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Abstract

The holographic computation of extremal correlators is often frustrated by divergences. The inter-
pretation of these divergences is incomplete. The primary goal of this study is to develop a better
understanding of these divergences. Towards this end, working within the AdS/CFT correspon-
dence we review the computation of correlators. In the field theory we review well known matrix
model techniques useful to study the planar limit, as well as methods exploiting group representa-
tion theory that are useful for the computation of correlators in large N but non-planar limits. On
the gravity side of the correspondence, we describe in detail the computation of two- and three point
functions of a scalar field coupled to gravity on the Euclidian AdS;4, space, three-point functions
of two giant gravitons and one pointlike graviton as well as correlators of Kaluza-Klein gravitons.
A key observation of this study is that extremal correlators are mapped to scattering amplitudes of
particles with parallel momenta. These are naturally accompanied by involve collinear divergences.
Therefore, we suggest that the divergences in the computation of extremal correlators are linked
to collinear divergences. A lot more work is needed to establish this connection.
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1. Introduction

Correlation functions are the basic observables of interest in quantum field theory (QFT) and in
string theory. They are often divergent. These divergences must be interpreted before the corre-
lation functions can be computed. Further, computing correlators is usually only possible at weak
coupling. The holographic principle [1], as realized in the Anti-de Sitter/Conformal Field Theory
(AdS/CFT) correspondence [2], [3] and [4], computes correlators at strong coupling in the CFT
using weakly coupled string theory. However, the weak coupling string theory computations still
have divergences. The goal of this dissertation is to take the first steps towards a general under-
standing of the subtleties arising as a result of these divergences, in the holographic computations
of extremal correlation functions. These divergences were found for extremal correlators involving
giant gravitons and Kaluza-Klein gravitons.

We start this dissertation by reviewing the relevant background materials that we will use to
compute correlators in matrix field theories. First we introduce, in Chapter 2, the dynamics of
matrix models with one Hermitian N x N matrix. We introduce a number of different methods
to compute correlators. First, the generating function for correlators is defined in the free matrix
model. This can be evaluated exactly by performing a Gaussian integral and it forms the foundation
for weak coupling computations. Next, we show how the Schwinger-Dyson equations can be used to
compute correlators. The next thing we consider is a weak coupling expansion of correlators, using
Feynman diagrams. These diagrams are called ribbon graphs in matrix models and they naturally
link the matrix model with a topological structure and ultimately, with the dynamics of strings.
The basic idea is simply that ribbon graphs triangulate a surface and the N dependence of the
Feynman diagram is determined by a topological invariant associated with the surface, called the
Euler characteristic. The connection to string theory arises because we can interpret the surface
that is triangulate by the ribbon graph as the worldsheet of a string. Developing this connection,
we argue that the large NV limit of the matrix model corresponds to the classical limit of the string
theory.

In the limit that N — oo, the only contribution to correlators of operators built using order O(1)
fields comes from the planar diagrams. We can also consider operators constructed with a number of
fields that scale as order N as we take the limit. In this case, the number of ribbon graphs explodes
and correlation functions of this class of operators are not well approximated by the planar limit.
Indeed, huge combinatoric factors over power the usual % suppression and higher genus ribbon
graphs can no longer be neglected. We call this a large N but non-planar limit. To make progress
in this limit, a new approach must be developed. The new approach that we pursue makes use of
the group representation theory of the symmetric group, the unitary group and their relation.

In Chapter 3, we review some basic concepts and the relevant techniques from group representation
theory, that will allow us to solve the problems that were encountered in large N but non-planar
limits. A basis for the local gauge invariant operators of the theory are called Schur polynomials
operators. These operators will dramatically simplify the computation of correlators. The con-
struction of these operators makes use of projection operators in group theory. To develop these
ideas, we describe the matrix representation of the symmetric group and of the unitary group. The
extension of the theory to multi-matrix models is also possible. Towards this end, we introduce the
Restricted Schur Polynomials.

In the later chapters of this dissertation, making use of the mathematical background we have de-
veloped, we study different types of correlators to get some insight into the divergences that appear
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in extremal correlators. Since we are matching gauge theory computations and the string theory
computations, we start by demonstrating how the correlation functions in gauge theory can be re-
covered from supergravity computations using holography. This is achieved in the simplest setting
in chapter 4 and the basic holographic dictionary is introduced. We describe the computation of
two- and three-point functions of a scalar field coupled to gravity on the Euclidian AdS;,1 space.
We demonstrate that the computation of the two-point function from the supergravity path integral
is subtle. It contains divergences that must be regularized and the answer obtained depends on
the details that go into this regularization. As a clear demonstration of this point, we compute the
two-point function [5], [6] in position space and in momentum space and show that one obtains dif-
ferent answers, because they have a different regularization prescriptions. The correct result can be
determined by employing a Ward identity, which relates the two point function (which suffers from
divergences) to a three point function (which does not). In this way we obtain a result from the
gravitational computation that is in prefect agreement with the gauge theory result. It is pleasing
that the gravity computation on the Euclidean AdS;4; space recovers the spacetime dependence
required by conformal invariance in the gauge theory in d-dimensions.

In Chapter 5, we consider operators that have a scaling dimension of the order of the gauge
parameter V. The threepoint function of giant gravitons is computed both in the gauge theory
and in the string theory. We employ Schur Polynomials to carry out the computation on the gauge
theory side [7], and we consider the variation of the D3-brane action on the gravity side, following
[3], [9] and [10]. Here again, we find that there are divergences in the computation of correlators
using holography. An apparent mismatch between results from the gravity side and the gauge
theory side was reported, but this subtlety can be traced back to the divergence that arises as a
consequence of the fact that we are considering extremal correlators. We have not managed to
develop an argument that employs a Ward identity in this case. However, the mismatch can be
resolved by the regularization introduced by Lin [11]. This regularization procedure is motivated
by showing it gives the gauge theory result. It is desirable to have a better understanding of
the divergences and how they arise, since this may allow one to choose the correct regularization
without comparing to the gauge theory.

In Chapter 6, we consider the three-point function of Kaluza-Klein gravitons, of the 10-dimensional
supergravity. These states are dual to chiral primary operators in the field theory [12], [13]. We
perform a dimensional reduction of the 10-dimensional theory using harmonic expansions. Extremal
and non-extremal correlators are then computed. The computation of the extremal three-point
function is carried out using two different methods. First, we perform the analytic continuation
from the non-extremal correlator [12]. The result obtained from analytic continuation agrees with
the field theory result, but again, we can not justify why this is the correct prescription. Second,
we regulate the divergences with a spacetime cutoff [12]. The result that is obtained depends
on the details of the regulator. These results demonstrate that the divergence that appears in
the computation of extremal correlators is a general feature of the theory. The discussion of the
associated divergences deserves a general explanation.

In Chapter 7, we explore the idea that the divergences that appear in extremal correlators are
related to collinear divergences. This proposal is motivated by the connection between R-charge of
operators in gauge theory and the angular momentum of the dual particle states in string theory.
This connection is potentially very useful since, as we explain, the cancellation of IR- and collinear-
divergences is known to be achieved by summing over degenerate states. The same idea may be
useful for understanding the divergences in extremal correlators. We conclude this work in Chapter
8.
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Appendices A and B show how to derive the Ward identity used in Chapter 4 and discuss the
integrals of spherical harmonics considered in Chapter 6.



2. Matrix Models in 0-dimension

We study the Anti-de Sitter/Conformal Field Theory (AdS/CFT) duality, which claims that N' = 4
super Yang-Mills (SYM) theory is equivalent to string theory on the AdSs x S° background in
negatively curved spacetime [2], [3], [5]. With this motivation we start by studying matrix models
in zero dimensions, which provide a nice toy model for N' = 4 super Yang-Mills. In fact, many
aspects that need to be realized in N' = 4 SYM theory can be formulated as questions in a zero
dimensional matrix model. In this chapter we explain how to construct the correlation functions
of gauge invariant operators and construct the large N limit of a matrix model [14] ,[15]. This is
the key object to develop our understanding for what string theory is.

We start by discussing the path integral formalism to compute correlation functions. Then we
reproduce these correlators using the Schwinger-Dyson equations to make the discussion more
concrete. Next we develop the techniques which allow us to introduce Feynman diagrams to simplify
the computations of correlators. These diagrams are called ribbon graphs and naturally link the
matrix model with a topological structure. We will simply state the rules of these diagrams and
then demonstrate their use. Further we introduce large N factorization and the 't Hooft expansion
as a classical limit [16]. Finally we conclude our discussion in this chapter with a summary of our
interpretation for the string theory matrix/model relation.

2.1 Correlation Functions

Correlation functions of fields are the natural objects to study in the path integral formulation.
They are extremely important because they contain all the physical information about the dynamics
of the system and have a simple expansion in terms of Feynman diagrams in the free theory.

To compute the correlation function it is useful to introduce the generating functional which takes
the following form for a free scalar field

7z / (] eiS+ ] ' @)o(x) (2.1.1)

The functional derivative, %@)J (x), can be defined as follows

570 @ =@ =) 7007 [ de @) = o0, (2.12)
This implies
0 i o J(x)p(z
S OKE /[d¢]€ SH I (). (2.1.3)

Then the correlation function is simply defined as follows

O T(6(21). .. 6(a)) 0) = / (dg] €5 (x1) ... () (2.1.4)

s 5
6 (z1) 6 ()

(2.1.5)
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Our goal in this section is to motivate a connection between Yang-Mills theory and string theory.
We will choose the simplest setting in which this argument can be made: matrix models in zero
dimension. To do this we will modify our discussion in three important ways:

i.

iii.

Move to Euclidean space which replaces iS — —S. With this modification (2.1.1) becomes

Z- / (dg)e—5+] =T @)o(). (2.1.6)

. Consider a matrix valued field. In this case we modify [d¢] — [dM]| where M is an N x N
hermitian matrix so that M;; = M7, i,j =1,...,N. We mean by the measure [dM] that the
integral is over all possible hermltlan matrices. Thus, we need to integrate over all possible
diagonal elements m;;, giving N real integrals. We also need to integrate over the real parts

% and the imaginary parts 7\71/%7 of the matrix elements above the diagonal, giving %N (N-1)

integrals for each. In total, this is N? real integrals. So, we have

Hdm” Hdmwdm and Tr(M?) = Z Z + (M}, ) )

1<J % 1<J

(2.1.7)

Move to O-dimension so that the universe has a single event (a point in spacetime), implying
that ¢ takes a single value. In this situation the path integral over a field becomes a usual
integral.

With these three modifications, the generating functional for a free theory is given by the integral

217 = / (M) ¢ 5 (M) HTR(IM). (2.1.8)

By using this generating function and the functional derivative

dZ|[J] _woqe(ag
dJij :/[dM]e 2Tr(M )JrTr(JM)Mjia (219)

the correlation function in our particular case takes the following form

<Miijl...Mxy>:/[dM] T (M) N, M. M, (2.1.10)

d d d
= Z\J . 2.1.11
dei dJlk d:]yz [ ] J=0 ( )

To fix the normalization of the measure, we set

- :/[dM] e s Tr(M) — 1) = 1. (2.1.12)

We need to evaluate the generating function Z[J] to compute correlators. Correlators are then
obtained by taking derivatives of Z[J] and setting J = 0. We complete the square to do this
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integral

w 9 w 5 2

§Tr(M)—Tr(JM):§Tr <M _wJM>
:wTr<M2J]\4J]\4>
2 w w

2 2

o (e MM P
2 w w w w
w J1? 1
=_Tr||M—-=| | - —Tr(J?
2r<[ w}) w (J)

The integral takes the simpler form
21J) = / dng) e 3T (rel) e (),

We introduce a new integration variable M’ = M — %, where J is a fixed constant matrix and w is
a number. Therefore [dM] = [dM'], and

200 = ) [ [an] 5T O0)
= 2} = e, (2.1.13)

To compute correlators using the generating function it is useful to bear in mind following the
properties of derivatives

4w —[ d Tr(JM)] Tr(IM)

dJij dJij
= MM (2.1.14)
and
¢ (J?) =2Jj;. (2.1.15)
dJy !

2.2 Computation of Correlators using the Generating Function

i. <Miijl>:
d d
Mi; M :——ZJ‘
< J kl> dJﬂdJlk [ ]JZO
_ 44 ()
deidJlk J=0

d 1 LT J2
_ = Joess (%) )
dei (w k€2 ) J=0

1 1
= (5il5jk + Jlii]) e2ler(J2)
w w

J=0

1
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(Mg MyaMan) = G 7 G

J=0"

We use the result of the differentiations in the previous example to obtain

L d [<5iz5jk + j}Jliij) e2ler(‘]2>] ‘

= wddom J=0
= % <5i,5jkjmn + SrkOmiJij + JhiOniOmj + :)JanmJij> oz Te(/2) e
When J = 0, all the terms vanish, so we have
(MM M) =0. (2.2.1)

iii. <MiijlenMpq>:

By using the same procedure and the results of the previous calculations we find

1 d 1 1 (g2
(M My My Myq) = Ay [<5il5jkjmn + 6nkOmidij + Jki0niOm; + meanlJij> 2T (7 )] l;—o
1
= e (5qm5pn5il(5jk + 04iOpjOnkOms + 5qk5pl5m‘5mj> . (2.2.2)

The basic gauge invariant observables of the zero dimensional model are given as traces of products
of M. We will compute three examples of gauge invariant observables <Tr (M 2)>, <Tr (M )2> and

<Tr (M 4)> using the results found above. We have
i <Tr (M)2>:

1
<Tr (M)2> = (MiMj;) = ~0j0;

— N, (2.2.3)

ii. (Tr(M?)):

= —NZ, (2.2.4)
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iii. (Tr (M*)):

(Tr (

S
S—
~_

|

6:10;7 0310k + Okj0udiiOkj + 0ij0ki0kidy;)
)

10 N? + 040k N? + 0150k104i015)

(

(

(N3 + N? + 6110k015)
(2N? + 6,;615)

(

B — B m &~ & =& =

2N° + N). (2.2.5)

In these calculations the factors of N come from performing the sum §;; = Zf\il = N. We also
notice that the answer for the correlator is just a polynomial in N.

2.3 Computation of Correlators using Schwinger-Dyson Equations

The Schwinger-Dyson equation is determined from the statement that the path integral measure
[dM] is invariant under the deformation MZ-’j — M;; 4+ 6M;;. Consider the correlator

(0) = / [dM] e 5T (M) 0 = / [dM] F(M), (2.3.1)
where O is an arbitrary observable and

F(M) = e 5T() 0, (2.3.2)

Now, let us change variables to Mi’j = M;; +dM;;. The measure is unchanged under this transfor-
mation, so that [dM] = [dM']. Therefore
(0) = / [dM'] F(M' —6M). (2.3.3)

If we take 6 M to be very small we only need the first order in §M when we expand F(M' — M)
as a Taylor series. In this way we find

©) = | [a] F(M/)_(;Mijagj%')
= / [dM'] F(M') = 6M / [a] %
— (0) - M [ [d 8554%
— 0= / [dM'] 351(”1\2’)_ s

The expression in (2.3.4) is the Schwinger-Dyson equation.
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We will work out a few Schwinger-Dyson equations which will be useful for computing correlators.
From

8Mij
8M1 w 8 _w 2
:/[dM] [aMij 200, MQ)} e
:/[dM] [N? — wTr (M?)] e 5T(%) (2.3.5)

we find that (Tr (M?)) = %N 2 in agreement with what we found in (2.2.4). We give examples of
more correlators to cement the logic of this method

o (Tr (M%)

= / [dM] [2NTr (M?) + Tr (M)? — wTr (M4)} e 5 Tr(M?)
— (T (1)) = = [28 (Tx (34%)) + (Tr (1))

= %{2]\[3 + NJ. (2.3.6)

o (Tr(M?) Tr (M?))

0= / [dM] 8]\% [Tr (M?) Mije—%Tr(MQ)}
= / [AM] [Tr (M) (—wMi;Mj; + 6i655) + 2Mi; M) e~ 5(%)
= [ ) [T (322) T (M) + NPT (02) 2T (34%)] e ETOF)
= (Tr (M) Tr (M?)) = 5 [N2 (T (M?)) + 2 (T (M?))]
! N* +2N?). (2.3.7)

:E[

o (Tr (M?)Tr (M*))
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0 w 2
0= [ fa) o [T (0r%) e 3700
- / [dM] [Tr (M4) (—WMiiji + 52'1'(5]‘]') + 4Ty (M4)] e_%Tr(M2>

= / [dM] [~wTr (M*) Tr (M?) + N2Tr (M?) + 4Tr (M*)] e~ 5T (0)

= (Tr (M?) Tr (M) = i [N* (T (M) + 4 (T (M7))]
- %[2]\75 +ON? 4 4N]. (2.3.8)
o (Tr(M°))
OZ/[dM] sz [(M‘r’)z’je_%Tr(MQ)]
- / [dM] [2N'Tx (M) + Tr (M2)” + 2T (M) Tr (M?) = wTr (M) | =507
— (Tr (M%) = 5 28 (T (M%) + (T (M%) + 2 (T (M) Tr (M?))] - (2.3.9)

We need to compute (Tr (M) Tr (M?))

0= / [dM] 8]\8@ [Tr (M) e—%Tr(MQ)}
= / [dM] [—wTr (M3) M;; + 3Tr (MQ)} e 5Tr(M?)

:/[dM] [—wTr (M3) Tr (M) + 3Tr (M?)] e~ 2™ (M)
(3Tr (M?)) = N7, (2.3.10)

w?

— (Tr (M®) Tr (M)) = %

= (Tr (M%) = %[51\74 +10N?], (2.3.11)

which are the correct results.

2.4 Computation of Correlators using Ribbon Graphs

Ribbon graphs are Feynman diagrams that are used to simplify the computation of the correlators
in matrix models. To draw the ribbon graphs that must summed to reproduce a given correlator,
we use the following rules

e Each matrix element M;; becomes a pair of dots, one labeled with 7 and one labeled with j.

e Place the labeled pairs of dots on a line and join pairs of pairs of dots with a pair of lines
(ribbon), without crossing the line on which pairs live.

e Each ribbon edge becomes a Kronecker delta with indices given by the line’s endpoint labels
and each ribbon becomes %
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As an example lets repeat the computation of (M;; My My, M,yq) using the ribbon graph method.
All possible ribbon graphs for this correlator are shown in the Figure (2.1). Summing the diagrams
we find

1
<MiijlenMpq> = E(éiléjkémqénp + 5qi5pj5nk5ml + 5ni5mj5qk:5pl)‘ (2.4.1)

This is exactly in agreement with what we found in (2.2.2).

ALY, LA LTI

i' kI mn pq ] mn pq ij mn pq

Figure 2.1: There are three ribbbon graphs contributing to (2.4.1).

For gauge invariant observables which are given by traces of products of M, the answer for the
correlators are just polynomials in N. In this case we do not need to record matrix indices, so we
can streamline our ribbon graph notation. In the new streamlined notation, we link dots that are
labeled by the same index with a solid line. Repeated indices are summed, they don’t take a value.
In this situation, a closed solid loop translates into a sum over an index giving a factor of N and
each ribbon gives a factor of %

Lets reproduce the values for <Tr (M 2)>, <Tr (M )2> and <Tr (M 4)> using the new streamlined

ribbon graph notation. The results and the ribbon graphs of this computation of correlators are
shown in the Figure (2.2).

(N o = (Tr(u)) = X2,

N

.-l-‘ +0

(Tr(M*)) = L (2N?+ N).

Figure 2.2: The new streamlined ribbon graph notation contributing to (T'r(M)?), (Tr(M?)) and
(Tr(M*)).
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(Tr(MS)) = L (5N* + 10N?).
Figure 2.3: The new streamlined ribbon graph notation contributing to <TT(M 6)>

2.4.1 The Interacting Theory. Our discussion so far has been for the theory with a quadratic
action %Tr (M 2). To obtain an interacting model we can add a term quartic in M. The interacting
theory is defined by

Z[]

—

_ / (A0~ 5 Tr(M2) ~gTr (M) T M) (2.4.2)

. When g = 0 (the free theory), we have Z(J = 0) = 1 and when g # 0, Z(J = 0) # 1. To compute
the generating function (2.4.2), we can do a perturbative expansion in the parameter g. We obtain

(9" / d d d d\" _en(uz)imm
=) [dM] o i diad) € . (2.4.3)
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To evaluate (2.4.3) we need to complete the square and change variables to do the Gaussian integral

B e (—g)n d d d d " Tr(Jz)/ / —ﬂTr(M'z)
Z[J] - Z n! dJab dec dch dea, “ [dM ]6 )
ddd\" ine
_ 5 ) 2.4.4
Z n' <dJab dJpc dJeq dea> “ ( )

We compute Z(J = 0) to order O(g) using the computation of (Tr (M*)) described above.

Z(J =0) = Z

n=0
1 2

= [1- 9N+ V)] + 29—&)4[@\76 440N + 61N2] + O(g?) . (2.4.5)

TZ

{(Tx (M*)™)

In the free theory, we normalized the generating function of correlators so that Z(J = 0) = 1. We
have deserted this convention in the study of the interacting model and indeed, as (2.4.5) shows,

Z(J = 0) # 1. We find it convenient to change our normalization conventions, so that our new
generating function Z(J), obeys Z(J = 0) = 1. This is achieved by setting
> Z1J]
Z )] = ———. 2.4.6
= 7725 (2.46)

We will refer to Z[J] as the normalized generating function. Now we compute the correlator
(Tr (M?)) to O(g) using Z(J)
d d
J
dJJZ dJlk [ H‘]:O

_ 4 4 1,gd d_d _d \ Ln(p)
5 A Ao A e doq AT o

2N3  N\]N? 8N® 4N

(Tr (M%) =

w? | w?
Now, using the normalized generating function, we find

1 2N3  N\] N? 8N3® 4N
<T1“ (M2)>normalized = m <|:]' -9 <wg + w2>:| — — 99— — )

w w3 w?
N2 8N3 AN
g — g 2.4.8
95 93 (2.4.8)

To check these answers we need to extend our ribbon graph rules.

2.4.2 The New Ribbon Graphs Rules.

e Each matrix element M;; becomes a pair of dots. Indices that are summed are connected by
a line.

e To compute the order ¢g" contribution to the correlator, include n vertices that allow four
ribbons to meet at a point, as shown in the Figure below.

e Join pairs of dots, as well as the open ends of the vertices, with ribbon’s without twisting the
ribbon. Each ribbon contributes a facter of %
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e

Figure 2.4: Ribbon vertex: four ribbons meet in loop.

e Each diagram becomes a power of NV, with the power equal to the number of closed lines in
the graph.

Lets use the above ribbon graph rules to repeat the computation of <Tr (M 2)> The ribbon graphs
are shown in Figure (2.5).

—gN® —gN>® —gN3
w3 w3 w3
+ +
A(—g)N A(=g)N?
_.|_
4(—g)N?
UJB

Figure 2.5: The new ribbon graphs contributing to <Tr (M2)>

To obtain the normalized correlator, you must drop all terms that have a vacuum graph component,
that is, which are not connected to any pair of dots representing matrix elements. We have

_N?  8N® 4N
normalized ~ 7 -9 w3 o QF )

(Tr (M?)) (2.4.9)

This example shows that the ribbon graph language is useful.
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2.5 Factorization and the Large N Limit as a Classical Limit

In the free theory, we have done the computation of several correlators, including
(T (M%) = iN?
(Tr (M*)) = 2N3 + N,
(Tr (M?) T (M?)) = 1 [Nt + 2N,
(Tr (M?) Tr (M%) = 2N5 +9N® + 4N],
(Tr (M*) Tr (M%) = 4N6 +40N* + 61N?].

Using these results we will now point out a very 1mp0rtant property of these correlators. Consider
the N — oo limit. It is simple to verify that, after ignoring the sub-leading terms, we find

2N
)= S = (T (u2)) (1 (M2))
art)) = 2 = (e (1)) (Tx (%))
)= = (T (M) (T (M)

It is a general result that, at large NV, we have

(] T )y = T (Te (™)) (2.5.1)
i i

This says that the expectation value of the product is the product of expectation values. This
property, called factorization, is valid for the large N limit of any matrix model. This is the
important property of these correlators that we wanted to point out. We will now develop a
physical interpretion of factorization.

Consider a system which can be in a number of states labeled by i. The probability for the system
to be in state ¢ is p;, such that

Zm:l pi >0 Vi

Our theory will have a set of observables O7. The value of Oz in state ¢ is denoted Oz(i). The
expectation value of Oy is given by
7) =Y wiOz(i)
i

In terms of this language, factorization says

(010;...00) =) " 1i01(1)Os(i) . .. On (i)

= (01) (O2) ... (On)

= Z,uzlol (i1 Z/’L’LQOQ (i2) Z,uzn
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This implies

0 for i #£d*

Thus factorization is an indication that, in the large N limit, only a single configuration, which we
call the classical configuration contributes to the path integral.

1 for i=14*
Hi =

The AdS/CFT correspondence is a concrete realization of this idea. The correspondence tells us
exactly what the classical configuration that determines the large N correlation functions is. The
large N limit of A" = 4 SY M theory is given by the classical limit of IIB string theory on AdS5 x S°.
h of the string theory is set by % of the matrix model.

2.6 The 't Hooft Limit

We have seen that the correlators of the free field theory exhibit factorization In this section we
would like to consider the correlators of the interacting theory, to see if factorization survives when
interactions are turned on.

If we look at (2.4.5), with each increasing power of g we have an increasing power of N. The
expansion looks doomed. We can rescue the perturbative expansion if we consider the double
scaling limit in which we scale N and g as follows

N — g—0 A= gN = fixed (2.6.1)

A, called the ’t Hooft coupling, can be fixed to be small, so that we can do a perturbative expansion
in A\. The general form of the expansion, for any observable O is

(0) = i fa(A)NZ72", (2.6.2)
n=0

We get a contribution at every order in perturbation theory, i.e. the term of order N? is a non
trivial function of A\. There is also a term of order N° and terms of order N=2" with n =1,2,3,....
Ribbon diagrams have been an extremely useful tool with which we can compute correlators. The
true power of ribbon graphs however, only becomes evident when we understand how they determine
the N dependence we see in correlators. To determine the N dependence of each ribbon diagram,
it proves useful to rescale our field variable. Instead of M, we will work with the field M = v NM’.
The generating function of correlators is.

200 = / (M N (S Tr (M) XTR (M) T M) (2.6.3)

For any given Feynman diagram, the ribbon rules that follow from this generating function have
a factor of N\ for each vertex, a factor of N~! for each ribbon and a factor of N for each closed
loop. We denote the numbers of ribbons, vertices and the number of closed loops by E,V and F
respectively. A given Feynman diagram will contribute

NV—E-‘FF)\V )

We will now give the quantity x = V — E + F (called the Euler characteristic) a topological
interpretation. In this way we will see that the ribbon graphs can be viewed as a triangulation of
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a surface. Each closed loop can be viewed as the boundary of a piece of rubber. These pieces are
then glued together to form the surface. For an example, see Figure (2.6).

Figure 2.6: The ribbon graph that is a triangulation of the sphere.

The pieces of rubber are the gray shaded regions in this Figure. The outer sheet may be considered
an infinite sheet, so that gluing the pieces we have above produces the infinite plane. The ribbon
graph therefore performs a triangulation of a two dimensional surface. For anther example see
Figure (2.7).

Figure 2.7: Ribbon graph together with the surface it triangulates.

The number of closed loops in the ribbon graph is the number of faces in the triangulation. The
number of ribbons in the ribbon graph is the number of edges in the triangulation that the sheets
of rubber are joined on. The number of vertices in the ribbon graph is the number of vertices in
the triangulation.

Every two dimensional oriented surface is topologically equivalent to a sphere with some number of
holes cut out of it or some number of handles stuck onto it. For example, a torus is a sphere with
one handle and a cylinder is a sphere with two holes. The Euler characteristic of the surface is

X=2-2H-B, (2.6.4)

where H is the number of handles glued onto the sphere and B is the number of boundaries (the
holes cut out of the sphere). The quantity F'— E+V is a topological invariant, that is, it is invariant
under smooth deformations of the two dimensional surface that the ribbon graph triangulates. To
prove that we consider first a deformation that shrinks an edge to nothing, as shown in Figure
(2.8a).

It is clear that the number of faces, edges and vertices (F, E, V') before the shrink are related to
the number of faces, edges and vertices (F’, E', V') after the shrink by

FF-FE+V =F-(E-1)+(V-1)=F-E+V. (2.6.5)

Then consider a deformation given by shrinking a face to nothing, as shown in Figure (2.8b). From
this figure we see that under the operation of shrinking the face we have
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L : 5 .
. i i
Sl S \V/
artey : T E)

(a) Shrinking an edge to nothing. (b) Shrinking a face to nothing.

Figure 2.8: Smooth deformation in the triangulation.

F—-FE+V' =F-1)—-(E-4)+(V -3)=F-E+V. (2.6.6)

In general assume there are m edges bounding a face. We will lose all the edges bounding the face
when we shrink the face to nothing, so that ' = E —m and V' =V —m + 1 (the m vertices
between edges get grouped into one vertex). Thus,

F—E+V=F-1)—(E-m)+(V-m+1)=F—-FE+V. (2.6.7)

From (2.6.5) and (2.6.7) it is easy to see that x is invariant under shrinking an edge or shrinking
a face to nothing. This would imply that x is also invariant under growing an edge or growing a
face out of nothing.

Now we introduce the ribbon diagrams which always come with a power of NX. In Figure (2.8), the
sphere triangulated by the ribbon graph which has three closed loops (F' = 3), one vertex (V = 1;
the vertex is the point where 4 ribbons meet) and two edges E = 2. The sphere has no handles and
no holes in it so that y = 2. Planar diagrams for the sphere come with N dependence NX = N2

If we cut a hole in the surface, we remove a face. Under this operation, F' is decreased by 1 and
FE, V are changed by the same amount. This implies that each time we add a handle, we lose 2,
because we cut two holes and glue the resulting boundaries. For the torus for example

Xtorus = Xsphere — 2=0,
so that the diagrams that triangulate a torus multiply NV .

To summarize our discussion, we have developed ribbon graphs as a method to compute correlators
in matrix models. We have seen that these ribbon graphs triangulate a two dimensional surface
and further, that the topology of the underlying two dimensional surface determines the power of
N of the ribbon graph. The fact that summing ribbon graphs clearly has something to do with
summing over surfaces suggests that perhaps this matrix model is equivalent to a string theory.
Further, the large N limit of the matrix model is related to the classical limit of the string theory.



3. Group Representation Theory

In the previous chapter we have reviewed matrix models and ribbon graphs. They provide useful
techniques for studying correlation functions of operators built using order 1 fields. In the limit
that N — oo the theory simplifies, because only planar diagrams need to be summed. Now
however, we want to study correlators of operators built from order N fields. In this case the
ribbon graph techniques are no longer useful because we need to sum much more than just the
planar diagrams. Therefore, in this chapter we will explain that group representation theory can
be employed to study this class of correlation functions. We review the relevant aspects of group
representation theory that we will need in this study. These include the group representation
theory of the symmetric group and the unitary group. We also review techniques include Schur
polynomials and the restricted Schur polynomials that are labeled by irreducible representation
of the symmetric group. We will see in later chapters that the language of group representation
theory provides a very useful way to study giant gravitons.

3.1 Group Definition and Axioms

A group is a set G, together with a map “-” (called the group composition law) that combines any
two elements to form another element, such that the following axioms are satisfied [17], [18]

e The group composition law is closed (i.e. ¢g1-92 € G V1,92 € G).
e The group composition law is associative, (g1 - g2) - g3 = g1 (92-93) Vg1,92,93 € G.

e There is an identity element e € G which obeys, e-g1 =g1-e=g1 Vg1 € G.

e For every g € G there exists an inverse element of g denoted ¢g~! € G, such that g- g~ ! =

gl g=e
The number of elements in the set G is called the order of the group and is usually denoted |G|. If
the order of a group is finite, we say we have a finite group.

3.2 Permutations

A permutation rearranges the members of a set. The number of permutations of n distinct objects is
n!. The set of permutations of n objects together with the composition law obtained by performing
two given rearrangements in succession, is a group known as the symmetric group S,. We can
think of permutations of a set S = {1,2,---n} as the bijections from S to itself. In this case,
permutations are functions and so, can be composed with each other. We need some notation to
denote the permutations which are elemenst of the group S,. Consider S;. One way of writing a

permutation o is
1 2 3 4
o= [3 1 92 4] . (3.2.1)
As a function 0(1) =3, o0(2)=1, 0(3)=2, o(4) =4.

A much better notation is given by the so called cycle notation. It expresses the permutation as
a product of cycles which are the orbits of the permutation. For the example given in equation

19
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(3.2.1) we have o = (132)(4). This permutation is composed of 2 orbits, each called a cycle. An
orbit of length & is called a k—cycle. The 1-cycles are fixed points of the permutation. To simplify
cycle notation, we do not write the 1-cycles explicitly.

The product of two permutations is given by using the first row of the first permutation and the
second row of the “aligned” second permutation. For example

123456 123456
9T=19 41356 %2705 43 21 6|’
so that
123456
0102—[4 2 5 3 1 6:|. (3.2.2)

In cycle notation o1 = (1243), o2 = (15)(24) and o102 = (1435). This called the left action of a
group. In the right action, the product o109 can be obtained by applying the rightmost permutation
o9 first. Therefore, using cycle notation and the right action of group we have o109 = (1523).

The inverse of a permutation o(z) = y obeys 0~ !(y) = x. In cycle notation, reverse the order of
the elements in each cycle. Thus, o1 = (1243) and o~ = (3421).

A permutation composed of 1-cycles and a single 2-cycle is called a transposition. If the 2-cycle is
of the form (i,7 + 1), the permutation is called an adjacent transposition. Every permutation can
be written as a product of transpositions. This rewriting is not unique. In fact, it is always possible
to write any permutation as a product of adjacent permutations. For example, in cycle notation

(123) = (12)(23) = (14)(42)(23)(14) = - --

3.3 Representations of the Symmetric Group

3.3.1 Matrix Representations. A matrix representation of a symmetric group is a map from
the elements of the symmetric group to some matrix algebra, such that this map preserves the
structure of the group. In general, we can write

I'): 6 — GL(n,R) or I():G— GL(n,C)

where GL(n,R) is the general linear group of (n x n) real matrices and GL(n,C) is the general
linear group of (n x n) complex matrices. The map must respect the group composition law

I(g1)l'(g2) =T(g1-92) VYg1,92€G. (3.3.1)

In this equation, the product on the right hand side is the group composition for permutations
while on the left hand side it is matrix multiplication. From (3.3.1) we can prove that the identity
element of the group maps into the identity matrix. Since e -e = e we know that

Lr(e)T'r(e) =L'r(e)
= I'r(e)T'r(e) —T'r(e) =I'r(e)(T'r(e) —1) =0 (3.3.2)

which since I'g(e) is invertible, implies that I'g(e) = 1. Note also that

Tr(9)Tr(g™") =Tr(g-g~") =Tr(e) =1. (3.3.3)
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1

This implies that the matrix representing the element ¢g—" is the matrix inverse of the matrix

representing g
L(g™) =T(9)~" (3.3.4)

If Tr(g1) = Tr(92) = g1 = g2 (i.e. the map from the abstract group to the matrix group is
one-to-one), we say the representation is faithful.

3.3.2 Equivalent Representations. There are an infinite number of representations of any group
G. Given a representation, that is a set of matrices I'r(g) obeying [19]

Tr(91)Tr(92) =Tr(g1-92) Vg1,92€G, (3.3.5)

we can construct another representation

Tr(g) = M 'Tr(g)M Vgeg, (3.3.6)
where M is any invertible matrix. Indeed, it is clear that

Tr(91)TR(g2) =M 'Tr(g1) MM ~'Tr(g2) M
=M~'Tr(g1)Tr(g2) M

(

(
=M"'Tgr(g192) M

)

=T'r(9192 (3.3.7)

When two representations I'(-) and T'z(+) are related as in (3.3.6), we say the two representations
are equivalent. There are an infinite number of different invertible matrices M. This means there
are an infinite number of different representations equivalent to I'g(-). We will only list the set of
inequivalent representations of the group. For (3.3.6) to hold, it is necessary that T'z(-) and Tg(-)
have the same eigenvalues. If |v) is an eigenvector of I'g(g) with eigenvalue A

Lr(g)T [v) = Alv) (3.3.8)
then
Tr(g)(M |v)) = MTr(g) M~'M |v) = M Tgr(g) [v) = A(M |v)) . (3.3.9)

Thus, the eigenvalues I'r(g) and T'r(g) are equal. Further, if Tz(g) has eigenvector |v) then M |v)
is an eigenvector of I'r(g).

If T'r(-) and r r(+) are large matrices, computing their eigenvalues is not easy. For a more efficient
but still sufficient condition, we consider traces of I'r(-). It is a simple operation to compute the
trace of a matrix. Denote the d eigenvalues of I'r(-) by A; i=1,---d. We can write

Tr (Pr(9)") = DAY (3.3.10)

Thus, instead of computing the eigenvalues and requiring that they agree we can rather require

Tr(Cr(g)") = Tr(Tr(9)") n=1,---,d (3.3.11)
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using the fact that we have a representation of the group and so we may freely use as the group
composition law, we can write

I'r(91)TR(92)TR(g3) - =TrR(91-92-93--+),
Tr(91)TR(92)TR(93) - =Tr(g1 - g2- 93+ )-

Since any product of matrices in the representation is another matrix in the representation
Tr (Tr(g)) = Tr (fR(g)) Ygeg, (3.3.12)

is a necessary and sufficient condition for two representations I'r(-) and T'g(-) to be equivalent.
The trace of the group element is denoted

xr(9) = Tr (I'r(9)) , (3.3.13)

and is called the character of group element g in representation R. In conclusion, two representations
are equivalent if they have the same characters.

We now want to figure out when two group elements will have the same characters. If two group
elements are related as

n=9"'929, (3.3.14)
it follows that

T'r(91) =Tr(9 929) = Tr(g™ )T r(92)TR(9) = Tr(9) 'Tr(g2)Tr(g). (3.3.15)
Then

xr(g1) =Tr (Ur(g1))
=Tr (Tr(9)"'Tr(92)Tr(9)) -
Using cyclicity of the trace we have
xr(g1) =Tr (Tr(92)Tr(9)TR(9) ™)
=Tr (Pr(g2))
=xr(92) - (3.3.16)

We say that two elements g; and g2 obeying (3.3.16) are conjugate to each other. The relation
is written as g1 ~ g2 ¢1,92 € G. It is simple to prove that the “conjugate to” is an equivalence
relation. Indeed

g1=¢ 'gie (3.3.17)
with e the identity element of the group, so that conjugate to is reflexive. Since
n=9"99 = g=FG " a5 (3.3.18)
this shows that if g is conjugate to g, gs is conjugate to g; so that conjugate to is symmetric.
Finally, if
g2=9"09 g3=1(3)""929 (3.3.19)
then we have
93 = (99) ' 9197 (3.3.20)

so that conjugate to is transitive. This proves that conjugate to is an equivalence relation. We will
use “conjugate to” to partition the group into conjugacy classes. It is clear that all elements in a
given conjugacy class have the same character.



Section 3.3. Representations of the Symmetric Group Page 23

3.3.3 Inequivalent Irreducible Representations. Above we found that, starting from a given
representation and making use of an invertible matrix M, we easily construct another representation
using (3.3.6). There is a second way that we can construct new representations out of old ones.
Consider two representations: a set of d x d matrices, {I'(g)} and, {I'(¢)} a set of d x d matrices.
Using the fact that {T'(g)} and {T'(g)} are representations, as well as the standard rules of matrix
multiplication, we can verify that (0,xp is a zero matrix with a rows and b columns).

%dﬂ)f] =T(g9) ®T(9) (3.3.21)

is another representation of the group.

We say that I”(g) is the direct sum of I'(g) and I'(g). This means the matrix representations of the
group elements are block diagonal. The I'(g) has at least two invariant subspaces (W7 and Ws).
W1 is denoted to be the subspace of all vectors whose last d components vanish while W5 is the
subspace of all vectors whose first d components vanish

e Wy e Wy

IS

IS
* X ¥ O O O

S OO ¥ % *x

Acting on a vector in W7 with any group element, we have

T'(g) [wr) = [F(g) ! d} [Ov> ] = [P(g) ’1’)] ewW. (3.3.22)

dx
0J><d F(g) dx1 0cZ><1

A similar result holds for W5. We say that the representation I'(g) is reducible. Any representa-
tion that is equivalent to a block diagonal representation has at least two invariant subspaces and
is called a reducible representation. An irreducible representation is one that has no non-trivial
invariant subspaces under the action of the group and hence is not equivalent to a block diagonal
representation. Any representation can be built up using only the inequivalent irreducible repre-
sentations. For any finite group there are a finite number of them, and the number of inequivalent
irreducible representations is equal to the number of conjugacy classes.

To describe the group representations of the symmetric group and give the matrices representing
group elements, we will introduce Young diagrams.

3.3.4 Young Diagrams. A Young diagram is a finite collection of n boxes arranged in left-justified
rows, such that each row has the same or shorter length than its predecessor. A complete set of
irreducible inequivalent representations of the symmetric group S,, are labeled by all possible Young
diagrams with n boxes [20]. For example, the complete set of Young diagrams for n = 4 is

[ ] H
NN (3.3.23)
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so that S4 has 5 inequivalent irreducible representations. Listing the number of boxes in each row
of Young diagram R gives a partition of n. We write “R is a partition of n” in symbols as R F n.
The Young diagram contains the same information as that partition. The conjugate or transpose
partition of R, written as RT, can be obtained by listing the number of boxes in each column of a
Young diagram or reflecting R along its main diagonal.

We can obtain labels for the elements of a complete basis of Vg" by decorating the Young diagram
of a particular irreducible representation. This is called a Young-Yamanouchi symbol, which we
will denote with ket |[YY). To obtain a Young-Yamanouchi symbol, we fill boxes of the Young
diagram with the integers 1, 2, 3, ..., n. Each box gets a unique integer. The entries in each row
and each column are decreasing as we move to the right or bottom of the page. As an example,

the irreducible representation labeled by leads to three distinct Young-Yamanouchi symbols

42]1] [4]3]1] [4]3]2]
13 12 L1 . (3.3.24)

To determine the dimensions of a symmetric group irreducible representation labeled by the Young
diagram R, we need to use a formula that makes use of the notion of a hook length. The hook
length of a box = in Young diagram R is the number of boxes that are in the same row to the right
of = plus the number of boxes in the same column below z plus one (for z itself). To determine
the hook length we draw a line from below the bottom of R to z and then continue that line to the
right until you exit R. The hook length is equal to the number of boxes this line passes through.
This is illustrated in Figure (3.1).

Figure 3.1: The hook associated to the first box in the second row has a length of 5 as illustrated.

Here is an example of a Young diagram with the hook lengths filled in

3[1]
1

|}—‘OJC)‘!

(3.3.25)

The dimension of an irreducible representation labeled by Young diagram R is n! divided by the
product of hook lengths. We will write this as

n! n!
[1.cr hook(z) — hooksg

dp = (3.3.26)

where R + n. The Young diagram in (3.3.25) labels an irreducible representation of Sg with
dimension

6!
=53 1311
[ ]

16. (3.3.27)

Thus, there would be 16 valid Young-Yamanouchi symbols that you could draw.
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Now, we will give the matrices representing the elements of the symmetric group. It is enough to
give a matrix representation of the adjacent transpositions. Towards this end we need to introduce
the content of a box in a Young diagram. A box x in row ¢ and column j of R has content j — i.
Here is an example of a Young diagram with the content filled in

0[1]2]3]4]
-1j0]1

-2] : (3.3.28)

Given a Young-Yamanouchi symbol, each box in the Young diagram is labeled by a unique integer ¢
with 1 <4 < n. The content of the box labeled i is ¢; . Let \R(i7i+1)> denote the Young-Yamanouchi
symbol that is obtained from |R) by swapping the labels of boxes ¢ and i + 1. We only ever swap
boxes whose labels differ by 1. For example,

3]2] 3[1] 2[3]
Ty =L1] ID(12)) =L2] IDeazy) =L . (3.3.29)

Note that [T'(93)) above is not a valid Young-Yamanouchi diagram. The matrix elements of the
adjacent transpositions are now specified by

L((i,i+ 1)) |R) = Cz_lcz—i-l |R) + \/1 - (Cz_chH)Q |R(cis civ1)) - (3.3.30)

Any illegal Young-Yamanouchi symbols, (for example |R(33))), in the end, will be multiplied by
zero so we need not worry about this. Here is an example using this formula

3]2] 3[2] 3[1]
1 V3

rBj((m))L >:—2L >+21 > (3.3.31)

3[1] 13]1] 13]2]

2 _1e V3
Ter((12))[ 2 > 2‘_ >+ - '_ > (3.3.32)

Choosing
13]2] 3[1]

- -

we find the following matrix representation for the permutation (12)

_1 3
rHj((lz)): [“ﬁ 2] . (3.3.34)

This result obeys

N[

S
rol— w‘a

GARTEY e

which is the statement (12)(12)=e. We have seen that, the symmetric group Sy, is a group of finite
order n!. The states in the space of a representation R can be labelled by Young-Yamanouchi
symbols, which are constructed using the Young diagram R labelling the representation. Finally
the Young-Yamanouchi symbol have been a very useful tool with which to construct the matrices
of the representation.

|
w‘&w\»—l
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3.4 Representations of the Unitary Group

Consider the group GL(N, C), given by all complex N x N invertible matrices, with the group com-
position law given by matrix multiplication. The unitary group U(N) is a subgroup of GL(N,C).
The restriction of any irreducible representation of GL(N,C) to the subgroup U(N) is also irre-
ducible. Thus, the vector spaces carrying the irreducible representations of U(N) can be identified
with the vector spaces carrying the irreducible representations of GL(N, C).

The irreducible representations of the unitary group U(N) are labelled by Young diagrams with
number of rows < N. The dimension of a U(N) representation also can be computed using Young
diagrams that label the irreducible representation. To write an explicit formula for the dimension
of a U(N) irreducible representation, we need to associate a number to each box in the Young
diagram called a factor, which is given by N plus the content of the box. Here is a Young diagram
with the factors filled in

N+O|N+1|N+2|N+3|N+4

N—1(N+0O|N+1

The formula for the dimension of a U(N) irreducible representation is

IR
[1,cphook(z)’

where fr denotes the product of the factors of Young diagram R. For example, consider the U(3)

Dimp = (3.4.1)

representation described the Young diagram Bj, we find

_ 3 _
M%F_ng?q U_NgN_& (3.4.2)

States in the space of the U(N) representation R can be labelled by a Gelfand-Tsetlin pattern,
which is constructed out of the Young diagram R.

We will now describe how the Gelfand-Tsetlin patterns are constructed. Everything we will say
about GL(N,C) can be applied, without any change, to U(N). An inequivalent irreducible rep-
resentation for GL(N,C) (which is identified by the row lengths of a Young diagram R that has
number of rows < N) is given by the sequence of N integers

m = (minN,man, " ,MNN), (3.4.3)

satisfying m;n > m;11 N, for 1 <4 < N—1. The sequence (3.4.3) define the weight of the irreducible
representation. The restriction of this irreducible representation onto the subgroup GL(N — 1,C)
is reducible. It decomposes into a direct sum of irreducible representations with weights

m' = (miN_1,Ma N1, " ,MN_1,N-1), (3.4.4)

satisfying the the “betweenness” conditions: myny > mg ny—1 > mp1 n for 1 <k <N —1. We can
repeat this procedure until we get to GL(1,C) which has one-dimensional spaces. The Gelfand-
Tsetlin labelling assembles this sequence of representations of the subgroups into a Gelfand-Tsetlin
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pattern. There is a unique pattern for each state in the basis of the space of the original irreducible
representation of GL(N —1,C) . The pattern can be written as a triangular arrangement of integers,
denoted by M, with the structure

miN  MaN co MN-1N MNN
Mi,N—1 M2 N— . MN—1,N—1
M = . (3.4.5)

mi1

The top row contains the weight that specifies the irreducible representation of the state and the
entries of the lower rows are subject to the betweenness condition. The total number of the Gelfand-
Tsetlin patterns give the dimension of the irreducible representation. Return to the example we

discussed above, which considered an U(3) representation, described the Young diagram Bj We
already found that this representation is 8 dimensional. Thus, there are 8 vectors in the state space
of this representation. The corresponding Gelfand-Tsetlin patterns are

2 1 0] [2 1 0] [2 1 0] 2 1 0]

2 1 2 0 2 0 2 1 ,
i 2 i i 2 i i 1 i i 1 i
[2 1 0] [2 1 0] [2 1 0] [2 1 0]

2 0 1 1 1 0 2 1
i 0 i I 1 ] i 1 i i 1 i

In this case the total number of these patterns is 8 which is exactly the dimension of the irreducible
representation [21].

Denote the N —dimensional space by V. We are interested in taking the tensor product of n copies
of Viv, denoted by Vi™. We can define both an action of S,, on V" and an action of U(N) on
V]f?”. Towards this end, introduce a basis for V& defined by

V(i) @ V(i2) @+ ® V(in) (3.4.6)

where V(i)i = 1,-,N is a set of N vectors, providing a basis for Viy. In terms of this basis, we
define the action of S,, on Vg" as follows

o V(il) X V(iQ) R ® V(in) — V(ig(l)) X V(ig(g)) KR V(ig(n)) (3.4.7)
and we define an action of U(N) on V" as
U: V(i) ®@V(ie) ®---®@V(ip) — DU)V(ir) @ D(U)V (i2) ® - - - @ D(U)V (i) (3.4.8)

where D(U) is the N x N matrix representing U € U(N) in the fundamental representation. These
two actions commute

cU(V(i1) @ V(iz) @ - @ V(in)) = o(D(U)V (i1) @ D(U)V (iz) @ --- @ D(U)V (in))
' (
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Since these actions commute they can be simultaneously diagonalized. This is called Schur-Weyl
duality.

Our goal is to show the space V®" reduces into subspaces labeled by Young diagrams, with each
subspace carrying both an irreducible representation of the symmetric group and an irreducible
representation of the unitary group, that correspond to the Young diagram labeling the subspace.
In this way, every state in the space can be labeled by a symmetric group label and unitary group
label. The symmetric group label is a Young-Yamanouchi symbol (YY) and the unitary group
label is a Gelfand-Tsetlin pattern (GT'), so that the state takes the form ‘YY, GT>. Therefore, the
total number of states in subspace labeled by Young diagram R is given by the total number of
Young-Yamanouchi symbols times the total number of Gelfand-Tsetlin patterns. Thus the total
number of states in the space is given by

Nstates = Y _ drDimp. (3.4.9)
R

We will not prove that this is the case. We will be happy to verify this counting in a specific
non-trivial example. Consider VJ%)S. There are three possible subspaces

N(N +1)(N +2)
6 )
RZBJ dr =2 pmp = N(N+13)(N_1)

R=T1T1 dr=1 pmg=

)

N(N —1)(N —2)

RI@ dr =1 pmp = G

Summing over all subspaces we do indeed find that the total number of states is N3.

3.5 Schur’s Lemmas

In our application of representation theory to matrix models, we will make extensive use of the
Fundamental Orthogonality Theorem. This theorem is proved using Schur’s Lemmas, we state,
without proof, these lemmas in this section [18], [19].

Lemma 1: A non-zero matrix which commutes with all of the matrices of an irreducible repre-
sentation is a constant multiple of the unit matrix. We have

with R an irreducible representation, I is the unit matrix.

Lemma 2: Given two inequivalent irreducible representations R and S. The only solution to the
equation

Tr(g)A =ATs(g) VgeG is A=0. (3.5.2)
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3.6 The Fundamental Orthogonality Relation; Character Orthog-
onality

Consider the quantity

[A(Rv Sv bv a)]aﬂ = ZFR(Q_I)abFS(g)aB- (361)
geg

R and S run over the possible irreducible representations of the group. We denote the dimensions of
R, S by dg,ds respectively. a,b=1,--- ,dg are indices for the representation R. o, =1,--- ,dg
are indices for the representation S. A is a collection of matrices with row index a and column
index 8. The matrices in this collection are indexed by the values of R,S,b and . We want to
study these matrices. Notice that

[A(R, S, b,0)]asTs(9)sy = > _Tr(g™)abl5(9)asT's(9) sy
geg
= Z Tr(g HaTs(991)ay (3.6.2)
geg

The sum over g is a sum over |G| terms i.e. a sum over the whole group. We change summation
variables in the above sum, from g to g = gg;. The terms are distinct, so that the sum over g is a
sum over the whole group. Thus, we find

[A(R S, b, a) aﬂFS ZFR 919 1 abFS(g)a'y
g€g

— Z I‘R(gl)aCFR(gil)chS(?)OW
geg

:FR(gl)ac Z FR(g_l)CbFS (g)a’y
geg

:PR<91)ac[A(R7 57 b7 a)]C’Y
From Schur’s Lemmas, we know that
[A(R, 8,b,0)]as = 6rsdasA(b, a, R) (3.6.3)

where A(,-,-) is to be determined. To that end, return to the definition of [A(R,S,b, ®)]ss and
compute

Tr (AR, R.b,0) = Y Tr(g atTr(9)ea = D _ITr(9T RG]

a geg geg
= Z[FR(gg_l)]cb = Z Scb = 1G|0cp -
geg geg

In terms of the form we deduced above

dR dR
Tr (AR, R,b,c)) =Y A(R,R,b,¢)aa = Y Saa(b,c, R) = drA(b,c, R). (3.6.4)
a=1 a=1
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Comparing these two expressions we have

Ab, ¢, R) = 91 Ope - (3.6.5)
dr
Therefore,
-1 _19|
> Trlg™ al's(9)as ~dn 0RS0aB0ba - (3.6.6)

9€g
This is the fundamental orthogonality relation [19].

We can use the fundamental orthogonality relation to define an orthogonality relation for characters.
We know that xr(g) = Tr (I'r(g)). From (3.6.6), we find that

ZXR aaXS aa *ZZZFR -1 aaFS( )

9€g a o geg

_lgl
= dR 5RS GZ; 5aa(5aa

=[G|drs - (3.6.7)

This is the character orthogonality relation. When we apply this formula to the symmetric group,
we will freely make use of the fact that xg(g~') = xr(9).

Every representation of a finite group is equivalent to a unitary representation. This means
that without any loss of generality we can assume that our representation is unitary. A uni-
tary transformation is a transformation that preserves the inner product. Define a set of vectors

‘Sa Q, 6>g = FS(Q)Q,B, and

Tr(g N = Tr(9)5 = Th(9)a (3.6.8)

Then

<Rab7a“570‘76 ZFT bFS

geg
_ZFR Darl's(9)as
geg
g
‘d |(5Rs5a5(5ba. (3.6.9)

This means the vectors are orthogonal. They live in a |G| dimensional space. Thus, we learn that

Yo rd: <19l.

Finally, lets specialize the character orthogonality relation to unitary representations and to or-
thogonal representations:

e For a unitary representation where: I'(g71) = I'(g)~! = I'f(g), the character orthogonality is
given by

> " xrlg™)xs(g) = drs|G] . (3.6.10)

geg
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e For an orthogonal representation where: I'(g~!) = I'(g)T = I'(g), the character orthogonality
is given by

> " xr(9)xs(9) = ors|G| (3.6.11)
g€eg

where T denotes the matrix transpose and t denotes conjugate transpose of the matrix.

3.7 Projection Operators

Projection operators will play a fundamental role when we construct a basis for the local gauge
invariant operators. In this section we introduce the relevent projection operators. A projection
operator is an operator that obeys P»2 = Pi. The collection of operators

Pr)ly = Z Xr(o (3.7.1)

! o€Sh

obey PrPg = §rsPs so that they are projection operators. To prove this, note that

A . d d
PrPs anj,% > XR(Ul)Ulnff > xs(o2)o,

01E€ES 02€Sy
deS
> > xs(e2)xr(o)oio.
UlESn 02ESy

Now, change variables from o1, 09 to o1,% = 01 - 09,

~ drd
Pr S_RSZ > xrlo)xs(or ),

PYES, 01€SL

Z Z I‘R g1 zzFS w)jkr(gl_l)kﬂﬂ.

PES, 01ESh

deS

We use the fundamental orthogonality relation (3.6.6), to obtain

PrPs 5RS py 23" Xs(@)y = drsPs. (3.7.2)
YES,

This proves that the Pp are projectors. Then the character of an element U of the group U(N), in
irreducible representation R, is given by acting on U®" with Pr and then tracing. We find

() =——Tr (PRU®")

dR
n! Z Xr(o)Tr (cU=")
n gES,
_ 1 11 12 in
ol ; xa(o)U; o Viaey " Vi
g n

This gives a concrete relation between the characters of the symmetric and the unitary groups.
The value of the trace of the projection operator Pg is the dimension of the subspace we project to

Tr (PR) — dpDimp (3.7.3)
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3.8 Schur Polynomials

It is natural to obtain an operator Z%" = Z ® Z ® --- ® Z, by tensoring n copies of the complex
matrix ZJ’ This operator acts on VJS?" obtain by tensoring n copies of an N dimensional vector
space V. Z is in the set of endomorphisms of the vector space Vi [22], [23]

Z VN — VN. (381)
We will use the the following index notations
onnd iy i ;.
(Z9") = Zﬁ ZJ’; e Z;in . (3.8.2)
For o belonging to the symmetric group S, we have

I _ 13,02, _ g1
(0)) = ()i — gt

J1:J2, - Jn 0(1)5;‘(2, o 5;2 (3.8.3)

(2) (n) "

Recall that the action of o € S, on Vﬁ" is given by interchanging the order of the vectors in the
tensor product of any given vector, as follows

0'(17(1'1) RU(i2) @+ ® U(Zn)) = U(ig(l)) & 17(1'0(2)) Q- U(ig(n)) (3.8.4)
Using this action, any observable can be written as a single trace in V]?" as follows

Tr (02%") = (0){(28™ = z{* zP2 ...ZI (3.8.5)

lo(1) to(2) to(n)

As an example, for n = 4 and for permutation o = (1)(2)(34) in cycle notation, we have
Tr ((1)(2)(34)Z2%") = Tr (2)* Tr (2?) (3.8.6)

We can write any multi-trace operator involving n fields as a single trace in the bigger space V]%@".
We want to sum the free field Wick contractions in correlators of operators, each built with n fields.
Consider the free field expectation value
i i in k k kn
<Z;;Z§§ AV > . (3.8.7)
There are a total of n! Wick contractions that must be summed. To motivate the formula that

follows, consider a total of three matrices. We can think of each contraction as a permutation. The
Wick contraction below

[ I I

2y 22 (220 (205 = 0130136173, 037 63

corresponds to the permutation o = (123). By summing over all possible permutations in S3, we
will precisely sum over the complete set of Wick contractions. Notice that the right hand side is
(321)1 (123)% and that the permutation (132) is the inverse of (123). It is now simple to see that

(Zi23- 2@ 2z (2D)) = (@) (3.838)
oc€eg
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Now, we seek to provide an exactly orthogonal basis for our operators. We emphasize the fact that
all ribbon diagrams are summed, not just the planar diagrams. Recall the projection operators Pg,
acting on V3" such that

A dR
Pp=—% > xzlo)o. (3.8.9)
O'ESn
PpPg =6psPs (3.8.10)
Prip =pPr Vi €S, . (3.8.11)

We can check that, 15}; = Pg. In terms of these projectors introduce a set of operators, the Schur
polynomials

A A I
r(Z257) = Tr (Przi") = (Pr){2°"}

dr I
) Z XR(U)U}]Z®nJ

g€ESy
in
n! ZXR o<1) o<2> Zigny
gESy
Z Xr(0)Tx (0 Z3") . (3.8.12)
n! gESy

To obtain an explicit formula for the two point correlation function of these operators, argue as
follows

(R(DNs(2)T) = (B (B (25521 )

]. ~ 14

O’GSn
RPN e
T (PRPS) = G (PR>
Spsn!
- Ri” Dimp = 6rs fr. (3.8.13)

To obtain the last line we have used the explicit expressions for dr and Dimpg, equations (3.3.26)
and (3.4.1) respectively. It is clear that, the Schur polynomials diagonalize the two point function.
As an example of the application of this result is

<Xm(Z)XTDE(Z)> = N(N +1)(N +2). (3.8.14)

This answer is obtained by summing all ribbon graphs, not just the planar ones.

Schur polynomials are complete, we can invert the relation between traces and Schur polynomials
using the character orthogonality relations (3.8.13)

r(0Z%") = xr(o (3.8.15)
RFn
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3.9 Restricted Schur Polynomials

We now consider two complex matrices, Z and Y as operators acting on N dimensional vector
space V. Focus on the case of n Z matrices and m Y matrices [24]. We again use the compact
index notation
Xm QnN\I __ 1112 . im 7f'm-ﬁ—l im+2 . im+n
Y@ Z5), = le sz ij ij+1ij+2 ij+n‘ (3.9.1)
Permutations again provide a consistent way to label multitrace structures of the theory. Indeed
the general set of observables built out of Z and Y, with o € S, 1, can be written as

1

L=YR YR Lyim o gl gimer L gimin (3.9.2)

@m n LV g .
Tr (UY ®Z ) Jo(1)” Jo(2) Jo(m) T do(m+1) T jo (m+2) Jo(m+n)”

Permutations which can be related by conjugation with respect to the .S, x S;, subgroup,

plop = oy pE Sy X S, (3.9.3)
lead to the same physical observable. To describe the multimatrix structures we need to generalize
the Schur polynomials to the restricted Schur polynomials. Toward this end, we need to obtain the
restricted character. We know that the characters are just the trace of the matrix representing a
group element in a given irreducible representation. In this case, after restricting to a subgroup,
a given irreducible representation of the group will decompose into a number of irreducible repre-
sentations of the subgroup. More than one copy of a representation of the subgroup may appear,
so we need to introduce a multiplicity label o and 8 to keep track of these copies. To label an
irreducible representation of S, we need a Young diagram with m + n boxes R - m +n. To
label an irreducible representation of .S,, x .S, we need a Young diagram with m boxes for S,, and
a Young diagram with n boxes for S,. We label a representation of the subgroup S, x Sy, of the
group Syim by (r,s), where r - n and s - m. States in the carrier space of the subgroup (r, s)a
are denoted by R, (7, s)a; 5.

To compute the restricted character X g (r.s)as (o) we need to take the restricted trace of the matrix
representing group element ¢ in a given irreducible representation. We can take the trace of the
row index over the subspace associated to the a-th copy of (r,s) and the column index over the
subspace associated to the S-th copy of (r, s). In this way, we obtain the restricted character defined
by [25]

XR,(r,s)a3(0) =TrR (r.6)as((0))
> (R, (r,9)a; BIT(0)|R, (r, 8)a; B) . (3.9.4)
B

We introduce a set of operators Pg (, 5)s acting on the space V™ as follow

1

 nlm!

Y Xrsasl0)o (3.9.5)

O'ESn+m

PR,(r,s)aﬁ
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Finally, the restricted Schur polynomial can be written as

XR,(r,s)aﬁ(Zv Y) =Tr (PR,(r,s)a,BY®m & Z®n)

1
“alm! > Xnrsas(o)Tr (Y™ @ Z57)
o o—eSTH’m
1 7 7 m Tm+1 Tm+2 iman
:W Z XRy(T’S)aﬁ(O-)Ya’;lyO;Q T YO’ijO'jm+1 Zo’jm+2 e Zo’jm+n’ (396)
TESnim

The restricted Schur polynomials diagonalize the two point function in the free theory, exactly
<XR7 (T, S)Qﬁ(Y, Z)XT,(t,u)'y£ (Y7 Z)T> X 5RT5rt55u56§5a'y~ (397)

To summarize, we have managed to give methods for computing correlation functions built from
order N fields by using group theory. We have also computed exactly the two point function
using Schur polynomials, i.e. all the ribbon graphs were summed. Including the non-planar ribbon
graphs is summing string quantum corrections. These correlators should tell us about quantum
effects in string theory. Further, we have seen that orthogonality of the Schur operators simplifies
the computations.



4. Holographic Computation of CFT
Correlators

Correlation functions of the fields in any quantum field theory are among the most interesting
quantities we can evaluate. In this chapter we will study correlation functions of primary fields
in the boundary CFT from the bulk theory in AdS. We will adopt the Euclidean formulation of
quantum theory in anti-de Sitter AdS spacetime. We will consider two and three-point correlation
functions. The recipe and the tools that would be needful for computing this class of correlation
functions are presented in the following section [(].

4.1 The Holographic Dictionary

According to the AdS/CFT correspondence [2], [3] and [1], correlators in CFT can be computed
using a dual string theory description. For every CFT operator O there is a corresponding gravity
(or string) theory field ¢ and a corresponding boundary condition ¢y [5]. The mass of a field in
the gravity theory is related to the scale dimension of the corresponding operator in CFT. In the
string theory side of the correspondence, the generating functional Z 449 is given by

Zadas(¢o) :/[D¢]€SA‘137 (4.1.1)

where [D¢] is the measure for the fields in string theory (there are an infinite number of them) and
S 145 1s the classical gravity action. This integral is the path integral of string theory on spacetimes
which are asymptotically AdSsxS?, performed with the boundary condition that ¢ — ¢g on the
boundary of AdSs.

On the other side the generating functional for the conformal boundary of the (d+1)-dimensional
AdS spacetime, Zcpr, with a field theory operators O, can be represented in terms of a source
fields ¢9. Thehe AdS/CFT conjecture therefore equates

Zepr (0) = <€fddm ¢O(I)O(m)> = Zas(¢o) (4.1.2)
CFT

where (--- >CFT means the path integral in the conformal field theory and ¢g is the boundary value

of the bulk field acting as a source for the CFT operator O [26]. Thus we may approximate the

string generating functional Z, ,,(¢o) by using the saddle point approximation. To this order only

the classical contribution remains

ZAdS (‘bO) ~ e~ aas (90), (4.1.3)

where Saqgs(¢o) is the action for the gravity subject to the boundary condition ¢¢ for the field ¢. In
the gravity description, we are neglecting quantum corrections. This corresponds to studying the
N — oo limit of the CFT. Finally, correlation functions of CFT primary fields can be computed
by functionally differentiating Z, . (¢o) and setting the source ¢ equal to zero:

0 S Zaw(t0) (4.1.4)

(O(x1) - O(2n)) pr = Sdo(x1)  Odo(zn) $o=0

36
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In order to compute these correlation functions, we need to compute the classical action in AdS as
a functional of the boundary conditions. Towards this end we will start with the Eculidean action
for a massive scalar field in AdS;4; spacetime. Using this action, we will derive the supergravity
equations of motion for a field ¢ with boundary condition ¢g and solve them [6]. Finally, we will
insert the solution into the action and use it to compute correlation functions in the form of (4.1.4).
In this chapter and before we proceed to compute correlators we will recall some of the key features
of the Euclidean AdS;1 spacetime.

4.2 The Euclidean Version of AdS;,; Spacetime

In this section we will start with the Euclidean AdS;,1 metric and obtain the induced metric in the
form of the Lobaschevsky upper half-space. Then we introduce a conformal inversion, to enable
us to exploit the conformal symmetry. This conformal inversion will play an important role in
our method of calculating the correlators. This is partly because inversion is a conformal isometry
and a symmetry of CFTy;. The Euclidean signature version of (d+1)-dimensional Anti-de Sitter
spacetime, AdS4y1, can be represented by taking the upper sheet Y_; > 0 of the hyperboloid [27],

[6], [5]

d
1
2 2 2 _

—(Y-1)* + (Y0) +§(Y¢) == (4.2.1)
with curvature R = —d(d + 1)a®. The intrinsic geometry of the surface is determined by the
Euclidean AdSg4y1 metric

d
ds® = —(dY_1)* + (dYp)* + ) (V). (4.2.2)
i=1

We may map this metric onto the upper half space Hy11 by changing the coordinates as

Y;
= 4.2.3
“ a(Y-1 + Yp) ( )

1
S — 4.2.4
0T 2+ 1) (4.2.4)
— Sl qY; fori#£0. (4.2.5)

20
Then we differentiate the last equation and sum over 7 to find
d d 9 d d

S (v;)’ = o S dz? T o a(> =), (4.2.6)

i=1 i=1 i=1 =1

Now, we use (4.2.1) to find a relation among these different coordinates, so that we have

d d
Z a2z Z(YZ)Q = a2z(2) [ - =+ (Y_1)2 — (YO)Q], (4.2.7)
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and

1
27) = 2a*23 [Y_1dY_1 — YodYp] + 2a*z0dz0 [ — =+ (Yo1)? = (Yo)?]. (4.2.8)

M&

1:1

We substitute these into (4.2.6) to find

d
> dY? =
=1

Using (4.2.4) we find

d
2dz sz 1
Z Uy 1dY_y — YodYy) — — O S+ (Yo)? - (Yo)?]. (4.2.9)
=1

d

d
1 dz2 dY_, + dY, (dY_1 + dYp)?
dY;)? = — Y dz? 0 49| 2L T200 Ny ay  — YodYy] — | =L "0 iy )2 - (V)2
;( ) a2222 2 +a22(2) + {(Y—l‘FYO) [ 1 1 0 0] (Y_1 + Yp)? [( 1) ( 0)]

2 2 2 2 2 2
=22 Zdz o v +Yo) [[Y1+YO +2Y_1Yp| (dY_)* — [YV2) + Y5 + 2Y_1Y,] (dYp) ]

1
= 22 Z dz, + (dY_1)* — (dYp)?,
n=0

which brings the induced metric to the form of the Lobaschevsky upper half-space

d
1
2 § 2
u=0

We set the parameter a = 1. Therefore, the inversion symmetry of Euclidean AdS which is an
isometry of (4.2.10), can be expressed as the following coordinate transformation

, Zu 2 1
= — = —. 4.2.11
2y 2 z 2 ( )

The Jacobian associated to inversion is

0z, , 212,
5~ ) <5"” ) 2(52)
= (Z/)2J/w(zl) = (zl)2<],u1/(z) . (4.2.12)

The Jacobian tensor .J,, obeys a number of identities that will be useful for the computations in
this chapter. These include the pretty property

T (@ =) = Jup(@) oo (2" = ') Jon (¥), (4.2.13)
and the orthogonality relation
Ju (x) Typ(x) = 6pp - (4.2.14)

The Euclidean metric tensor g, with coordinate z = (29, z,) = (20, 21, - - 24), can be written as
gt = 2’0_25w/, where 0, is the Kronecker delta and p,v = 0,1,--- ,d. We define the contraction
of the indices using the AdS metric tensor as e.g. g""0,¢ 0, ¢.
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4.3 The wave equation and its solution

The action for a massive scalar field in d+1 dimensional Minkowski spacetime is given by

S—i/w”%EWJ%@ (4.3.1)

where L is given by

1 1
L= inﬂ”auwycp + 5m2<z>2. (4.3.2)

To find the covariant Klein-Gordon equation from this Lagrangian density, we replace the flat space
metric 7, by the curved space metric g,,. Also use the co-ordinate reparametrization invariant
measure in curved spacetime. Therefore, after a Wick rotation we write the Euclidean action for a
massive scalar field in a curved spacetime as follows [0]

Skl¢] = ;/dd“m\/ﬁﬁ = ;/dd“m\/g (9" 0,60, + m?>¢?] . (4.3.3)

Upon requiring that 45 = 0 we obtain the Euler-Lagrange equation in the curved spacetime

VgL OygL
% (8(8p¢)> g0 O (4.3.4)

Using the explicit expression for the Lagrangian density £ we obtain

N T TR
% (stte7) = (s [ owstvee )

0y (ﬁg“” (0,000 + 5ypau¢)]>

2

(L ira0+00.0))

9p
0, V99" 0u¢] , (4.3.5)

and

WL N 0,00, -+ m*
= \/§m2gb.
The equation of motion can now be written as
1
Nz

This is the Klein-Gordon equation. Now use the metric of the AdS spacetime g, = z; 2(5#,, and its
determinant which is given by

9 [\/99" 0u) — mPe = 0. (4.3.6)

d
g = det(gu) = det(zy 20,,) = H 20 20 = 20_2(d+1) : (4.3.7)
n=0
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Applying the inversion (4.2.11), the equation of motion (4.3.6) can be written in the form

0 0 0?2
d+1 d+1 foa bod 7\ —
25 . [Zo 7()(15(20, z)} + z(2)72¢(z0, Z) —m?¢(20,2) = 0, (4.3.8)

and the action S in the form

1 [ di% dz
Sp=5 / AT = [0.6250u6 +m*¢%] . (4.3.9)
0

Since AdS 411 has a conformal boundary, a solution of the wave equation requires the specification of
boundary data. Taking as an ansatz: ¢(z0,2) — 23 “¢0(2) as zg — 0 and ¢(z20, 2) = 0 as zp —
oo, with A a constant. The roots of the indicial equation of (4.3.8) are Ay = 1(d £ Vd? + 4m?),
where the largest root is A = A,. A Green’s function solution to this boundary value problem has
been constructed by Witten in [5]. This Green’s function relates the field ¢(zo, Z) in the bulk and
the boundary configuration ¢g(Z).

The bulk-to-boundary Green’s function associated to the Klein-Gordon equation is given by

= —

A
o 20 F(A)
Kna(20,2,8) =CA | —2 ) | Op=—V 4.3.10
st =0a (o) o (4510
for A > % [28] [29]. This solution has the correct singular behaviour as zg — 0, viz:

25K A (20,2, 7) — 0(Z - T) . (4.3.11)

To prove this we will first need to demonstrate that

. A—d - o0 if 22 f
zlolglo B Kalz,57) = { 0 otherwise ° (4.3.12)
This follows by noting that
o For =1
rA 1
lim zoAdeA(zO,Z, )= lim —; () — = 00. (4.3.13)
z0—0 z0—0 WEF(A _ %) 2
o For 2 # 7:
T(A 2A—d
lim 25 YKa(2,7, %) = lim — (8) 5 o = =0. (4.3.14)
z0—0 z0—0 WEF(A _ g) [ZO — (Z — x) ]
To compete the demonstration of (4.3.11) we need to show that
/d?zOA_dKA(ZO,Z, 7) = 1. (4.3.15)

Our starting point is to shift the integration variable in (4.3.15)

7—7 =7 7. (4.3.16)
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The measure is invariant so that we obtain

2A—d
a0

o A—d . o
/dZZO KA(Z(),Z7I1}') _CA/dZW (4317)

To evaluate this integral change from Cartesian co-ordinates into hyper-spherical coordinates. In
d-dimensions, we write
== (4.3.18)

dz = dzidzs -+ - dzg = dQg_17% dr, (4.3.19)

where df);_1 contains the angular measure. Integration over the angles gives

d
dm?
Ay 1 = —— . (4.3.20)
/ I'(1+9)
After the change of coordinates
A—d M N
dzZz5 “Ka(z0,2, %) = C’A/ del/ drzj —_—. (4.3.21)
/ 0 Q1 0 (r? + 25)~
Now, we again change variables from r to u = — P to find
2 2, ,2)2
P L = dr= du% (4.3.22)
1—u 2rzg
Upon substitution we get
o A-d - 2rs 1 [ 4 A-d_g
dzzg “Ka(20,2,7) =Ca— g5 [ du w2z (1—-u)=72 (4.3.23)
r(d) 2o
d d d
4 DA - 2)
=Chx 2 2 (4.3.24)
rg) )

Finally, insert the value of C'a into this equation to find | dz_’zOA_dK A(z0,2,Z) = 1. In the last step
we have used the integral representation of the beta function and the connection between the beta
function and the gamma function, as follows

B(a,b)= m /Ddtta Y-yt (4.3.25)

The solution to (4.3.8) with the boundary condition ¢(zg,Z) — ¢o(Z) as zg —> 0 can be written
in terms of the bulk-to-boundary Green’s function follows

P(20, %) = / Az K (20, Z, T) o (T) (4.3.26)

_ / iz ( 20 5)2>A¢0(f). (4.3.27)

M\A
1\3\&
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To verify this, rearrange the wave equation (4.3.8) as follows

0 0? 0?
(—d+ 1)Z0870¢(ZO’ Z)+ Zgajgcb(%, Z)+ zgﬁqﬁ(zo, 2) —m?¢(20,7) = 0, (4.3.28)
and use the expression (4.3.26). The LHS of (4.3.28) is
/ddx (—=d+1)z iK (z Z:E')—}—zza—QK (z z_’f)—i—z2a—2K (20,2, %) — m*Ka (20, 2, ©) | ¢0(Z)
0820 A\<0y <, 0828 A\Z0y 2y 0852 A\0, <, A\%0, <, 0 .
(4.3.29)
We need to evaluate the following derivatives
0 _A[ (Z—2)% — 2]
—K , 2, %) = K 7 4.3.30
e a(20, 7, %) = Kal(20, 2, %) SEFNEEErIE ( )
52 (ALd —4:3(F— 5)2 — (F— )] + A2[4 — 2:2(5— )2 + (F— D)
72KA(ZO725$) — KA(Z(]vZa f) [ZO ZO(Z x) (Z ) ] [ 2 ZO(Z x) (Z x) ] .
9z i 2+ (7-2)?
(4.3.31)
0?2 o o _A —222—22—52—1—4%—1'12+A24Zi—l‘i2
o 2KA(Z0)27:1:) = KA(ZQ,Z,JJ) [ 0 ( ) 2 (_, N 2) 2] [ ( ) ] :
Z I (22 + (Z— )7
ik N
@KA(Z(), ,x) = 2 872’12 A(ZO,Z7IIZ') (4 3 32)
Lo A =2d(22 + (2 2)) + 42— D)2 + A2 [4(z; — 3;)?
P [ [ 2008+ (2= ) 42— 2]+ Ao =]
(22 + (Z— )7
(4.3.33)

Upon substitution, (4.3.29) becomes

Ka(z0,%3
/d% a0, 58) [zg[ — A(=d+1)a + A% = 2dA — m?] + 23(2 — ©)[2A% — 2dA — 2m?]
2 > 7)2
(23 + (Z— ©)?]

+ (7 - D) A(=d+1) — A+ A% —m?] [ $o(T) . (4.3.34)

These coefficients all vanish when we replace m? = A? — dA. This concludes the demonstration
that (4.3.26) is the solution of the wave equation (4.3.8).

4.4 The two-point Function

In this section we follow the procedure developed in [5] and [6]. We will explicitly calculate the
two-point correlation function (O(Z)O(y)), for a CFT, scalar operator of dimension A. We will
compute this correlator using two different methods. The first method is a direct computation in
position space, while the second method is an indirect computation in Fourier space. The reason
why we compute the two-point function twice and obtain different results is that both the kinetic
and the mass terms produce divergent integrals. These combine in the form oco — oo, if one uses
the Feynman parameter method. We will decide which one is the correct result using the Ward
identity for R-symmetry that relates the two-point correlator with the 3-point correlator. This is
a good example for how subtleties arise in the computation of correlators.
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4.4.1 The 2-point Correlation Function in Position Space. As we have reviewed above,
AdS/CFT correspondence implies that we can compute the two-point correlation function in CFT
as follows

v V) ) — 0 0 e—5(0)
<O(X)O(Y)> S¢p0(X) 0o (Y')

$0=0

This computation uses the holographic dictionary summarized in (4.1.3). Note that from now on
we will use z to denote 29, Z. With ¢(z0, 2) = [ dlzKa(z, T)¢o(F) we have

st = [ 2 o ([ ateriate men@) ) s ([ st pentn)

+m?9, / dYe KA (2, Z)¢o(Z) / ddyKA(z,y*)éo(gj)} . (4.4.1)
To obtain the two point correlator we need to compute the following derivatives

A T 5
S¢p0(X) 60 (Y) [5%(37) S(%)&bo()z) >(%0)

and

_ g g e~ S(¢0)
30(X) 5o (Y) S(%)] » (442)

° S(0) _1/di§ffo [(%KA(?:,?) (zgau/ddyKA(z,ﬁ)%@)+8uz§/ddeA(2,f)¢o(f)>
ks ) ([ aykatz o + [ dleratzno@) |

It is clear that when we set ¢o = 0, the first term of the RHS of equation (4.4.2) vanishes. Therefore,
we only need to consider the first term

) ) 1 d%z dzo
S0 (X) 5¢0(?)S(¢0) ~ 2 / 20T

Making use of this result the 2-point function can be written as

20, K (2, X)230,Ka(2,Y) + 2m*Ka (2, X)Ka(2,Y)].

I dizd S . S .
(O(@)0(y)) = — / % (0uKa(2,8)200,Ka(2,7) + m*Ka(z, D) Ka(2,§)) -
0

=— /ddz dzzy ! [60KA(2,:E’)2360KA(z, )

d
3" 0K a (e, )RUE A2, §) + mPKa (= K g)} . (143)
=1

To evaluate the two contributions to the action perform an integration by parts, to obtain
/ddz d2025 T 00 KA (2, 7) 2800 KA (2, 7))

= /ddz [KA(z,f)zgdHaoKA(zvg)]oo

zo=e—0

—/ddzdzoKA(z,f)ao 20 T O0KA(2,9)|, (4.4.4)
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and

/ d%z dzozo_d_lf)iKA(z, f)zgaiKA(z, )

+oo
—/ddzdz()zo_dHKA(z,f)@iaiKA(z,gj’)

2;=—00

= /dd_lz dzo [KA(z,a_c')zO_dH@iKA(z,yj)}
= —/ddz d20Ka (2, %) 25 T 0:0; Ka(2, ). (4.4.5)

Inserting (4.4.4) and (4.4.5) into (4.4.3), we get

(O(T)O(y))
= —/ddz [KA(z,:f)zgdH@()KA(z,g’)]oo (4.4.6)

zo=€—0

i=1

d
- / d'zdzKa(z, 7) <—ao G K (2, 0)] = 3 2 00K A (= 5) + mPag T KAz, g))

0
=lim [ d%2e " Ka(e, 7, %) =—Ka(20, 2, 7)
e—0 82() zp=¢€
- /ddzdzo 20 KA (2, T) —dei z_d+1i Az, 9)| — Z(Q)a—ZKA(z 7) +miKa(2,7) ) .
0 ’ O 02 [0 02 072" ’

Using the free equation of motion obeyed by Ka we obtain

(O@)O(F)) = lim [ dze' " Ka(e, Z, f)aZKA(zo, Z,7)
0

e—0

T(A 1 > A2 2 A—1
— Qlim ddzel_dKA(gZ?g‘;’)( 22 y_)) _)e ) ( 2+(i _))2)
€ 7 — 1

Z0=F€

wID(A — 4) 0
1
= M lim | d%ze* 1Ka(e, 2, T)
m2D(A — &) 20

Finally, use the fact that zoAdeA(zo, Z, %) — §(Z— T) as zp — 0, to find

o [t () (o
2
(
1

Y| =

N

¥

N——
>
L

(O@)O)) = —7

3
[V
e}
>
|
vl [~

.
[6(2:(?2—_5)2}2> <62 + (; - §)2>A_1

(4.4.7)

This is precisely of the form expected to describe the two-point function of scalar primary operators
of dimension A in CFT.

4.4.2 The 2-point Correlation Function in Momentum Space. As presented in the Appendix

of [6], we first, Fourier transform the variable 2’ in (4.3.8). Our conventions are specified by
1 o -
002 =y [ AR (a0, B (14.8)
(2m)2
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Inserting this into the free wave equation (4.3.8) we obtain

% 8Z0 820

(2m)

This implies

O [ _ap 0 T k
23#070 [Zo d+1870 (20, k)| — (z5k* + m*)¢(20,k) = 0.

We will argue that the solution of this equation is given by
d

d(z0, k) = 22 F, (ik 20),

where F), is the solution of the Bessel equation of index
[ d? d
=4/ — 2=A——.
v 1 +m 5

2

4 0 - _ 0 . =
2 (—d+ 1)z dafZOQf’(Zo? k) + =, dﬂﬁéf)(zoa k‘)} — (25k* + m*) (20, k) = 0.
0

We can rewrite (4.4.9) as follows

To verify that we have a solution, we first compute

O a0 By = Lo B ik 20) + ik 2 —0— B ik 20)
820 0 - 2 0 Y 0 0 8(2k20) v 0

0? - d(d d_9 d ¢-1 0
7 =SS 1) 2 °F,( 2k 22 F,(i
8(ikzo)2¢(zo’k) 5 <2 )Zo (ik zo) + 2i 5 %0 Bikz0) (ik zo)
+ (ik)Qz%iF (ik 2o)
0 d(ikz)2 VY O
Therefore (4.4.12) becomes
—a|d g1 L 20 ,
2 <(d+ 1)z ¢ [2202 F,(ik z9) + ik 25 mﬂ,(zk 20)
d [d d_o d d_q 8
_d+1 “ = 2 . ) .
+ 2y [2 (2 1> 24 Fy(zkzo)+21k2z0 7a(ikZO)Fu(zkzO)
Lo 4 02 - 2.2 2,5 5 (s
+ (Zk’) ZO WFV(ZkZO) —(Zok +m )ZO Fy(ZkZO),
which gives
L g4 1) By ik 20) + ik (—d + D)z ™ =2 B ik )
2 0 v 0 B(ikz) " "
d(d g . . 441 .
+ |:2 <2 — 1> Z(?FV('lkZO)‘i_ldeOQ WFV(ZI{: ZO)
2 b k] — (282 w22 F ik )
0 Jlikz)z VN 0 0 SpAH A0

1 ol . . .
/dk etk [zg+1azod+1a (20, k) — 28k (20, k) — m2p(20,k)| =0.

(4.4.9)

(4.4.10)

(4.4.11)

(4.4.12)

(4.4.13)

(4.4.14)

(4.4.15)

(4.4.16)
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d
Finally, regroup all of the terms in the expression above and factor out z; to get

2

6(@%2’0)2

2

Fl,(ik‘ Zo) + (Z'k}Z())(,%Z.(ZZO)Fu(Z.]f ZO) + [(ikZO)Q - <d

(ikz0)? 1

+ m2>] F,(ikz). (4.4.17)

Using the Bessel equation of index v = \/dff +m?2 = A — %l, we see that the above expression
vanishes which completes the demonstration that (4.4.10) does indeed solve the equation of motion

in momentum space. Now, writing the action (4.3.9) in terms of Fourier components, we have

d 2dzo iain.z 0 - 0 - - -
3(2n)d /dkd d+10 i(ktk") [zSaZO¢(zo,k)6Z0¢(zo,k’)+(—sziké+m2)¢(zo,k)¢(zo,k’)}

2

1 1, —d+1lsip o 1/ i ﬂi ! 2, M- . 7!
2/dzodkdk S(k+ k) [820¢(2’07k)820¢(20,k)+ K+ o B(20, k) (20, k") | -

0

Integrate by parts with respect to zy and use the fact that we have a solution of the wave equation
to obtain

L[ oo~ o B .
=3 /dk‘ dk'S(k + K') lim 254 [gb(zo, k:)a(zogb(zo, k')} (4.4.18)

zZ0—€

We can write the solution to the wave equation (4.4.17) as

6(z0, k)=K*(20, k) (), (4.4.19)

which is the one-shell bulk field, with %(E) = ¢(e, I;), where the boundary to the bulk propagator
obeys

lim K(z0,k)=1, lim K(z0,k)=0. (4.4.20)

zZo—€ zZ0—> 00

We need to evaluate the action on a solution to the equation of motion. We choose the solution
zg/lel,(kzo), where k = |k| and v = A — d/2. This solution decreases exponentially as zp — oo
and behaves as ngA as zg — 0. The other possible solution zg/ 2L,(k:zo) behaves as z2 at the
boundary, and we discard it because it increases exponentially as zg — co. We therefore write

€ ™ _ (*0 d/QICV(kZU)
K k)= (—)%*———=. 4.4.21
(207 ) ( € ) K:,/(k’é) ( )
The two-point correlation function in Fourier space is given by
<O(E)O(z§/)> = e HIG(F + W) lim 9., K<(z0, F), (4.4.22)
20—€

where I, is the modified Bessel function. For non-integer v, K, has the following expansion

IC,,(]CZQ) = (k‘Zo)_V(CLQ + a1 (k'Zo)2 +-- ) + (k‘Zo)V(bo + b (k'Zo)2 +-- ) (4423)
ap=2"""T(v)  by=-2"""T(1-v)/v (4.4.24)
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Then (4.4.22) gives

(k20)2 + -+ ] + 2 (kz0)? [1 4 2 (kz0)* + -]
(ke)2+---] + %g(ke)QV[l + %(ke)Q] -

ar
ao

o . - S o 4 [1 +
N\ — —d+1 ANE 2
<O(k)0(/<: )> = —¢ ok +k )Zl(}me 920 23 f

ar
ao

4y (4 —v+ci(kz)?+ -] + %(kzO)QV [+ v+ co(kzg)? + -

]

= —e Mk + k) lim 2

= e_d[(;j — v+ c3(ke)? +- ) + b—o(ke)2l’<2u + d3(ke)? + - )]

ao

Here in the last line we have dropped terms that are positive integer powers of (kzp)2. These terms
produce contact terms in the correlator after transforming to x—space, and since we only consider
correlators of separated operators, they will not contribute. Thus, we find

<o(/§)o(1§/)> = —e U ke)?5(k + 7)21/2(0’
2v .y
_ 20-5(F 4 ) <’;) M(zy)_ (4.4.25)

where we have only kept the leading terms as ¢ — 0. To return to position space, we need to
apply the inverse Fourier transform to this equation. We have

(O@OF)) = (271T)d/dl§/dk =T (O(F)O(R))

W,
B -~ F(l — 1/) 1 N g
_ 2(A-d) 2v ik(Z—7) 1.2v
€ (2v)2 T+ ) 2n)? /dk:e kY.

Now we use the fact that v = A — d/2, and the power transform law

1 o ER 9 22 D(v+4) 1
L aeR g SN 442
(2m)1 / R = R T (L) R (4.4.26)

to obtain the 2—point correlation function in the final following form

(O@)OW) = 5 (4.4.27)

The power of € indicates the rate of growth of this correlation function as we approach the boundary
of the AdS spacetime. The value of the 2—point correlation functions in the momentum space is
exactly a factor of %T_d times that of (4.4.7) in the position space. This discrepancy between the
two results is a clear indication that the computation of the two-point function is subtle.

4.5 Correct Value of the Two-point Correlation Functions

Our discussion is restricted to the AdSy; background, and has presented two ways of calculating
the two-point correlation functions. The two methods give different values for the correlator. We
see that the computation of two-point correlation functions is subtle because it is necessary to
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introduce a cutoff near the boundary [6]. We will decide what the correct result for the two-point
function is by making sure it obeys the Ward identity for the three—point correlator of conserved
current J{(2) with scalar operators Oa (Z) and Oa(y), where A is the scale dimension. The Ward
identity relates the three and two point correlation functions as follows

(01T (2)¢" ()" () = (T 6(x — 2) (¢% (2)6” () + (T)*6(y — 2) (8" (2)¢" () . (4.5.1)

For the three-point correlation function (J#(2)O(z )(’)‘7 (y)) there is a unique CF'T form, for every
dimension d, given by

(JrON(3)07 (7))

1 1 (z—2)i  (y—2)
= —¢(d—2)(1T)" — . (45.2)
(z—y)*= 2 (@ —y) 2y -2 (e -2 (y—2)?
where ¢ is a constant and (7%)!/ are the Lie algebra generators. The generators are imaginary
antisymmetric matrices.

In order to use the Ward identity (4.5.21), we need to obtain the flavor current three—point correla-
tion function (J#(z)O!(x)O”(y)) from the gravity side of the correspondence. To do so we extend
the Euclidean AdSgy1 action (4.3.3), to include the gauge fields Af,(zo,Z) which are the sources of
the conserved flavor currents J¢(Z). The gauge-invariant extensmn of the action (4.3.3) is

1
S[e', A%l = 3 / ddzdzo\/g[g“”DuQSID,,qﬁI +m2plp! (4.5.3)
Dy = 0u¢" —iAL(T*) 7, (4.5.4)
where (T%)!7 are the generators of the vector representation of the SO(6) flavor group. To evaluate
flavor-current correlators in the boundary CFT from the gravvity side, we need a Green’s function

Gi(z,T) to construct the gauge field Af(z) from its boundary value Af(%). The relevant Green’s
function is

d—2
g,ui('%:f) = Od [2(2) T (;0 ) ]d—l J,ui(z - f) (455)

o 2 \NTL -,
=0 —0 oy | ———-— ), 4.5.6
) (g 459)
where C? is normalization constant which is determined to be
I'(d)

Cl=———
- .
2m2T(2)

(4.5.7)

The flavor-current correlator in the boundary CFT obtained from the AdS supergravity action is
given by
) 0 ) _3
s e > € 9
0A(Z) 69(Z) b (i) A% =p=0

(Jro! ()07 (4)) = (4.5.8)

where ¢! (Z) is a real scalar field corresponding to O!(%), and

Al (2 /d G pi(z, ©) Aj (T). (4.5.9)
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The cubic vertex of the action (4.5.3) leads to the AdS integral representation for the flavor-current
correlator in the gauge theory. The result is

dwdw 0 0
amI (NN A\ _ (aIJ 0 2\, 2 - — — —
(120" @0 ) = )" | it Gl D (Kaleo, D)5 Ka ) = Ko ) g - K, ).
(4.5.10)
To evaluate this integral, set 2= 0, and apply the inversion (4.2.11). This gives
. . NI T =12A — dw’ dw w),
<JfOI($)0J(y)>:Cd(T )IJxIQAyQA/ /d+10w6d 1 OJ ( )
o' o Bw o
KA, &)L —Ka (' K "7 . 4.5.11
< (Kol 7)ol g Kol 1) = Kol 7). 2 5o Ka(wh, ) (45.11)
Using (4.2.12) and then (4.2.14) we find
<J“OI(E>OJ(z7>>
T [ diw ’dw 0 0 .
(A )A 0 ( (UJ/ /)a /KA( )—KA(w’,Q*)WKA(w/,x')> :
Integrate by parts and make use of the following identity
0 0 S
%KA(Z ,X) = &UiKA(z,x), (4.5.12)

to obtain

(0! @0’ ) =2 S0 D [ T

!
W% KA( )KA(W ,y)
1
_2Cdoi(Ta)IJi dd /d w62A—1
- |—"2A‘—’|2A o' “o 2 W, =I\12AT, /2 Y, AN PIAN
Ty i [wg + (W' = &)]*2 wg* + (W = )]

Wy

CIATYY D s
CdC2 Ta IJ . . L
= 2|£’2AA(‘37|2)AI(A’ d)(2A — d)|% — y|2A d Z(xi — ;) - (4.5.13)

In the last line we have used the Feynman parameter representation of the integral, which is defined
as

d'zd % — Tla.b. c.dl|l — |l +atd—2b—2¢ 4514

oz = e 7 (15.14)

I[chd]:”dnr(% Drbp+e—4—s -l +248 _prl+942—0) wsis)
T QF(b)F(C) F(l +a+d_ bh— C) . ..

(4.5.16)
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to obtain

amrl (™A (7 — ord 2 (ayI] 1 Ti Y
(JFON D)0 () = 2C*CX(T*)"I(A, d) <fd_2gd_2(f_g)2A_d+2 7)) (4.5.17)

Now substitute the constants into this expression and perform the following coordinate transfor-
mations

P i—% -z (4.5.18)
to find
ol inmiiay _ (A=DLETA) oy
(JrON(&)0”(§)) = i _22)F(2A — )
x ! ! (=2 W=2)i] (4.5.19)

(F—gpPa 2 (F -2y -2 [ (F-2) -7

0

{0 (2)d" ()87 (y)) = E&—F—

1
azi 2A

) (z—y)
NI (OF (2)07 (y)) + 6%(y — 2)(T*)" (O (z) 0% (y)) -
(4.5.21)

The value of the 2-point function (4.4.27) is consistent with this Ward identity.

4.6 The Three-point Function

As we see above the computation of the 2—-point functions in position space is delicate, because
of the divergence that arises. We now apply the AdS/CFT correspondence to compute 3—point
correlators in the boundary CFT, [6]. We will evaluate the integrals in AdS;.1 by using a cer-
tain conformal method. The result will be needed in the supergravity calculation of the 3—point
correlation functions, which is the subject of Chapter 6.

Consider three scalar fields ¢7(z), I = 1,2,3 in the supergravity theory with mass m; and inter-
action vertices of the form L1 = ¢1¢2¢3 and Lo = ¢19"” 0,020, ¢3. The corresponding three-point
amplitudes are

L d%w dw . . .
Al(x7 72) = _/ wd+1 0KA1 (wax)KAz (way)KA3(w7Z) (461)
0
I d%w dw L ., .
Ao(7,7,7) = — / o K (0, )0, o w0, )0 Koy (0,2, (4.6.2)

0
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where Ka,(w,Z) is the Green’s function in (4.3.10). These correlators are conformally covariant
and are of the form required by conformal symmetry
a;

Ai(T,9,2) = |7 — gj|A1tA2—As|g — F| A2t As—Ar| 7 — F|AstA1—As

(4.6.3)

We need to obtain the coefficients a; and as. Use inversion w:L =
we use the following inversion property

wo A w; 8

0 =/ 2A
— = - = T . 4.6.4
<w§+(wx)2> <w02+(117/—1")2> d ( )

In order to simplify the integral we apply a translation to place one boundary point at the origin
0, say 2= 0. With this choice and the inversion (4.6.9), we obtain

—% as a change of variables. Then

.. dw’ dw, . A
AET0) = 7171, | I 0,7 Ko, 7
A A y w/0A3+A1+A27d71
= 17|71, Oy Oy [ ' ot . .
o [wf? + (i — 21)2) ™ [wff + (a7 — g1)2] >
= _‘:L_:,|A1|37/|A2CASCA10A2[(A17 A2A37 )|17/ - g’|A3_A1_A2 5 (4'6'5)

where the measure in the integral is invariant under translations and inversions. We now substitute
the expression for I(A1, A2As, d) and apply an inversion, under which [6], [27]

1 1
@ = =5, |9 = (4.6.6)
|z |91
After a translation ¥ — (¥ — 2), ¥ — (§ — Z), we obtain the three-point amplitude A;(Z,7, 2),
with the coefficient a1 as follows

T (%[Al + Ay — Ag]) T (%[AQ + Az — Al]) T (%[A:g + A —

210 (A1 — HT(Ag — HI(A3 — 9)

O
@GP F g

a) = — AQDF(;[Al—FAQ—FAg—d}).

(4.6.7)

To compute Ay (Z, 7, Z) we can proceed similarly by knowing that 9, Ka, (w, 7)wid,Ka,(w, ) is an
invariant contraction under inversion. Using (4.6.9), we have

K Ay (0, W, K ay (w,0) = | 712220, K ay (w!, w1 K ay (w!, 0)

B} w! Az 9 A
— ‘37/‘2A2CA Ca |: _E) _ :| 02 3
2“0 gt | Wl 1 (@ — 1) auf

1 2w,
2A9 IA+A3 . 0
— A2A3’y/’ CAQCAQ, |:['U)62 T (u_]./ — 2.7/)2]A2 [w/02 T (117/ _ g/)2]A2+1:| . (468)
We then find two integrals of the form I(A1, Ay, Az, d). The result implies
as = aq |:A2A3 + = (d A1 — Ay — A3) (AQ + Az — Al):| . (469)

In summary, the holographic dictionary is used to compute correlators in the strong coupling limit
of the CFT from the bulk theory in AdS. We have demonstrated that the computation of the two
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point function from the gravity side is subtle due to divergences. These divergences required a
cut off at the boundary. Because of the divergences the result of our computation is ambiguous.
We have determined the correct result using a Ward Identity. Its clear that we do not have an
understanding of these divergences. If we could understand them, we might be able to explain what
regularization procedure we should use.



5. Three-point Correlation Functions of
Giant Gravitons

In the previous chapter, a divergence was found in the two-point function of operators built using
order 1 fields. In this chapter, we will see that there are also divergences in correlators of operators
with order N field. We will employ the AdS/CFT correspondence to calculate the three-point
function of two giant gravitons “heavy states” and one point like graviton “light state”. On the
string theory side of the correspondence, we will consider either S° or AdSs5 giant gravitons as our
heavy states, and a chiral primary operator dual to an AdS scalar field of dimension A = J << VN
as the light state. On the gauge theory side, our heavy operators corresponding to the giant
gravitons are Schur polynomials with dimension k of order NV, and the light state is again a chiral
primary operator. In the first section we introduce the operators that we will consider on the gauge
theory side and compute the three-point functions using Schur polynomial techniques. Then, in
section 2 we calculate the holographic three-point functions of giant graviton operators following
[7]. Three—point functions on the gauge theory side of the correspondence are not in agreement
with the dual string theory results. Lin [11] has presented a regularization procedure under which
the string theory results are exactly match with the results from the gauge theory side. This
regularization procedure will be subject of the last section of this chapter.

5.1 Gauge Theory Computation

The methods we use in this section have been reviewed in Chapter 3.

5.1.1 Correlators of Chiral Primary Operators. Let us consider the composite operator
constructed using a single complex scalar field 7,

O/ (z) =Tr (27(2)) . (5.1.1)

This single trace chiral primary operator is dual to a point-like string moving along an equator of
S5 with angular momentum J. The two and three point functions of a chiral primary operator of
the type Tr (Z J ) can be evaluated using matrix model techniques in the free theory. We calculate
it using the technique presented in [30].

Consider the unitary group characters xg(Z) and xs(Z) labeled by Young diagrams R,S. Even
though the matrices are complex instead of unitary, we write

(Xr(Z)x5(Z)) = 0r,sQR (5.1.2)

where (1 is the product of the factors of R. Our observables Tr (ZJ ) are a functions on the
conjugacy classes of J—cycles, they are given in (3.8.14). Therefore, we can write

(Tez' T2y =3 (xr(0))*Qk. (5.1.3)
RFJ

The J—cycle character ygr(o) is non-zero only for Young diagrams consisting of a single hook of
boxes with row length k£ and column length J — k, for £k = 1,---,J. For the hooks the J—cycle

93
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character xg(c) is either positive or negative one. Thus, ), becomes a sum over the J possible
hooks

J k -
(Tr 27Tr 27) = [V —1+1) H
k=1i=1 m=1
1 [F(NJrJJr) I‘(N+1)]
S J+1 ['(N) (N —J)
= JN’ [1+<J11>;Q+---}. (5.1.4)

In a similar way we find

J+K k J—k
(Tv Z27Tx 28T 274K = (i Z)H —1+40) [J v -

k=K+1 k=1/ =1 m=1

1
CJ+ K41

I(N+J+K+1) T(N+J+1) (N +1) (N +K+1)
T'(N)  I(N-K) 'T(N-J-K) TL(N-1J)

(s OIG)  (2) 1)

Here we ignored the dependence on the spacetime coordinates and the 't Hooft coupling constant.
These are completely determined by conformal invariance and can easily be reinstated if needed.
Then we get the C'F'T" structure constant for the three-point function

<(’)J(’)K@J+K>
<OJ@J> <OK@K> <OJ+K@J+K>

= N/TEL K (T 4+ K) (5.1.5)

Crr K+ = \/ (5.1.6)

|0 (L)) 51

5.1.2 Correlators of Schur Polynomials. Consider a representation R described in terms of
a Young tableau with n boxes. This Young tableau labels both a representation of U(N) and a
representation of S,. The Schur Polynomial Xr(Z) of a complex matrix Z is defined as

xR (Z) = — LS ()2 i (5.1.8)
- oESy

where the sum is over all elements ¢ in the symmetric group S,. Notice that there is no limit in
which the Schur polynomial reduces to a chiral primary operator. Schur polynomials are 1/2-BPS

operators in N' = 4 SY M. They have protected two— and three—point functions [23]. The two-point
function was calculated in section (3.8) and reads
(Xr(Z)xs(2)) = 0rsfr=0rs [[ (N —i+3). (5.1.9)
1,JER

The product Hi,je r goes over all boxes of the Young tableau of the representation R with ¢
indexing rows and j indexing columns. To compute the three-point correlation function we need
to use the following product rule for two Schur polynomials [23] [31],

\r(Z)xs(2) = 3 g(R, S: E)xi(2). (5.1.10)
E
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where g(R,S;T) is the Littlewood-Richardson coefficient, a positive integer which counts the mul-
tiplicity with which the representation 1" appears in the tensor product of the representations R
and S. Using the product rule above we get

(xr(Z)xs(Z)xr(Z)) =Y _9(R,S; E) {(xe(Z)xr(Z))
E
=Y 9(R.S;E)dy 1 fr
E

=g(R,S;T) [T (N—i+3). (5.1.11)
i,J€T

The string theory duals of Schur polynomials are collections of giant gravitons, i.e. D3-branes
which wrap an S? of either S° or AdSs. Thus, it is natural to identify Schur polynomials for
the antisymmetric representations with & boxes as the operator dual to a giant graviton on S°.
Another class of Schur polynomials are those corresponding to symmetric representations with k
boxes. They are naturally identified as operators dual to AdS giant gravitons. The antisymmetric
representations correspond to Young diagrams with one column of length k [32], while the symmetric
representations correspond to to Young diagrams with one row of length k [23].

Let us denote the Schur polynomial for the antisymmetric representation with k boxes as X;?(Z )
and the Schur polynomial for the symmetric representation with k boxes as Xf (Z). We take k < N
for the antisymmetric case while in the symmetric case k is unbounded. Since g(R,S;T) = 1 for
these cases as computed in [33], we find the following results

(E@ni) =TT -1+, (5..12)

i
X (Z)xi(2)) = f[l(N —i+1), (5.1.13)
OR(2)Xi—(2)x3 (2)) = f[l(N —1+7), (5.1.14)
X (DX (2)x(2)) = ﬁ(N —i+1). (5.1.15)

@
I
—

5.1.3 Three-point Functions of 2 Schur Polynomials and one Single Trace Operator.
We study three—point correlation functions involving two massive string states, which are giant
gravitons and one light string dual to a chiral primary operator of the type TrZ” [34]. In the
symmetric representation the normalized three-point functions are

<Xf(2)x§_j(Z)Ter>

Cl?,k—J,J = = = . ’
\/(XE(Z)XE(ZD (D)X ;(2) (27 Tz

(5.1.16)
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and similarly for the antisymmetric representation case C,fk,f 7.7~ To calculate the expectation value
in the numerator, we use (3.8.15). We have

G2/ 2)Te2") = 3 xrlo) (X(Z)XE (2)xi-_(2)) (5.1.17)
R+J

Ry (2Te27) = xr(0) (xr(2)XE (Z)xi-s(2)) - (5.1.18)
RFJ

It is clear that, only the completely symmetric representation contributes in the first case and only
the antisymmetric representation contributes in the later. The character x (o) can be written as
follows

X5(0) =1, xj(0)=(-1)"". (5.1.19)
This implies
k
XS (2)Tez”7) = [T(N = 1+7), (5.1.20)
J=1

k
XF )i )(2)Tez”) = (=) [V =i+ 1), (5.1.21)

i=1

Using these results and the expressions (5.1.4) and (5.1.9), we find the structure constants

\/Hﬁzk—JH(NﬂLj— 1)
\/JNJ(1+C(J)$+...)
_1)(J—1) \/Hfzk—J+1(N—Z'+1) ‘

\/JNJ(l—i-c(J)ﬁ_F...)

: (5.1.22)

s _
Chk—rg =

(5.1.23)

A
Crok—gg = (

Now, we are interested in the situation that the chiral primary is a small operator and the Schur
polynomials correspond to large Young tableaux, i.e. the limit

k
N — oo, k — oo, N finite, J <k, (5.1.24)

and in particular J < N . In this limit we find for the structure constants

s 1 k72

CRk—gg = NG (1 + N) ; (5.1.25)
A (J-1)_L kN7

Ciomg = (1) NG 1- N . (5.1.26)

Furthermore, we note that for the antisymmetric representation we have the constraint k& < N
while for the symmetric case k is unbounded.
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5.2 Holographic Computation

5.2.1 Giant Graviton on S°. For this giant graviton, the worldvolume is along R(C AdSs) x S3(C
S%) [8][9]. The geometry of AdSs x S° in global coordinates can be described as:

ds? = — cosh? p dt* + dp?® + sinh? p dQ3 + df + sin® 0 dp* + cos? 0 d3 (5.2.1)

where we have taken the radius of curvature of AdSs and S® equal to one. The round metric on
the three sphere in the hyper-spherical coordinates given by

dQ3 = dxi + sin® x1dx3 + sin® x1 sin® x2dx3 , (5.2.2)

where x1, X2 run from 0 to 7, and x3 runs from 0 to 27. The D3-brane action which describes the
dynamics of our giant graviton, consists of Dirac-Born-Infeld (DBI) and Wess-Zumino (WZ) terms:

Sp3 = Sppr + Swz (5.2.3)
N
=53 d*o(v/—g — P[C4]) (5.2.4)
where N/272 is the tension of the brane and, 0% where a = 0,---,3 label the world-volume

coordinates. g = det(gqy) where g, is the induced world-volume metric on the D3-brane, which is
defined as

Gab = g;u/aax'uabxy- (525)
x# describe the embedding of the D3-brane in ten-dimensional spacetime, such that
w“E(t, P )Zia 07 d)a Xi)v M:0;1;2>"'797 izl,"',3 (526)

P(C}) denotes the pull-back of the the four-form potential Cy, which will pullback the spacetime
form into the world-volume of the brane. Cj is proportional to the volume form on the unit 3-sphere
described by (5.2.2), and may be taken as

Coonrxaxs = c0s” OV ol(823) . (5.2.7)

The pull-back of this four-form potential is given by

P(CW) :%GUO"'US o XHO - s XSO do¥ A - A do®
—=d*o¢ cos® HVol(Q3)
=d*o¢ cost 0/g(Q3)
=d*o¢ cos O sin? x1 sin 2 (5.2.8)

where y; are the angles covering the S® C S and Vol(£23) denotes its volume element. o’ g

the totally antisymmetric symbol.

Let us now specify the gauge we will use for our computation. We identify the world-volume
coordinates o with the appropriate space-time coordinates:

o=t o=y i=1,23. (5.2.9)
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Our ansatz for the anti-D3-brane giant graviton on AdSs x S° takes the form
p=0, ¢=0o(t). (5.2.10)

=

For the particular embedding coordinates of the D3-brane in equations (5.2.9) and (5.2.10) the
induced metric (5.2.5) can be written as

gap = Diag(—1 + sin? $%, cos? 0, cos® Osin? x1, cos? Osin? y; sin’ X2) s (5.2.11)
and
g = det(gay) = (=1 +sin” ) cos® fsin? y; sin? x5 . (5.2.12)

Substituting (5.2.8) and (5.2.12) into the D3-brane action (5.2.4) and then integrating over the
angular coordinates, yields the following action

N —00 s T 2 -
S = —/ dt/ dx1 / dxg/ dxs [\/ 1 — ¢2sin® @ cos® O sin? x1 sin y2 — cos? 0 Vol (€23)
21 Jyoo 0 0 0
=—-N / dt[cos® 01/1 — $2sin? 0 — ¢ cos* 4]. (5.2.13)

The R-charge/angular momentum conjugate to ¢ of the giant is fixed

b oL N¢sin? 6 cos® 6

- 8¢ - \/1—$QSin20

where L is the Lagrangian for the giant, We can invert this relation to write

+ N cos*, (5.2.14)

_ el
b= [ cos'd . (5.2.15)
sin 0/ (1 — cos* #)2 + sin?  cosb 0

where [ = k/N. The action may be rewritten in terms of k, to give

2 2
S = N/dt cos’0 L~ cos0 (5.2.16)

sin€ /(I — cost 0)2 + sin? 6 cos® 9

The corresponding energy is defined by

; N
E=¢k—L=——1/(1—cos*0)2sin?fcosb 6. (5.2.17)
sin 0

It is independent of ¢. By fixing | = cos?, we find that the energy is minimized
p=1, (5.2.18)

and the action vanishes. The energy F of the giant graviton at this minimum is

Epin = k. (5.2.19)
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5.2.2 Giant Graviton on AdSs;. We now consider the giant graviton with world-volume R x S3
embedded in AdSs [10] [9]. The metric of AdSs x S° can be taken as in (5.2.5). The action for the
anti-D3-brane is

Spy = =5 | d'o(V=g+ P[C4)). (5.2.20)
Here the four-form potential C4 may be taken as
Coixaxs = —sinh? pVol(Ss) (5.2.21)

where Y; are the angles covering the S% C AdSs and Vol(€23) denotes its volume element. We
identify the world-volume coordinates ¢ with the spacetime coordinates:

ol=t o'=x;, i=123. (5.2.22)
Our ansatz for the anti-D3-brane giant graviton on AdSs x S° takes the form
p = constant, ¢ = ¢(t), 6= g (5.2.23)
For the particular embedding of the D3-brane in equations (5.2.22) and (5.2.23) the induced metric
Gab = GuvOax"Opz” can be written as
gap = Diag(— cosh? p + ¢2, sinh? p, sinh? psin? ¥1, sinh? psin? §; sin? ¥2) (5.2.24)
and
g = det(gqy) = (cosh? p + gz§2) sinh® psin? ¥; sin? x¢ . (5.2.25)
These yield the following action

S = /dt L= —N/dt[sinh?’ py/cosh? p — ¢2 — sinh* P (5.2.26)

The R-charge/angular momentum conjugate to ¢ of the anti-giant is fixed

oL N¢sinh® p

k=— = —— (5.2.27)
0¢ \/cosh? p — @2
where L is the Lagrangian for the anti-giant. We can invert this relation to write
- [ cosh
§= LSO1P (5.2.28)

\/sinh6p+l~

where [ = k/N. The action may be rewritten in terms of k, to obtain

1
S = —N/dt Sinh4p|:COSh2 peoshp | —F——=— 1} (5.2.29)
sinh® p +{

The corresponding energy defined by

E=¢k—L= N/ [cosh py/sinh® p + 12 — sinh? p} , (5.2.30)

it is independent of ¢. By fixing [ = sinh? p, we minimize the energy,
$=1, (5.2.31)

and the action vanishes. The energy E of the anti-giant graviton at this minimum is

Fin = k (5.2.32)
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5.2.3 The Co-ordinate System. It turns out to be convenient to use a new set of coordinates
obtained by mapping the global coordinates (5.2.5) into the Poincare patch [35] [23]

R . . .
(z, 2%, zb) = cosh pcos T — sinh pcos (1, cosh psint, sinhpsin) . (5.2.33)

To illustrate the change of coordinates in the simplest setting we have performed the discussion for
the case of AdSs in which case dQ% simplifies to di?. The metric of the Poincare patch is

(dz®)? + (dz')? + dz

ds? = —
22

(5.2.34)

We have p = 0 for the giant graviton path on S°. Continuing to the Euclidean AdS, so that
t — tp = —it and 20 — :c% = —iz% we find
R

— 0 _ 1 _
z= coshipn rp = Rtanhtp, x =0. (5.2.35)

In the case of the AdS; giant graviton, use the generalization of the coordinate transformations to
AdSs

R
~ coshpcost — ngsinh p

(1, cosh psint, 7 sinh p) (5.2.36)

where the S3 C AdSs is given by the embedding coordinates n; = (ng,#), nyn; = 1.

5.2.4 Supergravity Fluctuations. The supergravity modes that we are interested in are fluc-
tuations of the spacetime metric and the 4-form potential, which correspond to a chiral primary
operator with R-charge A in N =4 SYM [36] [37] [38]. The fluctuations are

6A 4
09 = | = 5 9w + 7V Vv s2(X)Ya(Q), (5.2.37)
0gap = 2Agaps™ (X)YA(R) (5.2.38)
0C s popapa = _46u1u2u3u4u55A(X)YA(Q) ) (5.2.39)
50041042043044 = 4€a1a2a3a4a53A (X)YA(Q) y (5.2.40)

where 1, v are indices refer to AdSs coordinates X, while «, 3 are indices refer to S° coordinates
Q. The YA(Q) represent the spherical harmonics on S°, while s°(X) represent a scalar field
propagating on AdS5 space with mass-squared=A(A — 4), where A labels the representation of
SO(6) and must be an integer greater than or equal 2.

The symmetric traceless double covariant derivative V(,V, is defined as

1 1
V(HVV) = §(VMVV + VVVH) - 5gwgp”vpvg (5241)

and, when acting on a scalar field
VuVy =0,0, — 17,05 . (5.2.42)

The Christoffel symbol I'j,, is given by

1
FZV = igaa (augua + &/gua - aag;w) . (5.2.43)



Section 5.2. Holographic Computation Page 61

The bulk to boundary propagator for s2 is given by

@0 22 ~ &i (5.2.44)
Ba ((z —xp)?+22)2 — \ Ba (.I'QB)A o
The normalization is given by
A—1 2B-AN2A(A - 1)
=—_ -  Ba= 5.2.45

5.2.5 Antisymmetric Giant Graviton. The Euclidean form of the D3-brane action is given by

N

53 d*o (/g —ip[C4]). (5.2.46)

E _
Sps =

Under Wick rotation, the four-form potential with legs in the AdS5 part of the geometry transforms
as Cfds — —indS since the potential has a leg in the temporal direction, while the potential on
S5 is unaffected.

The DBI part is given by

N
Sppr = 27T2/d40 V9, (5.2.47)

where g = det(gqp) and gq = gwjgii gmb, where a,b = 0,---3 and puv = 0,---9. To find the

variation of this action, we need to vary ,/g as follows

6g = 6 det(gap) = g 90 gap - (5.2.48)
Using this we get
1
09 = —2\7 6g = fg *5gab (5.2.49)
oz 0z”
_ = ab
= 2\/‘ 507 B0 béglw. (5.2.50)

These give the following variation

ozt 0x¥
0Sppr =13 / \[aba 7 55 09 (5.2.51)

On the path of the S® giant graviton we have p = 0 and ¢ = 1. Continue to Euclidean AdS, so
that ¢ — tgp = —it. The induced metric (5.2.12) becomes

Jgap = diag ((3052 0, cos® 0, cos®sin® yq, cos®fsin? y; sin’ XQ) . (5.2.52)
Inserting this into (5.2.51) we find

N
0Spp1 = 5 d*a /g (9% (39t — 0966) + 9" 0Gx1x + T°20Gxaxs + 9°200xsxs) Y ()52 (X).
(5.2.53)



Section 5.2. Holographic Computation Page 62

Using the supergravity fluctuations (5.2.37) and (5.2.38) and integrating over the angles we find

N —00 T s 2m
5SDBI :ﬁ dt/ Xm / dX2 / ng COS2 0 SiIl2 X1 sin XQYA(Q)
+oo 0 0 0

6A 4 . 92 2 A
X <[ g + mv(tvt) — 2Asin 9] + 6A cos 0) s7(X)

N 6A 4 . A
= 5 cos“ 0 / dt YA(Q) <|:_ ?gtt + A_’_]_V(tvt)] — 8Asin“ 6 + 6A> S (X)
(5.2.54)

To compute the double traceless symmetric covariant derivative V(,V ) we use the Euclidean metric

on AdSs in terms of the coordinates introduced in section 5.2.3

)

(dz®)? + (dx')? + (d2?)? + (dz?)? + d2?

dSQE‘AdS5 = 22 (5255)
From the formula (5.2.41), we have
1
Vi Vs = (vuvu - 5g,mg””vgva> 52 (5.2.56)

Using this metric and the fact that s(X) depends only on z, we find

gmivxiVﬂ-SA = g”i’”i(ﬁgi — F;W-)SA =22 (831 - %@)éA,
where ¢ = 0,---,3. Thus
VY. = g0 - TL) = 2202+ 0.)5
With the bulk to boundary propagator (5.2.44), the double covariant derivative (5.2.56) becomes

1
V(MVM)SA = ﬁisA ~ 5 9un (=320, + 2%02) s8

1
=0 — S(AA-1) - 3A)s2 . (5.2.57)
Thus
V( Vst = 02 - %(A(A S 1) —3A)sA (5.2.58)

The variation of the DBI part of the action can be written as follows

A+1"t A+1

0SpBr = gcos2 0 / dt YA(Q) < — 8Asin® 6 + 6A> s5. (5.2.59)

We will be interested in the spherical harmonic

A g iAG A g At
sin“ fe sin“= fe
YA(Q) = = = = . (5.2.60)
272 272
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Consider the Euclidean geodesic ¢ = ¢(t) =t — —it, z = Cofh ;» © = Rtanht. We also replace
the field s® with the bulk to the boundary propagator (5.2.44), namely
A+1 28 2B
s5 — S8 ox = A ox- (5.2.61)
NVA22~2 o TR

We finally obtain

§Sppr = (5.2.62)

cosh?

cos 051nA02(A+1 \F/ RA At <2c0829— 1 >7

where R = R/z%. We now turn our attention to the Wess-Zumino coupling. Because the relevant
legs of Cy are in S° we require only the fluctuation 6Cpy,yoys

0Coxixaxs = 469¢X1X2X33AVGYA(Q)
= 2_%+269¢X1X2X3A8 (sin 8)2~1 cos fe! (5.2.63)

Therefore the variation of the Wess-Zumino part is given by

5SWZ =7— d40' P[(SC4]

o1 2

27
—Zﬁ dt/ Xm/ dXz/ dxs VIR xS3 l¢5(C¢X1X2X3)
“+o0

N

2T
=53 dt/o dX1/0 dX2/0 dx3 0Cgy,xaxs Sin 6 cos® O sin? x1 sin xo
+oo

—0o0

=—-N At §(Cigyyxars) Sindcos® 6. (5.2.64)
+oo

Now we use (5.2.63), to obtain

0Swz = —2_§+2NA/dt e2tsin® 6 cos? 52

RAeAt
= —cos* Osin® O(A + 1)VA [ dt —— (5.2.65)
cosh™t
Adding the variation of the of DBI and Wess-Zumino terms we find
2 A o) A At
59 = o8 0 sin 6(A+1)\/K/ it RAe2
2 cosh®2¢
cos?0sin® (A + VA _anso [© 1 2t AT
= R™=2 dt — | ——
2 B 1 2t
1
= (2R)% cos? O sin® O(A + 1)\/Z/ duu®
0
= —(2R)2VA cos? sin® 6. (5.2.66)

We have changed variables from ¢ to u = €2!/(1 4 €?'). Recalling that, in terms of the gauge theory
quantities, cos?@ = k/N, A = J. The structure constant of the three-point function can now be
read from (5.2.66). It is

J
k k2
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5.2.6 Symmetric Giant Graviton. We consider the Euclidean action (5.2.46), in which ¢ —
tp = it. The metric on S® C AdS® can be written as

dQ2 = dv? + cos? 0d¢? + sin® 9dgp3. (5.2.68)
We can write the Euclidean AdS metric as
dsF aqs, = cosh? dt* + dp? + sinh® p(dv* + cos® ¥d¢7 + sin® 9dg3) . (5.2.69)
The world-volume coordinates of the D3-brane are
o=t ol=9, oiP=¢1, o°=¢s. (5.2.70)
The induced metric g, is given by
gap = Diag (sinh2 p, sinh? p, sinh? pcos® ¥, sinh? psin? 19) . (5.2.71)

From (5.2.51) and using this metric, the variation of the Spp; part is

N
Spar = o) d*a/g (9% (69t — 69606) + 9" 6999 + 972696161 + 9°200050,) Ya ()52 (X)

N 1 1 1
= [d'o/Jg—— (6gu—6 ) 5 5 YA (Q)s2(X).

471’2/ U\/‘asinth ( gt = 09¢¢ + g%l_'_ 0s2 ¥ 9prn T sinZ 9 9¢2¢2) A()s™(X)
(5.2.72)

Since t, 9, ¢1, and ¢y are sitting inside the AdSs spacetime, we use the fluctuations (5.2.37) and
(5.2.57), to find

2
8Gup = by = ALl 2V, V= A(A = D)guus, (5.2.73)

while ¢ is sitting inside S°, so we use the fluctuation defined in (5.2.38), to find
5g¢¢ = 2Ag¢¢s = QAS, (5.2.74)
where s = s°(2)YA (). Then the variation of Sppr part of the action can be written as

N
472

21 h h
0SpRr = dt/ dqbl/ dgbg dd sinh? pcos¥sin | — 2As + hy + hyy + R L S

cos2y  sin29
(5.2.75)

The variation of the WZ part is given by
. N 4
(SSWZ = _227{2/d O'P[504]

N —00 s i 2w ' ) )
:—12—2 . dt/0 dgbl/o doo ; d (—idVPs™(X)YA(Q)) cosh psinh® pcos ) sin 9

e} s T 2w
2/ dt/o d¢1/0 dqﬁgfo dv sinhgpcoshpcosﬁaps. (5.2.76)
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Adding the variations of the DBI and Wess-Zumino terms we find

N [e'e) T T 27
68 = — dt / dén / dep / dV¥ sinh? p cos ¥ sin 9
42 | Jo 0 0

hgip. R .
X <[ 2As + hyt + hgy + P + 2 19} 8 cosh psinh pd, |s. (5.2.77)

In order to simplify this equation we need to compute the following covariant derivatives, in the
metric (5.2.71)

VVis = (8152 + cosh psinh pd,)s ,
VyVy = (93 + cosh psinh pd,)s
Ve Ve, = (8351 + cos? ¥ cosh psinh pd, — cos ¥ sin ¥dy)s
V4, Vg, = (8352 + sin? ¥ cosh psinh pd), + cos ¥ sin ¥y)s .

We replace the field s with the bulk-to-boundary propagator

5= Ya(Q)s™(X) (5.2.78)
_ Lm A _ A+1 Aa
YA(Q) = el (X) = TANE (5.2.79)

where R = R/x%, and z = 1/(cosh pcosht — cosdsin ¢ sinh p). We then compute to following
derivatives

9y s = —As® cosh psintz,
9% 8 = A ((A + 1)(cosh psinht 2)% — cosh pcosh t z)
Dy s° = —As® sindsin ¢1sinhp z,

9% 55 = AsD ((A + 1)(sinU'sin ¢y sinh p 2)% — cos ¥ sin ¢y sinh p z)
9, s~ = As®(cos ¥ sinh ¢y cosh p z — sinh pcosh t z)
Dy, s° = As® cos ) cos ¢ sinh p z,
8;1 8 = AP ((A + 1)(cos Y cos ¢y sinh p 2)% — cos ¥ sin ¢y sinh p z)
8;2 s2=0.



Section 5.2. Holographic Computation Page 66

Then we obtain

2
hy = ATl [ZA [(A + 1)(cosh pcosht 2)* — (A + 1)(cosh p z)* — cosh pcosh t 2]
+ 2 cosh psinh p 9, — A(A — 1) cosh? p} S, (5.2.80)
hgy = ALl [QA [(A +1)(sin ¢ sinh p 2)% — (A + 1)(cos ¥ sin ¢y sinh p 2)? — cos ¥ sin ¢y sinh p z]
+ 2 cosh psinh p 9, — A(A — 1) sinh? p| s, (5.2.81)
he é, 2 ) 9 sin ¢1sinhp z sin ¢
= 2A (A +1 h — -2
cos?9y  A+1 [( F D(cos gy sinhp 2) cos v ] cos ¥
+ 2 cosh psinh p 9, — A(A — 1) sinh? p|s, (5.2.82)
hgpgy 2 (30819 — _ 9
Sl - ALl 2cosh psinh p 9, + 2 819 A(A —1)sinh p”|s. (5.2.83)

Upon substitutions, and performing some algebra, we find

heig | Ngao
—9As+hy+h 101 202 _
S e A+ g + cos29  sin?9¥

2 . .
ATl {QA [2(A — 2) cos¥sin ¢y sinh pz — (A + 1)27]

+ 8 cosh psinh pd, — 4A(A — 1) sinh? p] s,

where we have used the fact that z = 1/(cosh pcosht — cos?sin ¢ sinh p). Therefore, equation
(5.2.77) becomes

2 27 27
58 = — AH/ dt/ d¢1/ d@/ 9

AAt
R (5.2.84)

x sinh? ¥ sind :
sinh? p cos ¥ sin (cosh pcosh f — cos U sin gy sinh p) 512

Introducing the new variable A = cos ), we may recast the integral as follows

A(A h2 2 A At 1 : h —(A+2)
55,:_\F( +1) sin / dt/ iy R / d)\)\[l_)\smqbltan p]
2m coshA+2 cosh®12¢ cosht
(5.2.85)

2 o A At 1
:7\/Z(A+ sinh® p / dt/ iy R / Y

27 CoshA‘|r2 cosh®t2¢

Now we use the following negative binomial series

= Fa+k o
(1— E 2.
?) 2Tk +1)" (5.2.86)
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to obtain

55__\/E(A—|—1) sinh? p /Oodt 2”d¢ RAeA /d)\
- 2 coshAJr2 —oo 0 LcoshAH2 ¢ cosh®12 ¢

Asin ¢ tanh p 'A+E+1)
% )\Z ( cosht ) I'(k+ 1A +2)

A : h2 00 A AL 27
= — \F Sih - p / dt’Re/ doy

2nT(A 4+ 1) cosh®2 /o cosh®*2¢ Jg
Xi 1 sin ¢ tanh p kF(A—i—k—l—l)
k2 cosht rk+1) °

We now integrate with respect to ¢, using the following integral formula

2 0 ifp=2n+1

dfsin® 0 =< o, .
which gives

A AeAt 1 T(A+2k+2
55— VA / g Roe 1 T(A+2k+2) tanh2k+2
2r(A + coshA cosh® 224 228 T'(k + 2)T'(k + 1)

P k=0

Then, integrate with respect to ¢, as follows
/OO dtL :2k+2”/oo dte—mt
e COShk+2n t oo (et + eft)k‘+2n

) 2 k+2n
_ 2k+2n dt 1 €
o o etlet2n—m) \ 26 4 ]

1
:2k+2n—1/ duu %(k-{—m)—&-n 1(1 )%(k—m)—f—n—l
0

_ ok+2n-1 (%(k—i—m)—i—n)F( (k—m)+n)
N I'(k+2n) '

Above we have changed variables from ¢ to u as follows

1

3 1

S U —
1—wu U

62t

T2t 41

This leads to

@R?Z 1 shez LA+ k4 1)
0S5 = tanh _
\/ AT'(A coshA p l;) I'k+2)

This last expression can be simplified by noting

oo

I( A k)
Z + tanh?* p |

cosh?® p =
P 2 T(AT(k +1)

(1- tanh2

e.¢]
ra
= cosh?® p—1= Z w tanh?(+1) p.
k=0

— T(AT(k+2)

p.

(5.2.87)

(5.2.88)

(5.2.89)

(5.2.90)

(5.2.91)
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Finally, the variation of the action becomes

2
0S = —@ (coshA p — cosh™® p) : (5.2.92)

VA

The three-point function structure constant can now be read from this result. We find

5 1 L\ /2 L\ /2

We find that the gauge and string theory results have structural similarities but do not match
perfectly. In the case where the two giant gravitons were wrapping an S C AdSs, we find that
at large angular momentum of the giant gravitons, i.e. % — 00, the three-point function (5.2.93)
agrees with the gauge theory result. In the next section we will point out a divergence in the gravity
computation. Once this subtlety is correctly dealt with, we will find complete agrment with the

gauge theory.

5.3 Regularization Procedure for the 3-point Function of Giant
Graviton on S°

In this section we closely follow [11]. We compute the three-point function for the anti-symmetric
giant gravitons. Start by rewriting the variations of the DBI and WZ parts of the Euclidean D-brane
action in (5.2.59) and (5.2.64) as computed in [7]

8Sprr =N cos? G/dt YA (Ail(@f — A?%) + 4A cos® 0) 58 (5.3.1)
and
8Sw 7 = N cos? H/dt (( — 4sin 6 cos 089)YA3A> . (5.3.2)

Now we can use the expression for the spherical harmonics (5.2.60) and replace the field 52 with
the bulk to boundary propagator (5.2.61). We also use the notation YA = Yae”?. Therefore the
variations are:

CLARA 9 9 e /*00 eJt B /+oo i
08 =——Ncos 0(4A cos” OYn - dt ———— — 2AY, - dt7> ,
bEI A A oo cosh®TEyl| o A —0o  cosh®t2¢
(5.3.3)
and
55wz =A% N o2 0( — 4( sin 6 cos 60, e 5.3.4
=——>—Ncos — 4(sin 6 cos . t——————— . 3.
wz xQBA ( ( 9) A) /OO cosh®+2n¢| o ( )
Thus, the total variation is
RA _ +o00 Jt
6S:aA2A Ncos20<4(ACOSQG—SiHGCOSG)YA-/ dteTjL2
2] —oo  cosh=T |,
_ +oo ejt
— 2AY, / dt ———— ) , 5.3.5
A oo cosh®TPy| o ( )
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where A = j + 2[. For the extremal correlator

+o0 ejt

—(sinf cos® )Y A = —Acos? Y A and /_OO dtm e oo (5.3.6)

We find that the first piece of the integral in (5.3.5) has the form 0 - co. Therefore we introduce
a regularization procedure, in which we calculate for a nonexteremal correlator, and then take
the limit { — 0. With this regularization procedure, one can see that the piece A cos? Y A —
(sin 6 cos? G)YA is not completely canceled, and there is a finite piece when [ — 0.

We now define the spherical harmonics as introduced in [39]
Yaj(0,¢) = C(l, ) sind U)o Fy (<1, 5 + 1+ 2,§ + 1;sin%0) (5.3.7)

where C(l,j) is a normalization constant which is given by

DG+ DG+ )+ 1)279/2

C(l,5) = , : , 5.3.8
(£.9) T(+2)T( + D)7+ 2l + 12 (5:38)
and 1 F5 is the hypergeometric function which is generally defined as follows
- (a1)n -~ (ap)n 2"
Fylai---ap;bi---bg;2) = — (5.3.9)
. P ! mZ::O (01)n* - (bg)n !
The rising factorial (a),, is defined as
1 2).-- —1) ifn>1
(@), = MetDlat2)(atn—1) ifn=1 (5.3.10)
1 ifn=20

Let’s define o Fy for |z| < 1

2Fi(a,b,c;2) = (QEZ)(b)ni: , (5.3.11)
n=0 n ’

which converges if ¢ is not a negative integer. This hypergeometric function reduces to a finite
polynomial if either a or b is a nonpositive integer

oFi(a,b,¢;2) = i(—l)" <m> %z" . (5.3.12)

n=0 n ) (¢)n
We will need the derivative of the hypergeometric function, which is given by
0.2F1(a,b,c;2) = %bgFl(a +1,b+1,c+1;2). (5.3.13)
Now let’s define
Fnj=sin? 0 oFy(—1,j +1+ 2,5+ 1;sin?9) . (5.3.14)
Note that

oF (=1, j 4+ 142,74+ 1;sin?0)[1o = 1 (5.3.15)
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and
A cos? OFn; =] cos? OFA; + 21 cos? OFA ; (5.3.16)
—sinf cos00gFp j = — SinGCOSG[j cos@sin’ 1O o Fy(—1,j+1+42,7+ 1;sin? )
+ sin’ 0 9psin? § — 7 oFy(—1,j+1+2,j+1;sin6)
sin
- j+1+2
=—j cos? OFA ; + 21 cos? 0 sin? 12 9‘”774_
I ] + 1
X oF (1 —1,5+1+3,j+2;sin%0). (5.3.17)
Therefore
A cos? OFA j —sin@cos 00 Fa j =
2 . g s 72 ] +1+2 . . .92
2l cos 9<sm 6 4 sin’ "6 1 oF (1 —1,5+143,j+ 2;sin 9)) . (5.3.18)

On the other hand if we look at the integral in (5.3.5), using the formula given in (5.2.90), we get

e 21 DG+ 1)
I —— VS (b ALY A 3.1

This integral has a factor of I'(1), and is divergent at [ = 0, If we multiply (5.3.19) with (5.3.17) we
find a factor of {I'(l) = I'(I+1) which is equal to one at [ = 0. However we still need to evaluate the
hypergeometric function in (5.3.17), in order to simplify the total variation of the D—brane action
(5.3.5). We use the representation of the hypergeometric function as follows

I'(c) i a4+ n)L'(b+n) 2"

Fi(a,b,c;2) = —. 5.3.20
2 1(&, , Gy Z) F(Q)F(b) o F(C + TL) n! ( )
Using this formula, and replacing sin? @ by z, we obtain
oF1(1—1,j4+1+3,5+2;2)
B I'(j+2) if(j—l—l—i—n—i—?))f‘(l—l—l—n)ﬁ
ST =D +1+3) ~ I'(j+n+2) n!
1 o0 oo
=— D (+n+2a"= — j+ Dz + (n+1)z?] . 5.3.21
PN )2 = 55 2 G+ D"+ (0 12 (5321)
Now we need the expression of the geometric series
m
1— m+1
P (5.3.22)
11—z
n=0
so that for |z| < 1 we have
- 1
» ar= — (5.3.23)
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This implies

, , 1 rj+1 1
(=1 +1+43,j+22) = - { } 5.3.24
21 ( JHI+3,j+2;2) s 1—a:+(1—x)2 ( )
Using this we find
. . i l+2 in6 1
cos20(sin39+sin3+20 % 2F1(1—l,j+l+37j+2;Sin29)> z:oz :;:Tem(l + j cos® 0)
(5.3.25)

and the first line in (5.3.5) becomes

A _ +oo Jt
aA;i N cos? 04 (A cos? § — sin 0 cos 0) YA - / ¢

{t —————
Ty —0o  coshiT2y¢

_ (2R)A\1ﬁ (1 + ;@) (1 + ;) (5.3.26)
k

where cos?# = . The two divergent terms in the first line of (5.3.5), therefore do not cancel
completely and yield a finite piece. The other piece is

=0

N[,

A

, j
anR 9 ~ elt Ak~ k\z
—N —2AYA - —— | =(2 — 1-—=) . 3.2
% cos™ ( . /_oo cosh®+2¢ (2R) N\[J N (5:3.27)

+oo

Adding all the pieces together from (5.3.26) and (5.3.27), we find that the three-point function
structure constant is

J

(—1p-! <1 _ ;) ’ (5.3.28)

where we reinstated the factor (—1)7, which depends on normalization conventions. This result
exactly agrees with the gauge theory computation. Therefore the above computation indicates the
mismatch in the previous discussion, and shows that the disagreement of the computation between
the gauge theory and the string theory is related to the subtleties of the extremal correlators. This
also shows that Schur Polynomials are indeed the operators dual to the giant gravitons.

In this chapter we have seen that divergences are also found in the case of extremal correlators
containing giant gravitons. The regularization that was chosen entails the analytic continuation of
the non-extremal correlators to the extremal cases. This regularization enabled us to extract the
finite parts of the divergent integrals and we verified that gauge theory and gravity agree. It is
however still desirable to have a deeper understanding of the origin of these divergences.



6. Correlation Functions of Kaluza-Klein
Gravitons

In this chapter, we consider the three-point function of Kaluza-Klein gravitons, of the scalar gravity
field dual to the chiral primary operators in gauge theory. We will find divergences in higher point
functions which again suggests that these divergences are a general feature of the theory.

6.1 Supergravity computation of <Of’§(’)(§2(9§3>

In this chapter we describe in detail the computation of the correlation function ((f)ég ! O(’;Q (9(?) where
OF and O(’; are the SYM operators that couple respectively to the Kaluza— Klein (KK) modes of
the dilaton ¢* and supergravity scalar field t* (coming from the scalar KK modes arising from the
4-form and the trace of the graviton with indices on the sphere). We will give particular emphasis
to the extremal values k1 = ko + k3.

We use the dimensional reduction procedure to compactify the 10-dimensional supergravity action
from ten to five dimensions on AdSs. The dimensional reduction is obtained using the expansion
of the fluctuations of the background fields in terms of spherical harmonics. In this computation
we first expand the fields on S° in scalar spherical harmonics, and choose covariant gauge condi-
tions which reduce these harmonic expansions to a very simple form. Next we insert these simple
harmonic expansions into the kinetic term for the dilaton in the 10—dimensional action, thus obtain-
ing the dimensionally reduced action. Then we manipulate the interaction Lagrangian by partial
integration and use the linearized equations of motion.

We then compute 3-point correlation functions using the two methods of analytic continuation and
space-time cutoff, as introduced in [12].

6.1.1 Set up. We will work with Euclidean signature. We use latin indices 4, j, k, - - - for the whole
10-dimensional manifold. Indices yu,v, A, --- are AdSs indices, while «, 3,7, - -- are S® indices. We
use Gy, to indicate the 10-dimensional metric, ¢, and h,,, to indicate the background metric
and the fluctuation respectively. We also set the S® and AdSs scales to 1.

Following [38] and [13], the fluctuations of the metric and the gravitational field are parametrized
as follows

Gmn = Jmn + Pmn (6.1.1)
ha o

hag = h(am + Egaﬁ; g ﬁh(ag) =0, (6.1.2)

B =, — 2 W, =h L wpt =0 6.1.3

py — Mppy ™ ?gﬂl” uv — () + Egﬂl/’ g () — ™ ( st )

F=F+ OF, 5Fijk:lm = 5V[iajklm]' (6.1.4)

Here F is the background value of the F-field and we choose the Donder gauge conditions

Vs = Vo = Vapimomams = 0. (6.1.5)
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With this choice, the general expansion of the fluctuations in terms of harmonics of the sphere, are

given by
ki tk

W, =Y YL, (6.1.6)
hy =Y Y*RY, (6.1.7)
Goionazoy = Daeaa1a2a3a4bk ) (6.1.8)
¢=> Yhp*. (6.1.9)

We have introduced a complete orthonormal set of scalar spherical harmonics Y* satisfying
VaoVoY* = —k(k +4)YF, (6.1.10)

where k is a nonnegative integer. We are interested in the linearized field equations which imply
the following three constraint equations [38]

1 8
0= (211”“ — 15h'§> ViV Y*, (6.1.11)
8 8
_ kuv v k k k v k k
0= [Vuh’ w—v <h’ — 1—5h2 + 8b ) T N Y G (6.1.12)
0 = |:af"1#2#3#4 + 6N1N2H3N4N5v‘u5bk:| vayk * (6113)
The modes h% and b* are coupled and obey the following linearized equations of motion [13]
1 4
0= [vamb’“ + (Qh’k — 3h’§>] Yk, (6.1.14)
1
0= [(vmvm — 32) h + 80V, VU + Vv,V (h’k - lgh’gﬂ Yk, (6.1.15)
We can rewrite (6.1.11) as follow
16
nk = ﬁh’j, (6.1.16)
to find
4
Vi V™ — 5h2 =0 (6.1.17)
(Vi V™b — 32) ha + 80V, V* = 0. (6.1.18)

Using the property of the spherical harmonics Y* given in (6.1.10), the equations of motion for the
modes h§ and b* are given by

4
V. VROF = k(k + 4)b% + 5h’5 , (6.1.19)
YV, VFRE = k(k + 4)[80b" + h5] + 32h5 . (6.1.20)
These equations can easily be diagonalized. The diagonal linear combinations are
1
k k 2
=————[|hs —10(k+4)b 6.1.21
1
th = ——[nh + 10k0%]. (6.1.22)

20(k + 2)
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Now we apply V,V* on s* and b*. Using (6.1.20) and (6.1.19), we have

1

Vst = ————
mYT T 00k + 2)

[vuv”h’g —10(k + 4)vuv“bﬂ

_ 20<k1+2) <[k(k +4) [800" + ] + 321#5} —10(k + 4) [k:(k FAE éh’;D

— k(k — 4) [ — 10k(k + 4)bF + h’;}

20(k +2)
=k(k—4)s*, (6.1.23)

and

V, Vit = AAGERUAALY

1
20(k + 2)
o

-~ 20(k +2)
— (k+4)(k + 8)2()(]:”)
= (k+4)(k + 8)t". (6.1.24)

4
([k(k +4)[806F + hb] + 32h’§] +10k [k(k; FAE 5h§D
[h’; + 10k:bk]
The equations of motion (6.1.24) and (6.1.23) which follow from supergravity yield constraints

between the modes defined above [13]. These constraints involve the traceless part and the trace
part of the hj,, field are determined as follows

/ 2 k k
= — 1.2
1
wk = T§h2 . (6.1.26)

6.1.2 Cubic Action. The kinetic term for the dilaton in the 10-dimensional supergravity action
on AdSs x S° is given by

g—_1_ / 402G %Gm"amwm. (6.1.27)

= 5.2
2K7)
We can also set

hHC‘f =0 h(aﬂ) =0. (6128)

Then, expand the determinant of the metric G, as follows

G = det(Gmn) = det(gmn + hmn) = det(gmn) det(1 4+ ¢"" hpnp) - (6.1.29)

There is an identity, which states

In(det M) = Tr(In M) . (6.1.30)
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Taking the square root of G and applying this identity, we find

= y/det gynn exp { Indet(1 + gm"hmn)]
g exp bTr In(1+ gmnhmn)] . (6.1.31)
Now use the power series of In(1 + z) and of exp(x), to the first order, to find

\/5 — \/‘5[1 + %gm”hmn + . } . (6.1.32)

We know that ¢"" hpp = g hyw + g8 hap and /g = \/91,/92, where g1, g2 indicate the determinant
of the background metric on AdSs and S° respectively. Thus, we have

r 1 1
VG = VaIVa |1+ 50" b + 50 hap + - |
[ 1 v h! hg 1 a h2
= VIV 2 _1 + igﬂ (h/(/u/) + gguv - gguu) + 59 B(h(aﬁ) + ggaﬁ) + - ]
r 1 1
= VaVaR[L = gha+ 3+ ] (6.1.33)

where we have used (6.1.2), (6.1.3) and (6.1.28), and here d is the dimension of the boundary of
AdSgy1. (We will specialize to d = 4). We obtain, for the dilaton kinetic term, the expansion (to
cubic order in the fluctuations)

1 10 1 _1 1 / . m n
=52 /¢ \@2(1 3h2+2h>(gm" hm”>v oV
_ 1 w, L1, 1 " a ooV a8
=5 [ 4V (1 Sha+ 2h><V“¢V 6+ VabV76 — b V6V 6 ~ hagV 6V 0)
(6.1.34)
Again use (6.1.2) and (6.1.3), to find
1/, 1. 1
- - 10 1 _ = - /
5= 52 2 )¢ fz( 3h2+2h>
o / vy he v, ha a
x (vu¢v“¢+va¢v & Hp VHOV 6+ LYWV ) — LV adV qs)
1
10 o - «
2/@10 d :Uf[ VA 0VHG + L VabV
L.y = a } / " _1 / PR’
+ <4h 15h2) VadV6+ LW,V 6 — DI, VH6VT | (6.1.35)

In the last line we only kept the linear terms in the fluctuations and we have used V to denote the
covariant derivative.

6.1.3 Dimensional Reduction. We will consider only scalar fields on the S°, and we expand
these fields in scalar spherical harmonics. The spherical harmonics are normalized, as shown in
Appendix B, such that

/Y’ﬂy’@ = z(k)ohrke (6.1.36)

/ YRiyReyks — ok, ko, ks)(CFrOR2CFs) (6.1.37)
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where

1
21k +1)(k+2)°
ws
(2 4 2)12% " Laglaglag!’

z(k) =

a(kla k?a k3) =

(6.1.38)

(6.1.39)

with aq = $(ko + ks — k1), 00 = 5(k1 + k3 — ko), a3 = 3(k1 + ko — k3), > = 1(k1 + k2 — k3) and
ws = 7> is the area of a unit 5 sphere. To compute the 3-point functions <Of ! ng OZ3> we need

to consider excitations with the fields s* set to zero. Then, from the definition (6.1.21) of s* and
the constraints, we find

hy = 10(k + 4)b* . (6.1.40)

From this equation and (6.1.22), we find

hs = 10(k + 4)t" . (6.1.41)
Then we obtain
h/k
tk 1tk
P = Ty + =5~ Gy
2 16 hE
=VvV hE — 300" y
(1 ”)[5(k+1)(k+3)( )15 59"}
2 30 16 h’f
VWVV){ 5k + 1) (k + 3)( 27 10k + 4) )+ 3 155 9
16 h
= V. Vo hh v 6.1.42
{(k+3)(k:+4)} )2+155 s ( )
The traceless double covariant derivative for the field hg is given by
1
V. Vyhs =V, V,hh — ggu,,Vprh’;
1
=V,V,hs — = 9 10(k + 4)V,VPtr (6.1.43)
Using (6.1.24) and (6.1.41), we find
2 2(k +8) 16 h%
h,/k = th - k v
W B )k d) YR T ag gy I T g e
2 2
= V. V,hE+ = ——hkg,,. 6.1.44
Sk 3)(k+ ) m T e (6.1.44)

To get the dimensionally reduced form of the action (6.1.35), we need to insert the harmonic
expansions (6.1.6), (6.1.7) and (6.1.9), into the action (6.1.35) and evaluate this action, term by
term.
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e The first term gives

1
/dlox\/ng\/g?ZVM¢V“¢
1
_ /d10$@@2 Z Yk1yk2v“¢k1 vu¢k2
K1k
1
- /d5$\/g712 Z Z(k)dszvﬂ(bklvu(bkz
K1k
k
= / d5:c\/a’"(2)vu¢kv#¢’f . (6.1.45)
e The second term becomes
1
/ dlox@@§V#¢V“¢
1
— / 011095\/97\/5725 DV YRveykghigh (6.1.46)
kika
This can be evaluated by performing an integration by parts as follows
VaYFveyk: — — / yhv,veyk: (6.1.47)
S5 S5
and using the fact that
VaoVeY*r = —k(k+4)YF. (6.1.48)
The term (6.1.46) then becomes
1
/ dl%\/ﬁ\@f“w%
1
= / A0/ Y bk + )Y YRR gl
kikz
1
= /d5x\/9712 Z kz(kg + 4)Z(k‘)5k1k2¢kl¢k2
K1k
5 z(k) E ik

e The third term (ih’ - %hg) vanishes by the constraint equation (6.1.26). Thus, we only

have an indirect coupling to hs given through the excitation of the field h;“,.

e The fourth term gives
1
/ A2 1V/ga 'V u6V"
1 16
_ /d10$@@4 Z T5Yk1 héu Z Ykz V'u(bkz Z Yksvu¢k3
k1

ko k3

4
_ / OGS YIYRYR100n + 4)01 7,60 vt
k1,ko,k3

8
= a(ky, ko, k3) / d%\/gig(kl + 4)th v phrVH ks (6.1.50)
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e The last term evaluates to
1
/dlox\/ﬁ@ <—2> h;wV“gZ)V”qS

1 2 2k
= [a° )Y vk V.V hE S pkig,,
/ xﬁ@( 2)2 [5(k1+3)(k1+4) prve2 +15k1+3 2 Jp

k1
x Y Yhyrgh y " yksyghs
ko k:g
B /dloxx/!ﬁ\@ <_1) Z [4V VM + 2 _k 10(ky + 4)thrg J
2 W (ky +3) " 15k +3 "

x Yhyheyksgrgha gy ghs

1 4
= a(kl,kg,kg)/d%\/gi (—2> [Mvuvytklv%@vwks
2 K

R 310(k1 + 4)tk1V“¢k2V“¢k3} : (6.1.51)

Combining all of these terms we find the dimensionally reduced form of the action (6.1.35) is

1 k
S = o2 /d%@[zg ) (V" VHeE — k(K + 4)¢* ¢")

(k1 +4)?
(k14 3)

2

tkIVN¢kQVN¢k3 _ 3
1

+ a(ky, ko, k3) (2 v“vytklvﬂqﬁ’wwqﬁkiﬁﬂ . (6.1.52)

The gravitational coupling constant in (6.1.52) is related to the SYM parameter N by

872

2
2H5ZW.

(6.1.53)

6.1.4 Evaluation of the Action. The interaction Lagrangian can be manipulated by partial

integration and by using the linearized equations of motion for the fields. We again evaluate the
relevant terms in (6.1.52) one by one, as follows

e The first cubic term yields
/ k1 Vu¢k2 V“¢k3
AdSs

_ / tk)1 lvuv“(d)kg(ﬁkg) - / lth ((Vuv“¢k‘1)¢k2 + (Vuvﬂ¢k2))¢k1
(AdSs) 2 (Adss) 2

1 1
= / th TRy, (pF2 M) — / —tM (m3 (k2) + m3(ks)) o™ ¢ . (6.1.54)
(AdSs) 2 (Adss) 2
To evaluate the first term in this equation we consider the usual upper half-plane metric for

the AdS spacetime as introduced in Chapter 4. In this case, the Laplacian is defined in the
coordinates zg, z, where i =1---d

V= \;ﬁaﬂ(\@g“l’&,) = Zdﬂau (Zo_dHau) . (6.1.55)
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Using this we find

/( " ST (g2 t)

— /d ZdZO k‘l d+16 ( dJrla d)de)kB)

Zd+1
_ /ddzdzo tkla d+1au¢k2¢k3>
=3 /ddzdzo "0, (29 T 0.0 02 07) + 5 /ddzdzo 0., (20 0., ™) . (6.1.56)
Lets integrate, by parts, the last term in this equation to find
/dddeO thg, (2 —d+1g. ¢k2¢k3)

1
_ 2/ddZdZO(a%_zo—d-&-lazitkl)d)kzqsks

1 1
= 5 / VMV“tk1¢k2¢k3 _ 5 /Ads zd+18z0 (Zadl 820tk1)¢k2¢k3 ) (6157)
5
Substituting this back into (6.1.56) we find
1 1
/ SVIVL(@RR) = 5 [ TVttt (6.1.58)
(AdS5) AdS5
1
- = / 210, (29 M0t ) P2 0P + / d*zdz 190, (25 47 0,002 0")
2 AdSs5
1

1 1
—— vuvﬂt/ﬂ ¢k2 ¢k3 4= / ddztkl d+1a ¢k2 ¢k3 - / ddzzadJrlaZOth ¢k2 ¢k3
2 J Adss 2 2

(6.1.59)

Using this result the first cubic term in (6.1.54) becomes

1
[ tmetewngt = [ ) - md ) — () gt
AdSs (AdSs)

1 1
+5 / MV, (M2 9M) — / AV (6.1.60)
2 Ja(adss) 2 Ja(adss)

where V,, indicates the outward normal derivative to the boundary and we have introduced
the symbols mi(k:) and m?(k) to denote the masses of the fields ¢y,

m3(k) = k(k +4), m2(k) = (k+4)(k +8). (6.1.61)

The boundary integrals in the last step in (6.1.60) cannot contribute to the 3—point function
if all the three points are disjoint. This is the case because

k1 k2 tk3y k1 i N NN ,
/8<Ads5)t Valgme®) //B(AdSs)t (2) gy, K ()07 (@)¢™ (z)drdx (6.1.62)

where K is the propagator from a boundary point z’ to a bulk point z, and it is assumed in
the above equation that we take the limit z — x. Thus terms of the form of the boundary
integrals in (6.1.60) can always be dropped.
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e To analyse the second term in (6.1.52) we carry out the following steps. First define
1
P#V = (v,u,(kaVI/¢k3 + VV(bszu(z)kg) - igpyv)\(ﬁkQV)\¢k3 (6163)
which satisfies the relation

VP = = (m3(ks) ™ V¢ +mi (k)92 V") . (6.1.64)

N | —

Then consider

Y,V th v gk ghs
AdSs

1
— [ B+ 500
AdSs 2

1
=— / [v#t’ﬁv"P,eriwv"t’ﬂngwhvm’%)} + / VY (VHMP,,)
AdSs5 AdSs

1
= 5 /AdSS [m%(k‘l)tlﬁ quSsz)\gbk?’ _ v#tkl (mi(k3)¢k3vu¢k2 + mé(k2)¢kzvﬂ¢k3)}

+ / VY (VFRiP,,) . (6.1.65)
AdSs

The cubic couplings in the last line of this equation are total derivatives. We use the diver-
gence theorem to perform the integral of this term. This produces the following boundary
interactions

YV, V tHVHgr2 gy ohs
AdSs5

1
=3 /A . [m%(h)t’“vwk?wb’% — VIR (03 (k3) " V"2 + m3 (k) 62 vmks)}

- / VAR P (6.1.66)
B(AdSs)
Collecting all contributions, we find

22 Subie — / a(ky, ka, k)61 652 s
AdSs

[(kl +4)?
ki+3

() = m3 (k) = m(h) + s (m (ha) = m ) — m ) +

alky, k2, ky) ks pkiH gk ko ki oH gk ki koo gk
AAEL AL AT G v AV I VARLCR VAP v LRk 4w, @RV, R v gl )]
/3(Ads5) k1 +3 ( PV ud ¢ PV o O+ Vpd"Vag 0] )}

(6.1.67)
Using the explicit expressions for the masses of the fields (6.1.61) we finally obtain

(E —+ 4)051 (012 + 2)(053 =+ 2)

2628 upic = —8 k1, ko, ks)tF1 k2 gks
#3Seub P /AdS5a<1 2, k3)t™ ¢ "+

/ a(kl’kz’]ﬁ) ( v ¢k3v d)klv#d)kz I v/ ¢k2v ¢k1v#¢k3 +Vv ¢k1v>\¢k2v>\¢k‘3) ]
A(AdSs) ki +3 n Iz n Iz n

(6.1.68)
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6.1.5 Three—point Function for k; < ks + k3. In this case the boundary integral vanishes as we
take the size of the AdS region to infinity. The contribution comes from the integral of the bulk
vertex term in (6.1.68). The contribution of this term to the 3—point function is given by

a;

Az(f’ Yy z_') = |f _ g‘|A1+A2—A3 |g‘_ “|A2+A3—A1 |Z_’_ f|A3+A1—A2 ’ (6169)

with

_ _TGIAF 80— AT (3As + Ay = AT (3[Ag + A1 = A (1
S 29T (A1 — (B — DT(Ba— ) F<QMr+Ath—ﬂ).

Now use A = 3(d + V/d? + 4m?) and (6.1.61) to determine the conformal dimensions A; of t*1 |
" and ¢* in terms of the KK levels k; as follows

A=k +8 Ag=ko+4 A3=Fk3+4. (6170)

Then, the three—point function is

, 1 4 a(ky, ka, k3)
Okl OkQ Ok3 - - ) )
< i (21) P (22) ) (933)> 252 7l $?;2a3x§§>20&2x§§1
" (X +4)(az +2)(a3+2) T'(a1 + 1)I'(a3 + 4)I'(a2 + 4)I'(X + 6)
k143 ['(k1 +6)'(ke + 6)['(ks + 2)

(6.1.71)

Although the above calculation is strictly valid only for the range ki < ko + k3 , we observe that
there is a smooth k; — ko + k3 limit

iia(kQ + k37 k?a k3)

T 5.2 4 _8+t2as,_8+2az
25T ay Payy

(ko + 3) (ko + 2)2(ks + 3) (ks + 2)2 (k2 + k3 + 4)
X (ks + ks + 3) . (6.1.72)

. k1 ko ks
hgg;h<otwno¢uﬂo¢w@>

6.1.6 The Extremal Case k; = k2 + k3. In this case the coefficient of the bulk integral in (6.1.67)
vanishes. The contribution comes entirely from the boundary term. We introduce a cutoff at
zo = €, where zp, z; are the coordinates of the usual upper half-plane metric for AdS and require
that bulk fields satisfy a Dirichlet boundary value problem there. This is a geometrically well
defined prescription, and leads to the solution

th(z) = /d4xK€A(z,a:)fk(a:) (6.1.73)

where K (z,z) is the Poisson/Dirichlet kernel for the cutoff space-time and ¢(x) is the boundary
source for t*(z). A similar equation holds for ¢*(z). It is not easy to compute the 3-point function
in position space. Instead, use the Fourier transform. The Fourier transform of K§{(z,z) is given
by

d
22K A _a(p20)
K&(p) = ———2—" (6.1.74)

d
eEICAfg (pe)

where K, is the modified Bessel function of index v, and d is the dimension of the boundary of
AdSgy1. We will specialize to d = 4 in our final result for the correlator.
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The power series expansion of the modified Bessel function for integer n has the form

Kn(x):(_l)n-i-lj ln——i— Z( ) n+2mw

m!
1 & (z/2)mr2m w1 &1
D L N/ VA ) To R N 1.
+(=1 QZm!(rH—m)! ¢ k Zkz (6.1.75)
m=0 k=1 k=1
where
o0
(x/2)2m+n
I = . 6.1.76
Applying this we obtain
’CA_g(PZO)
o0 2) 2m+A—4 1 Asrl A+diom (A— 94— —1
gzpm/ @WL*Z(@) (A-5-m—-1)
|
A -Sm1) 2 2 = 2 m!
d m+A— 2
d
2 =ymi(A =5 +m) k=1 k k:lk
o0 Afé*l A+d+2 o0
N 4
_ Z am(p;0)2m+A——1 P;o i Z by, (pgo) 2 i Z Cm(l?)mﬁzm
m=0 m=0
where we introduce the coefficients
-1 A—é-i-l
| )d : , (6.1.77)
mi(A - §+m+1)!
1(A-2—m-1)
by, = 5 2 — , (6.1.78)
d m+A—< m
1 (—pA—2tt 1 1
Cm = = - 20 — —=> - (6.1.79)
2m!(A—§+m)' Pt k k:lk
In terms of these coefficients
A-21
(P28 pzo\2m  (pzo\—(8-%) T P20\ 2™
Kaatr20) = (%5°) Z[“n”“** ] (50) + () > ()
=0 m=0
(6.1.80)
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We see that K4 (p) admits derivatives of arbitrary order with respect to zp which have smooth
limits as we approach to the boundary at zy = €

8 z
s Ka()| =
aZO 20=¢ E%ICA_g zZp=€
d
g P
d 7% (P20) 5z Ka—a(p20)
=4y Olpzo) A4 (6.1.82)
2 GEICA_Q 20=¢
2
We now need to evaluate the following derivative
d
K
Apao)’ 24 %0
d
1 A d P20\ A 51 1y P20 pzo\2m  (pzo _(A—g)—lA_le PZzo
=5 (2a-5) [T S [ ] ()7 () > (R
A-d_1 X 2 (a-4) Aat
pPzo\~"2~ Pzo Pzo\ <™ pPzo\~\~7z2)~ yZA)
()7 X fmenin B emen 2a] (57)7 4 () > mba (5
d 00
pZO)A—§—1 1<A d> 1y P20 1(A d) (pzo)Qm
& o S m 5 a S m 2 m 5
(2 g% PHd g) | tmin M p) | emt 2 2
P20\ A5 1( d pzo\2m
2o a0 i
() X g (-5 (5 (6189

Using these results (6.1.82) becomes

o 2 () mro g, (mayrn 2t (o)
=+ (6.1.84)

o B ) ) nr o () S5 D ()

0

20—
029

KA(p)

where we have again introduced a set of coefficients

A, = [m+ %(A — Z)] amln% + [m+ %(A — ;l)} Cm + 20, , (6.1.85)
Bmzzpm—;(A——gﬂl%, (6.1.86)
C%1::(€;>2(Ag>[amln€;—%cm}, (6.1.87)

>
|

m = b - (6.1.88)
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Consider the expansion

0
K
ZO(?Z() A(P) e
d m 2 m
[P (o A () ) (Bo+ B ()™ )
T2 Z A 4 Z m 2 m
2ol e ) )+ 0o D () ) e
d _Bo By (pzo p20\2(A+3) Ay Ay (p2o
SR S ey § ) P= 20 P20 4 ..
52, |1t (o)t (5 TG (F) )
D1 (pzo pz0\2(a+3) Cy . Cy /pzo
1- =2t e ~1 (£ ..
w15 (5) () g (5) )
z0=€
and keep only the dominant terms
0 d By pe 2<A+2) Ag
R (p) =2 1920 s 220
g Kalp) =525+ +(3) Do
d
d d pe\2(a+9) (-1)* 2
— 2 (A2 _9o (£ .
g HlaT T (5) 1F(A_%)2+
= (d—A)+--aa(pe)2A~ In(pe) + - -- (6.1.89)
with
-1 A-241
B Gl (6.1.90)

where the first - - - refer to positive integer powers of p and the second - - - to terms containing In(pe)
times higher powers of p. We recall that aA(pe)Q(Afg) is the Fourier transform of the correctly

normalized expression for the 2—point function
1 (2A — d)T'(A)

(z—y)** ripA-9)

(6.1.91)

The relevant term in the product of three propagators is

DnKeAQ+A3 (pl)DnKEAQ (pQ)DnKeAQ, (p3)
= [(d = 8o — Ag) + -+ any 85 (1) A28 In(py) + -]
< [(d = D9) 4 - 0y (20327 In(pa) + -] [(d = Ag) + -+~ any (p36) "2 In(ps) + -]

_d a_d
= .. A2y Ny A3)GA2(ZA317§(A2 2) 111(102)293(Ad 2) In(ps) + - - - (6.1.92)

From (6.1.91) and (6.1.92), we finally get the 3—point function

1 a(ky, ke, ks
(O 105 )0 (w0) = 55 "2
5

( 1 <2A2—d>r<A2>>( 1 <2A3—d>r<A3>)

71— 2?22 7a7(Ay — 9) |1 = B3*2 78T (Ag — 9)

(d— Ag — As)

(6.1.93)
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Now replace k; by ks + k3 and use the formula (6.1.70) for the A;. With d = 4, we obtain
. 1 4 a(k:2+k:3 ko k?g)
OF2+ks (1 ) OF2 (39) O (2 >: —— =
(O @00 @) 0f ) = 5375 o v

(ko + 3) (k2 + 2)2(k3 + 3)(ks + 2)2(k2 + ks +4)
X (ks + ks + 3) . (6.1.94)

Comparison with the expression (6.1.72) shows exact agreement.

6.2 The Gauge Theory Correlators in the Large N Limit

We consider N' = 4 super Yang-Mills theory with the gauge group U(N). We use the conventions
of [13]. Denote the single trace chiral primary operator CPO of SY My by

ol =c¢l . Tr(¢" - ¢%) (6.2.1)

1Zk
where i1, - - - i), are SO(6) vector indices and ¢’ are six N x N hermitian traceless matrices trans-
forming in the adjoint of U(N). The trace in this formula is over the U(N) indices and Cf _,; are
totally symmetric traceless rank k tensors of SO(6). The traceless symmetric tensors C’Z-I1 ok, are

related to the spherical harmonics (see Appendix C).

The normalized action is given by
1 1
S= [ d'z —5—Tr (F? ---:—/d4 Fo FO ... 6.2.2
where = 0,---,3 and F}j, are the field strength of the gauge field Aj,. The Yang-Mills coupling
gy m the string coupling g, are related by g2 ,, = 4mgs. In this theory, the propagator is given by
Y M

g%/Mdabdij

L (a1) ) = XM 2.
(hta)si(e2) = s s (6:23)
where a, b, - -+ are U(N) color indices.

The correlators are computed by performing Wick contractions. In the large N limit we need only
sum planar diagrams. For the correlator of a product of two traces, planar diagrams correspond to
contracting i’s and j’s in the same cyclic order, which gives

(Tr (¢" (x1) -+ @™ (1)) Tr (¢7* (22) - -~ ¢7* (22)) )
B ng%/kM (51'1]'1 St2dz ... §ikdk 4 CyCliC)
B (2m) 2|z — y|? '

Let Ot and O be two CPO specified by the tensors C’Z-Illmik and ij]k The correlator of the
product of these two operators is nonzero only if their scaling dimensions are equal. For k1 = ko = k,

(6.2.4)

we have
<OII (.%‘1)012 (372)>
= Ol Oz (Tr (% (1) -+~ @™ (1)) Tr (¢7 (w2) - - - ¥ (w2)))
—oh o NkQ?/kM (5“9151232 e ORIE 4 cyclic)
11 J1 Ik (27‘()2k|x — y|2k

k 2k
_ Ch 012 N 9y m k
B S R PP SRR 7% (27r)2k|:1: _ y|2k :

(6.2.5)
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Using the orthonormality of the C coefficients we have

M

(O (21)0" (z2)) = (ChC") @ e g

where the t’"Hooft coupling is given by A = N g%, - The factor k£ denotes the number of the possible

cyclic permutations with k& pairs of indices.

The 3-point function of CPOs specified by three tensors of rank ki, ke and k3 is given by
<Oh (xl)ofz ($2)OI2 <$3)> —

Ot i Oy Oy, (T (67 (@) -+ 971 (1) Tr (67 () - @742 () Tr (6" () -+~ 0% (23)) )
AE/2 ki kegkes

= (chchlols : 6.2.6
< ) Nl — yPely — =Pl — o (620
where ¥ = k1 + ko + k3. The factor kiksks is the number of planar diagrams, and
I Iy I3\ T I I
(CHCBCT) = Cil iy viog Ciring il Coegoyiday - (6.2.7)
We rescale the CPOs Of = Of %, such that the normalized 2-point functions are
1
(0" (21)0" (x0)) = (CCR) —. (6.2.8)
12
The 3-point function is given by
Vkikok
(O (21) 02 (29) O"2 (w3) ) = (CT1 0201 12 (6.2.9)

23 21 200 "
Ny xys'wsy

In summary, we ave computed the extremal three-point function in the gravity theory using to
methods. Both result were in agreement. We also fond that the gravity and CFT results have the
same conformal structure but do not agree. We have also demonstrated that higher point functions
are subject to the same subtley known for 2-point functions, i.e. they are also divergent. Again a
deeper understanding of the origin of these divergences is missing.



7. Some Remarks on Extremal correlators

The main goal of this chapter is to consider the divergences that appear in the computation of
extremal correlators. By exploring the connection between extremal correlators and the dual grav-
ity description of these correlators, we will see a possible connection between the divergences in
extremal correlators to divergences in collinear amplitudes, in quantum field theory. This is useful
because collinear divergences have been studied and are well understood. The remarks we make in
this chapter are preliminary since we have not had time to pursue them to their logical conclusion.

7.1 R-charge and Angular Momentum

In this section we want to review the connection between R-charge and and angular momenta. This
connection explains why we expect that extremal correlators are related to amplitudes involving
collinear particles, that is, particles with momenta that are parallel. One of the basic features the
AdS/CFT correspondence, is the fact that global symmetries in the CFT are dual to isometries in
the dual gravity. This is an extremely important aspect of the AdS/CFT correspondence because
it allows us to match the conserved charges of the two dual theories. Since these conserved charges
can be used to label states, this allows us to match states between the two sides. Of course, if
there are degenerate values for the charges, we don’t quite get a 1-to-1 mapping. As an example
of this matching, the SO(4,2) conformal symmetry of the CFT maps to the isometry group of
the AdSs spacetime. The matching of most interest to us connects the SU(4) R-symmetry of the
CFT with the isometry group of the S® in the dual gravity. More specifically, the SU(4) is a
double cover of the special orthogonal group SO(6), which is an isometry of S°. This means that
SU(4) has spinor representations but SO(6) does not. Thus, when there are fermions in the dual
gravity, we should really use SU(4) as the symmetry group and not SO(6). The conserved charge
associated with the isometry of the sphere is angular momentum. We conclude that the R-charge
of an operator in the CF'T maps to angular momentum of a state in the dual string theory. This
correspondence puts the modes arising from an expansion in spherical harmonics on the S° into
one-to-one correspondence with operators of definite R-charge. Of course, if there are degeneracies
this will complicate things. A nice example of this matching is provided by the map chiral primary
operators on the gauge theory side and the modes coming from an expansion in terms of spherical
harmonics, from a Klein-Kaluza reduction of the gravity theory. This correspondence between
chiral primary operators and spherical harmonics was already used in Chapters 5 and 6 of this
dissertation, where we computed correlators involving giant gravitons and Klein-Kaluza gravitons.

With this picture in mind, we can now explain why we think extremal correlators are linked to
the scattering of particle states, when the particles in the state have parallel momenta. First, we
can define three complex matrices using the six scalars ¢;, with ¢ = 1,---6, of the SYM theory,
transforming in the vector representation of the SO(6) R symmetry group. These matrices, from
which chiral primary operators can be formed, are given by

Z = ¢1+igs, 2" =1 —iga,
Y = ¢3+igy, V1= gg —igy

X = ¢5+ige, X' =5 —ide (7.1.1)
The generators of SO(6) are the angular momenta. We can label the generators of SO(6) as L;;
with 4,5 = 1,2,---,6. Recall that the generator L;; = —Lj; performs an infinitesimal rotation in
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the ij-plane. These generators close the SO(6) Lie algebra
[Lija Lkl] = iéjkLil — Z'(Siijl — i(Sleik + iéilek (7.1.2)

There is a basis of states in which Lq9, L34 and Lsg are simultaneously diagonal. Indeed, this
follows because
[L12, Lga] = 0 = [L12, Lsg) = [Ls4, Lse] (7.1.3)

In what follows, we collect these three quantum numbers into a vector L= (L12, L34, Lsg). We will
now compute the L quantum numbers of X, Y and Z. Under a rotation in the 12-plane we have
¢i — ¢, where

¢y = cospy+ sinfpo, ¢y = cosf ¢ — sin Oy,
¢é = ¢37 gbil = ¢47
o5 = ¢s, b6 = P6 - (7.1.4)

Consequently, we find
Z=¢1+ipg =2 =g\ +igh=e7Z, Y Y =Y XX =X (7.1.5)
Similarly, under a rotation in the 34-plane we have
Z' =z Y =e ¥y, X' =X, (7.1.6)

)

and under a rotation in the 56-plane we have
7= 27, Y' =Y, X' =e X, (7.1.7)

From this we read off L = (1,0,0) for Z, L = (0,1,0) for Y and L = (0,0,1) for X.

We now come the main observation of our analysis. An operator such as Tr(Z™)Tr(Y™2)Tr(X") is
mapped to a three-particle state with the momenta of the three particles given by (n1,0,0),(0, na,0)
and (0,0,n3). The three particles are clearly moving in different directions. The multi-trace opera-
tor of the form Tr(Z™ )Tr(Z"2)Tr(Z™3), which participates in extremal correlators, corresponds to
a three-particle state with momenta, (n1,0,0), (n2,0,0) and (ns,0,0). Thus, the particles in this
state are moving collinearly. Clearly then, extremal correlators, for example

<Tr(zm)Tr(zn2)Tr(Z"3)Tr(ZT"1+n2+"3)> (7.1.8)

map to processes with collinear particles. Non-extremal correlators
<Tr(Z”1)Tr(Y"Q)Tr(X"3)Tr(ZT"IYT”QXT”3)> (7.1.9)
are not related to states with collinear amplitudes. Having establish this connection, we will now

explore properties of collinear amplitudes in QFT. In particular, we want to understand how the
divergences in collinear amplitudes are treated.
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7.2 Collinear and Soft Divergences

We have just argued that extremal correlators are closely related to collinear amplitudes. These
amplitudes are associated to processes where the momentum of the particles that are being described
are parallel. In fact, it is well known that there are divergences associated with collinear amplitudes.
This suggests the very attractive possibility that perhaps the divergences associated with extremal
correlators can be interpreted as collinear singularities.

Collinear singularities are usually accompanied by soft or IR divergences. In this section our goal
is to give a brief description of these divergences, how they are interpreted and how they are cured.
We hope that a similar approach to extremal correlators will resolve the subtleties we are studying
in this dissertation.

Feynman diagrams are known to produce various divergent (infinite) expressions. What do they
mean? Here, it is important to note that there are different sources of divergences and their
meaning is very different for the different sources. ”Infrared divergences” is the name for the
infinities that emerge because we have to integrate over arbitrarily long-wavelength (or low-energy)
virtual particles (or quanta). They are produced when we send the minimum allowed momentum
or energy of virtual particles to zero. In this case, loop diagrams are infinite. What does it mean?
To answer this question it is helpful to start by recalling that ultraviolet (short-distance or high-
energy) divergences usually imply that a quantum field theory is incomplete and should be thought
of as a limit of a more accurate theory. Infrared divergences are quite different. The asymmetry
between the two kinds of divergences arises because physics at long distances is derived from the
physics at short distances.

How should we interpret infrared divergences? It is important to recognize that quantum field
theory has two kinds of questions (with a whole continuum in between): questions that are are
directly linked to the results of measurements, that are easily interpreted experimentally as well as
questions that are natural and simple from a theoretical viewpoint, questions that are connected
with fundamental concepts and quantities in the theory. It is the second type of question that
suggests calculations that may produce infrared divergences.

A classic example in which IR divergences enter is in Quantum Electrodynamics, when we calculate
the cross section for the scattering of two charged particles. Perturbative quantum field theory will
produce a cross section that is a Taylor expansion in the fine-structure constant (or the electric
charge). The first term in this expansion comes from a tree diagram. The particles simply exchange
one virtual photon and it reproduces the predictions you could make using classical physics. Loop
corrections provide quantum corrections to the classical prediction. Already the one-loop correc-
tions suffers from infrared divergences. The amplitude includes a term proportional to In(E,,:y)
where F,,;, is the minimum allowed energy of a virtual photon in the loop. We should set this
limit, Enin, to zero which produces a divergence. Remarkably, this divergences is canceled if we
do the computation carefully.

The quantity that will be compared with experiment is the cross section of an observable process,
which is obtained by squaring the amplitude the Feynman diagram computes. The squared am-
plitude, [finite + ln(Emm)]z, will produce terms of the form (finite? + 2finiteln(E, ) + - - - ). The
dots contain higher powers of the fine-structure constant. To see how the term proportional to
In(Enin) be canceled, note that a real experiment can’t observe photons of arbitrarily low energies.
We must actually compute the inclusive cross section in which we allow an arbitrary number of
low energy photons, that are invisible to the experiment’s detectors. These photons have such a
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low energy that they can never be observed by an detector. Thus, we must include diagrams with
extra external low-energy (soft) photons. It’s so soft that your device cannot see it. This extra
diagram is also infrared divergent but, remarkably the sum is finite. This method of dealing with
soft divergences is called the Bloch and Nordsieck Theorem [10]. It says that as long as you sum
over degenerate final states (this means you sum over the final state plus other versions of it in
which soft photons are included), the answer you get for any physical quantity is free of infrared
divergences.

The collinear divergences are a new effect, in which infinities are produced as a consequence of
the fact that the momenta of particles in the amplitude are parallel. The treatment of these
divergences is very similar to the treatment of soft divergences. Again by summing the correct
classes of Feynman diagrams one obtains a result that is free of any divergences. The theorem
stating the result is due to Kinoshita [41], Lee and Nauenberg [12]. The theorem proves that if you
sum over both degenerate final and initial states, the answer you get for any physical quantity is
free of infrared divergences.

To summarize the discussion, all the divergences ultimately cancel as long as you properly calculate
quantities that can be observed. In the cases we considered here, there are many degenerate states
that can’t be resolved and so to get a physical quantity you must sum over these degenerate
possibilities.

7.3 Extremal Correlators and Collinear Divergences

To summarize our discussion in this chapter, we have established a close correspondence between
collinear amplitudes and extremal correlators. Further, we have reviewed the fact that collinear
amplitudes display extra divergences, intimately related to the fact that the particles participating
are collinear. This immediately suggests that the singularities present in extremal correlators
may be related to collinear singularities. Assuming this is the case, what do we learn about the
divergences in extremal correlators?

The divergences in collinear amplitudes are eliminated once one sums over degenerate initial and
final states. One possible approach to the divergences in extremal correlators would entail exploring
precisely what degenerate states are relevant for the correlator, and then exploring the sum over
these. What effect would these sums have? An aspect that one would need to explore here would be
the existence or nonexistence of threshold bound states, which would definitely have implications
for the precise nature of the sets of degenerate states. Sadly, due to a lack of time, these interesting
questions must be left for the future.



8. Conclusions

The dissertation started by motivating the AdS/CFT correspondence by exploring the planar limit
of matrix models in Chapter 2. This analysis was all in a large N limit that is correctly captured
by summing the planar diagrams. In Chapter 3 we have extended this analysis to explore the
correlation functions of operators with a dimension of order N in the matrix model. For these
operators, the large N limit is more complicated and non-planar diagrams need to be summed.
This was achieved by employing techniques that exploit group representation theory, effectively
allowing a study of finite IV effects in the CFT. These operators are constructed by building certain
projection operators and their properties are connected properties of these projectors. In Chapter 4,
holographic methods for computing correlation functions, in the strong coupling and large N limit
of the conformal field theory, have been introduced. As has been reviewed, there are divergences
that appear in the holographic evaluation of correlators, for the case of two point functions. These
require the introduction of a regulator and the value of the correlators is sensitive to the details of
this regulator.

For extremal correlators the divergences are more severe, as has been review in Chapter 5 and
6. As reviewed in these chapters, the correct values for the extremal correlators are obtained by
performing an analytic continuation of the non-extremal correlators to the extremal case. In this
way it is possible to obtain a perfect match of the gauge theory and gravity results. This is however,
far from a satisfactory understanding of the physics that is involved in these divergences. Indeed,
we have not understood the origin of these divergences and without this, it is impossible to motivate
the analytic continuation that has been used. The key question we have explored in this MSc is an
attempt to develop an understanding of these divergences in order that we can provide a complete
understanding of these divergences.

In Chapter 7, exploiting the identification of R-charge in the CFT with angular momentum in
the string theory, we have suggested that extremal correlators are mapped to amplitudes involving
particles with parallel momenta. It is well known that collinear particles give rise to divergences so
it is somewhat natural to identify these divergences with the divergences in extremal correlators.
The Kinoshita-Lee-Nauenberg Theorem [11], [12] states that all collinear divergences are removed
by summing over degenerate initial and final states. Our identification suggests that, perhaps, by
summing over degenerate initial and final states we can remove the divergences that appear in the
extremal correlators. Future work should explore these preliminary ideas to establish if a corre-
spondence between the divergences that appear in extremal correlators and collinear divergences
does in fact exist.
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Appendix A. Ward Identity

Consider the two-point function
(6'(@)6” () = [ DoeS 0! ()0 ). (A.0.1)
Under a field transformation we have
0= [ Do/ @007 w) ~ [ Do S5 @) 1) (A02)

where we have used primes to denote quantities after transformation. Explicitly, the transformation
is infintesimally given by

o' — ¢f = ¢! + ¢’ (A.0.3)
S[¢"] — S[¢""] = S[¢"] + 65[¢"] (A.0.4)

Assuming that the integration measure is invariant, i.e D¢ = D¢’, we can write
0= / DSl [¢I<x>¢J<y> — 5§ () + 69" (2)) (¢7 () + 5¢J<y>>} : (A.0.5)

Now we expand exp (5]¢]) to the first order to obtain

0= / D¢ /19 [wS[W(me(y) + 69" ()97 (y) + ¢f(x>5¢f<y>} : (A.0.6)
We are interested in the conformal Ward identity, so we perform the global symmetry transforma-

tion, with a local parameter €,(x). The fact that this is symmetry when €, (z) is a constant implies
that

5S[6) = /ddxaea( V() = — /dd:z:ea(a;)aiJi“(x), (A.0.7)

and

5¢(x) = ieq(x)(T")F ¢ (2), (A.0.8)

where J?(z) are the Noether currents, and 7' are the generators of the transformation. Therefore
we can write (A.0.6) as

</ d'w ea<w>aiJf<x>¢f<x>¢J<y>> = (T (ea(2)0™ ()8 (1)) + (T (¢ ()ea(y) 0" (1)) -
(A.0.9)
For e,(x) = aq(z)d(z — 2),
(0T (2)0" (@)6” () = (T*)*0(w = 2) (6" (2)¢” (1)) + (T*)*o(y = 2) (¢ (@)6™ (1)) .~ (A.0.10)

These are precisely the Ward identities that relate the three and two point correlation functions.
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Appendix B. Spherical Harmonics on the
Five-sphere

B.1 Integrals of polynomials on the five-sphere

Describe the 5—sphere of radius p by S™ = {i? = p?|# € R®}. Let & = (2,--- ,2°%) be coordinates
on RY. let dQs5 be a volume form of the 5-sphere. The area of the unit 5-sphere is

w, :/ dQs = /d91-~d05\/detgs5 =73, (B.1.1)
S5

where 6,, parametrize the 5-dimensional sphere as follows

z! = cosb,

22 = sin 0 cos Oy ,

2° = sin 0y sin 0 sin O3 sin 04 cos 05 ,

2% = sin 6 sin 0, sin O3 sin O sin b5,

with 0y,---,04 € [0,7] and 65 € [0, 27]. These coordinates satisfy

263(31:’“)2 =1. (B.1.2)

k=1

The metric on the 5-sphere is induced from the metric of the 6-dimensional Euclidean space. It is
given by

oz Qxt
dsgn = 26; 0, d;d0; = g;;d0;d0; (B.1.3)
such that
gi; = diag(1, sin? 0y, sin? 0; sin @y, - - - ,sin? @) sin” @5 - - - sin? O (B.1.4)

We want to point out that any rotations are symmetries of the sphere. The measure dQ25 in (B.1.1)

is invariant under these transformations. Any permutation of the coordinates (x!,--- %) also
leaves dQ2s invariant. Using the following formula [13]
. ) 62m 7
dQsa*t P = —————— dQs e’ B.1.5
/55 ° 8Jiy - 0y, /Ss ° (B-1.5)

one can use recursion to prove

1 . A
- dQ5$Z1 PPN xZQm e

= —————[all possible contracti B.1.6
Q5 g5 2m—1(m+2>![a possible contrac 1ons], ( )

where all possible contractions means §12 for m = 1, §%1%2§%% 4§01 §izia 4 §i1ia 57263 for m = 2 and
analogous objects for higher m.
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B.2 Integrals of Spherical Harmonics on S°

The spherical harmonics restricted to a unit n-sphere are homogeneous harmonic polynomials of
the (n + 1)-dimensional Euclidean space. Thus defined by any polynomial of the form
Yok =l . att.. g (B.2.1)

110

where C’{l ..i,, 18 a traceless symmetric tensor of rank £, defines a spherical harmonic on the n-sphere.

We need to evaluate the integral of the product of two or three spherical harmonics over S°. First
we evaluate the integral of Y/1F1 and Y32 as follows
cP

11ty J1 " Jke

/ dQs Yokry ok — ol / dQs 2 gl i (B.2.2)
S5 S5

We perform this integral using (B.1.6). We obtain zero if the two tensors are not of the same rank
i.e. if k1 # ko. This is because the contractions of two indices belonging to the same tensor will
vanish. Thus, we only consider the case where ky = ko = k. In this case we have

/ 40 Yk ek — Cff---ikcff---jk/ A0 2 gt (B.2.3)
g5 S5
1
= C{lll_.iijf,_jka5 [all possible contractions of 41, g, j1, ,jk]
(B.2.4)

1

FIE T Dk r2) s (B.2.5)

- (chon)
where we have used the fact that the tensors C/t and C*2 are symmetric and traceless. We have
introduced the notation

(cheoly=cl , cf

g g iy

(B.2.6)

In the same fashion we evaluate the integral of three spherical harmonics Y151 Y12/k2 and Y /1s:ks,
We find

/ dQ5 Yfl,klylg,kzyfg,kg — Cll 012 CIB
S5

. : . 7;1... ikl -71-77€2 ll... lk3
Wty — J17 ko ll"'lkS /S5 dQ5 € x xz T x X .

(B.2.7)
We will use (B.1.6) with m defined by ¥ = k1 + k2 + k3 = 2m. Thus, we have

/ dQs Yll,kl le’kQYIS’k3
S5

—ch I I3 1

ir-viiny Oty Ol S (lE N 2)‘ [all possible constractions of @1 -« ig,J1 - Jro i - lkS] .
5 !

(B.2.8)

Let n,, be the number of indices of the tensor C!# of rank k, contracted with the indices of Cla of
rank kq. These numbers satisfy the relations

Mpq = Tgp » (B.2.9)

Npp =0, (B.2.10)

Npl +Np2 + -+ = kp. (B.Q.ll)
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For three tensors, we have the following constraints
ni2 +niz = ki, n12 + n2z = ko, n13 + naz = k3. (B.2.12)
These equations have a unique solution given by
1
N1 = No21 = 5(1411 + ko — ]{,‘3) = a3, (B.2.13)
1
nig = N3; = §(k3 + k1 — kg) =2, (B.2.14)
1
Nn93 = N3g = 5(]{22 + kg — kl) = Q1 . (B.2.15)

The value (CT'C2C13) denotes the unique SO(6) scalar contraction of three tensors, defined by

(cholohs)y = ch cf? c

i1 lag 1 Jag i1 iagli oy i1 gyl day

Therefore, the integral of three spherical harmonics is given by

kqko!ks! 1

/ dQs yivkiy l2key Iaks <CI1CI1CI1>
55

aplaglag! 9351 (3x+2)!

(B.2.16)

(B.2.17)
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