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Abstract

In this dissertation we tackle the question: is there an emergent Yang-Mills theory coming from the
low energy description of branes and open strings? This new Yang-Mills theory has no connection
to the original gauge symmetry of the CF'T. We thus explore a large N but non-planar limit of
the theory. This is done with new methods developed in group representation theory. A study
the dilatation operator D in N' = 4 SYM theory is done since its eigenvalue, the anomalous
dimension, is mapped to the energy of the open string in the IIB string theory. The construction
of the spherical harmonics from the harmonic expansion on the 3-sphere, S3, is done to understand
the theory of the giant graviton’s worldvolume. The light-front parton picture is examined, since
it explains how one can “glue” single momentum modes together to obtain higher momentum
modes, and we believe that this procedure is described dynamically using magnon bound states.
Following from this, we work on determining the exact magnon bound state spectrum. Finally, we
test our hypothesis and see if the spectrum of the bound states matches the harmonic spectrum
from the harmonic expansion on the 3-sphere, S®. A non-trivial check is also performed to show
that the bound state spectrum does indeed match the spectrum coming from N = 4 SYM.
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1 Introduction

It is apparent that a duality exists between conformal field theory (CFT) and string theories. The
duality implies a one-to-one correspondence between the states in the Hilbert space of the CFT
and the states in the Hilbert space of the quantum gravity. Further, thanks to the state-operator
correspondence, we should thus have a local operator in the CFT for each state in string theory.
Membranes and their excitations, provided by open strings, are states that appear in the Hilbert
space of quantum gravity as provided by string theory. These states have many characteristic
features: at low energy they should be described by a Yang-Mills theory and this includes things
like the Gauss Law, that will have a highly non-trivial effect on the spectrum of the theory. Thus,
a new Yang-Mills theory emerges from the branes and their open string excitations. We say this
Yang-Mills theory emerges, because it has nothing to do with the original gauge symmetry of the
CFT and it lives on a new space that emerges form the field theory at strong coupling. The dual
descriptions of branes and open strings in CFT are known. From string theory we know that super
Yang-Mills (SYM) describes open string dynamics at low energy. We are exploring a large N but
non-planar limit of the theory. In this case, the usual large N methods are not useful and new
methods need to be employed - this is why group representation theory plays a role; it provides the
new methods we need. The question we would like to tackle is: is there an emergent Yang-Mills
theory coming from the low energy description of branes and open strings?

There are results that motivate this study. Namely, when you study the one-loop mixing
problem in the conformal field theory (which is dual to a problem of computing energies of states),
one finds that the operators that have a good scaling dimension perfectly match the states of a
brane plus open string excitations Hilbert space. Further, in this picture the Gauss Law of the
gauge theory that should emerge from the branes is clearly visible. Since this is a major motivation
for our study, we start by reviewing this. We now come to the statement that the energy of the
open string in the I1B string theory is mapped to the anomalous dimension, which is the eigenvalue
of dilatation operator D, in N' =4 SYM theory. We will now motivate this identification. When
working in R* Euclidean space, we consider the metric

ds® = dt* + di - dT = dr® + r*dQ3.
Scaling is a symmetry of the dynamics since we study a CF'T. Now, let » = € such that
ds® = e*dr* + e*dQ2,
which is related by a conformal transformation to
ds® = d* + dQ3,
which is R x S%. Performing the scaling » — \r = e%r, X # 0, we see that

e’ — e%” = et

=T —T+a.

From this insight, we see that the dilatation operator starts to look like a Hamiltonian since it
generates 7 translations. However, since we are doing a radial quantisation (see figures |1| and
that illustrates this), translations do not map from a Hilbert space back to a Hilbert space. This
implies e~ is not a unitary operator (i.e. [e~" " Fu]T o£ ¢71"Fu) where P, generates translations,
and finally this implies PJ #P,.



Figure 1: In this figure radial quantisation at a fixed radius is used and each ring represents a
Hilbert space.

Usually when we have a hermitian operator, we have the condition AT(0) = A(0), where the time
evolution of operator A(0) is given as A(t) = 7 A(0)e ! and thus (A(t))" = T AT(0)e ! =
et A(0)e 't = A(t). However, we will now introduce a new dagger operation such that A*(0) =
A(0), where A(1) = efI7A(0)e~#7 and it — 7. We introduce this new dagger operation so that
we can represent a relationship between the generators P, and K, which is the special conformal
generator. However, note that

Ai<7') = e’HTA(O)eHT =+ eHTA(O)e’HT = A(1),
but instead
A1) = D A0)e D) = A(—7),

. . . e e . . . 122 .
which is reflection positivity. Introduce the inversion map I : x* — Z—. Applying the new dagger
operator on a state we get

([)* = (wlI

and on an operator we get
O = IO,
and IO'I = IOI if the operator is hermitian. Therefore, we see that

P:=IP/I=1P,J]=K,.
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Figure 2: In this figure we see that by translating a Hilbert space, we intersect with other Hilbert
spaces, therefore translations do not map from a Hilbert space back to a Hilbert space.

From this, we see that P, and K, through the new dagger operator, act as the creation and
annihilation operators of the dilatation operator D the same way a' and a are the creation and
annihilation operators of the Hamiltonian H. The last thing to note is that D = IDI = —D, i.e.
it is anti-hermitian.

We will be studying threebranes carrying a D3 dipole charge, known as giant gravitons which
are D3 branes with a spherical worldvolume, S3. They are stable due to the fact that they couple to
the background RR five form flux and carry a non-zero angular momentum, leading to a Lorentz-
type force which causes them to puff out and expand. This Lorentz force exactly cancels the force
due to their tension which tries to collapse them. When accelerating a giant graviton it grows and
the faster you move it, the bigger it gets. There is a limit on how big a giant graviton can get. This
limit arises because the giant graviton cannot expand to a size that is bigger than S°. This cut off
on the size of the giant translates into a cut off on the angular momentum of the giant. When giant
graviton states are excited, they can be described in terms of open strings which end on the brane.
For p coincident giant gravitons we expect a U(p) gauge theory. We have some good ideas about
what the local operators that are dual to giant gravitons are. We will introduce these operators
as they provide a basis for the local operators of the theory. We will also be solving the problem
of diagonalising the dilatation operator in this basis. Working in the language of Young-Tableaux,
suppose we have a Young diagram R with n + m boxes that labels an irreducible representation
(irrep) of S,.,, that has p rows and p = O(1). Every row has O(N) boxes and the difference
between the length of adjacent rows is O(N). We can construct operators called restricted Schur
polynomials [1], [2] denoted as X g (rs)ap Where labelled irrep r of S, is the Young diagram with n
boxes that we have once m boxes are removed from Young diagram R to form Young diagrams s
which labels an irrep of S,,, and a and 8 are multiplicity labels that label copies of (r, s).

Now suppose, for example, that p = 3 and m = 3, i.e. we remove 3 boxes from Young diagram
R which labels an irrep of S,,y3. Using the A weight A = (1,1, 1), which removes one box from



each row, we are left with a Young diagram r that labels an irrep of S,, and we have the irrep of
(S1)? to compose Young diagrams s that labels irreps of S3, i.e. (S7)% — Ss.

n+3

2\

(1,1,1)

n >
w o

There are 4 valid Young diagrams that can be constructed from the product of the 3 single boxes
where two of the diagrams are the same, and thus o = 1,2 (it is the same for ). Therefore
there are 6 possible restricted Schur polynomials that can be made; two from the non-repeating
diagrams and four from the repeating diagram.

(s,)’
/_A\
o I

I
2
D

I
D
D
D

We will also work with an operator A;; because it plays a role in the diagonalisation of the dilatation
operator. When A;; acts on a Young diagram R, what results is the product of the sum of the



content of the box at the end of the i row and the content]l| of the box at the end of the j* row
(i.e. ¢; + ¢j) with the Young diagram R along with the product of the negative square root of the
product of contents ¢; and ¢; (i.e. —,/¢;c;) with the Young diagram R where the box at the end
of the i*" row is moved to the end of the j* row and with the Young diagram R where the box at

the end of the j*® row is moved to the end of the i*" row. Note that this operator can also operate
[

on Young diagram r. As an example, acting with the operator A;3 on Young diagram am , we get

A13:J =( +03)J ‘— c1C3 [@jLHHZD]
) =) [@ﬁﬂﬂ}
— 2 [@+B}33]

Since the physics of these CFT operators is the physics of branes and open strings in string
theory, we expect that, in a suitable limit, the dynamics of the Gauss graph operators will repro-
duce the physics of a Yang-Mills theory. Gaining insight into how this actually happens is a big
motivation for the present study. The simplest test we can do is to ask if the spectra coming from
the CF'T operators matches the spectra expected from Yang-Mills theory. For the case of a single
brane, we expect to get electromagnetism on a 3-sphere S3. When considering the first Maxwell’s
equation, i.e. Gauss’s law, on the membrane worldvolume (on S?), we have

V.E=L
€0

Integrating on both sides over the volume of the 3-sphere, we get

V.E d39:/ P po.

S3 $3 €0

Note that the right hand side is equal to the total charge on the 3-sphere divided by the permittivity

of free space, i.e. Q;;t On the left hand side we can use the divergence theorem to obtain

/6-E’d30:/ Boad— [ Lagg— Qo
S3 953 SSEQ €0

Open strings are oriented: an endpoint can be described as “incoming” or “outgoing”. It should be
further stated that incoming and outgoing endpoints have opposite charge. Note that the second
integral above is equal to zero since 9S® = 0. This then demonstrates that the total charge on a
membrane is zero. Since the endpoints of open strings are charged this implies that the number of
outgoing open strings on a membrane equal to the number of ingoing open strings on a membrane.

We are now describing the result of diagonalising the dilatation operator. So going back to
the example where Young diagram R labels the irrep of S, 3 which lead us to the construction of
6 restricted Schur polynomials, we can associate these constructions to Gauss graphs where each
graph has 3 branes and 3 open strings (this is due to there being 3 rows in the example), where the
size of the membrane(s) corresponds to the row length(s) in the Young diagram, i.e. the longest

!The content of a box in row 7 and column j is N + j — i.
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row in the Young diagram corresponds to the largest membrane and the shortest row in the Young
diagram corresponds to the smallest membrane. The number of boxes in a row is equal to the
number of fields and each field adds an R-charge of 1. Thus, number of boxes in a row = amount
of R-charge = amount of angular momentum. However, more angular momentum means more
Lorentz force and hence a bigger size. So a large number of boxes means a big brane. The way the
open strings are attached to the membranes follow the 6 separate permutations namely 1, (1 3),
(12),(23),(132),and (1 2 3); this can be explicitly seen in the diagram below:

o0 N
0 0

-

In each permutation case we see that the number of incoming and outgoing open strings is the
same for each dot (brane) thus resulting in a zero overall charge for each dot. The Gauss Law
constraint states that the total charge on the giant’s world volume must vanish. Therefore, these
diagrams realise the Gauss Law since they obey its constraint. We also introduce the parameter
n;; where if n;; = 1, then it means an open string is connected from brane 7 to brane j, and if
n;; = 0 then it means an open string is not connected from brane ¢ to brane j. Note that if n;; = 1,
it does not mean nj; = 1; n;; follows strictly “from i to j” (the same is true for when n;; = 0).
With this background, we can now state the action of the dilatation operator D on normalised
operators O(o) (which is discussed in greater detail in section [2.7)). The action is given as

DO(O’k) = Z niinjO(ak).
i#j

This dissertation is organised as follows: in section 2 we introduce the essential tools that
focus on the large N, non-planar limits of CFT along with methods used for studying matrix
models. A large amount of the methods and tools are presented in the language of Group and
Representation Theory of finite groups. These tools will be used to help us when we tackle how
to show how a Yang-Mills theory can emerge from CFT operators. In section 3 we explore the
spectrum of the worldvolume of a giant graviton, which is a 3-sphere. We use techniques from
group theory to perform expansions. This is a standard part of harmonic analysis. We do all
this to construct the spherical harmonics of the coset SO(4)/SO(3) which is demonstrated to be
the 3-sphere, S®. Checks will be carried out to verify the validity of the harmonics constructed.
In section 4 we review the work of A. Jevicki [3] on light-front partons and its association with
dimensional reduction — which is seen in the example of relativistic field theory. Through a number
of considerations and manipulations, a relativistic field can be expressed in terms of non-relativistic

11



partons of a lower dimensional theory, a new understanding into the features of local field theory
is given. In section 5 we begin with the discussion as to why poles are associated with bound
states. We then review known work on magnons and the magnon S-matrix which leads to us
determining the exact magnon bound state spectrum. We also review the work of N. Dorey [4]
on magnon bound states as we identify magnons as the basic partons and magnon bound states
with the coincident patron configurations since it is highly important in determining the spectrum
of magnon bound states. In section 6 we compare the results determined in section 3, with the
harmonics constructed, with the results in section 4 and 5 of the spectrum of the magnon bound
states, and see if they match. And lastly, in section 7 we will review what was done throughout
this dissertation and what was concluded in section 6. The main idea used to achieve our goal was
first done by V. Balasubramanian, D. Berenstein, B. Feng, M. Huang in [5]

12



2 Review of Useful Tools

2.1 Introduction

In this chapter we lay out the tools necessary to explore large N but non-planar limits of the
CFT. The new methods are most easily developed by studying matrix models. We will therefore
introduce matrix models and consider their large N but non-planar limits. A lot of the tools are
expressed in the language of Group Theory and Representation Theory of finite groups. We will
motivate in detail why matrix models are string theories. We consider the matrix model with a
single field Z, the matrix model with two fields Z and Y, and then generalise to matrix models
with many fields. Finally, we will introduce the one loop dilatation operator and its action on
normalised operators that are proportional to restricted Schur polynomials [I] [2]. Many of the
concepts presented in this chapter is a review of existing work. However, we delve into these
concepts for the sake of setting up the problem and using the tools developed here in assisting us
in tackling the demonstration of how Yang-Mills theory can emerge from a class of CFT operators.

2.2 Matrix Models

Gaussian integrals are good toy models for the path integral. In the same way, matrix models
are good models for QCD (gauge theory). When studying a hermitian matrix, i.e. M = MT,
M;; = M?;, where ¢, = 1,... , N, it should be noted that:

Ji
e The diagonal elements are in total N real numbers.

e The off-diagonal elements are complex, but elements below the diagonal are complex conju-
gates (c.c.) of elements above the diagonal.

e The number of elements above the diagonal is equal to (N? — N)/2, so that there are N> — N
off-diagonal real numbers.

In conclusion, there are N2 real numbers in total: real diagonal + real off diagonal = N+ N?—N =
N2, The model is defined as follows: any expectation value is given by evaluating the integral

<...>:/[dM]e°5T‘fM2...

where M;;, M;; = M]; + szj if i > j and M;; = M} if « < j. Thus the measure for the integral is

N 00 N oS 00
/[dM] e :/\/H/ dMy; ] / dM,:l/ dMj, ...
j=1 Y —° 00 —0o0

ki=1 k>l ~

Note that this is N? real integrals. N sets the normalisation of the measure. We chose A so that
[[dM]e=5 ™M = (1) = 1.

13



For general N:

e w A2 ee w A2 o . i2 > r2
N / dMye M / dMyye™ 2 My / dMy e M / dMy e Ma ||
e _

o0 —00 —00

o0 . 2 o0 2
. / dM]ZV(Nl)QWMN(NU/ dMX/'(Nil)einN(Nfl) =1

> 2 N NZ_N_
:>N< l) ( E) =1
w w
N - N2-N
(/) ()
27 s
WAN/2 /o (N2=N)/2 AV
- (")
2 T 7 2%
We would like to study correlators of the form
(My; Myy) = / [dM]e 2 ™M M My
Towards this end, consider
Z[J] — /[dM]e—‘;TrMQ—i-TrJM’

where Tr (JM) = J;;M;; (repeated indices are summed). Correlators are given by taking deriva-
tives of Z[J] with respect to the J’s. Indeed, noting that

® i’ = Oirdji

OMy,
. dz\ij Tr (JM) = d%ij‘]klMlk = Judadji = Jji

° ﬁijeT‘r(JM) — eTr(JM)#iijlMlk — erH(JM)(Skiélelk — GTr(JM)Mji

_w 2 —w 2 -5 2
d__d_,—%Tr(M2)+Tr (JM §T(M?)_d__d_ Te(IM)|_ — o=5 (M) Npong,

_a _a ) —
¢ dJij dJkl € |J:0 =¢€ djij dJkl

we easily find

d d
MMy = ——Z|J]|j—0.
( k) 0 A [J]]7=0

This can be generalised to

d d d

MijMy, ... M) =
(Mi M ) ATy dJy " dJy

Z[J]]s=0-

To solve for Z[J], we need to compute a Gaussian integral which amounts to completing the square.
Note that ¥ Tr (M?) — Tr (JM) = ¢ Tr ((M — £]?) — 5= Tr (J?). Thus

2] = [lane s m-gPr o,

14



Changing the integration variables: M = M’ + f = dM = dM’ because J is independent of M.
Then

2] = [lanr)es o e

AT /[dM]eé’“(MQ)

i Tr (J?)

)

=€

since [[dM]e=2 ™M) = 1. Now

d d
T Tr (J?) = dJUszJZk = 001 Jik + Jidudjx = Jji + Jji = 25
1) )
Thus,
d d 2
M. M e Cl
d 1 1 T (JQ) d 2
= — r Tr(J
dJji [2“16 i f l7=0
_ 4D g
dei w l7—0
N [53‘5)51'1 * %%] ez )
1
= S50
w kYl

This is the mathematical expression of the propagator in the matrix model.

2.2.1 Ribbon diagrams

The propagator (M;; M) = %5jk5il can be expressed as a diagram:

15



where the indices of each matrix are placed in pairs, in order, on a line. Lines are used to connect
the indices of the two matrices in accordance with the indices paired by the Kronecker deltas, i.e.

Wen

i” connects to “1” according to the Kronecker delta d; and “j” connects to “k” according to the
Kronecker delta d,;. Thus an image of a “ribbon” is formed.

The Feynman rules for interpreting ribbon diagrams are as follows:
e Every ribbon comes with a %
e Every ribbon edge comes with a Kronecker delta.

For example, (M;; My, M, M) is represented as the diagrams below:

The value of the diagrams (using the Feynman rules) are:
1 1 1
<Miij:qurMst> = Ediléjkdqtérs + Egiréjqéktdls + E(Sitéjsakrélq

The matrix model is a zero dimensional model. Thus, we can’t really sensibly define a local (gauge)
symmetry. We simply declare that global U(N) rotations of the hermitian matrix M are a gauge
symmetry. In this case, the physical observables are traces of M, since these are the quantities
that are naturally gauge invariant.

2.2.2 Improving notation for gauge invariant states

We now simplify our notation. There is no reference to indices in the improved notation. We will
connect points that are labelled by the same index since they are summed to give the traces of
powers of M;; i.e. they are no free indices. The idea for the diagram for (M;;M;;) is illustrated in
the diagram below:

16



In what follows we will make use of the following correlators

o (Tr(M?)) = N?

o (Tr(M*)) = L (2N®+ N)

o (Tr(M?)Tr(M?)) = (N*+2N?)

o (Tr(M?) Tr(M*)) = L (2N° + 9N 4 4N)

o (Tr(M*) Tr(M*) = L(4NS + 40N* + 61N?).

Gerard 't Hooft [6] was the first to suggest that it is useful to consider the limit N — oco. In this
limit

o (T(M?)) = LN?
o (Tr(M2) = 2N
o (Tr(M?)Tr(M?)) = (Tr(M?))(Tr(M?)) = LN*
o (Tr(M?) Tr(M*)) = (Tr(M?))(Tr(M*)) = ZN°.

Thus, we learn that

The expectation value of products is equal to the product of expectation values in the N — oo
limit.

This is a property of the large N theory and it is called factorisation.

17



2.2.3 Factorisation

Our goal now is to understand the physical interpretation and implications of factorisation. Con-
sider a system that can be in a number of different states; these states are labelled with index 1.
The probability for the system to be in a state ¢ is p;. Note that >, p; =1, p; > 0 Vi. There is a
set of observables O; and the value of Oy in state i is Oy(i). The expectation value of observables
s (Or) =Y. 1;01(7). Factorisation is the statement that

(0,0, .. 01n>=<011><012>- {Or,,)

= > 101, (1)On, (i) Z 1, Or, (11) Z 14,01, (i2) Z 14, Or,, (i)

where we can consider any O’s and n can be anything. Interpreted as a system of equations for
the probabilities yu;, the equations are highly over determined. Fortunately there is a solution and
it sets p; = 1 for ¢« = ¢* and p; = 0 for @ # ¢*. Then both sides of the equation are equal to
Or,(i*)Op, (i) ... Op,(i*). The system occupies a definite state, so that the sum over states in the
path integral reduces to a single term. Only in the classical limit is the system in a definite state,
so that this is a classical limit!

This conclusion holds for any theory of matrix fields so that the large N limit of N' = 4 SYM
theory is equivalent to some classical theory. Maldacena has conjectured that this classical theory
is IIB string theory on AdSs x S°, and that 1/N? is equal t0 Astring theory- LThere is now growing
evidence for Maldacena’s conjecture.

2.2.4 Interacting theory

The expectation value for the interacting theory is given by
(.. )int = ./\/’/[dM]e_ZJTr(MQ)—g T (MY)

The following steps allow us to compute expectation values of traces in the interacting theory:

1. Couple in a source, ™ (/M).
/\f/dM Tr (M?)—g Tr(M*)+Tr (JM)

with

d

<Mjl> ﬁz[‘]]bzoa
ij

or more generally

d d d

<M M - . an> = Z[J]\J:O'

dJy; dy " ddom

2. Expand the exponential, change M’s into 45’s and pull them out of the integral:

d d d 2
Z [dM]e & Tr (M2)+Tr (JM)
q! (dea dJy dJ g dJad) N/

q=0
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3. Perform the Gaussian integral by completing the square:

(9 d d d d\" i
Z1J] = T
[ ] qz; ql dea dJcb dec dJad “

Since this theory comes with a term that has “—¢gTr (M*)”, a new diagram is added with a new

n
1

This is a vertex and since M is raised to the power of 4 in the trace, the vertex has 4 legs. Every

« 7

vertex comes with a “—g”.

2.2.5 Double scaling limit

Taking the limits g — 0 and N — oo such that A = gV is fixed and small, we see that

# H#Ho | H#
(Tr (M) = 1N o b S+ g T = NP (5 - )
where #, = Cy + C1A + Co0? + CsX\3 + ... . Also,

(T Ory =+ N+ B (B2 By )

This expansion is called the ¢ Hooft expansion [0].

Note that h measures how difficult it is to simultaneously measure x and p. The variable “\”
is related to the string tension in string theory. It is a source of uncertainty and it is a new fun-
damental constant. There are two small numbers, &> (which is 7 for string theory) and A (which
is i for QFT). These numbers are a hint that you are doing string theory since in string theory
we are faced with a new uncertainty principle which is connected with the string’s tension, thus a
new h is needed for the new uncertainty principle. The new uncertainty arises because the string
is an extended object and hence is not able to probe position with the same resolution that a point

particle can.

Note that factorisation does indeed hold true for the interacting theory, for example:

1

(TP T = (T T (140 (55) )

As concluded before, from factorisation, a classical limit is achieved in the large N limit. Noting
that # — 0 since N — oo, we identify # = Miarge N theory — 0. It will be argued that A of the
new theory is A of string theory.
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2.2.6 Rescaled variables
Recall that

(Vi = /[dM] T (M*)=g Tr(MY

Now, let M = V/NM’, so that £Tr(M?) = 22Tr(M?) and ¢Tr (M*) = gN?Tr(M") =
NXTr (M"™). Thus,

nl’

/[dM ST N AN T (M)
n=0

Before, we had (M;; My) = ”53’“ and for every M vertex we have a “—g”. Now, we have (M]; M};) =

ézléjk

v and for every M’ Vertex we have a “—AN”. Consider

(—AN)?

Z[0] = /[dM/]eNszr(MQ) <1 + (=AN) Tr (M/4> + (Tt (M/4))2 4. ) _

Looking at the first diagram, the value of it is (ﬁ)z (=AN)(N)3. Now, the diagram has 2 edges,
1 vertex, and 3 faces, which we observe corresponds to the powers of 2, 1, and 3 that are of the
terms (L)2 , (=AN)L, and (N)? respectively. In general, the Feynman diagrams will have the

Nw
value

(35) e

where E, V', and F' correspond to the number of edges, vertices, and faces a diagram has respec-
tively. The N dependence of a graph with E edges, F' faces, and V vertices is N*'~*+V_ It should
be noted that x = F' — E + V is called the Euler characteristic and it is a topological invariant
which means that all spaces of the same topology share the same number. For example, modify a
triangulation by stretching it such that we create a new face:
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After the stretch, we get F/ = F+ 1, E' = E+ 3, and V' =V + 2, and then
FFeE+V' =F4+1—(E+3)+V+2=F—-E+V,

which is a concrete demonstration that this quantity is a topological invariant. If we squish the
triangulation to get rid of an edge, we find

= I

A

After the squish, we get I = F, E" = FE —1,and V" =V — 1, and then
FF—FE+V =F—-(E-1)+(V-1)=F-E+YV,
which is also a topological invariant.

A torus is obtained by modifying a sphere by adding a handle:
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For us to add a handle to a sphere, we need to cut 2 holes:

#:>

This gives us F/ = F — 2, E' = F, and V' = V. Next, add the handle:

*=>

This givesus I = F -2, E" = F —4, and V" =V — 4. Thus,

F-E+V S F' —-E'"+V'=F-FE+V -2

This tells you that you will always subtract 2 from y each time you add a handle, just as you do
to create a torus from a sphere.

Adding a handle to a torus produces a pretzel:
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R
Y ) =

Note the following:
® Xsphere = Fsphere - Esphere + ‘/sphere =4-6+4=2
® Xtorus — Xsphere — 2=0

® Xpretzel = Xtorus — 2=-2

The Feynman diagrams we get from the interacting theory triangulate the surface (that being a
sphere, torus, pretzel, etc.). Thus, the following are surfaces that are triangulated by diagrams
produced from computing correlators.

— N\ ¥ 2l
Sphere f #
"tree" "one loop" "two loop"

Our path integral can be reinterpreted as a sum over surfaces. For particles we sum over world
lines. For strings we sum over world sheets which is a sum over surfaces.

2.2.7 Complex matrices

Suppose we construct a complex matrix Z using two N x N Hermitian matrices M; and M, such
that Z = %(Ml +iMy) and ZT = %(Ml —iM>). The correlators for this matrix model are defined
by

(...)= /[dZ dZe— (220 L~ /[dM1 dM)e~ % TrM—g Tr(M5)

We can evaluate the following 3 important correlators:

® <Zngkl> =0
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o (ZLZ})=0

o (Zy;Z})) = Loudj.

w

Now, computing correlators of traces of Z, where we group fields in pairs (as in round brackets in

the following equation), we see that

(Tr (2% T (Z7)) = (Zi; Z3) (25, 25)) + (Z Z0) (23 Z0) + (23 2))) (235 2),))

= ((ZyZ}) (2 2})) + (Z;: 2} (25 2),))

which produces 2 diagrams. Similarly, (Tr (Z3) Tr (Z)) will produce 6 graphs. It can be deduced
that (Tr (Z™) Tr (Z™)) will produce n! diagrams. The first two correlators are illustrated with

diagrams below:

<tr(22)tr(Z*2)> = @ + @

3

which are equal to 2%2 and ‘{%3 + i—]g respectively. In the large N limit:

(T (29T (7)) = 20
(Tr (Z) Tr (Z7)) = SM—Zf’ (1 +0 (%)) .

The general form of the correlator for traces of complex matrices is

(Tr (27) Tr (21)) = J:Y]J (1 L0 (ﬁ)) |

Planar diagrams are diagrams you can draw on a plane/sphere. Only the planar diagrams are
counted in the large N limit since only NXsetere = N2 dominates in the large N limit. Introducing

an operator Oz such that

Vw! Tr (Z7)

0,=ye e
7 N7

24




we find the correlator of this operator is
(0;08) = 8k

We now wish to evaluate a correlator of the form <020201>5

2

0,0,00) = (—— Tr (2)—— Tv (2?) —— Tr (21
4
w 4
= W(Tr (Z3) Tr (Z*) Tx (Z1))
16 + 8
=A

3

=A {16]::] + non—planar}

w
3

=A [w + non—planar}

w
where A = ﬁ. The general form of the example above is

. J1J2(J1 + Jg)NJlJFJQ*l

wJ1+J2

(Tr (Z27) Tr (272) Tr (Z1777%))

and

A/ wJ1+J2+K
VIR RN NI R

wJ1+J2 NJ1+J2*1 JIJQ(JI + J2)

(05,0,0%) =k 1140, (Tr (Z7M) Tv (272) Te (Z1))

= 0K,y 7 T To(s + o) NIt w2
s Jido(J1 + J2)
— UK, J1+J2 N )

since f(2)dyq = f(a)dyq. Note that we only sum the planar diagram contribution since it is the
only contribution that survives in the large N limit. To illustrate this result, we have two small
loops that have J; and J; legs respectively, and they connect to a bigger loop that has J; + J; legs:
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|::> 33, (4+),) diagrams

The J; and J, diagrams can have their legs shifted around the J; 4+ J; diagram producing J; and .J,
diagrams respectively. But the J; + J, diagram can also shift its legs resulting in J; + .J5 diagrams.
Therefore, in total, J;Jo(J; + J2) diagrams are produced. This diagram can be analogously thought
of as 2 strings with lengths J;, Js joining to produce a third string of length J; + J5.

2.2.8 Comparisons

In this section we will compare the results from the matrix model to those of N =4 SYM theory.
To go from the matrix model results to the A/ = 4 SYM results, we need to append spacetime
dependence which is easily determined by dimensional analysis. This section will provide concrete
examples which nicely illustrate this.

Matrix Model:

Recall that for the matrix model, the correlator is

(2,20 = 21

and the operator we use is

V! Tr (Z7)

O p—
’ TN/

?

with the correlators
(0,0%) =05k

and

v/ J1da(J1 + J:
<OJ1OJ2O§(> :5K,J1+J2 - 2( - 2)

N
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N =4 SYM:
In this theory, the action is
S = /d4:c Tr (0,Z20"Z1) + ...

where Z = ¢1 + 192, and ¢; and ¢, are hermitian matrices. Thus, the correlator in this theory is

010
1 o ilVjk
(Zij(21) 2y (22)) = m
The gauge invariant operators for this theory include
 Te (27 ()
=T
and thus, the correlators we study are
0K
(O(21)OK(x2)) = o — 2o
and
JiJo(J1 + Ja) 1
<OJ1 (x1>OJ2 (1]1)02-(1’2» = 5K,J1+J2 N |$1 _ I2|2(J1+J2)'

2.2.9 Link between string theory and gauge theory

It is claimed that for IIB strings on AdSs x S°, energy and momentum on S° is mapped into the
dimension A/scaling dimension and R-charge in ' =4 SYM respectively. The scaling dimension
of any local operator A is equal to the negative power of the dimension of length at the free field
fixed point. To be explicit, Ay = B = [A] = L.

Here are some more simple examples:
o [Zl=L1=Az=1
o (7| =L2=Ap=2
Thus the scaling dimension for the operator O is
Ao, =J,
since

Os) =[x (2] =[2"] = L.

The scaling dimension of operator O is in fact the energy of the dual string state as stated before,
i.e. energy in string theory <> A in N/ =4 SYM.

A 5-sphere, S°, defined by (x1)? + (22)? + (23)* + (24)* + (25)* + (26)* = R? has an SO(6)
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symmetry. For the QFT, there are the 6 fields ¢1,..., ¢¢ that also enjoy an SO(6) symmetry
which is called the R-symmetry. Remember that the angular momentum operator is L = —i%

and €17 = %77 where Z = ¢, + i and # is equal to the charge Z carries, also called the
R-charge. We rotate Z such that

1 — ¢y = cos (0)dy + sin (0)py

and

(252 — (25/2 = —sin ((9)(b1 + cos (9)¢2,
thus
@) + ¢y = cos (0)dy + sin (0)py — i sin (0)p1 + i cos (0) o
=e P +ie P,
= e (g1 +igo)
=e 7
Therefore, we deduce that # for Z is —1. We have thus also deduced that the R-charge of O is

Ro, = —J,

J

which is in fact the momentum of the string as stated before, i.e. momentum in string theory <
R-charge in N' = 4 SYM. Now, we can deduce the mass of O;:

2 _ 2 2
mOJ _EOJ _pOJ

- A?911 B R%J
)
=0.

Therefore, O; corresponds to a massless graviton moving on a 5-sphere.

2.2.10 Fock space in supergravity

Remember that the field constructed in QFT with relativistic normalisation is given as

d3k " ‘
— T (eTHRTo (L ikx k
o) = [ e k) + ¢l (1)
Wflefe Oz(k‘)_) :ﬂ(27r)%w /2w,—5(i,—5 and of(k) = (27r)ﬁ%,ﬁ/2w,;a£.. For the non-relativistic case, we had
(K'|k) = o0(k—FK), a}%\O) = |k), and a%a&\O) = |k, ko) for the continuous version, and (n|m) = 6,
al|0) = |n), and afal |0) = |n,m) for the discrete version.

Now, |J) = state of graviton with energy J and momentum —.J. We also have (J|K) = §x
and (Jy, Ja|J1 + J3) = 0 (since a one particle state is orthogonal to a two particle state in the free
theory). When energies become very high, then there is interaction between the particle states.
This is due to gravity, and the “charge” responsible for the generating of the gravitational field is
the mass. We know how mass and energies are related due to Einstein’s formula £ = mc?. In this
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case we will start to see that (J;, Jo|J; + J2) begins to differ from zero. Computing (J;, Jo|J1 + J2),
we have

J1J2(J1 + Jo)
N )

(J1, JolJ1 + o) = Okc.gy s

which is obtained by summing only the planar contribution (meaning it is not exact) and it

suggests operators are orthogonal as long as J < N 3 Considering the case when Ji, J, = O(1),
the correlator is

JiJo(J1 + Jo)
N

<J1,JQ|J1+J2> :(5[(7]1_;,_]2 —>5K7J1+J2%_>07 as N — oo.

However, when Ji, J, = O(N), then the correlator reads

Jido(J1 + J VvV N2
<J1, J2|J1 + J2> = 5K7J1+L]2 ! 25\/_1 2) — 5K’J1+J2T (#W) = #\/N(SK,JH_JQ 7& 0.

Thus, the identification of each trace with a particle has broken down. In the matrix model, we
have

(0,00 = N7 + JPN72

Note that if J ~ N%, then the N7~2 term is as big as the N’ term. As a result of that, you then
cannot neglect the non-planar diagrams; you must sum everything. This informs us that as you
change J, the object you are studying changes. To make clear what was just stated, the table
below illustrates the relationship between J (which is a label of QFT) and the object (which lives
in string theory):

J object
O(1) graviton
O(V'N) string
O(N) giant graviton
O(N?) | new spacetime geometry

To explain this further in detail, the table below explains what each order means in connection to
J and the dual string theory object:

N | graviton (O(1)) | string (O(v/N)) | giant graviton (O(N)) | new g,, (O(N?))
10 Tr (Z3) Tr (Z3Y) Tr(Z%) + ... Tr(Z%) + ...
100 Tr (Z3) Tr (Z°Y) Tr (Z%) + ... Tr (Z49) + ...
1000 Tr (Z3) Tr (Z27Y) Tr (Z49) + ... Tr (240 900) 4 .

For a graviton, we use planar diagrams only. For a string we use planar diagrams alone as long as
JWQ < 1. For a giant graviton, every diagram contributes; there will be N! diagrams and we take
N — oo. For new spacetime geometry, if it is understood, then one will understand everything
about black holes; in this case too, we need to sum all of the diagrams.
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2.2.11 Conclusion

When constructing the matrix model, we construct Gaussian integrals that help us to evaluate
correlators. This led us to specific properties of correlators which compelled us to think of making
diagrams to help when computing correlators; we called these diagrams ribbon diagrams. These
diagrams came with their own set of Feynman rules and we deduced that traces of powers of our
matrices are the physical observables with interesting correlators.

When we take the limit N — oo, we notice that only the leading term of the correlators survive
and that the expectation value of products is equal to the product of expectation values. This
result was first obtained by [7] and he called this concept factorisation. We also linked this to the
conjecture that the large N limit of A" = 4 SYM theory, is given by the classical limit of IIB string
theory on AdSs x S°, and we argued that 1/N? is equal t0 Rggring theory-

We also considered Gaussian integrals for the interacting theory. The interaction term “—g Tr (M?)”
required a new diagram: the vertex ribbon diagram that has 4 legs corresponding to M to the
power of 4. From there we take the double scaling limit ¢ — 0 and N — oo such that A = gN is
fixed and small, and this lead us to the result known as the 't Hooft expansion. The new constant
A along with 1/N? are both related to i (QFT and string theory respectively) and they indicate
that studying the large N expansion in the matrix model is equivalent to doing string theory.

We rescaled variables such that ribbon graphs had a N dependence of N*=£+V where y =
F — E+V is called the Euler characteristic. 1t is a topological invariant. We came to the conclu-
sion that the ribbon diagrams of the interacting theory triangulate a surface.

Following that, we investigated complex matrices and the correlators associated with complex
matrices. We noted that Tr (Z") Tr (Z™") will produce n! diagrams, but in the large N limit, we
will only get contributions from planar diagrams. Thus (Tr (Z7) Tr (Z1")) = ZX (1+0(5)) as

o7

N — oo. We introduced the operator O; which normalises Tr (Z”) such that (O;0F) = k.

v J1J2(J1+J2)

Through further investigation, we also found that (O, Oy, Ok) = 0K 1+ ~ , where Jy,

Jo, and J; + Jo can be thought of as lengths of 3 strings. Comparing this result from the ma-

trix model to ' = 4 SYM, we see that in ' = 4 SYM theory, (O, (x1)O,,(21)O% (25)) =
V12 (I+ ) 1

o . 1
OK Jy+J & PR It has the additional term of PesEeRen) compared to the re-

sult of the matrix model correlator. From there, we deduced that the scaling dimension of O} is
Ap, = J and the R-charge of O; is Ro, = —.J, which relates to the energy and momentum in the
string theory respectively. Thus we determine the mass of O; to be mg,, = Eg, —pg,, = 0, which
shows that O is a massless graviton moving on a 5-sphere.

In the Fock space in supergravity, when the energy is very high, there will be interactions
between particle states. The correlator we study becomes <(’)JOE> = JN’ + JSN772 4+ ... and
if J~N %, then the N7=2 term is as big as the N7/ term, so one cannot neglect the non-planar
diagrams. It further shows us that changing J changes the interpretation of the object you study
(in string theory). Taken together, this is compelling evidence that matrix models are in fact string
theories.

2.3 Young diagrams

We are trying to go beyond the planar limit since it is required when studying an emergent Yang-
Mills theory. With the use of group representation theory, we will be able to sum all ribbon graphs
and not just planar contributions. Young diagrams play a central role in this discussion.

A Young diagram is an array of n boxes aligned in rows starting from the left to right and each
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consecutive row will have the same or less boxes as the row above it. Young diagrams label all of
the possible irreducible inequivalent representations (otherwise known as irreps) of the symmetric
group S,,. When we list the number of boxes in each row of Young diagram R, it gives a partition
of n, so we can write “R is a partition of n”, which is denoted as R - n. Each representation is
a set of matrices acting on a vector space. We can label a basis for this vector space using the
Young-Yamanouchi symbols. For us to get a Young-Yamanouchi symbol, we fill in the boxes with
the integers 1,2, 3, ..., n in the order of which box we could remove such that what is left is still a

valid Young diagram. For example, suppose we have irrep labelled by Hjj which has the following
Young-Yamanouchi symbols:

41312 [4]2]1] [4]3]1]
1 3 2

There is a formula to determine the dimensions of a symmetric group irrep given the Young
diagram. This formula includes the notion of a hook length, which is a number that is given to
each box in the Young diagram. The hook length of a box b in Young diagram R is the number
of boxes that are in the same row to the right of b plus the number of boxes in the same column
below b plus one, which is for including b itself. Inside the column containing box b, draw a line
from below the bottom of R to b and then continue that line to the right until you exit R. The
hook length is equal to the number of boxes this line (the “hook”) passes through. The diagram

below illustrates an example of a hook associated to the first box in the first row of the Young
[

diagram :J that has a hook length of 5:

[]
As an example, the Young diagram :J with the hooks lengths filled in is given as

5/3[1]
3[1
1

hook lengths =

Now, the dimension of an irrep labelled by Young diagram R is equal to n! divided by the product
of hook lengths, and it is written as

n! n!

dp = '
i [[,crhook(z) — hooksg’

[]
where R F n. The Young diagram - labels an irrep of Sg with dimension

6!
1] 5-3-1-3-1-1

16.

Thus, there are 16 valid Young-Yamanouchi symbols that can be drawn. We now introduce the
concept of the content of a box in a Young diagram. A box x in row ¢ and column j of R has
content j — 7. Here is an example of Young diagram with the content filled in
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For a Young-Yamanouchi symbol that is given, each box in the Young diagram is labelled by an
integer 4 that is unique, with 1 <4 < n. The content of the box labelled i is ¢;. Let [Rpq1))
denote the Young-Yamanouchi symbol that is obtained from |R) by swapping the labels of boxes
k and k + 1. The matrix elements of the adjacent transpositions are now specified by

1 1
lg((k,k+1))|R) = —|R l—— R :
(k. b+ D)IR) = — ] >+\/ oo Pk
An example of using this formula is given below:
413] 413]
2] 2]
Fﬁj((l )L )=~ )
4]2] 4]2] 411
3 3 3
19| 1 V3
T2l ) =5k gl
4]1] 4]1] 4]2]
3 3 3
19| 12 Ve
T2l ) =52l e Pl
By choosing
4]3] 4]2] 4]1]
12 1 3 0 3 0
L Yy=10 Ly =11 2] Y= o],
0 0 1

-1 0
I((12)=10 —3
Ej 0 8

So in conclusion, we learn that Young diagrams label irreps, they provide us with a formula for
the dimensions of irreps, they can be used to label a basis and they give us matrices of irreps.

2.4 Single Matrix Z

As will become clear below, in applying group representation theory to matrix models we will
make frequent use of projection operators. In this section we will introduce some of the projection
operators that are needed.
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2.4.1 Projection operators

Suppose we have a vector ¥ that has two components U = (v,,v,). The diagram below illustrates
this arbitrary vector

Y

<l

Introduce the operators P, and Py such that
P, = (v,,0) , P,i=(0,v,).

The diagram below makes this more clear:

y

<l

. X
Pv

P, and Py are projection operators that project any arbitrary vector ¢ to its x-component and

y-component respectively in the plane. It is important to note the following: P, px\v) = Zﬁg\v) =
P,|v) which implies

P2 =P,
and similarly ]Sy2 — P,. Also, one should note that
b =P b=

This result is simple to interpret: P, - Py says you first project onto the y-axis and from there you
project onto the x-component of the y-axis which is the origin. A similar argument is made for
P, - P,. The final result to note is that



This is obvious upon noting that P,7 = (v,,0) and pyﬁ = (0,v,). These properties of projection
operators, that are obvious in our simple example, hold in general. We can define projection oper-
ators that project onto definite irreducible representations of the symmetric group. The projector
that projects onto irrep R is

where dg is the dimension of irrep R, ¢ is a permutation, S,, is the symmetric group permuting n
elements, yg(o) is the character of ¢ in irrep R, I and J denote iyis...4, and jis...J, respec-

. i in
tlvely, and( ) 5j1(1) : 5jg(n)'

We will now consider the cases when n = 2 with R = D:‘ and R = H:
o n=2(thus S, = {1,(12)}) and R=1 | |

(D)@ + xeo((1 2)((1 2)52] v w”

11 £12 11 2 J1 4,072
[5315]2 + 6]25]1} vw

(ﬁm);llﬁvh w? —

|

[Unwu + wuvm} 7

[\3|>—~w|+—n[\3|+—u

which is the symmetric part of the tensor product of two vectors. Thus 1553 projects to the
symmetric part of the tensor product of two vectors. Also, note that

(A% (Ao ﬁ@—ippg+@@ﬂwwn+wyﬂ
H%%+%%+%ﬁ+%%}
= 2[5 + oo
= (A2,

which is the property P? = P with the correct placing of indices.

° an&ndRzH

[xgw;ﬁﬁz g 2)((1 25 |
[521 512 521 (512} /U.Ylw]2

Ji1J2 J2 n

[v“w’? — w“v”] ,

|
[\:>|r—\l\'>|»—A N | —

which is the antisymmetric part of the tensor product of two vectors. Thus ]SH projects to
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the antisymmetric part of the tensor product of two vectors. Also, note that

(R H);iﬁ(ﬁ H)%i = [55i2 — 5igiz] [s71602 — 61 572

J17J2 J27n

01052 — st — ooz + 301
51072 — dia¢]

H ) 2:111‘]3 27

1
4
1
4
1
2
= (F
which, once again, is the property P? = P with the correct placing of indices.

We also observe that these operators are complete:
> A\
(Ao + Ry, =

Recall earlier that the general form of the projection operator was given by (Pg)} = ey s, Xr(o)(a)].
We now wish to compute the product of two projection operators:

PpPs = ) Z Z Xr(01)xs(02)0109,
01E€Sn 02€Sn
where everything on the right hand side of the equation is a number except for o109 which is a

matrix, with the following property (if we consider the left action):

(01)5(02)f< = (09 - 01)%-

We now change variables from oy,09 to 01,00 = 09 - 01, where o7 is fixed and v will run over the
same S, as 0. Therefore the multiplication becomes

5 drds _
PPy = T Z XR(UI)XS(¢'011)<¢)§(7
n! n!
01ESn wesn
since 1) = 09 - 01. Multiplying both sides to the right by o' results in ¢ - 07! = 09 - 107! =
0y -1 = 09. The term xg(01)xs(¥ - 07 ") suggests we use the Fundamental Orthogonality relation
(see appendix [A| for a review of this relation). Thus, we obtain

Py = R0 (Zﬂwnmmmqu%JWk
' YES,

n! nl 01E€Sh
ds
= rs— > Xs(¥)v
n.
YESn
=:5R5ﬁ@.

Therefore, the general result of multiplying two projection operators, of irrep R and S respectively,
is given as

prDS - 6RSPR7
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where R+ n.

Let Viy denote the N dimensional vector space. This space has a basis given by the N basis
vectors

1 0 0

0 1 0
=[] =10 M =o],

_0_ _0_ _1_

where each vector has N components. This is a complex vector space so that the general vector
in this case can be expressed as

o) = cile’)

=1

with ¢; are some complex numbers. The dual vector space is given by row vectors, with basis
(e;]. To get the dual to |v), we transpose columns into rows and complex conjugate the expansion
coefficients

The inner product is given by

The group of N x N unitary matrices, U(N), has the obvious action on this space, acting by
matrix multiplication on vectors

|v)y = Ulv) (v] = (v|UT.
The inner product under the action of U(N)
(v]v) = (|U'U) = (vlv)
is invariant. The tensor product of n copies of Vi vector spaces can be written as
VW@VN@---@Vy = V",

where V" is an N™ dimensional space. V" inherits a natural action of the unitary group from
the action on Vy:

(UFMv(1)) @ [0(2)) @ -+ @ |v(n)) =
=UU®---U)v1)e|[v?2)®- - v(n)
=Ulv(1)) @ Ulv(2)) @ - - @ Ulv(n)).
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U acts in the same way (by matrix multiplication with the N x N unitary matrix representing
U) on every tensor in the tensor product. One can view U®™ as an N™ dimensional matrix. We
will now define an action of the symmetric group S, on V™. The symmetric group acts by
interchanging the order of the vectors in the tensor product, without shuffling the components of
any given vector

(@)lv(D) @ [v(2)) @ --- @ |v(n)) = |v(a(1))) @ [v(e(2))) @ -~ @ |v(a(n))).

An important observation is the fact that the actions of the symmetric group .S,, and the unitary
group U(N) on V™ commute:

U o (jo(1)) @ [v(2)) @ -~ @ [v(n))) = U (Ju(e(1))) @ [v(a(2))) ® - - @ [v(o(n))))
= Ulp(e(1))) @ Ulo(e(2))) @ -- ®U!v( (n)))

=0-(Ul(1) @ U(2)) @ @ Ulo(n)))

o U (jo(1)) @ [v(2)) ® -+~ @ [v(n))).

/\\_/

The representations of U(N) are labelled by Young diagrams with no more than N rows. We will
denote the dimension of a U(N) irrep by Dimg. Consider n = 3, thus we work in the vector space
V]§’3, the table below displays the relation between R, dr, and Dimpg

R dR DlmR
1 N(N+1)(N+2)

6

|
N(N+1)(N—1)
L 2 | —=

@ 1 | Ny-Hw-2)

6

Each Young-Yamanouchi diagram is a subspace. Summing up the products of dgr and Dimp with
their respective representations R, we see that

S dpDimp = N(N+16)<N+2) N 2N(N+?1))(N— ) NV - 16)(N—2)

1 2 1 3 3 2 2 2
=N (424 )4 N (22 ) 4N (2242
<6+3+6>+ <6 6>+ (6 3+6>

— N3

which is an insightful result since the dimension of Vf,z’?’ is N3. In fact, Y r drDimp is equal to the
total number of states in the vector space V3" in general. This shows each state is labelled by a
unique Young-Yamanouchi pattern and a unique Gelfand-Tsetlin pattern.

The Gelfand-Tsetlin pattern labelling chooses basis states that are simultaneous eigenstates of
all the matrices Jg), and further, explicit formulas are known for the matrix elements of the Jﬁ(:l)
with respect to these basis states. Thus the Gelfand-Tsetlin basis is also the natural extension of
what we are used to from our studies of angular momentum in quantum mechanics.

We will now describe how the Gelfand-Tsetlin patterns are constructed. An inequivalent irre-

ducible representation for GL(N,C) is uniquely given by specifying the sequence of N integers

m = (m1N7m2N,---7mNN=) (1)
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satisfying myn > my4q v for 1 < k < N—1. Notice that this sequence can be identified with the row
lengths of a Young diagram R that has no more than N rows - this is the Young diagram labelling
the GL(N,C) irreducible representation. We call the sequence the weight of the irreducible
representation. The restriction of this irrep onto the subgroup GL(N — 1,C) is reducible. Tt
decomposes into a direct sum of GL(N — 1,C) irreps with highest weights

!
m = (m1,N—1, mo N—1,--- 7mN—1,N—1)a
for which the “betweenness” conditions
mn = M n—1 > My for 1<ESN-—-1

hold. This specifies the branching rule for how a GL(N, C) irrep decomposes when we restrict to
the GL(N — 1,C) subgroup. We can repeat this procedure until we get to GL(1,C) which has
one-dimensional carrier spaces. The Gelfand-Tsetlin labelling assembles this sequence of represen-
tations of the subgroups into a Gelfand-Tsetlin pattern. There is a unique pattern for each state
in the basis of the carrier space of the original GL(N,C) irrep. The pattern can be written as a
triangular arrangement of integers, denoted M, with the structure

min man my—i,N myn
mi N-1 ma N—1 my—1,N-1

mio Moo
mi

The top row contains the weight that species the irrep of the state and the entries of lower rows
are subject to the betweenness condition. The lower rows give the sequence of irreps our state
belongs to as we pass through successive restrictions from GL(N,C) to GL(N — 1,C) to ... to
GL(1,C). For each possible pattern we have a distinct vector. The vectors labelled by two distinct
patterns are orthogonal and the dimension of the irrep is given by the total number of distinct
Gelfand-Tsetlin patterns that can be constructed. As we have already described above, everything
we have said about GL(N,C) applies, without any change, to U(N). This orthogonal basis of
U(N) is called the Gelfand-Tsetlin basis.
2.4.2 Equivalence relation and equivalence classes
~ is an equivalence relation if it obeys the following three conditions:

e a ~ a (reflectivity)

e a ~ b then b ~ a (symmetry)

e a ~band b~ ¢, then it implies that a ~ ¢ (transitivity).

Now, we say g is conjugate to h, written as g ~ h with ¢g.h € G, if g = ocho~! for some o € G. We
now make and prove the statement that “conjugate to” is an equivalence relation.

Proof:

o Reflexivity is satisfied with the condition g = 1g1~*
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e Symmetry is satisfied when g = cho™! implies h = 0~ 'go = 07 1g(c™1)~!

e Transitivity is satisfied when we let ¢ = oiho;' and b = oyj0, " which implies g =
o1(02joy oyt = oroaj(oroe)”t O

This equivalence relation partitions the group into conjugacy classes (this is the name of these
equivalence classes). Suppose we now have a look at the characters of g and h, denoted as xg(g) =
Tr(T'r(g)) and xr(h) = Tr(I'r(h)) respectively, with g ~ h. Then

Xr(h) =Tr(Lg(h)) = Tr

where in the second line the cyclicity of the trace is used, and in the third line the property
[r(a) - Tr(b) = Tr(a-b) for a,b € G and the fact that c7'c =1 for ¢ € G was used. The result
(xr(g) = xr(h)) tells us that all elements in a conjugacy class have the same character. Now,
we have R - n, which means Py, lives in V", and we wish to evaluate the product on Pp and (0
(where ¢ € S ) For the representation of S,, on V" recall that (01)%(02)% = (02 - 01)%. The
multiplication is given as

where the right action of the group was used. Then

(Pr)b)s = 22 T2 Xe(@TIT) ()o()F (TH(W)k

' TESn

dRZXR ) () ()7

TESH

= (V)o(Pr)7.

From this result, we conclude that pr = wlsR, so Pp and 1 commute with each other, i.e
[Pr,v] = 0.

It should be noted that conjugacy classes of the symmetric group correspond to the cycle structure.
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For example, the S5 group has the following cycle structures

L (D2)3)4)5)
2. (12)3)(4)()
3. (123)(4)(5)
4. (12)(34)(5)
5. (123)(45)

6. (1234)(5)

7. (12345)

[ ]
6.

. [TTTT]

From this correspondence, we conclude that Young diagrams also label conjugacy classes!

2.4.3 Schur Polynomials
We will now introduce the Schur Polynomial [§],[9] which is given as
1
Xr(Z) = ] > xalo)(0)5(2)],

’ O'ESn

40



where Z is a N x N complex matrix. Consider the example that R = D:D and n = 3, then

1 i1 rrin i i1 rria i i1 rria i
XDE(Z> = g(XDjj(]l)Zii Zig Zz'; + XDE((l 2))21‘2 Zil Zi: + XDjj((l 3))21'3 Zig Zz‘f

X2 3) 20 Z2 28 + xer((1 2 3) Z 22 Z + xer((1 3 2)) 2 22 Z2)
= E(fo ZiZig + Zy Z 253 + Zi LR 2 + 23 23 20 + 2y 232 27 + 24 22 7))

_ é( Te(2)? + 3Te(22) Te(Z) + 2 Tr(2%)).

The relation (for n = 3) between the class, the permutation o and the trace Tr(cZ%?) is given
below

Class o Tr(cZ%%)
13 1 Tr(Z)?
21 [(12),(13),(23) | Tr(Z) Tx(Z?%)
3 | (123),(132) T (Z7)

We thus conclude from this that conjugacy classes of the symmetric group correspond to trace
(physical) operators. Recall that taking a trace produces a gauge invariant. We can rewrite the
Schur Polynomial as [§],[9]

1 [da
_dR n!

> Xl D | = o Te(PrZ™).

O'ESn

XR(Z>

We now wish to evaluate the 2-point function of the Schur Polynomial. The correlator is given by

81,1

1
 dpds

(Xr(Z2)x5(2)) (Pr)5(PS)EA(Z*M)7(Z7) k),

where (Z8")) = Z31 ... Zi" and

In

(Z2*M)7(Z2)%) = Y (0 o))

UES’,L

where the summation in this case is a sum over all ribbons graphs resulting in n! diagrams since
the permutation is an element of S,,. To illustrate this statement, let’s take n = 2 for example. In
this case
1 72 7111 i Iq\K I K
(2222} 200 = WLOF + (1 2)L((1 2)5
= 6;115"2(5’?15'?2 + 5;;5”5'“5532

l2"751 " j2 l1752 “510

which is indeed the result illustrated in the pairing below to form ribbon diagrams:
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7 2N N

LT

11 '1

I 1y

+

Therefore, the 2-point correlator of the Schur polynomials is [§],[9]

(Xr(Z)X5(

where dp = ﬁ
the Young diagram R.

A

and Dimg =

)= G

" dpds

=5RS<

1

> (Pr)S(Po)E (o (o)

O'GSn

1 N
= dnds Z Tr (PRU PSO')

UES’n

1

Z Tr (I%Rq) . o [Ps,o]=0& 0
UES’n
n! A
T <P P)
dnds r| Prlbs

T T ()

. PrPg = s Pr

o Tr (PR) = dRDz'mR

n! JTR
n! ) hookspg

hooksp

= O0psFr,

Fr
hookspg’

2.5 Two matrices Z and Y

I, K I, k

2

l.o=1

where Fgr denotes the product of the weights of boxes in

Now, we will consider not just a single matrix Z but two matrices Z and Y, and we use the

following results:

(Zi;Z}) = 6adjn,

(YY) = 8abp, {(YiyZu) =0,

42
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Extremal correlation functions are correlation functions that only comprise of a collection of a
single matrix (before that would be matrix Z). Extremal correlation functions get no quantum
corrections. In general, the Z.Y correlators do receive quantum corrections. Suppose we have two
Z’s and two Y’s. The observables we can construct are

Te(Z%Y?), Te(ZYZY), Te(Z*Y)Te(Y), Te(Y?Z)Tx(Z), Te(Z*)Tr(Y?), Te(ZY)?, Tr(Z*) Te(Y)?,
Tr(Y?) Tr(Z2)?, Te(ZY)Te(2) Te(Y), & Tr(Z2)*Tr(Y)?,

whereas if we have four Z’s the observables we find are
Te(ZY), Te(Z2*)Te(Z), Te(Z?)Te(Z?), Te(Z?)Te(Z)?, & Tr(2)%

Thus, we conclude there will be more observables for two matrices than there would be for a single
matrix. This is because Z and Y do not commute, i.e. ZY # Y Z in general. For operators
constructed from nZ’s and mY’s, we will work in Vi"*™. The tensor product of these matrices is

(Zonyem)h = Zit . Ziny Y

Jnt1 " dngm
The Bose symmetry associated to these matrices is given by
(Y ZEY o™ (o) = (Z9"Y®™)], o € S, X Sp.
In the general case, the observables are given as
Tr(pZ®"Y®™) = Tr(po ' Z®"Y ¥ o)
= Tr(opo~ ' Zomy®m)
= (07 po)5(Z"YE™),
since p and o~ !po correspond to the same physical observable for any o € S, x S,,. We say that
p and T are restricted conjugate if and only if

p= o lro

for some o € S, x.S,,. We will now prove the statement that “restricted conjugate” is an equivalence
relation:
Proof:

o Reflexivity: p=1"1p1,1€ S, x S,,.

Lo=1= Upa’l = (071)71,0071 ,ote S, xS,.

e Symmetry: p =0~
e Transitivity: p = oy '70; and 7 = 0, B0, then
1 N | _ -1
p =0y TO1 =0, 0y Boyo; = (0901)” Pogoy,

with g9 - 01 € 5, X S,,. O

Therefore restricted conjugate is an equivalence relation and thus we have a notion of restricted
conjugacy classes. It is a highly non-trivial fact that the number of restricted conjugacy classes is
equal to the number of independent gauge invariant operators that can be defined.
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2.5.1 Intertwining map

An intertwining map is a generalised projection operator in V® "™ Tt has many of the properties

of a projector (PyPp = dapPj; with A possibly standing for a collection of indices) but does not

in general square to itself. They are important in the study of (restricted) Schur polynomials.
Recall for the one matrix observables, we had

Xnl2) = = S (@@ = 3w TH(o 2 = TPz,

’ UESn ’ O'ESn

Rn+m

where Py = LY ves, Xr(0)o and o is the previously introduced action on V . Also recall

that for the one matrix problem, the correlators are
(Z=M5(Z7)E) = D (0 i)

and

(XR(ZX5(2)) = (Pr))(Ps) i (251 (Z77)7)
=D (Pr)j(Ps)i (0 )x(0)f

= Z Tr(ProPso™!)
oESH

=Y Tr(PgPs)
O'ESTL

::n!?}(ﬁﬁﬁg)

We now wish to introduce a “projection operator” for the case of two matrices. We denote this

operator as Pr (e Where R = n +m and labels irreps of Sy, ., 7 Fn, s =m, (r,s) labels irreps

of S, x S, and a and B are multiplicity labels that label different copies of the same subgroup
[ ]

45

irrep. Suppose we consider R = ) then dim — = % = 16. Now remove m (which in this case
]

is equal to 3) boxes such that you are still left with a valid Young diagram. In our example for R,
the combination of Young diagrams we get after removing m(= 3) boxes are

| | |
,DXDXD , , L , & \_‘J_‘,f ;
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where the last two diagrams, the diagrams on the right are diagrams that came about due to sides
being shared between boxes that are removed. The first combination can further be written as

| | | |
I %0 I VS B Ry A A A

| | @
since | x [ Ix[ 1= 1x DJGBH :‘_‘_‘_‘—i-i +L ] 4+ LI By adding up the

dimensions of the combinations, we get

dimE,DxDxD) + dim (@Bﬂ) +dim<m753>
= dim(?,m) +dim<Bj,Bj> +dim<Bj,Bj> —I—dim(Hj’E) +dim(§753) +dim<Djj,Bj>
=(2x1)+2x2)+2x2)+(2x1)+(1x2)+(1x2)

—244+4+24+2+2
=16

which is the dimension of R = . Note that there are two combinations that are

Py —

We introduce a number gg,, called the Littlewood-Richardson number to count this multiplicity.
In our case N = 2. In what follows we will use multiplicity labels o, = 1...gg,s. We
] Bij

need to introduce one more concept: XR,(m)aﬁ(a). This is the restricted character and it is given
by

drds

XR’(ﬁS)CYB(U) = Z<R7 (7”, S)Q; Z-|FR<O-)|R7 (Ta 5)5; i>7

i=1

where o € S,, 1, i denotes the state, R, (r, s)a and R, (1, s)5 denote the representation, R, (1, s)«; i
denotes the row index, and R, (r,s)3;i denotes the column index. Pg (r)qp is now given by

1
PR(rs)a8 = ! Z XR,(r,5)ap(0)0

’ O'GSn+m
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where o uses the familiar action on V&nm, Pr (1,50 is called the intertwining map and it maps
you between the av and 5 copy of (r,s). Note that for 2 matrices Z and Y, the 2-point function is
given as

(Zoy o2 YT = Y (0)ie ™)
0€ESRXSm
To illustrate this statement, let’s take n = 2 and m = 2 for example, then
(23 22V Yz 2T = LK + (1 2)La 2)f
+((34)2((34)7 + (1 2)(34)1((1 2)(34)F
52151251361“5]1%226@5@ 5“6125135“5”5325335“
R A A S e

which is indeed the result seen in the pairing seen below to form ribbon diagrams:

/“%‘\\?@ » -\

iy 2 i 3 Iy By k1'1 k5 1 "s's Ky iy b 212 313 i g klll K, L k3|3 i Iy

Z Y

klll \ ksls \ N

1112233414 kaIkaI

i b 2 iy 3 Iy iy
z v
z Y

The restricted Schur Polynomial for 2 matrices Z and Y is given as [1],[2]
XR,(T,S)O(B(Z7 Y) = Tr(PR,(r,s)a6Z®nY®m)7
and the 2-point function is given as [1],[2]
<XR,(7’,5)0¢B(Z7 Y)XT,(t,u)75(ZT7 YT)> = <Tr<PR (r,s) aﬁZ®nY®m) Tr(PT (, U)WSZT@nYT@m»
n m ny  tOm
= (Pr.(ro)as) s (Preans) i (Z5"Y ™) (ZT7Y 7))

= Y (Preoes) (Pt (k0]
0ESH XSm

= Z TI'(PR7(T75)04[3 UPT,(t,u)mS 0_1)

0ESH XSm

= nlm! Tr(PR,(T,S)ang,(t,u)wi)-

We should note that the intertwining map Pg (,s)as has properties that are similar to the properties
of a projection operator. These properties are [1],[2]:

4 PR,(r,s)aﬂ . PT,(t,u)'yé = 5RT5Tt65u557#PR,(T,s)a6
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o PR,(T,S)aa : PR,(r,s)aa = #PR,(r,s)aa

d [PR,(T,S)Oéﬂa U] =0, o€ Sn X Sm

i F(r,s)a(U)PR,(T,s)aﬁ = PR,(T,S)&BF(T,S)B(U)u 0 € Sy X Sy
Using these properties, we learn that [1],[2]

5 Frhooksgp
*" hooks, hooks,

(X982, Y )X (a5 (Z: Y ) = OR0r100u0

2.6 Dilatation Operator in the SU(2) sector

The (one loop) dilatation operator in the SU(2) sector of N' = 4 super Yang Mills theory is given
as [10]

D = —g%,, Tr[Y, Z][0y, 0],

where gy is the coupling in the Yang Mills theory, Y = ¢3 + i¢s and Z = ¢1 + igq, and ¢,
are scalar fields. When the dilatation operator acts on a restricted Schur Polynomial, we obtain

(11,121, [10]

2

9y m
DXR,(r,s)aﬁ = (7’L — 1)'(m — 1>‘ Z Tr(r,s)aﬁ(FR((la m + 1)77Z) - 1/}(17 m—+ 1))X
¢65n+m
X0 Y2 Y (Y7 — ZY)mit gimer o giim
P(1)  PP(2) P (m) P(m+1) P (m+2) P(n+m)

11

Typ(1)
for which ¢(1) = 1. For us to perform the sum over 1, we write the sum over S, ,, as a sum over
cosets of the S, 4,1 subgroup that is obtained by keeping the permutations that satisfy (1) = 1.

After using the reduction rule for Schur Polynomials, our result becomes [1],[2],[10]

The consequence of 9 appearing in the summand is the sum over v runs only over permutations

2
9y m (
D rs)af — T r.s)a r ]_, IR INY
XR,(r,s)af3 (n—1)l(m — 1)! E : § :CRR L(r.s)aps r((L,m+1))T'r(¢)
'(pesn-&-m—l R’
T () TR((1,m + 1)))3@:;(2) LY (YZ - ZY)r ez

The sum over irrep R’ runs over all Young diagrams that can be obtained from irrep R when we

drop a single box, and cgp is the factor of the box that must be removed from R to get R’. The

permutation ['((1,m+1)) is not an element of the S, x S, subgroup; it mixes indices belonging to

Zs and indices belonging to Y's. The dilatation operator has derivatives with respect to Z and Y

in the same trace and they naturally mix Zs and Y's. We will make use of the following notation
Tr(oZ®"Y®™) = Z' ... Z Y Y

to(1) ’ 7’(7(71) 7;cr(n-‘—l) ! 7:(>'(n<|—m).

Using the identities (with the fact that (1) = 1)

Y2 L Yim (YZ - ZY)m gimie gy (((1,m+ Dy —(1,m + 1))Z®"Y®m>

Gyp2) " T iy(m) bp(mt1) T tp(mt2) T Tip(ngm)
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and

drnlm)!
Tr(cZ®"Y®™) = — Tryupes(Dp(o™t w2, Y
r(o )= > G (n )l T o (Lr(o ™ ))XT (tur6(Z,Y)
T,(t,u)vé
we obtain
DXR,(T‘,S)Oéﬁ<Z7 Y) = Z MR,(T,S)&B;T,(t,u)'yJ XT,(t,u)*yé(Z) Y)7
T,(t,u)yd
where

crrrdrnm
M esrcans = a3 D gl s Tresas (Ca((Lm + DI () = TaTr((Lm + D)) x

¢€Sn+m 1 R’ n + m
% T (Cr (@ )Pr((Lim + 1)) = Pr(Lm + D) (67)).
Using the Fundamental Orthogonality relation, the sum over ¢ evaluates to [10]

CRR/dTTLm
MR,(r,s)aﬂ;T,(t,u)’v(S = _932/M Z dpdyd (TL n m) Tr ([FR((L m + 1)), PR—>(T,5)0¢,B} Ipipr X

% [Tr((1,m + 1)), Pros s [T,R,).

This expression for the dilatation operator is exact in N. For us to obtain the spectrum of
anomalous dimensions, we need to consider the action of the dilatation operator on normalised
operators. Normalised operators which do have unit two-point function can be obtained from

Frhooksg

7,8)Cx Z? Y = hoale honlka
X&,(rs)as(Z,Y) hooks, hooks,

OR,(r,s)aB(Za Y) .

The action of the dilatation operator on these normalised operators are given as [10]

DOR (r,s) aB(Z Y Z NR(rs)oz,B, tu)'yﬁOT t,u 75(2 Y)
T,(tu)vyé

where

N crr drnm JFr hookst hooks, hooks, y
R (rs)afiT (tuyyd = Gy dpdid,(n +m) \ Fghooksg hooks, hooks,

x Tr ([FR((L m + 1))) PR—)(r,s)aﬁ} Tre [FT((L m+ 1))7 PT—>(t,u)'y6} ]T’R’> .

There are three objects which appear in the expression above: the symmetric group operators
(projectors) Pr_(rs)ap, the intertwiners Ipvp and the symmetric group element I'z((1,m + 1)).
The projection operator has already been discussed in great detail, so the next two subsections
will discuss I g and I'r((1,m + 1)).
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2.6.1 Intertwiners

In this section we will consider the sum over S, _,,—1. When S,, acts on V®" for n > 1, it provides
a reducible representation. Imagine that this includes the irreps R and S. Representing the action
of o as matrix ['(c), we can write

If we restrict ourselves to an S,,_; subgroup of S,,, then in general, both R and S will subduce a
number of representations. Suppose that R subduces R} and R/, and that S subduces S| and S5.
Then, for o € S,,_1 we have

Tr(@) 0 0 0
0 Tplo) 0 0

T(o)=| 0 0 Ty 0
0 0 0 Ty
Imagine that as Young diagrams S] = R/, in other words, one of the irreps subduced by R

is isomorphic to one of the representations subduced by S. Then, a simple application of the
Fundamental Orthogonality relations gives us

Tr(o) 0 0 0 0 0 0 0

0O 0 0 0 0O 0 0 0

> 0 0 0 0 0 0 TLg(o) 0

cesna | 0 0 0 0 0O 0 0 0

0 0 1 0 0 0 0 0

(1) 0 0 0 0 0 0 0 0

- Srs |0 0 0 0 1 0 0 0

dr, 0 0 0 0 0 0 0 0
(n—1)!

= i Or st (Iryst)in(Isi Ry )ag
1
where the form of the intertwiners has been given. Intertwiners are maps between two isomorphic
spaces. For o € S,

IR/T/FT/<O'> = FR’ (O')IR/T/.

We see that intertwiners share a similar operation as intertwining maps discussed in section [2.5.1],
where intertwining maps where used to define restricted characters. The box removed to obtain
R’ and T can be removed from any corner of the Young diagram. Since the first box is removed
from R or T the intertwiner acts on the first slot of V*™. The delta function 6;; ., freezes the
1 index and hence the S,,.,,—1 subgroup of S,.,, is obtained by keeping all elements on the first
slot of S,,1,, that leave the index 1 unchanged. Due to the choice that the intertwiner acts on the
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first slot of Vp®m, we see that the first slot corresponds to index 7;. Thus, the explicit form of the
intertwiner is determined once the location of the box removed from 7" and the box removed from
R are specified. For example, for the Young diagrams shown below, we have

IR/T,:E175®1®...®17 [T’R’:E571®1®"‘®1,

where E;; (for Ip) is the operator that removes a box in row 7 in Young diagram R to get R,
and removes a box in row j in Young diagram T to get T7". Figure |3| shows R and the box that

Figure 3: This figure illustrates R and the box that must be removed to obtain R’, and 7" and the
box that must be removed to obtain 7”. As Young diagrams, 7" = R’. Also, T' and R both have
D IrOWS.

must be removed in order to obtain R’ and T" and the box that must be removed in order to obtain
T'. As Young diagrams, 7" = R’ and both 7" and R have 5 rows. We want to get the general result
from this example. Let us first consider the case that R # T. To obtain R’ from R, we remove a
box from row i and to obtain 7" from T', we remove a box from row j. Thus, in this situation, we
have

Ipp =E;®01®---®1, Ipp=E,91® --®1.

In the case that R = T, the box that must be removed can be removed from any row and we get
a contribution to the dilatation operator from each possible removal. Each possible removal must
be represented by a different intertwiner and one needs to sum over all possible intertwiners. In
this situation, the possible intertwiners are

Ip =By, ®@1® - @1 = Ipp, kE=1,2,...,p.

2.6.2 Symmetric Group Element

This group element acts on one slot from the Y's and one slot from the Zs. The box removed from
R to get R’ is the box acted on by the intertwiner and it is a Y box. This is one of the boxes
that I'r(1,m 4+ 1) acts on. The second box that I'g(1,m + 1) acts on can be any box associated
to the Zs. Projectors and intertwiners only have an action on the boxes corresponding to Y's and
as a result, the discussion has always taken place in the vector space V;,®m. However, because
Fr(1,m+1) acts on a Z box we must include one more slot and work in V;?m“. The intertwiners
and projectors have a trivial action on the (m + 1)™ slot and hence the (m + 1)™ slot is simply
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occupied with the identity. Acting in V;*"*!, T'r(1,m + 1) has a very simple action: it simply
swaps the 1% and the (m +1)™ slots. The projectors when acting on V,*"*! are given by

PR—)(T,S)&B = PR—(r,s)a8 ® 1,

where the p x p unit matrix 1 acts on the (m + 1) slot, and PR—(rs)ap acts only in V®m. For

comparison, the projectors appearing in the definition of the restricted Schur polynomial are [1],[2]

PR—>(7‘,S)O¢5 = PR—(r,s)af X Irv

where I, is the identity matrix acting on the carrier space of the S, irrep r. We will make use of
the formula

p
1= Z Ep.
k=1

In evaluating the dilatation operator, we will need to take products of the intertwiners and
I'r(1,m + 1). These products are evaluated below:

p
Tr(lm+ 1DE; @10 @1=Tp(l,m+1)) E; @10 @ Ey
k=1

p
:ZEkj®1®'“®Eik
k=1

E;®1® - @1Tg(1,m +1) = ZEU®1® @ Bl r(1,m+1)

:ZEik®1®"'®Ekj
k=1

From now on we will write the E;; with a superscript, indicating which slot E;; acts on. In this
notation we have

Ey®1® - ® By = EY BT,

2.6.3 Dilatation Operator Coefficient

We will now explain how to evaluate the value of the coefficient

9 crrdrnm JFr hookst hooks, hooks,
Iy u dpdid,(n +m) \ Frhooksg hooks; hooks,

in the large N limit [10]. The Young diagrams R, T, r, t, s and u each have p-rows. We use the
symbols R;, T;, r;, t;, s; and u; where ¢ = 1,2,...,p to denote the number of boxes in each row
respectively. We assume p is fixed to be O(1). The top row (which is also the longest row) is the
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value i = 1 and the bottom row (shortest row) has ¢ = p. It is straight forward to argue that the
product of hook lengths, in r for example, is

[T (ri+p—i)
Hj<k(7"j — 1+ k—j)
For the diagrams R and T', the row lengths R; are of order N. Further, R and T differ by at most

the placement of a single box. This implies that R; = T; for all except two values of i, say i = a, b.
For these values of i, we have

hooksg =

Ry=Ty+1, R,=T,—1.
This implies that
hooksp (T —1+p—a)l(Ty+1+p—b)! H |T — Ty + |k — q
hooksy (To+p—a)(Ty, +p—0b)! o b — 1 =T, + |k —d

I Ty — Te| + |k — 0] |Tb—Ta|+|a—b| _ B
Ty +1 =T +|k—=0||T,— Ty —2|+]a—b] Ra

(14+O(N1)).

k#a,b

We will use R, to denote the row length of the row in R that is longer than the corresponding

row in 7" and let R_ denote the row length of the row in R that is shorter than the corresponding
row in 7". Using this notation

hooksp Ry

hooksy  R_

—(1+O0(N).

A generalisation can be made for the other hook factors }ﬁggﬁ* and 1}1128%:;5 Now, consider a Young

diagram R’ that is obtained by removing a single box from Young diagram R. Assuming this box
is removed from row a, we have the following relation between the lengths of the rows in R and
the lengths of the row in R":

Ri=R,, i#a, R,=R,+1.

Thus, we find
hooks _ _(Ha R = Ro = 1] +]a— Jl .
hooksg (Ra -|-p_1_a|H |R; — Rg| + |a — j| (1+0O( )

The coefficient mentioned at the beginning of this section is multiplied by the trace over an (r, s)
subspace. This trace produces a number of order 1 multiplied by d,~d,. The product of the
coefficient and the trace now reduces to quantities that we have studied. Now all the ingredients
needed to estimate the large N values of the combinations of symmetric group dimensions and
hook factors that appear in the dilatation operator. Notice that both the product of the hook
lengths and the dimensions of symmetric group irreps are invariant under the flips of the Young
diagram which exchanges columns and rows. Thus, these conclusions can immediately be recycled
when studying the case of p long columns. Next, recalling that Fg is the product of factors in
Young diagram R and R’ =T", we learn that

Fr
CRR'\| = = VCRRCTT
Fr ’

where crp is the factor associated to the box that must be removed from R to obtain R’ and cpp
is the factor associated to the box that must be removed from T to obtain 7T".
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2.6.4 Evaluating Traces

We now evaluate the trace [10]

T =Tr ([FR((l, m + 1)), PR%(r,s)aﬁ] IR’T’ [FT((L m + 1)), PTﬁ(t,u)Vg] IT’R’) .

We start by writing this trace as a sum of traces over m + 1 slots (all the Y slots plus one Z
slot) times a trace over n — 1 slots (the remaining Z slots). The trace over the n — 1 slots is over
the carrier space R™! which is described by a Young diagram that can be obtained by removing
m + 1 boxes from R, or equivalently by removing one box from r or equivalently by removing one
box from t — these all give the same Young diagram describing R™*!. R™*! has different shapes
depending on where the (m + 1)* box is removed. The results from the last subsection clearly
imply that the dimension of symmetric group representation R™*!, denoted dgzm+1, depends on the
details of this shape. If the (m + 1) box is removed from row 4, denote this dimension by [/ —
Our general strategy is then to trace over the last Z slot (the (m + 1)™ slot) which then leaves a
trace over ‘/;)@m. This trace is then evaluated using elementary U(p) representation theory.

The box removed from R to obtain R’ is removed from the b*" row of R and the box removed from
T to obtain T" is removed from the a'™ row of 7. After tracing over the n — 1 Z slots associated
to R™*! (this produces a factor of df,,.;,), multiplying the symmetric group elements (1,m + 1)
with the intertwiners and then tracing over the (m + 1) slot we obtain [10]

T = _5ab5RT5(r,s)(t,u)5&66,87d?2m+1 [TI'VP@)m (PR%(T,s)ﬁWElS;)) =+ TI'Vp®m <PR—>(r,s)a§E1§;)>:| =+
s Trygm (Prostrons By Prosiouns B ) + dimss Ty (Prosrops B Prosuuns By )

We now need to evaluate the traces over V;,®m. We will write the projector as

ds
PR—(rs)ap = Z |Mga CL> <Msﬁa CL|,
a=1

where M& and M? label states from U(p) irrep s which have the same A weight. The indices
and [ range from 1,...,I(A(M)). The index a is a multiplicity index that, as a consequence of
Schur-Weyl duality, is organised by representation s of the symmetric group .S,,. To evaluate the
traces over V,*™ we need to allow E,SJ to act on the state |[M$, a). The state | M2, a) was obtained
by taking a tensor product of m copies (one for each slot) of the fundamental representation of
U(p). It is possible and useful to rewrite this state as a linear combination of states which are
each the tensor product of the fundamental representation for the first slot with a state obtained
by taking the tensor product of states of the remaining m — 1 slots. This is a useful thing to do
because then E&) has a particularly simple action on each state in the linear combination. Towards
this end we can write (in the following 0 stands for a string of p — 1 0s)

oY Mg
|MS 7a> - Z CMS/,M10|M10> ® |M5l7 b>7

M ,Mio

. . . . M
where Mg indexes a state in the carrier space of the fundamental representation and C'* ,, —are
s!s
Clebsch-Gordon coefficients given as

Cz\]\g,M10 = <<M10| ® <Ms/,b|) ‘Mf,a).
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The representation s’ is obtained by removing a single box from s. By appealing to the Schur-Weyl
duality which organises the space Vp®m_1, we know that the multiplicity index b of the state | My, b)

is organised by the irrep s’ of S,,_1. This allows us to easily evaluate the action of E,Ejg): it simply
projects onto the state corresponding to box 1 sitting in the £ row. Evaluating the traces over
V2™ is now straight forward.

2.6.5 Long Columns

The computation of the action of the dilatation operator for restricted Schur polynomials labelled
by Young diagrams that have a total of p long rows [I],[2] has made extensive use of the fact
that we can organise the space of partially labelled Young diagrams into .S,, x S, irreps (r,s) by
appealing to the Schur-Weyl duality. We have already argued that it is also possible to perform
this organisation when considering restricted Schur polynomials labelled by Young diagrams that
have a total of p long columns — all that is required is that we fine tune a few phrases in our
map between partially labelled Young diagrams and vectors in V;*™ [I],[2]. The same irreps of
U(p) are used for both these organisations, and further since ds; = dgr, each U(p) representation s
appears with the same multiplicity in these two cases. Consequently, the traces computed in the
last subsection for labels with p long rows are equal to the values for labels with p long columns. To
obtain the action of the dilatation operator, all that remains is the computation of the coefficient.
The only quantity appearing in the subsection “Dilatation Operator Coefficient” which is not
invariant under exchanging rows and columns is

Fr
CRR'\| == = VCRR/'CTT'.
Fr

This factor is the only difference between the case of p long rows and p long columns. Consequently,
the action of the dilatation operator on restricted Schur polynomials with p long columns is ob-
tained from its action on restricted Schur polynomials with p long rows by making substitutions
of the form N +b — N — b [1],[2]. This completes the evaluation of the action of the dilatation
operator.

2.7 Gauss graphs

Operators of good scaling dimension, that are dual to Gauss configuration o [I1], are

H
Onr(o) = 1L S 57 S Va5, By O

' gk skmop,pe

where H is a subgroup of group G, j,k are labels for matrix representation I'; s labels Young
diagram with m boxes, and Bj,’ la [11] give the expansion of the p'® occurrence of the identity of
H when irrep s of S, is decomposed into irreps of subgroup H, in terms of states labelled ¢ in s.

The two point function of Gauss graph operators is

H s s
<OR,T<01)0TT¢(02)>_‘ ‘ Z Z \/ddF 1)) By By

! s,um pp2vive

X Tin)(02)) By B (Or . yyinpis O (. aprnn)

v mp2

Z 501_ Y109Y2).

Y1,72€H
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The last line comes about with the use of
<OR,(T,S)M1/L2O;‘,(tm)ylm> = 5rt58u5u1y1 5M2V2

and detailed manipulations found in section 3 in [I1].

Young diagram R that is studied has p rows each with a length of O(NN) number of boxes and
the difference in the number boxes compared between neighbouring rows is of O(N) as well. The
number of rows in Young diagram R corresponds to the number of dots seen in the Gauss graph
illustration in figure {4| (which represent giant graviton branes); thus there are p dots. These Gauss
graphs obey the Gauss Law constraint that states that the total charge on the giant’s world volume
must vanish. This is illustrated by the number of incoming and outgoing open strings is the same
resulting in a zero overall charge for each dot (brane).

Figure 4: In this example we have 7 dots where for each dot the number of open strings leaving
the dot and going to the dot is the same. Thus, these Gauss graphs obey the Gauss Law.

The action of the dilatation operator on the Gauss graph operator is [11]

DORW(O') = —Q%M Z Az’jOR,r(U)a

1<j

where gyy is the coupling of the Yang-Mills theory, the parameter n;;(c) counts the number of
strings stretching from node i to node j. The operator A;; when acted on a Young diagram R (or
Young diagram 7) results in the product of the sum of the content of the box at the end of the i‘!
row and the content of the box at the end of the j™ row (i.e. ¢; + ¢;) with the Young diagram R
(or r) along with the product of the negative square root of the product of contents ¢; and ¢; (i.e.
—.,/¢ic;) with the Young diagram R (or r) where the box at the end of the i row is moved to the
end of the j*" row and with the Young diagram R (or r) where the box at the end of the j*® row
is moved to the end of the i*® row.

95



2.8 Conclusion

We have reviewed compelling evidence that suggests that matrix models are string theories.
Amongst the evidence, it was argued that factorisation is connected to the conjecture that the large
N limit of N' = 4 SYM theory is given by the classical limit of IIB string theory on AdSsx S°, with
1/N? is equal to Pstring theory- When we computed correlators in the planar limit, we made use of
ribbons graphs. In the large N but non-planar limit, we need to make use of Group Representation
Theory. We study Gauss graphs since they are dual to operators of good scaling dimension and we
study the action of the dilatation operator on these Gauss graph operators since we learn of the
“energy” eigenvalues of the theory due to the fact that the dilatation operator is our Hamiltonian.
All of that we have covered in this section provides the motivation to our question: is there an
emergent Yang-Mills theory coming from the low energy description of branes and open strings
that provides a description of operators that are dual to giant gravitons?
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3 Spherical Harmonics on the 3-sphere

Our goal in this research project is to demonstrate how an emergent Yang-Mills theory provides
an effective description of operators that are dual to giant gravitons. An emergent Yang-Mills
theory is the expected world volume dynamics of giant gravitons. Since the world volume of a
giant graviton is a 3-sphere, we expect the operators dual to giant gravitons have a description in
terms of an effective Yang-Mills theory on a 3-sphere, S3. To explore the spectrum of the theory,
we want to perform a “Fourier expansion” on S3; this is the subject of harmonic analysis. The
techniques used to perform such expansions are developed using group theory. In this chapter, these
ideas are developed to obtain the expansion of AV = 4 SYM on S3. We will start by reviewing
the Fundamental Orthogonality relation, obtained by appealing to Schur’s Lemmas. Next, we
will discuss how to perform a Fourier transformation on finite groups, which will then lead to
the discussion of the Fourier (and an inverse Fourier) transformation on a coset. After that we
construct the spherical harmonics of the coset SO(4)/SO(3) which is the 3-sphere, S3. Once we
have the spherical harmonics, we carry out two checks to verify the validity of these harmonics.

3.1 The Fundamental Orthogonality Relation

The development and discussion of the Fundamental Orthogonality relation is imperative for
Fourier analysis on groups and cosets. We will start off with the idea of an irreducible matrix
representation of a group, and use concepts from group theory and Schur’s two lemmas, to reach
an understanding of what the Fundamental Orthogonality relation is. The Fundamental Orthog-
onality relation implies that the matrix elements of the irreducible representations are a complete
set of functions on the group.

Consider the collection of matrices given as

[B(R,S,b,0)l,5=>_ [Tr(g™)],, [Ts(9)]as-
9€g

Notice that

1 1

We now change the summation variables from ¢ to § = gg; and note that g = gg;* = ¢~ ' = ¢15~".

The above expression becomes
[B(R, 8,b,0)],5[Ts(91)]5, = D [Calerg )], Ts@)l.,
geg
= Z [FR(91>]QC [FR(g_l)}cb [FS(g)]ay :
geg
The sum over g was a sum over |G| distinct terms, that each belong to G, so that we were summing
over the set G. Now, the g’s we sum over belong to the group. Further, note that if

Ga 7 G = 9aG1 7 P91 = Ja 7 b,
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which implies that we sum g over |G| distinct elements, and thus we conclude that the range of
summation for g is also G. The expression for the collection of matrices now becomes

[B(R. S,b,0)],5 Ts(91)] 5, = La(0)]ee > Tr( o [Cs (@)l

geg

= [Cr(91), [B(R, S, b, )],

Since BI's(g1) = I'r(g1)B for all g; € G, by Schur’s second Lemma (see Appendix for the
full description), B is proportional to a delta function of the irreps R and S, i.e.

[B(R,S,b,a)],., < drs,
and by Schur’s first Lemma (see Appendix for the full description)
[B(R, S, b, Oéﬂcv = 63550V)‘(b7 a, R),

where A\(b, a, R) is still to be determined. By taking the trace of this result, we find that

Tr (B(R, R,b,q)) = ZR [B(R, R, b, o],

= dp\(b, a, R)

=> > [Trlg™)], Tr@)a

c g€eg

=> [Tr(9)Tr(g™M)],,

g€eg

=> [Talgg™)]

g€eg

= Zéab

geg

- |g|5ab

1915

b o, R) =
R

Thus the Fundamental Orthogonality relation is given as

[B(R,S,b,0)],5 = [Tr(g™)] ,, Ts(9)]as = ‘i'%s%ﬂ%b

geg

This relation clearly implies that the matrix elements of the irreducible representations are a
complete set of orthogonal functions on the group.

3.2 Fourier transform on a finite group

In this section, motivated by the Fundamental Orthogonality relation, we will introduce the notion
of a Fourier transform on a (finite) group. The Fourier transform is used to move from position
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space (f(x)) to momentum space (f(p)). On the group, the Fourier transform is used to move
from a function on the group (f(c)) to a function on the matrix elements of the irreducible
representations (fr.p with a,b = 1,...,dg with dg the dimension of irreducible representation
R). At the end of this section we will apply this logic to the group of translations which leads to
the usual formulas for the Fourier transform.

Consider a real function on the group, for example

f:G—=R,
such that f(o) is equal to a real number, for each choice of o € S,,. The order of the group is
|G| = n! = number of distinct o.

The vector space in which f(o) lives is thus R™. A basis for this space is provided by the matrix
elements of the irreducible representations I'g(0)4, which can be used to define, a vector, i.e.

FR(U)ab = ’R> a, b>a7

where R, a,b is the “name” of the vector; ¢ indexes the components of the vector. Every repre-
sentation of S, is equivalent to an orthogonal representation. Thus, we can assume, without loss
of generality, that we have an orthogonal representation. In this case

F,S'(O-_l)ab - FS<O-)ba - |S7 b7 a>(77
The collection of matrices obey the Fundamental Orthogonality relation, so that

G
Z +(S,d,c|R,a,b), Z Tr(0)als(0 )ea = |d |5355 dObe;

ocESH ocESy

which tells you that the vectors are orthogonal to each other (this is the result of the Fundamental
Orthogonality Relation.) We thus conclude that

['r(0)as = n! linearly independent vectors which constitute a basis for R™.

Expanding f(o) in this basis we find that, there is a Fourier transform that takes us from fg . to
f(o) and it is given as

7) =Y frab Tr(0)a. (2)

R,a,b

The inverse Fourier transform is given as

frap = m = H(@) (0 b (3)

UESn

Using the Fundamental Orthogonality relation, it is simple to show that and are indeed
consistent.

We can think of these transformations as a Fourier and inverse Fourier transformation as
follows: we can think of the function f(o) as the “position space” function. The Fundamental
Orthogonality relation implies that the matrix elements of the irreducible representations of the
group are orthogonal functions on the group (they are a complete set of functions). Thus we have
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the Fourier transform described in and the inverse Fourier transform described in where
fr.ap can be thought of as the “momentum space” function.

To make the connection even more explicit, consider the group of translations, with group
composition law

T(lj)T(IQ) = T(l‘l + I’g), X1,To € R.

In this case, a function on the group actually is a function in position space. Since the group of
translations is an Abelian group, all of its irreducible representations are one dimensional. They
are given by

Tp(z) = e** kER,

where £k is a label for the irreducible representation. Recall that the Fourier transform we identified
above is given by

= Z fRap TR(0)ab
R,a,b
To specialise this formula to the example we are considering, note the following:

1. Since all irreducible representations are one dimensional, we don’t need indices a,b. Denot-
ing group elements by x (instead of o) and labelling the irreducible representations with &
(instead of R) we replace

f(0) = f(@), frap— Fk), Tr(0)w — Ti(z) = e*™.

2. Since the irreducible representation of the group of translations are now labelled by a contin-
uous real number, we replace the sum over R with an integral over k. The Fourier transform
thus becomes

fa) = / ik (ke

which is indeed just the usual Fourier transform. It is also instructive to note that the
Fundamental Orthogonality relation becomes

/ dx Ti(x) T (—2) :/ dp etka—ik'a

o0 —0o0

=27d(k — K').

Return to the discussion for the finite group. Recall that the Fourier transform pair relevant for
this case is given by

= "TE(g Mel9), (4)

geG

-3 G ©)

Ryi,j
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These two equations are equations and respectively; the reason the equations are repeated
is due to a change in normalisation and use of alphabet letters. We can plug into the right
hand side of and test if the two sides are equal. To carry this out we need to use following
expression for the delta function on the group

Z|G|XR

d(g) is 1 if g is the identity; otherwise it vanishes. The derivation of this delta function can be
found in appendix [C]
We wish to explicitly demonstrate that the Fourier transform pair is valid. Towards this end,

plug (5) into (4)), to get

R _ —1
(Y Z]

geqG

= ZZ 9~ Ta(9)dn.

Skl

gea Skl
Z|_S ZF “HT7(9) ]¢lk
S,k geG
ds |G|
=Z,G‘ o Ors0udindi
Sk,
= Cbij-

In the third to fourth line, we made use of the Fundamental Orthogonality Relation. When we
plug into (9)), we get

In the fifth to sixth line, we used the delta function on the group. We have thus demonstrated
that and are consistent and are a valid Fourier transform pair.
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To properly identify the Fourier transform on the coset, we need to generalize these four
equations: we need a Fourier transform and an inverse transform, as well as two delta functions.

3.3 Coset Manifolds

The 3-sphere is an example of a manifold that can be written as a coset. Thus to understand
harmonic analysis on the 3-sphere, we need to understand harmonic analysis on a coset. In this
section we will explain how the sphere is described using the coset language. The reason we
discuss cosets is because we need to “divide out” the subgroup H from the group G, to eliminate
group operations in such a way that we obtain a unique identification between group operations
and points in a manifold. To make this clear, let’s work with the coset SO(3)/SO(2), where the
SO(3) group describes rotations in three dimensions and the SO(2) group in this case describes
the rotation about the z-axis. We want to go from one point to another on the surface of the

Figure 5: We have a sphere where N, the north pole, is the point at which the vector at the origin
initially points to, and the point P which is the desired point on the surface of the sphere that we
rotate to once the operation of # has been performed.

sphere, starting at the north pole, N, of the sphere. We can simply go there by rotating through
some angle 6, which will take us to any desired point P. This operation allows us to identify any
point on the surface of the sphere with a group element of the group SO(3). This identification of
points on the sphere and elements of SO(3) only becomes unique once we impose an equivalence
relation, g - h ~ g, where g € SO(3), h € SO(2). This is because we could rotate first about the
z-axis and then rotate by the angle 6 or we could simply have rotated by the angle 6. The result is
the same. What is clear is that there is more than one way to go from the North pole to another
point on the surface of the sphere; this is because the rotation about the z-axis did not change the
position you were at before the rotation so we must get rid of the operation of rotating about the
z-axis to obtain a unique association between elements of SO(3) and points in S%. By “dividing
out” the group SO(2), we can thus identify elements of the coset SO(3)/SO(2) with points on the
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Figure 6: The first diagram demonstrates that one can, initially at point A, rotate about the z-axis
and then perform the operation of 6 to get to point B. The second diagram demonstrates that one
can simply only perform the operation of 6 to get to point B. The operation of rotating about the
z-axis plays an unimportant role for the case considered.

surface of the 2-sphere, S?. Through a similar argument, the coset SO(4)/SO(3) is the 3-sphere,
S3.

The coset picture can provide us with co-ordinates for the manifold and provides a powerful
approach to the differential geometry of the manifold. We will illustrate this by deriving the metric
on S?, using the coset description.

Considering the rotations about the x-axis

1 0 0
Ro3(0) = |0 cosf —sinf| ,

0 sinf cos@

y-axis
[ cos® 0 sinf]
Rs1(0) = 0 1 0 |,
| —sin 6 0 cos 0_
and z-axis

[cosf —sinf 0]
Ri2(0) = |sinf cosf 0
0 0 1

Using the standard relation R;;(f) = €%, we can determine the generators of infinitesimal ro-
tations, T;;. To do this, rotate by the infinitesimal angle € and expand R;; to first order, i.e.
Rij(e) = e*Ti = 1 + ieT};, and then solve for T;;. To illustrate the procedure, consider the
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computation of T,

1 — 0 1 00
R12<€) = |€ 1 0l =10 1 0| + i€T12
0 0 1 0 01
0 — 0 0 2 0
=Tia=1e 0 0| =1.|—2 0 0
0 0 O 0 00
0 2 0 0 -1 0
ST =1—1 0 0f =—2]1 0 O
0 00 0 0 O

T3; and Thz are determined in a similar fashion and they are

0 01
T37=—1]1 0 0 0
-1 0 0
and
0 0 O
T23 =—; |0 0 —1
01 0

Consider the rotation, L = R12(¢)R31(0), and allow it to act on the Cartesian basis vector é, to
obtain

[cos¢p —sing 0 cos 0 sinf| [0
Ris(¢)R31(0)é, = |sing  cosg 0 0 1 0 0
| 0 0 1] |—sinf 0 cosf| |1

[cosfcos¢p —sing cosgsind]| [0
= |cosfsing cos¢ singsind| [0
| —sind 0 cos 6 1
[cos ¢ sin 6
= [sin¢sind | . (6)
cos 6

The vector above correctly gives the Cartesian co-ordinates for each point on the S?
x = cos ¢sin 6
y = sin¢sinf
2z = cosf.

This explicitly shows how each point is identified with an element Ris(¢)Rs1(0) € SO(3)/SO(2).
To compute the metric of the 2-sphere, we consider the differential

_ ; . 1 . .
ds = L ldL _ (€1¢>T12629T31) d (eui)Tmez@Tgl)
_ 6—10T31€—Z¢T12 [ngf) Tys ezd)Tlgengl + 61¢Tl2 idf T31 €Z6T31}
— qub 6—26T31€—1¢T12 Tis equTuezOTgl +idf 6—19T31 Ts, 619T31

= Zd¢ R31(—Q)ng(—¢)T12R12<¢)R31(0) + 1df Rgl(—Q)T31R31(6).
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Note that Ri2(—¢)T12R12(¢p) = T1o and R31(—0)T31 R31(0) = T3 since the rotations and counter-
rotations about their respective generators leaves the generators invariant. Thus the differential
becomes

ds = Zd(b Rgl(—e)T12R31 (0) + 1df T31

0 1cosf 0
=1id¢ | —icosf 0 —isin€ | +1idf Ts
|0 1sin @ 0 ]
[ 0 7 0 (0 0 0
=1id¢p |cosf |—i 0 0] +sin€ [0 0 —u| | +1idf Ts
i 0 00 0 i 0

Zd¢ COS 9T12 + ’Ldgb sin 9(—T23) + 1df T31
COS 9d¢(2T12) + sin 9d¢(—ZT23) + de(ZTgl)
COS Hdgb ’leg + sin ngb TAL23 + df fl31.

Note, however, this is the differential for the group SO(3). Since we are working with the coset
SO(3)/S0(2), we divide out the term involving nys, so that our differential is

ds = sin gdgf) ﬁgg + do TAL31‘

The terms ny3 and ng; correspond to small displacements in the tangent space and hence contribute
to ds. The term 7,5 can be used to construct the spin connection [12]. This leads to

ds? = db? + sin? §d¢>

which is indeed the metric for the 2-sphere of unit radius.

3.4 Fourier transform on a coset

Having established the relevance of cosets for the geometry of the spheres S? and S?, in this section
we will develop the Fourier transform on a coset.

Consider a function f(o) on the coset, G/H, where each coset element is an equivalence class
of G, i.e.

01~ Oy < O'lezh,O'l,UQEG, he H.

Note that the order of the coset G/H is smaller than the order of the group G. In any representation
R we can write

I'r(01)ap = Tr(02)acl'r(h)cB,

where representation R reduces as R =1, ®ry@®--- @B r, when we restrict G to H. We can use the
original indices A,B to refer to matrix elements of ['g(o). Alternatively we can use indices a,b that
refer to matrix elements of the irreducible representation of H. Since any particular irreducible
representation of H may appear more than once, we need a label v telling us which copy of a given
irrep of H appears, as well as a label a that refers to the matrix elements of the irrep. We can freely
translate between A and a,y. Thus, we could write matrix elements as I'r(01)ap, ['r(01) 4,4y, OF

even I'r(01)8,ay-
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3.4.1 Cosets of finite groups

We are considering the coset G/H. We use upper case letters from the end of the alphabet to
discuss irreps of G and use upper case letters from the beginning of the alphabet to discuss their
matrix elements. We use lower case letters from the end of the alphabet to discuss irreps of H
and use lower case letters from the beginning of the alphabet to discuss their matrix elements. To
spell out the notation, a formula that we are familiar with is

I (hg) =T0,(WTL(9)  g€G, heH.

This notation should be improved: when we restrict from G to H, r may appear more than once
when we restrict R. Thus, we need to have a multiplicity index that goes with the matrix elements
of r - these tell us which copy of r we are considering. We will use a Greek letter to denote this
multiplicity. With this improved notation, the above equation becomes

Ffa,A(hg) = ng(h)rgx,A(9>'

Functions on the coset give a vector valued function in some carrier space of an irreducible repre-
sentation of H

¢a(g> = (ba(hg) = F2b<h)¢b(§)

The guess for the Fourier and Inverse Fourier transform are now

Z Z Z Faa A ¢Aa7 (7>

R A=1 «

- dR'H' S SR (DL ), ®)

LEG/H a=1

We also need two delta functions. We will start from the Fundamental Orthogonality Relation. We
can trade the index A for the pair of indices ac. After doing that, the Fundamental Orthogonality
Relation becomes

_ G
Zrﬁ,aa(g)FEB,B(g 1) |d |6R55A35a,85ab

geG

Expressing g = Lh with L € G/H and h € H we can write the sum over G as a sum over H and
a sum over G/H as follows

G
‘d | Ors04B00s0ab-

SN D (DT ()T S, (L) =

heH LeG/H

We can now perform the sum over H using the Fundamental Orthogonality Theorem

G

&Séab > Th (LT L) = &, Ors0andaslan

LeG/H

Rearranging a little, we have

G| d,
Z Ff},ca (L)(Scdrgﬁ,B (L_l) |‘H’| dR 5R5’5AB§04667"5

LeG/H
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The dependence on the irreps 7, s on the left-hand side is a little hidden: ¢ belongs to r and d to
s. This is the first delta function we will need.
Now, to derive the second delta function we will need, consider

dr |H
S5 el ™)
d, |G|
Using the projector which projects onto a matrix element of the irrep r we haveE]
- Z 5A,aa(5boc,B-
Review appendix @ for the proof that Oab is a projector. Then

dR H -1 dR
sz ||g|| aaba (gL™) = ZZ’ G| Loy (b )xr(hgL™)

Ryr __
Oab -

heH

R heH

= ZFZb(h_l)ZﬁXR(th_l)
heH

= ) Ty (h7)5(hgL™).
heH

This is in fact a delta function on the coset! Indeed, imagine that ¢ = hyL so that g and L
represent the same coset element. Then

d
ZZ dR ||g|| ao ba ZF th ) sz(h1>

heH

Thus, this delta function is

dr |H| -1 -1
§ § — (gL =0 L H
d |G‘ aa ba ) g §é
= I"(h) gL '=h €H.

It will now be demonstrated that and as a Fourier transform pair are consistent. When we

plug (8 into (7)), we get

i dRrH|
=D 2> s | e 2 Zrm -1

R A=l « LeG/Hb 1

PP zdR’H' zrw 0%, (L)

o LeG/H b=1

DI IP I UEMIBHEY

el LeG/Hb 1

- 5SS o )

G/H b=1

d(L71)

2Calling this a projector is a slight abuse of notation. It is an intertwining map. We will continue this abuse.
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Now, we are summing over the complete coset so that we can change variable from L to L=t We
will denote g = hyL. What we now have is

dr|H 1
Z Z ZZCZ”G” aaba L ) ¢b(L)

LeG/H b=1

S S I an(L)s

LEG/H b=1

dr
= To, () (L)
b=1
= ¢a(g>'
When we plug into , we get

d
. DYPIRCL 9
S

LeG/H a=1

ba(g) =

~—

Z Faﬁ B (bB ,8]
B

B=1

_ dg|H
R‘Glzzzz Z T sa(D)00al s 5(L71) | S5

b=1 S B=1 B |LeG/H

dp|H| = |Gd,
d}:‘G, ZZZZ (yﬁyd 5’%55”5‘”5”) O3

b=1 S B=1

ds
ZZ Srs0ABO3DT 5
B=1 8

|
nn

Il
S
PN

Thus, it has been demonstrated explicitly that the Fourier transform pair are indeed consistent.

3.4.2 Lie groups

Having thoroughly developed the harmonic expansion for cosets of finite groups, the generalisation
to cosets of Lie groups is straight forwards. Indeed, with a convenient choice for the normalisations

involved, we have [12]
dn n n
= ZZ \l %Dic,q(g)gﬁqo
no (g

where ¢;(g) is the set of fields labelled by i and are functions of ¢ € G. D™(g) is irreducible
representation n of G while D(h) is an irreducible representation of H. The index i refers to
matrix elements of D(h), while ( tells us which copy of D(h) we are considering. Finally, ¢ refers
to matrix elements of D"(g). d,, and dp are the dimensions of D and the particular representation
of H, D(h), respectively. Thus, ¢ =1,2,...,d, and i = 1,2,...,dp. The coefficients ¢, are given
by the inverse transform [12]

\/ dp DY L'
qC Vi d[D /G/ H qlC )(bl( Y )7
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where Vj, is the volume of G/H, du is the invariant measure on GG/H that is normalised to the
volume, and L, is an element of G/H.

From the above expressions it is clear that the scalar, vector, tensor, ...harmonics used to
perform the Fourier transform are given by the matrix elements D?Qq(g). In the next section we
will use this observation to explicitly construct the spherical harmonics needed to carry out the
Fourier transform on the sphere.

3.5 Constructing spherical harmonics from cosets

The harmonics that will be used to carry out the expansion on the sphere are given by suitable
matrix elements of the matrices representing the group. To make contact with the usual spherical
harmonics we need representations of SO(3). To construct these representations, we exponentiate
the generators of the group, which are nothing but the angular momenta.

Work in the basis in which the z-component of the angular momentum operator is a diagonal
matrix

0 .- e 07
0 l—-1 0 e 0
Lz - 0 )
: : —(l-1) 0
o o .- 0 — ]
where [ = 0, %, 1, %, 2,... . In this basis, the raising and lowering operators L, are matrices that

have entries on the diagonal above the main diagonal and on the diagonal below the main diagonal
respectively. The entries are given by

Li|l,m) = /I(1 + 1) — m(m %+ 1)|l,m + 1),

where £ is set to 1, |I,m) is an angular momentum eigenket, and —I < m < [. We can compute
the x- and y-component of the angular momentum operators as follows

La::L++L_7
2

L, —L_

[t
2

When working with the coset SO(3)/SO(2), which is the 2-sphere and SO(2) is the rotation about
the z-axis, we discover that when restricting to the SO(2) subgroup, to compute e'*L= we obtain
a block diagonal matrix representation. One of the entries of e'*’+ is “1” and this is the subspace
to which we need to project to obtain the scalar representation. To illustrate this, consider the
spin-1 representation. The generators for this representation are

10 0

L.,=100 0],
00 —1
0 vV2 0

L.=10 0 V2|,
0 0 0
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and

0 0 O
L.=|v2 0 0
0 V2 0
Then by restricting to the SO(2) subgroup, we get
e 0 0
=10 1 0|,
0 0 e

which is a block diagonal matrix with 3 blocks. States in row 2 and column 2 have L, = 0 (which
leads to eL= being equal to 1, which is the “1” that was being referred to before), and to get the
scalar representation, we need to project to the 2 subspace. The parametrising of our coset is done
as follows (this was discussed in equation ({G))

Dy (0,0) = (eszewLy)qq/ :
For us to get the spherical harmonics of the coset harmonic expansion thic , it is required that
we leave the row index alone and project the column index onto the scalar representation of the

subgroup. This amounts to taking
0 ‘ ' 0
Y, = Z Daq (0, o) |1 = Z(emLzewLy)qq’ 1
q 0 0

/ q

q q

We obtain the following

Y; o € sin 6,
Y5 o cosd,

Y; x e sin 6,

which are indeed the expected spherical harmonics. Now consider the coset SO(4)/SO(3), which is
the 3-sphere. SO(3) is the group of rotations in the 12, 13 and 23 planes. The SO(4)(= SUL(2) x
SUR(2)) irrep is denoted by (jr,jr) where “L” and “R” mean “left” and “right” respectively.
Once the irrep has been built, it gives us two sets of generators namely A; and B;, which obey the
following algebra,

[Ai, Aj] = icijiAy, [Bi, Bj] = teijuBr, [Ai, Bj] =0, Vi, j.
where i, 7, k = 1,2,3. It is important to note that the spin j irrep for A;,B; is the set of (25 + 1) x

(27 + 1) matrices that obey the algebra defined in the equation above. The relation between A;
and Bz and the 6 generators of the 50(4) group: T12, T23, T'137 T14, T24, and T34, is

Ty = A1+ By
T3 = Ay + By
Ty = Az + B
Ty=A— B
Tyy = Ay — By
T34 = A3 — Bs.
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The coset can be parametrised as follows

DQQ'(9> o, 'QD) = <€_i6Tl4ei¢T12ei¢T23)

qql )

where now the A;’s are the tensor product between the specific generators of the spin irrep chosen
acting on the “left” space and the identity acting on the “right” space. The opposite is true for
the B;’s, i.e., they are the tensor product between the identity of acting on the “left” space and
the specific generators of the spin irrep chosen acting on the “right” space. The spin j irrep of
SO(4), after restricting to SO(3), can be explicitly described as

Ji+j2
(i) =h®p= > j=lh—jle(i—pl+)& & (Gi+i—1)6 (i +ih)

Jj=lj1—7J2|

We can relate the above equation to arrangements of boxes to create Young diagrams, through the
tensor product of boxes, where a single box represents a particle with spin—%. For example, the
tensor between two Spin—% particles is

1,1
212
i=l5—-3I

which is related to stacking the two boxes as follows

D@D:H@D]

where on the right hand side, the first diagram represents spin-0 and the second diagram represents
spin-1. When we consider the dot product between two arbitrary, 3-component based vectors, @
and ¥, we naturally get @ - ¥ = u'v! + u?v? + w30, which can also be rewritten as

(u' +iu?) (vt —iv?)  (u! —w?) (V! +v?)

oo 1.1 2 9 33 3.3
U-Uv=uv +uv+uv = + —+ u v
V2 V2 V2 V2
=utv” +u v +ud?, (9)
where
B T o 1 Ty £ L o (VR TR
== =E——, vV =E——, v = ——
V2 V2 V2 V2

. (D) S
In this case, we treat the “vector” of the form L8149 our vector 4 in the sense that the

diagonal entries act as the components of #. To elaborate more on this, entries we expect to get
i9x0 — 1. These components are related to u™,
10ig LS

) . A »
from e?%= @1 are proportional to €*?, e~**, and e

as our vector
oL P o1

u~, and u? respectively. In the same way, we treat the “vector” of the form e

v where now the diagonal entries act as the components of v. As in the case for e
S 2
1®ipLy

, entries we

expect to get from e are also proportional to €/, e™, and ¢"*? = 1, but are in a different

. LD .
configuration to eiols et Now, these components are related to v, v=, and v3 respectively. The

dot product is an invariant quantity and we wish to construct the invariant quantity between the

LM @1 1®i¢ L

vectors e and e . To do that, we inspect the diagonal elements of each vector and
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name them out in the order in which they appear. We multiply the components of the two vectors
together in the precise order in which they appear in the diagonal. To illustrate this, suppose our
two vectors have the following form:

i -
1
e i
e'?
el e _ 1
e i
e’
1
e
i -
el
e’
1
1@isL? _ 1
1
e
e
then the dot product between « and ¥ is
i-v=utv" + vt +uot +uted P umot utoT + P ruTe (10)

and thus the invariant quantity defined in equation @ is obtained by projecting onto (see equation

(10))

mvariant vector =

OO = OOk OO

We project our coset parametrisation onto the invariant vector to obtain the scalar representation
of the subgroup, Y, (0, ¢,%). From this result, we can read off the spherical harmonics of the
3-sphere. We are now ready to obtain the scalar spherical harmonics of the irreps we choose.
When looking at the (3, %) irrep, our generators A; and B; are the generators of the SU(2) group,
namely J; = %Ui where o; are the Pauli matrices. The exponentiated z-component generators are
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computed to be

[ 0 0 0]
piorVe1 _ | 0 e 0 0
“lo 0 e 0
(0 0 0 e
e 0 0 0]
1eier® |0 e 0 0
€ “lo 0 é&® 0
(0 0 0 e

which leads to the dot product of the @ and ¢
- vt=utvT +utvT +uvt FuTv,

which reflects the alignments that are possible with two spins: 11, 1, {1, and |]. Thus, the
invariant quantity we need to project onto to get the scalar representation is the singlet. Therefore,
our spherical harmonics vector is

1
}/Z’ 97 3 = = DZ - -Dz .
(0, 0,) \/5( 2 — Di3)
By following the same procedure when we work with the (1, 1) irrep, we determine the spherical
harmonics vector to be

Yi(0,¢,¢) = Dis — Djs + Dz,

where the phase factors are precisely what the Clebsch-Gordan analysis gives. By projecting onto
the singlet of SO(3) we can produce all of the scalar spherical harmonics. By projecting onto the
vector of SO(3) we can produce the vector spherical harmonics.

The invariant quantity for the (%, %) irrep needed to project to the vector representation is the
triplet. Therefore, for the vector harmonics, we find

Di17 TT
Yi(0,0,7) = \/AQ(DH + D;3), \/Lg(Ti +41)
Di47 \lfl/ .

3.6 Orthogonality and eigenvalue checks

We have two ways of checking the validity of the spherical harmonics we have obtained through
the method described in the previous section: an orthogonality check and an eigenvalue check.
The orthogonality check is explicitly described as follows:

N Yz(ea ¢7¢)}/j<97¢7 ¢)dQ = 5ij7
g3

given that the right normalisation, A/, has been determined for Y;(0, ¢,1)). We can explicitly write
out the integration over the 3-sphere, S3, as follows

/53('--)d9=/0%d¢/0ﬂd¢/oﬁd9 rsin® fsin (. ..),
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where if we work with a unit 3-sphere then r = 1. The eigenvalue check is done by operating on
Y;(0, ¢,v) with the Laplacian of S* and it is described as follows

2j(2j +2)

V - VgsYi(0,0,9) = Yi(0,0,9) = R?

z(ea ¢7 ¢)7

where R is the radius of the 3-sphere. We work With a unit 3-sphere so that R = 1. j is the irrep
we are working with, for example (3, 3) where j = 1 or (1,1) where j = 1. We can explicitly write
out the operation of the 3-sphere Laplacian on a functlon f=f(0,¢,1) as follows

2, 1 o (1 9f ., Of 9 (s of
VS?’f_sm?esiw{aqp <sm¢3¢)] a¢( a¢>+ (Sn@sm(bae)

The irreps we chose to consider are (%, %) and (1,1). We find the following results:

Orthogonality check (unit 3-sphere):

e For (%,%)
/ Yil0,6,0)d2 = 72, Vi,
g3
thus
1
N/ Yi(0,6,0)d2 =1, N = = vi
S3 T
e For (1,1):
2 2
| .00 =2 vi
53 3
thus
31 .
N 1/71(67 ¢7¢)d9 = 17 N: -— Vi
S3 2w

Eigenvalue check (unit 3-sphere):

e For (l l):

272

VisYi(0,0,0) = =3Y;(0,6,v),
e For (1,1):
V23Y;(¢9, ¢,'¢) — _8Yi(07¢7w>’

These are convincing checks of the spherical harmonics for irreps (;, 2) and (1,1).
A different way of checking both the eigenvalues of the scalar and vector spherical harmonics
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has been developed [12]. When the covariant derivative acts on a vector, it first displaces the
vector infinitesimally:
xt — ot + dat,

"o " = v,
and secondly it rotates the vector according to the point in spacetime the vector is at:
ov” = €'l v
Thus, what we see is that
Small displacement = small group transformation = acting with the generator.

From this logic, the operation of the covariant derivative acting on our irrep Dga (0,0) is
VaDy,(0,¢) = Dy (0, 6) Dy (—iTo).

This operation is quite important since it tells us that the operation of the covariant derivative on

our irrep can also be achieved by simply acting on the harmonics Dy, (6, ¢), that have the labels

q,q which are labels of the group G, and the label n which labels irreps of G, with the matrix
D;L,a(—z'T ) that has the label ¢’ and a which are labels of the group G and H respectively. The
element —i7},, comes about from how we parametrised the coset, i.e. =7, Note that

DI (—iTs) = (—iTy)"

qq
where T, is the matrix for the generator in irrep n.

From the description of the operation of the covariant derivative, the Laplacian is then given
as

V2Dp,(0,6) = ~Diy (0, 0) Dl (T ), (11)

where T, T, = (T14)? + (To4)? + (T34)?>. When we move on the surface of the 3-sphere, we start at
the identity and rotate, by € and ¢, very closely in the proximity of the identity. The rotations
in the 12, 23, and 13 planes do not change the position we are at before the rotations thus the
operation T, T, does not include them. However, we can re-write the dot product of the generators
as follows
ToTy =(T14)? + (Toa)* + (T34)” + (Th2)* + (T23)* + (T13)*
— ((Th2)* + (To)* + (T13)%)
=C5(G) — Co(H),
where Cy(G) is the quadratic Casimir of G and Cy(H) is the quadratic Casimir of H. For (I, ls)
of SO(4), Co(G) = 2(l;(I1 + 1) + I(la + 1)) and for s of SO(3), Co(H) = s(s+1). We will quickly
review the argument demonstrating that 7%7* is a Casimir. Using the Lie algebra
[/Iva7 Tb] — ,i.]ca,bctz-vc7
we find
[TaTa, Tb} — [Ta’ Tb]Ta + T? [Ta’ Tb]
— ifabc [TcTa + TaTC]
=0,
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since f%¢ is anti-symmetric and T°T%+T%T* is symmetric. This result is true for any 7°. Following
from this, we see that

[TaTa, eiwab] — 0
is also true. From Schur’s Lemma, this implies that
7T = \- 1,

where \ is some number; in our case we consider it to be an eigenvalue.
Before we look at the eigenvalue checks, let us first have a closer look at our irrep Dy, (T, T,):

¢’ is the state in irrep n of G = |n, ¢’)
a is the state in irrep D of H = |D, a)

thus

Dijo(ToTa) = (n, ¢ |TaTo|D, a)
= (n,¢|(C2(G) — C2(H))|D, a)

= ((n,{1C2(G)) — (Co(H))|D, a))

= ((n,¢12(Li(lh + 1) + L(la + 1)) — (s(s + 1)|D, a))
= (n,q|[2(Li(lh + 1) + o (I + 1)) — s(s +1)]|D, a)
= (n,q|[2(Li(lh + 1) + o (I + 1)) — s(s +1)]|D, a)

= [2(L(L + 1) + (I + 1)) — s(s + 1)]{n,¢'|D, a).

For the irrep (2, 5) the eigenvalue checks are as follows:
e Scalar spherical harmonic:
V2D (6,8) = =[2(L(L + 1) + bl + 1) — s(s + 1))}, Dity (6, )
—[2(1/2(1/2 +1) + 1/2(1/2 + 1)) = 00 + 1)], D{y, (6, ¢)
- _3D?O)q’ (9, ¢)

e Vector spherical harmonic:

1.
V2D (0,6) = —[201 (I + 1) + Io(ly + 1)) = 5(s + )]}, Dfyy (0, )
= —[2(1/2(1/2+ 1) + 1/2(1/2+ 1)) = LA+ 1], D), (0, ¢)
== ?l)q’(eagé)'
2.

V2D (0,6) = —[2( (I + 1) + ly(l2 + 1)) — 5(s + )]’} Dity (0, )
= —[2(1/2(1/2+ 1) +1/2(1/2 + 1)) = 1(1 + 1)] , Diy)y (6 )
== ?())q’(ev ¢)
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VD3, (0,6) = = [2(h (1 + 1) + la(la + 1)) = s(s + 1)] 7, Dy (6, 0)
—[2(1/2(1/2+ 1) + 1/2(1/2 + 1)) = 1(1 + 1]}, D1y (6, 0)
= _D?—Uq/(ev 9).
These are the correct results since the eigenvalues of the scalar and vector spherical harmonics are
251(j1 + 1) + 2j2(jo + 1) = =3, j1,72 € SO(4)
and

2j1(j1+ 1) +242(j2+ 1) —s(s+1)=—1, j1,j2 € SO(4) and s € SO(3)

respectively. In this case, ji,j2, and s are equal to i since we are considering the irrep (l l).

2 202
Notice that the scalar spherical harmonics eigenvalue is the same as when we performed the first

check. This is a nice check of equation .

3.7 Harmonic expansion of N=4 SYM on the 3-sphere

Now that we have reviewed harmonic expansion on spheres, we can consider the expansion of
N = 4 super Yang-Mills theory. As we have just reviewed, the harmonics carry an irreducible
representation (my, mg) of the isometry group SO(4) = SU(2)., x SU(2)g of the sphere. Further,
since we are on the coset SO(4)/SO(3), they are in representations of SO(3). The mode expansions
[13], in Coulomb gauge V,A% = 0 are

fe'e) k+1)2

=2 > 4 (10a)
k=0 I=1
0o (k+1)(k+2)

(x)=> > NV L (), (10D)
+
Ao(z) =) Z wir (1)Y{5) (), (10c)

Ag(r) = ZAW Y= (x). (10d)

It is the modes collected in ((10a]) that will be of most interest in this dissertation. The harmonics
are denoted as Y(’;)I . The index k singles out an irrep of SO(4), as explained in the table below. The
index I runs over the states in this SO(4) irrep. Finally, s specifies the representation of SO(3)
that the harmonic belongs to. The spinor spherical harmonics are commuting (two-dimensional)
Weyl spinors.

The table below shows the harmonics on S that appear in the expansion of spin-0, spin-1/2
and spin-1 fields [13].

Spin Harmonic functions Irreps Masses
0 Scalar spherical harmonics: Y] (k+1,k+1) (k+1)/R
1/2 | Spinor spherical harmonics: Y(’II;) : Y(’ilg) (k+2,k+1), (k+1,k+2) | (k+3)/R

1 | Vector spherical harmonics: Y(’ffr Y(’i)l_ (k+3,k+1), (k+1,k+3) | (k+2)/R
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Substituting the harmonic expansions into the action [13]

2 1 1 R 1
S = 7 /d4w g Tr {— ZFWFW - §D“¢iDu¢i - quﬁf - Z—l[gbi, o;* — 20\, a* D, A

YM

+ (p) PN i[9, AB] — (p]) an (W) Tio* i, A7)

and computing the integrals over the three-sphere, we obtain the quantum mechanics of an infinite
number of fields. To obtain the mass spectrum of these excitations, the integration over the
quadratic terms in the action given is required. A couple of properties of the spherical harmonics
are required before we perform the integration; these properties being the orthonormality and
eigenvalue property. We have seen similar orthogonality and eigenvalue checks earlier in this
section but only for the scalar spherical harmonics; we will now state the properties for the scalar
and other spherical harmonics. The spherical harmonics are orthonormalised [13] to

kI~ lJ klsIJ kI+ kI+ klsIJ kI+ kit a klsIJ
/SSY()Y =070 /53 (Yu/z)) Yijga =070 ’/53 (Yma) Yia =070

and their eigenvalues of the Laplace-Beltrami operators [13] are

1 kI

VY = __RQk(k +2)Y§,
o'V, = i—i k+ = J Y £
R 2) W2

1 3
kI+ __ kIt
VS, = K3+ 5| Vi

2vkIt£ __ kIt
VAYTE = = ke 4+ 4) + 2 YT

After substituting the mode expansion, (10a)) to (10d)) into the quadratic terms of the action [13],
we obtain

42 R3 J R k+1
Squad = 7; /dt{z <_ Tr o P — QT ¢kl¢kl)
gYM kI 2R

2
+ Z ( ARIE jRIE (k+1)? Ty AinAin>

k04 28

. kI+t\ AkI+ k+% kI+ty AkI+
=iy [ TrAEAA + ot TG :

k0%

where both properties of the harmonics and integration by parts were used. The transversality of
the vector spherical harmonics, V“Y(l;‘)]f = 0, and the identity

2 YZJ:I:

zJ:I:a zJ:I:a zJ:tc iJ:ta

is required in the computation of the masses for the vector modes.
A way of escalating up the different states of the Kaluza-Klein mass tower is by operating

with the two supercharges Qp = (2,1,4) and Qr = (1,2,4) which move you up the tower
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to the left and right respectively. These supercharges are representations that label states of
SU(2), ® SU(2)gr ® SU(4), i.e. the first number in the bracket of the supercharge representation
labels a state in SU(2)r, the second number labels a state in SU(2)g, and the third number labels
a state in SU(4). Note that the superconformal transformations in the selected curved background
geometry relates the whole tower of Kaluza-Klein modes. This means that the infinite tower of KK-
modes is not decomposed into finite dimensional irreducible representations of the superconformal
algebra. What we see instead is that the whole tower itself is a single superconformal irrep.

By only considering half of the supercharges, which we will denote by @), and with the addition
of the bosonic symmetries we generate the subalgebra SU(2|4). The KK modes are decomposed
in terms of finite dimensional irreps of this group. Higher supermultiplets in the tower generally
branch into 5 irreps under the bosonic subalgebra SU(2) ® SU(4) which implies that all of them
are short supermultiplets of SU(2]|4). An important result of the supersymmetry algebra is that
the ground state energy, given as the sum of zero point energies, should vanish. An example of
this is obtained by considering the lowest lying supermultiplet (1,1,6) + (2,1,4) + (3,1,1), in
which case we find

1 3 2 6 12 6
6~R 8~2R+3~R—R R—i—R—O.

The truncation to be performed is exactly the restriction to this lowest lying multiplet.

Mass AR ARIF o™ AR AR
o ~ .7 AN
3 (4,2,1) (3.3,6) (2,4,1)
\ f' \ /#
a5 (3.2.4) (2,3.4
v v v\
2 (3,1,1) (2.2,6) (1,8.1)
v\ i v\ v
= (2,1,4) (1,2,4)
\ ¥
QL Qr
& (1.1,6)

Figure 7: This Kaluza-Klein mass tower (which can be found in [13] at the end of section 2.1)
demonstrates states that are labelled by representations of SU(2), ® SU(2)g ® SU(4). To climb
upward to the left of the tower, one acts with the supercharge Q; = (2,1,4), and to climb upward
to the right, one acts with the supercharge Qr = (1,2,4). The states that are encircled are
involved in the steady truncation to the plane-wave matrix theory.
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3.8 Conclusion

This section started with motivation from the Fundamental Orthogonality relation, by performing
Fourier expansions of finite groups to allow us to get the “position” space and “momentum” space
functions of the group. Using the developed and necessary delta function for the finite group,
the Fourier transform pairs constructed were found to be consistent. We next moved on to the
description of a coset and argued as to why the coset SO(3)/SO(2) is the 2-sphere, and we followed
through with a similar argument as to why the coset SO(4)/SO(3) is the 3-sphere. This lead us
to determining the Fourier transformation on a coset which made use of a “projector” (which
is actually an intertwining map) and the delta function for finite groups and then Lie groups.
We find that the harmonics (scalar, vector, tensor, etc) that are used to perform the Fourier
transformation are given by the matrix elements D?C’q(g) - this leads to the construction of these
spherical harmonics. We made use of techniques already known in enabling us to check first if
we are able to obtain the spherical harmonics of the coset SO(3)/SO(2), the 2-sphere, which we
have succeeded in doing. From there we started on the construction of the spherical harmonics for
the coset SO(4)/S0(3), the 3-sphere. We constructed the scalar and vector harmonics for a few
selected irreps ((3,1) and (1,1) to be specific) and we performed two convincing checks to see if
what we constructed is valid; what we have found is that our results check out. Following after
that, we reviewed the work of Kim, Klose, and Plefka [13] on the harmonic expansion of N' = 4
SYM on the 3-sphere to understand the spectrum of the theory. We think of the spectrum of the
3-sphere as the “fingerprint” of the theory as a way of identifying and knowing in great detail
the nature of the giant graviton. In the chapters to follow, we will use the knowledge and results
obtained in this section to see if the expected emergent Yang-Mills theory does indeed emerge.
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4 Light-Front Partons and Dimensional Reduction in Rel-
ativistic Field Theory

4.1 Introduction

t’Hooft [14] has suggested that in order to harmonise gravity with quantum mechanics there is a
necessary reduction needed of the degrees of freedom from 341 to 241 dimensions. The reduction
in question, which operates as a holographic mapping, has to allow for an inverse process in which
we can recover information of the 3D from the 2D. A model was showcased by t’Hooft, based
on homogeneous structures, as a realisation of this idea. Susskind has emphasised in a paper [15]
the use of light-front quantisation and partons to realise the holographic projection. It is certain
that a string theory can be developed in the light-cone frame without the need of a longitudinal
dimension. Generally, one has the simple idea of light-front partons as the most crucial degrees of
freedom.

The importance of light-front partons along with the affiliated dimensional reduction is already
visible in the example of a relativistic scalar field. We will describe this at the classical level,
with no interactions included. We pick this case since it illustrates the basic ideas in the simplest
possible setting. From there, we are able to elaborate on a mechanism for gaining the complete
theory from the lower dimensional picture (the parton picture).

The idea is to consider a relativistic field in the light-front frame. Once one compactifies
the longitudinal direction, x~, one truncates the fields by retaining only the oscillators that have
the lowest value of p*. These then are the essential partonic degrees of freedom. Is it possible
to construct the complete theory from the partons? We will present the possibility of a 3 + 1
Lorentz symmetry in the partonic 2 + 1 dimensional theory. A set of generators are given that
close a 4D Poincaré algebra. These have a connection to the generators of the 4D relativistic
membrane; this connection will be explained in detail. Next, the discussion will move onto the
main topics which focus on the N-body problem of free partons. It will be exposed that, by using
well-defined fields, the complete 4D relativistic scalar field theory is reconstructed. The rebuilding
is achieved by using a particular analysis of the N-parton configuration space. Instead of the
usual treatment of identical particles, which forbids coincident particles, there is the inclusion of
configurations of coincident partons. This is analogous to the analysis of light-cone strings [16], [17].
Since a relativistic field can be expressed in terms of non-relativistic partons of a lower dimensional
theory, this construction is likely to give a fresh understanding into the properties of local field
theory. This chapter is a review of [3].

4.2 Relativistic scalar field model

We consider a relativistic scalar field theory in 3 4+ 1 dimensions whose Lagrangian density is [3]

1
L= B L0 — V().
Considering the co-ordinate 2+ = \%(zo + 23) where on the light-front frame 2T is a constant, the
Dirac brackets we have are

{o(@™,z), 0y~ ,y)} = (0-) 0(z~ —y™) - 6(x —vy),

where = (2!, 2?) are the transverse directions (see appendix [E| for the in-depth computation
of this bracket). The Hamiltonian, which generates translations in the x* direction, and the
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longitudinal momentum, which generates translations in the x~ direction, are [3]
— p— = e |
H=P = [ do dz §V¢-V30+V(g0)
Pt = /daz d*z(0_p)>.

By compactifying the x~ direction with a radius of R = 27, the conjugate momenta is p
n) and n > 0 in integer intervals. By expanding in the p* modes [3], we get

(Au()em + AL @) + —3(0,2).

1
v) = 2 Nt o

To obtain the parton picture truncate the system to the p™ = 1 mode. All other modes are
dropped. After truncation, the mode expansion is

oma) ~ —= (Ai@)e ™ + Al@e)

and the Hamiltonian and the longitudinal momentum read
H= u/f ( VAT)VA@)+V>
Pt — / 2z Af(2)Az).
In these expressions, the index p* = 1 has been dropped from the creation-annihilation operators
AT(z) and A(z) respectively. Generally, if the reduction is to be interpreted as integrating out

degrees of freedom, then there will be changes to the interaction term. Af(x) and A(z) obey the
Poisson brackets of a non-relativistic second quantised Schrodinger field

{A(x), AT(2)} = 6P (2 — ')

and the density function is given as p(x) = Af(z)A(x). From this, we see that by integrating the
density function [3] we get the longitudinal momentum

Pt = /de p(z) = N,
which is the number operator. After the change of variables

Az) = /pe'™
Ai(z) = B,

the Hamiltonian is [3]

1
H= /d2x (§pV7r -V + V’(p)) :
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where the potential energy has gained an extra p-dependent term. In what is to follow, interactions
and h-quantum effects are ignored. In conclusion, when truncating the relativistic field to the point
of only the p* = 1 mode, a non-relativistic type theory in 2 + 1 dimensions with p(x) and 7(z) as
conjugate fields emerges.

A 4D Lorentz symmetry still operates in this reduced theory. This symmetry is given by the
following set of generators [3]

J = /d% m(x*0y — 2°0,)p

L e

Ja-‘r :/d2ZE xap
Jt = —/d2:1: o,

where a,b = 1,2. Combining this set of generators together with [3]

P~ = /d2x %p(Vﬂ')Z

P+:/d2mp

P = /d2:v TOup

one can verify that they close the 3 4+ 1 dimensional Poincaré algebra.

4.3 N-body system

We will now demonstrate how to recover the complete relativistic field theory from the N-body
system of partons. Consider the kinetic energy

H = 1
_Zip“
=1
1 .2

with the coordinates being in d = D — 2 dimensions: z; = (z},2?,...,2%). The null-front time

rt = 20 + 2% is the time conjugate to the Hamiltonian, and so H = P~. The total longitudinal
momentum is

An arrangement of cumulative fields p,(x) will now be defined on the coordinate space X% x X9 x
.-+ x X?/Sy by interpreting this space as an orbifold.

The intention is to treat the configurations in a particular way when partons coincide. In
the standard analysis of identical particles, one omits the points from the configuration space
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when particles are at the same point. These points will now be included and used to define new
observables. Doing this introduces a chain of cumulative density fields as follows. Consider

= Zd(:z: — ;)

where the prime signifies that we only have non-coincident coordinates in the sum. To achieve this,
introduce an infinitesimal distance € and a minimal separation by |z; —x;#| > €. If two coordinates
are within €, it will be considered a composite object with p™ = 2. All pairs of coordinates such
that |zy — x| < € define a new field [3]

pa(e) = 3 2 (8 — o) + (e — )
(@,3")

In general [3]

pn(T) = Z) (Za x)

(t1,82, sin

which receives a contribution only if n of the particles are at the same location. This defines the
pt = n density field. The new densities define the creation-annihilation operators in the expansion
of the relativistic field ¢(z~,x). To be more specific,

pa(x) = Al (2) An(2).

Thus, the correct reconstruction of the total longitudinal momentum operator have been achieved:

=> n /pn )z =Y "n /ATAdx

n>0 n>0

The Hamiltonian, however, it less simple. A method that will be used is
Opu(z) Opn(y) 0 9 Ppn O
dzxdy
Z 0z? Z Z/ dr;  Ox; Opn(x) Ipn(y) + o2 dpn’

where the second term leads to a potential-type contributions so we will just consider the first
kinetic term only. By performing a simple calculation, we find

Z,of — /dQ.a: Z %pn(a:)VWn(x)an(:v) +

and combining it with

An - \/Eeiﬁn7 Aqu = pne_iﬂn

we then have
- L, d 1 t — . d
P = ngi — /d mZ%VAnVAn — /dx dz'VpVep.
Thus, the relativistic field theory expression is recovered from the non-relativistic parton picture.
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4.4 Conclusion

For a system of identical particles, we remove from the coordinate space configurations where
any particles are coincident. This assumption is essential for anyon statistics in 2d to exist, for
example. For the light front partons, configurations with coinciding particles have been retained
and we have argued that they carry additional information. This information is the origin of
density fields of increasing p*, which reconstruct the single relativistic field. If partons obey usual
common statistics, this construction would not be possible.

We will try to use the mechanism described in this chapter to explain how the emergent Yang-
Mills theory is constructed. Basically, our partons will be the magnons of the spin chain description
of the super Yang-Mills theory. The higher momentum modes will be obtained as bound states of
the original magnons, providing a dynamical mechanism for the origin of coincident parton states.
To develop this idea in detail, we need to review the magnon bound states of the super Yang-Mills
theory. This is the topic of the next chapter.
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5 Magnon Bound States

5.1 Introduction

A very powerful approach to the planar limit of the super Yang-Mills theory is provided by the
spin chain description of the CFT operators [I8]. This description maps each CFT operator to a
state of a spin chain and it maps the dilatation operator to the Hamiltonian of the spin chain. The
dynamics of the spin chain is naturally described in terms of excitations known as magnons. The
magnon scattering matrix is determined exactly by the symmetries of the problem. We will argue in
the next section that poles in the scattering matrix are associated with bound states of the particles
that are scattering. We will argue this in the setting of non-relativistic quantum mechanics where
the discussion is simplest, but the conclusion is general. This connection will prove to be useful
because, since we know the exact magnon S-matrix, it is possible to determine the exact magnon
bound state spectrum. We will try to apply the mechanism of the previous chapter to the problem
of understanding emergent Yang-Mills theory. We will identify magnons as the basic partons and
magnon bound states with the coincident parton configurations. It is thus crucial to determine
the spectrum of magnon bound states. This is one of the main accomplishments of this chapter.

5.2 Association between a pole and a bound state

The material in this section is standard non-relativistic quantum mechanics and appears, for
example, in [19]. For propagating waves in the case of the finite square well, we have the following
set up

V(2 :
. olkx |
L} | teik'x
| e —
I
re [ a4 | .
o1+ | — -
I
I
@ @
I
I
I
I
N+ |

=i

23

where we have our incident wave of the form 1 - e where the coefficient of the incident wave is
chosen to be 1 so that conservation of probability implies the condition 1 = 7'+ R. This condition
comes about since there are two outcomes for an incoming wave: it is either reflected back (with
probability R) or it transmits through (with probability 7"). The sum of these two probabilities
give you the probability of 1. The potential in region I and III is zero and in region II is equal to
—Vo where V) > 0. We are not too concerned about region II so we place our attention on regions
I and III. In region III, we see that the wave has the same exponential form as the incident wave
in region I, and the potential in region III obeys the condition V' (z),__ = 0.
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For a bound state, we have the condition £ = % < 0. For the wave in region III (te?*?) to die
as r — 0o, we must have k = ix where k is positive and real. After this substitution, the wave
(tett® = teilif)® = te="T) certainly does die as x — oo. In region I, as * — —o0o, the reflected
wave re”*% = re®® dies. However, the incident wave 1 - e** = 1. %% blows up as £ — —o0.
To fix this problem, one would intuitively set the coefficient of the wave to zero, yet in this case
you cannot since the coefficient has already been set to 1. Thus, to make this term seem as it is
going to zero is to set the reflective wave’s coefficient r to oo since the full equation of region I is
1-e™ ™% re?.

To quickly revise, for the bound state (E < 0), with the momentum being purely imaginary
(k = ik) and respecting the condition that waves die at large distances, we find a pole in the
reflection coefficient . Thus, a pole in r is associated to a bound state.

To illustrate this argument, we will first calculate the bound state energies. For the finite
square well potential (see section 2.6 in [19]), the wave function has the following forms:

Aeth1e 4 Be~ikie, r < —a
Y(x) = ¢ Csin (kox) + D cos (kox), —a <z <a
Fetke T >a

where k; =

VZME and ky = Y0 2m(hE+V°). Atz =

. —a, the continuity conditions imply

o Ae~h1a 4 Bethia — (O cos (kea) — Dsin (kqa),

o iki(Ae~*19 — Bet19) = ky (C'sin (kya) + D cos (kea)).
At z = a, the continuity conditions imply [19]

o (' cos (kya) + Dsin (koa) = Fe*1e,

o ky (—C'sin (kya) + D cos (kqa)) = ik Fet*1e,
Through further manipulations of these equations we find [19]

2]{Z1 k2€—2ik1a

F = A
2koky cos (2kga) — isin (2kqa) (k3 + k3)

and thus the transmission coefficient is compute to be [19]

_— ’F 2 4k k3 1
1Al T a2 2 _ 12\2 212 sin? (2% ]
A sin® (2kqa) (ki — k3)? + 4kiks 1 4 (k2 — k2)?2 [ 4;;:5 )}
Then, the reflection coefficient is calculated to be
2 212 | sin? (2kaa)
1 02— g ]
R=1-T=1-— ST =" 45121?% |
L+ (k- R3)7 [l 1 (R — 32 2B

L (k% — k2)2 sin® (2kqa)
O AR2ES + (K2 — k2)2sin? (2ka)
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Poles in this coefficient appear when
4k2 k3 + (k2 — k3)?sin? (2kpa) = 0,
and solving for k; we get

k?l = :|:Zk'2 cot (kga) s k?l = :tlk?g tan (ICQCL)
= k7 = —k3cot® (kya) , ki = —k3tan® (kqa)

2mE __2m(E+ VD) ( om(E + Vo)a> 2mE __2m(E+ Vo) ( 2m(E + Vo)

h? h? h TR? h? h
—-F 2m(E + Vo) —F 2m(E + V)
=5 s co < - a> BV an ( - a

We stop here and now proceed to solve for the bound state energies. Considering the 4 equations
from the continuity condition for x = —a and z = a, by dividing the second equation by the first
(B is set to zero) we find

ik =k [ C'sin (kza) + D cos (kqa) }

—C'cos (kaa) + D sin (kza)
and by dividing the fourth equation by the third implies

—C'sin (kga) + D cos (kqa)
C cos (kqa) + Dsin (kqa)

’ikl = k’Q |:
The only way that these two equations for ¢k can be consistent is if one of the constants C' or D
vanish:
o C #0: iky = —kytan (koa), even parity.
e D #0: iky = kycot (kaa), odd parity.
These equations can be rewritten as
(ik1)* = —k] = (—kytan (kya))® = k; tan® (kqa) even parity
(iky)* = —k? = (kg cot (kea))? = k3 cot? (kya) odd parity

L _2mE _2m(E+VY), <\/2m(E n vo)a>

h? h? h

_2mE _m(E+V) ( om(E + Vo)a>

2 2 0
E 2m(E 4+ V)
— — tan?
= = tan ( = a)
E 2m(E + Vp)
— — cot?
T ( ; a) :

which reproduces the results we obtained for the location of poles in the reflection coefficient R.
This nicely illustrates the fact that poles in the reflection coefficient are associated to bound states.
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5.3 Review of Magnons

In this section we will review how the magnon scattering matrix is determined completely by the
symmetries of the problem. This scattering matrix will then allow us to determine the exact bound
state spectrum. We start by describing, in detail, the representation relevant for a single magnon.
We then use this representation to show that the scattering matrix S is completely determined,
up to an arbitrary overall phase.

The symmetry of the sector of the gauge theory considered is SU(2[2) x SU(2|2) (which can
also be denoted as SU(2|2)?). The SU(2|2) algebra we are interested in is
k

{Q2, QY = ear

o
a by _ _ab v
{SCH SB} =€ EO‘IB 9

{S2,Q)} = 0y LE + 85Ry + 6382 C.

There are commutators for the bosonic generators as well. We note that there are three central
charges for each SU(2|2) factor. However, following [20] (see discussion around (3.13)) we will
set the central charges of the two copies to be equal. Physical states of the super Yang-Mills
theory have vanishing central charges. A question that comes to mind is what are the two SU(2|2)
factors? To answer this let us consider the bosonic fields. There are 6 hermitian adjoint scalars ¢
that transform as a vector of SO(6). They can be combined to form the complex fields as follows

X =o' +i¢® X =o' —ig?

Y =¢'+i¢t YV =4 —i¢!

Z=¢"+i¢® 7 =¢" —ig°.
The symmetry group that we study transforms Y, X .Y and X. However, it does not act on Z and
Z. Thus, the bosonic piece of the symmetry group is the SO(4) that rotates ¢',¢% ¢ and ¢* as a
vector. Recall that SO(4) is equivalent to SU(2), x SU(2)g. We will explicitly describe a useful

relation between the SO(4) generators (M,,) and the SU(2) generators (JZ, JI). We will use the
normalisations of the SU(2) generators as

s, Ju] =220y [Jo, J] = Js.

In this normalisation, J; is always an integer for finite dimensional irreps. The generators of the
left and right SU(2) are

Jy = —i(Mia + M)

JE = —%((M13 — Moyy) 4 i(Myy + Mys))
JE = %((Ml?) — May) — i(Mig + Mo3))
J§ = —i(Myy — Msy)

Ji = %(_(MIS + May) +i(Myy — Ms3))

1 )
in = 5((M13 + M24) + Z(M14 — M23)).
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One way to understand these formulae is to use M;; = ZBZ-% — xj% and then change to complex
7 7

variables:

21 = T1 + 1Ty
Z9 = .I’3—|—7;LU4
21 =TI —i,TQ

22 = T3 — 7::['4.

In terms of the complex variables, the SU(2), x SU(2)g generators read

Jy=2n—+ Zgi - zli_ — 521_
(951 (952 (9;1 (9622

Ji = 213_21 — 228_22 — 218_2'1 + 228—22

Jf = zQ(%l — 21%

JE = ZlaiZg — 228%1

T

JE = zlaizz — Zzﬁizl'

The (JF, J&) charges are
Z1 — (1,1), 22—>(1,—1), 2o — (—1,1), Z1 — (—1,—1)

These charges show that the vector of SO(4) transforms as (1,1) of SU(2), x SU(2)g. In our

normalisation, the usual % has become 1. Given these charges, the individual terms in Ji’R are
clear. Since the transformation of z; is the same as that of X and the transformation of zy is the
same as that of Y, we have understood (3.13) of [20]. So the states |¢*) and [¢)*) that we use to
discuss the SU(2|2) symmetry are not easily related to fields of the super Yang-Mills theory - it is
products of pairs of these states that are related.

According to our above discussion, each magnon will transform as some SU(2|2)? representa-
tion, labelled by some central charges, which we need to determine. Note that we also need to
give the SU(2) representation of each of the SU(2) factors in SU(22) - these are both spin 1. To
specify the representation that each magnon transforms in, we need to specify an a,b,c, and d for
each, where

Q2" = adl|v®) Q7Y = be*en| " ZT)
Sal") = ceape W’ Z7) Salw?y = dol|¢).

Here is an explanation of the notation: when we say we have given a magnon a momentum, we
mean we have performed the sum

Z PN A G AV ARE

n
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where the Y appears in the n'" gap between the Z’s. We introduce the notation

1ZEY) = Zem- NANA GV

where now the Y on the right hand side sits in the (n 4+ 1)™ gap between the Z’s. Thus, we can
relabel n such that

Z2Y) = et . 222V 227 -

n

where now Y again sits in the n'® position. We can write this as
| ZEY) = TPy Z7F).
Using this notation, we have
1 Q3¢%) = aQy|¢?) = baePer|¢°Z7)
and
Q3Q1[¢%) =0

Using these two results and recalling that

k
Qo) +QLQs = eus,

we learn that
k = 2ab.
By a very similar argument using the S¢ supercharges, we find
k™ = 2cd.
This can now be extended to the case where our state has k£ magnons
{QF QM M; - Z ayby, H e MMy - M)
I=k+1

When the supercharges act on the & magnon, they insert a Z into the chain. Thus, all the
magnons M; with ¢ > k£ must be shifted by one position and this leads to the phase H{ik +1 e~
on the right hand side of the expression above. The physical K magnon state must have vanishing
central charges. If we are to obtain a representation without central extension, we must require
that the central charge vanishes

k K K
B = Zakbk H e~ = (). (12)
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Recall that our operators vanish unless the phases g, = e+ obey
k k

In this case is solved by
arby, = a(e”P* — 1),

The proof follows as (this proof is given in [20])

I K K
=S [T
2 o I=k+1
K K
= ozZ(eip’“ -1) H e P,
k=1 I=k+1

To motivate what comes next, consider a specific example. For K = 4, we have

4 4
aZ(eiPk —1) H e~ — a(e*ipl _ 1)6*1'(P2+p3+p4) + a<€*im _ 1)e*i(173+p4)+
k=1 I=k+1
+ae™ —1)e P + ale”P — 1)
— e ip1tp2tpatpe) _ |

To get the final answer, notice that the second and third, third and fourth, and the fifth and sixth
terms cancel in the second last expression. Thus

k .
5 =l —1) =0

completing the proof. A very similar argument using S¢ supercharges shows that
crdy, = Be?F —1).
Returning to the one magnon case, we easily find that

Qe S5l¢%) = cQae™es ¥ Z7)

= cbe"ep, € €0a| %)
Setting a = b and a = (3, and summing over both indices, we find
QaSale®) = 2bc|¢?).
Through very similar manipulations, it can be shown that
Salale®) = 2ad|¢°),
so that we learn that

{Qg, SaHe%) = 2(ad + be)|¢7).
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Thus, we find
1

C= §(ad + be).

From
{58, Q)Y = 6p L2 + LRy + 6301C,

we know that

{S53,Q1} = Lj.
Also, from

(07 o 1 (07
L§ly") = 36" - 505147),

we know that

Ly|p®) = [4h).
We now easily find

{53, Q1}?) = S,Q110%) + Q1S3 |v?)

= dQ1| ") + be*2e 1S5 ]0* Z7T)

= ad|w1) + bee'Zepet?eq [U01)

= (ad —be)|'),

so that we learn ad — bc = 1. This is also the condition to get an atypical representation of su(2|2)
- see comment in (2.25) of [20]. Now,

akbkckdk = C(ﬁ(@iipk — 1)(€ipk — 1)

= 4afsin’ Dr
2
1
= - [(akdk + bkck)2 - (akdk — bkck)Q]

4
- fcur 1,

where

Cy = j:\/}l + 403 sin? %
The components of an energy eigenstate in different asymptotic regions are related by the bulk
scattering matrix S. S must commute with the su(2|2) group. The labels of the representations of
individual magnons can change under the scattering, but they must do so in a way that preserves
the central charges of the total state.
A useful parametrisation for the parameters of the representation is given [20]

a = /g bzgf( —£>

X

_ V9 _ Vgt z”
= = h(R)
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+

The parameters x* are set by the momentum of the magnon

_l’_
i_P i
€'l = —. 13
- (13)
The condition ad — bc = 1 to get an atypical representation implies that

9 ¢ .
- - — =1,

+ 4 2
Tt 2ot 2x~

which will be useful for what is to come below.

Consider the scattering matrix S;o for two bosonic magnon states |¢¢¢5). The indices a and b
are su(2) indices. Since the S-matrix has to commute with the bosonic su(2) generators, we know
that it must be proportional to the identity in each given irrep of su(2). Thus, we can break this
bosonic state up into su(2) irreps and the S-matrix must be proportional to the identity within
each irrep. These are three possible terms - we can symmetrise the indices a and b (spin 1 piece),
we can anti-symmetrise the indices a and b (spin 0 piece), or we can have something proportional
to €2 (another spin 0 piece). Thus, we can write

a a ]' a o -
S12l$103) = Awelo3"0') + Bualoy'd)) + 5 Craeeaslus v Z7). (14)

The Z~! above can be understood using dimensional analysis. A similar argument for the other
su(2) group gives

[0 o 1 (0% a
Sraltiv5) = Diatf™v") + Bralu™ol) + 5 Frocane?]03612%).
Finally, we also have

Sia]6105) = Gra|h ¢%) + Hialgsyy)
Sia|t8 %) = Kia|thS¢Y) + Lia|g5yy).

As we work with these formulas, we will make them more and more explicit. To start, puta =5b =1
in equation ((14). The above equation becomes

Sia|d163) = A12|6103).-
Acting on this with Qf, one finds
QF Shaldr¢s) = A12QF [ d163)
= A (aal)3 1) + ar[a?)).

Now, reverse the order of these two actions

S12Q7 |p103) = Sia(ar [V dy) + |¢1¢5))
= a1 (K12|591) + Laa|90f)) 4 az(Ghralvs é1) + Hia|dp07)).

The requirement that Qf commutes with Sy, thus implies that
Appay = a1 Kz + a2G1a
Arpay = a1Lyy + agHy.
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Next consider

A B C
Suloi63) = == (10301 +10301)) — =7 (16201) — [6361)) + 7 Peaslufvi 2 7).
Thus
Al 211 Bl2 211
Q1Sl2|¢1¢2 T (a2|¢2¢1 1|¢2¢1>) (a2|@/)2¢1> 1|¢2¢1>) +
% (52612621612612|¢22+¢%27> — bie'?eze 612|¢5¢%>)
Al B
= 57 (a2lt30l) + arleen) + =7 (azlundt) — anlo3un)) -
C1

(bo|3Z 1 Z7) + bl|w2¢%>) :

The sign in the very last term above is because we had to pull the supercharge past a fermion and
that costs a minus sign. Now act in the opposite order

S12Q1¢105) = Sraa1|163)
= a1 [K12307) + Lua|93¢1)] -

We thus find
as A asB bC
2212_|_ 2212_ 1212:a1K12
asAis B as By B 51012£ —
2 2 2 o T

Next, consider
Q1S12|Y1¢s) = Dise® era(ba| @32 1) — by 671 Z")
-
= Duezleu(bzm—ﬂqﬁ%@bizﬂ —bi[Y307Z7).
1
By acting in the opposite order, we find
-
S12Q3[W113) = €ler (blx—i(G12|¢%¢%Z+> + Hipldsy1)) —
2
— bo (K33 77) + Ll 29)) ).
We thus find

o
b2D12 = b1—iH12 — baLyo
1 Lo

0Dy = bli—gGm K.
Comparing
Q1 Slviv3) = (b2€21612\¢22+¢1> — b ep|iei Z7)) +
E12 (52621612|¢2z+¢1> + 51621612’¢2¢2z+>)
12

F
+ € (@en|tpdiZT) + men|opi Z7))
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and
~
SuQilutvs) = b e (GulvdeiZ ) + HilédviZ ")) =2,
2

we learn that

Das Eyn o Ty
—b—= + b —= — —Zay = bG—=
17 + 01 5 5 as 1 12x§
Dipxy Fipxy Fio Ty
by—=— 4 byg—=— — =bHjp—=.
22xf+22xf “y 1123:;
Comparing
SiSia|didy) = Ams <02€12€21W§Z*¢}> + 61612621@5%270
and
20 41 41 21 21— 12— @F
S12S7[¢103) = crerze <K12|¢2¢1Z ) + Lio|doi Z >>m—_+
2

+ coe1pe?! (G12|¢§¢%Z_> + H12|¢%¢%Z_>>,

we learn that
+

T
2

1A = c1L1o—= + coHyo
Ly
+ +

x x
1A= = 1 Kip=2% + ¢,Gha.
Ty Lo
The equations above can now be solved to determine the elements of the scattering matrix.
The result is

+ —
Ty — X
A12 = 592—2, :
T, — )
2 1
- 1— -1 +_ +
a0 T2 — Ty zyxy Lo — Iy
Ty — I l=—==x; — 1
Ty Ty
2 — —
0 29°Mn2 1 Ty — I
Ciz =S~ T~ +
1— =2, —x
fria; ¥t T2 1
12
0
Dyy = =57,
1— 24— +_ _+
_ 0 eyey Tg — Ty
1— 2o, —af
2= L2 1
21
+ =\ (ot — + +
Fly = —S° 2f(x) —xy )(x5 —x5) 1 Lo — Ty
= P12 — TE—
2Ly Lo 1 - oo, Y2 TN
+ + + —
_qo T2 T _ g0 i Ty — Ty
Gia=5——75 Ho=5,—""=
Ty — I 2Ty — Iy
+ - — —
0y — I 0le — T
Ty — I Ty — 2

In solving this equation we have chosen D5 to be a pure phase. Note that the overall phase of the
scattering matrix SY, is not determined by this argument.

96



5.4 Bound State Spectrum

The one-loop dilatation operator in the SU(2) sector is mapped onto the Hamiltonian of the Heisen-
berg spin chain. The scaling dimension’s spectrum is determined by diagonalising the Heisenberg
Hamiltonian. To be more explicit: at one-loop, the scaling dimension A of an operator is related
to the energy of the corresponding eigenstate of the spin-chain as
A
A=L+—F,
872
where L = J; + J,, Jp is the R-charge of the theory, and J; is the second conserved global charge.
States of the spin chain with charges J; and J, have J, flipped spins in a periodic chain of length
L, which is the number of sites in the spin chain. Eigenstates with a single flipped spin are known
as magnons. Magnons have conserved energy € and momentum p related by the dispersion relation

e(p) = 4sin® <g>

Eigenstates in the sector with M flipped spins are formed as linear superpositions of M magnons.
They are characterised by M individually conserved momenta py, for k = 1,..., M and have total
energy

E = f:e(pk) = §;4sin2 (%)

k=1

Determining the energy levels is reduced to determining the allowed values of the momenta pj.
These are determined by the Bethe ansatz equations

M
6z‘ka — HS(pk,pj)7 Zpk =0, (15>
k=1

J#k
for k=1,...,m. In this case S is the two-particle S-matrix which is given as
o(pe) — ¢p;) +i
S(oppy) = PP AP (16)

o(pr) — w(p;) —1i

1

in terms of the phase function ¢(p) = 3 cot (£). Note that the cot-function has the identity

eiz + e—iz
cotz =1———.
elz _ iz

The form in of the two-particle S-matrix, with the use of the identity above, originates from
[21]

etP1+p2) _ 9pip1 +1

8(p17p2) = _ei(l’lﬂ’?) — Q¢ip2 I 17 (17>
which is the same two-body S-matrix from equation (15) [2I]. This is a rewriting of A5 given at
the end of section with the use of the parameters % described in . The limit L — oo is
taken, with M fixed, along with the momenta py of individual magnons also being held fixed. This

limit is the standard thermodynamic limit of the spin chain. We refer to this limit as the Hofman
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and Maldacena (HM) limit. The main feature of the HM limit is that, as the chain becomes very
long, the magnons become dilute. For the Heisenberg spin chain, the spectrum of magnon bound
states in the thermodynamic limit is well-known. There is a single bound state of ) magnons, for
each positive ) < L/2 with dispersion relation

Taking L — oo, this is effectively an infinite tower.

The recipe for finding these bound states is quite simple: two magnon bound states corre-
spond to poles in the two-body S-matrix S(pk,p;). In particular, a pole is found in S(ps, p2)
when

1 1
p(p1) — e(p2) = B cot (%) - §cot (%) =1,

which corresponds to a bound state with U(1) charge J, = Q = 2 and momentum p = p; + ps.
These conditions are solved by setting

+ 1w pgzz—)—iv

b1 = 5

N3

in the above equation which yields cos (75’) = ¢". This yields a state with energy

E = e(p1) + e(ps) = 4sin? (g + zg) + 4 sin? (g — z%) = 25sin® (g) = e9(p).

Thus, the position of the pole uniquely fixes the dispersion relation of the bound state.

The existence of the higher bound states with () > 2, and their dispersion relation £¢(p),
can be inferred from singularities in the multi-particle S-matrix. For any integrable chain, this is
given by a product of two-body factors. The corresponding pole appears when the momenta of
the @) constituent magnons satisfy

e(p;) —elpjs1) =1

for j =1,2,...,Q — 1. This condition is easily solved and leads directly to the bound state dis-
persion relation eg(p). Our previous expression for the S-matrix left the overall phase unspecified.
The exact S-matrix is [18]

i
S(px,pj) = = X Sp(pr, ;).

where the phase function ¢(p) is now corrected to

o(p) = %cot (g) \/1 + % sin® (g)

The factor Sp is a “dressing factor” which is the undetermined overall phase of the full S-matrix.
The dressing factor does not cancel the S-matrix pole which appears in S(py, p;) when ¢(py) —
©(p;) = 4. A question that comes up is what happens to the ()-magnon bound states and their
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dispersion law £¢g(p) described above when we move away from weak coupling? A proposal was
made [4] that these states (bound states and dispersion law) survive for all values of the coupling
and have the exact dispersion relation

o) =55 |\ S (3) o).

This formula reduces to the dispersion relation eg(p) = %sin2 (g

at weak coupling. By setting () = 1 one obtains the exact magnon dispersion relation e(p) =
% [\/1 + ﬂ—’\Q sin? (g) — 1]. For (Q = 2, the proposed bound state should correspond to the pole

) of the Heisenberg spin chain

in the exact two-body S-matrix S(pk,p;) = % X Sp(pk,pj). The pole position should
J

determine the dispersion relation exactly. It will now be explicitly verified.
For magnon momenta p; and p,, the new pole condition reads

1 A 1 A
Lot (2) % A it (2~ Leon (2) Vl Xt (22) =

where we again set

p . P

=— 4w =——w
P =35 + P2=3
and solve for the bound state momentum p = p; + py as a function of v. After some computation,
we obtain a sixth-order polynomial equation, Ps(t) = 0, [4] in ¢ = cos(p/2) with coefficients

polynomial in e” and a = \/47?. The polynomial Ps(t) can be factored exactly into the product
of a quadratic P,(t) and a quartic Py(t) which are given as [4]

Py(t)
P4(t>

(€® — 1)%(1 4 ® — 2e"t)* — 4™ (1 + 6e®” + e — 4e't — 4e*'t),

a
a(l+4 e —2e"t)*(t* — 1) + 4e’(t + e*t — (1 + t%)).

The physical root is singled out by its weak-coupling behaviour ¢ = ¢” needed for agreement with
the corresponding formula for the Heisenberg spin chain discussed above. Taking the limit a — 0,
one may check with ease that the physical root belongs to the quartic equation Py(t) = 0 rather
than the quadratic. The next step is to extract the physical root of the quartic Py(t) = 0, use it
to eliminate v in the energy formula,

ea(p) = e(p1) +(p2)
2 A A
_ 8T \/1+Psin2 (2 +zg) + \/1+ Fsm2 (2 —zg)]

A
and compare with the predicted dispersion relation eg(p) for the @) = 2 case. A necessary and
sufficient condition for agreement with eg(p) is that the physical root of the quartic should also
obey the corresponding energy conservation equation

A A A
\/1+Fsin2 (‘thi%}) v \/1+ﬁsin2 (g —zg) - \/4+ﬁsin2 (g)
Squaring this equation twice and rewriting it in terms of ¢ = cos(p/2), ¥ and a = \/47?, the same
quartic equation Py(t) = 0 is obtained [4], and we are done.
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5.5 Conclusion

It was made explicitly clear why we associate a pole with a bound state as it is an important result
that was required throughout this section. Following this, we reviewed work on magnons and the
algebra of the scattering matrix; this determines the scattering matrix which determines the exact
bound state spectrum. In determining the bound states we had to look at poles of the S-matrix.
We will now explore the possibility that magnon bound states reproduce the spectrum of modes
we found in section 3 from the expansion of A =4 SYM on S°.
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6 Comparisons of Obtained Spectra

6.1 Introduction

The goal of this section is to see if the spectrum of the bound states found in the previous section
matches the spectrum from the harmonic expansion on the 3-sphere, S, constructed in section 3.
We first specify what the relevant N'= 4 SYM symmetries are and we specify what the quantum
numbers are for the fields we consider in the theory. From there we will introduce the notation for
the Young diagram for supergroups and carefully spell out how to interpret the irreps associated
to the newly constructed Young diagrams. Following from this, we identify the irreps that will
describe the elementary magnon. We will finally test our hypothesis that magnon bound states
reproduce the L = 2 mode on the 3-sphere. This must be continued to L > 2 to confirm our
hypothesis.

6.2 Determining the Bound State spectrum

Our operator is built mainly from Z’s - this is the field that builds the giant’s worldvolume. The
symmetries of N' =4 SYM include:

e SO(6) - this group rotates fields ¢1, ¢o, ¢3, P4, @5, and g which are the R-symmetry.

e SO(4) - this group is from SO(2,4) conformal symmetry and it is often called the conformal
spin.

The field Zg) = ¢1 + i¢s is left invariant by SO(4) C SO(6) and by SO(4) C SO(4,2). Note that
the term Z(g) is the S-wave of Z when we do the harmonic expansion on S®. In the dual string
theory,

e SO(6) = isometry of S® and
e SO(2,4) = isometry of AdSs,
so we write
e SO(4)gs for SO(4) C SO(6) and
e SO(4)aas; for SO(4) C SO(2,4).
Decompose each SO(4) using SO(4) ~ SU(2);, x SU(2)r. The fields of N = 4 SYM and their

quantum numbers are:

Field SU(Q)L,S5 SU(Q)LyAdA% SU(Q)RSS SU(2>R,Ad55
A 1 1 1 1
Z 1 1 1 1
Qbi ] 1 ] 1
D, 1 0 1 0
Vap [ L] 1 1
lpdﬁ 1 1 [ L
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This is one irreducible representation of (PSU(2,2) x PSU(2,2) x R?), the bifundamental repre-
sentation. We have the following states in the bifundamental rep

67) @ [¢%), [¥*) @ [v), |¢%) @ [¥%), [¥) @ |¢%).
We write this using Young diagrams for supergroups:
2,0) = 0,101 e O 51,0 e (1,0,0,1) @ (1,03 1,0) (18)

which is the quantum number of the SU(2)* subgroup. In the notation above, the semicolon
separates the two PSU(2,2) group reps; a left (PSU(2,2);) and right (PSU(2,2)g). In each
PSU(2,2) there are two irreps: one representing SU(2) for S® and one representing SU(2) for
AdS5. The fields can be represented as follows:

o= (0, 1;0,1)
D, = (1,031,0)
Yop = (0,00, 1, 1)
Vas = (L, 10,00 (19)

Thus, the elementary magnon is in the bifundamental of PSU(2,2) x PSU(2,2) x R.
The question to ask now is, what are the quantum numbers for a bound state of 2 magnons?
The allowed quantum numbers are in the tensor product

(0,) @ (@,D).

We again want the magnon bound state to be in a short rep of (PSU(2,2) x PSU(2,2) x R?)
which implies [20]

1 1
CE—PIKFZ 022—1321;<2:Z

and
(01+CQ)2 - (Pl +P2)(K1 +K2) - 1
1
= 20,0y — PLKy — PBLK| = 5
In this case: 1 ® /1= %, where
m= (o) e 0,0 @ (1,5)
A=Hneooeq,m).
Thus,
o) ® [@;D) = (mm) & (51 o (2m) & (719, (20)

Consider each irrep on the RHS of equation . Using the explicit description and the usual
rules for multiplying Young diagrams, we find
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o (I7[77) :

(712, [7170) (Dj,l,Dj1)@(Dj,l;D,D)@(Dj,l;l,H)EB(D,D;D],l)@(D,D;D,D)@

o000 e Bmy e oo e ,H1,H. (21)
o (EEE) :
m@ Dj,lE Dj,l;D,D)@(Dj,l;l,Dj)@(D,D;H,l)@(D,D;D,D)@
o001,m e (1L,EH e .o 0e q,H1,m). (22)
o (A1) -
T, :H, E (H,l;D,D)@(H,l;l,D])@(D,D;H,l)@(D,D;D,D)@
@(D,D;l,mj)@(1,53;5,1)@(1,53;5,5)@(1,53;1,53). (23)

Note that irrep (E , [7171) is obtained by swapping L <+ R in equation . This shows that these
are 3 possible independent bound states. Now, the mode with L = 2 on S% is ((TJ, 1;17,1). This
implies that only equation is a parton with momentum 2. If the bound states are to reproduce
the correct spectrum of harmonics, there should be no bound states in representations 22 and 23]
This is a very definite prediction, but is it true? Inspecting equation , note that

¢ @ ¢; = (0, 1;000,1) @ (1, 1; 1, 1) @ (1, 1,000, 1) & (1, 1; 1, 1),
D,® Dy, = (1,17 1,0) & (1,155 1, 1) & (1, 1; 1,c0) & (1, 151, 1),
Do ® ¢i = ([0,5,0,00) = ¥4 @ thap,
Ve @ Yo = (Dj,l,l,Dj)eB(Dj,l,l,l)@(l,l;l,mj)69(1,1;1,1)
¢a5®wba:( ,1) & (1,005, 1, 1) & (1, 1;000, 1) & (1, 151, 1),
i @ Yo = (1, 1,D D) (o, 1;0,00),
¢ @Y, = (0,05 1,1) & (0,501, 1),
D, ® .5 = (0,0, 1,1) & (0,03, 1,017),
Dy ® 9,5 = (1,1;0,0) @ (1,03,0,0).

From the above, we see the following:

(D@ D) = (¢ ® ¢5) © (61 ® Yap) B (i @ Vy3) D (Yo ® Yup) = (1),

which is the bound state Dorey [4] found, which we discussed in section 5.

(10, 10) = (tas @ V) © (61 @ Vas) (Do @ V) & (D b5) = (22).

There is no (1) ® 1) bound state so does not lead to a bound state - see [22].
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B = (D, © D) ® (Da ©v,5) © (De ® as) ® (035 © vp) = [23).
There is no (D, ® D) bound state so is also not an allowed bound state - see [22].

This implies that our idea has passed a highly non-trivial check! The only two magnon bound
state perfectly matched the L = 2 mode (which corresponds to the (1,1) irrep seen in section
in the expansion of ' =4 SYM on S3.

6.3 Conclusion

By tabulating the quantum numbers of the fields of N' = 4 SYM theory appropriately, we could
nicely construct the Young diagram of supergroup irreps. The irrep spells out clearly how one reads
off the associated left and right PSU (2, 2) quantum numbers of fields. By taking the tensor product
of two copies of the magnon representation, we obtained four possible irreps for the bound state of
two magnons. Of the four possible representations, only one matches the spectrum obtained from
N =4 SYM on S3. A detailed analysis of the bound state spectrum [4],[22] then revealed that
only the irrep matching A =4 SYM on S? is in fact realised. This is highly non-trivial evidence
for our hypothesis.
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7 Conclusions and Future Endeavours

In this dissertation the question we set out to tackle was if there is an emergent Yang-Mills theory
coming from the low energy description of branes and open strings. The question is highly non-
trivial because this new Yang-Mills theory had, and still has, no connection to the original gauge
symmetry of the CFT. This question requires that we explore a large N but non-planar limit of the
theory, and to do this we used new methods developed in group representation theory. We studied
the dilatation operator D in N' = 4 SYM theory since its eigenvalue, the anomalous dimension,
is mapped to the energy of the open string in the IIB string theory. We set out to construct the
spherical harmonics from the harmonic expansion on the 3-sphere, S, to understand the theory
of the giant graviton’s worldvolume. The light-front parton picture was examined from work done
in [3] since it explained how one can “glue” single momentum modes together to obtain higher
momentum modes, and we believe that this procedure is described dynamically using magnon
bound states [4]. Following from this, we worked on determining the exact magnon bound state
spectrum. We ended off by testing our hypothesis and seeing if the spectrum of the bound states
matched the harmonic spectrum from the harmonic expansion on the 3-sphere, S®. We have given
a non-trivial check that the bound state spectrum does match the spectrum coming from N = 4
SYM.

The reason why this research is important is because the appearance of an emergent Yang-Mills
theory allows us to understand, in greater detail, the gravity /gauge duality in the realm of branes
and their excitations at low energy. As a future project, we wish to construct this new Yang-Mills
theory and we will start off by trying to match the spectra of magnon bound states and mode
expansions on S? in general. Much remains to be done.
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A Schur’s Lemmas and the Fundamental Orthogonality
Relation

A.1 Schur’s Lemmas
A.1.1 Lemma 1:

If we have some matrix A obeying I'g(g)A = AT'r(g), Vg € G, and R is an irreducible representation
then

A=X-1,

where )\ is some constant.

Proof: Imagine that all eigenvalues of A are zero. Then the lemma is true with A = 0. Now
consider the case that A has at least one non-zero eigenvalue. Then we have

Alv) = nlv),

where 7 is the non-zero eigenvalue and |v) is the corresponding eigenvector. From that result, it
follows that

['r(g)Alv) = nl'r(g)|v)
= Alr(g)|v) = nTr(g)[v).

Denote |v,) = I'r(g)|v) which also has eigenvalue 1 for any g € G. Since there are no invariant
subspaces, it implies that

I'r(g)|v) = |v,) span the whole space
= Every vector in the space has eigenvalue n
= A=X-1withA=n O

A.1.2 Lemma 2:

Given any two inequivalent irreducible representations R,S the only solution to
Ir(g)A=ATs(g) Vgeg
is A=0.

Proof: Denote the dimension of R by dg and of S by dg.

Case 1: dr = dg: Assume that A has no zero eigenvalues. Then A~ exists, so that

Tr(g)AA™ = Alg(g)A™!
= T'r(g) = ATs(9)A™,

but this is a contradiction since R and S are inequivalent, thus it implies that

A has at least one zero eigenvalue
= There is a |v) so that Alv) =0
= Ir(g)Alv) = 0= AT's(g)|v).
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Since S is an inequivalent irreducible representation, I's(g)|v) span the whole space, which implies
A annihilates every vector in space, which implies that A = 0.

Case 2: dr < dg: Suppose matrix A is of the form A =

|:A11 A12 A13

Agr Ay A%}, such that

AV = {An Aqo A13] Y1 _ {fﬁq

(%) - .
Agi Ay Ay v Ag - U
3

It is always possible to find a |v) so that

Alv) =0
= Tr(g)Ajv) = 0 = ATs(g)|v).

Since S is an irrep, then I'g(g)|v) span the whole space, which implies A annihilates every vector
in space, which implies that A = 0.

A A
Case 3: dg > dg: Suppose matrix A is of the form A = | Ay; Ass |, such that
Az1 Az

AV = | Ay Ag W2

Ay A v wq
BRER
As; Asg w3

V2
Now in this case we still have I'g(g)A|v) = AT's(g)|v), but notice that on the left hand side of the
equation there is a sum of 3 linearly independent vectors whereas on the right hand side of the

equation there is a sum of 2 linearly independent vectors. This is a contradiction and the only
resolution is if A = 0. OJ

B Many Traces Into a Single Trace

Suppose we have

(1 23)F(Z%)((1 3 2))f = 0102012 Z1 Z2 ZB 61161267 = ZR2 Z2 72,

2713711 J17 2773

which essentially is the swapping of positions of Z,lj; , Z,ljl, and Z,ii according to the permutation
(1 3 2) read from right to left, i.e. 2 goes to 3, 3 goes to 1, and 1 goes to 2. In general, we have

(0™ (Z9)5(0)k = (29K,

where positions of Z®" are swapped according to o being read from right to left. It is a symmetry
to swap positions if we are dealing with bosons. If we are dealing with fermions, then when we
swap positions we pick up an extra phase. Observables are given by taking a trace:

Tr(cZ8") = Z1 ... Z'n
Lo (1) to(n)

= Te(opZ®"p~")
= Te(p~'opZ®"),
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where in the last line the cyclicity of the trace was used and p is a permutation that permutes the
Z fields. Considering the observables Tr(Z?) Tr(Z), Tr(Z?), and Tr(Z)? which are 2 traces, 1 trace,
and 3 traces respectively and they all live in the V. They can be rewritten as Tr((1 2) - Z%3),
Tr((1 2 3)-2%3), and Tr(1 - Z%%) respectively which are all single trace expressions in V;$°. Thus
we see that multitrace structures in Viy can be written as a single trace in the bigger space V5°.
This conclusion holds for any number of matrices: any multi-trace structure build using n Z’s can
be written as a single trace structure in V3",

C Derivation of the delta function on a finite group

Consider a finite group G. There is a representation, called the regular representation I',.(g), that
can be read from the multiplication table. To each group element, associate a basis vector |g;)
where ¢ = 1,...,|G|. The regular representation is then defined by

Lrr(g1)lg2) = 191 - 92),

for g1,g9o € G. In the multiplication table of S,,, each row has entries of zero except for a single
entry which is one. The element that maps to the identity permutation is the identity group
element. Since each column/row contains each element of the group exactly once, considering the
definition of I',.(g), we see that it is only the matrix representing the identity that has any diagonal
element non-zero. I',.(1) is the |G| dimensional identity matrix. This implies that

xrr(9) = T (D) () = |Gl6(9),

where §(g) is 1 if ¢ is the identity, and zero otherwise. It should be noted that the regular
representation is reducible. By denoting the irreducible representations of G by r,, we find that
T4 appears

ng = |G|wa )Xrg(97)

geG

times. The above computation has used

:ZnaXra(g)
> X @)X (971) = 1Glbag

geG

which is the character formula for characters in a reducible representation, and the character
orthogonality relation respectively. Combining this result with what we had before, we see that

Zdqurq |G|5( )
which can then be rearranged such that the delta function on the group G is

i(g) = Iél > dr X, (9)
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D Projector Oﬁ;r

The projector which projects onto matrix elements of the irrep r is given as

Oi%r = Z I FAB h).

heH

As we have remarked before, we should refer to this as an intertwining operator. We wish to prove
that this is an intertwiner by showing that this operator obeys the correct matrix algebra. Towards
this end, consider

On O = | Z Lrp(h Y (h Z I3 5 ()

heH h/EH

O ()T A (TG ().

hh’EH

Since we sum over all elements of the group H we can replace h~! with h. With the same argument,
we do the same with A’ and (h’')~!. Thus we now have,

OfgrOﬁ’s: Z Lo (M)The (BT ()T fe (R)
hh’EH
WS ()T B (W),
hh’EH

Changing our group elements from h,h’ to h,) where 1) = hh’ so then we can write i/ = h~14.
Our calculation now becomes

Ofg’“Ob’E’S: Z 7, ()5, (A ) T ()
hweH
[ZF h)T;.(h 1w>] T2 ().
wEH heH

Inspecting what we have in brackets:

Z Lo (M) (R~ Z Lry (M5 (h™ T 5.(4)
heH heH

H

(' : 'M 30 ) T3(0)

_ A

L),
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Plugging this result back into our original calculation, we get

v one dod, Hl .
Ofé OI{Z = |H|2 Z |:’dT’5rsF <¢):| Fi()’(¢)

5r5 > T () (v

YeH

6m > e e ()

YeH
_ 5 ORS

ac

which is indeed the expected matrix algebra if r is equal to s. In the second last line, ¢ was
replaced with ¢)~! which is again justified since we are summing over the complete group H.

E Dirac bracket

The Dirac bracket we wish to prove is given as

{o(x™,2),0(y",y)}p = (0-)é(x™ —y )o(x —y),

where % = \%(mo + 2%), x = (2',2?), and 0_ = z%. Recall that the Lagrangian density we

oz
consider is
1 1
L= 50,p0" = V(p),
and in light-cone coordinates is given by
1
L=0:p0-p =5V Vp = V(p).

The generalised momentum is computed to be
oL
—= = 8_90
9(04+¢)
=l —-0_p=x1 =0,

where x; is a primary constraint. The Hamiltonian density is given by

1
H=1(0+p) = L= 0:90-p = 0,000 + 5V - Voo + V()
1
=5Ve Vo +V(p),

and thus the Hamiltonian is given by

1
H = /dx_da: H= /dx_dx {§Vg0 Ve+V(p)]|.
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However, the Hamiltonian above does not contain velocities nor momenta. The primary constraint
is added [23] on the Hamiltonian as follows

Hy = H + /dx_dx u(z™, x) [ - -y,

where u(x~, ) is unknown and is to be determined. Now, since y; =0 = x1 = dyx1 = {x1, Hr} =
0. Computing this Poisson bracket, we get

{x1, Hr} = {H(x?x) - 3—9@(%‘7w),/dy‘dy [%W?(y‘,y) Vely,y) +Viely )+
+uly,y) [y y) — 0-ely ™, y)]] }
- /dy‘dy {H(ﬂfi x), (%Vw(y‘, y)-Vely,y) —uly,y)0-ely, y)) } -
—/dy‘dy{3—90(96‘,x)w(y‘,y)ﬂ(y‘,y)}
= [y st =03 = Tl 0) = 0 =y - 0l
—V'(oly™ y)o(x™ =y )o(x —y) — 0-uly,y)d(z~ —y )o(z — y)]

= Vip(r,2) — 20_u(z™,z) — V'(p(z™,2))
= J_u(x™,x) = %V%p(m‘,x) - %V’(gp(x_,x)),

where V() is the first derivative of the potential with respect to ¢. In the calculation above, the
following was used

5
W(W)@) V() = 2Vi(z —y) - V()

= /dy%(vw(x) - V(z)) = /dy (2 [V (0(z —y) V() = 6(z — y)V - Vs@(%)})
— [ dy(=25a ~ )V - V(o))
since boundary terms vanish under integration. Another fact used is
—u(y ™ y)0-p(y " y) = —0-[u(y " )y, y)] + ey, y)0-u(y ™. y)
= /dydy[U(y,y)a—w(y,y)] = /dydy [—0-[uly™ y)ely™, )] + ¢y~ y)0-uly ™, y)]
— [y dy [t 0-uty ).

and once again, boundary terms vanish under integration. The final fact that was used is

{o@™,2),0(y",y)} =0,
{I(z™,2), T(y~,y)} = 0.
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By computing 0, = {¢, H}, we get [23]

Dyp(a™ x) = (e~ x), H(y"y)} = / dy~dylp(a™, 2),uly™ )y y)}

— /dy—dyé(x— —y )o@ —y)uly,y)

=u(z™,x).

Substituting this result into the previous one, we find

| —

Ou(a,x) = 0_0pp = V(0™ ) — V' (p(a", )

2
= 20_0,p — Vip(z~,2) + V'(p(z~, 7)) =
= x2 =Up(x™,2) + V'(p(z7, 7))

S O N

Y

which is our one and only secondary constraint. Therefore, the Dirac bracket is of the form [23]

{A($77$)’ B(yiﬂ/)}D = {A(l’f,x),B(yf,y)}D
—/du_du/dv_dv{A(x_,x),X(u‘,u)}M_l(u_,u,v_,v){x(v_,v),B(y‘,y)},

where M(z,y) = {x(z), x(y)} which is similar to M;; = {x;, x;} [23]. We only need to compute
one component since M;; = 0 and M;; = —Mj; for ¢ # j. The component to work out is M2 and
it is given by

n
— {H(x, ), (Oely~,y) + V'(ely™, y)))}
|

- {H(az, ), (Op(y™,y) + V'(e(y™,y)))
)

= -0 -y )o(x —y)] = o(z™ —y )z —y)V"(e(y ", y))
= —[Ol6(z™ =y )d(z — )] + 0z~ —y )o@ —y)V"(e(y",y))]
(

1

= (M) = [O0(z~ =y )d(x — )]+ 6(z~ —y )l —y)V (el y)] .

The reason we have the inverse as shown above is due to the fact that if we have a matrix of the
form

then its inverse is
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where in our case A = O[0(2~ —y7)d(x —y)] +6(z~ —y~)d(z — y)V"(o(y,y)). Now, the Dirac
bracket between the field ¢ and the generalised momentum IT is given by

{ele ). My )} o = {plo™, 0 My~ )} — [ dudu [ dodofiole™ ) x(um w) ¢
[ (u= —v7)o(u—v)]+d(u” —v7)d(u—v)V"(p(v™ v))} {x(v",v),(y",y)}
Iz~ —y )o(x—y /du du/dv dv{p(z™,z), II(u",u) — 0_p(u,u))}x

[O[(u™ —v7)d(u —v)] + 6(u™ —v7)6(u — )V (p(v fu))}‘lx
{Qp(v™,v) + V'(p(v~,v))), I
5

(v )}
(7 =y )o(z—y) /du du/dv dv[o(z™ —u")o(z — u)]x

X X I

-1

O(u™ —v7)d(u—v)] +8(u” —v7)d(u—v)V"(p(v™,v))] " x
Od(u™ —v7)8(u—v)] + 8w —v7)d(u—v)V"(p(v",v))]

X X

+
=0z —y )o(r—y)+ [ dv dvx
+

[O[(z~ — 7)) — v)] + 6z~ —v7)d(x — o)V (p(v™,0))] " x
[—D[d(u —v7)0(u—v)]+d(u” —v )5(u—v)V”(<,0(v_,v))}.

X
X
Note that [23]

/dzdz]\/[l(x, 2)M(z,y) =0(x~ —y )d(x —y).

Thus, the Dirac bracket becomes

{7, 2), Iy ,y)}p=0(x" —y )o(x —y) + /dvdvx

x [O0(z~ —v7)d(z —v)] +6(z~ —v7)d(z — v)V" (v, v))] ! x
x [—00(u™ —v7)8(u—v)] +6(u” —v7)d(u—v)V" (v, v))]
=0(z" —y )o(x —y) + (=" —y )o(z—y)
=20(z" —y )é(z —y)

= N{e(@™,2), 1y~ y)}p = d(a” —y )o(z —y).

Recall that IT = 0_¢y, thus [23]

N{p(x™,2), 1y, y)}p = N{p(z™,2),0-0(y",y)}p =d(x~ —y )é(x —y)
= N{o(z™,z), 0y, y)}p = (0-) "6z~ —y )é(z —y),

thus completing the proof .
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