Pro Gradu thesis:
Gauge/Gravity Dualities

Timo Alho

¢
|

UNIVERSITY OF JYVASKYLA
DEPARTMENT OF PHYSICS



Abstract

In this thesis we review gauge/gravity dualities. Some details on the background topics
of supersymmetric gauge theories, string theories and differential geometry of anti de Sitter
spacetimes are given. We will then proceed to motivate the Maldacena duality, in its original
form as a duality between type IIB string theory and the N' = 4 super Yang-Mills theory, by
considering D3 branes and interactions of open strings on them. After introducing the Maldacena
duality with some level of technical detail, we finally review more general gauge/gravity dualities
and some results pertaining to QCD.



Preface

I would like to thank my supervisor Dr. Kimmo Tuominen for giving me the opportunity to write
this thesis on a very interesting subject on the forefront of theoretical physics, and also for providing
indispensable guidance and advice in learning this difficult subject. I would also like to thank Dr.
Jan Rak for providing my first experiences with research in physics.

I would like to credit departmental administrator Soili Leskinen and the all the personnel of the
department of physics for a supportive and friendly learning environment.

Last but not least, I wish to thank Holvi for countless interesting discussions, occasionally even
about physics, and most of all a fun working environment.



Contents

1

2

Introduction

Supersymmetric gauge theories

2.1 The Coleman-Mandula -theorem and the supersymmetry algebra . . . . . . ... ..
2.2 Resymmetry . . . . .. e e e e
2.3 N =1Super Yang-Mills . . . . . . .. ..
2.4 N =4Super Yang-Mills . . . . . . . . ...
2.5 Symmetries of the N =4 SYM . . . . . . . ...
2.6 The 't Hooft coupling . . . . . . . . .. .
Anti de Sitter space

3.1 AdS, as an embedded manifold . . . . . . ... ... L
3.2 Alternative coordinate systems . . . . . . .. ..o L
3.3 The boundary of AdS,, . . . . . . . . . .
3.4 The conformal group on the boundary . . . . ... ... ... ... ... .......

Superstring theory, branes and Yang-Mills theories

4.1 Superstring theory . . . . . . . . L
4.2 Symmetries of superstring theory . . . . . . . ... Lo
4.3 Branes . . . ..
4.4 Finding the Dp-brane solution . . . . . . . .. ... .. o Lo
4.4.1 Equations of Motion . . . . . . . . . . . ...
4.4.2 The brane solution . . . . . . . . . . .. . ... e
4.4.3 The extremal D3 -brane . . . . . . . . . ... ...
4.4.4 The non-extremal D3 brane . . . . . .. ... ... L o oo
4.5 Branes and gauge theory . . . . . . . ... oL

The Maldacena duality

5.1 Comparing symmetries . . . . . . . . .. L L e e e
5.2 The large N and large 't Hooft coupling limits . . . . . ... ... ... ... .. ...
5.3 The classical supergravity limit . . . . . .. .. .. ... L oo
5.3.1 Massless scalar fields . . . . . . . . ...
5.3.2 Massless abelian gauge fields . . . . . . .. ... ... .. L.
5.3.3 Massive fields . . . . . . ..
5.4 Interactions and Witten diagrams . . . . . . . . .. .. .. oo Lo
5.5 Finite temperature and the AdS black hole . . . . . . ... ... ... ........

Applications of the duality

6.1 The stress-energy tensor . . . . . . . .. L Lo
6.2 Entropy . . . . .. e
6.3 Shear viScosity . . . . . . . .. e
6.4 AdS/QCD . . . . .
6.4.1 Adding quarks . . . . ...
6.4.2 Confinement . . . . . . . . ...
6.4.3 The bottom-up approach . . . . . . . ... ..
Discussion

11
11
13
15
16

19
19
20
20
21
22
23
29
29
29

31
32
32
33
34
36
38
39
40

41
41
42
43
44
44
45
45

47



A Notation
A.1 Differential geometry

A.2 Spinors and supersymmetry . . . . .. ... L. Lo



1 Introduction

“Non-Fuclidean calculus and quantum physics are enough to stretch any brain, and
when one mizes them with folklore, and tries to trace a strange background of multi-
dimensional reality behind the ghoulish hints of the Gothic tales and the wild whispers of
the chimney-corner, one can hardly expect to be wholly free from mental tension.”

—H.P. Lovecraft, “Dreams in the Witch House”—

The AdS/CFT duality is an interesting application combining non-Euclidean calculus, quantum
field theory and extra dimensions with string theory. It is currently the only known plausible
realization of the idea that QCD, which in some ways shows string-like behaviour in its bound
states such as mesons, might actually be describable as a theory of strings. Indeed, among the
early suggestions for an explanation of the strong interactions, bosonic string theory was a strong
candidate, until it was realized that it inevitably contained a spin-2 boson, the graviton (this
discovery, of course, led to the use of string theory as a theory of gravitation, and later a proponent
for a theory of everything in the form of superstring theory). Once QCD was invented, Gerard
t’Hooft showed that in the limit where the number of colors, N, is large, non-planar diagrams in
the perturbative expansion of QCD are suppressed and the theory takes on a stringy character.
Nonetheless, no concrete connection between a string theory and QCD was found until 1998, when
Maldacena together with Witten, Gubser, Klebanov and Polyakov proposed a duality between type
IIB superstring theory on a five dimensional anti de Sitter (AdSs, for short) spacetime background
and a conformal supersymmetric Yang-Mills theory living on the boundary of that space! [1, 2, 3].

The Maldacena conjecture added the vital ingredient of an extra fifth dimension (actually the
string theory has five further dimensions, which are compactified on a sphere). The remarkable
feature that a four dimensional theory encodes the full dynamics of a five dimensional theory was a
realization of yet another idea which had been present for some time: quantum gravitational holo-
graphy. The idea of holography in quantum gravity stems from the Bekenstein-Hawking conjecture
for black hole entropy, which states that the entropy of a black hole is proportional to the surface
area of its event horizon. If entropy is to originate in the microscopic realm as (the logarithm of)
the possible number of microstates corresponding to a macrostate, then for a black hole the number
of microstates is only proportional to the area of the event horizon. Then the physics inside the
three dimensional black hole seems to be somehow “holographically” encoded on its two dimensional
horizon, and therefore any theory of quantum gravity should be holographic, in the sense that it
can be written as a theory with one dimension less and without gravity.

One of the main incentives leading to the AdS/CFT duality has been the relation between string
theory branes and gauge theories. Since the second superstring revolution in the mid-90’s, it has
been known that there is an intimate connection between gauge field theories and extended objects
in string theory known as Dp-branes.

A D-brane in string theory is a subspace on which open strings can end. The endpoints of open
strings can have either Neumann or Dirichlet boundary conditions, independently for each direction
in space. Since Dirichlet boundary conditions on a given coordinate of the the string fix the location
of its end point on that coordinate, choosing Dirichlet boundary conditions for D —p — 1 coordinates
(where D is the dimension of the ambient space) defines a p + 1 dimensional hyperplane on which
the ends of the strings are still free to move. The two ends of the strings may be bound on different
D-branes.

"Henceforth in this document we will use the term “Maldacena duality” to refer specifically to the duality between
type IIB string theory on an AdSs x S® background and the A = 4 super Yang-Mills theory. AdS/CFT duality may
refer to any duality between a conformal field theory and the corresponding string theory. For more general scenarios
we will use either the term gauge/gravity dualities or gauge/string dualities. AdS/QCD will refer to any approximate
duality proposed between gravity or string theories and QCD.



In supergravity, p-branes are essentially black hole solutions that extend in p spatial dimensions
(and their spacetime dimension is therefore p 4+ 1). Since supergravity is the low-energy effective
theory of string theory, it is generally expected that the p-brane solutions are also solutions of the
full string theory.

It is now known that the D-brane and p-branes are in fact the same object, which also promotes
the D-branes from an artificial wall set by the boundary conditions to a dynamical object which is
perturbed by vibrations of the strings attached to it. These objects are called Dp-branes.

A field theory on the stack of branes is generated by N Dp-branes stacked on top of each other.
In this case, an open string which has both of its ends on the brane stack has two indices from 1... N,
denoting to which brane in the stack its ends are bound to. Therefore the string states are N x N
matrices, which can be shown to form an adjoint representation of U (V). The low-energy effective
theory for these open strings on the stack, with type IIB string theory in the bulk, is actually the
N = 4 super Yang-Mills field theory (a U(1) factor related to the center-of-mass dynamics of the
brane decouples for most purposes, leaving an SU(N) symmetry). Since the geometry near the
brane is that of an anti de Sitter space, low-energy means short strings that do not extend far from
the brane and the full symmetries of the SYM and type IIB string theory (compactified on an
5-sphere) match, it was conjectured by Maldacena that type IIB string theory on an AdSs x S° and
N =4 SYM theory are exactly dual at all energy scales.

Since the AdS/CFT duality involves several seemingly unrelated concepts, we will begin this
thesis with two rather disconnected chapters. In the first one, we will quickly introduce the
supersymmetry algebra, the N’ = 1 supersymmetric gauge theory, and derive the N' = 4 theory
by dimensional reduction from ten to four dimensions. In the second chapter, we will delve into
the geometry and conformal infinity of AdS,,. Then in the chapter about string theory and branes,
we will begin to draw the various ingredients together, and after that we will finally get to the
Maldacena conjecture. The final chapter concentrates on various applications and variations of the
duality.



2 Supersymmetric gauge theories

In this chapter we will give a short review of supersymmetric gauge theories. We will also derive the
four-dimensional ' = 4 super Yang-Mills (abbreviated SYM) action as the dimensional reduction
of the ten-dimensional N'=1 SYM action.

2.1 The Coleman-Mandula -theorem and the supersymmetry algebra

The Coleman-Mandula -theorem [4, 5] states, in essence (there are some technical assumptions
required), that the Lie algebra of the symmetry group of a consistent non-trivial relativistic
quantum field theory with a mass gap is a direct product of the Poincaré algebra and the algebra of
some internal symmetry group. Therefore continuous internal symmetries cannot mix the various
irreducible representations of the Poincaré group and hence particles of different spin cannot mix.

A loophole in the Coleman-Mandula theorem is the assumption that the symmetry group is
generated by a Lie algebra. We can avoid this restriction by generalizing the group generators to
form a graded Lie superalgebra. A graded Lie superalgebra has a gradation and a generalized Lie
bracket which respects the gradation, i.e. if g; and g; are elements of the algebra with grades i, j
respectively, then the grade of [g;, g;] is @ + j. The bracket is then antisymmetric (corresponding to
a commutator) or symmetric (corresponding to an anticommutator) depending on the grade,

(96 951 = —(=1)"[g5, 9i]. (2.1)

The gradation is naturally Zs, since only the parity of the grade matters for the bracket. Note that
the term Lie superalgebra is actually a misnomer: a Lie superalgebra is not a Lie algebra, because
the generalized bracket does not respect the antisymmetry of the Lie bracket.

By the Haag-Lopuszanski-Sohnius theorem [5, 6], the only Lie superalgebra consistent with a
relativistic field theory is the supersymmetry algebra, which generalizes the Poincaré algebra to
include the supersymmetry generators Q! and Q!, which are now the odd part of the algebra and
transform as Weyl spinors, with the generalized commutation relations [5, 7, 8]

{Qé,@é} = 20", 18"
[QL.Q}} = eapz!
(QLQl} = ey (2?)

[P Q"] = [PnQ] =
[ oz Qﬁ = _i(auv)aﬁQé
(M, Qal} _ —i(5w)dgém

where { , } denotes the anticommutator (which is the generalized Lie bracket when both of the
elements are odd), o/ are the Pauli spin matrices, P, are the translation generators, io,, =
7 (040, — 0,0,,) are the Lorentz transform generators in the Weyl spinor representation and Q', Q”
are supercharges, which extend the Poincaré algebra. The Poincaré generators obey the standard
commutation relations amongst themselves. The indices I = 1,--- , N label independent copies of
the supersymmetry algebra. The A/ > 1 algebras are called extended supersymmetry algebras. The
Z'7 are central charges, which are antisymmetric under the exchange of I and J and commute with
all elements of the algebra.

Eq. (2.5) and (2.6, 2.7) are determined by the Jacobi identities, or may alternatively be derived
from the transformation properties of the supercharges, which are Weyl spinors. For example,
if the supercharges did not commute with the translation generators, they would depend on the



spacetime coordinates and we would have a local symmetry, which leads to supergravity. The grading
requires the right side of Eq. (2.2 - 2.4) to be bosonic, and the rest of the commutation relations
exclude the possibility of anything proportional to M, . In the case of a single supersymmetry the
transformation properties then fix the anticommutators except for a normalization, which we choose
as shown here. In the presence of several supercharges Eq. (2.2) gains a factor A’/ which can be
chosen to be diagonal. Eq. (2.3, 2.4) are the most general choice allowed by the other commutation
relations. Note that when N = 1 the antisymmetry of the central charges requires them to vanish.

2.2 R-symmetry

The N = 1 supersymmetry algebra is invariant under a global U(1) phase transformation of the su-
percharges and the extended supersymmetry algebras are invariant under an SU(N) transformation
mixing the supercharges. These are called R-symmetries.

2.3 N =1 Super Yang-Mills

In order to construct supersymmetric field theories, we must find such multiplets of fields and such
transformation laws that represent the supersymmetry algebra on these fields. General methods to
do this can be found in the literature [5, 7], but we will only consider here the one representation
we are interested in. This is the supersymmetric generalization of a pure Yang-Mills gauge theory,
called a super Yang-Mills theory. The Lagrangian in the N' =1 case is [9]

1 _
L=tr {—2FWF“” - iAFﬂDMA} : (2.8)

where D,, is the gauge covariant derivative, F,, = [D,, D,] = 0A, — 0A, + ig[A,, A,] is the field
strength tensor, A, is the gauge field, A is a spinor in the adjoint representation of the gauge group
and I'* are the Dirac matrices. The exact nature of A depends on the spacetime dimension D [10]:
in D = 3,4 X\ is a Majorana spinor, in D = 6 it is a Weyl spinor and in D = 10 it is a Majorana-Weyl
spinor. In ten dimensions this Lagrangian transforms as a total derivative under the supersymmetry
transformation [9]

} 1
Au— Ay —iCTuA, A= A+ g Fu "¢, (2.9)

where ( is an infinitesimal spinor transformation parameter and I'*¥ = % [T TV].

2.4 N =4 Super Yang-Mills

The supersymmetry theory relevant to the AdS/CFT duality is the N’ = 4 super Yang-Mills in
four dimensions. The four-dimensional N' =4 SYM can be derived by dimensionally reducing the
N =1 SYM Lagrangian (Eq. (2.8)) from ten to four dimensions [10]. Let Greek indices with an
overbar run over all ten dimensions, Latin indices over the six dimensions to be compactified and
bare Greek indices over the remaining four. Then the gauge kinetic term becomes

FipFP —  (0pAp — 05 An +ig[Ap, Ap])(OFA” — 97 AF 4 ig[ AP, A”])
= Fu FM 4+ 9,A,0"A% + 9, 4,0" A +ig[A,, A 0" A —ig[A,, A0 A
+ig0, Ag[AF, A% — igd, Ay [A, A”]
+i2g%[Ag, AJJ[AY, AY] + 2% [AL, Ad)[AF, A% 4 i2g2[A,, Ap)[A%, AP
= F,F" +2D,X;D"X" — ¢*[X;, X;][ X", X7], X'= A" (2.10)

The compactified components A% of the gauge field have become six scalars X*, all transforming in
the adjoint representation, and an interaction term for them.



Compactifying the spinor term gives
ALPDuA = X (THON + igTH A, A] +igD' [Xi, A]) = ATF DA + igA\l' [X;, Al (2.11)

This equation contains a ten-dimensional spinor A and the ten-dimensional Dirac matrices I'*, I'.
In order to bring this to the form of a four-dimensional field theory we must break down the spinor
and the gamma matrices to components corresponding to four-dimensional representations of the
Poincaré group. From the fact that the gamma matrices form a ten-dimensional Clifford algebra,
we can deduce some properties required of the decomposition:

{PAT7} =294
= {I'" T} =2n"I
{TET9} = 26T
{F“,Fi} =0. (2.12)
In addition we have the Weyl condition

(T1o + THHA = 0, (2.13)

where T'H = H/llozl I'#, for the ten-dimensional spinor. One way to do the decomposition is as
follows: first write the ten-dimensional spinor as

A=)A®E, (2.14)
where A = A\, 4 has one four-dimensional spacetime index and another internal four-dimensional
index, which we will denote by capital Latin alphabet. The spinor £ = % ( _11 ) can be chosen
constant by virtue of Eq. (2.13). Then define the ten-dimensional gamma matrices:

' = "2l ®os,
i = Led o,
' = 5@ 3 ®03, whereiel,2,3 (2.15)

with v* being the four-dimensional gamma matrices and the o and [ matrices satisfying the algebra
{a',0d} ={p", 7} =261, (2.16)

and o, being the Pauli spin matrices. The first factor of the tensor products operates on the
four-dimensional spacetime index of the spinor, the second factor on the internal index and the final
one on the ¢ factor.

It is easy to check that the gamma matrices defined this way satisfy the ten dimensional Clifford
algebra, that the I'* matrices satisfy the four-dimensional Clifford algebra on the spacetime index
of the spinor A and that the Weyl condition Eq. (2.13) is fulfilled. In addition, the T'¥ matrices with
k € {4...9} form the Clifford algebra of SO(6). Inserting this decomposition into Eq. (2.11) and
carrying out the £ products gives

4 3 4
ACFDA+ATX A = ) A" Dpda+g) ) Y alapdalXi Mg
A=1 i=1 A,B=1

6 4
+ig > Y Baprar’[Xi A (2.17)
i=4 A,B=1

9



The single Majorana fermion of ten-dimensional N' = 1 SYM therefore becomes four Majorana
fermions of NV =4 SYM.
The full N = 4 super Yang-Mills Lagrangian is then

4

1 . 2 ) . _
£ o= tr{=FuF" - D,X;D'X" — %[Xi,Xj][XZ,XJ] —i Y Aav"Dyuda
A=1
3 4 o 6 4 o
—ig» Y ahphalXi Al +9Y . D Bipiar’[Xi, Asl} (2.18)

i=1 A,B=1 i=4 A,B=1

2.5 Symmetries of the N'=4 SYM

The most obvious symmetry of the N' =4 SYM is its Lorentz invariance, which forms the group
SO(1,3). In addition, this theory is exceptional in that it enjoys an unbroken conformal symmetry
in the quantum level [9]. From the discussion of section 3.4, taking n = 5 we see that the four
dimensional conformal group is actually isomorphic to the group SO(2,4). In addition, N' = 4
SYM has the R-symmetry SU(4), which mixes the four supercharges and is isomorphic to SO(6),
giving the group SO(2,4) x SO(6). Since spinors are involved, the covering groups of these need to
be considered, so that we have SU(2,2) x SU(4). Finally the supercharges transform under this
group in such a way as to form the supergroup SU(2,2|4), which has (2,2) bosonic generators and
4 fermionic generators, and which is the full symmetry group of the theory.

2.6 The ’t Hooft coupling

In a SU(N) gauge theory, when N is considered a free parameter of the theory, the effective
perturbative coupling is not actually the Yang-Mills -coupling gy s, but it is the coupling g%, uN.
This is because any diagram calculation will involve a sum over Feynman diagrams for each of the
N species of particles in the fundamental representation of the gauge group separately for each
vertex. Therefore the final diagram picks up a factor of g% y N from each vertex. Because of this,
the large N limit in itself is not interesting, but we must take the 't Hooft coupling A = g% uN as a
constant while letting N run to infinity. [11]

10



3 Anti de Sitter space

We will now review the properties of the anti de Sitter spacetime (AdS), which will be the background
of the Maldacena duality. First we introduce AdS,, as a submanifold of the pseudo-Euclidean manifold
R?™~1 and derive its metric. Then we will show that it is a vacuum solution of the Einstein equations
with a non-zero cosmological constant, proving that it is a maximally symmetric constant negative
curvature space in the process. After constructing a few different coordinate parametrizations for
the AdS,, manifold, we will study the conformal infinity of the space.We will mostly follow the
presentation in [12].

3.1 AdS, as an embedded manifold

Geometrically we can define an n-dimensional AdS,, space as the set
AdS, = {y e R*" "1y = gy neg = 0> b €R }, (3.1)

endowed with a metric inherited from the metric n,, = diag(—1,+1,+1,...,+1, —1) of the ambient
pseudo-Euclidean R?"~! space?. In this section Latin indices run from 0 to n, and b is the “radius’
of the AdS,, manifold.

In order to find an explicit form for the AdS,, metric, introduce the stereographic coordinates
() = (2!, ...,2™) such that

)

0o 1+ 22
y - pl - 1:2
2t
yv'= s (3.2)

where
2 v
x° = 2" nu,

N = diag(+1,+1,...,+1, —1), Greek indices run over the AdS,, components from 1 to n, and they
are raised and lowered with 7,,. It is easy to see that y? = —p?, so indeed when p? = b? the z*
describe the AdS manifold.

Now the standard formula for the induced metric g, of an embedded manifold gives the AdS,
metric:

dy Oy Oy oy’

I = Bpr " 0xv ~ Ouk Oz (3.3)

We need the partial derivatives

Ox? O(zz?)

PrTE e

873/0 _ b2xu(1 —2%) + 23, (1 + 2?) _ 4z, and
Oz (1—22)2 (1 —22)2

oy 26,(1— 2?) + 4z,

oxh (1 —22)2

20ur choice of sign here differs from that in [12], where the metric in the embedding space is chosen to be mostly
minus, giving a positive “radius squared”.

11



from which we may construct the metric. With a slight abuse of notation in contracting the y®
with 7,,, we have

_ooyr oyt oy | oy oy’
I = gk 9z T T ggk 9zv T Dk v P
_ —162,2, + 4(1 — 2%)* 9 + 162,72, (1 — 22) + 163,22, 22
B (1 —22)4
Nuv
= 4 3.4

The AdS,, metric is conformally flat, that is, it factorizes to the form g, (z) = e‘b(“;)nu,,, with
o(z) = log 4b> — 21og(1 — x?) in our case. Note that inverting this metric is simple, gt = e~?@) prv,

We will now show that the AdS, metric solves the vacuum Einstein equations in D = n
dimensions with a positive cosmological constant. In this case the Einstein equations simplify to

1 1 ,
R,uy - Eg;wR = iAg/u/ ’ : gﬂ
1 1
1--D) = -DA
R 2 ) 2
1 D A
Ry = §A9W(1 + m) = 5 pIm (3.5)

We need to work out the Ricci tensor. During the following calculation, we raise and lower
Greek indices by 7, instead of g,,,. Contractions are of course carried out with g,,,,, which amounts
to inserting the additional e*?(*) factor. For the Riemann tensor we need the Christoffel symbols:

1
T, = 5e 0 (e + 0pe%nn — re )
1
= 5 (05000 + 80,0 — mp0") - (36)

From them we form the derivatives and products

Oty = 5 (G000 + 50,000 — oDy D0)

1
F’/\‘pfi‘g = 1(26530¢8,,¢ — Nep0"' POy ¢ + 050,00,¢ + 610,00, ¢
10" $0o ) — 61100 POND), (3.7)
and then we are ready to write down the Riemann tensor:
— A A
Ruupa - aﬂrga - 8Urlrjp + F&LpFVU - F/;UFVP

1
= 5 (5g8p81/¢ - 55808u¢ - nuoapaugb + 77up303“¢)

1
+Z(5g80¢61/¢ - 5§3p¢3u¢ + (nuaap¢ - ﬁup30¢)3“¢
+(up0l = Muo84)0*$029)- (3.8)
Contracting 1 and p, we have

1
R, = R, , = 5(&,&,@5 — D00y ¢ — Nye0u,0" ¢ + 050, 9)

41 (D0,60,6 — 0 60,6 + Mo BudD6 — 060, + Mo 6036 — 1y DI 6030)

D D

_ (1 _ 2) (aaay¢ - ;agqsam) + e ([1 - 2} (99)” 8%) , (3.9)

12



where (9¢)? = 0"¢0,¢ and §?¢ = 9*9,¢. Plugging in the derivatives

Nuw Ty
v = 4
0,00 1—x2+8(1—x2)2
Ty
gives the final result
D—-1 D -1 A
R = AT = " O = gt Vhen
D—-1)(D-2

A = ! ;g ). (3.11)

so indeed AdS,, is a solution of the Einstein equations with a positive (in our choice of signs)
cosmological constant. In addition, it is of constant negative curvature, which can be easily seen by
calculating the curvature scalar
D(D—-1)
R — Ruyguy = _T. (3.12)
Combining Eq. (3.10), Eq. (3.8) and Eq. (3.12), we further see that the maximum symmetry
condition

R
R“l/pa = 7)(91/055 - gup5f,‘), (3.13)

DD -1
which guarantees that the spacetime has the full possible set of D(D + 1)/2 Killing vectors [13], is
satisfied:
4 R 4b? 4p*
RY, v = 5 (Mot — 1y 0t) = oOh — ———— 08 ). (3.14
vpo (1 _ .f62)2 (np o n p) D(D o 1) <(1 o mg)gn P (1 o mg)gnp o‘) ( )

If we can now find a group of symmetries on AdS,, with dimension n(n + 1)/2, we know based
on the above that there are no more symmetries. Since the group SO(2,n — 1) preserves the metric
on R?7~1 it also maps the embedded AdS,, to itself. With y € AdS,, a vector of the embedding
space, y € RZ"~1 92 = b2 consider the transformation by an element A € SO(2, n — 1) such that
y — y'. Let a’,b" be in the tangent space T,AdS, of the point y € AdS, and a’,b"" in T}y AdS,.
Then ‘

a b = A" N b = d" bl = a - b, (3.15)

since ATnA = n by the definition of SO(2,n — 1). Therefore SO(2,n — 1) induces the corresponding
symmetry on AdS,. Also, dim SO(2,n — 1) = n(n + 1)/2 so this is the full symmetry group of
AdS,,.

3.2 Alternative coordinate systems

While AdS,, is conveniently defined in stereographic coordinates, some other coordinate systems
will turn out useful later.
Let us first define the so called “light cone coordinates” for the embedding space 3:

wo= ' +y" v=y"—y" (3.16)
g o= Wyl y"h,

o= vynis mip = diag(1,1,..1,s),

v = i —ww. (3.17)

3This differs from the definition in [12] by including the sign s. This way we avoid using complex coordinates,
which produces problems and indeed a potentially imaginary norm for some vectors in the presentation given by [12].

13



Here s defines the signature of the embedding manifold, s = —1 being the case described above.
When s = 1 we have a “Euclidean” version of the AdS,, manifold, which is actually the n dimensional
hyperbolic space. The above definition indeed describes the embedding space: the map f : (u,v,¥y) —
R27~1 with the usual metric in R%"1,

n— 1 1 n—
) = (G0 0 50 0 ) (3.18)

is an isometry to the embedding space. The case with s = 1 gives the alternative case where the
isometry defined by Eq. (3.18) goes to RY"™ and the subspace produced by the equation y? = —b?
gives a version of AdS,, with Euclidean signature.

From the light cone coordinates we further define

«
e = L a=1,..n-1
u
7 1 1 o P
£ = (6,..8"), &= 2 (3.19)
so that the AdS,, equation becomes
2 = P& —uww=—b% or (3.20)
b2
v o= uf’+—. (3.21)
u

Now we can pick the set (u, E) as coordinates in the AdS,,. To calculate the metric in this case, use
the dot product derived from Eq. (3.17)%,

1

1 S
12 = Juvl, G- G2 = R (3.22)

directly on the formula for the induced metric of an embedded manifold. Denoting the light-cone
components by y = (u, v,y*) we have

YL-y2 =12 —

2 _ Oy 892 a
ds® = 7 (’3d Z@fo‘ 8{0‘(5)

ay dy o o g
Za e duds +(§38§a agﬂf d¢

[0}

B yP\" Budv| 5 = (09N e
- Z”ﬁﬂ( ) 5 5 | T +;nw aga ) (&)

b 5 2.
zﬁduqtudf,
n—2

D (de™)? + s(dem >, (3.23)

a=1

dé*
This metric further simplifies by setting b = 1 and changing variables by u — 1/£°, which leads to

o [ dEON? o, dE? 1 02 L
s ‘( (s)) (€ + oy = o (€ + €. (3:24)

4Here subscript indices denote different vectors, not covariant components.
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3.3 The boundary of AdS,

A projective boundary can be defined on the Anti de Sitter space. This is in some sense the limiting
geometry in the limit of a very large ¢. Define the rescaled light cone coordinates for the embedding
space

S =u, YgS=y*, 0S=nv, (3.25)

With these, the AdS,, equation is
b2
T D — (3.26)

Now consider points very far away (large ¥), but with the scale S correspondingly large so that
the coordinates with a tilde remain finite. As S — oo, the right hand side of Eq. (3.26) goes to zero,
and therefore the boundary is defined by

72 — v = 0. (3.27)

We still have one degree of freedom too much, since the overall scale of the coordinates cannot
matter now that we essentially scaled out an infinity from them. To remedy this, we define the
points in the boundary 9AdS,, of AdS,, as the set of possible directions to which the points may
escape to infinity, or equivalently as equivalence classes of the set {(u,v,%) : ¥ — uv = 0} under
rescaling

(u,v,7) ~ (tu, tv, ty) for all t € (0,00). (3.28)

To eliminate the redundancy caused by the equivalence, we may choose a representative point from
each equivalence class.
As a first exercise in dealing with the AdS boundary, we show that topologically it is S* x S"~2

in the case of Minkowski signature s = —1, and R x 8”72 in the Euclidean case s = 1:
= t? Z 24202 = 2(=s(y"H2+ (y™M)?). (3.29)

Now fix the scale such that s(y" )% + (y")? = 1. This leads to the equations

a=1
(") (") = 1, (3.30)
which is the equation of a sphere for the two subspaces when s = —1. When s = 1, the latter

equation becomes that of a hyperbola, which is homeomorphic to R x Zs. In the latter case, we
could also have moved the ™! term to the left hand side in Eq. (3.29) and fixed the scale such that

t2 Z _|_ t2 + tQ( )2 - 1
in order to reach the conclusion that the topology is equivalent to S™ ! x Zs, that is, two disconnected

n — 1 dimensional spheres. The meaning of this second result is not completely clear, since we
have been unable to find an explicit conformal transformation which would map S" 2 x R x Zsy to
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S"~1 % Zy. The fact that in the two-dimensional case an inversion maps S* x R to S! x S' does
cast some doubt on the above result. The error could be that the scale fixing in Eq. (3.31) somehow
implicitly scales different components of the vector differently.

Another way to choose the scale is setting v — 1. Since this only works when v # 0, it gives a
coordinate patch on the v # 0 part of the boundary manifold. In this case, Eq. (3.27) gives u = 2,
SO we may choose iy as the coordinate set. By symmetry, another choice is u — 1 for v # 0, so
that v = 92 and y gives coordinates on the patch u # 0. Obviously these two scalings give different
coordinates for the same point. The coordinate transformation between them is

(3.32)

<)
Il
S|y

Since the points on the boundary are defined only up to an arbitrary scale, we cannot inherit a
full metric from the bulk AdS,,. Nonetheless, the angles between vectors are well defined because
normalization eliminates scale, and we can therefore inherit a conformal structure from AdS,.
Finding out this structure is easiest in the (tu, { ) coordinate set. Notice that E does not carry the
scale t since it is defined as the ratio of v and . The boundary condition in these coordinates leads

to &V = (tu)~! = 5 , and therefore the inherited metric on the boundary is
202 o
(d52)boundary = gng (333)

which 1ndeed explicitly depends on the choice of scale. Now the cosine of the angle between two
vectors @, b in the tangent space of the boundary at (tu,tv,& ) is

tQUQZ S it
S N e SRR AP e AP

which is independent of scale. We may therefore take the inner product on the tangent space of the
boundary to be the same as that between the { components in the bulk AdS,,, which is in practice
either the Minkowskian or the Euclidean inner product. Since i = ug, it is easy to see that using ¥/
with the same inner product is equivalent.

In light of Eq. (3.34) we see that the AdS,, boundary is locally the flat n — 1 dimensional
conformal space. The change of coordinates in Eq. (3.32) is a conformal transformation, and we
should expect to see the full conformal group to manifest itself on the boundary. It is indeed
generated by the SO(2,n — 1) symmetry of AdS,,.

cos 9&‘5 =

(3.34)

3.4 The conformal group on the boundary

The goal of this section is to demonstrate that SO(2,n — 1) transformations acting on AdS,, act as
the conformal group on its boundary. We begin with a small overview of the conformal group.

In this section we denote vectors on the boundary 0AdS,, by Latin characters from the end or
middle of the alphabet, and vectors in the tangent space of JAdS,, by Latin characters from the
beginning of the alphabet. Even powers of a vector denote half the power of the dot product of a
vector with itself.

Let « € 0AdS,,. Then the conformal group consists of dilations:

r—2 =Xz, eR (3.35)
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and special conformal transformations, which are compositions of an inversion, translation and
another inversion, z +— 2’ such that:

T x”z%#—p, p € OAdS,
Xz

x" 5+ x+ 22
P o o= 2P L— (3.36)
x' (5 +p) 1+2z-p+22p
It is often convenient to leave the last inversion implicit:
x’ T

It is easy to see that the transformation (3.35) is conformal. To see that the special conformal
transformations are indeed conformal, start by implicitly differentiating Eq. (3.37) with respect to
%, which yields in components

oz’ 12 oz’ 1 I
x 2( gpm V) x Shx? — 2zt

or™
T = v . (3.38)
Contracting « in this equation by a vector a € T,0AdS,,, and using the transformation law
e — al,/# aa
ox®
for tangent vectors under a coordinate transformation, yields
' —2(d )" ata? — 2(a - z)z!
4 = 4 . (339)
x! T

Now contract the equation on both sides with the corresponding equation for another tangent vector
b to get

This easily leads to
) oy
av 17 (3.41)
R /a2b2 A /a/2b/2
which is a statement of conformal invariance under the transformation.
The infinitesimal versions of the transformations are
o =x(1+N) (3.42)
z o’ =x(1—2p-z)+ 2°p. (3.43)

Let us examine the effects that a Lorentz transformation A", € SO(2,n — 1) acting on R%"~!
has on the embedded AdS,, and its boundary. An infinitesimal Lorentz transformation can be

written as
AF, =68 4+ Wt (3.44)

where w" is an antisymmetric matrix °. Applying the coordinate transformation from the basis 3
tO (u7 v’ g)?

an oy,
v aya aylu B

(3.45)

®Notice that the w in Eq. (3.44) has one covariant and one contravariant index, so it is not, in general, antisymmetric.
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gives an infinitesimal transformation of the form

a 0 «
AF =68+ 0

v v

a , (3.46)
%ﬁ %O_Z Wn—1
acting on the coordinates (u,v, %), where & and 5 are column vectors and w,_; is the lower-right
(n —1) x (n — 1) submatrix of w",.

This transformation acts on the point (u,v,#) in the AdS,, space such that

+a
v(l—a)+ 37 . (3.47)

%(uﬁ—i— vad) + (1 4+ wp—1)y

QS g
!

The effect on points on the boundary of AdS, are given by the same formula, but whatever
convention we use for picking representatives from the projective equivalence classes of the boundary
points may not be respected. If, for example, we hold the convention that the point with v =1 is
chosen as the representative (in which case, since v = 2, we can parametrize the whole boundary
except for the point v = 0 with the vector ¢), the transformed point may have v # 1. We therefore
must explicitly enforce the convention by dividing by the transformed v = v(1 — a) + E - 4f, which

yields

3@ + (Lt wn1)i _ 3776+ @) + (L +wa1)i
Y = - = - (3.48)
v(l—a)+ (-7 l—a+pB-y
and further, using the fact that all the transformation parameters are infinitesimal
S 3 - T
7=90+a=3-9) +wn1f+ 5 (76 + ). (3.49)

2

With Eq. (3.49) we can analyze the effect of the transformation on the boundary. First of all, if
only @ is non-zero, we have

y—y+ =a, (3.50)

N =

which is a translation. If only w,_1 # 0,

Y= y+wn1y (3.51)
which is an infinitesimal, potentially Lorentz®, rotation. If only a # 0,

§ e 1+ a), (3.52)

so that we have an infinitesimal dilation. Finally, if only 5 is non-zero, we have the transformation

y—gl—p-9)+ 5172@ (3.53)

which is the same as Eq. (3.43) with the identification 2p = 5 , i.e. a special conformal transformation.

Therefore we see that the Lorentz symmetries of the embedding space generate the conformal
group on the boundary of the AdS,,”

5The sign ultimately sneaks in from the signature of the embedding R?>™ ! space through the w*, matrix
"Formally we would still need to prove that the infinitesimal generators commute as required by the Lie algebra of
the conformal group.
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4 Superstring theory, branes and Yang-Mills theories

The twist of the Maldacena duality is intimately related to the connections between branes in
superstring theory and Yang-Mills theories living on those branes. In this section we will look into
superstrings, supergravity and branes, as a motivation for the next chapter, where we get to the
Maldacena duality itself.

4.1 Superstring theory

We will review string theory here only extremely briefly, omitting all details. The fundamental idea
is to replace point particles with one-dimensional strings. Since the equation of motion for a free
classical point particle is the geodesic equation, which minimizes the path length of its world line
(or in spacetimes with Lorentzian signature, maximizes proper time), a natural generalization of the
action for a string is the one that minimizes the area of the world sheet swept out by the string
moving through spacetime. If the string has world-volume coordinates X#(z®), where indices p, v
etc are indices on the D-dimensional spacetime through which the string is moving, and z% € {o, 7}
are coordinates on the world sheet, with 2! = o spacelike and z? = 7 timelike, and indices «, 3 refer
to the world sheet coordinates, then its world sheet area is

A= / /] det o X105 X g, | dx (4.1)

where g,,,, is the spacetime metric and the determinant is taken over the «, 3 indices. The square root
makes this action difficult to quantize, but an action which is classically equivalent to minimizing

the area is T
S — -5 / h*P 9, X ,05X,+/| det h|g" d*x (4.2)

where 7' is the string tension, which is the only free parameter of the theory, and hqg is an auxiliary
field which may be interpreted as a metric on the world sheet. Using the equations of motion one can
eliminate the hog field and show that Eq. (4.1) and Eq. (4.2) are indeed equivalent. Quantizing the
action Eq. (4.2) by Fourier-decomposing the solutions of the wave equation resulting from minimizing
the action, promoting the Fourier coefficients to operators and imposing canonical commutation
relations (which then lead to commutation relations for the Fourier coefficient operators) on the
world sheet coordinates X, and their canonical momentum conjugates P = —gh” ‘9—.[:” = TXH
leads to the theory of the bosonic string. For the Lorentz-symmetry anomalies resulting from the
quantization to cancel, it turns out that D = 26 is required.

Unfortunately the bosonic theory has two problems which make it unsatisfactory: it has no
fermionic states, and the ground state of the string turns out to have negative mass squared, which
spoils causality. Both of these problems can be resolved by adding a fermionic degree of freedom on
the world sheet. The simplest action is

1 .
S=5— / (h*P 0y X 05X, + ith" p® Dby ) /| det h|d*a, (4.3)
where the p® matrices satisfy the Dirac-Clifford algebra in two dimensions, and o/ = ﬁ is the

string parameter. This action is globally supersymmetric, but usually local supersymmetry is
required on the world-sheet. This can be achieved by adding some extra terms to the action, which
can then be gauged away, resulting ultimately in the addition of some gauge-choice conditions. In
this superstring theory, the cancellation of Lorentz-anomalies on a flat background requires D = 10.
Negative mass squared, or tachyonic, string states appear also in superstring theory, but there are
five consistent versions of the theory where the tachyons may be projected away by the so-called
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GSO projection (This projection also generates space-time supersymmetry from the world-sheet
supersymmetry). They are known as type I, type IIA, type IIB and heterotic string theories, with
the heterotic string theory coming in two flavours, one with gauge group SO(32) and the other with
Eg X Eg.

In a string theory, we have the choice of using either open or closed strings, or both. Open
strings alone are not consistent, since there is always an interaction where both ends of two open
strings interact, forming a closed string. The string theory where we have both open and closed
unoriented strings is called Type I superstring theory.

For closed strings, the wave solutions of the string equations of motion contain excitations that
move around the string in anticlockwise and clockwise directions, called left- and right-movers.
In a theory with only closed oriented strings, it turns out we can choose what is essentially the
chirality of the massless ground states of the left- and right-movers independently, and that the
interactions do not mix the choice of chiralities. Choosing both to be the same gives type 1IB
superstring theory, and choosing them to be opposite gives type IIA superstring theory. In addition,
the boundary conditions for fermionic closed strings may be periodic or anti-periodic, and may also
be chosen for the left- and right movers independently. In a consistent string theory, both boundary
conditions must be present. Periodic boundary conditions are known as Ramond (or R) boundary
conditions and anti-symmetric boundary conditions are known as Neveu-Schwarz (or NS) boundary
conditions. Since we have separate boundary conditions for left- and right movers, the possible
choices of boundary conditions give so called RR, R-NS, NS-R and NS-NS sectors of the theory.

The one remaining consistent superstring theory is called heterotic. In heterotic string theory,
the right moving degrees of freedom come from a type II superstring theory (in this case we do
not need to distinguish between ITA and IIB, since we are dealing only with right movers) and the
left movers come from bosonic string theory. Of the 26 bosonic dimensions, 16 are considered as
compactified on a 16-dimensional torus so that the dimension of the whole theory is 10. [7]

4.2 Symmetries of superstring theory

In addition to the symmetries of its background, type IIB superstring theory also has two spacetime
supersymmetries, so it is an N’ = 2 supersymmetric theory. In ten dimensions this means that the
total number of supersymmetry generators is 2°/2 = 32. In type I superstring theory the open
string boundary conditions break half of the supersymmetries, leaving an N’ = 1 supersymmetric
theory with 16 generators. The type IIB theory does not admit any gauge symmetries per se
(although compactifying it on various manifolds can generate such symmetries), whereas type I
theory classically allows any Lie group as a gauge group, by introducing group theory indices called
Chan-Paton factors on the endpoints of the string. Quantum mechanically, SO(32) and Eg x Eg
are singled out as the only consistent gauge groups. [14]

4.3 Branes

Superstring theory has two superficially distinct concepts of branes. The first one is related to
boundary conditions of open strings [15]:

1. Neumann boundary conditions: 0, X* = 0, where o is the spacelike world-sheet coordinate,
on the endpoints of the string. This is a Lorentz-invariant condition, which physically requires
that no momentum must flow out of the ends of the string and that the endpoints must move
at the speed of light [14].

2. Dirichlet boundary conditions: The endpoint coordinates X* are constant. This boundary
condition is clearly not Lorentz -invariant, and is often ignored in pure string theory.
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The Dirichlet and Neumann boundary conditions can also be mixed. We can take Neumann
boundary conditions for p + 1 spacetime coordinates, and Dirichlet boundary conditions for the
remaining D — p — 1 coordinates. The endpoints are then free to move in the p + 1 directions with
Neumann boundary conditions, and are fixed in the remaining directions (the string itself is still of
course free to move in all of spacetime).

The p + 1 dimensional volume in which the string endpoints are constrained to lie on is called a
D-brane, D for Dirichlet and brane as a generalization of the word membrane. At first sight it seems
that the choice of Dirichlet boundary conditions introduces an unphysical and arbitrary object, and
that we should simply stick to Neumann boundary conditions. It was however shown in [16] (where
they also coin the term D-brane) that the D-brane actually arises from the toroidal compactification
of an open string theory. They showed that the compactified theory is a theory of closed strings in
the bulk and open strings with endpoints constrained on the brane. The closed strings interact with
the brane, so it is indeed a dynamical object, instead of an arbitrary choice of boundary conditions.

The other kind of brane in string theory is known as the p-brane. These are essentially solutions
to the low-energy supergravity approximation of string theory which have a singularity extended in
p space dimensions. A O-brane is a conventional black hole. A 1-brane is the string, the 2-brane is
an object with a singularity that is a 2 dimensional membrane, and so on. A p-brane may have a
charge related to a p + 1 -form gauge potential of the supergravity approximation. If the charge is
equal to the mass of the brane, it is called an extremal brane, and in this case the event horizon
surrounding the singularity becomes degenerate with the singularity itself. [15]

It turns out that p-branes which have a charge from the Ramond-Ramond sector of string
theory are actually the same objects as D-branes. They are therefore usually termed Dp-branes, to
emphasize the equivalence. [17, 18, 19].

We will now calculate explicitly the Dp-brane solution from the supergravity approximation of
type IIB superstring theory.

4.4 Finding the Dp-brane solution
We start from the action of type IIB supergravity theory. This is given by [12]:

_ . 10 —2¢ "y 1 1.5
S = 8167TG10/d T !9(6 (R + 49" 0,60, ¢) 2Xn:n!Fn+... : (4.4)

where ¢ is the dilaton field, F), are the RR sector field strengths, s is the signature (-1 for Minkowski).
The dots represent omitted NS-NS sector field strength tensors and fermionic fields, which we will
not be concerned with. This truncation is consistent in the sense that solutions of the equations of
motion for this action are also solutions to the equations of motion for the full action [20]. For the
IIB string theory, there are only field strengths with n odd. In order to make calculations easier, we
carry out a conformal transformation to the Einstein frame, which may be defined by requiring that
the metric contains a pure Einstein-Hilbert -term \/@R (the issue of the physical significance of
such transformations is discussed for example in [21]). The conformal transformation which takes
Eq. (4.4) to the Einstein frame is

1

Juv — e_§¢guu- (4.5)
The Einstein frame action is then [12]
S 1 1 1
5= 5o / AP G{R ~ 59" 080, — 5 3 PR}, (4.6)
n

We will show that this action has a classical solution of the form expected for a Dp -brane,
and specifically study the D3 -brane metric in more detail. It is generally expected that the these
solutions extend to a solution of the full string theory, with order o/ corrections [20].
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4.4.1 Equations of Motion

To obtain the classical equations of motion, we use the Palatini method, which essentially amounts
to treating the metric and the connection as independent variables. The Palatini method works
in the Einstein frame, since the Einstein-Hilbert -term appears in the action without directly
coupling to any fields. This saves us the trouble of breaking down the Ricci scalar in Eq. (4.6) to its
representation in terms of the metric, which would involve a large amount of terms.

In terms of the metric and the connection, Eq. (4.6) becomes

S D v A A 1 v
5 = 262 /d zy/g{g" <8PFZV — 0T, + T8, T — Fﬁvrﬂp) = 59" 0u0u9
1 1% 1% 1%
- 2n'ean¢gu1 g g E i B} (4.7)

where we have, for simplicity, considered the case where only one Fj, is non-zero. Varying this with
respect to the metric gives

55 S D 1 1
5g°f T2k /d ™t <_29°‘59W T 5555) R py = 5009059
1
- ﬁean(ﬁ(Fa VZVSWVHFﬂVWSWVn + Fyla VS..'VnFV15V3~~~un +oe
1 1 1
+ FOTTT, Foivgevn 18) + %ean(ﬁggaﬁpﬁ + Zgaﬁa“éﬁam}\/wgaﬁ- (4.8)

The terms involving the components of F}, can be combined to give nF, "2"3""" Fg,, ..., using the
total antisymmetry of the two-form F;,. The classical solution is obtained by setting the term in
curly braces to zero. Contracting the a and 3 indices on the resulting equation, we find the Ricci

scalar to be
and 2n— D

2—-D
Substituting this back to the equation (and renaming indices for convenience) gives the final form
of the first equation of motion:

1 1

Rt = 53‘%31/@1) + 27“e“”‘i’(nF““Q“Sm“"Fuuzus---un - 55D _ 2F'3) (4.10)

The second equation of motion is obtained by varying Eq. (4.7) with respect to ¢. This leads to

the equation

an

9,(\/99" 0, ¢) = %eng. (4.11)

1
V9

For the F,, variation, we must remember that since it is a field-strength n-form, the dynamical
variable is not F;, itself but an n — 1 -form tensor potential A,,,;...., such that F' = dA, or in
components Fj,, oy, = ﬁﬁylflm%...un. This gives

Ou(y/getm Frvivainy = (), (4.12)
Finally the variation with respect to the Christoffel symbols gives no new information, but only

restores the standard relation between the metric tensor and the metric connection. For a derivation,
see for example [22].
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4.4.2 The brane solution

Now that we have the equations of motion, we may start looking for solutions. The types of solutions
we want are such that the geometry has a Poincaré symmetry in p + 1 -directions corresponding to
a brane with p spacelike dimensions and a timelike dimension, a radial direction, and a spherical
symmetry in the remaining D — p — 1 dimensions. A diagonal metric satisfying these symmetries is

p
ds® = sB%dt* + C* ) (da')® + F2dr® + G*r?dQ]_, (4.13)
=1

with all coefficients depending only on r, where dQ?l_l is the metric of the unit sphere S4~!, with
the metric matrix v = diag(1, sin ¢1, sin ¢ sin @9, - - - ,sin 1 sin ¢g - - - sin ¢4_s). The coordinates are
then z* and ¢ for the brane and y® for the directions transverse to the brane. We also use the set
(r,¢1,- -+, ¢pg_1) with 72 = Zizl(ya)2 and ¢, being the angular coordinates on the surface of the
(d — 1)-dimensional sphere. The total dimension of the space is then D = p+1+d, and s determines
the sign of the timelike dimension and therefore whether we are dealing with a Lorentzian or a
Euclidean manifold. We also require that the metric tends to flat as » — oo, or equivalently that all
the coefficients tend to 1 on that limit.

In order to find a solution, we take the ansatz where all the coefficients of a metric are of the form
Eq. (4.13) and all the fields are functions of the radial coordinate r only (the geometric variables of
course may also depend on the angular coordinates on the unit sphere), and in addition the electric
field tensor F,, is of the form

Fiiyig-ipr = €iyigipk (1), (4.14)

and therefore obviously n = p 4+ 2. The indices ¢ and r here mean that the specific index must
be the one referring to the ¢ or r coordinate respectively. Indices i mean that the corresponding
index must be one of those referring to the on-brane coordinates z*, and ¢ is the covariant fully
antisymmetric rank-p tensor. Due to the antisymmetry of F), it is fully defined by Eq. (4.14).

We can now write the equation of motion for F),, Eq. (4.12), in a more explicit form. Raising all
the indices of F' with the inverse metric gives

Ftilig---ipT — gt,uogh,ug . gipupgrprrl Ful--~up+1 — gttgiljl . gipjpgrrﬁjljgmjpk(?”)
S L
~ B2O2f? e E(r), (4.15)

where the indices j; go through the brane coordinates x’, and é1%2% denotes an object which is
numerically exactly the same as €;,4,...;,, but with upper indices for notational clarity 8. Note that
it is then not a rank-p contravariant tensor (which is why we write it with a tilde).

With the observation that

Vg = BCPF(Gr)* /vl (4.16)

where || is the determinant of the metric on the unit sphere, the equation of motion for F, gives
S d—1 _a¢ ) _

0, <T (G e k() = o0, (4.17)

which leads to
Q

_ ep— 00 p
k(r) = se **BC F(Gr)d_l

(4.18)

where @) is a constant of integration.

8We do not apply the Einstein summation convention to pairs of indices that are both superscript or both subscript.
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We will later need the results

- Q?
F2 = nlFy..pp F127P" = nlse 2“¢m (4.19)
and 0
FM§2§3'“§7LFVEQ€3M£" = (’n, — 1)!86_2a¢5ﬁ (G?")Q(d_l) ’ (420)

when u,v € {t,1,2,--- ,p,r} and else 0.
In order to work out the equations of motion for the metric, we need to compute the Ricci tensor.
We will do this in the vielbein formalism. Since the metric is of the diagonal form

D—-1
ds® = 5(A0)*(d=°)% + > (A,)*(dz")? (4.21)
=1

=

where {z,} = {t,z',r, ¢*}, we can write the vielbein as

el = A, (4.22)

with A, = (B, C,---,C ,F,Gr,Grsin¢;,Grsin¢;sin¢s, -+ ,Grsin gy sin gy - - -sin p4_2). We de-
—_———

p components
note flat indices by Latin letters or Greek letters with an overbar. Then the metric tensor is

G = nabel‘je’; = NuwAuA,, no summation over i, v on the r.h.s. (4.23)

We denote the inverse vielbein by Ef = A#* = A%L'
Now the spin connection can be derived from the requirements that it is compatible with the
metric and torsion free [23]:

why = —u’ (4.24)

a

T = de® 4wy Ae’=0. (4.25)

The wedge product of two 1-forms is a A b = a,dx? A b,dz” = %(auby — ayby)dx? A dx¥, where the
dx* are basis 1-forms. The wedge product of basis 1-forms dx*, dz” is a basis 2-form dx* A dz¥ =
—dx” A dx*. The exterior derivative of a 1-form is da = 0 a,dx* A dz¥. Using Eq. (4.25), we have

1
0 = Oueydxt N dx” + i(wabuef’, - wabyeZ)d:p“ A dz”. (4.26)

Since the vielbein is diagonal, only the v = a term of the first sum survives. Picking a term with a
fixed a and a given component of the 2-form gives (note that due to the antisymmetry of the basis
2-forms, two terms of the u, v sum always contribute to the single 2-form component, canceling the
1/2 in front of the wedge product)

OpAa +wy Ag — w0 A =10
1
= W = = Ouda. (4.27)
Ay

The index p appearing on the left with an overbar and on the right without an overbar means that
the same index must appear on both sides of the equation, but on the left it is a flat index and on
the right it is a curved index (which is made flat by the factor A%ﬁ which is the inverse vielbein E;—f ).
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We will follow this convention throughout this section. Via the metricity condition (we have to set
this explicitly, since we already used it in deriving Eq. (4.27))

; 1
Wk, = —A—MauAa. (4.28)

Since the vielbein only depends on r and the angular coordinates on the sphere, the non-zero
components are

- 1
wWh, = W= F&Aa and
y 5 1 cos ¢ A
R = 2K 2% when | > k, 0 otherwi 4.29
W W™ a, Ao = G A, when [ > k, 0 otherwise. (4.29)
The curvature 2-form is
RY, = dw® + w Aw = R%,,, dz" N dz”. (4.30)

In order to extract the Ricci tensor from here, we need to make the p index flat with the vielbein.
We also flatten the index v (In the following, the p sum is denoted explicitly since it involves an
extra subscript index, whereas the Einstein summation convention still applies to the ¢ sum. We
will follow a similar convention systematically.):

Raﬁ — Ruaﬁﬁ — Z A A Hw aywﬂau + wucuwcay _ Wucywca,u)' (431)

It is easy to see here that the Ricci tensor is diagonal, so we only need to consider the v = a terms.
In addition, the v # r, ¢; terms are independent of the w? by Components of the spin connection,
and we have

1 1,1 1 1 )
Roo = o | -Fogoa YT LLloa, ( FarA,,>+F2<arAy>
pET
1 F . A,
= o5 |~ OO log A, =) (9rlog A,)(0rlog A,) + (0, log A,)?
v ptr
= —% (log A,)" + (log(F 1HA '(log A,
pFET
1
= ——5 (0 4,)" + (log (1)) (l0g 4,)') . (4.32)

with prime denoting a partial derivative with respect to r, and f defined as
fri=t = BCPF~Y(Gr)* 1. (4.33)

Note how the ¢; dependencies cancel in the logarithmic derivatives.
When v = r, different terms contribute and the result is

Ber = ;2 ((tog(Ff191))" + ((tog BY)? ~ (1og F) (log(F 1))’
+p((log C)')* + (d = 1)((log Gr)')?) (4.34)
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The v = ¢; components gain terms of the same form as Eq. (4.32), and additionally the ¢
derivatives now contribute the extra terms

1 bk Pk o3 be o) be
Z m <a¢kw huor 8¢lw P19k tw ‘bﬂ‘bkw didr w ¢c¢lw ¢>l¢k)
k

d—1 -1 -1
_ 1 9 cos ¢y, Ag, 0, cos ¢ Ag, N Z cos? be Ag, Ag, n Z L cos? D Ai,s,
k=I+1 Ay Ay, "singp Ag, "singy Ag, =1 sin” g Aic =1 Aiz sin g Aic
2
1 li 1—(d—2—k)§as d—1-1 (435)
G2r? | £ sin® ¢y sin® ¢o -+ -sin® gp 1 sin® @1 sin® go - - -sin® ¢y '

The term in brackets equals d — 2. This is easily seen for [ = 1 (the sine product is 1 for 1 = 1, and
the sum is empty), and if the claim holds for the /:th term, then

-1 cos? ¢
1_(d_2_k)sin2¢: —d_9_ d—1-—1
sin? ¢ sin? ¢y - - - sin® ¢ B sin? ¢ sin? ¢ - - - sin® ¢

1 1 2 k-1 1 2 -1

I+1)— 2
N O 1 (d—2— k)55t d—1-(+1)

Py sin? ¢q sin® ¢ - - -sin® ¢ sin? P1 sin? ¢ - - - sin® ¢(l+1)—1
2 2

B li 1—(d—2—k)% 1—(d—2—l)% d—2_1

pt sin? ¢ sin g - - -sin? ¢, sin? @y sin® g - --sin g1 sin? ¢y sin? o - - - sin? ¢y
= d—2 (4.36)

and therefore it holds for all { > 1.
Combining all this and raising the first index gives the final form of the components of the Ricci
tensor.

Ry = —25 ((ogB)" + (log(fr"™")) (1og BY )
R =~ ((ogC) + (log(7r")) (log CY )
Ry = iy ((log(FFr=)" + ((log BY)? ~ (g F) (log(Ffr "))
+p((l0g C))? + (4~ 1)((log G ?)
_ F2
Ry = =gz (QogGn)” + Qo)) Oog Gry — (4~ D) g 5
(4.37)
Converting the indices in Eq. (4.9) to flat gives
R, = 4ELRM, = 60RM,, (4.38)

since the vielbein is diagonal. Then, using Eq. (4.9), Eq. (4.37), Eq. (4.19) and Eq. (4.20) we get
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the equations

2
- ((log BY" + (log(fr¢1)Y (log B ’) = s(d— 2)%, (4.39)

2
F1’2 ((log C)" + (log(fri=1)) (log C ’> = s(d— 2)%, (4.40)

—% ((log(Ffv"d‘l))” + ((log B)')* — (log F)' (log(F fr*~"))

2

p((log CY)? + (d—1)((log Gr))?) = s(d—2) 7
For@P (441

2 2
_% <(log Gr)" + (log(fr*1)) (log Gr)' — (d — 2) G§T2) = s(p+ 1)%, (4.42)
"+ &' (log(frih)) = ans(D—2)K* (4.43)

where
1 a 2

K% = 2D )" n¢(Grg<d—1>F2' (4.44)

We will not attempt to find a general solution to these equations, but will instead specifically
look for a brane solution of the desired form. We start with the ansatz

log (%) = cplog f, log (Z) =crlogf, (4.45)

where c¢p and cp are to be determined. This, combined with Eq. (4.39) amd Eq. (4.40), leads to
B*\" B\’ d—1
(106 + (1og &) tlou(rr ) = cu (g 1" + g ) (0w £+ 1 )

o252

d—1
= fl/ + f/ . — O (446)

This has the family of solutions

C
f= —Td_IQ + O, (4.47)

where C7 and C5 are constants of integration. Since we demand that f — 1 as r — oo, we pick
(5 =1, and write the solution as

B o\ 4—2
f_l—(r) . (4.48)
Let us further write OF
— opHld=2 _ =7 _ rl—(cp—cr) 4.4

and then, using Eq. (4.40) and Eq. (4.42)

(log CP*1)" + (log CP*Y (log(fr*~ 1))’

+(108(GrY*2)" + (lo5(Gry*=) (log frd — 1) — (d— 2 o
= (logg)" + (logg)'(log fri=1) + ? [(log )+ ? <1 — g)] =0. (4.50)
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CoN 2ep+1
A solution is given by g = 1 or equivalently cg — ¢p = 1, which leads to <1 - (%O)d 2) T= 1

and therefore cp = —1/2, cp = 1/2.
Using this on Eq. (4.45) allows us to re-write the F2/G? term in Eq. (4.42) in terms of f, which
gives
(log G)" + (log G (log fri=1Y = s(p+ 1) K2 (4.51)

Adding this to Eq. (4.43), multiplied with factors to cancel the right hand side, leads to

+1 +1 _
((Ln log G — %(ﬁ)// + ((In log G — %QS)/(lngTd 1)/ =0

and therefore b
¢ =log Grit ", (4.52)

Now we can reduce Eq. (4.51) to a function of G only, which gives us a differential equation for G:

— s (p+1)Q? S .
1- (%O)d_z ] 2(D — 2)r2(d-1) (1 _ (%O)d—2> ) (4.53)

where A = (d—2)(p+ 1) — 2(D — 2)a?. We take the ansatz

G = (1 - <ﬁ>d_2> ’ —HAH=1+ <ﬁ>d_2 (4.54)

with A and h to be determined. After some computation this gives

el (G/)2 G |ld—1- (7’0
G @ TG

1
A= 22 (4.55)

A
A 2
R

. Ny
G=H% = (1 + <r> ) . (4.57)

With the relations we have established, we now know all other components of the metric except C.
This can be solved by adding Eq. (4.40) and Eq. (4.51), multiplied with factors such that the right
hand side is eliminated, to yield (as one solution, which we choose here)

(4.56)

and therefore

d—2
CGrit =1. (4.58)
Then the final metric is
p
ds? = H25 (s fdt* + Z(dmi)2> +HYE (7?4 r2d03 ). (4.59)
=1
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4.4.3 The extremal D3 -brane

The charge @, which appeared as a constant of integration in Eq. (4.18), is related to the number
N of coincident branes by [12]

(2mls)*

= Ny,
Q g 0

= 16N g, li, (4.60)

where £, is the string length and 25 is the volume of the 5-d unit sphere.
The D = 10, p = 3 case is the D3 -brane solution. The compactification sphere then has
dimension d = 6. Setting rg = 0 is the extremal solution, and the metric becomes

a5 = 07 f:17 A:(p+1)(d_2):167

hd72 — Q72
1
1

H:

W
S

.
Q\ " o Q\"”
ds* = <1+> (sdt2+Z(de)2)+<1+> (dr® 4 r*dQ23) (4.61)

4rd — 4rd
1=

Let us then define the variable U = r/£2, and go to the limit where » — 0 and ¢? — 0 in such a
way that U becomes the meaningful variable. Then Eq. (4.61) goes to

ANgem\ 2 S ANgem\ "
ds® = ( g ”) (sdf® + 3 (da')?) + (M> (02U + U*¢4d032)
=1

2L 2L
= ¢ UZd*Q LZdU2 L2d0? 4.62
= Kl $4+m + 5 (4.62)

with L2 = /AN gy and dz? is the Euclidean or Minkowski metric, as determined by s. Rescaling to
remove the singular £2 and multiplying by L? brings the metric to a form which is clearly a direct
product of a 5-sphere and the AdS5 metric Eq. (3.23), both with radius L?:

> L

ds =1

dU? + U2dZ2 + L*d02. (4.63)

4.4.4 The non-extremal D3 brane

If we take 7o # 0, we have a non-extremal D3 brane. We can then go to the near-horizon limit
and let rg — 0 in such a way that ro/r remains meaningful. Writing this in terms of U and a new
parameter Uy replacing rg, the metric becomes

2 L4 U4 1 2 2 U4 2 2 4 2
ds* = W(l — 73)_ dU? +U [s <1 - Ug) dt +d53} + L*dQ3. (4.64)

This is the metric of a black hole in AdSs x S°, with the event horizon at U = Uy. This event
horizon originates of course as the event horizon of the black p-brane.

4.5 Branes and gauge theory

On a stack of N branes on top of each other, an open string going from one brane back to itself
or another brane on the stack has two indices from 1... N determining the starting and ending
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branes. Such indices related to the ends of open strings are called Chan-Paton factors. The quantum
states corresponding to such open strings must carry the corresponding indices, and therefore
become N x N matrices. It turns out that these are U(NN) matrices, corresponding to a local gauge
symmetry. The U(1) part factorizes out for most purposes, leaving an SU(N) symmetry. [14]

The SU(N) degrees of freedom on an extremal D3 brane generate, in the low energy approxi-
mation, an ANV = 4 super Yang-Mills field theory. While an exact proof is beyond the scope of this
discussion, it is already suggestive that if we take the N’ = 1 supersymmetric gauge theory, which
must exist in the bulk as a part of the supergravity theory, and dimensionally reduce it to take
place on the brane, we end up with the A/ =4 SYM, as seen in section 2.4.

It is also interesting to consider what are the consequences of letting the brane be non-extremal.
In such a case, according to the Bekenstein-Hawking conjecture, there must be a temperature related
to the horizon. As a matter of fact, this temperature indeed becomes the temperature of the field
theory. We will return to this several times in later sections.
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5 The Maldacena duality

In the previous section we saw that the low energy theory describing the interactions of the ends
of open strings bound on a stack of N D3 branes is the N' = 4 super Yang-Mills theory with the
gauge group SU(N). Since the energy of a string is coarsely proportional to string length, we see
that low-energy means short strings that do not venture far from the brane. On the other hand, we
saw that spacetime geometry near the brane is that of an AdSs x S°. So it seems that as long as
the geometry is anti de Sitter, the open strings bound to the branes form a SYM theory. What
if the space is made to have an AdSs geometry throughout, not just near the brane? This idea,
combined with the fact that type IIB string theory on an AdSs x S°, with the S® compactified, has
a set of symmetries that is isomorphic to those of the N' =4 SYM theory, leads to the Maldacena
conjecture [1, 2, 3|:

Type IIB string theory on an AdSs x S° background with N units of five-form flux through
the sphere S°, is exactly equivalent, or dual, to the N' = 4 super Yang-Mills theory on a four
dimensional flat Minkowski space, with the gauge group SU(N). The identification between the
two theories is defined by the equation

(exp / 600) sy ar = Z[B(E,0) = bo(®)]string: (5.1)

where O is an operator of the SYM, the expectation value on the left is with respect to the SYM
action, z is the radial coordinate such that the boundary is at z = 0, & represents the rest of the
coordinates and therefore also parametrizes the boundary (for example in the fashion described
in section 3.3), ¢(, z) is a field of the string theory that is dual to the operator O, ¢¢(¥) is an
arbitrary prescribed field on the boundary and Z[¢(Z,0) = ¢o(Z)]string is the partition function
of the string theory, with the constraint that the field ¢ must tend to ¢y on the boundary. The
relation between the couplings of the theories is

gs = g}%M, L = 47TgsNo/2, (5.2)

where g, is the string coupling constant, gy s is the Yang-Mills coupling, N is the rank of the gauge
group SU(N) or the quantized amount of 5-form flux on the 5%, o/ = 31~ = (?/2 where [ is the
zero-mode length of the string and T is the string tension, and finally L? is the radius of both the
5% and the AdSs.

This prescription allows us to find the expectation values of the operator O from the string theory
partition function by taking functional derivatives with respect to ¢g on both sides of Eq. (5.1). The
¢p field acts as a source term on field theory side, such that each functional derivative brings down
a factor of O. Setting the ¢q field to zero in the end then recovers the operator expectation value:

(O(F1)...0(&)) = 5%‘241) ...5%5%) /dXexp(/ $00) exp(i/ESYM(X))]

(
1) 1)
Spo(Z1) ~ 0o(Zy)

¢0=0

/ dY exp(Sstring(Y))
G

: 5.3
b0 (5.3)

where G = {¢(Z, z)]lir% d(Z, z) = ¢o(Z)} is the set of functions over which the integrations range
Z—>

and dX and dY stand for functional integration over all fields of the SYM and string theories,
respectively. Notice that the functional derivative on the right is with respect to a variable that
defines the integration domain, which may not be so easy to define generally. Practical calculations
involve the classical approximation, though, and in this case the functional integral reduces to
picking out the solution that minimizes the action, so one may simply solve the classical problem
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for a general ¢g and then take the functional derivative as usual. Also one or both of the integrals
may be divergent in the general case, but this is to be expected since a QFT usually requires
renormalization. If the conjecture holds true, then renormalization on one side should somehow
define the renormalization on the other side. This is addressed in [24].

Notice that in this formulation, the D3 brane that inspired the conjecture has been entirely left
out. The SYM theory lives on the boundary of the AdSs space, which contains no branes at all.
Only the geometry near the brane has been taken as an ingredient of the duality.

The part left to define in order to make concrete calculations is the correspondence between
operators on the SYM side and fields on the string side (or AdS side, which we will use as a more
generic term once we start approximating the string theory with various low-energy descriptions).
Right away we see that the fields and their corresponding operators must have conjugate quantum
numbers in order to form singlets for the functional integral. Especially the product of the scaling
dimensions of the boundary field ¢g and the boundary operator O must be d — 1, so that the action
is invariant with respect to scaling.

5.1 Comparing symmetries

The first evidence for the Maldacena conjecture comes from the symmetries of the two theories. First
of all, both have the same conformal symmetry, since the SYM lives natively on four dimensional
Minkowski space, and is a conformal theory, whereas the boundary of AdSs has only a conformal
structure (as opposed to having a complete metric structure) as we have shown in section 3.4, and
therefore any theory defined on the boundary must have four dimensional conformal symmetry.
The string theory also has extra dimensions that form an S°, which gives it an SO(6) symmetry.
The corresponding symmetry on the SYM side is the SU(4) ~ SO(6) R-symmetry rotating the
supercharges. Finally both theories have 16 unbroken supersymmetries (the background metric
breaks half of the 32 supersymmetries of the string theory). These groups combine to a SU(2,2|4)
supergroup on both sides.

5.2 The large N and large ’t Hooft coupling limits
From Eq. (5.2) we see that the 't Hooft coupling is

A= g,N. (5.4)

Now the limit with A constant and N — oo corresponds to gs — 0. Therefore on this limit only the
first term in a loop expansion of string theory survives and we have a classical string theory. On
the other side we have the large N limit of the full quantum SYM theory. On this limit the duality
is between a classical string theory and a fully quantum mechanical field theory!
We also see from Eq. (5.2) that \
L
A= e~ (5.5)

and hence that the strong 't Hooft coupling limit A\ — oo with the radius L kept constant corresponds
to the small o/ limit on the string theory side. Since the masses of the string theory non-ground
state excitations are proportional to o/, this is the massless limit of string theory, which is the
corresponding supergravity theory.

Combining both of these limits gives us a method to calculate observables in the large N and
strong coupling regime of the N = 4 SYM theory by solving problems in classical supergravity.
Since the strong coupling limit of field theories has previously been accessible only to numerical
lattice calculations, this is a very powerful result.
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Fig. 1 is a schematical depiction of various limits of the string theory with respect to the variables
of its dual field theory.

We can also conjecture the duality on any of these limits individually. One can then consider if
any of the following conjectures are true:

1. N'=4 SYM is dual to Type IIB string theory on AdSs x S°.
2. The large 't Hooft coupling limit of ' = 4 SYM is dual to Type IIB supergravity on AdSs x S°.
3. The large N limit of N' =4 SYM is dual to classical Type IIB string theory on AdSs x S°.

4. The simultaneous large N and large 't Hooft coupling limit of N' =4 SYM is dual to classical
Type IIB supergravity on AdSs x S°.

As we have established, conjecture 1 implies all the rest and conjectures 2 and 3 together imply 4.
Except for symmetry arguments, most direct evidence in favour of the duality is actually evidence
only for conjecture 4. This is because that is the only limit where explicit calculations have been
made.

Classical

Classical string supergravity

A

Supergravity

0 >
0 A [o%e)

Figure 1: A schematic on the various limits of the string theory dual to the N' = 4 super Yang-Mills
with respect to SYM parameters.

5.3 The classical supergravity limit

On the supergravity limit, the action on the right hand side of Eq. (5.1) is that of type IIB
supergravity. If we go at the same time to the classical limit, the functional integral picks out the
classical solution only, which is the one that minimizes the action. We have then

(exp( [ O60)) = expi [ Lsugra(6(60) (5.6)

where ¢(¢p) is the classical supergravity solution expressed as a function of the boundary field ¢y.

In general, finding the classical solution with arbitrary boundary conditions is still a formidable
task. We will instead attempt at first to find a solution to the simpler problem of free fields in the
AdSs; background with the given boundary conditions. Since the equation of motion for a free field
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is linear, it can be written in the general form D,¢(x) = 0, where D, is a linear differential operator
acting on the coordinates = = (Z, z) and ¢(x) is the field. If we then have a function K (¢, Z, z) such
that

D,K(y,Z,z) = 0, when z#0,
limK(ﬂaj’?Z) = 5(£_g)7

we can construct a solution with the boundary values ¢y (%) by decomposing it as

o) = / A7 do(K (7.7, 2) (5.7)
so that
lsg 0(72) = [ 45 60(9) iy K(7.2.2) = [ 45 ()50~ ) = 60(2) (5.9
and
D,6(#,2) = D, / A7 do(D)K (7,7, 2) = / A7 ¢o(§) Do K (5. 7,2) = 0. (5.9)

This is of course just the familiar method of Greens functions, except now with the twist that the
inhomogenic term is defined on the boundary instead of the bulk space.

5.3.1 Massless scalar fields

The simplest case is that of a free massless scalar field. In a background with the metric g, the
equation of motion is .
DD (x) = %au (Vgd"o(z)) = 0. (5.10)

If we pick the Poincaré coordinates as defined in Eq. (3.24), denoting ¢° = z,g = Z, the metric
tensor becomes g, = Z%nm,, g = Z%, g = 2?n*. The easiest way to derive the propagator is to
use symmetries. The conformal Minkowski space on the boundary of AdSs is compactified by a
single point P at infinity, so we may first look for the propagator which produces a delta function
on that point. The propagator cannot depend on the ¥ coordinate due to translation invariance, so
Eq. (5.10) reduces to

d 1 d

dz z4-2dz
The ansatz K (z) = cz® then leads to a(a + 1 — d) = 0. The solution o = 0 is constant and cannot
have a delta function singularity at infinity. The propagator for this special case is then

K(z)=0. (5.11)

K (00, &, 2) = c2¥7L, (5.12)

where ¢ is a normalization constant. The conformal invariance of the boundary theory allows us to
find the propagator with a delta function at the origin. The mapping

Z a%’ T % (5.13)
where 22 = 2% 4+ #2, induces the mapping
. z

on the boundary, which is a conformal transformation and also maps the point at infinity to the
origin (here we enforced the condition that u = 1/z =1 to fix the coordinates on the boundary, as
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in section 3.3). It is also an isometry of AdS,. Let a,b € T,AdSy and x’ = x/22. Then the tangent

vectors transform as
oz’  atz? -2z - azt (5.15)
= a = .
ozv z?

and, denoting a#b"n,,, = a - b, their inner product becomes

a™

1 a-bat 1

/ / v __ — — v

gpatt” = (/a2 ( - ) = ;a-b—gw,a“b . (5.16)

In the embedding space, this corresponds to the reflection y° — %, y® — 3y, y™ — —y™, as can be

seen by solving for the y coordinates in terms of the set (z,Z) and the AdS,; condition Eq. (3.21).
Applying the transformation to Eq. (5.12) gives

d—1

K(0,%,z) :c( z

21 2)d1 (5.17)

That this satisfies the Laplace equation in the bulk can be verified by direct calculation. The delta
function property can be seen as follows: when & # 0, the propagator clearly converges to zero as
z — 0. On the other hand, the integral over the coordinates Z is independent of z, since

N P (U B (U F N S RT
(22+£2)d_1 (22_1’_2/21?‘/2)(1—1 (1+f12)d—1 C, '

where the last equality defines the normalization constant ¢ introduced above. Therefore the integral
over any set including the point ¥ = 0 goes to 1/c as z goes to zero, so the propagator indeed
becomes a delta function at this limit. Now an application of translation invariance on the boundary
gives the full propagator:

Ld—1
K(y,2,z)=c — 5.19
( ) (22 + (Z — §)2)d-1 ( )
and the classical solution is
o Hd—1
¢(z) = C/dyéo(y) EENEET D=t (5.20)

We now have enough data to form the n-point functions of the operator corresponding to the
scalar field. The scalar action is

I60) = = [ d's V0,000 =~ [ a's (0, (/G00"0) — 00,(VGO"9)}.  (5:21)

The last term vanishes by the equation of motion. The total derivative term becomes a surface
integral, which is non-zero at the boundary z — 0. Setting z = € for now to suppress divergences,
we have

Io0) = 5 [ 47 = 12(z,2)0.0(7. ). (5.22)

Evaluating the derivative of ¢ and using the fact that 2 is small, so that we may pick only the terms
proportional to the highest power of z, gives

. R _ 1o _, 1
lim 0.(, z) = c(d - 1)2472 /dd Ly ¢0(y)W- (5.23)

The ¢(Z, z) term in the action becomes simply ¢o(Z) on the limit z — 0, and the action becomes

I(60) = _C(d; 1) /dd—lf i1y Po (L) o (¥) (5.24)

@@
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which is non-singular, so we have taken the limit z — 0. Inserting this into the master formula then
gives

—f — _ 9 0 C(d_ 1) —1= —1 - ¢ (f)QS (37)
OO = | 550 500 @) eXp( s ety ey g)zown)] oo
- _dd-1) (5.25)

(a_:” _ gv)z(d—l) ’

This is exactly the result for the 2-point function of a conformal operator of scaling dimension d — 1,
which is fixed in the field theory side by conformal invariance [11]. As expected, the propagator
derived by a classical calculation is indeed characteristic of a quantum theory.

The 3-point function is zero, but the 4-point function is

@000 = -1 (G g

1 1
(@7/ _ :g/)2(d—1) (5’/ _ w/)2(d—1)

+

1 1
+ (7 — :,7/)2(d—1) (7 — w/)Q(d,l) ) (5.26)
which is simply the 4-point function of a free field theory, as expected.

5.3.2 Massless abelian gauge fields

We will now compute the propagator for a massless abelian gauge field A, with the equation of

motion 1
—0 gFW =0, 5.27
f; H(\[ ) ( )

where

Fu = 0,4, — 0,4, (5.28)

as usual. In this section Greek indices go through the full set {z, ¥}, with 0 being the z —component,
and Latin indices run over components of Z. The gauge field actually defines a 1-form A = A, dx#
in d dimensions. The boundary limit of the 1-form must be a 1-form in d — 1 dimensions, which
means that the radial component proportional to dz must vanish. We are then looking for a set of
gauge propagators K*(, Z, z) such that

lim K'(¢, %, 2) = 6(Z — #j)da’, (5.29)

z—0

that is, the propagator must tend to a delta function on the ith component and to zero on all
other components. We use again the trick of constructing first the propagator where the delta is at
infinity, and argue that it must again be independent of other components than z:

K(co, T, 2) = f(z)dz'. (5.30)

Notice that the index of K denotes the component of the boundary field that we want to be non-zero.
This function must satisfy Eq. (5.27). We calculate

Foi = 0.f(z) = f'(2),
\/§F0i — 24_df/(2),
D.(VgF") = (4—d)27 U (2) + 220" (2) = 0. (5.31)

36



Clearly if f(z) = 2z°, then both terms in Eq. (5.31) are of the same power, which gives a constraint

on «. We have

ala+3—d)22"" = 0=a=d-3
Ki(co,Z,z) = 2¢473dat. (5.32)

Application of the same inversion as in the previous section gives the propagator to the origin of

the boundary:

o
22 4+ 72

2 d—3d 2
<z2+f2> <22+f2>

d-3,i d-3

P 1 z ;
(22 +52)d73d <z2 +52) T (22 +52)d72dx1

q Zd—3xz B d(zd_g’mi)
(22 + 72)d—2 (22 + 72)d-
Z 1

dz’

2
d—3 i d—3
— d
(22 +22) <(z2 + £2)d=3 (22 + 22)4-2
q de?)xi B d(zd73$z)
(22 + 22)d=2 (22 + 22)d=2
d=3 43 i 1 27 i
S d< j’Z)d—Z) + (22 +52)d—2d33

N, o~
N
[N}
+

293 1 d(zd*3:ci) 2043 i
d — + dx
d—2 (22 + 72)d-2 d—2 (22 +32)4-2 (22 4 72)d-2
d—3

1 20730 d—3 1 d—4, i d-3 74,
d—2d<(z2+£‘2)d—2>+d—2(z2+:ﬁ’2)d—2<_Z r'dz + 2 d:c).

The first term on the final line is a pure gauge term, which we transform away. Using translation
invariance and dropping the constant factor, the final propagator is

2d=3qrt — de4(xi _ yz)dz

Ki(y,%,z) = - o 5.33
N N (539
and a general 1-form gauge field Ag(Z) = a;(Z)dz’ on the boundary is then generated by
Ld=3qrt — Zd_4(:Ei _ yi)dz
An(Z) = di7 ; — 34
0($) / ya (y) (22 + (1—:»_ g»)g)d_z (5 3 )

The action is

S:/F/\*F:/dA/\*F:/d(A/\*F)—/F/\d*F: / AA*F,  (5.35)

AdSy

AdSy AdSy AdSy 0AdS,

where we used the equation of motion in the form language, d * F' = 0. The unit normal to the
boundary in our choice of coordinates is n* = (—z,0,...,0). Since, on the boundary, the 1-form A
does not have a component in the z —direction, and the unit normal has a non—zero component only
in the z —direction, a little index gymnastics reveals that the action becomes

S = / di A"Fyin®. (5.36)
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The field strength tensor is

B [ (d=3) L 2(d—2)z9?
Foo= [ {“Z(y%zu(f—mﬂ Wy T e
24 _ 2(d —2) (a7 — i)zt
) gy~ ) : (22( E M)) o
2

0L (d—2)2 , d—2)z
= [ o7 w0 G e e
_2(d — 2) (29 — yf) (w5 — ) 244
e |

(5.37)

Inserting this, the square root of the metric determinant and the gauge field A with the g*”that
raises its index, and taking z — 0 gives

7) 54 2 2 —
/dxdy Zaz Z)a;(¥) [a‘;’—gj’)2d—4_ (= (3}’ g)ngd_Qy) . (5.38)

Both the a; and a; have a lower index even though they are summed over because we used the gt
to cancel a 2.
Exponentiating and taking two functional derivatives gives the two-point function for the

corresponding operator J*(Z), which is a conserved current:

o i 0 2at —y) (@ — )
i J

(J'(@) () = FoEt T (- (5.39)

The current conservation is easily demonstrated:
PN 77/~ Q(d_2)(xj_yj)
Oi(J(Z) ] () - (7 — §)2d—2
G iV 2 _ TR AV S N B

_ 2@~y )@ - g)" —4d - D@’ — )@ -y @ —y) (5.40)

(@ =

Since we are still dealing with a free theory, the higher n-point functions are naturally zero for
odd n and the usual combinations of the 2-point function for even n.

5.3.3 Massive fields

In the case of massive fields, the conformal invariance of the boundary becomes apparent. In
deriving the propagator, the equation of motion now has a mass term on the right side, so that the
analog of Eq. (5.11) is solved by

K(00, &, 2) = ez 1A% (5.41)

where Ay are solutions of A\(d — 1+ \) = m?,
1 1
Ay = 5(—(d—1)+ (d—1)2+4m?),\_ = 5(—(d—1) -/ (d—1)2+4m?). (5.42)

Out of these only the solution corresponding to Ay tends to infinity at z — oco. The same procedures
as in the massless case then lead to the propagator
Ld—14X4
c .
&+ @ -

K(j,7,2) = (5.43)
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Unfortunately, this does not tend to a delta function on the boundary. On the other hand, if the
numerator were 24112} it would. If we extract this term, we find that

lm e e [dg 2 7) = lim 2 ¢o(& 5.44
ti e Vs @—gpyr o W) = I @) .
The vanishing z~* term is a consequence of the divergence of the metric at the boundary. A
conformal rescaling while approaching the boundary allows us to recover a finite value for the field
¢g, but since the rescaling can be chosen in any way that gives a first order zero on the boundary,
this means that we cannot actually specify the boundary field as a function. The field ¢y must
instead be specified as a conformal density of weight —A,. In order for the action to be invariant,
the operator O coupling ¢g must have conformal weight d — 1+ A\4.

This is explicitly verified by calculating the 2-point function for O, which proceeds in exactly
the same way as in section 5.3.1. The result is

1

(O@F)OF)) = AP rEEEE

(5.45)

which is exactly the 2-point function for a conformal operator of weight A, , which is fixed by
conformal invariance on the field theory side.

Similarily, the conformal weight of an operator coupling to a p-form field can be shown to be
d -1 + )\+ —pP.

5.4 Interactions and Witten diagrams

Figure 2: A Witten diagram representing the 3-point function of an abelian gauge field. The circle
represents the conformal one-point compactified boundary of AdS, and the interior of the circle is
the bulk space.

So far our calculations have only dealt with free fields of the bulk theory, which of course yield
free fields on the boundary. The more interesting case of interactions can be addressed in the very
same way as in an ordinary field theory, by expanding the exponential of the interaction part of the
action in a power series. This then generates vertex rules and propagators analogously to Feynman
graphs, with the major exception that external particles propagate to and from the boundary of the
AdS spacetime. Bulk-to-bulk propagators and all vertices are those of the bulk theory. The resulting
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expansions may be graphically depicted as Witten diagrams, see Fig. 2. Quantum corrections to
the classical supergravity approximation may be calculated by adding loops to the diagrams. This

generates % corrections to the boundary theory.

5.5 Finite temperature and the AdS black hole

The most obvious modification to the duality is to consider different backgrounds in the bulk. A
simple alternative choice is to take a space which is asymptotically AdSs which conserves the
conformal symmetry of the boundary, but that has a black hole in the bulk. The simplest black
hole configuration has the metric

L? 24 B dz?
ds® = — |-(- ?)dtQ + di® + - (5.46)
0 261

It turns out that this metric induces a finite temperature on the field theory side. The temperature
is defined by going to periodic Euclidean time and determining the period 3 such that the metric
is free of singularities. Such a period is § = mzg. By standard finite temperature field theory

arguments, this corresponds to the temperature T'=1/3 = %ZO [25].
The coordinate transform z — L?/r leads to the other commonly used form of the metric
2 4 2 4\ —1
2 _ T "o 2 =2 L "o 2
ds _L2<_<1_7“4>dt —&-d:r)—i—ﬂ( —744) dr*, (5.47)

where the horizon radius ry = 5—02. The relationship between temperature and horizon radius in
these coordinates is then T = WTLOQ. This form of the metric is the same as the near-brane form of
the brane solution we developed in section 4.4.

Most of the interesting results in AdS/CFT are actually calculations in this finite temperature
formalism.
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6 Applications of the duality

In this section we will review, with varying degrees of detail, some applications of the AdS/CFT
duality and related dualities. This list is simply a choice of a few topics that are interesting and
suitable for inclusion here, and is far from complete.

Many of the applications do not actually directly use the prescription given in the previous
section, but instead rely on general arguments about the behaviour of fields in the bulk coupling to
operators on the boundary.

6.1 The stress-energy tensor

The field coupling to the stress-energy tensor of the SYM is the metric tensor of the AdS -space.
While the stress-energy tensor could be evaluated directly by the master formula Eq. (5.1), it is
easier to derive it from the more general holographic renormalization formalism presented in [24].

We compute the stress-energy tensor of the finite temperature N'=4 SYM. The field dual to
the stress-energy tensor in the supergravity side of the duality is the metric tensor. The first step is
to convert the metric to the Graham-Fefferman coordinate system

1
ds? = Z—Q(er + g datdz”) (6.1)

which isolates the singularity on the boundary, and also shows explicitly the representative metric
guv (of the conformal class of metrics on the boundary) induced by this specific form of the metric
in the bulk [26]. The metric Eq. (5.46) can be brought to this form by the transformation [27]
w
2= (6.2)
w
L+ i

Since we are interested in the finite temperature case, we take the signature to be Euclidean, and

have
4

2
ds? = = 422+ a4 (14 )d | (6.3)
v 4z A2y

The expectation value of the boundary stress-energy tensor is then given by [24, 28]

L3 1 1 1
(Tij) = 1nCs [9(4)@' ~ 390 ((Tr g))? — Tr 9(22)> - 5(9(22))17 + 19(4)ijTT 92 | (6.4)

where g(,,) is the term with n derivatives in the Taylor expansion of the boundary metric g, and
G5 is the five-dimensional Newton’s constant. Expanding the non-radial part of Eq. (6.3) gives

3wt w? wd
Jdotdr” = (1 — ——)dt> + (1 + —)d? + O(—). 6.5
g @I ax ( 4,23) +( +4Z§) T-+ (2(8]) ( )

The ten dimensional coupling constant in terms of the string theory parameters in AdSsxS° is
[29]

8L8 5
167G 1o = (2m)7a/4g? = N;T

We can relate this to the five-dimensional Newton’s constant by writing the ten dimensional
gravitational action and using the fact that the S® part factorizes:

1 1 Lo73 1
dPzVG = / d® / Ay = / d°z\/g = / d°z\/g. (6.
167['G10/ x\/> 167TG10 x\/§ yf 167TG10 .73\/§ 167TG5 I\/g (6 7)

41

(6.6)




This gives the factor in front of Eq. (6.4) as

L3  2N? (6.8)
G5 N ™ ' )
Working out the factors for the spatial components gives
L3 1 NZpiTt NZp2T
ArGs 4z,  2m° 4 8
The time-like component has an extra factor of three, and the stress-energy tensor becomes
_SNPERTT 0 0
0 N2r?T 0 0
(Tyw) = 0 8 2274 0 . (6.10)
> N27274
0 0 0 =

This result is consistent with the fact that the boundary theory is conformal: the stress-energy
tensor is traceless.
The numerical factor in the components of the tensor is interesting. In the weak coupling limit,
the ideal gas approximation to the pressure is
7T2 2 7T2 (N2 _ 1)T4

Ty = p(T) = (95 + Z9F)*T4 = (84 7)(N2 — 1)£T4 =

_— A1
8 90 90 6 ’ (6:11)

where g and gg are the number of bosonic and fermionic degrees of freedom, respectively. There
are six scalars and two vectors in the bosonic sector, and four fermions with four antifermions, all
multiplied by the number of degrees of freedom N2 — 1 coming from the adjoint representation of the
gauge group. In the large-N limit this expression has a factor of 3/4 difference to the gravitational
result. This shows that the strong coupling (to which the classical approximation of the AdSs
supergravity is dual to) correction to the stress-energy tensor is simply 3/4. The same factor also
relates the energy density 7Ty in the weak and strong coupling limits, which obviously must hold
already in order to ensure the tracelesness of the energy momentum tensor.

6.2 Entropy

According to the Bekenstein-Hawking -conjecture, the entropy of a black hole is ﬁ, where A is
the area of the event horizon [30]. In context of the AdS/CFT duality, the entropy thus associated
to the finite-temperature AdSs black hole should then be same as that of the field theory, since if
they indeed are dual they surely must have the same number of fundamental degrees of freedom.
The entropy becomes [27]

A 2y V3 N2 B 72

= N2V,T3. 12
4G5, 4. 2 Vs (6.12)

The entropy of a free, weakly coupled N' =4 SYM plasma is
2m% o s

which again differs by the same factor 3/4 as the pressure and energy density.
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6.3 Shear viscosity

The shear viscosity of hot SYM plasma can be related hydrodynamically to the stress-energy tensor
in the local rest frame. We consider the rest frame as the one where the three-momentum density
locally disappears, Tjo = 0. Then the stress-energy tensor can be written as® [32, 31]

2
Tij = —52']']? +n <82u] + ajui — 35ij8kuk> + Céijé)kuk,
TO() = —€= —3p. (6.14)

Here ¢ is the bulk viscosity, n is the shear viscosity, p is the pressure and w; is the local flow
three-velocity. In a conformal field theory, the stress-energy tensor must be traceless, tr T}, =
€ —3p — 3C0kur, = 0,0 (=0.

The shear viscosity 7 is given by the Kubo formula [32, 31]:

1= lim % / Atdre ! ([Tyy (1, ), Ty (0,0)]) = lim 2%2 Ga(w) - Cr@)].  (6.15)

On the other hand, the absorption cross-section of gravitons on the supergravity (large 't Hooft
coupling) limit by a black three-brane is known to be related to the stress energy tensor on the
brane. The connection is [33, 34]

. 87TG10
N w

o(w) /dtdxei”thxy(t,x), T2y (0,0)]). (6.16)
Therefore the shear viscosity is n = mg(()) (the value of ¢(0) is of course defined as a limit).

The graviton absorption cross section on the w — 0 classical gravity limit is simply the area of the
black hole horizon [31],

3L8
o(0) = Z5-. (6.17)
0
Using Eq. (6.6) we can then work out
s K2N?
L° = —— 6.18
. (618)

where k% = 871G, and
w3 L8 TN?T3

Dividing this by the entropy density s = S/V3 = ”2]\;2T3 gives the famous result
n 1

A more general method for deriving this result and many other coefficients from the background
metric of a gravitational dual of a theory is presented in [35] and [36, 37], where it is also shown that
the ratio /s = 1/4m holds for all for all theories with a gravity dual in the large N, large A limit, and
more generally it is conjectured, based on string theoretical arguments, that it is a lower limit for all
relativistic quantum field theories with a zero chemical potential [36]. Experiments at RHIC suggest
that the ratio is quite close to this in the strongly coupled quark gluon plasma generated at the
collisions, and it has even been suggested that the RHIC experiments may violate this conjectured
bound, although the results are not yet conclusive [38]. In addition, the N' = 2 Sp(2) gauge theory

9There is a difference in sign here compared to [31], because of our opposing sign convention for the metric, which
also inverts the sign of the stress-energy tensor.
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in four dimensions, which has an AdSs dual, has a negative curvature squared correction to the
supergravity result, thus violating the bound [39]. In [40] it is shown that maintaining causality in a
similar Gauss-Bonnet theory requires a new bound 7/s > %ﬁ. It is also suggested that some more
subtle effect may cause the theory to break causality already when n/s < ﬁ, thus reinstantiating

the original viscosity bound.

6.4 AdS/QCD

In addition to the somewhat rigorous AdSs xS%/ N' =4 SYM -duality, various phenomenological
models proposing a holographic gravity dual for realistic QCD have been put forward. In order
to approach QCD from a gravity dual viewpoint, one must break much of the symmetries of the
original Maldacena scenario. This means breaking supersymmetry, conformality, introducing fields
in the fundamental representation of the gauge group in addition to the adjoint fields in the N/ = 4
SYM and introducing confinement. [41]

An alternative approach is the so-called ’bottom-up’ approach where one picks a convenient five
dimensional background metric and chooses a field content such that, when interpreted as a gravity
dual to a four dimensional gauge theory by applying the master formula Eq. (5.1), some desired
features of QCD are reproduced. [41]

6.4.1 Adding quarks

In the standard AdS/CFT scenario, all the particles are in the adjoint representation of the gauge
group. This is understood in the brane interpretation of the duality, where the particle content of
the SYM theory consists of various ways that open strings can end on the stack on N branes. Since
each end of the string can end on any of the N branes, each particle has two indices 1..N, and
therefore lives in the adjoint representation.

In order to remove the other index, so that we can put a particle in the fundamental representation,
we have to put one end of the string to somewhere not on the D3 brane. A number of technical
requirements are also involved, so that the simplest method turns out to be adding a D7 brane,
which we will call a flavor brane, in the AdSs x S° background, where the open strings can end. The
D7 brane extends in the dimensions that the D3 brane does and in four more, such that the radial
dimension is a part of the brane and that the S® part is broken to an S* (the slice enveloped in the
D7 brane) and an S? (the part which is not contained in the D7). Adding more than one, say Ny, D7
branes, gives the string an index 1..Ng which corresponds to having several quark flavors. In order
to keep strings extending from the stack of D7 branes back to itself from forming a SU(Ny) gauge
theory, those modes must be decoupled. The coupling constant for them is N = A\(2nls)*Ns/N,
which goes to zero when N >> Ny. Here [, is the string length. [42]

Decoupling the D7 branes in this way is equivalent to ignoring the effects of the brane on itself
and the surrounding geometry, so this is called the probe brane approximation. On the field theory
side this corresponds to ignoring quark loops, or the so called quenched approximation. Steps have
been taken to move beyond the probe approximation. [41]

We can give mass to the quarks by letting the D7 and D3 branes have some separation in the
two dimensions orthogonal to both, since then there is a minimum length for the string between the
flavor branes and the D3 gauge branes, so that the rest-energy of a quark will be the energy of the
ground state of a string stretched between the branes.

The particle content of the theory will that of the N’ =4 SYM plus Ny fundamental N = 2
hypermultiplets. Therefore the total supersymmetry of the theory is broken to N' = 2. [42]
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6.4.2 Confinement

Since conformal theories cannot contain an energy scale, they cannot have a mass gap and therefore
are not confining. In the context of the AdS/CFT duality this can also be calculated directly by
considering the energy of two strings hung from the boundary towards the bulk AdS space. It turns
out that the minimum of energy is reached when the two strings connect in the bulk, and the energy
of that configuration relative to one where the strings stretch separately to infinity (one has to
consider the difference here, since either energy alone is infinite) is

4m%(2g% ,,N)'/?

E=—"Tam

(6.21)

where L is the separation of the string endpoints on the boundary (quarks in field theory terms).
The inverse proportionality, which was actually guaranteed by conformal symmetry, shows that the
quarks tend to separate further, and are therefore indeed never confined. As the quark separation
increases, the string dips deeper in to the bulk. [43]

Since the conformal symmetry of the boundary is generated from the AdS geometry, it is the
geometry that needs to be modified to confine quarks. By inserting a block into the space at some
finite z, we can make the energy increase as the separation increases. Consider, for simplicity, a
hard wall at z = zg (i.e. some feature of the geometry such that the string configuration minimizing
the world sheet area never dips below zp). Once the quark separation becomes large enough that the
string touches the wall it no longer has any choice but to extend along it, and since the geometry
along slices of constant z is flat (as can be seen from the metric Eq. (3.24)), the energy as a function
of quark separation must increase proportionally to the length L’ of the section of string lying on
the wall. [43, 41]

Of course the hard wall scenario is only the simplest choice, and there are several physically
more plausible methods that generate confinement, since the only essential requirement is that the
geometry is modified such that at quark separation beyond some limit the energy increases as the
separation increases.

When finite temperature is applied by including a black hole in the bulk, deconfinement appears
naturally once temperature becomes high enough that the black hole horizon crosses the wall that is
causing the confinement. Once the wall is behind the horizon, the ends of the two strings stretching
from the brane are sucked in to the black hole before they can reach the wall, and cannot therefore
join, making the theory deconfined.

6.4.3 The bottom-up approach

Another way to approach the problem of finding a holographic dual to QCD, instead of trying to
deform the AdS/CFT scenario, is to start with known features of QCD and attempt to construct a
five-dimensional theory that reproduces those features in its dual. This tends to produce a more
phenomenological result than the stringy approach, but on the other hand, some surprisingly good
fits to QCD parameters have been found. For illustration, we will very briefly describe one such
model, taken from [44].

The background is taken to be the standard AdSs space:

2
ds? = r2di® + ‘%, (6.22)

where Z is the four dimensional coordinate, and r is the fifth coordinate, which is interpreted as an

energy scale. This metric is conformally invariant, and in order to break the invariance a hard wall
is imposed at r = rg.
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The field content in the field theory side is taken to be the left- and right handed currents
qry"t%qr, and qgry*t®qr corresponding to the chiral flavor symmetry and the chiral order parameter
q%qg. The AdS duals acting as sources for these operators are the fields A%M, A(Il%u and (2/2) X7,
respectively. The A fields are vector gauge fields transforming in the fundamental representation of
the chiral symmetry group, and X2 transforms under the adjoint representation of SU (N ¢)1 on

one of its indices and under the adjoint of SU(N¢)g on the other index. The action of the theory is
[e.e]
5 2 2 Lo 2
S = [ d&°z/—gTr < |DX|” + 3| X] —4—(FL+FR) , (6.23)
g5
To

where D, X =0, X —iAr, X +iXApg, is the covariant derivative, F, and Fp are the field strength
tensors of Ay, and Apg, respectively, and g5 is the five dimensional gauge coupling, which is considered
a free parameter of the model.

Applying the AdS/CFT style recipe then gives the expectation values of the operators and any
desired combinations of them, which allows extraction of several QCD observables. The model
overall has three free parameters, the hard wall position zy, the expectation value of the quark
condensate and the quark mass (the latter two parameters come from determining the boundary
conditions of the X field). The gauge coupling gs is determined by matching the value of the vector
current.

Any three observables can be made to match by fitting the free parameters to them. Any further
observables will then be predictions of the model. The first column of table 1 shows the results of
fitting the pion and rho masses and the pion decay width, and then calculating four more observables.
The second column shows the results of finding the overall best fit for the seven observables.

Observable | Measured [MeV] AdS A [MeV] AdS B [MeV]

My 139.640.0004" 139.6* 141

m, 775.840.5 775.8* 832

Ma, 1230+40 1363 1220

fr 92.440.35 92.4* 84.0
£/ 345+8 329 353
F? 433413 486 440
Gomr 6.0320.07 4.48 5.29

Table 1: Several meson variables from the AdS/QCD model described in the text. AdS A is the
best fit to the starred observables, whereas AdS B is the best fit to all seven.[44]

The fit results are surprisingly good considering the simple starting point of the model and the
fact that three QCD operators were rather arbitrarily chosen while the rest were completely ignored.
This suggests that the idea of QCD being dual to a five dimensional theory in a deformed anti De
Sitter spacetime indeed captures some essential features of QCD.

9The peculiar expression 139.6 + 0.0004 comes from the results column of the table in the original text [44]. The
error limit which is much smaller than the least significant digit of the measured value apparently serves the purpose
of denoting that the measured value is coarsely 139.6, but that it is actually known to an error margin of 0.0004.
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7 Discussion

The calculations and symmetry comparisons presented in section 5 give some basic justification for
the Maldacena duality. Due to these and many more successful tests, the duality in its original form,
as a duality between the N’ =4 SYM and type IIB string theory on an AdSs x S° background, is
nowadays considered by experts as almost surely true, even though an exact proof is still lacking.
Current research focuses on deriving further results from the duality, and especially on searching for
less symmetric gravity duals which would be closer to QCD.

The primary application of the duality has been in understanding strongly coupled gauge theories.
Several phenomenological models have produced surprisingly accurate values for QCD parameters.
Another success for the duality has been the derivation of hydrodynamic transport coefficients from
the finite temperature formalism, and even some contact with experiment has been made, as values
of shear viscosity measured in the RHIC collider have been found to be near the AdS/CFT -derived
lower limit.

The generally accepted interpretation for gauge/gravity dualities at the moment is that they
are merely convenient mathematical tools for calculating variables in the strongly coupled non-
perturbative regime of gauge theories. This is a very natural interpretation when gauge/gravity
dualities are used to calculate observables in QCD, since in this case there is no exact duality, and
therefore one cannot make very fundamental interpretations based on these approximate relations.

On a more speculative note, consider the consequences if a precise duality would be found and
proven between a string theory and QCD. The interpretation that quarks and gluons are actually
endpoints of open strings on a brane or a system of branes (or on the conformal infinity of an
anti de Sitter spacetime) on which we would then live on would be indistinguishable from the four
dimensional field theory point particle interpretation in the context of QCD alone. In this case
one of these interpretations might eventually become favoured on basis of cosmological results or
perhaps by a direct observation of extra dimensions in a collider. In general as long as there is no
duality between the whole Standard Model plus gravity and a string theory (which is unlikely, since
no known gauge/string duality has gravity on the field theory side), it is possible to experimentally
distinguish a situation where reality is described by QCD plus the rest of the Standard Model,
and the duality between QCD and a string theory is just a fortunate mathematical curiosity, from
the situation where the observable universe is indeed a system of branes embedded in a higher
dimensional spacetime. The latter scenario could even give a whole new meaning to the term
“brane cosmology”: experimentally probing other branes in the bulk spacetime, for example by
observing gravitons (in practice, gravitational waves) arriving or scattering from distant branes or
other objects in the bulk! Of course all this is wildly speculative.

We do have reason to look forward to the near future too, though. Several predictions have been
made, based on various AdS/QCD models, of effects that might be observable in the LHC. Many of
these predictions compare AdS/QCD as a calculational technique to perturbative QCD or lattice
QCD, but a few of them are based on general arguments applying to any theories which have a
gravity dual. Therefore LHC results contradicting predictions of the latter type have a chance to
prove that QCD indeed has no exact gravity dual. On the other hand, observation of large extra
dimensions and gravitational phenomenon in the TeV -scale could lend considerable support to
stringy brane scenarios.

47



References

[1]
[2]
[3]

8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]
[16]
[17]
18]
[19]
[20]
[21]

[22]

[23]

J. M. Maldacena, International Journal of Theoretical Physics 38, 1113 (1999).
E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998), hep-th/9802150.

S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, Phys. Lett. B428, 105 (1998), hep-
£h,/9802109.

S. Coleman and J. Mandula, Phys. Rev. 159, 1251 (1967).

J. Wess and J. Bagger, Supersymmetry and Supergravity, second edition (Princeton University
Press, 41 William Street, Princeton, New Jersey 08540, 1992).

R. Haag, J. T. Lopuszanski, and M. Sohnius, Nuclear Physics B Volume 88, Issue 2, 257
(1975).

D. Bailin and A. Love, Supersymmetric gauge field theory and string theory (Institute of Physics
Publishing, Dirac House, Temple Back, Bristol BS1 6BE, UK, 1996), Bristol, UK: IOP (1994)
322 p. (Graduate student series in physics).

A. Bilal, (2001), hep-th/0101055.
E. D’Hoker and D. Z. Freedman, (2002), hep-th/0201253.
P. Di Vecchia, (1998), hep-th/9803026.

O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz, Phys. Rept. 323, 183
(2000), hep-th/9905111.

J. L. Petersen, International Journal of Modern Physics A 14, 3597 (1999).

S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory
of Relativity (Wiley, New York, U.S.A., 1972).

M. B. Green, J. H. Schwarz, and E. Witten, Superstring Theory, Volume 1 (Cambridge
University Press, 1987).

H. Nastase, (2007), arXiv:0712.0689.

J. Dai, R. G. Leigh, and J. Polchinski, Mod. Phys. Lett. A4, 2073 (1989).
J. Polchinski, Phys. Rev. Lett. 75, 4724 (1995), hep-th/9510017.

J. Polchinski, S. Chaudhuri, and C. V. Johnson, (1996), hep-th/9602052.
C. V. Johnson, (2000), hep-th/0007170.

K. S. Stelle, (1998), hep-th/9803116.

E. E. Flanagan, Class. Quant. Grav. 21, 3817 (2004), gr-qc/0403063.

H. C. Ohanian and R. Ruffini, Gravitation and Spacetime, second edition (W.W. Norton &
Company, 500 Fifth Avenue, New York, N.Y. 10110, 1994).

T. Eguchi, P. B. Gilkey, and A. J. Hanson, Phys. Rep.66, 213 (1980).

48



[24] S. de Haro, S. N. Solodukhin, and K. Skenderis, Commun. Math. Phys. 217, 595 (2001),
hep-th,/0002230.

[25] J. I. Kapusta, Finite-temperature field theoryCambridge monographs on mathematical physics
(Cambridge Univ. Press, Cambridge, 1989).

[26] C. R. Graham, (1999), math/9909042.

[27] R. A. Janik and R. B. Peschanski, Phys. Rev. D73, 045013 (2006), hep-th/0512162.
28] P. Di Vecchia, (1999), hep-th/9908148.

[29] K. Kajantie, T. Tahkokallio, and J.-T. Yee, JHEP 01, 019 (2007), hep-ph/0609254.
[30] S. Carlip, (2008), arXiv:0807.4520.

[31] G. Policastro, D. T. Son, and A. O. Starinets, Phys. Rev. Lett. 87, 081601 (2001), hep-
th /0104066.

[32] E. Lifshitz and L. Pitaevskii, Statistical Physics, Part 2, L.D. Landau and E.M. Lifshitz Course
on Theoretical Physics Vol. 9 (Pergamon Press, Pergamon Press plc, Headington Hill Hall,
Oxford OX3 0BW, England, 1980).

33] L. R. Klebanov, Nucl. Phys. B496, 231 (1997), hep-th/9702076.

[34] S.S. Gubser, I. R. Klebanov, and A. A. Tseytlin, Nucl. Phys. B499, 217 (1997), hep-th/9703040.
[35] P. Kovtun, D. T. Son, and A. O. Starinets, JHEP 10, 064 (2003), hep-th/0309213.

[36] P. Kovtun, D. T. Son, and A. O. Starinets, Phys. Rev. Lett. 94, 111601 (2005), hep-th/0405231.
[37] A. Buchel and J. T. Liu, Phys. Rev. Lett. 93, 090602 (2004), hep-th/0311175.

[38] P. Romatschke and U. Romatschke, Phys. Rev. Lett. 99, 172301 (2007), arXiv:0706.1522.
[39] Y. Kats and P. Petrov, (2007), arXiv:0712.0743.

[40] M. Brigante, H. Liu, R. C. Myers, S. Shenker, and S. Yaida, Phys. Rev. Lett. 100, 191601
(2008), arXiv:0802.3318.

[41] J. Erdmenger, N. Evans, 1. Kirsch, and E. Threlfall, Eur. Phys. J. A35, 81 (2008),
arXiv:0711.4467.

[42] A. Karch and E. Katz, JHEP 06, 043 (2002), hep-th/0205236.
[43] J. M. Maldacena, Phys. Rev. Lett. 80, 4859 (1998), hep-th/9803002.

[44] J. Erlich, E. Katz, D. T. Son, and M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005),
hep-ph/0501128.

49



A Notation

A.1 Differential geometry

We work with the mostly plus metric, that is, 7, = (—=1,+1,...,+1), and contract the the first and
third indices of the Riemann tensor to form the Ricci tensor, that is, Ry,= R®,,,. From section 3.2
onward, somewhat unconventionally 7, = (s,+1,...,4+1) where s = 1, so we can mostly handle

a Euclidean and a Minkowski space at the same time.

A.2 Spinors and supersymmetry

When working with spinors in the Weyl representation, undotted Greek indices transform in the
(%, 0) representation of the Poincaré group, while the dotted indices transform in the conjugate
representation (0, 1). Undotted indices are raised by the matrix

'3
ef = < - ) (A1)

while dotted indices are lowered by

€ = ( (11 (1) ) . (A.2)

These matrices may be derived from the charge conjugation properties of Weyl spinors [7]. The
lowering of undotted indices and raising of dotted indices follow from these, since raising and then
lowering an index must amount to the identity transformation.

Capital Latin indices, usually I and J, label the independent supersymmetry generators, and
Ndenotes the number of these generators.
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