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Abstract

Quantum field theories and theories of gravity play an essential role in understanding nature. A dra-
matic recent development has been the discovery that quantum field theories are equivalent or dual
to theories of quantum gravity on negatively curved spacetime. This duality goes under the name of
the AdS/CFT correspondence. Sometimes the computation of certain observables in field theory are
more difficult than the computation of the same observables in the theory of gravity and the opposite
is also true. This makes the correspondence a powerful tool, that might provide an approach to strong
coupling dynamics.

We explore the AdS/CFT correspondence between type I1B string theory on asymptotically AdSsx S°
backgrounds as our gravity theory and A/ = 4 super Yang-Mills as our conformal field theory. We
study BPS operators with bare dimension of order N? in the field theory and identify them with
BPS geometries on the gravity side of the correspondence. The dynamics of 1/2 BPS geometries are
identified with gauge invariant operators constructed using a single field in the field theory, while the
dynamics of 1/4 BPS geometries are identified with gauge invariant operators constructed using two
fields. We find a sector of the two matrix model defined by the SU(2) sector in the field theory, that
can be reduced to eigenvalue dynamics. The BPS operators in this sector are associated to solutions
on the gravity side of the correspondence. We also identify the gauge invariant operators with bare
dimension of order N, constructed using three fields, with 1/8 BPS giant graviton states. We count
these gauge invariant operators constructed using three fields in the field theory and show that the
counting of these operators is in agreement with the number of giant graviton states. We also demon-
strate a correspondence between correlation functions of the field theory and the overlaps of the giant
graviton wave functions.

By working in terms of the eigenvalues we have managed to go from the matrix, which contains
O(N?) degrees of freedom, to the eigenvalues which are O(N) degrees of freedom. Thus our work
points to a significant simplification of the dynamics, something that deserves to be understood bet-
ter. Another concrete result that we have achieved, is a proposal for some of the operators that are
dual to the 1/4 BPS geometries. This is a genuine two matrix problem so it represents a novel ex-
tension of the understanding achieved by LLM of the 1/2 BPS geometries, constructed using a single
matrix. The observables dual to new geometries have a bare dimension of O(N?). We have also
considered operators with a bare dimension O(NV), which are dual to 1/4 BPS giant gravitons. In this
case too, we demonstrate that the eigenvalue description is useful.

Almost all of the studies of the large N limit of CFT have focused on the planar limit. Here, since
the operator dimensions scale as we take N — oo, we are considering large N but non-planar limits
of the CF'T. In these limits non-planar diagrams are not suppressed and the problem is considerably
more difficult. The fact that we are able to explore this limit is concrete evidence for the power of the
eigenvalue description and it suggests that a systematic treatment of large N but non-planar limits is
possible.
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Chapter 1

Introduction

The AdS/CFT correspondence is a conjecture that was put forward by Maldacena in 1997 [1]. The
conjecture asserts the existence of dualities between gauge theories at large N and quantum gravity on
asymptotically AdS spacetimes [1, 2, 3]. AdS stands for anti-de Sitter spacetime which is a spacetime
that has a constant negative curvature, while CFT stands for conformal field theory. A conformal field
theory is a quantum field theory that is invariant under conformal transformations. The CFT lives
on the boundary of the AdS spacetime. The conjecture implies that if the quantum gravity theory
lives in d dimensions then the CFT side must live in d — 1 dimensions. The great significance of this
duality is that it allows us to study quantum gravity by considering quantum field theory. This is
a significant new insight into the theory of quantum gravity. Indeed, our point of view is that the
AdS/CFT correspondence provides a definition of quantum gravity.

The duality maps a formidable problem into a tractable problem. A common example where this
duality is used is when one maps a theory which is strongly coupled (where calculations are hard to
perform) to a weakly coupled theory (where weak coupling methods can be used). A typical example
of this duality, and the setting that is relevant for this PhD, is the duality between N = 4 super
Yang-Mills theory and type IIB string theory on asymptotically AdSs x S° spacetimes. For this
example the field theory coupling ) is related to the radius of curvature R of the AdS space and the
string length [ according to

R4

I3
When A is large the field theory is strongly coupled and perturbation theory can’t be trusted. This is
also the regime in which the curvature of the AdS space can be ignored and hence the string theory
simplifies. When X is small the field theory is weakly coupled and perturbation theory can be used, but
string curvature corrections can’t be neglected, so that the string theory dynamics become extremely
complicated.

=\

We consider ' = 4 super Yang-Mills theory on S? x R. This theory has six spin-0 scalar fields
{b1, P2, @3, P4, P5, b6}, one spin-1 gauge field and four spin-1/2 fermionic fields. We consider complex
combinations of the scalar fields as follows

Z=¢1+ipy, Y =¢3+ids, X =5+ igs. (1.1)

Operators of the NV = 4 super Yang-Mills theory that are built from a single complex field Z = ¢1 +i¢s,
will enjoy an SO(4) symmetry. This SO(4) symmetry comes from the fact that the operator is in-
dependent of the scalar fields ¢3, ¢4, 5, p¢ and hence invariant under SO(4) rotations mixing them.
Operators that are built from two complex fields Z = ¢1 + igo and Y = ¢3 + i¢4 will have a U(1)
symmetry. This U(1) symmetry comes from the fact that we are not using the field X = ¢5 + i¢g so
there is an invariance under U (1) transformations mixing ¢s, ¢g. Theories that are built from all three
complex fields in the N' = 4 super Yang-Mills theory do not have any of the symmetries just discussed
because now all the scalar fields appear in our operator. On the gravity side of this duality we will



consider geometries that are dual to states of a large dimension. When we talk about a “large di-
mension” we mean the classical dimension of the operator scales with a power of NV in the large N limit.

As a consequence of the fact that two theories are equivalent, both must yield the same predic-
tions for the values of all observables. The observables of CFT include the scaling dimension A which
explicitly appears in the 2-point function, as follows

on, A, C

(O, (21)0n,(72)) = (71 — z2PA1

(1.2)

where C' is a spacetime independent constant that is not observable and can be absorbed into the
normalization of our fields. (1.2) is only true for 2-point functions of fields with a good scaling dimen-
sion. If two operators have different scaling dimensions their 2-point function vanishes. The AdS/CFT
correspondence identifies the spectrum of anomalous dimensions of the CFT with the energy spectrum
of the string theory. Studying the energy spectrum will enable us to explore the physics of spacetime
excitations. Indeed, the energy spectrum of the hydrogen atom played an important role in the de-
velopment of quantum mechanics, while the value of the Lamb shift played an important role in the
development of quantum electrodynamics. Based on this experience, we expect the energy spectrum of
spacetime excitations in quantum gravity will play a role in the development of the theory of quantum
gravity.

One of the questions we aim to address in this PhD, concerns identifying the gravitational dual
of specific BPS operators in the CFT. BPS operators are operators that are annihilated by some of
the supercharges QY i.e.

[QL,O0pps] = 0.

To establish the equivalence of a CFT operator with a given gravitational dual, we need to compare
computations performed in the CFT with computations performed in quantum gravity. This is a
difficult task because, as we have discussed above, weak coupling gravity calculations must be com-
pared to strongly coupled CFT. The reason we focus on BPS operators is that they enjoy certain
non-renormalization theorems, which imply the computation can be performed at weak coupling and
then extrapolated to strong coupling.

Correlation functions in quantum field theory are evaluated by summing Feynman diagrams. N = 4
super Yang-Mills theory is an example of a matrix model. The Feynman propagator for a matrix
is a double line (to keep track of the row and column index) called a ribbon graph [4]. Thus com-
puting correlation functions is the same as summing ribbon diagrams. Ribbon graphs are drawn on
a 2-dimensional surface and they can be classified as either planar or non-planar diagrams. Planar
diagrams are diagrams whose constituent ribbons do not cross when the diagram is drawn on a plane
and non-planar diagrams are diagrams whose constituent ribbons do cross when drawn on the plane.
Given a correlation function obtained as the sum of all the ribbon diagrams, there is a systematic
approximation with leading term given by summing the planar diagrams in this pool of diagrams.
This is called the planar limit. For the class of operators with a dimension that is held fixed as we
take N — oo, the planar approximation gives an accurate approximation of the correlator. In this
case the expansion in 1/N? in the matrix model corresponds to the expansion in A in string theory.
The planar diagrams in the matrix model correspond to tree level diagrams in string theory. In this
case non-planar diagrams compute quantum corrections to the classical string theory.

If we consider operators with a dimension that grows parametrically with N, as N% with a > %,
the planar approximation is no longer accurate [5]. In this case the gravity dual is no longer a weakly
coupled string theory. For operators with a dimension of order N the dual description is in terms of
a quantum membrane, while for operators with a dimension of order N? the dual description involves
a non-trivial deformation of the AdSs x S° spacetime. In this PhD thesis we focus on operators with
a bare dimension of O(N) or O(N?).



The computation of the anomalous dimensions in the planar limit can be carried out to all orders
in & in the CFT. This is possible thanks to integrability. We say that a system is integrable when
the number of conservation laws constraining the dynamics of the system is equal to the number of
degrees of freedom of the system. In the case of the planar limit of N' = 4 SYM, integrability is
demonstrated by showing that the dilatation operator is equal to the Hamiltonian of an integrable
spin chain [6]. The dual string theory is also integrable at the classical level [7]. It is possible to
argue, using integrability, that the planar limit of ' = 4 SYM is in exact agreement with classical
string theory. Away from the planar limit, one does not in general expect integrability and further
investigation of this case is needed. This is one of the motivations for the study presented in this thesis.

Within the framework of quantum field theory, the fundamental forces arise from the exchange of
particles. In Einstein’s non-linear theory of gravity, general relativity, the force of gravity is replaced
by a curving of the spacetime geometry. Upon quantization we again expect particles to mediate the
gravitational force. The fundamental particles that mediate the force of gravity are called gravitons.
Gravitons are massless bosons that have spin two. In this thesis we will consider gravitons orbiting
along a circle in S® which forms part of the AdSs x S® background. In string theory, the graviton
is only point like at low energy [12]. As the momentum of a graviton increases the graviton expands
producing a sphere orbiting on the S°. For this reason we talk about giant gravitons. Giant gravitons
are described as branes in the internal sphere i.e in the S°. We also have dual giant gravitons that
are branes expanded in the AdSs. The dual giant gravitons will play an essential role when we count
1/8 BPS operators in N =4 SYM.

The center of focus of this thesis will be to study spacetime geometries of type IIB string theory
on asymptotically AdSs x S° backgrounds using BPS operators from the dual N/ = 4 SYM. One of
the questions we ask is how to identify operators that are dual to a specific spacetime geometry? We
know that giant gravitons are constructed from operators with bare a dimension of O(N). If we stack
many of these giant gravitons together they back react on the geometry i.e they deform the original
spacetime and this results in new geometries. Based on this observation we expect that by considering
gauge invariant operators with a bare dimension of order N? in the dual theory we are studying new
spacetime geometries.

The first set of operators we will use to study spacetime geometries are the 1/2 BPS operators.
It has been shown that the 1/2 BPS sector has a field theory description in terms of free fermions
[8, 9]. The goal is to study smooth geometries that correspond to these free fermion fields. For both
sides of the duality we consider operators that are gauge invariant (i.e. operators that involve traces
of the fields like Tr(Z™), Tr(Z)", etc). States of N'=4 SYM that are built from a single complex field
have an SO(4) symmetry. The 1/2 BPS operators are built using a single complex field and have a
scaling dimension that is given by A = J; where Jj is a U(1) charge in the R-symmetry group. The
energy of the corresponding state in the dual gravity theory is Jj.

In the semi-classical limit, the 1/2 BPS states of supergravity are represented by droplets on a 2-
dimensional plane embedded in the original 10-dimensional geometry that can be identified with
states in the phase space of the fermions [10]. These 1/2 BPS geometries are dual to operators that
are built from a single complex field Z and so we can infer that the geometry has an isometry of
R x SO(4) x SO(4). By increasing the energy of the graviton which corresponds to an increase of
momentum (E = J;), new spacetime excitations arise depending on how J; scales with N. Here are
some examples of objects that arise as we increase Jj

i. For J; ~ O(1), the single trace BPS states correspond to a point-like graviton.
ii. For J; ~ O(v/N), the single trace BPS states correspond to a string.
iii. For J; ~ O(N), the BPS states can be identified with giant gravitons.
iv. For J; ~ O(N?), the BPS states correspond to new spacetime geometries.



The configurations that are dual to arbitrary droplets of this phase space correspond to smooth
geometries. We have two types of boundary conditions on this 2-dimensional plane in type IIB string
theory. The boundary conditions specify the geometries uniquely. The isometry of the 1/2 BPS
geometry is R x SO(4) x SO(4), which implies that the metric will take the form

ds? = gudatdz” + T TEa0% + H=Ca03.

This isometry, implies that the geometry has two 3-spheres. These spheres are represented by the dQ%
and ng terms in the metric. By letting the radius of the first sphere and the second sphere be r; and
r9 respectively, we define the product of these radii by y = e (i.e. y = r172). We know the geometry
will be smooth /regular if y # 0, but we are interested in studying geometries that include y = 0. We
need to ask if it is possible to find regular solutions when y = 07 This question must be asked since we
know that when one of the spheres has vanishing radius, the metric that describes the geometry might
diverge (have a singularity). It turns out that it is possible to find regular (non-singular) solutions
[10]. This is only true if we assign special boundary conditions on the two dimensional plane defined
by y = 0. As we will discuss below, the metric is determined by a single function z. The boundary
condition which ensures a regular geometry requires that the function 2 takes the values z = :t% on
1

the plane. This suggested that we identify the region z = 5 as occupied states in the phase space

and the region z = —% as unoccupied states of the phase space in the free fermion description.

The second set of operators that we will use to study spacetime geometries are 1/4 BPS operators.
1/4 BPS operators are built from Z and Y fields and they have an isometry of R x SO(4) x U(1). The
N =4 SYM operators that are built from the two complex fields Z and Y enjoy an U(1) R-symmetry.
The 1/4 BPS states have a scaling dimension which is given by A = J; + Jy where J; is the number of
Z fields in the operator and Js is the number of Y fields in the operator. We consider BPS operators
of the SU(2) sector that include traces of products of both Z and Y matrices, which are genuine multi
matrix observables. By performing explicit computations of correlation functions, we find evidence
that there is a sector of the two matrix model defined by the SU(2) sector of N' = 4 super Yang-Mills
theory, that can be reduced to eigenvalue dynamics. There is an interesting generalization of the
usual Van der Monde determinant that plays a role. It is given by A(z,y) = Hj\; w(ZzjYk — yjzi). The
correlators in this sector that are computed using eigenvalue dynamics correctly reproduce the same
answers as the correlators that are computed using the matrix model, provided that we consider the
total number of complex fields (the sum of Z and Y fields) to be greater than or equal to N. It would
be nice to give a first principles derivation of the generalized Van der monder determinant, which plays
the same role as the Jacobian of the single matrix model when changing from the matrix to eigenvalue
dynamics. This will open doors in the study of the SU(3) sector of NV = 4 super Yang-Mills theory.
This problem can then be reduced eigenvalue dynamics which is a significant simplification.

The last set of operators we will consider are 1/8 BPS operators. The 1/8 BPS operators are con-
structed from Z,Y and X complex fields and they have an isometry of R x SO(4). The 1/8 BPS
operators are associated with a scaling dimension A = J; + Js + J3. In summary, the BPS geometries
that we are interested in enjoy the following properties

SUSY QFT operators Isometry

1/2BPS | A=, SO(4) x SO(4) x R
1/4BPS | A=J1+ Jo SO(4) x SO(2) xR
1/8 BPS | A=J1+Jys+ J3 SO(4)XR

Table 1.1: Isometries of the BPS geometries dual to CF'T operators.

Another type of comparison that one can use to check if two different theories are equivalent is to
count the number of physical states (gauge invariant operators) that are dual to observables in the dual
gravity theory and confirm if the counting matches. Focusing on the 1/8 BPS giant graviton states
in type I1B string theory on the AdSs x S® background, the Hamiltonian of the system corresponds

10



to the Hamiltonian of a 3-dimensional simple harmonic oscillator [64]. We represent the eigenstates
of the single particle Hilbert space of this simple harmonic oscillator by

_ (a])"
]nl,ng,n3> = H ‘O> (13)

n
i=1,2,3 v

Considering any number of particles preserves 1/8 of the supersymmetry. This system has a total
energy of ' = J; + Jo + J3. We can have more than one dual-giant with exactly the same quantum
numbers. It turn out that we must treat the dual-giants as bosonic particles. The maximum number
of dual-giants is N and the total angular momenta is given by the sum of the individual dual-giant
angular momenta as

Ji=> . (1.4)

k=1

The partition function that represents this system of dual-giant gravitons is then given by IN bosons
in a 3-dimensional simple harmonic oscillator. Including the states with J; = 0, allows us to count all
states with a total of N bosons. The counting of these dual-giants is done by first computing the grand
partition function of this system. We will approach the study of the 1/8 BPS sector by identifying
the operators in N/ = 4 super Yang-Mills theory that are 1/8-BPS. We argue that the operators we
construct are indeed dual to 1/8 BPS giant gravitons. Our evidence for the identification will come
from counting these operators and showing agreement with independent counts of the number of giant
graviton states, and by demonstrating a correspondence between correlation functions of the super
Yang-Mills operators and overlaps of the giant graviton wave functions.

In conclusion, the central theme of this thesis is to use AdS/CFT to study spacetime geometries. The
primary objective is to study BPS operators that are built from the complexified scalar fields of the
N = 4 super Yang-Mills theory on S2 x R and identify them with BPS geometries or non-perturbative
states (giant gravitons) of type IIB string theory on asymptotically AdSs x S° spacetimes. If this
goal is achieved it may allow a study of other outstanding problems, such as problems that involve
black holes. Background relevant for the 1/2 and 1/4 BPS geometries will be covered in chapter 2
and the technical details that supplement this chapter are collected in appendix A. In chapter 3 we
discuss the field theory relevant to this thesis. This includes the Schur polynomials, restricted Schur
polynomials, state/operator correspondence of the Schur’s and the non-interacting fermion wave func-
tions and Gauss graphs. Chapter 4 covers the eigenvalue dynamics for multimatrix models and this
is based on the paper [79] that was published during the course of my PhD. Chapter 5 covers the
counting of Gauss graphs and this is based on the paper [80] that was recently published. In chapter
6, we present discussion and conclusions.

11



Chapter 2

BPS Geometries

2.1 1/2 BPS geometries.

In field theory, the N' = 4 SYM operators that are built from a single complex field Z correspond
to 1/2 BPS states. Since N' = 4 SYM is an example of a matrix model, the 1/ 2 BPS states are
described by a one matrix model. As is well known, the dynamics of local gauge invariant operators
in a one matrix model can be reduced to eigenvalue dynamics [15]. The eigenvalue dynamics can be
mapped to the dynamics of free fermions. One fermion for each eigenvalue. The phase space of these
non-interacting fermions is apparent in the dual supergravity description of the geometry as we now
explain. The isometry of the 1/2 BPS geometries is R x SO(4) x SO(4). The SO(4) x SO(4) symmetry
corresponds to the geometry of two 3-spheres. A very powerfull approach towards determining the
1/2 BPS supergravity solutions uses the Killing spinor equation. The Killing spinor equations are the
equations that express the conditions for unbroken supersymmetry. Unlike the equations of motion
which are second order equations, the Killing spinor equations are first order equations so they are
much easier to work with. An interesting feature of the solutions obtained using the Killing spinor
equation, is that there is a two dimensional plane on which one or both of the three spheres in the
geometry shrink to zero size. To obtain a regular geometry, the boundary conditions must be chosen
delicately: the plane is divided into black and white regions depending on which one of the spheres
shrinks to zero size. This boundary condition can ultimately be identified with a state in the phase
space of the fermions of the dual matrix model. A basis for the 1/2 BPS operators is provided by
the Schur polynomials. In terms of the eigenvalues, the Schur polynomials define free fermion energy
eigenfunctions. This allows us to identify each Schur polynomial with a phase space configuration and
hence with a specific supergravity geometry. We will explore the link between 1/2 BPS geometries
and the Schur polynomial in this chapter. We start by constructing the Killing spinor equation, and
then discuss its solutions. We do this for both 1/2 BPS and 1/4 BPS geometries.

2.2 LLM solution

To obtain 1/2 BPS supergravity solutions we need to specify which supergravity fields are non-zero.
The fields which participate, are the 10-dimensional metric, the frame field and the field strength. We
want the variations of the boson and fermion fields to vanish under a supersymmetric transformation

d(boson) = 0, d(fermion) = 0.

This is what we mean by a BPS solution - the solution is invariant under a subset of the possible
supersymmetry transformations. As we have explained, we look for solutions with only the metric
and the five form field strength excited. Given the R x SO(4) x SO(4) isometry of the solution, we
expect

ds* = gy datde’ + 103 + e d03
Fs) = Fuda! Ada” AdQs + Fydat A da” A dSQs,

12



where p, v = 0,1,2,3 and H and H; are functions that depends on the coordinates of the metric g, .
We now write the Killing spinor equation in the form

i 5 5
Vun + @FM1M2M3M4MQFJ§J1)M2M3M4M5FM77 =0, (21)

where indices range over 0,1,---9. Our goal is to review the solution of this Killing spinor equation
[10].

2.2.1 Solution to the Killing spinor equation

We want to solve (2.1) which is the Killing spinor equation. This equation contains the covariant
derivative Vs and the 10-dimensional gamma matrices TM1M2MsMaMs T order to solve (2.1) we
will have to explicitly work out the quantities that appear in the Killing spinor equation. We will
break the 10-dimensional covariant derivative into three pieces. Two of the pieces will correspond to
the covariant derivative of the two 3-spheres and the third piece will correspond to a 4-dimensional
covariant derivative. We will simplify these covariant derivatives as much as we can so that we end
up with a simple expression to evaluate. We will also simplify the 10-dimensional gamma matrices by
breaking them into three pieces where two of these pieces will correspond to the two 3-spheres and
the third piece will be the normal 4-dimensional gamma matrices denoted as v,. We will start with
the analysis of the gamma matrices. We choose the basis of the gamma matrices to be

v’ =ilolMTel3, T,=7, @111 (2.2)
li=71800,01®01, Ta=158180,8 0

where = 0, - -+ ,3 and the ¢’s are the ordinary Pauli matrices. From this basis of the gamma matrices
we define chirality matrices as follows

r® = —%eabcra’w —R101946, (2.4)
~ 7 - A
ré = —giasel =518 1® 6y, (2.5)
1
Ty = 1T)IGMI...Mmer Mo (2.6)
Iy =Tg--- Ty [[Ta ][ Ta = ~°6" (2.7)

where I'’s are the 10 dimensional gamma matrices. In the following, capital Latin indices run over
0,1,---,9, little Latin letters run over one sphere and the tilded little Latin letters run over the other
sphere. Finaly, u, v run over 0,1,2,3. The chirality of the spinor 7 is given by

Tyn ="63n = 1. (2.8)

The above discussion specifies how we construct the 10-dimensional gamma matrices. We will move
on to the analysis of the covariant derivative. Consider the spinor x on the unit radius sphere, that
obeys the equation

)
vch = ai’Ycha a==£1. (29)

Here the index a on the spinor takes the value 1 and it should not be confused with the spacetime
index a that runs over a sphere. The correct interpretation of the index should be clear from the
context. Recall that when the covariant derivative acts on V,? (see appendix A) it gives

V.V, =0,V +w, "V, — ro,v,”

where w,?, is the spin connection, written in terms of the vierbein (i.e. local frame) components
and I'J, is the affine connection. We will now simplify the expression for the affine connection that

13



determines the covariant derivative on the 4-dimensional spacetime and on the two 3-spheres. The
affine connection of the 4-dimensional spacetime is

1
Fa;w = igaa(a,ugau + auga,u - aag;w)-

Since both 3-spheres are round, knowing the affine connection of one of the 3-spheres, we automatically
know the affine connection of the other sphere. Consider the affine connection of the e7+%d02 term
of the metric

ds® = g daidz” + 002 + MG d02, (2.10)

where H and G are functions that depends on the direction of z*#. Decompose this affine connection
into two parts as follows

- 1. . - ~
IPyny = 5gSA(aMgAJ\/ + Ongam — OaGMN)
1
= 39" |0m(H + G)gan + On(H + G)gan — Da(H + G)gun | + Ty

f‘SMN is the affine connection that appears when we take the covariant derivative on the 3-sphere
dQs. Let V!, denote the covariant derivative on the 3-sphere of unit radius. This covariant derivative
contains the spin connection w,*,

V'V, =0,V,% + w,%V,b =T V. @ (2.11)
and
TN = Doy + TN

where f‘SM ~ 1s given by

_ 1
FSMN = ZgSA Ov(H 4+ G)gan + On(H + G)gan — 0a(H + G)gun |-

The second and the third terms cancel for all values of M. Consequently

_ 1
FSMN = ZgSA [8M(H+ G)gAN].

We will make use of the following identities

%wy” = Dlp,
{777} = 26" Ip,
W = (2= D),
T = G-
D is the dimension of the manifold equipped with metric g,,,,. For the 3-sphere D = 3. Notice that the
covariant derivative defined in (2.11) acts on an object V,, ¢, which can be thought of as a vector valued

one form. When we factor the connection f‘SM n out on the left hand side, to obtain an expression for
V.., we will include a factor of (Ip)?% = 6%. A simple computation shows

_ 1
FSMNID = ZQSA |:8M(H+ G):| ganIp

- [ww] [8M(H + G)} Ip.
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Since the notation of the gamma matrices ~ is reserved for 4 space-time dimensions, we denote the
gamma matrices on the 3-sphere by I'. Taking into consideration that the functions H and G depend
on the coordinates x#, the covariant derivatives of the two 3-spheres a and a are given by

Vo=V, — %F“Faaa(H + @), Vi=Vj— ir“raaa(H - G). (2.12)

Now that we have clarified the 10-dimensional gamma matrices and the covariant derivatives, the
next natural thing to do is to consider the 10-dimensional spinor 1. We decompose 1 into a product
of a 4-dimensional spinor € and two 3-sphere spinors x, and x;. This decomposition will allow each
component of the decomposed covariant derivative to act on the rightful component of the spinor.
The decomposition of 7 is done as follows

N=€up D Xa @ X; (2.13)

where X, and x; satisfy (2.9) and a,b = £1. This completes our discussion of the first term of (2.1).
We will now consider the second term in (2.1). We denote this term by

_ ¢ FM1M2M3M4M5F(5)
480 M1 Mo MsMyMs*

(2.14)

The expression (2.14) contains the 10-dimensional gamma matrices and the five form field strength.
We will now focus on how to decompose the five form field strength. In the expression of the five form
field strength, we have wedge products of forms with the volume forms of the 3-spheres. Therefore,
we will start the analysis of the five form field strength by considering the three form defined on the
3-sphere. The 3-sphere measure is given by

dQs = sin? 6, sin O2d6; A dbs A dbs.

From our metric we can define a new volume form for the 3-sphere dﬁég’) in terms of the old one df2

(3)
3
dQ§3) = e%(HJrG)dHl A e3HFO) giy 01dbs N e2(H+0) gip 01 sin O2d0s.

Therefore our new 3-sphere measures are

dQy = e3HFD) g0,
0y = e 2T+ qQy.

Using the same procedure, we find
dQs = e_%(H_G)dég.

The 5-form field strength can be expressed as

Fisy = Fpdat Ndx” A e_%(H+G)df23 + ijd:p“ Adz” A e_%(H_G)dég.
Now, we can write (2.14) as
M= LFM1M2M3M4M5F(5)

480 My Mo M3 My Ms

i 91826 ~3(H+G Gibnls & 3(H-G
— 480(I’M1V1 102 3Fu1u1€ 2( + )6919293 _|_FN1V1 102 3mele 2( )69~19~29~3 )

We can decompose F®) into two components,
5) _ 1(5) (5)
G — F - Fp.

F 1(5) and F 1(?) are non-zero on different spheres in the geometry. Consider the following manipulation
of the first term (a similar analysis applies to the second term)
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F[(5) = 6_%(H+G)FN1V1919293 (dib'm A dx"t A df A dfy A d@g) sin2 01 sin 05.

We define the volume form dV = sin? 0; sin fada” A dz’t A dfy A dfy A dfs. Now, the expression for
M becomes

5l
Mav = Li <e (H+G)FH1V1 FN1V1 6919293F910293 v —e 2(H G)Fulyl le/l 69 020: F910203dv)

480 312!
(2.15)
Simplifying the factor up front and dividing by dV, we find
M = 418< (H+G)F“1V1le,l 6919293F910263 —e —3(H- G)F,ulmpmyl 6919295F910263> (2.16)

The two terms are related by the self-duality of the field strength as spelled out in (A.0.15). Further
using (2.3), (2.4), this simplifies to

ie_%(H"'G)

M = T <2F”1”1 me €0,0,05 F919203>

3(H+G)

_fer T 248 (27”1”1FM,,1(3!1')F(3)>

—e—3(H+G)
e 2 5
=—F ( mvi MF( ))

- AMME, L 01R106

v .
= VI Eyyn 501

This compact expression for M will simplify our study of the Killing spinor equation. We will de-
compose (2.1) into a Killing spinor equation in 4-dimensions and Killing spinor equations for the two
3-spheres. The Killing spinor equation in 4-dimensions is given by

Vy€e+ My,e =0 (2.17)
where = 0,1,2,3. Recall that Vg acting on scalar functions f(61,62,03) on the sphere gives

of ; 1 of , 1 of 4
vSBf— 1+sin€1 902 ° " sin? 6y sin by 003

Using our metric we find that

fe L O 11 Of, ! L9/,
§31 T LG 00, ' L3(HAG) sin6; 00y © | o3(H+G) sin 62 sin Oy 005

= e 3(H+C Vgsf (2.18)
Vigf = e 3OV, f. (2.19)

Using (2.1), (2.12) and (2.9), the Killing spinor equations for the two 3-spheres are given by

Dgse = (iae™ 2(H+G)F(3) + %’y“@M(H +G))e+2Me

1
= (iae 251 + 57" Ou(H + G))e +2Me =0 (2.20)
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and
Dgye = (ibe 1O g 4 310, (H — G))e — 2Me
1
= (ibe 2=y + 57" Ou(H — G))e = 2Me = 0. (2.21)

We have managed to reduce the Killing spinor equation (2.1) to equations (2.17), (2.20) and (2.21).
To extract useful information from these equations, we will make use of spinor bilinears.

2.2.2 Spinor bilinears

In order to make progress in solving equations (2.17), (2.20) and (2.21) we will introduce spinor
bilinears that are constructed from the 4-dimensional spinor €. Spinor bilinears are functions that
contain two spinors in each term. Here is a list of spinor bilinears that will be useful in our analysis
K, = —éy.e, L,= E’y‘r’%e, e=¢T°
f1 =1iébd1€e, fo = i€boe,and Y“,, = EWWC}UE- (2.22)

Here are some useful identities that we will use below

[A,BC]|= ABC — BCA
= ABC + BAC — BAC — BCA
={A,B}C — B{A,C}, ( )
Y =YY I p# v, (2.24)
{v W} = 29, (2.25)
VYA = 2900 Yu — 290 Ye + Vv, (2.26)
YAV = =290V + 2030V + Yurs (2.27)
YVuvp = Eupa¥’ V5, (2.28)
04, 05] = 2igiji0on, ( )
{oi,0;} = 2635, ( )
005 = 1€ijk0% + i (2.31)
We will evaluate derivatives of the spinor bilinears, something that will be used repeatedly when
solving the Killing spinor equations. We start by taking the covariant derivative of fs and using (2.17)
to get
Vfo = i(V,€)G2e + i€62(V y€)
= —iMry €026 — 1€Go My, €
= i€_2(H+G)€<Vu7pA75f3 - %A%UBW) eF
= 2O P KO, (2.32)

Now consider V, fi which gives

Vufl = z’(VHE)&le + 1€61 (VME)
—iMy, €016 — 1€ My e

(A _ A A
= 16 2(H+G)e<’y“'yp)\Fp’\75alal + ’yp)\Fp)"y5O'101’yM) €
- %e—%<H+G>gWVK”FM. (2.33)

For V,K,, we find

VoK, = —(V,&)yue —iey,(Vye)
= M~y éyue + i€y, Myye.
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Using the identities (2.23) - (2.31) we find
3 1
VZ,K# = —6_5(H+G) <Fl“’f2 — 2€w,)\pF>\pf1) . (234)
We also note that
_3 1 _3 1
VZ/K,LL + VMK = —¢€ 2 (H+G) <F,u11f2 - 25,uu>\pF>\pf1> —€ 2 (H+G) (Fu,qu - 25V,u)\pF>\pf1>
_3 1 _3 1
= —€ 2(H+G) <Fuuf2 - 25/1,u)\pF)\pfl> +e 2(H+G) (Fw/fQ - 25;w)\pF)\pf1>
=0. (2.35)

This result tells us that K, is a Killing vector. The computation of V, L, gives

VL, = (VV€)757ue + €'y5vu(vye)
= — M7, &7’ — &>y Mye.

Again, using the identities (2.23) - (2.31), we obtain
1
V,L, = e~ 3 (H+G) <2gm,F/\pY>‘p - FfY,, —F pYW>. (2.36)

v

Next, note that

2
=0. (2.37)

_3 1 _3 1
VL, — VL, = e 2H+E) <gw,F>\pY)‘p —F Y, — FVPYW> — ¢ 2 (H+G) (2ngA,,YAP — F,PY,, — FuPYp,,>.

This equation can be re-expressed as
x L =0.

<

Which tells us that o
/ L-d¥ = path independent.

xr1

This implies that dL = L - dZ is an exact differential. An important result that can be deduced from
our analysis is

K-L=0. (2.38)
Further, one can show, using (2.22) that
L* = -K? (2.39)
Again, using (2.22), we can prove the relation
L? = -K%*=f}+ f3. (2.40)
An important spinor bilinear is the one-form
wy = €T?y,e (2.41)
which is closed
dw = 0.

These relationships will prove useful when we determine the components of the 10-dimensional metric.
Note that the ultimate goal behind solving the Killing spinor equation is to find the explicit form of
this 10-dimensional metric.
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2.2.3 Application of the spinor bilinears

We will now use the relations we have derived for spinor bilinears to determine the components of
our 4-dimensional metric tensor. We will use these relations to solve for the spinor bilinears f; and
f2. Once we have these spinor bilinears we will be able to write down the components of the 10-
dimensional metric tensor.

We start by recalling that K* is a Killing vector (it is actually a time-like Killing vector which
corresponds to 9/9t ). Previously, we saw that the path integral of L from z; to z2 is path indepen-
dent allowing us to conclude that L represents a spatial coordinate. We choose this spatial coordinate
to be the y coordinate as follows

Ady = L,dz", A = =+1. (2.42)

This choice is possible because the integral of L,dx* between two points is path independent. Later
we will identify y as the product of the radii of S® and S3. The sign of A can be fixed later. Using
the relation K - L = 0, we can write

0=K*L, = KYL, = vK".

This tells us that the components of K* which are K* = (Ky,le,ng,Kt) can be written as
K" = (0, Kﬂﬁl,KxQ, K*). Taking into consideration that K* is a time-like Killing vector, we can set
the other spatial components of K* to zero such that we end up with K* = (0,0,0, K*). Now that
we know K* has a non-zero component which is K*, we choose this component to be K* = 1. Thus
the time-Killing vector is expressed as

9
K=K'_—
Oxt

_9
ot

We can now write the 4-dimensional metric in terms of these preferred coordinates as follows
ds? = h2dy? + japdzdaP. (2.43)

x® contains two spatial dimensions and one time dimension. We can relate the gy and the g¥¥

coeflicient of the metric, as we now explain. Note that

2 = Lf/gyy = g%,
K? = (Kt)Qgtt = Gtt-

Using equation (2.39), we find
gt = —g*". (2.44)
Simplifying the metric we obtain
ds? = h*(dy* + hijdz'da?) — h=2(dt + Vida')?, (2.45)
where 7,7 = 1,2. We have pulled out the factor h? for later convenience.
Determining f; and fo
K* has a component given by K! = 1. Solving equation (2.32) we get

V/J,f2 — *eg(H—FG)FHVKV



where 0, B; can be expressed as
17 — UV 1_
OuB; = Fu, K" = —F,, &7 e = —ZE[’}/H,F]G.

We can write (2.20) and it adjoint as

%e_%(H+G)Fe = (iae2HFE) 4 %%&(H + G)d)e,

1

1
56_%(H+G)€F = e(iaezF+C) 4 5753(]{ +G)o1)

where J' = v,,F*?. We obtain 0, B; by manipulating the last three equations and using the properties
of the Pauli matrices. The final expression is

1
8,uBt = —e%(H+G)§aH(H+G)f2. (246)
Using (2.32) we find
1
Oufo = §f28u(H + Q). (2.47)

One can check that the solutions to these last two differential equations are
fo= 4ae%(H+G), By = —ae?H+6) (2.48)

where « is constant that can be obtained using suitable boundary conditions. We can also compute
f1 and B, following the same procedure. The results are the same as for f; and B, up to a minus
sign in front of G in the exponent. The expression of f; and B; are

f1 = 4Be3H-G) B, — _pge2H-G) (2.49)

By choosing an appropriate rescaling of the Killing spinor, we can set 43 = 1. Using the properties of
the Pauli matrices and equation (2.8), we re-write (2.20) and (2.21) as

G1@He = (—iae_%(HJ“G)vg, + be_%(H_G))e, (2.50)
é61JH = e(—iae 2Oy 4 pe=3(H-G)y, (2.51)

Using

8“Hf1 = ia#HE616

in (2.50) and (2.51), we have

OuH f1 = —iae_%(H+G)€’y5'yue

= —iae_%(H"’G)LM.

Using (2.49) and (2.42) we can solve this equation as follows

8MHe%(H*G) = —ae*%(}”G)Lu
= /dHeH = —adz"L,

el = —aAdy.
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We want to identify the y coordinate with e, which implies that

el =y, A=—a.

(2.52)

From this result we see that we can determine a by specifying A. Recall that A takes two possible

values, A = +1. To fix o multiply (2.50) by &y°6!, to find

(H+G) LH-G)

67768H——zae2 é5te 4+ be 2 ev°5te

gWey® Yy€Oy H = —ige 2 (H+C) ) f1+ bef§(H*G)€’y (—i626%)e

gnyy({)LéJ — —iae 2O p 4 pem 1 H-Gg(—i6%6°
e
h2A = —iae%(H_G)fl ibez (H+g52¢

h2A = —iaez =G f; — pezH+C) f,
_ b
WA =—aff =~ f3.
To simplify this expression use the fact that a = £1, so that a® = 1 and
_ ba?
h?A = —aff — EfZ
_ ba
> —ah™ = —a(f} + 1= £3).

Using our normalization K! = 1, g;; = h~2 and equation (2.40), we see that

2= fl+fi

(2.53)

which, since a,b = +1, implies that 4aba = 1. Further more, we can choose 4o = 43 = 1, which forces
the condition @ = b. Through out this derivation we used properties of the Pauli matrices and the

fact that H depends only on y. Manipulating equation (2.50), we get
<617“8#H +iae"2(HHO) gy pea (A~ G)>e =0
v, 1 s(HHG) o pe—3(H-G) | —
617y ny -+ iae” 2 Y5 e 2 e=0

1
<61’yyy+iaeé( @rys — be~ 3 (H- G)) = 0.

We can simplify this last equation to obtain

<1J1F + iae” 2(H+G) — be” 3 (H= G)> =0.
yh

Using (2.53), (2.48) and (2.49) and 4aba = 1 as well as a = b we learn that

(V14 e 2G5 T3 + aie %5 —a)e = 0.

(2.54)

(2.55)

Using € = ¢/7? = €T K* = 1 and the definition of K from equation (2.22) we find the relation

¢'e = 1. Using the definition of L, from (2.22) and L, = —a, we find
e'TT T = —a.

This results implies that we have the projection condition

(1 + aFOF5F3>e =0 or (1 + iaF1F2>e = 0.
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Above we used the fact that a? = 1 and I'® = iT'\I'1T'2I's. To see that this is really a projector
condition, we will check the property satisfied by any projector, namely if P is a projector then
P? = P. Let us check if this property holds for (2.56)

(1 + aF0F5F3> <1 + aFOF5F3) €= <1 + (aIT5T3) (aI'°T5T3) + 2aI‘0F5F3) €
= <1 + a?(TOT%)(T°°)(T°1?) + 2aF0F5F3> €
= <2 + 2aF0F5F3> €
=2 (1 + ar0r5r3> €.

We see that (2.56) is a projector condition with the factor of two in the last expression, implying that
the projector is not properly normalized. The two projectors (2.55) and (2.56) imply that the Killing
spinor € has the form

o B3 Al R . _
e=eT" e T36le = ey, sinh20 =ae ©. (2.57)

We further write the spinor €; in terms of a constant spinor €y, by using the explicit expression for fo,
which implies

1
€1 = eZ(HJrG)eo.

We are now in a position to compute w,, given by equation (2.41). The non-vanishing components of
wy, are wi and wy. A simple computation implies

WQ = GtFZIQe

1 (s 5351 S BT351
(H+G’)€6(€u§'y 6 )t(ez5’y s )60

e
; 5\t i8§~D
(H+G) el eida(1?) +ior’a

I
9]
[T ST N

(H+G) et oidalr")'+77) ¢
2i5 5.\2 2i5 5.\4 2i5 5.\6 28 5.\8
<H+G>66<1+0+U;a>+0 “Z“‘)+O+“g“‘>+o+“;‘”+o...)eo

2 4 6
A ) A
€0<1+ o Ta T )

e

N

=€

= e2(H+C) ebeq cosh 2.

To simplify this expression we have used (7°)? = —1, equation (2.57) and the relation '7;3 = —I'?%y,I?
which follows from the Clifford algebra. Using (2.57) and the relation h=2 = y(e“ + e~ %), we get

ws = h™'epeo. (2.58)
Following a very similar procedure, we find that wj; is given by
wy = —iah ™ eheo. (2.59)
w is now given by
w= wéeidac“
= wieidx“ + wgezdx“

= (—iah_leli + h_le?)dxi.
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In term of e} = hé!, this last expression becomes

w= (constant)(éli + iaé?)dmi. (2.60)
Therefore, we can write
w = wgdz®
= (idz" 4 dz?).
Next, note that
dz® = e, dz"
= hdz".

This tells us that the 2-dimensional metric tensor iLZ’j in equation (2.45) is given by fzij = 0;5. The
10-dimensional metric now takes the form

ds? = —h72(dt + Vidz")? + h2(dy® + ;5dx'da?) + yeCdQ3 + ye “dQ3. (2.61)

Our next task is to investigate the gauge fields. The self-duality condition obeyed by the 10-dimensional
5-form flux (see appendix) implies that we only have one independent gauge field in 4-dimensions.
Using the definition of the field strength and its dual, we write the gauge field as follows

B = Bi(dt+ V) + B,

dB + B,dV = —h%e’ x5 dB, (2.62)
B = By(dt + V) + B,

dB + BidV = h2e~3C x3 dB,. (2.63)

B, B have no components along the time direction and the 3 dimensional flat space epsilon xj3 is
directed along y,x1,z2. We saw from (2.34) that K is a Killing vector and dK is given by dK =
2(6_(H tOF 4 e~ H-GOF ) Using this expression of dK and the above expressions of the gauge field,
we can write the following relation

1 . 1
S = e HFO p 4 o= (H=-C) o — —id[h*Q(dt + V).
We find the expression for V' as follows

1 . S
5if%zv = e (B + BydV) — e~ =D d(dB + B;dV)

= hz(e_H+2G *3 dBt — e_H_QG *3 dBt)

To move from the first line to the second line we used equations (2.62) and (2.63). Now, using the

equations
. 1 . 1
By = =279, dB, = — 2O (dH — dG)

the expression for dV becomes

dV = 2n* [ HH20 45 ( - %ez(H_G)(dH - dG)> + e H720 4 (;eﬂ’”@ (dH + dG))}

= 2p? < — %eH %3 (dH — dG)) + <;eH *3 (dH + dG))]

= 2p* (eH *3 dG)}

= 2ty x5 dG.
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1
By defining the new variable z = 3 tanh G, we find

1
AV = sy d (2.64)

where dz = 2h*y?dG and we have used the relation h=2 = y(e“ + ¢~%). The consistency condition
d(dV') = 0 tells us that we can write this last equation as

1
On(— %3 002) =0
(y 3 0az)
1 9 1

where a = x1, x2,y and i = x1, x2. From equation (2.62), (2.63) and (2.64) we can find the gauge field

dB = —h2e3C x5 dB; — BydV
= —h?e* (—%eﬂH*G)(dH —dQ)) + %62<H+G)l *3 dz
y

_ < yed oy + e %)dze” vs 1220 4
2y(eC + e G) 4 4

(b _wdz)
T \21+e26) 4 )

One can show that this equation can be written as

. 1 1
dB = ——* *3d<z;;2). (2.66)

Following the same procedure, we find dé

5 L3 Z=3

This brings us to the end of the derivation of the 1/2 BPS geometry. The important quantities defining
this geometry are

ds? = —h72(dt + Vidz®)? + h2(dy? + da'dz’) + ye“dO3 + ye ©Q2, (2.67)
h™2 = 2ycosh G, (2.68)
z= %tanh G. (2.69)

Here we notice that after solving the Killing spinor equation we are able to relate the different functions
that appear in our 10-dimensional metric, to the single function z. z itself is obtained by solving the
Laplace equation (2.65) together with suitable boundary conditions. The allowed boundary conditions
follow by requiring that the geometry is not singular, as we explain in the next section.

2.3 Conditions for a smooth 1/2 BPS geometry

We will derive the necessary conditions for a regular 1/2 BPS geometry. We will then illustrate
these conditions with an example. Recall that the SO(4) x SO(4) isometry of the 1/2 BPS geometry
corresponds to two 3-spheres with radii r and #. We have defined a new coordinate by the product of
the radii of the two 3-spheres i.e. y = r7. We can identify the radii of the two 3-spheres of (2.67) as

R e = o (2.70)
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A singularity might occur in this metric when 7 or 7 vanish. It turns out that there is a way of ensuring
that this metric is non-singular at y = 0. We require that at y = 0 we have

1
G==00, z= ii' (2.71)
We will investigate the case where z = 3 Let us consider a vicinity of a point where y goes to zero,

1
while —b? = ye® remains finite. From our definition of z (i.e z = itanh G), we see that z at this

vicinity admits the following expansion

1 1
ot e 20 = B +y2a(zt, 2?) + - - (2.72)

This relation implies that

Setting a = —b?, we find the relation

y2b? = 26
= yb = e C.
Now we can write the radii of the two 3-spheres as

and we can re-express (2.68) as
h™% = 2ycosh G = y(e“ 4 7 ©)
L o
= - b
p Y
1
y=0 b

We learn that i and the radius r of the 3-sphere d{23 remain finite as we take y = 0. The metric in
the y direction and in the df23 direction then becomes

h2dy? + ye~CdQ2 ~ b(dy* + y2dQs3) (2.73)

which is the non-singular flat space metric. What we learn from this analysis is that it possible to find
a non-singular solutions as long as we require z = :l:% when y = 0.

2.4 1/2 BPS geometry from Schur polynomials

We now want to consider the dual description of the 1/2 BPS geometries. 1/2 BPS geometries
correspond to configurations that are dual to arbitrary droplets (filled states) of the free fermions
field in phase space. Free fermion fields can be discussed using the language of Schur polynomial i.e.
there is a formalism that can be used to map free fermions states to Schur polynomials. The goal of
this section is to use the Schur polynomials that are labelled by Young diagrams, to describe the 1/2
BPS geometry. In terms of Schur polynomials, the 1/2 BPS geometry correspond to black and white
concentric rings as shown in the diagram below
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Figure 2.1: 1/2 BPS geometry from Schur polynomials.

1
The black regions correspond to the boundary condition z = 5 and the white region correspond

1
to the boundary condition z = —5 We identify this geometry with the Young diagram shown in the
figure below

L !

C2
T2

C1

T3

Figure 2.2: 1/2 BPS geometry from Young diagram.

The sides that are labelled by 71,79 and r3 on the Young diagram are identified with the black
rings on the 1/2 BPS geometry and the sides that are labelled by ¢; and c2 on the Young diagram are
identified with the white rings on the 1/2 BPS geometry. Therefore it is possible to study the 1/2 BPS
geometry using the Schur polynomials as an alternative to the free fermion description of the field
theory. What we have done so far was to construct the 1/2 BPS geometry. We allow one of the two
3-spheres to shrink to zero on the y = 0 plane while keeping the other fixed and as a result we have
managed to get a non-singular solution when y = 0 provided that we set z = i%. Now that we know
how to construct smooth 1/2 BPS geometries, our next goal is to look at the 1/4 BPS geometries.
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2.5 1/4 BPS geometries.

In field theory, some of the N' = 4 states that are built from two complex fields Z and Y correspond
to 1/4 BPS states. The isometry of 1/4 BPS geometries is R x SO(4) x U(1). The SO(4) x U(1)
symmetry corresponds to the isomerties of a 3-sphere and a 1-sphere. To find the solution to the 1/4
BPS geometry we will solve the Killing spinor equations just like we did for the 1/2 BPS geometry.
An interesting feature of the solutions obtained using the Killing spinor equation, is that there is
a 4-dimensional plane on which one or both of the spheres (the 1-sphere and the 3-sphere) in the
geometry shrink to zero size. To obtain a regular geometry, the boundary conditions must be chosen
carefully. We represent the 4-dimensional plane by a complex space C?. This space come equipped
with a Kéhler metric. We will define a function Z(z,, Z,) that specifies the boundary conditions for
smooth 1/4 BPS geometries in terms of the Kéhler potential. Once we know this function, we can
turn the problem of finding 1/4 BPS geometries into the problem of solving a differential equation
known as the Monge-Ampére equation. By solving the Monge-Ampére equation that appears in our
analysis, we would determine the 1/4 BPS geometry. This section is a review of the beautiful papers
[50] and [53].

2.5.1 The metric and the five-form of the 1/4 BPS geometries

The metric and the five-form of this geometry are given by !

d82 _ guydx”’dx” + BH_Gdgg + €H+Gd1/)2 (274)
F(5) = F(Q) A dQ3 + F(4) A dip (2'75)
= Fpyppda?™ Adat2 A dQ3 4 Fugpaps et A dzis A dzhs A dat A dyp (2.76)

where (11, , ue take values = 0,---,5 and g, = diag(1,—1,—1,—1,—1,—1). Our first task is find
the Hodge dual of the five form field strength. This is done as follows

«F(5) = #(Flg) A dQ3) + *(Fqy A dy))

= *(Fy podat A dah? N dQ3) + #(Flugpapspsdet® A dat* A dxt® A dahs A di)

1
= 6= 2)'F‘““Q\/ |detgle uy popspaps e A" N dxht A dats N dzt's A diyp

1

i (6—4)! | det e s popsspuaps o 141 A A dat A d€Y

1
= IF“”"’e_H_QGsuwnguwﬁdx“?’ A dxt A daxts N dats A dy

1
H4-2G
+ 56 €1 popu3 prapis o

FHBHARSHE (0L A dat2 A dQs

where det g and det g are given by

$(H-G)
ez
detg| = —— = ¢ H72¢ 2.77
3(H+G)
e2
detg| = ———— = 1126 2.78
We write the dual field strength as
F(2) = 2€H+2G *6 F(4)
- 1 .
FM1M2M3M4 = _56 " 2G€u1#2#1#2u3,u4 g FHOHG,

!The full metric for this geometry should be given by ds? = g, dx"dx” +ef =G d0? +eH+G(d1/)+A)2, but the quantity
A is found to be zero and hence we will not include it in our analysis
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Notice that €, upv1vors0, is in Minkowski space. Raising the indices of this Levi-Civita symbol will
cost us a minus sign, that is €,y vovgpy = —HH21727374 - Now lets check the double Hodge duality

1
kK F(5) =% [Eumwsuwsue <4,6_H_2GF“1M2 (dahs A\ datt A dat™ A daHe A dap)

+ %BH—&-ZGFM:’,mus%(dxm A dzH2 A dQ%))}

_ ppapspapspey [ L1 E_H_QGF dat A dek? A dO2
= € papspapspc(—€ ) A Al o—H—2G s (At A da® N dS)3)
11 6H—|—2G' _

3131 TG s papsps (dxH N dxtt A dzhs A dahe A dzp))
12e

(6 — 4)12! -

6 —2)'4!
== <()qu2 (dxh* A dxt> A dQ%) + 2191 Fruspapspe (da’® A daht A dah® N dzho A d¢)>

414!
= — <FM2 (dz™t A dxt2 A dDE) + Fugpapspe (A2 A dzhs A dat's A dzs A dzp))
= ~Fe)

We see that the double dual of this five-form is related to the original by a minus sign. In order to find
the smooth geometries that preserve 1/4 BPS worth of symmetry, we need to write down the Killing
spinor equation and solve it.

2.5.2 1/4 BPS Killing spinor equation

To determine the 1/4 BPS geometries, we need to solve the Killing spinor equation. The Killing spinor
equation in this case is given by

1

480PM1M2M3M4M5FM1M2M3M4M5FM77 (279)

0=Vyn+

where 7 is a 10-dimensional spinor. To solve this Killing spinor equation, choose the following basis
for the gamma matrices with Lorentz indices as

Fu:'m@&l@]l?y
Fa:H8®a’2®O’a7
g =y ®01®Iy

(2.80)
where u =0,1,--- ,5,a =06,7,8 and 7 = il'g---I'5. The chirality condition is
[ion =Tol'y -+ Ton = G3n = 1. (2.81)
We decompose the 10-dimensional Killing spinor 7 as follows
N=€® Xa, (2.82)

where € is the 6-dimensional Killing spinor and x,, is the Killing spinor on a unit sphere. The Killing
spinor on the sphere satisfies
Voo = %%Xm a =+l (2.83)

The dependence on coordinates of the spinor is as follows

e(@h, Q3,1) = 3™ e(ah, Q).
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This equation tells us that we must have the following relation

Dye = %5. (2.84)

Before, we derived the covariant derivative on S3 to be

1
Vo=V, — 1rAraaA(H +G)

v - %aa&gfy)‘aA(H +G). (2.85)

The covariant derivative on S! is given by
Vy =0y + %mPAaA(H -G) (2.86)
— 9y + imAaA(H —a). (2.87)
Denote the second term of (2.79) by M

ﬁrMﬂ‘M‘@f‘thFM1 Mo M MM - (2.88)

Using our results from the 1/2 BPS analysis we can write this as follows

= 4;?0 <3?;!F“1“25919293F#1MF‘919293 — Lji!F“3“4“5“6Fw€_%(H_G)Fuguwwa)
= 4;?0 <107u1#26—§(H+G)FM#2 (3li)Gg + ZFuéu’l (5%#,2#3#4#5#677)77516_3(H+G)5u1/t2u3u4M5#6FﬂW2)
= —ée%(H*G)F (62 +i61)
— —%e*%W*G)F&Q (1+63)
where we have used
Ny = égmM%Muwﬂuwwsmusw
F(7) _ éguluwwws%Pmuwwws% =Ll

Vv = Vv iff p<w.

Now that we have managed to decompose the quantities that appear in the Killing spinor equation,
we can decompose the Killing spinor equation into three parts. Using (2.79), (2.85) and (2.87), we
find

D,e=0

Vye+MI,e=0

= V#e + N&Q’y#&le =0 (2.89)
= V,e—iNv,03¢ =0 (2.90)
S Ve —iNvy,e=0 (2.91)

where N is given by

1
N:—Z e*%(GH{) and M = Nos.
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Ds3€ =0

0= (Z;mﬁ?(}HG) iaa&wA@,\(H +G)+ N&2Fa>€
. X6 —l(H—&-G) 7 R A A A
=0= 5 Tat 2 — 10a037 ON(H 4+ G) + Noad90, | €
o <2“ 410 _ L (1 + 6) + N)e. (2.92)

D516 =0

( 2 —3(H-G) + 4777)‘8)\(H G + NO’QFl())E =0
1
= ( 5 ¢ —3(H=0G) | 4777)‘(%\([-[ G) + N027701>6 =0

1
= (2 2 (H- G)—|—4’y7'y)‘8>\(H G) —iNvy763 Je =0

) 1

This reduces (2.79) to (2.91), (2.92) and (2.93). To solve the Killing spinor equation (2.79), we will
again introduce spinor bilinears.
2.5.3 Spinor bilinears

To solve the equations (2.91), (2.92) and (2.93) we will introduce spinor bilinears constructed from
the 6-dimensional spinor €. The list of spinor bilinear which we are interested in are

f1 = €y7€ fg = €€ KN = €VuE LM = EVuYTE
Yﬂ)\ = z’E’yW’WE V,UV = €Yuv€ Quu)\ = Z'E’)/w,)\e. (2.94)

Our next step is to take the covariant derivatives of the first four spinor bilinears. Consider f;

Vufi = (Vué)yre + evr(Vye)
= —€Myuyre — ey Me

v _3 _
=7¢ 2 (T (2,0 )17 Fe

1
_ ? %(G H)QPUTFupUT
where we have used the self-dual relation
1 o
F,u,pUT = _56 26 Hg,upa‘rn)\FN)\- (295)

The remaining differential identities are derived in the same way as the corresponding formulas found
for the 1/2 BPS geometry. Using equations (2.23)- (2.31), we find the following results

Vfo = —e 2GR R, (2.96)
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1
VK, =e 3Gt pp o ae%(G_H VFper YT, (2.97)

1
V,L,=e 2(G+H) FA Yy, + F Yo, + §gupF”)‘Ym\ : (2.98)

3

1 _s p—
vnQuuA = 16 2(G+H)F pg(')/uu)\’%rp’)/n - 'Yn'Yﬂ'p'Yuy)\)a (299)

One can show that K|, satisfies Killing’s equation using equation (2.97) and hence K, is a Killing
vector. Using equation (2.98) we can show that

VuL,—V,L, =0

which implies that dL = 0. The following relations continue to hold for the 1/4 BPS analysis

L’ =—-K*=f{ + f3, (2.100)
L-K=0. (2.101)

By anti-symmetrizing (2.99) we find
Az = 4f1e 2Oy (2.102)

Note that most of our results match what we obtained for study of the 1/2 BPS geometry. We can
again write L = dy and K* = K! = t. Finally the six dimensional metric is

dsg = h*dy® + §;jdz'da’. (2.103)
We can relate g and g¥¥ using K2 = —L?, so that our six dimensional metric becomes
dsg = —h72(dt + w)? + h2dy? + fy *hapdada®. (2.104)

Notice that w in this metric plays the same role as V;dz® in the 1/2 BPS geometry metric. The factor
fa 2 was included in front of the 4-dimensional metric tensor hgp for later convenient. To determine
this metric we need to find the spinor bilinears f; and fs.

2.5.4 Solving for f; and f5

To find f; and fa, we follow the same procedure as in the 1/2 BPS case, where we evaluated the
covariant derivatives of these spinors bilinears. Take the conjugate of (2.92) and (2.93) to find

a( - %e*%“‘”@ - %fyA@)\(H +G)— N> =0, (2.105)
(1 —tw-6) P oa : _
el —5e? + 1) v7ON(H — G) + iy7N | = 0. (2.106)

To find fi and f from these last two equations we need to evaluate [y,, N] and {v,, N}. We find

(Vs N] = 4N — Ny,

_ _%e—%(G—&—H)F)\a(

GurVo — GuoYA)

and
E{Yu, N}yre =€ [WN + N w] yre
2 _3
—e| - 2 HOIE ) e

— —i0uf1.
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Now, multiplying (2.92) by &y, and (2.105) by 7,e and adding the two equations, we get

0=2&v, <Z§e‘5(H+G) - %vAax(H +G)+ N)e + €_< - %e‘%“”(;) -~ ivAOA(H +G) - N)we

1 _3
0= —5F20u(H +G) — e 3 E, K7
1
= 8uf2 = ifza(H + Q).
The solution to this differential equation is
fo = re2HHE) (2.107)

where & is a constant of integration. To find f; we multiply (2.93) by &y, and (2.106) by v,e and add

the two equations to get

] 1 ) 1
0=én (Z;e_;(H_G) + 177')/)\6)\(['[ -G) - i77N>6 + 5_< - %6_%“{_@ + 17’\775,\(11 -G)+ Z"Y?JV) V€

1 .
0= 5<2’77au(H - G) —i{, N}’77>€
1
= 8uf1 = §f18u(H — G)
The solution to this differential equation is
fi = Aez (=), (2.108)
Now, combining (2.92), (2.93) and (2.108), we find

e =y (2.109)

With the correct choice of normalization, as for the 1/2 BPS case, A = k = 1, we can express h in
terms of f1 and fo as follows

2= fl+f; (2.110)
=y(e 4+ e ) (2.111)
= 2y coshG. (2.112)

Using these results, we can write the 10-dimensional metric of the 1/4 BPS geometry as
dsly = guvdatda” + " =C0d03 + eHHCdy?
= —h72(dt + w)? + fy 2hapda®dz® + h2dy® + y(e=9dQE + eCdip?)
= —h72(dt + w)? + h*[(e 72 + 1) hgpdx®da® + dy?] + y(e~“dQ3 + eCdnp?)

= —h72(dt + w)? + h? (z i %habdx“da:b + dy2> +y(e=Cd03 + eCdip?), (2.113)
where
Z = %tanh G, (2.114)
;; =9 (2.115)
1+i—%‘ :z+%. (2.116)

We learn that by solving the Killing spinor equation we are able to relate the different functions that
appear in our 10-dimensional metric to the single function Z(z,, z,). At this point we have to ask how
to determine the function Z(z,, z,)? Towards this end, we now introduce the Kéhler potential.
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2.5.5 Kahler potential

A Kahler manifold is a complex manifold with a hermitian metric. The metric of the manifold is
determined by a Kéhler potential K. A Kéahler manifold has three structures; a complex structure,
a Riemannian structure and a symplectic structure. A symplectic form on a manifold M is a closed
non-degenerate differential 2-form w®) (i.e dw = 0). The Kihler potential is defined as a real valued
function K on a Kihler manifold for which the symplectic form w can be written as w = i00K. Our
goal here is to determine the function Z using the Kéahler potential. We will do this by using known
facts about Kahler manifolds. From our 6-dimensional metric (2.104), we identify the 4-dimensional
metric that lives on the Kahler manifold by h,,. We can write this metric as

dsq = hgpdz®dz? (2.117)
= 9,0, Kdz"dz" + 8,0, K dzdzb
= 20,0, Kdz"dz" (2.118)

where K (zq, Zq;y) is the Kéhler potential. Finally, we can write the 10-dimensional metric of the 1/4
BPS geometry in terms of the Kéahler potential as

2
ds?y = —h = 2(dt + w)? + h?
S10 ( w) 71

- 0,0y K d2"dz" + dy2> + y(e~9d02 + Cdy?). (2.119)
2

In the 1/2 BPS geometry, imposing the condition d(dV') = 0 implied a second order condition (2.65).
In the 1/4 BPS analysis a second order condition again arises when we impose d(dw) = 0. This second
order condition is solved by

1
7Z = —iyay(y_layK). (2.120)

We have now achieved our goal by finding this relationship between K and Z. We will now consider
an example of computing the Kéahler potential. This will give us a chance to illustrate the results we
have just derived.

2.5.6 Example: The Kahler potential of AdSs x S° as a 1/4 BPS geometry with
SO(4) R-symmetry

The metric is given by

ds? = — cosh? pdt® + dp? + sinh? p[sin® adep? + cos? adff + do?] + db? + cos® dp? + sin® dO3.
(2.121)

Guided by the metric (2.119) we will extract expressions for y, e“ and h=2. Recall that y is the product
of the radii of S* and S? (i.e y = ryrq,). From this metric we see that

ry = sinhpsina,  ro, = sin6.

Comparing the factors in front of the 3-sphere and the 1-sphere of (2.119) and (2.121) we get the

relations .
a sin 6
e = ——F
sinh psin o
We can find h~2 using the relation h=2 = 2y cosh G, which implies
h~2 = sinh? psin® a + sin? 6.

In summary, we have

y = sinh psinasin 6, (2.122)
in ¢
PO (2.123)
sinh psin o
h=2 = sinh? psin? o + sin? 6. (2.124)
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Using the parametrization
x1 = coshpcosf, xo = tanhpcosa,

we express cosh p, cos f and sin « in terms of plane coordinates as follows

|—=

2

[1+r2+y2—|—\/(1+r2+y2)2—4r2] ,

coshp = ————
P 2(1 — x3)

1

1 2

cos = —|14+r2+9%— /(1 +r2+ 22—47'2] )
1—$§[—2y2+w§(r2+y2—1+\/(1+r2+y2)2—4r2)]5
V2 23(r? +y? — 1) + a3 — y?

where 7 = z14/1 — z3. Using (2.69) we find

sina =

1 Pyt -1

Z =—= . 2.125
2/(r2+y2+1)2 — 4r2 ( )
We can now find the Kéhler potential using (2.120). The Kéhler potential is given by
1 2 _ VR R2 .2 1 2 2
K= —R+(y2+2)log(1+r2+y2+R2)—y210g(2(T ) +y(T2_y1)(2 T +y)>}Ko+y2K1
(2.126)

where R = /(1 + r2 + y2)2 — 4r2. This completes our discussion of the AdSs x S5 geometry.

2.5.7 Monge-Ampére equation

Our goal here is derive the Monge-Ampére equation that governs the function Z that determines the
1/4 BPS geometry. The Monge-Ampére equation is the differential equation that is solved by the
Kahler potential. Since we know the relationship between the Kéahler potential and Z, the Monge-
Ampére equation fixes Z. Following the analysis [50, 51], we start by writing the expression for the
complex structure 7, in terms of L and w, as

dJ =L A dw. (2.127)

We recall that L is a closed form. We know that the non-zero component of L is pointing in the y
direction and w is the Kéhler form. The equation (2.127) implies that the complex structure J is
defined on the space perpendicular to the 4-dimensional space and the y direction. Even though J
live in the space that is perpendicular to the space of coordinates (z4, Z,; y), it still has a y, z, and Z,
dependence. Split the exterior derivative as

d=d+d,+ dy

where d takes into account the differentiation with respect to the coordinates z, and 2, and their
conjugates. The complex structure 7 is closed (i.e d7 = 0). The y dependence of (2.127) is

0y T = e Adw (2.128)

where we have used (2.42) and w is defined on the complex manifold where it derivative is denoted by
d. Another usefully identity is the y derivative of w which is given by

Oyw = —lj - Z.
Yy
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Using the consistency condition d(dw) = 0 and using equation (2.128), this last equation becomes

(D) = d(—;j .7)

yOydw = —d(J - Z)

yay<ayy‘7> — A7 2).

The differential equation

o) ~
yay(zj) +d(J-Z)=0 (2.129)
is solved by (2.120). Another expression worth describing is the one-form of the Killing vector dK,

given by

/=1
f3+ 17

where the Killing vector K is found by solving the Killing equation (2.97). This expression tells us
that the one-form of the Killing vector dK is pointing in a direction perpendicular to y and ¢t. The
last term hints that this perpendicular direction is tangent to the Kahler manifold. Taking equation
(2.95) and contracting with L, we get

dK = AGANK +dHANK — (f2 + f3)dw

1
LMo, fT = = 7o LN KT

where (2 is given by Q2 = K A I. To make sure that the RHS is non-zero, we can set y =y and p =t,
to obtain

LH+G)
LYf20,(H - G) = - h A(K A1) yior LYKHTOT
LH+G) 2 _ g2
- hi (fg f12dG/\K/\I+dH/\K/\I— (f22+f12)deI> LYK'IoT
4 f2 + f1 ytot
LH+G)
_ e A (f2 4 fdw A T LYK'IOT.
4 ytot
This simplifies to
e3H+C) 2 2y 7 b
fidOy(H = G) = ——(f3 + fi)dwap ™" (2.130)

The LHS tells us that the quantity on the RHS is pointing in the y direction and the relationship
between J and [ is given by

J = €G+HI.
We then have
30  imyie L s b
f1O,A(H — G) = Te* T (12 4 D) dwep T
ge—ti-c)__J1 Oy (H — Q) = dwapT®.

3+ 17
Taking equation (2.128) and contracting with 7, we find
j“bﬁyjab = T Adwe,

i
RN

jabayjab _ 46HA67%(H7G)
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It is natural to associate the term J abayjab with 9, log det hyy, , that is

1
TPy T = 50y log det ha.

We now have

9 Tondet s — 96H o H(H-G) 3 (H=G) 5 H 9ol o~ L(H-G) o3 (H-G) o
ylogdet hgy = 2e7 e 2 S HTG) -G Wit —eee S HFG) 1 oH-G) Y
e ¢ e ¢
= 2766, n e_GGyH — 2766, n e_GOyG.
We simplify further by using the identities
1 sech?G 9,G
olog | Z+ = | = 4
¥ o8 ( - 2> 2 (Ltanh G + 1)
2e ¢
1 1
- — 7 =—= 2.132
2 1+ e2G7 ( )
1
el =y=0,H= ” (2.133)
Then we have
1 2/(1
8y log det hab = 8y log Z + 5 - & 5 - 7. (2134)
Now, we solve this differential equation
1 1 1 1
log det hyp = log | Z + 3 +co—logy+c1+2 dy; — iyay(y 0y K) (2.135)
1
= log <Z + 2) —logy — (y 'O, K) +c3 (2.136)
1 _
det hap = —y <Z + 2) e~ W Oy K)Fes (2.137)
e_(yilayK) 1
=y ( —y0y(y 'O, K) + 1)04 (2.138)

where the ¢’s are functions independent of y. To determine them we need to know the boundary
conditions that govern the differential equation. In general ¢4 is a function of z and 2

ef(y_layK)

det hgp = —y 5

( —y0y(y 1o, K) + 1> cy(z, 2).
This is the Monge-Ampére equation that we were after.

In this section we have managed to solve the Killing spinor equation for the 1/4 BPS geometry. We
find that in order to obtain smooth 1/4 BPS geometries we need to single out a 4-dimensional plane
and impose boundary conditions on this plane. The boundary conditions force Z(zq, Z4) = i%. Thus
finding 1/4 BPS geometries is replaced by the problem of solving a differential equation, the Monge-
Ampére equation. This Monge-Ampére equation is solved byZ(z,, Z,). In order to gain confidence in
our analysis we will consider an example and test regularity of the 1/4 BPS geometry.
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2.6 Checking regularity of a 1/4 BPS geometry

We would like to test our regularity condition for 1/4 BPS geometries. We will consider an example

1
and test if we get a smooth geometry. We saw that Z = 3 tanh G admits the expansion (2.72). To

1
solve for K, we equate (2.72) and (2.120) and choose Z = ~5 This gives

—% +ylag+ - = —%yay(y‘layf()
; +ay+ - =0y(y 0, K)
Iny +co + %yQag +-= yilf)yK
ylny + yeo + %y?)ag + =9y K
/ylny dy + %y2co + éy4a6 +ei 4=
Up to order 2 this expression simplifies to
K = /ylny dy + Ko + K1y* 4+ O(y?) (2.139)

) 1
where a(, co, c1, Ko and K are functions of z and z. In the case where Z = 5 e have

1 1 _
B +yifot = *Q?Jay(y '9,K)
and the Kahler potential is expressed as
Kz—/ylny dy + Ko+ K1y* + O(y"). (2.140)

Unlike in the 1/2 BPS case, here we find an additional constraint is imposed on the 4-dimensional
metric h,;. This metric solves a Monge-Ampere type differential equation, given by

1 1
log(det h,3) = log(Z + 5) +logy + -0,K + D. (2.141)
Yy
This equation simplifies to
1,1
det hyz = y(Z + 5)ei"yKE (2.142)
1,1
—y(Z + 5)ezlzayKE, (2.143)
where D and E are functions that are independent of y. This last expression is approximately
1 I 11 "
dethyy =y(—= + 2 fo+35) D —|=0y /dy ylogy + Ko(z,2) + v’ K1(z,2) || E
2 2 = n! |y

1 1 n
Zy(—*+yfo+ Z'[Klzz]E
:y4f0 eKl(z,z)E

— y4g() eKl(z,f)

where gy is a function of z and z and both fy and gg are positive functions. To check for regularity,
we will consider the metric (2.119) given by

2 _
ds3y = —h2(dt + w)* + h* <Z T DaOp K dzdz" + dy2> + y(e~CdO2 + eCdy?).

2
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1
2.6.1 Regular geometry in the region 7 = i§

1
Region 7 = —3

1
Consider the case where Z = ——= which implies that G = 4o00. This represents the case where the

S3 shrinks to zero and S! remains finite size. We can use the following approximate forms for the
functions in the metric

h™2 =2ycosh G ~ ye ©, (2.144)
ye Cdy? = h2dy?, (2.145)
ye®d03 = y(yh?)dQ: = y>h*Q2, (2.146)

2 - 2
—— 0,0, Kdz"dz" = ——— hd2"dz"
Z+ 3 Z+ 5

1 1
=2(—=+ yan + *)_lhagdzadfb

2 2
= 2y %ag ' hydz"dzb. (2.147)

The metric becomes
dsiy=h72| — (dt +w)* + dq/JZ] + h? {QyQaglha,;dz“dzb +dy* + y*dQ3 | (2.148)

To demonstrate that this metric is regular as y — 0, we need to focus on the term 2y‘2a6 1ha5dz“d2b
and make sure that it remains finite in this limit. As y — 0 this term blows up unless all the
components of h,; vanish as y%. Consider (2.147), in the limit y = 0, to learn

det hag =0
6151K8252K — 8152K6251K =0
8151[(06252[(0 — 81521(06251[(0 =0.

In the last line we used (2.140). This is the only restriction we find from equation (2.143). To make
sure that we have a regular solution, we can can either require that Ky = 0 so that

hyp = 0.0bK(2,2,y =0) =0

1
or we can require that Ky vanishes on the boundary of the region Z = —3 and remains finite inside
the region.
) 1
Region 7 = 3
In the case Z = =, G = —oo and the circle S* shrinks to zero size while S? remains finite. In this

case, we employ the following approximations

h=2 = 2ycosh G ~ yeC, (2.149)
ye Cdy? = y?h2dy?, (2.150)
ye“d02 = h2dQ2, (2.151)

2 5 1 11, = .
maaabKdzadzb =25 +ya0 + 5) 00 Kd"d2

= 2(1 + y%ag) 10,0y (— /ylny dy + Ko + K1y* + O(y*))dz%dz’

= 20,0, Kodz"dz". (2.152)
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This last line is only true once we take y = 0. The metric then becomes

ds?y = h™2| — (dt +w)? + dag] + h? [26a6bK0dzadzb + dy? + yPdy?|. (2.153)

1
This metric automatically remains regular at y =0 and Z = 5

2.6.2 Shape of the 1/4 BPS droplets

The boundaries of the droplets that determine the 1/2 BPS geometry, were allowed to take any
arbitrary shape. We will now investigate the shape of the boundary of droplets of the 1/4 BPS
description. To do that, we study the example of AdSs x S on R x S3. The metric of this space is
given by

ds* = — cosh? pdt® 4 dp* + sinh? pdQZ + sin? Odyp? + df* + cos® O[cos® ad@? + sin® adp3 + da?].

(2.154)

To introduce complex coordinates for this metric, we define
21 =rcos e 2 = rsinae® ) r = cosh pcos . (2.155)

Following the same procedure as in section (2.5.6), we find
y = sinh psin 0, (2.156)
h~2 = sinh? psin? 6, (2.157)

h2
7 = ?(7«2 +y2 1) (2.158)
and the Kéahler potential is
1

K = Z[¥ —log U2 log(¥ — %) + % logy — v/°] (2.159)

2

1
where ¥ = 5(7*2 +y?+1)+ \/%(7’2 + 92+ 1)2 + 2. Since the product of the radii of S* and S? vanish

when y = 0, we impose the following conditions on (2.156)

1
p=0: r=-cosf <1, Z:—§
1
0=0: r =coshp > 1, Z:§.

1 1
From the equation for Z we see that the regions Z = 3 and Z = —5 are separated by a 3-sphere with

r = 1. In terms of the complex coordinates this correspond to
2121 + 2022 = 1. (2.160)

This boundary condition tells us that at each point on the 3-sphere, the space is locally flat. This can
be seen explicitly by moving to new coordinates v, R, { such that

VIPF P D42, o= T (2.161)

Useful relations between the old and the new coordinates are

1
ye~¢ = Rsin®(, yz%sinQC, 2:50082(, h=? = R.
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What we have to do now is to find the one-form w from the Kahler potential. In general, w is given
by the equation
Ak

w B v

00, K — ;aayK : (2.162)

To prove local flatness of our metric, we expand to order O(R). To write the 4-dimensional metric
using our new coordinates, first note that the Kéahler potential from (2.159) depends on v in the new
coordinates, and we have

hay = 20,0, Kdz"dz"
= 20,KdzqdZ, + 202 K|Zdz,|?.
Now, taking the derivative of the Kahler potential, we get

1
41 +v)

O’K = %(cos 2¢ + 1) + O(R).

0K = [0 —1P) + B = T (cos 2 +1) + O(),

The 4-dimensional metric then becomes
1
hap = 2(%(003 2¢C + 1) + O(R?))dzdz" + 2(1(0032C 4+ 1) + O(R))|Z4d 24|
1
= (Z+ 5)[Rdz“d2b + [Zadza?] + - -

Using (2.162) we find

1 4+ v+ 192
SilTe s L L
1

where we have defined a new variable n = i(z,dZz, — Z,dz,). Plugging this to (2.119) we see that the
subleading contribution to the 10-dimensional metric is given by

dR?
ds3y = —dtn + dx dx | + VT R(dC? + cos? CdQ3 + sin® ¢dip).
We see that this metric is regular at R = 0 and hence regularity is not affected by the subleading order.
So, the boundary condition implies that each point on the 3-sphere is locally flat. Next consider the
shape of the droplet of this geometry. Choosing suitable coordinates for this analysis, which happen
to be spherical coordinates,

_ 2y
_ G _
tan( =e 7, R= Sn2C (2.163)
we find
1
Z = 5 cos 2, h™? =R. (2.164)

Recall that R in these coordinates measures the distance from the wall and we are interested in the
leading term in a small R-expansion. The regularity condition requires that the coordinate v which
is defined by v = R cos 2( is independent of the y-coordinate, but it can depend on Kéhler base. The
metric that is obtained in the leading term of the R-expansion is a flat metric. It can be checked that
the one-form dv lies in the Kéhler subspace, that is yv = 0 and this is true at leading order in R.
Using (2.120) we express Z as

cos2¢ = —yd,(y 19, K) (2.165)
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v
where cos 2¢ can also be expressed in terms of the coordinates v and y as cos2( = ———. This

NCEwT

allows us to write the Kéhler potential in terms of v and y using (2.159) as

2
K = %\/02 + 8y? + % (log(v + V2 4+ 4y?) — logy) + Ko(z,2) + v’ K1(z, 2). (2.166)

The expression for w is given by

wzi@&K@—@v (2.167)
1
_ gayavKn (2.168)
1 (2.169)
R '
where we have used equation (2.162) and that K is a function of y and v, and we used n = %(8 —0)v

Plugging this result into the metric (2.119), the leading term is

ds? = —2Rwdt — Rw + + R(dC? + cos? CdQ3 + sin® (d¢?) .

R
7 1

1 -1 dR?
202K |0w|? + 20, K8dv — = cos® Cdv?
oo C( 0, K|0v|* 4 20, K00v 7 €08 Cdv® | +

From this metric we can easily tell that (IT) gives a regular geometry while (I) has a possible singularity
at Rcos?( = 0. To ensure [ is regular, we proceed as follows

= 1
ds? = —2Rwdt — Rw + 202K |0v|* + 20, K 00v — 2 cos? Cdv2>

_
Rcos? ¢

_ R 5 20,K \ o 20,K - 1 (202K 5
= —2Rwdt <y2@%BUK) Rco§2g>” 4—}%am2488v%—4f2<am2€ 1)dv.

To move from the first line to the second line we expanded |0v|? and used (2.168). Lets analyse each
possible non-regular term of this metric, to leading order in R. Using (2.159) we have

9,K ~ R,
1
O’K = 3 cos? ¢ + O(R),

Yy
0y0,K = 7 + O(R).

From this we conclude that the metric ds? is regular and we can write it as

R 20, K 200K - 1 (202K
dsi = —2Rwdt —  —(0,0,K)* — —— 2 00+ — (== — 1) dv?
*4 “ <y2( ¥ K) RCOS2C>77 +Rcos2§ U+4R<COS2C > v

= —2ndt + 00v + A\1dv? 4 Aan?. (2.170)

From this metric and the above approximation scheme we see that Ay and Ay should be independent
of v and y. To make sure that metric (2.170) stays regular we must require that ds? is determined by
a holomorphic one-form £. The reason we do this is because we know that & is continuous everywhere
and it guarantees regularity. Therefore, we write the metric as

DOV + A\idv? + Xon? = €€+ O(v).
The RHS tells us that the anti-holomorphic terms on the LHS must sum to zero. This means all

the terms of form dz%dz® and dz*dz® must cancel on the LHS. This tell us that we can split this last
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equation into two parts which are holomorphic and non-holomorphic as follows

€€+ 0(v) = 00v + \dv® + Ao [;(a - 5)4 [;(a - 5)1}}

= 00V + A\ dv® — % [81}81} + Ovdv — Ovdv — 81}87}} . (2.171)
The anti-holomorphic part is given by
Adv? — % [81}82} + 51}5@] = O(v) (2.172)
and the holomorphic part is given by

d0v + %87}51} = &£+ O(v). (2.173)

1
To write a general equation of the type (2.173), first notice that on the surface of the regions Z = :|:5

where v = 0, the one-form ¢ describes a two dimensional space. This implies that by changing
coordinates we can always write £ as £ = fdw were dw is a one-form and f is an arbitrary continuous
function on this space. Making this kind of change of coordinate and requiring that dv and dw are
independent, we can write the holomorphic equation (2.173) as

0Oy + AV Oyv = gOawyw + O(v). (2.174)

We conclude that the shape of the droplet whose boundary condition is defined by v(z4, 25) = 0 will
give a smooth metric only if v satisfies (2.174). Equation (2.174) put an extra constraint on v. In the
1/2 BPS analysis we saw that the droplet can take any shape, while here in the 1/4 BPS case the
boundary condition of the droplet obeys a nontrivial contraint.

2.6.3 Condition for regular droplets

We see that an important equation to understand in the 1/4 BPS analysis is (2.174). By specifying A
and the boundary condition of v, we can uniquely solve (2.174). To determine A we need to take the
determinant of (2.174). Taking the determinant we obtain

det (0, 0pv + A0yv0yv) = O(v). (2.175)

Since dv and dw are independent

det(9,0pv)|  #0. (2.176)
v=0
After finding A, one can go back to the differential equation (2.174) and check the remaining conditions

0Oy + A0V Opv = E€ + O(v),  &adz® = fdw + v€'. (2.177)

Lets do some examples to test (2.174).

2.6.4 Example: Regular geometry from constrained droplets

We will study various examples of surfaces, and check if they obey (2.174). The procedure that we
will follow in checking the singularity or the regularity of the surface is as follows

1. Write down the equation for the geometry in terms of v such that it allows the condition v =0
on the surface.

2. Check if the condition (2.176) is satisfied. If it is not satisfied then the surface defined by v is
not regular and we stop the calculation. If it is satisfied, we then proceed to the next step.
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3. Use (2.175) to determine .

4. Once we find A, we check if the conditions in (2.177) are satisfied, If they are we conclude that
the surface defines a regular solution and if not the surface leads to a singular solution.

It is important to note that the conditions imposed by (2.174) are the same conditions given by (2.176)
and (2.177), but in a more convenient way.

Example: v = z,Z, — 1
Following the procedure we outlined above, we have

1. v = 2,2, — 1 represents the surface of a sphere with radius 1.

_(1 0>
b0 0 1

=1.

2.

det(aaébv)

Since this determinant is not equal to zero, we proceed to step 3.

det (DuBv + ADavByv) = det <8181v + A01vo1v 01090 + )\81v32v>

82517) + )\8211511) 32527) + )\8211521)

— det 1+ A1z A2971
o 21729 1+ Az9Ze /)

Evaluating this at order O(v), which correspond to O()), we get

det(0,0pv 4+ AOv0pv) = 1 + A2qZa
=14+ Av+1)
=1+ X+ .

To satisfy (2.175), A = —1.

4. The one-form that corresponds to the solution of A in step 3 can be read from the equation

L+ Anz Aznz | _ (&& &&
( Az 14+ )\zgzg) B (5251 §2§2> +Ow)

which implies that
§i&o = —271, &6 = —217%.
We can read off the values of the &’s. They are given by
§1=2, &=—%; fo=—z, & =72

Using the expansion in (2.177) we have

& =&1dz + &ada
= 22dzl — Zldzg. (2.178)

This solution satisfies the differential conditions (2.177). We conclude that this droplet leads to
a regular solution.
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Example: v = 2121 — 2020 — C

1. v = 2121 — 20Z2 — C, represents the surface of a hyperboloid.

_(1 0)
b0 0 —1

The determinant is not equal to zero so we proceed to the next step.

2.

det(c’)aébv)

82511) + )\621)51’() 82521) + )\821)52’0

— det 14+ A7z —A297Z1
o —Az129 —14+ A2z )

det(@aébv i A@avébv) — det (81811) + \ojvo1v 01090 + A811}821)>

At order O(v), this determinant is
det(0,0pv + A0qvOpv) = —1 + (A22Z2 — A2171)
=—(1+ X+ XC).

1
To satisfy the (2.175), A = ek

4. The one-form £ is represented by

1
&= ﬁ < — 29dz1 + 21d22> .

This solution satisfies the differential conditions of (2.177). Therefore this droplet again leads
to a regular solution.

Example: v =2,Z, +az129 + az1Z2o — C
1. v = 2,2, +az120 + az1Z5 — C.

2.

det(aaébv)

_(1 0>
b0 0 1
1.

The determinant is not equal to zero so proceed to step 3.

det(0a0pv + AavOyv) = det (328111 + A02001v 2020 + ADov0av

— det 1+ )\(21 + CLZQ)(Zl + CLZQ) )\(21 + CLZQ)(ZQ + CLZl)
AZ2 + az1)(z1 + az2) 1+ Xz2+az1)(z2+az1)/)

818_11) + )\81’051?} 813_21] + )\81’052?))

At order O(v), this determinant is
det (9,000 + ADyv0yv) = 1+ A(21 + az2) (21 + aZ2) + Mz + az1)(Z2 + az)
= NZ121 + aZ122 + aze21 + a22222) + A(2222 + azo21 + aZ1 22 + a22121)
=14+ Av+C) + Aa?(Za2a) + Ma(z021 + 2172))
=14+ Av+C) + (v + C — azpz — aZ15) + Ma(za21 + 7172))
=1+ Ao+ C)(1+a®) + a(zez1 + 2122)(1 — a?).
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Remember that we want to A to be a constant i.e. it must not depend on z and z. To satisfy all
the necessary conditions we need
a(l—a*) =0, I= . (2.179)
C(1+a?)
There are three possible values of a, which are a = 0 and a = +1. We have already investigated
the case where a = 0 which leads to a regular solution. Now consider the case where a = 1. The
case a = —1 is very similar. When a = 1, the surface is v = z,2, + 2120 + Z122 — C.

4. The one-form ¢ is written as

§= (Z1 + 22)dz1 — (21 + Zg)sz).

1
7l
Plugging this equation to (2.177), we see that there is an extra contribution which is of order
O(1) which now becomes the leading order. We conclude that this droplet leads to a solution
that is not regular because v fails to satisfy condition (2.177).

In summary, the geometries that arise by solving the 1/4 BPS Killing spinor equation are not all
regular. For regular solutions we need to set boundary conditions on the plane y = 0 which fix
Z = £+—. This still does not guarantee regularity of the metric, one need to also check each term on

the resulting metric that it is regular and the best way to do that is to perform some expansion in
one of the parameters of the metric. Once this is done, it is then very crucial that one need to check
this new geometry that it satisfy (2.174). Once it satisfy (2.174) and (2.177) we conclude that the
droplets of the geometry are regular.
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Chapter 3

Field Theory

3.1 Introduction

In this chapter we turn to a study of conformal field theory (CFT). Computing the n-point corre-
lation functions allows one to study physical properties of a given system. The hermitian operators
representing physical quantities are called observables. The possible measured values of observables
correspond to the eigenvalues of the hermitian operators. We want to find a basis for the local opera-
tors of the CFT that will diagonalize the 2-point function. One choice for the operators that does this
job are the Schur and restricted Schur polynomials. To study these operators we will first consider
the simplest case of a single matrix free field theory.

3.2 Single matrix free field theory: Schur polynomial

Schur polynomials diagonalize the free field theory 2-point function. They are functions of a single
matrix Z. Z is a complex N x N matrix made out of a pair of hermitian N x N matrix scalar fields

Z = ¢1+ig2.
The Schur polynomials xg(Z) are expressed as [§]
1 n
Xr(Z) = — > xr(0)Tr(cZ®™). (3.1)
" o€eSy

The different ingredients appearing in this expression are defined as follows

(i) S
Sy is the group of permutations of n objects. Let A be an ordered set of n elements A =
{1,2,--- ,n} i.e. the order in which the elements appear in this set matters. Permutations will

rearrange the members of this set in a total of n! distinct ways. As an example, consider a set
of three elements A = {1,2,3}. For this set the possible permutations are

P=1[{1,2,3},{1,3,2},{2,1,3},{2,3,1},{3,1,2},{3,2,1}].

These permutation can also be expressed in a cycle notation. Using cycle notation, the possible
permutations are

o1 = (1)(2)(3)

a2 = (23)(1)

o5 = (12)(3)

o4 = (123)

o5 = (132)

o6 = (13)(2). (3.2)



When o acts on set A, it shuffles the position or the order of the elements in this set. As an
example, consider the action of g9 and o4 on set A.

(23)(1){1,2,3} = {1,3,2},

(123){1,2,3} = {2,3,1}.
The details of how we carry out the multiplication of permutations is important. There are
two possible conventions for multiplying permutations. We think of permutations as a map
0,(i) =1 where w =1,2,--- ,n! labels the permutation and i = 1,2, ..., n. [ is the number in the

ith position of the set after it has been permuted by o,,. The two conventions for multiplying
permutations are

o pli) = olp(i) (D)
—plo(d)) (D)

and both of these multiplication rules are consistent. As an example of this new point of view
o4(1) above is described as

o04(1) =2, 04(2) =3, 04(3) = 1.
The operation 04 A then becomes o4 A = {04(1),04(2),04(3)} = {2,3,1}. We want to study the

two permutation multiplication rules in what follows.

ey

This multiplication is the one which is more natural for us. Choose o = (12) and p = (23), then

This implies that

o(p(i))A=A{1,2,3}
= (123)A.

Thus for o = (12) and p = (23) we have o - p(i) = o(p(i)) = (123).

(IT)

In what follows we will also realize permutations as a matrix acting in the vector space Vg”. In
this space, permutations are realized as

I _ it sis . sin
(o) = 5]};(1)6]'0(2) 5jo(n)'

As an example o4 = (123) acting on Vﬁ?’ gives

i i i k1ykay/k
(123)%‘/[{ = 51410(1)6;0(2)61433;(3)‘/1 VyrVgE
i1 gio siz y ki1 ket sk
= 5k125k235k31V1 HVyvgE
= VPV = (VaVaVa)'. (3.3)

Now, act on the same vector space VJ§3 with the product of permutations given by (12)(23).
The result is

I JyK _ si i i J1 si2 3 ki kay/ k
(12);(23)x V" = 5jclf(1>5ji<2)5ji(3)5ka<1)57%(2)6’%(3) ViV Vs®
= ot st i Vv
= VRVRVE = (V). (3.4)
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We see from (3.3) and (3.4) that we get two different answers. We have found that
(12)7(23)% = (132)f.

This corresponds to the rule o - p(i) = p(c(i)). The cycle notation is cyclic. For example the
3-cycles below are the same permutation

(123) = (231) = (312).
In addition, the cycle made of n 1-cycles

(1)(2)---(n)

is the identity (when acting on a set, the identity leaves the set unchanged). From now on we
will not indicate the 1-cycles. The total number of elements that belongs to S,, which is called
the order of S, is n!.

In group theory, S, is known as the symmetric group which is a group of permutations. A
representation of the symmetric group is a mapping I'g(c) of S,, onto a set of matrices which
respects the following rules:

(L) Th(e) = 1
(I1.) Tr(01)TRr(02) = Tr(0109)

where I'g(e) is the identity operator (matrix) and (II) tells us that the group composition law
of the symmetric group can be expressed as matrix multiplication. A complete set of irreducible
inequivalent representations of the symmetric group S,, are labelled by all possible valid Young
diagrams with n boxes.

Young diagram R

A Young diagram is a finite collection of n boxes stacked together in a manner that the row
lengths are weakly decreasing i.e. each row has the same or shorter length than its predecessor.
A Young diagram contains the same information as an integer partition. For example consider
S3. We can partition 3 as follows:

n=3: 3, 2+1, 1+1+1.

Associate R with the partitions of 3 to get

n=3: 3, 241, 1+1+1

a:
RF3: [LLLL LI, .

We refer to R as an irreducible representation. We see that S3 has 3 inequivalent irreducible
representations. The basis of an irreducible representation is labelled by the so-called Young-
Yamanouchi symbols. The Young-Yamanouchi symbols are obtained by decorating the Young
diagrams with integers 1,2,3,--- ,n. We assign each box a unique integer. The integers that
label the boxes should range from 1 to n, where n corresponds to the total number of boxes of
the Young diagram. The integer entries in each row decrease as we move to the right and in each
column they decrease as we move down. As an example, the valid Young-Yamanouchi symbols

for R = Ej are

3] 2] 1]

[~

‘»—A‘w%

[roes e
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Any other symbol constructed from this R will not be valid. This includes diagrams such as

4] [4]2] [2]1]

‘»—A‘I\J w

[eo]=]e
NES

FEach Young-Yamanouchi symbol labels a basis vector of a vector space V]‘g". We will use the
notation |R) for the Young-Yamanouchi states belonging to irreducible representation R. We
say that the dimension of this vector space is the dimension of R. Thus the dimension of the

irrep @j is 3. We can compute the dimensions of the irreducible representations of the symmetric
group using the Young diagrams labelling the irreducible representations. To do this we need to
introduce the hooks of a Young diagram. The hook of a box @ of the Young diagram is equal
to the number of boxes to the right of () plus the number of boxes below () plus the box itself.
This is to say, each box @ has an elbow which is formed by a horizontal line moving to right of
the box @) and a vertical line moving from ) to the bottom of the Young diagram. The hook
length associated to the box is the number of boxes that the arm covers.

Figure 3.1: The hooks of the box @ is 7.

The hook lengths of the above Young diagram, are given by

5[3]1]
3[1
1

=W | ot

9
7
5
3

1]

Hook lengths =

and the dimension of the irreducible representation R is given by

d n!
R [1,cr hooks(x)
n!
= Tooksn’ (3.5)
9[7]5]3]1]
7]5]3]1
531
3]1
As an example, for R = || we have the hook lengths = [1] and hence
15!
d N — 202864.

H"9.7.53.1-7.5-3.1.5-3-1-3-1-1

Thus, this tells us that there are 292864 valid Young-Yamanouchi symbols for this Young dia-
gram. Each inequivalent irreducible representation of the symmetric group is given by a set of
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matrices I'g((0)) which act on a vector space whose basis is labelled by the Young-Yamanouchi
symbols. The matrix elements of I'r((0)) are specified by

1 1
r 1 = l-— .
(U + D)E) = ——|R) + \/ oo Rusn) (3.

where ¢; is the content of a box of the Young diagram R. The content of a box of a Young
diagram R in row a and column b is given by b — a. The numbers k and k + 1 in (3.6) refer to
boxes labelled k£ and k + 1 in the Young-Yamanouchi symbol for state R. Below is an example
of a Young diagram with the content of each box displayed

011234

—4

|R) are the Young-Yamanouchi states constructed from the Young diagram R. |R(j 1)) is ob-
tained from the Young-Yamanouchi state |R) by exchanging the position of the box labelled k
with the box labelled k£ + 1, as illustrated below

R) - L Rk - |
k k+1
k+1 k
|
To illustrate how to compute I'g((0)), choose o0 = (23) and R = . Then

oy [5%) - 1), BB
gt ) = 1), YRR
gt [ - )

[5]3]2] [53]2]
Trrr((23)) |41 ) = |

[5[4[1] [5[4]1]
FB}]((23)) BRI ) = (B2 ).

Choosing the following basis

) 9

=

=

=

OO O O+

—FO 000D OO OO

)

=

=

R
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(iii.)

we obtain

1 VB
—— — 0 0 0
A

rep(@3)=|3 3 0 Y0
0 0 -1 0 0
0 0 0O 1 0
0 0 0 0 1]

There is an important identity obeyed by the matrix elements of the matrix representation of
any finite group, called the fundamental orthogonality relation, and it is given by

_ g
> Talg al's(9)as = Ll‘éRSéaﬁéba (3.7)
g9eg R

where |G| is the order of the group G.

Now let us turn our attention to the U(N) group. We have been using Young diagrams to
label the irreducible representations of the symmetric group. How do we label the irreducible
representations of the unitary group? Thanks to Schur-Weyl duality, we can also label the
irreducible representations of the unitary group using Young diagrams. We can compute the
dimensions of R of a U(N) irreducible representation using an equation similar to (3.5), obtained
by replacing n! with fgp

fr
[I.cr hooks(x)

fr represents the product of factors of the Young diagram R. The factors of U(N) are given by
the S;, content plus IV for each box of the Young diagram. As an example, consider the following
Young diagram with its factors displayed

DimR =

N4O[N+1|N+2[N+3|N+4

N—1|N+O0|N+1|{N+2

N—-2|N—-1|N+0

N-3|N-2

Character xg(o)
A character yg(o) is the trace of the matrix representing group element o in irreducible repre-
sentation R of the symmetric group

Xr(o) =Tr(Tgr(0)).

A very useful identity satisfied by the characters of any finite group is the character orthog-
onality relation

> xr(0)xs(o) = |G|9rs. (3-8)

geg

This can be proved by taking suitable traces of the fundamental orthogonality relation (3.7).
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(iv.) Z®" and oZ®"

Z®™ is the tensor product of n copies of matrix Z and ¢ Z%" simply swaps or permutes indices
of the n copies of Z as follows

Qn\I __ 7 ) 7 in
(2575 = 25,2525, - 25

®nyl _ i1 i2 i3, 7in
(0250 = Zja(l)Zja(Z) Jo(3) Jo(n) "
Taking a trace of these operators ensures that all the indices are contracted, i.e.
Tr(cZ®") = Z 72 zi ... 7zh

to(1) to(2) " o (3) Yo(n)’

(v.) Projectors
Operators that project onto one of the subspaces corresponding to an irreducible representation
of Sy, are given by

d
Pr = n—}f Z Xr(o)o
’ O’GSn

where R labels the irreducible representation. In terms of this projection operator, the Schur
polynomial can be written as
Xr(Z) = Tr(PrZ®")

where the above trace is over Vﬁ)”.

We have explored the Schur polynomials in some detail. We will now compute correlation functions
that involve the Schur polynomials.
3.2.1 The 2-point function of Schur polynomials

As stated before, the Schur polynomials diagonalize the 2-point function. The 2-point function of the
Schur polynomial is given by [8]

(Xr(Z)xr(Z")) = rr fR- (3.9)

To understand this formula we will compute one example which has a Young diagram with 3 boxes.
The possible Young diagrams are

‘ @
LT L] (3.10)
and the possible 2-point functions that we can compute from these Young diagrams are

em(Z2xem(Z2h) - gp(Zxp(2h) <XE(Z)XE(ZT)>

(e (2)x(21)) <XE\:D(Z)XE(ZT)> <XBH(Z)XE(ZT)>- (3.11)
Using the definition of the Schur polynomials, we can write
X(2) = % (TT(Z)?’ +3Tr(Z)Tr(22) + 2Tr(Z3)> , (3.12)
xg(2) = ;!(QTT(Z)‘g - 2Tr(Z3)>, (3.13)
Nen(Z) = % <TT(Z)3 _3Tr(Z)Tr(2%) + 2Tr(23)) | (3.14)
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For complex matrix fields, the correlators are computed by Wick contracting Z fields with Z' fields.
The basic contraction is

(Zi3Z),) = dudjp. (3.15)
Using this and Wick’s theorem, we easily find, for example

(Tr(Z)Tr(ZY) = (ZiuZ),)

= 0ij0ij
=N (3.16)
and
(Tr(Z)Tr(Z2)) =0, (Tr(Z)Tr(Z")) =0. (3.17)

We will now state the result of the correlators that will be relevant in computing the 2-point functions
n (3.11). The results are

(Tr(Z2)3Tr(Z")%) = 6N (3.18)
(Tr(Z2)3Tr(Z%)) = 6N (3.19)
(Tr(Z)3Tr(Z*NTr(Z1)) = 6N (3.20)
(Tr(Z3NTr(Z*)Tr(Z)) = 6N (3.21)
(Tr(Z3)Tr(Z3)) = 3N + 3N3 (3.22)
(Tr(Z*NTr(ZNYTr(Z%)Tr(Z)) = 4N + 2N*. (3.23)
Using these results, we find

(Xa(Z2)xam(Z21)) = N(N + 1)(N +2) = fun (3.24)
(p(Z)Xp(Z1) = NIV + 1)(N - 1) = fp (3.25)
<XE(Z)XE(ZT)> =NN-1)(N-2)= f@ (3.26)
Oem(2)xn(21) = 0 (3.27)
(em(Z)xg(21) = 0 (3.28)
O = 0. (3.29)
These results confirm (3.9). Higher point correlation functions such as 3-point, 4-point, ---, of the

Schur polynomials are easily evaluated using
Xr(Z)xs(Z) = frsrxr(Z) (3.30)

T

where frgr is the Littlewood-Richardson coefficient. This equation tells us that we can always resolve
a product of two Schur polynomials into a sum of Schur polynomials weighted by the factor frgsr.
This completes our discussion of the Schur polynomials. The generalization to more than one complex
matrix field leads naturally to the restricted Schur polynomials.

3.3 Multi-matrix free field theory: Restricted Schur polynomials.

The restricted Schur polynomials xg () (Z,Y) are built using two complex matrix fields Yand Z.
They also diagonalize the two point function. They are given by [31]
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1

! Z XR,(r,8)ap (0)Tr(cZ%" @ YO™). (3.31)

O'ESm+n

XR,(r,s)aﬁ (Zv Y) =

R labels an irreducible representation of Sy, since the Young diagram R has n 4+ m boxes. r and s
label an irreducible representation of S, x S, which is a subgroup of S, 1,,. 7 is a Young diagram with
n boxes which we can think of as organizing the Z fields. s is a Young diagram with m boxes which
we can think of as organizing the Y fields. The Young diagram R tells us how the Z and Y fields are
assembled. When the irreducible representation S, ., subduces a specific irreducible representation
of S, X S,, more than once, we distinguish these copies by introducing the multiplicity indices o and
£ which label the different copies. To see how these multiplicities come about, we will consider an
example. Consider the irreducible representation

We restrict this irreducible representation from Sg to S3 x S3 by pulling the boxes off as illustrated
below

‘ @
| | |
T sUeld +[ITTHel] +[1 el lel].
(i (i) (i)
The rule for restricting Sg to S3 x S3, is that we need to pull off 3 boxes and when assembling the
removed boxes into an irreducible representation of S3 we must respect any shared sides. If we look

at (i) and (ii) above and put stars in the boxes that are removed, the rule we use is demonstrated as
follows

+]

* | *

L] -],

*
L* ] — L

For term (iii), there are no common sides between the removed boxes, so that

x

] s HelUell

To form an irreducible representation of Ss, [ 1® [ J® [ ] can be combined as follows

D®D®D2£EDD®D

:@@LLu@z.
Therefore, we have
| | | E | % |
T (N N s (A I ) Iy (I A O Y (R R A
| |
Notice that irreducible representation (L) , ] ) appears twice. The role of the multiplicity index

is to distinguish these two copies. Here, we will consider a simple case where the subspace S, X Sp,
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of Sytn has no multiplicities. In general, when we consider a Young diagram R with p = 2, where
p is the number of rows of the Young diagram, we will not have multiplicities when we restrict the
irreducible representation of S, 4+, to Sy, X Sp,. Another special case that does not lead to multiplicities
arises when we restrict Sy, to S, X S;, with m =1 or m = 2. From now on we will consider m = 2
and we will drop the multiplicity indices. Our restricted Schur polynomial then becomes [31]

Xrr)(Z,Y) = ——— > Xpr)(0)Tr(0Z%" @ oYE™). (3.32)
m! 0ESm+n

The restricted character X g (, ) (c) is defined as [60]

XR,(r5)(0) = TR (r,5)L'((0)) (3.33)
—Z (r,5); AILR(0)|R, (r, 5); A) (3.34)

where A labels different Young-Yamanouchi states and the trace of 0 Z%" @ Y®™ is given by

Tr(cZ®" @Y®™) = Z} Z2 Z2 ...z Yirroyire yiess oyt
lo(1) o(2) o(3) lo(n) Yo(n+1) to(n+2) lo(n+3) Yo (n+m)

The 2-point function of the restricted Schur polynomial is given by [31]

hookpg

hooks,hooks TRORTOrtOs0:

<XR,(T,S) (Z) Y)XT,(t,u) (Z) Y)T> =
This complete our discussion of the restricted Schur polynomials. To further understand our formula
for the restricted Schur polynomial we will find it useful to introduce certain projectors.

3.4 Projectors.

The projectors we study in this section will be used to evaluate the restricted characters we need to
construct restricted Schur polynomials. The projectors project to the subspace used to define the
restricted character so that we can write

XR,(r,s) (U) = TT(PR,(T,S)FR(U))

where Pg (, ) is the projector. The projector Pg (. ) projects from an irreducible representation of
Sn+m to an irreducible representation of S, x S, and is given by

dsd,
PR»(”aS) = mn! ; X(r,s) (U)FR(U) (3.35)
TEdnxm

where 0 = 01009, 01 € S, and o9 € S,,. The character of ¢ = 01 009 € S, X S, with o1 € 5,
and 09 € Sy, can be written as x(, () = xr(01)xs(02). We want to argue that the projector can be
expressed as

R T’S - ' Z XS ®H7" (336)

m: gESm

if we restrict the projector to a carefully chosen subspace. The subspace respects a partition of the
III

blocks of R into blocks associated to the Zs and the blocks associated to the Ys. Consider R =

r= Bj and s =[] We can form two Young-Yamanouchi states by interchanging the position of the

starred boxes [TTI 112
12 >+6 ‘Lm >
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. . . [BI31]  [5[3[2] [5]4[1]
The projector (3.36) will only act on the space with states labelled by [412] ", [4[1]", [312] and
which is a proper subspace of the carrier space of R. We represent the Young-Yamanouchi symbols

by [1,1) as follows
> +8 >
> L8 >

The subspace we consider respects the partition of R into n and m boxes. Let’s evaluate the action of

¥, 1) =a

¥,2) = a

=3 xelorlon)

' 01E€Sn

on the vector > With the help of the character table we find

XH](H) =2
XB](('a ) =0
XBj((.ﬂ e, .))

where I is the identity, (e,e) is a 2-cycle and (e,e,e) is a 3-cycle. There are two possible distinct
54

*]
3] * > is given by

-1

3-cycles that can be formed from o7 and they are (345) and (354). I'r((345))

(345) > — (34)(45) >
1 |[514]+] V3 B3]+
__! > + Y2 >

w
*

+]
and I‘R((354))‘ > is given by

(354)

> — (54)(34) >
[5]4]] V3
GEg e

1

.

Thus,

w

% > xe(o1)Tr(o1)

01E€Sn

*]
) = 2 (2 Pal®) + 0R(12) + Tr(13) + Tn(29)] — [Cn(345) + a(350)] )

IS

5

w

w
*

*

:;<@+1+1w5 2 2

2 2
5|4 *‘
:’3 ; >.

% Z Xr(Ul)PR(Ul) = ]17«.

n!
Ulesn

Therefore this implies that

o6

S YRCAIR

)

w
*




So, we have shown that, after restricting to a carefully chosen subspace, we have

ds dr ds

poor > Xs(02)Tk(02) o > Xxelo1)Tk(o) | = p > xs(02)Tr(02) | @1,
' 02€ESm ) 01ESh ) 02€ESm

From now on we will always assume we have restricted ourselves to this subspace so that we can simply
write

R(r) = LS e (3.37)

e O'GSm

Projectors have the property that they square to themselves and their trace is equal to the dimension
of the subspace they project to. For the projectors we have introduced we can show that

L. PR,(T/,t) : PR,(T,S) = 5st57"r’PR,(r’,t)'
2. TT(PR,(T,S)) = dsdr.

Taking the product of PR,(,,VS) and Pg (v 1), we get

d
Prten P = 2 o) B 3 o
o€Sm $ESm
dsd
- mlnil Z Z Xs(0)Tr(0)xt (V)T R(Y)
T 0ESm YEST
dsd;
= mim! Y D xs(@)xe(¥)Lr(ov) set 7= o)
TESm YESM
dsdy
= mlm! Z Z Xs(0)x¢(o ' T)CR(T)
0c€ESm TESm
dsd
- m!ni' Z Z Ls(0)aal't(0™ " )pelt(T) T R(7) sum over o and use (3.7)
oc€ESm TESm
dsdt m.
- m!m/! TEZS: Ft(T)CbFR(T)é‘abéac5stdfs
d
= i X TrOOITa()s

= S TR,

" T€Sm

which proves the first statement. Taking the trace of Pg , ;) we have

Tr(PR,(r,s)) (m‘ nl Z Z Xs(o2 Xr g1 FR(UQ OUl))

02€ESm 01E€SK

By summing over all of the irreducible representation (a, b) that can be subduced by R we can rewrite
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FR(O'Q 9] 0'1) = Zal—m bn F%b(O'Q o 0'1). This leads to

TT(PR,(T,S)):é% Z Z Xs(02)xr(01) Z Xa,b(0'2001)

m! n!
02ESm 01ESy alFm,bn
ds d
= Z Z Xs(02)xr(01 ZX& 02 ZXb (01)
m. n.:
02€Sm 01E€Sn
= éﬁ Xs 02 Xa 02 XT‘ 01 Xb Jl using (38)
m! n!
02€Sy a 01E€Sn
ds d
= —=—Zml!n! 1045067
m! n!
= dd,

where d,ds are the dimensions of r and s. This proves the second property. Now that we have seen
how the projectors are used, lets construct them.

3.4.1 Construction of the projectors.

Consider the Young diagram

O(N)

O(N)

The number of boxes in this Young diagram is order O(N?). We want to construct arbitrary projectors
given that the shaded boxes are associated with Y fields and the unshaded boxes with Z fields '. The
transparent boxes are associated to S, and the shaded boxes to S,,. Given a Young diagram R, we
can divide it into r and s boxes where s are the impurities and r is what remains of R after removing
the impurities. To construct the projectors Pg (), we will need to know the possible irreducible
representations that are allowed. This is done by taking the tensor product of the shaded boxes

s=[lal]
s=L11 or S:H.

'From now on we will refer to shaded boxes as impurities.
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Having this result, we can construct the projectors following equation (3.37)

ds
PR,(T,S) = ml Z XS(U)FR<J)

’ UGSm

= S sIn(o)ls)Palo).

’ O'ESm

We identify two possible Young-Yamanouchi states |1) and |2) below

Figure 3.2: The possible Young-Yamanouchi states for operators with two impurities. The labels on
the diagonal of the Young-diagram are the Young-Yamanouchi numberings.

The positions of the boxes are specified by the column and row the box belongs to. We use ¢y, to
denote the box in column a and row b. We always take a > ¢ and b < d such that c,, > c.q- To
evaluate the relevant projectors, we will need to know the explicit form of T'r((1)) and T'r((12)).
Projectors with two impurities (m = 2) are given by

P = % [T @) TR() + LI 12) T Tr(12)|,
By= % [EWH(Q))EM(U)) + E\FH((H))EWR((H))] -

Above we have adopted the notation Pg () = P and P, = H. The action of T r(12) is

C(ab) — C

mmmmzluﬁw¢blwm

mmmm=12w¢1(lgm

(ed) ~ €(ab)

Solving these two equation, we get

mmm=iumu¢vfgw1
Cab) — C(ed) (C(ab) = C(ed))
iumw%_}mw, (3.38)
Clab) — C(cd) (C(ab) = C(cay)
TR((1) = [1)(1] + 12)(2. (3.39)
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Using the fact that the states are orthogonal i.e (|m) = (HH) = 1, we obtain

1

ds 1
Fro=—||1){1|+1|2)2| + ———|1){1| +, /1 — ——=|2)(1
= 5 I+ 2 el \/ el

1 1
_C(Cd)]2><2|+\/1—(2|1><2]] (3.40)

C(ab) — Clab) — C(cd))

and

RBy= Cﬂll)(ll +12)(2| - ;mm - \/1 - (c(ab)l)2|2><1|

(ab) ~ €(cd) ~ cd)

1 1
2] - 1 - 1 2]. 3.41
con _C(Cd)l )(2| \/ o _C(cd))Q\ )(2| (3.41)

It is simple to verify that 2

and

Further

1 1 1
Tr(Bp) = =Tr||D){1|+|12)2|+ ———|DH{1|+ /1 — ———|2)(1
(fm) = 37 0]+ ) el \/ e

1 1
1 )] [ [ — 2]
C(ab) _C(cd)| )2 \/ (c(ab) _C(cd))2’ 1
1

1 1
==Tr{{11)+2]2) + ———(1|1) + , /1 — ———= (1|2
377|010+ 22) + ) \/ et

1 1
S D Th) Y | S— 1]
Clab) _C(cd)< 2 \/ (c(ab) _C(cd))2< )

= 1T'r’ [1 +1+ ! — ! ]
2 Clab) = C(ed)  C(ab) ~ C(cd)
= 17

and

Tr(g) = 5T ) + (22) — 1) \/1 e )

Cab) — € — C(cd))?

1 1
+—22) -, /1 — —— (2|1 }
C(ab) _C(cd)< 2) \/ (C(ab) _C(cd))2< 1)

1 [ 1 1 }
=-Tr|14+1- +
2 Clab) — C(ed)  C(ab) ~ C(cd)

=1.

Again, these are the expected results.

2See appendix B for detail computations.

60



3.5 Non-Interacting Fermions

In this section we will study a system that will allow us to make the connection between non-interacting
fermions and the Schur polynomials. The system that we will consider is of a charged particle subjected
to an external magnetic field. The fermions in this system do not interact with each other. These
fermions feel the potential of a harmonic oscillator. To introduce this subject, we will first study a
single particle in a magnetic field.

3.5.1 Particle in an external magnetic field

The Hamiltonian of the one particle system that we will study is given by

H= (P +y) + (B~ o)), (3.42)

This is the Hamiltonian for an electron that is coupled to an external magnetic field in units where
the charge e, mass m, speed of light ¢ and the magnetic field B are set to unity. This can clearly be

seen from the equation
2 2
g L BY) 1 (p Br)’
2m c 2m c

To check if this Hamiltonian is coupled to external magnetic field, we will need to show that the
equations of motion reproduce the Lorentz force. Starting from Hamilton’s equations

OH

= 7= 4

7=
we find

r=P.+y, y=PFP -
Px:Py—x, Py:—Px—i—y.
Taking the second derivative of the positions and use the above results, we find
¥ =2P, - 2x = 2y, ij=—2P, — 2y = —2i. (3.44)

This is the Lorentz force, it might not look like it at first glance but once we restore e, m and B this
last expression is indeed the Lorentz force. Now let’s introducing the coordinates

z=x+iy zZ=x—1y.

0
We know that the momentum operator in position space is given by P, = —i— (where we have set

ox

h =1). We would like to write the linear combination of P, and P, in terms of our new coordinates
z and z. Doing so, we find

P, +iP, = —2@6‘1 =P, (3.45)

P, —iP, = —2@5 =P.. (3.46)
z

We can check the commutation relation [P, z] using the test function f(z)

.0
(P2l f(2) = (20,214 (2)

= (-20)( o) - 1))

— (-2i) (f(z) 2 zag(;)>

= —2if(z).
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Therefore this tells us that
[P, z] = —2i.
The commutation relation [P, Z] is given by
P2, Zg(e,2) = 205 gz,
0z

— (-20) 5 (2902 - 75.9(:,9))

. _09(2,2) _ _09(2, %)
= (=2 -
(—2i) <0 +Z 5 =9
=0. (3.47)
Using the same procedure we find that
[Ps, z] = —2i, [Ps,z] = 0. (3.48)

We therefore have the following commutation relation

[P,,z]=2i, [P,z =0 (3.49)
[Ps,2] = —2i,  [Ps,z]=0. (3.50)

Since we are dealing with harmonic oscillators, we can always write the Hamiltonian in terms of
creation and annihilation operators (ladder operators). The Hamiltonian given by (3.42) can be
written as

1
H = E(QTG + aa’). (3.51)
One can check that the creation and annihilation operators are given by

a=P,+y+i(P,—z)=P; —iz, (3.52)
al = P, +y—i(P,—x) =P, —iz. (3.53)

To check if this is correct, we plug these ladder operators into (3.51)

=
I

(Pr+y—i(Py—2)(Pr+y+i(Py—z) + (P +y+i(Py —2) (P +y—i(Py —x))

(Pe+y)* + (Py—2)* + (Po+1)° + (P — 2)?

Y

(Pt y) + (P, - xﬂ

and we see that this reproduces (3.42). Now consider the commutator of the ladder operators a and
T
a
la,al] = (P; —i2)(P, +iZ) — (P, +i2)(Ps — iz)
= I:PEPz+22+ZP§2_7IZPz:| — |:PZP5+§Z—PZZ+’L§P5
= [Pz, P;] + [z, 2] +i[P3, 2| + [Px, 2]
=04+0+i(—2) +i(—219)
=242
=4.
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Therefore, the commutator of a and a' is

la,al] = 4.

(3.54)

Our next task is to determine the ground state wave function. This is done by taking the annihilation

operator and letting it act on the vacuum state
al0) = 0.
Writing the ground state in position space as (z, z|0) = ¥y(z, z), we find
(z,2]al0) =0
(— 2 - 882 — iz)wo(z,z) =0.
This differential equation can easily be solved and the solution is given by

Yo(z,2) = f(z)e”

Sl

It is convenient to choose the basis of the (degenerate) solutions as follows

zZZ

Vi(z,2) = Nzle™ 2

(3.55)

(3.56)

(3.57)

where [ represents the state of angular momentum. The angular momentum operator is defined as

L,=2P,—yP,
(=D —id
=+(3,) (%)
AT
e o)
|z4+z /(P —P, z—zZ(P;:+ P,
:_Z[ 2 < 2 >_ % ( —9 )]

Let this operator act on the wave function ;(z, 2)

szl(Z,E)Z—i[Z;Z<PZ;PZ) _ Z‘.Z<PZ+.PZ)}wz<z,2)

21 —21

= —|2zP; — QZPZ:| Ui(z, 2)

4 L
= _?Z zZPs — zPZ] ./\/'zle_%g

—1 :, L0 L0 _zz
=5 _z(—2z)£ — z(—ZZ)&}Nz e 2

a1 -1 o 1 _z
=—|z2z'(—22) —z2lz 7" —22'(—2Z) | Ne™ 2
2 2

= 1ZNe T
= lq/)l(z,i).

(3.58)

(3.59)
(3.60)

(3.61)

(3.62)
(3.63)
(3.64)
(3.65)

(3.66)

(3.67)
(3.68)

This confirms that [ represents the eigenvalue of angular momentum. Now, lets determine the nor-
malization factor N. N is determine by using the fact that the wave function is normalized, that

1S

1—/ |2 dzdz.
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This calculation is easily done by moving to polar coordinates where z = re®?.

27 [e’e)
1=N? / / rdrdf sin Or¥e™"
0 0

= N?(27) / rdrdf sin Or2e ="
0

= N%Tl! (12”2).

To move from the second line to the third line we have used the identity

%) 2 |
T e 7 = &a%”.
0 2

The normalization factor then becomes

and the wave function is given by

(3.70)
(3.71)

(3.72)

(3.73)

(3.74)

(3.75)

Now that we have understood the single particle in an external magnetic field, we will now study N

particles.

3.5.2 N particles in an external magnetic field

Focus on N = 4 and recall that we are dealing with fermions, which have distinct states. The ground
state has one particlein [ =0, oneinl =1, onein ! =2, one in [ = 3. Working in z coordinates, we

write the anti-symmetric wave function between the 4 particles as

wo<z1> Y1(21) Y2(z1) ¥s(21)
) _ _ _ Yo(22) ¥1(z2) va(22) t3(22)
21y 215 22, 724 23, 23, 24y 2 )
o,1.2.3(21, 21, 22, 22, 23, 23, 24, Z4) = Vo(2s) Unlzs) ta(zs) ws(zs)
Yo(z4) ¥1(za) Pa(24) t3(24)
Using (3.75), this reduces to
1z 22 2
_ _ _ _ - 1 z92 Z% Zg z121+2929+2323+24%24
Y0,1,2,3(21, 21, 22,22, 23, 23, 24, Z4) = |z 2 s e 2
1 oz 23 23
z121+2929+2323+2424
= (2’2 - Z1)(23 - 2’1)( Z3 — 22 ( 24 — 2’1)(24 - 22)(24 - 23)6 = 7
Now lets excite each particle by one. This will give
P1(z1) Ya(z1) Y3(z1) Ya(z1)
_ _ _ _ P1(z2) pa(z2) 3(z2) Ya(22)
21,21, 29,70, 23, 23, 24, Z4) =
Y1.23.4(21, 21, 22,22, 23, 23, 24, Z4) Ui(z) t(zs) Walz3) valzs)
VY1(za) V2(za) ¥3(za) va(za)
R
29 Z% Z% Z% Z1Z1t29Zyt2323+24%4
=1, 2 3 _4|¢€ 2
3 23 %3 %3
24 22z 2§
z1Z1+29%9+2323+2424
= (20 — 21)(23 — 21)(23 — 22) (24 — 21) (24 — 22) (24 — 23)21222324€ 2
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We want to compare these wave functions to Schur polynomials. We choose the basis where Z is
diagonal

2 0 0 0

1o oz 0 0
Z=10 0 s o (3.76)

0 0 0 z

Exciting each particle corresponds to a Schur polynomial labelled by a Young diagram with one box

in each row of the Young diagram, R = E The Schur polynomial XE(Z ) is given by

XE(Z) = % (T?”(Z)4 — 6Tr(2)*Tr(Z%) + 8Tr(Z2)Tr(Z3) 4 3Tr(Z*)Tr(Z?) — TT(Z4)>

— Z1%9%3%4.

In general there is clear relationship between the wave function of the fermions and the Schur poly-
nomial. The relationship for the example we study is

1,2,34(21, 21, 22, Z2, 23, 23, 24, Z4) = XE(Z)¢0,1,2,3(2’1, Z1, 22, %2, 21, 21, 21, 21).-

As a second example consider the case where we excite only the first 3 particles. Our wave function
becomes

Yo(z1) a(z1) 3(z1) va(z1)
) _ _ _\ _ |Yo(z2) t2(z2) vs(22) tha(ze)
Vozaalen 21,22, 22,28, 23, 20, 20) = Yo(23) 2(z3) P3(23) ta(zs)
Yo(za) 2(za) 3(za) Ya(z4)
1 22 2 2t
. 1 Z% Z% Z% 2151+222242r2353+2424
Tl 22 23 2 €
1 22 2z} 2
=(22 — 21)(23 — 21)(23 — 22) (24 — 21) (24 — 22)(24 — 23)

z121+z222+z323+z4i4
X (292324 + 212324 + 212224 + 212223)€ 2

Since we excite 3 particles the Schur polynomial becomes

XE(Z) = % <Tr(Z)3 —3Tr(2)Tr(Z%) + 2Tr(Z3)> (3.77)
= (202324 + 212324 + 212224 + 212223). (3.78)

Therefore
o,2,3.4(21, 21, 22, 22, 23, 23, 24, Z4) = XE(Z)¢0,1,2,3(21, Z1, 22, %2, 23, 23, %4, Z4).- (3.79)

If we denote the row length of r by r;, the general rule is

Y0 try, 143,240,341 (21, 21, 22, 22, 23, 23, 24, 24) = Xr(Z)00,1,2,3(21, 21, 22, 22, 23, 23, 24, Z4). (3.80)

3.5.3 State operator correspondence

We compute correlators using the formula

(o) = /[dZdZT]eT“ZZ*) . (3.81)

65



where Z is an N x N matrix. Using a change of coordinates we can write this integral in terms of the
eigenvalues of Z as

N
/[dZdZT]e_TT(ZZT) e /H dzidz;J(z,Z)e” 25 %5% ...
=1

where the Jacobian above can be expressed as >

J=A(2)A(2), and AN =[] -A). (3.82)
1<J

Now we want to show that the two point function of Schur polynomials is equal to the overlap of
fermion wave functions. The connection is

N
- / [[ dzidzA(z)A(z)e =i 5% xp(2)xs(2D). (3.83)
1=1

The fermion wave function in (3.80) can be written as
zZ Z ) = DVA(2)e" 2 2 %% 4
¢0+RN,1+RN,1,2+RN,2,3+RN,3,~--,N—1+R1 (21,21,22,22, e 7ZN7'ZN) - XR( ) (2)6 7 . (38 )

Then we find

N
<XR(Z)XS(ZT)> = / H dzidziwo‘i'RNvl‘i‘RNfl 22+RN_2,3+RN 3, ,N—1+Ry /liz)g-‘rSN,l-‘rSN,l,2+SN72,3+SN73,'~ JN—14S51"
=1

(3.85)

To illustrate this last equation, we will consider an example.

Example: correlators and overlaps

1]
Here we will compute the two point function of (xzr(Z")xr(Z)) where R = EjJ of (3.85). First, let
write the ground state wave function as

7;93(217 21, 5 2N, ZN) = 6a1a2"'an1/~}0(za1 ) fal)I,ZJl(Z@, Zaz) o '&N—l(zan ZaN) (3'86)

l

where 1[1;(2:, Z) ==z e~ . Lets first compute the normalization of this ground state

N
1= N2 / H dZidZi’ngs(zl, 21, 4 ZN, ZN)1ZJ;S(21, Z1," " yZN, ZN) (3.87)
i=1
N N
= NN [ [ dzidz [ 1hj-1(25, %) (3.88)
i=1 j=1
N
= NN ! (3.89)
7=0

which tells us that the normalization is given by
1 1
N=—u—o—.
N .
VNIt

3See appendix C for the derivation of this Jacobian.

(3.90)
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Now that we have the normalization, we can compute the overlaps of our choice. The wave function
that will correspond to an arbitrary Young diagram R is given by

&R(zlv Tt ZN) = 6a1a2---an1/;0+RN (Za1 ) 201)1/;1+RN_1 (Zaz) Z112) T IZJN*1+R1 (’ZCLN7 ZCLN)‘ (391)

The correlation function of Schur polynomials is given by

N
- 1 -
Galdn) = y— [ [Tdsdaline - )P (392)
Hj:OJ‘ i=1
1 N ~ ~ ~
= =N " /H dzid2i|w0+RN (Za172a1)|2’¢1+RN_1 (2az, gaz)yz e YN-1eR, (ZaN7 ZGN)P
[li=od!/ i
(3.93)
N—-1,.
Ry_;)!
_ M (3.94)
=0 J:
1]
Specialize to our original example where R = EjJ and take N = 7. From this Young diagram, we

have the row length R; = 4, which correspond to the number of boxes in the first row of R. The other
row lengths are given by Ro =3, R3 =2, Ry =1,R5 =0, Rg = 0, R = 0. This correlator is evaluated
to be

j=0 Jt
. 0+ R)!(1+Re)!' (24 Rs)!' (3+ Ry)! (4+ R3)! (5+ R2)! (6 4+ Ry)!
0! 1! 2! 3! 4! 5! 6!
416! 8!10!
~ 314150 6
=(4)-(6-5)-(8-7-6)-(10-9-8-7). (3.95)

Recall that the 2-point function of the Schur polynomials is given by

(Xr(Z")xr(Z)) = fr (3.96)
= () = NN+ D)(N +2)(N+3) - (N = )N(N+1)- (N —2)(N—1)- (N —3) (3.97)

=(7-8-9-10)-(6-7-8)-(5-6) - 4. (3.98)

To move from the second line to the third line we set N = 7. We see that (3.95) and (3.98) are the
same and this verifies that (3.85) holds for this example. This results tells us that for every operator
i.e Schur polynomial, there is a corresponding state (fermion wave function). Computing correlators
of operators maps into computing overlaps of the states.

3.5.4 Correspondence between row lengths and the eigenvalues

Recall that the matrix Z has a total of N eigenvalues and the Schur polynomial has a total of N
rows. Our goal here is map the eigenvalues into row lengths of the Young diagram which labels the
Schur polynomial. It is known that the row length determine the angular momenta of the fermions
according to

and each eigenvalue is the coordinate of the particle. In the large N limit the variance of the eigenvalues
vanishes, so each eigenvalue takes on a definite value. Using the rules of quantum mechanics we can
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compute this value of the eigenvalue by computing the expected value of zz. This is done by using

Dz, 7) = e F = (2, Zh).

Computing (¢;|2z|vy;) we get

(Yilz2]n) = /OO dzdzyy 2z

o0

1 > .
= dzdzz*le |z |?
7l )
1 27 r 5
= / rsin 0dOdrr®'r2e™"
T 0 0
2 [T 2
_ T drr2l+3e r
T 0

-2 Gr(z + z)>

:Z(i(zﬂ)!)
—lt1

(3.100)

(3.101)

The Schur polynomial corresponds to some definite state of the large N theory. The large N state
will have a definite eigenvalue distribution associated with it. The eigenvalues and the row lengths

give the same information.

3.6 Generalizing to 2 matrices

Our goal here is to go beyond one matrix which will allow us to go beyond the 1/2 BPS sector. We
approach this problem on the field theory side by using the restricted Schur polynomial operators.

3.6.1 BPS Operator for two matrices

We consider a local gauge invariant operator that is constructed using the m Y fields and n Z fields.

Any such operator can be written as a sum of terms of the form

TT(UY®my®n) = Y;il . Yim Zimt1 | glimin
a(1) to(m) lo(m+1) Lo (m+n)

Recall that the restricted Schur polynomial is

1
n!m/!

Y XR(r)as ()T (@Y O Z)

UESn-Hn

XR,(r,s)ag (27 Y) =

and that Tr(cZ®"Y®™) can be written as

Tr(cZ®"Y®¥™) = >

drn!m! _
)|XT,(t,u)a5(U XT (s (Z:Y)
T,(t,u)ap '

didy(n+m
where X7,(tu),4 (071) is the restricted character, which can be written as

XR,(r9)as (0) = TT(Pr r.5),,, 7 (o)

where the intertwining map is

Prrsyas = Lr® Y _|s,a;0)(s, a3 .
a
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(3.103)

(3.104)

(3.105)
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BPS operators can be represented in terms of Gauss graphs and they correspond to the Gauss graphs
with open strings that loop back to the same giant. Using the language of restricted Schur polynomials
labelled by Young diagram, the Gauss graph operator is given by

|H| (S -1 —1
Ofplo) = 32D D VAT (@B B On 1), (3.107)
J k skm pa,p2
where |H| is given by
H:SmlxstXSm

P

and
(s s—1 s—1
|H| ST () =D BB (3.108)
veH H
Notice that the LHS looks like a projector for character x(y) = 1, that is

|H|Z L) = |H|ZlF

yeH yeEH
Jk-

We will work out an example that will allow us to illustrate this last equation.

Example:lele for two rows with m; =2 and ms =1

Consider the case where we have a Young diagram with two impurities in the first row and one impurity
in the second row i.e m; = 2 and my = 1.

[ ] ]
* (3.109)
For this case |H| is given by
H = 5,, X Sn,
= SQ X Sl
={L, (12)} x {I}
={L,(12)}. (3.110)

Picking s = H this Young diagram has two Young-Yamanouchi states which are

3]1] 3]2]
1) =12, 2) =11

Now the LHS of (3.108) gives
1[ D m 1l /10 -1 B
51“ (I)+T (12)}—2[<0 1)+<\§ i

1/(1 3
= \3?: % .
2 22
This final expression is the projector, it satisfy both the projector properties which are

P =P, Tr(P)=1.

To find the vector Bj:lH , we will solve
Plv) = |v).
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Choosing the vector to be [Z] , we have

(4 BB
2\¥3 3 ) |b b
2 2
Solving this we get
V/3b
a=—
3
V/3b
and the vector becomes Z . Using the fact that this vector is normalized we have
2
3b P C I
9
y_ V3
2
and
1
2
This vector is the branching coefficient
1 1
s— 2
B;, "= [\/5] . (3.111)
2
One can easily check that
|v)(v] = P.

The BPS Gauss graph operators correspond to o = 1. Using this we can write (3.107) as
Of (o) = O (1)

R,r,m
H
- LSS Y VAT B O,

' 7,k skm p1,p2

H
LSS S VB B O,

' g,k skm opa,p2

H
— LS S VB B O

j k skm p1,p2

— LY VO

sFm w

On the third line we used
s—1 s—1
Bkul HBk;Lg = 0p1ps-

This completes our discussion of the BPS operators. In the next chapter we will motivate a description
of these BPS operators in terms of the eigenvalues of the Z and Y matrices.
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Chapter 4

Eigenvalue Dynamics for Multimatrix
Models

4.1 Motivation

The large N expansion continues to be a promising approach towards the strong coupling dynamics
of quantum field theories. For example, 't Hooft’s proposal that the large IV expansions of Yang-Mills
theories are equivalent to the usual perturbation expansion in terms of topologies of worldsheets in
string theory[4] has been realized concretely in the AdS/CFT correspondence[l]. Besides the usual
planar limit where classical operator dimensions are held fixed as we take N — 0o, there are non-planar
large N limits of the theory [11] defined by considering operators with a bare dimension that is allowed
to scale with N as we take N — co. These limits are also relevant for the AdS/CFT correspondence.
Indeed, operators with a dimension that scales as N include operators relevant for the description of
giant graviton branes[12, 13, 14] while operators with a dimension of order N? include operators that
correspond to new geometries in supergravity[10, 8, 9]. These convincing motivations have motivated
sustained study of large N field theory. Despite this, carrying out the large N expansion for most
matrix models is still beyond our current capabilities.

One class of models for which the large IV expansion can be computed are the singlet sector of matrix
quantum mechanics of a single hermitian matrix[15]. We can also consider a complex matrix model as
long as we restrict ourselves to potentials that are analytic in Z (summed with the dagger of this which
needs to be added to get a real potential) and observables constructed out of traces of a product of Zs
or out of a product of ZTs[16]. In these situations we can reduce the problem to eigenvalue dynamics.
This is a huge reduction in degrees of freedom since we have reduced from O(N?) degrees of freedom,
associated to the matrix itself, to O(N) eigenvalue degrees of freedom. Studying saddle points of the
original matrix action does not reproduce the large N values of observables. This is a consequence
of the large number of degrees of freedom: we expect fluctuations to be suppressed by 1/N? so that
if N2 variables in total are fluctuating, then we can have fluctuations of size 1/N? x N? ~ 1 which
are not suppressed as N — oco. In terms of eigenvalues there are only IV variables fluctuating so that
fluctuations are bounded by N x 1/N? ~ 1/N which vanishes as N — oo. Thus, classical eigenvalue
dynamics captures the large N limit. For example, one can formulate the physics of the planar limit
by using the density of eigenvalues as a dynamical variable. The resulting collective field theory de-
fines a field theory that explicitly has 1/N as the loop expansion parameter[17, 18]. It has found both
application in the context of the ¢ = 1 string[19, 20, 21] and in descriptions of the LLM geometries[22].

Standard arguments show that eigenvalue dynamics corresponds to a familiar system: non-interacting
fermions in an external potential[15]. This makes the description extremely convenient because the
fermion dynamics is rather simple. This eigenvalue dynamics is also a natural description of the large
N but non-planar limits discussed above. Giant graviton branes which have expanded into the AdS5
of the spacetime correspond to highly excited fermions or, equivalently, to single highly excited eigen-
values: the giant graviton is an eigenvalue[13, 9]. Giant graviton branes which have expanded into

71



the S° of the spacetime correspond to holes in the Fermi sea, and hence to collective excitations of
the eigenvalues where many eigenvalues are excited[9]. Half-BPS geometries also have a natural inter-
pretation in terms of the eigenvalue dynamics: every fermion state can be identified with a particular
supergravity geometry[8, 9]. The map between the two descriptions was discovered by Lin, Lunin
and Maldacena in [10]. The fermion state can be specified by stating which states in phase space are
occupied by a fermion, so we can divide phase space up into occupied and unoccupied states. By
requiring regularity of the corresponding supergravity solution exactly the same structure arises: the
complete set of regular solutions are specified by boundary conditions obtained by dividing a certain
plane into black (identified with occupied states in the fermion phase space) and white (unoccupied
states) regions. See [10] for the details.

Our main goal in this chapter is to ask if a similar eigenvalue description can be constructed for
a two matrix model. Further, if such a construction exists, does it have a natural AdS/CFT inter-
pretation? Work with a similar motivation but focusing on a different set of questions has appeared
in[23, 24, 25, 26, 27]. We will consider the dynamics of two complex matrices, corresponding to the
SU (2) sector of N = 4 super Yang-Mills theory. Further, we consider the theory on R x S? and expand
all fields in spherical harmonics of the S3. We will consider only the lowest s-wave components of
these expansions so that the matrices are constant on the S2. The reduction to the s-wave will be
motivated below. In this way we find a matrix model quantum mechanics of two complex matrices.
Expectation values are computed as follows

()= / [dZdZdYdYT)e ... (4.1)

At first sight it appears that any attempts to reduce (4.1) to an eigenvalue description are doomed
to fail: the integral in (4.1) runs over two independent complex matrices Z and Y which will almost
never be simultaneously diagonalizable. However, perhaps there is a class of questions, generalizing
the singlet sector of a single hermitian matrix model, that can be studied using eigenvalue dynamics.
To explore this possibility, let’s review the arguments that lead to eigenvalue dynamics for a single
complex matrix Z. We can use the Schur decomposition[16, 28, 29],

Z=U'DU (4.2)

with U a unitary matrix and D an upper triangular matrix, to explicitly change variables. Since we
only consider observables that depend on the eigenvalues (the diagonal elements of D) we can integrate
U and the off diagonal elements of D out of the model, leaving only the eigenvalues. The result of
the integrations over U and the off diagonal elements of D is a non trivial Jacobian. Denoting the
eigenvalues of Z by z;, those of Z1 are given by complex conjugation, . The resulting Jacobian !
is[16]

J=A(2)A(2) (4.3)
where
1 1 1
Z Z o« . Z
Alz) — 1 2 N

Aty

N

i>k

is the usual Van der Monde determinant. A standard argument now maps this into non-interacting
fermion dynamics[15]. Trying to apply a very direct change of variables argument to the two matrix

'The alternative derivation of this Jacobian is found in appendix C
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model problem appears difficult. There is however an approach which both agrees with the above
non-interacting fermion dynamics and can be generalized to the two matrix model. The idea is to
construct a basis of operators that diagonalizes the inner product of the free theory. The construction
of an orthogonal basis, given by the Schur polynomials, was achieved in [8]. Each Schur polynomial
Xr(Z) is labelled by a Young diagram R with no more than N rows. In [8] the exact (to all orders in
1/N) two point function of Schur polynomials was constructed. The result is

(xr(Z)xs(Z") = frors (4.5)

where all spacetime dependence in the correlator has been suppressed. This dependence is trivial as it
is completely determined by conformal invariance. The notation fr denotes the product of the factors
of Young diagram R. Remarkably there is an immediate and direct connection to non-interacting
fermions: the fermion wave function can be written as

Ur({z,5}) = XR(Z)A(2)e 2 2%, (4.6)
This relation can be understood as a combination of the state operator correspondence (we associate
a Schur polynomial operator on R* to a wave function on R x S3) and the reduction to eigenvalues
(which is responsible for the A(z) factor)[9]. In this map the number of boxes in each row of R
determines the amount by which each fermion is excited. In this way, each row in the Young diagram
corresponds to a fermion and hence to an eigenvalue. Having one very long row corresponds to exciting
a single fermion by a large amount, which corresponds to a single large (highly excited) eigenvalue.
In the dual AdS gravity, a single long row is a giant graviton brane that has expanded in the AdSs;
spacetime. Having one very long column corresponds to exciting many fermions by a single quantum,
which corresponds to many eigenvalues excited by a small amount. In the dual AdS gravity, a single
long column is a giant graviton brane that has expanded in the S® space.

The first questions we should tackle when approaching the two matrix problem should involve op-
erators built using many Z fields and only a few Y fields. In this case at least a rough outline of
the one matrix physics should be visible, and experience with the one matrix model will prove to be
valuable.

1 2

3 4

Figure 4.1: An example of a graph labelling an operator with a definite scaling dimension. Each node
corresponds to an eigenvalue. Edges connect the different nodes so that the eigenvalues are interacting.

For the case of two matrices we can again construct a basis of operators that diagonalize the free field
two point function. These operators xg, (rs)ap(Z,Y) are a generalization of the Schur polynomials,
called restricted Schur polynomials[30, 31, 32]. They are labelled by three Young diagrams (R, s)
and two multiplicity labels (a,b). For an operator constructed using n Zs and m Ys, R - n + m,
r Fn and s - m. The multiplicity labels distinguish between different copies of the (r,s) irreducible
representation of .S, x Sy, that arise when we restrict the irreducible representation R of Sy 4y, to the

Sn X Sp, subgroup. The two point function is
hooksg

Ty —
<XR,(r,s)ab(Za Y)XT,(t,u)cd(Z Y )> - fR hooks, hooks, ORTOrt0su0acObd (47)
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where fr was defined after (4.5) and hooks, denotes the product of the hook lengths associated to
Young diagram a. These operators do not have a definite dimension. However, they only mix weakly
under the action of the dilatation operator and they form a convenient basis in which to study the
spectrum of anomalous dimensions[33]. This action has been diagonalized in a limit in which R has
order 1 rows (or columns), m < n and n is of order N. Operators of a definite dimension are labelled
by graphs composed of nodes that are traversed by oriented edges[34, 35]. There is one node for
each row, so that each node corresponds to an eigenvalue. The directed edges start and end on the
nodes. There is one edge for each Y field and the number of oriented edges ending on a node must
equal the number of oriented edges emanating from a node. See figure 1 for an example of a graph
labelling an operator. This picture, derived in the Yang-Mills theory, has an immediate and compelling
interpretation in the dual gravity: each node corresponds to a giant graviton brane and the directed
edges are open string excitations of these branes. The constraint that the number of edges ending
on a node equals the number of edges emanating from the node is simply encoding the Gauss law
on the brane world volume, which is topologically an S3. For this reason the graphs labelling the
operators are called Gauss graphs. If we are to obtain a system of non-interacting eigenvalues, we
should only consider Gauss graphs that have no directed edges stretching between nodes. See figure
2 for an example. In fact, these all correspond to BPS operators. We thus arrive at a very concrete
proposal:

—_—

Figure 4.2: An example of a graph labelling a BPS operator. Each node corresponds to an eigenvalue.
There are no edges connecting the different nodes so that these eigenvalues are not interacting.

If there is a free fermion description arising from the eigenvalue dynamics of the two
matrix model, it will describe the BPS operators of the SU(2) sector.

The BPS operators are associated to supergravity solutions of string theory. Indeed, the only one-
particle states saturating the BPS bound in gravity are associated to massless particles and lie in the
supergravity multiplet. Thus, eigenvalue dynamics will reproduce the supergravity dynamics of the
gravity dual.

The BPS operators are all constructed from the s-wave of the spherical harmonic expansion on S3[9].
This is our motivation for only considering operators constructed using the s-wave of the fields Y
and Z. One further comment is that it is usually not consistent to simply restrict to a subset of the
dynamical degrees of freedom. Indeed, this is only possible if the subset of degrees of freedom dynam-
ically decouples from the rest of the theory. In the case that we are considering this is guaranteed to
be the case, in the large N limit, because the Chan-Paton indices of the directed edges are frozen at
large N [34].

We should mention that eigenvalue dynamics as dual to supergravity has also been advocated by
Berenstein and his collaborators[36, 37, 38, 39, 40, 41, 42]. See also [43, 44, 45, 46] for related studies.
Using a combination of numerical and physical arguments, which are rather different to the route we
have followed, compelling evidence for this proposal has already been found. The basic idea is that
at strong coupling the commutator squared term in the action forces the Higgs fields to commute and
hence, at strong coupling, the Higgs fields of the theory should be simultaneously diagonalizable. In
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this case, an eigenvalue description is possible. Notice that our argument is a weak coupling large N
argument, based on diagonalization of the one loop dilatation operator, that comes to precisely the
same conclusion. In this chapter we will make some exact analytic statements that agree with and,
in our opinion, refine some of the physical picture of the above studies. For example, we will start to
make precise statements about what eigenvalue dynamics does and does not correctly reproduce.

4.2 Eigenvalue Dynamics for AdS;xS°

To motivate our proposal for eigenvalue dynamics, we will review the %—BPS sector stressing the logic
that we will subsequently use. The way in which a direct change of variables is used to derive the
eigenvalue dynamics can be motivated by considering correlation functions of arbitrary observables
.-+ that are functions only of the eigenvalues. Because we are considering BPS operators, correlators
computed in the free field theory agree with the same computations at strong coupling[47], so that we
now work in the free field theory. Performing the change of variables we find

() = /[dZdZT]eTrZZT‘--

N
= /H dzdzie™ 2k %k A(2)A(Z) - - -

i=1
N
— [Tl szl zDP
i=1
where the groundstate wave function is given by

bas ({20, 2:}) = A(z)e2 Ti%i%, (4.8)

We will shortly qualify the adjective “groundstate”. Under the state-operator correspondence, this
wave function is the state corresponding to the identity operator. The above transformation is equiv-
alent to the identification

N
[dZ)e~2 ™20 o T dzs vhas({ 21, 22))- (4.9)
i=1
The role of each of the elements of the wave function is now clear:

1. Under the state operator correspondence, dimensions of operators map to energies of states.
The dimensions of BPS operators are not corrected, i.e. they take their free field values. This
implieslan evenly spaced spectrum and hence a harmonic oscillator wave function. This explains
the e~ 22 %% factor. It also suggests that the wavefunction will be a polynomial times this
Gaussian factor.

2. There is a gauge symmetry Z — UZU' that is able to permute the eigenvalues. Consequently
we are discussing identical particles. Two matrices drawn at random from the complex Gaussian
ensemble will not have degenerate eigenvalues, so we choose the particles to be fermions. This
matches the fact that the wave function is a Slater determinant.

The wave function (4.8) satisfies these properties. Further, if we require that the wavefunction is a
polynomial in the eigenvalues z; times the exponential e~ 3% %% then (4.8) is the state of lowest
energy (we did not write down a Hamiltonian, but any other wave function has more nodes and hence
a higher energy) so it deserves to be called the ground state. The wave function (4.8) is the state
corresponding to the AdSsxS® spacetime in the %—BPS sector.

The above discussion can be generalized to write down a wave function corresponding to the AdSsxS°
spacetime in the SU(2) sector. The equation (4.9) is generalized to

N
[dZdY]e 2™ (22D -3 Tr(YYT) _, H dzidy; Wes({zis Zi, Yis Ui})- (4.10)
i=1
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The wave function must obey the following properties:

1. Our wave functions again describe states that correspond to BPS operators. The dimensions of
the BPS operators take their free field values, implying an evenly spaced spectrum and hence
a harmonic oscillator wave function. This suggests the wave function is a polynomial times the
Gaussian e~ 2 2i %% =3 Li¥ili factor.

2. There is a gauge symmetry Z — UZUT and Y — UY U that is able to permute the eigenvalues.
Consequently we are discussing N identical particles. Matrices drawn at random will not have
degenerate eigenvalues, so we choose the particles to be fermions. Thus we expect the wave
function is a Slater determinant.

We are working within the AdS/CFT correspondence. Our main goal is to understand how geometry
in the dual gravity theory emerges. We expect a smooth geometry with small curvature emerges in
the strongly coupled limit of the CFT. Correlators of operators belonging to the BPS sector of N' = 4
SYM take their free field values even in the strong coupling limit[47]. Thus, although we study the
free field theory our intuition should come from the dual gravity. In the free field theory the eigenvalue
density is expected to have a U(1)xU(1) symmetry (as in (4.18)). This follows simply by integrating
over the non-eigenvalue degrees of freedom in the Gaussian two matrix model. The strong coupling
answer, where we again integrate over the non-eigenvalue degrees of freedom of the two matrices, but
now in the strong coupling limit, will not match this free matrix model. It will match the dual gravity.
In the AdS5xS® geometry we have an SO(6) isometry of the S°, which acts in the dual field theory
as SO(6) rotations of the six adjoint scalars of N' = 4 SYM (see (4.69)). These are R symmetry
rotations. When we restrict to the eigenvalues of Z and Y, we reduce this to an SO(4) symmetry.
Since the geometry should emerge from the eigenvalues[36], this symmetry should manifest in the
single eigenvalue probability density. This leads us to the last property we impose on our theory:

3. The probability density associated to a single particle pgs(21,Z1,%1,91) must have an SO(4)
symmetry, i.e. it should be a function of |z |? + |y;|2.

The single particle probability density referred to in point 3 above is given, for any state W ({z;, Z;, ¥, Ui })
as usual, by

N
pz1, 21,91, 1) = /Hdzidzidyidyi’ql({ziaZi7yiayi})‘Q' (4.11)
i=2
There is a good reason why the single particle probability density is an interesting quantity to look at:
at short distances the eigenvalues feel a repulsion from the Slater determinant, which vanishes when
two eigenvalues are equal. At long distances the confining harmonic oscillator potential dominates,
ensuring the eigenvalues are clumped together in some finite region and do not wander off to infinity.
In the end we expect that at large N the locus where the eigenvalues lie defines a specific surface,
generalizing the idea of a density of eigenvalues for the single matrix model. This large N surface is
captured by p(z1, Z1,y1,91). We will make this connection more explicit in a later section.

There appears to be a unique wave function singled out by the above requirements. It is given
by

Wae({2i, 2,y Bi}) = N Az, y)e ™2 Dx 4575 Zaonie (4.12)
where
y{v—1 yév_l ] y]z\\;—1
21y 2yp - aNyN 2
Alz,y) = :
Z{V_le év_2y2 2]]\\; YN
Z{V_l zév_l zx_l




N

— e - (419

J>k

generalizes the usual Van der Monde determinant and N is fixed by normalizing the wave function.
Normalizing the wave function in the state picture corresponds to choosing a normalization in the
original matrix model so that the expectation value of 1 is 1. In the next section we will discuss the
proposal (4.12) with a special emphasis on the symmetries realized by this wavefunction. As we will
review, a wave function given as a product of Van der Monde determinants is also a natural guess.
We will argue that (4.12) realizes more symmetries than a product of Van der Monde determinants
does. We will then use the wave function to compute correlators. Surprisingly, for a large class of
correlators the wave function (4.12) gives the exact answer.

4.3 Symmetries of the AdS;xS® Wavefunction

The original two (complex) matrix model enjoys an SO(4) ~ SU(2)r, x SU(2)r symmetry. Indeed,
the generators

JR = Zijagij - ija%j + Ym% - Yiz‘a;},

JE = Eja%j_zih?lfam JR:ZJJ'(;U_Y%Z/

o=z, agw Zjazzj i aqu +Y] 3;}’

JE Yzja;@ Zij@laﬁ-j JL = ija;; - ijagija (4.14)

annihilate Tr(ZZ") + Tr(YYT). The above SO(4) symmetry can also be realized at the level of the
eigenvalues. In this case, the generators are

R R
3 - 7 82’1‘ (3 82@‘ yz ayl yz agZ 9
0 0 0
JR = i~ — R§ JR__z *_iia
+ Yoz “ogi - " ey Yoz
P R A
B Moy Toz vi yi vi %@i7
0 0
JL = Yi— —Z; JL: Zi — Yi=—- 4.15
+ Y 0z; ‘ yi -7 0Yi Y 0z; (4.15)
It is simple to verify that
JEWos ({20, 20, vi, Ui }) = T2 Vs ({20, 2y vi, Ui }) = JEVes ({2, Zi, vi, Gi}) = 0 (4.16)
so that the wave function is manifestly invariant under SU(2)r. Further, since
Jflpgs({zhzivy%gi}) = N(N_ 1) \I’gs({zivii,yiv?jz‘}) (417)

it transforms covariantly under U (1) C SU(2)g generated by J£. Thus, in summary, out of the original
SO(4) symmetry, the wave function is invariant under SU(2), and covariant under a U(1) C SU(2)xg.
Since we will restrict to the subset of BPS operators that are holomorphic in Y and Z, this is the
biggest symmetry we should expect.

A few comments are in order. If the interaction is switched off, the system is invariant under separate
U(N) actions on Z and Y. Thus, in this case, the model has a U(N) x U(N) symmetry. If we restrict
ourselves to correlators of operators that never have Y's and Zs in the same trace, the wave function

Wyant = NA(2)A(y)e 2 X5 +0i0) (4.18)
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will reproduce the exact values for all correlators. Notice that this wave function is covariant under
U(l), x U(1)g € SU(2)1, x SU(2)g generated by J& and JE, i.e. it has less symmetry than (4.12).
Further, if we consider correlators of operators that include products of Z and Y matrices the sym-
metry is broken to U(N). The integration over the non-eigenvalue degrees of freedom is nontrivial,
but the result will again be a polynomial in the eigenvalues. The precise form of the polynomial will
depend on the choice of operators in the correlator and we will not get a simple rule for translating a
specific operator. In the next section we will show that using (4.12), we will in fact obtain a simple rule
for translating a specific operator into the eigenvalue language and the translation will not depend on
the choice of the other operators in the correlator. For these reasons, we do not discuss Wy gy further.

To end this section we consider the location of the zeros of (4.12). For each eigenvalue we have a vector
with coordinates (z;,%;) on C2. Physically we expect that the wave function must vanish whenever
n > 1 eigenvalues coincide, leading to an enhanced symmetry of the joint eigenvalue configuration[36].
The wave function vanishes whenever the vectors associated to two distinct eigenvalues are parallel,
i.e. whenever (z,y;) = A(2j,y;). If A # 1 the eigenvalues are not coincident, there is no enhanced
symmetry of the joint eigenvalue configuration and physically there is no reason why such an eigen-
value configuration should be weighted with zero. Thus, there are more zeroes than what we expect.
Clearly then (4.12) will get various things wrong, but given that it realizes more symmetries that
Wyam, it may be good enough for some computations. We will confirm this in the next section by
showing that this wave function reproduces the correct exact answer for a large class of matrix model
correlators.

Finally, note that it is useful to think of the wave function as a function of two points in CP' x C¥,
with (z;,y;) simultaneously the coordinates of a point and the affine coordinates of the projective
sphere base. With this interpretation, the singularities are associated with points coinciding in the
base which is physically more sensible.

4.4 Correlators

In this section we will provide detailed tests of this wave function by computing correlators with the
wave function and comparing them to the exact results from the matrix model. The comparison is
accomplished by using the equation

N
/[deZdYTdZT]e“<ZZ*>“<YY*> = /H dzidZidy;dys| W gs ({21, Zi, yi, Gi )| -+ (4.19)
i=1

to compute correlators of observables (denoted by --- above) that depend only on the eigenvalues.
We have already argued above that we expect that the observables that are correctly computed using
eigenvalue dynamics are the BPS operators of the CFT. As a first example, consider correlators of
traces Oy = Tr(Z”). These can be computed exactly in the matrix model, using a variety of different
techniques - see for example [16, 48, 28]. The result is

1 r(J+N) N!

(T2 T(2)) = 775 (N—D!  (N—J—1) (4.20)

if J < N and

(Te(27YTe(21)) = Jilw (4.21)

if J > N. These expressions could easily be expanded to generate the 1/N expansion if we wanted
to do that. We would now like to consider the eigenvalue computation. It is useful to write the wave
function as
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—-N 0,N-1 k—1, N—k

— — Z(l ya Za> ya
)\ s\ %15 2y Uiy Yi - 6a1a2 an = k k
({0 20w Uid) = JON 11 (k- DI(N — k)
Z(le_lyg 1 s 1 =
_FaN JaN =52 4%a%q—5 2oqYaa (4.22)
(N —1)l0!

The gauge invariant observable in this case is given by
Tr(Z)Te(ZV) =) 2 ) 7. (4.23)
It is now straightforward to find

N N N
B B _ _ _ 1 (J+ N)!
/Hdzidzidyidyi’qjgs({ziyZiuyiyyi})|2ZZ{']Z ] = Tri(N—D) (4.24)
i=1 i=1  j=1 )

When evaluating the above integral, only the terms with ¢ = j contribute. From this result we see
that we have not reproduced traces with J < N correctly - we don’t even get the leading large NV
behaviour right. We have, however, correctly reproduced the exact answer (to all orders in 1/N) of
the two point function for all single traces of dimension N or greater. For J > N there are trace
relations of the form

T(Z7) = > ¢y xTr(Z)Te(Z7) - Tx(2Z") (4.25)

i, y.sk < Nand i+ j+---+k = J. The fact that we reproduce two point correlators of traces
with J > N exactly implies that we also start to reproduce sums of products of traces of less than NV
fields. This suggests that the important thing is not the trace structure of the operator, but rather
the dimension of the state.

The fact that we only reproduce observables that have a large enough dimension is not too surprising.
Indeed, supergravity can’t be expected to correctly describe the back reaction of a single graviton or
a single string. To produce a state in the CFT dual to a geometry that is different from the AdS
vacuum one needs to allow a number of giant gravitons (eigenvalues) to condense. The eigenvalue
dynamics is correctly reproducing the two point function of traces when their energy is greater than
that required to blow up into a giant graviton.

With a very simple extension of the above argument we can argue that we also correctly reproduce
the correlator (Tr(Y/)Tr(Y)) with J > N. A much more interesting class of observables to consider
are mixed traces, which contain both Y and Z fields. To build BPS operators using both Y and Z
fields we need to construct symmetrized traces. A very convenient way to perform this construction
is as follows

J! ON" i

The normalization up front is just the inverse of the number of terms that appear. With this normal-
ization, the translation between the matrix model observable and an eigenvalue observable is

Osr Yyl (4.27)

Since we could not find this computation in the literature, we will now explain how to evaluate the
matrix model two point function exactly, in the free field theory limit. Since the dimension of BPS
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operators are not corrected, this answer is in fact exact. To start, perform the contraction over the

Y, YT fields

(01O y) = (U_‘Z'K),) (T (YfZ)K (27T (YszT>KTr(ZT 4K,
o 0

K
= () M (5pa) mEmE), (4.29)

Given the form of the matrix model two point function
(ZiZ)}) = dudjn (4.29)

we know that we can write any free field theory correlator as

. ‘z:zf:o‘ (4.30)
Using this identity we now find
JUN\? L (J+K)
(01k0) 1) = ( T K)!> Kl o ) (Tr(Z7 ) Te (2T HEY). (4.31)
Thus, the result of the matrix model computation is
f o JK! [(J+K+N) N 139
(OrxO5x) = J+K+1D) | (N-1) (N—J—K—1) (4.32)
if J+ K < N and
JIK! J+ K+ N)!
(0100 ) = ( ) (4.33)

J+E+D (N-1)

if J+ K > N. Notice that for these two matrix observables we again get a change in the form of the
correlator as the dimension of the trace exceeds V.
Next, consider the eigenvalue computation. We need to perform the integral

N N N
(010 1) = / 11 dzidzidyidgi| os ({2, 20w DI 2yl > 25 (4.34)
i=1 k=1 j=1
After some straightforward manipulations we have
N 0[,, [2N—2 2k—2|, |2N—2k
Py _—oN T |2 "% Yk
2N—-2, |0 _ .
'ZJ(V]'V_ 1% D x e SomaSomin 3 gy Kok (4.35)
o k.j=1
Only terms with k = j contribute so that
N
toy (N—k+K)!(J+k-1)! K!J! (J+ K+ N)! 4
(OO rc) = (N—R! =1 (Kt J+Dl (N—1) (4.36)

k=1

Thus, we again correctly reproduce the exact (to all orders in 1/N) answer for the two point func-
tion of single trace operators of dimension N or greater. Inspecting (4.14) we notice that we have
obtained O; i from Ok by applying JE . that is, by applying an SU(2)r, rotation. Since both the
original matrix description and the eigenvalue description enjoy SU(2)7 symmetry, the agreement of
the (OT] O k) correlator is not independent of the agreement of the (OT] +xOu+yk) correlator.

80



It is also interesting to consider multi trace correlators. We will start with the correlator between
a double trace and a single trace and we will again start with the matrix model computation

(0 0 of ) — Ji! Jo! (J1 + J2)!
SRR B O G (] KT+ Ko)! (1 + K1+ o+ K)!

o\ To( 7+ K 0\ s+Koyy [yt 2 futh tI+ K+ Ja K
<TI' Ya7 (Z 1 I)Tr Ya7 ﬂ(Z 2 2) Y ﬁ Tr(Z 1 1 2 2)>
(4.37)

We could easily set K1 = K2 = 0 and obtain traces involving only a single matrix. Begin by contracting
all Y, YT fields to obtain

Ji! Jo! (J1 + J2)!
ol = K1 + K>)!
<OJ1’KIOJ2’K2 ;1+J2’K1+K2> (J1+ Ki)! (J2 + Igg)! (J1+ K1 + Jgéi- Kg)!( 1+ K3)!x
( ‘e Tr(ZJ1+K1) . Tr(ZJ2+K2)
0Ziy aZiKlel aZiK1+1jK1+1 8ZiK1+K2jK1+K2
8T e : Tr(ZJrJ1+K1+J2+K2)>.
aZjlil 8Z1K1+K21K1+K2
(4.38)
It is now useful to integrate by parts with respect to ZT, using the identity
0 O izt i
(57,-1(2)9(Z) —h(Z")) = ns(f(Z) 9(Z) h(Z")) (4.39)
0Z;; 0!
ji
where f(Z) is of degree ny in Z. Repeatedly using this identity, we find
Ji! Jo! (Jl + JQ)'
Oy 5, 0.1.10,08 = K1 + Ka)!
Ot On s O it = (R (U + o)l (T 4 Kt o+ R o0 K2
(J1 :’]_ 'Kl)! (/2 }_ ;KQ)! <Tr(ZJ1+K1)Tr(ZJ2+K2)Tr(ZTJ1+K1+J2+K2)>
1! 2!
J1+ )N Ky + K5)!
_ ((Jl - Kl)—i(_ o KQ))! <Tr(ZJ1+K1)Tr(ZJ2+K2)Tr(ZTJ1+K1+J2+K2)>.
(4.40)

This last correlator is easily computed. For example, if J; + K1 < N and Js + Ko < N we have

(J1 + J2)I (K + K)! [(Jl + K1+ Ja+ Ko+ N)!
)!

J+EKi+Jo+Ky+1 (N —1)!
N! (N + J; + Ky)!

T _
<OJ1:K1 OJ27K20J1+J2,K1+K2> - (

+W—A—M—h—%—UVWN—h—%—N

(N4 L+ K)! ]

(N — 1 — K1 — 1)
(4.41)

and if J1 + K1 > N and Jy + K9 > N we have
(0 o of - (J1+ )(K1+ Ka)! (J1+ K1+ Ja+ Ko+ N)!
TR RE I T Kt Kl T (K 4 Ty + Ky + 1) (N — 1)

(4.42)

It is a simple exercise to check that, in terms of eigenvalues, we have

81



N
<OJ1,K1OJQ,K2031+J2,K1+K2> = /Hdzidzidyidyd\l’gs({zuZuyuyi})|2

N N
« Z Zk yk ZzlJzlez J1+J2yJK1+K2
=1 7=1
(J1+J2) (Kl-l-Kg) (J1+K1+J2+K2+N)!
(J1+K1+J2—|—K2—|—1). (N—l)!

(4.43)

so that once again we have reproduced the exact answer as long as the dimension of each trace is not
less than N. The agreement that we have observed for multi trace correlators continues as follows:
as long as the dimension of each trace is greater than N — 1 the matrix model and the eigenvalue
descriptions agree and both give

JIK!  (J+ K+ N)!
(J+K+1)! (N-1) OJy 4ot I, JOK 4ot K K

<OJ17K10J27K2 T OJn,KnO}L],K> =

(4.44)

for the exact value of this correlator. We have limited ourselves to a single daggered observable in the
above expression for purely technical reasons: it is only in this case that we can compute the matrix

model correlator using the identity (4.39). It would be interesting to develop analytic methods that
allow more general computations.

Finally, we can also test multi trace correlators with a dimension of order N2. A particularly simple
operator is the Schur polynomial labelled by a Young diagram R with N rows and M columns (i.e R
is rectangular). For this R we have

Yr(Z) = (det Z)M = 222N, (4.45)

Xr(Z1) = (det zN)M = zMzM ... zM (4.46)

The dual LLM geometry is labelled by an annulus boundary condition that has an inner radius of
v M and an outer radius of /M + N. The two point correlator of this Schur polynomial is

N
(xr(Z)xr(Zh)) = /HdzidiidyidﬂiXR(Z)XR(ZT)!‘I’gs({zz‘,Zi,yz',ﬂi})lz

+2M|y |2N 2 |Zk|2k_2+2M|yk‘2N_2k

= 2N/Hdzdzdyd|1|0
1020 OI(N — 1) (k— DN — k)!

2N 2+2M 0
o 2w | YN | =22 %a%a—2 ¢ Yalq
X (N1l ¢

(4.47)

which is again the exact answer for this correlator.

After this warm up example we will now make a few comments that are relevant for the general
case. The details are much more messy, so we will not manage to make very precise statements. We
have however included this discussion as it does provide a guide as to when eigenvalue dynamics is
applicable. A Schur polynomial labelled with a Young diagram R that has row lengths r; is given in
terms of eigenvalues as (our labelling of the rows is defined by 71 > 1y > -+ > ry)

—14ry —247r9 | N
€aras- aNZa1 Z " Ran
Xr(Z) = T . (4.48)
6b1b2 bNZbl Zb2 ZbN—l
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Using this expression, we can easily write the exact two point function as follows

N-1 N
1 1 B B )
<XR(Z)XR(ZT)> = W H jl/HdZidZiﬁalaT“aNzé\i 1+T1ZCJL\; 2+r2'“22%
=0 =1
><6b1b2...bN§éY*1+rlgé\2[*2+r2 e S5 2k 2k
N-1,.
J+TrN—; !
=0 J:

Using our wave function we can compute the two point function of Schur polynomials. The result is

N
(xr(Z)xr(Z")) = /HdzidfidyidﬂiXR(Z)XR(ZT)|‘I’gs({ziaZi,yu@z‘}ﬂ?

=1
1 N—-1 1 N
— =, 2N -2 2N—4 2
= I1 57 [ TTdedas oY 2hean P oy
7=0 =1
N—14r1 _N—2+4rg N
» 6b1bz~~-bNZb1 Zb2 s ZbN
N—-1_N-2
€cicpen®er Rea T Ren-—a
sN—=14r1 SJN=2+4r2 N
Cdrdydn %d, Zdy Fdy — >k ZkZk
o™ L2k, (4.50)
sN—1_N-2 =
€ejep-ey®er  Rez T Ren_y

When the integration over the angles 6; associated to z; = rje’% are performed, a non-zero result
is only obtained if powers of the z; match the powers of the Z;. The difference between the above
expression and the exact answer is simply that in the eigenvalue expression these powers are separately
set to be equal in the measure and in the product of Schur polynomials - there are two matchings,
while in the exact answer the power of z; arising from the product of the measure and the product
of Schur polynomials is matched to the power of Z; from the product of the measure and the product
of Schur polynomials - there is a single matching happening. Thus, the eigenvalue computation may
miss some terms that are present in the exact answer?. For Young diagrams with a few corners and
O(N?) boxes (the annulus above is a good example) the eigenvalues clump into groupings, with each
grouping collecting eigenvalues of a similar size corresponding to rows with a similar row length[46].
This happens because the product of the Gaussian fall off e=*% and a polynomial of fixed degree |22|"
is sharply peaked at |z| = n. Thus, for example if r; ~ M; for i = 1,2,--- ,% and r; ~ My for
=1+ %,2 + %, -+, N with M; and My, well separated (M; — My > O(N)), under the integral we
can replace

N
N—-14r1 ,N—2+4r3 .. TN 2
€b1by-by “py “by b N H My My (4.51)
N—-1_N-2 a; aH_ﬂ * .
€crepeny®er Rea T Ren—a i=1 2

After making a replacement of this type, we recover the exact answer. This replacement is not exact
- we need to appeal to large N to justify it. It would be very interesting to explore this point further
and to quantify in general (if possible) what the corrections to the above replacement are. For Young
diagrams with many corners, row lengths are not well separated and there is no similar grouping that
occurs, so that the eigenvalue description will not agree with the exact result, even at large N. A good
example of a geometry with many corners is the superstar[49]. The corresponding LLM boundary con-
dition is a number of very thin concentric annuli, so that we effectively obtain a gray disk, signaling a
singular supergravity geometry. It is then perhaps not surprising that the eigenvalue dynamics does
not correctly reproduce this two point correlator.

Having discussed the two point function of Schur polynomials in detail, the product rule

Xr(Z)xs(Z) =Y frsrxr(2) (4.52)
T

2This is the reason why (4.24) only captures one of the terms present in the two point function for J < N.
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with frer a Littlewood-Richardson coefficient, implies that there is no need to consider correlation
functions of products of Schur polynomials.

4.5 Other backgrounds

In the % BPS sector there is a wave function corresponding to every LLM geometry. The (not
normalized) wave function has already been given in (4.6). In this section we consider the problem of
writing eigenvalue wave functions that correspond to geometries other than AdSsxS®. The simplest
geometry we can consider is the annulus geometry considered in the previous section, where we argued
that the eigenvalue dynamics reproduces the exact correlator of the Schur polynomials dual to this

geometry. Our proposal for the state that corresponds to this LLM spacetime is

N MyN-1 R My N—k
. _ alas---an a1 Jay L. ag ak
uamlten 2 0i) = e VMV —1)! (k= 1+ M)(N — k)]
ZN-14M 0 ) o i}
' an an e 2 Zq 2qZq— 5 Zq YaYaq (453)

/(N =1L+ M)

This is simply obtained by multiplying the ground state wave function by the relevant Schur polynomial
and normalizing the resulting state. The connection between matrix model correlators and expectation
values computed using the above wave function is the following®

(- xr(Z)xr(Z"))
(Xr(Z)xr(ZT))

N
— [ Tl desdzdyidn wiass (s 2, 5P - (4.54)
i=1

("'>LLM =

We can use this wave function to compute correlators that we are interested in. Traces involving only
Zs for example lead to

N N N
(Te(Z)Te(ZV ) = /Hdzidzidyidyi‘I/LLM({ZuZi,yuyi})’Zszjz 5

i=1 k=1 =1
B Nz‘:l (J+k+ M)
- oy )
— (k+ M)!

1 [(J+M+N)! (J+M)!
- J+1[(M+N—1)!_(M—1)!]

(4.55)

which agrees with the exact result, as long as J > N — 1. Thus, in this background, eigenvalue
dynamics is correctly reproducing the same set of correlators as in the original AdS5xS® background.
Traces involving only Y fields are also correctly reproduced

N N N
(Tr(Y )T (YT ) pom = /H dzidzdyidg | Voo ({z, 2 v G D1 vl Y o
i—1
__L WxA (4.56)

where J > N. Notice that these results are again exact, i.e. we reproduce the matrix model correlators
to all orders in 1/N. Finally, let’s consider the most interesting case of traces involving both matrices.
The LLM wave function we have proposed does not reproduce the exact matrix model computation.
The matrix model computation gives

3The new normalization for matrix model correlators is needed to ensure that the identity operator has expectation
value 1. This matches the normalization adopted in the eigenvalue description.
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2 K K
T _ J+K i 9 tJ+K
(04k0] r)uim ( J+ K ,) < > TT(Z )Tr <Y 8ZT> Tr(Z ))LLM
= ’ K' 0 9 1“(ZJ+K)TI‘<ZJr J+K)>LLM
(J + K (J+K)! YAVl
2
- (J + K J+K tIHE
= T+ K '> K! <TI‘(Z )Tr(Z ))LLM
B JIK! (J+K+M+N)!_(J+K+M)! (4.57)
- (J+K+1) (M+N-1)! (M —1)! '
if J+ K > N. Next, consider the eigenvalue computation. We need to perform the integral
N N
(01,50 ) LLMeigen = /Hdzidiz‘dyz‘dﬂi\‘PLLM({zi,5i73/i,??z'})\2sz]yiﬁ(z 2 g;
. —
N—-k+KWJ+M+k—-1)!
=§:( +EN(J+M+Ek-1) (4.58)

£ (N—k  (M+k-1)

It is not completely trivial to compare (4.57) and (4.58), but it is already clear that they do not
reproduce exactly the same answer. To simplify the discussion, let’s consider the case that M =
O(VN). In this case, in the large N limit, we can drop the second term in (4.57) to obtain

JIK!  (J+ K+ M+ N)!
(J+EK+1)! (M+N-1)

<OJ,KOT77K>LLM = (1+4--+) (4.59)
where - -- stand for terms that vanish as N — oo. In the sum appearing in (4.58), change variables
from k to k' — M and again appeal to large N to write

%f(N+MH+KﬂU+Hm

(N+M—k) (k-1

<OJ,KOT],K>LLM,eigen
k'=M+1
NN+ M=K+ K (J+ K — 1)
= > (N+M—K) (K —1)

JIK!'  (J+K+M+N)!

T J+K+1) (M+N-1) (T--). (4.60)

(1_|_...)
k'=1

In the last two lines above - - - again stands for terms that vanish as N — co. Thus, we find agreement
between (4.57) and (4.58). It is again convincing to see genuine multi matrix observables reproduced
by the eigenvalue dynamics. Notice that in this case the agreement is not exact, but rather is realized
in the large N limit. This is what we expect for the generic situation - the AdSsxS® case is highly
symmetric and the fact that eigenvalue dynamics reproduces so many observables exactly is a conse-
quence of this symmetry. We only expect eigenvalue dynamics to reproduce classical gravity, which
should emerge from the CFT at N = oo.

Much of our intuition came from thinking about the Gauss graph operators constructed in [34, 35]. It
is natural to ask if we can write down wave functions dual to the Gauss graph operators. The simplest
possibility is to consider a Gauss graph operator obtained by exciting a single eigenvalue by .J levels,
and then attaching a total of K Y strings to it. The extreme simplicity of this case follows because
we can write the (normalized) Gauss graph operator in terms of a familiar Schur polynomial as

A J! N —1)! o\ X
O:\/K!(J—FK)!(N—i—(J_F[(?_l)!Tr (YaZ) X(7+K)(Z) (4.61)

where we have used the notation (n) to denote a Young diagram with a single row of n boxes. Consider
the correlator
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. o\ .
OB = (1 () om(z)
JK! (N+J+K—1)

- Vosmr - (4.62)

This answer is exact, in the free field theory. In what limit should we compare this answer to eigenvalue
dynamics? Our intuition is coming from the %— BPS sector where we know that rows of Schur
polynomials correspond to eigenvalues and we know exactly how to write the corresponding wave
function. If we only want small perturbations of this picture, we should keep K < J. In this case we
should simplify

J! 1

J+r Ky  JK
(N+J+K—-1)!  (N+J+K -1 (N+J-1)
(N —1)! B (N+J-1)! (N —1)!

-+(N+J—QK@ZFf&m

(4.63)
How should we scale J as we take N — 0o? The Schur polynomials are a sum over all possible matrix
trace structures. We want these sums to be dominated by traces with a large number of matrices (N
or more) in each trace. To accomplish this we will scale J = O(N'T€) with € > 0. In this case, at
large N, we can replace

1
ﬁﬂN+J7UKﬁl (4.64)

and hence, the result that should be reproduced by the eigenvalue dynamics is given by

(N +J—1)!

T (4.65)

<OﬂWﬂKH@“»:¢K!

In the eigenvalue computation, we will use the wave function of the ground state and the wave function
of the Gauss graph operator (Vaa({zi, Zi, ¥i, i })) to compute the amplitude

N
/ 11 dzidzidyidg Vi ({zi, Z w5 Q00 D 2/ Waa ({20 26 yis 1)) (4.66)
i=1 i J

We expect the amplitude (4.66) to reproduce (4.65). Our proposal for the wave function corresponding
to the above Gauss graph operator is

_N 0,N-1 k-1, N—k
_ _ T Za Y Zai, Ya
Vj o 1) — a1az--aN a1Jai k k
caltzi 2y i) = e JOIN — 1)1 /(k— DI(N — k)]
N-2 J+N-1, K
Fan—1Yan-1 Fay Yay 67% > 2q%q—7% > Ya¥q (4‘67)

VN =2 /(- N — 1)IK]

The eigenvalue with the largest power of z (i.e. 2,4, ) was the fermion at the very top of the Fermi sea.
It has been excited by J powers of z and K powers of y. It is now trivial to verify that (4.66) does
indeed reproduce (4.65).

Finally, the state with three eigenvalues excited by J; > Jy > J3 and with K7 > K9 > K3 strings
attached to each eigenvalue is given by
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—-N 0,N-1 k—1, N—k

AT T _r araz-ay _ “aiYay “ay, Yay,
@GG({Zzazwy”myz}> - \/ﬁﬁ \/OI(N_ 1)' \/(k_ 1)'(N_k)'

FawoYav s Faxy Yan's Zaxty Yan
VN =181 /(J3+ N = 3)I(2+ K3)! /(Jo + N —2)I(Ky + 1)!
ZJ1+N_1yK1 L o ~
an AN =3 2q%a%a 3 2qYaa (4.68)

X
V(i + N —1)IK!

The generalization to any Gauss graph operator is now clear.

4.6 Connection to Supergravity

In this section we would like to explore the possibility that the eigenvalue dynamics of the SU(2)
sector has a natural interpretation in supergravity. The relevant supergravity solutions have been
considered in [50, 51, 52, 53].

There are 6 adjoint scalars in the N/ = 4 super Yang-Mills theory that can be assembled into the
following three complex combinations

7 =o' + i, Y = ¢3 +ig?, X = ¢° +i¢b. (4.69)

The operators we consider are constructed using only Z and Y so that they are invariant under the
U(1) which rotates ¢® and ¢5. Further, since our operators are BPS they are built only from the s-wave
spherical harmonic components of Y and Z, so that they are invariant under the SO(4) symmetry
which acts on the S% of the R x S3 spacetime on which the CFT is defined. Local supersymmetric
geometries with SO(4) x U(1) isometries have the form[50, 53]

2

1
2

ds?y = —h72(dt 4+ w)? + h? [Z DuOy K dzdz" + dyQ] +y(eCd03 + e Cdyp?) (4.70)

dw = §<8a5b8yKdz“d2b — 8, Zdzdy + 5aZd2“dy)- (4.71)

Here z' and 22 is a pair of complex coordinates and K is a Kahler potential which may depend on
y, 2% and 2% y? is the product of warp factors for S? and S'. Thus we must be careful and impose
the correct boundary conditions at the y = 0 hypersurface if we are to avoid singularities. The y = 0
hypersurface includes the four dimensional space with coordinates given by the z®. These boundary
conditions require that when the S® contracts to zero, we need Z = —% and when the 1)-circle col-
lapses we need Z = %[50, 53]. There is a surface separating these two regions, and hence, defining
the supergravity solution. So far the discussion given closely matches what is found for the %—BPS
supergravity solutions. In that case the y = 0 hypersurface includes a two dimensional space which
is similarly divided into two regions, giving the black droplets on a white plane. The edges of the
droplets are completely arbitrary, which is an important difference from the case we are considering.
The surface defining local supersymmetric geometries with SO(4) x U(1) isometries is not completely
arbitrary - it too has to satisfy some additional constraints as spelled out in [53]. It is natural to ask

if the surface defining the supergravity solution is visible in the eigenvalue dynamics?

To answer this question we will now review how the surface defining the local supersymmetric ge-
ometries with SO(4) x U(1) isometries corresponding to the 2-BPS LLM geometries is constructed.
According to [53], the boundary condition for these geometries have walls between the two boundary

conditions determined by the equation?

2252 = ¢ 2D(1EY (4.72)

“This next equation is (6.35) of [53]. We will relate z* and 2? to z; (the eigenvalues of Z) and y; (the eigenvalues of
Y) when we make the correspondence to eigenvalues.
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where ﬁ(zl, z!) is determined by expanding the function D as follows (it is the y coordinate that we
set to zero to get the LLM plane)

D =log(y) + D(z,2) + O(y). (4.73)

The function D is determined by the equations
1
y0,D = 5~ Z, V = —i(dz0, — dz0z)D (4.74)

where Z(y, 2!, z!) is the function obeying Laplace’s equation that determines the LLM solution and
V(y, 2%, z') is the one form appearing in the combination (dt + V)? in the LLM metric.

Consider an annulus that has an outer edge at radius M 4+ N and an inner edge at a radius M.
This solution has (these solutions were constructed in the original LLM paper [10])

Z(y, 2\, 2Y) = 1 22+ - M
o 2\ VIZ P+ 2 + M)2 — 41 PM
2Py’ - M- N
V(1P +y2+ M+ N)2 —4z12(M + N)

)

2 \V(IZ'P+y2+ M)? — 4" PM -
2P +y*+ M+ N
VIZP+12+ M+ N2 —4"2(M+N) )

Evaluating at y = 0, the second of (4.74) says
V = —i(dzd, — dzd;)D. (4.75)
Setting z! = re™® and assuming that D depends only on r we find

oD M+ N M
_ 4,
"or T TR-M-N - (4.76)

which is solved by

151
D= %log |Zl|;z &M|N| . (4.77)
Thus, the wall between the two boundary conditions is given by
151
2% = W—__Ay (4.78)
The same analysis applied to the AdS5xS® solution gives
|12 4+ |2%? = N. (4.79)

For the pair of geometries described above, we know the wave function in the eigenvalue description.
We will now return to the eigenvalue description and see how these surfaces are related to the eigen-
value wave functions.

At large N, since fluctuations are controlled by 1/N?, we expect a definite eigenvalue distribution.
These eigenvalues will trace out a surface specified by the support of the single fermion probability
density

N
p(z1, 21,91, 91) :/Hdzidzidyidyi’q/({ziaZiyyiayi})‘Q' (4.80)
=2
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Denote the points lying on this surface using coordinates z, y.

Using the wave function Ws({;, Z;, i, i }) corresponding to the AdS;xS® spacetime, the probability
density for a single eigenvalue is

zz )Nfifl o
—2Z—yj
p(z,2,y,9) = N7T2§ _2_1)6

(ZZ + yy)N ! —2Z—Yy
= . 4.81
Na2(N —1)1¢ (4.81)

Which is maximised at

zZ4+yy=N — 1. (4.82)

Thus, if we identify the points z, y with the supergravity coordinates z!, 22 as follows
2=y, 2=z (4.83)
we find
|22+ |22 =N (4.84)

at large N, so that the eigenvalues condense on the surface that defines the wall between the two
boundary conditions.

Let’s now compute the positions of our eigenvalues, using Wy ({2, Zi, yi, ¥i } ). The probability density
for a single eigenvalue is easily obtained by computing the following integral

p(21, 21, Y1, 91) /Hdzzdzzdyzdyz\\IILLM({zz, Zi i Ui}

Z (z121) M—H ylyl)N_Z_lefzﬁl*yﬂl (4.85)
]\7772 pr (M +4)! (N —i—1)! . .

Following the analysis we performed above, we find that the probability density is maximised when
the following relations are satisfied

N-1

) A G R 2 LA Y
Z [(N—i—l)! <(M—|—z’—1)!_(M—|—i)!>] = (4.86)

=0

N-1 ZEM ) N—i—2 N—i—1
> {((ML;)! ((gzvlyji_w _ (ggy_)i_l)!)] 0. (4.87)

i=0
The above holds only if each term in each sum is zero. We find
zZ2=M +1, yy=N—i—1, 1=1,2,..,N —1. (4.88)
Thus, if we identify the points z,y and the supergravity coordinate z!, 2% as follows

R2=—Y 2=z (4.89)

VIR =M
we find that (4.78) gives

w_M+N—\z|2

e (4.90)
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in complete agreement with where our wave function is localized. This again shows that the eigenval-
ues are collecting on the surface that defines the wall between the two boundary conditions. Although
these examples are rather simple, they teach us something important: the map between the eigenval-
ues and the supergravity coordinates depends on the specific geometry we consider.

The fact that eigenvalues condense on the surface that defines the wall between the two boundary
conditions is something that was already anticipated by Berenstein and Cotta in [38]. The proposal of
[38] identifies the support of the eigenvalue distribution with the degeneration locus of the three sphere
in the full ten dimensional metric. Our results appear to be in perfect accord with this proposal.

4.7 Outlook

There are a number of definite conclusions resulting from our study. One of our key results is that
we have found substantial evidence for the proposal that there is a sector of the two matrix model
that is described (sometimes exactly) by eigenvalue dynamics. This is rather non-trivial since, as we
have already noted, it is simply not true that the two matrices can be simultaneously diagonalized.
The fact that we have reproduced correlators of operators that involve products of both matrices in
a single trace is convincing evidence that we are reproducing genuine two matrix observables. The
observables we can reproduce correspond to BPS operators. In the dual gravity these operators map to
supergravity states corresponding to classical geometries. The local supersymmetric geometries with
SO(4) x U(1) isometries are determined by a surface that defines the boundary conditions needed
to obtain a non-singular supergravity solution. At large N where we expect classical geometry, the
eigenvalues condense on this surface. In this way the supergravity boundary conditions appear to
match the large N eigenvalue description perfectly.

The eigenvalue dynamics appears to provide some sort of a coarse grained description. Correlators of
operators dual to states with a very small energy are not reproduced correctly: for example the energy
of states dual to single traces has to be above some threshold (N) before they are correctly reproduced.
For complicated operators with a detailed multi trace structure we would thus expect to get the gross
features correct, but we may miss certain finer details - see the discussion after (4.50). Developing
this point of view, perhaps using the ideas outlined in [43], may provide a deeper understanding of
the eigenvalue wave functions.

The eigenvalue description we have developed here is explicit enough that we could formulate the
dynamics in terms of the density of eigenvalues. This would provide a field theory that has 1/N
appearing explicitly as a coupling. It would be very interesting to work out, for example, what the
generalization of the Das-Jevicki Hamiltonian[54] is.

The picture of eigenvalue dynamics that we are finding here is almost identical to the proposal discussed
by Berenstein and his collaborators[36, 37, 38, 39, 40, 41, 42], developed using numerical methods and
clever heuristic arguments. The idea of these works is that the eigenvalues represent microscopic
degrees of freedom. At large N one can move to collective degrees of freedom that represent the 10
dimensional geometry of the dual gravitational description. This is indeed what we are seeing. They
have also considered cases with reduced supersymmetry and orbifold geometries[55, 56, 57]. These
are natural examples to consider using the ideas and methods we have developed in this chapter.
Developing other examples of eigenvalue dynamics will allow us to further test the proposals for wave
functions and the large N distributions of eigenvalues that we have put forward in this chapter.

An important question that should be tackled is to ask how one could derive (and not guess) the
wave functions we have described. Progress with this question is likely to give some insights into
how it is even possible to have a consistent eigenvalue dynamics. One would like to know when an
eigenvalue description is relevant and to what classes of observables it is applicable.
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Another important question is to consider the extension to more matrices, including gauge and fermion
degrees of freedom. The Gauss graph labelling of operators continues to work when we include gauge
fields and fermions[58, 59|, so that our argument goes through without modification and we again
expect that eigenvalue dynamics in these more general settings will be an effective approach to com-
pute these more general correlators of BPS operators. Another important extension is to consider the
eigenvalue dynamics, perturbed by off diagonal elements, which should allow one to start including
stringy degrees of freedom. Can this be done in a controlled systematic fashion? In this context, the
studies carried out in [60, 61, 62], will be relevant.
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Chapter 5

From Giants to (Gauss graphs

5.1 Chapter introduction

The AdS/CFT correspondence[l] provides a beautiful realization of 't Hooft’s proposal that the large
N limit of Yang-Mills theories are equivalent to string theory[4]. Most studies of the correspondence
have focused on the planar limit, which holds classical operator dimensions fixed as we take N — oo.
There are non-planar large N limits of the theory [11], which are defined by considering operators
with a bare dimension that is allowed to scale with N as we take N — co. These limits are relevant
for the AdS/CFT correspondence. The limit on which we will focus in this study considers operators
with a dimension that scales as N. Our focus is on operators relevant for the description of giant
graviton branes[12, 13, 14].

The worldvolume of the most general %—BPS giant graviton can be described as the intersection
of a holomorphic complex surface in C? with the five sphere S® of the AdS5xS® spacetime[63]. Tt
is possible to quantize these giant graviton configurations and then to count them|[64]. Remarkably,
this quantization leads to the Hilbert Space of N mnoninteracting Bose particles in a 3d harmonic
oscillator potential, a result conjectured in [65]. In [66] -BPS states which carry three independent
angular momenta on S° were counted. This counting problem can again be mapped to counting energy
eigenstates of a system of N bosons in a 3-dimensional harmonic oscillator. Both of these analysis
[64, 66] make use of a world volume description of the branes. Finally, an index to count single trace
BPS operators operators has been constructed [67, 68]. The index has been computed both at weak
coupling (using the gauge theory) and at strong coupling (as a sum over the spectrum of free massless
particles in AdS5xS®) and the results again agree with [64, 66].

Given the AdS/CFT correspondence, this counting should also arise in the dual N' = 4 super Yang-
Mills theory, when the operators of a bare dimension of order N and vanishing anomalous dimension
are considered. One of our goals in this study is to demonstrate this.

A crucial ingredient in the study of operators with a bare dimension of order N, has been the
construction of bases of operators developed in [8, 30, 69, 70, 71, 31, 32, 72]. These bases diagonalize
the free field theory two point function to all order in 1/N and mix weakly when the Yang-Mills
coupling is switched on. Using these bases as a starting point, the spectrum of anomalous dimensions
for a class operators of bare dimension of order N has been computed in [73, 34, 35]. The operators
are constructed using the three complex adjoint scalars Z, Y and X. We use n Zs, m Ys and p Xs,
fixing n ~ N and m,p < n. This implies that we are focusing on small deformations of %—BPS giant
gravitons. The operators of a definite scaling dimension are labeled by a permutation o € S, x .S,
and a triple of Young diagrams R F n + m + p and r - n. The explicit form of these operators is

077(0) = ’HXxHY’ZZZZ 4TG0 (o)

gk skEmothp [, fia

(s,t)=1my x (8,t) =1 x
XB],U‘ ™ HYB /J' ety OR7(T757t)ﬁ1E2' (51)

The Young diagrams R and r both have ¢ rows for operators dual to a state of ¢ giant gravitons.
Each box in R is associated with one of the complex fields, so that we can talk of a box as being a
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Z box, a 'Y box or an X box. r collects all of the Z boxes. The difference in the row length of the
gth row in R and gth row in 7 is equal to the number of Xs (= p,) and Y's (= my) in row ¢, so that
Ry — ry = mg + pg. The right most boxes are X boxes, the left most boxes Z boxes and the Y boxes
are sandwiched in the middle. The ¢ dimensional vector m collects the m;, while p’ collects the p;.
The branching coeflicients ;;t)%lHYXHX resolve the operator that projects from (s,t), with s - m,
t = p, an irreducible representation of \S,, x Sy, to the trivial (identity) representation of the product

group Hy x Hx with Hy = Sy, X Sy X -+ Sppy, and Hy = Sp; X Sp, X -+- 5, 1.e.

1 (5,t) () =21y xHy () —=1ayxH
Ty 2= T (= By B e (5:2)
yEHx X Hy ﬁ
The operators Op (s 1)ji,ji» are normalized versions of the restricted Schur polynomials [31]
1
XR,(r,s,t) i1 fi2 (Zv X, Y) = n'm|p' Z XR,(r,s,t)ji1 iz (O’)TI"(O'Z®nY®mX®p), (53)
TESntm+p

which themselves provide a basis for the gauge invariant operators of the theory. The restricted char-
acters X g, (r,s,¢)ji1jio (0) are defined by tracing the matrix representing group element o in representation
R over the subspace giving an irreducible representation (r, s,t) of the subgroup S,, X Sy, X S,. There
is more than one choice for this subspace and the multiplicity labels fi1 fio resolve this ambiguity. The
operators Og (, ;.1 given by

hooks,hooksshooks
OR7(r,s,t)ﬁ1/72 = \/ . L (5.4)

12

hOOkSRfR XRv(T757t)ﬁ1ﬂ2

have unit two point function. Although the definition of the Gauss graph operators Or (o) is tech-
nically rather involved, they have a very natural and simple interpretation in terms of the dual giant
graviton branes plus open string excitations. A Gauss graph operator that is labeled by a Young dia-
gram R that has ¢ rows corresponds to a system of ¢ giant gravitons. The Y and X fields describe the
open string excitations of the giants. Each such field corresponds to a directed edge, an open string,
which can end on any two (not necessarily distinct) of the ¢ branes. The permutation o € Sy, x S, is
a label which tells us precisely how the m Y’s and the p X’s are draped between the ¢ giant gravitons.
The picture of directed edges stretched between ¢ dots is highly suggestive of a brane plus open string
system, as reflected in our language. This interpretation is further supported by that fact that the
only configurations that appear have the same number of strings starting or terminating on any given
giant. This nicely implements the Gauss Law of the brane world volume theory implied by the fact
that the giant graviton has a compact world volume. The Gauss graph operators which correspond
to BPS states have all open strings described by loops that start at a given giant and loop back to
the same giant, i.e. no open strings stretch between giants. In this case, we simply need to specify
which brane the open string belongs to and this is most conveniently done by partially labeling Young
diagram R: in each box we place a z, an = or a y. Each row in the operator consists mainly of Z
fields, corresponding to the fact that the unexcited giant graviton is dual to a half-BPS operator built
only from Zs. The number of z and y boxes in a given row tell us how many X and Y strings attach
to the corresponding giant.

In the next section we will show the counting of these BPS states agrees with the counting of [64, 66].
Motivated by this observation, we explore the link between the N particle description employing the
3d harmonic oscillator and the super Yang-Mills operators in section 5.3. Our results shed light on
the attractive possibility of an N particle description of multi matrix models, suggesting that there
maybe an extension of the famous free fermion/eigenvalue description of single matrix models [15].
Finally, we refer the reader to [74] and [75] for further related background.

5.2 Counting

As discussed in the introduction, our description of %—BPS operators is in terms of a Young diagram
R with partially labeled boxes. When the boxes corresponding to Y and X fields are removed from
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the rows of R, we are left with the valid Young diagram r. An example of a valid %—BPS operator is

z|z]z]z]z]z]z]2]y|ylx]
zlz|z|z|lz|lz|2z|y|x

zlzlzlyly (5.5)

The boxes with label z belong to the Young diagram r and the boxes with label y or x are the ones
that are removed from the Young diagram R to obtain r. The operator labeled by the Young diagram
shown in (5.5) corresponds to a system of 3 giant gravitons, with 2 Y strings and an X string attached
to the first giant, a Y and an X string attached to the second giant and 2 Y strings attached to the
third giant. This description in terms of Gauss graph operators is valid in the case where n the total
number of boxes of the Young diagram r and m + p the total number of the boxes that are added to
the Young diagram r to form R, are both large and of order N > 1. In addition, m + p < n and the
number of rows of the Young diagram R is of order 1 = N, Finally, the length of any row of R is of
order N, as is the difference between the length of any two consecutive rows.

Let us first start by fixing our notation. We will denote by R; the number of boxes in the ith row
of R, and we will denote by m; and p; the number of Y and X boxes to be removed from the ith row
of R to obtain r. Furthermore, ¢ will stand for the number of rows of R, n will stand for the total
number of boxes of r, m = >.7 ; m; and p = >_7_, p;. Hence, the total number of boxes of R is then
n 4+ m + p. If we denote by r; the number of boxes in the ith row of r, then we have

ri = Ry —m; — p;.

In our conventions, we start the numbering of rows from top to bottom. As already mentioned above,
this description of %—BPS states is proved to work[34] in the cases that

Ri~N, Riy1—Ri>m+p~N, ¢~ N (5.6)

We call this the displaced corners approximation because the neighboring corners of R are separated
by a huge number of columns. Outside this regime, things are more complicated and it is not even
known if partially labeled Young diagrams can be used to describe these 1-BPS states. The number

g
of %—BPS operators is the same as the number of possible pairs (R; ) counted with multiplicity equal
to the number of ways of assigning a valid vector 7 = (my,mg,...,my). Note that once the pair
(R;r) and the vector mi are given, the vector p'= (p1,p2,...,Dq) is determined. The first step towards

counting the number of Gauss graph operators entails writing a generating function for the number
of pairs (R;r). Our starting point is the observation that the Young diagrams are in one to one
correspondence with partitions of integers. The generating function of the latter is given by

oo 1 oo
Z::IIl_qn::g;[%qk (5.7)

n=1

where Dy, is the number of possible ways to partition an integer k. This counting is too coarse for us
to reach our goals: we need to track the number of parts in the partition which corresponds to the
number of rows in the Young diagram. Indeed, we must encode the information about ¢ the number
of rows of R, as well as the information about the different possible m;’s and p;’s in such a partition,
to ensure that we are counting states in the regime in which the Gauss graph operators provide a
trustworthy description. Both modifications are easy to take into account in our case of interest where
m; + p; + 13 K Miy1 + pi+1 + rip1 for all values of i = 1,2,...,q. The number of ways to partition an
integer k is given by the number of solutions to the equation

k:ZXmm ny>mng >--->0, Xi > 0. (5.8)
;

Notice that the term x;n; in the above equation is associated to the term (¢")Xi in the expansion
of Z. This term appears in the expansion for the term (1 — ¢"™)~!. Clearly then, to keep track of
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contributions from different rows y; we just need to multiply ¢" by an extra parameter xy and track
the power of y. So, we consider the following modification of the partition function Z

o0

1 (o ¢]
Z=]]——= > Drax¢" (5.9)
11T Xa k,d=0

where Djy.q counts the number of Young diagrams with £ boxes and d rows. Next consider the
information associated to the m;’s and p;’s. There is a potential complication because we want both
R and r to be Young diagrams. However, in the displaced corners limit, we can ensure that this is
not an issue. Indeed, by taking m,p < |r;y1 — r;| for all i, we ensure that we can never pile enough
Y and X boxes onto a row to make it longer than the row above it. Thus, we may treat the m;’s
and p;’s as independent, except for the requirement that > 7, m; =m and >.7 ; p; = p. In terms of
the partition function Z, this is equivalent to associating to each term ¢Xi™, a term p®™ir¢P:  where
b; # x; and ¢; # x; in general. The latter condition is equivalent to associating the term p'r™, with
I,m=0,1,... for each term ¢" in the product form of Z in equation (5.9). Thus, we finally obtain
the generating function

oo 0 0

z=111111 I_X;Zrmqn = > Dupnax 17" (5.10)

=0 m=0n=0 d,m,p,n

where Dy, n:.q counts the number of diagrams R with (n 4+ m + p) boxes and d rows, that is the
result of adding m + p boxes that are randomly distributed over the d rows of the Young diagram r
with n boxes. Our construction of the Gauss graph operators only holds when the displaced corners
approximation holds. Thus, we trust D,, , ,.q to count the number of Gauss graph operators for a
system of d ~ N© giant gravitons when n,m,p ~ N and n > m + p. This is the main result of this
section.

We want to compare this to the counting of %—BPS giant gravitons. As we discussed in the
introduction, this counting problem can be mapped to counting energy eigenstates of a system of N
bosons in a 3-dimensional harmonic oscillator. The grand canonical partition function for bosons in a
3-dimensional simple harmonic oscillator is given by

Z(CleaQ27q3): H H H % (511)

n1=0mn2=0n3=0 1= qu q2 q3

with the fugacity ¢ being dual to particle number[66]. Notice that (5.10) exactly matches the grand
canonical partition function (5.11) for bosons in a harmonic oscillator potential with x playing the
role of the fugacity. This is in harmony with the fact that the number of rows matches the number of
giant gravitons. In the 3-dimensional harmonic oscillator we have 3 types of excitations, counted by
q1, g2 and g3. These map into the three types of boxes (X, Y or Z boxes) appearing in R, counted
by p, ¢ and r. Thus, long rows in R map to highly excited particles. This proves our first claim: the
counting of the Gauss graph operators matches the counting of % BPS giant gravitons.

5.3 Matching States to Operators

The fact that the number of Gauss graph operators matches the number of energy eigenstates states
of a system of bosons in a 3-dimensional harmonic oscillator potential, motivates us to look for a
correspondence between the two. To start we will consider operators Ogy’f(a) labeled by Young
diagrams that have a single row. In this case we don’t need to encode a complicated shape for R, so
we will simply list the number of Zs, Y's and Xs in the operator as Oy, p. Since this row has O(N)
boxes, we have a system of N bosons and one of them is highly excited. The idea is that since we
have one highly excited particle, we can use a single particle description and overlaps of the single
particle wave functions will match correlation functions of Gauss graph operators in the CFT. We
focus on R’s with a single row because the computations are so simple to carry out in this case that

95



we can compute many quantities exactly. There is a simple formula for the Gauss graph operators we
consider, in terms of the Schur polynomials

d\" d \"
Onnal2.Y.3) = N (V) (X 1) Nwimin(2) (512
where
(N —1)!
N = " . 5.13
\/m!p!(n+m—|—p)!(N+n+m—l—p—1)! (5.13)

We are using the notation (k) to denote a Young diagram that has a single row of k boxes. There are
a number of natural operators that act on the Gauss graphs. For example, we have

d d

Tr(Yde)ler(deZ)bOmm’p(Z, Y, X) X On—kl—kz,m+k1,p+k2 (Zv Y, X) (5'14)

Thus, a natural correlator to consider is given by

d\" d \*2 (m + k1)!(p + ka)!n!

mlpl(n — kg — ka)!

To describe a single particle in a 3d harmonic oscillator, we need three sets of creation and annihilation
operators

[az,ai] = [ay,am = [ax,au =1. (5.16)

Using the above oscillators we can create a state with an arbitrary number of z quanta, y quanta or
x quanta. We suggest that the correspondence between Gauss graph operators and particle states is
as follows

1
W(al)”(al)m(ai)”lw (5.17)

The correspondence identifies the number of z, y or x quanta in the particle state with the number
of Zs, Ys or Xs in the Gauss graph operator. There is a natural extension to include operators,
suggested by this identification. For example

d d

k1 —
Tr(YdZ) Tr(XdZ

On7m7p A ‘On7m7p> =

2 e (a))M(al) (e (5.18)

As a test of the proposed correspondence, note that
(On—ts—ka,methes iz | () (a])*2 (@2) 1152 |On )

(0] (@) (ay) ™ F1 (ag )Pt (al) (af) ) o1 (al )42 |0)
\/n!m!p!(n — k1 — k) (m + k1) (p + k2)!

\/n!(m+k1)!(p+k2)! (5.19)

(n — k1 — ka)!m!p!

which is in complete agreement with (5.15). Very similar computations comparing, for example

i dN" (A N\ d\®
<On—k1,m—k2,p—k3 <TrdZ> (Trd}/> <Trd)(> On,m,p) (520)

and

<On—k1,m—k2,p—k3 | (CLZ)kl (ay)k2 (%)kg ’On7m7p> (5.21)
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show that we should identify

0 o _m+n+p
v N+m+n+p
0 o \/Nm+n—|—p Tr(

+m+n+p
Vs
a, <
N4+m+n+p

These computations make use of the reduction rule of [76, 60].
We now want to argue that the identifications we have developed above have a natural extension
which identifies Gauss graph operators with ¢ rows with a ¢ particle system. Towards this end, we
first point out a dramatic simplification in the formula for the Gauss graph operators, arising when

we specialize to BPS operators. As discussed in the introduction, in this case we set the permutation
o appearing in (5.1) to the identity. Using the orthogonality of the branching coefficients we then find

)
)

) . (5.22)

%\&a\&

%\&

F (St —>1HX><HYB(S t)—)].HXXHY . 6 B St —>1HX><HYB(S t)—)lHXXHY
kji - Jk ki
]Nl K2 Ji H2

5 (5.23)

A fiz

This leads to the following formula (the operators below are normalized to have a unit two point
function; they differ from the operators in (5.1) that are not normalized, by a factor of \/|Hx x Hy|)

1 |Hx x Hy |hooks, Z

ORP(X,Y,Z) = Tr (Pr,TR(0)) Te(a X 5Py Em Z5m).

mlpl hook
nim:p:. OOKS
p RIR St

(5.24)

Pg, is a projector on the carrier space of R. It projects to the subspace of Young-Yammonouchi states
that have 1,2, ..., m+ p distributed in the boxes that belong to R but not r and m+p+1,...m+p+n
distributed in the boxes that belong to R and r. Using this formula, it is straight forward to prove
that

d 1 CRRO i pD
Tr (XY, Z) (XY, Z 2
<dX> O ; ni +m; + p; OR“’ ( ) (5.25)
d - 4 m RR(1> -,(1)
T —_ Om,p X’Y"Z — 70 P X Y 7 596
r<dy> R ( ) ; 5+ + i 51)7 ( ) (5.26)
d 1, < i “rRM 7
Tr (dZ> ORP(X,Y,Z) =) mOR(’U’ 0 (X.Y, Z). (5.27)

=1

The first formula above is exact. The last two hold only in the large N limit. We have introduced

(n)

some new notation: the Young diagram R, is obtained from R by dropping n boxes from row ¢ of R.

(n)

Further, ﬁgn) is obtained from vector p' by replacing p; — p; —n and similarly for m,; . Finally, c

RRY
is the factor of the box that belongs to R but not to Rz(l). Recall that a box in row ¢ and column j
has factor N — i 4 j. For the proof of these formulas, we use the notation

1 ’HX X Hy’hOOkSr
n!m!p! hooksg fr

and

TI'(O' . X®p ® Y®m ® Z® n) X;l . X’Lp Y1p+1 . Y1p+m Z?p+m+1 L Z‘Zp+m+n )
o(1) Lo(p)  to(p+1) to(p+m)  to(p+m+1) Lo (p+m+n)
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We will now prove (5.25). A simple computation shows

dOp?
d}];;r — N Z Tr(PR,rF(R)(U) )Tr(o - 1® XOr-1 g y®m g Z®n)

0ESn+m+p
n+m

= pN > T(Pr, I (0 (i,1))Tr(0(i,1) - 1@ X @Yo @ Zom)

065n+m+p_1 =1
n—+m

= pN > Te(Pr, TP O)N+ ) G 1))Te(e - 10 X ey®me 2o,

0ESntmip—1 i=2

Since we are summing over elements of the subgroup S,1m+p—1 C Sptm+p We can decompose the
trace over the irreducible representation of Sy, as a sum of traces over irreducible representation

R( ) of the subgroup Sp4mip—1. Now use the fact that N + Y 77" (i, 1) gives Cpp® = the factor of
the box dropped from R when acting on any state in the carrier space of R that also belongs to the
RZ( ) subspace. We find

dO zq: f O (5.28)
- N RR<1) (1) :
dX] =1
where the factor
(3) Di
— 5.29
fN \/(nl +my —|—pi)CRR(1) ( )

accounts for the change in the normalization factor A of the operator. This is an exact formula - it
does not depend on large N or on the displaced corners approximation. Next consider the proof of
(5.26) and (5.27). Consider

dOg7
dY;

= mN Y Te(Pr,I(0))Tx(o - X1 @Y™ g 28"

OESnt+m+p
n+m

= mN Y)Y T(Pr P () Tx((p+ 1L, Do(p+1,1) - 1@ X YO g zom)
U€S7L+m+p71 i=1
= mN ) Tr(Pr,IP(Lp+1)o)1,p+1)Tr(e - 1 @ XFPRYE™ @ Z29m).

TESntm+p—1

The new feature in the above derivation is the presence of the (1, p+1) € Sy 4m+p factors needed to swap
the removed Y box to the end of the row so that it can be removed, using the same manipulations as
above. The evaluation of the action of these factors is most easily performed using Young’s orthogonal
representation, which gives a rule for the action of adjacent permutations (i.e. permutations of the
form (4,74 1)) on Young-Yamanouchi (hereafter abbreviated YY) states. Let |Y') denote a YY state,
and let |Y(i <> i+ 1)) denote the YY state obtained by swapping boxes ¢ and i + 1. A box in row a
and column b has content given by b — a. Denote the content of the box in |Y) filled with j by c;.
The rule is

(it DY) = — V)4, [1- — V(i i+ 1)), (5.30)
Ci = Cit1 (ci — civ1)

This rule simplifies dramatically in the displaced corners limit, at large N. If the two boxes belong
to the same row we find (7,7 + 1)|Y) = |Y) and if not (7,7 + 1)|Y) = |Y (i +> i + 1)). This is all
that is needed to complete the proof of (5.26) and (5.27) and it proceeds exactly as for the first rule
proved above. Note that because we used simplifications of the large N limit, (5.26) and (5.27) are not
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exact statements but hold only at large N. The three statements derived above admit some natural
generalizations. For example, we can consider tracing over a product of derivatives to obtain

k
dk? . q CRR(I) K
Tr | gxr | Orn(XY. 2) = — i 7 XY, Z 31
r<ka>OR’T( 7 ;(ni+mi+pi> al_IO\/pi X R, ( ) (5.31)

There are obvious generalization when we have a product of Y or Z derivatives. We could also allow
more than one type of derivative in a given trace, for example (in what follows k = ki + ko)

dbde
ﬁ( )oR (X,Y, 2)

dXFk1 dYke g
k ko—1
RR< ) 2 2~ (k2 p_
_§:<n+mz+p) IIVM_“IIV O(M Mxva), (5.32)
T T K3

By using these formulas for each trace successively, we can also easily evaluate expressions of this form

dh e b\ oo

To compare to a multi particle system of ¢ noninteracting particles, again in a 3-dimensional harmonic
oscillator potential, we need to introduce g copies of the oscillators (I,J =1,...,q)

I J 1 J 1 J 1J

[a( ). al )T] = [az(/ ),aé )T] = [a(x S )T] =4 (5.34)
one copy for each particle. Each Gauss graph operator om? Ror 7 s specified by giving the number of Z

boxes (r;), Y boxes (m;) and X boxes (p;) in the ith row for i = 1,...,q. The corresponding multi
particle state is

10). (5.35)

Using these formulas we can compare (for example) the matrix elements

<02§v>1r5k> [(al))*|ORD) (5.36)
to the correlation functions
it d* P
R (5.37)

to learn that we should identify

k
d* g N +my+n;+pr
Tr —- <—>§ (D)yk. .
<de> (\/ mr +nr + pr (a27) (5.38)

I=1

In the above formula n; is the number of Z boxes in row I, m; the number of Y boxes and p; the
number of X boxes. The general rule is (k = k1 + k2 + k3)

k
dkr gk ks g N +m;+nr+pr
T (DK ¢, (D\k2 (¢, (1) ks 5.39
r<ka1 dY'k: de3> H; it ) (@) (@) (e (5.39)

It is easy to check that the ordering of operators inside the trace on the left hand side above does not
matter, when acting on the operators we consider, at large N. Multi trace formulas use the above
identification for each trace separately. For example
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dh o gk ks dk
Ir (kal dy'*> de3> Ir (ka4>
I N +mr+nr+pr ’ (1) (1) (1)
§ I)\k1 I)\k2 I)\ks3
<~ a a a
I:1<\/ my+ny+pr ) (33) (y) (z )
: Ntms s tpr)
myjrTnyrTpJj (I)\ka
X E . 5.40
(\/ my+ng+py ) @z (5.40)

J=1

By comparing overlaps between states with polynomials of creation and annihilation operators sand-
wiched in between and correlators of Gauss graph operators with traces of polynomials of the matrices
and derivatives with respect to the matrices acting on the Gauss graph operators as in the examples
we studied above, we can build any entry in the dictionary between the ¢ particle system and Gauss
graph operators with ¢ rows.

5.4 Outlook

The description of giant gravitons, constructed using a world volume analysis, allows one to count the
set of all %—BPS giant gravitons. This counting matches N bosons in a 3-dimensional harmonic oscilla-
tor. It is also possible to define an index to count single trace BPS operators, and it can be computed
both at weak coupling (using the gauge theory) and at strong coupling (as a sum over the spectrum
of free massless particles in AdS5xS®). The results of these different computations are in complete
accord. One can compute the spectrum of anomalous dimensions, for operators with a bare dimension
of order N, in the N' = 4 super Yang-Mills theory[73, 34, 35]. In this study we have demonstrated
that exactly the same counting (i.e. N bosons in a 3-dimensional harmonic oscillator) results from
counting operators of vanishing anomalous dimension in this spectrum. Motivated by this agreement,
we have looked for a relation between multi particle wave functions and Gauss graph operators. Our
basic result is that a map between particle wave functions for particles in a 3-dimensional harmonic
oscillator and Gauss graph operators is easily constructed by comparing overlaps of wave functions
of the particle system with correlators of Gauss graph operators. The correlator computations have
made use of significant simplifications that arise for the BPS Gauss graph operators. The number
of particles match the number of rows in the Young diagram labeling the Gauss graph operator. In
our opinion, these results provide concrete evidence that the Gauss graph operators are indeed the
operators dual to the %—BPS giant gravitons. To interpret the link between the particle system and
the Gauss graph operators, recall the link between giant gravitons and an eigenvalue description of
the multi matrix dynamics, which has been pursued in [9, 77]. Thus, the fact that the matrix model
computations appear to be related to the dynamics of non-interacting particles gives hints as to how
matrix model dynamics may simplify, along the line of the proposals of [36, 46, 42, 79].
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Chapter 6

Discussion and Conclusion

We have studied the AdS/CFT correspondence between type IIB string theory on asymptotically
AdSs x S® backgrounds and A = 4 super Yang-Mills theory on R x S3. The boundary of AdSs x S°
in global coordinate is R x S3. We considered BPS operators in the field theory that are dual to BPS
geometries on the gravity side of the correspondence. To confirm the equality of these dual theories,
we computed observables such as correlation functions and we also counted gauge invariant operators
in the field theory that correspond to giant gravitons in the gravity theory.

We showed that there is a dictionary that can be used to map the free fermion field (that is dual
to an LLM geometry) to a Schur polynomial. We needed to know the ground state wave function
of the free fermion field. This picture was tested by using the operator state correspondence where
correlation functions of the Schur polynomial were compared to the overlaps of the wave function of
the non-interacting fermion field theory. The results were in complete agreement.

We discussed the 1/2 BPS geometries that are dual to free fermions in phase space. The 1/2 BPS
geometries are smooth geometries determined by a single function z(x;,y) which satisfies the Laplace
equation. The fermions that are dual to 1/2 BPS geometries form an incompressible fluid in phase
space. Each configuration of droplets in this phase space was assigned a geometry in the dual grav-
ity. In order to obtain smooth geometries, the function z(x1,x2,y = 0) must only take the values
z(x1, 20,y = 0) = £1/2.

We also looked at 1/4 BPS geometries, which are also smooth geometries. The 1/4 BPS geome-
tries were determined by a single function Z(z,, Z,,y) which satisfies the Monge-Ampere equation.
The Monge-Ampere equation is a collection of coupled non-linear partial differential equations which
are hard to solve.

An important difference between the analysis of the 1/2 and 1/4 BPS geometries is that the droplets
of the 1/2 BPS geometries can take any arbitrary shape while the droplets of the 1/4 BPS geometry
are constrained to take certain shapes. The shapes of the droplets of the 1/4 BPS geometries are
described by the equation v(z4,2,) = 0 and the function v is governed by the differential equation
(2.174). Up to this point, the thesis was a review of existing results.

A picture that links 1/4 BPS geometries with free fermion fields was developed. The proposed ground
state wave function was used to compute several BPS correlators which were tested against the multi
matrix model correlators with Z and Y fields. This wave function was constructed using eigenvalues
of 2 complex matrix fields, Z and Y. The computation of correlation functions using eigenvalues and
then using the matrix model were in agreement only for correlation functions that have at least N
fields in each trace. We checked that the surface defining the supergravity solution is visible in the
eigenvalues dynamics. This was achieved by looking at the surface where the eigenvalues condense
and identifying it with the wall defining the boundary conditions in supergravity [79].
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We also perfomed the counting of 1/8 BPS giant gravitons by deriving the grand partition func-
tion of NV bosons in a 3-dimensional harmonic oscillator. We find that the counting of the 1/8 BPS
giant gravitons agrees with the counting of BPS Gauss graphs with Z, Y and X fields. We also
confirm that the computation of correlation functions of these Gauss graphs match the overlaps of the
proposed dual multi-particle states [80].

Our results have added yet more evidence to the validity of the AdS/CFT correspondence and it
sheds light on how to study BPS geometries and giant gravitons in the CFT.

For future work, it would be nice to devise a systematic way of deriving the Van der Monde de-
terminant for two matrices, which will confirm our proposal. It is interesting to extend the study of
two matrices of the SU(2) sector of N' = 4 super Yang-Mills to a study of three matrices of the SU(3)
sector of N/ = 4 super Yang-Mills and to reduce it to eigenvalue dynamics. In our study of 1/8 BPS
giant gravitons we did not consider 1/8 BPS operators corresponding to new geometries. It would be
nice to extend our analysis and include the 1/8 BPS geometries.
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Appendix A

Supergravity Background

In this chapter, we study the BPS geometries in type 1B string theory. These are smooth geometries
that live in 10-dimensions and are described by a metric. They are all asymptotically AdSs x S°.
The 1/2 BPS metric that we are interested in has R x SO(4) x SO(4) isometry. The 1/4 BPS metric
enjoys R x SO(4) x SO(2) isometry. Both the 1/2 BPS and the 1/4 BPS geometries have an SO(4)
isometry. This corresponds to a 3-sphere. To start, we will review the metric of a 3-sphere.

A.0.1 Metric of a round 3-sphere of radius R

The equation for the 3-sphere embedded in R* is
224+ % + 22 +w? = R2 (A.0.1)
In spherical coordinates, this equation is solved by

x = Rsin #; sin 05 cos 03,
y = Rsin 0y sin 05 sin 03,
z = Rsin 64 cos 6,

w = Rcosb.

01,02 and 03 are the coordinates of the 3-sphere. The range of #; and 65 is [0, 7] and #3 ranges from
0 to 2m. Any distance between two points in the 3-sphere can be measured by the metric of R?.
Therefore we can induce the metric of a 3-sphere from the metric in R*. The distance between two
points in R* is measured by the metric

ds? = g datde’ = da? + dy* + dz* + dw?. (A.0.2)

Consider the change coordinates from x to . Writing x = (%), dz* and dz¥ transform as da™ =
oz™

95 dz?. The metric transforms as follows
T

ox* 0x”

2 __ ~0 15
: o . Ozt Ox” : : :
and the new metric tensor is given by g, = g#yﬁﬁ. The metric tensor induced on a manifold
z° 0%

that is embedded in a larger manifold is called an induced metric. The induced metric of a 3-sphere
embedded in R? is given by

ozt dz”

Gab = guuﬁw (A04)
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where a,b = 01,02 and 03. We will now use (A.0.4) to compute the components of the metric tensor
of the 3-sphere. The non-vanishing terms are

ozt 0x¥
guy%{jﬁzld{g% = R2d0% <0082 61 sin? 0 cos? 03 + cos? 0 sin® s sin® 03 + cos? 61 cos? By + sin? 91>
=R%dh3.
ozt dx” o 2 102 ( o2 2 2 .2 2 -2 .2 .2
guywwd% = R*df;| sin” 6, cos” 02 cos” O3 + sin” 01 cos” b sin” O3 + sin” 61 sin” H
=R?sin” 6,d63.
L v
guu% %d&% = R2d9§ <Si1r12 0 sin? 0, sin? 05 + sin? 0; sin® O, cos® 03>

=R?sin? 0; sin’ 0db3.
Therefore the metric of the round 3-sphere is given by

dQ2% = R%dA? + R?sin® 01d03 + R*sin? 0; sin® 0odb3. (A.0.5)

A.0.2 Hodge dual

Among the fields of type II B gravity there is a self dual five form field strength. To check if forms are
self dual or anti self dual, we need to use the Hodge dual. The Hodge dual is an operation that maps
k-forms to the space of (n — k)-forms. This operation is represented by a star *. To understand the
operation of the Hodge dual on forms, we will first have to understand how the Levi-Civita symbol e
changes in different coordinates.

MNP in spherical coordinates

The map between Cartesian coordinates and spherical coordinates can be written as

x = rcosfsin ¢,
y = rsindsin ¢,

zZ = TCOoS ¢.
Consequently

dx = cos 0 sin ¢dr — r sin 6 sin ¢pdf + r cos 6 cos pdo
dy = sin 0 sin ¢dr + r cos 6 sin ¢pdf + 7 sin 6 cos pd¢p
dz = cos ¢dr — rsin ¢d.

We want to transform the Levi-Civita symbol to spherical coordinates starting from its expression in
Cartesian coordinates. There is a one-to-one correspondence between vectors and directional vectors,
that is

0
V=V ——. A.0.6
F (A.0.6)
We have basis vectors that are given by €(,,) = 9o In other coordinate systems, these basis vectors
x

are written as

g  ox™ 0

ain  0zn gzm’
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Using this last expression and requiring that (A.0.6) remains the same under a change of basis, we
find the following relation

m 0 5, 0
V=V (%UW—Va

m 0 5,02™ 0
=V 8xm_v 9" Oz’

From this result we conclude that the vector transformation law is given by

o 0z™

VM=V o (A.0.7)
The Levi-Civita symbol is totally anti-symmetric. It transforms as follows
MNP _ 0xM 9z 92" ZQRS
= 0i@ 0iR 935 €
where €23 =1 and 2! = 2,22 = y and 23 = z. Computing €"%?, we find
123 _ oz 0x? 0x3 209 Ox! 022 O3 zor Ox! 0x? 0x3 _ oré ox! 87x28:1;3 Zoor (A.0.8)
07" 010 070 0% 0z9 0z 039 9F" 8x¢ 0z9 03 0" e
1 = r?sin pe"??
gmz)@ — 1
r2sing’

We see that the term 72 sin ¢ is the same as / |detgag|, where gq s is the metric written using spherical
coordinates. It is given by

1 0 0
Jdop=1 0 r?sin?¢ 0
0 0 r?
1
The Levi-Civita symbol in Cartesian coordinates €'?® = 1 is &"%? = in spherical coordinates.

V]detgags|

This last formula is general. To see this, consider the determinant of the 3 x 3 matrix A

Ay A Ags
det(A) = |Aa1 Agx Ags
Az1 Aszz Asz

= A1 A Azz + Az1 A1o Aoz + A1 Ao A1z — A1 Ao Azg — A1 Azp Agg — Azi Ao Ass.

This determinant can be re-written as

det(A) = 6i1i2i3Ai11Ai22Ai33. (A09)
Now, consider the Jacobian
ort  02% 023
or  9rhr Qrh
1 2 3
\det.J| = or Jr® O

0i'>  0iz 0F'z|
oxt  o0xz2 0z

ox's  0x's O

We can write this Jacobian as

105



ox! 02 023
oxh 972 Or's
The right hand side of (A.0.10) looks exactly like the right hand of side of (A.0.8). Requiring that

the inner product remain invariant under the change in coordinate (dz,dx* = dz,dz"), the metric
transforms as

|det.J| = €12 (A.0.10)

_ ozt Ox)
gkl = gij@@-

Taking the determinant of the metric tensor

1
det(g) = 3y EkimE€ijqdkidij Jmg
1 Oz dxb dx¢ Ax dxb dxc

M 93 03 o) V1957 937 pgn) eI

Define

dx® 9zt dx¢ B

€l — abe
" ozk ozl oxm

where T9¢ is totally anti-symmetric that is 79 = —T%%, Looking at equation (A.0.10) we see that
T'23 = |detJ|, therefore

_E( 6795187372 85’73)( g 8737187332@)
= 31\ Mgk gl gz’ U9zt 93 9z
— (T123)2

= T3 = \/det(g)

det(g)

where on the first line we used the fact that 79¢T%¢ = 6(T123)2. Therefore

|detJ| = +/|detg|. (A.0.11)

This is a general statement. We conclude that

Jetg] = eiiaia 02 02 00°
g 971 072 s

emnp in spherical coordinates

Following the reasoning used to derive (A.0.6), one can show that V), transforms as

9@ -

We can derive the Levi-Civita symbol in spherical coordinates with lower indices, where €193 = 1 as
follows

0" 07% 05 _ N 0i% 0%° 07" _ N 0% 97" 03% _ N 0i% 0%% 07" _
€103 = —— =5 ——=¢ — ————¢€ —————¢ —————¢
1287 921 022 023 % T 0zl 022 023 " T 0zl 022 023 U0 9xt 922 0z 00"
gmg@ = 7’2 sin gf)
Again, the Cartesian coordinate Levi-Civita symbol €103 = 1 is related to the spherical coordinate

Levi-Civita symbol €49 = \/|detgas|. Now that we know how to compute the Levi-Civita symbol in
different coordinates, we would like to investigate products of Levi-Civita symbols.
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The products of the Levi-Civita symbol with an anti-symmetric tensor in d dimensional
flat space: e“H2 ey oy ATV

Let A¥»+1Vd be a completely antisymmetric tensor. For the computation of e#1H2 " Hde 1oy, AVPHVE
we start with simple cases until we manage to motivate the general formula. We will use the formula

ivigeein . .. _ silioed

€ " €ivigin = Oy inin

=nl.

To illustrate this formula, consider eijkepqr where all indices runs from 1 to 3 (i,7,k,p,q, 7 = 1,2,3).
Now consider

€ epgr = 0,070, — 0,010, — 04090, + 6,070, + 6,650, — 0,070,
Setting k =r, j = ¢ and i = p, we find
ijk

€ eijk = 3‘

Proceeding with e#th2" e, gy AV 774, we will consider different values for d and n, until
we understand the pattern.

Case1l: d—n=1
(I) d=2and d—n=1:

B2 Vo _ (SH1SH2 B SH2\ AV2
€ €pn A = (5u15l/2 — dH1oH2) A

ve Y1
= (2012 — ofz) A"
— SH2 AV2

%)
— Ak2,

(II) d=3andd—n=1:

6#1#2#36M1M2V3AV3 — (6#15#26#3 _ 6515#25#3 — SH1L K2 53 + 5515#25#3 + OH1 §H2 §H3 5#16#25#3)Al’3

K172 7V3 1°V3 T2 H2 71 V3 2 V3 T V3 1 T2 V3 T2 Tl
= (33013 — 3043 — 3043 4 615 4 5 — 3513) A8
— U3 AV3
= 2613 A
= 2AM3,

(III) d=dand d —n = 1:
Following the same procedure as above, we find

H1p2: g Vd — _ Hd AVd
€ 6#1#2"'Md—1l/dA _<d 1)!(51,dA

= (d—1)!AHd,
Case 2: d—n=2

(IV) d=3andd—n=2:

1243 Vovs __ (SH2 SH3 _ SH2 SH3) AV2V3
€ 6,11411/21/3‘/4 - (5V2 61/3 61/3 51/2 )A

— 9 AM2H3
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(V) d=dandd—n=2:
Following the same calculation as above we notice the following pattern

M2 d Vd—1Vd — _ Hd—1 cpg _ sHd—1 spg Vd—1Vd
€ 6#1#2"'Md—2Vd—1VdA - (d 2)!(5Vd—1 5141 5%1 5ud,1)A

= 2(d — 2)! AHd-1#a
Case 3: d—n

(VI) etth2mtie, i g g AV 270
We are now in a position to compute this expression. With experience from the above examples
we conclude that the general formula is given by

H1p2 g Un41Vn42:Vd _ _ Hn41Hn42 Hd
€ €ptpio-pinvpgr - vg AT = nl(d — n)! AHn+ikn . (A.0.12)

A.0.3 Self-dual operators.

Using our knowledge of the Hodge dual, we will compute *xF' and show that it is self-dual. We will
use the metric

ds? = gudatdz” + eHTCd0% + H=C a0} (A.0.13)
and we define the 5-form F(5) to be
F(5) = Ful,919293dx“ A dx” A sin? 01 sin O>df1 N dfs A O3 + Fﬂyél%%da}‘u A dz” A sin? él sin éQdé]_ VAN dé? A ég
= Fdat Ada? \dQg + Fjdat Adz” A dQs

where
dQs = sin® 6, sin Ood6; A dfs A dbs

and ) . o . .
dQl3 = sin? 01 sin O2d61 A dfs A dbs

are the two 3-spheres with a unit radius. The integral of df)3 is

T T 27
/ dQs = / sin? 6, d6, / sin d6; / dfs
0 0 0

= 272,
Using
alk) = QiyoiydT™ A - A da'®
xa(F) = (n _1 k)!€i1,~-- Jin \/mail’i” Sk dpl A dgtt2 A A dztn
we can re-write F(5) as
#F(5) = a _1 2)!F’W |det(g)] €upr(daf A dz A d€23)

1 -
Famayt " VIdet@)eupn(de” A da* A d23)
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where /|det(g)| is given by

Vldet(g)| = V/ldet(go)|
= e 3%et(R(9))

=3¢,

Likewise

|det(g)] = 1/ |det(g)]

_ €3G.

Therefore this reduces to

1 N N
#Fi5) = Si€upr (F“”e_?’G (da? A da A dQs) + FPe3C (daP A da? A d93)> .

Comparing this expression to the original 5-form we conclude that the field strength in 4-dimensions
is

F= 63GFM,/CZJJ‘LL A dx”

F= few,g)\e_:%GF")‘dx“ A dx”

NN

= (£)e 3%« F. (A.0.14)

Note that since €,,5) is in Minkowski space, raising the indices of the Levi-Civita symbol will cost us
a minus sign €,,5) = — oA

F=—xe3CF (A.0.15)

Taking the double Hodge dual, we obtain

1 ~ N
wx F = % [Q'EWM (F’“’(dx" Adz* A dQ3)) + FH (da? A da A d%)ﬂ

11
= qrgi e
21(4 — 2)!

- o1 <FMV(d33“ Adx” A dQs) + Fuy(dx” Adx” N\ ng))

(—eP) <F,uu(d33” A da” A dSs) + Ep (dat A dz” A dflz))

=-F

So, we see that by taking the double Hodge dual we get back our original 5-form with an extra negative
sign. From our study of electromagnetism, we know that the field strength is defined to be

F=dA
where A is a 1-form, given by
AW = A;da.
Then
F=dAW

= aindl'j A dzt.
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We know that we can break a tensor into a symmetric part and an anti-symmetric part, that is

. ain + aiAj n ain — 82'143'

9, 2 2

Using the fact that do? A do® = —da’ A da?, we can write F as
1 A ,
F = 5(81141 — 8¢Aj)d.%'] A dx’
1 . A
= §Fj¢d:c] A dz". (A.0.16)
The Hodge operator on this field strength in 4 dimensions is given by

1 y
*F =5 Fie;jpda® A da. (A.0.17)

(4-2)!
Recall the expression from our F(s)

F = e3GFWd:E” A dz¥
Comparing this expression with (A.0.16), we conclude that from our F(5) we can also write
F =dB.

Again, recall the expression

- 1
F= 56,!,,0/\630}7”(&“ Adzx”.

Comparing this expression with (A.0.17), we learn that

F=dB.

A.0.4 Geometry and Tensors

Geometry is a mathematical field that focus on the study of shape, size (such as lengths, areas,
and volumes), relative position of figures, and the properties of space. The geometries of spaces are
independent of the coordinates used to describe points in the space. Geometries are best described
by mathematical objects called tensors. Tensors, just like scalars and vectors, can be used to describe
physical properties. In fact tensors are a generalization of scalars and vectors. When we compute
observables in the theory of gravity, we require that the physical quantities should be coordinate
independent. It turns out that tensors are the right language to use when studying the theory of
gravity because they are coordinate independent. To prove that tensor equations are coordinate
independent, consider the tensor equation 7" o 6(:13) = 0. Under a coordinate transformation z — 2/,
we expect that

T (@) = T, (2') = 0.

O/,B,

l/,

We can write T o 5,(3:’ ) in terms of T"” 5(2). Using the coordinate transformation laws for tensors,
we have

B ax/ll/ 8$/V/ 81_04 81-5 s (x)

Ok Oxv Ox'a gx/BT  eBV

TM,I;:,ﬁ/ (LUI)

oz 9z’ D™ d Oz
ok Bz Qw1 9alP .
invertible since their determinant is non-zero. Therefore 77,5 (z) = 0 implies that 7" ;(z) = 0.

Notice that can be represented by matrices and these matrices are always
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So we conclude that tensor equations are coordinate independent. Not every object is a tensors. Here
are examples of objects which are tensors and objects which are not

0 ;
ensor
oxv ’
oVH
pe not a tensor.

However, it is possible that a tensor is composed of objects that are not tensors. An example of such
a tensor is the covariant derivative

D, VH = ZL +TH Ve, (A.0.18)
A 3
DV = 55 =T,V (A.0.19)

In the above expression, the first term on the right hand side is not a tensor but the second term on
the right hand side corects it. This behaviour can be understood in the following way. Consider a
function that depends on two variables f(z,y). If we apply a change in this function df (x, y) we must
make sure that we consider the change in both the x and y direction

fdx+ 8f

df (x,y) = o ay

If we only take the change in one direction, this would not have represented the full change of the
function. The same thing happened in the covariant derivative. The first term alone does not mean
anything but the full change is the covariant derivative. The second term in the covariant derivative
contains the affine connection which is known as the Christoffel symbol I'*,,,,.

A.0.5 Christoffel symbols

The Christoffel symbols belong to a larger class of objects called connections. The affine connection
connects nearby tangent space on a smooth manifold. It allows tangent vector fields to be differentiated
as functions on the manifold with values in a fixed vector space. Given a metric, one can calculate
the Christoffel symbol using the formula

1
Y5 = 59" (0rgo0 + Ougor — Dogur)- (A.0.20)

This method of computing the Christoffel symbol is long and tedious. Fortunately, there is another
simpler way that one can use to compute the Christoffel symbols. This is the geodesic method.

Geodesic equation

The geodesic equation is derived using the variational principle. This is done as follows: consider a
Lorentz invariant action of a free massive particle

S——m/dT

where dr? = g, (z)dz"dz”. We can re-write this action as

o [ fotrizrase

To perform the variation (S — S = S + 45), we introduce parameter \ such that dr becomes

o dz”
dr = \/gu,,%%dk. (A.0.21)
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Then we have

o/

I axn "dx
Now, we vary the path a#(7) — (1) + 636/‘ , and only focus on §.5. We will set this equal to zero

dm“d:c
5/d7—/(5\/gﬂy I d/\
dx" dx 2 dx* dx¥
= P 5( g T Y an
/ (g“ X dA) <g“ X d/\)

e (5 dutdet | doatdat | datddet
= [ 29 ax I =ax ax T I T Tan IR TN Tda

B /1 dzt da”\ 2 89,“,5 dx* dx” 49 doxt dx¥ QL
— ) 2\""ax Tan 0o % ax T T
We have used the fact that g,, is a function of x and that the metric is symmetric in p and v.

déz* d
Integrating by parts the term 2g,,, di d@;\ we have

déxt dz” d dx” d dx
20y Lozt — 25zt y
T =N dx d)\< T OF d)\> d>\<g“ dA)

When performing the integral the first term will vanish because a total derivative integrates to zero.
Therefore

[

-

doat da? o d ( da
I =ax dx aA\I o
o8 uag,w dx® dx¥ u >z

Dz dx dx  OT I e
Then we have

dxt dx 2 (0guv . odxt dx” 1 Oguy da® da” >z
§ [ dr = y— B2 5™ — 20zt — 202t gy —g | dA
/ T / <g“ 3 d>\> <axa Ty a0 awe ax ax T Imgye
1 da* dz¥\ 2 Ogay dx™ dx” 0gy dz® dz” d%z¥
= (g, 0 s DL R S VAt V)Y
/2(9“ X d)\> v (axu AN dx T 010 dxn dx TNz
Using (A.0.21) we can re-write the right hand side in terms of dr

1 0Yay dx® dz” 0guy dx® dz” Az
= [ Sggm | o 9w 22 T 9g,,—— )dr.
5/ ar / 25x <8m“ dr dr ox® dr dr Iuv” 172 dr

Jun

Jun

Rewrite
289“1, dz® dz¥  Ogyy da® dx”  Oguy dz® dz”
Oz dr dr ox® dr dr ox® dr dr
09y dx®* dx¥ Ogua dx¥ dz®
T oz dr dr ox¥ dr dr
dx® dx¥

T dr’

In the second term on the last line we used the symmetry of the indices o
T-derivative by #” and set 6 [ dr =85 = 0 . Then we have

5/d7_/ Ogay da® da* _ Oguy da® da* _ dgua da” o™ 2"
Bzt dr dr 9z dr dr  Oxv dr dr I are

0= / — ozt (8Mga,,j:aab” — 092" — Oy guat’t® — 2gu,,:i”> dr

/635“[ ( 0uGor Tt 4+ 00 g “a” + 0y guad” ) —i—g,wéé”] dr.
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For the right hand side to be zero, the integrand must be zero. This implies that

1
G’ = 3 <8“ga,,j:°‘:'v” — O ®a” — ayguafc”x'o‘>

1
= gupgw/iy = §gup (8ugaui'aiy - 8aguu5baj7y - al/g,uai‘yi'a)

. 1 o
= 0=+ Qgﬂp< — augal, + 6ag,w + angOC)xO‘xV.

If we compare the term in the bracket with (A.0.20), then this last expression can be written as
0=2af+1%, 2%". (A.0.22)
This is the geodesic equation in terms of the Chrisoffel symbol. Let’s do an example that will allow
us to illustrate how to compute the Christoffels symbol.
Example: Computation of the Christoffel symbols using the geodesic equation
Consider a 2-dimension Euclidean metric in polar coordinates given by
ds* = r2df + dr?, (A.0.23)

2. Our goal is to use the geodesic equation to compute the Christoffel

S = / \ 1262 + 72 dr = / Ldr. (A.0.24)

The Euler-Lagrange equations are

where g = 1 and ggg = 7
symbols. Starting from

d (oL _oL
dr\or ) or

= i = rf?

a(ony _or
dr\ 96 ) 06

= A <r29> =r204+2r0 =0

dr
.. 92 .
=0=——70
T
2
=T, +1%, = - (A.0.26)

These Christoffel symbols are symmetric under the interchange of the lower indices Fegr = FQTO, SO we
conclude that

1
Fggr — ; — Fe,re. (AOQ?)

Therefore the Christoffel symbols of the 2-dimensional flat metric in polar coordinates are

1
g9 = —r, and TY%, = o Isp. (A.0.28)

The property of the Christoffel symbol that allows us to interchange the two lower indices I}, = I'),
is called the no torsion condition. In a space where there is no torsion, we have
DV, =DV, =0,V, =T}, Vo — 0,V +T7,Va
=0V, — 0, V,.
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A.0.6 Killing vector equation

Symmetries simplify theories a lot. By knowing the symmetries of the theory, one can often tell how
the theory behaves. When studying theories of gravity, symmetries are encoded in the Killing vectors.
A map that preserves the metric when the metric has been mapped from one Riemannian manifold
to another Riemannian manifold is called an isometry. Suppose we have a point P at position z# and
we infinitesimaly move this point in a certain direction to a new position z* + (#(x) at point P’. By
requiring that the metric of this point is the same we get

gudxtdx” = g, datdz”.
This tells us that

gw(f’f +() = QMV(CC)

P a B B
:>§uu(1:+C) :gaﬁ(l"{'g)(a( 8—:C )a( 8;:C )> :guu(fl;)

= g (2) = (gau #0210 >><5ﬁ‘+§<2><55+3&>
(z

;L‘V

B oce 904
— gusle) (8308 + 03 o5 + 508+ 0 ) + 22T g2t 4 0(0
oo

= guu(3) = G (2) + u5(0) oo + g (z) por + I )+o<c2>

oxt

Therefore we have

acP oce 0g. (x
0= us() oo + gua(z) o+ > A
0 99,5() 0 Ogva () 209 ()

= w(guﬁ(‘f)gﬁ) - O Cﬁ + Do (gya(x)coz) _ W(a +C e

= aug,u + a,uCz/ - <auguﬁ($) + a,uguﬁ(w) - aﬂguu(x)>gﬂpgp-

Using equation (A.0.20), this expression is reduced to

0 =8,y — T0,C + 06 — T0,6
=0 =D,(u + D,éy. (A.0.29)

This is the Killing equation. Symmetries are encoded in the Killing vectors. A Killing vector is a
vector that satisfies the Killing equation (A.0.29). Symmetries are extracted from the Killing vector.
To understand how the Killing equation works and how to extract symmetries, we will do two examples

Example 1: Computing the Killing vectors for the metric ds?> = dz? + dy?
The Christoffel symbols of the metric

ds® = da® + dy? (A.0.30)
are all zero. Therefore the Killing equation becomes

D;(; + D¢ = 0;¢; + 05¢G.
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Fori=j5==x

02Cz = 0.
The solution to this differential equation is
G = fy). (A.0.31)
Doing the same thing with the y component we get
Gy =9g(x). (A.0.32)

Now setting ¢ =z and j =1

9zg(x) + 9y f(y) =0
Ozg(x) = =0y f(y)-

We see that the left hand side depends on x while the right hand side depends on y, for the LHS to
be equal to the RHS these two functions must be equal to a constant k. This implies

0z9(x) = k.

The solution to this equation is

g(x) =kzx+ A (A.0.33)
and

—0yf(y) =k

fly) = —ky+ B. (A.0.34)

Now, the Killing vector is given by
¢=¢'0;
=(Y0y + (70,

= k(x0y — y0y) + B0, + A0y
— kL. + BP, + AP,

where
P,=0,, Py=0, and L, = (20y — y0,).

This result tells us that there are two Killing vectors corresponding to translation (BP, and AP,) in
two linearly independent directions and the third Killing vector L, corresponding to rotation about
the z axis.

Example 2: Computing the Killing vectors for the metric ds® = r2df + dr?

As we saw above, the non-zero Christoffel symbols of the metric
ds® = r2df + dr?
are

1
1’17‘00 = -, and FGQT = ; = Fe,mg.
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The Killing equation is
0=0,C — F'zucﬂ + 0uly — Fwap
0= Du(u +D MCI/
where p and v take the values 6 and r. Setting = r and v = r, we obtain

D¢ + Dy G =0,
D,¢, = 0.

Expressing this equation in terms of the Christoffel symbols we use

DrCr = arCr - Parr(oz
=0,G —T7,,¢6 —T9,6

= arCr-
Therefore we have
&”Cr =0
and the solution to this equation is
Cr = f (6)

Setting © =6 and v = 0, we get

DgCo + DgCp = 0
DyCp = 0.

Expressing this equation in terms of the Christoffel symbols

DyGy = 0gCp — I'pyCa
= 39Co — T ggCr — T09pCo
= 0pCp — I"pyGr — 0
= 0pCp + 7¢;-

Then, this simplifies to

OgCo +1¢ =0
9oCo +rf(0) = 0.

The solution to this differential equation is
G =1 [ 50 + ).
Now setting u = r and v = 0, the Killing equation becomes

DrC& + DGCT =0.

In terms of the Christoffel symbols this equation simplifies to
0ro + Gy — 6o =0
o((—r [0 s+ 50+ aus0) - 2 (= [t sy + 7)) =0
= [ @01@) + 0.5 + dur(0) + 2 [ 1(0') ~ 2Fr) =0

- [ @0'5@) - 2us(®) = 0. F(r) - ).
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Again, we see that the LHS and the RHS are equal to a constant k. Lets first equate the LHS to &
and multiply by 0y, to get

/d&’f(&’) +0pf(0) = —k
£(0) + 92£(6) = 0.
The solution to this differential equation is
f(0) = Acosf + Bsinf.
Substitute the solution back into the differential equation to find k

/d@’(A cos@ + Bsin®') + 9p(Acost + Bsinb') = —k

Asinf — Bcos@ — Asinf + Bcosl =k

=k=0.
Evaluating the RHS of (A.0.37), we find
0.5(r) ~ 2 (1) =
0.(r) — 21(r) =0.
The solution to this differential equation is
f(r)=cCr?. (A.0.38)

Therefore, we have

¢, = Acosf + Bsinf
Cp = —r(Asinf — Bcosb) + Cr.

Using our metric we have

G = CT
G =r%¢".
The Killing vector is then given by
¢= C'ua,u
= ("0, + "0y

= (Acosf + Bsin0)0, + %(—T(A sin@ — Bcos ) + Cr?)dy
T

1 1

= A(cos 00, — —sinBdy) + B(sin 00, + — cos 00y) + COy
r r

— AL, + BL, + CP..

These Killing vectors correspond to two rotations and one translation. Thus we reproduce the results
of example 1 as we must.
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Conserved quantity from the Killing vectors

We now know that symmetries of a geometrical theory are hidden in the Killing vectors. What are
the conserved quantities associated to these symmetries? We can find these conserved quantities by
using the geodesic equation, since these quantities are conserved along the geodesic. The conserved
quantity is given by the equation

d dx*

— — ) =0. A.0.

dr (CM dr ) (A.0.39)
We can show that this equation is true. Use the geodesic equation as follows

d drzt\  d¢, dxz* o
d7'<“d7'>_ dr dr T Cut
. dxt : : :
where we have adopted the notation s ##. Using the geodesic equation (A.0.22) and the fact
T

that ( is a function of z# which is parametrized by 7 i.e. (, = (. (x(7)), we obtain

g, dx* ap _ dat dz” dg,

ar ar T T ar ar da
= &% 0aCy — Thyi"27 ¢,
= 2" (0aCu — T4,Cp)
= 23" DaCy

1
=5 <9’c°‘3’c“DaCM + yb“dﬁaDMCa>

— T 53¢,

1. ..
=5 at (Dag‘u + D#§a>
=0.

where in the second last line we used the Killing equation. This conserved quantity is the metric
product between the Killing vector and the geodesic tangent vector. Using the form of geodesic
equation

d dx” 1 dz® dzP
0= i <9,uud7_> + iﬁugaﬁﬁﬁ (A.0.40)
we see that when the second term in the above equation is zero i.e.
d dz”
=7 v A.0.41
0 d7'<g“ d7)+0 (A-0.41)

then this equation is equivalent to (A.0.39). This tells us that the conserved quantities calculated from
(A.0.39) are the same conserved quantities that will be calculated from (A.0.41). We will compute two
examples of conserved quntities associated to the Killing vector. For these examples we will choose
the metrics
ds® = dr* + r*df
and
ds? = dt? — da? — dy® — d2>.

Example: Computing the conserved quantities from the Killing vectors of the metric
ds? = dr® + r2df

Recall that the non-zero Christoffel symbols for this metric were I'"p,, F(’T@ and F%r. Since this metric
is diagonal, we will use the non zero component g,, = 1 and ggg = r> to compute the conserved
quantities. Setting u = v =6, in (A.0.40) we have

Y
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We know that the conserved quantity is the one inside the bracket. Solving this we get

do
const = r’—.

dr

do
Denoting v and calling the constant [, we learn that
T
= r’w. (A.0.42)

l
This is the equation for the angular momentum per unit mass (L = —). So, this last equation tells
m

us that the angular momentum is the conserved quantity.
Example: Computing the conserved quantities from the Killing vectors of the Minkowski
metric

Using the Minkowski metric
ds? = dt? — da? — dy?® — d2?

we get

0 d < dx” ) 1 dz® dxP

= — — —a —
dr mwdT +2“naﬁd7' dr
d dx”
= — 7’];“/7 .
dr dr
We will compute the conserved quantities by breaking the calculation into four parts.

1. Setting u=v =t

We have

o d dt
Cdr Tt dr
const = —.
dt
We set this constant to be equal to e which is interpreted as the relativistic energy per unit mass
(e = £). The conserved quantity is the energy per unit mass.

2. Setting p=v==x

We have

d dx
0= 7 ()

y dzr
const = —.
dr

We denote this constant by p, and it tells us that the momentum per unit mass along the
r-axis is conserved.

3. Setting u=v=y
Following the same procedure as above we find that
dy
it A.0.43
py dT ( )

and this tells us that the momentum per unit mass along the y axis is conserved
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4. Setting p=v ==z

Again applying the same procedure we find that

_dz

= (A.0.44)

Y2

and this implies that the momentum per unit mass along the z axis is conserved.

A big lesson that has been learned here is that searching for symmetries of the metric reduces to
solving the Killing equation. The Killing vectors can be used to find conserved quantities.

A.0.7 Spin connection

We have seen that the covariant derivative of a vector V), is given by
DV, =0,V =TI, Va.

The first term represents the normal derivative while the second term describes the way in which basis
e, changes along the manifold. This was easily read from the fact that the upper index o on the
Christoffel was contracted with the index of the vector which describes the direction of this vector.
Suppose we now want to take a covariant derivative of V/;'. The covariant derivative of V};' will have
an additional term which should tell us how the vector changes in the direction represented by index
a. Therefore the covariant derivative of V" is given by

D,V =09,V —T% V& +w, V7

where w, % is called the spin connection. We would like to express this spin connection in terms of
quantities we know.

The vierbein

The vierbein (also known as the tetrad) are orthonormal vector fields that are defined on a Lorentzian
manifold. The vierbein basis is an orthonormal basis independent of the coordinates. Therefore we can
choose an orthonormal basis that is independent of the choice of coordinates. From a local perspective,
any vector can be expressed as a linear combination of the fixed tetrad basis vectors at that point.
We can write any coordinate basis in terms of the tetrad as the following linear combination

e () = e, (2)é(a) (A.0.45)
ey () = e, (®)e( (A.0.46)

where e, is the vierbein and the components of this vierbein form a 4 x 4 invertible matrix. The
inverse of e, is given by e, and they satisfy the following relations

elely =0y and e,'e”, =0} (A.0.47)

The vierbein are related to the metric in the following way

g () = ¢, (z)ea (), (A.0.48)
g (%) = e, ()e,’ () 7ab, (A.0.49)
N = e, (x)e (), (A.0.50)
Nab = Guved" (x)ey” (2). (A.0.51)

We will see that the vierbein plays a huge role in simplifying our calculations. It is a good place to
start investigating how the vierbein transforms.
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Vierbein transformation

Recall that we can write any vector V in terms of component of coordinate and non-coordinate
orthonormal basis

—

V = Vhe(, = Vey.

So, the components of the vector are related by the vierbein field transformation as follows

Ve = e, 0VH
Vi =el VO

A tensor that has more than one index transforms as follows

a _ _ ays/K
V b= 6# V b
_ v a
=E€ bvv
o a v yu
=e, eV,
We transform the vierbein to inverse vierbein using the metric tensors in the following way

v b
'y = 9" nave,)’-

The Lorentz transformation for e(,) is given by
é(a) — é(a’) = Aglé(a).

So far, we have been exploring the vierbein and it properties. To convince our selves that we understand
them, we will do an example that will allow us to evaluate them.

Example: Compute the vierbein of the spherical metric.
The metric in spherical coordinates is given by
ds® = dr? + r?df + r* sin 0d¢. (A.0.52)
The coordinate basis vectors for this metric are
er=0r, eg=0p and ey = 0. (A.0.53)

Not all of these basis vectors have unit length and also they do not have the same dimensions. These
basis vectors satisfy the relation

€u- € = Guv- (AO54)

Now, let us compute the length of these vectors. Notice that the non-zero components of the metric
tensor (A.0.52) are

gr =1, geg=7" and ggs = r*sin® 0.
The length of these vectors are

er-ep =1 :>|€7»|:\/ng:1,
eg-eg=1" = |eg| = /900 =1,
es ey =12sin’0 = |eg| = \/Gop = rsinb.

Lets denote the orthonormal basis by e;. The basis vectors satisfy

€ €p = Nuv-
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In spherical coordinates this basis becomes

1

1
€p = ar, eé = ;6@ and 6(2) = ma¢

Now we are in a position to compute the vierbein by using the equation
€y = €&b6b.
Choosing a = r

er = elep
er=e;ler +eleg + ef‘be(b
Or = €, 0r + 67:069 + ef¢8¢.
Reading off the values of the vierbein we find
s =1, el = ef = 0.
Choosing a = 6
e; = eébeb
e; = eérer + eéeeg + eé¢e¢

1
00 = e 0+ ey + e, 0y,

Reading off the values of the vierbein, we have

Finally, choose a = ¢

6(]3:6(;365,
=T 0 ¢
e¢—e¢er+e¢eg+e¢;e¢
1 r 0 ¢
=e.0 O, 0
rsing ¢ 5 T+e¢ 9—|—e¢ ¢

Reading off the vierbein values, we get

We finally have

O3 O

0
o |. (A.0.55)
1

Expression for the spin connection

The expression for the spin connection w,%, can be derived by first expressing the metric g, in terms
of the vierbein

b
Juv = €Z€y77ab-

We know that the covariant derivative of the metric must be zero because the affine connection is
chosen to ensure the covariant derivative of the metric vanishes

Dagw = 0.
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We have

Dozg;u/ = Da(ezegnab)
= (Dan)e?/nab + eﬁ(Daeg)nab + eﬁeg(Da"?ab)
= (Dan)e?,nab + eZ(Daeg)nab, re-label p <> v and a <> b
= 2(Daejl)e) ab-
This implies that

Daez =0.

The left hand side of this equation can be expanded using the relevant connections, as follows

aty = Oaey, — 1,65 +wabe =0

auto
be ey = —0Oachey, + 17 eey,
wly =e b/< Oaey, + T e U) (A.0.56)

This determines of the spin connection, telling us that we can compute them by using the Christoffel
symbols and the tetrad (or vierbein). What happens when we take the covariant derivative of the
Minkowski metric 1,,? We know that D7, = 0 and that all the Christoffel symbols of this metric
are zero. This implies that

D/Lnab = a,unab + w,u,ac'r/cb + w“bcnac =0.

Notice that we have two spin connections in this equation, this is because the 7y, carries two Roman
indices and each index must transform. Simplifying this we get

b
0= W,fwncb + Wy C77ac

ab __ ba
Wy = W
This tells us that the connection wlﬁb is anti symmetric in the Lorentz indices.

Spin connection transformation

So far we have been exploring the properties of the spin connection but we haven’t mentioned anything
about how this spin connection transforms. To determine how the spin connection transforms, consider
a vector that carries a Lorentz index V. Taking its covariant derivative, gives

b
D, V* =09,V +w, V"
Now require that the covariant derivative of this equation is Lorentz invariant, that is
D,V — D, (A% V)
= (D A%V + A% (D, V).
This covariant derivative is Lorentz invariant
D, V* =A% (D, V")
if and only if the covariant derivative of the Lorentz transformation A% is zero
D, A% = 0. (A.0.57)

(A.0.57) is a constraint equation that allows us to determine how the spin connection behaves under
a Lorentz transformation. Using (A.0.57)

DA% = 8,A% + w, " A% — w, A% = 0.
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Multiply by Abb,, to get
Abb/auAal; + Abb/wua,cACb — Abb/w/fbAa; =0
w05 = Ay £ A% — AP0, A7,
Therefore the spin connection transforms as
wﬂa;/ = Abb/wuchaé — Abb,(?“/\al;. <A058)

Now that we know how the spin connection transforms, we would like to interpret our answer. We
will see that it is possible to identify spin connection with a gauge field for the local Lorentz group.
This is motivated by comparing how the gauge fields transform. Consider the gauge field of a U(1)
gauge theory (QED) which is given by A,. This gauge field transforms in the following way

Ay — A;L = A, +0ux.
Using the fact that

1=UU"

0=a,Uuh)

0= (0, U)U" +Us,U"
= (0,U)UT =Ud,UT.

Setting e’X = U we see that the U(1) gauge field transforms as

A, =UA U — (0,U)U"
=UA U +U8,U. (A.0.59)

Comparing (A.0.59) with (A.0.58) which is given by
w‘ua;)/ = Abb,qubAa; — Abb/auAal;

we see that the spin connection is indeed the gauge field for the local Lorentz group: it transforms in
the same way as the gauge field of the U(1) group does. To ensure we understand the spin connection,
we will consider an example in which we compute the spin connection of a given metric.

Example: Spin connection

Consider the metric

ds? = dr® + r2de>.

1
e{jz(o

We will compute the spin connection using equation (A.0.56)

The veirbein of this metric is

) . (A.0.60)

SO

Wy = el‘b< — 8aez + ane‘;> )

We will break the calculation into four pieces according to the value of @ and b
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(I) a=rand b=r
To compute the non-zero spin connection we need e, p non-zero, which implies p = r
adr = = Ot 4T

= < Dael +T7 e + T T)
Therefore we have

(II) a=6 and b=146

For a non-zero spin connection p =6
wrly= — Oa€g + T,
o b 6 0 60 0a€ O’

(A)aee = 699 ( — aa€g + F 69 + Fea 'I’>
Therefore we have

e

1 1
wr99:T<—6rr+rT>
1
:(1+1>
T

=0.
(IIT) a=r and b=10

In this case p =46

9—€9< Oaey + Thpe H'Fea@e)

Therefore
9 =20
Wy g = 1(—7")
=—1.
(III) a=60 and b=r
For this case u=r
wrl =e ( Dol +T7 €0 +TY e >
Therefore we have
wrer =0
W, = (0+ 0+ T%eh)
=1.
The spin connections are
W, =wy =0, wilp=w% =0 w =0, wy=-1, w’ =0 and w? =1.
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A.0.8 Spinors

A spinor field ¥, is an irreducible representation under boosts and rotations (under Lorentz transfor-
mations). Earlier, we saw that the covariant derivative of a vector V¢ that caries a Lorentz index a is
given by
b

D, V*=09,V* +w, V"
The index « carried by the spinor field also transforms so that the covariant derivative of the spinor
field is given by
[, T

2

DV, =0,Y + (wWy)ab

[, 1)
2
the spinor representaion. The generators obey the Lorentz algebra which is given by

[JHV | JP7) = (nTHJPY + V% JHP — Pl JOV — P JHOY.

To prove that [I'*,T?] satisfies the Lorentz algebra, lets first define I'*I"* = T'?, We will work in
4-dimensional flat space where the gamma matrices are denoted by . Through out this proof we will
use the identities

Uy

The term that multiplies the spin connection (i.e. ) is the generator of the Lorentz group for

BV AVt = 2, (A.0.61)
AHAY = for p # v. (A.0.62)
Let L*" be given by
v — %[V”’YV — YA (A.0.63)
= yHyY for p #v (A.0.64)
then
LM LoP = APV ~P for p # v and o # p. (A.0.65)

Using the above identities we get
LVLP = (=1 + 207" )"

= — (=979 + 207 )P + 207 AP

=TV 20P) = 207H P 207 AP

= =7 (=AM 20y A 207 = 20T P 4 2T

= LOPLIY = 207" 4 207l = 2070 4 207y
Notice that by using (A.0.64) we can write

2Pyt = 20" L7H

and this is only applicable when ¢ # u. This implies that we make a mistake when v = p and o = p,
but this mistake is cancelled by the term

—2nTHAY A — 2 TR LV,
Finally we get
(LM, LOP] = 2P LW — 2P BLYP 4+ 2V LM — PP LY (A.0.66)

Therefore we see that the L’s satisfy the Lorentz algebra which implies that they are Lorentz genera-
tors. The covariant derivative is

DV, = 0,94 + (W)W, (A.0.67)
We have managed to defined a spinor and its covariant derivative. Now let investigate how the spinor

covariant derivative transforms.
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Spinor transformation

In this subsection, will focus on how spinors and their covariant derivative transforms. To be sure
that we are arriving at sensible results, we will confirm our results by analogy with the U(1) gauge
theory. Although we would not expect our results to be the same as the U(1) theory, we expect at
least the structure to be same. Let’s first investigate how the spinor transforms. Recall that in the
U(1) gauge theory the field ¢ transforms as

¢(z) = ¢'(z) = U(x)p(x)

where U (z) is a unitary operator which is usually represented by U(z) = ¢*#(*) where (z) is real. In
this case the U(1) theory tells us that we should expect that when we transform the spinor field, the
new spinor field must contain the old spinor field multiplied by the group transformation element

U(z) — U(z) = UA)T(z).

We would like to write the spinor transformation in terms of the exponential. We can achieve this by
expanding A as follows

AP =61+ A+ O(ND).
To trust this expansion, we must make sure that it satisfies the property
Nuw Ay = 1po. (A.0.68)
Let check if this is satisfied
Nuw Ay AG = 1 (81 + A5) (65 + A7)
= N (OHSY 4+ SENS 4+ MiSY + O(N?))
= Npo + Aop + Apo-

This last equation is equivalent to (A.0.68) if and only if Ay, is anti-symmetric (i.e. Aop = —Ap0).
Now we can write

U(A) = e~ 2 an(@n™,
Therefore our spinor transformation is given by
U(z) = U(z) = e @1 g (g). (A.0.69)

Now look at how the covariant derivative of a spinor transforms. Again, we will first look at the
covariant derivative of the U(1) field and see how it transforms. This covariant derivative is given by

D,o(z) = 0uop + Auo(x)
and (A.0.59) tells us how A, transforms. Now, considering the covariant derivative of the U(1) field,
we get
Dy = (D] = 0,(U9) + (VAU — (0,U)UNU

= (0,0)¢ + U(9u9) + (UALUU — (0,U)UTU)¢

= (0, U)p+U(0up) + (UA, —0,U)¢

=U0up+UAP

=U(0.¢ + Aud)

=UD,¢.
When we transform the covariant derivative of the U(1) field we get the same covariant derivative
multiplied by U. Therefore the covariant derivative transforms like the field ¢(x). So we expect the

same structure when we transform the covariant derivative of the spinor. We expect that the covariant
derivative of the spinor transforms like a spinor and it turns out that this is correct

DUy — [D,U,] = e 22 @1 D g,
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A.0.9 Type /1B Supergravity

In type IIB supergravity we have different types of fields which are classified as bosons or fermions.
These bosonic and fermionic fields can further be classified as gauge fields and non-gauge fields. A
summary of these fields is given in the table below

Fields U(1) SU(1,1) Dim fermion/boson gauge field/non gauge field
€ 0 0 g boson gauge
Al 0 2 L boson gauge
Apvpo 0 0 L boson gauge
Ve +1 2 g boson non gauge
Yy % 0 L fermion gauge
A % 0 L fermion non gauge
€ % 0 L: fermion non gauge
K 0 0 L - -

The N = 2, D = 10 theory [78] has a linearly realized U(1) symmetry and a complex scalar. This
complex scalar is made out of two real fields ¢ and  and is identified with a coset space SU(1,1)/U(1).
It is denoted V. The £ on V{ tells us about the U(1) charge and o = 1,2 represents the SU(1,1)
index. We would like to derive the variation of the fields in the above table. We will mainly use the
U(1) and SU(1,1) to guide us in guessing the expressions and later we will check if the dimensions
of the left hand side matches the dimensions of the right hand side. When doing the variation for
terms that are not gauge fields, we will use a selection rule based on the fact that gauge fields have
derivative terms in their transformation rule while non gauge fields do not have these terms. This can
be seen in the following example: consider the transformation of the gauge field

AL, — AL, + 0uAy — 0N (A.0.70)
1K o B
A,ul/p)\ — Auup)\ - ZEOCBA[MFI//J)\] (AO?l)

where Ff oA = 38[1,A§ A We see that gauge transformation of A, is not as trivial as one might have
thought. One would have naively guessed that the transformation should be

Apwpx = Apwpx + 40, p))

where

48[,uAup)\] = 8MAVP>\ - 8Z,Ap)\“ + 8,01\)\/“, — 6,\Am,p

but due to constrains that the type IIB supegravity obeys, the correct gauge transformation is
(A.0.71). From these examples we see that the gauge transformation of the gauge fields contains
derivative terms. So any term that contains gauge fields in a non gauge field variation will be set to
zero. We will compute the variation of §V¥, 6V and 0 Aj,.

Variation of the fields
We will start with JV
Variation of V
The possible terms are
SV = VO N+ VEey oy + AG &y Pytap, + V¥ (Evihu)* + ENy AL,

Since V¢ is not a gauge field, we have to eliminate all the terms that contains the gauge fields. This
expression then becomes

5V = Vet
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Now to fix the dimensions of this equation we need to include the Newton’s constant . This equation
is then expressed as

5V = KVOE N, (A.0.72)

Variation of V¢

5V = VEEN + Vv, + VA (Ey )" + &YPP AG 7y + EE Xy AS,,.
Applying the same reasoning as above, we find
0.V = RVEN". (A.0.73)

Variation of A7,

0 A%, = KAS, &Y g + KAS, (9 p)* + VOEM + VEE N Y + VO, + Va5

Notice that Aj, is a gauge field, so in this case the terms that contains gauge fields will be allowed,
unlike previous cases. We expect that when we take the second variation the left hand side must
depend on terms that have at most first order derivatives in € (i.e. 0e¢). However the first and the
second terms will give us second order derivatives, so we need to exclude them. This leads us to the

expression

0c Ay, = VO Y + VEE Ny + 4iVIEE Y,y + 4iVIEY);. (A.0.74)

One needs to be careful when writing the variation of the gauge field. Checking if the U(1) and SU(1,1)
charges match is not enough. One also needs to check if the commutator of two supersymmetry
transformation is consistent with the set of gauge transformations and this is why we have added
the factor ”4¢” on the last two terms. It is clear that for the fields to have a consistent gauge
transformation, they must obey the following algebra

[0(e1),0(e2)] = (&) + (1) +d(e) + 6(A) +0(A.) + (%), (A.0.75)

and all of these parameters represent local symmetries. §(¢) is the local SUSY, §(€) is the local change
of coordinate, d(l) is the local Lorentz, §(A.) is the string gauge transformation, §(A_ ) is the 3 brane
gauge transformation and 6(X) is the local U(1). This commutator plays an important role in this
theory. The fields of this theory satisfy [78§]

ben)otea)] | A | = (34000450 + 600 + 008+ o)) (4 | (awro)
Vi Vi

Notice that we didn’t include the fields A, 5,1, and A. This is because for these fields to satisfy
the above equation, there must be an extra condition that must be imposed. For A,,,, to satisfy
(A.0.76), the five form of this theory must be self dual F(5) = F(5). 1, and X only satisfy equation
(A.0.76) if some field equations are true and these field equations give the equations of motion of the
11 B supergravity.
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Appendix B

Projectors

In order to evaluate the Schur polynomials and restricted Schur polynomials, we need to know the
characters and the restricted characters of the symmetric group. Projectors become handy when we
want to compute these characters. In this appendix, we will show how to construct projectors of
arbitrary Young diagram with two removable boxes. This method can be used to construct projectors
with any number of removable boxes. The constructed projectors will then be tested to see if they
satisfy the projector conditions.

The aim of this appendix is to explicitly demonstrate the following projector properties that were
quoted in chapter 3.4

Given the projectors
Pn=% [1><1| S Y0 TR S YT U C—— T
T2 Cab) ~ C(cd) (Clab) — Cea))?
. 1—1\1><2r] (B.02)
Cab) — C(ed) (Cab) = C(ed))? ' -

d S BN A U
PH—2[u><u+\2><21—C(ab)_c(cd)mm \/1 e e

1 1
—12)2| — /1 = — = |1)(2|], B.0.3
Clab) — C(cd)| 2| \/ (c(ab) — C(cd))2‘ A |] (B.03)

+
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we want to check that the defining properties true for any projector, are obeyed.

1 1 1
B - Bo=-{|D){|+2)2|+ ————— D)1+, /1 — ———|2)(1
s P = I+ R+ i \/ o a2l

- C(cd))

L 1
_ m@)@l + \/1 - W%))Qm@y] : [|1><1‘ + 202

A ST w - )

Clab) — C(ed))? Clab) = C(cd)

Py By= 1[|1><1| 1202+ ———— (1] + 1 - ———— 2
ET g C(ab) — C(cd) (Cab) = C(ea))?
el J1- el - i+ 2
Cab) — C(cd) (c(ab) = C(ed))?
1 1 1
- 1 1— — 21| + ————1|2)(2
Cab) — C(ed) L= \/ (Cab) *C(cd))2| | Clab) *C(cd)| 2l
1)(2
\/ C(ab) _Ccd))z‘ >< ’:|
1 1](1—1+ ! >+\2 2[(1—1— ! + ! )
4 Clab) — (cd) C(ab) — C(cd) C(ab) — C(cd) C(ab) — C(cd)
1 1
+ [1)(2 < 1-— . 1— .
e \/ (Clab) = Ced))?  Clab) — \/ cd))2 Cab) — C(ed)
1
che— )
\/ (Cab) = C(ea))? \/ Cab) — 2
1 1
123 <\/1 - = -
(C(ab) = C(e))®  C(ab) — C(ed) —c cd)) Cab) — C(ed)
pho— Y e )]
(C(ab) - C(cd))2 C(ab) cd) 2

=0.

So we have shown that the projectors that we constructed using two removable boxes do satisfy the
projector conditions. We conclude that B and PH are indeed projectors.
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Appendix C

Real Hermittian matrix

Our goal here is to study the Jacobian that arises when one changes variables from the real Hermittian
matrix to eigenvalues. We do this as follows

d n 14
0_/[dM]dM“ ((M Jije ¥t (M2)>
ij

n—1

= /[dM] ( > (MM — tr(M”“)) e~ 2ir(M?) (C.0.1)

r=0

The first term of the above equation is obtain by using the following relation
d d
M, (M%) = dM;,
= 0ii0jaMapMpcMeq - - - My M j + 6ia0p; Mia MpcMeg - - - My, M5 + 630 je Mo Moy Mg - - - My, M.
+ 0ic0jaMiaMapMpe - - - My M5 + - - - + 03405 Mo Moy Mye Mg - - - My 4 Mg Moy My Meg - - - My20;20;
= tr(M°)MjpMpeMeq - - MyzMzj + MiiMjcMea - - MyzMej + MigMaiMeq - - My M
+ MigMap My - -+ My My + - + MigMapMypcMeq - - - Mjj + Miq Mgy My - - - My Myitr(M°)
= tr(MOYtr (M"Y + tr(M)tr("=2) + tr(M?)tr(M"3) 4+ tr(M3)tr(M™%) + - + tr(M"2)tr(M)
+ tr(M" Lt (MO))

n—1

= Z tr(M™)tr(M™ ).

r=0

<MiaMabecMcd te Mszzj>

Equation (C.0.1) then becomes
n—1
<Ztr(MT)tr(M”'"1)> = <tr(M"+1)>. (C.0.2)
r=0
In terms of eigenvalues, we can write this expression as
n—1 N N N
<Z Ay )\?_1_’"> - <Z )\Z+1>. (C.03)
r=0i=1  j=1 k=1

Now let us repeat the same procedure, but instead of starting from the Hermittian matrix, we will
directly start by representing our real Hermittian matrix in terms of its eigenvalues and this means
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that we need to also include the Jacobian, that is

- - 8 n *lfo—Mz
0= 1'[dA,~ZW AP T Zimi AL
i=1 j=1 "9
N N
_ —15N 52 n—1 10J n n+1
_/HdA,-Je 2 2= k< Z)\ +Z§WA =) oN
i=1 =1

7=
N

N LN o N 9mg N
_ ) —= " A n—1 n n+1
—/il;[ld)\lJe 2 2k=1 k(nZ)\j + o, A= N )

Comparing (C.0.3) and (C.0.6) we learn that

O Ot X e
:/HJ@%Z?:1 ( Z)\" 1+Z - )\r )\n 1- r>
i=1 1 1

r=0 i= j=

For this above equation to be true, the term inside the bracket should be set to zero

Y nfl 8an e r n—1-—r
0=n) X D IPIL Z Aj
j=1 j=1 r=0 i=1 7j=1

n—1 N

N N
PIFTD DIV SR
j=1

r=0 i=1 j=1

EErER) S

'M2

Il
i

J

i=1 1

N " - s N
S (;.) > ( SIS wYe

j=1 r=0 J sz;éjl j=1

N ) N 1n71 A\ N )
Yo R () e

j=1 Z%‘;Zjl r=0 7j=1

N 1n—1 \ r
X ()

7,7=1 r=0

1#]

Now using the results that one gets when summing the geometric series, that is

AT
n—1 r 1 -5 n_ \n
<)\> R R b
=\ 1— % NEIPYEDY)
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(C.0.6)
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(C.0.9)

(C.0.10)

(C.0.11)

(C.0.12)

(C.0.13)

(C.0.14)



we find

N
1 A= \B
8@;\1J)\J = Z A}ﬁbil n—lj
j=1 J ij=1 A ()‘ —A )
1#]
B i /\n A7
) )\j -\
i#]
N A7 N n
e AR\ R A
#j #j
N n N n
-y AV Aj
by Aj— A\ . Ai — A
i#] i#]
N N
AT AT
_ J J
PP ver T Dl vy
i,0=1 INES
i#j i#j
N
A\
-2 Z 7 _
by Aj— i
1#]
where n =0,1,--- | N — 1. Now it is straight forward to solve for J,
Bln J
- 22 Z A — )\
7j=1 Jj=11:=1
7]

This last equation holds for any n. This tells us that

=

Ban

#J

The solution to this differential equation is

and this implies that

InJ =Y "I\ — ;)
Z;JJ

J =TT =)

.27'7.
i#]
1>

(C.0.15)

(C.0.16)

(C.0.17)

(C.0.18)

(C.0.19)

(C.0.20)

(C.0.21)

(C.0.22)

(C.0.23)

(C.0.24)

So we see that the Jacobian that is used to change variable from the real Hermittian matrices to

eigenvalues is given by (C.0.24).
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Appendix D

BPS Gauss graphs

In this appendix, we want to investigate the relation between the operators OZL’f(X ,Y, Z) and ng(a).
The operator Ogl’f(X .Y, Z) (which it is a BPS operator) is given by

1 |Hx x Hy|hooks, Z

OTP(X,Y.Z) = Tr(Pr,Tr(c))Tr(c XEPYE™ Z27)  (D.0.1)

m!n!p! hooks
p RfR UESn+m+p

and the operator ng(a) is given by
5 |HX X Hy| t (s t)—>1 (s,t)—>1
Oy (o) = YYD Vaddr e B, Y Ok s,
gk skm thep iy, fiz

(D.0.2)

The easy way to find out how these two operators are related is to compute the two point function of
both operators and compare the results. The operators Og’f(X ,Y, Z) are normalized to have a unit
two point function, that is

(ORP(X,Y, 2)0RT(X, Y, 2)) = 1. (D.0.3)

The two point function of the other operator is given by

7 5 ’HX x Hy|? (s, t) (St L Hy xHy | (801 Hy x Hy |
<0R’p(al)02},f, (02)) = § § § § VdsdiT3y xxivip 2 x*Hy
. /oIl i
plm!ptm/! ik sbm tp it 2

s’ t) (8" )= Ly x iy | 158" t) 2 Hy x Hy |
XD 2.2 > Vi /dy T i (02)B o Y B, X HOR (50,1, OR 80 1 -

/ kl /',ml t/',pl ﬁl ,/1/2

(D.0.4)
Now using the identity
1 ()= Ly xH B ()= 1|y x Hy |
]2 ZB Xyl g S ety (D.0.5)
’YEH)(XHY

we find

ORFORTEN = S0 3 ddd i e anri e 0o
5,k 7'k skm tkp y1,72€Hx X Hy
(D.0.6)

Above we have used the following results

<OR (rs,) OR’ (S8 ~,2> = 533/5,"7"/535/5“1#/15“2%. (D.0.7)
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We therefore have

(02@5(0—1)01@;1’/ 0’2 'm' ZZ Z d th(&t)(O'l’}/lO'Q’yz) (DOS)
st m,e€HxXHy
= Z (5(01_ ")/102’)/2). (D.O.Q)

Y1,72€Hx X Hy

Now that we have managed to compute this two point function, we will re-write the operator O (X Y, Z)

in terms of O R ( ) keeping in mind that we are interested only in BPS operators.

1 |Hx x Hy |hooks, Z

OFP(X,Y,Z) = Tr(Pr,Tr(c)Tr(c XEPYE™ ZEm)  (D.0.10)

m!nlp! hooksg fr St
1 |Hx x Hy |hooks, @py @m »@n
= el o — S Tr( Y DY Prnss,Trlo) | Tr(eXEPy®m zom)
TESn+m+p skEm tkp  p
(D.0.11)
|Hx x Hy |hooks,
o (X,Y,Z D.0.12
hOOk’SRfR ;%XN:XR’( ’ ’t)“/"( ) ( )
|Hx x Hy |hooks, \/ hooksr fr
= X, Y, Z D.0.1
hooksr fr Z ZZ hooks, hooksshooks; Onrs)s (X, 2) (D0.13)
skm tkp  p
VIHx x Hy [ Y >N T hOOkSt (st (XY, Z) (D.0.14)
skEm tkp p s
H H:
| Xm>‘<p' vl NN VddiOg (14, (XY, Z). (D.0.15)
skm tkp  p

Now looking at the BPS operator quoted in (D.0.2), which is obtained by setting o = 1, we have

. Hx x H
o1 = 1Hx Y‘ZZZMOM)W (D.0.16)

skm tkp  p

Compare this with (D.0.15), to learn !

OFP(X,Y.Z) = oP(1). (D.0.17)

\/ |HX X Hy’

This is the relation we wanted. Taking the two point function we find

1 -

(OFT(X,Y, 2)ORP(X,Y, 2)) = 17— {OWP(OFT(1)) (D.0.18)
‘HX X Hy‘

and this tells us that we have the following relationship

Y1,72€Hx xHy o1=09=1

!One should bare in mind that this operator ng(l) is a function of X, Y, Z.

136



Appendix E

Derivatives of the Gauss graphs

Here, we want to derive the expression obtained when one takes derivative of Op P (X Y,Z). The
d d d .
derivatives we are interested in are T r< 7 X) T r< d,Y) and T r< d,Z> Consider the operator

O?f(X, Y, Z) which is given by

|Hx x Hy |hooks,

OTP(X,Y,Z) = O™P(X,Y, Z). E.0.1
R7r< ’ T ) hOOkSRfR R,T( » T ) ( )
First we use the following form of this operator
A d\™ d\"
O, (X,Y,Z)=Tr Yd—Z Tr XdZ X(n+m-p)(Z)- (E.0.2)

d d d
7p _ . .
Taking the derivative of O o (X,Y, Z) with respect to T'r <dX) Tr (dY) and TT(dZ) will entail

d
evaluating T'r < 7 Z> X(n+m+p)(Z). We will now develop a way of evaluating this expression. We follow
[60].

d
E.1 Evaluati T Z
valuating;: r(dZ) r(Z)

Recall the definition of the Schur polynomial

13 in
n! Z X&(0)Z;, <1> %r(z)ZZ @ Dy (E.1.1)
0ESH
The derivative of the Schur polynomial is

d 3 in
Tr<dZ> (Z) < ) Z XR 0(1) 0(2) Zicr(:j) Y ZZ'U(TL) (E12)

T o€ESy,

Z2 gis .. gin Zh gz gz gin gh gl gz gin
Z XR < io(1) 20(2) to(3) to(n) t 4 o(1) to(2) to(3) to(n) + to(1)  to(2) to(3) to(n)

n! 0ESH
.. i1 12 i3 .. Sin
+ Ziv(l)Ziv(Z) Zia(:s) 5io(n)>' (E.1.3)

To simplify this, make use of a change of variables by replacing o — prp~!. We replace the o of the
second term, third term,---, n-term by (12)7(12), (13)7(13), -+, (1n)7(1n) respectively. Doing that
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we find

d . .
Tr Z .- ((12)7 Zh 022 A
(dZ Z XR 1 (1) 0(2) 15(3) l (n) + Z XR )) L(12)7(12)(1) (12)7(12)(2) Y(12)7(12)(3)
TES) TES)
11 22 13 .7
12)7’(12)(n) + Z XR 13 ))Zl(13 )7(13)(1) Z(13)7(13)(2) Z(13)7(13)(3) 7/(13)1'(13)(n)+
TESK
<+ xr((In)r(1n) Z] z2 Z' S oim : (E.1.4)
7’(177,)‘1'(11’1,)(1) ’L(ln)T(ln)(2) 7’(177,)‘1'(11’1,)(3) Z(ln)‘r(ln)(n)

TES’n

Making use of the identities

[v(e(@) = H (@)l 1) (E.1.5)
a=1
ﬁ 5 H 5“””“) (E.1.6)
a=1

gives
d Z<12><1> i12)2) Fi12)e)

Tr<dZ> < ZS Xr()o, r<2>ZT(3> it Zs Xe((12)T(2)) 2,0 " iy
TE TESn

Ziaam 4 Z Yr((13)7(13))Z 7/ Fan@) §a9E) || Lanm) |

7'(n) 3 ? 7(3) 7’7'(2) ZT(l) 7’7’(n)
TE n
L(1n)(1) r7i(1n)(2) l(ln)(3) (1n)(n)
. In)7(1n))Z," "V Z, z, .y

+ ES: XR(( ) ( )) 1. ( ) 7_(2) 7_(3) Z‘r(l)

TE

i1 12 . 2) Z(l) 1(3)
< Z xr(9)6; <1>Zia<2)Zo<3> Zi ( mt Z xr((12)7(12))2; <2>5w1> ir(3) (B-1.7)
O’GSn TGSn
Z(n) i3) @) ) z<n) i) @) B
TESY TESH

Using the cyclicity of the trace, we have

d ; 1 z 7
Ty 511 VA Z . (2) (1) Z-(3)
az Z XR(¥ i) i) Diue) Zw( ) T Z XR(¥ Ziyipey Ligea)
YESR WESy
i 710 Fio) sl Sl 7' e S s
Wn) t Z XR(¥ Wd) lw(z)éiwl) Zw > T Z Xr(Y lw(mZ%(z)Ziw(w 6%(1))
PYESH PESH
(E.1.8)
Zb g E.1.9
! Z Xr(Y %(1) %(2) iy(3) igp() ( )
PESn

Now, our next step is to fix the delta-function. This is done by moving from S, to S,_1 where
Sn—1 C Sp. To move from the space of S;, to the subspace of S,,—1 we restrict i1 = i,(;) which implies
that o(1) = 1. Now, using the coset decomposition

Sp=5S,-1D (12)Sn_1 D (13)Sn_1 D (14)Sn_1 D---D (1n)Sn_1 (E.l.lO)
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for o € S;,_1, we find

d n 11 12 13 in
TT(dZ>XR(Z) Tl > XR(WV)O, 255 0 Zivy Ly (E-1.11)
HESH
_n i iz iy gin i1 i2 i3
nl Z <XR(U)6i0<1)Zio<2) Zio(S) Zia(n) + XR((12)J)5Z'(12)0(1) Zi(m)a(z) Zi(12)0(3) Z
oESn—1
11 12 13 .. 7in
+ XR(<13)U)5¢(13)0(1) Zi(ls)a@) Zi(13)o<3) Zi(13)a(n)
11 12 13 in
T XR((ln)O-)di(ln)o'(l)Zi(ln)o‘(Q) Zi(ln)g(:s) o Zi(m)a(n)) ) (B.1.12)

The delta function 5?1(1) becomes (5;:1(1) = N and this expression is reduced to

d _n iy s in s i1 s in
T <dZ>XR(Z) Tl ; (XR/(U)NZ%@) Zinwy " Ligwy T XR'((12)0)6%(1>Z%<2> Zivw " Ligim
oESn—1

+xr((13)0)02  Z2 Z3 o Zin 4 xp((In)o)din  ZP ZE e ZD >

(1) Yo(2) o(3) 1o (n) lo(1) to(2) 'o(3) 1o (n)

(E.1.13)

_ n 12 3 in 19 13 in
= > (x r(O)NZE 22 - 27+ xr((12)0) 22 20 - 2
oESH—_1

+xr((13)0)Z2 Z8B - Zi* 4+ xr((n)o) 22 ZP - Zn ) (E.1.14)

o(2)  o(3) o (n) o(2) Yo(3) 1o (n)

where R’ denotes the Young diagram obtained when we remove a single box from the Young diagram
R. We can write this last expression as follows

7r( 17 x(@) = 5 0 To(TrlN 4 (1204 (13) 4 (1) 44 () (0) ) 25, 28, 02

Tl
O'ESn—l

(E.1.15)

This can nicely be written in terms of symmetric group Casimirs. The Casimirs C(..) we need are

e

defined as follows

n 1—1

Ciy =2 Y Tr((ij) = Arlr (E.1.16)

i=2 j=1

where \g is given by

e ”(”2_ D _ Z C"(Ci; D) (E.1.17)
J

Using the definition of the Casimir, we can write the following relation

(12) + (13)+ () 4+ ()= S ()~ 3 (i) (E.1.18)
i<ji=1 i<ji=2
= Ap — A/ (E.1.19)
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We then have

Tr(ddZ>

" o€Sn_1

n i i; in
(Z) = ﬁ Z T'I" ((N + )\R - )\R/)FR/ (U)> Zii(g) Zij(g) T Zio(n)

_ 1 19 i3 in
a m g: xr(@)(N A = Ar)Z; o(2) 210(3) “'Ziam)
g n—1
= crrxr/(Z)
R/
q
=D Cpr X (2)
i:l 1 1
where
crrr =N+ Ag—Apr and RFEn, RtFn-1

Now that we have managed to compute T (

This general case is

3
L

~
=
—~
%&
N———
3
>0
=
XN
Il
~
=

3
L

I

S

~
NERIE

Nl
3
&

I
~
3

Il
-
S/ N 7 N 7 N /N

Nl =

~— — ~— ~—
3
.

SDIED 3 ) SRR
Rm

R/// R//

dz

_Tr< 1z ) @)

> CRR’XR’(Z)]

_Rl

>3 cnmenna(2)

L R// R/

Z Z Z CRIRCRRCRR X R (Z )]

L R/// R// R/

. CR//R///CR/R//CRR/XRm (Z)

R/

E.2 The derivatives of Oﬁ’f(X Y, Z)

We will consider T'r (dC)l(> ng(X , Y, Z), which is given by

d \ Ay B d
Tr<dX)OR7T (X,Y,Z) = Tr(dX>

(v ) e (x)

d d
(o) )
) n+m+p)(Z)
K

q
d
:pZCRREnTT( dZ) TT'(XdZ) X(n+m+p—1)(Z)

140

(E.1.20)

(E.1.21)

(B.1.22)

(E.1.23)

d > r(Z), it is easy to generalized this to T'r <ddZ> Xr(Z).

(E.1.24)

(E.1.25)

(E.1.26)

(E.1.27)

(E.1.28)

(E.2.1)
(E.2.2)

(E.2.3)

(E.2.4)



where ¢ is the number of rows in the Young diagram R
d \ am# d d\" d \"
d\"! A\ (d
=mlr <YdZ> Tr <XdZ> r(dZ)X(nerﬂ’)(Z)

q d m—1 d p

and

141

(E.2.5)
(E.2.6)

(E.2.7)

(E.2.8)

(E.2.9)

(E.2.10)
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