15 20.35 21.21
5.0 2.522 5.97 52.90 58.90
1 1 —

09l 0.9} T

0.8 0.8}
= 07t / = g-;
§ oo | £of
& 03¢ 1 o4
o 04} { 03l

0.3} ] 0.2l

0.2 {0t}

0.1 " " " " : 0 " " . " :

0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
omega omega

Fig. 2.1 The real part of the conductivity vs o for g/v/G = 2 (left) and q/+/G = 5 (right) and
T = 0.0032,0.032,0.064. The lowest curve corresponds to the lowest temperature

The normal, non-superconducting, component of the DC conductivity is

n, = iiino R[o(w)] . (2.156)
Therefore,
Inn, = 24> 7 dr¥?(r)r,. (2.157)
At low T, ”
y~T7 y:%. (2.158)

This analytic result and the prediction for the parameter « determining the critical
behavior of the superfluid density are compared against exact numerical results in
Table 2.2. Again, the agreement is best at small g.

Figures 2.1 and 2.2 show the frequency dependence of the real and imaginary,
respectively, parts of the conductivity. The real part of the conductivity becomes
smaller as we increase the charge ¢. Unfortunately, numerical instabilities also
increase and we have not been able to produce reliable numerical results above

q/ v/G = 5. The superconductor appears to be gapless. However, a gap is likely to
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0.18 : : S , 0.6
0.16 )
T 014} < 0°
S 012 [ E 04t
@ | ‘®
= 0113 &L,
E
= 008} £ o3
., ©
& 0.06| D02t
§ 004! § o1
0.02} :
; ‘ . ‘ ‘ . ‘ ~—
0o 05 1 15 2 25 3 o 05 1 15 2 25 3
omega omega

Fig. 2.2 2 The imaginary part of the conductivity multiplied by w vs w for ¢/v/G = 2 (left) and
q/ VG =5 (right) and T = 0.0032,0.032, 0.064. The uppermost curve corresponds to the lowest
temperature

develop above a certain value of the charge ¢, as indicated by the trend in the
graphs as g increases.

2.5 Conclusion

The quasi-normal modes that govern perturbations of black holes in asymptotically
AdS space are a powerful tool in understanding the hydrodynamic behavior of a
gauge theory fluid at strong coupling. Here I focused on the analytic calculation of
QNMs. I discussed both high overtones and low frequencies. I applied the results
on gravitational perturbations to the understanding of the quark-gluon plasma
produced in heavy ion collisions at RHIC and the LHC. I also considered hairy
black holes whose electromagnetic perturbations allow one to analyze the con-
ductivity of the dual conformal field theory and the phase transition to a super-
conducting state. I reviewed the case of a flat horizon and compared the results
with those from black holes with hyperbolic horizon for which exact hairy solu-
tions have been constructed (MTZ black holes [22]). In all these cases, only the
low-lying QNMs were needed. It is unclear what physical role high overtones play.

Acknowledgement Research supported in part by the US Department of Energy under grant
DE-FGO05-91ER40627.
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Chapter 3
Introduction to the AdS/CFT
Correspondence

Philip C. Argyres

Abstract We review the basic properties of d-dimensional conformal field the-
ories (CFTs) and describe their relation to quantum gravitational theories on
d + 1-dimensional anti-de Sitter (AdS,;;) space—-times. We briefly review the
’t Hooft limit of U(N) Yang-Mills theory, and then describe how an appropriate
limit of type IIB superstring theory with D3-branes can be used to motivate a
precise and computable correspondence between a four-dimensional conformal
field theory and a quantum gravitational theory on AdSs x S°. We then discuss an
extension of this construction in which probe branes on the AdS space-time are
included.

3.1 Introduction

These lectures review the foundations of the AdS/CFT correspondence, empha-
sizing the logical structure of the arguments that lead to this conjectured equiva-
lence of a (non-gravitational) quantum field theory with a higher-dimensional
theory of quantum gravity. Included are summaries of the basic ingredients in the
correspondence: d-dimensional conformal field theories, anti-de Sitter (AdS)
space—times, and the ’t Hooft limit of Yang—Mills (YM) theories. A basic
familiarity with string theory [1-3] is assumed. Although the framework for how
computations in the AdS/CFT correspondence can be carried out is set up, the
description of detailed and efficient computational techniques are left for other
lectures in this volume.
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A basic introduction to the AdS/CFT correspondence of a descriptive nature,
together with an elementary introduction to string theory can be found in [4],
while [5] gives a descriptive survey of extensions and some applications of the
correspondence. Some more detailed reviews of the AdS/CFT correspon-
dence and modern developments of the formalism for carrying out computations
are [6-8].

3.2 CFTs

Scale-invariant quantum field theories are important as possible end-points of
renormalization group flows on the space of cut-off effective field theories.
Knowledge of them and their relevant deformations partially organizes the space
of quantum field theories; see Fig. 3.1. Scaling a local or quasi-local quantum field
theory to its infrared (IR), or long-wavelength, limit results in a local scale-
invariant field theory, by definition. Scaling to the ultraviolet (UV), or short
distances, need not always lead to a scale-invariant local field theory (e.g., the non-
local “little string theories™ are a known exception; see [9] for a review), but many
such examples are known, including all the asymptotically free and scale invariant
Yang—Mills theories in four space—time dimensions.

It is believed [10] that unitary scale-invariant theories are also conformally
invariant: the space—time symmetry group Poincaré xdilatations enlarges to the
conformal group of symmetries. In what follows we will concentrate on such
conformal field theories (CFTs) for which there exists a local, conserved, traceless
energy—momentum tensor 7+ (x)

3.2.1 Conformal Algebra

The conformal group in d space—time dimensions is the group of reparameter-
izations which preserve the (flat) space—time metric, g"*, up to a local scale factor,

where u,v € {1,...,d}. (We will work in Euclidean signature where convenient.)
@ UVCFT
CFT @ @ IR CFT

Fig. 3.1 Effective field theory RG flows from UV to IR CFTs, which appear as fixed points of
RG flows. CFTs can also govern the behavior of flows at intermediate scales, as shown
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For d > 2 its generators are (Lorentz) rotations, M*’, plus translations, dilatations,
and special conformal transformations which, respectively, act infinitesimally as

Plocxt — xt ok
D:xt' — (14 e, (3.1)

K, X' — x* 4 e, (g% — 2xMx).

They obey the algebra
[D,K,| =iK,, [D,P, =—iP,, [Pu,K)]=2iM,, —2iguD, (3.2)

where the other commutators either vanish or follow from rotational invariance.
By defining 2d + 1 additional rotation generators from P,, D, and K,

M,ud+1 = (Ku - Pu)/za M,ud+2 = (K,u +Pu)/27 Md+1d+2 = D7 (33)

we see that the d-dimensional conformal algebra is equivalent to SO(d,2) in
Minkowski signature or SO(d + 1, 1) in Euclidean signature.

3.2.2 Local Field Operators

As in usual quantum field theory, we classify local field operators O(x*),
by their transformation properties of the little group SO(d) x SO(2) C SO(d,2)
of the conformal group. In radial quantization in Euclidean signature, the SO(d)
irreducible representation is the “spin” of the field, while the charge under the
(infinite cover of the) SO(2) subgroup is the scaling dimension, A, of the field,

Op(x*) = 2720A(x") & [D,05(0)] = —iAO,(0) (3.4)

In radial quantization we foliate Euclidean R? by (d—1)-spheres, $¢~!, con-
centric at the origin, and define the Hilbert space of states of the CFT at a given
radial slice. The dilatation operator, D, then generates the evolution of states to
different radial slices. In this case there is a correspondence between local oper-
ators and states in the Hilbert space. First, we denote by |0) the conformal vacuum
state, defined to be the state annihilated by all the generators of the conformal
algebra. Then each local operator O(x*) defines a state at the origin (i.e., in the
zero radius limit of the slicing) by ©(0)|0). In a CFT, by scale invariance this is a
state on any size S?~! around the origin. Conversely any state on an S9! created
by the action of operators at smaller radii can be written as a state created by a
local operator insertion at the origin by shrinking the sphere.
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Primary operators are those annihilated by the special conformal generators,
K*, at the origin. By translating such operators to arbitrary position, it follows that
they obey the commutation relations

[Py Oa(x)] = 10,04 (x),

My, Oa()] = [i(5,0, = .8,) + 28| Oa (x), s
[D, Os(x)] = i(x"0y — A)Oa(x),
(K Oa)] = [i(30, — 26,5°0, + 21,8) = 2°ZF [ 04 (x).

Here A € R is the conformal dimension of the primary operator, and Eﬁ‘, are the
representation matrices of the irreducible spin R of the primary which acts on its
spin indices (which we have suppressed).

Unitarity puts lower bounds on the conformal dimension, A, of primaries
depending on their spin, R; see [11] for a review. In particular, for a scalar primary,
A > (d —2)/2, with equality only for a free field.

Descendant operators are those made by acting on a primary operator with P*s.
All local operators are found in this way. Note that acting with P* (K*) increases
(decreases) the scaling dimension A of the operator by 1.

3.2.3 Conformal Correlators

Correlators of descendant fields can be derived from those of the primary fields by
taking derivatives. Conformal invariance determines the form of the correlators of
primaries in terms of their scaling dimensions and spins up to undetermined
functions of conformal invariants made up of the positions of the insertions of the
operators. For example, for scalar primaries, the 2-, 3-, and 4-point functions are
determined to have the forms

2
(On, (31) O, (x2)) = 612 [ bl ™2,

i<j

3
(Oa, (x1)On, (%2)On, (x3)) = c123 H o (3.6)

i<j
4

(On, (31)On, (x2) O (x3) O, (x4)) = crosa(u,v) [T g4,
i<j

Here x; = x; —xj and A = ), A; are the sum of the dimensions of the operators in
the correlator. For the 2-point function the Kronecker J represents a choice of
normalization of the primary fields. For the 3-point function, the c;; are
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undetermined constant coefficients, while for the 4-point function ¢;234(u, v) is an
undetermined function of the two independent conformally invariant cross-ratios

_ il |4 _ xiallxas)

= = . 3.7
|x13]|x24] |x13]|x24] (3.7)

The number of independent conformal invariants grows with the number of
insertion points, so higher-point correlators would appear to be even less con-
strained by conformal invariance.

However, the state-operator correspondence implies that the product of any two
conformal primaries can be rewritten as a linear combination of conformal oper-
ators inserted at a nearby point (as long as there are no other insertions in between
the two primaries). This expansion is called the operator product expansion (OPE)
of the two primaries. For example, for two scalar primaries it has the form

On, (x)0n, (0) = > cipla| ¥~ (04, (0) + descendants) (3.8)
k

where the sum on the right side is over all primaries and their descendants. The
coefficients appearing in front of the descendants of each primary are completely
determined by conformal invariance. It is also easy to see that the coefficients c;j
appearing in front of each primary on the right side are the same as the coefficients
appearing in the 3-point functions.

In principle all n-point correlators are determined by the OPEs, since any
n-point function can be replaced by an infinite sum of (n—1)-point functions by
using the OPE for any two adjacent insertions. Thus, the CFT is completely
determined by the data {A;, spins, c;} for all the primaries (labelled by i, j, k).
However, this data is highly constrained: unitarity and associativity (“crossing
symmetry”’) of the OPEs imply many non-trivial relations among the CFT data, so
arbitrary lists of {A;, spins, c;x} will not in general define a consistent CFT.

Since the associativity constraints from the OPEs are notoriously difficult to
even state, let alone solve, we look for other approaches to constructing CFTs. The
AdS/CFT correspondence is such an alternative approach.

It is based on a different, useful way of encoding the correlation functions of a
CFT in terms of its partition function,

Zigs) = (exp( [ @368, ()080) > (39)

This functional of the classical sources ¢, (x) associated with each field operator
in the CFT generates the correlation functions by taking derivatives of Z with
respect to the sources:

_ Z[gy)
ad)A, (xl)a(/)Az (x2) -+

(O, (x1)On, (x2)..) (3.10)

$a,=0
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The conformal invariance of the correlators is reflected in the conformal
invariance of Z[¢,]. In particular, under scaling,

/ dx (1) O (x) = / d(1x) o (Ax) O (2x) = 44 / ' (i) Oax),
(3.11)

so Z is invariant under the following scaling transformation of the sources:

Pa(x) = 2174 Pa (7). (3.12)

In general, the sources transform in field representations of the conformal group
and Z[¢,] is an invariant combination of these fields.

3.3 AdS/CFT Correspondence

We now introduce a trick to generate conformally invariant Z[¢,]s. It is not
guaranteed to generate all CFTs, perhaps just a special subset of them. The idea is
to copy the way we write actions as invariants of field representations of the
Poincaré group, and apply it instead to the conformal group. Local field repre-
sentations of the Poincaré group are functions on R valued in finite dimensional
representations of the Lorentz group. Poincaré invariant actions are formed by
taking translationally invariant integrals over RY of scalar combinations of fields
and their derivatives formed using the Minkowski (Euclidean) metric on RY. The
key point in this familiar construction is that d-dimensional Minkowski (Euclid-
ean) space is the space whose isometry group is the d-dimensional Poincaré group.

3.3.1 AdS Geometry

To apply the same strategy to construct conformal invariant functions we want to
find the space whose isometry group is the d-dimensional conformal group
SO(d + 1,1). (We will work in Euclidean signature for now.) Since SO(d + 1, 1)
is the (d + 2)-dimensional Lorentz rotation group, flat RY"? might work. But this
space has additional translational symmetries beyond the Lorentz rotations. So we
remove them by restricting to a (d+1)-dimensional “sphere” of radius R: this
preserves the rotational symmetry, but will leave no translational symmetries.

To realize SO(d + 1,1), we really want a Lorentzian “sphere”, that is, a
hyperboloid

X4+ V2 -V =R, (3.13)

where X := {Xj,...,X;} and V. are Cartesian coordinates on R with metric
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ds* = dX* +dV? —dV>. (3.14)

The surface in RY™! described by (3.13) is called the (d+1)-dimensional
(Euclidean) anti-de Sitter space, or AdS,,, of radius R.
Useful coordinates on this space are {x,z} defined by

R 1 24 g2
X="x, Vi—<z+x > (3.15)
Z Z

which parametrizes solutions of the hyperboloid constraint (3.13) for x € R and
z > 0. In these coordinates (called Poincaré patch coordinates), the AdS metric reads

R2
ds* = = (d2> + dx?). (3.16)

Thus AdS,.; is conformal to the upper-half space z > 0 of R*"! see Fig. 3.2.

A closely related set of coordinates are x and r = R? /z, in which

RZ r2
ds* = 7dr2 + ﬁdxz. (3.17)

r is often called the radial coordinate of the AdS. Here r = oo is the boundary of
AdS, and r = 0 can be thought of as a horizon. Note that both are infinitely distant
from any finite r.

To go to Minkowski signature, one simply changes the d-dimensional
Euclidean factor dx? in the AdS metric to

dx?* — —di* + dx?, (3.18)

the d-dimensional Minkowski metric, where now on the right side
x = (x1,...,X4—1). Minkowski-AdS has the interesting feature that though the
boundary is radially infinitely far from any interior point, it can be reached in finite
time by radial light-like signals.

We will work mostly in Euclidean-signature AdS from now on.

Fig. 3.2 AdS,y, is

conformal to the upper Z
half-space of R*!. In these
coordinates, the boundary
of AdS,,, is conformal to RY
atz=0
AdS

o)}
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3.3.2 Partition Function

Any generally covariant function of (tensor) fields ¢(z,x) on AdS will be con-
formally invariant. But these fields live in one more dimension (z) than we want.
So we want to restrict to fields on a d-dimensional subspace of AdS,.; while
keeping general covariance in the full AdS,,;.

The boundary, 0AdS ~ {z=0,x}, is special because the group of conformal
isometries acts on it in the same way as the conformal group acts in d-dimensional
space—time: translations acting as {z,x} — {z,x + «}, (Lorentz) rotations acting
as {z,x} — {z,Ax}, and the scaling transformation {z,x} — {Az, x} are all
clearly isometries. (The special conformal transformations are more complicated,
but not hard to work out.) So boundary values of (tensor) functions on AdS,
lim,_ ¢(z,x), transform as representations of the conformal group on space—time.

We can therefore try to identify any generally covariant (on AdS,y;) function
of the boundary values of fields as the partition function of a CFT (as a functional
of the boundary values of those fields).

A way of writing a general class of such functions is as a functional integral
over fields ¢(z,x) on AdS,y; with a generally covariant measure keeping the

boundary values ¢(0,x) ~ ¢(x) fixed:

Z[6()] = / Dep(z,x) =519 (3.19)
¢|e:$

Then, e.g., Z is invariant under scale transformations taking scalar fields
¢(z,x) — ¢(Az, 2x). In particular, if ¢ behaves near the boundary like

d(z,x) ~ 22 p(x) + Oz (3.20)
it follows that the boundary value ¢(x) transforms under scaling as
Dx) — 272 (x). (3.21)

Comparing to the scaling of sources in the CFT, (3.12), it follows that ¢ = ¢, is
the source of a (scalar) primary operator Oa of dimension A in the CFT. Similar
remarks apply to non-scalar fields as well.

Since Z is given as a path integral, it defines a quantum theory if the ¢ fluctuate,
i.e., if they have kinetic terms. For example, if ¢ is a free scalar on AdS so that it
has action

Sol=3 | VEG-DD )9, (3.2)
AdS;y

then it is not hard to check that its equation of motion has two independent
solutions scaling near the boundary as z~* and z%, so that asymptotically

H(z,x) ~ 2 2P(x) + - 4+ Lox) + - (3.23)
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with
d d\’
A= 5 + (E) +m2R2. (324)

and ¢ is the source for O, in the CFT. Note that in the limit where the mass of the
scalar field goes to infinity—turning off the ¢-fluctuations—the dimension
Aenergy—momentum of the associated CFT operator also goes to infinity.

Every CFT has a local tensor, T*'(x), as a primary operator of dimension
A =d. It is sourced by [h,,T", so hy, is the boundary value of a spin-2 field on
AdS. An argument similar to the one for the scalar field shows that A = d for T
implies that m? = 0 for hyy. So the AdS theory must have a dynamical, massless
spin-2 field: a graviton. This gives the basic AdS/CFT correspondence [12, 13].

The partition function of a quantum gravity theory on an asymptotically AdS,
space—time as a function of the boundary values of its fields is the partition
function of a CFT,; with the boundary values acting as sources for the primary
operators:

Zgu-grav[@] = Zcrr[4] (3.25)

It is worth pointing out a few simple but important properties or modifications of
the AdS/CFT correspondence as described so far.

o If we replace AdS,;; by AdS,;; x X with X any space without boundary, the
same procedure still works. The isometry group of X becomes a global internal
symmetry of the CFT.

e If we define a partition function by the same procedure but cut off the AdS at
z =€ > 0 (i.e., make z = € the boundary), we then keep Poincaré invariance, but
break conformal invariance and locality on length scales smaller than e.

e For negative mass-squared in the range 0 > m> > — d”/4R?, the associated
scaling dimension of the CFT primary is d > A > d/2, which is real and above
the unitarity bound. This corresponds to the fact [14, 15] that scalars with
negative mass-squared in this range are stable in AdS.

e For (d +2)/2 > A > d/2, both the z7~ as well as the z* asymptotic solution
are normalizable, so we can use either as a source of an operator Op or O4_a,
respectively [16]. This allows us to describe operators with dimensions down to
the unitarity bound A = (d — 2)/2.

3.3.3 Semi-classical Gravity Limit

The result for the AdS/CFT correspondence summarized by (3.25) immediately
raises two questions: (1) Are there consistent quantum gravity theories in which
we can compute the left side of (3.25) and (2) What class of CFTs do they
correspond to?
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The only examples of quantum gravity theories whose consistency we have
confidence in are string theories. It is difficult to compute string theory partition
functions on AdS backgrounds, except in the weak-coupling, low-energy limit, in
which case it reduces to classical Einstein gravity coupled to other massless string
fields. So we now describe the correspondence in more detail in this limit.

A gravitational theory on AdS,,; has the low-energy effective action

1
p/d"“x\/g(RJroc’Rz+---) (3.26)

where R is the Ricci scalar curvature and the dots denote an infinite series of higher-
derivative terms built from curvature tensors and covariant derivatives (as well as
other possible fields). The relative sizes of these terms define the basic length scales
governing strength of gravity and size of higher-derivative terms, respectively:

Planck length: £, ~ Kﬁ, String length: ¢ ~ Vo (3.27)

In an AdS background R ~ R™2, so gravity is weak and the higher-derivative terms
are small when

¢, <R, and ¢ <R. (3.28)

In this limit the semi-classical (saddle-point) approximation to the gravitational
partition function is then

un—grav [5] ~ Z eisEi'Nem (9 (329)
{oa}

where {¢,,} are the classical field values (including the space—time metric) found
by extremizing the action subject to the ¢|, = ¢ boundary conditions (including
the boundary condition that the space—time is asymptotically AdS), and the sum is
over all such extrema. Sginseein 15 the Einstein action, i.e., (3.26) with all the o/ and
higher-derivative terms dropped.

In this semi-classical gravity limit, there is now a concrete calculational pro-
cedure for extracting correlation functions of the associated CFT via the AdS/CFT
correspondence.

1. Find the dominant saddle point.

2. Each (d+1)-dimensional (or “bulk”) field, ¢, obeys a second order partial
differential equation of motion on the (asymptotically) AdS space, with near-
boundary asymptotic expansion

$(e,x) ~ 2 T0P(x) + -+ Pp(x) + - (3.30)

3. ¢ = ¢, is associated with the source for an Op CFT primary.
4. With boundary conditions fixing ¢(x), then ¢(x) is determined by the equa-

tions of motion, so ¢ = ¢[¢].
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5. Evaluate Sgjnstein On these solutions to get, by the AdS/CFT correspondence
(3.25),

Stinstein[@] = — In(Zcrr[@]) = —Werr[¢)- (3.31)
6. Then the “connected” correlators in the CFT are

0" SEinstein [{5}]

<OA] (X]) - OAU (xn)>CFT—conn = aaAI (xl) . 6$An (xn) $:0.

(3.32)

To actually compute Sginstein [5] and its derivatives, one must regulate (by
cutting off consistently at z = ¢ > 0), renormalize (by adding local counterterms
on the z = € boundary) to preserve conformal invariance, then take the e — 0 limit
to extract finite answers. See for example [8]. As an example of the kind of results

that one finds, for the simplest case of a free massive scalar plus —(g/4)p*
interaction term, with some work one finds [8]

(Oa(x)e] 9O = (24 — d)g(x)
(OA(%1)On(%2))crr = (2A — d)

(Oa(x1)On(¥2)Op(x3)) =0
(OA(x1)OA(x2)OA(x3)Op(x4)) = .. .explicit but complicated. . .

I'(A) 1
nd/zr(A - g) |)C12\2A

Many other more difficult examples have been worked out in the literature, notably
correlators of the energy momentum tensor and of global conserved currents in the
CFT.

3.4 Large N

We now briefly review a few salient points about the large-N expansion of gauge
theories. These will be important in the precise form of the AdS/CFT corre-
spondence that will be discussed in the next section.

Consider a U(N) Yang-Mills theory in the ’t Hooft limit, i.e., take N — oo
keeping 1 = gﬁmN fixed. The U(N) YM action has the general form

c~§dwm+&w+&% (3.33)

for fields ¢ in the adjoint representation of the gauge group. ¢ here represents
either the vector boson or an adjoint scalar superpartner of the vector boson in a
super—Yang-Mills (SYM) theory. In the 't Hooft limit the growth of the action



68 P. C. Argyres

~N%2 ~ N0

Fig. 3.3 Two sample Feynman diagrams and their associated N and 4 weights. Note that the left
diagram is planar, and can be interpreted as a triangulation of a disk; while the right one is not
planar: it is the triangulation of a torus minus a disk

with N makes the theory look semi-classical, i.e., dominated by the saddle point
contributions.

We can write the adjoint indices as (;5; withi,j = 1,...,N, corresponding to the

N ® N decomposition of the adjoint representation. Then ((j);qﬁl,f) x 52% SO we can
notate propagators in Feynman diagrams as oppositely oriented double lines with
each line tracking the fundamental or antifundamental indices, see Fig. 3.3.
Associate to each interaction a vertex, to each propagator an edge, and to each loop
a face, to form a triangulation of some oriented surface. Denote the number of
vertices, edges, and faces, by E, V, and F, respectively.

Since each vertex has a factor of N/A, each propagator 1/N, and each face N
(from the associated trace over the fundamental indices), a given diagram has
weight NY-E+F)E=V Since V — E + F =2 — 2g, where g is the genus of the
surface, and extending to diagrams with n external propagators (with appropriate
normalization), we find that connected correlators have the general form

(O1---0,) ~ iszzg*"Fgﬁn(z). (3.34)

§=0

So correlators are dominated by the g = 0, or “planar”, diagrams in the ’t Hooft
limit.

In this limit, 2-point functions ~ NY, 3-point functions ~ N~L etc., so 1 /N
acts like an effective coupling constant in large-N YM (in addition to the "t Hooft
coupling A).

3.5 D3-Branes and AdS; x S°

Now we will use a specific quantum gravity theory—string theory—to derive a
specific example of the AdS/CFT correspondence. In particular we will derive the
Maldacena conjecture [17]: type IIB string on AdSs x §° is equivalent to four-
dimensional A/ = 4 supersymmetric SUN) YM. The argument can be organized
into three basic steps.
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1. Identify SU(N) SYM as a sector of the low energy limit of IIB strings in the
presence of N parallel D3-branes at weak coupling.

2. Identify the space—time geometry sourced by the D3-branes as approximately
an AdSs x §° “throat” glued into an asymptotically flat region whose gravi-
tational modes decouple from the string modes on the throat.

3. Compare these two low energy descriptions to identify the SYM sector with the
AdSs x §° sector with a specific mapping of parameters.

The same type of argument can be used to find many other examples.

3.5.1 SYM from D-Branes

In IIB string theory place a stack of N parallel D3-branes extended along the
X = Xxp,1 2,3 directions, and take the limit in which they become coincident. At weak
enough string coupling, g; < 1, this stack is well-described as a 4-manifolds
where oriented open strings may end, see Fig. 3.4. Label the D3-branes by indices
i,j,...=1,...,N. The lightest modes of open strings connecting the branes then
carry adjoint U(N) labels. They fill out a massless four-dimensional A/ = 4 vector
supermultiplet of the U(N) SYM theory. The SYM coupling is the open string
coupling, gym ~ /s

For small enough g, at fixed N, the gravitational back-reaction of the D3-branes
is small, since even though the D3-brane tension 73 is proportional to Ng;l, the
gravitational coupling x? is proportional to g, so the net strength of the D3-brane
source goes as T3k> o< gsN.

In the low energy limit, E < £;! or E%¢’ — 0, only the massless string modes
can be excited. These modes are the bulk (10-dimensional) supergravity modes of
the closed strings and the (four-dimensional) U(N) SYM modes of the open
strings. The couplings between the four-d SYM and ten-d supergravity sectors are
higher-derivative, and so vanish in the low energy limit.

Since the gravitational coupling x ~ g0/ 2, the dimensionless coupling strength
is E*xc which vanishes as the energy scale E — 0. Thus the supergravity sector is
IR-free. On the other hand, the SYM sector stays at fixed coupling, g%m, since

Fig. 3.4 A stack of nearly 1

coincident D3-branes labelled ¢1

by indices 1, 2, 3, and two P

sample open string modes / \ q)%
labelled by the ordered pair of

indices associated with the
brane the string starts on and
ends on

W N =
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N =4 SYM is a CFT for all gy,,. In other words, the gauge coupling is an exactly
marginal coupling so does not run with scale. (More precisely, the diagonal
U(1) C U(N) decouples and is free, corresponding to the overall translational
degrees of freedom of the N D3-branes. So only the SU(N) SYM factor stays at
fixed non-zero coupling.) The net result of this analysis is that:

In the small g, limit at fixed N, the low energy effective action of IIB strings in
the presence of N coincident D3-branes consists of three decoupled sectors:

(free 10-d supergravity) x
(free 4-d U(1) SYM)x (3.35)
(4-d SU(N) SYM CFT with g;,, ~ gs).

3.5.2 D3-Brane Near Horizon Geometry

Now look at the same system in the g, — 0, N — oo limit, keeping g,N = 4 fixed.
In this limit the gravitational back-reaction of the D3-branes cannot be neglected,
since the D3-brane tension times the gravitational coupling is proportional to
Ng; ! x gf = A. In the low energy and g; — O limit, the N D3-branes source a
classical supergravity solution with metric and RR 5-form field strength given by

ds* = {7\ (=d® + dx) + £ (dr? + rPdQ3)

. (3.36)
F5 = (l + *)dt/\dxl ANdxy Ndxs Ndf~
where
R4 4 2
f=1 + and R =4ng,No'". (3.37)

For r>> R, f — 1, so the solution asymptotes to flat R%!, while for r < R,
f'/? — R?/r?, so the metric becomes

}"2

2
ds® ~ 1:_2er + (—df* + dx?) + dQ2 (3.38)
which we recognize as AdSs x §° in Poincaré patch coordinates; compare to
(3.17). The AdS boundary at r = co is replaced by a transition to flat R*!; see
Fig. 3.5.

We now want to consider the low energy effective description of physics in this
geometry. There are low energy scattering states of the massless supergravity
modes in the R%! asymptotic region. There are also arbitrarily low-energy modes
far down the AdS “throat”. To see this, consider an object of fixed energy E. as
measured in the frame of a co-moving observer. From the point of view of an
asymptotic observer at r = oo (where we are measuring all our observables) it has
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Fig. 3.5 A cartoon
illustrating how the AdSs x ~— ~—~10-d Mink
S “throat” geometry for r < (r>>R)
R is attached to the flat R*'
geometry for r > R N~ AdSs x S5

(r<<R)

a red-shifted energy E = \/gzE. =f '/*E,. So E~rE,/R — 0 as r — 0. There-
fore states of arbitrary finite energy E, in the AdSs x S’ throat are low-energy
excitations.

Finally there are also a few massless modes corresponding (from the asymptotic
R®! perspective) to the translational zero-modes of the whole throat. (They are the
“singleton” boundary modes on the AdS.) Since they are the translational modes
of the whole stack of D3-branes, they are equivalent to a free four-dimensional
U(1) SYM theory. In summary,

In the small g;, fixed 4 = g;N limit, the low energy effective action of IIB
strings in the presence of N coincident D3-branes has three sectors:

(free 10-d supergravity) x
(free 4-d U(1) SYM) x (3.39)
(IIB string theory on AdSs x S° withR* = 4mie* and K = g‘yoclz).

Furthermore, these three sectors decouple in the low-energy limit, since the
cross-section for an R”! supergravity wave of frequency o to scatter off the throat
(r<R) region is o ~ w>R?, so vanishes in the low-energy @ — 0 limit. Likewise,
as the low-energy throat modes are localized closer to r =0, escape to the
asymptotically flat region is energetically suppressed. Finally, low energy R%!
gravitational waves can not excite the massive throat translational modes, while
the associated singleton modes on the boundary of AdS decouple from bulk AdS
modes. Thus all three sectors decouple.

3.5.3 Strong/Weak Duality

Comparing these two low energy descriptions, (3.35) and (3.39), leads to the
Maldacena conjecture:

Type IIB string theory onAdSs x §°
is equivalent to

4-dimensional N = 4 supersymmetric SU(N) YM

with parameters identified as

2
dngs = gim, and R*/od/" = ) = gimN.
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It is just a conjecture because the low energy descriptions of (3.35) and (3.39)
were in different limits (the first at fixed N, the second as N — o00). Note that o(a')
string worldsheet corrections are o(1/ \/Z) corrections in the Yang—Mills theory,
and at fixed A, the o(g,) string loop corrections are o(1/N) corrections on the
Yang-Mills side. The N D3-brane near horizon AdS geometry came from a
classical supergravity solution, i.e., it did not contain g; or &’ corrections, so it is
not a priori clear that the AdS solution should still be valid in the regime where the
SYM description was derived.

Thus there are different possible versions of the conjecture that one can
imagine:

Weak: valid only for g;N — oo: neither o/ nor g, corrections agree.
Medium: valid for all g;N but only for N — oo: only & corrections agree.
Strong: valid for all g;N and all N: an exact equivalence.

The strong version of the conjecture allows all kinds of finite energy interior
processes and objects in the AdS space—time, including space—times with different
topologies (e.g., black holes). So in this version,

Zcrr = ZV asymptotic AdS geometries (3.40)

Most tests of the conjecture are by computing at large N quantities whose A-
dependence is determined by supersymmetry, though a few are also checks that
1/N corrections match as well.

In any case, the string theory on AdSs x S is currently only really calculable in
the classical supergravity limit where g, < 1 (so no string loops) and £; < R (so
no o corrections). In terms of YM parameters this means that N > A > 1, which
is the planar 't Hooft limit, but at strong ’t Hooft coupling. On the other hand, the
YM theory is only under perturbative control at small 4 and finite N. A great deal
of the power of Maldacena’s conjecture comes not just from the fact that it is an
explicit realization of the AdS/CFT conjecture, but also that weak coupling on one
side of the equivalence is strong coupling on the other.

3.6 Extensions

There are many examples, refinements, extensions and deformations of the AdS/
CFT correspondence; see the other lectures in this volume for a flavor. Two
extensions which are basic and play an important role in many other applications
involve

e turning on a finite temperature, and
e adding brane probes.

The finite temperature extension can be derived by the same argument as in the
last section, but keeping a finite energy density on the D3-branes. In this case the
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supergravity solution become a black 3-brane, and the near-horizon limit is the
AdSs-black hole xS geometry. The AdS black hole Hawking temperature is the
same as the temperature of the SYM theory. This extension of the AdS/CFT
correspondence is straightforward in the sense that it does not change the under-
lying equivalence, but involves identifying certain excited states on the two sides
of the correspondence. Nevertheless, this extension leads to rich and beautiful
physics, such as the correspondence between the deconfinement transition in finite
volume SYM and the instability of small black holes in AdS space [18].

The brane probe approximation in the AdS/CFT correspondence can be more
subtle, so I will describe an example of it in more detail. This particular example
can be motivated by the following question: How can one add fundamental (as
opposed to adjoint) matter to the SYM theory in the AdS/CFT correspondence? In
the weak coupling limit, we need string states with one end on the D3-brane stack
(carrying a fundamental color index) and the other end elsewhere. Since funda-
mental strings end on D-branes, we should add other kinds of D-branes to the
initial setup. We call these other branes “flavor branes” since they will label
different flavors of fundamental matter.

In general it is hard to find supergravity solutions for the gravitational back-
reaction of adding flavor branes. However, if the number, Ny, of flavor branes is
much smaller than the number, N, of (color) D3-branes, this back-reaction can be
ignored in the large N limit. To see this, recall that Newton’s constant
K2 ~ g% ~ N2 in the ’t Hooft limit (where 4 = g,N is kept fixed), and the tension
of Ny Dp-branes is NfTB,p ~Nyg; !~ N;N, so the gravitational back-reaction of the
flavor branes is KszTEVP ~ Ny /N which vanishes as N — oo with N fixed. Thus
such probe branes need only satisfy their classical equations of motion in the
unperturbed background space—time generated by the N color branes. These
equations come from extremizing the probe branes’ world volume [or the DBI
action if the brane’s U(1) field is turned on].

It was shown in [19, 20] that probe flavor D7-branes can be added in such a way
as to keep half of the N = 4 supersymmetry of the SYM theory. The required
embedding of the flavor brane in AdSs x S° is shown in Fig. 3.6. The dual theory
is then interpreted to be N' = 2SU(N) SYM with N; massive quark hypermulti-
plets. Since the probe D7-branes only added new open string states—identified
with the fundamental hypermultiplets on the YM side—the dual theory can no
longer be a CFT, but must in fact have non-zero beta function. The AdS/CFT
correspondence then implies that the dual string background should not be
asymptotically AdS. This is reflected in the fact that a D7 brane is co-dimension 2
in 10 dimensions, and so no matter how light, its tension will deform the
asymptotic structure of the space (by causing a deficit angle). Thus, strictly
speaking, D7-branes can never satisfy the probe approximation, and the AdS/N =
2 SYM correspondence is not exact, but is broken by Ny/N effects.

Higher co-dimension probes are less problematic. For example, fundamental
string and D1-brane probes of the AdSs geometry have proven very useful, either
as strings extending to the boundary of AdS whose worldsheets are dual to
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Fig. 3.6 The topology of the embedding of a probe D7-brane in AdSs x S°. The solid cylinder is
the AdS factor, with ¢ its axial direction, r its radial direction, and x its angular direction (s). The
D7-brane fills the AdS cylinder from r = r; out to the boundary (r = c0). The sphere is the §°
factor, and the D7-brane fills an $* hemisphere. The D7-brane is embedded in such a way that
constant r slices of the cylinder are associated with constant latitude ¢ S°s, with the equatorial S
corresponding to r = oo, and the degenerate point S* at the south pole of the > to r = r;

insertions of the non-local Wilson and ’t Hooft loop operators in the CFT, or as
strings ending on probe D7-branes dual to massive quark states in the N =2
SYM. Both of these scenarios have led to physically rich and active areas of
development of the AdS/CFT correspondence following on the work of [21, 22]
and [23, 24], respectively.
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finite temperature. The zero temperature glueball spectra as well as their finite
temperature thermodynamic functions compare well with lattice data. The model
can be used to calculate transport coefficients, like bulk viscosity, the drag force
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4.1 Introduction

The experimental efforts at RHIC [1-4] have provided a novel window in the
physics of the strong interactions. The consensus on the existing data is that shortly
after the collision, a ball of quark—gluon plasma (QGP) forms that is at thermal
equilibrium, and subsequently expands until its temperature falls below the QCD
transition (or crossover) where it finally hadronizes. Relativistic hydrodynamics
describes very well the QGP [5], with a shear-viscosity to entropy density ratio
close to that of A' =4 SYM [6, 7]. The QGP is at strong coupling, and it neces-
sitates a treatment beyond perturbative QCD approaches, [8—10]. Moreover,
although the shear viscosity from A/ = 4 seems to be close to that “measured” by
experiment, lattice data indicate that in the relevant RHIC range 1 < Tl <3 the

QGP seems not to be a fully conformal fluid. Therefore the bulk viscosity may play
a role near the phase transition [11-13]. The lattice techniques have been suc-
cessfully used to study the thermal behavior of QCD, however they are not easily
extended to the computation of hydrodynamic quantities. They can be used how-
ever, together with parametrizations of correlators in order to pin down parameters
[12, 13]. On the other hand, approaches based on holography have the potential to
address directly the real-time strong coupling physics relevant for experiment.

In the bottom-up holographic model of AdS/QCD [14, 15], the bulk viscosity is
zero as conformal invariance is essentially not broken (the stress tensor is trace-
less). In the soft-wall model [16], no reliable calculation can be done for glue
correlators and therefore transport coefficients are ill-defined. Similar remarks hold
for other phenomenologically interesting observables as the drag force and the jet
quenching parameter [17-21].

Top-down holographic models of QCD displaying all relevant features of the
theory have been difficult to obtain. Bottom-up models based on AdS slices [22]
have given some insights mostly in the meson sector [14, 15] but necessarily lack
many important holographic features of QCD. A hybrid approach has been advo-
cated [23-25] combining features of bottom-up and top-down models. An similar
approach was proposed independently in [26]. Such an approach, called Improved
Holographic QCD (or IHQCD for short) is essentially a five-dimensional dilaton-
gravity system with a non-trivial dilaton potential. Flavor can be eventually added
in the form of Ny space-time filling D4 — D4 brane pairs, supporting U(Ny), X
U(Ny)g gauge fields and a bi-fundamental scalar [27]. The UV asymptotics of the
potential are fixed by QCD perturbation theory, while the IR asymptotics of the
potential can be fixed by confinement and linear glueball asymptotics. An analysis
of the finite temperature behavior [28, 29] has shown that the phase structure is
exactly what one would expect from YM. A potential with a single free parameter
tuned to match the zero temperature glueball spectrum was able to agree with the
thermodynamic behavior of glue to a good degree [28]. Similar results, but with
somewhat different potentials were also obtained in [26, 30].

In [26, 28, 29] it was shown that Einstein-dilaton gravity with a strictly monotonic
dilaton potential that grows sufficiently fast, generically shares the same phase
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structure and thermodynamics of finite-temperature pure Yang—Mills theory at large
N,.. There is a deconfinement phase transition (dual to a Hawking-Page phase tran-
sition between a black hole and thermal gas background on the gravity side), which is
generically first order. The latent heat scales as Nf. In the deconfined gluon-plasma
phase, the free energy slowly approaches that of a free gluon gas at high temperature,
and the speed of sound starts from a small value at T, and approaches the conformal
value ¢2 = 1/3 as the temperature increases. The deviation from conformal invari-
ance is strongest at 7, and is signaled by the presence of a non-trivial gluon con-
densate, which on the gravity side emerges as a deviation of the scalar solution that
behaves asymptotically as 7* close to the UV boundary. In the CP-violating sector,
the topological vacuum density TrFF has zero expectation value in the deconfined
phase, in agreement with lattice results [31] and large-N, expectations.

The analysis performed in [29] was completely general and did not rely on any
specific form of the dilaton potential V(1). A detailed analysis of an explicit model
in [32] shows that the thermodynamics matches quantitatively the thermodynamics
of pure Yang—Mills theory. The (dimensionless) free energy, entropy density, latent
heat and speed of sound, obtained on the gravity side by numerical integration of the
5D field equations, can be compared with the corresponding quantities, calculated
on the lattice for pure Yang—Mills at finite-7, resulting in excellent agreement, for
the temperature range that is accessible by lattice techniques. The same model also
shows a good agreement with the lattice calculation of glueball mass ratios at zero
temperature, and the value of the deconfining critical temperature (in units of the
lowest glueball mass) is also in good agreement with the lattice results.

In short, the model we present gives a good phenomenological holographic
description of most static properties’ (spectrum and equilibrium thermodynamics)
of large-N, pure Yang—Mills, as computed on the lattice, for energies up to several
times 7. Thus it constitutes a good starting point for the computation of dynamical
observables in a realistic holographic dual to QCD (as opposed to e.g. N =4
SYM), such as transport coefficients and other hydrodynamic properties that are
not easily accessible by lattice techniques, at energies and temperatures relevant
for relativistic heavy-ion collision experiments. We will report on such a calcu-
lation in the near future.

The vacuum solution in this model is described in terms of two basic bulk
fields, the metric and the dilaton. These are not the only bulk fields however, as the
bulk theory is expected to have an a priori infinite number of fields, dual to all
possible YM operators. In particular we know from the string theory side that there
are a few other low mass fields, namely the RR axion (dual to the QCD 0-angle)
the NSNS and RR two forms B, and C; as well as other higher-level fields. With
the exception of the RR axion, such fields are dual to higher-dimension and/or
higher-spin operators of YM. Again, with the exception of the RR axion, they are
not expected to play an important role into the structure of the vacuum and this is

! There are very few observables also that are not in agreement with YM. They are discussed in
detail in [25].



82 U. Gursoy et al.

why we neglect them when we solve the equations of motion. However, they are
going to generate several new towers of glueball states beyond those that we
discuss in this paper (namely the 0™ glueballs associated to dilaton fluctuations,
2%F glueballs associated to graviton fluctuations and 0~ glueballs associated to
RR axion fluctuations). Such fields can be included in the effective action and the
associated glueball spectra calculated. Since we do not know the detailed structure
of the associated string theory, their effective action will depend on more semi-
phenomenological functions like Z(4) in (4.45). These functions can again be
determined in a way similar to Z(4). In particular including the B, and C, field will
provide 17~ glueballs among others. Fields with spin greater than 2 are necessarily
stringy in origin. We will not deal further with extra fields, like B, and C, and
other as they are not particularly relevant for the purposes of this model, namely
the study of finite temperature physics in the deconfined case. We will only
consider the axion, as its physics is related to the CP-odd sector of YM with an
obvious phenomenological importance.

It is well documented that string theory duals of YM must have strong cur-
vatures in the UV regime. This has been explained in detail in [25] where it was
also argued, that although the asymptotic AdS boundary geometry is due to the
curvature non-linearities of the associated string theory, the inwards geometry is
perturbative around AdS, with logarithmic corrections, generating the YM per-
turbation theory. The present model is constructed so that it takes the asymptotic
AdS geometry for granted, by introducing the associated vacuum energy by hand,
and simulates the perturbative YM expansion by an appropriate dilaton potential.
In the IR, we do not expect strong curvatures in the string frame, and indeed the
preferred backgrounds have this property. In this sense the model contains in itself
the relevant expected effects that should arise from strong curvatures in all
regimes. These issues have been explained in [23, 24] and in more detail in [25].

A different and interesting direction is the use of such models to study the
expansion of the plasma and the associated dynamics. Such a context is similar to
what happens on cosmology, especially the one related to the Randall-Sundrum
setup. Indeed in this case the expansion can be found by following the geodesic
motion of probe branes in the relevant background [33-36]. This generalizes to
more complicated backgrounds [36] like the ones studied here.

Once we have a holographic model we trust, we should calculate observables ,
like transport coefficients that are hard to calculate on the lattice. A first class of
transport coefficients are viscosity coefficients.” A general fluid is characterized by
two viscosity coefficients, the shear 7 and the bulk viscosity {. The shear viscosity
in strongly coupled theories described by gravity duals was shown to be universal
[6, 7]. In particular, the ratio /s, with s the entropy density, is equal to ﬁ. This is
correlated to the universality of low-energy scattering of gravitons from black

2 These are the leading transport coefficients in the derivative expansion. There are subleading
coefficients that have been calculated recently for N' = 4 SYM [37, 38]. However, at the present
level of accuracy, they cannot affect substantially the comparison to experimental data [5].
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holes. It is also known that deviations from this value can only be generated by
higher curvature terms that contain the Riemann tensor (as opposed to the Ricci
tensor of the scalar curvature). In QCD, as the theory is strongly coupled in the
temperature range 7. <T <3T,., we would expect that /s ~ ﬁ. Recent lattice
calculations [39] agree with this expectations although potential systematic errors
in lattice calculations of transport coefficients can be large.

Conformal invariance forces the bulk viscosity to vanish. Therefore the N = 4
SYM plasma, being a conformal fluid, has vanishing bulk viscosity. QCD on the
other hand is not a conformal theory. The classical theory is however conformally
invariant and asymptotic freedom implies that conformal invariance is a good
approximation in the UV. This would suggest that the bulk viscosity to entropy
ratio is negligible at large temperatures. However it is not expected to be so in the
IR: as mentioned earlier lattice data indicate that in the relevant RHIC range
1< Tl <3 the QGP seems not to be a fully conformal fluid. Therefore the bulk

viscosity may play a role near the phase transition.

So far there have been two approaches that have calculated the bulk viscosity in
YM/QCD [12, 40-43] and have both indicated that the bulk viscosity rises near the
phase transition as naive expectation would suggest. The first used the method of sum
rules in conjunction with input from Lattice thermodynamics [40-43]. It suggested a
dramatic rise of the bulk viscosity near 7, although the absolute normalization of the
result is uncertain. The reason is that this method relies on an ansatz for the density
associated with stress-tensor two point functions that are otherwise unknown.

The second method [12] relies on a direct computation of the density at low
frequency of the appropriate stress-tensor two-point function. As this computation
is necessarily Euclidean, an analytic continuation is necessary. The values at a
finite number of discrete Matsubara frequencies are not enough to analytically
continue. An ansatz for the continuous density is also used here, which presents
again a potentially large systematic uncertainty.

Calculations in IHQCD support a rise of the bulk viscosity near T, but the values
are much smaller than previously expected. Studies of how this affects hydrody-
namics at RHIC [44] suggest that this implies a fall in radial and elliptic flow.

Another class of interesting experimental observables is associated with quarks,
and comes under the label of “jet quenching”. Central to this is the expectation that
an energetic quark will loose energy very fast in the quark—gluon plasma because of
strong coupling. This has as a side effect that back-to back jets are suppressed.
Moreover if a pair of energetic quarks is generated near the plasma boundary then
one will exit fast the plasma and register as an energetic jet, while the other will
thermalize and its identity will disappear. This has been clearly observed at RHIC
and used to study the energy loss of quarks in the quark—gluon plasma.

Heavy quarks are of extra importance, as their mass masks some low-energy
strong interaction effects, and can be therefore cleaner probes of plasma energy
loss. There are important electron observables at RHIC [45] that can probe heavy-
quark energy loss in the strongly coupled quark—gluon plasma. Such observables
are also expected to play an important role in LHC [46].
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A perturbative QCD approach to calculate the energy loss of a heavy quark in
the plasma has been pursued by calculating radiative energy loss [47-49]. How-
ever its application to the RHIC plasma has recently raised problems, based on
comparison with data. A phenomenological coefficient used in such cases is known
as the jet quenching coefficient ¢, and is defined as the rate of change of the
average value of transverse momentum square of a probe. Current fits [45, 50]
indicate that a value of order 10 GeV?/fm or more is needed to describe the data
while perturbative approaches are trustworthy at much lower values.

Several attempts were made to compute quark energy loss in the holographic
context, relevant for N’ =4 SYM.? In some of them [18, 52] the jet-quenching
coefficient ¢ was calculated via its relationship to a light-like Wilson loop.
Holography was then used to calculate the appropriate Wilson loop. The ¢

obtained scales as v/ and as the third power of the temperature,

3
QConformal = i—% \/ﬂﬂ%T3~ (41)
4
A different approach chooses to compute the drag force acting a string whose
UV end-point (representing an infinitely heavy quark) is forced to move with
constant velocity v [17, 19-21] in the context of A/ = 4 SYM plasma. The result
for the drag force is

Feonformal = E \/ITz L (42)
2 1—»2
and is calculated by first studying the equilibrium configuration of the appropriate
string world-sheet string and then calculating the momentum flowing down the
string. This can be the starting point of a Langevin evolution system, as the process
of energy loss has a stochastic character, as was first pointed out in [53] and more
recently pursued in [54-60].

Such a system involves a classical force, that in this case is the drag force, and a
stochastic noise that is taken to be Gaussian and which is characterized by a
diffusion coefficient. There are two ingredients here that are novel. The first is that
the Langevin evolution must be relativistic, as the quarks can be very energetic.
Such relativistic systems have been described in the mathematical physics litera-
ture [61, 62] and have been used in phenomenological analyses of heavy-ion
data [50]. They are known however to have peculiar behavior, since demanding an
equilibrium relativistic Boltzmann distribution, provides an Einstein relation that
is pathological at large temperatures. Second, the transverse and longitudinal
diffusion coefficients are not the same [57]. A first derivation of such Langevin
dynamics from holography was given in [57]. This has been extended in [60]
where the thermal-like noise was associated and interpreted in terms of the world-
sheet horizon that develops on the probe string.

3 Most are reviewed in [51].
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Most of the transport properties mentioned above have been successfully
computed in A/ = 4 SYM and a lot of debate is still waged as to how they can be
applied to QCD in the appropriate temperature range [19, 20, 63—-65]. A holo-
graphic description of QCD has been elusive, and the best we have so far have
been simple bottom up models.

In the simplest bottom-up holographic model known as AdS/QCD [14, 15], the
bulk viscosity is zero as conformal invariance is essentially not broken (the stress
tensor is traceless), and the drag force and jet quenching essentially retain their
conformal values.

In the soft-wall model [16], no reliable calculation can be done for glue cor-
relators and therefore transport coefficients are ill-defined, as bulk equations of
motion are not respected. Similar remarks hold for other phenomenologically
interesting observables as the drag force and the jet quenching parameter.

The shear viscosity of IHQCD is the same as that of A" = 4 SYM, as the model
is a two derivative model. Although this is not a good approximation in the UV of
QCD, it is expected to be a good approximation in the energy range 7, <7 < 57T.,.
The bulk viscosity in IHQCD rises near the phase transition but ultimately stays
slightly below the shear viscosity. There is a general holographic argument that
any (large-N) gauge theory that confines color at zero temperature should have an
increase in the bulk viscosity-to-entropy density ratio close to 7.

The drag force on heavy quarks, and the associated diffusion times, can be
calculated and found to be momentum depended as anticipated from asymptotic
freedom. Numerical values of diffusion times are in the region dictated by phe-
nomenological analysis of heavy-ion data. The medium-induced corrections to the
quark mass (needed for the diffusion time calculation) can be calculated, and they
result in a mildly decreasing effective quark mass as a function of temperature.
This is consistent with lattice results. Finally, the jet-quenching parameter can be
calculated and found to be comparable at T, to the one obtained by extrapolation
from N =4 SYM. Its temperature dependence is however different and again
reflects the effects of asymptotic freedom.

4.2 The 5D Model

The holographic dual of large N, Yang Mills theory, proposed in [23, 24], is based
on a five-dimensional Einstein-dilaton model, with the action*:

4
S5 = —MN? / &x\/g [R - §(acD)2 + V(CD)} +2M3N? / d*xWhK. (4.3)
oM

* Similar models of Einstein-dilaton gravity were proposed independently in [26] to describe the
finite temperature physics of large N, YM. They differ in the UV as the dilaton corresponds to a
relevant operator instead of the marginal case we study here. The gauge coupling ¢® also
asymptotes to a constant instead of zero in such models.
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Here, M), is the five-dimensional Planck scale and N, is the number of colors. The
last term is the Gibbons—Hawking term, with K being the extrinsic curvature of the
boundary. The effective five-dimensional Newton constant is Gs = 1/ (16nM;N(2.),
and it is small in the large-N, limit.

Of the 5D coordinates {x;,r};,_, 3, x; are identified with the 4D space-time
coordinates, whereas the radial coordinate r roughly corresponds to the 4D RG
scale. We identify A = ¢® with the running ’t Hooft coupling 4, = N, g%M, up to an
a priori unknown multiplicative factor,” /. = w/,.

The dynamics is encoded in the dilaton potential,® V(2). The small-A and large-
/ asymptotics of V() determine the solution in the UV and the IR of the geometry
respectively. For a detailed but concise description of the UV and IR properties of
the solutions the reader is referred to Sect. 2 of [29]. Here we will only mention the
most relevant information:

1. For small A, V(1) is required to have a power-law expansion of the form:
12 2 ,
V(}v)~€—2(1+v0)»—|—v1/u +-4), A—0. (4.4)

The value at 1 = 0 is constrained to be finite and positive, and sets the UV AdS
scale ¢. The coefficients of the other terms in the expansion fix the f-function
coefficients for the running coupling A(E). If we identify the energy scale with
the metric scale factor in the Einstein frame, as in [23, 24], we obtain:

dJ
N=—tL o p =

PO = o~ T (4.5)
bo— 20 b2y 207 5 '
07 g Tyt o570

2. For large /, confinement and the absence of bad singularities’ require:

N o 122(10e 2/3<0<2v2/3, P arbitrary 46
V)~ 2010g i) oo, {2350 ot (46)

In particular, the values Q = 2/3, P = 1/2 reproduce an asymptotically-linear
glueball spectrum, mﬁ ~ n, besides confinement. We will restrict ourselves to
this case in what follows.

3 This relation is well motivated in the UV, although it may be modified at strong coupling (see
Sect. 4.3. The quantities we will calculate do not depend on the explicit relation between A and /,.
S With a slight abuse of notation we will denote V(1) the function V(®) expressed as a function
of L =e®.

7 We call “bad singularities” those that do not have a well defined spectral problem for the
fluctuations without imposing extra boundary conditions.
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In the large N, limit, the canonical ensemble partition function of the model just
described, can be approximated by a sum over saddle points, each given by a
classical solution of the Einstein-dilaton field equations:

Z(p) ~ e S1B) 4 o=S2(F) 4 ... (4.7)

where S; are the euclidean actions evaluated on each classical solution with a fixed
temperature T = 1/, i.e. with euclidean time compactified on a circle of length f.
There are two possible types of Euclidean solutions which preserve three-
dimensional rotational invariance. In conformal coordinates these are:

1. Thermal gas solution,
ds* = b2(r)(dr* + df* + dx,dx™), © = @,(r), (4.8)

with r € (0, 00) for the values of P and Q we are using;
2. Black-hole solutions,

5 [dr?
a2 = b |20 + ] 0 = (), (49)

with r € (0, r;), such that f(0) = 1, and f(r;) = 0.

In both cases Euclidean time is periodic with period f, and f respectively for
the thermal gas and black-hole solution, and three-space is taken to be a torus with
volume V3, and V3 respectively, so that the black-hole mass and entropy are
finite.”

The black holes are dual to a deconfined phase, since the string tension vanishes
at the horizon, and the Polyakov loop has non-vanishing expectation value [66, 67].
On the other hand, the thermal gas background is confining.

The thermodynamics of the deconfined phase is dual to the 5D black-hole
thermodynamics. The free energy, defined as

F=E-TS, (4.10)

is identified with the black-hole on-shell action; as usual, the energy E and entropy
S are identified with the black-hole mass, and one fourth of the horizon area in
Planck units, respectively.
The thermal gas and black-hole solutions with the same temperature differ at
o(r*):
b(r):b(r)[l—&—gf-i—-n] f(r):1_£ﬁ+... r—0 (4.11)
? 0 ’ 40 ’ '

8 The periods and three-space volumes of the thermal gas solution are related to the black-hole
solution values by requiring that the geometry of the two solutions are the same on the (regulated)
boundary. See [29] for details.
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where G and C are constants with units of energy. As shown in [29] they are
related to the enthalpy 7S and the gluon condensate (TrF?) :

TS 22 (TrF?), — (TrF?
:713 3 , g: 2< I >T 3< ; >o. (412)
MbN(- Vs 3(471;) 24OMch

C

Although they appear as coefficients in the UV expansion, C and G are deter-
mined by regularity at the black-hole horizon. For T and S the relation is the
usual one,

() Area I 3
S=——=4n(MN-V3) b’ (rp). 4.13
) s = SEt = N2V B () (@.13)

T = —
For G the relation with the horizon quantities is more complicated and cannot be
put in a simple analytic form. However, as discussed in [29], for each temperature
there exist only specific values of G (each corresponding to a different black hole)
such that the horizon is regular.

At any given temperature there can be one or more solutions: the thermal gas is
always present, and there can be different black holes with the same temperature.
The solution that dominates the partition function at a certain 7 is the one with
smallest free energy. The free energy difference between the black hole and
thermal gas was calculated in [29] to be:

F Fea — Fun C
- —156- <. 4.14
A TH A (4.14)

For a dilaton potential corresponding to a confining theory, like the one we will
assume, the phase structure is the following [29]:

1. There exists a minimum temperature 7p,;, below which the only solution is the
thermal gas.

2. Two branches of black holes (“large” and “small”) appear for T > Ty, but the
ensemble is still dominated by the confined phase up to a temperature 7, > Tyin

3. At T =T, there is a first order phase transition to the large black-hole phase.
The system remains in the black-hole (deconfined) phase for all 7 > T.,.

In principle there could be more than two black-hole branches, but this will not
happen with the specific potential we will use.

4.3 Scheme Dependence

There are several sources of scheme dependence in any attempt to solve a QFT.
Different parametrizations of the coupling constant (here /) give different
descriptions. However, physical statements must be invariant under such a change.
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In our case, reparametrizations of the coupling constant are equivalent to radial
diffeomorphisms as we could use A as the radial coordinate.

In the holographic context, scheme dependence related to coupling redefini-
tions translates into field redefinitions for the bulk fields. As the bulk theory is
on-shell, all on-shell observables (that are evaluated at the single boundary of
space-time) are independent of the field redefinitions showing that scheme-
independence is expected. Invariance under radial reparametrizations of scalar
bulk invariants is equivalent to RG invariance. Because of renormalization
effects, the boundary is typically shifted and in this case field redefinitions must
be combined with appropriate radial diffeomorphisms that amount to RG-
transformations.

Another source of scheme dependence in our setup comes from the choice of
the energy function. Again we may also consider this as a radial coordinate and
therefore it is subject to coordinate transformations. A relation between A and E is
the p-function,

di
dlogE B(A). (4.15)
f by definition transforms as a vector under / reparametrizations and as a form
under E reparametrizations. f§(1) can therefore be thought of as a vector field
implementing the change of coordinates from A to E and vice-versa.

Physical quantities should be independent of scheme. They are quantities that
are fully diffeomorphism invariant. If the gravitational theory had no boundary
there would be no diffeomorphism invariant quantities, except for possible topo-
logical invariants. Since we have a boundary, diffeomorphism invariant quantities
are defined at the boundary.

Note that scalar quantities are not invariant. To be invariant they must be scalar
and constant. We therefore need to construct scalar functions that are invariant
under changes of radial coordinates.

We can fix this reparametrization invariance by picking a very special frame.
For example choosing the (string) metric in the conformal frame

ds* = & [dr* + dx'dx,], A(r) (4.16)
or in the domain-wall frame
ds* = du® + e dx"dx,, A(u) (4.17)

fixes the radial reparametrizations almost completely. In conformal frame, com-
mon scalings of r,x* are allowed, corresponding to constant shifts of A(r).

Eventually we are led to calculate and compare our results to other ways of
calculating (like the lattice). Some outputs are easier to compare (for example
correlators). Others are much harder as they are not invariant (like the value of the
coupling at a given energy scale).
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In the UV such questions are well understood. The asymptotic energy scale is
fixed by comparison to conformal field theory examples. This is possible because
the space is asymptotically AdSs.’

The coupling constant is also fixed to leading order from the coupling of the
dilaton to D3 branes (up to an overall multiplicative factor). Subleading (in per-
turbation theory) redefinitions of the coupling constant and the energy lead to
changes in the f-function beyond two loops.

More in detail, as it has been described in [23-25], the general form of the
kinetic term for the gauge fields on a D; brane is expected to be:

F2
Sp = e Z(R, ETr[F?], ¢= —ems—? (4.18)
where Z(R,¢) is an (unknown) function of curvature R and the five-form field
strength, &. At weak background fields, Z ~ —i-i— ---. In the UV regime,
expanding near the boundary in powers of the coupling 2 = N.e® we obtain, [25]

1 EWU Gy A
¢é *9 Gx *

where F(R, &) is the bulk effective action and R,, £, are the boundary values for
these parameters. Therefore the true "t Hooft coupling of QCD is

A
Z(R., <.

J tHooft — —

Ze(Ry, <4) A 2
) {1+Z(R*,é*)Fg¢(R*,£*)\/§_*g+O( ):| (4.20)

In the IR, more important changes can appear between our 4 and other definitions
as for example in lattice calculations.

In the region of strong coupling we know much less in order to be guided
concerning the correct definition of the energy. We can obtain some hints however
by comparing with lattice results.'® In particular, based on lattice calculations
using the Schrondiger functional approach [68], it is argued that at long distance L
the ’t Hooft coupling constant scales as

3
/Ilat ~ emL, m =~ Zm0++. (421)

° As the dilaton is now not constant there is a non-trivial question: in which frame is the metric
AdS. In [25] it was argued that this should be the case in the string frame. The difference of
course between the string and Einstein frame is subleading in the UV as the coupling constant
vanishes logarithmically. But this may not be the case in the IR where we have very few criteria
to check. In the model we are using we impose that the space is asymptotically AdS in the
Einstein frame as this is the only choice consistent with the whole framework.

19 We would like to thank K. Kajantie for asking the question, suggesting to compare with lattice
data, and providing the appropriate references.
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This was based on a specific definition of the coupling constant, and length scale on
the lattice as well as on numerical data, and some general expectations on the fall-
off of correlations in a massive theory. This suggests an IR f§ function of the form

d)” 1 ;L 1 mL
LdL_“Ogi_o’ L=l (4.22)

On the other hand our fS-function at strong coupling uses the UV definition of
energy, log E = Ag (the scale factor in the Einstein frame), E~ 1/L and is

3
di 3 3a—1 1 L\?
R ) PR A oae (2 423
a2 ' Tia log/1+ }7 8 (Lo> (4.23)

where a is a parameter in the IR asymptotics of the potential. The case we consider
as best fitting YM is a = 2 as then the asymptotic glueball trajectories are linear.
Consider now taking as length scale the string scale factor e’ in the IR."'" Since
it increases, it is consistent to consider it as a monotonic function of length. From
its relation to the Einstein scale factor A, = Ag + %log A and (4.23) we obtain

di  2a
dA, a-—1

Alog A+ --- (4.24)

Therefore if we define as length scale in the IR

2a

2 2
log L=~ A, — L= (") (4.25)
-

we obtain a running of the coupling compatible with the given lattice scheme. Note

however that L = (e )ZTa‘ cannot be a global choice but should be only valid in the IR.
The reason is that this function is not globally monotonic.

We conclude this section by restating that physical observables are independent of
scheme. But observables like the 't Hooft coupling constant do depend on schemes,
and it is obvious that our scheme is very different from lattice schemes in the IR.

4.4 The Potential and the Parameters of the Model

We will make the following ansatz for the potential,'?
_ 12 4/3 4/3 2\1"?
V(l) = 6_2 1+ V())u + VM. IOg 1+ VQ)L + V3)v s (426)

' The string scale factor is not a monotonic function on the whole manifold [23, 24], and this is
the reason that it was not taken as a global energy scale. In particular in the UV, ¢4 decreases
until it reaches a minimum. The existence of the minimum is crucial for confinement. After this
minimum e increases and diverges at the IR singularity.

12 Further studies of IHQCD with different potentials can be found in [69].
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which interpolates between the two asymptotic behaviors (4.4) for small A and
(4.6) for large A, with Q = 2/3 and P = 1/2. Not all the parameters entering this
potential have physical relevance. Below we will discuss the independent
parameters of the model, and their physical meaning.

4.4.1 The Normalization of the Coupling Constant A

As discussed in the previous section, the relation between the bulk field A(r) and
the physical QCD ’t Hooft coupling 4, = g%,MNc is a priori unknown. In the UV,
the identification of the D3-brane coupling to the dilaton implies that the relation is
linear, and depends on an a priori unknown coefficient x, defined as:

A=Ky (4.27)

The coefficient x can in principle be identified by relating the perturbative UV
expansion of the Yang—Mills -function, to the holographic f-function for the bulk
field A:

22 51
M) = =Podf = BiA 4 = =R (42
ﬁ( I) ﬁoit ﬂllt + ) ﬁ() 3(47‘[)27 Bl 121 ﬁ()a ( 8)
) 9 9 207
B(A) = =bo2> = b1 A’ + -+, by = gl bi=gvi— ﬁvg o (429)

The two expressions (4.28) and (4.29) are consistent with a linear relation as in
(4.27), and expanding the identity xf,(4;) = f(x4) to lowest order leads to:

K = Bo/bo. (4.30)

Therefore, to relate the bulk field 4 to the true coupling 4, one looks at the linear
term in the expansion of the potential. More generally, the other f function
coefficients are related by 8, = x"*'b,, and the combinations b,/bit! = B, /fo!
are k-independent (however they are scheme-dependent for n > 2).

As discussed in Sect. 4.3, the introduction of the coefficient k amounts to a field
redefinition and therefore its precise value does not affect physical (scheme-
independent) quantities. In this sense, x is not a parameter that can be fixed by
matching some observable computed in the theory. Assuming the validity of the
relation (4.27), we could eventually fix k¥ by matching a RG-invariant (but scheme-
dependent) quantity, e.g. 4 at a given energy scale.

However, as we discuss later in this section, rescaling 4 in the potential (thus
changing «) affects other parameters in the models, that are defined in the string
frame, e.g. the fundamental string length £: if we hold the physical QCD string
tension fixed, the ratio (¢;/¢) scales with degree —2/3 under a rescaling of .

An important point to keep in mind, is that the simple linear relation (4.27) may
be modified at strong coupling, but again this does not have any effect on physical
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observables. As long as we compute RG-invariant and scheme-independent
quantities, knowledge of the exact relationship 1 = F(J,) is unnecessary.

4.4.2 The AdS Scale ¢

This is set by the overall normalization of the potential, and its choice is equivalent
to fixing the unit of energy. It does not enter dimensionless physical quantities. As
usual the AdS length at large N, is much larger than the Planck length

(¢, ~ 1/(M,N?/3), independently of the *t Hooft coupling.

4.4.3 The UV Expansion Coefficients of V(A)

They can be fixed order by order by matching the Yang—Mills f-function. We
impose this matching up to two-loops in the perturbative expansion, i.e. O(4*) in (1).
One could go to higher orders by adding additional powers of A inside the loga-
rithm, but since our purpose is not to give an accurate description of the theory in
the UV, we choose not to introduce extra parameters."

Identifying the energy scale with the Einstein frame scale factor,
log E = log b(r), we have the relation (4.29) between the f-function coefficients
and the expansion parameters of V(1), with

Vo = V(), V) = V] \/V . (431)

The term proportional to V; in (4.26) is needed to reproduce the correct value of
the quantity b, /b3 = f3,/B3 = 51/121, which is invariant under rescaling of /.
Thus, V, is not a free parameter, but is fixed in terms of V and V; by:

23 4365, /b2’ 9 by 51
Vo = b (2 T0)  py =2V, = 432
g 0( 81V, TR 21 (4.32)

As explained earlier in this section, when discussing the normalization of the
coupling, fixing the coefficient Vj) is the same as fixing the normalization x through
(4.30). As we argued, the actual value of x should not have any physical
consequences, so it is tempting to set Vo = 1 by a field redefinition, 2 — 1/V, and
eliminate this parameter altogether.

In fact, most of the quantities we will compute are not sensitive to the value of
Vo, but for certain quantities, such as the string tension, some extra care is needed.
In general, we can ask whether two models of the same form (4.3), but with

13 Moreover, higher order f-function coefficients are known to be scheme-dependent.
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different potentials V(1) and V(/), such that V(1) = V(a1) for some constant o,
lead to different physical predictions. As we can change from one model to the
other simply by a field redefinition A — a4 (this has no effect on the other terms in
the action in the Einstein frame, (4.3), clearly the two potentials lead to the same
result for any physical quantity that can be computed unambiguously from the
Einstein frame action, e.g. dimensionless ratios between glueball masses, critical
temperature, latent heat etc.

However a rescaling of 4 does affect the string frame metric, since the latter
explicitly contains factors of i: by(r) = b(r)2*/* [23, 24] thus, under the rescaling
4 — al, by(r) — o*by(r). This means that any dimensionless ratio of two
quantities, such that one of them remains fixed in the string frame and the other in
the Einstein frame, will depend on «. An example of this is the ratio ¢;/¢, where ¢,
is the string length, that we will discuss shortly.

Therefore, we can safely perform a field redefinition and set V; to a given value,
as long as we are careful when computing quantities that depend explicitly on the
fundamental string length.

Bearing this caveat in mind, we will choose a normalization such that by = f3,, i.e.

8
Vo == Po, (4.33)

9
so that the normalization of A in the UV matches the physical Yang—Mills cou-
pling. With this choice, out of the four free parameters V; appearing in (4.26) only
V1 and V3 play a non-trivial role (V, being fixed by (4.32)).

4.4.4 The 5D Planck Scale M,

M, appears in the overall normalization of the 5D action (4.3). Therefore it enters
the overall scale of quantities derived by evaluating the on-shell action, e.g. the
free energy and the black-hole mass. It also sets the conversion factor between the
entropy and horizon area. M,, cannot be fixed directly as we lack a detailed
underlining string theory for YM. To obtain quantitative predictions, M, must be
fixed in terms of the other dimension-full quantity of the model, namely the AdS
scale £. As shown in [29] this can be done by imposing that the high-temperature
limit of the black-hole free energy be that of a free gluon gas with the correct
number of degrees of freedom.'* This requires:

1
3
(M) = 155 (4.34)

!4 Note that this is conceptually different from the A" = 4 case. There, near the boundary, the
theory is strongly coupled and this number must be calculated in string theory. It is different by
a factor of 3/4 from the free sYM answer. Here near the boundary the theory is free. Therefore
the number of degrees of freedom can be directly inferred.



4 Improved Holographic QCD 95

4.4.5 The String Length

In the non-critical approach the relation between the string length ¢; and the 5D
Planck length (or the AdS length ¢) is not known from first principles. The
string length does not appear explicitly in the two-derivative action (4.3), but it
enters quantities like the static quark—antiquark potential. The ratio ¢;/¢ can be
fixed phenomenologically to match the lattice results for the confining string
tension.

More in detail, the relation between the fundamental and the confining string
tensions Ty and o is given by:

o =T b*(r)2*3(r,), (4.35)

where r, is the point where the string frame scale factor, b(r) = b(r)4*>(r), has
its minimum. Fixing the confining string tension by comparison with the lattice
result we can find 7y (more precisely, the dimensionless quantity Tfﬁz, since the
overall scale of the metric depends on ¢). The string length is in turn given by
0)0 = 1//2nT 2.

As is clear from (4.35), rescaling A — o/, keeping the value of the QCD
string tension ¢ and of the AdS scale ¢ fixed, affects the fundamental string length
in AdS units as £;/¢ — o~2/3(£;/¢). Therefore two models a and b, defined in the
Einstein frame by (4.3), but with potentials related by V(1) = V,(2l), must
have different fundamental string tensions in order to reproduce the same result for
the QCD string tension. The quantity ¢;/¢ therefore depends on the value of Vj.

4.4.6 Integration Constants

Besides the parameters appearing directly in the gravitational action, there are also
other physically relevant quantities that label different solutions to the 5th order
system of field equations. Any solution is characterized by a scale A, the tem-
perature T and a value for the gluon condensate G, that correspond to three of the
five independent integration constants.'>

Regularity at the horizon fixes G as a function of 7, so that effectively the gluon
condensate is a temperature-dependent quantity.

The quantity A controls the asymptotic form of the solution, as it enters the

dilaton running in the UV: 1 ~ —(by log rA)fl. It can be defined in a repara-
metrization invariant way as:

!> The remaining two are the value £(0) which should be set to one for the solution (4.9) to
obey the right UV asymptotics, and an unphysical degree of freedom in the reparametrization
of the radial coordinate.
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A = ¢"1im{< b()) =P {_ ﬂ

fimy A e (436)

and it is fixed once we specify the value of the scale factor b(1) at a given .

Every choice of A corresponds to an inequivalent class of solutions, that differ
by UV boundary conditions. Each class is thermodynamically isolated, since
solutions with different A’s have infinite action difference. Thus, in the canonical
partition sum we need to consider only solutions with a fixed value of A. However,
this choice is merely a choice of scale, as solutions with different A’s will give the
same predictions for any dimensionless quantity. In short, A is the holographic
dual to the QCD strong coupling scale: it is defined by the initial condition to the
holographic RG equations, and does not affect dimensionless quantities such as
mass ratios, etc. Therefore, as long as all solutions we consider obey the same UV
asymptotics, the actual value of A is immaterial, since the physical units of the
system can always be set by fixing 4.

To summarize, the only nontrivial phenomenological parameters we have at our
disposal are V; and V3 appearing in (4.26). The other quantities that enter our
model are either fixed by the arguments presented in this section, or they only
affect trivially (e.g. by overall rescaling that can be absorbed in the definition of
the fundamental string scale) the physical quantities.

In the next section we present a numerical analysis of the solutions and ther-
modynamics of the model defined by (4.26), and show that for an appropriate
choice of the parameters it reproduces the lattice results for the Yang—Mills
deconfinement transition and high-temperature phase as well as the zero temperature
glueball data.

4.5 Matching the Thermodynamics of Large-N, YM

Assuming a potential of the form (4.26), we look for values of the parameters such
that the thermodynamics of the 5D model match the lattice results for the ther-
modynamics of 4D YM. As explained in Sect. 4.3, we set Vy and V5 as in (4.33 and
4.32), respectively, with by = f, = 22/3(4m) >

We then vary V| and V3 only. We fix these parameters by looking at thermo-
dynamic quantities corresponding to the latent heat per unit volume, and the
pressure at one value of the temperature above the transition, which we take as 27.

It is worth remarking that V| and V3 are phenomenological parameters that we
use to fit dimensionless QCD quantities. The single (dimension-full) parameter of
pure Yang—Mills, the strong coupling scale, is an extra input that fixes the overall
energy scale of our solution.

Using the numerical method explained in [32], for each set of parameters
(V1, V3) we numerically generate black-hole solutions for a range of values of 4,
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then from the metric at the horizon and its derivative we extract the temperature
and entropy functions 7'(4;) and S(4;), and the function F(/4;) from the integrated
form of the first law,

F) = / a7 S() dﬁ(;hh) . (437)

i

Here S(4;) is given by (4.13) and both the large black hole and small black-hole
branches are needed in order the get the full result for the free energy. This is
because the integral in (4.37) extends to +oo, entering deeply in the small black-
hole branch.

The behavior of the thermodynamic functions is shown in Figs. 4.1, 4.2 and 4.3,
for the best fit parameter values that we discuss below. One can see the existence
of a minimal temperature T, = T(Amin), and a critical value A. where F changes
sign. The resulting function F(7T') is shown in Fig. 4.1.

The phase transition is first order, and the latent heat per unit volume L;, nor-
malized by N2T?, is given by the derivative of the curve in Fig. 4.4 at T/T, = 1.

Fig. 4.1 The free energy F
den51.ty (in units of T,) as a N2T4V,
function of T/T,, for V; = 14 ‘
and V3 = 170. The vertical 0.01f
lines correspond to the !
critical temperature (solid) ol - -
and the minimum black-hole A 1 11 12 T,
temperature (dashed) }
—0.01} |
|
l
~0.02} |
|
l
~0.03F |
Fig. 4.2 Temperature in T
units of T, as a function of Tonin
/1;,, for V] = 14 and
V3 = 170. The dashed
horizontal and vertical lines
.. .. 1.4+
indicate the critical
temperature and the critical
value of the dilaton field at
. 1.2}
the horizon
T,
1 .
1 . . . A,

A.=0.12 0.4 0.8 1.2
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Fig. 4.3 The free energy F
densiFy in ur}its of Thin, as a Nc'2V3(Tmin)4
function of 4,
0.02 -
M A
0.4 0.8 1.2
-0.02
—0.04
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Equivalently, L, is proportional to the jump in the entropy density s = S/V3 at the
phase transition from the thermal gas (whose entropy is of O(1), in the limit
N, — 00) to the black hole (whose entropy scales as NLZ_ in the same limit): thus, in
the large N, limit,

Ly, =TAs ~ T.s(A.) (4.38)

up to terms of O(1/N?).

To fix V; and V3 we compare our results to the data of G. Boyd et al. [70]. The
relevant quantities to compare are the dimensionless ratios p(T)/T*, e(T)/T* and
s(T)/T3, where p = F/Vj is the pressure, and e = p + Ts is the energy density.
Lattice results for these functions are available in the range T = T, ~ 5T, and can
be seen in Fig. 7 of [70]. The analysis of [70] correspond to N, = 3, but one
expects that the thermodynamic functions do not change to much for large N,.'°

16 See e.g. [71-73], in which results for N, = 8 do not different significantly from those for
N, = 3 as well as the recent high-precision data by Panero [74, 75].
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An additional quantity of relevance is the value for the “dimensionless” latent
heat per unit volume, L;/ Tf which for large N. was found in [76] to be
(Ly/T?),,, = 0.31N2. The result for N2 = 3 is slightly lower (~0.28N?).

As already noted in [28, 29], the qualitative features of the thermodynamic
functions are generically reproduced in our setup: the curves 3p(T)/T*, e(T)/T*
and 3s(T)/4T? increase starting at T,, then (very slowly) approach the constant
free field value 72N?/15 (given by the Stefan—Boltzmann law) as T increases. By
computing the thermodynamic functions for various sets of values of V; and V3 we
obtain that:

(1) V; roughly controls the height reached by the curves p(T)/T*, e(T)/T* and
s(T)/T? at large T/T. (~ a few): for larger V; the curves approach the free
field limit faster;

(2) V3 does not affect much the height of the curves at large T/T,, but on the other
hand it changes the latent heat, which is increasing as V3 decreases.

The best fit corresponds to the values
Vi=14 V;=170. (4.39)

Below we discuss the values of various physical quantities (both related to ther-
modynamics, and to zero-temperature properties) obtained with this choice of
parameters.

4.5.1 Latent Heat and Equation of State

The comparison between the curves p(T)/T*, e(T)/T* and s(T)/T? obtained in
our models with (4.39), and the lattice results [70] is shown in Fig. 4.5. The match

Fig. 4.5 Temperature
dependence of the
dimensionless [ free gas

0.7 F

thermodynamic densities, 0.6 F
normalized such that they [
reach the common limiting 05 b
value 7%/15 (dashed 04k

horizontal line) as T — oo. [
The dots correspond to the 0.3 b
lattice data for N, = 3 [70] ’

0.2 F
. H 4T3N?
0.1F o o
\ & T4N?
00 L. . . . PR S T S S S S S S S S SR S S S | I
0 1 2 3 4 5T,
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Fig. 4.6 The trace anomaly e-3p
as a function of temperature
in the deconfined phase of the
holographic model (solid [
line) and the corresponding 04
lattice data [70] for N, = 3 [
(dots). The peak in the lattice B ettt ettt ottt
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expected to be an artifact of
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maximum value of the curve
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is remarkably good for T, <T <2T,, and deviates slightly from the lattice data in
the range up to 57..
The latent heat we obtain is:

L,/T = 0.31N?, (4.40)

which matches the lattice result for N, — oo [76].

An interesting quantity is the trace anomaly (e —3p)/T*, (also known as
interaction measure), that indicates the deviation from conformality, and it is
proportional to the thermal gluon condensate. The trace anomaly in our setup is
shown, together with the corresponding lattice data, in Fig. 4.6, and the agree-
ment is again very good. Our results agree even better with recent high-precision
lattice calculations of the thermodynamics functions done by Panero at different
values of N, up to N, = 8, [74, 75]. In Fig. 4.7 a comparison (taken from [74,
75]) of the normalized interaction measure with lattice results for different N, is
shown.

We also compute the specific heat per unit volume c¢,, and the speed of sound c;
in the deconfined phase, by the relations

*F , S

Cy, =

These are shown in Figs. 4.8 and 4.9 respectively. The speed of sound is shown
together with the lattice data, and the agreement is remarkable.
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Fig. 4.7 The rescaled trace anomaly (so that it is N.-independent) as a function of temperature in
the deconfined phase of the holographic model (solid line) and the corresponding recent high
precision lattice data taken from [74, 75] for different N.. The errors shown are statistical only

Fig. 4.8 The specific heat C,
(divided by T?), as a function W
of temperature, in the ¢
deconfined phase of the 32¢
holographic model [
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4.5.2 Glueball Spectrum

In [23, 24], the single phenomenological parameters of the potential was fixed by
looking at the zero-temperature spectrum, i.e. by computing various glueball mass
ratios and comparing them to the corresponding lattice results. The masses are
computed by deriving the effective action for the quadratic fluctuations around the
background [77] and subsequently reducing the dynamics to four dimensions.
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Fig. 4.9 The speed of sound
in the deconfined phase, as a
function of temperature, for
the holographic model (solid
line) and the corresponding Sfeeeoeo]
lattice data [70] for N, =3 03| free gas
(dots). The dashed horizontal
line indicates the conformal
limit ¢2 = 1/3
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The associated thermodynamics for this potential was studied in [28] which was
in qualitative agreement with lattice QCD results, but not in full quantitative
agreement. This is due to the fact that the thermodynamics depends more on the
details of the potential than the glueball spectrum for the main Regge trajectories.
Here we use the potential (4.26), but with the two phenomenological parameters
V, and Vj already determined by the thermodynamics (4.39).

The glueball spectrum is obtained holographically as the spectrum of normal-
izable fluctuations around the zero-temperature background. As explained in the
introduction, and motivated in [23-25], here we consider explicitly the 5D metric,
one scalar field (the dilaton), and one pseudoscalar field (the axion). As a con-
sequence, the only normalizable fluctuations above the vacuum correspond to spin
0 and spin 2 glueballs'” (more precisely, states with J°¢ = 0T+ 0=+, 2%F), each
species containing an infinite discrete tower of excited states.

In 4D YM there are many more operators generating glueballs, corresponding
to different values of JFC, that are not considered here. These are expected to
correspond holographically to other fields in the noncritical string spectrum (e.g.
form fields, which may yield spin 1 and CP-odd spin 2 states) and to higher string
states that provide higher-spin glueballs. As the main focus is in reproducing the
YM thermodynamics in detail rather than the entire glueball spectrum, we choose
not to include these states.'® Therefore we only compare the mass spectrum
obtained in our model to the lattice results for the lowest 07,0~ 2%+ glueballs

7 Spin 1 excitations of the metric can be shown to be non-normalizable.

18 A further reason is that, unlike the scalar and (to some extent) the pseudoscalar sector that we
are considering, the action governing the higher Regge slopes is less and less universal as one
goes to higher masses. Only a precise knowledge of the underline string theory is expected to
provide detailed information for such states.
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Table 4.1 Glueball masses

HQCD N, =3 1[78, 79] N, = oo [80]
Mg+ [mgie 1.61 1.56(11) 1.90(17)
Mo++ /mo- t 1.36 140(4) 1,46(1 1)

and their available excited states. These are limited to one for each spin O species,
and none for the spin 2, in the study of [78, 79], which is the one we use for our
comparison. This provides two mass ratios in the CP-even sector and two in the
CP-odd sector.

The glueball masses are computed by first solving numerically the zero-tem-
perature Einstein’s equations, by setting f(r) = 1, and using the resulting metric
and dilaton to setup an analogous Schrédinger problem for the fluctuations [23,
24]. The results for the parity-conserving sector are shown in Table 4.1, and are in
good agreement with those reported by [78, 79] for N, = 3, whereas the results
reported by [80] for large N, are somewhat larger. The CP-violating sector (axial
glueballs) will be discussed separately.

We should add that there are other lattice studies (see e.g. [81]) that report
additional excited states. Our mass ratios offer a somewhat worse fit of the mass
ratios found in [81] (whose results are not entirely compatible with those of [78,
79] for the states the two studies have in common). We should stress however that
reproducing the detailed glueball spectrum is secondary here since the main focus
is thermodynamics. However, the comparison of our spectrum to the existing
lattice results shows that our model provides a good global fit to 4D YM also with
respect to quantities beyond thermodynamics.

Unlike the various mass ratios, the value of any given mass in AdS-length units
(e.g. my; 1) does depend on the choice of integration constants in the UV, i.e. on
the value of byy and Ayy. Therefore its numerical value does not have an intrinsic
meaning. However it can be used as a benchmark against which all other
dimension-full quantities can be measured (provided one always uses the same UV
b.c.). On the other hand, given a fixed set of initial conditions, asking that mg
matches the physical value (in MeV) obtained on the lattice, fixes the value of ¢
hence the energy unit.

4.5.3 Critical Temperature

The thermodynamic quantities we have discussed so far, are dimensionless ratios,
in units of the critical temperature. To compute 7., we need an extra dimension-
full quantity which can be used independently to set the unit of energy. In lattice
studies this is typically the confining string tension ¢ in the 7 = 0 vacuum, with a
value of around (440 MeV)?, and results are given in terms of the dimensionless
ratio T./+/o. In our case we cannot compute ¢ directly, since it depends on the
fundamental string tension, which is a priori unknown. Instead, we take the mass
mo++ of the lowest-lying glueball state as a reference.



104 U. Gursoy et al.

We compute mg with the potential (4.26), with V; and V3 fixed as in (4.39),
then compare T, /mg. to the same quantity obtained on the lattice. For the lattice
result, we take the large N, result of [76], T./+/d = 0.5970(38), and combine it
with the large N, result for the lowest-lying glueball mass [80], mo,./\/0 =
3.37(15). The two results are in fair agreement, without need to adjust any extra
parameter:

T. T.
(—) =0.167, (—) =0.177(7). (4.42)
mo / woep M0 / lattice

In physical units, the critical temperature we obtain is given by

T. = 0.56 /o = 247 MeV. (4.43)

4.5.4 String Tension

The fundamental string tension 7y = ﬁ cannot be computed from first principles

in our model, but can be obtained using as extra input the lattice value of the
confining string tension o, at 7 = 0. The fundamental and confining string tensions
are related by (4.35).

As for the critical temperature, we can relate Ty to the value of the lowest-lying
glueball mass, by using the lattice relation /o = %%z [80]. Since what we actually
compute numerically is mo; £, this allows us to obtain the string tension 7; (and

fundamental string length ¢, = 1/,/2nT; in AdS units:

Tp* =0.19, £,/¢=0.15. (4.44)

This shows that the fundamental string length in our model is about an order of
magnitude smaller than the AdS length. The meaning of this fact is a little more
complicated conceptually, as the discussion in [25] indicates. Also, we should
stress that, as discussed in Sect. 4.4, this result depends on our choice of the overall
normalization of A: changing the potential by A — x4 will yield different
numerical values in (4.44) without affecting the other physical quantities.

Another related observable is the spatial string tension. It is calculated from the
expectation value of the rectangular Wilson loop which stretches in spatial
dimensions only. This has been calculated on the lattice [82], as well as using the
high-temperature (resumed) perturbative expansion plus a zero-temperature
calculation of the string tension in three-dimensional YM theory [83]. The two
calculation agree reasonably well.

The spatial string tension at finite temperature can be calculated in IHQCD [84]
by calculating the relevant Wilson loop. Very good agreement was found with the
lattice calculations, especially at temperatures not far from the phase transition.
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Finally, several calculations of quark—antiquark potentials exist. At zero tem-
perature the long distance asymptotics of the quark potential was calculated in [23,
24] and used to classify the dilaton potentials as a function of the confinement
property. The full quark potential including the short distance behavior was
computed in [85]. There a comparison to the Cornell potential was done as well as
with quarkonium spectra finding excellent agreement with data. The issue of
quarkonium potentials from IHQCD-like theories was also recently discussed in
[86].

Finally the Polyakov loop was recently computed [87, 88] in similar Einstein
dilaton models that were studied first in [26].

4.5.5 CP-Odd Sector

The CP-odd sector of pure Yang—Mills is described holographically by the addi-

tion of a bulk pseudoscalar field a(r) (the axion) with action'?:

My [ s p
Saxion = 7/0' XZ(A)H(@ a)(a“a). (445)

The field a(r) is dual to the topological density operator TrFF. The prefactor Z(1)
is a dilaton-dependent normalization. The axion action is suppressed by a factor
1/N? with respect to the action (4.3) for the dilaton and the metric, meaning that in
the large-N, limit one can neglect the back-reaction of the axion on the
background.

As shown in [23, 24], requiring the correct scaling of a(r) in the UV, and
phenomenologically consistent axial glueball masses, constrain the asymptotics of
Z(4) as follows:

Z()~Zy, = 0; Z(W)~I, A — oo, (4.46)

where Zj is a constant. As a simple interpolating function between these large- and
small- A asymptotics we can take the following:

Z(2) = Zo(1 + ca2Y). (4.47)

The parameter Z; can be fixed by matching the topological susceptibility of pure
Yang-Mills theory, whereas ¢, can be fixed by looking at the axial glueball mass
spectrum.

19 This action was justified in [23-25]. The dilaton dependent coefficient Z(1) is encoding both
the dilaton dependence as well as the UV curvature dependence of the axion kinetic terms in
the associated string theory. We cannot determine it directly from the string theory, but we pin
it down by a combination of first principles and lattice input, as we explain further below.
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4.5.5.1 Axial Glueballs

As in [23, 24], we can fix ¢, by matching to the lattice results the mass ratio
mo_ /mo+ between the lowest-lying axial and scalar glueball states. This is
independent of the overall coefficient Z; in (4.47). The lattice value mgy_ /my,+ =
1.49 [78, 79] is obtained for:

o = 0.26. (4.48)

With this choice, the mass of the first excited axial glueball state is in good
agreement with the corresponding lattice result [78, 79]:

(mo—+) =2.10 (”"’—*) = 2.12(10). (4.49)
Mo++ / hQcp MO++ / lattice

4.5.5.2 Topological Susceptibility

In pure Yang-Mills, the topological y susceptibility is defined by:

E(0) = % i (4.50)
where E(0) is the vacuum energy density in presence of a 0-parameter. E(6) can
be computed holographically by solving for the axion profile a(r) on a given
background, and evaluating the action (4.45) on-shell.

In the deconfined phase, the axion profile is trivial, implying a vanishing
topological susceptibility [29]. This is in agreement with large-N, arguments and
lattice results [31].

In the low-temperature phase, the axion acquires a non-trivial profile,

o0

F(r) _ dr
Cl(r):aUV m, F(V):/W (451)

r

This profile is shown, for the case at hand, in Fig. 4.10, where the axion is nor-
malized to its UV value.
The topological susceptibility is given by [23, 24]:
o -1
dr
; -1
r=wro) =) [ o

NZ(r)|
0

(4.52)

where Z(r) = Z(A(r)). Evaluating this expression numerically with Z(1) as in
(4.47), and ¢, = 0.26 (to match the axial glueball spectrum), we can determine the
coefficient Zy by looking at the lattice result for y. For N, =3 [89] obtained

7 = (191 MeV)*, which requires Zo = 133.
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Fig. 4.10 Axion profile in 6
the radial direction. The x- Ouv
axis is taken to be the energy 1.0 -
scale, E(r) = Eob(r), where
the unit Ej is fixed to match 0.8 [
the lowest glueball mass
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In Table 4.4 we present a summary of the various physical quantities discussed
in this section, as obtained in our holographic model, and their comparison with
the lattice results for large N, (when available) and for N, = 3. The quantities
shown in the upper half of the table are the ones that were used to fix the free
parameters (reported in the last column) of the holographic model.

4.5.6 Coupling Normalization

Finally, we can relate the field A(r) to the running ’t Hooft coupling. All other
quantities we have discussed so far are scheme-independent and RG-invariant.
This is not the case for the identification of the physical YM ’t Hooft coupling,
which is scheme dependent.

In the black-hole phase we can take 4, = A(r;,) as a measure of the temperature-
dependent coupling. In Fig. 4.11 we show 4, as a function of the temperature in
the range T, to 5T,.
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As a reference, we may take the result of [70], that found g(5T.) ~ 1.5 for
N, =3, which translates to 4,(57.) ~ 5. On the other hand, if we make the
assumption that the identification 4 = /; is valid at all scales (not only in the UV),
we find in our model 4,(57,) ~ 0.04 (see Fig. 4.11), i.e. a factor of 100 smaller
than the lattice result.

This discrepancy is almost certainly due to the identification (4.27) being very
different from lattice at strong coupling.

4.6 Bulk Viscosity

The bulk viscosity { is an important probe of the quark—gluon plasma. Its profile as
a function of T reveals information regarding the dynamics of the phase transition.
In particular, both from the low-energy theorems and lattice studies [12, 40, 41],
there is evidence that { increases near T,.

For a viscous fluid the shear # and bulk { viscosities are defined via the rate of
entropy production as

0 2 :
jzg 6,~vj+6jvi —7(6-\/)55 +£

5 3 ~(0: v)?. (4.53)

Therefore, in a holographic setup, the bulk viscosity can be defined as the
response of the diagonal spatial components of the stress—energy tensor to a small
fluctuation of the metric. It can be directly related to the retarded Green’s function
of the stress—energy tensor by Kubo’s linear response theory (Table 4.2):

Table 4.2 Collected in this table is the complete set of physical quantities that we computed in
our model and compared with data

HQCD Lattice N. = 3 Lattice N. — oo Parameter
[/ (N2T)peyy, 12 1.2 _ V=14
L/ (N?TY) 0.31 0.28 [70] 0.31 [76] V3 =170
/(N> TH)_ oo m/45 7?45 /45 Mt = [4572]'/3
my+ [/ 3.37 3.56 [78, 79] 3.37 [80] 0,0 =0.15
mo-+ /mo++ 1.49 1.49 [78, 79] - ca =026
x (191MeV)*  (191MeV)* [89] — Zy =133
T, /my-— 0.167 - 0.177(7)
M-+ [ mgs 1.61 1.56(11) 1.90(17)
gt [mges 1.36 1.40(4) 1.46(11)
Mg [mges 2.10 2.12(10) -

The upper half of the table contains the quantities that we used as input (shown in boldface) for
the holographic QCD model (HQCD). Each quantity can be roughly associated to one parameter
of the model (last column). The lower half of the table contains our “postdictions” (i.e. quantities
that we computed after all the parameters were fixed) and the comparison with the corresponding
lattice results. The value we find for the critical temperature corresponds to 7, = 247 MeV
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1. 1
(= —6(})11%5ImGR(w,O), (4.54)
where Gg(w,p) is the Fourier transform of retarded Green’s function of the stress—
energy tensor:

3
Gr(w,p) = —i / dxdteP*0(1) > ([Ti(t,x), T;(0,0)]). (4.55)
ij=1

A direct computation of the RHS on the lattice is non-trivial as it requires analytic
continuation to Lorentzian space-time. In Refs. [40, 41] the low energy theorems
of QCD, as well as (equilibrium) lattice data at finite temperature were used in
order to evaluate a particular moment of the spectral density of the relevant cor-
relator. using a parametrization of the spectral density via two time-dependent
constants, one of which is the bulk viscosity a relation for their product was
obtained as a function of temperature. This can be converted to a relation for (,
assuming the other constant varies slowly with temperature.

The conclusion was that {/s increases near T,. Another conclusion is that the
fermionic contributions to { are small compared to the glue contributions.

The weak point of the approach of [41], is that it requires an ansatz on the
spectrum of energy fluctuations, and further assumptions on the other parameters.
which are not derived from first principles.

A direct lattice study of the bulk viscosity was also made in [12]. Here, the
result is also qualitatively similar 4.12. However, the systematic errors in this
computation are large especially near 7, mostly due to the analytic continuation
that one has to perform after computing the Euclidean correlator on the lattice.

The results of references [40, 41] and the assumptions of the lattice calculation
have been recently challenged in [90].

4.6.1 The Holographic Computation

The holographic approach offers a new way of computing the bulk viscosity. In the
holographic set-up, { is obtained from (4.54). Using the standard AdS/CFT pre-
scription, the two point-function of the energy-momentum tensor can be read off
from the asymptotic behavior of the metric perturbations dg,,. This is similar in
spirit to the holographic computation of the shear viscosity [6], but it is technically
more involved. A recent treatment of the fluctuation equation governing the scalar
mode of a general Einstein-Dilaton system can be found in [91]. Here, we follow
the method proposed by [92].

As explained in [92], one only needs to examine the equations of motion in the
gauge r = @, where the radial coordinate is equal to the dilaton. In our type of
metrics, the applicability of this method requires some clarifications, that we
provide in [93]. Using SO(3) invariance and the five remaining gauge degrees of
freedom the metric perturbations can be diagonalized as
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0g = diag(goo, &11, 811, 811,855)s (4.56)

where

= —6 f[ +h()0( ) lm}, 811 = 62A[1 +h|1((D)€7mt], (457)

eZB _’
855 = [1 + hss(@)e"],

where the functions A and B emerge from the metric

2
@ 4P
f

Here, the fluctuations are taken to be harmonic functions of ¢ while having an
arbitrary dependence on ®.

The bulk viscosity depends only on the correlator of the diagonal components
of the metric and so it suffices to look for the asymptotics of ;. Interestingly, in
the r = ® gauge this decouples from the other components of the metric and
satisfies the following equation®

8 f L A B
hll,l_<_@_4A’+3B’ f)h’n (‘ 7 a’2+9fA'_T =0

ds* = A (—fdi® + dx,dx™) + € (4.58)

(4.59)

One needs to impose two boundary conditions. First, we require that only the
infalling condition survives at the horizon:

i

]’l“ i Cb(q)h - (D)_ﬁ, O — (Dh, (460)

where c;, is a normalization factor. The second boundary condition is that /;; has
unit normalization on the boundary:

hp—1, ®— —cc. (4.61)

Having solved for 4, (®), Kubo’s formula (4.54) and a wise use of the AdS/CFT
prescription to compute the stress—energy correlation function [92] determines the
ratio of bulk viscosity as follows.

The AdS/CFT prescription relates the imaginary part of the retarded 7;; Green’s
function to the number flux of the A;; gravitons F [92]:

F
167‘CG5

Im Gg(w,0) = — (4.62)

2% Difference in the various numerical factors in this equation w.r.t [92] is due to our different
normalization of the dilaton kinetic term.
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where the flux can be calculated as the Noether current associated to the U(1)
symmetry hy; — ¢hy; in the gravitational action for fluctuations. One finds,
,€4A73f . o
f:lw[hllh,ll —h]]h“]. (463)
As F is independent of the radial variable, one can compute it at any @, most
easily near the horizon, where h;; takes the form (4.60). Using also the fact that
(dA/d®) (D)) = —8V(Dy,)/9V'(Dy), one finds

2
27 2 3a,) V' (Pn)

(4.64)

Then, (4.54 and 4.62) determine the ratio of bulk viscosity and the entropy density
as,

(3 (V@)
i 5x (vag) o 0%

In the derivation we use the Bekenstein—Hawking formula for the entropy density,
s = exp 3A(Dy)/4Gs.

To find { we need to find ¢, only in the limit @ — 0. The computation is
performed by numerically solving equation (4.59) with the appropriate boundary
conditions. There are two separate methods that one can employ to determine the
quantity cp:

1. One can solve (4.59) numerically with a fixed « /T, but small enough so that c,,
reaches a fixed value. The method is valid also for finite values of w. From a
practical point of view, it is easier to solve (4.59) with the boundary condition
(4.60) with a unit normalization factor, read off the value on the boundary
hi1(—o0) from the solution and finally use the symmetry of (4.59) under
constant scalings of #;; to determine |c,| = 1/]hy;(—00)|.

2. An alternative method of computation that directly extracts the information at
o = 0 follows from the following trick [92]. Instead of solving (4.59) for small
but finite w, one can instead solve it for w = 0. This is a simpler equation, yet
complicated enough to still evade analytic solution. Let us call this solution A9, .
One numerically solves it by fixing the boundary conditions on the boundary:
h9,(—00) =1 and the derivative dh?,/d®(—o0) is chosen such that hy; is
regular at the horizon. Matching this solution to the expansion of (4.60) for
small o than yields |c,| = A9, (®y).

Both methods were used to obtain {/s as a function of T and checked that they
yield the same result. As explained in [29], most of the thermodynamic observ-
ables are easily computed using the method of scalar variables [29, 93].

The results are presented in Fig. 4.12. This figure gives a comparison of the
curve obtained by the holographic calculation sketched above by solving (4.59) and
the lattice data of [12]. We also show #/s = 1/4x in this figure for comparison.
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The result is qualitatively similar to the lattice result where (/s increases as T
approaches T,, however the rate of increase is slower than the lattice. As a result, we
obtain a value {/s(T,) = 0.06 that is an order of magnitude smaller than the lattice
result [12] which is 0.8. Note however that the error bars in the lattice evaluation are
large near 7, and do not include all possible systematic errors from the analytic
continuation.

We should note the fact that the holographic calculation gives a smaller value for
the bulk viscosity near 7, than the lattice calculation is generic and has been found for
other potentials with similar IR asymptotics [92]. The fact that the value of (/s near
T. is correlated with the IR asymptotics of the potential will be shown further below.

Another fact that one observes from Fig. 4.12 is that {/s vanishes in the high T
limit. This reflects the conformal invariance in the UV and can be shown ana-
lytically as follows. (/s is determined by formula (4.65). In the high T limit,
(corresponding to 4, — 0, near the boundary), the fluctuation coefficient |c;| — 1.
This is because of the boundary condition %y, (4 = 0) = 1. We use the relation
between T and 4, in the high T limit [29],

In — (B log(nT/A)) ™" (4.66)
Substitution in (4.65) leads to the result,

¢ 2 1

= - T . 4.67
s [free 27mlog?(nT/A) whTme (4.67)

As s itself diverges as T° in this limit—it corresponds to an ideal gas—we learn
that { also diverges as T°/log?(T). Divergence at high T is expected from the
bulk-viscosity of an ideal gas. We do not expect however the details of the
asymptotic result to match with the pQCD result, for the same reasons that
the shear-viscosity-to-entropy ratio does not, [25]. We note however, that the
asymptotic T-dependence is very similar to the pQCD result [94]:
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{/s o< log (nT/A)log™ ' log(nT/A) . (4.68)

4.6.2 Holographic Explanation for the Rise of {/s Near T,

With the same numerical methods, one can also compute the ratio {/s on the small
black-hole branch. As this solution has a smaller value of the action than the large
black-hole solution, it is a subleading saddle point in the phase space of the theory,
hence bears no direct significance for an holographic investigation of the quark—
gluon plasma. However, as we show below, the existence of this branch provides a
holographic explanation for the peak in (/s in the quark—gluon plasma, near T,.

From the practical point of view, we find the second numerical method above
(solving the fluctuation equation at @ = 0) easier in the range of A, that corre-
sponds to the small black hole. The result is shown in Fig. 4.13a. The presence of
two branches for 7 > Ty, is made clear in this figure. See also Fig. 4.13b for the
respective ranges of /; that correspond to small and large BHs. In Fig. 4.13a, (/s
on the large BH branch is depicted with a solid curve and the small BH branch is
depicted with a dashed curve. We observe that {/s keeps increasing on the large-
BH branch as T is lowered, up to the temperature Ty,;, where the small and large
BH branches merge.”! On the other hand, on the small BH branch (/s keeps
increasing as the T is increased, up to a certain T, that lies between Ty, and 7T,
see Fig. 4.14. From this point onwards, {/s decreases with increasing T.

A simple fact that can be proved analytically is that the derivative of (/s
diverges at Tp,. This is also clear from Fig. 4.14. This is shown by inspecting
(4.65). The T derivative is determined as d/dT = (dT/dA,)d/dA,. Whereas the
derivative w.r.t 4, is everywhere smooth,22 the factor dT/dJ,, diverges at T, by
definition, see Fig. 4.13b.

Therefore, the presence of a Ty, where the large and the small black holes meet,
in other words, the presence of a small black-hole branch is responsible for the
increase of (/s near Tp,. As in most of the holographic constructions that we
analyzed, and specifically in the example we present here, 7, and T;, are close to one
another, this fact implies a rise in the bulk viscosity near 7. This proposal, combined
with the fact that the existence of a small BH branch and color confinement in the
dual gauge theory at zero T are in one-to-one correspondence [29], suggests that in
confining large-N gauge theories, there will be a peak in the ratio (/s close to T..

Another fact that can be shown analytically is that {/s asymptotes to a finite
value as T — oo in the small black-hole branch.”® We find that,

2! As far as the thermodynamics of the gluon plasma is concerned, the temperatures below 7,
(on the large BH branch) has little importance, because for 7 < T, the plasma is in the confined
phase.

22 Note that ¢ is also a function of A,. As both the fluctuation (4.59) and the boundary
conditions are smooth at 4, = Ani, one concludes that ¢, also is smooth at this point.

23 See the discussion at appendix B of [93].
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Fig. 4.13 a Numerical evaluation of {/# both on the large-BH branch (the solid curve)

and on

the small BH branch (the dashed curve). T,, denotes Tpmin. b The two branches of black-hole
solutions, that correspond to different ranges of 4;. The large BH corresponds to A; < Amin and the

small BH corresponds to 2, > Amin

1

—[small = — as T — oo.
s 67

(4.69)

As the entropy density vanishes in this limit [29], we conclude that { should vanish

with the same rate.
For a general potential with strong coupling asymptotics

V(i)~2 as i — oo,
taking into account (4.65), (4.69) is modified to

30?
— [small — as rp — rop.
s 32n’

where ry is the position of the singularity in the zero temperature solution.

(4.70)

(4.71)
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Fig. 4.14 An inset from the Fig. 4.13 around the maximum of (/s

For confining theories, the limit r, — ry corresponds to 7' — oo on the small
BH branch. However, one can show that the result (4.71) holds quite generally,
regardless of whether the zero T theory confines or not. In particular, for the non-
confining theories—that is either when Q <4/3 or when Q = 4/3 but the sub-
leading term in the potential vanishes at the singularity—there is only the large
black-hole branch and the limit r, — ry corresponds to the zero T limit of this BH.
Thus, we also learn that there exist holographic models that correspond to non-
confining gauge theories whose zero T limit yield a constant {/s. This constant
approaches zero as Q — 0, i.e. in the limiting AdS case.

We also see that the asymptotic value of {/s in the small BH branch is close to
the value of {/s near T.. We shall give an explanation of this fact in the next
subsection. Using the asymptotic formula (4.71), the fact that Q > % for con-

finement and Q < 43—‘/5 for the IR singularity to be good and repulsive we may
obtain a range of values where we expect {/s to vary, namely

¢ 1

6_7'C < E small,asymptotic < 3_713 (472)

A final observation concerns the coefficient c(4;) in (4.65). This part is the
only input from the solution of the fluctuation equation, the rest of (4.65) is fixed
by the dilaton potential entirely. We plot the numerical result for ¢, in Fig. 4.15 as
a function of the coupling at the horizon ;.

First of all, Fig. 4.15 provides a check that, the approximate bound of [92]
|ep| > 1, is satisfied in the entire range. One also observes c¢;, approaches to 1 in the
IR and UV asymptotics. These facts can be understood analytically: In the UV
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Fig. 4.15 The coefficient |c| |cb
of (4.65) as a function of 4, 6r

10¢L L L L L ' Ah
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(near the boundary) it is because of the boundary condition ¢, = 1. In the IR, it is
more subtle, and it is explained in appendix B of [93].

Finally, we observe that the deviation of ¢, from the asymptotic value 1 is
maximum around the phase transition point A.. In fact, we numerically observed
that the top of the curve in Fig. 4.15 coincides with 4. to a very high accuracy.
Whether this is just a coincidence or not, remains to be clarified.

4.6.3 The Adiabatic Approximation

Motivated by the Chamblin-Reall solutions [95], Gubser et al. [26] proposed an
approximate adiabatic formula for the speed of sound. In the case when V’/V is a
slowly varying function of ®@ [26] proposes the following formulae for the entropy
density and the temperature:

(03
8 \%4
logs:—g/d®7+-~-, (4.73)
Tonvosv

where the ellipsis denote contributions slowly varying in ®;,.**

It is very useful to reformulate this approximation using the method of scalar
variables, which in turn allows us to extract the general T dependence of most of
the thermodynamic observables in an approximate form. Here, we apply this
formalism to the computation of {/s. The method of scalar variables and the
details of the adiabatic approximation in the scalar variables are given in [93].

For the scalar variable X = % the adiabatic approximation means

2* Various coefficients in these equations differ from [26] due to our different normalization of
the dilaton kinetic term.
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Fig. 4.16 Comparison of the exact {/s with the adiabatic approximation in the variable ;. Solid
curve is the full numerical result and the dashed curve follows from (4.76)

Fig. 4.17 Comparison of the ¢
exact (/s with the adiabatic s
approximation in variable T.
Solid curve is the full
numerical result and the
dashed curve follows from
(4.76)

X(D) ~

(4.75)

The fluctuation (4.59) greatly simplifies with (4.75). In fact, as shown in [93], the
solution becomes independent of ®. With unit normalization on boundary, the
adiabatic solution in the entire range of ® € (—oo, ®;) becomes hgq (D) = 1.
Consequently, the coefficient ¢; in (4.65) becomes unity, hence:

o 3 (Vi)Y
b _32—n<v(®:)) . (4.76)

N

We plot this function in 4, in Fig. 4.16, where we also provide the exact numerical
result for comparison. Note that in Fig. 4.16 the whole large black-hole branch has
been compressed at the left of the figure for 4, < 0.04 The same functions in the
variable T /T, are plotted in Fig. 4.17.

The validity of the adiabatic approximation (4.75), is determined by the rate at
which V'/V varies with ®. In particular, the approximation becomes exact in the
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limits where V’/V becomes constant. This happens for a constant potential or a
potential that is a single power of A (exponential in ®@). This is the case in the UV
(® — —o0, where the potential becomes a constant) and the IR (O — +oo where
the potential becomes a power law.). Therefore (4.76) allows us to extract the
analytic behavior of {/s in the limits ®, — +oo.

The numerical values one obtains from (4.76) in the intermediate region may
differ from the exact result (4.65) considerably, especially near 7.. However, we
expect that the general shape will be similar.

Finally, the adiabatic approximation hints at why, in the particular background
that we study, (/s at T, is close to the limit value (4.69): In order to see this we
rewrite (4.76) as

¢ 2 5

=ladb = 7=X
s

= (4.77)

In the limit (4.69) we have X — —1/2. The only other point where X = —1/2, is
at the minimum of the string frame scale factor ®,. This is the point where the
confining string saturates [23, 24]. On the other hand, we expect on general
physical grounds that the de-confinement phase transition happens near this point,
i.e. ®. = @,. Thus, the adiabatic formula predicts that {/s(®.) be close to the limit
value 1/67.%

4.6.4 Buchel’s Bound

In [96], Buchel proposed a bound for the ratio of the bulk and shear viscosities,
motivated by certain well-understood holographic examples. In four space-time
dimensions the Buchel bound reads,

“2a(3-¢). (478)

We note that the bound is proposed to hold in the entire range of temperature from
T. to co. This bound is trivially satisfied for exact conformal theories such as
N =4 YM, and saturated in theories on Dp branes [96, 97]. With the numerical
evaluation at hand, we can check (4.78) in our case. In Fig. 4.18a we plot the LHS
and RHS of the bound.”® We clearly see that the bound is satisfied for all

% This argument may break down for two (dependent) reasons: First of all the adiabatic
approximation becomes lees good near ®... This is because, in this region V'/V varies relatively
more rapidly as a function of ®. Secondly, precisely because of this, even though ®. is not far
away from @, the difference can result in a considerable change in the value of (/s through
(4.76).

26 Since this theory contains two derivatives only, T has the universal value 1/4n.
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Fig. 4.18 a Comparison of {/n (solid line) and the RHS of (4.78) (dashed line), obtained using
the speed of sound of the IHQCD model [22]. b Plot of the function C(T) defined in (4.79) as a
function of temperature. The horizontal dashed line indicates where Buchel’s bound is saturated.
We see that the bound is satisfied in the entire range of temperatures

temperatures. As expected, both the LHS and the RHS of (4.78) vanishes in the
high T conformal limit.
A clear picture of Buchel’s bound is obtained by defining the function:

&/n

C(T) = 2(1/3 = cf) , (4.79)
in terms of which the bound is simply C > 1. In Fig. 4.18b we show the function
C(T) obtained numerically in our IHQCD model, between T, and 57.. The values
of this function are mildly dependent on temperature, and are between 1.5 and 2,
the same range of values that were recently considered in the hydrodynamic codes
by Heinz and Song [98].

We may also investigate the fate of the bound at large T. using the asymptotics
of {/s in (4.67)

(g 2 1
s large —

= — . T . 4.80
27nlog?(nT/A) s (4.80)
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and

I, 4 1 32b10g(10g rl))

_ - _ +
C% 3 10g2 (Tlr) 9 10g3 (Tlr)

from [29], that can be rewritten as

+ .- (4.81)

T
1 4 1 32p108 (10% (‘) )
Rl Ty T (482
log (Tl) log’ (Tl)
where b = Z—é = % is the ratio of the two-loop to the one-loop squared f-function
coefficients in large-N, YM.
Since in this class of models 1/s = 1/4n exactly we obtain
fim 1 (4.83)

T=002(1/3 = c2)

in agreement with a recently derived general formula, in Einstein dilaton gravity
[99]

. {/n _ 4—A A
TILIEO2(1/3 —a) " i\ (484)

where A is the scaling dimensions of the scalar operator in the UV, that is marginal
in our case.

It has also been suggested recently [100—-102] that the speed of sound squared,
in Einstein dilaton gravity asymptotes to 1/3 at high temperatures from below.
This is evident in our asymptotic formula (4.82), although the formulae in [100-
102] fail to capture correctly the marginal case that is relevant here.

4.7 The Drag Force on Strings and Heavy Quarks

We will now consider an (external) heavy quark moving through an infinite vol-
ume of gluon plasma with a fixed velocity v at a finite temperature T [17, 19, 20].
The quark feels a drag force coming from its interaction with the plasma and an
external force has to be applied in order for it to keep a constant velocity. In a more
realistic set up one would like to describe the deceleration caused by the drag.
The heavy external quark can be described by a string whose endpoint is at the
boundary. One can accommodate flavor by introducing D-branes, but we will not
do this here. A first step is to describe the classical string “trailing” the quark.
We consider the Nambu—Goto action on the world-sheet of the string.



4 Improved Holographic QCD 121

1
Sy = —M/dadr\/det(—gMNalxMaﬁXN% (4.85)

where the metric is the string frame metric. The ansatz we are going to use to
describe the trailing string is [19, 20]

X'=vt+¢(r), X*=X>=0, (4.86)
along with the gauge choice
o=r, T=t, (4.87)

where r is the (radial) holographic coordinate. The string is moving in the X'
direction.

This is a “steady-state” description of the moving quark as acceleration and
deceleration are not taken into account. For a generic background the action of the
string becomes

1
S = —m/dtdr \/—8008rr — g00g11” — guigm?. (4.88)

Note that ggo is negative, and we should check whether our solution produces a
real action. For example a straight string stretching from the quark to the horizon is
a solution to the equations of motion but has imaginary action.

We note that the action does not depend on & but only its derivative, therefore
the corresponding “momentum” is conserved

1 /
7= — 800811 ‘ (4.89)

2nl? 2
s \/ —800&r — g00811E" — g118mV?

We solve for ¢ to obtain

é/ _ \/_gOOgrr - gllgrrv2

. (4.90)
\/googn (1 + goog”/(27r€§ng)2>

The numerator changes sign at some finite value of the fifth coordinate r. For the
solution to be real, the denominator has to change sign at the same point. We
therefore determine r; via the equation

goo(rs) + 11 (rs)v* =0, (4.91)

and the constant momentum

2 _gOO(rs)gll(rs)

= i) (4.92)
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Writing the string-frame metric as
2 o, [dr° 2
ds” = e Tffdt +dx - dx (4.93)
(4.91) becomes

Vi =£(r,) (4.94)

The induced world-sheet metric is therefore

_ 32 s) flr)—v?
_ eZAx(l‘) (f(r) v ) ‘ f(’)v e (f (r) —es(rsy2 (4 95)
8ap = P2s0),2 OES A2 )y Msr) ‘
() A (r) =™ T30y 2 P[50 (r)—v2e™s )]

We can change the time coordinate to obtain a diagonal induced metric ¢ =
7+ {(r) with

o2As(1) 2

C T VT = A — e )

The new metric is

e4AA- (r)

(€4Ax(r) f(r) — es(r)y2)

ds? = &40) {—(f(r) —)d7 + drz] (4.96)

and near r = ry it has the expansion

as* = [ () = ) + O(r = r)) e

eZA;(n)

- {(m;(m PN =1

This is a world-sheet black-hole metric with horizon at the turning point » = r;.

+ (9(1)} dr? (4.97)

4.7.1 The Drag Force

The drag force on the quark can be determined by calculating the momentum that
is lost by flowing along the string into the horizon:

dpp 1 googn¢ o
dt 21?2 /=g =

This can be obtained by considering the world-sheet Noether currents I1}, and

Firag = (4.98)

expressing the loss of momentum as AP; = JIT}. This may be evaluated at any
value of r, but it is more convenient to evaluate it at r = r;.
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We finally find that

1
Farag = ~ 52V —800(75)g11(ry)- (4.99)

Using the form (4.93) of our finite-temperature metric in the string frame we
finally obtain

P R/ Gy B RV (AT Gy N (4.100)

drag = 2nl? a 2nl? ’ '
where in the second equality we expressed the force in terms of the Einstein-frame
scale factor and the “running” dilaton. Substituting from (4.94) we obtain

y () v e ) (r)*3
2nl? - 2nl? ’ (4.101)

Fdrag = -

Before proceeding further, we will evaluate the drag force for the conformal case
of N'=4 SYM where

12 2
A==, V=f(r,) =1— (aTr,)*, 5= V7. (4.102)
r )
Substituting in (4.101) we obtain [17-20]
Feont = sz - (4.103)

V1I—2'

Moving on to YM, to compute the drag force from (4.101) we must first
determine /; in the ITHQCD model. In this setup there is no analog of the
N =4 SYM relation (4.102) between /¢, {; and A. Rather, the fundamental
string length /; is determined in a bottom-up fashion, by matching the effective
string tension to the QCD string tension g, derived from the lattice calculations.
We obtain

Loy 1 oam) 4/3
wlr) = o) 1o (r )3, 4.104
2n€§e 2n2° (rs) (4.104)

s

O, =

where r, is the point where the zero-temperature string scale factor (at T = 0)
A, ,(r) has a minimum. For a typical value of o, ~ (440 MeV)2 [78, 79] we find

0, =641, (4.105)

where / is the radius of the asymptotic AdS space.
On the other hand, unlike in A" = 4 SYM, in the IHQCD model the value of the
coupling A(ry) in (4.101) is not an extra parameter to be fixed by hand, but rather
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Fig. 4.19 The ratio of the drag force in improved holographic QCD to the drag force in A = 4
SYM is shown. The ratio is computed for different velocities as a function of temperature. The
’t Hooft coupling for the N' =4 SYM theory is taken to be 5.5. We chose this value as it is
considered in the central region of possible values for the ’t Hooft coupling. It is seen that as the

velocity increases the value of the ratio decreases
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Fig. 4.20 The ratio of the drag force in improved holographic QCD to the drag force in ' = 4
SYM is shown. The ratio is computed for different temperatures as a function of velocity. The
’t Hooft coupling for the N =4 SYM theory is taken to be 5.5. As temperature increases the

value of the ratio decreases

it is determined dynamically together with the background metric (Figs. 4.19

and 4.20).

4.7.2 The Relativistic Asymptotics

When v — 1 then r;, — 0 and we approach the boundary. Near the boundary
(r — 0) we have the following asymptotics of the scale factor and the 't Hooft

coupling [23, 24]
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., aTeMm 1 g

AW :é [1 —i-(’)(@)] 4 (4.106)

and

1

Ar) =

where ry, is the position of the horizon.
We therefore obtain for the turning point

B1—v)]F 1 4
s |——| [1+O0| ————< ||, Aly) 27—+
v ) |1+ g —) - ) o
(4.108)
and the drag force
nTeb3 () A (r)) v
Farag ~ — 4.10
drag 27'5[% /—1 — V2 + ( 9)
We also use
A s(T)  457%s(T) (4.110)

C4nM3N2 N2
where s(T) the entropy per unit three-volume, and we write the relativistic
asymptotics of the drag force as,
nTeb3(ry) v

2l 1—? (—%log[l — vz])

7 A5Ts(T) v N
R ekt R
BV N e (—f10g]1 = 12])’

The force is proportional to the relativistic momentum combination v/v/'1 — v?
modulo a power of log[1 — v?]. This factor is present because, as argued in [25] the
asymptotic metric is AdS in the Einstein frame instead of the string frame. Its
effects are not important phenomenologically.

Fdrag =~ =

4. (4.111)

[N
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4.7.3 The Non-relativistic Asymptotics

We now consider the opposite limit, v — 0. In this case the turning point
asymptotes to the horizon, r; — r; and we have the expansion

2
fr) = 4nT(r—r)+ O((rs — 1)?), re=rn— ‘JT—T + O (4.112)
and
eZA(’h))v(rh)% v? v: ()
Fing ~ ——————v |1 = =——A'(ry) — 5— 4 4.113
drag 2rl? { 2nT () 3nT A(ry) ) ( )
22 (45ns(T) %)L(rh)% 5
-l e
where primes are derivatives with respect to the conformal coordinate r.
4.7.4 The Diffusion Time
For a heavy quark with mass M, we may rewrite (4.103) as
dp 1 M,
conf dt Tp7 p \/1—:“}‘2 ( )

where the first equation defines the diffusion time t. In the conformal case, the
diffusion time is constant,

2M,
Teonf = 7 5+
/i T?
This is not anymore the case in QCD, where t defined as above is momentum

dependent. We may still define it as in (4.114) in which case we obtain the
following limits (Fig. 4.21):

(4.115)

4
A 4Nz Bo P’ '
lim t=M, 5| [P0og P ) 4. 4.116
pi T M 45Ts(T)<4 uz) * (4.116)
20 N N\ 2
limt =M, 2 (—< ) " 4. (4.117)
p—0 2 457TS(T) i(rh)i
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Fig. 4.21 The ratio of the diffusion time in the Improved Holographic QCD model to the
diffusion time in N' =4 SYM is shown. The ’t Hooft coupling for A" =4 SYM is taken to be
/.=15.5. The heavy quark has a mass of M, = 1.3GeV. Note that with the definition of the
diffusion time in (4.114) the ratio is the inverse of the ratio of the forces. A similar plot is valid for
the bottom quark as well, as the mass drops out of the ratio. although the energy scales are
different. In this plot the x-axis is taken to be in MeV units. As temperature increases the ratio
also increases

4.7.5 Including the Correction to the Quark Mass

In order to estimate the diffusion time of a quark of finite rest mass, we must take
into account the fact that the mass of the quark receives medium-induced
corrections. In other words, the mass appearing in (4.114) is a temperature-
dependent quantity, M,(T) # M,(T = 0). The ratio M,(T)/M,(0) can be esti-
mated holographically by representing a static quark of finite mass by a static,
straight string’ stretched along the radial direction starting at a point r = ry # 0.
At zero temperature, the IR endpoint of the string can be taken as the “confine-
ment” radius, r,, where the string frame metric reaches its minimum value; At
finite temperature, the string ends in the IR at the BH horizon.”® The masses of the
quark at zero and finite T are related to the world-sheet action evaluated on the
static solution (t =t,0 =r) :

Ty T

M,(0) :ﬁ / dr 0By M (T) :ﬁ / dr e )*3(r). (4.118)

Tq Tq

7 This representation ignores the fact that the kinetic mass of a moving quark may be different
from the static mass [17].
% Tt would stop at the confinement radius if the latter were closer to the boundary than the

horizon, i.e. if r.(T) <r,;(T). However, in the model we are considering, in the large BH branch
we find that the relation r; <r, is always satisfied.
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Fig. 4.22 Ratios between the M (T)

thermal mass and the rest M,
mass of the Charm (curve 1.0
labelled “c”) and Bottom \
(curve labelled “b”) quarks, t b
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The value r, can be fixed numerically by matching M,(0) to the physical
quark mass, and translating the fundamental string tension in physical units by
using the relation (4.104), with o, = (440 MeV)?. This makes M,(T) a function
of M,(0). The ratios M,(T)/M,(0) we found numerically in the model under
consideration is shown in Fig. 4.22 for the Charm (M (0) = 1.5GeV) and Bottom
(M(0) = 4.5GeV) quarks. The fact that, in the deconfined plasma, the quark
mass decreases with increasing temperature is a direct consequence of the
holographic framework,?® since for higher temperature, the distance to the
horizon is smaller. An indication that this result may be in the right direction
comes from the lattice computation of the shift in the position of the quarkonium
resonance peak at finite temperature [104]: in the deconfined phase the char-
monium peak moves to lower mass at higher temperature. Our result for the
medium-induced shift in the constituent quark mass is consistent with these
observations.

We can now write the diffusion time from (4.101) and (4.114) as:

_ My(T) Jo(1+) Y3 24, (r.)—2A(ry)
(T,v) = P g ( e e , (4.119)

where once again we have eliminated the fundamental string length using
(4.104). Given a set of zero- and finite-temperature solutions, (4.119) can be
evaluated numerically for different values of the velocity and different quark
masses. The results for the Charm (M,(0) = 1.5GeV) and Bottom (M = 4.5 GeV)
quarks are displayed in Fig. 4.23.

2 For a possible field theoretical explanation of this phenomenon, see [103].
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Fig. 4.23 Diffusion time for the Charm and Bottom quarks, as a function of energy, for different
ratios of the temperature to the IHQCD transition temperature 7,

4.7.6 Temperature Matching and Diffusion Time Estimates

An important question is how we should choose the temperature in our holo-
graphic model in order to compare our results with heavy-ion collision experi-
ments. This is nontrivial, since our setup is designed to describe pure SU(N,)
Yang—Mills, whereas at RHIC temperatures there are three light quark flavors that
become relevant. As a consequence, the critical temperatures and the number of
degrees of freedom of the two theories are not the same: for pure SU(N,) Yang
Mills we have N2 —1 degrees of freedom and a critical temperature around
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260 MeV; For SU(N,) QCD with Ny flavors the number of degrees of freedom is
NZ — 1+ N.Ny, and the transition temperature is lower, around 180 MeV.

In THQCD, the transition temperature in physical units was calculated to be
T. = 247 MeV [32], i.e. close to the lattice result for the pure YM deconfining
temperature. From now on, this is the value we will mean when we refer to 7.
This is also close to the temperature of QGP at RHIC, which we will denote Tqgp,
and is estimated to be around 250 MeV. Since this value is uncertain, below we
give our results for a range of temperatures between 200 and 400 MeV. The higher
temperatures will be relevant for the LHC heavy-ion collision experiments (see
e.g. [105]).

Based on these considerations, there are different ways of fixing the temperature
(see e.g. the recent review [S1]): one direct and two alternative schemes (that we
call the energy and entropy scheme).

e Direct scheme: The temperature of the holographic model is identified with the
temperature of the QGP in the experimental situation (at RHIC or LHC),

(dir)
Tihch = Tocp-

e FEnergy scheme: One matches the energy densities, rather than the temperatures.
The energy density at RHIC is approximately (treating the QCD plasma as a free
gas.>) eqap ~ (72/15)(N? — 1 + N.Ny)(Tocp)®. For N. = Ny = 3, asking that
our energy density matches this value requires us to consider the holographic
model at temperature Ti(h6> 4 given by

qC

€ihch(Ti(1fc)lcd) ~ 11.2(Tqcp)" (4.120)

e Entropy scheme: Instead of matching the energy densities, alternatively one can
match the entropy density s, which for the QGP, in the free gas approxima-

tion,ooap = 472 /45(N? — 1 4 N.N;)(Togp)®. This leads to the identification:

Sihch(Ti(thcd) = 14.9(Toce)’ (4.121)

The temperature translation table between the various schemes is shown in
Table 4.3. In that table, T, = 247MeV is the deconfining temperature of the
holographic model.

In Fig. 4.24 we show the comparison between the diffusion times, as a function
of initial quark momentum, in the different schemes for the Charm and Bottom
quarks, at the temperature Togp = 250 MeV.

The results for the diffusion times at different temperatures, computed at a
reference heavy quark initial momentum p ~ 10 GeV, are displayed in Tables 4.4
and 4.5. We see that there is little practical difference between the entropy and

30 This is itself an approximation, since as we know both from experiment and in our
holographic model, the plasma is strongly coupled up to temperatures of a few 7.
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Table 4.3 Translation table between different temperature identification schemes

Toor MeV)  Toa/Te  Tijges MeV)  Tigua/Te  Tiaea MeV)  Tinga/Te
190 0.77 259 1.05 274 1.11

220 0.89 290 1.18 302 1.23

250 1.01 325 1.31 335 1.35
280 1.13 361 1.46 368 1.49
310 1.26 398 1.61 402 1.63
340 1.38 434 1.76 437 1.77
370 1.50 471 1.90 472 1.91
400 1.62 508 2.06 507 2.05

The first two columns display temperatures in the direct scheme, (in which the temperature of the
holographic model matches the physical QGP temperature) and the corresponding ratio to the
IHQCD critical temperature, that was fixed by YM lattice results at 7, = 247 MeV [32]. The third
and fourth columns display the corresponding temperatures (and respective ratios to 7,) in the
energy scheme, and the last two in the entropy scheme

Fig. 4.24 Diffusion times for
the Charm and Bottom
quarks, as a function of initial
momentum, at

TQGP = 250MeV. The
different lines represent the in
the direct scheme (solid),
energy scheme (dashed) and
entropy scheme (dash-
dotted), all corresponding to
the same temperature

TQGP = 250MeV

T (fm)

14
12
10

8
6
4
2
0

bottom

Table 4.4 The diffusion times for the charm quark are shown for different temperatures, in the

three different schemes

Togp, MeV Teharm (fm/c) (direct) Teharm (fM/C) (energy) Teharm (fM/C) (entropy)
220 - 4.0 3.6
250 5.7 3.1 3.0
280 4.3 2.6 2.5
310 35 2.1 2.1
340 2.9 1.8 1.8
370 2.5 1.5 1.5
400 2.1 1.3 1.3

Diffusion times have been evaluated with a quark initial momentum fixed at p ~ 10 GeV
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Table 4.5 Diffusion times

" he b K TQGP Tbottom Thottom Thottom

or the ottqm quark are (MeV) (fm/c) (fm/c) (fm/c)

shown for dlfffsrent (direct) (energy) (entropy)

temperatures, in the three

different schemes 220 - 8.9 8.4
250 114 1.5 7.1
280 10.1 6.3 6.1
310 8.6 54 5.3
340 7.5 4.7 4.7
370 6.6 4.1 4.1
400 5.8 3.6 3.6

Diffusion times have been evaluated with a quark initial
momentum fixed at p ~ 10 GeV

energy schemes; on the other hand the difference between the direct scheme and
the two alternative schemes can be quite substantial.

4.8 Jet Quenching Parameter

In this section we discuss the jet quenching parameter in the class of holographic
models under consideration, and we estimate its numerical value for the concrete
model with potential (4.26) and parameters fixed as in [32]. For the holographic
computation, we will follow [18, 52]. There is another method available [57], but
we will not use it here.

The jet-quenching parameter g provides a measure of the dissipation of the
plasma and it has been associated to the behavior of a Wilson loop joining two
light-like lines. We consider two light-like lines which extend for a distance L~
and are situated distance L apart in a transverse coordinate. Then ¢ is given by the
large Lt behavior of the Wilson loop

Wee it b (4.122)

We consider the bulk string frame metric

ds? = ) <f(r)dt2 +d3 + d—r2>. (4.123)
f(r)

To address the problem of the Wilson loop we make a change of coordinates to
light cone coordinates for the boundary theory

xt=x1+t x =x —t (4.124)

for which the metric becomes
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1 dr?
ds* = e (dx§ +dx} + 5(1=1) (A +dx?) + (14 f)dxsdx_ + fi) :

(4.125)

The Wilson loop in question stretches across x;, and lies at a constant x, x3. It is
convenient to choose a world-sheet gauge in which

X_ =1, Xx=o. (4.126)

Then the action of the string stretching between the two lines is given by

1
S= e / dodzy [ —det(gun0,XMDyXY) (4.127)

and assuming a profile of r = r(g) we obtain

/2
262 dxy e \/ 7). (4.128)

The integrand does not depend explicitly on x,, so there is a conserved quantity, c:

\

6/3
which leads to
f(# 1> : (4.130)

A first assessment of this relation involves determining the zeros and the region
of positivity of the right-hand side. f is always positive and vanishes at the horizon.
For the second factor we need the asymptotics of ¢*(1 — f). This factor remains
positive and bounded from below in the interior and up to the horizon. It vanishes

however logarithmically near the boundary as
@) : (4.131)
log(Ar) /| '

N
4A; _ _ 3A(r/,) _
el =f) =nTte ( B logmr)) [”

This is unlike the conformal case where we obtain a constant

64Ax(1 _f)|conformal = (RT€)4. (4132)

Because of this, for fixed c, there is a region near the boundary where r/ 2
becomes negative. At this stage we will avoid this region, by using a modified
boundary at r = ¢. We will later show that this gymnastics will be irrelevant for
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Fig. 4.25 The combination (1-Hot
(1 —f)e*s is plotted as a S
function of the radial
distance, for several
temperatures. The radial
distance is given in units of
the horizon position r, for the
black hole at the critical
temperature 7. All curves
stop at the corresponding
horizon position

! L L r
rel4 re/2 3r./4 e

the computation of the jet quenching parameter, as it involves effectively the limit
¢ — 0 (Fig. 4.25).
We will place the modified boundary » = € a bit inward from the place r = ry;y

(1 en(-f)

where the factor 1 vanishes:

(rmm)(l —f(rmin)) = 2. (4.133)
Therefore we choose ryi, <e€.

Then, in the range e<r<ry, the factor = (1 1 is positive for sufficiently
small c. In this same range, ' vanishes only at r = ry. This is the true turning point
of the string world-sheet. This is also what happens in the conformal case. It is also
intuitively obvious that the relevant Wilson loop must sample also the region near
the horizon.

The constant ¢ is determined by the fact that the two light-like Wilson loops are
a x, = L distance apart.

(4.134)

L cdr
2 / VI (T —f) =)

The denominator vanishes at the turning point. The singularity is integrable.’!
Therefore, as we are interested in the small L region, it is obvious from the
expression above that that ¢ must also be small in the same limit.

This relation can then be expanded in powers of ¢ as

T
—2As gy c2 —0As gy

Wﬁ

31 Even if we choose € = ryy, the new singularity at r = rp;, is also integrable as suggested
from (4.131).

(4.135)
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Therefore to leading order in L

L

AT

+O(L?).. (4.136)

We are now ready to evaluate the Nambu—Goto action of the extremal con-
figuration we have found. Starting from (4.128), we substitute 7 from (4.130), and
change integraln variable from x, — r to obtain

4A 1 _f
27-562 \/Zf e4A 1—f) - CZ) ’

(4.137)

As in [18, 52], we subtract from (4.137) the action of two free string straight
world-sheets that hang down to the horizon. To compute this action a convenient
choice of gauge is x_ = t,r = o. The action of each sheet is

tn Fp
L~ L~ 1—f
So=—— | dr\/s_gmw =—— | dreé®|—=. 4.138
0 2n£§/ TvE-§ 2n£§/ "N T (4.138)

The subtracted action is therefore:

T

S —5_25,=1¢ T Lo (4.139)
T 0= 212 ) o4\ JF(1 —f) ¢ :
Using now (4.136) to substitute ¢ we finally obtain
S, = L ! +O(LY) (4.140)
T p—— ' '
ERCRRVAI e

So far we have evaluated the relevant Wilson loop in the fundamental repre-
sentation (by using probe quarks). On the other hand, the Wilson loop that defines
the jet-quenching parameter is an adjoint one. We can obtain it in the large-N,
limit from the fundamental using tradjoint = tr%undamema,. We finally extract the jet-
quenching parameter as

. V2 1
9= —a -
P L —
o s /f(1-f)

We are now ready to remove the cutoff. As the integral appearing is now well-
defined up to the real boundary r = 0 we may rewrite it as

(4.141)
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Gingep/Geont
0.40
0.38
0.36
0341

0.32

- T/Tc
5/

Fig. 4.26 The ratio of the jet quenching parameter in our model to the jet quenching parameter
in NV =4 is shown. The integral present in (4.141) has been numerically calculated from an
effective cutoff at r = r,/1000. The jet quenching parameter in A" = 4 SYM has been calculated
with A Hoott = 5.5

i €
e 2Asdr e MAsdr e 2Asdr

T I BV s B V=

In [93] we obtain the small e estimate of /(¢) that vanishes as ~ ¢(log €)3.

(4.142)

IS

~ ¢(log e)%We may finally write®?

V2 1

Q= (4.143)
0 e Jr (1)
From (4.143) we obtain, in the conformal case:
32 ;
ZIconformal = 1_‘[‘5‘} \% 2/1%%76. (4 144)
H

The conformal value, for the median value of A =5.5 and T ~ 250MeV gives
Geonformal == 1.95 GeV? /fm where we used the conversion 1 GeV ~ 5 fm '
Numerical evaluation of (4.143) in the non-conformal IHQCD setup3 3 gives
us a value of ¢ which is lower (at a given temperature) than the conformal value, as
shown in Figs. 4.26, 4.27 and 4.28. Tables 4.6, 4.7, 4.8, and 4.9 display the
numerical values of the jet quenching parameter at different temperatures in the
experimentally relevant range, in different temperature matching schemes.

2 In practise, the previous discussion including regularizing the UV is academic. The numerical
calculation is done with a finite cutoff where the boundary conditions for the couplings are
imposed.

33 1In this case, the value of /; appearing in (4.143) is fixed as explained in Sect. 4.4.



4 Improved Holographic QCD 137

4, GeV*/fm
ihQCD
40 / Q
/
30 V2 ihQCD bottom
S
20F
e ihQCD charm
e

10F _

—

- ——  AdSs
n n n n T/TC
1.5 2.0 25 3.0

Fig. 4.27 The jet quenching parameter g for the Improved Holographic QCD model and N = 4
SYM is shown in units of GeV?/fm for a region close to T = T,. The smallest dashed curve is the
ihQCD result with an effective cutoff of reyort = 11,/1000. The small dashed curve is the ihQCD
result with the cutoff from the mass of the Bottom quark. The medium dashed curve has a cutoff
coming from the Charm mass and largest dashed curve is the N’ = 4 SYM result

G, GeV?/fm
140 |
120

100 ¢
801 ihQCD

60 F
40 F AdSs

201

L I L L L L L T/TC
1.5 20 25 30 35 40 45

Fig. 4.28 The jet quenching parameter ¢ for the Improved Holographic QCD model (lower curve)
and N' = 4 SYM (upper curve) are shown in units of GeV? /fm for temperatures up to 7 = 47,

Table 4.6 AThe jet quenchmg Togp, MeV 4(GeV? /fm) 41(GeV? /fm)
parameter g computed with (direct) (direct)
different cutoffs for the
different temperatures shown 220 - -
in the first column 250 0.5 0.6

280 0.8 0.8

310 1.1 1.1

340 14 14

370 1.8 1.8

400 22 22

The computation is done in the direct scheme. The second col-
umn shows ¢ with a cutoff at reyose = 15,/1000, where ry, is the
location of the horizon. In accordance with the conclusions of
appendix ¢ does not change significantly as we vary the cutoff
from r;, /1000 to r;/100
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Table 4.7 The jet quenching
parameter g using the three
different comparison schemes

Table 4.8 The jet quenching
parameter g using the three
different comparison schemes
with an effective cutoff
provided by the mass of the
Charm quark

Table 4.9 The jet quenching
parameter g using the three
different comparison schemes
with an effective cutoff
provided by the mass of the
Bottom quark

U. Gursoy et al.

Tocp,MeV  §(GeV? /fm) 4(GeV?/fm) 4(GeV?/fm)
(direct) (energy) (entropy)
220 - 0.9 1.0
250 0.5 1.2 1.3
280 0.8 1.6 1.7
310 1.1 2.1 2.2
340 14 2.7 2.8
370 1.8 34 34
400 2.2 42 4.2

For lower temperatures the “entropy scheme” gives higher
values. As energy is increased the energy and entropy schemes
temperatures start to coincide and there is little difference in the

jet quenching parameter as well

TQGP, (Qcharm QCharm EICharm
MeV (GeV?/fm) (GeV?/fm) (GeV?/fm)
(direct) (energy) (entropy)

220 - 1.3 1.5

250 0.8 1.8 2.0

280 1.2 2.6 2.8

310 1.7 3.5 3.6

340 2.2 4.6 4.7

370 2.8 5.9 6.0

400 3.6 7.6 7.5

Again, for lower temperatures the “entropy scheme” gives
higher values. As energy is increased the energy and entropy
schemes temperatures start to coincide and there is little differ-
ence in the jet quenching parameter as well. Also when the
temperature approaches the quark mass the picture of the heavy
quark as a hanging string collapses and results are not reliable

TQGP ) Qbollom Qbottom Qbouom (GeV2 /fm)
MeV (GeV? /fm) (GeV?/fm) (entropy)
(direct) (energy)

220 - 1.0 1.1

250 0.6 1.4 1.5

280 0.9 1.9 2.0

310 1.2 2.5 2.6

340 1.6 32 32

370 2.0 4.0 4.0

400 2.5 5.0 4.9

The results are close to the g results computed in Table 4.7 since
the mass of the Bottom quark is much larger than the tempera-
tures we examine
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4.9 Discussion and Outlook

The construction presented in this paper offers a holographic description of large-
N. Yang—Mills theory that is both realistic and calculable, and in quite good
agreement with a large number of lattice results both at zero and finite
temperature.

It is a phenomenological model; as such it is not directly associated to an explicit
string theory construction. In this respect it is in the same class as the models based
on pure AdS backgrounds (with hard or soft walls) [14-16, 106, 107], or on IR
deformations of the AdS metric [108, 109]. In comparison to them however, the
IHQCD approach has the advantage that the dynamics responsible for strong
coupling phenomena (such as confinement and phase transitions) is made explicit in
the bulk description, and it is tied to the fact that the coupling constant depends on
the energy scale and becomes large in the IR. This makes the model consistent and
calculable, once the 5D effective action is specified: the dynamics can be entirely
derived from the bulk Einstein’s equation. The emergence of an IR mass scale and
the finite temperature phase structure are built-in: they need not be imposed by hand
and do not suffer from ambiguities related to IR boundary conditions (as in hard
wall models) or from inconsistencies in the laws of thermodynamics (as in non-
dynamical soft wall models based on a fixed dilaton profile [16] or on a fixed metric
[108, 109]). More specifically, in this approach it is guaranteed that the Bekenstein—
Hawking temperature of the black hole matches the entropy computed as the
derivative of the free energy with respect to temperature.

With an appropriate choice of the potential, a realistic and quantitatively
accurate description of essentially all the static properties (spectrum and equilib-
rium thermodynamics) of the dynamics of pure Yang-Mills can be provided. The
main ingredient responsible for the dynamics (the dilaton potential) is fixed
through comparison with both perturbative QCD and lattice results. It is worth
stressing that such a matching on the quantitative level was only possible because
the class of holographic models we discuss generically provides a qualitatively
accurate description of the strong Yang—Mills dynamics. This is a highly non-
trivial fact, that strongly indicates that a realistic holographic description of real-
world QCD might be ultimately possible.

Although the asymptotics of our potential is dictated by general principles, we
base our choice of parameters by comparing with the lattice results for the ther-
modynamics. There are other physical parameters in the 5D description that do not
appear in the potential: the 5D Planck scale, that was fixed by matching the free
field thermodynamics in the limit 7 — oo; the coefficients in the axion kinetic
term, that were set by matching the axial glueball spectrum and the topological
susceptibility (from the lattice). The quantities that we use as input in our fit, as
well as the corresponding parameters in the SD model, are shown in the upper half
of Table 4.2.

The fact that our potential has effectively two free parameters depends on our
choice of the functional form. This functional form contains some degree of



140 U. Gursoy et al.

arbitrariness, in that only the UV and IR asymptotics of V(1) are fixed by general
considerations (matching the perturbative f-function in the UV, and a discrete
linear glueball spectrum for the IR). Therefore the results presented in this paper
offer more a description, rather than a prediction of the thermodynamics.

Nevertheless, there are several quantities that we successfully “postdict” (i.e.
they agree with the lattice results) once the potential is fixed: apart from the good
agreement of the thermodynamic functions over the whole range of temperature
explored by the lattice studies (see Figs. 4.5, 4.7 and 4.9), they are the lowest
glueball mass ratios and the value of the critical temperature. The comparison of
these quantities with the lattice results is shown in the lower half of Table 4.2, and
one can see that the agreement is overall very good. Moreover the model predicts
the masses of the full towers of glueball states in the 07,07+, 2"+ families.

The fact that THQCD is consistent with a large number of lattice results is
clearly not the end of the story: its added value, and one of the main reasons for its
interest lies in its immediate applicability beyond equilibrium thermodynamics,
i.e. in the dynamic regimes tested in heavy-ion collision experiments. This is a
generic feature of the holographic approach, in which there are no obstructions (as
opposed to the lattice) to perform real-time computations and to calculate
hydrodynamics and transport coefficients. IHQCD provides a framework to
compute these quantities in a case where the static properties agree with the real-
word QCD at the quantitative level. Therefore the bulk viscosity, drag force and jet
quenching parameters were computed in IHQCD.

4.9.1 Bulk Viscosity

The bulk viscosity was computed by calculating the low frequency asymptotics of
the appropriate stress tensor correlator holographically. The result is that the bulk
viscosity rises near the phase transition but stays always below the shear viscosity.
It floats somewhat above the Buchel bound, with a coefficient of proportionality
varying between 1 and 2. Therefore it is expected to affect the elliptic flow at the
small percentage level [44, 98]. Knowledge of the bulk viscosity is important in
extracting the shear viscosity from the data. This result is not in agreement with
the lattice result near 7,. In particular the lattice result gives a value for the
viscosity that is ten times larger.

The bulk viscosity keeps increasing in the black-hole branch below the tran-
sition point until the large BH turns into the small BH at a temperature Ty,;,. The
bulk viscosity on the small BH background is always larger than the respective one
in the large BH background. In particular, it can be shown that the T derivative of
the quantity (/s diverges at Tryi,. This is the holographic reason for the presence of
apeak in (/s near T.. On the other hand, as it is shown in [29], the presence of Ty,
(i.e. a small BH branch) is in one-to-one correspondence with color confinement at
zero T. We arrive thus at the suggestion that in a (large N) gauge theory that
confines color at zero T, there shall be a rise in {/s near T..
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An important ingredient here is the value of the viscosity asymptotically in the
small BH branch. There the asymptotic value correlates to the IR behavior of the
potential. Taking also into account the fact that this asymptotic value is very close
to the value of the bulk viscosity near T,, we can derive bounds that suggest that
the bulk viscosity cannot increase a lot near 7.

4.9.2 Drag Force

The drag force calculated from IHQCD has the expected behavior. Although it
increases with temperature, it does so slower than in A/ = 4 SYM, signaling the
effects of asymptotic freedom.

4.9.3 Diffusion Time

Based on the drag force calculation the diffusion times can be computed for a
heavy external quark. The numerical values obtained are in agreement with phe-
nomenological models [50]. To accommodate for the fact that IHQCD exhibits a
phase transition around T = 247 MeV (i.e. about 30% higher than in QCD), the
results are compared using alternative schemes, as proposed in [19, 20]. For
example, for an external Charm quark of momentum p = 10GeV (in the alter-
native scheme) a diffusion time of 7 =2.6fm at temperature 7 = 280 MeV is
found. Similarly, for a Bottom quark of the same momentum and at the same
temperature, T = 6.3fm. Generally the numbers obtained are close to those
obtained by [50] and [54].

4.9.4 Jet Quenching

The jet quenching parameter of this model, has been also calculated, based on the
formalism of [18, 52] by computing the appropriate light-like Wilson loop. ¢
grows with temperature, but slower than the 7° growth of A/ =4 SYM result.
Again this can be attributed to the incorporation of asymptotic freedom in IHQCD.
Using the alternative scheme to compare with experiment, the results are close to
the lower quoted values of ¢. For example, for a temperature of 7 = 290 MeV,
which in the alternative “energy scheme” corresponds to a temperature of 7 =
395MeV in our model, we find that § ~ 2 GeV?/fm.

However, the numbers obtained for this particular definition of jet quenching
parameter seem rather low and indicate that this may not be the most appropriate
definition in the holographic context. There are other ways to define g, in particular
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using the fluctuations of the trailing string solution. This is gives a direct and more
detailed input in the associated Langevin dynamics and captures the asymmetry
between longitudinal and transverse fluctuations. It would be interesting to com-
pute this, along the lines set in [57, 59, 60].
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Chapter 5

The Dynamics of Quark-Gluon Plasma
and AdS/CFT

Romuald A. Janik

Abstract In these pedagogical lectures, we present the techniques of the AdS/
CFT correspondence which can be applied to the study of real time dynamics of a
strongly coupled plasma system. These methods are based on solving gravitational
Einstein’s equations on the string/gravity side of the AdS/CFT correspondence.
We illustrate these techniques with applications to the boost-invariant expansion of
a plasma system. We emphasize the common underlying AdS/CFT description
both in the large proper time regime where hydrodynamic dynamics dominates,
and in the small proper time regime where the dynamics is far from equilibrium.
These AdS/CFT methods provide a fascinating arena interrelating General Rela-
tivity phenomenae with strongly coupled gauge theory physics.

5.1 Introduction

The current experimental program of heavy-ion collisions at RHIC and the
forthcoming experiments at LHC open an interesting window onto properties of
QCD matter at high temperatures, where it appears in the guise of a new phase—
the quark-gluon plasma. At asymptotically high temperatures it should be a free
gas of quarks and gluons, however, at the experimentally accessible energies there
are strong indications that the quark-gluon plasma is indeed a strongly coupled
system (see e.g. [1]).
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This poses numerous problems for its theoretical description, yet at the same
time makes its study theoretically interesting. One can roughly differentiate the
physical properties of the quark-gluon plasma system into two broad categories—
static and dynamic (real-time) properties.

The first of these, the static properties, typically involve the study of equilib-
rium thermodynamics, the entropy, energy density as a function of temperature
and more generally properties which can be directly deduced from the Euclidean
formulation of finite temperature gauge theory. In this case lattice QCD is an
effective tool for accessing these properties in the nonperturbative, strongly cou-
pled regime. It deals directly with QCD and yields quantitative results directly
applicable for the QCD quark-gluon plasma.

The second class, the real time dynamic properties of strongly coupled plasma
are much more difficult to access. They have to be formulated directly in Min-
kowski space and since lattice QCD methods are inherently Euclidean, it is very
difficult to extrapolate numerical results to Minkowski signature. Moreover, it is
exactly these kind of properties which are particularly relevant for the quark-gluon
plasma produced in heavy-ion collisions.

To this end let us recall schematically the basic stages of a heavy-ion colli-
sion. First the two ultrarelativistic nuclei collide and the plasma is produced in
a state very far from equilibrium. Then in a relatively very short time, it becomes
thermalized (or at least the pressure becomes isotropic with the residual anisot-
ropy wholly due to flow). From that point on, hydrodynamic phenomenological
models seem to describe the properties of the expanding plasma quite well
[2, 3]. In particular the plasma expands and cools, and when the temperature
reaches the confinement/deconfinement phase transition one expects hadronization
to occur.

It would be interesting to understand these various stages of the plasma
dynamics directly from first principles. For example, one would like to derive the
hydrodynamic behaviour from some theoretical framework and not only use it as a
phenomenological model. But what is even more interesting is the understanding
of the process of thermalization and what governs the short thermalization time
necessary for the applicability of hydrodynamic models.

Unfortunately, for the case of QCD we lack appropriate theoretical methods
which would be applicable to these kinds of problems at strong coupling.
A possible route that one may take is to consider an analogous set of problems in a
different theory for which appropriate real-time nonperturbative tools exist.

The new method for studying nonperturbatively various gauge theories
(although not directly QCD) is the AdS/CFT correspondence [4—7], which trans-
lates dynamical problems in strongly coupled gauge theory into (usually) gravi-
tational ones in higher number of dimensions. Its main advantage is that it works
equally well in Minkowski as well as in Euclidean signature. In these lectures we
will consider the AdS/CFT correspondence in its simplest original setting for the
maximally supersymmetric A" = 4 Super-Yang-Mills theory. Of course, one has
to be aware that the cost of switching the theory of interest from QCD to N = 4
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SYM is that we may most probably loose direct quantitative applicability of our
results to realistic heavy-ion collisions. Moreover, there are certain marked dif-
ferences between the theories which will cause a huge difference for certain
physical phenomenae, at the same time being unimportant for other questions. We
will discuss some of these points in these lectures.

Nevertheless, we would like to point out that currently we do not have any
gauge theory in which we would have a theoretical understanding of the issues
described earlier. Therefore it is very interesting to study these issues for the case
of =4 SYM and use the results as a point of reference for analyzing the
situation in QCD. Later, one could try to generalize these results to more com-
plicated versions of the AdS/CFT correspondence for theories closer to QCD. In
essence, this motivation is in line with the statement that A" =4 SYM is the
harmonic oscillator of four dimensional gauge theories. If one tries to develop
some theoretical tools, one should better first apply them to the ‘harmonic
oscillator’.

We have tried to make these lectures very pedagogical and self-contained.
Our main emphasis in the presentation is to show how one can use the AdS/
CFT correspondence as a tool even for far from equilibrium configurations
without presupposing any kind of dynamics (which are in fact not known for
nonlinear far from equilibrium systems). Therefore our presentation of hydro-
dynamics is subordinate to this goal, especially as a very general discussion
focused on hydrodynamics per se is contained in the lectures by Hubeny at this
school [8].

The plan of these lectures is as follows. In Sect. 5.2, we introduce the AdS/
CFT correspondence, in Sect. 5.3 we compare some properties of plasma in the
N =4 theory and in QCD. Then we proceed to present the AdS/CFT setup
specialized to the study of time-dependent dynamics of strongly coupled plasma.
We then illustrate these methods in Sect. 5.5 by discussing two important
examples—the appearance from this setup of the standard planar AdS black hole,
and a planar shock wave. In this section we also discuss some subtleties arising
with different choices of coordinate systems which will be relevant later. Then in
Sect. 5.6, we introduce the main physical example of a time-dependent plasma
configuration—the boost invariant flow. In Sect. 5.7, we analyze its large proper
time asymptotics and show how nonlinear perfect fluid dynamics arises from the
AdS/CFT methods. In Sect. 5.8, we show how one can see first corrections
coming from shear viscosity, and in Sect. 5.9, for completeness, we will sum-
marize briefly the current status of hydrodynamics in AdS/CFT. Then in Sect.
5.10, we introduce physical situations, where the plasma dynamics is not
describable by hydrodynamics, and finally, in Sect. 5.11, we apply the AdS/CFT
methods to study boost invariant flow in the far from equilibrium small proper
time regime. We close the lectures with conclusions and an appendix with a short
guide to the literature regarding work done on related topics which were not
covered here.



150 R. A. Janik

5.2 The AdS/CFT Correspondence

The AdS/CFT correspondence [4-7], in its original form states the equivalence of
two apparently completely different theories: the N' = 4 supersymmetric Yang—
Mills theory (SYM) in four dimensions and type IIB superstrings in a ten-
dimensional curved AdSs x S° background. Since then, it has been generalized in
various directions, extending it to a wider class of gauge theories, at the cost of
making the dual string backgrounds more complicated. Throughout these lectures
we will stay within the context of the AdS/CFT correspondence for N’ =4 SYM
theory.

The reason why the AdS/CFT correspondence is so interesting is that the
nonperturbative strong coupling regime of the N' = 4 gauge theory is mapped to
the (semi-)classical strings or just (super)gravity which, in contrast to the gauge
theory side, is at least theoretically tractable. Therefore one can use the AdS/CFT
correspondence as a new method for accessing the very difficult nonperturbative
gauge theory physics.

The AdS/CFT correspondence is an equivalence, so in principle any state/phe-
nomenon on the gauge theory side should have its direct counterpart on the string
side and vice-versa. However one should keep in mind that the correspondence is an
equivalence of gauge and string theory, so the dual counterpart does not have to be
in the well understood (super)gravity sector. Fortunately, it will turn out that for the
questions considered in these lectures namely the study of the dynamics of plasma
expansion, the dual description will be purely gravitational.

Apart from the direct physical interest, the AdS/CFT correspondence is also
theoretically very interesting as it translates various dynamical gauge theory
questions into a geometrical language described by higher-dimensional General
Relativity (GR). This leads to quite fascinating links between the two fields,
providing a whole range of physically motivated interesting questions which could
be addressed by GR methods. In the other direction, various notions introduced by
the GR community like dynamical apparent horizons find their application and
new interpretation on the gauge theory side.

5.2.1 Effective Degrees of Freedom at Strong Coupling

As an illustration of the use of the AdS/CFT correspondence, and as a justification
for the gravitational methods let us consider the question of finding effective
degrees of freedom for strongly coupled ' =4 SYM. By the AdS/CFT equiva-
lence, it amounts to asking the same question for superstrings in AdSs x S°.

Let us first recall the case of closed strings in flat space. The string worldsheet
action is characterized by a dimensionfull parameter o’ (related to the string ten-
sion). The various vibrational modes of the string correspond to particles (fields)
with distinct masses
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(5.1)

The massless modes correspond to the graviton (and its whole supergravity
multiplet). There is also an infinite tower of massive modes. In the limit of &' — 0,
the massive modes become very heavy and effectively decouple at fixed energies
leaving as the governing dynamics just (super)gravity.

In the case of strings in AdSs x S°, the o/ parameter becomes proportional to
1/ V7. where ) = gy, is the 't Hooft coupling of the dual N = 4 gauge theory.
The vibrational modes again split into a massless (super)graviton multiplet and a
set of massive modes. The formula (5.1) is no longer exact, but the parametric
behaviour with o still holds. So in the strong coupling limit, those massive string
modes become very heavy and effectively decouple leaving essentially super-
gravity modes as the effective degrees of freedom. Since the AdS/CFT corre-
spondence postulates an equivalence with gauge theory, these should also
correspond to the effective degrees of freedom of the gauge theory at strong
coupling.

Once we lower the coupling, the massive modes become lighter and their
effects will no longer be negligible. Initially, their effects may be absorbed into
corrections to the gravitational Einstein—Hilbert action (so-called o corrections),
but at low coupling corresponding to the perturbative regime the spacetime
description is not known.

Finally, let us note that the A" = 4 SYM theory is quite special in that it allows
for such a clean separation between gravity modes and massive string modes.
Presumably a dual description of real QCD (or even of large N, pure YM) would
not have such a property.

5.3 Why Study N = 4 Plasma?

Since we will be using the AdS/CFT correspondence for AV = 4 SYM as a cal-
culational tool for analyzing strongly coupled dynamics of gauge theory plasma,
we will be essentially considering plasma in the supersymmetric N' = 4 gauge
theory. This theory is completely different from QCD at zero temperature. It is
supersymmetric, exactly conformal, does not have confinement. However once we
turn on some nonzero temperature (or consider not the vacuum but some appro-
priate state), supersymmetry is broken and temperature (or energy density)
introduces a scale. So qualitatively, we may expect to have similarities with QCD
plasma in a certain window of temperatures where it is strongly coupled,
approximately conformal and (by definition) deconfined.

However we have to keep in mind some definite differences w.r.t. QCD plasma.
Firstly, the N' = 4 theory has no running coupling so, in contrast to QCD, even at
very high temperatures/energy densities the coupling may remain large. Secondly,



152 R. A. Janik

the equation of state of the A/ = 4 plasma is exactly conformal (E = 3p) which is
only an approximation for a certain range of temperatures for QCD plasma. Indeed
we know, from lattice QCD, that deviations from a conformal equation of state are
important close to 7,. In addition, we have other consequences of conformality
like that the bulk viscosity for the A" = 4 theory is exactly zero. Thirdly, for the
N =4 theory (on Minkowski spacetime) there is no phase transition—no analog
of the confinement/deconfinement phase transition of QCD. Therefore as the
plasma expands and cools, in the N' = 4 theory it will expand indefinitely, while in
QCD it will cool down to the phase transition temperature and hadronize.

From the above discussion we see that the applicability of using A" = 4 plasma
to model real world phenomena depends on the questions asked. It may give a
good qualitative picture for the range of temperatures where we have similarities.
However, let us note that in this theory we may compute the dynamics from ‘first
principles’ (using the AdS/CFT correspondence). For QCD, unfortunately, we do
not have any similar calculational technique, even numerical, which would enable
us to study real-time dynamics of the strongly coupled quark-gluon plasma.
Therefore it is interesting to build up results on strong coupling properties of
N =4 plasma and use them as a point of departure for analyzing or describing
QCD plasma. Eventually, one might consider more realistic theories with AdS/
CFT duals which are closer to QCD. In those cases generically the dual gravita-
tional backgrounds are much more complicated so it is advantageous to start from
the simplest setting for the /' =4 SYM theory.

Another motivation for studying the dynamics of AN = 4 plasma is that the
natural language of the AdS/CFT correspondence is quite new w.r.t. conventional
gauge theory methods. So by studying relatively simple examples we may build up
some new physical intuitions within this novel language. Also the interrelations
with General Relativity physics are fascinating from the purely theoretical point of
view. Last but not least, there may be some unexpected discoveries like the cel-
ebrated universality of the shear viscosity to entropy ratio /s [9], which, at strong
coupling, remains equal to 1/4n for any theory with a gravitational dual [10, 11]
(see the lectures by Starinets at this school [12]).

5.4 The AdS/CFT Setup for Studying Real-Time Dynamics
of Plasma

Let us now briefly review the AdS/CFT correspondence on a more technical level,
concentrating on the features relevant to the study of the time evolution of a
plasma system.

The $° factor in the AdSs x S° background is associated with a global SO(6) =
SU(4) symmetry of the A' =4 theory. In the following, we will only consider
systems which do not break this symmetry, so the > factor will be irrelevant and
the whole dynamics will be concentrated in the AdSs factor.
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The five-dimensional Anti-de-Sitter spacetime AdSs can be given by the fol-
lowing metric

Nwdx!dx" + dz?

2
ds 5

. (5.2)
with z>0. z =0 is the boundary of AdSs, while the region z > 0 is often called
‘the bulk’. This choice of coordinates covers the Poincare patch of global AdSs and
is relevant for the case when the dual gauge theory lives in R' Minkowski
spacetime. The above geometry can be understood to correspond to the gauge
theory vacuum state. In particular gauge theory operators like the energy-
momentum tensor 7, all have vanishing expectation values in this state

<T,uv> =0 (53)

Let us recall that the AdS/CFT correspondence states the equivalence with
superstrings in AdS5(xS°). So, on the string side, we may excite any normalizable
mode, in particular we may excite gravitons. This will correspond to some states in
N =4 SYM with (T,,) # 0. We expect a configuration of N' = 4 plasma to be a
very complicated state which would correspond to exciting very many gravitons.
Then it is better to interpret it instead as a change of the background:

g (X", 2)dxtdx" + dz?

ds® = gpdxdx’ = = (5.4)

with the metric coefficients being now generic functions of all the five coordinates.
We therefore seek to describe a plasma configuration in terms of the geometry
guw(x”,z). Let us note that the above choice of the metric (5.4) is always possible
after a suitable change of coordinates. Such coordinates, in which the metric has
the form (5.4) are called Fefferman—Graham coordinates.

The geometry (5.4) cannot be, however, completely arbitrary. It must form a
consistent background for strings, so it must satisfy five-dimensional Einstein’s
equations with a negative cosmological constant':

1
Raﬁ_igigR_6gi/? =0 (5.5)
Furthermore, for a physical state in the gauge theory this geometry should not have
a naked singularity. This turns out to be a crucial requirement with far reaching
consequences for the resulting dynamics of the N' = 4 plasma, as we will see in
the following.

' These equations are equivalent to the original ten-dimensional type IIB supergravity equations

when we preserve full SO(6) symmetry of % and no other fields are turned on. The negative
cosmological constant is a remnant of the RR five-form under this dimensional reduction.
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5.4.1 The Gravity — (T,) Dictionary

Once one has the geometry (5.4) corresponding to some plasma configuration, the
key question is what is the energy momentum tensor of that gauge theory system.
The way to derive the answer, holographic renormalization, has been explained in
the lectures by Skenderis [13]. Here we just summarize the outcome derived in
[14], which in the Fefferman—Graham coordinates defined by (5.4) takes a par-
ticularly simple form.

Suppose that the metric coefficients g,,(x”,z) have the following Taylor
expansion near the boundary”

gu(’,2) = 1, + 280 () 4 - (5.6)

Then the expectation value of the energy-momentum tensor is

2
(T =35 80 () (57)

The spacetime dependence of the energy-momentum tensor carries a lot of
information about the dynamics of the plasma—its energy density, momentum
flow, stress tensor. Indeed, it is just this information which is exactly the direct
outcome of hydrodynamic simulations of realistic heavy-ion collisions. Finally, let
us emphasize, to avoid any chance of confusion, that the 7,, is the energy-
momentum tensor of the dual gauge theory. On the gravity side we are always
dealing with vacuum Einstein’s equations.

The construction outlined above leads to the following scenario of investigating
a plasma system in strongly coupled ' =4 SYM. One starts from some initial
conditions for the five-dimensional Einstein’s equations. Then the geometry is
evolved forward in time by solving Einstein’s equations. Finally using the above
formula (5.7), one extracts the (T,,) of the corresponding plasma system. The
details of the evolution of T, are very interesting from the point of view of
physics, especially in the far from equilibrium region, where very little is known
about thermalization/isotropisation and transition to a hydrodynamic expansion.
We will follow this route in Sect. 5.11.

5.4.2 The (T,,) — Gravity Dictionary

It turns out to be very fruitful to ask also the opposite question. Suppose that we
are given a certain spacetime profile of the energy momentum tensor (7,,)—how

2 Here we always assume that the gauge theory lives in flat Minkowski space, hence the leading
11,» and the absence of a Z% term (see [14] for details).



5 The Dynamics of Quark-Gluon Plasma and AdS/CFT 155

to construct the dual five-dimensional geometry? The prescription is really just
running the preceding recipe backwards. One has to solve Einstein’s equations

1
Ry = 583R = 6830 =0 (5.8)
with the boundary condition

8 (",2) = 1y + 208 () + - (5.9)

where g,(ﬁ,) (x*) is related to (T (x”)) through

272

g () = S (Tw(6) (5.10)

It turns out that for a solution to exist, g,(ﬁ,) (x*) has to be traceless and con-
served, which is of course physically expected for an energy-momentum tensor in
a conformal theory. However here it is just an independent consequence of five-
dimensional Einstein’s equations.

Once such a gift,) (x”) is chosen, Einstein’s equations determine uniquely the
solution in the bulk (at least locally i.e. all higher coefficients of the Taylor
expansion of g,,(x”,z) around z = 0 are uniquely determined).

In this way we see that for every energy momentum profile which does not
violate the standard requirements of energy-momentum conservation and trace-
lessness we may construct a dual gravity background. However generically, such a
geometry will be highly singular with naked singularities in the bulk. The
requirement of the absence of naked singularities will very strongly constrain the
admissible bulk geometries and hence also the possible spacetime profiles of
the energy momentum tensor. This is a nontrivial constraint on the dynamics of the
gauge theory as the spacetime profile includes of course the time evolution of T,.

This line of reasoning was introduced in [15] as a way of determining the
possible evolution of the energy momentum tensor. One first picks a family of
profiles T,,,(x”), then one constructs for each of them a dual geometry by solving
Einstein’s equations with appropriate boundary conditions. Finally, one picks the
allowed dynamics by requiring that the corresponding dual geometry is nonsin-
gular. We will describe this procedure in detail in the first part of these lectures.

5.5 Exact Analytical Examples

In this section we will illustrate the AdS/CFT methods by analyzing two simple
examples of plasma configurations for which the dual gravitational background
can be computed in closed form [15]. Both of these examples have also a clear
physical interpretation.
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5.5.1 A Case Study: Static Uniform Plasma

Let us first consider the simplest configuration of plasma, namely with a uniform
and static distribution of energy density filling up the whole spacetime. The energy
momentum tensor is just a constant diagonal one:

E 0 O

Ty = (5.11)

T oo o

0
0
0

coT

0
p
0

with £ = 3p. In order to find the dual gravity background, we have to solve
Einstein’s equations with the boundary conditions given by (5.9) and (5.10). Due
to the fact that the energy momentum tensor is constant, the metric will only
depend on the z coordinate and the Einstein’s equations reduce to ordinary dif-
ferential equations which can be solved explicitly. The result is

(1—z4/7)° PN

ds* = ——= 20 g 1 (14247 -t — 5.12
(1 +Z4/Zg)zz ( / 0) Zz Zg ( )

where the parameter zj is related to E through

o
2n%z;

(5.13)

Although it is not evident at first glance, the geometry (5.12) is exactly the
standard AdS planar black hole [16], but written in the Fefferman—Graham system
of coordinates. We will give the explicit form of the coordinate transformation to
the standard AdS Schwarzschild form shortly.

The fact that the dual geometry turns out to be a black hole has significant
implications for the physics. Let us note that we did not assume that a black hole
would appear. It came, in a unique way, from solving Einstein’s equations with
appropriate boundary conditions.

The parameter zo appearing in (5.12) is the location of the black hole horizon.
The Hawking temperature Ty which is given by

Ty = Q (5.14)
20

is identified with the gauge theory temperature. This may be most easily seen by
computing the Hawking temperature through a Wick rotation of the metric (5.12)
and requiring the absence of a conical singularity at z = zo. This requirement leads
to a specific periodicity condition for the Euclidean time coordinate which is
inversely proportional to the Hawking temperature. But, according to the AdS/
CFT correspondence the metric induced on the boundary z = 0 (up to an overall

rescaling by z?) is exactly the metric of the (now Euclidean) gauge theory.
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Thus the gauge theory also has a compactified Euclidean time with the radius
given by the same temperature [16].

Another gravitational concept which carries over to the dual gauge theory is the
Bekenstein—-Hawking entropy which is identified with the entropy of the dual
gauge theory plasma system. In this case, the entropy per spatial three-volume is

3

1 N2 (V2
=— Area=—< [ = 5.15
S 4Gy rea 27t<zo) ( )

Now we can use the relation between the horizon parameter z, and temperature to
express the result completely in terms of gauge theoretical quantities

1

5= EN3n2T3 (5.16)
Finally, we may use the relation between the energy density E and zo, and the

link with temperature to express the energy density as a function of 7. We get

E= ngnzT“ (5.17)
The nontrivial factor here is the numerical coefficient, which is different from the
corresponding one for the free massless gas (Stefan—Boltzmann). Similarly, the
entropy density derived earlier is 3 /4 of the free gas answer [17]. This mismatch is
quite natural since here we are dealing with a strongly coupled plasma. In fact
similar deviations from the Stefan-Boltzmann answer have been observed in
lattice studies of QCD thermodynamics above the confinement/deconfinement
phase transition.

Before we move on to discuss various systems of coordinates for this geometry,
let us note that it is exactly this geometry which is used to describe N' = 4 SYM at
fixed nonzero temperature 7. This interpretation is obvious from the above
mentioned Euliclidean continuation, but can also be understood directly in Min-
kowski signature, where a link with the real-time formalism of finite-temperature
QFT appears [18-23].

5.5.1.1 Various Coordinate Systems

The geometry (5.12) has been presented in the Fefferman—Graham coordinates, in
which the connection to the gauge theory energy-momentum tensor is simplest.
However these coordinates have also some significant drawbacks, of which one
has to be aware.

Let us first perform a coordinate transformation to bring the metric (5.12) into
the standard AdS Schwarzschild form. To this end set

Z

I = —F———
Ry

(5.18)
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Then, the metric becomes

11—z /% dx? 1 dz
i = — 1 Zul% 4o | B T (5.19)
Zstd Zstd std/ 2 Zstd

with Zo = zo/ V2. Looking at the transformation of coordinates (5.18), we see that
the Fefferman—Graham coordinates cover only the region between the boundary
and the horizon. Even if one would analytically continue the metric for z > zy one
does not go beyond the horizon but rather returns back to the boundary.

The standard Schwarzschild coordinates also break down at the horizon and, in
order to have explicit regularity at the horizon, it is convenient to introduce yet
another system of coordinates—the (ingoing) Eddington—Finkelstein coordinates.

These coordinates may be obtained from the standard Schwarzschild ones by
redefining the time coordinate:

1 S S
tgr =1——=20 (2 arctan—td +1lo gm) (5.20)
4 20 20 — Zsud

The metric becomes then

2 d/Z > dlEFdZ td dx2
d = LT %ulh gp o derdi | A

Zstd Zstd Zstd

(5.21)

The crucial advantage of these coordinates is that the horizon is a perfectly regular
point and one can enter the region inside the horizon. The lines x* = const* are
null geodesics falling into the black hole and reaching the singularity at zgqq = o0
These coordinates were used extensively in V. Hubeny’s lectures at this school
with zyq substituted by r = 1/zgqg, which brings them to the canonical form.

Finally let us note that in the formula (5.20), the time coordinate gets an infinite
shift at the horizon. In the case of the static black hole geometry this is completely
harmless as the metric is time-independent, however for the time dependent
geometries which will be the focus of these lectures this shift will give rise to some
spurious singularities in the Fefferman—Graham treatment (fortunately appearing
only at NNNLO in the large proper time expansion of the geometry).

Some comments are in order here. Of course in General Relativity nothing
depends on the choice of coordinate system. This is true if we are dealing with an
exact solution of Einstein’s equations—we may analyze it in any coordinate
system we like. However if we perform an expansion in time in some coordinate
system and deal with approximate solutions truncated at some order, we may get
spurious singularities like in Fefferman—Graham at third order.

In these lectures we will nevertheless present the analysis in Fefferman—Graham
coordinates (apart from a brief review of the Eddington—Finkelstein approach of
Bhattacharyya et al. [24] in Sect. 5.9) The general formulation in Eddington—
Finkelstein is considered in detail in the lectures of V. Hubeny, and has been
applied to the boost invariant setting in [25-27]. One motivation for this choice of
presentation is that our main focus is in reaching the small proper time regime,
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where we deal with exact solutions of the Einstein’s equations and hence do not
need to worry about these subtleties. Also there, the analysis of initial conditions in
Fefferman—Graham coordinates is simpler.

5.5.2 A Case Study: A Planar Shock Wave

Another case of a gauge theory energy-momentum tensor for which the dual
geometry is exactly solvable is a planar shockwave concentrated on the boundary.
The only nonvanishing component of 7, is

T = uf(x) (5.22)

Such a configuration, for f(x~) = ud(x~) represents a planar shock wave of gauge
theory matter moving at the speed of light along one light cone direction. It may be
understood to represent an analog of an ultrarelativistic nuclei. Then the dual
metric is found to be

dxtdx +f(x)tdx? + d + d7?

2 _
ds” = 5

(5.23)

z
This configuration was proposed in [15], being the simplest member of a family of
shock wave solutions with x; dependence derived in [28] (see also [29]). A natural
question to consider is a collision of two such shock waves, one propagating along
the x~ light cone direction, the other along x*. There have been some preliminary
investigation along these lines in [30-34]. However, a complete analysis remains
to be done. Finally, let us note that this kind of shock wave is sourceless in the
bulk, in contrast to the shock waves considered recently in [35] and in the lectures
of Yarom [36]. For references on work done on these other kinds of shock waves
consult [36].

5.6 Boost-Invariant Flow

Let us now concentrate on a concrete evolving plasma system. Since eventually we
would like to solve exactly Einstein’s equations, one has to introduce as much
symmetries as possible to reduce the complexity of the task, at the same time
allowing for nontrivial physics to intervene. A natural choice in the context of
heavy ion collisions is the requirement of longitudinal boost invariance. This
assumption was introduced by Bjorken [37] back in 1983 to model ultrarelativistic
collisions. Basically, the motivation is that at infinite energy, a finite boost along
the collision axis would not modify the physics. This is certainly not an ideal
approximation, however it is used in basically all hydrodynamic codes for mod-
elling relativistic heavy-ion collisions at RHIC [2, 3]. We will make here an
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additional assumption that there is no dependence on the transverse coordinates,
which corresponds to the limit of infinitely large nuclei. This is not really nec-
essary for discussing the hydrodynamic limit (see [8, 24]) but will be essential in
the far from equilibrium regime of small proper times.

When assuming boost invariance, it is natural to pass to proper-time/spacetime
rapidity coordinates (t,y,x1,x;)

t=tcoshy x3=rtsinhy (5.24)

Then it turns out that the only non-vanishing components of the energy-momen-
tum tensor are 1o, Ty, and T, = Ty, = Ty,r,. Moreover, these components
become functions of t alone.

We should now impose tracelessness 77/ =0 and conservation of energy

momentum va“' = 0 conditions, which take the form
1
=T + ,C_ZTYY +2Tw =0
d 1
T%Tn + T JFT_QT_W =0

These equations determine 7}, uniquely in terms of a single function &(t)

6(1) 0 0 0

T _ 0 -t de(r) —%e(n) 0 0

melo 0 e(1) + 314 e(1) 0
0 0 0 e(1) + 314 e(1)

(5.25)

The remaining function &(7) can be interpreted as the energy density of the plasma
at mid-rapidity (i.e. at x3 = 0) as a function of (proper-) time.

Let us note that the above decomposition was purely ‘kinematical’—valid in
any conformal 4D theory at any coupling. The determination of &(t) will be an
issue of understanding the dynamics of the theory of interest—here N' = 4 SYM.
In particular, weak coupling perturbative considerations [38] lead to the free
streaming behaviour

&(t) ~ - (5.26)

If, on the other hand, we would suppose that the plasma system behaves as a
perfect fluid, then on top of the decomposition (5.25) we would impose

™ = (e + p)u'u’ — pnpt* (5.27)

with ¢ = 3p. By our symmetry assumptions u* = (1,0,0,0) and we get in par-
ticular p = T%T_Vy = T, which gives a differential equation for &(7)
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—‘cd—s(r) —¢(t) =¢(r) +=1—¢(7) (5.28)

T

with the celebrated Bjorken solution
(5.29)

Other dynamical assumptions would modify the functional form of ¢(z). E.g. if the
fluid would not be a perfect fluid but would have a nonzero viscosity (proportional

to T3 ~ &3/* as should be the case for a conformal theory), then (5.29) would no
longer be exact but would have corrections starting with

(1) = % (1 _2Mo ) (5.30)

T3 T3

with 7, related to the shear viscosity. Here we set a single dimensional scale to
unity. It can be easily reinstated in all terms by dimensional analysis. Further
1/7%/3 corrections are uniquely determined in terms of . If the dynamics would
follow 2nd order viscous hydrodynamics, these 1/1*? corrections would be
different and would involve additional, second order transport coefficients.

So we see that the knowledge of ¢(t) contains a lot of information on the
dynamics of plasma. In the rest of these lectures our goal will be to deduce what
¢(t) is singled out by the AdS/CFT correspondence. Initially we will concentrate
on the large t asymptotics of &(t) and then, in Sect. 5.11, move to consider the
behaviour of &(t) for small 7.

5.7 Large Proper Time Behaviour

Let us first concentrate on the large T asymptotics of ¢(1) and consider determining
the exponent s in

1
g(t)~—= fort— oo (5.31)
Tb

We will follow here the strategy outlined in Sect. 5.4, and construct, for each s, the
dual geometry. Then we will check for which s the dual geometry is nonsingular.
This condition will determine s. This approach was proposed in [15], where more
details may be found. But first, let us narrow down the range of possible s. We will
demand that the energy density in any reference frame is non-negative i.e.

Twt't" >0 (5.32)

for any time like four-vector #*. This leads to the inequalities
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(1) >0 &(1)<0 1&(r) > —4e(n) (5.33)

In particular, for (5.31), we obtain that 0 <s<4.

5.7.1 The AdS/CFT Analysis

Now we have to construct the dual geometry to a plasma configuration with the
energy density behaving like (5.31). Since the geometry will have the same
symmetries as assumed for the plasma system, we are led to the following ansatz

. dz?
ds* = 2 (—e"(“)dr2 + "N 2dy? + e‘(”)dxi) + Ziz (5.34)

Again, let us reiterate that the above ansatz is completely general. At this stage the
choice of the Fefferman—Graham system of coordinates is perfectly legitimate.

According to the approach explained in Sect. 5.4, we have to solve Einstein’s
equations

1
Rup = 5 8§R =68 =0 (5.35)

with the boundary conditions
a(z,t) = —z*e(1) + 2Pag(t) + Bag(t) + - - (5.36)

It is instructive to find the explicit form of the first few coefficients in the above
Taylor series.” Using a computer algebra system we obtain

a(t,z) = —&(z) - 24 + { 6}? - 6”1(21)} Pt {és(r)z +éra’(r)s(r)+

dir) () ) %8(4)(1)} B4 (537)

1
+ 72 (1) +

16 12873 12812 64t 38

Let us now specialize to the case of interest &(t) = 1/7°. We get

1 1
_Z4,L.75 4 Z6 (6 175725, _ E 152S2>

1 1 1 1 1
+Z8 (_ E ‘E_ZSSZ _ 6 ‘C_ZS + E ‘L'_ZSS 4 9_6_E—s—4s2 _ ﬁt—s—4s4) 4
where the terms dominant for large t are outlined in bold. Looking at the above
formula and analyzing a couple of higher order terms we may convince ourselves
that the dominant terms in a,(t) for large t will be of the form

3 This is an exact result without any approximation.
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n

Z'a, (1) ~ ‘= (é)n for large t (5.38)
T4

T4

This shows that it is natural to introduce a scaling variable

v=2 (5.39)
T4
Consequently, the metric coefficients will have an expansion of the form
1
a(z,t) = ap(v) + T—#al(v) +-e (5.40)

Several comments are in order here. Firstly, the appearance of the scaling variable
at late times is a dynamical consequence of the structure of Einstein’s equations.
We will find later, that for small proper times a similar structure will nor appear.”*
Secondly, the separation of dynamics into a scaling variable and an expansion in
inverse powers of 7 corresponds to a gradient expansion (cf. [24] and the lecture by
V. Hubeny [8]). Finally, the appearance of a scaling variable reduces the very
complicated Einstein’s equations to a system of nonlinear ordinary differential
equations:

v(2d' (V)c'(v) + d (0D (v) 4+ 26/ (v)' (v)) — 6d' (v) — 6b' (v) — 12¢'(v) 4+ v’ (v)* = 0

3vc' (V)2 4 vb' (v)? 4 20B" (v) + dvc” (v) — 6b' (v) — 12¢'(v) 4 200’ (v)'(v) = 0
2ush" (v) + 25b' (v) + 8’ (v) — vsd' (v)b' (v) — 85 (v) + vsb' (v)?

+ dvsc” (v) + 4sc’ (v) — 2vsd' (v)c' (v) + 2vsc' (v)* = 0

which can be solved exactly. The solution is

a(v)

A(v) = 2m(v)
A(v) + (2s = 2)m(v)
+(2=s)m(v)

S
N
<
=
Il

where

Av) = % (log(1 4+ A(s) v*) +log(1 — A(s) v'))
mw) = Al(s) (log(1 + A(s) v*) — Tog(1 — A(s) "))

with

*  For the case &(t) — const. as 7 — 0.
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Now we can analyze the singularities of the above geometry. We see that there
is a potential singularity where the argument of the logarithm vanishes. Of course,
it may well be a coordinate singularity, so we have to evaluate a curvature
invariant like

R = RPR g (5.41)

Moreover, since our geometry is only exact in the scaling limit, we have to
evaluate ‘R in the same limit i.e. T — 00, z — 00, keeping the ratio v = ﬁ fixed.

The resulting expression is quite complicated and can be found in [15]. Its general
structure is

Numerator(v; s)
Y
(1 — A(s) vg)

We see that for generic s, there is a 4th order pole singularity in the curvature. It
turns out that this singularity gets cancelled by the numerator only for a single
value of s:

RN = (5.42)

$=3 (5.43)
which is just the asymptotic scaling characteristic of perfect fluid hydrodynamics.
In this way we see that nonlinear perfect fluid hydrodynamics arises at late stages
of plasma expansion as a consequence of the AdS/CFT correspondence.

Note that in this way we do not approach the ‘horizon’ directly, but approach it
asymptotically along a ‘parallel’ trajectory. An analogous analysis using
Eddington—Finkelstein coordinates enables us to pass through the ‘horizon’ and
require directly the nonsingularity of the metric there. The difference between the
two procedures is summarized in Fig. 5.1. Both methods give equivalent results up
to two subleading orders in the large proper-time expansion. In order to go beyond
that, however, one has to use Eddington—Finkelstein coordinates (currently the
only result in this direction beyond 2nd order is in [39] in the boost-invariant
setting).

5.7.2 Perfect Fluid Geometry

Let us now examine more closely the dual geometry corresponding to the perfect
fluid value of s = 4/3. Then the complicated formulas for the metric coefficients
involving generically irrational powers and square roots obtained above simplify
drastically and we obtain’

5 We reinstated here a trivial dimensional scale ep.
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This geometry is analogous to a black hole (cf. (5.12)) with the position of the
horizon moving into the bulk as

=2 (5.45)
€0
This has a clear physical interpretation. Recall that for a static black hole, the
position of the horizon in the bulk is inversely proportional to the temperature.
Thus here we have a dual counterpart of the plasma undergoing cooling during
expansion.® Indeed naively generalizing the static formulas leads to

V2 _ Z%e%)

174¢) n3%

T3 (5.46)

A more indepth analysis of these phenomenae using the framework of event [41]
or dynamical [26, 39, 42] horizons has been made, although a complete under-
standing of the notions of temperature and entropy in the fully dynamical case is
still lacking.

5.8 Plasma Dynamics Beyond Perfect Fluid

One of the key discoveries of the AdS/CFT correspondence was the derivation of
the universal value of shear viscosity for plasma at finite nonzero temperature.

S The dual counterpart of cooling was first suggested qualitatively in [40].



166 R. A. Janik

This was done using linear response theory in [9]. It is thus interesting to examine
how do viscous effects manifest themselves in the current nonlinear setting.

Let us first examine the question whether we can see if the perfect fluid
dynamics is violated from the dual gravitational point of view. Suppose that it is
not and that consequently

1
e(r) =~ (5.47)

4
3

Q

is valid at all proper times without any corrections. Then one can find the next
orders in the large t scaling expansion of the metric coefficients

a(z,t) = ap(v) +—ax(v) + - (5.48)
This can be done explicitly since, fortunately, the equations for the corrections are

linear albeit still quite complicated. Performing this calculation, and computing the
curvature R up to this order yields

1
R = RypoR"’ = Ro(v) +Ra(v) +--- (5.49)
N—— T3 N\~
nonsingular singular!

where the indicated singularity is of the very strong 4th order pole type. This
means that the perfect fluid behaviour (5.47) has to be violated.

Let us now be completely agnostic about viscous hydrodynamics and assume a
completely generic type of corrections:

o(t) = l (1 - %> (5.50)

Solving the Einstein’s equations with the appropriate boundary conditions set by
(5.50), computing the curvature’ yields

1 1 - 1
R =RyppoR?’ = Ry(v) += Ri(v) +5 Ro(v) +5 R(v) +---  (5.51)
—— T~~~ T~ T3 ——
nonsingular nonsingular singular! singular!

The last two terms are always singular. The only way that we may obtain bounded
curvature is to make those two terms cancel between themselves. This requires
2
r=- 5.52
= (5:52)
which is exactly the correct scaling for a correction coming from shear viscosity.
Moreover, we have to fine tune the coefficient A to [44]

7 Various steps of this calculation were done in [43, 44] and [45].



5 The Dynamics of Quark-Gluon Plasma and AdS/CFT 167

A=27337 (5.53)

which is the value corresponding to the value of the shear viscosity to entropy ratio

1
g (5.54)

" an
In this way we reconfirmed, in a fully nonlinear setting [44], the value of shear
viscosity computed at fixed temperature [9].
The above analysis can be repeated for the NNLO correction [46] with the final
result for &(t):

1 2 1 1+2log21
() == =

——at— 5.55
e T B (3.53)

The coefficient of the NNLO term involves 2nd order transport coefficients. It is at
this stage that the pathologies of Fefferman—Graham coordinates surface, leading
to a leftover logarithmic singularity in the scaling limit of the curvature (appearing
at NNNLO in the metric, which is necessary for obtaining the coefficients of &(t)
at one order lower). The singularity was found to be persistent and not associated
with truncating other fields of ten dimensional supergravity [47]. Its origin has
been explained in detail in [25] (see also [26, 27]) and can be associated with the
singular transformation between coordinates regular at the horizon (Eddington—
Finkelstein) and the Fefferman—Graham ones, coupled with performing an
expansion of the geometry w.r.t. those coordinates. In order to proceed further,
which is however rather impractical analytically, one would have to perform the
analysis in Eddington—Finkelstein coordinates (a result in this direction, the
NNNLO term in &(t) is given in [39]).

5.9 Interlude: Hydrodynamics Redux

In the above, we have adopted a very agnostic attitude towards the expected
dynamics ruling the time evolution of the energy-momentum tensor of the N' = 4
plasma system. We did not assume that one could parametrize the 7, in terms of
such quantities as flow velocity and energy/pressure. We started off from the most
general T}, consistent with the assumed symmetries. By proceeding in this way we
have an option of describing dynamics which does not fit at all into a hydrody-
namical language. This is in fact the main reason for presenting such an approach
here, as in the remaining part of the lectures we would like to address the dynamics
of boost-invariant plasma at small proper times where we do not expect hydro-
dynamic description to be a good starting point.

On the other hand such flexibility has also significant drawbacks. The deter-
mination of the transport coefficients of hydrodynamics presented above followed
by first deriving from AdS/CFT the explicit form of &(t). Given that &(t), one
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could ascertain that the leading term is a solution of perfect fluid equations of
motion, and together with the subleading term is a solution of viscous hydrody-
namic equations with a specific value of the shear viscosity (we leave this as an
exercise for the reader).

It is thus very interesting to obtain directly the hydrodynamic equations from
AdS/CFT without making the passage through explicit solutions. This task was
performed in [24] and is presented in detail in the lectures of V. Hubeny at this
school [8]. For completeness, let us just summarize here the main idea.

The static black hole geometry presented in Sect. 5.4 is dual to a plasma at rest,
which can be described by a flow vector u* = (1,0,0,0) and an energy density E
(or equivalently temperature 7). By performing a boost one can obtain a dual
geometry to a uniformly moving plasma with four-velocity u*.

In Eddington-Finkelstein coordinates it is given explicitly as

4

T
ds* = —2u,dxtdr — (1 — —
\} uﬂxrr< 7'54}’“4

)Wmﬂwﬂ+ﬂmw+wmwﬂwV(5%)
where r = oo corresponds to the boundary, r = T/7 is the horizon while r = 0 is
the position of the singularity (r = 1/zgp cf. Sect. 5.4) This is an exact solution of
Einstein’s equations. Now promote 7 and u* to slowly varying functions of the
boundary Minkowski coordinates. The geometry (5.56) ceases to be a solution of
Einstein’s equations and has to be corrected by terms proportional to gradients.
These correction terms can be determined with the integration constants fixed by
the requirement of nonsingularity at the horizon.

Now from the corrected geometry one can read off the 7, which is explicitly
expressed (similarly to the metric) in terms of 7', u* and the gradients of u*. The
numerical constants coming from nonsingularity become exactly the transport
coefficients. In this way one obtains

) 4 ) ) 3 )
Trlé‘scaled = (TCT) ('/IM + 41'#[”‘) - 2(71'T> " +
———
perfect fluid viscosity

) " 1 w
+ (T?) <log 2T 2T 4 (2 — log2) <§ T T 4 T56)>

second order hydrodynamics

The energy-momentum conservation 0,7*" = 0 of such a 7" is by definition the
hydrodynamic relativistic Navier—Stokes equation.

From the above construction we see that the appearance of hydrodynamics in
the AdS/CFT correspondence is now completely understood. For any solution of
the hydrodynamic equations T'(x*), u*(x*), the formula (5.56) and its correction
terms give an explicit dual metric valid to the same order of the derivative
expansion. A similar analysis was performed later in the Fefferman—Graham
coordinates [48].

One final thing to note is that the starting point in the above construction is the
boosted black hole, which means that one assumes that approximately one is
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dealing with an energy-momentum tensor of a hydrodynamic type (i.e. para-
metrizable by a flow velocity and energy density). This does not always need to be
the case, as we shall see shortly, and then one has to return to an ab-initio analysis
of Einstein’s equations of the type presented in Sect. 5.7.

5.10 Plasma Dynamics Beyond Hydrodynamics

The appearance of hydrodynamic behaviour of strongly coupled plasma as a
consequence of the AdS/CFT correspondence is certainly very interesting and
satisfying theoretically, however perhaps the most fascinating feature of AdS/CFT
is its ability to address the behaviour of a plasma system very far from equilibrium,
where in QCD we do not even have a well motivated phenomenological model.

As an example of a configuration which cannot be described, even in any
approximation, by hydrodynamic methods consider the problem of plasma iso-
tropisation, extensively studied in various variations within QCD [49-52]

Suppose we have a plasma system uniform in space with anisotropic pressures.
In weakly coupled gauge theory one could consider a gas of gluons with non
isotropic momentum distributions, like gaussians with different widths for the
different momentum components. Then one expects that the pressures would
isotropise in time. The energy-momentum tensor of such a system would have the
form

€ 0 0 0
o 0 P (l) 0 0
Tw={o "0 ) o (5.57)
0 0 0 pu(r)

Note that such a system cannot be described by any form of (even all-order
resummed) viscous hydrodynamics, since by symmetry u* = (1,0,0,0) and thus
has vanishing derivatives. So all viscous terms vanish, while the leading term is
clearly of a different form. However nothing stops us from applying the AdS/CFT
analysis using Einstein’s equations to such a system. This has been first proposed
in [53]. Subsequently, a numerical study of this system was performed in [54].
Another interesting problem, which we will discuss in the remaining part of
these lectures, is the behaviour of the boost-invariant plasma system considered
before but now at small proper times. Since the hydrodynamic expansion (5.55)

1 21 1+2log21

= R A TV R

(5.58)

is an expansion in inverse powers of 7, it completely breaks down as we approach
7 = 0. Here the situation is more complicated than in the case of uniform iso-
tropisation (5.57) mentioned above as we expect a mixture of non-equilibrium and
hydrodynamic behaviour. In fact it is exactly the question of the transition to
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hydrodynamics, and what factors are important in setting the scale of this transi-
tion, that is very interesting in the context of heavy-ion collisions. A related more
general issue is the observation of thermalization (proposed in [55] to be related to
a formation of a black hole in the bulk) and an analysis of the concrete way in
which this scenario is realised.

5.11 Dynamics at Small Proper Time

For the reasons described above, we will have to deal with the full Einstein’s
equations. From the point of view of hydrodynamics treated as a gradient
expansion these encompass all orders of viscous hydrodynamics together with
an infinite set of higher transport coefficients. But apart from these there is
additional information contained in the Einstein’s equations. Taking the case of
a planar black hole as an example, all order hydrodynamics may be identified,
on the linearized level, with the lowest quasinormal mode and its exact
dependence on spatial momentum. But apart from this lowest mode there is an
infinite set of higher quasinormal modes which decay exponentially (in the AdS/
CFT context, see in particular [56]). And all of these become important in a far
from equilibrium situation such as the early time dynamics of the boost-
invariant flow.

Here we will again go to the boost invariant setting and repeat the analysis of
Sect. 5.7, but now concentrating on the small 7 regime. We follow the analysis of
[57]. We will adopt the same ansatz for the metric (5.34) and solve Einstein’s
equations with the boundary conditions (5.36).

Before going into the details of this construction, let us comment why we are
using the Fefferman—Graham system of coordinates. In contrast to the late time
expansion, here we will aim at solving the Einstein’s equations to an arbitrary
accuracy—without performing any kind of scaling limit. Therefore any choice of
coordinates works equally well. Moreover the constraint equations for initial data
in the Fefferman—Graham system of coordinates are particularly transparent.

Let us first determine the qualitative behaviour of ¢(t) at small . We will do it
in two ways.

5.11.1 The Absence of a Scaling Variable

In the large proper time regime, the structure of Einstein’s equations naturally led
to the introduction of a scaling variable, which reduced the problem to solving
ordinary differential equations and a subsequent expansion in inverse powers of 1.
Let us now analyze the solution of Einstein’s equations at small t from this point
of view.
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We again start from the exact power series solution

a(t,z) = —e(t) - 2 + {—Sﬁ) - 8”1(;)} 4 {és(r)z +éra’(f)6(r)

i) () ) 1

[IIEIPRY (4)}8
16T ) T g TTase  oar amat fT

16
(5.59)
and substitute the asymptotics
1
e(t) ~ = fort—0 (5.60)
In this way we obtain
1 1
4 s 6 (- —s—2,_ = _—s-22
27T °+z <6 T s B T s )
1 1 1 1
+Z8 <_E ,L,72SS2 _ 6 1_72s + 1/6 ’L'72SS —|—%‘57S74S2 _ @T'Y4S4) 4.
(5.61)

where the terms dominating for small 7 are rendered in bold. This analysis was first
done by Kovchegov and Taliotis [58], who deduced that for generic s the dominant
terms at small t are of the form

4

%f@z% (5.62)

T T
In [58], the scaling solution was found, but due to its complex branch cut struc-
ture,® Kovchegov and Taliotis argued that the only acceptable solution had s = 0,
which is a very interesting result.

But if we again look at (5.61), we see that the terms resummed by the scaling
variable vanish for s = 0 and are no longer dominant. Hence there is no place for a
scaling variable at small 7 and for s = 0 one has to reanalyze the Einstein equa-
tions in order to describe the full solution at 7~ 0.

5.11.2 The Existence of a Regular Initial Condition

One can reach the same conclusion, as well as some more detailed information, on
the small T dependence of &(t) assuming that at T = 0 we have a regular initial
condition.” Recall the expression (5.59) and substitute © = 0. Firstly, we see that

8 And an additional physical bound on s, see [58].

° This is an assumption which may, or may not be realistic for ultraenergetic collisions. We
prefer to keep the options open and analyze boost invariant flow with regular initial conditions as
an interesting nonequilibrium dynamical system for its own sake.



172 R. A. Janik

the assumption that the metric coefficients are finite leads to a finite limit of &(t) as
7 — 0, consistent with s = 0. Secondly, the inverse powers of 7 appearing in the
higher order terms do not lead to a singularity if and only if &(t) has an expansion
only in even powers of t:

e(t) = g+ &> +egtt + - - (5.63)

A closer analysis reveals that the coefficients &, are uniquely determined,
through the Einstein’s equations, in terms of the coefficients of the initial condition
for the metric:

a(t=0,z) = at + a® +auz + - (5.64)

In order to complete the analysis of the gravitational setup, we have to analyze
what are the admissible initial conditions (5.64). Once this is done, one can set up
the analysis of the system by evolving the geometry from (5.64) using Einstein’s
equations and read off ¢(t) from the metric. This can be done either numerically
solving Finstein’s equations [59], or analytically by expressing the coefficients &5,
directly in terms of the coefficients of the initial condition ay, [57].

5.11.3 The Classification of Possible Initial Conditions

As is well known, in General Relativity, the initial conditions cannot be arbitrary
but have to satisfy some nonlinear constraint equations. This causes the gravita-
tional initial value problem to be quite nontrivial in general. Fortunately, for the
case of the © = 0 hypersurface in the Fefferman—Graham coordinates, the con-
straints can be solved exactly.

Let us denote by E,, the components of Einstein’s equations written in the form

E,s =Ry +48,5=0 (5.65)

Then the constraints are contained in equations E.; and E_. Denoting ay(z) =
a(t = 0,z) etc. we get at once

ap(z) =bo(z) @ =hy=¢ =0 (5.66)
and the only remaining constraint is the single nonlinear equation

a5 )+ 3 () é (dy+¢)) =0 (5.67)
Let us note an extremely surprising feature of the above equation. At the linearized
level, it has a trivial solution ay(z) = —co(z). So one may expect that for infini-
tesimal ag, the function ¢y would be also very small and only slightly deformed
from —ap by taking into account the effect of the nonlinear terms. It turns out,
however, that this is never true, and the nonlinearity always causes a blowup of the
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solution for some finite z. To see this introduce v(z*) = ;- ag(z) and similarly w(z?)
for cg. Then the constraint Eq. 5.67 takes the simple form

Vw0 wr =0 (5.68)

Now it is easy to see, that there does not exist an everywhere bounded (v =w =0
at infinity) solutions of the constraint equations. To this end it is enough to inte-
grate (5.68) to get

O:/(v’—I—w —|—/ v+ w?) /v +w?) (5.69)
0 0 0

Therefore, at T = 0 with boost invariant symmetry, gravity leads to inherently
nonlinear dynamics—a linearized regime does not exist at all!

It is not difficult to impose conditions on v and w so that the blowup is not a
curvature singularity—at least R stays finite there (see [57] for details). Moreover
one can solve the constraint (5.68) analytically. Indeed, defining v, = —w — v,
Vo =w—v,

vo =4/2v, =% (5.70)

solves (5.68) for any v,. Let us conclude with an example of a simple particular
solution of the initial value constraints:

ap(z) = bo(z) = 2logcosaz’ co(z) = 2logcosh az’ (5.71)

The huge range of initial conditions that can be imposed is in fact quite natural.
On the gauge theory side we may also expect to be able to prepare an initial state
with the same energy density in a multitude of ways. Let us contrast this with the
large t expansion (5.58) of ¢(t), which only depends on a single scale.'” In other
words, once the dominant asymptotics of &(t) is known, all subleading power like
terms are uniquely determined.

The physical interpretation of this difference is quite clear. We expect dissi-
pative effects to wash out differences in initial conditions leaving only a single
scale (under the present symmetry assumptions) governing the large proper time
expansion of ¢(t). On the gravitational side, these effects can be understood as
nonlinear generalizations of higher quasinormal modes which die off exponentially
(see [60] for some analysis along these lines in the boost invariant setting).

19 In (5.58) this scale has been set to unity, but may be reinstated unambiguously by dimensional
analysis.
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5.11.4 An Analysis of Some Aspects of the Small Proper
Time Behaviour of &(t)

Once we have the allowed initial conditions at T = 0, we need to solve Einstein’s
equations with these initial data. Then, as explained in Sect. 5.4, we may read off
¢(t) from the solution of Einstein’s equations. Since we do not have a scaling
variable at our disposal we have to do it exactly. The ideal way to proceed would be
to solve Einstein’s equations numerically. This study is currently under way [59].
The route followed in [57] was to solve these equations for the metric in a power
series in z and 7, obtaining a power series expression for () up to the order t!% for
some initial conditions. A drawback of the above method is that the power series in
question has a finite radius of convergence, necessitating the use of Pade approx-
imations as an extrapolation method. Below we will present some analysis of these
extrapolated profiles [57]. We have to emphasize, however, that one would require
a real numerical solution of Einstein’s equation to be sure of all the details.

First let us discuss the transition to hydrodynamics. One possibility of quanti-
fying this is by considering an ‘effective exponent’ of the power law dependence
of &(t) defined as

d
‘cdtlog &(7) (5.72)
Initially it is zero, and it should rise up to 4/3 for late time expansion. In order to
evaluate it we plot a Pade approximant (of constant large t asymptotics) of the
expression (5.72). The result, for the initial condition (5.71) is shown in Fig. 5.2.
We see that it definitely crosses s = 1 of free streaming and moves upwards.
However, to be sure that it would reach 4/3 a numerical solution for &(t) would be
needed.
Now assuming the late time exponent 4/3, we may perform a Pade approxi-
mation of &(t) with this asymptotics to see the profiles of ¢(t) for a set of initial
conditions. Example plots are shown in Fig. 5.3.
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Fig. 5.3 Pade resummed profiles of &(t) for a set of initial conditions [57]

The main interest of the knowledge of the exact profile of &(z) for various initial
conditions is that then we would be able to study the transition to hydrodynamics
and its dependence on various features of the initial conditions. Since the Pade
extrapolation introduces some serious systematic uncertainties, we refrain from
doing so until we will have at our disposal a direct numerical solution of Einstein
equations for these various initial conditions. Apart from the reasons mentioned
above, the numerical solution would also allow to analyze the nature of the
apparent singularity in the initial data and, more importantly, analyze the geometry
for the presence of apparent (dynamical) horizons, relevant for the thermodynamic
interpretation. Some of these issues are currently under investigation [59].

Before we close this last part of the lectures let us note a complementary
numerical investigation of boost invariant plasma in [61]. The setup of [61] was
different from the one presented in these lectures in that the gauge theory metric
was perturbed in a boost invariant way at some t ~ 7y > 0 and then set again to flat
Minkowski. The metric perturbation produced a change in the geometry which
induced a boost invariant flow on the boundary. The main results observed in [61]
were a transition to hydrodynamics and a formation of an apparent horizon which
moved in from infinity.

Another related work'' was [62], were a perturbation by a boundary scalar
source induced a black hole formation in the bulk.

Looking at all these examples, one sees that Einstein’s equations, through the
AdS/CFT correspondence, have the potential of describing a multitude of far from
equilibrium strongly coupled gauge theory phenomenae. It is however clear that
the majority of problems remain still unsolved.

5.12 Conclusions

In these lectures we have described an approach using the AdS/CFT correspon-
dence as a tool for studying real time dynamics of strongly coupled gauge theory
plasma. The basic theoretical tool is the possibility of translating, in a completely
explicit and constructive way, between the spacetime energy-momentum tensor

"' This time not in the boost-invariant setting discussed here.
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characterizing the gauge theory configuration in question and the five-dimensional
metric of the dual geometry. Then one uses the fact, that at strong coupling, the
dynamics of the dual geometry is governed by Einstein’s equations (with a cos-
mological constant following from the full ten dimensional supergravity solution).
A further dynamical input is the requirement of the absence of naked singularities
in the gravity background. This restricts very strongly the allowed spacetime
profiles of the gauge theory energy momentum tensor, and consequently the
possible gauge theory dynamics.

Using these methods, one may establish the appearance of nonlinear hydro-
dynamics, as exhibited here in the form of near perfect fluid dynamics in the large
proper time asymptotics of boost invariant plasma expansion. Moreover, Einstein
equations together with the nonsingularity criterion unambiguously predict viscous
first- and higher-order deviations from perfect fluid dynamics with specific values
of the transport coefficients appropriate to the case of the N’ =4 SYM theory
studied here.

Let us note, that we arrived at these results without presupposing anything even
about the general form of the gauge theory energy momentum tensor like the
presence of something like a flow velocity u* etc. This flexibility comes from the
fact that Einstein’s equations on the string side of the AdS/CFT correspondence
require only that the gauge theory energy-momentum tensor is conserved and
traceless (throughout these lectures we are dealing exclusively with the conformal
case of A/ = 4 SYM). Therefore one can use the same techniques to address the
question of far from equilibrium dynamics where hydrodynamics cannot be used
as a starting point of approximation. We exhibited an example of such a study by
describing some aspects of the behaviour of the boost invariant plasma expansion
in the region of small proper time.

It should be obvious that the majority of questions concerning far from equi-
librium dynamics of strongly coupled plasma remain still unanswered even for the
case of A/ =4 plasma. Once more details are understood, it would be very
interesting to address similar problems in more complicated versions of the AdS/
CFT correspondence involving gauge theories which might be closer to QCD.
Apart from this direct ‘application driven’ motivation, the study of such time-
dependent systems leads to fascinating interrelations with General Relativity. On
the one hand, it provides a new setting for investigating such GR concepts as
dynamical apparent horizons, black hole formation, providing these GR phe-
nomenae with new interpretation. On the other hand, the well developed tech-
nology of numerical relativity might be applied to learn more about the properties
of far from equilibrium strongly coupled gauge theory systems.

Last but not least, let us note that the gravity backgrounds obtained as dual
descriptions of evolving plasma systems can very well by themselves form a scene
for the AdS/CFT correspondence enabling one to study various kind of physics
questions. In this way one may study how the expanding plasma system influences
properties of mesons, Wilson loops, various correlation functions. Of course, due
to the time-dependent nature of those backgrounds this may be quite difficult to do



5 The Dynamics of Quark-Gluon Plasma and AdS/CFT 177

in practice, but the possibility of doing so is certainly very interesting and the
results may be rewarding.
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Appendix

A.1 Topics Not Covered in the Main Text: A Brief Guide
to the Literature

In this appendix we would like to give pointers to the literature on other devel-
opments related to the approach presented in these lectures.

e Leading of corrections (i.e. beyond strong coupling in N' =4 SYM theory) to
the transport coefficients were computed using the boost invariant flow [63, 64].
This task involved using o corrected Einstein’s equations.

e Beyond N =4 SYM. A class of general conformal field theories parametrized
by higher curvature terms in the dual gravitational action was considered in [65].

e Extension to hydrodynamics with conserved charge(s) was considered in [66—
68]. Electric-magnetic equilibration at large proper times was found in [69]. In
addition, dilaton driven hydrodynamics was considered in a general way in [68]
and the onset of turbulence was observed [70].

e Lower dimensional examples. The case of a 1+1 dimensional conformal field
theory allows for an explicit exact dual gravitational solutions [71, 72]. Other
investigations in different number of dimensions were performed in [73].

e Various (exact) solutions for A" = 4 gauge theory in curved and possibly time-
dependent backgrounds were obtained [74—76]. The exact solutions which were
found do not involve viscosity effects. An exact gravitational description af a
shearless flow in A = 4 in flat space was obtained in [77].

o Further properties of solutions with boost invariant symmetries were studied in
[78-82].

e Physics in the expanding plasma. Fundamental flavours were introduced
(through D7 brane embeddings) into the late proper time boost invariant
geometry [83], diffusion constant was evaluated [84], drag force was computed
[85]. In addition, various physical questions were addressed in the case of the
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shock wave solutions described in Sect. 5.4 Deep Inelastic Scattering (DIS) was
analyzed [86—89] as well as heavy quark energy loss [90, 91].
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Chapter 6
Fluid Dynamics from Gravity

Veronika E. Hubeny

Abstract We give a brief review of the recently-formulated fluid/gravity corre-
spondence. Originating from the AdS/CFT correspondence, this constitutes a one-
to-one map between configurations of a conformal fluid dynamics in d dimensions
and solutions to Einstein’s equations in d + 1 dimensions. The map is fully con-
structive; for a given fluid configuration, it is completely algorithmic to write down
the spacetime geometry and deduce its causal properties. In particular, the bulk
solutions describe a regular generic, non-uniform and dynamical, black hole which
at late times settles down to a stationary planar black hole. We briefly indicate the
iterative construction of such solutions, extract the key physical properties, and
discuss further generalizations and open questions.

6.1 Introduction

In these lectures I will review the recent developments in formulating a relation
between fluid dynamics and gravity, which came to be called the fluid/gravity
correspondence. This correspondence is rooted in the well-known AdS/CFT (or
more generally the gauge/gravity) correspondence, reviewed elsewhere in these
proceedings.

As is often the case with important developments, there are several diverse and
complementary takes on the underlying motivation for formulating and using such
a correspondence. Iconically speaking, we were motivated by the need to:
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e probe nature of spacetime in quantum gravity,

e extract universal dynamics of wide class of gravitational theories,

e explore properties of strongly-coupled gauge theories (with particular view to
exploring QCD), and

e clucidate long-standing questions in fluid dynamics.

I will now briefly elaborate on each of these in turn, simultaneously reminding
the reader of the key ingredients of the AdS/CFT correspondence to be used later.

6.1.1 Quantum Gravity

One of the most important long-standing goals of the past few decades has been to
unravel the underlying quantum theory of gravity. Since the classical theory of
gravity, Finstein’s general relativity, identifies gravity with the curvature of
spacetime, the key question of quantum gravity is what is the fundamental nature
of spacetime? Serendipitously, one invaluable tool that came to our aid in tackling
this question during the last decade is the celebrated AdS/CFT correspondence, for
the simple reason that it allows us, in principle, to recast the long-standing
quantum gravitational questions in terms of non-gravitational quantum field
theory.

In its simplest formulation, string theory (which in particular contains gravity
while being a consistent quantum theory), on asymptotically five-dimensional
Anti-de Sitter (AdS) spacetime times a five-sphere, is dual to Super Yang-Mills
gauge theory which is a four-dimensional conformal field theory (CFT). Such a
correspondence is holographic; the CFT may be thought of as living on the
boundary of AdS. We will therefore refer to the AdS side as the “bulk” and the
CFT side as the “boundary” theory. According to the AdS/CFT dictionary, dif-
ferent asymptotically AdS spacetimes manifest themselves by different states in
the boundary theory. For example, the vacuum state in the CFT corresponds to
pure AdS. Metric perturbations from AdS are related to the stress-energy-
momentum tensor expectation value in the CFT.

More relevantly, putting a black hole in the bulk has the effect of heating up the
boundary theory. Specifically, a large' Schwarzschild-AdS black hole corresponds
to (approximately) thermal state in the gauge theory. Conceptually, this can be
understood as the late-time configuration that a generic state evolves to: in the
bulk, gravity, as well as the negative curvature, tends to make a generic large-
energy configuration collapse and form a black hole which then quickly settles
down to the Schwarzschild-AdS geometry. Correspondingly, in the field theory, a
generic large-energy excitation will eventually thermalize.

' AdS is a space of constant negative curvature, which introduces a length scale, called the AdS
scale Rags, corresponding to the radius of curvature. The black hole size is then measured in
terms of this AdS scale; large black holes have horizon radius ry > Rags.
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While appealingly simple, this level of understanding is far too coarse to allow
us to extract the more interesting aspects. We need to probe the AdS/CFT dic-
tionary further to uncover what happens in regions where the classical description
of the black hole breaks down, such as near the curvature singularity, or in the
more general, dynamical, situations. Ultimately, we would like to answer such
questions as: Which CFT configurations admit a dual spacetime description? or
What types of spacetime singularities are physically allowed? More generally, we
wish to probe spacetime dynamics. Although the fluid/gravity correspondence will
not enable us to answer these intriguing questions fully, it will take the first step in
this direction.

6.1.2 Universal Implications

While it is heartening to have a framework wherein we can explore the questions
of interest, it is much more gratifying for that framework to exhibit certain degree
of universality. The fluid/gravity framework does indeed achieve this. Specifically,
the setup which we will consider in the bulk,” namely Einstein’s gravity with
negative cosmological constant (and no other bulk matter content), is in fact
relevant for a much wider class of theories. This is because Einstein’s equations
(with negative cosmological constant) constitute a consistent truncation of all two-
derivative gravitational theories interacting with other fields (with spin <2) which
have AdS as a solution. This means that for every CFT having SUGRA bulk dual
description, we have a decoupled sector exhibiting universal dynamics for the
stress tensor. In particular, the stress tensor correlators (from which we can extract
the transport coefficients) are in this sense universal. More importantly, since
uncharged planar black holes solve our theory, they likewise lie in this universal
sector, so this universality holds at any temperature.

6.1.3 QCD

A complementary long-standing goal of theoretical physics is to solve QCD. As
observed elsewhere, AdS/CFT provides a convenient window of opportunity even
for this programme, since it allows us to get a handle on certain strongly coupled
field theories. Unfortunately, QCD is in many respects markedly different from
the super Yang-Mills CFT, so it is only for certain universal features that the
AdS/CFT correspondence has any direct relevance. Nevertheless, as remarked
elsewhere in these proceedings, many quantities of interest in QCD, such as its

2 In what follows, the five-sphere of AdSs x $° will play a passive role, so we will ignore it and
consider the five-dimensional (asymptotically) AdS bulk spacetime only.
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transport coefficients, do fall into this category, so that while not quantitatively
accurate, the predictions from fluid/gravity do give a reasonable indication of the
qualitative features. This is especially useful since presently we do not have other
means, apart from possibly lattice calculations, to calculate in the strong coupling
regime. This makes the AdS/CFT, and specifically the fluid/gravity, correspon-
dence relevant to high-energy experiments. Indeed, the predictions which will be
described later in these lectures have been used in analysing data from the
Relativistic Heavy Ion Collider.

6.1.4 Fluid Dynamics

Although many detailed questions about the fundamental degrees of freedom in a
given strongly coupled field theory remain well beyond our reach, a more mac-
roscopic effective description is not only more easily accessible, but also is
interesting in its own right. The key observation is that any interacting field theory
admits an effective description in terms of fluid dynamics. Fortuitously, fluid
dynamics is a subject that has been well-studied for more than a century, theo-
retically as well as observationally/experimentally and numerically. Nevertheless,
there are important questions in fluid dynamics which have yet to be understood.
While we have a good handle on near-equilibrium physics, dynamics away from
thermodynamic equilibrium is more difficult to tackle. For example, one of the
famous Clay Millenium Prize Problems concerns the global regularity (existence
and smoothness) of the Navier—Stokes equations. Intriguingly, the solutions often
include turbulence, which, despite its importance in science and engineering, still
remains one of the greatest unsolved problems in physics. Furthermore, there are
causality issues in the conventional Navier—Stokes equations which plague
numerical simulations. As already suggested by its name, the fluid/gravity corre-
spondence is indeed relevant for addressing such important questions in fluid
dynamics.

The structure of these lectures is as follows. We will first review the necessary
background for constructing the fluid/gravity map in Sect. 6.2. In particular, we
will briefly discuss the two sides of the correspondence, conformal fluid dynamics
on the boundary and gravity in the bulk, and then indicate the main idea of
constructing the map between them. In Sect. 6.3 we will sketch the actual con-
struction, which involves expanding in boundary derivatives; in particular, we will
explicitly correct the zeroth order configuration to first order. The second order
solution, calculated in [5], is discussed in Sect. 6.4; in particular, we will present
the boundary stress tensor and transport coefficients for our conformal fluid, fol-
lowed by a discussion of the bulk geometry from which we extract the location and
area of the event horizon. Finally, Sect. 6.5 summarizes the salient points and
indicates several open questions.

These lectures are based primarily on [S] which first formulated the nonlinear
fluid/gravity correspondence and constructed the second order solution, and on [6]
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which analysed the causal structure of this solution, focussing on the event horizon
area and corresponding entropy current in the boundary fluid. This work builds on
earlier derivations of linearized fluid dynamics from linearized gravity [18]
(see [22] for an excellent review), and on earlier examples of the duality between
non-linear fluid dynamics and gravity [14, 4]. Since its inception, the fluid/gravity
correspondence has flourished into an active line or research, with large number of
extensions and generalizations. Some of the key developments and reviews of
further progress include [7, 8, 19], among many others. Since these lectures are
intended as a brief overview serving rather as an invitation into the subject than as a
full, self-contained review (excellent samples of which already exist in the litera-
ture), I am purposefully keeping the list of references to the bare minimum; please
see the above-cited works for a more complete set of background references.

6.2 Background

We begin with a brief review of conformal fluid dynamics, proceed to discuss the
dual gravitational solutions, and then motivate the construction of the explicit
mapping between them. To keep the discussion and formulas as clean as possible,
we will restrict attention to the simplest case of uncharged conformal fluid on
four-dimensional Minkowski spacetime R*! (though initially we will quote the
d-dimensional results). Several generalizations to this setup will be mentioned in
Sect. 6.5.

Before proceeding, we make few remarks on notation: the bulk metric will be
denoted by gy with the capital Latin indices taking values over the d + 1 bulk
dimensions; we will separate the coordinates into the radial coordinate » and the
remaining “boundary coordinates” x*, where the u index ranges over the d
boundary directions (which includes time). The stress tensor in the boundary
theory is denoted 7", and in writing its conservation (VHT“" = 0), the V, is the
covariant derivative with respect to the boundary metric 7,,, which in this case
simply reduces to the partial derivative 0.

6.2.1 Conformal Fluid Dynamics

Fluid dynamics is the continuum effective description of any (interacting) micro-
scopic quantum field theory. In order to meaningfully describe the system in terms
of the fluid variables, the fluid description assumes that the system achieves local
thermodynamic equilibrium. This means that the regime of validity where such a
description is valid requires that the scale of variation of the dynamical degrees of
freedom, L, be much larger than the microscopic scale {np,, typically set by the
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temperature, 7. In this long-wavelength approximation, local equilibrium then
demands that LT =1 > 1.

A conformal fluid is characterized by a traceless symmetric stress tensor, which
in d spacetime dimensions has @ — 1 degrees of freedom, along with a col-
lection of charge currents (which for simplicity we have set to zero). In a fluid
dynamical characterization of the same system, the number of basic degrees of
freedom is drastically reduced. The conformal invariance fixes the equation of
state, thereby determining the pressure in terms of the energy density, which can in
turn be expressed in terms of the temperature. Hence the basic variables are the
local temperature 7'(x) and velocity u,(x) (unit-normalized so that u,u* = —1),
which constitute just d degrees of freedom.

The equations of fluid dynamics are then simply the equations of local con-
servation of the stress tensor (as well as the charge currents in more general
situations), supplemented by constitutive relations that express these currents as
functions of the fluid dynamical variables. As fluid dynamics is a long wavelength
effective theory, such constitutive relations are usually specified in a derivative
expansion. At any given order, thermodynamics plus symmetries determine the
form of this expansion up to a finite number of undetermined coefficients. In
general, the coefficients can be obtained either from measurements or from
microscopic computations. However, as we will see, in the present framework
these coefficients are fully determined by the gravity side (which in a sense knows
about the microscopics of the boundary field theory).

Purely based on the symmetries, we can then write down an expression for the
stress tensor of a d-dimensional conformal fluid:

™ = O(Td('/lﬂv + du”uv) + 7Tgivssipmive'
1
dissipative
incorporates all the dissipative terms, and o is a constant giving the overall nor-
malization. As variations of T'(x) and u,(x) are small, we can expand 7" in a

The first two terms describe the ideal conformal fluid stress tensor, while 7

derivative expansion 0, = % in the boundary directions; the leading term will turn
out to be proportional to the shear viscosity. The dynamical content of the fluid
equations is encoded in the conservation of the stress tensor

0, T" = 0. (6.1)

Fluid dynamics viewed in this derivative expansion constructs an effective field
theory for the slowly varying modes 7'(x) and u,(x), analogously to the chiral
Lagrangian for pions.

6.2.2 Gravity in the Bulk

We now turn to the gravitational solutions in asymptotically AdS spacetime.
Motivated by the AdS/CFT correspondence, we will consider two-derivative
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theories of gravity with an AdS;.; “vacuum”, such as the IIB SUGRA on
AdSs x $°. As mentioned above, the solution space has a universal sub-sector, pure
gravity with negative cosmological constant, for which the bulk field equations are
simply Einstein’s equations,

EMN = RMN — %RgMN + AgMN =0. (62)
(Note that without loss of generality we can measure distances in AdS units, which
amounts to taking Rags = 1 and thereby sets A = —6 in five dimensions.) We will
focus on this sub-sector in the long-wavelength limit. Apart from the pure AdSs
solution, there is a 4-parameter family of solutions representing asymptotically-
AdSs boosted planar black holes. We will use these solutions to construct general
dynamical spacetimes characterized by fluid-dynamical configurations.

Roughly speaking, our construction may be thought of as a “collective coor-
dinate method” for black hole horizons. Recall that the isometry group of AdSs is
SO(4,2). The Poincare algebra plus dilatations form a distinguished subalgebra of
this group (one that preserves the boundary). Out of these, the SO(3) rotations and
translations in world-volume R*! leave the static planar AdS black hole invariant,
but the remaining symmetry generators, dilatations and boosts, act nontrivially on
this solution, generating a 4-parameter family of boosted planar black holes,
parameterized by the temperature 7 and the velocity u* of the brane. Our con-
struction effectively promotes these parameters to Goldstone fields (or collective
coordinate fields) 7'(x) and u*(x), and determines their dynamics, order by order in
the boundary derivative expansion. Note that this is distinct from linearization: we
make no assumptions about the amplitudes of these slow variations.

6.2.3 Fluid/Gravity Map

Before proceeding to sketch the construction in more detail, we pause to stress an
important point in mapping these long-wavelength gravity solutions to corre-
sponding fluid configurations. A well-known procedure of holographic renor-
malization (see e.g. [3, 11]) links the boundary stress tensor to the behaviour of the
bulk metric near the AdS boundary. Given any asymptotically AdS spacetime, we
can read-off the induced stress tensor on the boundary, since the latter is related to
the normalizable modes of the gravitational field in AdS. In particular, expanding
the bulk metric in the Fefferman—Graham form near the boundary z = 0,

) _ 2 (1 + 2T, v

ds 5 ,

Z

the stress tensor is simply given by T,,. Conversely, given a boundary stress
tensor, there is a procedure to holographically reconstruct the bulk metric in a
radial expansion around the boundary.
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Naively, this might seem puzzling: as mentioned above, a conformally invariant
stress tensor in d dimensions has @ — 1 degrees of freedom. If any such stress
tensor yielded a regular bulk spacetime, we would have a discrepancy between the
fluid side which has only d degrees of freedom and whose dynamics is corre-
spondingly specified by only d equations, and the gravity side that would seem-
ingly allow more degrees of freedom. In other words, passing from a generic
quantum conformal field theory stress tensor to the stress tensor of its effective
description in terms of fluid dynamics constitutes a drastic reduction in the number
of degrees of freedom required to specify the spacetime. How is this manifested in
the bulk? The answer lies in regularity. As a series expansion around the boundary,
the holographic reconstruction cannot guarantee that the metric does not become
nakedly singular at some finite radial value in the bulk. In fact, for a generic stress
tensor it will. The fluid/gravity construction demonstrates that the regular solutions
are given precisely by such stress tensors which are fluid dynamical. Moreover, we
claim that the gravity solutions thus constructed are the most general regular long-
wavelength® solutions to Einstein’s equations with negative cosmological con-
stant. They typically correspond to deformed and dynamical black holes; i.e. the
solutions admit a regular event horizon which shields a curvature singularity.

The heuristic picture of a generic evolution, on the two sides of the fluid/gravity
correspondence, is as follows. Suppose we start with some generic high energy
initial conditions. On the CFT side, the system quickly settles down to local
thermodynamic equilibrium, whose bulk dual is described by a dynamical, non-
uniform (planar) black hole. On both sides, such configuration is described by
local velocity and temperature fields which exhibit slow variation in the boundary
directions. The subsequent evolution is described by equations of fluid dynamics
on the boundary, which originate from Einstein’s equations governing the bulk
evolution. Finally, at late times, the system relaxes to global thermal equilibrium,
given by a stationary state parameterized by a constant temperature and velocity.
In the bulk, this is one of the well-known stationary solutions describing a planar
black hole in AdS mentioned in the previous subsection and given explicitly
below.

Our construction utilizes the long-wavelength regime of fluid dynamics: we
write Einstein’s equations as a perturbative expansion in boundary derivatives
(however keeping the exact radial dependence). This allows us to solve the
equations order by order in this boundary derivative expansion. In turns out that
Einstein’s equations at a given order implement the fluid stress tensor conservation
equations at lower order. Therefore, order by order, we can use the lower-order
fluid dynamical solution to construct the bulk metric, and then read off the cor-
rected fluid dynamical stress tensor. In [5], we constructed the boundary stress
tensor 7" and corresponding bulk metric gyy to second order in boundary

3 Note, however, that there are regular solutions which do not fall into the long-wavelength
category, such as small black holes in AdS, which correspondingly are not described by fluid
configurations.
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derivative expansion. This yields a map between fluid dynamics and gravity,
which we now proceed to sketch in more detail.

6.3 Construction of Bulk Metric and Boundary
Stress Tensor

To explain our iterative procedure, we will first review the zeroth order configu-
ration, and then discuss the deformation of this solution to first order.

6.3.1 Oth Order

We start with the stationary solution to Einstein’s equations with negative cos-
mological constant corresponding to the boosted planar Schwarzschild-AdS black
hole:

ds* = —2u, dx" dr + rz(nw, +[1 —f(r/aT)u,u,) dx" dx", (6.3)

where f(r) =1 — % Albeit perhaps less familiar, this form of the solution is very
convenient since the metric is manifestly regular on the event horizon at r = nT as
well as being boundary-covariant. To obtain it from a more familiar form, we can
start with the static Schwarzschild-AdS black hole in the planar limit:

2 2 i) di? )2 d_”z
ds* = < f(r)dr +§i:(d )>+r2f(r),

change to ingoing Eddington coordinates to avoid the coordinate singularity on the
horizon: v =t + r, where dr, = %, and finally “covariantize” by boosting:
v — ux*, x; — Pyx*, where Py, is the spatial projector, P, = Ny T Uplhy.

This solution is now parameterized by four parameters: the temperature 7 and
the boosts u* (which have three independent components in four-dimensions due
to normalization). The metric given in Eq. 6.3 constitutes the Oth order solution in
our iterative procedure. The causal structure of this solution is identical to that of
the static Schwarzschild-AdS black hole: there is a spacelike curvature singularity
at r = 0, cloaked by a regular event horizon, and a timelike boundary. The AdS/
CFT correspondence maps this bulk solution to an ideal fluid characterized by
temperature 7 and fluid velocity u". In particular, the induced stress tensor on the
boundary for d = 4 is

T = BT (" + du'u). (6.4)
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Note that this is an exact solution since the conservation equation (6.1) is
automatically satisfied for this constant stress tensor, and correspondingly the
metric (6.3) satisfies the bulk Einstein’s equations (6.2) for any constant 7" and u".

6.3.2 1st Order

A general fluid configuration in local, but not global, equilibrium can be described
by promoting the four parameters 7 and u* to physical fields dependent on the
boundary coordinates x*, i.e., to T(x) and u”(x). If these fields vary slowly
compared to the microscopic scale lifp, i.€. if

O,logT
T

O u
ey

O(e), O(e)

for small €, the fluid configuration still satisfies the conditions of local equilibrium.
In each local domain of slow variation, which we refer to as tube, the bulk
gravitational solution is approximately that of a uniform black brane. Remarkably,
the bulk solution can be constructed by patching together these tubular domains!
Of course, if we just replace u, and T in the metric (6.3) by 7(x) and u*(x), the

resulting metric (call it gj(‘f;])v) will no longer solve Einstein’s equations (6.2).

Instead, the metric g(A,,(J}V will need to be corrected by higher-order piece (gl(l,;;v, etc.),

which we can obtain iteratively as an expansion in e. We will find that the resulting
corrected metric can be constructed systematically to any desired order, and is
valid well inside the event horizon, thus allowing verification of its regularity. It is
worthwhile to stress that the success of such a procedure rests on the fact the our
seed metric gfg,)\, is manifestly regular on the horizon, since otherwise the expan-
sion would break down near the coordinate singularity at horizon.

To implement the construction algebraically, we express the line element in a
boundary derivative expansion of the fields u,(x) and T'(x), and use € as a book-
keeping parameter (counting the number of x* derivatives):

qn =Dl T=SATY g = (65)
k=0 k=0 k=0

The term g,(lf,])v corrects the metric at the kth order, such that Einstein’s equations

will be satisfied to O(e¥) provided the functions T'(x) and u*(x) obey a certain set
of equations of motion, which turn out to be precisely the stress tensor conser-
vation equations of boundary fluid dynamics at O(k1).

Specifically, we can obtain the equations for g,(;;)v by substituting the expansion
(6.5) into Einstein’s equations (6.2), and extracting the coefficient of O(eb).
Schematically, these take the form
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IO, 7)™ () = 5t (6.6)

where H is a second-order linear differential operator in the variable r alone and s
are regular source terms which are built out of g®) with n<k — 1. Since g (x*) is
already of O(¢k), and since every boundary derivative appears with an additional
power of €, H is an ultralocal operator in the field theory directions. Moreover, at a
given x*, the precise form of this operator H depends only on the local values of
T and u* but not on their derivatives at x*. Furthermore, the operator H is inde-
pendent of k; we have the same homogeneous operator at every order in pertur-
bation theory. This allows us to find an explicit solution of (6.6) systematically at
any order. The source term s; however gets more complicated with each order, and
reflects the nonlinear nature of the theory.

Bit more explicitly, the equations of motion split up into two kinds: Constraint
equations, E,, =0 which implement stress-tensor conservation (at one lower
order), and Dynamical equations E,, = 0 and E,, = 0 which allow determination
of g©. We solve the dynamical equations

g™ = particular(s;) + homogeneous ()

subject to regularity in the interior and asymptotically AdS boundary conditions.
Using the rotational symmetry group of the seed solution (6.3) it turns out to be
possible to make a judicious choice of variables such that the operator H is
converted into a decoupled system of first order differential operators. It is then
simple to solve the (6.6) for an arbitrary source s; by direct integration. For the
details of the procedure, as well as discussion of convenient gauge choice, etc., we
refer the reader to the original work [5] or the review [19].

Instead, here we simply quote the result for the bulk metric and boundary stress
tensor, corrected to first order in e. To first order the bulk metric takes the form

ds* = — 2u, dx* dr + r*(n,, + [1 — f(r/7T)Juu,) dx* dx”

1 1
+2r [% F(r/nT)o, + —u,luva;uui — Eu)@i(uvuu)} dctdx’,  (6.7)

3

where T'(x) and u,(x) are any slowly-varying functions which satisfy the con-
servation equation (6.1) for the zeroth order ideal fluid stress tensor (6.4),

_Oo x? —|—x+l 1 (14721 + )
_/ dx —— 211 4 lln (r“ 2arctan(r) + @

(6.8)

and " is the transverse traceless symmetric part of 0*u” called shear, i.e.
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, 1.
gtV = Pl‘“PVﬁa(auﬂ) _ gpmaauoz.

Note that the first line of (6.7) is simply the zeroth order (boundary-derivative-
free) solution (6.3), whereas each of the terms in the second line have exactly one
boundary derivative.*

The induced fluid stress tensor on the boundary, which can be easily obtained®
from the bulk metric (6.7), is given by

T = n4T4(4u"uV + ) — 2336, (6.9)

Here the first two (derivative-free) terms describe a perfect fluid with pressure (or
negative free energy density) n*7*, and correspondingly (using thermodynamics)
entropy density s = 47*T3. The shear viscosity # of this fluid may be read off from
the coefficient of ¢*” and is given by 7°T°. Notice that /s = 1/(4=), in agreement
with the well-known result of [18].

6.4 Solution to Second Order

In the previous section we have illustrated at first order how our iterative procedure
can be implemented (in principle systematically to any order) to construct a
generic long-wavelength solution. Such a procedure was carried out in [5], where
the bulk metric and boundary stress tensor was calculated explicitly to second
order in the boundary derivative expansion. In this section we will discuss the new
physics which can be extracted from such a construction.

Note that already at first order, the bulk metric (6.7) was a much lengthier
expression than the boundary stress tensor (6.9). This remains true in general; in
fact, already at second order the expression for the metric is far too unwieldy to
write down here. In the following subsections, we will therefore only write the
second order boundary stress tensor explicitly but indicate the bulk metric only
schematically.

* Note that (6.7) does not have any 0,T terms appearing explicitly, since by implementing the
zeroth order stress tensor conservation, we have expressed the temperature derivatives in terms
of the velocity derivatives.

5 We use the standard prescription (cf. [3]),

TH = =2 lim r* (K" — 6%)

r—00

where K, is the extrinsic curvature tensor on a constant-r surface.



6 Fluid Dynamics from Gravity 195

6.4.1 The Four-Dimensional Conformal Fluid from AdS;s

The second order stress tensor can be written as®
T = (aT)*'(p" + du'u’) — 2(nT) o™
v v 1 y v v
+ (nT)2 ((1n2)T§a + ZTfh +(2—-1n2) ngC + Té‘d + Ti]) (6.10)

where the expressions in the second line are given in terms of the fluid velocity and
derived quantities,

P 1
Th = ey 2 s Th = d"o) — 3 prghe, "
, AR R
T = du*a™, Thy = Du"Du’ — 3 P! D Duy, (6.11)
: 1
T} = P"PPD(dup) — §P“VP“/5D(6(,M/;)

with D = u0,,4, = eaﬁwu"‘aﬁu"’ where €,p,, is the Levi-Civita tensor, and as
before P*' is the spatial projector and ¢*” is the shear. Note that all of these
expressions are second order in boundary derivatives (denoted by the 2 in the
subscript).

In fact, one can package the expressions in (6.11) more compactly by using the
decomposition of the 4-velocity gradient 0'u* into transverse, traceless and trace
parts,

, , AR R
0'u* = —a'"u’ + " + o + §9P’”,

where expansion, acceleration, and vorticity, are respectively defined as:
0=20,u", da"=Du', o= P’”P"ﬁa[aum.

We can then rewrite the expressions (6.11) as:

Té‘; _ _20)/)(#02
T = Jp<ua:)>
Ty = 00" (6.12)

T = glig)

1 ) v v ) 1 2
3 WL T+ T = (Da) 4 3 Oc"”

S Here we quote the stress tensor as written originally in [5]; subsequently, slightly simpler and
more general expressions were found; cf. e.g. [19] for a review. (Also, for simplicity we have

absorbed an overall factor of 1671G§f> which would appear in the conventionally defined stress

tensor as conjugate to boundary time translations.)



196 V. E. Hubeny

Here we have adopted the notation employed in e.g. [1], using the angular brackets
around the indices A" to denote the symmetric, transverse, traceless part of A",

It however turns out to be most useful to write the second order stress tensor in
a different basis of operators, 7" ' which are manifestly conformally covariant,
cf. [1, 16]:

sz‘) =TV +kT5 + 0T + LTV + 8T5
and whose coefficients are the physically meaningful transport coefficients.
At first order the only nontrivial transport coefficient is the shear viscosity,

N? 3
=" (aT
n 8n( )

whereas at second order the fluid parameters (relaxation timescales, etc.) extracted
from the stress tensor (6.10) are

”

2—1In2 25
==

e )\‘ =
Tn T 1 T’

_ 2nln2

, A3=0.
nT 3

These coefficients agree with the independent results of [1], who in addition derive
the curvature coupling term, x = - These coefficients correspond to the various
relaxation timescales discussed in the literature (see e.g. [17]) in context of high
energy collider physics. As indicated earlier, the fact that we are dealing with a
particular conformal fluid, namely one that is dual to gravitational dynamics in
asymptotically AdS spacetimes, leads to these coefficients being determined as
fixed numbers.

6.4.2 The Spacetime Geometry Dual to Fluids

Let us now turn to discuss the bulk geometry obtained at the second order in
boundary derivative expansion (whose first order part is given by (6.7)). As
mentioned previously, this bulk solution is “tubewise” approximated by a planar
black hole. This means that in each tube, defined by a small neighbourhood of
given x¥, but fully extended in the radial direction r, the radial dependence of the
metric is approximately that of a boosted planar black hole at some temperature
T and horizon velocity u*. These parameters vary from one position x* to another
in a manner consistent with fluid dynamics. Our choice of coordinates is such that
each tube extends along an ingoing radial null geodesic. Apart from technical
advantages, this is conceptually rather pleasing, since it suggests a mapping
between the boundary and the bulk which is natural from causality considerations.

It is worth stressing that although we refer to the metric written in (6.7) and its
second order extension presented in [5] as “a solution” in the singular form rather
than the plural, these expressions actually correspond to not just a single solution
or finite family of solutions, but rather a continuously infinite family of solutions,



6 Fluid Dynamics from Gravity 197

specified by the four functions 7'(x) and u*(x) of four variables. The flip side of the
coin is that while very general, such a metric is not fully explicit: in order to be so,
we need to use a given solution to fluid dynamics as input.

However, even in the absence of the explicit functional dependence of T'(x) and
u*(x), it is possible to extract certain salient features of any such geometry. The
most important feature of our geometry is the presence of an event horizon. In [6]
we have demonstrated explicitly that the event horizon is regular, and determined
its location in terms of the functions 7'(x) and u*(x). Here we only schematically
motivate these results. Intriguingly, it turns out that the location of the event horizon
re(x*) in the bulk is determined locally by the fluid dynamical data at a point x*
(within the derivative expansion), rather than globally as usual in general relativity.

To motivate this physically, within each tube characterized by a given x*, the
position of the horizon is approximately at ry ~ nT corresponding to that tube.
Since T varies as a function of x, so will the horizon position rgy(x*). In the
corrected solution, the surface r = nT(x) is not the event horizon (for example, it
is not a null surface in general), but if the variation T (x) is slow, the deviation from
the true event horizon is likewise small.

One can determine the position of the event horizon within our perturbation
scheme using the fact that the solution settles down at late times to a uniformly
boosted planar black hole. In particular, if we expand the horizon location as a
series in boundary derivatives, tagged as before by e,

r=rp(x) = nT(x) + Z e iy (),
k=1

then the coefficient functions r(;)(x) are determined algebraically by demanding
that the surface given by r = ry(x) be null.

A very simple toy model which captures the gist of this argument is given by a
time-dependent but spherically symmetric black hole, the Vaidya spacetime:

2
ds? = _(1 —M) v +2dvdr+ r* dQP.
r

This metric describes a four-dimensional asymptotically flat black hole accreting
null dust, so that the mass m(v) increases with time. Assuming that at late times the
black hole settles down to Schwarzschild, m(v) — my as v — oo, and denoting the
location of event horizon by r = rg(v), we can find its position by demanding that
it describes the null surface which at late times approaches the correct event
horizon rg — 2myp as v — oco. Note that the normal n to a null surface will be
simultaneously tangent to that surface and likewise null. For Vaidya, the normal
1-form n = dr — irdv (where "= %) is null when

ra(v) =2m(v) + 2rg(v)ig(v).

Of course, the exact solution to this equation yields the horizon rg(v) non-locally
in terms of m(v), requiring the knowledge of m(v) for all v <oco. However, when
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m(v) varies slowly, so that riz = O(¢), min = O(€*), etc., we can determine this
location in terms of an e expansion. For the ansatz

ru(v) = 2m(v) + am(V)in(v) + bm(V)in(v)* + em(v)2in(v) + - - -

this expansion gives a = 8,b = 64,c = 32,... This toy model illustrates that in
spite of the event horizon being defined globally (as the boundary of the causal
past of the future null infinity) and therefore requiring knowledge of the mass m(v)
for all time v <oo, for slowly varying m(v) we can nevertheless express rg(vo)
solely in terms of m its derivatives at v = v.

Returning to the problem of interest, we can similarly locate the event horizon
ry(x*) in our dynamical non-uniform planar black hole geometry in terms of T, u*,
and all their derivatives, at the given point x*. At first order, the position of the
horizon is unchanged, whereas at second order it is corrected by terms which scale
with square of the shear and vorticity (see [6, 19] for explicit expressions.)

Once we identify the position of the event horizon in our geometry, it is easy to
check that this horizon is regular. In fact, our construction manifestly guarantees
regularity: the only curvature singularity of the seed metric is at » = 0, and the
source terms which appear in correcting the metric order by order do not introduce
any additional singularities. The final issue to check is the regime of validity of our
expansion, and this can be seen to extend well inside the event horizon.

Therefore we have an explicit one-to-one map relating conformal fluid con-
figurations on R*! to asymptotically AdSs inhomogeneous black brane solutions
having regular event horizons. This is a remarkable statement about gravity,
suggesting that fluid dynamical configurations within the AdS/CFT correspon-
dence naturally uphold Cosmic Censorship.

To extract further physics from the position of the event horizon, let us consider
the proper area of its spatial slices. By the second law of black hole mechanics, the
horizon area cannot decrease with time; or equivalently, the expansion of the
horizon generators must be non-negative. A well-known identification with ther-
modynamics translates this statement to that of the entropy increasing, or more
locally, the entropy current having non-negative divergence. Having obtained the
event horizon for our geometry explicitly in terms of the metric functions u*(x)
and T'(x), we can verify these statements, and identify the entropy current naturally
induced on the boundary.

To obtain the boundary entropy current J§ from the bulk geometry, we can pull-
back the area form A on the event horizon to the boundary. We perform this pull-
back along a tube of constant x*, i.e. along ingoing radial null geodesics. This
yields the expression

(4mn) "' = 1+ b (A1 0,50"F + Asw,p0™ + ASR)|u"
+ bz[Blp;vo"M + BQD;VCU‘M]
+ C1bI* + CL* W'D - - (6.13)
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with b = -1 and

1 In2 1 1
AI_Z % nT7 A2:_§7 A3:§7

1 1 (6.14)
B e B, 2 Ci=C=0

which can be easily verified to have non-negative divergence. At leading order, the
divergence is proportional to ¢,,6*" which is manifestly positive for any non-zero
shear. In case of zero shear, the relations By = 2A; and C| + C, = 0 guarantee
non-negativity. We can readily see that these relations are indeed satisfied for the
entropy current given by our gravity dual construction (6.14).

The expression (6.13) was written suggestively in a most general form yielding
a Weyl-covariant entropy current for any set of constant coefficients A;, B;, C;.
In general, to the order we work, the seven coefficients get reduced to five inde-
pendent ones allowing for Weyl-covariant entropy current with non-negative
divergence. From the field theory side, this would therefore suggest a 5-parameter
ambiguity in constructing a sensible entropy current, purely based on the sym-
metries and the requirement that it correctly reproduces equilibrium physics. This
is at first sight puzzling, since our gravity construction seemingly fixed all these
parameters. In fact, this was not quite the case: there is still an ambiguity even on
the gravity side, corresponding to the freedom to add total derivative terms without
changing the horizon area, and the pull-back being ambiguous to boundary dif-
feomorphisms. However, at second order this results in a 2-parameter ambiguity
for Weyl covariant current with positive divergence, so that some mismatch
remains.’

6.5 Summary

One of the most intriguing features of the fluid/gravity correspondence is that it
provides us with a window into the generic behavior of gravity in a nonlinear
regime, mapping long-wavelength (but arbitrary amplitude) perturbations of AdS
black holes to the more familiar physics of fluid dynamics. Apart from the obvious
conceptual advantages, one has a tremendous computational simplification for
numerical studies of gravitational solutions since the fluid dynamics lives in one
lower dimension.

The bulk spacetime solutions discussed here describe a generic (time-dependent
and non-uniform) planar black hole. We have demonstrated that each of these
solutions (with regular fluid data 7'(x) and u,(x)) has its singularities hidden from
the boundary by a regular event horizon. In this sense, all gravitational solutions
dual to regular solutions of fluid dynamics uphold the cosmic censorship

7 Although including higher orders may remedy this discrepancy [21].
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conjecture. Moreover, our construction seems to imply a new variant of Unique-
ness theorem: for a given boundary fluid configuration, there corresponds a unique
regular bulk metric.

At the technical level, the key to our construction lies in utilizing the long-
wavelength regime of fluid dynamics. This allows us to write the bulk metric, and
corresponding boundary stress tensor, to any order in a boundary derivative
expansion in a completely procedural manner. Furthermore, once having obtained
the bulk geometry, this expansion likewise enables us to determine the radial
position of its event horizon, remarkably expressed locally in terms of the fluid
dynamical data. We can then easily verify that the area of this event horizon is
necessarily non-decreasing, in accordance with the Area Theorem. The corre-
sponding entropy current induced from the bulk solution is then guaranteed to
satisfy the Second Law of thermodynamics.

The boundary fluid stress tensor contains new quantities of interest, namely the
various transport coefficients which characterise the fluid. At first order we have
recovered the previously-known value of viscosity and verified that * = ﬁ. More
importantly, we have predicted the second order fluid parameters (7, A1, 42, /3).
This has been of interest in QCD phenomenology, especially in understanding
certain characteristic features of the quark-gluon plasma.

Although (in interest of familiarity and brevity of presentation) we have sket-
ched the fluid/gravity correspondence in the simplest setting, many useful gener-
alizations have already been carried out. One of the earliest such generalizations
involved extending the correspondence to other dimensions, relating a d-dimen-
sional conformal fluid to asymptotically AdS;,; black hole (see [23] for the
interesting case of d = 3 and [8, 13] for general d). More ambitiously, one may
also consider fluids on curved manifolds (rather than just the Minkowski spacetime
Rd’“), as has been initiated in [7]. In addition, one can include matter in the bulk.
This allows for richer dynamics, but typically at the expense of losing universality.
Early examples of such extensions include considering the dilaton (which corre-
sponds to forcing of the fluid) in [7], Maxwell U(1) field [2, 12], multiple Maxwell
fields and scalars, magnetic and dyonic charges, as well as more exotic models
(see e.g. [19] for further references). Moreover, one can even extend the corre-
spondence to con-conformal fluids [10, 15] as well as to non-relativistic fluids
[9, 20], which allows us to make closer contact with familiar everyday systems.

Nevertheless, many future directions and puzzles remain, as well the need for
further generalizations. For example, of particular current interest is to understand
the fluid/gravity correspondence for extremal fluids (and in particular superfluids)
which are presently attracting much attention. Also, to mimic many of the familiar
aspects of fluid flows, we need to understand how to confine the fluid within walls in
the gravity dual. Still more ambitiously, to understand the rich phenomena rooted in
quantum processes, we would like to get a better handle on finite-N effects.

More prosaically, even within the original context, several intriguing issues
deserve further investigation. We have established one-to-one map between long-
wavelength gravitational solutions and solutions of fluid dynamics. Naively, one
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might think of this as merely a low-energy effective description of the AdS/CFT
correspondence. However is it not true that any gravitational solution in AdS
admits a fluid description. In particular, it would be useful to understand the role of
non-long-wavelength bulk classical or semiclassical solutions, such as small AdS
black holes. Likewise, there is room for more detailed bulk analysis, such as
probing the allowed horizon topology and dynamics in more general situations, the
nature of curvature singularity, or Cosmic Censorship.

Another intriguing aspect is the striking difference between the phenomenology
of turbulent flows in 3 + 1 and 2 + 1 dimensions, as pointed out in [23]. In the 3 + 1
dimensional turbulent energy cascade, large scale eddies give rise to smaller scale
eddies, eventually transferring energy down to scales where viscosity becomes
important and energy is dissipated. In contrast, the 2 + 1 dimensional turbulent
flows are characterized by an “inverse cascade,” in which smaller scale eddies
merge into large scale eddies, creating large long-lived vortical structures. If these
qualitative differences extend to relativistic fluids, they would suggest a profound
difference in gravitational dynamics between four and five dimensional gravity.
In particular, we might predict that black holes in AdS4 would take much longer to
equilibrate owing to the fact that the fluctuations on the horizon could coalesce in
macroscopic structures. From the gravitational standpoint, this would certainly
seem very surprising and counter-intuitive.

More generally, our correspondence offers new insight into the black hole
membrane paradigm. The conventional membrane paradigm provides a simple
picture of black hole dynamics in terms of classical physics of fluid living on a
“membrane” (or stretched horizon) just outside the event horizon. Taking a more
general view of trying to encode the black hole dynamics by fluid dynamics
localized on a membrane in the spacetime, the immediate natural question is:
where should such a membrane live? Perhaps the most obvious candidate is the
event horizon; but this is problematic due to its null nature, and more importantly,
because it is globally defined so we cannot fix its position without knowing the full
future evolution of the spacetime. Alternately, several (quasi)local notions of a
black hole have been proposed, such as the so-called dynamical horizon, which
however are spacelike surfaces inside the event horizon, and therefore do not
admit the standard notion of evolution. A more popular suggestion is the stretched
horizon, which is the formulation given by the membrane paradigm. However,
there likewise remain ambiguities in localizing stretched horizon. Within the fluid/
gravity correspondence, the full spacetime dynamics is mapped to the dynamics of
a conformal fluid, which albeit reminiscent of the membrane paradigm, has one
important twist: the membrane lives on the boundary of the spacetime (which is
unambiguously defined and admits a fluid description with well-defined dynam-
ics), and gives a perfect mirror of the bulk physics. This “membrane at the end of
the universe” picture is a natural consequence of the holographic nature of the
fluid/gravity correspondence.

Finally, we have mentioned in the Introduction that one of the outstanding
problems in fluid dynamics is understanding turbulence. We might therefore ask
how relevant is the fluid/gravity correspondence (appropriately generalized) to



202 V. E. Hubeny

tackling such a problem. We argue that the correspondence is indeed relevant and
worth vigorously pursuing further (with a handful of proposals already appearing
in the literature). The important point is that the regime where our derivative
expansion is valid corresponds to large Reynolds number (where the viscous terms
are small relative to the leading order terms), so the phenomenology of turbulence
should be directly relevant to the study of near-equilibrium AdS black hole
dynamics. At least for the widely studied case of non-relativistic fluids described
by the Navier—Stokes equations, turbulence has many striking qualitative features,
including the tendency to dynamically break symmetries as Reynolds number is
increased, the sharp onset of turbulence at critical Reynolds numbers, and an
“energy cascade” in fully developed turbulence in which energy is transferred in a
predictable way between eddies at different scales. Less is known about turbulence
for the microscopically relativistic fluids relevant in our context, but it would be
fascinating to understand the gravitational interpretation for those features that do
generalize to the relativistic case.
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Chapter 7
The Gauge-Gravity Duality and Heavy
Ion Collisions

Amos Yarom

Abstract This chapter provides a review of two particular applications of the
gauge-gravity duality to heavy ion collisions. The first involves a study of the
wake of a quark as it travels through the quark gluon plasma and its possible
connection to measurements of jet correlations carried out at the relativistic heavy
ion collider at Brookhaven. The second section provides, via the gauge/gravity
duality, a lower bound on the entropy produced in a collision of two energetic
distributions. This is then compared to particle multiplicity in gold—gold collisions.

In its simplest form, the gauge-gravity duality [21, 47, 61] relates the planar limit
of N/ = 4 super-Yang-Mills (SYM) at large ‘t Hooft coupling to classical gravity
in an asymptotically anti-de-Sitter (AdS) geometry. The particle content of ' = 4
super-Yang-Mills is completely determined by super-symmetry and includes
gluons, four Majorana fermions in the adjoint representation of the gauge group
and six real scalars also in the adjoint. While some deformations of the N' = 4
SYM theory and their dual are well understood, the string theory dual of quantum
chromodynamics (QCD) is currently unavailable. Nevertheless, there have been
numerous attempts to extract information about the the strongly coupled decon-
fined phase of QCD using AdS/CFT.

A critic may argue that any attempt to compare QCD with A" = 4 SYM or its
variants is destined to fail since there is no control parameter for such a com-
parison. However, even though there is no direct means of comparing the two, one
may be able to address open problems in QCD using the gauge-gravity duality.
This can be achieved either by uncovering universal properties of strongly coupled
gauge theories—ones that are shared by all gauge theories with a holographic dual,
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or by providing a precise answer to a question for which even a qualitative solution
is lacking.

In this chapter, two particular applications of AdS/CFT to heavy ion collisions
will be reviewed. The first involves a study of the wake of a quark as it travels
through the quark gluon plasma and its possible connection to measurements of jet
correlations carried out at the relativistic heavy ion collider at Brookhaven. The
second section provides, via the gauge/gravity duality, a lower bound on the
entropy produced in a collision of two energetic distributions. This is then com-
pared to particle multiplicity in gold—gold collisions.

7.1 The Wake of a Quark
7.1.1 Jet Correlations at RHIC

At the relativistic heavy ion collider at brookhaven (RHIC) two gold ions collide
with a total center of mass energy of about 39 TeV. Each gold ion has 197
nucleons. So, in the center of mass frame each nucleon has an energy of roughly

En~39TeV/(2 x 197) ~ 100 GeV. (7.1)

Given that the mass of a nucleon is roughly 1 GeV, the Lorentz factor for the ions
is roughly a hundred,

Y~ n/MnN 100; (72)

which implies that the ions will be Lorentz contracted. For this reason the moving
ions are usually depicted as flat “pancakes”. See Fig. 7.1. Shortly after the col-
lision thousands of hadrons reach the detector and it is an experimental challenge
to extract information about the intermediate stages of the collision from the final
particle distribution at the detector. Presumably, at the late stages of the collision a

o o

0 0 of o
0% 0% ~o ¢ ~
O(Z% i — o(z% — o @)

[J 4 - 0 &~ / g
OO OO e} (@]
'Oo 'Oo o o o

° °
3 s 4 | ™~

t<0 t>0

Fig. 7.1 A head on collision of two gold ions. Before the collision there are roughly 400 nucleons,
each one has a center of mass energy of approximately 100 GeV. This is why the heavy ions are
usually depicted as flattened ‘pancakes’. After the collision thousands of hadrons reach the
detector. Presumably a quark-gluon plasma is formed in the intermediate stages of the collision
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strongly coupled quark-gluon plasma (QGP) is formed—a configuration in which
the quarks and gluons are strongly coupled but deconfined. Some indication for the
existence of a QGP is the Boltzman distribution of hadrons reaching the detector at
a temperature which is roughly the deconfinement temperature [37].

One method to quantify the resulting distribution of hadrons is a measurement
of the degree of correlation between the emerging hadrons. In proton—proton
collisions it is expected that correlated hadrons are a result of a pair being created
in the collision region: from momentum conservation, the jets reaching the
detector must come out back to back, as shown in Fig. 7.2. In gold—gold collisions,
at mid-rapidity, and when considering trigger jets with transverse momentum in
the range 2.5GeV <pr<4GeV and away-side jets of transverse momentum
1GeV <pr<2.5GeV, instead of back-to-back jets one finds a local minimum in
the correlation function at angles of 7, and a maximum at an angle of, roughly
n— 1 [2-4, 32, 36, 58, 59]. As depicted in Fig. 7.3, this implies that instead of
back-to-back jets, the jets are “split”.

A possible explanation of this phenomenon involves the hydrodynamic exci-
tations of the parton pair as it moves through the quark-gluon plasma [14, 15].
Imagine a pair produced very close to the surface of the plasma such that one of
the quarks/gluons immediately leaves the QGP while its partner has to plow
through the plasma. As the partner particle traverses the plasma it will loose
energy and eventually slow to a halt. But, if its initial velocity is higher than the
speed of sound of the plasma it will create a shock wave. Once hadronization
occurs the energy contained in the shock wave will reach the detector as particles
and the observed signal will be that of a split jet. While such a scenario is con-
sistent with observations, its drawback is that point like excitations such as quarks
also generate a laminar wake far behind them. In the setup we are considering,
such a wake, if it exists, will upon hadronization generate a broad-shoulder like
signal which will be observed, at the detector, at an angle of m instead of the
observed minimum. This is depicted in Fig. 7.4.

While it is true that a point-like source will generate a laminar wake behind it, it is
possible that the collective excitation of the away-side quark, which is what sources
the hydrodynamic modes, is not point-like. It is possible that very close to the quark,
the dynamics of the plasma is not governed by hydrodynamics. On the contrary,

Flg 7.2 A schematic AD=Tc
diagram of the detector
(shaded) and two correlated
hadrons reaching it at an
angle of © relative to one
another. One should keep in
mind that this is a highly
oversimplified picture of the
detector and that in practice
the experimental situation is
much more complex
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Fig. 7.3 A schematic
diagram of the detector
(shaded) and two correlated
hadrons reaching it at an
angle of m — 1 relative to one
another. One should keep in
mind that this is a highly
oversimplified picture of the
detector and that in practice
the experimental situation is
much more complex

AD=n—-1

Fig. 7.4 A simplified picture of a proposed mechanism for the generation of the jet-splitting
effect. The detector is depicted by the gray ellipsoid, and the quark gluon plasma is the light gray
region in the center. A quark pair is created very close to the surface of the plasma (far left). One
quark exits the QGP and appears as a trigger jet at the detector. The other quark traverses the
plasma generating a shock wave (middle), or a shock wave and wake (far right). In the first case,
the signal arriving at the detector will have a local minimum at an angle of =« relative to the trigger
whereas in the second case the signal will have a broad shoulder-like structure

hydrodynamics describes the long wavelength excitations of the QGP far away from
the moving source. What sources the hydrodynamic modes is not the moving quark
(or parton) but rather the quark plus near-field excitation. As was shown in [14, 15], it
is possible that such an effective source for hydrodynamics will not behave like a
point-like particle and therefore will not generate a wake behind it.

While the phenomenological model in [14, 15] seems to explain some of the
data, it is unsatisfying that one needs to assume that the effective excitation of a
quark moving in a strongly coupled QGP is tuned precisely so that a wake will not
be generated behind the quark. Without some handle over the interaction between
the quark and the QGP it is impossible to know whether or not such a model is
viable. This is where the AdS/CFT correspondence comes in. Some attempts at
treating this problem by more conventional methods can be found in, for example
[10, 35, 4649, 55, 56].

7.1.2 A Holographic Computation

As explained in the previous section, it is difficult to compute properties of the wake
of a quark moving in a QCD plasma at temperatures above the deconfinement
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temperature where QCD is presumably strongly coupled. However, it is possible to
carry out an exact computation of the linear response of the QGP to a heavy quark in
the A/ = SYM theory. As emphasized earlier, there is no control parameter which
allows us to go from N = 4 SYM to QCD. Nevertheless, we will see that the results
of the V=4 SYM theory computation will provide important information
regarding the possible validity of the scenario described above where the quark
presumably does not create a wake behind it.

The planar limit of strongly coupled N' =4 SYM is equivalent to the super-
gravity limit of type IIB superstring theory in an asymptotically AdSs x S°
geometry. The string tension o is related to the ’t Hooft coupling, 4, in the gauge
theory, and the number of colors in the gauge theory, N, is related to the gravi-
tational constant in the bulk Gy,

Gy~1/N* o ~Vi. (7.3)

The duality between A' =4 SYM and type IIB string theory can be succinctly
stated as an equality between the partition function of string theory and the gen-
erating function of the gauge theory. In the supergravity limit this implies that the
on-shell supergravity action of /IB supergravity gives the generating function of
the planar limit of A' = 4 SYM. Explaining the duality in detail will take us far
afield, and is beyond the scope of this work. There is an immense body of literature
which explains the internal working of the duality to which the interested reader is
referred to. Some canonical works are [5, 21, 47, 61].

Since the duality provides the generating function for a strongly coupled gauge
theory, we can use it to compute a particular one-point function: that of the stress
tensor (T,). The AdS/CFT prescription for carrying out this computation is as
follows [12, 13, 21, 41, 61]. We work in a gauge where the line element takes the
form:

ds* = L dx'dx’ + L—zd 2 (7.4)
= Z2 g#" Zz Z .

where we have restricted our attention to the five non-compact dimensions and
have omitted an $° part of the line element. The S° will play a minor role in the
current analysis. The energy momentum tensor of the boundary theory can be read
off a near boundary (z — 0) expansion of the metric

S =M + - (T)7* +02) (7.5)

L3
167IGN

where 7 is the Minkowski metric and by ... we mean intermediate terms in the
series expansion.

Let us see how the prescription (7.5) works in practice. Consider first AdSs
space which, according to the AdS/CFT dictionary is dual to the vacuum of the
SYM gauge theory. The line element for a Poincaré patch of AdSs can be written
in the form
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ds* = L—2 (—dt2 + Z(dxi)2> + L—zdz2 (7.6)
722 . 2 '

where z runs from O to co and the other coordinates run from —oo to co. Note that
apart from the overall warp factor L—zz the line element of AdSs space is identical to
the Minkowski space line element; if we look at a surface of constant z = zy then
the induced metric on this surface is precisely that of Minkowski space stretched
by an overall warp factor % See Fig. 7.5. Going back to the prescription in (7.5)
we obtain immediately

(Tw) = (7.7)

(=Nl

(=R
(=N el
(=N}

0

as expected for the vacuum state of N =4 SYM.

Moving on to a more complicated example, we consider the state dual to a
Schwarzschild black hole in AdS which is, presumably, a thermal state with
temperature 7 [61]. Before carrying out such a computation let us see what sort of
stress-tensor we expect for such a state. From a field theory point of view, we
expect that the stress energy tensor for a large N SU(N) gauge theory be pro-
portional to N? the number of degrees of freedom, and in a conformal theory, in the
absence of any other scales, it should also be proportional to T#, from dimensional
arguments. Finally, by studying the variation of the action by an infinitesimal
dilatation one finds that the stress energy tensor is traceless. Hence, in a conformal
theory on expects that

0
Q
Zg 7;
Q
2 A
Z

Fig. 7.5 A cartoon of AdS space. Using the parameterization in (7.6), an observer confined to
z = z9 would not be able to distinguish the surface she lives on from Minkowski space. However,
when moving in the z direction the observer will notice that distances transverse to the z direction
are warped. The boundary of AdS is located at z =0
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Fig. 7.6 A cartoon of an 0
AdS black hole. The patch
covered by the coordinate
system in (7.9) covers the
region of space from the
boundary to the event horizon
which is located at z = zg

Zg
VA
3000
0100
(T,) = CN*T* 00 1 0 (7.8)
0001

where C is a number which depends on the details of the theory.
A thermal state in the gauge theory is dual to a black hole [61]. The line
element of an AdSs black hole is given by

B L2 3 N2 de
ds* = 27 (f(Z)dtz i i=1 (@) +JC(Z) dZ2> 7
where
_1_ (% )
flz) =1 <ZO) (7.10)

The Hawking temperature of this black hole is 7 = 1/(4nzy) and is equal to the
temperature of the thermal state of the gauge theory. If f(z) = 1, we obtain the
AdS geometry given in (7.6). When f(z) is as given in (7.10), the patch of
spacetime we are interested in ends at z = zp, where the event horizon of the black
hole is located. See Fig. 7.6.

To use (7.5) we need to bring the metric in (7.9) to the form (7.4).l This can be
achieved by using a coordinate p such that

L*dz? L*
——=—d 7.11
2 = g% (7.11)
in which case the line element takes the form
LZ p4 4 ) p4 2 LdeZ
ds* == [ ———_)dr* + <1 +-— dx') "+ 7.12
p? (4(p4 +4)z5 4z Z( ) p? (7.12)

! Alternately, we can work in a covariant formalism such as the one discussed in [41].
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Taking the appropriate p — 0 limit of the metric components, we find, in the
notation of (7.4), that
3p4 ,04

=1+ 4100, =1+ 7.13
S +4Z(2)+ (P7) & +4Z(2) (7.13)

Thus, the energy momentum tensor is given by

3000

n? 01 0 0
(Tw>:§N2T4 00 1 0 (7.14)

0 0 0 1

which is precisely the form given in (7.14) with C = n/8.

Recall that our goal in this section is to compute the response of a thermal
medium to a moving quark and to check whether the laminar wake is strong or
weak. We know what the dual of a thermal state is—it is given by the black hole
geometry in (7.9). What we need to do next is place a quark in the thermal
medium. According to [21, 31, 41], a heavy (infinitely massive) quark is dual to
the endpoint of an open string located at the asymptotically AdS boundary. A
stationary quark, for example, would be dual to a string whose endpoint is standing
still at the boundary of AdS. By symmetry, the string must hang straight down into
the bulk of AdS. To formally derive the profile of the string we need to solve the
string equation of motion, with appropriate boundary conditions.

The dynamics of the string are governed by the Nambu—Goto action:

1 o
. / |G 0 X X |dedo (7.15)

where G is the spacetime metric and X is the string embedding function. The
boundary conditions we impose on the string is that its endpoint on the boundary
of AdS is stationary. Just from symmetry, it should be clear that the only solution
to the equations of motion is one where the string hangs straight down into AdS
(see Fig. 7.7) . Thus, if we use a gauge where 1 = X* and ¢ = X°, we find that the
solution to the string equations of motion must be:

Xt=(tr 0 0 0 g). (7.16)

Of more relevance to the problem at hand is a moving quark. i.e., a string whose
endpoint is not stationary. The simplest case to consider is a configuration where
the string endpoint is moving at constant velocity. In this case, if we insert the
ansatz

Xt =(t vi+&(z) 0 0 z) (7.17)

into the Nambu—Goto action (7.15), we find
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0 °

Zg

z

Fig. 7.7 A sketch of an open string hanging into AdS space. The string endpoint located at the
AdS boundary is stationary and its other end stretches into the black hole. Since the boundary
conditions and the equations of motion are rotationally invariant then the solution should have the
same symmetry. Thus, we conclude that the string hangs from its endpoint straight down into
AdS space

1 L2 , 2 V2
SNG = —%/Z—z\/f(z)(f (2))"+1 —f(—z)dzdt (7.18)
= _27105’ / Lngdzdt. (719)

Since the action (7.15) does not depend explicitly on & but only on &, then there is
a conserved quantity II: given by

2 /
O 2f@QEP 1)
Inverting (7.20) we obtain the following equation of motion for &,
202
(5/)2 _ IE (v — f(2)) (7.21)

F (M2 - 47()

Unless the solution is trivial, IT¢ = 0, the only way in which (€)% can be real is
that the numerator and denominator on the right hand side of (7.21) flip sign
simultaneously. Thus,

M =—v (7.22)

where z, is defined through
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flz) =V (7.23)

With this value of Il the solution to (7.21) is

z
Z

= Z
=—"1|In X+ 2 arctan— 7.24
@)=+ Tz - (7.24)

20

Geometrically what we find is that the string is trailing behind its endpoint. See
Fig. 7.8.

At this point we have all the ingredients to complete our computation: we know
how to compute the stress tensor of the boundary theory QGP and we know how to
represent a moving quark in this background. What we are looking for is the
response of the QGP to the moving quark. From the previous discussion this maps
into the response of the metric to the moving string: like a point particle, the string
warps space—time as it moves through it. In other words, as the string moves
through AdS-space it will source the metric. The metric fluctuations near the
boundary map into the response of the medium to the moving quark. See Fig. 7.9.

Fig. 7.8 A sketch of an open 0

string hanging into AdS T
space. The string endpoint

located at the AdS boundary

and is moving at constant

velocity v to the left. The

causal solution to the

equations of motion is that Z

the rest of the string trails

behind its endpoint

z
Fig. 7.9 A sketch of an open 0
string sourcing the metric as T J
it moves through AdS space. \ /
The near boundary value of i

the response of the metric to

the moving string translates

into the response of the

medium to the moving quark Zy

N
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To solve the coupled, string + gravity, problem, consider the total action

167TGN/\/_(R+ )d5
:léiGN/ {VAG(“%)

1
- gng / V—Gaxaxs® (x" —X")drd(f] &x. (7.25)

—GOX0X

The Einstein equations are

A S 6
RN‘ - EG‘”R - EG’M, == T‘uv (726)

where

2mo

8 \/—|Goxax
o — _87Cn / | = |5<5>(x”—X”)@xX”E)%X"d‘cda. (7.27)

We will not write out explicitly the equations of motion for the string. The AdS/
CFT dictionary tells us that

3
Gy = % o = %, (7.28)
SO
(;’IV ~ \]\/,—2'_1 (7.29)
In what follows we will work in the limit where
g < 1. (7.30)

The limit (7.30) is useful since it implies that the energy momentum tensor of the
string 7" decouples from gravity and we can treat it as a linear perturbation. From
the boundary theory point of view we will be looking at the linear response of the
medium to the moving quark.

To proceed consider the expansion

Vi
Gu —GL‘)JFWGM +(’)< ) (7.31)
To leading order, the Einstein equation reduces to
y 6 )
RO _ —G< IRO) EG“))“ =0 (7.32)

whose solution is the AdS black hole we have encountered previously,



216 A. Yarom
. L2 . i dz?
Gidstds* = = (—falr2 + Z(dx )+ 5 (7.33)

Since at this order the metric does not back-react on the string, the solution to the
string equations of motion is the same as before,

XOW = (t,vi+ ¢(2),0,0,2) (7.34)
where we have expanded the embedding function X* in the same way we have

expanded the metric, c.f., Eq. 7.33. The function &(z) is given in (7.24).
At the next order in v/A /N? the equation of motion for the metric takes the form

Vo gt lg(l)mR(O) L cowpm _ 8 o
N2 2 I

_ 4”GN / —1G%9 |G | 15 (xv — 290, X000 X O deds. (735

Written in components, the resulting equation is a rather complicated second order
linear differential equation. There are many good references that explain how to
decouple the various equations [16, 20, 23, 24]. One straightforward way to
simplify them is to

e Work in Fourier space,

a(l) _ /G(l)efi(kl(xlfvt)+k2x2+k3x3)’ (736)

s v

so that the partial differential equation reduces to an ordinary differential equation.
e Fix a gauge. A useful gauge is Gg,l,) = 0 which one might call the axial gauge.
e Use the rotational symmetry in the x*,x* plane to set G;B =0 (u #3).

Even after implementing these points (or using the fancier methods described in
[24]) the equations of motion are still analytically intractable. (Though solutions
can be obtained for very small or very large momentum see [20, 23, 62, 63].) To
proceed, one must resort to numerics.

In most of what remains of this section we will present the final result of the
numerical analysis. Equation 7.35 was solved numerically and the near boundary
asymptotics of the metric (7.5),

3
L @

L) = ’

(7.37)

where used in order to translate the numerical solution into a boundary theory
stress tensor of the form
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(Tom) = Ty + 3 (i) + -+ (7.38)

In Fig. 7.10 we have plotted the numerical expression for the energy density (T&?)
for v =3/4 > 1/+/3. In this contour plot dark regions signify a positive energy

density relative to the background value (Tég)> which has been subtracted. Light
regions correspond to negative energy. The location of the Mach cone is signified
by the dashed line. Clearly, the large distance asymptotics match onto the expected
hydrodynamic behavior, a property which can be confirmed analytically by car-
rying out a large momentum expansion. Since we have good control over the
asymptotic behavior of the solution, we can zoom in on the region near the quark.
At scales which are roughly three orders of magnitude smaller than the ones in
Fig. 7.10 we find that a new structure emerges. This can structure is depicted in
Fig. 7.11. The dashed line in this figure signifies the location of the Mach cone.
The fact that the features of this plot are not associated with the Mach cone
provides evidence that the physical mechanism responsible for the energy distri-
bution close to the quark does not have a hydrodynamical origin. Further evidence
for non hydrodynamical behavior is given by the extra lobes, appearing at
velocities above the speed of sound. In fact, there is an apparent transition from a
configuration where there is a region of energy depletion behind the quark to a
configuration where there is a region of energy depletion in front of the quark. The
physical mechanism responsible for this behavior is unclear at the moment. But, as
we will see shortly, it might play an important role in the jet-splitting effect.

E for v=0.75

0.0027

Fig. 7.10 (Reproduced from [24].) A contour plot of the energy density (7%°) surrounding a
massive quark moving in the N'=4 SYM plasma. The quark is located at the origin. Dark
regions correspond to a higher energy density the surrounding plasma and light regions to a lower
energy density. The dashed line signifies the location of the Mach cone
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E for v=0.75
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Fig. 7.11 (Reproduced from [24].) Energy density for a massive quark moving through an
N = 4 SYM plasma. The quark is located at the origin. The extra lobes which can be observed in
the figure and the mismatch between the location of the Mach cone and the regions of over-
energy indicate that the physical mechanism responsible for the near field is not hydrodynamical
in origin

S for v=0.75

Fig. 7.12 (Reproduced from [24].) The Poynting vector §' = (T%) for a massive quark moving
through an A" =4 SYM plasma. The quark is located at the origin. The magnitude of the
Poynting vector is color coded from light to dark. The arrows signify its direction. The dashed
and thick lines specify the location of the Mach cone and laminar wake—according to a
hydrodynamic analysis

We had set out to find the strength of the wake behind the moving quark. This
wake manifests itself as a flux of energy far behind it. It can be observed by
computing the Poynting vector (T%). From Fig. 7.12, we see that there is a strong
wake behind the quark. A closer study shows that the far-field behavior of the
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wake is precisely the one expected of a point particle [25, 27, 29, 30]. Thus, a
heavy quark in N’ =4 SYM generates a strong wake behind it—so strong that
once the QGP hadronizes, instead of a minimum at A® = 7 a broad-shoulder like
structure should appear. At this point it should be mentioned that this sort of
behavior is not unique to the N = 4 theory and that a strong wake will appear for
any theory with a holographic dual [29, 30].

In [11, 51], the AdS/CFT analysis described so far was taken one step further. It
is possible to estimate the final distribution of hadrons reaching the detector from
the energy distribution of the QGP using a mathematical prescription which goes
under the name of ‘Cooper—Frye hadronization’ [17]. Of course, the N’ = 4 SYM
theory does not have a confined phase, but nevertheless, it is interesting to ask
what the hadron distribution would look like had the A =4 SYM plasma hadr-
onized. Following the discussion in this section, one would expect that the
appearance of a wake in these theories will result in a high degree of correlation
between events reaching the detector at an angle of m (and with appropriate
transverse momenta) and the trigger jet. It turns out that this is not the case.
Surprisingly, even though there’s a strong wake, jet splitting does seem to occur.
As discussed in [50], this effect comes about in an unexpected way: it is not the far
field behavior that is responsible for the effect but rather the near field which was
observed in [23, 62]. The relation between this observation and the actual data at
RHIC is unclear. One might treat it as an indication that the correct physics
responsible for the jet-splitting effect lies in the near field energy distribution
around the quark and not in the far-field hydrodynamic behavior. Certainly, further
study is warranted.

7.2 Entropy Production

Information about the entropy produced during the collision process can be
obtained my measuring the total particle multiplicity. Recall that before the col-
lision we have two pancake shaped gold ions, and after the collision thousands of
particles are produced (see Fig. 7.1). Certainly, a large amount of entropy is
created in this process. One method of estimating the amount of entropy produced
is to compute the entropy per hadron for a gas of hadrons at the deconfinement
temperature, which according to [26, 52] is

s/N~1.5, (7.39)

and multiply this ratio by the total amount of charged hadrons reaching the
detector. Figure 7.13 shows a plot of the total number of charged particles pro-
duced in the collision process as a function of the center of mass energy.

In this section we would like to construct a process dual to a collision and then
use the AdS/CFT correspondence to estimate the amount of entropy produced. As
is well known, the A' =4 SYM theory is deconfined, so it would be difficult to
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Fig. 7.13 Total number of
charged particles reaching the
detector as a function of
center of mass energy. The 4000 F )
total multiplicity is
proportional to the amount of ~ 3000F
entropy produced during the
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. 2000 [
collision process. Data taken ]
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generate a collision of ions. But, one can consider a collision of two energetic
distributions. If these distributions thermalize and generate a thermal state then
entropy will be produced.

There are many setups one can use to generate a boundary theory configuration
where a thermal state is produced. In this section we use the simplest setup we
could think of: the collision of two light-like particles in the bulk of AdS (see
Fig. 7.14). This is the simplest case to consider since, as we will see shortly, one
has some control of the back-reacted geometry.

Consider the action of gravity coupled to a light-like particle:

1 12 1
S = —IG|[ R+ =) — G ,,0,X"X"d 7.40
ioi: [ VTG(R4 3 )t [ Guoecar o)

where the term on the right hand side is the action for a point particle: e is the
einbein on the particle worldline and # parameterizes it. To start, we wish to
describe a single light like particle moving in the bulk of AdS at some constant
depth z = z, (see Fig. 7.15).

The equation of motion for a light-like particle in AdS admits a solution in
which the particle moves along a line of constant z = z,. The equations of motion
for the metric are

1 6
Ry = 5 GuR = 75 Gy = 871Gy T . (7.41)

Fig. 7.14 A head-on 0
collision of two light-like

particles moving along the

light-like geodesic z = z, in

an AdS background zZ,| @— -—e
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Fig. 7.15 A single lightlike 0
particle moving along the
lightlike geodesic z = z, in an
AdS background
z,|®o—
z
Working in light-like coordinates:
— 3 _ 3
u=t—x’, v=t+x (7.42)
we find that
T = 2 ()0 3(x")8 (2 4
w = 5 3(u)3(e = 2)5(x)3(%) (743)

and all other components of the energy momentum tensor vanish. Plugging the
ansatz

L? I
ds® = 2 (—dudv + E (dx')? 4 dZ* + %d)(xl X2 z)5(u)du2> (7.44)
i=1

into the equations of motion (7.41), one finds a single non trivial equation:

2 1 E4
i 3>(D:_67TGNZ

2.1 Z
(EazzaﬁL—(aﬁag) -1 73 3(z — z.)0(x")o(x?). (7.45)

The solution is

o 2.5 = 20 <1+8q(1+q) —4/q1 +q(1 +2q)> (7.46)
L q(1+q)
where
- () + 02+ (= 2)? (7.47)

4z.2

Equation 7.46 gives the response of the metric to a moving light like particle.
Moreover, it is a full solution to the fully back-reacted gravity plus lightlike
particle system. One way to see this is to take a black hole solution and boost it to
the speed of light [26]. The first study of such configurations in flat space—time can
be found in [6]. Shock-waves in the context of AdS/CFT were discussed in [19, 33,
34, 54, 57].
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With the solution for a single point-like particle at hand we can easily construct
a solution involving two lightlike particles, as depicted in Fig. 7.14—at least for
spacetime points outside the future light cone of the collision. See Fig. 7.16.
Outside this region causality tells us that we can add the solutions for the two
lightlike particles. In other words the line element

2
ds* = 5—2 —dudv + ;(dxi)z +d7* + %@5(V)dv2 + %@5(14)61142 (7.48)
with @ given in (7.46) is a solution to the Einstein equations in the presence of two
lightlike particles in the region outside the future light-cone of the collision point.

We would eventually like to see a black hole form, and to compute its area
which is dual to the entropy produced in the collision. To that end we need control
over the metric in the future light cone of the collision. This is because the
definition of an event horizon is non local and requires information on geodesics
reaching future null infinity. Heuristically, the event horizon can be defined as the
boundary of all the causal curves reaching future null infinity. Unfortunately, it is a
difficult problem to solve for the metric in the future light cone of the collision
point. So, instead of carrying out a direct computation, we follow a different
strategy. There is another notion of a horizon called an apparent horizon or a
marginally trapped surface. A marginally trapped surface (in a five dimensional
spacetime) can be heuristically defined as a three dimensional surface for which
the outward pointing null vector propagates neither inward nor outward and the
other null vector propagates inward. A more formal definition of a marginally

Fig. 7.16 A spacetime \ t |
diagram of a constant z slice | [
of AdS space. Causality N [
dictates that the two lightlike
particles affect each other . l
only on or inside the future s
light cone of the collision 0" i
point -

Xz’ X3



7 The Gauge-Gravity Duality and Heavy Ion Collisions 223

trapped surface is the following: let ¢, and n, be the null normal vectors to the
surface. Then, a marginally trapped surface satisfies:

© = W'D, = 0. (7.49)

O is called the expansion, and 4"’ is the induced metric on the surface. The virtue
of a trapped surface is that its definition is local, so one can compute it even
without knowing the full geometry. Barring some issues regarding cosmic cen-
sorship, one can argue that a trapped surface will also always be on or inside an
event horizon. The latter property turns out to be very useful; the area increase
theorems of general relativity tell us that the area of an event horizon can only
increase. Thus, we can use the following strategy to obtain a lower bound on the
area (and thus the entropy) of the black hole which forms in a collision of two
lightlike particles: We find a marginally trapped surface and compute its area.
Since the marginally trapped surface is located inside or on the event horizon of
the black hole, the area of the black hole should be bigger or equal to the area of
the trapped surface. Following the area increase theorem, this area provides a
lower bound on the final area of the black hole and so on the entropy of the
configuration.

Thus, our main challenge reduces to finding a marginally trapped surface. In
what follows we use an ansatz first suggested by Penrose [53], and elaborated on in
[18, 64]. The ansatz is that the trapped surface is composed of two parts. Part I is
the surface u = 0 and v = —y(g), where ¢ is as given in (7.47) and  is a function
which will be determined shortly. Part II of the surface is given by v = 0 and
u= —y(q). We will find y by requiring that the expansion, defined in (7.49),
vanishes on the surface. A null normal to part I of the surface is given by

1 —
(Ddx" = Adu + B(dv + dy). (7.50)

Requiring that this vector is lightlike and outward pointing implies that*

A——l(alp)2 B——i (7.51)
-4 L '
The inward pointing null vector is given by
Dt — L oy 4 Z
n, dx = —Z(&p) du—l—ﬁ(dv—&-dlﬁ). (7.52)

From symmetry the normals in part II of the surface will take the form

1 7
11 _ 2
n{Ddx = =5 (O)"dv + 75 (du + dif). (7.53)

2 Note that the metric is singular at # = 0 and v <0. In order for the metric to be finite we used
the coordinate transformation v — v 4 £ ¢(¢)©(u) with @ the Heaviside step function which is
unity when its argument is positive.
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1 7
1l _ 2
(M dx = — 7 (W)’ dv — 2 (du + dyp). (7.54)

Once we have the null normals, to compute the expansion we need the induced
metric Ay, which, by definition, is orthogonal to both normals. Using an ansatz

h, = 0, + ALl + B({un' +n,l") + Cnyn” (7.55)

for the induced metric, the unknown functions A, B and C can be determined
through the condition that

W0, =0 and K, =0. (7.56)

With ¢ and & at hand we can compute the expansion and find a function  for
which the expansion vanishes. Defining ¥ = %w the vanishing of the expansion,
® =0, is equivalent to

(q(l +q)a§+%(1 +2¢)9, —3> (¥ -®)=0 (7.57)

where ® is given by (7.46) and ¢ is as in (7.47).” The boundary conditions implied
by continuity of the normals are

Ylc=0 and (0¥)’|.=4. (7.58)

where C is the mutual boundary of regions I and II. Note (7.57) and (7.58)
constitute a rather unusual boundary value problem since we are imposing both
Dirichlet and Neumann boundary conditions. The equivalent electrostatic problem
would be to solve the Laplace equation on a surface C where the potential vanishes
and the electric field has a specified non zero value. The problem isn’t over-
determined since to solve such a problem we need to find both the surface C and
the electric potential. Going back to the problem at hand, we note that the
homogenous equation (7.57) admits two solutions only one of which is finite at the
origin:

¥Y—-0=(1+29)K (7.59)
where K is an undetermined integration constant. From symmetry, the boundary C
should be a surface of constant g, g = g¢. Plugging the general solution (7.59) into

the boundary conditions (7.58) we find that the latter turn into algebraic
constraints,

3 It is no coincidence that the resulting equation depends only on ¢. The variable g can be
thought of as a radial variable of the AdS hyperboloid which one finds when embedding AdSs
in R*?.
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EGN (D(qc)
— =2q.(1 (1 +2qg.) K=——".
I qc(1+qc)(1+2q.) T+ 200

(7.60)
Solving (7.60) we can find both ¥ and the surface C.

Recall that our goal was to find a marginally trapped surface, compute its area,
and use that as a lower bound on the entropy of the black hole produced. The area
of the trapped surface is given by

I X2dx
A= / Vhsd®x = = 4nL3/ (7.61)
/1 2
0 o

where x. = 24/qc(1 4 qc¢). This integral can be computed explicitly, but we will
only need its asymptotic form:

2A L 2/3 -1
o =75 ) e (14 0((B2) ™). 7.62
s = (6 ) @B (14 0( (82 762
Using the Bekenstein—Hawking law for the black hole entropy we find that a lower
bound on the entropy of the resulting black hole is given by (7.62),

A

Sy = ——
b7 26y

(7.63)

We now have an exact solution to a well defined problem in classical gravity. The
next step in our analysis is to map this into a boundary quantities. First, consider
the early stages of the collision. Recall from (7.5) that the boundary theory stress
tensor is related to the metric through

L o
Tm = 5 7.64
< "> 4 B GN 8 mn ( )
Expanding the metric in (7.44) in a near boundary Taylor series and extracting the
appropriate coefficient in the series expansion we find that

2EZ 2EZ
(Tus) = ﬁé(”) (Tw) = o3
n(x? +22) n(x] +23)

o(v). (7.65)
Thus, from the boundary point of view we are looking at the collision of two
energetic objects moving at the speed of light and with an energy distribution
which is spread in the transverse directions. The total energy of such a configu-
ration is given by E and the energy averaged RMS size of the distribution is given
by 22 = [(T..)x* d*x. It is natural to identify the energy of the lightlike particle E
with the beam energy,

E=19.7TeV (7.66)
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and to identify z, with its QCD counterpart which can be estimated using a
standard exponential-like distribution of the nucleus, see, for example [1, 40]. We
find

z. =43fm (7.67)

To fully convert the entropy bound (7.63) to a boundary quantity we need to
identify Gy with N2. For the N' = 4 SYM theory one has

nl3
Gy =—. 7.68
N 2N2 ( )
A more general version of (7.68) is
Vs
=— 7.
Gy N2 (7.69)

FIX! where Vs is the volume of a five dimensional compact space. Assuming Vs is
tunable, we have some freedom in choosing Gs/L? 4 Recall from (7.5) that
303

Too) = ————. 7.70
(Tw) = 162 (7.70)

This can be compared with the lattice prediction,
<T00>lattice ~1Tr (7'71)
for QCD. Comparing (7.70) with (7.71) we obtain

L3
—~2 (7.72)
Gs
(which is unfortunately small.)
Using (7.66), (7.67) and (7.72) in (7.62), we find

~ s\ 22
S, = 35,000 (72(;0 o) (7.73)

Figure 7.17 shows a comparison of the data obtained at RHIC with the lower
bound on the entropy [converted to total multiplicity using (7.39)]. While the
bound is in surprisingly good agreement with the data, there is some cause for
worry. More traditional models relating the total entropy produced to the beam
energy predict a scaling behavior of the form S, ~ E'/2 instead of the E*/? scaling
given in (7.73). While the current data agrees with both the 2/3 scaling and the
1/2 scaling, at energies as high as the LHC energies, the prediction of (7.73) is

* Until now we have ignored the compact five dimensional manifold attached to every point in
AdSs space.
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Fig. 7.17 (Reproduced from [26].) Various models which predict total multiplicity as a function
of center of mass energy. The bound on the shaded region marks the allowed region according to
the AdS/CFT model described in the main text. The thick blue line follows from Landau’s model

[41] which predicts an S, ~ E'/2 behavior. The data points were taken from [7]

150% higher than the traditional predictions. It is tempting to speculate that this is
not a problem but a prediction of AdS/CFT. However, a closer look at the
approximation being made shows us that, in the particular problem we are dealing
with, the relation between the gauge-gravity duality and QCD is, perhaps, being
pushed too hard. There are two important features of QCD that the AdS/CFT
duality does not capture. One is asymptotic freedom and the other is confinement.
Both these features of QCD may play an important role in the early stages of the
collision.

So how can we estimate what effect these features have on the entropy bound?
As a general rule of thumb the infrared physics is captured by the geometry far
from the boundary (large values of z) while the ultraviolet physics are captured by
the near boundary geometry. Thus, as a very (very) coarse approximation of UV
and IR effects we can simply chop off the parts of the trapped surface below a
certain IR cutoff and above a UV cutoff. As depicted in Fig. 7.18, the result is that

e )

Fig. 7.18 The effects of the UV and IR cutoffs on the area of the trapped surface. The surface is
depicted as a cylinder. Once the energy of the collision is large enough, the trapped surface enters
the UV and IR regions where its area gets modified
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Fig. 7.20 A cartoon of an off
center collision of two heavy
ions. The nucleons outside
the interaction region (boxed)
are “spectators” and do not
participate in the collision
process

the area of the trapped surface will decrease as it enters the UV and IR region.’
With Ayy = 2GeV and Ajg = 0.2GeV, we find that at RHIC energies Sj, ~ E*/3
as before, but at LHC energies the power law dependence of S, on E decreases
appreciably until it reaches S, ~ E'/? [28].

Until now we have focused on central collisions. It is also possible to consider
off center ones, i.e., ones where the impact parameter is non zero (see Fig. 7.19).
Ideally one would like to measure the total particle multiplicity as a function of the
impact parameter. In practice the impact parameter is difficult to measure. What is
measured instead is the number of nucleons participating in the collision Npa. Due
to confinement, only those nucleons that are in the interaction region will par-
ticipate in the collision. This is depicted in Fig. 7.20. The other nucleons are
“spectators” and are detected by the paddle detectors located along the beam axis.
In practice, the data is usually presented in a plot such as the one in 7.21 where the
dependance of the ratio of the total multiplicity to the number of participating
nucleons is presented as a function of the number of participating nucleons.

From the point of view of the gauge-gravity duality, generating an off center
collision of light-like particles is straightforward: One considers colliding
light-like particles with a non trivial impact parameter. From the bulk point of
view the impact parameter can be both in the radial AdS direction z, and in the

5 Actually, a closer analysis shows that the UV region is more important than the IR region. This
is because the AdS warp factor L/z diverges near the boundary.
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transverse x?, or x* directions. The former would correspond to a head-on collision
of different sized energy distributions and the latter to an off center collision of
identical nuclei. It is interesting that in a conformal theory these two setups are
related by a conformal transformation. In what follows we will focus on an impact
parameter in the x?, x* plane.

When dealing with an off center collision, one complication is that the initial
configuration, and the shape of the trapped surface have less symmetry. One way
around this is to solve the problem numerically [42]. Another is to work pertur-
batively in the impact parameter [28]. In the latter case, one finds that

/3 iop—l
\/SNN 23 sinh B
S, = 35,000 7.74
b ’ (200 GeV) B/1+ (7.74)

where f is related to the impact parameter b in the boundary theory through

B =0.12b/fm. (7.75)

To compare equation (7.74) with the data, we need to somehow convert the value
of the impact parameter to the number of participating nucleons. This can be done
using a standard optical-Glauber method. We once again refer the reader to the
literature [28, 38, 39, 45] for details.

In Fig. 7.21 we have plotted the lower bound on the entropy given in (7.74)
together with the data. As can be clearly seen, once the impact parameter becomes
large the dependance of N on Ny, deviates from a linear one. Even if we include a
UV and IR cutoff the situation does not improve by much. One possible reason for
the deviation from linearity is that in the strongly interacting conformal theory
there are no spectator particles: as opposed to a collision of two ions, after the
collision, spatially separated distributions will still interact. To somehow take the
“spectators effect” into account we can identify the photon energy E not with

sy =200 GeV snn =130 GeV
N, charged/ N, part N N, charged/ N, part NN
20 ¢
20 ¢
o, Allowed Aag Allowed
s 10, 15+ 0 (',,[U/]‘
it et it SIREE
10 | 10 +
5t Forbidden 5t Forbidden

N, part N, part

50 100 150 200 250 300 350 50 100 150 200 250 300 350

Fig. 7.21 (Reproduced from [28].) Ratio of the total multiplicity Nchargea to the number of
participating nucleons Ny as a function of Np,. The inner red region marks the allowed region
according to the AdS/CFT model without imposing a UV and IR cutoff. The outer green region
marks the region which is allowed once a cutoff is introduced. The data was taken from [8]
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Fig. 7.22 (Reproduced from [28].) Ratio of the total multiplicity Nchargea to the number of
participating nucleons Np, as a function of Np,. The red region marks the allowed region
according to the AdS/CFT model once one makes the replacement (7.76) which takes into
account the non-participating nucleons, or spectators. See the main text for details. The data was
taken from [8]

the beam energy but with the energy of the nucleons participating in the collision.
Thus in (7.74) we should make the substitution

VSNV = /SNNNpart /394 (7.76)

With this substitution the fit to the data seems much better. See Fig. 7.22. How-
ever, one can not escape the feeling that the manipulation that lead to this sort of fit
is somewhat contrived and that one can do better. It would be interesting to carry
out this analysis in a background which does capture effects such as confinement
and asymptotic freedom in a controlled way.
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Chapter 8
AdS/CFT on the Brane

Jiro Soda

Abstract It is widely recognized that the AdS/CFT correspondence is a useful
tool to study strongly coupled field theories. On the other hand, Randall-Sundrum
(RS) braneworld models have been actively discussed as a novel cosmological
framework. Interestingly, the geometrical set up of braneworlds is quite similar to
that in the AdS/CFT correspondence. Hence, it is legitimate to seek a precise
relation between these two different frameworks. In this lecture, I will explain how
the AdS/CFT correspondence is related to the RS braneworld models. There are
two different versions of RS braneworlds, namely, the single-brane model and the
two-brane model. In the case of the single-brane model, we reveal the relation
between the geometrical and the AdS/CFT correspondence approach using the
gradient expansion method. It turns out that the high energy and the Weyl term
corrections found in the geometrical approach correspond to the CFT matter
correction found in the AdS/CFT correspondence approach. In the case of two-
brane system, we also show that the AdS/CFT correspondence play an important
role in the sense that the low energy effective field theory can be described by the
conformally coupled scalar-tensor theory where the radion plays the role of the
scalar field. We also discuss dilatonic braneworld models from the point of view of
the AdS/CFT correspondence.

8.1 Introduction

It is believed that string theory is a candidate of the unified theory of everything.
Remarkably, string theory can be consistently formulated only in 10 dimensions [1].
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This fact requires a mechanism to fill the gap between our real world and the higher
dimensions. Conventionally, the extra dimensions are considered to be compactified
to a small compact space of the order of the Planck scale. However, recent devel-
opments of superstring theory invented a new idea, the so-called braneworld where
matter resides on the hypersurface in higher dimensional spacetime [2-6] (see also
earlier independent works [7, 8]). This hypersurface is called (mem)brane. This idea
originates from D-brane solutions in string theory. Interestingly, the D-brane solu-
tion also gives rise to the AdS/CFT correspondence which claims that classical
gravity in an anti-de Sitter(AdS) spacetime is equivalent to a strongly coupled
conformally invariant field theory (CFT). Since the origin is the same, braneworlds
and the AdS/CFT correspondence may be related to each other. In particular, Randall
and Sundrum (RS) braneworld models [9, 10] have a similar geometrical setup to that
in the AdS/CFT correspondence. Hence, in this lecture, I will try to reveal relations
between the AdS/CFT correspondence and RS braneworld models [11].

The method we will use is the gradient expansion method. Physically, it is a low
energy expansion method. Historically, the method has been used in the cosmo-
logical context [12—15]. In particular, it is known to be useful for analyzing the
evolution of cosmological perturbations during inflation. Since the AdS spacetime
can be regarded as the inflating universe in the spatial direction, the gradient
expansion method is also expected to be useful in the AdS spacetime. First, by
utilizing the gradient expansion method, we approximately solve Einstein equa-
tions in the bulk. Then, the junction conditions at the brane give the effective
equations of motion on the brane. Thus, we can understand the low energy physics
in the braneworld. The similar but slightly different method is also used in the
AdS/CFT correspondence. We will identify a concrete relation between the geo-
metrical and the AdS/CFT correspondence approach by detailed comparison. The
difference shows up when we consider two brane systems. Indeed, we do not have
the conventional AdS/CFT correspondence for the two-brane system. Instead, we
have a conformally coupled radion on the brane which reflects the conformal
symmetry of the theory. This observation is useful for understanding why brane
inflation suffers from the eta problem. It is apparent that the gradient expansion
method can be applicable to various braneworld models. Moreover, as we will see,
the gradient expansion method provides a unified view of branworlds and a useful
tool to make cosmological predictions.

The organization of this lecture is as follows: In Sect. 8.2, we introduce RS
models and derive the effective Friedman equation on the brane. Here, two
important corrections, i.e., the dark radiation and the high energy corrections, are
identified. This sets our starting point. In Sect. 8.3, we review two different views
from the brane, namely, the AdS/CFT correspondence and the geometrical
holography. These two frameworks give us a complementary picture of the
braneworlds. In Sect. 8.4, we present key questions to make our concerns manifest.
In Sect. 8.5, we review the gradient expansion method. In Sects. 8.6 and 8.7, we
apply the gradient expansion method to the single-brane model and to the two-
brane model, respectively. We obtain the effective theory for both cases. In
Sect. 8.8, we give answers to the key questions. This completes explanation of
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relations between the AdS/CFT correspondence and RS braneworld models. In
Sect. 8.9, we extend our analysis to models with a bulk scalar field. Since the
presence of bulk fields would break the conformal invariance, it is interesting to
consider dilatonic braneworlds in conjunction with the AdS/CFT correspondence.
The final section is devoted to the conclusion.

8.2 Braneworlds in AdS Spacetime

In this section, we will introduce RS braneworld models. We will derive the
effective Friedmann equation and identify the effects of extra-dimensions. In this
lecture, we will concentrate on cosmology although we can apply the results to
black hole physics.

8.2.1 RS Models

Randall and Sundrum proposed a simple model where a four-dimensional brane
with the tension ¢ is embedded in the five-dimensional asymptotically anti-de
Sitter (AdS) bulk with a curvature scale ¢. This single-brane model is described by
the action [10]

1 12 —
S:ﬁ dSX\/—_g(R-‘rg—z) — a/d4xv —h+/d4x —hLmatter, (8.1)

where R and x? are the scalar curvature and gravitational constant in five-
dimensions, respectively. We impose Z, symmetry on this spacetime, with the
brane at the fixed point. The matter L, iS confined to the brane. Throughout this
lecture, h,, represents the induced metric on the brane. Remarkably, the internal
dimension is non-compact in this model. Hence, we do not have to care about the
stability problem. The basic equations consist of the equations of motion in the
bulk and junction conditions at the brane position due to the presence of the brane.
Alternatively, the basic equations can be regarded as the 5-dimensional Einstein
equations with singular sources. Let us recall the 4-dimensional components of
5-dimensional Einstein tensor can be expressed by

5 @
Guw =G+ LKy — K]+, (8.2)

where L,» denotes the Lie derivative along the unit normal vector to the brane, n*.
Here, we defined the extrinsic curvature by
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K= —(5” - nun”)vpn‘,. (8.3)

By integrating Einstein equations along the normal to the brane, we obtain the
jump of the extrinsic curvature (K}, — gwK™*) — (K, — K ~) from the left hand
side and the total energy momentum tensor on the brane from the right hand side

due to the delta function sources. Thus, taking into account the Z, symmetry

Ky = KH*‘, = —K,,, we obtain the junction conditions
12
[K#v - 5€K] atthe brane = 7 (_0'5’; + T”v) (84)

Here, T, represents the energy-momentum tensor of the matter.
Originally, they proposed the two-brane model as a possible solution of the
hierarchy problem [9]. The action reads

L[ 12

- Z ai/d4x —h; + Z /dﬁ@ﬁinmer,

=3, i=9,0

s
(8.5)

where & and © represent the positive and the negative tension branes, respec-
tively. In principle, one can consider multiple-branes although they are not dis-
cussed in this lecture.

8.2.2 Cosmology

The homogeneous cosmology of the single-brane model is easy to analyze [16].
Because of the Birkoff theorem due to the symmetry on the brane, it is sufficient to
consider AdS black hole spacetime:

d 2
ds* = —h(r)df* + Wrr) + P[dg? + f2(x) (d? + sin> 0dg?)],  (8.6)
where
siny fork=1
fi=XK 1« fork =0 (8.7)
sinhy fork=—1
and
M 2
h(r) =k — = +2 (8.8)

8_2 .
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identif]

Fig. 8.1 The Minkowski brane represented by the dotted line is a static brane in the Poincare
coordinate system of the AdS spacetime. While, the cosmological brane represented by the thick
line is moving in the bulk. The motion of the brane induces the expansion of the brane universe.
The Cauchy horizon of AdS spacetime corresponds to the big-bang singularity. In the case of
AdS-Schwarzschild spacetime, the horizon should be the past horizon of the black hole. The big
bang is located beyond the horizon

Note that M is the mass of the black hole, & is the curvature of the horizon and /¢
is the AdS curvature radius. Suppose the brane is moving in this spacetime with a
trajectory ¢t = t(t) ,r = a(t), where 7 is a proper time of the brane (see Fig. 8.1).
The induced metric on the brane becomes

45 = —d7 + () [d7 + () (AP +sint 00g?)]. (89)

This is nothing but the Friedman-Robertson-Walker spacetime where a is the
scale factor. The motion of the brane cannot be arbitrary. It is constrained by the
junction condition:

Ko K2

, 1
where K%, T*,, T are a yy component of the extrinsic curvature, a yy component
and the trace part of the energy momentum tensor of matter on the brane,
respectively. From the normalization condition #*n, = 1 of the unit normal vector
n* = (—a,1), we obtain

(8.11)

Here, the dot is a derivative with respect to the proper time 7. Now, one can
calculate K, as

0

r 1 r
K, =-V,un,=—-0n,+ Fxx = —En a—ygxx. (8.12)
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Hence, from Egs. 8.10, 8.11 and 8.12, we have an equation

1 > K2
—vVh(a) +a*> =— (o +p). (8.13)
a 6
Thus, we get

k M &«

4= 2 8.14

a? a“+ +az 36 (o +p)" ( )

or
k*e? 1 ko k M
=" 0, Sy 8.15

%6 2T 2t a 36" (8.15)

By setting k>¢/ = 6, we finally derived the effective Friedmann equation as
[17-21]

k& M K
H2=—;+§p+g+%p2, (8.16)
where H = a/a is the Hubble parameter. The Newton’s constant can be identified
as 8nGy = k2 /{. The curvature of the horizon k corresponds spatial curvature of
the universe. The black hole mass M is referred to as the dark radiation [22] which
is not real radiation fluid but a reflection of the bulk geometry. This effect exists
even in the low energy regime. The last term represents the high energy effect of
the braneworld [23].

As to the two-brane model, the same effective Friedmann equation (8.16) can
be expected on each brane because the above Eq. 8.16 has been deduced without
referring to the bulk equations of motion.

Given this cosmological background, it is natural to investigate cosmological
perturbation in the braneworld [24]. In the case of the single-brane model, it is
shown that the gravity in Minkowski brane is localized on the brane in spite of the
noncompact extra dimension. Consequently, it turned out that the conventional
linearized Einstein equation approximately holds at scales large compared with the
curvature scale £. It should be stressed that this result can be attained by imposing
the outgoing boundary conditions. It turns out that this is also true in the cos-
mological background [25].

In the case of the two-brane model, Garriga and Tanaka analyzed linearized
gravity and have shown that the gravity on the brane behaves as the Brans-Dicke
theory at low energy [26]. Thus, the conventional linearized Einstein equations do
not hold even on scales large compared with the curvature scale ¢ in the bulk.
Charmousis et al. have clearly identified the Brans-Dicke field as the radion mode
[27].

In the end, we would like to know how nonlinear gravity in the braneworld is
deviated from the conventional Einstein gravity. A partial answer will be given in
the following sections.
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8.3 View from the Brane

In the previous section, we have considered an isotropic and homogeneous uni-
verse and seen that the effective Friedmann equation on the brane can be regarded
as the conventional Friedmann equation with two kind of corrections, i.e., the dark
radiation and high-energy corrections. Here, we review two different approaches to
extend the above result to more general cases.

8.3.1 AdS/CFT Correspondence

Let us start with the AdS/CFT correspondence [28-31]. After solving the equa-
tions of motion in the bulk with the boundary value fixed and substituting the
solution g into the 5-dimensional Einstein-Hilbert action Ssq, we obtain the
effective action for the boundary field & = gCl‘boundary' The statement of the AdS/
CFT correspondence is that the resultant effective action can be equated with the
partition functional of some conformally invariant field theory (CFT), namely

exp[iSsa[ga]] = < exp [i/h@} > CFT, (8.17)

where O is the field in CFT. In the right hand side, & should be interpreted as a
source field. This action must be defined at the AdS infinity where the conformal
symmetry exists as the asymptotic symmetry. Hence, there exist infrared diver-
gences which must be subtracted by counter terms. Thus, the correct formula
becomes

expliSsalga] + iSet] = < exp [i/h@] > CFT, (8.18)
where we added the counter terms
Set = Sorane — Saq — [R*terms], (8.19)

where Sprane and S4; are the brane action and the 4-dimensional Einstein-Hilbert
action, respectively. Here, the higher curvature terms [R*terms] should be under-
stood symbolically.

In the case of the braneworld, the brane acts as the cutoff. Therefore, there is no
divergences in the above expressions. In other words, no counter term is necessary.
We can regard the above relation as the definition of the “cut off” CFT. Thus, we
can freely rearrange the terms as follows

S5d4 + Sbrane = Sad + Scer + [therms], (8.20)

where we have defined
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exp iScrr = < exp [i/h@} > CFT. (8.21)

This tells us that the brane models can be described as the conventional Einstein
theory with the cutoff CFT and higher order curvature terms [32-35]. In terms of
the equations of motion, the AdS/CFT correspondence reads

4) K2

G =" (Tm. + TijFT) + [R2terms], (8.22)

where the R? terms represent the higher order curvature terms and TEVF T denotes
the energy-momentum tensor of the cutoff version of conformal field theory. When
we apply this result to cosmology, we see CFT corresponds to the dark radiation in
the braneworld and the higher curvature terms can be reduced to the high-energy
corrections.

8.3.2 Geometrical Holography

Here, let us review the geometrical approach [36]. In the Gaussian normal coor-
dinate system:

ds® = dy* + g (¥, xH)dx"dx", (8.23)

(5)
we can write the 5-dimensional Einstein tensor G, in terms of the 4-dimensional
)
Einstein tensor G, and the extrinsic curvature as

6) @
Guw=Gu+Kuy— guK, — KK,y + 2K, K%,

1 6 (8.24)
2 B
+ Eg/w(K + KaﬁK/og) = g_zg/“"
where we have introduced the extrinsic curvature
1
Ky =— Eguw, (8.25)

and the last equality comes from the 5-dimensional Einstein equations. On the
other hand, the Weyl tensor in the bulk can be expressed as

3
Cyuyy = Ky — 8Ky + Ku)vKiv + 8wk %/;Kaﬁ LS (8.26)

Now, one can eliminate K, , — g,,K, from (8.24) using (8.26) and obtain
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4) ;
G = —Cy,y + KK, — K, K7,

1 iy 3
- Eguv (K2 - K’{ﬁKﬁa) + é_zgmu (827)

Taking into account the Z, symmetry, we also obtain the junction conditions

S}

K

[K*, — 0iK]|y—0 = 5 (—gdl +TH,). (8.28)

Here, T, represents the energy-momentum tensor of the matter. Evaluating

Eq. 8.27 at the brane and substituting the junction condition into it, we have the
“effective” equations of motion

(4) K2 4
Guv = TT;W + K Ty — E;w (829)

where we have defined the quadratic of the energy momentum tensor

1 1 1 1
Ty = — Z THZT}»" -+ E TT,uV + gguv (T“ﬁTxﬁ — g T2> (830)

and the projection of Weyl tensor Cy,,, onto the brane

E = Cyup | y=0°

Here, we assumed the relation

Ko=y (8.31)
so that the effective cosmological constant vanishes.

Because of the traceless property of E,,, when we consider an isotropic and
homogeneous universe, it is easy to show that this gives the dark radiation com-
ponent o< 1/a*. The existence of the high-energy corrections oc p? is apparent in
this approach.

The geometrical approach is useful to classify possible corrections to the
conventional Einstein equations. One defect of this approach is the fact that the
projected Weyl tensor E,,, can not be determined without solving the equations in
the bulk.

8.4 Does AdS/CFT Play Any Role in Braneworld?

To make our concerns explicit, we give a sequence of questions. We treat the
single-brane model and two-brane model, separately.
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8.4.1 Single-Brane Model

Is the Einstein theory recovered even in the non-linear rregime?

In the case of the linear theory, it is known that the conventional Einstein
theory is recovered at low energy. On the other hand, the cosmological con-
sideration suggests the deviation from the conventional Friedmann equation even
in the low energy regime. This is due to the dark radiation term. Therefore, we
need to clarify when the conventional Einstein theory can be recovered on the
brane.

How does the AdS/CFT come into the braneworld?

It was argued that the cutoff CFT comes into the braneworld. However, no
one knows what is the cutoff CFT. It is a vague concept at least from the point
of view of the classical gravity. Moreover, it should be noted that the AdS/CFT
correspondence is a specific conjecture. Indeed, originally, Maldacena conjec-
tured that the supergravity on AdSs x §° is dual to the four-dimensional N = 4
super Yang-Mills theory [28, 29]. Nevertheless, the AdS/CFT correspondence
seems to be related to the brane world model as has been demonstrated by
several people [33—42]. Hence, it is important to reveal the role of the AdS/CFT
correspondence starting from the
5-dimensional general relativity.

How are the AdS/CFT and geometrical approach related?

The geometrical approach gives the effective equations of motion (8.29)

(4) K2

4
G = 7 Ty + K"y — Epy.

On the other hand, the AdS/CFT correspondence yields the other effective
equations of motion (8.22)

@ K2 CFT 2
Gw= 7 (Tw + T ) + [R”terms].

An apparent difference is remarkable.

It is an interesting issue to clarify how these two descriptions are related.
Shiromizu and Ida tried to understand the AdS/CFT correspondence from the
geometrical point of view [43]. They argued that ) corresponds to the trace
anomaly of the cutoff CFT on the brane. However, this result is rather paradoxical
because there exists no trace anomaly in an odd dimensional brane although 7,
exists even in that case. Thus, the more precise relation between the geometrical
and the AdS/CFT approaches should be given.

Moreover, since both the geometrical and AdS/CFT approaches seem to have
their own merit, it would be beneficial to understand the mutual relationship.
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8.4.2 Two-Brane Model

How is the geometrical approach consistent with the Brans-Dicke picture?

Irrespective of the existence of other branes, the geometric approach gives the
same effective equations (8.29). The effect of the bulk geometry comes into the
brane world only through E,,. In this picture, the two-brane system can be regarded
as the Einstein theory with some corrections due to the Weyl tensor in the bulk.

On the other hand, the linearized gravity on the brane behaves as the Brans-
Dicke theory on scales large compared with the curvature scale ¢ in the bulk [26].
Therefore, the conventional linearized Einstein equations do not hold at low energy.

In the geometrical approach, no radion appears. While, from the linear analysis,
it turns out that the system can be described by the Brans-Dicke theory where the
extra scalar field is nothing but the radion. How can we reconcile these seemingly
incompatible pictures?

What replaces the AdS/CFT correspondence in the two-brane model?

In the single-brane model, there are continuum Kaluza-Klein (KK)-spectrum
around the zero mode. They induce the CFT matter in the 4-dimensional effective
action. In the two-brane system, the spectrum become discrete and then a mass gap
exists. Hence, we can not expect CFT matter on the brane, although KK-modes
exist and affect the physics on the brane. So, it is interesting to know if the AdS/
CFT correspondence play a role in the two-brane system.

8.5 Gradient Expansion Method

Our aim in this lecture is to show the gradient expansion method gives the answers
to all of the questions presented in the previous section. Here, we review the
formalism developed by us [44—47].

We use the Gaussian normal coordinate system (8.23) to describe the geometry
of the brane world. Note that the brane is located at y = 0 in this coordinate system.
Decomposing the extrinsic curvature into the traceless part and the trace part

1 0
Kﬂv = Z‘uv +Zh,“"K7 K = —a—log v —&, (832)
y

we obtain the basic equations which hold in the bulk;

@ 1@
Ty = KMy = = | R" = JOIR |, (8.33)
3 @ 12
ZK2 — 33, = {R} + 75 (8.34)

1 4
K, - ZKz _ 3y, = — 7 (8.35)
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3

A -3

V,K =0, (8.36)

4)
where R*, is the curvature on the brane and V, denotes the covariant derivative
with respect to the metric g,,. One also have the junction condition

S}

(K", = 81K] |0 = 5 (00 + T%). (8.37)

Recall that we are considering the Z, symmetric spacetime.
The problem now is separated into two parts. First, we will solve the bulk
equations of motion with the Dirichlet boundary condition at the brane,

guv(y = Oaxﬂ) = h,uv(xﬂ)- (8.38)

After that, the junction condition will be imposed at the brane. As it is the
condition for the induced metric A, it is naturally interpreted as the effective
equations of motion for gravity on the brane.

Along the normal coordinate y, the metric varies with a characteristic length
scale /; gy ~ gu/!. Denote the characteristic length scale of the curvature fluc-
tuation on the brane as L; then we have R~ g, / [?. For the reader’s reference, let

us take £ =1 mm, for example. Then, the relation (8.31) give the scale, K2 =

(108 GeV)f3 and ¢ = 1 TeV*. In this lecture, we will consider the low energy
regime in the sense that the energy density of matter, p, on the brane is smaller
than the brane tension, 1e., p/o < 1. In this regime, a simple dimensional analysis

0 0\?
2~ §:~<L) <1 (8.39)

implies that the curvature on the brane can be neglected compared with the extrinsic

curvature at low energy. Here, we have used the relation (8.31) and Einstein’s

equation on the brane, R ~ g, /L2 ~ ;czp /¢. Thus, the anti-Newtonian or gradient

expansion method used in the cosmological context is applicable to our problem [12].
At zeroth order, we can neglect the curvature term. Then we have

© (0)(0)
TH, — KXH, =0, (8.40)
30, © (© 12
Z1<2— z“,;zﬁazg—z, (8.41)
© 10, ©_© 4
Ky—7K 72-"4‘2“,;:7—2, (8.42)
©,  3_0
ViZi = 1VuK =0. (8.43)
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Equation 8.40 can be readily integrated into

0) CH (xM
h = 7‘( ) , C'y=0, (8.44)
V78
where C*, is the constant of integration. Equation 8.43 also requires C*,, = 0. If
it could exist, it would represent a radiation like fluid on the brane and hence a
strongly anisotropic universe. In fact, as we see soon, this term must vanish in
order to satisfy the junction condition. Therefore, we simply put C*, = 0, here-
after. Now, it is easy to solve the remaining equations. The result is

© 4
K = 7 (8.45)

Using the definition of the extrinsic curvature

(0) 10 (0)
Kiyw=—=>=—8uw, 8.46
Il 20y 8 ( )
we get the zeroth order metric as
ds* = dy* + b*(y)hy (xM)dx'dx’,  b(y) = e ¥, (8.47)

where the tensor A, is the induced metric on the brane, which conforms to the
boundary condition (8.38).
From the zeroth order solution, we obtain

(0) (0) 3 2
K"y — 'K ||y = — 288 = — = gon (8.48)
4 2
Then we get the well known relation
Ko =6/L. (8.49)

Here, we will assume that this relation holds exactly. It is apparent that C*, is
not allowed to exist.

The iteration scheme consists in writing the metric g,, as a sum of local tensors
built out of the induced metric on the brane, the number of gradients increasing
with the order. Hence, we will seek the metric as a perturbative series

(1) 2)
guv(y,x“) = bz()’) hﬂv(xﬂ) + guv()’vxﬂ) + guv(%xﬂ) + (8-50)

where b%(y) is extracted and we put the Dirichlet boundary condition

%)ll\’(y = O7xﬂ) = 07 (851)
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so that g,,(y = 0,x) = hy,(x) holds at the brane. Other quantities can be also
expanded as
1 1) ©)]
Kty =—o + K" 4+ K", +---
¢ (8.52)

OIe)
p N R RN

In our scheme, in contrast to the AdS/CFT correspondence where the Dirichlet
boundary condition is imposed at infinity, we impose it at the finite point y = 0,
the location of the brane. Furthermore, we carefully consider the constants of
integration, i.e., homogeneous solutions. These homogeneous solutions are
ignored in the calculation of AdS/CFT correspondence. However, they play an
important role in the braneworld. Note that the scheme can be applicable to other
systems [48-51].

8.6 Single Brane Model (RS2)

Now, we will apply the gradient expansion method to the single-brane models and
obtain the effective equations on the brane.

8.6.1 Einstein Gravity at Lowest Order

The next order solutions are obtained by taking into account the terms neglected at
zeroth order. At first order, Eqs. 8.33-8.36 become

) 4) @ 1 @wnW
SHy = SH = —| RN, — SR | (8.53)
YTy 4
M ren®
oK - M , (8.54)
o 20
Ky—5K=0, (8.55)
O, 30
Zu'M—ZK‘HZO. (856)

where the superscript (1) represents the order of the derivative expansion and a stroke
@)
| denotes the covariant derivative with respect to the metric hy,. Here, [R ”v](l) means
@)
that the curvature is approximated by taking the Ricci tensor of b>h w inplace of R¥,.
It is also convenient to write it in terms of the Ricci tensor of 4, denoted R, (h).
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4)
Substituting the zeroth order metric into R, we obtain

(K)—th 8.57
— R0 (857)

Hereafter, we omit the argument of the curvature for simplicity. Simple inte-
gration of Eq. 8.53 also gives the traceless part of the extrinsic curvature as

O ¢ 1 1y (x)
TH = 37 (R*, — Zé’V*R) + . (8.58)

where the homogeneous solution satisfies the constraints
a=0, 7u=0. (8.39)

As we see later, this term corresponds to dark radiation at this order. The metric
can be obtained as

(1) ¢ 1 1 ([
guw = —5 <b2 — 1> (R#v — 6l’lle) — E <b4 — I)X/J.V’ (860)

. " 1)
where we have imposed the boundary condition, (g w(y=0,x*)=0.
Let us focus on the role of y*, in this part. At this order, the junction condition
can be written as

(1) W)
K", — 'K

¢ 1 t
y—0§< ”v—§55R>+X‘v

2

K
=T, 8.61
; (8.:61)

Using the solutions Eqgs. 8.57, 8.58 and the formula

; 3
E*, = K", — 0"K, — K";K*, + 6"K*4K", — 7z (8.62)
we calculate the projective Weyl tensor as
1 2
EH, = ZXHV' (8.63)

Then we obtain the effective Einstein equation

12 1)

1
R, — S OUR = T" — E,. (8.64)
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At this order, we do not have the conventional Einstein equations. Recall that
the dark radiation exists even in the low energy regime. Indeed, the low energy
effective Friedmann equation becomes

2
, K C
H :ﬁerE' (8.65)

This equation can be obtained from Eq. 8.64 by imposing the maximal sym-
metry on the spatial part of the brane world and the conditions (8.59). Hence, we
observe that y*, is the generalization of the dark radiation found in the cosmo-
logical context.

The nonlocal tensor y,, must be determined by the boundary conditions in the
bulk. The natural choice is asymptotically AdS boundary condition. For this
boundary condition, we have y,, = 0. It is this boundary condition that leads to the
conventional Einstein theory in linearized gravity. Assuming this, we have

2

1
R, —S0/R = %Tﬂw (8.66)

Thus, the conventional Einstein theory is recovered at the leading order!

8.6.2 AdS/CFT Emerges

In this subsection, we do not include the y,, field because we have adopted the
AdS boundary condition. Of course, we have calculated the second order solutions
with the contribution of the y,, field. It merely adds extra terms such as ", ", etc.

At second order, the basic equations can be easily deduced. Substituting the
solution up to first order into the Ricci tensor and picking up the second order
quantities, we obtain the solutions at second order. The trace part is deduced
algebraically as

@ B 2 A 1
K = R*4RP, — ZR? R*4RF, — —R*). 8.67
8b4< U 9 ) 12b2< U 6 (8.67)

By integrating the equation for the traceless part, we have

@ o ¢ & &
SH = — | SH, — RR", — —5'R? . .
—5 (b4+2b2)s 24b2( 5 ) ot (8.68)

where S*, is defined by

b / d4x\/fh% {R“ﬂRaﬁ ;RZ} = / d*xvV/—hS,,08"". (8.69)
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The tensor S*, is transverse and traceless,
Su=0, 8% =0. (8.70)

The homogeneous solution #, must be traceless. Moreover, it must satisfy the
momentum constraint. To be more precise, we must solve the constraint equation

L 1 o 1 1 A
i = g KR sy + 2 RRy — SRR, = 0. (8.71)

As one can see immediately, there are ambiguities in integrating this equation.
Indeed, there are two types of covariant local tensor whose divergences vanish:

1
B / d4x\/—h§R“ﬁRaﬁ = / d*xvV/—hH,, 68", (8.72)

1
B / d4x\/—h§R2 = / d*xV—hK,, 8" (8.73)

Notice that S, = H*, — K*,/3. Hence, only &, and K", are independent.
Thanks to the Gauss-Bonnet topological invariant, we do not need to consider the
Riemann squared term. In addition to these local tensors, we have to take into
account the nonlocal tensor t#, with the property t#,, = 0. Thus, we get

1 1 1 1
t, =" R4R", —R*) + — | RR", — ~0"R?
‘32"(’3“3 o YT g
1 B
+ + oty St +§IC“V, (8.74)
where the constants o and f§ are free parameters representing the degree of initial
conditions in the bulk. Hence, they represents the freedom of gravitational waves

in the bulk. The condition #, = 0 leads to

1 1
=3 <R“[;Rﬁa - ng) — BOR. (8.75)

This expression is the reminiscent of the trace anomaly of the CFT. It is
possible to use the result of CFT at this point. For example, we can choose the
N = 4 super Yang-Mills theory as the conformal matter. In that case, we simply
put = 0. This is the way the AdS/CFT correspondence comes into the brane
world scenario.

Up to the second order, the junction condition gives

2
Bron | = qu,. (8.76)

1
R*, — 5 SR + 207 |, + oSF, + 3 7
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If we define
£3
T =257, (8.77)

we can write

4) K2
Gﬂv - 7

Let us try to arrange the terms so as to reveal the geometrical meaning of the
above equation. We can calculate the projective Weyl tensor as

202
(T +7ST) = 208, — P (8.78)

) 2
EN, = ¢* [P"v + 274, + 2aS*, + 3 BKH, |, (8.79)
where
P = et L e,y Lsnger g, L s (8.80)
v 4 A v 6 y 8 v '[} o 16 v . .

Substituting this expression into Eq. 8.76 yields our main result

K2 2 )
g = TTMV + é P,uv —_ E#v. (881)

Notice that E*, contains the nonlocal part and the free parameters o and /5. On
the other hand, P*, is determined locally. One can see the relationship in a more
transparent way. Within the accuracy we are considering, we can get P*, = nt,
using the lowest order equation R*, = k*/¢(T", — 1/254T). Hence, we can rewrite
Eq. 8.81 as

)
G

4 2 )
G = T + K4 — E . (8.82)

Now, the similarity between Eqs. 8.29 and 8.82 is apparent. Thus we get an
explicit relation between the geometrical approach and the AdS/CFT approach.
However, we note that our Eq. 8.82 is a closed system of equations provided that
the specific conformal field theory is chosen.

Now we can read off the effective action as

/
Setr = ) 2/d4xV hR + Smater + ScFr
ol? 4 v 15 pe 4 2
o [ VR |ROR, — SR s [ dVRR,(8.83)

where we have used the relations Eqs. 8.69, 8.72 and 8.73 and we denoted the
nonlocal effective action constructed from t#, as Scgr.
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8.7 Two-Brane Model (RS1)

In this section, we will apply the gradient expansion method to the two-brane
models and reveal a role of the AdS/CFT correspondence.

8.7.1 Scalar-Tensor Theory Emerges

We consider the two-brane system depicted in Fig. 8.2. Without matter on the
branes, we have the relation gf‘fb“‘“e = ¢ 2/'g% _prane = Q*g® P where d is
the distance between the two branes. Although € is constant for vacuum branes, it
becomes the function of the 4-dimensional coordinates if we put the matter on the
brane.

Adding the energy momentum tensor to each of the two branes, and allowing
deviations from the pure AdSs bulk, the effective (non-local) Einstein equations on
the branes at low energies take the form [45],

K29 2
G#v(h) =T — _Xﬂw (884)
L L
G (f) = — i, 21 (8.85)
v - Z v é Q4 . .
where h,, = giﬂ;bf‘d“i S = g;?;bfaﬂe = Q2hw and the terms proportional to y,,

are 5-dimensional Weyl tensor contributions which describe the non-local
5-dimensional effect. Although Eqs. 8.84 and 8.85 are non-local individually,
with undetermined y,,, one can combine both equations to reduce them to

Fig. 8.2 In the two brane
system, the radion is defined |
as a distance between two ////
branes. It could depend on the LT ] =
position because the brane 1] = ]
could have bending. Hence, T
for observers on the brane, it //{./ d() .
appears as a scalar field T

T

\\
\\ ™
N LTy

y=0 y=1
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local equations for each brane. Since y,,, appears only algebraically, one can easily
eliminate y,, from Eqgs. 8.84 and 8.85. Defining a new field ¥ =1 — Q?, we find

K’ @ K2(1— W) e 1
I — 1 o (le, _ sigple
() = g T+ T ‘,+T(\P oo, )

3 1
- |n _ Z sl

+ 590 =) (‘P W), 5 0 ‘P) (8.86)

DT—K—2(1—‘P) T+-wTlo— 1 gy (8.87)
Y 21— ¥) e '

where | denotes the covariant derivative with respect to the metric ,,,. Since Q (or
equivalently W) contains the information of the distance between the two branes,
we call Q (or W) the radion.

We can also determine y*, by eliminating G*, from Eqs. 8.84 and 8.85. Then,

(1 -Y) (& ) l
L S N VT — /U e siplo
7 o (T‘—k(l )T ) 7 K‘P = oM u)
3 1
- |1 _Z sigle
Ty (‘P ¥, — 5 O ‘P)] (8.88)

o
Note that the index of T#, is to be raised or lowered by the induced metric on
the O-brane, f,,.
The effective action for the @-brane which gives Eqgs. 8.86 and 8.87 is

— ¢ 4 3 Jor
Se=55[4d xV—h {‘PR Ty ¥ ‘P]
+ / d*xV/—hL® + / d*xvV/—h(1 — W) LS. (8.89)

The above action can be used to make cosmological predictions [52]. It should
be stressed that the radion has the conformal coupling. In fact, using the trans-

formation ¥ = 1 — ), we obtain

1 1
Se = ot d4x\/—h[—R —

= 5 szR - %1//“(#4 oo (8.90)

This is nothing but Einstein theory with a conformally coupled scalar field .

8.7.2 AdS/CFT in Two-Brane System?

In the two-brane case, it is difficult to proceed to the next order calculations.
Hence, we need to invent a new method [53]. For this purpose, we shall start with
the effective Einstein equation obtained by Shromizu et al. [36]
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Guy = Ty + Ty — Epy (8.91)

where 7, is the quadratic of energy momentum tensor 7, and E,, represents the
effect of the bulk geometry. Here we have set 8nG = 1. This geometrical pro-
jection approach can not give a concrete prediction, because we do not know E,,
without solving the equations of motion in the bulk. Fortunately, in the case of the
homogeneous cosmology, the property E¥#, = 0 determines the dynamics as

21 2, C
H" = 3 p+p-+ e
This reflects the interplay between the bulk and the brane dynamics on the brane.
What we want to seek is an effective theory which contains the information of
the bulk as finite number of constant parameters like C in the homogeneous
universe. When we succeed in obtaining it, the cosmological perturbation theory
can be constructed in a usual way. Although the concrete prediction can not be
made, qualitative understanding of the evolution of the cosmological fluctuations
can be obtained. This must be useful to make observational predictions.
In the two-brane system, the mass spectrum is known from the linear analysis
[26]. At low energy, the propagator for the KK mode with the mass m can be
expanded as

(8.92)

—1 1 o
L T 8.93
O—m?2 m? erer ( )

However, massless modes can not be expanded in this way, hence we must take
into account all of the massless modes to construct braneworld effective action. It
seems legitimate to assume this consideration is valid even in the non-linear
regime. Thus, at low energy, the action can be expanded by the local terms with
increasing orders of derivatives of the metric g,, and the radion ¥ [45].

Let us illustrate our method using the following action truncated at the second
order derivatives:

1 ¥
Seff = §/d4x\/ —8 |:\IJR - ZA(T) - %V“‘I’V;ﬂj ’ (894)

which is nothing but the scalar-tensor theory with coupling function w(¥) and
the potential function A('P'). Note that this is the most general local action which
contains up to the second order derivatives and has the general coordinate
invariance. It should be stressed that the scalar-tensor theory is, in general, not
related to the braneworld. However, we know a special type of scalar-tensor theory
corresponds to the low energy braneworld [45, 54-58]. Here, we will present a
simple derivation of this known fact.

For the vacuum brane, we can put T}, + m,, = —Ag,,. Hence, the geometrical
effective equation reduces to

G = —Ep — 28 (8.95)
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First, we must find E,,,. The above action (8.96) gives the equations of motion
for the metric as

A 1
G;w = @g,uv + @ (V,uvvl{j - g,uleP)
w 1
+ g2 (v,,‘w‘,\y - 2g,,\,v°‘\Pv;P> . (8.96)

The right hand side of this Eq. 8.96 should be identified with —FE,, — Ag,.
Hence, the condition E*, = 0 becomes

SR v A Al
OF = — 35 V¥V, — 2 (A= 29). (8.97)

This is the equation for the radion Y. However, we also have the equation for ¥
from the action (8.94) as

1 o'\, b 4 v,
Oy = (ﬁ —%>v WV - R+ A (8.98)

where the prime denotes the derivative with respect to W. In order for these two
Egs. 8.97 and 8.98 to be compatible, A and o must satisfy

w 1 o'

39T 2 (8.99)
A—lA—i‘P :E 2. —AN), 8.100
3 W

where we used R = 44 which comes from the trace part of Eq. 8.95. Equations
8.99 and 8.100 can be integrated as

3 v

AP) =2+ (1 =¥, o(¥P) = ST

(8.101)
where the constant of integration y represents the ratio of the cosmological con-
stant on the negative tension brane to that on the positive tension brane. Here, one
of constants of integration is absorbed by rescaling of . In doing so, we have
assumed the constant of integration is positive. We can also describe the negative
tension brane if we take the negative signature.

Thus, we get the effective action

1 3
Seit = /d‘*x, /=g {E‘PR - mv#\wuw —A—p(1=¥)*|. (8.102)

Surprisingly, this completely agrees with the previous result (8.89). Our simple
symmetry principle £/, = 0 has determined the action completely.

As we have shown in [59], if y < —1 there exists a static deSitter two-brane
solution which turns out to be unstable. In particular, two inflating branes can
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collide at ¥ = 0. This process is completely smooth for the observer on the brane.
This fact led us to the born-again scenario [59, 60]. The similar process occurs also
in the ekpyrotic (cyclic) model [61, 62] where the moduli approximation is used. It
can be shown that the moduli approximation is nothing but the lowest order
truncation of the low energy gradient expansion method developed by us [63—66].
Hence, it is of great interest to see the leading order corrections due to KK modes
to this process.

Let us now apply the conformal symmetry method explained above to the
higher order case. First, we need to write down the most generic action containing
up to fourth order derivatives. Then, we impose the symmetry to determine
unknown functionals. The action reads

Seft = %/ d*x\/=g [TR —2A(Y) - @VH‘PV#T

+ / d'xy=g [A(‘P) (VFPV,¥)*+B(¥)(O¥)
+C(Y)V*YV, YOY + D(¥)ROY
(‘P)RV“‘PV ¥+ F(P)RVV, ¥V, ¥

¥)R? + H(W)R“R,,

)

G(
+ I(P)R™PR,;, + - } (8.103)
where A, B, - - - denote arbitrary functionals of the radion.

Now we impose the conformal symmetry on the fourth order derivative terms in
the action (8.103) as we did in the previous example. Starting from the action
(8.103), one can read off the equation for the metric from which E,, can be
identified. The compatibility between the equations of motion for ¥ and the
equation E*, = 0 constrains the coefficient functionals in the action (8.103).
Surprisingly, every coefficient functionals are determined up to constants.

Thus, we find the 4-dimensional effective action with KK corrections as

1 3
Seff = /d4x1/—g |:2lIIR — mV”‘PV“‘P—i — }v'))(l - l}’)z

+ 0 / d*x/—g [ - (VRPV,¥)°
4(1 ‘P)
1 2
+———(O¥ +—V“‘PV yow
(1 _\P)Z( ) (1 —\P)B 15
2 1
+-—"— RO¥Y+——— - RV"¥V, ¥
3(1-Y) 3(1— W) !

+jR* + kR™R,, |, (8.104)
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where constants j and k can be interpreted as the variety of the effects of the bulk
gravitational waves. These constants have the same origin as the previous
parameters o and f5. It should be noted that this action becomes non-local after
integrating out the radion field. This fits the fact that KK effects are non-local
usually. In principle, we can continue this calculation to any order of derivatives.

8.8 The Answers

We have developed the low energy gradient expansion scheme to give insights into
the physics of the braneworld such as the black hole physics and the cosmology. In
particular, we have concentrated on the specific questions in this lecture. Here, we
summarize our answers obtained by the gradient expansion method. Our under-
standing of RS braneworlds would be also useful for other brane models.

8.8.1 Single-Brane Model

Is the Einstein theory recovered even in the non-linear regime?
We have obtained the effective theory at the lowest order as

) K2 2
Gt, = —TH, ——+4*,. 8.105
7 2 ( )

Here we have the correction y,,, which can be interpreted as the dark radiation
in the cosmological situation.

On the other hand, in the linearized gravity, the conventional Einstein theory is
recovered at low energy. This is because the out-going boundary condition is
imposed. In other words, the asymptotic AdS boundary condition is imposed. In
the nonlinear case, this corresponds to the requirement that the dark radiation term
%, must be zero. For this boundary condition, the conventional Einstein theory is
recovered. Hence, the standard Friedmann equation holds.

In this sense, the answer is yes.

How does the AdS/CFT come into the braneworld?

The CFT emerges as the constant of integration which satisfies the trace
anomaly relation

1 1
=g <R“,3R5a — 5RZ> — BOR. (8.106)

This constant can not be determined a priori. Here, the AdS/CFT correspon-
dence could come into the braneworld. Namely, if we identify some CFT with t,,,
then we can determine the boundary condition.
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How are the AdS/CFT and geometrical approach related?
The key quantity in the geometric approach is obtained as

@) 2
E*, = (7| P, + 21", + 208", + §ﬂlcfﬂ, : (8.107)

The above expression contains t,, which can be interpreted as the CFT
matter. Hence, once we know E,,, no enigma remains. In particular, Py, ~ m,
is independent of the 7,,. In odd dimensions, there exists no trace anomaly, but
P, exists. In 4-dimensions, n*, accidentally coincides with the trace anomaly
in CFT.

It is interesting to note that the high energy and the Weyl term corrections
found in the geometrical approach merge into the CFT matter correction found in
the AdS/CFT approach.

8.8.2 Two-Brane Model

How is the geometrical approach consistent with the Brans-Dicke picture?

In the geometrical approach, no radion seems to appear. On the other hand, the
linear theory predicts the radion as the crucial quantity. The resolution can be
attained by obtaining Ej, (j,, in our notation). The resultant expression

21 -9) (¢ 9
Lk > )<T“v+(1—lP)T“v>

X”v = )

¢ 3 1
_ e sugle 7 1 _ = Syl
5 [(‘P v oY M) +2(1 ~9) <‘{’ ‘P|‘, 2(5V‘I’ ‘I’|a)}

contains the radion in an intriguing way. The dark radiation consists of the radion
and the matter.

We have shown that the radion transforms the Einstein theory with Weyl
correction into the conformally coupled scalar-tensor theory where the radion
plays the role of the scalar field. Thus, it turned out that the radion is hidden by the
projected Weyl tensor E,,, in the geometrical approach.

What replaces the AdS/CFT correspondence in the two-brane model?

In the case of the single-brane model, the out-going boundary condition at the
Cauchy horizon is assumed. This conforms to AdS/CFT correspondence. Indeed,
the continuum KK-spectrum are projected on the brane as CFT matter.

On the other hand, the boundary condition in the two-brane system allows
only the discrete KK-spectrum. Hence, we can not expect CFT matter on the
brane. Instead, the radion controls the bulk/brane correspondence in two-brane
model. In fact, the higher derivative terms of the radion mimics the effect of the
bulk geometry (KK-effect) as we have shown explicitly. Hence, the conven-
tional AdS/CFT correspondence does not exist. Instead, there exists the
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Fig. 8.3 The warped throat Calabi-Yau
is attached to Calabi-Yau with fluxes
manifold. Anti-D3-branes are
stacked at the tip of the
warped throat. A D3-brane
can move in the throat and
the radion, i.e. the distance
between the D3-brane and
anti-D3-branes, plays a role
of the inflaton

D3 brane Anti D3 brane

AdS/CFT correspondence realized by the conformally coupled radion. The
conformal coupling can be regarded as a reflection of the symmetry of the bulk
geometry.

Here, I would like to mention D-brane inflation models proposed in [67]. There,
the inflaton is identified as the radion which is the distance between a D3-brane
and anti-D3-branes as is shown in Fig. 8.3. Naively, it seems possible to realize a
slow roll inflation due to the warped geometry. However, our result of two-brane
system suggests the existence of the conformal coupling of the radion, which ruins
the slow role inflation of the model. In fact, the curvature coupling gives a large
mass of the inflaton which causes the notorious eta problem. Hence, a fine tuning is
unavoidable.

8.9 AdS/CFT in Dilatonic Braneworld

In the previous sections, we have considered RS braneworlds. If we take into
account bulk fields, the pure AdS bulk would not be expected. Hence, it is
interesting to see the role of AdS/CFT correspondence in those cases. In this
section, we will consider a bulk scalar field and call this kind of models dilatonic
braneworlds [68].

In addition to the above theoretical interest, there is an phenomenological
interest in dilatonic braneworlds. Let us see how the inflationary universe can be
realized in the braneworld. The formula for the effective cosmological constant in
the braneworld reads

k*e? 3

At = —— — =, 8.108

p=t (8.108)
where ¢ and /¢ are the tension of the brane and the curvature scale in the bulk which
is determined by the bulk vacuum energy, respectively. For k’¢ = 6/¢, we have

Minkowski spacetime. In order to obtain the inflationary universe, we need the
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positive effective cosmological constant. In the braneworld model, there are two
possibilities. One is to increase the brane tension and the other is to increase ¢. The
brane tension can be controlled by the scalar field on the brane. The bulk curvature
scale ¢ can be controlled by the bulk scalar field. The former case is a natural
extension of the 4-dimensional inflationary scenario. The latter possibility is a
novel one peculiar to the brane model. Recall that, in the superstring theory, scalar
fields are ubiquitous. Indeed, the dilaton and moduli exists in the bulk generically,
because they arise as the modes associated with the closed string. Moreover, when
the supersymmetry is spontaneously broken, they may have the non-trivial
potential. Hence, it is natural to consider the inflationary scenario driven by these
fields [69, 70]. Therefore, dilatonic braneworlds are phenomenologically inter-
esting. In this section, we would like to discuss this dilatonic braneworld from the
point of view of the AdS/CFT correspondence.

8.9.1 Dilatonic Braneworld

We consider a Sy /Z, orbifold spacetime with the two branes as the fixed points. In
this first Randall-Sundrum (RS1) model, the two flat 3-branes are embedded in

AdSs and the brane tensions given by c=6 /(k2¢) and o=—6 /(k2¢). Our system
is described by the action

=53 d’x\/—gR — /dsx,/ { B0, + U(op )}
_ Z /d4 z brane Z /d4 A/ 1 brane ,° matter7 (8109)

=9, i=9,0

where g;bra“e and ¢ are the induced metric and the brane tension on the i-brane,
respectively. We assume the potential U(¢) for the bulk scalar field takes the form
U(p) = — £z + V(¢), where the first term is regarded as a 5-dimensional cos-
mological constant and the second term is an arbitrary potential function. The
brane tension ¢ is tuned so that the effective cosmological constant on the brane
vanishes. The above setup realizes a flat braneworld after inflation ends and the
field ¢ reaches the minimum of its potential.

Inflation in the braneworld can be driven by a scalar field either on the brane or
in the bulk. We derive the effective equations of motion which are useful for both
models. Here, we begin with the single-brane system. Since we know the effective
4-dimensional equations hold irrespective of the existence of other branes [47], the
analysis of the single-brane system is sufficient to derive the effective action for the
two-brane system as we see in the next subsection.

We again adopt the Gaussian normal coordinate system to describe the
geometry of the brane model; ds® = dy*> + guw(y, x*)dx"dx", where the brane is
assumed to be located at y = 0. Let us decompose the extrinsic curvature into the
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traceless part X, and the trace part K as K, = — 4 &y = Zu + 58K Then, we
can obtain the basic equations off the brane using these variables. First, the
Hamiltonian constraint equation leads to

3 )
ZK2 — 3438, = R — i®V*@V,0 + 1K2(0y9)* — 2K°U(p), (8.110)

4)
where R is the curvature on the brane and V, denotes the covariant derivative

with respect to the metric g,,. Momentum constraint equation becomes

, 3
V,E - ZVMK = — k20,0, 0. (8.111)
Evolution equation in the direction of y is given by

@)
H,, —KZ', = — | R,y — kK*V*V,0 . (8.112)

traceless

Finally, the equation of motion for the scalar field reads
3o — Kdyp + V'V — U'(9) =0, (8.113)

where the prime denotes derivative with respect to the scalar field ¢.

As we have the singular source at the brane position, we must consider the
junction conditions. Assuming a Z, symmetry of spacetime, we obtain the junction
conditions for the metric and the scalar field

3 2 2
|:Z'uv - Zé’:,lK:| y=0 — — % 0'5"‘;‘ + % T#V, (8114)
[0y¢] |y—0 =0, (8.115)

where T, is the energy-momentum tensor for the matter fields on the brane.

8.9.2 AdS/Radion Correspondence

We assume the inflation occurs at low energy in the sense that the additional
energy due to the bulk scalar field is small, k2/>V(¢p) < 1, and the curvature on
the brane R is also small, R¢> < 1. It should be stressed that the low energy does
not necessarily implies weak gravity on the brane. Under these circumstances, we
can use a gradient expansion scheme to solve the bulk equations of motion.

At zeroth order, we ignore matters on the brane. Then, from the junction
condition (8.114), we have
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0 = ——adl. (8.116)

0
As the right hand side of (8.116) contains no traceless part, we get (E>“v =0.We
also take the potential for the bulk scalar field U(¢) to be —6/(x>(*). We discard
the terms with 4-dimensional derivatives since one can neglect the long wave-
length variation in the direction of x* at low energies. Thus, the equations to be
solved are given by

(8.117)

0 0
o —Kdyp=0. (8.118)
The junction condition (8.115) at this order {a,(&)} |y=0=0 tells us that the solution

0
of Eq. 8.118 must be <(p) = n(x*), where n(x*) is an arbitrary constant of inte-

)
gration. Now, the solution of Eq. 8.118 yields K = 4/¢. Other Eqgs. 8.111 and

0) 0
8.112 are trivially satisfied at zeroth order. Using the definition K ,, = —<g> vyl 25

we have the lowest order metric

G () = R, b(y) = e, (8.119)

where the induced metric on the brane, h,, = g,,(y = 0,x"), arises as a constant of
integration. The junction condition for the induced metric (8.116) merely implies
well known relation x?¢ = 6/¢ and that for the scalar field (8.115) is trivially
satisfied. At this leading order analysis, we can not determine the constants of
integration h,,, (x*) and 5(x*) which are constant as far as the short length scale ¢
variations are concerned, but are allowed to vary over the long wavelength scale.
These constants should be constrained by the next order analysis.

Now, we take into account the effect of both the bulk scalar field and the matter
on the brane perturbatively. Our iteration scheme is to write the metric g, and the
scalar field ¢ as a sum of local tensors built out of the induced metric and the
induced scalar field on the brane, in the order of expansion parameters, that is,
O((R*)") and O(k**V(¢))",n = 0,1,2, - - - [47]. Then, we expand the metric and
the scalar field as

. (1) ()
gw,(y,x‘) = b2(y) huv(xu) + g,uv(yaxu) + g'm.(y,x‘u) +-,
(8.120)

L () @,
Py, x") = (") + @ (y,x*) + @ (y, x*) + -
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Here, we put the boundary conditions (gﬁ)w(y =0,x") = O,((;))(y =0,x") =0,
i=1,2,3,... so that we can interpret s, and 5 as induced quantities. Extrinsic
curvatures can be also expanded as

n @ (OB

K=-+K+K+--, ZF=Z3t{ Zl4 ... (8.121)

|

@ (o
Using the formula such as R ((g) ) = R(hyy)/b*, we obtain the solution

1) L

K = o (RO = &y, ) = §K2v(n), (8.122)

where R(h) is the scalar curvature of h,, and | denotes the covariant derivative
with respect to h,. Substituting the results at zeroth order solutions into Eq. 8.112,
we obtain

@ ¢
ZH,

L XHV
Y] R¥,(h) — Kz’l'”’ﬂv} +

)
traceless b4

(8.123)

where R*,(h) denotes the Ricci tensor of i, and y*, is a constant of integration
which satisfies the constraint y*, = 0. Hereafter, we omit the argument of the
curvature for simplicity. Integrating the scalar field equation (8.113) at first order,
we have

ny ¢ 14 Cc
O = 550 =2V + 45,

5 i (8.124)

where C is also a constant of integration. At first order in this iteration scheme, we
get two kinds of constants of integration, y*, and C.
Given the matter fields 7}, on the brane, the junction condition (8.114) becomes

2

o3
[E“v - 2551{} o= %Tﬂv. (8.125)

At this order, the junction condition (8.115) yields

(1)
[a_\,go} ly=o = 0. (8.126)

These junction conditions give the effective equations of motion on the brane.

Now, we are in a position to discuss the effective equations of motion for the
dilatonic two-brane models. The point is the fact that the equations of motion on
each brane take the same form if we use the induced metric on each brane [47].
The effective Einstein equations on each positive (@) and negative () tension
brane at low-energies yield
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| 2 | 1 2 K2 D
G t(h) =K\ H'/llv - _5/1’7 Mo — 55{1‘/ - ZX”V + 7]‘#” (8'127)
. 1 244, K2e
2 H N v
Gﬂv(f) =K <71'L17‘ —*5,17] 17“ 25{,‘/) —ZE—7THV. (8128)

where f,,, is the induced metric on the negative tension brane and ; denotes the
covariant derivative with respect to f,,. When we set the position of the positive
tension brane at y = 0, that of the negative tension brane y in general depends on
x*, i.e. y = y(x*). Hence, the warp factor at the negative tension brane Q(x*) =
b(y(x)) also depends on x*. Because the metric always comes into equations with
derivatives, the zeroth order relation is enough in this first order discussion. Hence,
the metric on the positive tension brane is related to the metric on the negative
tension brane as f,, = thm"

Although Eqgs. 8.127 and 8.128 are non-local individually, with undetermined
2"y, one can combine both equations to reduce them to local equations for each
brane. We can therefore easily eliminate y*, from Eqs. 8.127 and 8.128, since y*,
appears only algebraically. Eliminating y*, from both Egs. 8.127 and 8.128, we
obtain

Ko, K(1-¥)’o

no— TH TH
G T T !
301 1
— |plu o Stgple - g o ~ sihglap
+\y[ o '”21-\?( PR
2V
+ i (V/”m ~olgl*y, — 8LV, eft) Veir ==——V, (8.129)

where we defined a new field ¥ =1 — Q> which we refer to by the name
“radion”. The bulk scalar field induces the energy-momentum tensor of the
conventional 4-dimensional scalar field with the effective potential which depends
on the radion.

We can also determine the dark radiation y*, by eliminating G, (k) from Egs.
8.127 and 8.128,

2 1 301 1
v | O L L a—— s T A 28
o* ql{ T O e 1—\}'( T
2 K21 -%¥ =)
— Wy - - u _ u
+5 (=Wl - {T +(1-¥)T ] (8.130)

Due to the property x*, = 0, we have

v - owlrea—wr L gy, 2 (- )V,
Y 21— V) l

(8.131)
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Note that Eqgs. 8.129 and 8.131 are derived from a scalar-tensor type theory
coupled to the additional scalar field.
Similarly, the equations for the scalar field on branes become

v 2
p——+-C=0 8.132
nn 2 +€ ) ( )
Vi 2cC
Onp——4+-—=0 8.133
N 2+1€Q4 ) ( )

where the subscripts refer to the induced metric on each brane. Notice that the
scalar field takes the same value for both branes at this order. Eliminating the dark
source C from these Eqgs. 8.132 and 8.133, we find the equation for the scalar field
takes the form

plr

Dh’? - Véff = 7?’7“1'

(8.134)

Notice that the radion acts as a source for #. And we can also get the dark source as

d plr
c—-Lu-w+

N

Now the effective action for the positive tension brane which gives Eqgs. 8.129,
8.131 and 8.134 can be read off as

_ ¢ 4/ 3 ot 2 ot
S = ﬁ d'xv—h I:\IIR — mlp \Pli — K ‘P(”] 7]'0( + 2Veff(1”,lp)>

+/d4x\/iﬁ,?+/d4xx/:ﬁ(1 —‘P)ZZ
(8.136)

where the last two terms represent actions for the matter on each brane. Thus, we
found the radion field couples with the induced metric and the induced scalar field
on the brane non-trivially. Surprisingly, at this order, the nonlocality of y,, and C
are eliminated by the radion. We see the radion has a conformal coupling.
However, in the present case, the radion couples to the dilaton field which breaks a
conformal invariance. Hence, this gives non-conformal holography.

As this is a closed system, we can analyze a primordial spectrum to predict the
cosmic background fluctuation spectrum [71]. Interestingly, x4 and C vanishes in
the single brane limit, ¥ — 1, as can be seen from (8.130) and (8.135). The
dynamics is simply governed by Einstein theory with the single scalar field.
Therefore, we can conclude that the bulk inflaton can drive inflation when the slow
role conditions are satisfied.
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8.9.3 AdS/CFT and KK Corrections: Single-Brane Cases

It would be important to take into account the KK effects as corrections to the
leading order result. It can be accomplished in the single-brane models. Using our
approach, in the single brane limit, we can deduce the effective action with KK
corrections as [47, 72] (see also [73, 74])

S:i d*xvV/—h 1+ﬁx2v R —«* 1+ﬁK2V7§V// n'*n
212 12 12 4 lo

2 1 Y/
—2K2Veff - Z (RaﬁRaﬁ - §R2>:| + /d4x —hL mager + Scrr,

(8.137)

where the last term comes from the energy-momentum tensor of CFT matter 7,
and the effective potential at this order is defined by
1 2i? 72
Ve ==V +——V>——V"2 8.138
C TR & (8.138)

It is interesting to note that the effective potential contains the terms which
looks like F-terms in supersymmetric models.

Thus, even in the dilatonic braneworld, the AdS/CFT correspondence seems to
play an important role in the single-brane case.

8.10 Conclusion

In this lecture, I have reviewed the gradient expansion method in the context of
braneworlds. Using the formalism, I have tried to explain how the AdS/CFT
correspondence is related to the braneworld models.

In the case of the RS single-brane model, we clarified when the conventional
Einstein equations hold at low energy. Moreover, we revealed the relation between
the geometrical and the AdS/CFT correspondence approach using the gradient
expansion method. We have shown that the high energy and the Weyl term
corrections found in the geometrical approach correspond to the CFT matter
corrections found in the AdS/CFT approach.

In the case of the RS two-brane sysytem, we showed that the AdS/CFT cor-
respondence plays an important role in the sense that the low energy effective field
theory can be described by the conformally coupled scalar-tensor theory where the
radion plays the role of the scalar field. We also presented the symmetry method to
derive KK corrections in the two-brane system.

These effective theories for RS braneworlds can be used to make cosmological
predictions. More importantly, it turned out that the gradient expansion method
provides a unified view of RS braneworlds.
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We have also considered the bulk scalar field with a nontrivial potential and
derived the non-linear low energy effective action for the dilatonic two-brane
model using the gradient expansion method. As a result, we have shown that the
effective theory reduces to the scalar-tensor theory with the non-trivial coupling
between the radion and the bulk scalar field. Since the radion has a conformal
coupling, the conformal symmetry is relevant even for the dilatonic braneworlds.
In this sense, the AdS/CFT correspondence is related to dilatonic braneworlds.
However, the radion couples to the scalar field which is non-conformal. Hence, the
conformal invariance is violated.

Our phenomenological motivation to consider dilatonic braneworlds was a
possibility of the bulk inflaton. Concerning to this issue, taking into account the
fact that y,,, and C becomes zero when two branes get separated infinitely, one can
conclude that the bulk inflaton can drive the inflation on the brane as far as the
slow roll conditions are satisfied. We also obtained KK corrections in the single
brane limit which contain CFT corrections.

These results tell us that there exist profound relations between braneworlds
and the AdS/CFT correspondence, although the correspondence is slightly
deformed in the dilatonic cases.

In this lecture, we have considered only codimesion-one braneworlds. It is
important to extend the analysis to higher codimension models [75-84]. It is
intriguing to study a role of the AdS/CFT correspondence in these higher codi-
mension braneworlds.
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Chapter 9
Condensed Matter and AdS/CFT

Subir Sachdev

Abstract I review two classes of strong coupling problems in condensed matter
physics, and describe insights gained by application of the AdS/CFT correspon-
dence. The first class concerns non-zero temperature dynamics and transport in the
vicinity of quantum critical points described by relativistic field theories. I describe
how relativistic structures arise in models of physical interest, present results for
their quantum critical crossover functions and magneto-thermoelectric hydrody-
namics. The second class concerns symmetry breaking transitions of two-dimen-
sional systems in the presence of gapless electronic excitations at isolated points or
along lines (i.e. Fermi surfaces) in the Brillouin zone. I describe the scaling
structure of a recent theory of the Ising-nematic transition in metals, and discuss its
possible connection to theories of Fermi surfaces obtained from simple AdS duals.

9.1 Introduction

The past couple of decades have seen vigorous theoretical activity on the quantum
phases and phase transitions of correlated electron systems in two spatial
dimensions. Much of this work has been motivated by the cuprate superconduc-
tors, but the list of interesting materials continues to increase unabated [1].
Methods from field theory have had a strong impact on much of this work.
Indeed, they have become part of the standard toolkit of condensed matter phys-
icists. In these lectures, I focus on two classes of strong-coupling problems which
have not yielded accurate solutions via the usual arsenal of field-theoretic methods.
I will also discuss how the AdS/CFT correspondence, discovered by string
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theorists, has already allowed substantial progress on some of these problems, and
offers encouraging prospects for future progress.

The first class of strong-coupling problems are associated with the real-time,
finite temperature behavior of strongly interacting quantum systems, especially
those near quantum critical points. Field-theoretic or numerical methods often
allow accurate determination of the zero temperature or of imaginary time cor-
relations at non-zero temperatures. However, these methods usual fail in the real-
time domain at non-zero temperatures, particularly at times greater than 7/kpT,
where T is the absolute temperature. In systems near quantum critical points the
natural scale for correlations is i1/kpT itself, and so lowering the temperature in a
numerical study does not improve the situation.

The second class of strong-coupling problems arise near two-dimensional
quantum critical points with fermionic excitations. When the fermions have a
massless Dirac spectrum, with zero excitation energy at a finite number of points
in the Brillouin zone, conventional field-theoretic methods do allow significant
progress. However, in metallic systems, the fermionic excitations have zeros along
a line in the Brillouin zone (the Fermi surface), allowing a plethora of different low
energy modes. Metallic quantum critical points play a central role in many
experimental systems, but the interplay between the critical modes and the Fermi
surface has not been fully understood (even at zero temperature). Readers inter-
ested only in this second class of problems can jump ahead to Sect. 9.7.

These lectures will start with a focus on the first class of strong-coupling
problems. We will begin in Sect. 9.2 by introducing a variety of model systems
and their quantum critical points; these are motivated by recent experimental and
theoretical developments. We will use these systems to introduce basic ideas on
the finite temperature crossovers near quantum critical points in Sect. 9.3. In Sect.
9.4, we will focus on the important quantum critical region and present a general
discussion of its transport properties. An important recent development has been
the complete exact solution, via the AdS/CFT correspondence, of the dynamic and
transport properties in the quantum critical region of a variety of (supersymmetric)
model systems in two and higher dimensions: this will be described in Sect. 9.5.
The exact solutions are found to agree with the earlier general ideas discussed here
in Sect. 9.4. As has often been the case in the history of physics, the existence of a
new class of solvable models leads to new and general insights which apply to a
much wider class of systems, almost all of which are not exactly solvable. This has
also been the case here, as we will review in Sect. 9.6: a hydrodynamic theory of
the low frequency transport properties has been developed, and has led to new
relations between a variety of thermo-electric transport co-efficients.

The latter part of these lectures will turn to the second class of strong coupling
problems, by describing the role of fermions near quantum critical points. In Sect. 9.7
we will consider some simple symmetry breaking transitions in d-wave supercon-
ductors. Such superconductors have fermionic excitations with a massless Dirac
spectrum, and we will show how they become critical near the quantum phase
transition. We will review how the field-theoretic 1/N expansion does allow solution
of a large class of such problems. Finally, in Sect. 9.8 we will consider phase
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transitions of metallic systems with Fermi surfaces. We will discuss how the 1/N
expansion fails here, and review the results of recent work involving the AdS/CFT
correspondence.

Some portions of the discussions below have been adapted from other review
articles by the author [2, 3].

9.2 Model Systems and Their Critical Theories
9.2.1 Coupled Dimer Antiferromagnets

Some of the best studied examples of quantum phase transitions arise in insulators
with unpaired S = 1/2 electronic spins residing on the sites, i, of a regular lattice.
Using S (a = x,y,z) to represent the spin S = 1/2 operator on site i, the low
energy spin excitations are described by the Heisenberg exchange Hamiltonian

Hy = JyS 8¢+ (9.1)

where J;; > 0 is the antiferromagnetic exchange interaction. We will begin with a
simple realization of this model is illustrated in Fig. 9.1. The S = 1/2 spins reside
on the sites of a square lattice, and have nearest neighbor exchange equal to either
JorJ/A Here 2> 1 is a tuning parameter which induces a quantum phase tran-
sition in the ground state of this model.

At /4 = 1, the model has full square lattice symmetry, and this case is known to
have a Néel ground state which breaks spin rotation symmetry. This state has a
checkerboard polarization of the spins, just as found in the classical ground state,
and as illustrated on the left side of Fig. 9.1. It can be characterized by a vector
order parameter ¢“ which measures the staggered spin polarization

S i

>
A A

Fig. 9.1 The coupled dimer antiferromagnet. The full red lines represent an exchange interaction
J, while the dashed green lines have exchange J/A. The ellispes represent a singlet valence bond

of spins (| T|) —| lT))/\/E
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@ =S} (9-2)

where n; = £1 on the two sublattices of the square lattice. In the Néel state we have
(@") # 0, and we expect that the low energy excitations can be described by long
wavelength fluctuations of a field ¢“(x, t) over space, x, and imaginary time t.

On the other hand, for A > 1 it is evident from Fig. 9.1 that the ground state
preserves all symmetries of the Hamiltonian: it has total spin S = 0 and can be
considered to be a product of nearest neighbor singlet valence bonds on the J links.
It is clear that this state cannot be smoothly connected to the Néel state, and so
there must at least one quantum phase transition as a function /.

Extensive quantum Monte Carlo simulations [4—6] on this model have shown
there is a direct phase transition between these states at a critical /., as in Fig. 9.1.
The value of 4. is known accurately, as are the critical exponents characterizing a
second-order quantum phase transition. These critical exponents are in excellent
agreement with the simplest proposal for the critical field theory, [6] which can be
obtained via conventional Landau-Ginzburg arguments. Given the vector order
parameter ¢“, we write down the action in d spatial and one time dimension,

2

S16 = / d'rdz E (0" + (Vo) +5(¢)] +5 | (0] } (9.3)
as the simplest action expanded in gradients and powers of ¢¢ which is consistent
will all the symmetries of the lattice antiferromagnet. The transition is now tuned
by varying s ~ (4 — A.). Notice that this model is identical to the Landau-Ginzburg
theory for the thermal phase transition in a d + 1 dimensional ferromagnet,
because time appears as just another dimension. As an example of the agreement:
the critical exponent of the correlation length, v, has the same value, v = 0.711. . .,
to three significant digits in a quantum Monte Carlo study of the coupled dimer
antiferromagnet, [6] and in a 5-loop analysis [7] of the renormalization group fixed
point of Sy in d = 2. Similar excellent agreement is obtained for the double-layer
antiferromagnet [8, 9] and the coupled-plaquette antiferromagnet [10].

In experiments, the best studied realization of the coupled-dimer antiferro-
magnet is TICuCls. In this crystal, the dimers are coupled in all three spatial
dimensions, and the transition from the dimerized state to the Néel state can be
induced by application of pressure. Neutron scattering experiments by Ruegg and
collaborators [11] have clearly observed the transformation in the excitation
spectrum across the transition, and these observations are in good quantitative
agreement with theory [1].

9.2.2 Deconfined Criticality

We now consider an analog of transition discussed in Sect. 9.2.1, but for a
Hamiltonian H = Hy + AH; which has full square lattice symmetry at all 4. For
Hy, we choose a form of Hj, with J;; = J for all nearest neighbor links. Thus at
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A = 0 the ground state has Néel order, as in the left panel of Fig. 9.1. We now want
to choose H; so that increasing 4 leads to a spin singlet state with spin rotation
symmetry restored. A large number of choices have been made in the literature,
and the resulting ground state invariably [12] has valence bond solid (VBS) order;
a VBS state has been observed in the organic antiferromagnet EtMe;P[Pd(dmit),],
[13, 14]. The VBS state is superficially similar to the dimer singlet state in the right
panel of Fig. 9.1: the spins primarily form valence bonds with near-neighbor sites.
However, because of the square lattice symmetry of the Hamiltonian, a columnar
arrangement of the valence bonds as in Fig. 9.1, breaks the square lattice rotation
symmetry; there are 4 equivalent columnar states, with the valence bond columns
running along different directions. More generally, a VBS state is a spin singlet
state, with a non-zero degeneracy due to a spontaneously broken lattice symmetry.
Thus a direct transition between the Néel and VBS states involves two distinct
broken symmetries: spin rotation symmetry, which is broken only in the Néel state,
and a lattice rotation symmetry, which is broken only in the VBS state. The rules
of Landau-Ginzburg-Wilson theory imply that there can be no generic second-
order transition between such states.

It has been argued that a second-order Néel-VBS transition can indeed occur
[15], but the critical theory is not expressed directly in terms of either order
parameter. It involves a fractionalized bosonic spinor z,(o =T, | ), and an emergent
gauge field A,. The key step is to express the vector field ¢ in terms of z, by

0" = 2,0552p (94)

where ¢¢ are the 2 x 2 Pauli matrices. Note that this mapping from ¢ to z, is
redundant. We can make a spacetime-dependent change in the phase of the z, by
the field 6(x, 1)

70 — €%z, (9.5)

and leave ¢“ unchanged. All physical properties must therefore also be invariant
under Eq. 9.5, and so the quantum field theory for z, has a U(1) gauge invariance,
much like that found in quantum electrodynamics. The effective action for the z,
therefore requires introduction of an ‘emergent’ U(1) gauge field A, (where
u=2x,7 is a three-component spacetime index). The field A, is unrelated the
electromagnetic field, but is an internal field which conveniently describes the
couplings between the spin excitations of the antiferromagnet. As we did for S;¢,
we can write down the quantum field theory for z, and A, by the constraints of
symmetry and gauge invariance, which now yields

. 1
5. = / rdx [|<a,¢ — i)l sl ) 45 (it (96)
For brevity, we have now used a “relativistically” invariant notation, and scaled
away the spin-wave velocity v; the values of the couplings s, u are different from,
but related to, those in S;g. The Maxwell action for A, is generated from short
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distance z, fluctuations, and it makes A, a dynamical field; its coupling g is
unrelated to the electron charge. The action S, is a valid description of the Néel
state for s <0 (the critical upper value of s will have fluctuation corrections away
from 0), where the gauge theory enters a Higgs phase with (z,) # 0. This
description of the Néel state as a Higgs phase has an analogy with the Weinberg-
Salam theory of the weak interactions—in the latter case it is hypothesized that the
condensation of a Higgs boson gives a mass to the W and Z gauge bosons, whereas
here the condensation of z, quenches the A, gauge boson. As written, the s > 0
phase of S, is a ‘spin liquid’ state with a S =0 collective gapless excitation
associated with the A, photon. Non-perturbative effects [12] associated with the
monopoles in A, (not discussed here), show that this spin liquid is ultimately
unstable to the appearance of VBS order.

Numerical studies of the Néel-VBS transition have focussed on a specific lattice
antiferromagnet proposed by Sandvik [16—19]. There is strong evidence for VBS
order proximate to the Néel state, along with persuasive evidence of a second-
order transition. However, some studies [20, 21] support a very weak first order
transition.

9.2.3 Graphene

The last few years have seen an explosion in experimental and theoretical studies
[22] of graphene: a single hexagonal layer of carbon atoms. At the currently
observed temperatures, there is no evident broken symmetry in the electronic
excitations, and so it is not conventional to think of graphene as being in the
vicinity of a quantum critical point. However, graphene does indeed undergo a
bona fide quantum phase transition, but one without any order parameters or
broken symmetry. This transition may be viewed as being ‘topological’ in char-
acter, and is associated with a change in nature of the Fermi surface as a function
of carrier density.

Pure, undoped graphene has a conical electronic dispersion spectrum at two
points in the Brillouin zone, with the Fermi energy at the particle-hole symmetric
point at the apex of the cone. So there is no Fermi surface, just a Fermi point,
where the electronic energy vanishes, and pure graphene is a ‘semi-metal’. By
applying a gate voltage, the Fermi energy can move away from this symmetric
point, and a circular Fermi surface develops, as illustrated in Fig. 9.2. The Fermi
surface is electron-like for one sign of the bias, and hole-like for the other sign.
This change from electron to hole character as a function of gate voltage consti-
tutes the quantum phase transition in graphene. As we will see below, with regard
to its dynamic properties near zero bias, graphene behaves in almost all respects
like a canonical quantum critical system.

The field theory for graphene involves fermionic degrees of freedom. Repre-
senting the electronic orbitals near one of the Dirac points by the two-component
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Fig. 9.2 Dirac dispersion
spectrum for graphene
showing a ‘topological’
quantum phase transition
from a hole Fermi surface for
1 <0 to a electron Fermi 7 >0
surface for u > 0

fermionic spinor W, where s is a sublattice index (we suppress spin and ‘valley’
indices), we have the effective electronic action

Sy = / d*r / deWI[(0; + iA; — )y + ivpTl, Oy + ivpT Oy |

o [ 4 e Liata o ©7)

where 7/, are Pauli matrices in the sublattice space, p is the chemical potential, vp
is the Fermi velocity, and A; is the scalar potential mediating the Coulomb
interaction with coupling g?> = e*/e (e is a dielectric constant). This theory
undergoes a quantum phase transition as a function of y, at u = 0, similar in many
ways to that of S;; as a function of s. The interaction between the fermionic
excitations here has coupling g2, which is the analog of the non-linearity u in S;¢.
The strength of the interactions is determined by the dimensionless ‘fine structure
constant’ o = g>/(fivg) which is of order unity in graphene. While u flows to a
non-zero fixed point value under the renormalization group, o flows logarithmi-
cally slowly to zero. For many purposes, it is safe to ignore this flow, and to set «
equal to a fixed value.

9.3 Finite Temperature Crossovers

The previous section has described four model systems at 7 = 0: we examined the
change in the nature of the ground state as a function of some tuning parameter,
and motivated a quantum field theory which describes the low energy excitations
on both sides of the quantum critical point.
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We now turn to the important question of the physics at non-zero temperatures.
All of the models share some common features, which we will first explore for the
coupled dimer antiferromagnet. For 1 > A. (or s > 0 in Si;), the excitations
consist of a triplet of S =1 particles (the ‘triplons’), which can be understood
perturbatively in the large / expansion as an excited S = 1 state on a dimer,
hopping between dimers (see Fig. 9.3). The mean field theory tells us that the
excitation energy of this dimer vanishes as /s upon approaching the quantum
critical point. Fluctuations beyond mean field, described by S;;, show that the
exponent is modified to s*', where z = 1 is the dynamic critical exponent, and v is
the correlation length exponent. Now imagine turning on a non-zero temperature.
As long as T is smaller than the triplon gap, i.e. T <s%, we expect a description in
terms of a dilute gas of thermally excited triplon particles. This leads to the
behavior shown on the right-hand-side of Fig. 9.3, delimited by the crossover
indicted by the dashed line. Note that the crossover line approaches 7 = 0 only at
the quantum critical point.

Now let us look a the complementary behavior at 7 > 0 on the Néel-ordered
side of the transition, with s<0. In two spatial dimensions, thermal fluctuations
prohibit the breaking of a non-Abelian symmetry at all 7 > 0, and so spin rotation
symmetry is immediately restored. Nevertheless, there is an exponentially large
spin correlation length, &, and at distances shorter than £ we can use the ordered
ground state to understand the nature of the excitations. Along with the spin-
waves, we also found the longitudinal ‘Higgs’ mode with energy v/ —2s in mean
field theory. Thus, just as was this case for s > 0, we expect this spin-wave+Higgs
picture to apply at all temperatures lower than the natural energy scale; i.e. for
T <(—s)®. This leads to the crossover boundary shown on the left-hand-side of
Fig. 9.3.

Having delineated the physics on the two sides of the transition, we are left with
the crucial quantum critical region in the center of Fig. 9.3. This is present for

Fig. 9.3 Finite temperature A - 7
crossovers of the coupled T b . ’
dimer antiferromagnet in b e 4
Fig. 9.1 b critical
\ U )
Classical \ ’ Dilute
spin b ’*' triplon

waves
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T > |s[”, i.e. at higher temperatures in the vicinity of the quantum critical point.
To the left of the quantum critical region, we have a description of the dynamics
and transport in terms of an effectively classical model of spin waves: this is the
‘renormalized classical’ regime of [23]. To the right of the quantum critical region,
we again have a regime of classical dynamics, but now in terms of a Boltzmann
equation for the triplon particles. A key property of quantum critical region is that
there is no description in terms of either classical particles or classical waves at the
times of order the typical relaxation time, 7,, of thermal excitations. Instead,
quantum and thermal effects are equally important, and involve the non-trivial
dynamics of the fixed-point theory describing the quantum critical point. Note that
while the fixed-point theory applies only at a single point (A = A.) at T =0, its
influence broadens into the quantum critical region at 7 > 0. Because there is no
characteristing energy scale associated with the fixed-point theory, kT is the only
energy scale available to determine t, at non-zero temperatures. Thus, in the
quantum critical region [24, 25]

h

where C is a universal constant dependent only upon the universality class of the
fixed point theory i.e. it is universal number just like the critical exponents. This
value of 7, determines the ‘friction coefficients’ associated with the dissipative
relaxation of spin fluctuations in the quantum critical region. It is also important
for the transport co-efficients associated with conserved quantities, and this will be
discussed in Sect. 9.4

Let us now consider the similar 7 > 0 crossovers for the other models of
Sect. 9.2.

The Néel-VBS transition of Sect. 9.2.2 has crossovers very similar to those in
Fig. 9.3, with one important difference. The VBS state breaks a discrete lattice
symmetry, and this symmetry remains broken for a finite range of non-zero
temperatures. Thus, within the right-hand ’triplon gas’ regime of Fig. 9.3, there is
a phase transition line at a critical temperature 7yps. The value of Tygs vanishes
very rapidly as s \ 0, and is controlled by the non-perturbative monopole effects
which were briefly noted in Sect. 9.2.2.

For graphene, the discussion above applied to Fig. 9.2 leads to the crossover
diagram shown in Fig. 9.4, as noted by Sheehy and Schmalian [26]. We have the
Fermi liquid regimes of the electron- and hole-like Fermi surfaces on either side of
the critical point, along with an intermediate quantum critical Dirac liquid. A new
feature here is related to the logarithmic flow of the dimensionless ‘fine structure
constant’ o controlling the Coulomb interactions, which was noted in Sect. 9.2.3.
In the quantum critical region, this constant takes the typical value «~ 1/1n(1/T).
Consequently for the relaxation time in Eq. 9.8 we have C ~ In*(1/T). This time
determines both the width of the electron spectral functions, and also the transport
co-efficients, as we will see in Sect. 9.4.
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9.4 Quantum Critical Transport

We now turn to the ‘transport’ properties in the quantum critical region: we
consider the response functions associated with any globally conserved quantity.
For the antiferromagnetic systems in Sect. 9.2.1 and 9.2.2, this requires consid-
eration of the transport of total spin, and the associated spin conductivities and
diffusivities. For graphene, we can consider charge and momentum transport. Our
discussion below will also apply to the superfluid-insulator transition: for bosons
in a periodic potential, this transition is described [27] by a field theory closely
related to that in Eq. 9.3. However, we will primarily use a language appropriate to
charge transport in graphene below. We will describe the properties of a generic
strongly-coupled quantum critical point and mention, where appropriate, the
changes due to the logarithmic flow of the coupling in graphene.

In traditional condensed matter physics, transport is described by identifying
the low-lying excitations of the quantum ground state, and writing down ‘transport
equations’ for the conserved charges carried by them. Often, these excitations have
a particle-like nature, such as the ‘triplon’ particles of Fig. 9.3 or the electron or
hole quasiparticles of the Fermi liquids in Fig. 9.4. In other cases, the low-lying
excitations are waves, such as the spin-waves in Fig. 9.3, and their transport is
described by a non-linear wave equation (such as the Gross-Pitaevski equation).
However, as we have discussed in Sect. 9.3 neither description is possible in the
quantum critical region, because the excitations do not have a particle-like or
wave-like character.

Despite the absence of an intuitive description of the quantum critical
dynamics, we can expect that the transport properties should have a universal
character determined by the quantum field theory of the quantum critical point. In
addition to describing single excitations, this field theory also determines the
S-matrix of these excitations by the renormalization group fixed-point value of the
couplings, and these should be sufficient to determine transport properties [28].

Fig. 9.4 Finite temperature T(K)
crossovers of graphene as a < 2
function of electron density n 600F °< i
. . . ~ . e 7
(which is tuned by u in b Quantum critical Vad
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The transport co-efficients, and the relaxation time to local equilibrium, are not
proportional to a mean free scattering time between the excitations, as is the case
in the Boltzmann theory of quasiparticles. Such a time would typically depend
upon the interaction strength between the particles. Rather, the system behaves
like a “perfect fluid” in which the relaxation time is as short as possible, and is
determined universally by the absolute temperature, as indicated in Eq. 9.8.
Indeed, it was conjectured in [29] that the relaxation time in Eq. 9.8 is a generic
lower bound for interacting quantum systems. Thus the non-quantum-critical
regimes of all the phase diagrams in Sect. 9.3 have relaxation times which are all
longer than Eq. 9.8.

The transport co-efficients of this quantum-critical perfect fluid also do not
depend upon the interaction strength, and can be connected to the fundamental
constants of nature. In particular, the electrical conductivity, o, is given by (in two
spatial dimensions) [28]

6o = —,, (9.9)

where @, is a universal dimensionless constant of order unity, and we have added
the subscript Q to emphasize that this is the conductivity for the case of graphene
with the Fermi level at the Dirac point (for the superfluid-insulator transition, this
would correspond to bosons at integer filling) with no impurity scattering, and at
zero magnetic field. Here e* is the charge of the carriers: for a superfluid-insulator
transition of Cooper pairs, we have e* = 2e, while for graphene we have ¢* = e.
The renormalization group flow of the ‘fine structure constant’ o of graphene to
zero at asymptotically low 7', allows an exact computation in this case [30-32]:
®, ~ 0.051n*(1/T). For the superfluid-insulator transition, ®, is T-independent
(this is the generic situation with non-zero fixed point values of the interaction
[33]) but it has only been computed [28, 29] to leading order in expansions in 1/N
(where N is the number of order parameter components) and in 3 — d (where d is
the spatial dimensionality). However, both expansions are neither straightforward
nor rigorous, and require a physically motivated resummation of the bare pertur-
bative expansion to all orders. It would therefore be valuable to have exact
solutions of quantum critical transport where the above results can be tested, and
we turn to such solutions in the next section.

In addition to charge transport, we can also consider momentum transport. This
was considered in the context of applications to the quark-gluon plasma [34];
application of the analysis of [28] shows that the viscosity, #, is given by

n h
-=—0 9.10
s kB U ( )
where s is the entropy density, and again @, is a universal constant of order unity.
The value of @, has recently been computed [35] for graphene, and again has a
logarithmic 7 dependence because of the marginally irrelevant interaction:

@, ~ 0.008In*(1/T).
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We conclude this section by discussing some subtle aspects of the physics
behind the seemingly simple result quantum-critical in Eq. 9.9. For simplicity, we
will consider the case of a “relativistically” invariant quantum critical point in
2 + 1 dimensions (such as the field theories of Sects. 9.2.1 and 9.2.2, but mar-
ginally violated by graphene, a subtlety we ignore below). Consider the retarded
correlation function of the charge density, y(k,®), where k = |k| is the wave-
vector, and o is frequency; the dynamic conductivity, o(w), is related to y by the
Kubo formula,

awgzg%iﬁ~wwy (9.11)

It was argued in [28] that despite the absence of particle-like excitations of the
critical ground state, the central characteristic of the transport is a crossover from
collisionless to collision-dominated transport. At high frequencies or low tem-
peratures, the limiting form for y reduces to that at 7 = 0, which is completely
determined by relativistic and scale invariance and current conversion upto an
overall constant

6*2 k2 6*2
1(k,0) =—K , olw)= TK; ho > kT,  (9.12)
vk — (0 + in)?

where K is a universal number [36, 37]. However, phase-randomizing collisions
are intrinsically present in any strongly interacting critical point (above one spatial
dimension) and these lead to relaxation of perturbations to local equilibrium and
the consequent emergence of hydrodynamic behavior. So at low frequencies, we
have instead an Einstein relation which determines the conductivity with

Dk2 6*2

x(k,co):e*zxcm, a(w):e*szD:7®l®2; fiw < kpr, (9.13)

where y,. is the compressibility and D is the charge diffusion constant. Quantum
critical scaling arguments show that the latter quantities obey

kBT I’ZV2
A D=0,— 9.14
h?’ 2 kpT’ (9.14)

Xe = 0,
where ®;, are universal numbers. A large number of papers in the literature,
particularly those on critical points in quantum Hall systems, have used the col-
lisionless method of Eq. 9.12 to compute the conductivity. However, the correct
d.c. limit is given by Eq. 9.13, and the universal constant in Eq. 9.9 is given by
P, = ©;0,. Given the distinct physical interpretation of the collisionless and
collision-dominated regimes, we expect that K # ®®,. This has been shown in a
resummed perturbation expansion for a number of quantum critical points [29].
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9.5 Exact Results for Quantum Critical Transport

The results of Sect. 9.4 were obtained by using physical arguments to motivate
resummations of perturbative expansions. Here we shall support the ad hoc
assumptions behind these results by examining an exactly solvable model of
quantum critical transport.

The solvable model may be viewed as a generalization of the gauge theory in
Eq. 9.6 to the maximal possible supersymmetry. In 2 + 1 dimensions, this is known
as N = 8 supersymmetry. Such a theory with the U(1) gauge group is free, and so
we consider the non-Abelian Yang-Millis theory with a SU(N) gauge group. The
resulting supersymmetric Yang-Mills (SYM) theory has only one coupling con-
stant, which is the analog of the electric charge g in Eq. 9.6. The matter content is
naturally more complicated than the complex scalar z, in Eq. 9.6, and also
involves relativistic Dirac fermions as in Eq. 9.7. However all the terms in the
action for the matter fields are also uniquely fixed by the single coupling constant
g- Under the renormalization group, it is believed that g flows to an attractive fixed
point at a non-zero coupling g = g*; the fixed point then defines a supersymmetric
conformal field theory in 2 + 1 dimensions (a SCFT3), and we are interested here
in the transport properties of this SCFT3.

A remarkable recent advance has been the exact solution of this SCFT3 in the
N — oo limit using the AdS/CFT correspondence [38]. The solution proceeds by a
dual formulation as a four-dimensional supergravity theory on a spacetime with
uniform negative curvature: anti-de Sitter space, or AdS,. Remarkably, the solu-
tion is also easily extended to non-zero temperatures, and allows direct compu-
tation of the correlators of conserved charges in real time. At 7 > 0 a black hole
appears in the gravity, resulting in an AdS-Schwarzschild spacetime, and 7 is also
the Hawking temperature of the black hole; the real time solutions also extend to
T>0.

The results of a full computation [39] of the density correlation function,
7(k, w) are shown in Figs. 9.5 and 9.6. The most important feature of these results
is that the expected limiting forms in the collisionless (Eq. 9.12) and collision-
dominated (Eq. 9.13) are obeyed. Thus the results do display the collisionless to
collision-dominated crossover at a frequency of order kgT /A, as was postulated in
Sect. 9.4.

An additional important feature of the solution is apparent upon describing the
full structure of both the density and current correlations. Using spacetime indices
(u,v =t,x,y) we can represent these as the tensor }(m(k7 ), where the previously
considered y = y,. At T > 0, we do not expect Ly O be relativistically covariant,
and so can only constrain it by spatial isotropy and density conservation. Intro-
ducing a spacetime momentum p, = (, k), and setting the velocity v = 1, these
two constraints lead to the most general form

*2

e
(b, @) = S /P2 (PL KT (k. 0) + PL K (k. 00)) (9.15)
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where p* = n*'p,p, with n,, = diag(—1,1,1), and P}, and P/,

ny
projectors defined by
PuPv
7= (- 13)

with the indices i,j running over the two spatial components. The two functions
KTL(k, ) define all the correlators of the density and the current, and the results

in Egs. 9.13 and 9.12 are obtained by taking suitable limits of these functions. We
will also need below the general identity

are orthogonal

kik;

el —Py

uv?

Ply = Py = Pjy =0, P, = & — (9.16)

KT (0,w) = K*(0, »), (9.17)

which follows from the analyticity of the T > O current correlations at k = 0.
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The relations of the previous paragraph are completely general and apply to any
theory. Specializing to the AdS-Schwarzschild solution of SYM3, the results were
found to obey a simple and remarkable identity [39]:

K (k, 0)KT (k, ) = K? (9.18)

where C is a known pure number, independent of w and k. It was also shown that
such a relation applies to any theory which is equated to classical gravity on AdSy,
and is a consequence of the electromagnetic self-duality of its four-dimensional
Maxwell sector. The combination of Egs. 9.17 and 9.18 fully determines the y,,
correlators at k = 0: we find K%(0,w) = K7 (0, w) = K, from which it follows that
the k = 0 conductivity is frequency independent and that ®, = ®,0, = K = K.
These last features are believed to be special to theories which are equivalent to
classical gravity, and not hold more generally.

We can obtain further insight into the interpretation of Eq. 9.18 by considering
the field theory of the superfluid-insulator transition of lattice bosons at integer
filling. As we noted earlier, this is given by the field theory in Eq. 9.3 with the field
@* having two components. It is known that this two-component theory of rela-

tivistic bosons is equivalent to a dual relativistic theory, 3 of vortices, under the
well-known ‘particle-vortex’ duality [39, 40] considered the action of this particle-
vortex duality on the correlation functions in Eq. 9.15, and found the following
interesting relations:

KE(k,)KT (k,0) =1, KT (k,0)K:(k, ) =1 (9.19)

where KT determine the vortex current correlations in S as in Eq. 9.15. Unlike
Eq. 9.18, Eq. 9.19 does not fully determine the correlation functions at k = 0: it

only serves to reduce the four unknown functions KLT KLT to two unknown

functions. The key property here is that while the theories Sy and S are dual to
each other, they are not equivalent, and the theory Si¢ is not self-dual.

We now see that Eq. 9.18 implies that the classical gravity theory of SYM3 is
self-dual under an analog of particle-vortex duality [39]. It is not expected that this
self-duality will hold when quantum gravity corrections are included; equivalently,
the SYM3 at finite N is expected to have a frequency dependence in its conductivity
at k = 0. If we apply the AdS/CFT correspondence to the superfluid-insulator
transition, and approximate the latter theory by classical gravity on AdS4, we
immediately obtain the self-dual prediction for the conductivity, ®, = 1. This value
is not far from that observed in numerous experiments, and we propose here that the
AdS/CFT correspondence offers a rationale for understanding such observations.

9.6 Hydrodynamic Theory

The successful comparison between the general considerations of Sect. 9.4, and
the exact solution using the AdS/CFT correspondence in Sect. 9.5, emboldens us to
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seek a more general theory of low frequency (hw < kgT) transport in the quantum
critical regime. We will again present our results for the special case of a rela-
tivistic quantum critical point in 2 + 1 dimensions (a CFT3), but it is clear that
similar considerations apply to a wider class of systems. Thus we can envisage
applications to the superfluid-insulator transition, and have presented scenarios
under which such a framework can be used to interpret measurements of the
Nernst effect in the cuprates [41]. We have also described a separate set of
applications to graphene [30-32]: while graphene is strictly not a CFT3, the Dirac
spectrum of electrons leads to many similar results, especially in the inelastic
collision-dominated regime associated with the quantum critical region. These
results on graphene are reviewed in a separate paper [42], where explicit micro-
scopic computations are also discussed.

Our idea is to relax the restricted set of conditions under which the results of
Sect. 9.4 were obtained. We will work within the quantum critical regimes of the
phase diagrams of Sect. 9.3 but now allow a variety of additional perturbations.
First, we will move away from the particle-hole symmetric case, allow a finite
density of carriers. For graphene, this means that u is no longer pinned at zero; for
the antiferromagnets, we can apply an external magnetic field; for the superfluid-
insulator transition, the number density need not be commensurate with the
underlying lattice. For charged systems, such as the superfluid-insulator transition
or graphene, we allow application of an external magnetic field. Finally, we also
allow a small density of impurities which can act as a sink of the conserved total
momentum of the CFT3. In all cases, the energy scale associated with these
perturbations is assumed to be smaller than the dominant energy scale of the
quantum critical region, which is kgT. The results presented below were obtained
in two separate computations, associated with the methods described in Sects. 9.4
and 9.5, and are described in the two subsections below.

9.6.1 Relativistic Magnetohydrodynamics

With the picture of relaxation to local equilibrium at frequencies hw < kgT
developed in [28], we postulate that the equations of relativistic magnetohydro-
dynamics should describe the low frequency transport. The basic principles
involved in such a hydrodynamic computation go back to the nineteenth century:
conservation of energy, momentum, and charge, and the constraint of the positivity
of entropy production. Nevertheless, the required results were not obtained until
our recent work [41]: the general case of a CFT3 in the presence of a chemical
potential, magnetic field, and small density of impurities is very intricate, and the
guidance provided by the dual gravity formulation was very helpful to us. In this
approach, we do not have quantitative knowledge of a few transport co-efficients,
and this is complementary to our ignorance of the effective couplings in the dual
gravity theory to be discussed in Sect. 9.6.2.
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The complete hydrodynamic analysis can be found in [41]. The analysis is
intricate, but is mainly a straightforward adaption of the classic procedure outlined
by Kadanoff and Martin [43] to the relativistic field theories which describe
quantum critical points. We list the steps:

1. Identify the conserved quantities, which are the energy-momentum tensor, 7+,
and the particle number current, J*.
2. Obtain the real time equations of motion, which express the conservation laws:

O™ = F'J,, 00" =0; (9.20)

here F*' represents the externally applied electric and magnetic fields which
can change the net momentum or energy of the system, and we have not written
a term describing momentum relaxation by impurities.

3. Identify the state variables which characterize the local thermodynamic state—
we choose these to be the density, p, the temperature T, and an average velocity
ut.

4. Express T and J# in terms of the state variables and their spatial and temporal
gradients; here we use the properties of the observables under a boost by the
velocity #*, and thermodynamic quantities like the energy density, ¢, and the
pressure, P, which are determined from 7 and p by the equation of state of
the CFT. We also introduce transport co-efficients associated with the gradient
terms.

5. Express the equations of motion in terms of the state variables, and ensure that
the entropy production rate is positive [44]. This is a key step which ensures
relaxation to local equilibrium, and leads to important constraints on the
transport co-efficients. In d = 2, it was found that situations with the velocity u*
spacetime independent are characterized by only a single independent transport
co-efficient [41]. This we choose to be the longitudinal conductivity at B = 0.

6. Solve the initial value problem for the state variables using the linearized
equations of motion.

7. Finally, translate this solution to the linear response functions, as described in
[43].

9.6.2 Dyonic Black Hole

Given the success of the AdS/CFT correspondence for the specific supersymmetric
model in Sect. 9.5, we boldly assume a similar correspondence for a generic CFT3.
We assume that each CFT3 is dual to a strongly-coupled theory of gravity on
AdS4. Furthermore, given the operators associated with the perturbations away
from the pure CFT3 we want to study, we can also deduce the corresponding
perturbations away from the dual gravity theory. So far, this correspondence is
purely formal and not of much practical use to us. However, we now restrict our
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attention to the hydrodynamic, collision dominated regime, hw < kgT of the
CFT3. We would like to know the corresponding low energy effective theory
describing the quantum gravity theory on AdS,. Here, we make the simplest
possible assumption: the effective theory is just the Einstein-Maxwell theory of
general relativity and electromagnetism on AdS4. As in Sect. 9.5, the temperature
T of CFT3 corresponds to introducing a black hole on AdS; whose Hawking
temperature is 7. The chemical potential, p, of the CFT3 corresponds to an electric
charge on the black hole, and the applied magnetic field maps to a magnetic charge
on the black hole. Such a dynoic black hole solution of the Einstein-Maxwell
equations is, in fact, known: it is the Reissner-Nordstrom black hole.

We solved the classical Einstein-Maxwell equations for linearized fluctuations
about the metric of a dyonic black hole in a space which is asymptotically AdS,.
The results were used to obtain correlators of a CFT3 using the prescriptions of the
AdS/CFT mapping. As we have noted, we have no detailed knowledge of the
strongly-coupled quantum gravity theory which is dual to the CFT3 describing
the superfluid-insulator transition in condensed matter systems, or of graphene.
Nevertheless, given our postulate that its low energy effective field theory
essentially captured by the Einstein-Maxwell theory, we can then obtain a pow-
erful set of results for CFT3s.

9.6.3 Results

In the end, we obtained complete agreement between the two independent com-
putations in Sects. 9.6.1 and 9.6.2, after allowing for their distinct equations of
state. This agreement demonstrates that the assumption of a low energy Einstein-
Maxwell effective field theory for a strongly coupled theory of quantum gravity is
equivalent to the assumption of hydrodynamic transport for hw < kgT in a
strongly coupled CFT3.

Finally, we turn to our explicit results for quantum critical transport with
ho < kB T.

First, consider adding a chemical potential, y, to the CFT3. This will induce a
non-zero number density of carriers p. The value of p is defined so that the total
charge density associated with p is e*p. Then the electrical conductivity at a
frequency o is

_ o2 (I)J+e*2p2v2 | 1 |
h (6+ P) (=i + 1/ Timp)

(9.21)

In this section, we are again using the symbol v to denote the characteristic
velocity of the CFT3 because we will need ¢ for the physical velocity of light
below. Here ¢ is the energy density and P is the pressure of the CFT3. We have
assumed a small density of impurities which lead to a momentum relaxation time
Timp [41, 45]. In general, @y, p, ¢, P, and 1/7jy, will be functions of u/kgT which
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cannot be computed by hydrodynamic considerations alone. However, apart from
®,, these quantities are usually amenable to direct perturbative computations in
the CFT3, or by quantum Monte Carlo studies. The physical interpretation of Eq.
9.21 should be evident: adding a charge density p leads to an additional Drude-like
contribution to the conductivity. This extra current cannot be relaxed by collisions
between the unequal density of particle and hole excitations, and so requires an
impurity relaxation mechanism to yield a finite conductivity in the d.c. limit.

Now consider thermal transport in a CFT3 with a non-zero p. The d.c. thermal
conductivity, k, is given by

BT\ (& + P\>
— O, (B~ 22
K a( - )(kng) , (9.22)

in the absence of impurity scattering, 1/7imp, — 0. This is a Wiedemann-Franz-like
relation, connecting the thermal conductivity to the electrical conductivity in the
u = 0 CFT. Note that x diverges as p — 0, and so the thermal conductivity of the
u = 0 CFT is infinite.

Next, turn on a small magnetic field B; we assume that B is small enough that
the spacing between the Landau levels is not as large as kgT. The case of large
Landau level spacing is also experimentally important, but cannot be addressed by
the present analysis. Initially, consider the case u = 0. In this case, the result
Eq. 9.22 for the thermal conductivity is replaced by

<. (3 i) 62

also in the absence of impurity scattering, 1/7imp — 0. This result relates x to the
electrical resistance at criticality, and so can be viewed as Wiedemann-Franz-like
relation for the vortices. A similar 1/B? dependence of x appeared in the Boltz-
mann equation analysis of [46, 47], but our more general analysis applies in a
wider and distinct regime [30-32], and relates the co-efficient to other observables.

We have obtained a full set of results for the frequency-dependent thermo-
electric response functions at non-zero B and u. The results are lengthy and we
refer the reader to [41] for explicit expressions. Here we only note that the
characteristic feature [41, 48] of these results is a new hydrodynamic cyclotron
resonance. The usual cyclotron resonance occurs at the classical cyclotron fre-
quency, which is independent of the particle density and temperature; further, in a
Galilean-invariant system this resonance is not broadened by electron-electron
interactions alone, and requires impurities for non-zero damping. The situation for
our hydrodynamic resonance is very different. It occurs in a collision-dominated
regime, and its frequency depends on the density and temperature: the explicit
expression for the resonance frequency is
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e Bpy?
we =PV (9.24)
c(e+P)
Further, the cyclotron resonance involves particle and hole excitations moving in
opposite directions, and collisions between them can damp the resonance even in

the absence of impurities. Our expression for this intrinsic damping frequency is
[41, 48]

6*2 BZVZ

¢ o, 2
h 2(e+P) (9-25)

’y =
relating it to the quantum-critical conductivity as a measure of collisions between
counter-propagating particles and holes. We refer the reader to a separate dis-
cussion [30-32] of the experimental conditions under which this hydrodynamic
cyclotron resonance may be observed.

9.7 d-Wave Superconductors

We now turn to the second class of strong-coupling problems outlined in Sect. 9.1:
those involving quantum critical points with fermionic excitations. This section
will consider the simpler class of problems in which the fermions have a Dirac
spectrum, and the field-theoretic 1/N expansion does allow for substantial
progress.

We will begin in Sect. 9.7.1 by an elementary discussion of the origin of these
Dirac fermions. Then we will consider two quantum phase transitions, both
involving a simple Ising order parameter. The first in Sect. 9.7.2, with time-
reversal symmetry breaking, leads to a relativistic quantum field theory closely
related to the Gross-Neveu model. The second model of Sect. 9.7.3 involves
breaking of a lattice rotation symmetry, leading to “Ising-nematic” order. The
theory for this model is not relativistically invariant: it is strongly coupled, but can
be controlled by a traditional 1/N expansion.

We note that symmetry breaking transitions in graphene are also described by
field theories similar to those discussed in this section [49, 50].

9.7.1 Dirac Fermions

We begin with a review of the standard BCS mean-field theory for a d-wave
superconductor on the square lattice, with an eye towards identifying the fermionic
Bogoliubov quasiparticle excitations. For now, we assume we are far from any
QPT associated with SDW, Ising-nematic, or other broken symmetries. We con-
sider the Hamiltonian
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H,; = Z 8](6‘]1“0/(0( +J; ZS, . Sj (926)
k (if)

where c;, is the annihilation operator for an electron on site j with spin « =T, |, ¢z,
is its Fourier transform to momentum space, & is the dispersion of the electrons
(it is conventional to choose & = —2¢;(cos(k,) + cos(ky)) — 2t>(cos(ky + ky) +
cos(ky — ky)) — u, with 1, , the first/second neighbor hopping and u the chemical
potential), and the J; term is similar to that in Eq. 9.1 with

1 a
Sja = gc_ja%ﬁcjﬁ (9:27)

and ¢ the Pauli matrices. We will consider the consequences of the further
neighbor exchange interactions for the superconductor in Sect. 9.7.2 below.
Applying the BCS mean-field decoupling to H,; we obtain the Bogoliubov
Hamiltonian

A )
Hpcs = zk: skc,tacka - EZ A, (CJ.TC_;L[L?l — CJJ'[lC]J'(+ﬂ~T) + h.c.. (9.28)
Ju

For a wide range of parameters, the ground state energy optimized by a d_
wavefunction for the Cooper pairs: this corresponds to the choice A, = —A, =
Apo_y». The value of A2_\ is determined by minimizing the energy of the BCS
state

EBCS = Jl |sz,y2‘2 — /m [Ek — Sk] (929)

where the fermionic quasiparticle dispersion is

5 ,71/2
E, = {ek + [1Ap_y2(cos ke — cosky)| ] . (9.30)

The energy of the quasiparticles, Ey, vanishes at the four points (£Q, +Q) at
which & = 0. We are especially interested in the low energy quasiparticles in the
vicinity of these points, and so we perform a gradient expansion of Hgcs near each

of them. We label the points @; = (0, 0), @, = (-0, 0), @; = (—0, —0), @; =
(Q,—0Q) and write

Cin = fio(1})€ D 4 oo (1)) + f3,(r)) €S+ fuo (1) 47 (9.31)

while assuming the fi_4 ,(r) are slowly varying functions of x. We also introduce

the bispinors ¥ = (flva;fyflb ff;), and ¥, = (sz,fL,le, *fIT)’ and then
express Hpcs in terms of W) , while performing a spatial gradient expansion. This
yields the following effective action for the fermionic quasiparticles:
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.V Y .
Sy = / drd*r {\1}1 (af — l\/—%(ax +0,)¢ — l% (=0, +9y)t )qf
.V LV M
+¥) (ar - l\%(—ax +0,)7° — 1% (@, +0y)t )‘I’g} . (9.32)

where the ™% are 4 x 4 matrices which are block diagonal, the blocks consisting of
2 x 2 Pauli matrices. The velocities vr o are given by the conical structure of Ej

near the Q1-4: we have vr = |Vier|;_ | and va = [J1A2_2v25sin(Q)]. In this
limit, the energy of the P fermionic excitations is Ej = (vi(k, + k,)>/2 +

v (ke — ky)z/ 2)1/ ? (and similarly for W,), which is the spectrum of massless Dirac
fermions.

9.7.2 Time-Reversal Symmetry Breaking

We will consider a simple model in which the pairing symmetry of the super-
conductor changes from d,>_,» t0 d>_,» & idy,. The choice of the phase between
the two pairing components leads to a breaking of time-reversal symmetry. Studies
of this transition were originally motivated by the cuprate phenomenology, but we
will not explore this experimental connection here because the evidence has
remained sparse.

The mean field theory of this transition can be explored entirely within the
context of BCS theory, as we will review below. However, fluctuations about the
BCS theory are strong, and lead to non-trivial critical behavior involving both
the collective order parameter and the Bogoliubov fermions: this is probably the
earliest known example [23, 51, 52] of the failure of BCS theory in two (or higher)
dimensions in a superconducting ground state. At T > 0, this failure broadens into
the “quantum critical” region.

We extend H,; in Eq. 9.26 so that BCS mean-field theory permits a region with
d.y, superconductivity. With a J, second neighbor interaction, Eq. 9.26 is modified
to:

Hf]—Z?kaJC]m—FJ]ZS S—&—JQZS S (933)

nnn ij

We will follow the evolution of the ground state of ﬁ,; as a function of J,/J;.
The mean-field Hamiltonian is now modified from Eq. 9.28 to

A
Hpes = ZSkanga -3 Z ]T J+Hl jlcj+ﬂ,T) +h.c.

Z A(cliels) = €fiefy) +he, (9.34)
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where the second summation over v is along the diagonal neighbors X + y and
—x 4+ 3. To obtain d,, pairing along the diagonals, we choose A,y = —A_, 1, =
A,,. We summarize our choices for the spatial structure of the pairing amplitudes
(which determine the Cooper pair wavefunction) in Fig. 9.7. The values of Ap_
and A,, are to be determined by minimizing the ground state energy (generalizing
Eq. 9.29)

d*k
Eacs = hle o + 218 = [ 516~ (9.35)
where the quasiparticle dispersion is now (generalizing Eq. 9.30)

1/2
. (9.36)

E = {si + [1Ap_y2(cos ke — cosky) + 2J2A, sink, sin kyﬂ
Notice that the energy depends upon the relative phase of A,
phase is therefore an observable property of the ground state.

It is a simple matter to numerically carry out the minimization of Eq. 9.36, and
the results for a typical choice of parameters are shown in Fig. 9.8 as a function
J>/Ji. One of the two amplitudes sz,yz or A, is always non-zero and so the
ground state is always superconducting. The transition from pure d._,» super-

—y» and A,,: this

conductivity to pure d,, superconductivity occurs via an intermediate phase in
which both order parameters are non-zero. Furthermore, in this regime, their rel-
ative phase is found to be pinned to +7/2 i.e.

arg(Ayy) = arg(Ap_y) £ 7/2. (9.37)

The reason for this pinning can be intuitively seen from Eq. 9.36: only for these
values of the relative phase does the equation E; = O never have a solution. In
other words, the gapless nodal quasiparticles of the d,»_,» superconductor acquire a
finite energy gap when a secondary pairing with relative phase +7/2 develops. By

Fig. 9.7 Values of the —A
pairing amplitudes, ® x2-y2
_<CiT(“.fl — CileT> with i the _A

central site, and j is one of its
eight near neighbors
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Fig. 9.8 BCS solution of the phenomenological Hamiltonian H,; in Eq. 9.33. Shown are the
optimum values of the pairing amplitudes |A._p| and |A,| as a function of J, for #; = 1,
tp = —0.25, u = —1.25, and J; fixed at J; = 0.4. The relative phase of the pairing amplitudes
was always found to obey Eq. 9.37. The dashed lines denote locations of phase transitions
between d>_y2, d>_y» + id,,, and d,, superconductors. The pairing amplitudes vanishes linearly
at the first transition corresponding to the exponent fz-¢ = 1 in Eq. 9.40. The Brillouin zone
location of the gapless Dirac points in the d,>_,>» superconductor is indicated by filled circles. For
the dispersion ¢, appropriate to the cuprates, the d,, superconductor is fully gapped, and so the
second transition is ordinary Ising

a level repulsion picture, we can expect that gapping out the low energy excitations
should help lower the energy of the ground state. The intermediate phase obeying
Eq. 9.37 is called a d,>_,» + id,, superconductor.

The choice of the sign in Eq. 9.37 leads to an overall two-fold degeneracy in the
choice of the wavefunction for the d»_y» + id,, superconductor. This choice is
related to the breaking of time-reversal symmetry, and implies that the d,>_,» +
id,, phase is characterized by the non-zero expectation value of a Z, Ising order
parameter; the expectation value of this order vanishes in the two phases (the
d,>_,» and d,, superconductors) on either side of the d,>_,» + id,, superconductor.
As is conventional, we will represent the Ising order by a real scalar field ¢.
Fluctuations of ¢ become critical near both of the phase boundaries in Fig. 9.8. As
we will explain below, the critical theory of the d\>_y» to dy2_,> + id,, transition is
not the usual ¢* field theory which describes the ordinary Ising transition in three
spacetime dimensions. (For the dispersion ¢, appropriate to the cuprates, the d,,
superconductor is fully gapped, and so the d,>_,» + id,, to d,, transition in Fig. 9.8
will be ordinary Ising.)

Near the phase boundary from d,_» to dy2_y» + id,, superconductivity it is
clear that we can identify

¢ = iA,, (9.38)
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(in the gauge where A,»_ is real). We can now expand Epcs in Eq. 9.35 for small
¢ (with A,._» finite) and find a series with the structure [53, 54]

Epcs = Eo + s> +v|p + .., (9.39)

where s, v are coefficients and the ellipses represent regular higher order terms in
even powers of ¢; s can have either sign, whereas v is always positive. Notice the
non-analytic |(]5|3 term that appears in the BCS theory—this arises from an infrared
singularity in the integral in Eq. 9.35 over E; at the four nodal points of the d>_,»
superconductor, and is a preliminary indication that the transition differs from that
in the ordinary Ising model, and that the Dirac fermions play a central role. We can
optimize ¢ by minimizing Egcs in Eq. 9.39— this shows that (¢) = 0 for s > 0,
and (¢) # 0 for s<0. So s~ (J»/J1), — J»/J1 where (J,/J;), is the first critical
value in Fig. 9.8. Near this critical point, we find

(@)~ (sc = 5), (9.40)

where we have allowed for the fact that fluctuation corrections will shift the
critical point from s = 0 to s = s.. The present BCS theory yields the exponent
Pgcs = 1; this differs from the usual mean-field exponent 8, = 1/2, and this is of
course due to the non-analytic |¢|* term in Eq. 9.39.

We can now write down the required field theory of the onset of d,, order. In
addition to the order parameter ¢, the field theory should also involve the low
energy nodal fermions of the d,»_,» superconductor, as described by Sy in Eq.
9.32. For the ¢ fluctuations, we write down the usual terms permitted near a phase
transition with Ising symmetry:

Sp= / drd B ((6T¢)2 + A0,9) + A0,4) + s¢2> + 2‘;¢4} . (9.41)

Note that, unlike Eq. 9.39, we do not have any non-analytic M)P terms in the
action: this is because we have not integrated out the low energy Dirac fermions,
and the terms in Eq. 9.41 are viewed as arising from high energy fermions away
from the nodal points. Finally, we need to couple the ¢ and ‘¥ , excitations. Their
coupling is already contained in the last term in Eq. 9.34: expressing this in terms
of the ¥, fermions using Eq. 9.31 we obtain

Spp =1,y / Prac[p(W]ow) - Wi )| (9.42)

where 1y, is a coupling constant. The partition function of the full theory is now

Zdid = /D¢D\P1D‘P2 CXp(—Sq} — S¢, — S\{Jqﬁ), (943)
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where Sy was in Eq. 9.32. It can now be checked that if we integrate out the V', »

fermions for a spacetime independent ¢, we do indeed obtain a |q§|3 term in the
effective potential for ¢.

We begin our analysis of Z;; by assuming that the transition is described by a
fixed point with ¥J,, = 0: then the theory for the transition would be the ordinary
¢* field theory Sy, and the nodal fermions would be innocent spectators. The
scaling dimension of ¢ at such a fixed point is (14 1#;)/2 (where 5, is the
anomalous order parameter exponent at the critical point of the ordinary three
dimensional Ising model), while that of ¥, is 1. Consequently, the scaling
dimension of ¥,, is (1 —#;)/2 > 0. This positive scaling dimension implies that
¥y is relevant and the ¥y, = O fixed point is unstable: the Dirac fermions are fully
involved in the critical theory.

Determining the correct critical behavior now requires a full renormalization
group analysis of Z;;. This has been described in some detail in [55], and we will
not reproduce the details here. The main result we need for our purposes is that
couplings ¥y, u, vr/c and vp/c all reach non-zero fixed point values which define
a critical point in a new universality class. These fixed point values, and the
corresponding critical exponents, can be determined in expansions in either
(3 —d) [51, 52, 55] (where d is the spatial dimensionality) or 1 /N [56] (where N is
the number of fermion species). An important simplifying feature here is that the
fixed point is actually relativistically invariant. Indeed the fixed point has the
structure of the so-called Higgs-Yukawa (or Gross-Neveu) model which has been
studied extensively in the particle physics literature [57] in a different physical
context: quantum Monte Carlo simulation of this model also exist [58], and pro-
vide probably the most accurate estimate of the exponents.

The non-trivial fixed point has strong implications for the correlations of the

Bogoliubov fermions. The fermion correlation function G; = <‘I’1‘I’¥> obeys

 + vik, ¢ + vAT"

G (kv w) =
(vikZ + vik)z, — coz)(l*"f)/2

(9.44)

at low frequencies for s> s.. Away from the critical point in the d_> super-
conductor with s > s., Eq. 9.44 holds with ny = 0, and this is the BCS result, with
sharp quasi-particle poles in the Green’s function. At the critical point s = s,
Eq. 9.44 holds with the fixed point values for the velocities (which satisfy
ve = va = ¢) and with the anomalous dimension #; # O—the (3 — d) expansion
[51, 52] estimate is 1y ~ (3 —d)/14, and the 1/N expansion estimate [56] is
1 =~ 1/(3n°N), with N = 2. This is clearly non-BCS behavior, and the fermionic
quasiparticle pole in the spectral function has been replaced by a branch-cut
representing the continuum of critical excitations. The corrections to BCS extend
also to correlations of the Ising order ¢: its expectation value vanishes as Eq. 9.40
with the Monte Carlo estimate § = 0.877 [58]. The critical point correlators of ¢
have the anomalous dimension 5 ~ 0.754 [58], which is clearly different from the
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very small value of the exponent #; at the unstable 1J,, = 0 fixed point. The value
of f is related to n by the usual scaling law = (1 + #)v/2, with v ~ 1.00 the
correlation length exponent (which also differs from the exponent v; of the Ising
model).

9.7.3 Nematic Ordering

We now consider an Ising transition associated with “Ising-nematic” ordering in
the d-wave superconductor. This is associated with a spontaneous reduction of the
lattice symmetry of the Hamiltonian from “square” to “rectangular”. Our study is
motivated by experimental observations of such a symmetry breaking in the
cuprate superconductors [59-61].

The ingredients of such an ordering are actually already present in our simple
review of BCS theory in Sect. 9.7.1. In Eq. 9.28, we introduce 2 variational pairing
amplitudes A, and A,. Subsequently, we assumed that the minimization of the
energy led to a solution with d»_,» pairing symmetry with A, = —A, = Ap_».
However, it is possible that upon including the full details of the microscopic
interactions we are led to a minimum where the optimal solution also has a small
amount of s-wave pairing. Then |A,| # |A,|, and we can expect all physical
properties to have distinct dependencies on the x and y co-ordinates. Thus, one
measure of the the Ising nematic order parameter is |A,|* — |A,|*.

The derivation of the field theory for this transition follows closely our pre-
sentation in Sect. 9.7.2. We allow for small Ising-nematic ordering by introducing
a scalar field ¢ and writing

A, = sz,yz + ¢; A_v = —sz,yz + ¢. (945)

The evolutions of the Dirac fermion spectrum under such a change is indicated in
Fig. 9.9. We now develop an effective action for ¢ and the Dirac fermions ¥ ».
The result is essentially identical to that in Sect. 9.7.2, apart from a change in the
structure of the Yukawa coupling. Thus we obtain a theory Sy + Sy +3Ly¢,
defined by Eqs. 9.32 and 9.41, and where Eq. 9.42 is now replaced by

Fig. 9.9 Phase diagram of .e °

Ising nematic ordering in a N 7 N

d-wave superconductor as a A N 7 N S o /
function of the coupling s in AN or| e ‘e AN

S¢. The filled circles indicate A o AN AN

the location of the gapless ad AR RAN » Y
fermionic excitations in the o, \® , \
Brillouin zone. The two , ’ b N

choices for s <s, are selected o

by the sign of {¢). <¢> 7£ 0 <¢> =0
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Swy =0 / drde [qs ("PJ{‘EX\P| + \Pir“yz)]. (9.46)

The seemingly innocuous change between Eqs. 9.42 and 9.46 however has
strong consequences. This is partly linked to the fact with Ew, cannot be rela-
tivistically invariant even after all velocities are adjusted to equal. A weak-cou-
pling renormalization group analysis in powers of the coupling ¥, was performed
in (3 — d) dimensions in [51, 52, 55], and led to flows to strong coupling with no
accessible fixed point: thus no firm conclusions on the nature of the critical theory
were drawn.

This problem remained unsolved until the recent works of [62, 63]. It is
essential that there not be any expansion in powers of the coupling ¥J;. This is
because it leads to strongly non-analytic changes in the structure of the ¢ prop-
agator, which have to be included at all stages. In a model with N fermion flavors,
the 1/N expansion does avoid any expansion in ;. The renormalization group
analysis has to be carried out within the context of the 1/N expansion, and this
involves some rather technical analysis which is explained in [63]. In the end, an
asymptotically exact description of the vicinity of the critical point was obtained.
It was found that the velocity ratio vr /v diverged logarithmically with energy
scale, leading to strongly anisotropic ‘arc-like’ spectra for the Dirac fermions.
Associated singularities in the thermal conductivity have also been computed [64].

9.8 Metals

This section considers symmetry breaking transitions in two-dimensional metals.
Away from the quantum critical point, the phases will be ordinary Fermi liquids.
We will be interested in the manner in which the Fermi liquid behavior breaks
down at the quantum critical point. Our focus will be exclusively on two spatial
dimensions: quantum phase transitions of metals in three dimensions are usually
simpler, and the traditional perturbative theory appears under control.

In Sect. 9.7 the fermionic excitations had vanishing energy only at isolated
nodal points in the Brillouin zone: see Figs. 9.8 and 9.9. Metals have fermionic
excitations with vanishing energy along a line in the Brillouin zone. Thus we can
expect them to have an even stronger effect on the critical theory. This will indeed
be the case, and we will be led to problems with a far more complex structure.
Unlike the situation in insulators and d-wave superconductor, many basic issues
associated with ordering transition in two dimensional metals have not been fully
resolved. The problem remains one of active research and is being addressed by
many different approaches. In recent papers [65, 66], Metlitski and the author have
argued that the problem is strongly coupled, and proposed field theories and
scaling structures for the vicinity of the critical point. We will review the main
ingredients for the transition involving Ising-nematic ordering in a metal. Thus the
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symmetry breaking will be just as in Sect. 9.7.3, but the fermionic spectrum will be
quite different. Our study here is also motivated by experimental observations in
the cuprate superconductors [59-61].

As in Sect. 9.7, let us begin by a description of the non-critical fermionic sector,
before its coupling to the order parameter fluctuations. We use the band structure
describing the cuprates in the over-doped region, well away from the Mott insu-
lator. Here the electrons ¢, are described by the kinetic energy in Eq. 9.26, which
we write in the following action

0
S. = / dt Z c}:a (6_ + sk) Chas (9.47)
- T

As in Sect. 9.7.3, we will have an Ising order parameter represented by the real
scalar field ¢, which is described as before by S, in Eq. 9.41. Its coupling to the
electrons can be deduced by symmetry considerations, and the most natural cou-
pling (the analog of Eqs. 9.46) is

1
Sep = V/ dt Z(cos k, — cos ky)(,b(q)c,tﬂ/z’“ck_q/z’%. (9.48)
kq

where V is the volume. The momentum dependent form factor is the simplest
choice which changes sign under x < y, as is required by the symmetry properties
of ¢. The sum over ¢ is over small momenta, while that over k extends over the
entire Brillouin zone. The theory for the nematic ordering transition is now
described by S + Sy + S¢¢. The phase diagram as a function of the coupling s in
Sy and temperature 7 is shown in Fig. 9.10. Note that there is a line of Ising phase
transitions at T = T,: this transition is in the same universality class as the classical
two-dimensional Ising model. However, quantum effects and fermionic excitations
are crucial at T = 0O critical point at s = s. and its associated quantum critical
region.

A key property of Eq. 9.48 is that small momentum critical ¢ fluctuations can
efficiently scatter fermions at every point on the Fermi surface. Thus the non-
Fermi singularities in the fermion Green’s function will extend to all points on the
Fermi surface. This behavior is dramatically different from all the field theories we
have met so far, all of which had singularities only at isolated points in momentum
space. We evidently have to write down a long-wavelength theory which has
singularities along a line in momentum space.

We describe the construction of [65] of a field theory with this unusual prop-
erty. Pick a fluctuation of the order parameter ¢p at a momentum ¢. As shown in
Fig. 9.11 this fluctuation will couple most efficiently to fermions near two points
on the Fermi surface, where the tangent to the Fermi surface is parallel to g.
A fermion absorbing momentum q at these points, changes its energy only by ~ ¢°;
at all other points on the Fermi surface the change is ~ ¢g. Thus we are led to focus
on different points on the Fermi surface for each direction of ¢. In the continuum
limit, we will therefore need a separate field theory for each pair of points +k, on
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Fig. 9.10 Phase diagram of Ising nematic ordering in a metal as a function of the coupling s in
S and temperature T. The Fermi surface for s > 0 is as in the overdoped region of the cuprates,
with the shaded region indicating the occupied hole (or empty electron) states. The choice
between the two quadrapolar distortions of the Fermi surface is determined by the sign of (¢).
The line of T > 0 phase transitions at 7, is described by Onsager’s solution of the classical two-
dimensional Ising model. We are interested here in the quantum critical point at s = s., which
controls the quantum-critical region

Fig. 9.11 A ¢ fluctuation at Y
wavevector ¢ couples most
efficiently to the fermions v,
near the Fermi surface points
+k I
0 —ko)

the Fermi surface. We conclude that the quantum critical point is described by an
infinite number of field theories.

There have been earlier descriptions of Fermi surfaces by an infinite number of
field theories [67-73]. However many of these earlier works differ in a crucial
respect from the the theory to be presented here. They focus on the motion of
fermions transverse to Fermi surface, and so represent each Fermi surface point by
a 1 + 1 dimensional chiral fermion. Thus they have an infinite number of 1 + 1
dimensional field theories, labelled by points on the one dimensional Fermi sur-
face. The original problem was 2 + 1 dimensional, and so this conserves the total
dimensionality and the number of degrees of freedom. However, we have already
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argued above that the dominant fluctuations of the fermions are in a direction
transverse to the Fermi surface, and so we believe this earlier approach is not
suited for the vicinity of the nematic quantum critical point. As we will see in
Sect. 9.8.1, we will need an infinite number of 2 + 1 dimensional field theories
labelled by points on the Fermi surface. (Some of the earlier works included
fluctuations transverse to the Fermi surface [72, 73], but did not account for the
curvature of the Fermi surface; it is important to take the scaling limit at fixed
curvature, as we will see.) Thus we have an emergent dimension and a redundant
description of the degrees of freedom. We will see in Sect. 9.8.2 how compatibility
conditions ensure that the redundancy does not lead to any inconsistencies. The
emergent dimensionality suggests a connection to the AdS/CFT correspondence,
as will be discussed in Sect. 9.8.5.

9.8.1 Field Theories

Let us now focus on the vicinity of the points +k, by introducing fermionic field
Y. by

Yo (k) = ckgrkes Y- (k) = ckyk- (9.49)

Then we expand all terms in S; 4+ Sy + S¢p in spatial and temporal gradients.
Using the co-ordinate system illustrated in Fig. 9.11, performing appropriate
rescaling of co-ordinates, and dropping terms which can later be easily shown to
be irrelevant, we obtain the 2 + 1 dimensional Lagrangian

L=y, (gaf —id, — a§)¢+a oyl %(gar +id, — aﬁ)w,x
W, )+ (@0 g (9.50)

Here {, A and s are coupling constants, with s the tuning parameter across the
transition; we will see that all couplings apart from s can be scaled away or set
equal to unity. We now allow the spin index « = 1,..., N, as we will be interested
in the structure of the large N expansion. Note that Eq. 9.50 has the same basic
structure as the models considered in Sect. 9.7, apart from differences in the spatial
gradients and the matrix structure. We will see that these seemingly minor dif-
ferences will completely change the physical properties and the nature of the large
N expansion.

9.8.2 Symmetries

A first crucial property of L is that the fermion Green’s functions do indeed have
singularities along a line in momentum space, as was required by our discussion
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above. This singularity is a consequence of the invariance of £ under the following
transformation

Bx,¥) — (r,y+0x), Y(r,y) — e BTy (ry+00),  (9.51)

where 6 is a constant. Here we have dropped time and « indices because they play
no role, and s = £. We can view this transformation as one which performs a
‘rotation’ of spatial co-ordinates, moving the point ky to neighboring points on the
Fermi surface. We are not assuming the Fermi surface is circular, and so the
underlying model is not rotationally invariant. However, we are considering a
limiting case of a rotation, precisely analogous to the manner in which Galilean
transformations emerge as a limiting case of a relativistic transformation (x
behaves like time, and y as space, in this analogy). This ‘Galilean’ symmetry is an
emergent symmetry of £ for arbitrary shapes of the Fermi surface. It is not difficult
to now show from (9.51) that the ¢ Green’s function D, and the fermion Green’s
functions G, obey the exact identities

D(qx,qy) = D(qy) (9.52)

Gs(qx,qy) = G(sq: + 4;)- (9.53)

So we see that the W, Green’s function depends only on g, + qi. The singularities
of this function appear when g, + qf = 0, and this is nothing but the equation of

the Fermi surface passing through the point ky in Figs. 9.11 and 9.12. Thus we
have established the existence of a line of singularities in momentum space.

The identities in Eq. 9.51 also help establish the consistency of our description
in terms of an infinite number of 2 + 1 dimensional field theories. Consider the
fermion Green’s function at the point P in Fig. 9.12. This can be computed in
terms of the 2 + 1 dimensional field theory defined at the point k¢, or from that at a

Fig. 9.12 The fermion
correlator at the point P can
be described either in terms
of the 2 + 1 dimensional field
theory at ko, or that at k;
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neighboring point k. Equation 9.53 ensures that both methods yield the same
result. A little geometry [65] shows that g, + qﬁ is an invariant that measures the
distance between P and the closest point on the Fermi surface: thus it takes the
same value in the co-ordinates systems at ko and ki, with g, + q; = ¢, + ¢},
establishing the identity of the two computations.

9.8.3 Scaling Theory

Let us now discuss the behavior of £ under renormalization group scaling trans-
formations. The structure of the spatial gradient terms in the Lagrangian indicates
that the rescaling of spatial co-ordinates should be defined by

X =x/b*, y =y/b. (9.54)

The invariance in Eq. 9.53 implies that these scalings are exact, and the spatial
anisotropy acquires no fluctuation corrections. Or, in other words

dimjy] = -1, dim[x] = -2. (9.55)
For now, let us keep the rescaling of the temporal co-ordinate general:
dim[7] = —z. (9.56)

Note that the dynamic critical exponent z is defined relative to the spatial co-
ordinate y tangent to the Fermi surface (other investigators sometimes define it
relative to the co-ordinate x normal to the Fermi surface, leading to a difference in
a factor of 2). We define the engineering dimensions of the fields so that co-
efficients of the y derivatives remain constant. Allowing for anomalous dimensions
1 and 1, from loop effects we have

dim[¢] = (1 +z+mn,)/2, dim[y] = (1+2z+n,)/2. (9.57)

Using these transformations, we can examine the scaling dimensions of the cou-
plings in £ at tree level

dim[{] =2 —z—1ny, dim[]=3-z-n,—2n)/2. (9.58)

We will see in Sect. 9.8.4 that low order loop computations suggest that the
anomalous dimensions 17, and #, are small, and that z ~ 3. Assuming these
estimates are approximately correct, we see that the coupling { is strongly irrel-
evant. Thus we can send { — 0 in all our computations. However, we do not set
{ = 0 at the outset, because the temporal derivative term is needed to define the
proper analytic structure of the frequency loop integrals [74]. As we will discuss
later, the limit { — 0, also dramatically changes the counting of powers of 1/N in
the loop expansion [74].
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Also note that these estimates of the scaling dimensions imply dim[4] ~ 0. Thus
the fermion and order parameter fluctuations remain strongly coupled at all scales.
Conversely, we can also say that the requirement of working in a theory with fixed
A implies that z = 3; this circumvents the appeal to loop computations for taking
the { — O limit. With a near zero scaling dimension for 4, we cannot expand
perturbatively in powers of 4. This features was also found in Sect. 9.7.3, but there
we were able to use the 1/N expansion to circumvent this problem.

Moving beyond tree level considerations, we note that another Ward identity
obeyed by the theory L allows us to fix the scaling dimension of ¢ exactly. This
Ward identity is linked to the fact that ¢» appears in the Yukawa coupling like the x
component of a gauge field coupled to the fermions [65]. The usual arguments
associated with gauge invariance then imply that dim[¢] = 2 (the same as the
scaling dimension of 0,), and that we can work in theory in which the “gauge
coupling” Z set equal to unity at all scales. Note that with this scaling dimension,
we have the exact relation

Ny =3—2 (9.59)

Note also that Eq. 9.57 now implies that dim[4] = #,, at tree level, which is the
same as the tree level transformation of the spatial derivative terms. The latter
terms have been set equal to unity by rescaling the fermion field, and so it is also
consistent to set A = 1 from now on.

We reach the remarkable conclusion that at the critical point s =s., £ is
independent of all coupling constants. The only parameter left is N, and we have
no choice but to expand correlators in powers of 1/N. The characterization of the
critical behavior only requires computations of the exponents z and 7, and
associated scaling functions.

We can combine all the above results into scaling forms for the ¢ and W
Green’s functions at the quantum critical point at T = 0. These are, respectively

o w
D™ (qr, 4y, ) = g5 ' Fp (7) (9.60)
, %
G (qray, 0) = (6 +q2) "V Fg (%) (9.61)
(g: + 43

where Fp and F are scaling functions.

9.8.4 Large N Expansion

We have come as far as possible by symmetry and scaling analyses alone on L.
Further results require specific computations of loop corrections, and these can
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only be carried out within the context of the 1/N expansion. At N = oo, the ¢
propagator at criticality is

D', o
v ot

9.62
47T|‘]y| ( )

for imaginary frequencies w. This is clearly compatible with Eq. 9.60 with z = 3.
The leading correction to the fermion propagator comes from the self energy
associated with one ¢ exchange, and this leads to

G,' = —ilw+q. + g, — isgn(o) |3, (9.63)

2
V3(4n)*’N

which is also compatible with Eq. 9.61 with z = 3 and n,, = 0. Notice also that as

o — 0, the {w term in Eq. 9.63 is smaller than the |a)|2/ ? term arising from the self
energy at order 1/N; this relationship is equivalent to our earlier claim that { is
irrelevant at long scales, and so we should take the limit { — O to obtain our
leading critical scaling functions.

The structure of Eq. 9.63 also illustrates a key difficulty associated with the
{ — 0 limit. At { = 0, the leading » dependence of G ! is ~ |w|2/ 3 /N. Feynman
graphs which are sensitive to this w dependence will therefore acquire additional
factors of N, leading to a breakdown of the conventional counting of powers of
1/N in the higher loop graphs.

This breakdown of the 1/N expansion was investigated by Lee [74] for a
‘single patch’ theory with fermions only at ky (and not at —ky). We see from
Eq. 9.63 that the 1/N term in G~! becomes important when ¢, = gy = 0 ie. the
fermion is precisely on the Fermi surface. Thus the power of N is maximized
when fermions in all internal lines are on the Fermi surface. Such a Fermi
surface restriction is satisfied only in a subspace of reduced dimension in the
momentum space integral of any Feynman graph. Lee presented an algorithm
for computing the dimensionality of this restricted subspace: he demonstrated
that the power of 1/N was determined by the genus of the surface obtained after
drawing the graph in a double-line representation. So determining the leading
1/N terms in Egs. 9.62 and 9.63 requires summation of the infinite set of planar
graphs. This problem remains unsolved, but the unexpected appearance of planar
graphs does suggest an important role for the AdS/CFT correspondence.

The structure of the loop expansion for the ‘two patch’ theory with fermions at
+ky, as written in Eq. 9.50, was studied in [65]. It was found that z =3 was
preserved upto three loops, but a small non-zero value for 7, did appear at three
loop order. Also, the genus counting of powers of 1/N was found to break down,
with larger powers of N appearing in some three loop graphs.
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9.8.5 AdS/CFT Correspondence

There has been a great deal of recent work [75-93] investigating the structure of
Fermi surfaces using the AdS/CFT correspondence. The results obtained so far do
have features that resemble our results above for the Ising-nematic transition in
two dimensional metals. However, the precise connection remains obscure, and is
an important topic for future research. In particular, a microscopic understanding
of the field content of the CFT dual of the AdS theory is lacking, although there
has been interesting progress very recently [88, 92].

One of the main results of the analysis of [77, 78] is the general structure of the
fermion Green’s function obtained in a theory dual to a Reissner-Nordstrom black
hole in AdS4. This had the form

Gk, w) = —iw + ve(lk| — kr) — c10”, (9.64)

where the momentum k is now measured from the origin of momentum space (and
not from a Fermi surface), and the complex number ¢; and exponent 6 are com-
putable functions of the ultraviolet scaling dimension of the fermion field. The
AdS theory only considers a circular Fermi surface, and for this geometry (after
appropriate rescaling)

ve(lk| —ke) = vi(lg + kol — kr) =~ gx + q3; (9.65)

now Eq. 9.64 is seen to be strikingly similar to Eq. 9.63. Liu et al. [77], and
Faulkner et al. [78] also argued that Eq. 9.64 was a generic property of the near
horizon geometry of the Reissner-Nordstrom black hole: the geometry changes
from AdS,4 near the boundary to AdS; X R? near the black hole horizon.

It is interesting to compare the structure of the critical theory in the AdS/CFT
framework to that found in the subsections above for the Ising-nematic transition
in a metal. The latter was described by an infinite set of 2 + 1 dimensional field
theories labelled by pairs of momenta on a one-dimensional Fermi surface i.e. a
S'/Z, set of 2 + 1 dimensional field theories. In the low-energy limit, the AdS/CFT
approach yields [77, 78] a AdS, x R? geometry: this can be interpreted as an
infinite set of chiral 1 + 1 dimensional theories labelled by a R?> set of two-
dimensional momenta k. It is notable, and perhaps significant, that both approa-
ches have an emergent dimension not found in the underlying degrees of freedom.
The Ising nematic theory began with a 2 + 1 dimensional Hamiltonian S, + Sg +
Sc¢ in Egs. (9.41, 9.47, 9.48), and ended up with a Sl/Zz set of 2+1 dimensional
field theories. In AdS/CFT, there is the emergent radial direction representing
energy scale. These emergent dimensions imply redundant descriptions, and
require associated consistency conditions: we explored such consistency condi-
tions in Sect. 9.8.2, while in AdS/CFT the consistency conditions are Einstein’s
equations representing the renormalization group flow under changes of energy
scale. It would be interesting to see if fluctuations about the classical gravity theory
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yield corrections to the AdS, x R?> geometry which clarify the connection to our
Ising-nematic theory.
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Chapter 10
Introduction to Holographic
Superconductors

Gary T. Horowitz

Abstract These lectures give an introduction to the theory of holographic
superconductors. These are superconductors that have a dual gravitational
description using gauge/gravity duality. After introducing a suitable gravitational
theory, we discuss its properties in various regimes: the probe limit, the effects of
backreaction, the zero temperature limit, and the addition of magnetic fields. Using
the gauge/gravity dictionary, these properties reproduce many of the standard
features of superconductors. Some familiarity with gauge/gravity duality is
assumed. A list of open problems is included at the end.

10.1 Introduction

The name “holographic superconductor” suggests that one can look at a two
(spatial) dimensional superconductor and see a three dimensional image. We will
see that there is a class of superconductors for which this is true, but the image one
“sees” is quite striking. It involves a charged black hole with nontrivial “hair”.
This remarkable connection between condensed matter and gravitational physics
was discovered just a few years ago. It grew out of the gauge/gravity duality which
has emerged from string theory [54, 26]. Although this duality was first formulated
as a equivalence between a certain gauge theory and a theory of quantum gravity
(and provided new insights into each of these theories), over the past decade it
has been applied with notable success to other areas of physics as well. Many of
these new applications are discussed in other lectures in this school. I will focus
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on the application to superconductivity. These lectures will be heavily based on
[36, 37, 44, 38]. For a more general discussion of applying gauge/gravity duality to
condensed matter, see the excellent reviews by Hartnoll [33], Herzog [39] and
McGreevy [55].

I will start with a brief introduction to superconductivity. In Sect. 10.2, T will
introduce a simple model for a holographic superconductor. Most of our discussion
will be devoted to exploring the consequences of this model, beginning in Sect.
10.3 with the probe limit—a simplification of the model which preserves most of
the physics. In Sect. 10.4 we will discuss the full solution with backreaction. We
next examine the ground state of the superconductor Sect. 10.5, and study its
behavior when magnetic fields are added (Sect. 10.6). We conclude with a brief
discussion of recent developments (Sect. 10.7) and a list of open problems (Sect.
10.8).

10.1.1 Superconductivity

It was noticed in the early part of the 20th century that the electrical resistivity of
most metals drops suddenly to zero as the temperature is lowered below a critical
temperature T,. These materials were called superconductors." A second inde-
pendent property of these materials was the Meissner effect: A magnetic field is
expelled when T <T,. This is perfect diamagnetism and does not follow from the
perfect conductivity (which alone would imply that a pre-existing magnetic field is
trapped inside the sample). A phenomenological description of both of these
properties was first given by the London brothers in 1935 with the simple equation
J; o< A; [51]. Taking a time derivative yields E; o< 0J;/0r, showing that electric
fields accelerate superconducting electrons rather than keeping their velocity
constant as in Ohm’s law with finite conductivity. Taking the curl of both sides and
combining with Maxwell’s equations yields V?B; o B; showing the decay of
magnetic fields inside a superconductor.

In 1950, Landau and Ginzburg described superconductivity in terms of a second
order phase transition whose order parameter is a complex scalar field ¢ [22]. The
density of superconducting electrons is given by n; = |(p(x)|2. The contribution of
@ to the free energy is assumed to take the form

AT
F=oT =T)le[" +5lol" + - (10.1)
where o and f are positive constants and the dots denote gradient terms and higher

powers of ¢. Clearly for T > T, the minimum of the free energy is at ¢ = 0 while
for T<T, the minimum is at a nonzero value of ¢. This is just like the Higgs

' A good general reference is [63].
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mechanism in particle physics, and is associated with breaking a U(1) symmetry.
The London equation follows from this spontaneous symmetry breaking [66].

A more complete theory of superconductivity was given by Bardeen, Cooper
and Schrieffer in 1957 and is known as BCS theory [7]. They showed that inter-
actions with phonons can cause pairs of elections with opposite spin to bind and
form a charged boson called a Cooper pair. Below a critical temperature T, there
is a second order phase transition and these bosons condense. The DC conductivity
becomes infinite producing a superconductor. The pairs are not bound very tightly
and typically have a size which is much larger than the lattice spacing. In the
superconducting ground state, there is an energy gap A for charged excitations.
This gap is typically related to the critical temperature by A ~ 1.7T,. The charged
excitations are “dressed electrons” called quasiparticles. The gap in the spectrum
results in a gap in the (frequency dependent) optical conductivity. If a photon of
frequency o hits the superconductor, it must produce two quasiparticles. The
binding energy of the Cooper pair is very small, but the energy of each quasi-
particle is A, so the gap in the optical conductivity is w, = 2A ~ 3.57T..

It was once thought that the highest 7, for a BCS superconductor was around
30 K. But in 2001, MgB, was found to be superconducting at 40 K and is believed
to be described by BCS. Some people now speculate that BCS could describe a
superconductor with 7, = 200 K*.2

A new class of high T, superconductors were discovered in 1986 [9]. They are
cuprates and the superconductivity is along the CuO; planes. The highest T,
known today (at atmospheric pressure) is T, = 134 K for a mercury, barium,
copper oxide compound. If you apply pressure, 7, climbs to about 160 K. Another
class of superconductors were discovered in 2008 based on iron and not copper
[47]. The highest T, so far is 56 K. These materials are also layered and the
superconductivity is again associated with the two dimensional planes. They are
called iron pnictides since they involve other elements like arsenic in the nitrogen
group of the periodic table.

There is evidence that electron pairs still form in these high 7, materials, but the
pairing mechanism is not well understood. Unlike BCS theory, it involves strong
coupling. Gauge/gravity duality is an new tool to study strongly coupled field
theories. In particular, it allows one to compute dynamical transport properties of
strongly coupled systems at nonzero temperature. Condensed matter theorists have
very few tools to do this. We will describe below the first steps toward applying
this new tool to better understand high T, superconductivity. I must stress at the
beginning that we are still at the early stages of this endeavor. We will construct
simple gravity models and show that they reproduce basic properties of super-
conductors. But our models are too crude to make detailed comparisons with any
real-world material.

% Discussion at the KITP program on Quantum Criticality and the AdS/CFT Correspondence,
July 2009.
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10.2 A Gravitational Dual

How do we go about constructing a holographic dual for a superconductor? The
minimal ingredients are the following. In the superconductor we need a notion of
temperature. On the gravity side, that role is played by a black hole. Recall that in
the 1970s Hawking (following work by Bekenstein and others) showed that sta-
tionary black holes are thermodynamic objects with a temperature T related to the
surface gravity k via T = x/2zn. In gauge/gravity duality, the Hawking tempera-
ture of the black hole is identified with the temperature of the dual field theory.’
Since gauge/gravity duality traditionally requires that spacetime asymptotically
approach anti de Sitter (AdS) space at infinity, we will be studying black holes in
AdS. Unlike asymptotically flat black holes, these black holes have the property
that at large radius, their temperature increases with their mass, i.e., they have
positive specific heat, just like familiar nongravitational systems. There are also
planar AdS black holes, which will be of most interest. These black holes always
have positive specific heat.

In the superconductor, we also need a condensate. In the bulk, this is described
by some field coupled to gravity. A nonzero condensate corresponds to a static
nonzero field outside a black hole. This is usually called black hole “hair”. So to
describe a superconductor, we need to find a black hole that has hair at low
temperatures, but no hair at high temperatures. More precisely, we need the usual
Schwarzschild or Reissner—Nordstrom AdS black hole (which exists for all tem-
peratures) to be unstable to forming hair at low temperature. At first sight, this is
not an easy task. There are “no-hair theorems” which say that certain matter fields
must be trivial outside a black hole (see, e.g., [10, 42]). The idea behind these
theorems is simply that matter outside a black hole wants to fall into the horizon
(or radiate out to infinity in the asymptotically flat case). However, there is no
general “no-hair theorem”. Each matter field must be considered separately. The
result is a set of black hole uniqueness theorems showing that when gravity is
coupled to certain matter fields, stationary black holes are uniquely characterized
by their conserved charges: mass, angular momentum and electromagnetic charge.
These theorems usually require linear matter fields or scalars with certain poten-
tials V(¢). Counterexamples to a general no-hair theorem have been known since
the early 1990s. (So our task is not impossible.) For example, it was shown that
static Yang—Mills fields can exist outside the horizon [65].

String theory has many dilatonic black holes with scalar hair, and one might be
tempted to try to use one of these to model a superconductor. But if the action
includes a term like e2?F wE*™, this is doomed to failure. In this case, F° 2is a
source for ¢, so all charged black holes have nonzero ¢. This “secondary hair” is
not what we want, since we want the hair to go away at high temperatures.
(Theories with more general coupling f(¢)F,,F*" are possible candidates provided

3 1 will assume that the reader is familiar with the basics of gauge/gravity duality. If not, see
other contributions in this book.
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f does not have a linear term in ¢. However, the example we will study uses a
standard Maxwell action.) A general argument against AdS black holes developing
scalar hair was given by Hertog [38]. He considered a real scalar field with
arbitrary potential V(¢) (with negative extremum so AdS is a solution), and
showed that neutral AdS black holes can have scalar hair if and only if AdS itself
is unstable. This is clearly unacceptable.

A surprisingly simple solution to this problem was found by Gubser [25]. He
argued that a charged scalar field around a charged black hole in AdS would have
the desired property. Consider

6 1 , . 2
S:/d“x‘/_—g(R—&—ﬁ—ZFw,F“‘—|V‘I—’—lqA‘I-’| —m2|‘P2|>. (10.2)

This is just general relativity with a negative cosmological constant A = —3/L?,
coupled to a Maxwell field and charged scalar with mass m and charge g. It is easy
to see why black holes in this theory might be unstable to forming scalar hair: For an
electrically charged black hole, the effective mass of W is mZ; = m* + ¢>g"A?. But
the last term is negative, so there is a chance that m2; becomes sufficiently negative
near the horizon to destabilize the scalar field. Furthermore, as one lowers the
temperature of a charged black hole, it becomes closer to extremality which means
that g, is closer to developing a double zero at the horizon. This means that |g"|
becomes larger and the potential instability becomes stronger at low temperature.
We will see that black holes in this theory indeed develop scalar hair at low
temperature. One might wonder why such a simple type of hair was not noticed
earlier. One reason is that this does not work for asymptotically flat black holes.
The AdS boundary conditions are crucial. One way to understand the difference is
by the following quantum argument. Let Q; be the initial charge on the black hole.
If gQ; is large enough, even maximally charged black holes with zero Hawking
temperature create pairs of charged particles. This is simply due to the fact that the
electric field near the horizon is strong enough to pull pairs of oppositely charged
particles out of the vacuum via the Schwinger mechanism of ordinary field theory.
The particle with opposite charge to the black hole falls into the horizon, reducing
Q; while the particle with the same sign charge as the black hole is repelled away.
In asymptotically flat spacetime, these particles escape to infinity, so the final
result is a standard Reissner—Nordstrom black hole with final charge Oy <Q;. In
AdS, the charged particles cannot escape since the negative cosmological constant
acts like a confining box, and they settle outside the horizon. This gas of charged
particles is the quantum description of the hair. This quantum process has an
entirely classical analog in terms of superradiance of the charged scalar field.
The four dimensional bulk theory (10.2) is dual to a 2 + 1 dimensional bound-
ary theory. This is the right context to try to understand the superconductivity
associated with two dimensional planes in the high 7, cuprates or iron pnictides.
One can also study this theory in five dimensions to describe 3 + 1 dimensional
superconductors. I should emphasize that at the moment we are not trying to derive
the gravitational theory from string theory. The idea is to find a simple gravity



318 G. T. Horowitz

theory with the properties we want, and analyze it using standard entries in the
gauge/gravity duality dictionary. However, we will see later that this simple model
can, in fact, be realized as a consistent truncation of string theory.

Before we proceed, I should comment on the following confusing point. In
gauge/gravity duality, gauge symmetries in the bulk correspond to global sym-
metries in the dual field theory. So although the scalar hair breaks a local U(1)
symmetry in the bulk, the dual description consists of a condensate breaking a
global U(1) symmetry. Thus strictly speaking, the dual theory is a superfluid rather
than a superconductor. The superfluid properties of this model have indeed been
investigated [4, 8, 41]. However, one can still view the dual theory as a super-
conductor in the limit that the U(1) symmetry is “weakly gauged”.* In fact, most
of condensed matter physics does not include dynamical photons, since their
effects are usually small. In particular, BCS theory only includes the electrons and
phonons. Electromagnetic fields are usually introduced as external fields, as we
will do here. (Unfortunately, our electromagnetic fields will not be dynamical on
the boundary.)

10.3 Probe Limit

If one rescales A, = A,/q and ¥ = ¥/g, then the matter action in (10.2) has a
1/4? in front, so the backreaction of the matter fields on the metric is suppressed
when ¢ is large. The limit ¢ — oo with A « and ¥ fixed is called the probe limit. It
simplifies the problem but retains most of the interesting physics since the non-
linear interactions between the scalar and Maxwell field are retained. In this
section, we will explore this probe limit. We first discuss the formation of the
condensate and then compute the conductivity. To simplify the presentation, we
will drop the tildes.

10.3.1 Condensate

We start with the planar Schwarzschild anti-de Sitter black hole in four dimensions

d 2
IR+ dy), (10.3)

2 — _f(Pd
d f(r)dt +f(r)

where

* This means that one imagines that the dual action includes terms like |V; — ieA,-)q0|2 with very
small charge e.
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2 3
f=% (1 —:2) (10.4)

L is the AdS radius, and the Schwarzschild radius ry determines the Hawking
temperature of the black hole:

37’0
=—. 10.5
4nl? (105)
In the probe approximation this metric is a fixed background in which we solve the
Maxwell-scalar equations.
We assume a plane symmetric ansatz,

Y=y(r), A=) (10.6)

With A, = A, = A, = 0, the Maxwell equations imply that the phase of 1y must be
constant. Without loss of generality we therefore take i to be real. The Maxwell-
scalar field equations reduce to the following coupled, nonlinear, ordinary dif-
ferential equations:

v+ <§+§)w’+%w—m72w—o, (10.7)
" 2 / 2'702 _
'Y =0, (10.8)

The key term in the first equation is (¢2 /f*)¥. This comes in with the opposite
sign of the mass term and will cause the scalar hair to form at low temperature.

We first consider the case m?> = —2/L*. It might seem strange to make the
scalar field tachyonic, but this mass is perfectly allowed in gauge/gravity duality.
First note that a tachyonic mass in field theory does not describe particles moving
faster than the speed of light. Instead, it usually describes an instability. The value
Y = 0 is unstable and the field rolls off the potential. However, Breitenlohner and
Freedman [9] showed that AdS,;| spacetime is stable even with scalar fields with
m? <0 provided m* > m3,. with

2 &

This is because there is so much volume at large radius that the positive gradient
energy can compensate for a negative m?. Our choice of mass satisfies this bound
and in fact corresponds to a conformally coupled scalar in AdS,. The standard
compactification of 11D supergravity on S7 produces many fields with this mass.

We now consider the boundary conditions. At the horizon, one often argues that
¢ = A, must vanish in order for g*’A,A, to remain finite. This is correct, but A, is
gauge dependent, so it is not obvious that a diverging vector potential is a problem
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if the Maxwell field remains finite. A better argument for setting A; = 0 at the
horizon is the following.5 The source for Maxwell’s equations in the bulk is, of
course, gauge invariant. But in a gauge in which  is real, the current is just lpzAu.
Since the current must remain finite at the horizon, we need A, to remain finite,
and hence ¢ = A, = 0. Even in Einstein—-Maxwell theory (without charged sour-
ces) A; must vanish at a static black hole horizon by the following argument: For
describing thermal properties of the black hole, one should use the Euclidean
solution. The Wilson loop of A, around the Euclidean time circle is finite and
gauge invariant. If A, is nonzero at the horizon, the Wilson loop is nonzero around
a vanishing circle which implies that the Maxwell field is singular.

There is another constraint that must be satisfied in order for the solution to be
smooth at the horizon. Mutliplying (10.7) by f and evaluating at » = ry one finds
fi' = m*y, so Y(rg) and /' (ry) are not independent. As a result, even though we
start with two second order equations which have a four parameter family of
solutions, there is only a two parameter subfamily which is regular at the horizon.
They can be labelled by y(ro) and ¢'(r). (Note that ¢'(ry) is essentially the

electric field at the horizon: ((})')2 =F,F")
We now turn to the boundary condition at infinity. Asymptotically:

CRe
zp=¢7+wr—2+~--. (10.10)

and
¢=u—§+---- (10.11)

Usually, normalizability requires that the leading coefficient in {y must vanish.
However, since we have chosen a mass close the the BF bound, even the leading
term in i/ is normalizable. In this case, one has a choice: One can consider
solutions with l//(1> =0 or W) = 0. For definiteness, we will mostly consider
standard boundary conditions, x//“) =0.

After imposing this asymptotic boundary condition, we have a one parameter
family of solutions, which can be found numerically [36]. (See [24] for an accurate
analytic approximation and [50] for an analytic solution of a related model.) We
will not present any plots of /(r) and ¢(r) since they look rather boring. It is easy to
see from (10.8) that ¢ is a monotonic function. It starts at zero at the horizon and at
any local extremum ¢" oc ¢. So it cannot have a positive maximum or a negative
minimum. If it starts increasing away from the horizon, it continues to increase and
asymptotically approaches the constant p. (r) does not have to be monotonic.
There is a discrete infinite family of solutions for y/(r) that satisfy our asymptotic
boundary conditions. They can be labelled by the number of times ¥ vanishes. It is
believed that only the lowest solution which monotically decreases from (rg) to

5 1 thank Karl Landsteiner for suggesting this.
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zero is stable, although I do not think a stability analysis has been performed yet.
Despite the fact that the solutions of interest are simple monotonic functions, they
have important consequences for the dual field theory as we now discuss.

Since we have not started with a consistent truncation of string theory, we do
not have a detailed microscopic description of the dual field theory. Nevertheless,
basic elements of the gauge/gravity duality dictionary allow us to say the fol-
lowing. The dual theory is a 2 + 1 dimensional conformal field theory (CFT) at
temperature T given by (10.5). The local gauge symmetry in the bulk corresponds
to a global U(1) symmetry in the CFT. The asymptotic behavior of the bulk
solution determines certain properties of the dual field theory. For example, from
(10.11), p is the chemical potential and p is the charge density. It may seem
strange that our superconductor has a nonzero charge density. After all, ordinary
superconductors are electrically neutral. Perhaps the best analogy is to say that our
holographic superconductor is modeling the electrons, but does not include the
(positively charged) atomic lattice. Indeed, our model has translational symmetry,
and there is no sign of any lattice. From a practical standpoint, we need the charge
since neutral black holes in the bulk are not unstable to forming scalar hair. In
addition, without the charge (or chemical potential), the dual theory is scale
invariant and cannot have a phase transition.

The dual theory also has an operator charged under the U(1) which is dual to .
Since we have chosen m? close to the BF bound, there are two possible operators
depending on how one quantizes i in the bulk.® [49] If the modes are defined with
the standard boundary condition (faster falloff) for i in the bulk, the dual operator

has dimension two. In this case, a nonzero lﬁ(l) corresponds to adding a source for

this operator in the CFT, and a nonzero 1//(2) corresponds to a nonzero expectation
7
value

0, =y, (10.12)

Since we want the condensate to turn on without being sourced, we have set
x//(1> = 0. There is an alternative quantization of i in the bulk in which the roles of
1//(l> and w(z) are reversed. i is now dual to a dimension one operator. If one
wishes to study this case, one should impose the boundary condition l//(2> =0.

We want to know how the condensate O, behaves as a function of temperature.
Before presenting the results we have to discuss an important scaling symmetry of
our problem. In any conformal field theory on R”, one can change the temperature
by a simple rescaling. In the bulk, this is reflected in the statement that the
rescaling

r—ar, (t,x,y)—= (t,x,y)/a, 10— ar (10.13)

% We will work in the classical limit, but the correspondence applies to the full quantum theory.
7 This normalization of O differs from that of [36] by a factor of V2.
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leaves the form of the black hole (10.3) invariant with f — a?f. It is easy to check
that the Maxwell-scalar field equations (10.7, 10.8) are invariant under this
rescaling if ¢ — a¢ (so A = ¢dt is invariant) and y is unchanged yy — /. Rather
than discuss this trivial dependence on temperature which simply reflects the
scaling dimension, we are interested in the dependence of a dimensionless measure
of the condensate as a function of a dimensionless measure of the temperature. It is
convenient to use the chemical potential to fix a scale and consider \/O,/u as a
function of T'/u. When one does this, one finds that the condensate is nonzero only
when T/u is small enough. Setting T, equal to the critical temperature when the
condensate first turns on, we get Fig. 10.1.

This curve is qualitatively similar to that obtained in BCS theory, and observed
in many materials, where the condensate rises quickly as the system is cooled
below the critical temperature and goes to a constant as T — 0. Near T, there is a

square root behavior O, = 1007%(1 — T/ TC)I/ % This is the standard behavior
predicted by Landau—Ginzburg theory.

A nonzero condensate means that the black hole in the bulk has developed
scalar hair. One can compute the free energy (Euclidean action) of these hairy
configurations and compare with the solution Y =0,¢ = p(1/rg — 1/r) with
describes a black hole with the same charge or chemical potential, but no scalar
hair. It turns out that the free energy is always lower for the hairy configurations
and becomes equal as T — T, [36]. The difference of free energies scales like
(T, — T)2 near the transition, showing that this is a second order phase transition.
Actually, you can compare the free energy at fixed charge or fixed chemical
potential. These correspond to two different ensembles. In both cases, the free
energy is lower for the hairy configuration.

We now generalize to other masses. Recall that the asymptotic behavior of a
scalar field of mass m in AdS, is

Vo ¥y
w:rT+rT++”. (10.14)
Fig. 10.1 The condensate as 7F ! ' ' ' ]
a function of temperature.
The critical temperature is 6F k|
proportional to the chemical 5t ]
potential
Vo, 4t ]
T, 3Ff ]

o = N
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where

yn :% <3i \/9+4(mL)2>. (10.15)

For m> >m3, + L™, only the mode with 4. falloff is normalizable, and so we
interperet Y, = O, where O is the expectation value of the operator dual to the
scalar field, and A, is the dimension of the operator. i _ is dual to a source for this
operator, so we only consider solutions with the standard boundary condition
¥_ = 0. For m3; <m* <m% + L2 one can also consider the alternative boundary
condition ¥, = 0, and the dual operator has dimension A_.

Figure 10.2 shows the results for the condensate for various masses. It is
convenient to label the curves in terms of the dimension of the condensate A, rather
than the mass to distinguish the two possible cases when m? = —2/L?. The masses
range from the BF bound to m? = 0. Similar behavior is found for m? > 0 [48].

The qualitative behavior is the same as before. In all cases, there is a critical
temperature 7, (proportional to the chemical potential) above which the conden-

sate is zero. Near the critical temperature, O o (T, — T)l/ 2 In all but one case, the
condensate saturates as 7 — 0. The exceptional case is the dimension one curve
which starts to grow at low temperature. When the condensate becomes very large,
the backreaction on the bulk metric can no longer be neglected. We will see later
that in the full solution with backreaction, the condensate approaches a finite limit
at zero temperature.

It turns out that the ratio 7./u increases as the dimension of the operator
decreases. For A > 3/2, one can understand this since a smaller A corresponds to a
smaller m? making is easier for the scalar hair to form. However, this continues for
/.<3/2 when one must increase m* (and use the alternative boundary conditions)
to decrease the dimension. In fact, as observed in [14] , T,/ u appears to diverge as
/. approaches the unitarity bound, 1/2. The reason for this is not clear. But the

Fig. 10.2 Condensates with [ j j j j j
different dimension, 4, as a r
function of temperature. The
condensate tends to increase
with A. Figure is taken from
[44]

’;\] 9,\_
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lesson is that, at least in this simple model, to have a higher temperature super-
conductor, one should lower the dimension of the condensate.

10.3.2 Conductivity

We want to compute the optical conductivity, i.e. the conductivity as a function of
frequency. By symmetry, it suffices to consider just the conductivity in the x
direction. According to the gauge/gravity dictionary, this is obtained by solving for
fluctuations in the Maxwell field in the bulk. Maxwell’s equation with zero spatial
momentum and time dependence e’ gives the following equation for A,(r):

2

/ , zlpz
A (;f—z = T)AX =0. (10.16)

We want to solve this with ingoing wave boundary conditions at the horizon, since

this corresponds to causal propagation on the boundary, i.e., yields the retarded
Green’s function [61]. Asymptotically,

Al +

A0
A =A0 L= . (10.17)
r

The gauge/gravity dictionary says the limit of the electric field in the bulk is the

electric field on the boundary: E, = —A)(co), and the expectation value of the

induced current is the first subleading term: J, = A,(cl). From Ohm’s law we get:

. )
Jy Jy Jy Ax
olo) =2 e Mk (10.18)
E. 4D oA  0Al
The real part of the conductivity is given in Fig. 10.3 for the case 4 = 2. Above
the critical temperature, the conductivity is constant [40]. As you start to lower the

Fig. 10.3 The formation of a 12
gap in the real part of the ’
conductivity as the 1
temperature is lowered below
the critical temperature. The 08
curves describe successively Re[o] 06
lower temperatures. There is :
also a delta function at 04
o = 0. Figure is for the
dimension two condensate 02
and is taken from [36]
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temperature below 7, a gap opens up at low frequency. When these curves were
first obtained, it was thought that Re[s] was given by e~/ at small e, which is
what one expects from a BCS type description with an energy gap A. This would
imply that at T = 0, Re[g] should vanish inside the gap. We will see that this is not
the case.

There is also a delta function at @ = 0 for all 7 < T,. This cannot be seen from a
numerical solution of the real part, but it can be seen by looking for a pole in Im[o].
A simple argument for this comes from the Drude model of a conductor. Suppose
we have charge carriers with mass m, charge e, and number density » in a normal
conductor. They satisfy

dv v
mdt—eE m— (10.19)
where the last term is a damping term and t is the relaxation time due to scattering.
The current is J = env, so if E(t) = Ee~', the conductivity is

kt
g(w) = T (10.20)
where k = ne?/m. So
k kat?
Re[o] ! Imfo] = —2* (10.21)

1+ 022’ T lto

For superconductors, 7 — 00, so Re[g] o< d(w) and Im[o] o 1/w. A more general
derivation comes from the Kramers—Kronig relations. These relate the real and
imaginary parts of any causal quantity, such as the conductivity, when expressed in
frequency space. One of the relations is

Im[o(w)] = —%P / W . (10.22)

From this formula we can see that the real part of the conductivity contains a delta
function, if and only if the imaginary part has a pole. One finds that there is indeed
a pole in Im[g] at w = 0 for all T<T,.

Figure 10.4 shows the low temperature limit of the optical conductivity. The
solid line denotes the real part and the dashed line denotes the imaginary part. The
pole at @ = 0 is clearly visible.

A finite conductivity implies dissipation. In the bulk, this is reflected by the
ingoing wave boundary conditions at the horizon. A standard normalizable per-
turbation of the Maxwell field would decay and get swallowed by the black hole.
We maintain a constant amplitude and purely harmonic time dependence by
driving the mode with an applied electric field at the boundary. Dissipation nor-
mally causes a system to heat up, and indeed if we had included the backreaction
of the Maxwell perturbation on the metric, the flow of energy into the horizon
would cause the black hole to grow and increase its temperature.
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Fig. 10.4 The low
temperature limit of the
optical conductivity for the
dimension two condensate.
The solid line denotes the real
part and the dashed line
denotes the imaginary part.
Figure is taken from [44]

Fig. 10.5 The low
temperature limit of the
conductivity for the
dimension 3/2 condensate.
Note the extra spike that
appears inside the gap. Figure
is taken from [44]

When you approach the BF bound something interesting happens. As shown in
Fig. 10.5, a new spike appears inside the gap. This looks like a bound state of
quasiparticles with the binding energy given by distance between the pole and the
edge of the gap. However, one must keep in mind that quasiparticles are a weak
coupling concept and may not be well defined at strong coupling. We will have
more to say about this spike in the next section.

Although we have focussed on the case of 2 4 1 dimensional superconductors
with a 3 4 1 dimensional bulk dual, everything we have done is easily generalized
to higher dimensions [44]. The results are qualitatively the same.

A robust feature that holds in both 241 and 3 + 1 superconductors and all
> )vBF is that

g (10.23)
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with deviations of less than 10%.® This is more than twice the weakly coupled
BCS value of 3.5. Remarkably, measurements of this ratio in the high 7, super-
conductors give roughly this value [23]!

10.4 Full Solution with Backreaction

We now discuss the full solution to action (10.2) including the backreaction on the
spacetime geometry. We start with the following ansatz for the metric

, dr?
ds* = —g(r)e "dr* + ﬁ + 2 (d +dy?) (10.24)

and use the same ansatz for the matter fields as before:
A=¢(rydt, Y =y(r). (10.25)

The equations of motion are’:

R s e e B £
Wﬂ+(" >¢ —2i%a¢:0, (10.27)

7+ 2+ ¢g‘/’ <, (10.28)

g+ (%—%>g+r¢fex—3r+¢:(). (10.29)

The first two are the scalar and Maxwell equations as before. The last two are the
two independent components of Einstein’s equation. (There are three nonzero
components of Einstein’s equation but only two are independent.) Note that the
equations for g and y are first order, and y is monotonically decreasing. These
equations are invariant under a scaling symmetry analogous to (10.13):

r—ar, (t,x,y)—(txy)/a, g—asg, ¢—ad. (10.30)

8 A few caveats should be noted: If one adds scalar interactions in the bulk by introducing a more
general potential V (W), the gap in the low temperature optical conductivity can become much
less pronounced, so that this ratio becomes ill defined [28, 29]. We will see in the next section
that it also becomes ill defined at small g. Even when it is well defined, it is modified by higher
order curvature corrections in bulk [24].

® We will set L = 1 for the rest of our discussion.
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When the horizon is at nonzero 7, this can be used to set rp = 1. These equations
are also invariant under

2k, t—at, ¢— P/a. (10.31)

ef —a

This symmetry can be used to set y = 0 at the boundary at infinity, so the metric
takes the standard AdS form asymptotically.

The qualitative behavior of the solutions is similar to the probe limit, i.e., the
probe limit indeed captures most of the physics. However, there are a few
important differences [37]. First, the apparent divergence in the dimension one
condensate at low T is gone. Figure 10.6 shows a plot of ¢gO; as a function of
temperature. We have multiplied the condensate by the charge ¢ since this is the
quantity which is represented by the probe limit at large g. For g of order one, the
curves are similar to the other condensates in the probe limit. But for large g, they
grow at low temperature. One can show that for all g, the condensate still
approaches a finite limit at 7' = 0. It is not clear why the dimension one condensate
behaves differently in the probe limit from other masses.

The second difference is more surprising. As explained earlier, the origin of the
instability responsible for the scalar hair is the coupling of the charged scalar to the
charge of the black hole. It was therefore expected that as ¢ — O the instability
would turn off. This is not what happens. A nearly extremal Reissner—Nordstrom
AdS black hole remains unstable to forming neutral scalar hair, provided that m? is
close to the Breitenlohner—Freedman (BF) bound. This means that there is a new
source of instability which can be understood as follows: An extremal Reissner—
Nordstrom AdS black hole has a near horizon geometry AdS, x R*. The BF bound
for AdSy1 is m3, = —d* /4. So scalars which are slightly above the BF bound for
AdS,, can be below the bound for AdS,. This instability to forming neutral scalar
hair is not associated with superconductivity (or superfluidity) since it does not
break a U(1) symmetry. At most it breaks a Z, symmetry corresponding to
Y — —. Its interpretation in the dual field theory is not clear.

One can make the following general argument for when an extremal Reissner—
Nordstrom AdS black hole will be unstable to forming scalar hair [14]. Consider a

Fig. 10.6 From bottom to ][
top, the various curves
correspond to ¢ = 1, 3, 6, and 6L
12. Figure is taken from [37]
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scalar field with mass m and charge ¢ in the near horizon geometry of an extremal
Reissner—Nordstrom AdS black hole. Its field equation reduces to a wave equation
in AdS, with effective mass mZ; = (m*> —2¢°)/6. The —2¢> is the usual coupling
to the electric charge and the factor of six comes from the difference between the
radius of curvature in AdS4 and AdS,. The instability to form scalar hair at low
temperature is then just the instability of scalar fields below the BF bound for
AdSy: m3;. = —1/4. Thus the condition for instability is

m? —2¢* < —3/2. (10.32)

Of course, the mass must be above the four-dimensional BF bound, m? > —9 /4,
so that the asymptotic AdS, geometry remains stable. Equation 10.32 is a sufficient
condition to guarantee instability, but it is not necessary.

To compute the conductivity, we again perturb the Maxwell field in the bulk.
Assuming zero momentum and harmonic time dependence, the perturbed Maxwell
field A, now couples to the perturbed metric component g,. Physically, this is
what one expects from the standpoint of the dual field theory. We are applying an
electric field and inducing a current. The current carries momentum, so 77, should
be nonzero. This requires that the metric perturbation g, must also be nonzero.'”
However, this also means that one has to solve for the thermal conductivity at the
same time as the electrical conductivity. Fortunately, for homogeneous perturba-
tions with harmonic time dependence, one can solve for g, in terms of A, and get

’ / 2 N\ 2q207
g 2 g g 8

This is similar to (10.16) except for the form of the metric and the extra term ¢'2/g
coming from the metric perturbation g,.. The conductivity is still

iAl

o(w) = —a/@. (10.34)
The results for the optical conductivity are qualitatively similar to the probe limit,
and shown in Fig. 10.7. There are a few differences. One is that the conductivity in
the normal phase is no longer constant. Another difference is that in the low tem-
perature limit, the gap in Rea(w) for small w becomes less pronounced at small q.
The robust feature wg /T, =~ 8 seen in the probe limit continues to hold for ¢ > 3, but
is less robust for ¢ <3 mainly because the gap becomes less well defined. Perhaps
the most important difference is that Res now has a delta function contribution at
o = 0 even in the normal phase when T > T,. This infinite DC conductivity is not
superconductivity, but just a consequence of translational invariance. A transla-
tionally invariant, charged system does not have a finite DC conductivity because
application of an electric field will cause uniform acceleration. One does not see this

101 thank Hong Liu for this comment.
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Fig. 10.7 Conductivity for
the dimension two 1.0
condensate with g = 3. The

dashed line is the real part of 0.8

the conductivity at T =T, )
R 0.6

and the solid lines are the Re(o)

same conductivities at 0.4

successively lower

temperature 0.2

T/T. = 0.651,0.304. There

is a delta function at the 0.0

origin in all cases. Figure is
taken from [37]

in the probe limit, since we fixed the gravitational background which implicitly
breaks translation invariance. One indication of this is that we get an electric current
without momentum flow as we mentioned earlier. Although there is a delta function
at o = 0 for all temperature, its coefficient grows as the temperature is lowered
below 7. This indicates the presence of a new contribution coming from the onset of
superconductivity.

10.4.1 Reformulation of the Conductivity

Equation 10.33 can be simplified by introducing a new radial variable

el/?

At large r,dz = dr/rz, and we can choose the additive constant so that z =
—1/r+ O(1/r?). Since g vanishes at least linearly at a horizon and y is mono-

tonically decreasing, the horizon corresponds to z = —oo. In terms of z, (10.33)
takes the form of a standard Schrodinger equation with energy w?:

_Ax‘zz + V(Z)Ax = szx (1036)
where
V(z) = g[¢> + 247y e 7). (10.37)

From the known asymptotic behavior of the solution near infinity, one can show
that V(0) = 0 if the dimension of the condensate, 4, is greater than one, V(0) is a
nonzero constant if 2 = 1, and V(z) diverges as z — 0 if 1/2 <1< 1. One can also
show that the potential always vanishes at the horizon [45].

We want to solve (10.36) with boundary conditions at z = —oo corresponding
to waves propagating to the left. This corresponds to ingoing boundary conditions
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at the horizon which is needed to extract causal results. The easiest way to do this
is to first extend the definition of the potential to all z by setting V = 0 for z > 0.
An incoming wave from the right will be partly transmitted and partly reflected by
the potential barrier. Since the transmitted wave is purely ingoing at the horizon,
this satisfies our desired boundary conditions. Writing the solution for z > 0 as
A, = e + Re?, we clearly have A,(0) =1+ R and A,.(0) = —iw(l —R).

In terms of Z,A)((l) = —A,.(0), so from (10.34)

1-R
o(w) = TR (10.38)
The conductivity is directly related to the reflection coefficient, with the frequency
simply giving the incident energy [45]! The qualitative behavior of o(®) is now
clear. Let us first assume that the dimension of the condensate is 4> 1 so that V is
bounded. At frequencies below the height of the barrier, the probability of trans-
mission will be small, R will be close to one, and ¢ () will be small. At frequencies
above the height of the barrier, R will be very small and ¢(w) ~ 1 (the normal state
value). Clearly the size of the gap in o(w) is set by the height of the barrier:
®g ~ v/Vimax. The case 1/2 < 4 <1 is qualitatively similar. Even though the potential
is not bounded, \/V is integrable, so there is still tunneling through the barrier.

As one lowers the temperature, the condensate i/ increases and the potential
becomes both higher and wider (see Fig. 10.8). This causes an increasing expo-
nential suppression which was erroneously interpreted as evidence for Re o ~ ¢ ~2/7
in the original papers on holographic superconductors. However, as T — 0, the
potential approaches a finite, limiting form which still vanishes at z = —oco. This
means that there will always be nonzero tunnelling probability and hence a nonzero
conductivity even at small frequency. In other words, there is no hard gap in the
optical conductivity at T = 0. This conclusion continues to hold if the m?|¥|* term
in our bulk lagrangian is replaced by a general potential V(). The fact that there is
not a hard gap is consistent with calculations of the specific heat which show that it
vanishes as a power law at low temperature and not exponentially.

Fig. 10.8 Schrodinger
potential for A = 2,4 = 10.
The top curve as T = 0 and
the bottom curve has T = T,.
Figure is taken from [45]

%)
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As discussed in Sect. 3.2, in order for Reo to have a delta function at w = 0
representing the infinite DC conductivity, one needs Im ¢ to have a pole at w = 0.
It is easy to see that this is indeed the case, for any positive Schrodinger potential
V(z) that vanishes at z = —oo. Imagine solving (10.36) with w =0, and A, = 1 at
z = —oo. (This represents the normalizable solution and is the zero frequency limit
of the ingoing wave boundary condition.) Since A, > 0, the solution will be

monotonically increasing. At z = 0,4 = A,(0) and AD = —A,(0). These are
both real and nonzero. From (10.34) it then follows that Im ¢ has a pole at @ = 0.
Even in the normal phase when y = 0, the potential is nonzero due to the con-
tribution from the electric field. This is precisely the term which arises due to the
backreaction on the metric and is absent in the probe approximation. This is
another way to see why the probe limit does not have a delta function at w = 0 in
the normal phase while the full backreacted solution does. Note that the
Schrédinger potential remains finite in the probe limit ¢ — oo, since g/ is held
fixed.

This approach also explains the spike in the conductivity that was seen in
Fig. 10.5. At low frequency, the incoming wave from the right is almost entirely
reflected. If the potential is high enough, one can raise the frequency so that about
one wavelength fits between the potential and z = 0. In this case, the reflected
wave can interfere destructively with the incident wave and cause its amplitude at
z = 0 to be exponentially small. This produces a spike in the conductivity. If one
can raise the frequency so that two wavelengths fit between the potential and z = 0
one gets a second spike, etc. More precisely, using standard WKB matching
formula, spikes will occur when there exists o satisfying

0
/ Vo2 —V(2)dz +§ =nn (10.39)

for some integer n, where V(—zp) = w?. It is now clear that the spike which we
saw in the probe approximation with m? saturating the BF bound, also appears in
the full backreacted solution, and for some m? slightly above the BF bound. When
the spikes were first seen, it was speculated that they corresponded to vector
normal modes of the hairy black hole. It is now clear that they are not true normal
modes even at T = 0, since A, does not actually vanish at infinity. The actual
modes all have complex frequency and correspond to familiar quasinormal modes.
In other words, there are no bound states in this potential (with boundary condition
A, = 0 at z = 0) since the potential vanishes at z = —o0.

10.5 Zero Temperature Limit

The extremal Reissner—Nordstrom AdS black hole has large entropy at 7 = 0. If
this was dual to a condensed matter system, it would mean the ground state was
highly degenerate. The extremal limit of the hairy black holes dual to the


http://dx.doi.org/10.1007/978-3-642-04864-7_3

10 Introduction to Holographic Superconductors 333

superconductor is not like Reissner—Nordstrom. It has zero horizon area, consistent
with a nondegenerate ground state [45]. One might wonder how this could be the
limit of the T > 0 black holes since we have seen that for all 7' # 0, one can scale
r so that rp = 1. The point is simply that the dimensionless ratio ro/p — 0 as
T —0.

The extremal limit also has zero charge inside the horizon (except in the case
g = 0 when the scalar hair cannot carry the charge). This is an expected conse-
quence of the horizon having zero area. If the black hole tried to keep a nonzero
charge as the temperature was lowered and its horizon shrunk to zero, the electric
field on the surface would grow arbitrarily large. Eventually this would pair create
charged particles via the Schwinger mechanism and neutralize the black hole. This
is a quantum argument involving pair creation, but it has a classical analog in
terms of a superradiant instability for charged scalar fields.

The near horizon behavior of the zero temperature solution depends on the mass
and charge of the bulk scalar field. We will discuss two classes of solutions below.
In both cases, one can solve for the solutions analytically near r = 0. These
leading order solutions depend on a free parameter which can be adjusted so that
the solution asymptotically satisfies the desired boundary condition. In the cases
we study, the solution is typically not smooth at r = 0, but since they are the limit
of smooth black holes, they are physically allowed. If one modifies the potential
for ¥ so that it has more than one extremum, then smooth, zero temperature
solutions exist in which W rolls from one extremum to another [28, 29].

10.5.1 m> =0

This corresponds to a marginal, dimension three operator developing a nonzero
expectation value in the dual superconductor. To determine the leading order
behavior near r = 0, we try an ansatz

d) — }’2+1, l// — lﬁo _ lplr.Z(lJroc)7 1= — }(1’,2(1+oc)7 g= }’2(1 _ g1r2(l+oc))
(10.40)
We have used the scaling symmetries (10.30) and (10.31) to set the coefficients in

¢ and g to one. Substituting this into the field equations and equating the dominant
terms for small r (assuming o« > —1), one finds:

2+ 5046\ 2+ 50+6
_ (¥ 2xto g =X TO%T0 10.41
ql/IO ( 2 ) ) 1 4(OC+1) e ( )
o+2 qe’e o? 450+ 6 1/2
_ %o _ , 10.42
&1 ¢ 2(2a2+7a+5)( 2 > (10.42)
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Fig. 10.9 Values of o for 0.3 ‘
various charges. Note that it |
approaches a constant as |
q — oo. Figure taken from 02+
[45] 3
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Fig. 10.10 Zero temperature, A = 3 and ¢ = 1 solution (dashed line), compared to successively
lower temperature hairy black holes (solid lines). Note that g almost has a double zero at

r/p = 1/2+/3 which is the extremal horizon for Reissner—Nordstrom AdS. In the limit ¢ —

V3 /2 the solution becomes extremal Reissner—Nordstrom AdS with all hair behind the horizon.
Figure is taken from [45]

One can now numerically integrate this solution to large radius and adjust « so
that the solution for i is normalizable. One finds that this is possible provided
g* > 3/4. This is consistent with the condition for instability (10.32). The value of
o depends weakly on ¢ (see Fig. 10.9). In all cases, |o|<.3. Figure 10.10 shows
the results for i and g for the zero temperature solution, and shows how the 7 > 0
solutions approach it as T — 0.

Near r = 0, y approaches a constant and g = r>. Thus the metric approaches
AdS, with the same value of the cosmological constant as the asymptotic region.
The extremal horizon is just the Poincare horizon of AdSs. The scalar field
approaches a constant and the Maxwell field vanishes. In terms of the dual field
theory, this means that the full conformal symmetry is restored in the infrared.

These solutions are not singular at » = 0 since all curvature invariants remain
finite. They can be viewed as static, charged domain walls. Even though they are
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not singular, when o # 0 the solutions are not C* across » = 0. Some derivatives
of the curvature will blow up. However, there is a special value of the charge,
q = 1.018, where o = 0. This solution is completely smooth across the horizon. It
is not clear what the significance of this value is for the dual field theory.

10.5.2 ¢° > |m?|/6 (m?<0)
We try the following ansatz near r = O:

b =A(=logr)'?, g=gor(=logr), ¢=dyf(=logr)?  (10.43)

where we have used the radial scaling symmetry (10.30) to set an arbitrary
length scale in the logarithm to one. The behavior of y is determined by (10.28)

and whether we expect )2 or rg*¢p*’e’/g* to dominate. We assume ri’'2
dominates, so

' = K(—logr)y*"/* (10.44)

with K a constant of integration. The second term in (10.28) is indeed negligible
provided f§ > 1. Equating the dominant terms in the equations of motion leads to

2 11 4842\ '
A=2, go=—3m, ﬁz—i(l—q> . (10.45)

It is clear that for appropriate metric signature we need positive gy which tells
us this ansatz is only appropriate for negative m?. Since we require > 1, only the
plus sign in (10.45) is allowed and we require

@ > —m?*/6. (10.46)

With these restrictions, our near horizon solution is
W =2(—logr)'?, g=(2m?/3)*logr, e’ =—Klogr (10.47)
¢ = ¢or’ (—logr)'/?, (10.48)

The one remaining free parameter is ¢,. This parameter can be tuned so that the
asymptotic boundary condition on  is satisfied.

The horizon at r = 0 has a mild singularity. The scalar field diverges loga-
rithmically and the metric takes the form (after rescaling ¢)

dr?

ds* = r2(—di* + dx;dx’) + ———.
A ) e oen)

(10.49)
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Notice that Poincare invariance is restored near the horizon, but not the full
conformal invariance. (Some early indications of emergent Poincare symmetry

were found in [28, 29].) Introducing a new radial coordinate, 7 = —2(— log r)l/ 2/

g(l)/ ? the metric becomes
ds* = e 712 (—di? + dxdx’) + dF* (10.50)

near the horizon which is now at 7 = —oo.

10.6 Adding Magnetic Fields

As we mentioned in the introduction, one of the characteristic properties of
superconductors is that they expel magnetic fields. However, a superconductor can
expel a magnetic field only up to a point. A sufficiently strong field will destroy the
superconductivity. One defines the thermodynamic critical field B, by setting the
energy it takes to expel the magnetic field equal to the difference in free energy
between the normal and superconducting states:

BAT)V

s = Fy(T) - F(T) (10.51)

where V is the volume. Superconductors are divided into two classes depending on
how they make the transition from a superconducting to a normal state as the
magnetic field is increased. In type I superconductors, there is a first order phase
transition at B = B, above which magnetic field lines penetrate uniformly and the
material no longer superconducts. In type II superconductors, there is a more
gradual second order phase transition. The magnetic field starts to penetrate the
superconductor in the form of vortices with quantized flux when B = B.; <B.. The
vortices become more dense as the magnetic field is increased, and at an upper
critical field strength, B = B, > B,, the material ceases to superconduct.

We now show that our 2 + 1 dimensional holographic superconductors are type
II. (Interestingly enough, the high T, superconductors are also type II.) We will
view this superconductor as a thin film superconductor in 3 + 1 dimensions with a
perpendicular magnetic field. Suppose the 2 + 1 dimensional sample is a disk of
radius R. In order for the disk to expel the magnetic field, it must produce a current
circulating around the perimeter. Solving Maxwell’s equations, this current will
expel a field not only in the area mR? of the disk but in a larger volume of size
V3 ~R3. Since the difference in free energies between the normal and supercon-
ducting state scales like R?, in the large R (thermodynamic) limit, the supercon-
ductor does not have enough free energy available to expel a magnetic field. Thus
magnetic fields of any non-vanishing strength will penetrate a thin superconduc-
ting film and B, = 0.
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To show that the holographic superconductor is type II, we start in the normal
phase with a large applied magnetic field, and slowly lower B. We will see that
parts of the system start to become superconducting at a value B, > 0 [1, 44]. To
model the normal phase with an applied magnetic field, we use a black hole in AdS
with both electric and magnetic charges (but no scalar hair). The magnetic field in
the bulk corresponds to applying a background magnetic field on the boundary.
The metric takes the form (10.24) with y = 0 and

1 1
2 ) 2 2 2
=rr———|(4 B — B7). 10.52
8(r) =1 =g (4 + 0"+ B) + 45 (0 + BY) (10.52)
The black hole temperature is
12 4 2 B2
r=—0_F 2 (10.53)
l6mrg
The vector potential is
1 1
A= p|———]dt+ Bxdy. (10.54)
ro r

Since we are interested in the onset of superconductivity which is a second
order phase transition, the condensate will be small and we can ignore the back-
reaction of i on the metric. (Note that this is different from the probe approxi-
mation since the backreaction of the Maxwell field is included here.) Since the
gauge potential now depends on x, we separate variables as follows

W (r,x,y) = R(r)X(x)e™. (10.55)

The equation for X(x) turns out to be a simple harmonic oscillator centered at k/¢B

with width (qB)_l/ %, The eigenvalues are 2gB(n + 1) but only the lowest mode is
expected to be stable. Note that the momentum k shifts the origin of the harmonic
oscillator, but does not change its energy. This is just the degeneracy of Landau
levels. The radial equation becomes:

2.2
(rgR") + {% (ri - 1) +gB — mzrz}R =0. (10.56)
0

One can now choose B so that there is a normalizable solution. This defines the
upper critical field B,. One finds that B,, is a decreasing function of temperature
and vanishes at T = T,. This is what one expects: At lower temperatures, a
superconductor can support a larger magnetic field. Due to the degeneracy in k, the
actual condensate involves a superposition of these modes for all £ and forms a
lattice of vortices. Maeda et al. [53] have recently studied the free energy as a
function of the two parameters which govern the shape of the vortex array and
shown that the minimum of the free energy at long wavelength corresponds to a
triangular array which is what is predicted by the Landau—Ginzburg model.



338 G. T. Horowitz

10.6.1 London Equation

As mentioned in Sect. 10.2, the boundary theory does not have dynamical Max-
well fields, so one cannot actually see the Meisner effect. However, one can show
that in the superconducting state, static magnetic fields induce currents whose
backreaction would cancel the applied magnetic field [52, 37]. In fact, one can
show that these currents are proportional to A; and thus reproduce London’s
equation.

To make life easier, in this section we shall work in the probe limit (g — o0) in
which the metric is kept fixed to be simply the Schwarzschild AdS black hole
(10.3). Assume that we have solved for A, and i/ in this background as described in
Sect. 3.1. We then wish to add a static perturbation A, that has nonzero
momentum. We will take the momentum to lie in a direction orthogonal to A, so
we can consistently perturb the gauge field without sourcing any other fields. This
perturbation corresponds to adding a static magnetic field in the bulk, and the
asymptotic value of this magnetic field corresponds to the magnetic field added to
the boundary theory. As before, the first subleading term in A,(r) corresponds to
the induced current.

Rather than doing this calculation explicitly, we can obtain the answer by
relating it to the calculation in Sect. 3.2. Let A, have both momentum and fre-
quency dependence of the form A, ~ e & The radial equation for A,(r)
reduces to

kP

(A + (7 - ﬁ>Ax = 2Y%A,, (10.57)

where ’ denotes differentiation with respect to r. We studied this equation with
k = 0in Sect. 3.2, and found a pole in Imag[w] at @ = 0. Let the residue of this pole
be ny, the superfluid density. From (10.18) this means that Ail) = —nSA)(CO). But

J, = A,,(Cl) and A)(CO) is just the vector potential in the boundary theory, so

J(w,k =0) = —nA(w,k =0). (10.58)

It is clear from the form of Eq. 10.57 that the limits & — 0 and k — O must
commute. To compute ny, we simply set both w and & to zero and solve (10.57).
Thus for small k, we directly obtain the London equation

Ji(w, k) = —nAi(w, k) (10.59)

where we have used the isotropy of space. This equation is clearly not gauge
invariant. It is expected to hold in a gauge where V;A’ = 0.
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10.6.2 Correlation Length

The gauge/gravity dictionary says that the retarded Green’s function (for J) in the
dual field theory is

(1
A k
GR (o, k) = % (10.60)
Ax (k)
We can define a correlation length ¢ by expanding
Re GR(0,k) = —ny(1 + &> +--) (10.61)

By solving (10.57) numerically, including the k dependence, one can compute this
correlation length. One finds that it diverges near the critical temperature like
T, ~0.1(1 — T/TC)_I/2 [44]. A similar divergence is found in a correlation
length obtained from fluctuations in the condensate [52].

10.6.3 Vortices

As we discussed above, at the onset of superconductivity when B = B, there is a
lattice of vortices. However, at this point, the condensate is small everywhere and
the equations could be linearized. It is of interest to find the bulk solution
describing a vortex lattice away from B = B,. The first step is to find the single
vortex solution. This corresponds to a something like a cosmic string stretching
from the black hole horizon to infinity. However, there is a crucial difference
between a cosmic string and the dual of a vortex. A standard cosmic string has a
fixed proper radius. This means that its size in the x,y coordinates used in (10.24)
goes to zero at large r. In terms of the boundary theory, this is a point-like object.
We want a solution in which the cosmic string is a fixed size in the x,y coordi-
nates, so it has a finite radius in the superconductor. This looks more like a funnel
in the bulk with a proper radius that grows as one increases r.

Such a solution has recently been found in the probe limit [56]."" Let us write
the background metric using polar coordinates for the flat transverse space:

2
ds* = —f(r)df* + J% + P (dP + Pde?) . (10.62)

Assume an ansatz

W= y(r,7)e", A =A(r,F), A,=A,r7) (10.63)

"' See [2, 3] for another approach.
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Substituting this into the field equations, one obtains a set of nonlinear PDE’s. The
condensate is now a function of radius 7. It vanishes at 7 = 0 which represents the
center of the vortex, and approaches a constant at large 7. This shows that there is
no superconductivity inside the vortex. Since the Maxwell field is not dynamical
on the boundary, the magnetic field is not localized inside the vortex as one would
expect. Instead, the authors of [56] work in finite volume and assume a uniform
magnetic field on the boundary with total flux equal to 27n as expected for the
vortex.

10.7 Recent Developments

So far, we have discussed planar black holes in the bulk. Spherical black holes
have the same instability and describe spherical superconductors. One can add
rotation to a spherical black hole, and the effect of this rotation on the dual
superconductor has recently been studied [62]. It was found that for T <T, (the
transition temperature at zero rotation), there is a critical value of the rotation
which destroys the superconductivity in analogy to the critical magnetic field.

The bulk gravitational theory that we have studied was not derived from string
theory. It was just the simplest model that could describe a dual superconductor,
and we have seen that it works rather well. It predicts that a charged condensate
forms at low temperature (in a second order phase transition), that the DC con-
ductivity is infinite, and that there is a gap in the optical conductivity at low
frequency—all basic properties of superconductors. However, to go beyond this
and have a more detailed microscopic understanding of the dual superconductor,
one needs to embed this model in string theory. A linearized instability of the type
needed to describe a holographic superconductor was found in a string compac-
tification in [14]. This has now been extended to a full description by two different
groups. Gauntlett et al. [20, 21] realized the m?> = —2, ¢ = 2 model in M theory. In
other words, they found a consistent truncation of eleven dimensional supergravity
in which the four dimensional fields were just a metric, Maxwell field and charged
scalar with this mass and charge.12 Gubser et al. [32] realized the same model in
one higher dimension (a five dimensional bulk which is dual to a 3 + 1 dimen-
sional superconductor) with m> = —3, ¢ = 2 in type IIB string theory. Both groups
used Sasaki-Einstein compactifications with U(1) symmetry, where the charged
scalar is related to the size of the U(1) fibration.

There are two main differences between the models obtained from string theory
and our simple model. The first is that the kinetic term for the charged scalar
involves nonminimal coupling. (This was investigated earlier by Franco et al.
[18, 19].) The second difference is that the scalar potentials V(y) coming from

2 In general, there is an additional neutral scalar, but for purely electrically charged black holes,
this field can be set to zero.
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supergravity are more complicated than the simple mass terms we have considered
so far. This does not affect the onset of superconductivity: since the scalar field is
small near T,, the critical temperature is just determined by the mass term in the
potential. However, the low temperature limit is different. The potentials coming
from supergravity have more than one extremum. In this case, the zero tempera-
ture limit of the hairy black hole is a smooth domain wall in which the scalar rolls
from one extremum in the UV to another extremum in the IR [49]. The IR limit is
another copy of AdS with, in general, a different cosmological constant. These
examples all have emergent conformal symmetry in the IR.

The optical conductivity in these theories never show a pronounced gap at low
temperature. Typically, Res(w) = ke® for small o with a coefficient k of order
one. From our Schrodinger equation reformulation this is a bit surprising. Why is
not there an exponential suppression due to tunnelling through the barrier? The
answer is simply that the effective potential in the Schrédinger equation never gets
very large in these solutions since all fields are order one.

Even though embedding in string theory makes it possible to study the dual
field theory in more detail, this is still difficult in 2 + 1 dimensions. It is somewhat
easier in 3 + 1 dimensions since the dual theories are related to ordinary gauge
theory. One particularly interesting aspect of the 3 4 1 superconductor is that the
condensate includes a term bilinear in the fermions, like a Cooper pair [26].

It was shown in [27] that one can replace the Maxwell field and charged scalar
in the bulk with an SU(2) gauge field and still have a dual description of a
superconductor. The main difference is the following: The symmetry of a super-
conductor refers to the energy gap above the Fermi surface. The holographic
superconductors we have discussed here all have S-wave symmetry since they do
not prefer a direction. With an SU(2) gauge field in the bulk, one obtains a P-wave
superconductor.'® This leads to another way to realize holographic superconduc-
tors (in the probe limit) in string theory: one can use the SU(2) gauge field realized
on a pair of branes [5, 6, 58].

This is a rapidly evolving field and there have been several developments since
the Milos summer school in September 2009, including:

e A key property of condensed matter systems is, of course, the atomic lattice.
This gives rise to the phonons in the BCS theory which cause the electrons to
pair. Our simple model has translational symmetry and no sign of a lattice.
However, some interesting ideas on how to include a lattice have been discussed
by Kachru et al. [46].

e Some superconductors exhibit striped phases associated with charged density
waves. It was shown in [57] that the Chern—Simons term in five dimensional

13 One cannot compute the energy gap directly. Indeed, as we have seen, there probably is not
a strict gap. The interpretation as a P-wave superconductor comes from the fact that there is
a vector order parameter and the conductivity is strongly anisotropic in a manor consistent with
P-wave nodes on the Fermi surface.
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supergravity can lead to an instability at nonzero momentum in which a spatially
modulated condensate forms.

e The response of fermions to the superconducting phase has been studied [13, 17,
31]. It was found that with a suitable coupling between the bulk fermions and
scalar, there are stable quasiparticles with a gap [17].

10.8 Conclusions and Open Problems

For 90 years after its discovery in 1915, general relativity was viewed as a theory
of gravity. It has proved very successful in describing a wide range of gravitational
phenomena from the bending of light to gravitational waves and black holes. But
in the last few years we have seen that this same theory can describe other areas of
physics as well, including superconductivity. This is all due to the magic of gauge/
gravity duality. Although the full power of gauge/gravity duality relates a quantum
theory of gravity (indeed string theory) in the bulk to a nongravitational theory on
the boundary, we have worked in a large N limit in which the bulk theory is just
classical general relativity. This large N limit also explains how we can have
spontaneous symmetry breaking in a 2 + 1 dimensional field theory, in apparent
contradiction to the Coleman—-Mermin—Wagner theorem. The large N limit sup-
presses fluctuations in the fields.'*

It is natural to ask how surprised one should be that general relativity can
reproduce the basic properties of superconductors. After all, Weinberg [66] has
shown that much of the phenomenology of superconductivity follows just from the
spontaneous breaking of the U(1) symmetry. Once we have found the instability
that leads to charged scalar hair, does not everything else follow? There are
indications that something deeper is going on. For example, order one dimen-
sionless ratios can be computed and compared with experiment. In particular, the
ratio w, /T, ~ 8 discussed in Sect. 3.2, is close to the observed value. This does
not follow from symmetry arguments alone.

Since our bulk dual of a superconductor just involves gravity interacting with
a Maxwell field and a charged scalar, there is a superficial similarity to a
Landau—Ginzburg description. However, it is important to keep in mind two key
differences. First, the low temperature instability must be put in by hand in the
Landau-Ginzburg model, whereas it arises naturally in our gravitational
description. Indeed, we have seen that there are two physically distinct insta-
bilities which can trigger the phase transition. Second, the Landau—Ginzburg
model is only valid near the transition temperature, since it involves a power
series in the order parameter ¢. To go beyond T ~ T, one would need to specify
an entire potential V(). Initially, our bulk theory also had the freedom to add an
arbitrary potential V(). We chose just a mass term for simplicity. However,

!4 This is not an issue for the 3 + 1 dimensional superconductor, which can be holographically
described by the bulk gravitational theory (10.2) in one higher dimension.
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once one embeds the bulk theory into string theory, the potential is fixed and is
no longer arbitrary.

10.8.1 Open Problems

We close with a list of open problems.'” They are roughly ordered in difficulty
with the easier problems listed first. (Of course, this is my subjective impression.
With the right approach, an apparently difficult problem may become easy!)

1. In the probe limit below the critical temperature, there is an infinite discrete set
of solutions for iy which are all regular on the horizon and satisfy the required
boundary condition at infinity. (When backreaction is included, there is only a
finite number of such solutions.) They can be labelled by the number of nodes
(zeros) they contain. It is widely believed that only the lowest solution with no
nodes is stable. Is this true in the theory we have discussed where the scalar
potential V() just contains a mass term? Is it true if the theory contains scalar
self interactions, like the potentials derived from string theory?

2. We have seen that an extreme Reissner—Nordstrom AdS black hole is unstable
to forming neutral scalar hair if the scalar has mass close to the BF bound (9).
Under evolution, as the black hole is developing scalar hair, the total charge
and mass at infinity are conserved. Since the scalar field can carry energy, but
not charge, the final black hole (which need not be extremal) has the same
charge, but less mass than the initial extremal limit. How is this consistent
with the original black hole being extremal? What is the extremal limit in this
Einstein-Maxwell-scalar theory? A related question is: what is the interpre-
tation of this neutral scalar hair in the dual field theory?

3. We studied magnetic fields in 2 + 1 dimensional superconductors in Sect.
10.6. What happens if you add a magnetic field to 3 + 1 superconductors? One
immediate difference is that B, is no longer zero. Are the holographic
superconductors still type I1I? The new magnetic brane solutions in [15, 16]
may be useful.

4. As discussed in Sect. 6.2, a vortex solution has recently been found in the
probe approximation. Find the vortex solution with backreaction. More gen-
erally, find the solution describing a lattice of vortices in the bulk. This would
correspond to a magnetically charged black hole in which the magnetic flux is
confined to “cosmic strings” stretching from the horizon to infinity. To solve
this problem, one must solve nonlinear partial differential equations.

5. Recall that the symmetry of a superconductor refers to the energy gap on the
Fermi surface. The holographic superconductors we have discussed here all
have S-wave symmetry since they do not prefer a direction. P-wave holo-
graphic superconductors have been found [27, 60]. The high T, cuprates are

!5 T thank Sean Hartnoll for suggesting some of these problems.
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known to have D-wave symmetry. Can one find a holographic superconductor
with D-wave symmetry? It is natural to try to condense a charged spin two
field. Interestingly enough, the newly discovered iron pnictides appear to have
S-wave symmetry, but it is complicated by multiple Fermi surfaces [12].

It was discovered recently that there are materials in which the (DC) con-
ductivity goes to zero for T < T, [64]. This is the opposite of a superconductor
and is called a “superinsulator”. Can one find a holographic description of a
superinsulator? It is tempting to use the fact that under electromagnetic duality
in AdSy, the conductivity transforms as ¢ — —1/0 [35]. However, one must
start with a bulk action which is invariant under electromagnetic duality. The
action (10.2) is not, since it explicitly involves A,.

. As we discussed in Sect. 10.7, it has recently been shown that the holographic

superconductors can be derived from string theory, so in some cases the dual
microscopic theory is known. Can one understand the pairing mechanism in
these cases (if indeed “pairing mechanism” is the right concept at strong
coupling)? This remains one of the main open questions in understanding the
high 7, materials.

As mentioned above, the large N limit is responsible for allowing spontaneous
symmetry breaking in our 2 + 1 dimensional field theory. Can one show that
away from this limit, massless fluctuations lead to infrared diverges which
destroy the long range order?

In gauge/gravity duality, one takes a large N limit to justify using classical
general relativity in the bulk. What is the analog of this large N limit in
condensed matter systems? In other words, what types of materials are likely
to have a (tractable) dual gravitational gravitational description? (See [59] for
a discussion of some of the issues.)

The high temperature cuprate superconductors satisfy a simple scaling law
relating the superfluid density, the normal state (DC) conductivity and the
critical temperature [43]. Can this be given a dual gravitational interpretation?
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Chapter 11
Flavor Superconductivity and
Superfluidity

Matthias Kaminski

Abstract In these lecture notes we derive a generic holographic string theory
realization of a p-wave superconductor/superfluid. For this purpose we also review
basic D-brane physics, gauge/gravity methods at finite temperature, key concepts
of superconductivity and recent progress in distinct realizations of holographic
superconductors and superfluids. The gravity dual is a D3/D7-brane construction
yielding a superconducting or superfluid vector-condensate. The corresponding
gauge theory is 3 + 1-dimensional N' = 2 supersymmetric Yang-Mills theory with
SU(N,) color and SU(2) flavor symmetry. It shows a second order phase transition
to a phase in which a U(1) subgroup of the SU(2) symmetry is spontaneously
broken and typical superconductivity signatures emerge. For example an infinite
dc conductivity, a conductivity (pseudo-)gap and the Meissner-Ochsenfeld effect
are found. Condensates of this nature are comparable to those recently found
experimentally in p-wave superconductors such as a ruthenate compound. A string
picture of the pairing mechanism and condensation is given using the exact
knowledge of the corresponding field theory degrees of freedom.

11.1 Introduction

In these lecture notes' we generically construct a holographic p-wave supercon-
ductor. This introductory section serves to explain why this particular setup is of
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interest both from a string-theoretical as well as from a condensed matter physics
point of view. In order to guide the unexperienced reader in Sect. 11.2 we will
describe the basic concepts in words and motivate the project. Detailing this
overview we build the full holographic setup from scratch in a self-contained
manner in Sect. 11.3. Section 11.4 briefly introduces common holographic
methods and then summarizes the major results known for the thermodynamics
and the spectrum of D-brane systems. With these outcomes in the back of our
minds we will understand how our system develops a new ground state and why it
can be interpreted as a p meson superfluid or superconductor. We compute and
discuss thermodynamic observables, conductivities and the spectrum of our
holographic superconductor in Sect. 11.5. Finally, we put together all of our
findings in order to draw a string theory picture for the pairing mechanism in
our p-wave superconductor. These notes are self-contained and widely comple-
mentary to the notes focusing on holographic s-wave superconductors [1, 2].

11.1.1 String Motivation

The setup of intersecting D-branes and especially the particular D3-D7 con-
struction presented here is interesting because of its diverse applications. It has
been successfully used to model strongly coupled particle physics phenomena such
as a deconfinement, or rather meson melting phase transition for fundamental
matter and transport coefficients in the quark gluon plasma experimentally created
at the RHIC collider in Brookhaven (see [3] for an introductory review and further
references). On the other hand it has recently been used to model strongly cor-
related electron systems as they appear in superfluids and superconductors in the
realm of condensed matter physics [4, 5]. All these applications are also crucial
checks of the basic principles and methods coming from the conjectured gauge/
gravity correspondence. Receiving physically meaningful outcomes when apply-
ing these holographic methods to various systems accessible by experiment,
strengthens our confidence in the gauge/gravity conjecture.

From the string-theoretic point of view this particular setup is interesting
because of its simplicity, uniqueness (explained below) and the naturalness with
which the symmetry is broken spontaneously here. The flavor® superfluid/super-
conductor’ examined here was the first generic top-down string theory realization
of a superfluid/superconducting phase. In contrast to this the pioneering papers on

2 The term “flavor” superconductor stems from earlier applications of this setup to model
strongly correlated high energy systems such as the quark gluon plasma. In the present case the
name is not important and possibly misguiding, since it is really only essential that the system has
a non-Abelian SU(2) symmetry.

> We are using the terms superfluid and superconductor interchangably here. For the considered
phenomena this distinction does not make any difference. Some details to this distinction are
given in Sect. 11.2.1.
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holographic superconductors [6, 7] had exclusively treated gravity toy models
which were not directly obtained from string theory, i.e. bottom-up models.
Therefore the gauge/gravity correspondence could not be used to identify the exact
gauge theory dual. This fact obstructed the interpretation of the outcomes. Fur-
thermore these toy models had few restrictions on their parameters such that in
principle a large parameter space needed to be scanned, see e.g. [8]. Our string-
derived flavor superfluid/superconductor overcomes those two problems: First the
field theory degrees of freedom are exactly known since it is simply N =2
supersymmetric Yang-Mills theory with an SU(2) flavor-symmetry. Second, the
values of parameters, such as for example the dimension of the condensing
operator, in our setup are severely restricted by their string theoretic derivation. In
this sense this setup is “unique” compared to the big parameter space to be
scanned in bottom-up toy models. Later, other top-down string realizations have
been suggested and for example involve a consistent truncation of type IIB
supergravity with a chemical potential for the R-charge [9], and domain-wall
solutions interpolating between AdS solutions with distinct radii which may be
lifted to IIB supergravity or eleven-dimensional supergravity [10].

11.1.2 Condensed Matter Motivation

From a condensed-matter physics point of view our flavor superconductor is highly
interesting because it reproduces features which have been measured in experi-
ments with unconventional superconductors, such as p-wave superconductivity, a
system of strongly-correlated particles, a pseudo-gap in the frequency-dependent
conductivity (found in high temperature d-wave superconductors). Most of these
phenomena lack a widely-accepted microscopic explanation by conventional
approaches, so there is the hope that gauge/gravity can shed some light on the
nature of these systems. These systems usually contain strongly correlated elec-
trons, so the dual weak gravity description is in principle accessible. Our system
has a vector operator which condenses upon breaking a residual Abelian flavor
symmetry spontaneously. This gives the vector order parameter as described
below. So there is a preferred spatial direction in the superfluid/superconducting
condensate. This is exactly the situation recently found experimentally in the
p-wave (explained below in Sect. 11.2.1) superconductor SroRuO, [11]. These
materials are investigated with great excitement in the condensed-matter com-
munity because they are hoped to be usable for quantum computing [12]. The
reason is that the p-wave structure implies the presence of non-Abelian quasi-
particles in the ruthenate compound. These non-Abelian quasi-particles can be
used as the states to be manipulated in a fopological quantum computer. The
biggest practical obstacle for quantum computation are the errors which may occur
during a calculation due to materials being not ideal. Topological quantum com-
puters minimize this source of error because they carry out operations by braiding
the non-Abelian quasi-particles in a Hilbert-subspace containing degenerate



352 M. Kaminski

ground states. Due to an energy gap between this subspace and the rest of the
Hilbert space it virtually decouples from all local perturbations [13]. Another
confirmed and well-studied condensed-matter example for an emerging p-wave
structure is superfluid 3He-A [14].

11.2 Superconductivity and Holography

This section is a primer on the subject of spontaneous symmetry breaking,
superconductivity and superfluidity in the holographic context of the gauge/gravity
correspondence. Little formalism is used, while we introduce all the necessary
concepts.

11.2.1 Basics of Superconductivity and Our Field Theory Idea

Let us review the essential concepts of superconductivity and understand how to
build a p-wave superconductor. We are going to need this knowledge in order to
appreciate the fact that our holographic setup reproduces this behavior in great
detail.

11.2.1.1 Superconductor Basics and the P-Wave

Superconductivity is the phenomenon associated with infinite dc conductivity in
materials at low temperatures. It is caused by the formation of a charged condensate
in which directed currents do not experience resistivity. A defining criterion for
superconductivity is the Meissner-Ochsenfeld effect described below. In
conventional superconductors the superconducting condensate consists of electron
pairs called Cooper pairs. So there are two simultaneous steps: the fermionic
electrons have to pair up to form bosonic Cooper pairs, and these pairs do condense.
This condensation happens in a second order phase transition (at vanishing mag-
netic field) when the temperature is lowered through its critical value 7,. Due to the
requirement for the fermionic state to be antisymmetric there are only certain
symmetry combinations allowed for the two electron state describing a Cooper pair.
As seen from Table 11.1 the name “p-wave” superconductor refers to those pairs in
which the relative orbital angular momentum between the two electrons is L = 1,
the spatial part of the parity is odd and the spin state is a triplet.

The mechanism pairing electrons in conventional superconductors is well
described by a mean field theory approach and the microscopic BCS-theory. Recall
that condensed matter systems are conveniently described in terms of lattices with
many (about 10?%) sites. Then conventional BCS-theory tells us that the lattice is
slightly deformed by the presence of an electron. This deformation can be
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Table 11.1 Nomenclature of  Orbital angular Name Parity of Spin state
superconducting states momentum spatial part

0 s-wave even singlet

1 p-wave odd triplet

2 d-wave even singlet

described by a quasi-particle excitation, a phonon. We can imagine the phonon to
create a small potential well near the electron in which another electron can be
caught. So lattice vibrations (phonons) mediate a weakly attractive interaction
between the electrons which then form pairs. Conventional BCS-theory with
phonons is only valid at low temperatures because around 30 K the phononic
lattice vibrations caused by the temperature already destroy the weakly attractive
interaction between the electrons. Note that BCS-theory itself does not depend on
the origin of the attractive interaction.

A superconductor is simply a charged superfluid

The crucial defining property for any kind of superconductivity or superfluidity is
that a symmetry is spontaneously broken. In superfluids this symmetry is global
while in superconductors it is local, i.e. a gauge symmetry. Therefore in super-
conductors there are a few additional effects related to the gauge symmetry and the
corresponding gauge field. But besides that those two phenomena are very similar.
Especially in both cases there is a Goldstone boson created for each spontaneously
broken symmetry of the describing field theory. For a broken global symmetry this
Goldstone boson survives and is visible in the spectrum as a hydrodynamic mode
[15]. For a broken local symmetry however the Goldstone boson is eaten by the
gauge field which couples to the charge belonging to the broken symmetry. In
superconductors this causes the gauge boson, i.e. the photon for the broken
electromagnetic U(1) to become massive. Since these heavy photons can travel
only an exponentially small distance, the electromagnetic interaction becomes
short-ranged. Therefore magnetic fields, which can be thought of as consisting of
photons, can only penetrate the system up to a certain distance, the penetration
depth. This is called Meissner-Ochsenfeld effect and it is a defining criterion for
superconductivity. In the Anderson-Higgs mechanism particles acquire a mass by
the same mechanism. Thus it is sometimes described as the superfluidity of the
vacuum. See [16] for a more precise review.

There is a class of experimentally well-studied but theoretically less understood
unconventional superconductors, such as copper or ruthenate compounds. Some of
these materials show superconducting phases at high temperatures® up to 138 K.

* SrRu0, is superconducting at low temperatures around 2 K but the pairing mechansim is
not microscopically understood. The simplified argument is that the phonon-interaction of
conventional Cooper pairing is isotropic, thus not providing an anisotropic p-wave structure.
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The conventional BCS-theory does not apply to such high temperatures as men-
tioned above. So the biggest mystery remains to understand the pairing mechanism
of electrons in these high temperature superconductors. Pairing and condensation
need not occur at the same temperature here. Most important for the application of
gauge/gravity duality: In these wunconventional superconductors the coupling
strength of the electrons to each other is strong. Thus these are experimentally
accessible systems governed by strongly coupled field theory.

Another clear signature for superconductivity is of course an infinite dc con-
ductivity. Together with that there is a conductivity gap in the frequency-dependent
conductivity. This is caused by the fact that the conductivity at small frequencies or
energies vanishes until there is enough energy to break up one Cooper pair. From
that energy on the material is a normal conductor with individual electrons being
the charge carriers. In unconventional superconductors there is a surprising phe-
nomenon called pseudo-gap. This means that the experiments carried out in
unconventional superconductors show a gap in the conductivity even at and above
the transition temperature where the superconducting condensate forms. Inside this
pseudo-gap the conductivity does not drop to zero but to a small finite value.

11.2.1.2 How to Build a Feld Theory with P-wave Superconductivity

As stressed above the crucial thing to do in order to get a superconductor or
superfluid is to spontaneously break a symmetry. We are going to accomplish this
by allowing our system to develop a charged condensate.

Let us assume a particle physics point of view for a while. In these notes we
will focus on a 3 + 1-dimensional N = 2 supersymmetric SU(N,) Yang-Mills
theory at temperature 7, consisting of a N' =4 gauge multiplet as well as Ny
massive A =2 supersymmetric hypermultiplets (i};, ¢;). The hypermultiplets
give rise to the flavor degrees transforming in the fundamental representation of
the gauge group. The action is written down explicitly for instance in [17]. In
particular, we work in the large N, limit with Ny < N, at strong coupling, i.e. with
2> 1, where 4 = g%\N, is the "t Hooft coupling constant. In the following we
will consider only two flavors, i.e. Ny = 2. The flavor degrees of freedom are
called u and d. If the masses of the two flavor degrees are degenerate, the theory
has a global U(2) flavor symmetry, whose overall U(1), subgroup can be iden-
tified with the baryon number.

In the following we will consider the theory at finite isospin chemical potential
U, which is introduced as the source of the operator

Jg octﬁa3y01//+¢036()¢:nu—nd, (11.1)

where n,,, is the charge density of the isospin fields, (¢,,¢,) = ¢ and
(W, Wg) = Y. o' are the Pauli matrices. A non-zero vev (J3) introduces an isospin

density as discussed in [18]. The isospin chemical potential u explicitly breaks the
U(2) ~ U(1), x SU(2), flavor symmetry down to U(1), x U(1),, where U(1)5 is
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generated by the unbroken generator ¢* of the SU(2),. Under the U(1), symmetry
the fields with index u and d have positive and negative charge, respectively.

However, the theory is unstable at large isospin chemical potential [18]. The
new phase is sketched in Fig. 11.1. We show in this lecture (see also [4]), that the
new phase is stabilized by a non-—vanishing vacuum expectation value of the
current component

J3 o o'y + o' 03¢ = Y, y30, + Yav3¥, + bosons. (11.2)

This current component breaks both the SO(3) rotational symmetry as well as the
remaining Abelian U(1); flavor symmetry spontaneously. The rotational SO(3) is
broken down to SO(2);, which is generated by rotations around the x> axis. Due to
the non-vanishing vev for J3, flavor charged vector mesons condense and form a
superfluid. Let us emphasize that we do not describe a color superconductor on the
field theory side, since the condensate is a gauge singlet. Figure 11.1 shows a “not
accessible” parameter region in which we get divergent quantities. This is due to
the fact that at such large charge densities we would need to take in account the
backreaction of the D7-branes on the AdS geometry.

In a condensed matter context our model can be considered as a holographic
p-wave superconductor in the following way. The global U(1), in our model is the
analog of the local U(1),,, symmetry of electromagnetic interactions. So far in all
holographic models of superconductors the breaking of a global symmetry on the
field theory side is considered. In our model, the current J3 corresponds to the
electric current Jem. The condensate (J1) breaks the U(1); spontaneously.
Therefore it can be viewed as the superconducting condensate, which is analogous

u
Mq

gL

=)}

not reachable

meson melting

stable mesons ;

1
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Fig. 11.1 Phase diagram of our field theory depending on the temperature parametrized by
m~' T and on the isospin chemical potential u/ scaled by the quark mass M,. At low
temperatures and chemical potentials a phase of stable mesons forms which melts at higher p/
and m~!. Above a critical density we find a superconducting or superfluid phase with a vector
order parameter
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to the Cooper pairs. Since the condensate (/1) transforms as a vector under spatial
rotations, it is a p-wave superconductor. Strictly speaking, for a superconductor
interpretation it would be necessary to charge the superfluid, i.e. gauge the global
U(1), symmetry which is broken spontaneously in our model. A spontaneously
broken global symmetry corresponds to a superfluid. However, as we mentioned
before many features of superconductivity do not depend on whether the U(1); is
gauged. One exception to this is the Meissner—Ochsenfeld effect. To generate the
currents expelling the magnetic field, the U(1), symmetry has to be gauged. This
matter is discussed further below in Sect. 11.5.4 where we will be able to see the
onset of the Meissner—Ochsenfeld effect within our holographic setup.

11.2.2 Holographic Realization

Holographic superconductors have first been studied in [6, 7, 19, 20]. The initial
idea presented in [19] was that the Abelian Higgs model coupled to gravity with a
negative cosmological constant provides a charged scalar condensate near but
outside a charged black hole horizon. The charged condensate spontaneously
breaks the Abelian gauge symmetry of the theory. Later studies revealed that this
breaking also occurs in setups with neutral black holes but with a negative mass
for the charged scalar [6]. The basic idea for a holographic p-wave superconductor
has been outlined in [7]. Let us review the basic ideas.

11.2.2.1 Holographic Superconductor Basics

In order to spontaneously break a symmetry we need a gravity theory with a gauge
symmetry. Note that this is not the usual gauge symmetry SU(N) of the corre-
spondence where N — oo, but an additional one with a finite rank, for example an
Abelian U(1). Furthermore we need a black hole background in order to introduce
finite temperature in the dual field theory, see [3] for details. Most importantly we
need a charged condensate hovering in the bulk over the horizon. To be more
precise, we need a bulk field ¢ charged under the gauge symmetry which is to be
broken. ¢ has to have the typical expansion d) = d)norma]izab]e + d)non—normalizable +
... near the AdS boundary, but with ¢, -normatizable = 0- Why do we require this
particular structure? Recall that in the gauge/gravity correspondence the normal-
izable mode is identified with the field theory expectation value (O,) of the
operator Oy dual to the gravity field ¢. This is our condensate in the field theory,
which we want to be non-zero. The normalizable mode on the other hand is dual to
a source in the field theory. Therefore we want it to vanish since it would break the
symmetry explicitly. The role of the field ¢ providing the condensate could be
played for example by a charged scalar or by one component of a gauge field.
These concepts are illustrated in the following example.
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Example Consider the bottom-up toy model p-wave superconductor introduced in
[7]. There we have an Einstein Yang-Mills theory with a negative cosmological
constant

6

o (11.3)

S~ /D4x [R - % (F) +
with F being the field strength of an SU(2) gauge field A. This SU(2) in this case is
the gauge group that we want to break. Actually we break only a U(1) subgroup of
it. But let us not worry about the details now. Only note that this theory is placed in
an AdS, charged black hole background. Our gauge field A now plays the role of the
field ¢ providing the condensate. The operator dual to the gauge field A is the
electromagnetic current Oy = J*. The boundary behavior of the gravity field’s
components according to the equations of motion derived from Eq. 11.3 is given by

d
Af:u+;, Al =0+ (11.4)

with the radial AdS coordinate r. In principle we could allow more non-vanishing
components but this combination turns out to be both sufficient and consistent. As
usual in thermal AdS/CFT the temporal component A, introduces a chemical
potential p in the dual field theory. This chemical potential sources the corre-
sponding operator J' = d which is simply the charge density of the SU(2) charge
in the field theory at the boundary. This explicitly breaks SU(2) — U(1),.
However the spatial component Ai spontaneously breaks the remaining U(1), with
the condensate (J!).

11.2.2.2 How to Build a Gravity Dual to P-Wave Superconductivity

As mentioned several times before, we need a vector condensate for our p-wave
superconductor. Conveniently the previous example already showed us what the
structure for the dual gravity theory has to be in order to realize a vector con-
densate. Unfortunately that example has not been derived from string theory.
Probably the most difficult task in building a holographic superconductor is finding
a gravity setup with all the necessary features, which is actually stable and ther-
modynamically favored. We are going to see that the system of intersecting D3
and D7 branes provides exactly such a stable configuration. Since we are going to
review Dp/Dq-brane systems below, let us here spot only those features which are
of importance to superconductivity. The SU(2) “flavor” gauge group which we
are going to break (partly spontaneously) is created by using two coincident D7
branes. By introducing a gauge field Aj living on these D7-branes and giving its
temporal component a non-trivial profile in one of the flavor directions, we
introduce a chemical potential in the dual field theory. This is completely analo-
gous to the introducing the non-trivial A? in the previous example. All this is going
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to take place in the background of a stack of N, black D3-branes. They introduce
the temperature into the dual field theory. Finally, the gravity field which is going
to break the residual flavor symmetry is going to be a spatial component of the
gauge field just as A! in the previous example. Our analysis of the thermodynamic
potentials is going to show that this phase is thermodynamically preferred over the
phase without the symmetry-breaking condensate. Furthermore it is stable against
all obvious gauge field fluctuations.

11.3 Holographic Setup

In this section we carry out exactly the D3-D7 brane construction outlined in Sect.
11.2.2. The result will be a gravity setup being holographically dual to a p-wave
superfluid/superconductor. But let us first review how to add flavor to the gauge/
gravity correspondence.

11.3.1 Flavor from Intersecting Branes

Let us imagine for this subsection that we want to use gauge/gravity in order to
model QCD or the quark gluon plasma state of matter produced at the RHIC
Brookhaven heavy-ion collider. The original AdS/CFT conjecture does not include
matter in the fundamental representation of the gauge group but only adjoint
matter. In order to come closer to a QCD-like behavior one can therefore inves-
tigate how to incorporate quarks and their bound states in this section. We focus on
the main results of [21] and [22], however for a concise review the reader is
referred to [17].

Since AdS/CFT has been discovered a lot of modifications of the original
conjecture have been proposed and analyzed. This is always achieved by modi-
fying the gravity theory in an appropriate way. For example the metric on which
the gravity theory is defined may be changed to produce chiral symmetry breaking
in the dual gauge theory [23, 24]. Other modifications put the gauge theory at finite
temperature and produce confinement [25]. Besides the introduction of finite
temperature the inclusion of fundamental matter, i.e. quarks, is the most relevant
extension for us since we are aiming at a qualitative description of strongly
coupled QCD effects at finite temperature. These effects are similar to the ones
observed at the RHIC heavy ion collider.

11.3.1.1 Adding Flavor to AdS/CFT

The change we have to make on the gravity side in order to produce fundamental
matter on the gauge theory side is the introduction of a small number Ny of
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D7-branes. These are also called probe branes since their backreaction on the
geometry originally produced by the stack of N D3-branes is neglected. Strings
within this D3/D7-setup now have the choice of starting (ending) on the D3- or
alternatively on the D7-brane. Note that the two types of branes share the four
Minkowski directions 0, 1,2,3 in which also the dual gauge theory will extend on
the boundary of AdS as visualized in Fig. 11.2.

The configuration of one string ending on N coincident D3-branes produces an
SU(N) gauge symmetry of rotations in color space. Similarly the N; D7-branes
generate a U(Ny) flavor gauge symmetry. We will call the strings starting on the
stack of Dp-branes and ending on the stack of Dg-branes p—g strings. The
original 3-3 strings are unchanged while the 3-7- or equivalently 7-3 strings are
interpreted as quarks on the gauge theory side of the correspondence. This can be
understood by looking at the 3-3 strings again. They come in the adjoint
representation of the gauge group which can be interpreted as the decomposition
of a bifundamental representation (N> — 1) @ 1 = N ® N. So the two string ends
on the D3-brane are interpreted as one giving the fundamental, the other giving
the anti-fundamental representation in the gauge theory. In contrast to this the
3-7 string has only one end on the D3-brane stack corresponding to a single
fundamental representation which we interpret as a single quark in the gauge
theory.

We can also give mass to these quarks by separating the stack of D3-branes
from the D7-branes in a direction orthogonal to both branes. Now 3-7 strings are
forced to have a finite length L which is the minimum distance between the two
brane stacks. On the other hand a string is an object with tension and if it assumes
a minimum length, it needs to have a minimum energy being the product of its
length and tension. The dual gauge theory object is the quark and it now also has a
minimum energy which we interpret as its mass M, = L/(2no).

The 7-7 strings decouple from the rest of the theory since their effective
coupling is suppressed by N;/N. In the dual gauge theory this limit corresponds to
neglecting quark loops which is often called the quenched approximation. Nev-
ertheless, they are important for the description of mesons as we will see below.

Let us be a bit more precise about the fundamental matter introduced by 3-7
strings. The gauge theory introduced by these strings (in addition to the original
setup) gives a N = 2 supersymmetric U(N) gauge theory containing Ny funda-
mental hypermultiplets.

D3|x|x|x|x

D7|x|x|x|x|x|x|x|x

Fig. 11.2 Coordinate directions in which the Dp-branes extend are marked by ‘x’. D3- and D7-
branes always share the four Minkowski directions and may be separated in the 8, 9-directions
which are orthogonal to both brane types
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Fig. 11..3 This ﬁgure. AdS5 S3
summarizes our coordinates 0 1 2 2
and indices coord. names X x ar ar o -
w, Vv,
indices Uy Jo oo 0

11.3.1.2 D7 Embeddings and Meson Excitations

Mesons correspond to fluctuations of the D7-branes” embedded in the AdSs x $°-
background generated by the D3-branes. From the string-point of view these
fluctuations are fluctuations of the hypersurface on which the 7 — 7 strings can
end, hence these are small oscillations of the 7 — 7 string ends. The 7 — 7 strings
again lie in the adjoint representation of the flavor gauge group for the same reason
which we employed above to argue that 3 — 3 strings are in the adjoint of the
(color) gauge group. Mesons are the natural objects in the adjoint flavor repre-
sentation. Vector mesons correspond to fluctuations of the gauge field on the
D7-branes.

Before we can examine mesons as D7-fluctuations we need to find out how the
D7-branes are embedded into the 10-dimensional geometry without any fluctua-
tions. Such a stable configuration needs to minimize the effective action. The
effective action to consider is the world volume action of the D7-branes which is
composed of a Dirac-Born-Infeld and a topological Chern-Simons part

SD7 = — TD7 / Dgaed)\/— det{P[g + B]o{[f + (27‘50(’)Fa/;}

+(27T;/)2TD7/P[C4]/\F/\F. (11.5)

The preferred coordinates to examine the fluctuations of the D7 are obtained from
the standard AdS coordinates
R2 Q2

Ds* = — Dg* +

7 F(—Dr2 + Dx?), (11.6)

with the AdS radius R and the dimensionful radial AdS coordinate g.
Exercise Show that the standard AdS metric (11.6) transforms to

2

R2
Ds* = = Dx* + = (D@® + ¢* D% + Dws* + Dw}), (11.7)

5 To be precise the fluctuations correspond to the mesons with spins 0, 1/2 and 1 [22, 26].
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under the transformationg® = w12 + - - - + w42, 2 = 0% + ws? + w2, whereX is a
four vector in Minkowski directionsO, 1,2, 3 and Ris the AdS radius. The coor-
dinateris the radial AdS coordinate whileg is the radial coordinate on the coinci-
dent D7-branes.

Let us follow [22]: For a static D7 embedding with vanishing field strength F
on the D7 world volume the equations of motion are

D Q3 Dws g

Do\ 14w 4w e

where ws ¢ denotes that these are two equations for the two possible directions of
fluctuation. Since (11.8) is the equation of motion of a supergravity field in the
bulk, the solution near the AdS boundary takes the standard form with a non-
normalizable and a normalizable mode, or source and expectation value
respectively

0 (11.8)

c

W5_6:m+g—2+'~', (119)
with m being the quark mass acting as a source and ¢ being the expectation value
of the operator which is dual to the field ws ¢. While ¢ can be related to the scaled

quark condensate ¢ o (gg)(2no)’.

If we now separate the D7-branes from the stack of D3-branes the quarks
become massive and the radius of the S° on which the D7 is wrapped becomes a
function of the radial AdS coordinate r. The separation of stacks by a distance m
modifies the metric induced on the D7 P[g| such that it contains the term
R?0?/(0* + m?*)DQ3%. This expression vanishes at a radius ¢> = r> — m*> = 0 such
that the S* shrinks to zero size at a finite AdS radius.

Fluctuations about these ws and we embeddings give scalar and pseudoscalar
mesons. We take

ws =0+2ndy, we=m+2nd¢p (11.10)

After plugging these into the effective action (11.5) and expanding to quadratic
order in fluctuations we can derive the equations of motion for ¢ and y. As an
example we consider scalar fluctuations using an Ansatz

¢ = ¢(0)e™*Wi(S%), (11.11)

where Y;(S?) are the scalar spherical harmonics on the S*, ¢ solves the radial part
of the equation and the exponential represents propagating waves with real
momentum k. We additionally have to assume that the mass-shell condition

M? = -k’ (11.12)



362 M. Kaminski

is valid. Solving the radial part of the equation we get the hypergeometric function
¢ x F(—a, —a+1+1; (I+2); _"22) and the parameter

’m

1 —+/1 —K*R*/m?
2= /m (11.13)

2

summarizes a factor appearing in the equation of motion. In general this hyper-
geometric function may diverge if we take ¢ — oo. But since this is not com-
patible with our linearization of the equation of motion in small fluctuations, we
further demand normalizability of the solution. This restricts the sum of param-
eters appearing in the hypergeometric function to take the integer values

n=o—1—1, n=0,1,2,.... (11.14)

With this quantization condition we determine the scalar meson mass spectrum to
be

2m
M<pseud0>scam:ﬁ\/(n+l+ D(n+1+2), (11.15)

where n is the radial excitation number found for the hypergeometric function.
Similarly we can determine pseudoscalar masses and find the same formula
(11.15). For vector meson masses we need to consider fluctuations of the gauge
field A appearing in the field strength F in Eq. 11.5. The formula for vector mesons
(corresponding to e.g. the g-meson of QCD) is

2m
MV:F\/(n+l+1)(n+l+2). (11.16)
Note that the scalar, pseudoscalar and vector mesons computed within this
framework show identical mass spectra. Further fluctuations corresponding to
other mesonic excitations can be found in [22, 26].

11.3.1.3 Brane Embeddings at Finite Temperature

In order to get a finite temperature in the dual field theory, the gravity theory
needs to be put into a black hole or black brane background geometry. It was found
in [24, 27, 28] that at finite temperature our N; probe flavor branes can be
embedded in two distinct ways. There are high temperature configurations called
black hole embeddings in which part of the brane falls into the black hole horizon.
On the other hand there are low-temperature configurations called in which the
brane stays outside the black hole horizon. These two configurations are separated
by a geometric transition, i.e. the configuration in which the brane just barely
touches the black hole horizon. This geometric transition corresponds to the meson
melting transition for the fundamental matter of the dual field theory. Note that the
adjoint matter of this field theory is always deconfined in this setup.



11 Flavor Superconductivity and Superfluidity 363

At finite charge density however there is only one kind of embedding and that is
the black hole embedding. The heuristic argument is that introducing a finite
charge on the brane there have to be field lines for the associated field strength.
These lines have to end somewhere. Our setup has rotational symmetry in the
spatial directions. Imagine the radial AdS coordinate and field lines running along
it. If they are supposed to end somewhere, there has to be a horizon. Otherwise
they would all meet in the origin at p = 0. Note that field lines ending at the
horizon means, that we can interpret the horizon as being charged. In these lecture
notes we will exclusively deal with non-vanishing density and thus only encounter
black hole embeddings.

11.3.2 Background and Brane Configuration

We aim to have a field theory dual at finite temperature. This is holographically
accomplished by placing the gravity theory in a black hole or black brane back-
ground. Here the black hole’s Hawking temperature can be identified with the field
theory temperature. We consider asymptotically AdSs x S° space-time. The
AdSs x §° geometry is holographically dual to the A" =4 Super Yang-Mills
theory with gauge group SU(N,). The dual description of a finite temperature field
theory is an AdS black hole. We use the coordinates of [29] to write the AdS black
hole background in Minkowski signature as

2 2 R 2
Ds* = % (—?dtz +fdx2) + (5) (do* + *dQ3), (11.17)

with dQ§ the metric of the unit 5-sphere and

4 ~ ot
fle)=1-=2 f(@)=1+9—2’, (11.18)

where R is the AdS radius, with R* = dng,N. o> = 2/.0/°.

Exercise Show that the metric (11.17) can be obtained from the standard finite
temperature AdS metric

(xTR)* fW)DP + D] 4 -

2 _
Ds" = u 4uf (u)

Du? + R°DQs*;  f(u) =1 —u?,

(11.19)

by the transformation(rop)* = 2% + \/r* — ro*,with r being the original radial
AdS coordinate andrythe location of the black hole horizon.

Exercise The temperature of the black hole given by (11.17) may be determined
by demanding regularity of the Euclidean section. Show that it is given by
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T:%. (11.20)

In the following we may use the dimensionless coordinate p = g/¢y, which
covers the range from the event horizon at p = 1 to the boundary of the AdS space
at p — oo. To include fundamental matter, we embed Ny coinciding D7-branes
into the ten-dimensional space-time as illustrated in Fig. 11.2. These D7-branes
host flavor gauge fields A,, with gauge group U(Ny). To write down the DBI action
for the D7-branes, we introduce spherical coordinates {r,Q;} in the 4567-
directions and polar coordinates {L,¢} in the 89-directions [29]. The angle
between these two spaces is denoted by 0 (0 <6 <7/2). The six-dimensional space
in the 456789-directions is given by

do” + ¢°dQ3 = dr’ + r’dQ; + dL? + L*d¢”
= dg® + 0*(d0? + cos® Odp* + sin® 0dQ3), (11.21)

where r = gsin0, 0> = r> + L? and L = g cos 0. D3- and D7-branes always share
the four Minkowski directions and may be separated in the 8, 9-directions which
are orthogonal to both brane types. That separation is dual to the mass of the
fundamental flavor fields in the dual gauge theory, i.e. the quarks.

Due to the SO(4) rotational symmetry in the 4567 directions, the embedding of
the D7-branes only depends on the radial coordinate p. Defining y = cos 0, we
parametrize the embedding by y = y(p) and choose ¢ =0 using the SO(2)
symmetry in the 89-direction. The induced metric G on the D7-brane probes is
then

([ f R 17 +0*(3y2)*
ds*(G) = o (—?dtz + fdx2> +— =g 227 _dg® + R*(1 — *)dQs.
(11.22)
The square root of the determinant of G is given by
Vhs 5.
V=G = Y21 - 21 - 2+ )’ (11.23)

where h3 is the determinant of the 3-sphere metric.

As in [18] we introduce a SU(2) isospin chemical potential y by a non-
vanishing time component of the non-Abelian background field on the D7-brane.
The generators of the SU(2) gauge group are given by the Pauli matrices ¢'. Due to
the gauge symmetry, we may rotate the flavor coordinates until the chemical
potential lies in the third flavor direction,

p= lim A}(p). (11.24)

p—00



11 Flavor Superconductivity and Superfluidity 365

This non-zero gauge field breaks the SU(2) gauge symmetry down to U(1),
generated by the third Pauli matrix ¢>. The spacetime symmetry on the boundary is
still SO(3). Notice that the Lorentz group SO(3,1) is already broken down to
SO(3) by the finite temperature. In addition, we consider a further non-vanishing
background gauge field which stabilizes the system for large chemical potentials.
Due to the symmetry of our setup we may choose A%dx%’l to be non-zero. To
obtain an isotropic configuration in the field theory, this new gauge field A} only
depends on p. Due to this two non-vanishing gauge fields, the field strength tensor
on the branes has the following non-zero components,

Fj3 = —F3, =0,A} (7 — Tstrings), (11.25)
Fly = —Fp, = 0,A} (3 —Tstrings), (11.26)
Fos = —F3) = %ASA; (interaction). (11.27)

The labels behind those equations refer to the sort of strings which generate the
corresponding gauge fields. The field strength F2; can be understood as an inter-

action term between 7-7 and 3-7 strings. We derive this interpretation in
Sect. 11.6.1.

11.3.3 DBI Action and Equations of Motion

In this section we calculate the equations of motion which determine the profile of
the D7-brane probes and of the gauge fields on these branes. A discussion of the
gauge field profiles, which we use to give a geometrical interpretation of the
stabilization of the system and the pairing mechanism, may be found in
Sect. 11.6.1.

The DBI action determines the shape of the brane embeddings, i.e. the scalar
fields ¢, as well as the configuration of the gauge fields A on these branes. We
consider the case of Ny = 2 coincident D7-branes for which the non-Abelian DBI
action reads [30]

1
2

Spp1 = —TprStr / d3¢\/detQ [det (Pab [E,w FES(Q ! - 5)”‘Ejv} + Zna’Fab)]
(11.28)

with
Qi = &, + i2mo [@, DV Ey (11.29)

and P, the pullback to the Dp-brane, where for a Dp-brane in d dimensions we
have u,v=0,...,(d—1),a,b=0,...,p,i,j=p+1),....,(d = 1),Ep = gu+
B,,.In our case we set p = 7,d = 10, B = 0. As in [18] we can simplify this action
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significantly by using the spatial and gauge symmetries present in our setup. The
action becomes

Sppr = —Tp7 / d¥¢Stry/| det(G 4 2no’F)| (11.30)

2 2
= — Ty, / dsé\/—GStr[HGOOG“‘*(FgO) (¢)'+G7GH (Fly) (o")?

=

+GV6 (F,) (0%)] (11.31)

where in the second line the determinant is calculated. Due to the symmetric trace,
all commutators between the matrices ¢’ vanish. It is known that the symmetrized
trace prescription in the DBI action is only valid up to fourth order in o’ [31, 32].
However the corrections to the higher order terms are suppressed by Nf’1 [33] (see
also [34]). Here we use two different approaches to evaluate the non-Abelian DBI
action (11.30). First, we modify the symmetrized trace prescription by omitting the
commutators of the generators ¢' and then setting (o"')2 =1 (see Sect. 11.3.3.1
below). This prescription makes the calculation of the full DBI action feasible.
This prescription is not verified in general but we obtain physically reasonable
results as discussed in Sects. 11.5.1 and 11.5.2. Second, we expand the non-
Abelian DBI action to fourth order in the field strength F (see Sect. 11.3.3.2). Here
it should be noted that in general the higher terms of this expansion need not be
smaller than the leading ones. However, we again get physical results in our
specific case which confirm this approach. We further motivate the validity of our
two approaches below.

11.3.3.1 Adapted Symmetrized Trace Prescription

Using the adapted symmetrized trace prescription defined above, the action
becomes

2 2
Spp1 = — Tp7Ny /dgfv -G {1 + G¥G* (FZO) +G¥g* (F}B)
273
+G"67 ()’
T N
=2 @8 71~ 2V, 1,4, (1132)

with



11 Flavor Superconductivity and Superfluidity 367

~ 2 ~ 2 ~
Y(p,1,A) =|1 = 1"+ p*(82)° _f_JZC (1-7) (apA8)2+7 (1—7)(8,43)°
292 2 3
) 4f2(1 — 17+ PP (AA3)| (11.33)

where the dimensionless quantities p = ¢/gy and A = (2n/)A /gy are used. To
obtain first order equations of motion for the gauge fields which are easier to solve
numerically, we perform a Legendre transformation. Similarly to [18, 29] we
calculate the electric displacement pj and the magnetizing field p} which are given
by the conjugate momenta of the gauge fields A and A},

3 5SDBI 1 _ (SSDBI

= = . 11.34
P50 T aAY) (34

In contrast to [18, 29, 35, 36], the conjugate momenta are not constant any more
but depend on the radial coordinate ¢ due to the non-Abelian term A3A} in the DBI
action. For the dimensionless momenta p} and p) defined as

~ p

= 11.35
P 2n0!NyTpr03; ( )
we get
~ o~ 24 %
PO e K RS (U R (11.36)
0 = 1 ) 3 A ’
2 Y(p, 1,A) 2Y(p, 7,A))
Finally, the Legendre-transformed action is given by
N OSpBI OSpaI
Sppr = Spp1 — [ d¢| (0,A] + (0,A; 11.37
DBI DBI / é ( 0 0) 5(691\8) ( Q 3) 5(a@A%) ( )

T ~
== f/dsf = 20 -2+ 2@ VipnAB),  (1138)

with
V(pa/CaAvﬁ) = [(1 24f2( OA3) >
1 (11.39)

8(73)° 8(73)° )]
1 ~ - — .
X( TR0 -2 s - 2)

Then the first order equations of motion for the gauge fields and their conjugate
momenta are
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2\ /1 = 12+ p2(0,)°

0,43 f\/ A (sz)
P = 7)

21— 72+ 20,2

apA; = - ﬁ}W(anaAaﬁ)v (1141)
P = 72)°

PaW(p, 1,A.p), (11.40)

FA =201 =2+ 20,0 5.
3,p8 = ( )2\/ _ ~( o) ()43, (11.42)
212 pfW(p, 1, A, D)

L FU =21 2+ @) @

apps - 27‘62hW(p,X,A,]3) AO)ZA;’ (11.43)
with
o 1 - 2 (A3AY)
W(p,1,A,p) = u (11.44)

8(7) _ _ s()’
pP-2) (-2

1+

For the embedding function y we get the second order equation of motion
SEF(1 = 72)(0, 3%,
pff(1 = 77)( /A)ZV _ pff 1 2{3(1—x2)+292(6px)2}v
L=+ p*(02) L=+ p*(p1)
24(1 =2+, , P
- v )|

Pl 2 7Y

9,

(11.45)

We solve the equations numerically and determine the solution by integrating the
equations of motion from the horizon at p = 1 to the boundary at p = oco. The
initial conditions may be determined by the asymptotic expansion of the gravity
fields near the horizon

ASZC—OS(p—1)2+O((p—1)3), (11.46)
(1—1x5)" +

Al :bo+o((p—1)3), (11.47)

7= o+ LI (o124 0((p - 17). (11.43)
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ps = +0((p - 1)3), (11.49)

I 72 Ly ) AP TS
1= 4[(1—x5)3+cﬁ](p 1)+(9((p 1)), (11.50)

where the terms in the expansions are arranged according to their order in p — 1.
For the numerical calculation we consider the terms up to sixth order in p — 1. The
three independent parameter by, co and y, may be determined by field theory
quantities defined via the asymptotic expansion of the gravity fields near the
boundary,

Agzﬁ—§+o(p4), (11.51)
A} =—%+O(p—4), (11.52)
py=dy+0(p™), (11.53)

py=—di+ 2127/32255 +0(p™), (11.54)

XZ%—I—%—FO(p_“). (11.55)

According to the AdS/CFT dictionary, p is the isospin chemical potential. The
parameters d are related to the vev of the flavor currents J by

- 23 . 2 (J1
B2 g 2 (11.56)
N¢N /T3 NyN /T3
and m and c to the bare quark mass M, and the quark condensate ),
M, c= 8v) (11.57)

m = I N
VT VNN, T3

respectively. There are two independent physical parameters, e. g. m and g, in the
grand canonical ensemble. From the boundary asymptotics (11.51), we also obtain
that there is no source term for the current Jj. Therefore as a non-trivial result we
find that the U(1), symmetry is always broken spontaneously. In contrast, in the
related works on p-wave superconductors in 2 + 1 dimensions [7, 37], the spon-
taneous breaking of the U(1); symmetry has to be put in by hand by setting the

source term for the corresponding operator to zero. With the constraint A; | posoo =0

and the two independent physical parameters, we may fix the three independent
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parameters of the near-horizon asymptotics and obtain a solution to the equations of
motion.

11.3.3.2 Expansion of the DBI Action

We now outline the second approach which we use. Expanding the action (11.30)
to fourth order in the field strength F yields

T, T
SDBI:_TD7Nf/dSé\/—G|:1“!‘72—?44-"'], (11.58)
where 7; consists of the terms with order i in F. To calculate the 7 ;, we use the
following results for the symmetrized traces

205 Su|(0)’] = Nr. (11.59)

405 Su[(o)'] =Np,  su[(o)(#)] :%, (11.60)
where the indices i,j are distinct. Notice that the symmetric trace of terms with
unpaired ¢ matrices vanish, e.g. Str[cid!] = N;d". The 7 are given in the appendix
of [5].

To perform the Legendre transformation of the above action, we determine the
conjugate momenta as in (11.34). However, we cannot easily solve these equations
for the derivative of the gauge fields since we obtain two coupled equations of
third degree. Thus we directly calculate the equations of motion for the gauge
fields on the D7-branes. The equations are given in the appendix of [5].

To solve these equations, we use the same strategy as in the adapted symme-
trized trace prescription discussed above. We integrate the equations of motion
from the horizon at p =1 to the boundary at p = co numerically. The initial
conditions may be determined by the asymptotic behavior of the gravity fields near
the horizon

Agzaz(p—1)2+0((p—1)3), (11.61)

il :bo+0<(p—1)3), (11.62)

3(at + 4a3 — 8)y,
7= 70+ (43 2 )%o

0" 4(3a} + 4a2 + 8) (p— 1)2+0((p— 1)3). (11.63)

For the numerical calculation we use the asymptotic expansion up to sixth order.
As in the adapted symmetrized trace prescription, there are again three indepen-
dent parameters ay, by, y,. Since we have not performed a Legendre transforma-
tion, we trade the independent parameter cy in the asymptotics of the conjugate
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momenta p} in the symmetrized trace prescription with the independent parameter
a, (cf. asymptotics in Eq. 11.46). However, the three independent parameters may
again be determined in field theory quantities which are defined by the asymptotics
of the gravity fields near the boundary

Agzu—p—g+0(p4), (11.64)

. dl

A;:_p—;+0(p4), (11.65)
m c

(=—+—+O0(p). 11.66

1=t (") (11.66)

The independent parameters u,glg, EJ;, m, c are given by field theory quantities as
presented in (11.56) and (11.57). Again we find that there is no source term for the
current J1, which implies spontaneous symmetry breaking. Therefore the inde-
pendent parameters in both prescriptions are the same and we can use the same
strategy to solve the equations of motion as described below (11.57).

Exercise In [38] only the leading order of the action (11.58) quadratic in field
fluctuations was considered. For a specific chemical potential an analytic solution
with non-zero AS and A} can be found. Show that the analytic solution found there
(adapted to our AdSs case)

ot

A?):M(l_p4)7 Aé:6(1+p4)27

(11.67)

indeed solves the equations of motion derived from the action expanded to qua-
dratic order for the chemical potential ¢ = 4. € is a constant formed from the
coupling constant and the vacuum expectation value of the dual current(J]). Note:
This exercise requires some work.

11.4 D-Brane Thermodynamics and Spectrum

In this section we briefly review the results obtained for the thermodynamics and
the spectrum of our setup with a baryonic, and later an isospin chemical potential.

11.4.1 Baryon Chemical Potential

Figure 11.4 shows the phase diagram of the field theory dual to the gravity setup we
have constructed in the previous Sect. 11.3. In this field theory we have introduced a
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Fig. 11.4 The phase diagram
in the canonical ensemble
plotted against the variables
of the grand canonical
ensemble. On the axes the
scaled chemical potential
ty/My, with the quark mass
M, is shown versus the scaled
temperature T/M = m™!
from [39] 0.2

q/mMg

“._d = 0.00315

N
N

0.2 04 06 0.8 1

baryonic chemical potential x, which is shown on the vertical axis scaled by the
quark mass M, defined by Eq. 11.57. It is introduced by a non trivial background
gauge field solving the equation of motion derived from the DBI-action and
asymptoting to the chemical potential near the boundary as lim,_., A,(p) = Ly
The horizontal axis shows the scaled temperature 7/M = m~!. Recall that m is the
asymptotic value of the D7-brane embedding near the AdS boundary. In other
words it is the source term for a quark condensate, or the non-normalizable mode of
the brane embedding function. Here however we use it merely as a temperature
scale. The lines in the diagram in Fig. 11.4 are lines of equal baryon density d. At
low temperature and chemical potential there is a triangle-shaped phase of zero
density. Its diagonal borderline to the white region with finite baryon density is the
location of the so-called meson-melting transition. This is the transition where the
fundamental matter melts, i.e. quark bound states, the mesons, acquire an increasing
decay width becoming quasi-particles. In the grey phase we therefore have stable
mesons with zero decay width. The deeper we go into the white phase away from
the transition line, the mesons melt. We will also see this in the spectral functions
computed below. As explained at the end of Sect. 11.3.1 we are going to stay
entirely in the white phase at finite temperature where the brane embeddings are of
black hole type, which means that part of them falls into the black hole horizon (see
Sect. 11.3.1).

11.4.1.1 Correlator Recipe

We need to examine fluctuations of the fields in our setup in order to determine its
spectrum and stability. There might be a fluctuation which is tachyonic and
therefore could destabilize the whole system. For this purpose we quickly review
how to compute real-time correlation functions in gauge/gravity.

Let us work along the example of a gauge field fluctuation a,,. This appears in
the action, in our case the Dirac-Born-Infeld action, in the field strength
F = Da + a A a. Note that a background gauge field A would appear in this field
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strength too, as we will see in later sections. For simplicity we consider Abelian
gauge field fluctuations without background 4, i.e. F,, = 0,a, — 0,a,. The action
then reads something like

S~ /Dgé\/P[g,uv] +F,uvv (1168)

with the P being the pullback of the metric g to the flavor brane. Expanding this
action to quadratic order in fluctuations a, we get the linearized equation of
motion for example for the spatial fluctuation a, which in Fourier space looks like
this

O /=g ghP i
0=20,%a, + Mapa,, + g—wzay, (11.69)

\/—_ggWgPP gre

where w is the dimensionless frequency of the fluctuation. Also for other fields we
end up with a second order differential equation that we need to solve. Usually
these equations have singular (at the horizon py) coefficients which need to be
regularized by an appropriate ansatz. In order to find the most singular behavior

solving this equation, we plug the ansatz (p — pH)ﬁ into Eq. 11.69 and expand.
The leading order is a quadratic equation which can be solved for f§ giving f5;, or
Pout- Only one of those two solutions, f;, describes a fluctuation falling into the
horizon, the other one is outgoing. We discard the outgoing one because nothing is
supposed to leave a classical black hole. f is sometimes called the indicial
exponent. Now we plug a = (p — py)"F(p), with F(p) =3 fu(p — py)"
being a regular function of p, into the equation of motion (11.69). Note that there
might be logarithmic terms present as explained in general for example in [40] and
discussed in detail in [3]. Picking the fixes one of the two boundary conditions.
The other boundary condition may be fixed by choosing the normalization of F(p),
i.e. the value fy. All the higher f,, depend recursively on f; and the indicial exponent
f. Now we solve the equation for F analytically or numerically. The correlator is
then obtained from the quadratic part of the on-shell action, which in our case has
the structure Son-shen ~ [ DpB(p)ad,a, where B is a function of p depending on
metric coefficients. The recipe developed in [41, 42] tells us to strip the boundary
values a®® off from the fields a = a®¥ A and identify what remains of the inte-
grand with the Green function at the boundary p = pj

Gy = lim B(p)Ad)A,. (11.70)

Now we only need to plug in our solutions a = @ .A. More details on the analytic
and numerical procedures are explained in [3].
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11.4.1.2 Spectral Function and Quasi-Normal Modes

The spectral function R is obtained from the imaginary part of the Green function
R = —2ImGR. It encodes the spectrum of our thermal field theory. In particular in
Fig. 11.5 we are able to identify pretty stable quasi-particle excitations at a low
finite temperature parametrize by y, and at finite baryon density d = 0.25. Low-
ering the temperature these quasiparticles approach the line spectrum (11.16)
indicated here as dashed vertical lines. The reason is that at lower temperature our
theory restores its original supersymmetry. This also tells us that the vector quasi-
particles we see in the thermal spectral function are vector mesons. Our mesons
melt in the finite temperature, finite density phase as mentioned above in the
discussion of the phase diagram (11.4).

Quasi Normal Modes (QNM)

The difference between the zero temperature line spectrum and the finite tem-
perature spectrum of quasi-particle excitations lies in the nature of the corre-
sponding eigenmodes. In the zero temperature case there is no black hole, thus no
dissipation on the gravity side. The system has well-defined normal modes at real
frequencies w € R. At finite temperature however the (quasi) eigenfrequencies are
complex w € C owing to the dissipation into the field theory plasma or in the dual
gravity picture: dissipation into the black hole. The modes travelling with these
(quasi) eigenfrequencies are called quasi-normal modes (QNM). We can roughly
think of quasi-normal modes as being those solutions to the gravity fluctuation
equations which vanish at the AdS boundary. These QNMs have been found to be
identical to the poles in the field theory Green function. Therefore the location of
the QNMs is closely related to the location of the peaks in the spectral function. At
least some of the quasi-normal modes create quasi-particle peaks in the spectral
function. In the zero temperature limit we can think of those QNMs as approaching
the real frequency axis and reaching it in the limit, becoming real-valued.

Fig. 11.5 The spectral !

140000 | ‘ ‘ R
function R (in units of d=0.25 : : :
N;N,.T?/4) at finite baryon 120000 ! ! ! ]

L xo = 0.999 I I |
density d versus = 100000 ! ! ! ]
dimensionless frequency w. = 80000 : : :

At large y, here the peaks E |
approach the dashed drawn = 60000
line spectrum given by 40000 F
(11.16)
20000 F
O !
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The corresponding quasiparticles become stable which means line-shaped in the
spectrum. A more complete picture of QNMs is given in [43].

11.4.2 Isospin Chemical Potential

We can equally well introduce a chemical potential with SU(2)—let’s call it
isospin—structure, represented by the Pauli matrices ¢’. Choosing the chemical
potential to point along the third flavor direction this background boils down to
having two copies of the Abelian background gauge field A,(p) explored above in
the following way

& =Ap)o® = (A’(()p) 0 ) (11.71)

However we get some interesting new signatures through the SU(2) structure. For
example the spectrum shown in Fig. 11.6 shows a triplet splitting for our mesons.
In particular we observe a splitting of the line expected at the lowest meson mass
at w = 4.5360 (n = 0). The resonance is shifted to lower frequencies for Ryy and
to higher ones for Ryy, while it remains in place for Rpsg:. The second meson
resonance peak (n = 1) shows a similar behavior. So the different flavor combi-
nations propagate differently and have distinct quasi-particle resonances. This
behavior is analogous to that of QCD’s p meson which is vector meson and a
triplet under the isospin SU(2) of QCD. Thus we have modelled the melting
process of vector mesons in a quark gluon plasma at finite isospin density.

4000 XY EzBz YX
n =20 n=0 n=20
3000 i
i Xy EsE3  YX)
2000 sil n=1 n“:l n=1
R - NRo i Hi
1000 i
0 I A\ 4/ \ = 1 \ -
2 4 6 8 10
o

Fig. 11.6 A comparison between the finite temperature part of the spectral functions Rxy and
Ryx (solid lines) in the two flavor directions X and Y transversal to the chemical potential is
shown in units of N, T?T,/4 for large quark mass to temperature ratio y, = 0.99 and d =0.25.
The spectral function Rgsgs along the a = 3-flavor direction is shown as a dashed line
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11.4.3 Instabilities and the New Phase

What does all this have to do with our condensed matter motivation? The crucial
thing is that the isospin setup described above develops an instability at large
enough isospin density. This means that the modes X and Y develop quasi-normal
modes (QNM) which have a positive imaginary part, i.e. which are enhanced
instead of being damped. This suggests that exactly the mesons corresponding to
the X, Y fluctuations condense. This instability comes about naturally if we think
about the fact, that we are trying to push more and more charge density into a
confined volume. In particular the 3—7 strings charging the D7-brane are located at
the black hole horizon as motivated earlier in Sect. 11.3.1. Our current setup does
not allow the strings to move into the bulk because we are forcing all the back-
ground fields they would create there to be zero. Up to now we have required
A} # 0 and A} = 0 for all other field components. But we are going to relax that

restriction by allowing a non-trivial A}. We will see below that this is sufficient to
stabilize the theory in a new phase which we will prove to be superconducting/
superfluid. This setup naturally produces a p-wave structure since we have seen
above that the condensing vector mesons have a triplet structure. According to
Table 11.1 this implies a p-wave (at least to leading order).

11.5 Signatures of Super-Something

Finally we put together everything we have learned about D-branes, supercon-
ductors and holographic methods. We discuss the holographic results and interpret
them in the condensed matter context. Section 11.5.1 starts with the thermody-
namics and Sect. 11.5.2 continues with the details of the fluctuation computation.
The spectrum and conductivity is Examined in Sect. 11.5.3 and all the signatures
will be pointing to the fact that we have indeed created a holographic p-wave
superconductor/superfluid.

11.5.1 Thermodynamics of the Broken Phase

Figure 11.7 shows the background field configuration. The different curves cor-
respond to the temperatures 7 = T, and T ~ 0.9T,. The plots are obtained at zero
quark mass m =0 and by using the adapted symmetrized trace prescription.
Similar plots may also be obtained at finite mass m # 0 and by using the DBI
action expanded to fourth order in F. These plots show the same features: (top left)
The gauge field Ag increases monotonically towards the boundary. At the
boundary, its value is given by the dimensionless chemical potential ji. The gauge

field A§ is zero for T > T,. For T <T,, its value is non-zero at the horizon and
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Fig. 11.7 Profiles of the relevant dimensionless gauge fields A on the D7-branes and their
dimensionless conjugate momenta p versus the dimensionless AdS radial coordinate p near the
horizon at p = 1. (fop left) the lower curve is T = 0.97,, (bottom left) the constant is at T = T,
since there are no charges in the bulk, the other curve shows that the charge proportional to 138
increases towards the boundary

decreases monotonically towards the boundary where its value has to be zero. (top
right) The conjugate momentum p; of the gauge field ;18 is constant for T > 7. For
T <T,, its value increases monotonically towards the boundary. Its boundary value
is given by the dimensionless density Elg (bottom left) The conjugate momentum
py of the gauge field A; is zero for T > T,. For T <T,, its value increases mono-
tonically towards the boundary. Its boundary value is given by the dimensionless
density —gl% (bottom right)

All thermodynamic quantities are determined in terms of the relevant ther-
modynamic potential. We use the grand potential W7 in the grand canonical and
the free energy F7 in the canonical ensemble. Both stem from the D7-brane action.
They are related through a Legendre transformation in the background gauge field
A} on the gravity side. We obtain both potentials due to the gauge/gravity dic-
tionary from the Euclideanized gravity on-shell action according to Z = & forshei |
with the partition function Z of the boundary field theory. So the for example
Wy = TSgslidemised,

Comparison of the grand potentials in Fig. 11.8 then shows that the new phase
with a finite value for A} is thermodynamically preferred below a temperature
T = T, and does not exist above. The transition seems numerically smooth, i.e. it
is a continuous phase transition. In these respects both computation schemes, the



378 M. Kaminski

0 ——— 0
-100 - -10
-200 -20
-300 =30
W= -400 W--40
-500 =50
-600 -60
-700 -70

0.6 0.8 1 1.2 1.4 0.85 0.9 0.95 1 1.05 1.1

/T, /T,

Fig. 11.8 Grand canonical potential computed a from the symmetrized trace prescription and
b from the expanded DBI action, both at vanishing quark mass M, = 0. The qualitative behavior
agrees for both prescriptions: At 7' = T, the energy curve splits into a lower and a higher energy
branch. The branch with lower energy in both cases is the one with a finite new condensate 3;
below T,

symmetrized trace prescription as well as the DBI expansion to fourth order give
the same qualitative behavior. Figure 11.9 confirms this result and at least
numerically determines the transition to be of second order. The order parameter
Ei; vanishes with a critical exponent of 1/2 to numerical accuracy. It has been
explicitly verified that this condensation of vector particles occurs before, i.e. at
higher temperature than the condensation of the scalars in our theory (see remarks
in [5]). If this was QCD the scalar pions would condense before the vector mesons
did. However, there might be other instabilities and also other symmetry breaking
configurations may be possible.

Using some intuition to define the superconducting density d, = (d3 — co)/dj,
we find that it vanishes linearly at the critical temperature as shown in Fig. 11.10

All these signatures are those of a superconducting/superfluid phase transition. The order
parameter d3 has vector structure by construction, which implies the p-wave.

We can also compute the specific heat which the flavor branes contribute to the
theory as C; = 7T62F7/6T2. In Fig. 11.11 the higher curve corresponds to the
normal phase with A; = 0, while the lower one corresponds to the superconduc-
ting phase with A} # 0. Note that the total specific heat is always positive although
the flavor brane contribution is negative. The divergences near T = 0 in both
phases can be attributed to the missing backreaction in our setup.® We read off
from the numerical result that near the critical temperature, the dimensionless
specific heat C; = 32C;/(AN;N.T?) is constant in the superconducting phase.

This implies that the dimensionful specific heat C; is proportional to T3. This temperature

dependence is characteristic for Bose liquids. There is also a finite jump in the specific
heat at T,.

S The backreaction of the gauge field on the geometry, i.e. on the Einstein equations for metric
components has been considered in [44].
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Fig. 11.9 The order parameter ;i; defined in (11.51) as obtained from the adapted symmetrized
trace prescription versus temperature: The case of vanishing quark mass (fop solid curve) shows
the same behavior near 7, as that where u/M, = 3 is fixed (lower solid curve). Both curves go to

zero with a critical exponent of 1/2 near T,, as visualized by the fit 55(1 — 7'/ TC)I/ * (dashed

curve)

Fig. 11.10 Superconducting
density d; = (d3 — co)/d}
versus temperature 7" In
both, the massless and the
massive case at u/M, =3
(both curves coincide on the
plot), the superconducting
density d, vanishes linearly at
the critical temperature. This
is visualized by the fit

6.8(1 — T/T.) (dashed blue
curve)

Fig. 11.11 The flavor brane
contribution to the specific
heat as computed from the
adapted symmetrized trace
prescription in the massless
case. The lower curve starting
at T = T, is the heat capacity
in the superconducting phase.
The other curve is computed
in the normal phase
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11.5.2 Fluctuations in the Broken Phase

Let us now investigate fluctuations of this system. We are going to see that the
computation of the non-Abelian DBI-action is a very subtle issue. We argue for a
novel prescription which actually gives reasonable results. The full gauge field A
on the branes consists of the field A and fluctuations a,

A = A3PDr 4+ Al ' Dxy + a%1 D", 11.72
0 3 "

where 77 are the SU(2) generators. The linearized equations of motion for the
fluctuations a are obtained by expanding the DBI action in a to second order. We
will analyze the fluctuations a3 and X = a} +ia3,Y = a} — id3.

Including these fluctuations, the DBI action reads

§S=-T; / D¥¢Stry/det [G + (2ne ) B, (11.73)

with the non-Abelian field strength tensor

FZ‘ *FZ‘,+FZ‘, (11.74)
where the background is collected in
a a abc Ab pc
Fy, = 20,,AY \/_f AJAS, (11.75)
and all terms containing fluctuations in the gauge field are summed in
o, = 20,0 + = fabal + - f (ALl + b AS). (11.76)

wy

v 1=y \/— utv \/Z

Index anti-symmetrization is always defined with a factor of two in the following
way 0,A, = (0,4, —0,A,)/2.

11.5.2.1 Adapted Symmetrized Trace Prescription

In this section we use the adapted symmetrized trace prescription to determine the
fluctuations about the background we discussed in Sect. 11.3.3.1. To obtain the
linearized equations of motion for the fluctuations a, we expand the action (11.73)
to second order in fluctuations,

=71y / D8EStr l\/—g + @ vV —GG"'F,,.

e 2o )?
G Fry 4 ng L Zaerm)t]. aum)
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As in [39], we collect the metric and gauge field background in the tensor
G =G+ (2no/)F. Using the Euler-Lagrange equation, we get the linearized
equation of motion for fluctuations a¢ in the form

¢ AV 1 w o[k
0 =0;Sur {\/—"g'rd{g['f’-] + (2n!) (gﬂ["gﬂ‘ +59"G “)FWH
— Str [%fabdra /_g > {g[m](a + A)lj + (27_5“/) (g,u[xg/l]v
Lgghil )\, A% 11.78

A (11.78)
Note that the linearized version of the fluctuation field strength used in Eq. 11.78 is
given by
e
Vi

In our specific case the background tensor in its covariant form is given by

Fo, = 2045 + —=f" (Abal + d)AS) + O(a). (11.79)

ey

G = Gt + (21 (260A854[“5v]013 +20,A18,,0,57" + 2\;ZA8A§50[#5‘,]312) .

(11.80)

Inversion yields the contravariant form needed to compute the explicit equations
of motion. The inverse of G is defined as g“"gw/ = 5Z,’L’0.7 The non-zero com-
ponents of G*' may be found in the appendix of [5].

Fluctuations in a3: For the fluctuation a3 with zero spatial momentum, we
obtain the equation of motion

n, O,H / 4Q4 g33 gOO
0= ()" + o ) = %2 (T + T
0, (=230, A)MY)] |
-16 o |9 (11.81)
H(1 - 25 (A143)°)

with M} = 9Al/(2v/2n) and H = /G G?G*.
Fluctuations in X = a} +1ia3,Y = a} — ia3: For the fluctuations X and ¥ with

zero spatial momentum, we obtain the coupled equations of motion

7 We calculate the inverse of G by ignoring the commutation relation of the t’s because of the
symmetrized trace. It is important that t°t® must not be simplified to €“1¢ since the
symmetrization is not the same for these two expressions.
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o,H 4 00 (03} 4 {03}

0 =X"+-=X — QH 544( M3)2+—gg44 Miw | X QH gg44 MM
. \/__gG22g{34}M1 33 {04}
4Q%—I H 2g44 R2 g44

202, 0, [\/—_QGZZQ{M} (w+ Mg)}
R? H

Y,
(11.82)

where the component of the inverse background tensor may be found in the
appendix of [5] (just like the corresponding formula for ¥ which is only different
from (11.82) by a few signs), index symmetrization is defined gt — (g"f' + gﬁ) /2
and M} = yA}/(2V/2n).

11.5.2.2 Expansion of the DBI Action

In this section we determine the equation of motion for the fluctuation a3 in the
background determined by the DBI action expanded to fourth order in F (see Sect.
11.3.3.2). To obtain the quadratic action in the field a3, we first have to expand the
DBI action (11.73) to fourth order in the full gauge field strength F, and expand the
result to second order in a%. Due to the symmetries of our setup, the equation of
motion for the fluctuation a3 at zero spatial momentum decouples from the other
equations of motion, such that we can write down an effective Lagrangian for the
fluctuation a3. This effective Lagrangian is given in the appendix of [5]. The
equation of motion for a% with zero spatial momentum determined by the Euler-
Lagrange equation is given by

" O H , HOO H3'§
0=+ by Bt o (g + Xy

—OC0C22GB G A3 (D A3 2
gap[\/ GGG G/}f A3 (0,A7) (M3) ]1@, (11.83)

where H = v/—GG**H*. We introduce the factors H” which may be found in the
appendix of [5] to emphasize the similarity to the equation of motion obtained by
the adapted symmetrized trace prescription (11.81).
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11.5.3 Conductivity and Spectrum

We calculate the frequency-dependent conductivity o(w) using the Kubo formula,

o(0) = - GR(w,q = 0),

- (11.84)

where G is the retarded Green function of the current J35 dual to the fluctuation a3,
which we calculate using the method obtained in [41]. The current J3 is the analog
to the electric current since it is charged under the U(1),; symmetry. In real space it
is transverse to the condensate. Since this fluctuation is the only one which
transforms as a vector under the SO(2) rotational symmetry, it decouples from the
other fluctuations of the system.

Exercise Prove Eq. 11.84 for the current Jg assuming that the gauge gravity
correspondence is correct. Recall that in regular electrodynamics ¢ = J/E with the
electric current J and the electric field E. Also recall that the two-point Green
function for a current J dual to the gauge field A can holographically be written in
the form G® < 9,A/A.

11.5.3.1 (Pseudo) Gap

An analysis of the imaginary part of the conductivity using Kramers-Kronig
relations shows a delta peak at vanishing frequency w = 0 in the real part. The
frequency-dependent conductivity is shown for our two distinct computation
schemes in Fig. 11.12. Independent from the scheme we see an energy gap develop
and grow while the temperature is decreased. The temperature of the black hole
horizon induced on the D7-branes is proportional to the inverse particle mass
parameter m~! oc T. Therefore from the trivial flat brane embedding at m = 0 we
get an infinite temperature in Fig. 11.12b. Both schemes show the development of
peaks in the conductivities. The peaks coming from fluctuations around the

(@ 1.4 (b)1.4
1.2 1.2

1 D — 1

Reo 0.8 ﬂ et 0.8
T 0.6 I {7 0.6
: STV :

0.4 ( 0.4

0.2 || 0.2

V

2.

5

5 7.5 1012.5 1517.5 20
w

10

Fig. 11.12 Conductivity a from the symmetrized trace prescription at T/T, = 10, 1, 0.5, 0.28
(from left to right), b from the DBI action expanded to fourth order at T/7,. = oo, 1, 0.6, 0.5, 0.39
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Fig. 11.13 Finite temperature part of the spectral function R — Rg with Ry = 4nw?in units of
NyN.T?/8 versus the dimensionless frequency w = w/(2nT) at finite quark mass m = 2.842 and
chemical potential ;1 = 3.483. The grey lines correspond to the supersymmetric mass spectrum
calculated in [22]

symmetrized trace prescription background are a lot more pronounced. Taking into
account only second order terms in the expanded DBI action as in [38] would hide
the peak structures completely. Therefore we conclude that these peaks are higher
order effects. Since the conductivity is closely related to the spectral functions, we
interpret the peaks as quasiparticles just as described in Sects. 11.4.1.2 and 11.4.2.
In particular these are again vector mesons. This identification is confirmed by the
spectral function in Fig. 11.13. The peaks in that figure are identical with those in
the conductivity and they approach the supersymmetric line spectrum for vector
mesons, as in Sect. 11.4.2.

11.5.3.2 Dynamical Mass Generation

Even if we choose the two D7 branes to coincide with the stack of D3-branes, i.e. if
we choose the quark mass to vanish, we observe the quasi-particle peaks mentioned
before. This is due to a Higgs-like mechanism which dynamically generates masses
for the bulk field fluctuations, which in turn give massive quasi-particles in the
boundary theory. In the bulk our fields A} and A} break the SU(2) symmetry
spontaneously since the bulk action is still SU(2)-invariant. Thus there are three
Nambu-Goldstone bosons which are immediately eaten by the bulk gauge fields,
giving them mass. This can be seen explicitly in the action where the following

mass terms for the gauge field fluctuations appear: (A3)*(a'?)” and (A})*(a?)*.

11.5.4 Meissner-Ochsenfeld-Effect

The Meissner effect is a distinct signature of conventional and unconventional
superconductors. It is the phenomenon of expulsion of external magnetic fields. An
induced current in the superconductor generates a magnetic field counter-acting
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the external magnetic field H. In AdS/CFT we are not able to observe the gen-
eration of counter-fields since the symmetries on the boundary are always global.
Nevertheless, we can study their cause, i.e. the current induced in the supercon-
ductor. As usual [45-48] the philosophy here is to weakly gauge the boundary
theory afterwards. In order to investigate how an external magnetic field influences
our p-wave superconductor, we have two choices. Either we introduce the field
along the spatial z-direction H3t> or equivalently one along the y-direction i.e.
H§r3. Both are “aligned” with the spontaneously broken U(1);-flavor direction.

As an example here we choose a non-vanishing H37>. This requires inclusion of
some more non-vanishing field strength components in addition to those given in
Eq. 11.25. In particular we choose A3(o,x), A}(0,x) and A3(x) = x! Hj yielding
the additional components®

H; = F}, = —F3, = 0,43, (11.85)
Fi; = —F}, = 0,4}, (11.86)
FY = —F%, = %A%A;, (11.87)
Fj, = —F3, = 0,A}. (11.88)

Recall that the radial AdS-direction is designated by the indices ¢ or 4 synony-
mously. Amending the DBI-action (11.30) with the additional components (11.85),
we compute the determinant in analogy to Eq. 11.30. We then choose to expand
the new action to second order in F, i.e. we only consider terms being at most
quadratic in the fields. This procedure gives the truncated DBI action

2no)?
1+( ol (G0°G33(F33)2+G33G44(F£1)3)2

Sper = — Tp7 Ny /dgfv -G 5

+ G00G44(F30)2 + (G33)2(F113)2 + (G33)2(F§3)2

+GOGE (Fy ) + (G2 (FL)) + -+

(11.89)

Respecting the symmetries and variable dependencies in our specific system, this
can be written as

8 Close to the phase transition, it is consistent to drop the dependence of the field Hg’ on 9. Away
from the phase transition the ¢ dependence must be included. From the boundary asymptotics it
will be possible to extract the magnetic field and the magnetization of the superconductor.
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1
1+3 (66" @14)) + G¥G*(,A3)".

+ GOGH(0,A43)7 + (GP) (A1) + (GP)X(H)?

Spe1 = —Tp7Ny /dgf\/ -G

00 ~33 QH4V2 137512 332 QH4V2 T153\2=2
+GUGT = (AgA3) + (G7) =5 (A3H) X" |+

(2n)? 4 (2mo!)? 2 ’
(11.90)
with the convenient redefinitions

< 2w _

A= (7)10( , x=gyX, H;=2ndH], o=oup. (11.91)
CH
Rescaling the x-coordinate once more
H30..2
i=\ 30:/;)2, (11.92)
Tl L

the equations of motion derived from the action (11.90) take a simple form

ap[v _GGOOGM] 0.A3 Vl:léo’ G» 13 V G* -

__n23%3 -
0—6PA0 V—GGOGH P70 2\/§ng44 0T 5 2644A0(A )v
271 aﬂ[V_GGBGM] 11 VH G* 291 2751
o_apA3+WapA3+2f e [03A} — A}
2 00
7" G L35
) 2G44( 0) A

(11.93)

Here all metric components are to be evaluated at R =1 and ¢ — p.
We aim at decoupling and solving the system of partial differential equations
(11.93) by the product ansatz

A3(p. %) = v(p) u(3). (11.94)

For this ansatz to work, we need to make two assumptions: First we assume that ;\8
is constant in x. Second we assume that A; is small, which clearly is the case near
the transition 7" — T,. Our second assumption prevents A3 from receiving a
dependence on ¥ through its coupling to A}(p, X). These assumptions allow to write
the second equation in (11.93) as

ap [\/—_GG33G44] 5 y2 GOO _

0=0v(p) + N T o (0) =5 o (49)v(p)
vH; G* OZu(x) — X*u(%)
MW el v(p) e (11.95)
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All terms but the last one are independent of X, so the product ansatz (11.94) is
consistent only if
Ou(x) — Xu(%)
u(¥)
where C is a constant. The differential Eq. 11.96 has a particular solution if
C = —(2n+1),n € N. The solutions for u(¥) are Hermite functions

=C, (11.96)

_iP
e 2

V/ni2n/n

which have Gaussian decay at large |X| > 1. Choosing the lowest solution with
n =0 and Hy = 1, which has no nodes, is most likely to give the configuration
with lowest energy content. So the system we need to solve is finally given by

ap[ /—GGOOG44} -5 ,y2 G33

- - o B2dY 2
H,(X), H,(x)=(—1)"e2 prid 7,

() = (11.97)

)~ - ~ 2
0= 0,A; + GGG pAoﬁ@AS(MO(X)V(P)) ) (11.98)
0 /_GG33G44 2 GOO B "1:13 G33
0= o2y 4 2[V=0GTCY] v T (A - T (11.99)
p \/__G‘G33G44 212 G44 2 \/‘2’7_5 G44
Asymptotically near the horizon the fields take the form
A =+ay(p -1 +0((p - 1)), (11.100)
boH3 _
v=bo+ 043(p—1)2+(9((p—1) Y, (11.101)
while at the boundary we obtain
~ &3
A} =ﬁ+p—§+0(p‘4), (11.102)
i s
v=+?+(’)(p ). (11.103)

We succeed in finding numerical solutions v(p) and A3(p) to the set of equations
(11.98) obeying the asymptotics given by Eqs. 11.100 and 11.102. These
numerical solutions are used to approach the phase transition from the super-
conducting phase by increasing the magnetic field. We map out the line of critical
temperature-magnetic field pairs in Fig. 11.14. In this way we obtain a phase
diagram displaying the Meissner effect. The critical line in Figs. 11.14 and 11.15
separates the phase with and without superconducting condensate c~l3'.

We emphasize that this is a background calculation involving no fluctuations.
Complementary to the procedure described above we also confirmed the phase
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Fig. 11.14 The line of 5 5
critical magnetic field versus ’
critical temperature. Below 3
this line the external magnetic 25
field coexists with the
superconducting condensate. H_g‘? 2
Above the line the d} 15
superconducting condensate
vanishes. We set the spatial 1
position arbitrarily to x = 0.1 0.5
since the critical line does not
depend on X 0
0.15 0.2 0.25 0.3
T
43! /3

\cha.rged horizon

Fig. 11.15 Sketch of our string setup: The figure shows the two coincident D7 branes stretched
from the black hole horizon to the boundary as a green and a blue plane, respectively. Strings
spanned from the horizon of the AdS black hole to the D7-branes induce a charge at the horizon
[18, 29, 35]. However, above a critical charge density, the strings charging the horizon recombine
to D7-D7 strings. These D7-D7 strings are shown in the figure. Whereas the fundamental strings
stretched between the horizon and the D7-brane are localized near the horizon, the D7-D7 strings
propagate into the bulk balancing the flavorelectric and gravitational, i.e. tension forces (see
text). Thus these D7-D7 strings distribute the isospin charges along the AdS radial coordinate,
leading to a stable configuration of reduced energy. This configuration of D7-D7 strings
corresponds to a superconducting condensate

diagram using the instability of the normal phase against fluctuations. Starting at
large magnetic field and vanishing condensate EI%, we determine for a given
magnetic field H; the temperature 7.(H3) at which the fluctuation aj becomes
unstable. That instability signals the condensation process into the superconduc-
ting phase.

The presence of the coexistence phase below the critical line, where the system
is still superconducting despite the presence of an external magnetic field, is the
signal of the Meissner effect in the case of a global symmetry considered here. If
we now weakly gauged the flavor symmetry at the boundary, the superconducting
current J} would generate a magnetic field opposite to the external field. Thus the
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phase observed is a necessary condition in the case of a global symmetry for
finding the standard Meissner effect when gauging the symmetry.

11.6 Interpretation and Conclusion

Our findings merge to a string theory picture of the pairing mechanism and the
subsequent condensation process in Sect. 11.6.1. Finally we summarize what we
have learned about holographic p-wave super-somethings and propose some future
territories to be conquered.

11.6.1 String Theory Picture

We now develop a string theory interpretation, i.e. a geometrical picture, of the
formation of the superconducting/superfluid phase, for which the field theory is
discussed in Sect. 11.2.1. We show that the system is stabilized by dynamically
generating a non-zero vev of the current component J; dual to the gauge field A}
on the brane. Moreover, we find a geometrical picture of the pairing mechanism
which forms the condensate (J1), the Cooper pairs. Let us first describe the
unstable configuration in absence of the field Aé. As known from [18, 29, 35], the
non-zero field A} is induced by fundamental strings which are stretched from the
D7-brane to the horizon of the black hole. In the subsequent we call these strings
‘horizon strings’. Since the tension of these strings would increase as they move to
the boundary, they are localized at the horizon, i.e. the horizon is effectively
charged under the isospin charge given by (11.1). By increasing the horizon string
density, the isospin charge on the D7-brane at the horizon and therefore the energy
of the system grows. In [18], the critical density was found beyond which this
setup becomes unstable. In this case, the strings would prefer to move towards the
boundary due to the repulsive force on their charged endpoints generated by the
flavorelectric field Eg = FSQ = —0,A3.

The setup is now stabilized by the new non-zero field A;. This field is induced by
D7-D7 strings moving in the x* direction. This movement of the strings may be
interpreted as a current in x’ direction which induces the magnetic field
B% 0 = F 319 = fﬁgAé. Moreover, the non-Abelian interaction between the D7-D7
strings and the horizon strings induces a flavorelectric field E3 = F3, = y/ \/IASA%.

From the profile of the gauge fields and their conjugate momenta (see Fig. 11.7)
we obtain the following: For A; = 0, i.e. in the normal phase (T > T,), the isospin
density 218 is exclusively generated at the horizon by the horizon strings. This
can also be understood by the profile of the conjugate momenta p}
(see Fig. 11.7¢c). We interpret p3(p*) as the isospin charge located between the



390 M. Kaminski

horizon at p = 1 and a fictitious boundary at p = p*. In the normal phase, the
momentum pg is constant along the radial direction p (see Fig. 11.7c, blue curve),
and therefore the isospin density is exclusively generated at the horizon. In the
superconducting phase where A% #0,1.e. T<T,, the momentum pg is not constant
any more. Its value increases monotonically towards the boundary and asymptotes
to EZS (see Fig. 11.7c, red curve). Thus the isospin charge is also generated in the
bulk and not only at the horizon. This decreases the isospin charge at the horizon
and stabilizes the system.

Now we describe the string dynamics which distributes the isospin charge into
the bulk. Since the field A} induced by the D7-D7 strings is non-zero in the
superconducting phase, these strings must be responsible for stabilizing this phase.
In the normal phase, there are only horizon strings. In the superconducting phase,
some of these strings recombine to form D7-D7 strings which correspond to the
non-zero gauge field A} and carry isospin charge.’ There are two forces acting on
the D7-D7 strings, the flavorelectric force induced by the field EZ, and the grav-
itational force between the strings and the black hole. The flavorelectric force
points to the boundary while the gravitational force points to the horizon. The
gravitational force is determined by the change in effective string tension, which
contains the ¢ dependent warp factor. The position of the D7-D7 strings is
determined by the equilibrium of these two forces. Therefore the D7-D7 strings
propagate from the horizon into the bulk and distribute the isospin charge.

Since the D7-D7 strings induce the field A%, they also generate the density 2131
dual to the condensate (J}), the Cooper pairs. This density Zi%l is proportional to the
D7-D7 strings located in the bulk, in the same way as the density Zlg counts the
strings which carry isospin charge [29]. This suggest that we can also interpret
pi(p*) as the number of D7-D7 strings which are located between the horizon at
p = 1 and the fictitious boundary at p = p*. The momentum pé is always zero at
the horizon and increases monotonically in the bulk (see Fig. 11.7d). Thus there
are no D7-D7 strings at the horizon.

The double importance of the D7-D7 strings is given by the fact that they are both

responsible for stabilizing the superconducting phase by lowering the isospin charge

density at the horizon, as well as being the dual of the Cooper pairs since they break the

U(1); symmetry. In QCD-language they correspond to quarks pairing up to form charged
vector mesons which condense subsequently.

11.6.2 Summary

In conclusion we have derived from the top (string theory) down to the gravity
theory a holographic p-wave superconductor. Thus we were able to directly

° Note that the D7-D7 strings are of the same order as the horizon strings, namely N¢/Ne, since
they originate from the DBI action [35].
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identify the degrees of freedom in the boundary field theory, allowing us to
translate geometric features directly into field theory features. In particular we
have found a string theory picture of the pairing mechanism. The Cooper pairs are
modeled by strings spanned between the two flavor D7-branes corresponding to
quasi-particles in the vector bi-fundamental representation, i.e. vector mesons. The
dual thermal field theory is 3 + 1-dimensional A = 2 supersymmetric Yang-Mills
theory with SU(N,) color and SU(2) flavor symmetry coupled to an A = 4 gauge
multiplet. It shows a conductivity gap at low temperatures. A pseudo-gap forms
even above T.. The onset of the Meissner-Ochsenfeld effect is visible and in the
conductivity spectrum we find massive quasi-particles even at vanishing quark
mass. Their masses are generated through a Higgs-like mechanism in the bulk.

Note that our results can also be interpreted using this very setup as a model for
the quark gluon plasma as introduced in Sect. 11.3.1. In that case we have found a
flavor superfluid phase. This should not be confused with the color-supercon-
ducting phase theoretically found in QCD at high baryon density.

11.6.3 Outlook

Some directions for promising future investigation are the study of critical
exponents near the phase transition. Transport coefficients such as the speeds of
second, fourth and other sounds can be determined. For some of these it will be
necessary or convenient to use the backreacted solutions for this D3/D7 system
given in [44]. Similar to earlier semi-classical drag computations it might be
instructive to compute the drag on the various strings near the superconducting
phase transition. It would be interesting to see what happens to the Fermi surface
formed by the background fermions when the superconducting/superfluid phase is
entered. Adventurous spirits may also take this setup as a serious model for p-wave
superconductors such as the ruthenate compounds mentioned in the introduction.
The geometric insights we gain from the dual gravity description can in principle
be directly translated to precise field theory statements. Again this pleasant fact is
due to knowing the field theory degrees of freedom exactly by using the gauge/
gravity correspondence. A different setup in which vector mesons condense is the
Sakai-Sugimoto model as shown in [49]. It could be illuminating to study all
aforementioned effects in this model as well.

Acknowledgements I thank Johanna Erdmenger for discussions as well as kind support, and
Martin Ammon, Patrick Kerner, Felix Rust for fruitful collaboration. I thank Ronny Thomale for
instructive discussions, and especially Christopher Herzog and Andy O’Bannon for very helpful
comments on these notes. This work is supported in part by the “Deutsche Forschungsgemeins-
chaft” (DFG). Last but certainly not least, I thank the organizers and participants of the Fifth Aegean
Summer School “From Gravity to Thermal Gauge Theory: The AdS/CFT Correspondence”.



392

M. Kaminski

References

N USIN \S

10.

11

13.

14.

15

16.
17.

18.

19.
20.
21.
22.

23

25.
26.
. Mateos, D., Myers, R.C., Thomson, R.M.: Phys. Rev. Lett. 97, 091601 (2006). doi:

27

28.
29.

30.
31.
32.

33.

. Herzog, C.P.: J. Phys. A 42, 343001 (2009). doi:10.1088/1751-8113/42/34/343001

. Hartnoll, S.A.: Class. Quant. Grav. 26, 224002 (2009). doi:10.1088/0264-9381/26/22/224002
. Kaminski, M.: Fortsch. Phys. 57, 3 (2009). doi:10.1002/prop.200810571

. Ammon, M., Erdmenger, J., Kaminski, M., Kerner, P.: Phys. Lett. B680, 516 (2009). doi:

10.1016/j.physletb.2009.09.029

. Ammon, M., Erdmenger, J., Kaminski, M., Kerner, P.: J. High Energy Phys. 10, 067 (2009).

doi:10.1088/1126-6708/2009/10/067

. Hartnoll, S.A., Herzog, C.P., Horowitz, G.T.: Phys. Rev. Lett. 101, 031601 (2008). doi:

10.1103/PhysRevLett.101.031601

. Gubser, S.S., Pufu, S.S.: J. High Energy Phys. 11, 033 (2008). doi:10.1088/1126-6708/

2008/11/033

. Horowitz, G.T., Roberts, M.M.: Phys. Rev. D 78, 126008 (2008). doi:10.1103/PhysRevD.

78.126008

. Gubser, S.S., Herzog, C.P., Pufu, S.S., Tesileanu, T.: Phys. Rev. Lett. 103, 141601 (2009).

doi:10.1103/PhysRevLett.103.141601
Gubser, S.S., Pufu, S.S., Rocha, F.D.. Phys. Lett. B 683, 201 (2010). doi:
10.1016/j.physletb.2009.12.017

. Maeno, Y., et al.: Nature 372, 532 (1994). doi:10.1038/372532a0
12.

Tewari, S., Sarma, S.D., Nayak, C., Zhang, C., Zoller, P.: Phys. Rev. Lett. 98, 010506 (2007).
doi:10.1103/PhysRevLett.98.010506

Nayak, C., Simon, S.H., Stern, A., Freedman, M., Sarma, S.D.: Rev. Mod. Phys. 80, 1083
(2008)

Vollhardt, D., Woelfle, P.: Superfluid Phases of Helium Three. CRC Press (1990)

. Amado, I., Kaminski, M., Landsteiner, K.: J. High Energy Phys. 05, 021 (2009). doi:

10.1088/1126-6708/2009/05/021

Greiter, M.: Ann. Phys. 319, 217 (2005). doi:10.1016/j.a0p.2005.03.008

Erdmenger, J., Evans, N., Kirsch, 1., Threlfall, E.: Eur. Phys. J. A 35, 81 (2008). doi:
10.1140/epja/i2007-10540-1

Erdmenger, J., Kaminski, M., Kerner, P., Rust, F.: J. High Energy Phys. 11, 031 (2008). doi:
10.1088/1126-6708/2008/11/031

Gubser, S.S.: Phys. Rev. D 78, 065034 (2008); [arXiv:0801.2977 [hep-th]]

Gubser, S.S.: Phys. Rev. Lett. 101, 191601 (2008). doi:10.1103/PhysRevLett.101.191601
Karch, A., Katz, E.: J. High Energy Phys. 06, 043 (2002)

Kruczenski, M., Mateos, D., Myers, R.C., Winters, D.J.: J. High Energy Phys. 07, 049 (2003)

. Constable, N.R., Myers, R.C.: J. High Energy Phys. 11, 020 (1999)
24,

Babington, J., Erdmenger, J., Evans, N.J., Guralnik, Z., Kirsch, I.: Phys. Rev. D 69, 066007
(2004). doi:10.1103/PhysRevD.69.066007

Witten, E.: Adv. Theor. Math. Phys. 2, 505 (1998); hep-th/9803131

Kirsch, 1.: J. High Energy Phys. 09, 052 (2006)

10.1103/PhysRevLett.97.091601

Kirsch, 1.: Fortsch. Phys. 52, 727 (2004); doi:10.1002/prop.200410169

Kobayashi, S., Mateos, D., Matsuura, S., Myers, R.C., Thomson, R.M.: J. High Energy Phys.
02, 016 (2007)

Myers, R.C.: J. High Energy Phys. 12, 022 (1999)

Tseytlin, A.A.: Nucl. Phys. B 501, 41 (1997). doi:10.1016/S0550-3213(97)00354-4
Hashimoto, A., Taylor, W.: Nucl. Phys. B 503, 193 (1997). doi:10.1016/S0550-3213
(97)00399-4

Constable, N.R., Myers, R.C., Tafjord, O.: Phys. Rev. D 61:106009 (2000). doi:
10.1103/PhysRevD.61.106009


http://dx.doi.org/10.1088/1751-8113/42/34/343001
http://dx.doi.org/10.1088/0264-9381/26/22/224002
http://dx.doi.org/10.1002/prop.200810571
http://dx.doi.org/10.1016/j.physletb.2009.09.029
http://dx.doi.org/10.1088/1126-6708/2009/10/067
http://dx.doi.org/10.1103/PhysRevLett.101.031601
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://dx.doi.org/10.1103/PhysRevD.78.126008
http://dx.doi.org/10.1103/PhysRevD.78.126008
http://dx.doi.org/10.1103/PhysRevLett.103.141601
http://dx.doi.org/10.1016/j.physletb.2009.12.017
http://dx.doi.org/10.1038/372532a0
http://dx.doi.org/10.1103/PhysRevLett.98.010506
http://dx.doi.org/10.1088/1126-6708/2009/05/021
http://dx.doi.org/10.1016/j.aop.2005.03.008
http://dx.doi.org/10.1140/epja/i2007-10540-1
http://dx.doi.org/10.1088/1126-6708/2008/11/031
http://dx.doi.org/10.1103/PhysRevLett.101.191601
http://dx.doi.org/10.1103/PhysRevD.69.066007
http://dx.doi.org/10.1103/PhysRevLett.97.091601
http://dx.doi.org/10.1002/prop.200410169
http://dx.doi.org/10.1016/S0550-3213(97)00354-4
http://dx.doi.org/10.1016/S0550-3213(97)00399-4
http://dx.doi.org/10.1016/S0550-3213(97)00399-4
http://dx.doi.org/10.1103/PhysRevD.61.106009

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44,

45.
46.

47.
48.

49.

Flavor Superconductivity and Superfluidity 393

Myers, R.C., Wapler, M.C.: J. High Energy Phys. 12, 115 (2008). doi:10.1088/1126-6708/
2008/12/115

Karch, A., O’Bannon, A.: J. High Energy Phys. 11:074 (2007). doi:10.1088/1126-6708/
2007/11/074

Mateos, D., Matsuura, S., Myers, R.C., Thomson, R.M.: J. High Energy Phys. 11, 085 (2007).
doi:10.1088/1126-6708/2007/11/085

Roberts, M.M., Hartnoll, S.A.: J. High Energy Phys. 08, 035 (2008). doi:10.1088/1126-6708/
2008/08/035

Basu, P., He, J., Mukherjee, A., Shieh, H.H.: J. High Energy Phys. 11, 070 (2009). doi:
10.1088/1126-6708/2009/11/070

Erdmenger, J., Kaminski, M., Rust, F.: Phys. Rev. D 77, 046005 (2008). doi:10.1103/
PhysRevD.77.046005

Bender, C.M., Orszag, S.: Advanced Mathematical Methods for Scientists and Engineers.
Springer (1978)

Son, D.T., Starinets, A.O.: J. High Energy Phys. 09, 042 (2002); hep-th/0205051

Herzog, C.P., Son, D.T.: J. High Energy Phys. 03, 046 (2003); hep-th/0212072

Berti, E., Cardoso, V., Starinets, A.O.: Class. Quant. Grav. 26, 163001 (2009). doi:
10.1088/0264-9381/26/16/163001

Ammon, M., Erdmenger, J., Grass, V., Kerner P., O’Bannon, A.: Phys. Lett. B 686, 192
(2010); [arXiv:0912.3515 [hep-th]]

Nakano, E., Wen, W.Y.: Phys. Rev. D 78, 046004 (2008). doi:10.1103/PhysRevD.78.046004
Albash, T., Johnson, C.V.. J. High Energy Phys. 09, 121 (2008). doi:
10.1088/1126-6708/2008/09/121

Maeda, K., Okamura, T.: Phys. Rev. D 78, 106006 (2008). doi:10.1103/PhysRevD.78.106006
Hartnoll, S.A., Herzog, C.P., Horowitz, G.T.: J. High Energy Phys. 12, 015 (2008). doi:
10.1088/1126-6708/2008/12/015

Aharony, O., Peeters, K., Sonnenschein, J., Zamaklar, M.: J. High Energy Phys. 02, 071
(2008). doi:10.1088/1126-6708/2008/02/071


http://dx.doi.org/10.1088/1126-6708/2008/12/115
http://dx.doi.org/10.1088/1126-6708/2008/12/115
http://dx.doi.org/10.1088/1126-6708/2007/11/074
http://dx.doi.org/10.1088/1126-6708/2007/11/074
http://dx.doi.org/10.1088/1126-6708/2007/11/085
http://dx.doi.org/10.1088/1126-6708/2008/08/035
http://dx.doi.org/10.1088/1126-6708/2008/08/035
http://dx.doi.org/10.1088/1126-6708/2009/11/070
http://dx.doi.org/10.1103/PhysRevD.77.046005
http://dx.doi.org/10.1103/PhysRevD.77.046005
http://dx.doi.org/10.1088/0264-9381/26/16/163001
http://dx.doi.org/10.1103/PhysRevD.78.046004
http://dx.doi.org/10.1088/1126-6708/2008/09/121
http://dx.doi.org/10.1103/PhysRevD.78.106006
http://dx.doi.org/10.1088/1126-6708/2008/12/015
http://dx.doi.org/10.1088/1126-6708/2008/02/071

Chapter 12
Holographic Torsion and the Prelude
to Kalb—-Ramond Superconductivity

Anastasios C. Petkou

Abstract We discuss the holographic implications of torsional degrees of freedom
in the context of AdS,/CFT3, emphasizing in particular the physical interpretation
of the latter as carriers of the non-trivial gravitational magnetic field, i.e. the part of
the magnetic field not determined by the frame field. As a concrete example we
present a new exact four-dimensional gravitational background with torsion and
argue that it corresponds to the holographic dual of a 3D system undergoing parity
symmetry breaking. Finally, we compare our new gravitational background with
known wormbhole solutions—with and without cosmological constant—and argue
that they can all be unified under an intriguing “Kalb—Ramond superconductivity”
framework.

12.1 Introduction and Summary of the Results

AdS4/CFT; is currently emerging as a novel paradigm of holography that has
qualitatively different properties from the more familiar AdSs/CFT4 correspon-
dence. Particularly intriguing is the recent accumulation of evidence that
AdS4/CFTj; can be used to describe a plethora of phenomena in 2 + 1 dimensional
systems, such as quantum criticality [1, 2], Quantum Hall transitions [3-6],
superconductivity [7-11], supefluidity [12, 13] and spontaneous symmetry
breaking [14—16]. This has given rise to a whole new research area that goes under
the name of AdS/C(ondensed) M(atter) T(heory). Furthermore, AdS,/CFTj is the
appropriate setup to study the holographic consequences of generalized electric—
magnetic duality of gravity and higher-spin gauge fields [17-22].
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In the absence of an explicit AdS4/CFTj; correspondence example' various toy
models have been used to study its general qualitative aspects. This work presents
yet another model of AdS,/CFT; which possesses a novel feature. Namely, it can
describe the gravity dual of parity symmetry breaking in a 3D system. However,
this is not our only aim. We also wish to shed light into torsion from a holographic
point of view. The study of torsion is an interesting subject in itself that poses
formal and phenomenological challenges.” In the context of string theory, torsion
is omnipresent through antisymmetric tensor fields, therefore AdS4/CFTj3 provides
the basic setup where it can be holographically investigated.

This review presents in a slightly expanded form the results of [34]. We con-
sider a simple toy model where torsion is introduced via the topological Nieh—Yan
class. In particular, we consider the modification of the Einstein—Hilbert action
with a negative cosmological constant by the Nieh—Yan class, the latter having a
spacetime-dependent coefficient. In the context of the 3 + 1-split formalism for
gravity [17] we emphasize that the torsional degrees of freedom carry the non-
trivial ‘gravitational magnetic field.” In pure gravity the gravitational magnetic
field is fully determined by the frame field and hence torsion vanishes. In our
model, the spacetime dependence of the Nieh—Yan coefficient makes some of the
components of the magnetic field dynamical and as a consequence torsional
degrees of freedom enter the theory. Our toy model is simple enough such that
only one of the torsional degrees of freedom becomes dynamical. This degree of
freedom can be either carried by a pseudoscalar, in which case our model is
equivalent to a massless pseudoscalar coupled to gravity, or by a two-form gauge
potential. In the latter case our model becomes equivalent to a Kalb—Ramond field
coupled to gravity.

Next, we find an exact solution of the equations of motion in Euclidean sig-
nature. OQur metric ansatz is that of a bulk domain wall (DW). The solution, the
torsion DW, has two distinct asymptotically AdS4 regimes along the ‘“radial”
coordinate. The pseudoscalar has a kink-like profile and it is finite at both of the
asymptotic regimes. Our torsion DW can be viewed as a generalization of the
axionic wormhole solution of [35] in the case of non-zero cosmological constant.
See also [36] for recent work on AdS wormholes.

Having in mind the holographic interpretation of our model we focus mainly on
the case where the torsional degree of freedom is carried by a pseudoscalar field.
Following standard holographic recipes we find that the torsion DW is the gravity
dual of a 3D system that possesses two distinct parity breaking vacua. The two
vacua are distinguished by the relative sign of the pseudoscalar order parameter.
Our bulk picture suggests that the transition from one vacuum to the other can be
done by a marginal deformation of the boundary theory. In the Appendix we

! The recently suggested field theoretic models for M2 branes [23-28] are important steps
towards the understanding of the boundary side of AdS,/CFTs;.

2 See [29-31] for recent reviews and [32, 33] for other recent works.
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suggest that the above qualitative properties can be realized in the boundary by the
3D Gross—Neveu model coupled to U(1) gauge fields.

Further, we point out that the bulk physics of our DW solution bears some
intriguing resemblance to the standard Abrikosov vortex in superconducting sys-
tems. There is a natural mapping of the parameters of the torsion DW to those of
the Abrikosov vortex. We show that the gravitational parameter that is interpreted
as an order parameter satisfies a ¢*-like equation and this motivates us to suggest
that the cosmological constant is related to the “distance from the critical tem-
perature” as A~ T, — T. However, there is an important difference in that the
Abrikosov vortex is a one-dimensional defect while our DW is codimension one
i.e. three-dimensional in AdS,. We also discuss multi-DW configurations and DW
condensation and show that H-flux supports bubbles of flat spacetime.

Quite intriguing is our result that DW condensation occurs at a critical value of
the magnetic field. This motivates us to reconsider the known Euclidean solutions
of an Einstein-axion system with [36] and without [35] cosmological constant.
These are wormhole solutions whose salient properties include a quantized electric
and (possibly) magnetic flux. Moreover, the A # 0 solutions possess a lower bound
on their electric flux. Using our intuition that A plays the role of “temperature”, we
place the known wormhole and DW solutions on a (“Temperature”,“Magnetic
Field”) graph and observe that it resembles a standard superconductivity graph. We
call such a system a “Kalb—Ramond superconductor” and we will present more
details on its properties in a forthcoming work [43].

12.2 Torsion as the Non-trivial Magnetic Field of Gravity

In this section, we discuss the physical interpretation of torsion which is that it
carries the non-trivial magnetic degrees of freedom of gravity, namely those that
are not determined by the frame field (or, equivalently, by the metric in a second
order formulation). To motivate things we recall the first order formalism of
electromagnetism in the presence of an x-dependent 0-angle, in a non-trivial
background here taken to be AdS4. Then we present the 3 + 1-split formalism for
gravity introduced in [17]. This formalism is a refined form of the standard ADM
formalism, which however unveils the physical importance of the gravitational
torsional d.o.f. As we will see, such a point of view is crucial in order to under-
stand the holographic interpretation of torsion.

12.2.1 Electromagnetism with a 0(x)-Angle in AdS,

The vierbeins and metric of AdS, are

O =dt, e =etdx*, ds* =0 df* + e’zr/l‘naﬁdx“dxﬁ, (12.1)
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with o, f = 1,2, 3. Throughout this work we are being flexible with the both the
overall signature and also the nature (spacelilke or timelike) of the 7-direction i.e.
we set 17, = diag(1,1,03),0, 03 = 0 = £1. The gauge potential and field strength
are one-forms

- -1
A=At +A F=—dtNE+F =3 e NeP, (12.2)

where a,b =0,1,2,3 and E = —F,e” is the electric field. The tilde will always
denote quantities along the three directions 1,2,3. With the above definitions we
find

wF =di ANssF — 0 %3 E, dA=diA(A— dAg) + dA. (12.3)
Recall e.g. that #3¢' =1e e Aek and s3e’ A ek = ¥ ek, Note also that +3 =

o, *% = 03 and €123 = 1. The first order action is
1 0

Notice that due to the x-dependance of 0 the last term in (12.4) is not a total
derivative and will give contributions to the e.o.m. After some work the action
above takes the more familiar form

I = O-J_/dt/\ |:A/\ (*3E+0’J_0£1A) +%<E/\*3E_UJ_F/\*3F)
+Ao(d *3E+0Lc~10/\211:\)} (12.5)

This gives the Hamiltonian e.o.m.
E=—-A, dB=—0.(+E) — o3+ B—d0NE, (12.6)
where we have defined the magnetic field (also a one-form) as
F = dA = 03(3B). (12.7)

We also have the Gauss law and Bianchi identity, respectively

d3E+0c.d)NdA =0, dx3B=0. (12.8)

It is straightforward to show that the above give the Maxwell equations in the more
familiar form
OB

VxE=-0;5 . V-E=-0.0V0-B, (12.9)

E T
VxB:—aaa—t—[HB—kV(?xE, V.B=0. (12.10)
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We summarize the effects of an x-dependent #-angle in electromagnetism:
e The modification of the canonical momentum as we see in (5)

x3E+— *3 E + g0 %3 B. (12.11)
e The presence of a source term for Gauss law.

In particular, there is no additional d.o.f. introduced by the 6-angle. We will
compare this situation with gravity in the following.

12.3 Details on the 3 + 1-Split Formalism

In this section, we present a concise version of the 3 + 1-split formalism of [17]
for gravity in the presence of non-zero cosmological constant. We consider a
globally hyperbolic Lorentzian manifold M and take the Einstein—Hilbert action
with cosmological constant in the first-order Palatini formalism as

1 A
=—— R® + —e* Neb “Ael. 12.12
SEH 32nG/€ade( +2e /\e>/\e A e ( )
M

This is thus equivalent to the standard second-order gravitational action

d*x\/=g(R + 6A), (12.13)

Ssecond =

167G

and hence the cosmological constants is related to the parameter A as Acosm, =

—3A. The curvature and torsion two-forms are defined in terms of the vielbein e*

and spin-connection w® as

R? = do™ + 0. NP, T =de® + oy A e (12.14)

We define as before i, = diag(a |, +,+,03),where g, 03 =0 = +1,62 =03 =1
and set A = ¢ /¢* such that A<0 (A > 0) yields the de Sitter (Anti-de Sitter)
vacuum. Next, we split the vielbein and the spin connection as

&’ = Ndt, ¢* = N*dt + &, (12.15)
o = ¢"dt + o, K*, o =—-eP(Q,dt +B,). (12.16)
The novelty of the formalism is the introduction of the gravitational electric K*

and magnetic fields B*, which are both vector-valued one-forms on the slices. We
then find for the torsion

T* =T +dt A {&* — dN* + NK* — o€",0Pe’ — o€, N/ B}, (12.17)
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T' =6, K, A& +dt AN {—dN — o . N,K* + q° & }, (12.18)

and we write

R = R, + dtor®,, (12.19)
R ,=0,(dK,+ Kz NGO ) =0, (DK), (12.20)
Ry =CR"s — 0, K" N Ky, (12.21)
with
CIRH = g[e**7aB, — ¢, B*»B"], (12.22)
and
2eupy " NP NE =20 e, K NP NE +4Q,K5 NEP N E (1223)
+ 4q% e TP A 7). '
After some tedious but straightforward calculations we find
__ % So L 1 (DK A
SEH = — SnC dt N<e* N (4o €,p,K" Ne’) — 4o N¥ep,(DK)" N e
v
(3) b i wb Do B
+ 2Neyp, | R — 0 K" AK -3¢ Ne' | Ne
—4q" €., TP 08" + 40,8 wKgwe' } — Sau (12.24)
where the last term is exactly the usual Gibbons—Hawking surface term
Son =~ 1o = (¢dt + 6 . K*) N eupel NE. (12.25)
oM
Adding then the Gibbons—Hawking term in (12.24) we obtain
Sen :_8‘7—2 di N { =K, ANE* + NW, A& + 0, Q NKy A&
T
M
+0614"DE, — N*e,p,DKF N &'}, (12.26)
where Q = Q,¢e*. We have introduced the two-form
V. = 1 B y 1

and have defined the oriented surface element as

1 :
Tt = e = el N (12.28)
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with x3 the three-dimensional Hodge dual defined in terms of é* only. The three-
dimensional component of the curvature two-form

~ 1 .
p, =dB, + 5emﬁ.,Bﬁ AB, (12.29)

is made out of B* only. Recall (i.e. 19) that D is a covariant derivative with respect
to the one-form field B* as

DV* =dv* + ey BP AV, (12.30)

if V* is a generic vector-valued one-form (with respect to either SO(3) or SO(2, 1)
depending on whether ¢, = F1, respectively) defined on X,. Comparing the
action (12.26) to the electromagnetic action (12.4) motivates calling the vector-
valued one-forms K* and B* the “electric” and “magnetic” fields, respectively.

The action (12.26) is stationary on-shell when dé* = 0 in the boundary, i.e. it
provides a good Dirichlet variational principle with respect to the vielbein. The
form of the action (12.26) appears to indicate that the proper conjugate dynamical
variables are X* (or, equivalently, &*) and K. It has been shown in [19, 20] that the
proper identification of the dynamical variables is slightly more involved than this.
The remaining fields {N, N*, ¢*%, Q,B“} enter the action as Lagrange multipliers
of the following constraints:

oS -
—8nGo, — =W, ANe* =0, 12.31
nGo | < e ( )
o8 DKB A 57
—8nGo | SNE —e,3 DK N&" =0, (12.32)
o8 D N
—8nGJLW =0,D%y =0,68T" Ne' =0, (12.33)
oS Yy
—8nGo, —=0, K, Ne* =0, (12.34)
00
oS P B\ A s
—8nGo |~ = NT”" + (dN + 0, KN’ — g) Ne* =0, (12.35)

where ¢ = ¢°,&*. The exterior multiplication of (12.35) by €,5,¢" gives, by virtue
of (12.33),

dN + o, KgNP — g =0, (12.36)

and hence we obtain the zero torsion condition
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T* = D&" = 0, (12.37)

The last equation unveils the physical meaning of the gravitational magnetic field
B?*: it is a Lagrange multiplier which is algebraically related to the vielbein via the
vanishing of torsion (12.37). This is exactly analogous to electromagnetism and
gives an important hint regarding the relevance of torsion to holography and
gravitational duality [34].

12.3.1 The Analog of 0-Angle in Gravity

There is a number of topological terms built from the gravitational dynamical
variables that one may consider in four dimension. These are all of potential
interest to holography because being total derivatives they may induce interesting
boundary effects. We may parameterize these terms as follows (writing all possible
SO(3, 1)-invariant four-forms constructed from e?, R%,, T%):

ItoPZH/CNY+2”})71/CIm —|—17/P4+q/E4, (1238)
M M M M

where
Cny =TAT, — Ry N ANeP =d(T Ne,), (12.39)

is the Nieh—-Yan form. The parameter y is often referred to as the Immirzi
parameter with

Cim =Ry Ne¥ Ne,. (12.40)
The remaining objects are the Pontryagin form

1 1 1 X
P, = —@R‘lwaba = —@d(w“b ARC, — gw“bwwbcww‘a) (12.41)

and the Euler form

E, = R R, (12.42)

— 57— Cabed
3272

We note that Py + ”4;‘5 Cny and Cny — Ciy are actually SO(3,2) invariants [30].
These terms become very interesting even in gravity if we allow the coefficients

to become fields (for some interesting recent literature on the matter see
[32, 33]).
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12.3.2 Torsion and the Magnetic Field of Gravity

In pure Eistein—Hilbert gravity the torsional d.o.f. are not dynamical and are
carried by the magnetic field B*. This is seen for example if we recall the definition
of the non-trivial ‘spatial’ torsion as

T* = de* — g By N e, (12.43)

Moreover, it is seen from (12.18) that the radial component of torsion 79 is
determined by e* and K*. Notice that (12.43) implies that the tensor B, is odd
under ‘spatial’ parity, hence its trace B% is a pseudoscalar. Hence, although a
priori the torsional degrees of freedom are not connected with the pair of conjugate
variables ¢* and K*, they are not dynamical as there is no kinetic term for B*.
Rather, they enter (12.26) algebraically and as such they give via (12.35) and
(12.36) the algebraic zero torsion condition (12.37) by virtue of which the mag-
netic field is related to the frame field. This is the gravitational analogue of the
electromagnetic case where the magnetic field is related to the gauge potential via
the Bianchi identity.

Consider now adding to the Einstein—Hilbert action the Nieh—Yan class Cny
with a constant coefficient 6. Over a compact manifold, the NY class is a topo-
logical invariant and takes integer values® [30]. Having in mind holography, we
are interested here in manifolds with boundary. In particular, the 3 + 1 split has
been set up so that the boundary is a constant-z slice. The NY term reduces to a
boundary contribution. The explicit calculation yields

Iny = 20,0 / Cny = 20,0 / dt A [2e45,6" A& NBY + e,5,B* NEP NE
(12.44)
Adding (12.44) to (12.26) we obtain

SEH +INY O(/dl A (E‘a AN (—4O'L€1/;yéﬁ AN [KV — QB'I])
+20 Ocyp,B* A& N & + constraint terms).  (12.45)

Notice that the Zyy term has two effects. One is to modify the canonical
momentum variable K* — K* — 0B”. This is analogous to the effect of the 0-angle
in the canonical description of electromagnetism in Sect. 2.1. The other is to
provide a kinetic term for the singlet component of the magnetic field [one easily
verifies that only B*, contributes in the second term in the first line of (12.45)].
This second effect has no analogue in electromagnetism. Taking the variation of
(12.45) with respect to B*, one finds that the zero torsion condition still holds.

* More precisely, Cny/ (27zL)2 is integral, as it is equal to the difference of two Pontryagin
forms, one SO(3,2) and one SO(3,1).
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This is expected of course since the Zny term is purely a boundary term. As a
consequence, the true dynamical variables remain e* and K*. However, the
holography is slightly modified. The variation of (12.45) gives on-shell

8 (S + Iny) gpepen ™ / 08" N (40 eypy® NKT—0BT) o (12.46)
oM

After the appropriate subtraction of divergences [19, 20], (12.46) yields a modified
boundary energy momentum tensor. The modification is due to the term
40 Leea;}yéﬁ A B” which is parity odd and corresponds to the unique symmetric,
conserved and traceless tensor of rank two and scaling dimension three that can be
constructed from the three-dimensional metric [38]

Ty Ty + 0T, F, T, o €000 gy (12.47)
where g, being the boundary metric. It is the exact analogue of the topological
spin-1 current constructed from the 3D gauge potential [38, 42].

The form of the action (12.45) unveils an intriguing possibility. The above
holographic interpretation was based on the zero torsion condition that connects B*
to the frame field. However, to get the zero torsion condition from (12.45) we
needed to integrate by parts the last term in the first line. Hence, if 6 were -
dependent, the torsion would no longer be zero and the trace B* would become a
proper dynamical degree of freedom independent of é*. In such a case the holo-
graphic interpretation of (12.45) would change. The new bulk degree of freedom
would couple to a new pseudoscalar boundary operator. As a consequence, we
have the possibility to probe additional aspects of the boundary physics and
describe new 2 + 1 dimensional phenomena. That we do in the next section.

12.4 The Nieh-Yan Models
12.4.1 General Aspects

In the previous section we sketched a mechanism by which torsional degrees of
freedom become dynamical. In particular, we have argued that the addition of the
Nieh—Yan class with a space—time-dependent coefficient in the Einstein—Hilbert
action makes dynamical one pseudoscalar degree of freedom which is connected to
the trace of the gravitational magnetic field. Adding boundary terms to the bulk
action corresponds to a canonical transformation. Consequently, by adding
boundary terms we can change the canonical interpretation and the variational
principle. Consider first the action

Iy = Senle, o] + Ionle, ] +2 / F(x)Cxy, (12.48)
M
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where F is a pseudoscalar ‘axion’ field with no kinetic term. If F = —o, 0 were a
constant, this theory would be equivalent to that studied in the last section. With
F = F(x), we have additional terms in the action involving gradients of F. If we
perform the 3 4 1 split on this action, we will find that ¢* and B* are canonical
coordinates, and their conjugate momenta will depend on F.

The action as given may be supplemented by additional boundary terms. Such
boundary terms are analogous to the Gibbons—Hawking term in gravity, but here
involve the torsional degrees of freedom. In particular, we can replace Iy by

Iny = S’EH[aw] + Igule, 0] — 2 / dFoT, we". (12.49)
M
This action is such that e¢* and F are canonical coordinates with appropriate

boundary conditions, while B* appears in the momentum conjugate to F. To
investigate this theory, we note that the variation of the action takes the form

1
Olny =2 / S {eahcdeb w <RCd - 3Aecwed) + 2dF wTd}
M
+2 / S0 [eapeaT we’ + dF wepwe,] + 2 / OF Cny
M M

+2 / d[oe N (eabcdebcoafd — choea) — T,we" 5F]. (12.50)
M

A non-trivial configuration of F sources a particular component of the torsion.
Indeed the classical equations of motion can be manipulated to yield in the bulk

T®we, = 3 %4 dF, (12.51)

where *4 denotes the Hodge-* operation. However, as d’Auria and Regge [37]
showed, this classical system is equivalent to a pseudoscalar coupled to torsionless
gravity.

Ips :SEH[e,(i)] +IGH[€,CCZ)} 73/de *4 dF. (1252)
M

This comes about as follows. We write the connection as m = & + Q, where o is
torsionless, and insert the equation of motion (12.51). The latter becomes an
equation4 for Q, and we obtain (12.52).

A massless pseudoscalar field coupled to torsionless gravity is holographically
dual to composite pseudoscalar operators of dimensions A = 3,0 in the boundary.
The usual holographic dictionary then says that only the A = 3 operator appears in

* Explicitly this is Q) = 2€%¢,0.Fe,.
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the boundary theory since only this is above the unitarity bound of the 3D con-
formal group SO(3,2). A scalar operator with dimension A = 0 would simply
correspond to a constant in the boundary. Hence, the sensible holographic inter-
pretation of the massless bulk pseudoscalar is that its leading behaviour determines
the marginal coupling of a A = 3 operator; the expectation value of the operator
itself is determined by the subleading behaviour of the bulk pseudoscalar.
Another equivalent formulation of this bulk theory is obtained by writing

1
x4dF = §H. (12.53)
with H a three-form field. This is the parameterization that would be most familiar

from string theory, as the system simply corresponds to an antisymmetric two-
form field. In this formulation, we write

A o o 1 2
Ixkr = Senle, 0] + Igule, 0] —|—§/Hco x4 H + \/;/ Cwd x4 H
M M

A [e] o 1
= SEH[e, CU] +IGH[€,(D] — E/dC A x4dC + / d(Cw *4 dC) (1254)
M M

In the first equation, C appears as a Lagrange multiplier for the ‘Gauss constraint’
and in the second expression, we have solved for the H equation of motion in the

bulk, which is just H — \/gdc.

12.4.2 The 3 + 1-Split of the Pseudoscalar Nieh—-Yan Model

To investigate the holographic aspects of our model it is most useful to use the
‘radial quantization’ in which we think of the radial coordinate as ‘time’ ¢. The
Nieh—Yan deformation gives

—Z/dF AT Ne, :2/dtw{—FTawé°‘ — é,dF we*

+ N2dFwK,we"] + N*[2dFoT,] + 0*[—oe,pdFwe’ wé']}.
(12.55)

We see that the F field makes a contribution to the constraints, and has a conjugate
momentum proportional to the scalar part of the torsion (the part transverse to the
radial direction). The full bulk action becomes

I = / dt A <e A (40 e, K" NP —2dF N&,) —2F(&* N T,).

A .
+ N{zexﬁy <<3>R“ﬁ — g, K* NKP — 3N éﬁ> A& 4 4dF NK, A é"}
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+ 4N“{—O’L6“/;},(DK)[; A& +dF A TM}

1 ~ .
+ 4Q“{(K,; NePyne, — 5 TapydF A F A e}
+4q° {ep TP N é””})- (12.56)

We notice that the Q-constraint term can be written in the form
40,8 w(Kg Nel — o x5 dF). (12.57)
Because of this constraint (which relates the antisymmetric part of the extrinsic
curvature to the vorticity of F), the momentum conjugate to ¢* is symmetric, i.e.
T, = 40, ,5,K’ N&P —2dF N &,

) 1
=40, <6157Kf nef — 503 %3 (pré/j)wéa> . (12.58)

When written out in components, one finds that the antisymmetric part K,
cancels

I, = 40 (K(gsy — trK n,)". (12.59)

This result is consistent with the fact noted above, that the system may be
equivalently described as a pseudoscalar field coupled to torsionless gravity.
Moreover, if we take the deDonder gauge d'é* = 0, the torsion constraint implies
that B is symmetric.

The ¢°, constraint yields Tﬁ“/g = 0. Out of the nine components of T, which
transform as 5 + 3 + 1 under SO(3) (or SO(2, 1)), this sets the triplet to zero (the 5
also vanishes on an equation of motion). The momentum conjugate to F is given by

Oy = 2P, (12.60)

This is the singlet part of the torsion, which has become dynamical in this
description of the theory, in the sense that it is canonically conjugate to F'.

12.5 The Torsion Domain Wall

We will now simplify the analysis by taking a coordinate basis and looking for
solutions of the form

& =edx*, N=1, N*=0, (12.61)
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and we will further suppose that F = F(r). In this case K* and B* reduce to one
degree of freedom each as a result of the constraints

K,=ké,, B, =Dbé, (12.62)

and one finds II4 = —40,k and I1y = 20b. The action then takes the following
relatively simple Hamiltonian form

. . 1 1 2
INY 0.8 /dtd3x €3A(t) |:AHA + FHF - (50'31_[%; +§GLHE\ +§A>:| . (1263)

and the equations of motion give

l;IA = 3FHF, ﬁp + 3HFA = 07 HA = 4()'LA7 HF = ()'31:77
5 , 16 (12.64)
IT; + 40115 -l-?GJ_A =0.
These equations of motion could of course alternatively be obtained by consid-
ering the theory in the form (12.52). It is convenient to rescale F(r) = 1 @(t). Then
the equations of motion can be put in the form

A+3A2-3a>=0, A=—00% ©O+30A=0. 12.65
12

where we have set A = —30a® with a = 1/L. These are of the standard form of
domain wall equations that have appeared numerous times in the AdS/CFT lit-
erature. However, there is a crucial difference. Notice that the first two of (12.65)
imply

. 1 .
A%+ 3—60@)2 —a*=0. (12.66)

For Euclidean signature (¢ = o3 = 1) the second term in (12.66) has positive
sign in contrast to most of the other holographic studies. This is due to the fact that
in passing from Lorentzian to Euclidean signature the pseudoscalar kinetic term
acquires the ‘wrong sign’ [39]. This property allows for a remarkable exact
solution to the above system of non-linear equations in Euclidean signature, which
we refer to as the torsion DW. To obtain it we define

h(r) = A(r), (12.67)
at which point we have
. 1 . .
hzﬁ(@z, h+3(W* —d*) =0. (12.68)
The general solution is of the form (Fig. 12.1)

h(t) = atanh3a(t — 19) (12.69)
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Fig. 12.1 Horizon versus
parameter ry for g = 3 (left
panel) and g = 0.0005 (right
panel)

and we then have

My = F = £2\/a®> — h2(t) = 4+2a sech 3a(t — 1) (12.70)

which gives
O(r) = Oy + 4 arctan (63“(”’0)). (12.71)

The =+ sign corresponds to kink/antikink and we will without loss of generality
choose the + sign. We may also solve for

A0 = g(2cosh3a(t — 1))"? (12.72)

The parameter o is an arbitrary positive integration constant that sets the overall
scale of the spatial part of the metric. 7y may be interpreted as the position of the
DW; when #y = 0 the torsion DW sits in the middle between the two asymptoti-
cally AdS4 regimes. Below, we will discuss the interesting holographic interpre-
tation of the torsion DW.

Note the curvature and torsion of this solution:

R*p = —FAe“ﬁydtwe"’ — aze“a)e/;, (12.73)
. 1.. ‘
R'o = (h+ *)dtoe” — S FA¢ gl we’, (12.74)
o __ 1. o By,
T = —EFE pe’ we’, (12.75)
7° = 0. (12.76)

These are non-singular for all 7 € (—oo,00). The torsion DW solution has
divergent action, but this divergence is cancelled by boundary counterterms, the
same counterterms which render the action of AdSy finite. To see this, the energy
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of the torsion DW can be computed by evaluating the Euclidean action on the
solution. Introducing a cutoff at r = £L, we find

Ly on-sheil = 4a* / em,dx“wdxﬁwdx"” / dre*") (12.77)

— 4
= (6/ Vol3> : (gaoc3e3“L+-~->, (12.78)

where the ellipsis contains terms that vanish when the cutoff is removed. As in
pure AdS,, an appropriate counterterm is of the form [40, 41]

4 ;
I.; = _?a exﬁyé“wéﬁwé’. (12.79)
oM

In the present case, we have such a counterterm on each asymptotic boundary, and
thus we find

2 —
Lo, = —2?%%3"# (6 / vOz3), (12.80)

which exactly cancels the divergent energy of the torsion DW.
Furthermore, we note that in the Kalb-Ramond representation, the solution has

H = ©Voly = +6as’Vols = HVols, (12.81)

where @3 = %eamdx“wdxﬁwdx’. This corresponds to a ‘topological quantum
number’ of the kink

/*4H = +A0 = 2. (12.82)

12.6 The Gravity Dual of Parity Symmetry Breaking

The holographic interpretation of the torsion DW is rather interesting. To study
this, we set to zero without loss of generality the integration constant ®y = 0 and
pick the plus sign in (12.70), (12.71). Next we need the asymptotic expansion of
the vierbein which reads

1
& = 271 Byeali=n) (1 +§em(’—’°> + - -)dx“ fort — +oc. (12.83)

This shows that our solution is asymptotically anti-de Sitter for both t — foc0. The
two asymptotic AdS spaces have the same cosmological constant. From this
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expansion we could read the expectation value of the renormalized boundary
energy momentum tensor which would be given by the coefficient of the e*># term
(see e.g. [19, 20]). Such a term is missing in (12.83), hence the expectation value
of the boundary energy momentum tensor is zero.

It is not immediately apparent how to interpret these two asymptotic regimes.
Are they truly distinct, or should they be identified in some way? We note that the
pseudoscalar behaves in these asymptotic regimes as

4
O(1) — de3l—0) _ ge*"a@*m) + .-+ fort — —oo, (12.84)

4
O(t) — 21 — 4e3—0) 4 3e%(’*m) + .-+ fort — +o0. (12.85)

From the above we confirm that ®(¢) is dual to a dimension A =3 boundary
pseudoscalar that we denote Os. In each one of the asymptotically AdS regimes,
the leading constant behavior of ®(¢) corresponds to the source (i.e., coupling
constant) for O3 and the subleading term proportional to e™>%(~) to the expec-
tation value (O3). The two asymptotic regimes are distinguished by the behavior
of ®. In fact, the essential difference is parity.

We can now describe the holography of our torsion DW. In the r — —o0
boundary sits a three-dimensional CFT at a parity breaking vacuum state. The
order parameter is the expectation value of the pseudoscalar which is (O3) =4 in
units of the AdS radius. The expectation value breaks of course the conformal
invariance of the boundary theory. Then, the theory is deformed by the same
pseudoscalar operator gO3; where g is a marginal coupling. The torsion DW
provides the holographic description of that deformation. Nevertheless, our solu-
tion should not be interpreted in terms of the usual holographic renormalization
group flow. In our case, at t — +oo the space becomes AdS with the same radius
as at t — —oo. Hence, the two boundary theories have the same ‘central charges’.’

We suggest that instead of interpreting the solution in terms of an RG flow, we
should think of it as a domain wall transition between two inequivalent vacua of a
single theory. This statement is supported by the behavior of ®(¢) in the two
asymptotic regimes. For ¢ — oo the pseudoscalar asymptotes to the configuration
(12.85). The interpretation is now that when the marginal coupling takes the fixed
value g, = 2n we are back to the same CFT (i.e. having the same central charge)
however in a distinct parity breaking vacuum such that (O3;) = —4. In others
words, the two asymptotic AdS regimes seem to describe two distinct parity
breaking vacua of the same theory. The two vacua are distinguished by the
expectation value of the parity breaking order parameter being (O3;) = +4. Quite
remarkably, we also seem to find that starting in one of the two vacua, we can

5 We use “central charge” in d = 3 for a quantity that counts the massless degrees of freedom
at the fixed point. Such a quantity may be taken to be the coefficient in the two-point function of
the energy momentum tensor or the coefficient of the free energy density. There is no
conformal anomaly in d = 3.
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reach the other by a marginal deformation with a fixed value of the deformation
parameter.

Since the marginal operator is of dimension A = 3 and parity odd, we tenta-
tively identify it with a Chern—Simons operator of a boundary gauge field. In this
case the torsion DW induces the T-transformation in the boundary CFT [38, 42]. In
Appendix we will argue that the 3D Gross—Neveu model coupled to abelian gauge
fields exhibits a large-N vacuum structure that matches our holographic findings.
Although our bulk model is extremely simple to provide details for its possible
holographic dual, we regard this remarkable similarity as strong qualitative evi-
dence that our torsion DW is the gravity dual of the ‘tunnelling’ between different
parity breaking vacua in three dimensions. However, in a three-dimensional
quantum field theory, we do not expect that tunnelling can occur because of large
volume effects, and distinct vacua remain orthogonal. Thus, referring to the torsion
DW as a tunnelling event should be taken figuratively. We leave to future work a
more careful study of the boundary interpretation of the torsion DW solution. An
interpretation will depend on the precise topology of the boundary [43]. Moreover,
embedding our model into M-theory could provide additional clues regarding its
holography.

12.7 Physics in the Bulk: The Superconductor Analogy

The bulk interpretation of the exact solution is also interesting. Because the
pseudoscalar field undergoes ®(¢f) — ©O(t) + 27 under ¢ goes from —oco to +00,
the exact solution corresponds to a topological kink. It satisfies

/dt@ =2

In Fig. 12.2, we plot the solution.

Fig. 12.2 The blue dashed 4r
line is |h(t)|, resembling the
order parameter of a
superconductor, while the
solid red line is Ilg,
analogous to the magnetic
induction of an Abrikosov
DW
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12.7.1 Torsion Domain Wall Versus Abrikosov Vortex

The gravity DW solution (12.68—12.71) bears some resemblance to the Abrikosov
vortex of superconducting systems. To avoid confusion we emphasize here that
this is not a holographic interpretation i.e. the Abrikosov vortex (or more precisely,
domain wall) is in the bulk. In this section, we will explore this and point out some
possibly interesting features. The first thing to notice is that the plot in Fig. 12.2 is
identical to the profile of an Abrikosov vortex (see for example Fig. 5.1 in Ref.
[44].) The codimension differs and this is expected; the torsion DW supports a
three-form field strength in contrast to a two-form field strength supported by the
Abrikosov vortex. Nevertheless, there is a correspondence between our radial
t-direction and the radial direction in the Abrikosov vortex, and |h| and Il
correspond to the condensate and magnetic induction of the superconductor,
respectively. Table 12.1 summarizes the correspondence. In this correspondence,
since the order parameter is h = A, the superconducting phase (constant order
parameter) corresponds to AdSy, while the normal phase corresponds to flat space
(h = 0). Far away from the core of the torsion DW, the geometry is asymptotically
AdS, but at the core the spatial slice (at t — #() becomes flat. To see this, note that
if we think of the system as a pseudoscalar coupled to torsionless gravity, the

o o .
torsion DW has g =0 and ® o = Aé*, and so

oo
R = —h*& wey, (12.86)
R o = (h+ h)drwe", (12.87)
T =o0. (12.88)

Thus, at the core, we find that the Riemann tensor has components
R*0,0 — —3d°, (12.89)
R, — 0. (12.90)

This behavior is in line with an Abrikosov vortex in which there is normal phase at
the core and superconducting phase away from the core.

Table 12.1 Abrikosov

vortex versus torsion DW

Abrikosov vortex

Torsion DW

Order parameter ®

T-T.

Magnetic induction B
Magnetic field H
Z-quantized magnetic flux

Order parameter || = |A|
A
Ip

H
Z-quantized electric flux
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The analogue of the magnetic field is what we have called H, proportional to
the constant o. In the DW, the magnetic induction, analogous to Ily, has a
penetration length 1~ 1/3a, and the coherence length of the order parameter is
&~ 1/6a. The penetration and coherence lengths are obtained by looking at the
exponential fall-off of these quantities in the core of the DW, away from their
values in the superconducting phase.

The torsion DW also has a quantized flux [ +4H = A® = 2. This flux is inde-
pendent of any parameters of the solution and of any rescaling of fields in the theory.
Thus, this is an analogue of the quantized magnetic flux in superconductivity.

Finally, note the following interesting feature. If we take a derivative of the
second equation in (12.68), we arrive at

h—6Ah — 18h* = 0. (12.91)

This looks like a Landau—Ginzburg equation of motion of an effective ¢4 theory.
This leads us to interpret

1
A=-30,d>= 3015 ~T. =T (12.92)
Of course, there is no real temperature in the case of the torsion DW, but we note
that this implies that the penetration and coherence lengths diverge as

(r-1.)"" (12.93)

i.e. with a mean field theory critical exponent 1/2, as in superconductivity.

12.7.2 Domain Wall Condensation

In the last section, we noted that there is a strong analogue between the torsion DW
solution and superconductivity. It is intriguing to carry the analogy further and
consider multi-DW configurations. We have noted that at the core of the torsion
DW, the spatial sections are flat. Thus, one might imagine that if it was favourable
for torsion DWs to condense, as DWs do in Type I superconductors, then finite
regions of normal phase (corresponding to A = 0) would be obtained. We will
argue below that this can in fact occur, although the system appears not to be
unstable.

To understand the physics involved, the first step is to consider a configuration
of two DWs. In the superconductivity literature, this is a standard computation.
One takes two DWs separated by a distance ¢ and computes the Euclidean action.
More precisely, we will treat this here as follows. Put the system in a box by
restricting the ¢ € [—L, L]. In such a case, a DW located at #, has on-shell action

.4
A0 — (2 cosh3a(t — 10))F = I- g = (6Vols) gaoﬁe”@*fo% (12.94)
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We then consider a piecewise solution of two DWs located at t = i% This is not a
solution of the e.o.m. because solutions of non-linear equations cannot be simply
superimposed i.e. it fails at the midpoint between the DWs. However, if we simply
evaluate the Euclidean action, we find

4, . 3al
(5 a2V013>4aot3 sinh%. (12.95)

Note that this is positive, so one might naively conclude that the DWs repel each
other. However, recall that the DW profile exists not in flat space—time, but in the
metric given by (12.72), which rises asymptotically. As a result, as we move the
DWs further apart, there is a corresponding rise in the metric between the DWs.
So, we should directly evaluate the force at a point t = ¢ as

dr=L/?)
o

o cosh(3al/2) <0. (12.96)

Thus we conclude that the DWs in fact aftract each other. In the superconducting
analogue we would conclude that we have a Type I superconductor where the
vortices clump together forming (potentially) finite regions of normal phase. In
such a superconductor, the number of vortices is determined by the total magnetic
flux.

We now describe the analogous situation in our gravitational system. We have
noted that the constant H plays the role of the external magnetic induction, while
H is the magnetic field, varying within the DW, with A® = [ «4H. Following the
superconducting analogue, if we put the system in a box of size 2L (that is we
impose a cutoff on each AdS asymptotic) the flux conservation equation is of the
form

A® =2LH (12.97)

The DWs carry the flux in the superconductor, and so it is natural to ask what is the
lowest energy configuration satisfying (12.97)? To analyze this, consider an array
of n DWs in a region of size Ly. We take the DWs to be equally spaced, as one can
show that deviating from such a configuration causes a rise in energy. For such a
configuration, the flux quantization condition (12.97) gives a relation between
n, Lo and H. Such a representative curve is shown in Fig. 12.3.

If we solve this equation for Ly as a function of n and H, we can then compute
the energy as a function of n. One obtains a curve as in Fig. 12.4.

One notes that the energy is minimized for large n, and in that case, the size Ly
asymptotes to a fixed value, which is found to be

l@:g-ZL:oc3-2L (12.98)
a
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LO(n)

=2L

Fig. 12.3 Size of normal state droplet versus n for multi-domain walls

Fig. 12.4 A sketch of the *H
phase diagram for a Kalb— g | $ \dS w/h
flat w/h S Y
Ramond superconductor g—0 g =10 normal phase
[; _f},.-_.r Ko e.flur — 3m
AdS w/h i~ ta
flat w/h
g finite
e.flua = i SC phase
flat w/h
g — 00
e flur = 3=

We conclude that the preferred configuration, given a fixed external flux, is a
continuum of DWs arrayed over a finite size region. Within this droplet, the system
is in the normal phase. We have noted that the DW core is spatially flat, and so we
surmise that within the droplet, the space—time is flat. The asymptotic value of
energy in Fig. 12.3 is precisely minus that contributed by the cosmological con-
stant. Again, the size of the droplet is set by the value of the external H-flux, and
the boundary conditions are AdS. Note that for a fixed cutoff, there is a critical
field (given by H = 6a) for which the entire spacetime is flat.

The result above motivate us to take a further step and suggest rather appealing
physical picture that we may call Kalb-Ramond superconductivity. Here we present
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a qualitative description of Kalb—Ramond superconductivity. A detailed descrip-
tion will appear shortly in [43]. As discussed above, minus the cosmological con-
stant may be interpreted as 7' — T,.. This, together with the interpretation of H as a
magnetic induction and H = 6a as a critical magnetic field above which the
spacetime is flat due to DW condensation, motivates to draw a —A,*H graph
analogously with the T — T, magnetic field graph in superconductivity. To do so,
we need to consider all known solutions of an Einstein-axion system in d = 4 with
and without cosmological constant. For A = 0 we recall the axionic DW solutions
of [35]. For A <0 DW wormbhole-like solutions were found in [36].

These solutions have the following properties (to be discussed in more detail in
[43D).

The A = 0 wormhole solution [35] is asymptotically flat. Its magnetic flux is
proportional to an arbitrary constant g which was speculated to be quantized via a
string theory embedding of the Einstein-axion system in [35]. Its electric flux is
Z»-quantized to £3m, but the electric field varies along the wormhole.

The A <0 wormbhole solution [36] is asymptotically AdS. Its magnetic flux is
also proportional to the arbitrary constant g, and hence possibly quantized in a
string theory embedding. Quite intriguingly, the electric flux on the wormhole
solution interpolates between the value £3n for g — 0 and +£2n as g — oo.
Moreover, there is a lower bound for magnetic field of the wormhole solution.
Remarkably, this lower bound is the value 6a and coincides with the maximal
magnetic field of the torsion DW.

In Fig. 5 we sketch the possible phase diagram of the Kalb—Ramond super-
conductor. Our torsion DW solution seems to play the role of the superconducting
phase, while the wormhole solutions of [35] and [36] appear to correspond to the
normal phase.

12.8 Conclusions

In this work we have presented in detail a simple toy model, the Nieh—Yan model,
where torsion enters through the spacetime dependence of the coupling constant of
the Nieh—Yan topological invariant. Although we have discussed the model directly
in terms of torsion, it can classically be put into equivalent forms as either a
massless pseudoscalar or a Kalb—-Ramond field coupled to gravity. The model has
an interesting and non-trivial holographic interpretation. In particular, we have
shown that it possesses an exact bulk solution in Euclidean signature, termed the
torsion DW, having two asymptotically AdS, regimes, while the pseudoscalar
acquires a kink profile. We have argued then that the holographic interpretation of
this torsion DW is a three-dimensional CFT with two distinct parity breaking vacua.
Moreover, our bulk solution may imply that the deformation by a classically
marginal pseudoscalar with a fixed coupling constant induces a transition between
the two parity breaking vacua separated by a domain wall, which would be at
infinity in the boundary components [43]. Remarkably, this qualitative behaviour is
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seen already in the three-dimensional Gross—Neveu model coupled to U(1) gauge
fields. The economy of our bulk model does not allow a detailed identification of
the bulk and boundary theories, nevertheless we believe that our results provide a
strong base where an exact bulk/boundary dictionary for AdS4/CFTj3 can be based.
A further rather intriguing property of the torsion DW is that it can be mapped into
the standard Abrikosov vortex of superconductivity. Such a map identifies flat
spacetime with a superconductor’s normal phase, while AdS is identified with a
superconducting phase. The cosmological constant would then measure the devi-
ation from the ‘critical temperature’. A phenomenon of DW condensation is found,
similar to the analogous case in type I superconductors. Finally, we have briefly
discussed a picture of “Kalb—Ramond superconductivity” that emerges if we view
in a unified way all known four-dimensional Euclidean solutions of the Einstein-
axion system. This picture will be further analysed in [43].

Our results indicate that the torsional degrees of freedom of four dimensional
gravity can provide holographic descriptions for a number of interesting properties
of 3D critical systems. It would be interesting to extend our analysis to more
elaborate models where more torsional degrees of freedom become dynamical. It is
also of interest to discuss whether our simple model can be embedded into
M-theory.
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Appendix

A.1 Parity Breaking in Three Dimensions

Consider the 3D Gross—Neveu model coupled to abelian gauge fields. The
Euclidean action is®

- . G - |
3 a a aa
1= —/d x{w (P —ied)y +ﬁ(x// ¥e) + g FF - (A.1)
M is an UV mass scale. Introducing the usual Lagrange multiplier field o, whose
equation of motion is g = —Nﬂx/_/“lp“ we can make the action quadratic in the
fermions

% Weuse ', ' (a = 1,2,...,N) two-component Dirac fermions. The y-matrices are defined in
terms of the usual Pauli matrices as ' =¢'i = 1,2,3.
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1:—/ { YD+ o —ied)y” —ﬁaz—iFﬂ"F : (A.2)

2G 4M
The model possesses two parity breaking vacua distinguished by the value of the
pseudoscalar order parameter (¢). This is seen as follows: switching off the gauge
fields momentarily one integrates over the fermions to produce a large-N effective
action as

z— / Trlog d-&-(r ——fd3xa2] (A3>

The path integral has a non-zero large-N extremum ¢, found by setting

U:J*+ﬁ;u

z / Trlog @<+ﬂ' fd xo'*+\/_{

~xx}+o<1/N)]

(A.4)

The term in the curly brackets is the gap equation. To study it one considers a
uniform momentum cutoff A to obtain

1 Ndp o 2 A o A
- L — e . A.S
G / (2n) p? + o2 “)[nz 2 |o*|] (A2)

Defining the critical coupling as

1 A
— == A.6
G- (A.6)
(A.5) possesses a non-zero solution for o, when G > G, given by
2n (G
o= 1) =m (A7)
G \G.
The two distinct parity breaking vacua then have
2G 5414

Going back to (A.2) one can tune G > G, and start in any of the two parity
breaking vacua. Suppose we start from o, = +m. To leading order in N we have

zZ= / (DA,)(DJ*) (DY) explS]
| (A.9)
S= /d3 [ (B+m—ied)y* — m +0(1/\/_)——MF’“F,“
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As is well known [45, 46] for N fermions the path integral (A.9) yields an effective
action for the gauge fields which for low momenta is dominated by the Chern—
Simons term i.e.

Zz/}h, (A.10)
with
S 'ke2/d3 wop oA, k=" (A.11)
=1— Xxe VA, =—. .
ST Ve 2
Had we started from the ¢, = —m vacuum, we would have found again (A.10-
A.11), however with k = —%, i.e. the vacuum with ¢, = —m yields an effective

Chern—Simons action with k = —%.
Consider now deforming the action (A.9) by the Chern—Simons term with a

fixed coefficient as

Zdeform = /(DA/J)(D{V)(DlV) eXp[Sdef]

(A.12)
Seet =S —ig / d’xe""AD,A,
If g is fixed to
Ne?
= A.13
9= (A.13)
the effective action for the gauge fields resulting from the fermionic path integrals
in (A.12) is going to be equal to the one obtained had we started at the o, = —m
vacuum. In other words, deforming the ¢, = +m vacuum with a Chern—Simons
term with a fixed coefficient is equivalent to being in the o, = —m vacuum. This is

exactly analogous to the holographic interpretation of our torsion DW.
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