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Abstract

In this thesis we will study a system of giant gravitons with strings stretched
between them. These strings can assume an excited state and these exci-
tations can be described as particles known as magnons. We discuss this
system in the AdS/CFT context, where we focus on the SU(2) and SU(3)
subsectors of the N = 4 super Yang-Mills theory.

We consider the anomalous dimensions of restricted Schur polynomials
constructed using n ~ O(N) complex adjoint scalars Z and m complex
adjoint scalars Y. These operators belong to the SU(2) sector of the theory.
We fix m < n so that our operators are almost half BPS. At leading order
in 7% this system corresponds to a dilute gas of m free magnons. Adding
the first correction of order 7* to the anomalous dimension, which arises
at two loops, we find nonzero magnon interactions. The form of this new
operator mixing is studied in detail for a system of two giant gravitons with
four strings attached.

We also consider computing the anomalous dimensions for operators be-
longing to the SU(3) sector of the theory, and with bare dimension of order
N. These operators are built out of n Z, m Y and p X complex adjoint
scalars. n, m and p all scale as IV in the large N limit, and we fix n > p+m
and % ~ 1 so that our operators are again almost half BPS. For these oper-
ators the large N limit and the planar limit are distinct and summing only
the planar diagrams will not capture the large N dynamics. Previous studies
have computed the spectrum of anomalous dimensions for this class of op-
erators, but neglected terms which were argued to be small. Dropping these
terms and diagonalizing the dilatation operator reduces to diagonalizing a
set of decoupled oscillators. We compute explicitely the terms which were
neglected and show that diagonalizing the dilatation operator still reduces
to diagonalizing a set of decoupled oscillators. Our key insight is that the
problem is equivalent to bosons hopping on a lattice.
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Chapter 1

Introduction

1.1 Overview of AdS/CFT correspondence

The Anti-de Sitter Space/Conformal Field Theory (AdS/CFT) Correspon-
dence proposed by Maldacena [I] is a promising approach towards a defi-
nition of quantum gravity. The correspondence provides new ways of per-
forming calculations where more conventional methods fail. It states that
the 10-dimensional type IIB superstring theory on AdSs x S° is equiva-
lent to A/ = 4 super Yang-Mills (SYM) theory with gauge group SU(N),
living in the flat 4-dimensional boundary of AdSs. This equivalence im-
plies one-to-one correspondence between all aspects of the theories including
the observables, correlation functions and global symmetries. Apart from
the perturbative spectrum of closed strings, there are D-branes and their
open string excitations, as well as other spacetime geometries, living in the
gauge theory. An interesting class of D-branes are the giant graviton branes
[2, B, 4]. We now have a good idea of how to describe the operators that
correspond to certain examples of these branes. The examples we have in
mind are almost %—Bogomol’nyi—Prasad—Sommerﬁeld (BPS) giant gravitons.
Importantly, the regimes in which it is possible to do calculations easily
do not coincide on both sides of the correspondence. To state it differently,
weakly coupled calculations on the String Theory side correspond to strongly
coupled calculations on the CFT side and vice versa.

Following from Maldacena’s conjecture, Witten in his paper [5] and the
paper by Gubser, Klebanov and Polyakov (GKP) in [6] elaborated on the
idea and proposed a precise correspondence between Conformal Field The-
ory observables and those of Supergravity. In particular, scaling dimensions
of N = 4 super Yang-Mills conformal field theory have a dual interpreta-
tion as energies in type IIB string theory on an asymptotically AdSs x S°
background. For this reason, we are interested in the dilatation operator
which allows the computation of anomalous dimensions in a CFT. We will
investigate the anomalous dimensions of a system of operators with bare



dimension of O(N). Schrodinger’s solution of the hydrogen atom problem
found an energy spectrum, which played an important role in the develop-
ment of quantum mechanics while in quantum electrodynamics the value
of the Lamb shift played an important role in its development. Similarly,
the eigenvalues of the dilatation operator gives the spectrum of anomalous
dimensions of N' = 4 super Yang-Mills theory, which corresponds to the
energy spectrum in the dual type IIB String Theory and we are of the view
that this will also play an important role in quantum gravity. In the planar
limit, the spectrum is completely determined [7]. One of the goals of this
work is to take the first steps towards developing a similar understanding of
large N but non-planar limits of the theory.

Giant gravitons are a particular class of D-branes [2, 3, 4] and the cor-
responding %—BPS operators are of central interest in this thesis. The CFT
operators are built from complex scalar fields X, Y and Z of the N' = 4
super Yang-Mills theory. Order N fields are used in the construction so that
these operators have a large dimension in the large N limit. For operators
with such a large classical dimension the usual large N techniques, i.e. an
expansion organised by genus of contributing ribbon graphs, is not possible
[8]. New techniques to study the large N limit have been developed. For the
free theory, bases of operators that diagonalize the two point function to all
orders in % have been identified [9} (10} [1T], 12} [13], 14! [15] 16| 17, 18] [19]. This
technology is applied first for descriptions in which the giant graviton plus
open string system is treated using words in the gauge theory to represent
the open string [20, 21], 22| 23], 24} 25] 26] and secondly descriptions which
treat all fields in the operator democratically [27] 28, 29] [30].

Motivated largely by the AdS/CFT correspondence [Il, 5] 6] dramatic
progress in the computation of the spectrum of anomalous dimensions of
N = 4 super Yang-Mills theory has been made. This is due primarily, to
the discovery of integrability in the planar limit of the theory [7, 31 32]. In
this thesis we seek to further explore integrability beyond the planar limit
and this is part of our motivation for this study.

We will focus on operators built using n ~ O(N) Zs and m Y's with
n > m. This implies that we are close to the f—BPS giant graviton and that
we have a new small parameter 7. The condltlon that n > m is crucial
since a systematically small deformation of a BPS operator is simpler than
a generic operator. Thus, we can consider, for example, the first order

correction in a systematic % expansion. This will lead to the study of the

first subleading corrections in 7* to the anomalous dimensions which we
published in[33]. This paper [33] forms the entire chapter [ff We will also
consider the SU(3) sector of the N' = 4 super Yang-Mills theory where
operators are built out of n ~ O(N) Z, m ~Y and p ~ X complex adjoint
scalars fields with n > m 4+ p and % ~ 1. For these operators, the leading
large N limit receives contributions from nonplanar diagrams [8]. For the set

of problems we will study, the large N limit and the planar limit are distinct



and summing only the planar diagrams simply does not capture the large
N dynamics. This is the second problem we have considered in chapter [6]
Group representation theory techniques have been effective in solving this
problem [9, 1), 12} 13 14} 15] 16] 18, 25| 26] B34 35, [36].

The one loop dilatation operator in a large N but non-planar limit has
been diagonalized exactly [28], 29 30]. A key insight of that work was the
demonstration that the dilatation operator reduces to a collection of de-
coupled oscillators, thereby proving that it defines an integrable system.
Since our system has a bare dimension of order N, the usual % expansion
is not applicable. Even the problem of computing the leading large N limit
is a formidable task. In [28| [37] it was understood that this problem can
effectively be solved using group representation theory.

In chapter [2] we present relevant background in type IIB String theory,
emphasizing those aspects of string theory relevant for holography. We also
discusss one of the many possible ways by which we can obtain N/ = 4 super
Yang-Mills Theory by dimensional reduction of d = 10-dimensional N’ = 1
super Yang-Mills Theory. A section is dedicated each to AdS spacetime
with negative curvature and a brief introduction to the Conformal group.
The last section discusses Matrix models.

Chapter [3| discusses groups and their representations, with emphasis on
the symmetric group and the unitary group. The study of these two groups
are fundamental to technology we will use in computing the anomalous di-
mension, motivated by the Schur-Weyl duality. We will also discuss Schur’s
Lemmas and the fundamental orthogonality relation from which we are able
to perform a Fourier transform on the Schur and restricted Schur polynomial
bases.

In chapter [4] we introduce group theory technology which we will apply
to the N' = 4 super Yang-Mills theory. Detailed discussion of Schur poly-
nomials and restricted Schur polynomials are given. An appropriate and
important approximation scheme called, the displaced corners approxima-
tion, is introduced together with an intertwinning map. The last section
briefly discusses the dilatation operator in the SU(2) sector of N' = 4 super
Yang-Mills theory.

The entire chapter [5|is a paper published in a peer review journal titled
“Interacting double coset magnons” [33]. In chapter |§| we have solved the
problem of determining the action of the one loop dilatation operator on
restricted Schur polynomial basis in the SU(3) sector of NV = 4 super Yang-
Mills theory. This action is diagonalized by mapping the problem into a
system of particles hopping on a lattice [38]. In chapter [7| we give our
conclusions and some discussion of our results. Background and technical
details are collected in three Appendices to the thesis.



Chapter 2

Background

2.1 Type IIB String Theory

In this section we consider type IIB String Theory and its field content
since it plays an essential role in the example AdS/CFT correspondence
that we consider. Here we will study the Rammond, Neveu and Schwarz
(RNS) formalism [39] [40] to quantize the Polyakov action, which employs
worldsheet fermions.

The basic building blocks of String Theory include strings and mem-
branes. We can have an open string or a closed string. An open string has
two end points, while the closed string is a loop with no end. As the de-
velopment of the theory matured, people realized that the theory required
objects other than just strings. These objects came in the form of sheets or
branes. Strings can attach at one or both ends to these branes. In general
we can have a Dp-brane where a D)-brane is a p-dimensional brane.

2.1.1 Open string

The worldsheet of a free open string is a strip. There are two types of
boundary conditions that are possible for open strings. These boundary
conditions appear when solving the partial differential equations as a result
of varying the action S, and demanding that the variation S = 0. The
first is called Neumann or free endpoint boundary conditions. Consider the
Nambu-Goto action

Sna = / d*yL =-T / drdo/—y = =T / dea\/X2X’2 —(X-X")2,

where X = X% x7 _ 9X* 414
or oo

X2 XX
TS = xrx X



The boundary condition can be written as

oL
— =0 P’ =0,
OX'H o=0,7 or ® o=0,7
axXH
=0 where o=0,7.
0o

Suppose the ends of the open string are fixed instead. In that case we have
Dirichlet or fixed point boundary conditions. They are given by

oL oXH

- =0.
O XHlo=0,m 0T lo=0,r

Note that these boundary conditions are for the bosonic string. This bound-
ary condition leads naturally to the concept of D-branes which are objects
upon which open strings end.

2.1.2 Closed string

A closed string is a little loop moving through space-time. In this case, the
worldsheet is a cylinder or a tube. The boundary conditions are periodic,
described by

XH¥(r,0) = X¥(1,0 + ).

The bosonic string is short of describing nature since the spectrum does
not contain any fermions and so there is no hope of recovering the standard
model of particle Physics. Both the open and closed string spectrum contain
a problematic tachyon state, and the critical dimension d = 26 is somewhat
far from the 4-dimensional world we live in.

2.1.3 Ramond-Neveu-Schwarz formalism (RNS)

Introduction of worldsheet supersymmetry into the theory remedies the
problem of the tachyon. Worldsheet supersymmetry forces us to include
fermions in our theory. This leads to an enlarged Hilbert space, that can be
reduced using the Gliozzi, Scherk and Olive (GSO) projection [41]. The GSO
projection removes the tachyon from the Hilbert space. Thus the unwanted
tachyon state is removed and our critical dimension of d = 26 reduces to
d = 10. Modifying the Polyakov action to include fermions is a procedure
called Ramond-Neveu-Schwarz (RNS) formalism [39, [40]. This approach is
supersymmetric on the worldsheet. From the Polyakov action in conformal

gauge

-7
Sp =5 / drdod. X"9°X,,



we include free fermions in the theory using the RNS formalism by adding
a kinetic energy term for a Dirac field to the Lagrangian. This adds d free
fermionic fields ¥* to the action so that it assumes the form

Spr= - [ drdo (0,107 X, — i 500,

where p® are Dirac matrices on the worldsheet. These are given by

0 —i 0 i
0 _ 1 _

using an appropriate choice of basis. The fields Y* = #(o,7) are two-
component Majorana spinors on the worldsheet. We use the notation
where 4t =0,1,--- ,d—1 and A = £ is the spinor index. The fermionic field
1) can also be written as a column vector

o=

Note that {p®, p®} = —2n*® and #* = (¢1)#p°. Using light cone coordinates

ot =7 + 0, the fermionic part of the Polyakov action is given by

Sp—iT / drdo (04—, + 0 1, ).
The corresponding equation of motion is
o4t =0yl =0.

This implies we have separate right and left moving waves, ¥ and ¥/
respectively, as in the bosonic case. By applying boundary conditions to the
fermionic part of the action we learn for the open string, the Ramond(R)-
sector constitute integer spins and the Neveu-Schwarz(NS)-sector constitute
half integer spins. The NS-NS and R-R sectors both gives spacetime bosons
while NS-R and R-NS gives spacetime fermions. The same is achieved when
we consider the closed string. After the GSO projection, we obtain a theory
with spacetime supersymmetry.

In summary our type IIB string theory includes supersymmetry, and
open and closed strings. These open strings have their ends attached to
D-branes and fermions in this theory are chiral. This theory will contain
massless fermions that do not have partners of the opposite handedness, as
is observed in our world today.

One of the string theory backgrounds allowed by the equations of mo-
tion is a product space of AdSs with the sphere S°. This compactification
corresponds to the maximally supersymmetric case which is of interest to
us. AdSjs is a b-dimensional Anti-de Sitter space with a negative curvature.



Anti-de Sitter space can be visualised as being saddle-shaped, and has a
boundary at spatial infinity. It is on this 4-dimensional boundary that the
quantum gravity dynamics are holographically described by the supercon-
formal Yang-Mills theory: a field theory with supersymmetric conformal
symmetry, or superconformal symmetry. The isometry group of AdS5 can
be identified with the conformal symmetry of the boundary theory. A closer
look reveals that the symmetries of the two theories match exactly, as they
must for this identification to hold.

2.2 N =4 super Yang-Mills theory

This section summarizes one of the many possible ways by which we can
obtain NV = 4 super Yang-Mills Theory in Minkowski space. It is obtained
as a dimensional reduction of a d = 10-dimensional ' = 1 super Yang-Mills
Theory. We also discuss the field content of the theory.

Four dimensional A/ = 4 super Yang-Mills theory is a very special quan-
tum field theory. It is a four dimensional theory that has maximum su-
persymmetry. The possible gauge groups are subsets of the general linear
group. This theory can be obtained by applying the method of dimensional
reduction to the 9 + 1-dimensional supersymmetric Yang-Mills theory. The
action of the latter is given by

S = / dVz Tr ( — iFMNFMN + 30T, DM mp)
where
Fyn = 0mAN — ONAym — ig[Awm, AN,

with gauge field Ay and ¢ the coupling strength. The field strength Fysn
is antisymmetric and it satisfies the Bianchi identity

Dy Fnp +DnFpy + DpFyn = 0.
D,y is the covariant derivative defined as follows

where O is an element of the Lie algebra of the gauge group. WV is a
Majorana-Weyl spinor in (9 4 1)-dimensions which has 16 real components.
Note that M, N = 0,---,9. The dimensional reduction takes d'%z — d*z
but it also renames 6 reduced spatial directions of Ay as six scalars ®, in
d = 4. The spatial derivatives of the corresponding 6 directions are set to
Zero.

The Dirac matrices can be written as

09 o 1 0
no_ - Tap 5_,.0.1.23_ |12 U2
’y [U#aﬁ 02‘| Y ,y Zry fy ’y ,-y [02 _12 Y



where ghe8 = (1,5) and 655 = (1,—&) with the vector & of Pauli ma-
trices. In six-dimensional Euclidean space with signature of the metric

n = diag(—, —, —, —, —, —), the Clifford algebra is {¥%,4*} = —26%, and
we can write the corresponding Dirac matrices as

) 0, xAB 12223242556 _ |14 Oa

a __ | _ _

’Y—lE?AB 04 | ’Y =YY 04 —14

where ¥ and ¥ denote sigma matrices defined by

(BB L OB — (01 aB, 2AB, T3AB, IT1AB, 1248, IT3AB),

(g 2%8) = (maB, 1248, T3AB, —iTAB, —iT2AB, —in3aB), (2.1)

and these are defined in terms of the 't Hooft symbols

MiAB ‘= €iAB + 0;A04B — 0;B04A,
iAB = €iAB — 0,404B + 0;BO4A.

We will make use of the anti-symmetric four tensor € 4pop which is normal-
ized to €1934 = 1. This is then used to raise and lower indices according to
the definition in equation (2.1]). The anti-symmetric four tensor satisfies

epaBcepKIM = SARC + OpEn +00kE — 08K — 0Bt — SAEY
where the delta symbols are defined to be 1 if the lower indices match with
the upper indices, and 0 otherwise. These sigma matrices defined above
satisfy the following identities

ZaAB)* ZaAB

_ 1 1 _
CD
?4B = ( = §5ABCDEQ ) = §5ABCDZGCD,

S4pSEp = 2eapcp, LAPELL =46
A close look at the first equation tells us that ¥4 Y = —E_)“B - Let us define

1 _
o1 = R ap =

These fields are related as follows

1 a a
NG a9’

dap = (¢2P)" = %€ABCD¢CD, ¢4B = (pap)* = %EABC’DQBCD-

Now we let £ and ¥ be the Majorana-Weyl spinors. Then
DM = Eano Pyl + et U,
ErH = 204G 40 + B4,



where
E=6T0=(1 0)®@(0 &a)+(0 1)®(E4 0).

Note that (¢¥2)* = Yaa, and A =1,2,3,4. Thus, we have,

L=Tr(- %FWF‘“’ + %(DWAB)(D“J)AB) + égQ (67,6 [P aB, bcp)]

+ 2ithaa0y? DPYG — V290" [Gap, ¥E] — V290aa (0P, %ZJ%D

2.3 Anti-de Sitter spacetime

In this section we will study the spacetime which has a constant negative
curvature, R < 0, called anti-de Sitter(AdS) spacetime. According to the
AdS/CFT correspondence, quantum gravity in AdS spacetime is completely
equivalent to the dynamics of a conformal field theory which lives on the
boundary of the spacetime. Conformally compactifying AdS, the boundary
at 0 = 3, is identical to conformally compactified Minkowski space. This
is one of the key points of the AdS/CFT correspondence — the boundary
of AdSs is the conformal compactification of Minkowski spacetime in (3 +
1)-dimensions, where the conformal field theory, N' = 4 super Yang-Mills
theory lives. For this reason we will study the conformal structure of both
AdS spacetime and Minkowski spacetime.

The (p+ 2)-dimensional anti-de Sitter spacetime (AdSy42) is the surface

p+1
Xg+X2,,—> X} =R?, (2.2)
=1

embedded in (p + 3)-dimensional spacetime, with R the constant radius of
curvature. Depending on the choice of co-ordinate system one can realize
different forms of the AdS metric. The metric of the (p + 3)-dimensions of
the embedding space is

p+1
ds® = —dX§ —dX) o+ Y dX}. (2.3)
=1

To solve equation (2.2)) consider the co-ordinate system defined by

Xo = Rcosh pcosT,
Xpy2 = RcoshpsinT,
X; = Rsinh p;,

where i = 1,--- ,p+ 1 and 3;,_; Q? = 1. The induced metric on AdS,;2 is

ds® = R*(— cosh? pdr® + dp® + sinh? pdQ22). (2.4)



The entire hyperboloid is covered when we consider 0 < p and 0 < 7 < 27
and so we call (7,p,€;) the global coordinates of AdS. Near p = 0 the
metric is given by ds? ~ R%(—d7? + dp? + deQZQ)) and the hyperboloid has
the topology S! x RPt! where S! represents closed timelike curves in the 7
direction.

G
0=0 é
5 F/
=3

Figure 2.1: AdSs can be conformally mapped into one half of the Einstein
static universe R x S2.

2.3.1 Conformal structure of (p+2)-dimensional Minkowski
spacetime

Consider a p + 2-dimensional Minkowski spacetime, RUP*! with the metric
ds® = —dt* + dr® + r°dQ2, (2.5)

where de, is the spatial metric defined on the p-sphere. The radial co-
ordinate is only defined for » > 0. Consider the transformation

v==t4+m,
u=t-—r.

This implies v > u and —oo < u,v < 400. Substituting into equation (2.5))
we have

N2
ds? = —dudv + (”4“)dQ§.

Next if we apply the transformation u = tan@ and v = tan® so that —§ <
@,v < 4 our metric above takes the form

1

ds’ = 37
COS“ U COS“ v

1
(- dads + L 5in’(0 - @)d02). (2.6)

10



Finally, if we make the transformation 7 = v + @ and x = ¥ — 4 to obtain

1

ds® = -
4 cos?(TEX) cos?(T5X)

(—dr?+dx® +sin?xd22). (27

This can be written as
ds”? = ( — dr? + dx? + sin® Xin),
where

1
ds® = — ds”.
4 cos?(TEX) cos?(T5X)

This observation will be important when we look at the conformal compact-
ification of AdS)42 in the next subsection

2.3.2 Conformal structure of AdS,,

Let us focus on studying the causal structure of AdS,i 2. Towards this
end, make the following co-ordinate transformations, tanf = sinhp and
0 <6< 3. We learn that

tan? 6 4+ 1 = sinh? p + 1,

o0 cosh? 0,
cos

and so our metric takes the form
R2
ds?® = ——(
cos® 0

The metric of the Einstein static universe is obtained by multiplying the
above metric with R~2 cos?#. Thus, the prefactor is removed by conformal
transformation, and what we have left is the conformally transformed metric
given by

—d7? + d6* + sin” 0d2)).

ds”® = —dr® + db” + sin® 6dS2.

The original global coordinate p was defined for p > 0, and therefore 0 <
¢ < §. However, as previously noted in the Minkowski case, the metric is
now regular for § = 5 and the space can be conformally compactified to
include this point - we can now see that AdSy,2 is conformal to one-half
of the Einstein Static Universe. Just like flat space, if we can conformally
compactify a spacetime and obtain the same conformal structure as AdS
then we call it asymptotically AdS. Conformally compactifying AdS by
including ¢ = 75, we find that the boundary is identical to conformally
compactified Minkowski space. This is one of the key points of the AdS/CFT
correspondence — the boundary of AdSs is 3 + 1-dimensional Minkowski

spacetime, where the conformal field theory, N' = 4 super Yang-Mills lives.
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2.3.3 Poincaré patch

It is useful to introduce another set of coordinates (u, t,¥) for u > 0,7 € RP
defined by

_ 1 20p2 | 2 _ 42
Xo—%(l—{—u(R + & —t)),

Xp+2 :Rut,
X'=Ruz® (i=1,---,p),

Xrtl = i(l —uA(R2P -2+ tg)).
We show below that the surface u = 0 is the Poincaré Killing horizon and
u — oo approaches the boundary of AdS, 2 spacetime. Thus, unlike the
global coordinates associated with the induced metric in equation , the
Poincaré coordintates (u, t, Z) only cover half of the hyperboloid in equation
. The half of spacetime which is not covered corresponds to u < 0.

1 1 s .
dXo = 5(— SR+ —tz)dquU(:Ed:C — tdt),
1 1 2 ) 22 2 2/ =7 2
Z<_$+R + T —t) du® + u* (Zdx — tdt)

1
T+ - S+ R+ - 2) (#d7 — tdt)du, (2.8)

dXg =

1
pr+1=—§(
2 A SR ST SR S B 2
pr_H:Z(?—i—R - —|—t> du® 4+ u*(—2dz + tdt)

1
n u(? + R = & 4 17) (~@d7 + tdt)du, (2.9)

1
g+ B2 = & 4 %) du — u(—7d7 + tdt),
u

dX; = R(x;du + udz;),

dXp, 2 = R(tdu + udt),
dX} o = R*(tdu® + u*dt? + 2tudtdu), (2.11)

12



In terms of the new co-ordinates

p
ds® = —dX§ +dX}, —dX) ,+ > dX]
=1

1
= R? (ﬁ — 2+ t2>du2 + 2R*u(—ZdT + tdt)du — R?*(t2du® + u?dt® + 2tudtdu)

P
+ Z R*(z3du® 4 u*da? + 2z;udx;du)
i=1

R2
= ﬁdzﬂ — R*u2dt* + R*udz® + 2R*u(—ZdZ + tdt)du — 2R*u(—ZdZ + tdt)du
du? s
_ R2(? +u(—dt? + di?)), (2.12)

where in the last two lines we have used the fact that

P
Z R*(z3du® 4 v*da? + 2xudz;du) = R*(F2du? + u?di® + 27 - dZ udu).
i=1

We can write equation (2.12)) in a useful way by introducing the transfor-

mation u = % which leads to

2
ds? = %(sz + (~dt? + d7?)).

This metric makes manifest the isometries given by the subgroups 1.SO(1, p)
and SO(1, 1) of the SO(2, p+1) isometry, where the ISO(1, p) is the Poincaré
transformation on (¢, %) while SO(1, 1) transforms as follows

(t, @, u) — (ct,cZ, ¢ tu), ¢>0.

This last transformation is identified in the AdS/CFT correspondence as
transformations generated by the dilatation operator D in the conformal
symmetry group of RLP,

2.4 Conformal group and algebra

Conformal Field Theory (CFT) is Quantum Field Theory (QFT) which is
invariant under the conformal group. In QFT the renormalization group de-
scribes how to go from the ultra violet (UV) to the infra red (IR) degrees of
freedom [42]. The endpoints of this renormalization group flow are described
by CFTs. The conformal group is characterized as the set of transformations
which preserves angles which allows a local rescaling of the metric. A con-
formal transformation of the coordinates is an invertible mapping z — 2/,
which leaves the metric tensor invariant up to a scale [43]

(@) = Q¥ () gy (). (2.13)
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The Poincaré transformations which are the Lorentz transformations, to-
gether with translations, is a subgroup of conformal group. This corresponds
to a scale factor Q?(x) = 1. Consider real transformation

t — 2P = AF 2 + ot (2.14)

In the matrices A% defines three independent boosts and three in-
dependent rotations, which gives the Lorentz transformations. The term
a* describes translations in spacetime with four independent components.
Thus, Poincaré transformations have ten generators. We have assumed the
Minkowski metric 7, with signature (4, —, —, —).
We define the invariant distance between two spacetime points separated
by dz¥ as
ds? =y, datda”. (2.15)
Another important transformation called a scale transformation, acts by
rescaling or zooming in or out. Under this transformation co-ordinates

transform as follows
at — At (2.16)

Using (2.15)) and infinitesimal form of (2.16)) we have,

ds?® = 1 (AdzH) (Adz"),
= N, datda, (2.17)

and thus, comparing (2.15) and (2.17) it is obvious that the metric 7,,

transforms according to the transformation rule
Nuw — /\277;”/- (2.18)

According to (2.18)) scale transformations locally rescale the metric. In order
to ensure the Heisenberg uncertainty principle AxAp > % is satisfied after
the scaling ([2.16]), we require transformation law for conjugate momentum
p* to be of the form

0 SozHt 0 10 1

o _; _ _Tou
p'H = —i = —i —
oxH ox'* Ozt

= ) =
Xowr AP
The Heisenberg uncertainty principle in the transformed co-ordinate is

AQD)AGP) > o

and the commutation relation for the conjugate variables z# and p* is

1
[AzH, Xp“] = —ih.
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In addition to the above set of transformations, we consider special con-
formal transformations parametrized by a constant vector b* given by
H 2
ot — M = sl ok .
1+2b-x+ b2z

(2.19)

A simple way of arriving at the above transformation involves introducing
the inversion map
xt xt
Iigh o= —— =",
xPx, T
A special conformal transformation can be realized as the composition of
the transformations
IoT(b)olI:zt — a'F,
with 7'(b) the transformation for translation. Indeed, a simple computation
shows

(IoT(b)oI) (") = (IoT(b)) (95”)

2

“w

=1 (x2 + b“)

x
s
Bt b- 2°
T2, +0b

The infinitesimal form of the special conformal transformation is obtained
by neglecting quadratic terms in b, which gives

M L p2pH
(ToT(b) o) (z") ~ H;(bbx)

=M —2(b- z)z" + 22V

~ (4 2% (1= 2(b-2)),

(2.20)

Given the transformations we have discussed so far we anticipate the solution
to the conformal Killing equation to be of the form

e = at + APt Aot + 22— 2P e, bC. (2.21)

2.4.1 Condition for conformal invariance

We will study infinitesimal coordinate transformations. Towards this end,
consider

2P = P + e (z) + O(?), (2.22)
and using the metric tensor 7),,, we lower the index of €* as €, = n,,€".
From the right hand side of we write the transformation for a metric
tensor of rank (2), 7., as

0x'P 07 0x'P 0x'°
Ny = npoww and npoww = 2(1’)77“1,. (2.23)
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Note that Q%(z) is playing the role of A2 in (2.18) for the scale transforma-
tion. Substituting (2.22)) into (2.23)) we get,

ox'P 0x'7 dzP el o\ [(0z7  Oe” 9
W i g = (g2 + g +O) (G + 5y +0)
e OeP
=t + o o gy O(E)
B Oe, . Oey 9
—— <8x’/ 4 aw) +0(&). (2.24)

We want to know the conditions on €, in order that we obtain a conformal
transformation. From ([2.24) we write,

Ovey + Oper = Q2 (). (2.25)

We determine the function Q?(z) = Q2(x) — 1 by contracting with the metric
n*, over p and v indices as

77/“/ (81/€,u + aufy) = QQ(x)nuynuua
20t¢, = dQ?(z). (2.26)

Thus, we obtain the conformal Killing equation [43]
2
Ovey + 0pey = E(@ €)M - (2.27)

Next take the derivative 9, of (2.27) and apply cyclic permutation to find

0,0,€, + 0,06, = %nmﬁp(a - €), (2.28)

81/8#6;) + az/ape,u = %npuall(a ’ 6)7 (229)
2

0u0p€y + 0,0,€, = 877,,,)6”(6 S €). (2.30)

Adding the last two equations and subtracting the first equation from it
gives

2
Qauaufp = E(npuau + nupt% - nuuap)(a - €). (2.31)

Act with 0, on both sides of equation (2.31))

20,0,(9- €) = gauay(a Le) — gnwm(a o). (2.32)
This implies that
0.0,(0-6) =0  (d#0), (2.33)
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since 7,,(0 - €) = 0. Differentiate equation (2.28) with respect to O,
subtract the last equation from the first two equations and use equation

[@:33) to find
2000,0, ¢, = 0. (2.34)

This implies that €, is a quadratic polynomial. Thus, we can write the most
general solutions to the conformal Killing equation (2.27)) as

€ = ay + bux” + cpppr’al. (2.35)
Fixing the coefficients in (2.35]) by requiring that (2.26)) holds we can recover
@21).
2.4.2 Conformal group in D > 3 dimensions

The table below summarizes finite conformal transformations and their cor-
responding generators.

Transformations Notation Generators
Translation 2P = gt 4 gt P, —i0),
Dilation x* = gt D —ixH 0,
Rotation 't = A Y M, i(x,0, — x,0,)

o ot —(z-2)b? . 2
SCT T'H = m KM —1 (2$“.TV8V — X 8“)

2.5 Matrix models

In this section we will use the path integral quantization. Our fields are
matrices hence the name matrix model. We will try to motivate the claim
that string theory, defined by a perturbative expansion, can be considered a
dual description of non-Abelian gauge theories when the rank of the gauge
group is large [5], 44} 45] 46]. Consider a 0-dimensional theory of the matrix
valued fields M, which are N x N hermitian matrices transforming in the
adjoint representation of the Unitary group U(N)

M — M =UMU.

A 0-dimensional universe has only a single point, so there is no notion of a
local symmetry. However, we declare that physical observables are invariant
under the above transformation. In this sense, we say that our observables
are gauge invariant. Consider the action

S = %Tr(MQ),
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and the corresponding partition function defined as
7 = / [dM]e™5.

For any QFT we are interested in the correlation functions. We define
correlation functions as

<Miijl e Mpq> = ./\/'/[dM]e_SMiijl s Mpq-

Introducing a source term Tr(JM) into the partition function gives the
generating function

Z[J) = / [dM]e=S+TIM), (2.36)

From equation (2.36)) we compute the correlators as follows

4 d d
T dJpddy ddyg

<Miijl T Mpq) Z[J”J:O-

The integral in (2.36]) is over N? independent parameters since M is hermi-
tian. Let Re[M;;] be the real part and Im[M;;] the imaginary part of matrix
element M;;. We can write the integration measure as

N N
[dM] = N ][ dMi; [ ] d(Re[M;;])d(Im[M;;]),
i=1 1<j
and
Te(M?) = 3 ME + 3 ((RelMi))? + (Im[M;5))%).
7 1,7
i#]

We fix the normalization A/ of the measure by requiring that

N N -5 (Zl MZ+> 755 (Re[Mz‘j])QJr(Im[Miﬂ)Q))
— N / T] aM; T d(Re[M;))d(Im[M;))e i
i=1

(2 (2 o

N N2
Hence, N' = (%) ( %) . The generating function we obtain after

performing the Gaussian integral in equation (2.36|) is

Z[J] = ez T2, (2.38)
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The two point correlation function is given by

d d

M;:My) = ——Z|J]|j=
(M;j Mpy) a5y []]7=0
1 Jri Loy g2
= (aéjkézl + FJZ'J‘)QQW Tr(J )|J:0
1
— 5.6,
w LA

Using this rule, the 2-point function of the traced operator is

(O2) = (Tx(M?))

= (Mi; Mji)
N2
= 2.39
i (2.3)
where repeated indices are summed so that d;; = N. Similarly
(O4) = (Tr(M*))
= (M;j M My My;)
1
=3 (6750ik0u0ki + 8jk0i0ki10i + 0104 0kk0 1)
= i(2N3 + N). (2.40)

==
From the examples above, we can read off the Feynman rules.

1. For each matrix element M;; draw a pair of dots labelled by the matrix
indices.

2. Put all of the dots on a dashed line.
3. Join pairs of dots by ribbons such that

e ribbons stay above the dashed line,
e ribbon ends join ribbon ends,

e ribbons are not twisted.

4. Each of the two lines composing the ribbon join pairs of dots. Each
line translates into a Kronecker delta which equates the labels of the
endpoints of the line.

5. For each trace, join matching indices by a line.

6. For each ribbon (propagator) there is a factor of %
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The rules are illustrated in the following three examples

(Tr(M?)) = (M;Mj;)

(Tr(M*)) = (M;;Mj.MyM;)
= m /\
ij Jk kl 1i ij Jk kKl 1i ij Jk kLl li

1

:%(2N3+N),

(Tr(M?)Tr(M?)) = (M;;M; My M)

e /\
B Ji Jji

1
= w_ (5LZ6]]5]€]<‘6U + 6115]]65_7162]{‘ + 6zk5]l(5]l62k)

1
== (N*+2N?)

2.5.1 The large N limit and factorization

There are important simplifications that take place in the N — oo limit. To
motivate these simplifications consider

N? 1/ 4 5
(Og) = o (0204) = E(N + 2N )
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Thus, at large N we have

1 4 2
(0205) = = (N* +2N?)
4

= (14 0(5)
= (02)(0s).

This is an example of a general property of the large N limit: the expectation
value of the product of gauge invariant operators is equal to the product of
the expectation values. In general, factorization implies

([ 0: =TTt + o))
7 1

We will now argue that factorization implies that the theory is described
by classical dynamics i.e there is a classical theory we can use to study the
large N limit of the quantum field theory. To make this argument, consider
the problem of computing expectation values given some probability density
describing our system. Suppose that j; is the probability to be in the i*?
state. Since the system must be in some state >, u; = 1. The expectation
value of observable O, is

(On) = 3 1i0u(i)

where O, (i) is the value of O, in the i'" state. Phrased in this language,
factorization says

Z :uiom (i)Om (Z) T Onk (2) = Z Milom (7’1) Z Hiy OnQ (’52) e Z Hiy, O”k (Zk)7

which implies [47] that u; = 1 for i« = * and u; = 0 for i # * . It is
precisely because only one configuration contributes that we claim we are in
a classical limit. Indeed, in the usual path integral approach, the correlation
functions of the theory

(6(a2) - 0(@n) = [1DoleF o(ar) - o(za)

can be evaluated using a stationary phase approximation. In this case, the
only configuration which contributes obeys

55 _
5o
This is the classical configuration.

At this point we should point out one subtle point: we will see that
when we allow the number of fields in our operator to grow with N as we

0.
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take N — oo, factorization is spoiled. Wick contractions between fields
in different observables are still suppressed by %, but the huge number of
possible contractions give enormous combinatoric factors that overpower the
% suppression. If the number of fields in the observable grows as v N (or

more rapidly), factorization is spoiled.

2.5.2 Interacting matrix model

We have demonstrated that factorization is a property of the large N limit
for a class of correlators of the free theory. One might then wonder if this
conclusion holds after interactions are included. This question is answered
in this subsection. Introducing a quartic interaction with coupling strength
g, the generating function of correlators is

P ————

Correlators computed using this generating function receive contributions
from vacuum graphs. To eliminate the vacuum graphs we need to choose a
different normalization condition. The generating function

217] =

[[dM]e~ 5 Tr(M?)—g Tr(M")+Tr(JM)

f[dM]e_% Tr(M?2)—g Tr(M*) ’

will generate correlators without vacuum graph contributions. The 2-point
correlation function to order g is given by
2
(Me(M2) = = 9 8N3 4+ 4N+ O(g?).

w  w
The large N limit of the above correlation function is now dominated by the
term of order g. If we compute the O(g?) term, it behaves as N* so that it
would dominate. This pattern continues: higher powers of g come multiplied
by ever increasing powers of N. The large N limit of this correlator (or any
other correlator) simply does not make sense. 't Hooft solved this problem
[48] by introducing a new parameter

A =gN,

where A is held fixed as we take N — oo. This is called a double scaling
limit because we are scaling both ¢ — 0 and N — oo while holding A = gV
fixed. In the 't Hooft limit the two point correlator becomes

_ N?  8AN? 1

(Te(M2) = — = (14 )

” = O(\?). (2.41)

This expansion in the two small parameters, # and A, has an interesting

interpretation which strongly suggests a connection to string theory. Devel-
oping this interpretation is the goal of the next subsection.
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2.5.3 Powers of N, topologicaly invariant quantities and the
loop expansion

To develop some intuition for the 't Hooft expansion of correlation functions
we need to explore the N dependence of each term in the expansion. Each
term in the expansion comes from a sum of ribbon graphs. Our first task
will be to find a simple way to determine the N dependence coming from
a given graph. It will prove to be useful to explore the N dependence of
ribbon graphs after we rescale the field M = v/ NM’. After this rescaling

N
—% Tr(M?) — g Te(M?) = —“’7 Tr(M'?) — AN Tr(M"™),

and the corresponding generating function is

Z1J) = /[dM’]e_% Te(M'2)—AN Te(M"™)+Tx(JM") (2.42)

Our ribbon rules change as follows
1. Each closed loop comes with a factor of N.
2. Each ribbon comes with a factor of ﬁ
3. Each vertex comes with a factor of —AN.

The ribbon graph can be understood as the triangulation of a two dimen-
sional surface. Here are a few examples of the relation between ribbon
graphs and surfaces:

Sphere
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@

Torus

-G
S

Pretzel

From the above relation it is clear that each ribbon becomes an edge of
the triangulation, each closed loop in the ribbon graph becomes a face of the
triangulation and each vertex of the ribbon graph becomes a vertex of the
triangulation. Denoting the number of ribbons by FE, the number of closed
loops by F' and the number of vertices by V' the ribbon graph evaluates to

(—
wlN
so that the N dependence is given by

)P (AN (V)T = (-0 W ENVEESE

NV—E+F

The integer x = V — E + F is a topological invariant of the surface trian-
gulated by the ribbon graph called the Euler characteristic. One can prove
that

y=2-2H — B,
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where H is the number of handles, and B is the number of boundaries of
the surface.

In QFT we sum over all possible worldlines that a particle can follow in
spacetime, when one considers path integral quantization of a particle. For
path integral quantization of a string, we sum over all possible worldsheets
that a string can follow in spacetime. We have learned that summing ribbon
graphs amounts to summing over surfaces, which suggests that a matrix
model is related to a string theory.

To summarize the discussion, ribbon graphs can be drawn on surfaces
with different topologies in such a way that the ribbons do not intersect.
The graph triangulates a particular topological surface. The topology of the
surface it triangulates gives the N dependence of each ribbon diagram in the
't Hooft limit [48]. Planar diagrams can be drawn in the plane without any
of the ribbons crossing. They triangulate a sphere. It is the planar diagrams
that determine the large N correlation functions when we hold the number
of matrices in each observable fixed as we take N — oo.

In this thesis we will focus on observables built from order N matrices
as we take N — o0o. To study the correlation functions of these observables,
we need to sum the complete set of ribbon graphs. This can only be accom-
plished with new methods that exploit powerful results available in group
theory. In the next chapter we will review the relevant background.
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Chapter 3

Group theory

We will discuss groups and their representations, with an emphasis on the
symmetric group and the unitary group. The symmetric group provides
a powerful way to sum over all possible Feynman diagrams. We will also
study U(p) groups, motivated by Schur-Weyl duality. This duality between
the unitary group U(p) and the symmetric group .S,, implies deep and funda-
mental connections between the irreducible representations(irreps) of U(p)
and S,. Using the duality, we will be able to trade a complicated problem in
Sy, representation theory for a solved problem in U(p) representation theory.
The action of U(p) and S,, on the vector space V}]@)m commute, hence they
must be simultaneously diagonalizable on V;D®m. This implies they share the
same eigenvectors. This is the key accomplishment of [28]. Also we shall
look at Schur’s Lemmas and their proofs and subsequently obtain the fun-
damental orthogonality relation. The fundamental orthogonality relation is
important as it will be one of the neccessary identities needed to implement
the Fourier transform on the Schur polynomial basis, the restricted Schur
polynomial basis and the Gauss graph basis which we learn about in later
chapters. As a result the two point function in the bases enumerated is
simple to compute. We shall also look at the delta function on the group.

3.1 Basic definitions and notation

This section begins with the definition of a group. Permutations are then
discussed and the cycle notation for elements of the symmetric group is
introduced.

Definition 3.1.1 A group is a non-empty set G, together with a binary op-
eration “”, called the group composition law, such that the following axioms
are satisfied;

(a) For every gi,92 € G, g1-g92 € G.
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(b) The group composition law is associative, that is for any g1, g2, g3 € G,
(91-92)-93=91" (92 93)-

(c) There is an element e € G, called the identity, such that g-e = g=e-g
for every g € G.

(d) Every element g € G has an inverse g—' which belongs to the set G

such that it satisfies g"'g = e = gg~!.

We will write o7 instead of o - 7 for the composition law of permutations.
Consider the set S = {1,--- ,n}. A permutation rearranges the elements of
S. For n = 5 a permutation might rearrange the 5 objects as follows

1—2
2—3
3—1
4—5
5 — 4

A convenient notation for this permuation called cycle notation, is to list the
elements in the order they appear under repeated action of the permutation.
For the example above, we would write

(1,2,3)(4,5).

The permutation we are considering permutes 1,2 and 3 and 4, 5 separately.
This is reflected in the notation by the appearance of a product of two
lists of integers. Each such list is called a cycle. Thus the permutation
we are considering is composed of two cycles, one 2-cycle (4,5) and one 3-
cycle (1,2,3). Cycle notation is redundant because distinct cycles can be
used to label a single permutation. Indeed as permutations, 7 = (1,2,3) =
(2,3,1) = (3,1,2). Consider the permutations ¢ = (1,2) and 7 = (2,3).
The composition of these cycles is

oT = (17 2)(2¢ 3) = (L 2, 3)
This composition of the permutations follows by noting
1: 7 maps 1 to 1, and 0 maps 1 to 2. So for the product we have (1,2,---)

2: 7 maps 2 to 3, and ¢ maps 3 to 3. So for the product we have
(172737"')

3: 7 maps 3 to 2, and o maps 2 to 1. So for the product we have (1,2, 3)
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The inverse of p(x) = y satisfies the equation x = p~1(y) for z,y € S.
In cycle notation the inverse cycle is given by reversing the order of the
elements in each cycle. The inverse of a permutation is given by inverting
each cycle in the permutation. For the permutation we considered above,

((1,2,3)(4, 5))_1 = (3,2,1)(5,4).

A permutation composed of 1-cycles and a single 2-cycle is called a trans-
position. Every permutation can be written as a product of transpositions.

Definition 3.1.2 When two cycles have no elements in common, they are
said to be disjoint.

The permutations o = (1,3,2) and 8 = (4,5) are disjoint. Disjoint cycles
commute. This implies that when multiplying disjoint cycles, it doesn’t mat-
ter in which order the product is taken: a8 = (1, 3,2)(4,5) = (4,5)(1,3,2) =
Ba.

The cycle structure of a permutation is defined after writing it as
a disjoint product of cycles, and is unique up to the permutation of these
disjoint cycles. Thus, o = (1,3,2)(4,5) = (4,5)(1, 3,2) € S5 has two disjoint
cycles and its cycle structure is one 3-cycle and one 2-cycle.

3.2 Symmetric group S,

The symmetric group S, is the set of all permutations of n objects. The
order of the group is |S,| = nl. Consider the symmetric group S3. Using
cycle notation, the elements of the group are

Ss={1,(1,2),(1,3),(2,3),(1,2,3),(1,3,2) }.

In what follows, we will make extensive use of the fact that conjugacy classes
of S, are given by the subsets of permutations that share the same cycle
structure. We will also make extensive use of matrix representations of both
the symmetric group and of the unitary group. A matrix representation
associates to each element of the group G (denoted g) a matrix (denoted
I'(g)) such that

L'(g1 - g2) = I'(g1)T'(g2)- (3.1)

Notice that on the right hand side of the above equation we have matrix
multiplication, while on the left hand side g; and g2 are composed using
the group composition law. For a matrix representation of the symmetric
group, g1 and g would be some permutations written in cycle notation and
their composition would be exactly as we described it above.

28



The identity of the group is given by the identity matrix I'(1) = 1yxq
and T'(g;") = [['(g1)]~". If I'(g) are d x d matrices, we say we have a d-
dimensional matrix representation of the group. We will usually simply say
we have a d-dimensional representation. Notice that can be understood
as a homomorphism between the group G and the group given by the set of
matrices I'(g) with group composition given by matrix multiplication.

The matrices I'(g) of the representation act on a vector space V' called
the carrier space of the representation. It may happen that a vector ¢ which
belongs to some subspace V3 C V remains in the subspace under the action
of the group, that is,

I(g)ve Vi Vgeg.

We say that the subspace V; is invariant under the action of G. There are
two trivial invariant subspace V3 = 0 and V4 = V. If V] is a proper subspace,
we say that vector space V has a non-trivial invariant subspace under the
action of the representation I'.

Definition 3.2.1 A representation I' of a group G on a vector space V is
irreductble if the vector space V' does not contain a non-trivial G invariant
subspace.

Given a matrix representation I'(g) and an invertible matrix S we can
construct a new representation I'(g), defined by

I'(g) =S7'T(g)S.

It is simple to check this

['(g1)T'(g2)

~T(91)S5 T (g2)S
~'T(g1)F(g2)
“'T(g1 - 92)S

(91 92)-

I
Ty U»n W

We say that ' and [ are equivalent representations. The building blocks
for the complete set of representations of a group are the inequivalent irre-
ducible representations. Any finite group has a finite number of inequivalent
irreducible representations. The irreducible inequivalent representations of
the symmetric group S, can be labelled by Young diagrams. A Young dia-
gram denoted by R - n, is a diagram with n boxes arranged in left-adjusted
rows and stacked so that the row lengths are in weakly decreasing order.
Here are examples of valid Young diagrams

o B
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Here is an example of a Young diagram that is not valid

a!

Since the length of row 2 is greater than the length of row 1, the row lengths
do not weakly decrease.

The set of all possible Young diagrams with n boxes labels the set of all
inequivalent irreducible representations of the symmetric group S,,.

Elements of the group .5, that have the same cycle structure, for example
(1,2,3) and (1,3,2), belong to the same conjugacy class. We can associate
each cycle structure with a partition of n. These different partitions of n are
also represented by Young diagrams. Thus, Young diagrams can be used to
label both conjugacy classes and irreducible representations. Further, there
is a one-to-one correspondence between conjugacy classes and irreducible
representations. This correspondence holds for any finite group.

Irreps of Sy | Conjugacy Class Representative Size of Conjugacy Class
LT [ ()(2)3)4) 1
- (1,2)(3)(4) 6
(1,2,3)(4) 8
(1,2)(3,4) 3
(17 2’ 3’ 4) 6
Table 3.1

In the above table we determine the number of elements in a conjugacy
classes C' of 5, corresponding to a particular cycle structure in the following
theorem.

Theorem 3.2.1 Suppose o € S, and let my,ma,--- ,m, be the distinct
integers in the cycle type of o, and let there be k; cycles of order m; in o.
Thus > k;m; = n. Then the number of conjugates of o is exactly

n!

C

To realize this formula choose a cycle type in some fixed order. By fixed
order we mean the index i equals the length of the cycle type (i.e. length
is the number of distinct elements in the cycle). Consider the n! possible
assignments of the integers from 1 to n into the slots in the cycles. If two such
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arrangement define the same permutation then they are equal. Consider
a particular arrangement (i.e permutation o € S,), and consider the k;
cycles of order m; in o. Each of the cycles can be written in m; different
ways (by starting with a different element). Also, the cycles themselves
can appear in any of k! possible orders while defining the same permuation,

o. For example, if k; = 2 and the first cycle contains ay,---,a; while
the second contains by, - - , b, that is the same permutation as if the first
cycle contained by,---,b; and the second contained aq,---,a;. So there

are k:z'mf’ equivalent permutations considering the cycles of order m;. The
total number of permutations, considering each of the possible cycle orders,
equivalent to the given permuation o is

(ky!m®) (ko!mb2) - - (K dmEr).

Example 3.2.1 Let n = 4 and let us compute the size of the conjugacy
class containing the permuation o = (1,2)(3,4). In this case, r =1,

m2:2 k2:2,

and so we have

Note that this agrees with the table (3.1)).

Example 3.2.2 For n =4, all possible Young diagrams are,

sl

From the example above S4 has 5 inequivalent irreducible representations
and 5 conjugacy classes. Each Sy representation will be written as I'g(0)
where R is any of the five Young diagrams and ¢ € Sy. If R is an irreducible
representation of G we will use I'g(g) to denote the matrix representing g € G
in irreducible representation R. The dimension of the representation is easily
summarized using the Young diagram itself. To do this we introduce the
concept of a hook length. The hook length of a box x in a Young diagram
is the number of boxes in the same row to the right of box x, plus the number
of boxes in the same column below box z, plus the box itself.

Example 3.2.3 Hook lengths for the Young diagram, R+ 4: We have filled
in the hook lengths of each box in the Young diagram given below.

'S

2[1]
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Now we can write the dimension of any inequivalent irreducible representa-
tion of .S, as follows [49] 50].

n!

where hooksp = H hooks(x). (3.2)
TeR

dr = hooksg
Apart from providing a formula for the dimension of an irreducible rep-
resentation, the Young diagram can be decorated in such a way that the
decorated Young diagrams label a complete basis for the carrier space of the
representation. The decorated Young diagram is called a Young-Yamanouchi
symbol and is denoted by a ket vector |R). The rules for constructing Young-
Yamanouchi symbols is as follows:

1. Each box in R - n is assigned a unique integer k, with 1 < k < n.

2. Starting from the top to bottom and left to right, each entry must be
decreasing.

Example 3.2.4 Let R = Hj be an irreducible representation of the Ss
group. Then the Young- Yamanouchi states are

3]2] 3]1]
1 2

L= 5 =]

It is clear that the number of possible ways of decorating a Young diagram
must give the dimension dg of the irreducible representation labelled by the
Young diagram R. This is indeed the case.

Example 3.2.5 We will compute the dimension of the irreducible repre-
sentation labelled by the Young diagram 5. This must match the number of

Young- Yamanouchi states given in example|3.2.4 Applying (3.2) we find

do— S
H =311

For the applications we will consider, the most important use of the Young-
Yamanouchi states is in constructing the matrices for a given irreducible
representation. There is an algorithm that can be followed to carry out this
construction. To state the algorithm, we need an additional concept called
the content of a box of a Young diagram. The box in row ¢ and column
7, has the content j — 1.

Example 3.2.6 The content for each box in R = 10 is shown below

01123
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Recall that a specific Young-Yamanouchi state associates to each box in a
Young diagram R F n an integer ¢ with 1 < ¢ < n. To state the algorithm
which determines the matrix elements of a given irreducible representation,
it is useful to introduce the notation |R, (i, + 1)) for the Young-Yamanouchi
state obtained by swapping the boxes associated to 7 and 7 4+ 1 in the state
|R). The action of I'r((i,i + 1)) on the state |R) is given by

Tan((i+ 1) [R) = —— |R>+\/1— e R i),

where ¢; is the content of the box associated to ¢ and c¢;y1 is the content
of the box associated to (i + 1). Notice that the algorithm for constructing
the matrices gives the matrix elements of adjacent transpositions, that is,
transpositions of the form (7,74 1). Since we can generate all of the elements
of the symmetric group by multiplying adjacent transpositions, we do indeed
have an algorithm which determines all of the matrix elements of irreducible
representation R.

Example 3.2.7 Using the states given in example[3.2.4], we find
I((1,2)) ‘@I'> ;‘@]>+,/1—(21)2 %E>=;‘@E>+‘§EE>
Ie((1,2)) ‘@E> —é'@z>+,/1—@1)2 @E> _;‘%E>+\é§’@ﬂ>

so that
T((1,2) = [

[N
R
e

N[ — ‘&
—

In a similar way we find

Trn((2,3)) = [‘01 ﬂ .

Using these results we can now generate the remaining elements of the group

Tep((1,3)) = Tp((2,3)(1,2)(2,3)) = Te((2,3)Tn((1, 2)Tin((2,3)) = [

|
I

Iep((1,2,3)) = Ta((1,2)(2,3)) = (1, 2)Da(2,3)) = [__ﬁ

2

w
5 e
wl N w

=

TE((1,3,2)) = Tn((2,3)(1,2)) = Ti((2,3) T((1,2)) = [

)
S
N[ D)
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In any representation, the identity of the group maps to the identity matrix
so that we have

(1) = [cl) ﬂ :

We have given a rather complete description of the construction of the matrix
representations of the symmetric group. As will become clear later, the
representation theory problem we will need to solve entails finding matrix
representations of the subgroup S, X S,, C Sp+m within the carrier space
of an irreducible representation of S, 4,. Since we need to scale n +m =
O(N) — oo, the algorithm we have given above is not powerful enough to
solve this problem. Ultimately we will use Schur-Weyl duality to map the
above problem into a much easier U(p) representation theory problem. With
this goal in mind, we now review the relevant U(p) representation theory.

3.3 U(p) group

The U(p) group for p > 1 is isomorphic to the set of all p x p unitary matrices
U with matrix multiplication as the group multiplication law. Recall that
unitary matrices obey UUT = 1. For the representations of the symmetric
group S, we have seen that states in the carrier space of a representation R
can be labelled by Young-Yamanouchi symbols, which are constructed using
the Young diagram R labelling the representation. States in the carrier space
of a U(p) representation can be labelled by Gelfand-Tsetlin patterns which
are also constructed out of the Young diagram R. We will discuss Gelfand-
Tsetlin patterns in detail in section below.

An important tool in our work is the deep relationship between the rep-
resentation theory of the symmetric group and the general linear group (of
which U(p) is subgroup) called Schur-Weyl duality [49, [50]. This duality
arises when we consider the tensor product of m copies of the p-dimensional
vector V' denoted by V;D®m. Here V is the fundamental representation of
U(p). It comes about because the action of the unitary group, U(p) on
VO™ commutes with the action of S, on V™. We will now demonstrate
that the action of U(p) on V®™ commutes with the action of S, on V®™,

The action of o € S, on V®™ is defined by

o VOm _ yem

o (V™) = d(o(1) @ 5(0(2) © -+ @ F(o(m)).

Thus, o € S,, will move the vector in the i'" slot to the (i)' slot, but does
not change its value.
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Let D(U) be a unitary p X p matrix representing U € U(p) in the fun-
damental representation. The action of U(p) on V;,®m is given as

U (V™) = DU)F(1) © DU)F(2) @ - © D(U)5(m).

From these two definitions we will show that the action of the two groups
Sy and U(p) on V2™ commute. Composing the two groups Sy, and U(p)
we have,

o (U@(1) @ 5(2) ©-- @ #(m))) = o(DU)H(1) ® DU)F(2) & @ DU)i(m))
&

Since the action of the S,, and U(p) groups on V}?m commute, they must
be simultaneously diagonalizable on Vp®m. This implies that S, and U(p)
share the same eigenvectors. This explains why the Young diagram also
labels irreducible representation of U(p). This is Schur-Weyl duality. From
the Schur-Weyl duality we can write Vp®m as

®m __ U Sn
Ve = @, VY@ g v,

and s runs over all Young diagrams with m boxes. The formula above
implies that

p™ = Dimyds, (3.3)

where Dim,; = hogﬁsR is the dimension of the irreducible representation

of U(p) and d; is the dimension of s, an irreducible representation of S,
[49, 50]. The factor fr for U(p) is given by p plus the content of the box
and hooksp defined in equation (3.2)) is the hooks of R.

Example 3.3.1 Consider RF 3

irreps of S3 | hooksg | dgr Dimp
- 6 1 p(p+1()j(p+2)
—1 +1
an 3 9 | (@ )(g)(p )
H 6 1 | 2=20-00)
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Applying the formula in equation (3.3) above we have,

ZDimgdszp(p+ 1)(p+2)+2(p—1)(p)(p+ 1)+(p—2)(p—1)(p)

6 3 6

1
= 3p(0" +2+2p - 2)
=p® = dim(V,%%).

Thus, the vector space V;)®3 under the action of S3 and U(p) reduces to
three irreducible S3 x U(p) subspaces labelled by three Young diagrams in
the above table.

3.4 Partially labelled Young diagram

The notion of partially labelled Young diagram is particularly useful when
working with representations of .S, X .5,,, that have been deduced from repre-
sentations of Sy4.,. The irreducible representations of S,, x S, are labelled
by two Young diagrams (, s), one for S,, and one for S,, respectively.
Consider a Young diagram R F (n + m) with p rows and m-impurities.
The number of boxes n + m in R are of order N, with n boxes order O(N)
and m order O(1) such that m < n. For this reason we choose to call all
boxes labelled with m as impurities among the many boxes labelled with
n. These impurities are labelled starting from the right hand corners of the
Young diagram R - (n + m) to the left hand side, such that the shape of
the unlabelled Young diagram r - n remaining is a valid Young diagram.
Representations r, that are subduced by R are those with Young diagrams
that can be obtained by removing m boxes from R. Note that if we remove
the same set of m boxes in different orders, it leads to different subspaces that
all have the same irreducible representation r. Since these subspaces carry
the same irreducible representation of S,, we have a multiplicity problem
and we need to distinguish them. They are distinguished by the order in
which boxes are labelled. To deal with this let us specify an order in which
the boxes are removed from R with label ranging from 1 to m [28]. We
must ensure that valid Young diagrams are obtained by removing boxes at
each step. Another type of multiplicity problem occurs when we want to
organize these boxes into irreducible representations of S,,,. We find that a
given irreducible representation can appear more than once. This is resolved
by the unitary group U(p), for a diagram with p rows. Note that this second
type of multiplicity label is identified with Gelfand-Tsetlin patterns [28].
Let us consider an example where n = 3 and m = 2. The partially
labelled Young tableaux for this particular representation would be

1] 2|
2 L (3.4)
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Each of these corresponds to a collection of states spanning a r subspace and
you can view the partly labelled Young diagram as a multiplicity label that
distinguishes these subspaces. It should also be clear that in this example,
r is an irreducible representation of the S3 group that permutes 4,5 and
6. Completing the first partially labelled Young diagram gives the Young
tableau

5[4]1] 5[3[1]
3]2 412

Observe that each of the above Young tableau represents a vector in the
carrier space of the Sy irreducible representation labelled by the Young di-
agram Hf. By dropping all labelled boxes from equation we obtain
the Young diagram H”. A general rule which may be extracted from this
example is:

A partially labelled Young diagram that has n + m boxes, m of which
are labelled, stands for a collection of states which furnish the basis for an
irreducible representation of Sy, x (S1)™. The Young diagram that labels the
representation of the Sy, subgroup is given by dropping all labelled boxes [2§].

3.5 Constructing Gelfand-Tsetlin patterns

An inequivalent irreducible representation for U(p) is uniquely given by
specifying the sequence of p integers

m = (mlpam2p7 T 7mpp)7

satisfying my , > mp41,, for 1 < k < p — 1. This sequence is called the
weight of the irreducible representation. It can be identified with the row
lengths of a Young diagram R, that has no more than p rows. This Young
diagram labels a U(p) irreducible representation. Recall that we can use the
same labelling for irreducible representations of the symmetric groups and
the unitary groups. This is again an indication of Schur-Weyl duality. Note
that irreducible representations of S, are labelled by Young diagrams with
n boxes, while irreducible representations of U(p) are labelled by Young
diagrams with no more than p rows. Restricting this irreducible represen-
tation to the subgroup U(p — 1) the resulting representation is reducible. It
decomposes into a direct sum of U(p — 1) irreducible representations with
highest weights [49, 50]

=/

m = (M1p—1,M2p—1, ", Mpp—1),
for which the “betweenness” conditions

Mpp = Mg p—1 = M1,y for 1<kE<p-—1,
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are satisfied. The Gelfand-Tsetlin patterns, denoted by M, are

mip ma,p T Mp—1,p Mp,p
mi,p—1 m2,p—1 e Mp—1,p—1

mi2 ma2
mi1

In M the top row contains the weights that specify the irreducible represen-
tations of the state and the entries of the lower rows are subjected to the
betweenness condition. The very first line of the Gelfand-Tsetlin pattern
tells us the shape of the Young diagram. For example

3 2 1
M= 2 1,
2

the Young diagram has 3 boxes in the first row, 2 boxes in the second row
and 1 box in the third row. Hence the shape is

In our construction we will make use of two important weights, the -
weights and A weights. We define the row sum of M as

l
o(M) = Z M1
k=1
The Y-weight is defined as the sequence of row sums
S(M) = (0p(M), 0p-1(M), -+ , 01 (M)).

These Y-weights do not provide a unique label for the states in the carrier
space. It is possible that X(M) = X(M’), but M # M’. The number of
states ¥(M) in the carrier space that have the same Y-weight, ¥ = ¥(M) is
called the inner multiplicity I(X) of the state. I(X) will play an important
role below.

The A weights are defined in terms of differences between row sums

AM) = (op(M) = 0 1(M), 0 1 (M) = 0 5(M), - , 01 (M) — a0(M))
= (3p(M), 8,1 (M), -+ ,61(M)).

where og(-) = 0. These weights will also play an important role below.
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3.6 Relation between Gelfand-Tsetlin patterns and
Young diagrams

Given a Gelfand-Tsetlin pattern M we can construct a corresponding semi-
standard Young tableaux. For a U(p) irreducible representation there are
at most p rows in the associated Young diagram. A semi-standard Young
tableau is a Young diagram with labelled boxes. These boxes are labelled
such that each box contains an integer ¢ with 1 < ¢ < p. Starting from left
to right, the numbers in each row weakly increase. The numbers in each
column strictly increase from top to bottom. The relation between Gelfand-
Tsetlin patterns and semi-standard Young tableau is most easily developed
with a concrete example

M = 2 1
2

We fill the empty Young diagram by first considering the last row of the
Gelfand-Tsetlin patterns. In this example we have a 2 in the last row which
translates into a Young diagram with one row of 2 boxes. Superpose the
shape of two boxes in the topmost leftmost corner of the full Young diagram.
Label these two boxes with 1 since the last row of the Gelfand-Tsetlin pattern
tells us which boxes are labelled with a 1.

1[1] |

The first two rows of the pattern tells us which boxes are labelled with a
two. The second last row of M corresponds to a Young diagram with 2
boxes in the first row and 1 box in the second row. Again superpose this
new diagram at the topmost leftmost corner of the above partially labelled
diagram and label each empty boxes with a 2.

1] |
2

Repeat this process until all rows of the Gelfand-Tsetlin pattern are used.
The result for our example is the semi-standard Young tableau shown below

1]3]
3

(o] =

Consider row k in the tableau above. The number of boxes containing the
number [ is given by my; — my ;-1 and we set my; = 0 if & > [

39



The components 0;(M) of the A weight of a Gelfand-Tsetlin pattern M,
are the number of boxes containing [ in the tableau corresponding to M.
Thus, the tableau corresponding to two patterns with the same A weight
contain the same set of entries (that is, the same number of [-boxes) but
arranged in different ways. Counting the number of ways to arrange the
relevant fixed set of entries in the tableau is one interpretation for the inner
multiplicity.

3.7 Clebsch-Gordan coefficients

This section introduces two bases and the transformation matrix that takes
us between these bases. This transformation matrix is what we refer to as
the Clebsch-Gordan coefficients. The explicit form of this transformation
matrix is discussed in detail. The Clebsch-Gordan coefficients are partic-
ularly important when we compute the projectors appearing in the action
of dilatation operator on restricted Schur polynomials in chapter [ in the
displaced corners approximation.

Consider two irreducible unitary representations R and S of the U(p)
group. The tensor product of these two representations decomposes into a
direct sum of irreducible components

R®S=v(TT. (3.5)
T

A specific irreducible representation T' may appear more than once in the
product R ® S. The multiplicity of this decomposition is given by v(T).
We will only need the tensor product of an arbitrary representation with
weight m,,, with the defining representation (also called the fundamental
representation) which has weight (1, 0). This product has all multiplicities
set to 1 so we will not need any multiplicity labels. Denote the weight of
the irreducible representation with mpg and use Mp to denote the Gelfand-
Tsetlin pattern for a particular state in the carrier space of this irreducible
representation. The product R® S has two natural bases. The first of them
is obtained by taking the direct product of the states spanning the carrier
spaces of R and S. We will label states in this basis with bra/ket notation
as

|mp, Mp;mg, Mg) .

The second natural basis, is given as a direct sum over the bases of the
carrier spaces for the irreducible representations 1" appearing in the sum on
the right hand side of (3.5). The states in this basis are labelled as

[, Mr),
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where T runs over all irreducible representations appearing in the sum on the
right hand side of . The transformation matrix that takes us between
the two bases is given by the Clebsch-Gordan coefficients [28]. They are
written as

(Mg, Mp;nis, Mg) mp, M.

Because the specific irreducible representations we consider are uniquely
labelled by the weight which is recorded in the first row of the corresponding
Gelfand-Tsetlin pattern, the labels R, S,T will be dropped. We can write
the Clebsch-Gordan coefficients of U(p) as

- i i | N
<mp,M; m;,,M’> w M= e <mp_1,M1;m;,_1,M1>m;,_l,M{’.
Mp—1 Mg [Ty

The above equation shows a relation between Clebsch-Gordan coefficients of
U(p) and U(p — 1). On the left hand side of the equation we have Clebsch-
Gordan coefficients of the group U(p) and on the right hand side of the
equation we have Clebsch-Gordan coefficients of the group U(p — 1). The
weights 1, Tﬁ;, w‘ig label irreducible representations of U(p), while weights
Mp—1, Tﬁ;_l, ’I’?Lg_l label irreducible representations of U(p—1). The Gelfand-
Tsetlin patterns My, M| and M{ are obtained from M, M’ and M" re-
spectively by removing the first row. Thus, the weights 1, 1,7, 1,7, 4

correspond with the second rows in M, M’ and M”. The coefficients

My /mp]mg ,
Mp—1 1, |17y
are called the scalar factors of the Clebsch-Gordan coefficients
- ey I\ = "
(1, Mu; iy, MY ) ity _y, MY

We can write the Clebsch-Gordan coefficients as a product of scalar fac-
tors by employing the chain of subgroups referenced by the Gelfand-Tsetlin
patterns. By doing this we obtain

— —

m mp|m: Mp—1 Mo |my_
- Lo I\ o " __ D pl!p P p—11""p—1
<mp,M,mp,M>mp,M —<_, . ><_, S b

=/ "
Mp—1 1, |1y g | \Mp—a 17, o[y, o
- =/ =11
X ﬂ}P—Q n}?72|7§%72 e
mp,g', mp_3 mp_3

Clebsch-Gordan coefficients obey a selection rule. They vanish unless
J j j
Zmij +Zm{£j = Zm;/j’ where j=1,2,---,p.
i=1 i=1 i=1
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Note that the Clebsch-Gordan coefficients we will need come from taking
products off some general representation 17, with the fundamental represen-
tation. The weight of the fundamental representation is (1,0,---,0) with
(p — 1) Os appearing. The product we will consider is

m

1y @ (1,0) = >t

i=1
Knowing 71, we can obtain m; ¢ by replacing mj, by m;p + 1. One must
check that this replacement leads to a valid Gelfand-Tsetlin pattern. These
Clebsch-Gordan coefficients factor into products of scalar factors of the form

( mp (1a6)p|m;rz ) or ( T?Lp (1_: 6)p|m;)_l )

mp-1 (1, 6)p71|m;£1 Mp—1 (0,0)p—1|m7ip—1

The explicit formulas for these factors are known [28]

( mP (1_10)p’m;_i

-1
) _ S(Z j) Hi;ﬁj(lk,p—l - li,p - 1) Hi;ﬁi(lk,p - lj,pfl) 2
Hi#(lk,p —lip) Hg;j(lk,p*1 —ljp1—1)

1
2

iipr (1,0)p-1]7iy7y

—1
i1 = lip—1)

Ei(lip — lip)

)

mpfl (0, 6)p71|mp71

( iy (1,0) ] ) _

where lg =mgsp — s, S(4,j) =1if i < jand S(i,j) = —1if i > j.

To conclude this section, we will explain the common foundation of
Young-Yamanouchi labelling and Gelfand-Tsetlin labelling. Both methods
of labelling describe the basis state in terms of its representation content
with respect to a nested chain of subgroups. For example, the state

4|2
311

is in the following irreducible representations

J o

with respect to the subgroups Sy D S3 D 59 D S1. The state
3 2 1

1

is in the following irreducible representations

|
L] L] ]

with respect to the subgroups U(3) D U(2) D U(1).
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3.8 Schur’s Lemmas

In this section we discuss Schur’s two Lemmas and prove them. From these
Lemmas we will establish the fundamental orthogonality relation which is an
essential identity that would be used throughout this thesis. This identity
enables us to compute the two point function of the Schur polynomials,
restricted Schur polynomials and the Gauss graph operators which we shall
come to in later chapters.

Lemma 3.8.1 Let R be a dr-dimensional vector space. If I'r is an irre-
ducible representation of a finite group G and if there exist a dg X dg matrix
M such that it commutes with all matrices of U'g, i.e

MTg(g) =Tr(g)M Vg€g, (3.6)
then M must be proportional to the matriz identity, i.e M = aly,xqy-

Proof 3.8.1 If all eigenvalues of M are zero, then from equation (3.6 o =
0. If there exist at least one non-zero eigenvalue of M, then

M |v) = a|v) where |v) € R. (3.7)
From and we find
MTr(g) lv) = Tr(g)M |v) = al'r(g) [v) Vg €g.

Since I'g is an irreducible representation of G, the subspace of vectors spanned
by T'r(g) |v) Yg € G, is the whole space. Thus, every vector is an eigenvector
of M associated to the eigenvalue . The only matriz that satisfies this is
M=ol xap-

Lemma 3.8.2 The only solution to the equation
MTr(9) =Tr(9)M Vg e€g, (3.8)
with R and S two inequivalent irreducible representations is M = 0.

Proof 3.8.2 Let dr and dg be the dimensions of the irreducible represen-
tations R and S respectively.

Case 1: dr = dg
M cannot be invertible. If we assume that M is invertible then
MTg(g) =Ts(9)M < Tr(g) = M 'Ts(g)M Vg €G.

The last equation establishes a contradiction since it implies that I'r and
I's are equivalent. Hence M has at least one zero eigenvalue, i.e there is a
non-zero vector |n) such that

M |n) = 0.
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From we find
MT g(g) |n) = Ts(g)M |n) = 0.

M annihilates the subspace of vectors spanned by T'r(g) |n) Vg € G. Since
g is an irreducible representation of G, the subspace by T'r(g)|n) Vg € G
1s the whole space. Hence M = 0.

Case 2: dr > dg

M is a map from R to S. Let |i) and |j) be an orthonormal basis of the
irreducible representations of R and S respectively. We write M in this basis
as

My My -+ Mg,

My, My - Mgy,
M = . . . . )

My, My - Mgy,

where Mj; = (j| M |i). M has more columns than rows. The rows of M are
a collection of dg < dr wvectors in a dr dimensional space. One can find a
null vector of M which is orthogonal to all the rows of M, i.e M |i) > 0.

From
MT'r(g) i) = T's(g)M |i) = 0. (3.9)

The subspace of vectors spanned by T'r(g) |i) Yg € G are annihilated by M.
Since U'r is an irreducible representation of G, the only solution to (3.9) is
M =0.

Case 3: dr < dg
For any arbitrary vector |v), using (3.8) we find that

MTr(g) [v) = Ts(g)M [v) = Ts(g) [0),

where |0) = M |v). Since S is an irreducible representation, the right hand
side of the above equation can only be written, as g varies over G, using a
basis of dg linearly independent vectors. T'r(g) [v) on the left hand side can
be expressed in terms of a basis of dr linearly independent vectors. Since
dr < dg this is a contradiction and it tmplies that M = 0.

In the section that follows we will use Schur’s Lemmas to establish the
orthogonality relation between two irreducible representations. This is im-
portant because the orthogonality relation provides a means for computing
the two point function on Schur polynomials, restricted Schur polynomials
and the Gauss graph which we discuss in later chapters.
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3.9 Fundamental orthogonality relation

Let I'r and I'g be two irreducible representations defined over a group G.
Let M (R, S,b,c) be dp x dg dimensional matrices defined as

M(R,S.b,¢)as = ) Tr(g™)abL's(9)ca (3.10)
g€eg
where a,b =1, - ,dg are indices of the representation Rand ¢, d =1,--- ,dg
are indices of the representation S. The matrices satisfy the identity
M(R,S,b,c)Tr(g) =Ts(9)M (R, S,b,c) VgeG. (3.11)

Proof 3.9.1 Using equation (3.10) we prove the statement in equation (3.11)

as follows

M(R,S,b,¢)aals(91)de = > _ Tr(9™)atT's(9)cal's(g1)de
g€y

= Tr(g")al's(991)ce- (3.12)
g€eg

Using the fact that U'g is an irreducible representation of G we easily obtain
the last line. Next change the summation variable from g to h = gg1 so that

equation (3.12)) takes the form

M(R, S,b,¢)aals(g1)de = > Tr(grh™ ) apls(h)ce
heg

=" Tr(g1)aal r(h a5 (h)ee
heg

=Tr(91)aa > TrR(M D asls(h)ce
heg

=TRr(91)aaM (R, S, b, ¢)qge.
We have shown that the matrices satisfy and so by Schur’s second
Lemma we have
M(R,S,b,¢)aq = OrsdadA(R, b, ). (3.13)
We compute A(R,b,c) by setting R = S, a = d and sum over a and from

toobtain
ZMRRbcaa—ZZFR DabTr(9)ea

g€eGa=1

= Trlgg e
geg

= Tr(g)a

geg
= |G|0be- (3.14)
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From equation (3.13) we also have

dr dr
> M(R,S,b,¢)aa = 0rR Y aaA(R, b, )
a=1 a=1
= dpA(R,b,c). (3.15)

Comparing equations (3.14) and (3.15) we can write

A(R,b,c) = @(51,6.
dr

The fundamental orthogonality condition is

_ G
M(R,8,b,¢)ag =Y Tr(g arl's(9)ea = ’dR|5RS5ad5bo (3.16)
geg

This is a very useful result which will be used many times in the sections
ahead.

3.10 Delta function on the group

In quantum mechanics, the delta function is important whenever we perform
a Fourier transform between position space and momentum space. The delta
function we introduce in this section is used in a similar way. For example
we will use the delta function to Fourier transform Schur polynomials and
restricted Schur polynomials into multi trace structures which are gauge
invariant.

To introduce the idea of a delta function on the group, let us first con-
struct the regular representation. This is a reducible representation that
is obtained directly from the multiplication table of the group. The construc-
tion of the regular representation is based on arranging the multiplication
table of a group so that the unit element appears along the main diagonal of
the table. Within such an arrangement the columns (or rows) of the table
are labelled by the group elements, arranged in any order, and the corre-
sponding inverses label the rows (or columns). As an example consider the
S3 multiplication table

(123) [ (132) | 1
(132) | 1 | (123) | (132)
(123) | (132) | 1 | (123)
1 | (123) [ (132) | 1
(12) | (23) | (13) | (12) | 1 | (132) | (123)
(13) | (12) | (23) | (13) | (123) | 1 | (132)
(23) | (13) | (12) | (23) | (132) | (123) | 1

|~
[\]
w

— ==
—~
—_
[\
~
—~
—_
w
~




One can read off the regular representation matrix I'y.((1,2)), for example,
by regarding the multiplication table as a |G| x |G| array from which the
representation of the group element (1, 2) is assembled by putting a ‘1’ where
the element appears in the multiplication table and ‘0’ elsewhere. Thus

100000 0000710
010000 00000 1
001000 000100
Tn@ =10 0010 0| ™@&D=lg 9100 0
0000710 100000
000001 010000

To each group element we associate a basis vector. For the example above
we have

1) (1,3,2)) =

1
SO OO OO =
=
\.H
[\]

SN—
~——

1
O O O O = O
—_ O O O O O

Definition 3.10.1 The regular representation T'y.(g) Vg € G is defined by

Lrr(g2) l93) = |92 - 93) -

This representation contains every irreducible representation of a group at
least once. Using the associativity of the group product, we verify that this
defines a group representation

Ly (g1)Trr(92) 193) = Trr(91) |92 - 93)
=lg1-(92-93))
=[(g1-92) - 93)
=T (91 92) lg3) -

Since the above equality holds for any vector |gs3), we have
Frr(gl)rrr(QQ) = Prr(gl : 92)7

which does indeed confirm that we have a representation. From the matrix
representation just described table we learn that the character x,.(g) Vg € G
is

Xrr(9) = Tr(Trr(g)) = 1G16(9), (3.17)
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where the delta function

1 ¢g€G is the identity,
d(g) = {

0 otherwise.

Since the regular representation is reducible, let us denote the irreducible
representations of G by R. We find that R appears ng = dgr times as
demonstrated below.

-1
np = ’g| ZXTT’ )

geg

=Y d(g)xr(g™"
geg

= xr(1)

— dp.

The character x,(g) of the regular representation is related to the xr(g) as
follows

Xrr(9) = ZnRXR(g)
R

=Y drxr(g)
R

Using the above equation and (3.17)) we obtain an equation for the delta
function on the group G

Z ‘g‘XR (3.18)

In conclusion we have discussed the S, group and U(p) group, and
demonstrated the duality between them when they act on the vector space
Vp®m. The actions of the two groups on Vp®m commute and hence can be
simultaneously diagonalized. We also discussed the fundamental orthogo-
nality relation and the delta function. In the next chapter we will see how
the S, group enters into the construction of the Schur polynomials and
restricted Schur polynomials. We will also see the role played by the fun-
damental orthogonality relation and the delta function when we compute
the two point function of the Schur polynomials and the restricted Schur
polynomials.
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Chapter 4

Group theory techniques
applied to N =4 SYM theory

4.1 Schur polynomials

In this chapter we want to explain how group representation theory can
be used to construct a basis of local operators of N' = 4 super Yang-Mills
theory. For operators constructed from a single matrix, these are known as
Schur polynomials [9 8]. For operators constructed using more than one
matrix, these are known as the restricted Schur polynomials [25, 22]. The
simplest case to consider is the % BPS sector of NV = 4 super Yang-Mills
theory corresponding to operators constructed from a single complex adjoint
scalar.

Our observables are constructed out of the complex matrix Z. The most
general observable is a product of traces of powers of Z. The complete list

of observables we can build using 3 Z fields is given by
Te(Z%), Te(Z>)Te(Z), Tr(2)3.

We can introduce a convenient language to describe these observables. To-
wards this end, consider the action of the operator Z on the N-dimensional
vector space Vi

Z:VN—>VN.

By tensoring n copies of Z we obtain an operator Z®" = ZQZ®---® Z
which acts on the space Vg” obtained by tensoring n copies of V. It will
prove to be useful to collect indices 4y - - - i, and ji - - - j, indexing states in
each copy of Vy, into indices I and J defined as follows

) = 2
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Recall that we have defined an action of ¢ € S,, of the symmetric groups on
V™ as follows

o VI = V"
71 ®@712)® - ®v(n) — dc(1) @ v(c(2)) ® - - @ T(a(n).

It is a simple task to verify that this defines ¢ as a matrix acting on Vﬁ"
with matrix elements given by
i1i2“'in — il 12 in
(O-)JIJQJn - 6jo'(1) 6j0(2) o 5]’0‘(1’1,).

Using this matrix representation we can easily verify that

(1)) (02) % = (02 - 01),
where 03-07 is the usual composition of permutations, as described in section
Any observable built from the single matrix Z can be written as
Te(0Z®") = (o) (2™ = z* 72 ...z (4.1)

to(1) " o (2) to(n)’
Two permutations which belong to the same congucacy class define the same
observable.

The action of the symmetric group on Vﬁ?" is reducible. We can intro-
duce projection operators that project onto the irreducible representations
contained in Vﬁ”. It is well known that the number of conjugacy classes of a
group matches the number of irreducible representations of the group. There
is a duality between conjugacy classes and irreducible representations. Us-
ing this duality we can associate observables to irreducible representations.
A rather direct way to construct this association uses projection operators.
To define the projection operators we need the definition of a character.

Definition 4.1.1 yxr(c) = Tr(I'r(o)) is the character of group element
o € Sy, in irreducible representation R.

The projection operator is defined as
1 r_ 1 I
PRZE Z XR(U)(T = PRJZE Z XR((T)UJ.
O'ESn UESn

A projection operator P must satisfy the condition P2 = P. In this spirit
we show that indeed Pr above is a projection operator.

1
PrPr = alml Z Z xr(T)xr(0)oT
O'ESn TGSm

=Y S b

YESn TESM

1 —
= > D Pr(Maal Rl (T - (4.2)
nm. ~ESn TESm
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As commented above, permuatations that belong to the same conjugacy
class define the same observable. In other words these observables are unique
up to conjugacy classes of 0. We prove this statement as follows.

Proof 4.1.1 Let 0 = v7y~! VYo,7,v € S, where o and T are conjugate
pairs. Equation (4.1)) takes the form

Tr(yry ' Z%") =3 xr(yry)xR(Z%™)

R
=3 T (CR(TR(DTR(TY)XR(Z5").
R

By the cyclicity of the trace the above equation gives

Tr(yry ' Z%") = > Tr (Cr(7))XR(ZE™). (4.3)
R

Since o, 7 € S, we learn that indeed permutations that belong to the same
conjugacy class define the same observable.

Tr(c Z®™) = Tr(yry 1257,
where o and T are conjugate pairs.

Equation (4.2) above is summed over 7 using the fundamental orthogonality

relation (3.16)), to obtain

6RT 1
PRPT = géabéacm GES: FR(V)bc’V

This verifies that, up to an easily determined normalization, Pr defined a
projection operator.

The observables associated to irreducible representations are the Schur
polynomials. The Schur polynomials are defined by

J
XR(z@n) _ TI‘(PRZ@m) _ PR52®nI

1 J
= E Z XR(U)U§Z®nI

' o€eSh
_ 1 i1 in
- E g XR(U)Zi”(1> o Zio(n)
g n
1
-~ Z xr(o) Tr(a Z%™). (4.4)
" oES,

o1



In the above definition R is a Young diagram with n boxes, which labels
an irreducible representation of S,,. In the free field theory, the Schur poly-
nomials diagonalize the two point function [9] exactly, as we demonstrate
below. In free field theory Wick’s theorem says that

(Z5M)5(Z"M)5) = D (o)Le™)]

gESy

(XR(ZE™")xr(Z797) = Y (PR)Y(Pr)E ()% (01T
0ESh

= Z TI“(PRO‘PTO'_I)
O'ESn
=n!Tr(PgrPr)

= n!éf{l Tr(Pgr).
dr

To compute the trace of the projection operator we need to use the fact that
the Schur polynomial is a U (N ) character

ZXR Uiy, UL

1o (n)
UESn
= Tr(PrU®"™),
which gives a concrete relation between the characters of the symmetric and

the unitary groups. This relation is a consequence of Schur-Weyl duality.
Thus, the trace is

Tr(Pr) = xr(U = 1) = Dimp.
Finally, we have the two point function given by

DimR

(XR(ZZ™)xT(ZT¥™)) = nldpr ;
R

where Dimp, is the dimension of an irreducible representation R of U(N).
Further, Schur polynomials are complete in the sense that any observable can
be written as a linear combination of Schur polynomials, a fact we illustrate
below.

Proof 4.1.2 From equation (i

Z®n = Z XR Z®n)7
JES

we claim that our observable can be written as

Tr(aZ%") = 3 Nixr(Z®"), (4.5)
R
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where we will determine the coefficient N§. Note that xr(c) = xr(c™t)
since o and o~ belong to the same conjugacy class.

R(Z%") = Z Xr(0™) Tr(aZ%™)
'O'ES'[L
Z Xr(o )ZN%XT(Z@’”)
UES
Z( S xr(e YN ) xr(257).
‘oeSy

We now require that

o Z Xr(0 " )NF = dgr,
™ ses,

which when compared to the fundamental orthogonality relation of characters

o Z xr(o ™ )xr(0) = drr,
n: UGSn

implies that N = xr(0). Hence equation (4.5) takes the form

(0Z°7) = ZXR

4.2 Restricted Schur polynomials

We now consider observables built using two complex matrices, Z and Y.
This is known as the SU(2) sector of N' = 4 super Yang-Mills theory. Per-
mutations again provide a convenient way to describe the observables of the
theory. Indeed the most general gauge invariant observables built out of Z
and Y can be written as

INCVAD SLOED SNEIED SN AP (4.6)

lo(m) " Yo(m+1) Yo (n)’

where o € Sy m,.

In this multimatrix setting we need to generalize the Schur polynomials
to the restricted Schur polynomials. This section will focus on restricted
Schur polynomials built using n ~ O(N)Z and m ~ O(N)Y fields where
m < n. We will refer to the Y fields as “impurities”. These fields be-
long to the SU(2) sector of the theory. A restricted Schur polynomial is a
generalization of the Schur polynomial which is defined [25] as

1

_ 7 Zm 'ierl Zn
XRs (T’ S)a'B(Z’ Y) - n'm' GSZ XR (T S)QB( )Yiﬂl(l) o }/io(m) Zio(erl) o Zio(n)
g n+m
— nlm' Y XRy(rs)ap(0) Tr(0 ZEmYE™), (4.7)
Uesn+m
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These operators provide a basis for the local gauge invariant operators of a
matrix model. In the above equation R labels an irreducible representation
of Sp+m with n + m boxes. r is a Young diagram with n boxes which
labels an irreducible representation of S, and s is a Young diagram with
m boxes which labels an irreducible representation of S,,. (r,s) labels an
irreducible representation of the subgroup S;, x Sy, of the group S,1m. The
object XR (r,5).5 (o) is called the restricted character. A particular irreducible
representation of the S, x S, subgroup may be subduced more than once.
Hence we introduce multiplicity labels a and 3 to keep track of the different
copies subduced. Similar to computing the character xr(o) = Tr(I'r(0)),
XR,(r,s)ap (0) is computed by taking the trace of row index of I'g(c) over the
subspace associated to the a-th copy of (r, s) and the column index over the
subspace associated to the S-th copy of (r, s).

In what follows we demonstrate the fundamental orthogonality relation
for the restricted character. We will define the projection operator and prove
that it is a projector before deriving a generalization of the orthogonality
relation for characters. We define

XR,(rs)as (@) = TrR (s, s)aﬁ (o)
= Z (r,8)a; I Tr(0) R, (r,8)p; 1) - (4.8)

The projection operator is defined as

Pr

s T»S)aﬁ

Z XR,( (r8)ap )

nlm!
nem: O'GSrH-m

and acts as an orthogonal projection operates in V&t Next we show
that indeed this is a projector. Towards this end consider

1

= W Z XR,(T,S)QB(U)XT,(t,u),Yg (p)op.

o,rho€Sh+m

PR» (’I‘,S) af PT’ (tvu)’yé

Let 0 = 7p~ !, then we have

L
(n!m!)?

Yo SR (1 8)ai IITR(DTR(0™Y) IR, (1, 5)p: 1)

o,rho€Sn+m I,J
X AT, (t,u)y; J| Lr(p) T, (¢, u)s; J)

PR (1,8)as T (tu)ys =

_ W;”L)(;RSZ (r,8)as IITR(T) T, (t,uw)s: J) (T, (t,u)y3; J) R, (r, 8)53 T
R 1,J
- (n;le)(SRS(Srt(Ssu(s’Yﬁ Z ’I” 8)017 I‘ FR( ) ’R’ (T’ S)B;I>
(n+m)!

= TéRS(Srt(Ssué’yBXR,(ﬁs)aé (T)
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Thus, we find [15]

(n+m)!
PR,(r,s)aﬂpT,(t,u).y(; = W(SRSdrtdsudyﬁ Z PR (1,8 s

TESn+m

With the above property of the projector established, we argue that the
restricted characters are orthogonal on the restricted conjugacy classes.

Z XR,(r,s)a,g )XT (t,u) ,ﬂ; Z Z 7“ S C¥7I’FR( ) ’Rv (T’, 8)5;I>
UeSn+m Uesn+m I J
@@WMMVWNMMﬂ
= Y D AR(r8)a; I|Tr(o)Tr(o™ ") |T, (t,u)s: J)
0E€Smim I,J
X (T, (t,u)~; J) R, (r,s)s; 1.
From the orthogonality condition in equation (3.16)) the above equation be-
comes [51]

_ n+m)!
Z XR,(7,5)ap (O-)XT,(t,u),yg (O' 1) = (dR) Z <R7 (7’, S)Oc; I) T, (tv U)(;; J

0ESnim 1,0
X <Ta (t7 u)% J> R, (Ta 3),3; I
n+m)!
= O e buibudasdisr Y b1
R 1,J
(n+m)!
= TdeS(SRT(STt(SSUCSa(;dﬁ’Y' (49)
This is the orthogonality relation for restricted characters. In the free field
theory, the restricted Schur polynomials diagonalize the two point function
exactly [25]. The Wick contraction formula for a single matrix generalizes
to

(emzemh(yermzonE = Y ahe Y.
gESy XSm
We contract Zs and Z's and Ys and Y'ts which is reflected in the sum

over permutations over 5, X S,,. The two point function of restricted Schur
polynomials is

<XR’(T’S)°‘5 (Z’ Y)XT7(t7“)5v (ZT’ YT» = <Tr(PR7(r,s)aBY®mZ®n) Tr(PTKt,u)MYT@mZT@n))
I K m n m n
= (PR,(r,s)a,g)J(PT,(t,u)(;.y)L <(Y® Z® ){(YT@ ZT@ )%(>
= Y Te(Prrs)asoPritus,o )

UESnXSm
= n!m! Tr(PR,(r,s)angy(tvu)M)

n+m
= !51355 0500 B Tr(PR (r,8)as )

dr
(4.10)
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Now we compute the trace Tr(Pg (), ﬁ). Denote partially labelled Young
diagrams corresponding to subspace r by |r, Y'Y, a) with the index a a label
for the states in 7, i.e a = 1,2, -+ ,d,, where d, is the dimension of the
irreducible representation labelled by Young diagram r. In general, we write
the states as

|r,a;s,b;a) = Zay;f’b’a |r,YY, a), (4.11)
YY

where Y'Y denotes the sum over all partially labelled diagrams.

Tr(PR»(rvs)oc6 = Z XR (’I’Sa(g ( )
Uesn+m
Im) 5 > > {ra;s,b;a|Tg(a) |r,a;s,0;6) Tr(o)
n m UESn+m a,b
~ (nlm!)? DD > avypaQyyiss (1 YY,a|Dg(o) [r, YY) Tr(o)
(ntm!) aesnm YY,YY' b
1
= ol Z ayyha®yy’ bs Tr(Prryyyy)
e Yy Yy b
1
= ol Z ayypa®yy’ bsdr fR
I oy v g
1
= a1 Grds/Ras: (4.12)

As a result, equation (4.10) becomes

(XR,(r)ap (22 Y )XT (), (21, Y T)) = Wd ds fRORSOrt05u0~30as-
(4.13)
If we Fourier transform equation we expect
Te(oZ2"yo™) = 3 QRODe (g Ny (ZY).  (414)

R,(7"7S)ag

Our task now is to determine the exact form of Q™ ("%)«s(g=1). To do this
we substitute the above equation into (| m ) to obtain

XR (7’, S)QB(Z7Y) = Z XR,(r,s) a,g Z QR e aﬂ( 71)XR (r, s)aﬁ(Z Y)
' 0E€ESntm R (T 5)045

= W Z < Z XR,(r,s QB QR TS)QB( ))XR,(T,S)QB(Zay)'
T R(1S)ag  TE€Sntm

If we now require

Z XR,(r,s) aﬁ QR o(rs) aﬂ( ) = 6RT5rt55u5a565'w

UESn+m

o6



and compare with the orthogonality relation in (4.9)), we learn that

drn!m)!

QU™ = G g, ¥ ()

Therefore we have

drn!m)! _

RXny m\ __ 1

Te(eZ="Y )—R(§ :) WXR,(T,S)QB(U IXR,(r,)as (£, Y )-
s\T8)ap

(4.15)

Note that permutations which can be related as

vy =0 v €S, X S,

define the same physical observable. A proof is provided below.
Proof 4.2.1 We show that
Tr(c ZO"Y®™) = Tr(yry L ZO9"Y®™) VYo,7 € Spym Vv € Sy X Spa.
By the cyclicity of the trace we can write the above equation as
Tr(c Z%"Y®™) = Tr(ry 1 ZE"Y ©™my).

Observe that

_ ) T (n) ~ i~ (e N
y 12®ny®m7:Z'7(1) __.Z'W( )Y v(n+1) ”.Y’Y( + )'
Ly (1) by(n) ~ ty(n+1) Ly(n+m)

The matrices Z and Y have only been shifted to a new slot by the left and
right action of v € S, X Sp,. Since they are bosons, the fields can be shifted
back to their original positions so that

Tr(ry 1 28y ®may) = Tr(ZW” )y |y b em) )

Gy (1) Ury(n)” lry(n+1) Ury(ntm)

= Z(l> e Z?(") Yi(”Jrl) L. Yi(n+m)
( () tr(n) " tr(nt1) wn+m>>

= Tr(rZ®"Y®m),

4.3 Young’s orthogonal representation simplified

Let R, T F (n+m) and r,t F n be Young diagrams with p rows. We denote
by lgr, , where i = 1,--- ,p, the number of boxes in the i-th row of R. The
simplification we consider arises when

(n+m)~O(N) form=¢n, £ <1
p~O(1)
le‘ - lRi+1 ~ O(N)7
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and lg, and [, are respectively the longest and shortest rows in R.

It is a highly non-trivial problem to explicitly evaluate the expression
for the dilatation operator. To carry out this step, we need to develop new
approximation techniques. Towards this end, consider the Young diagram
Rt 16 with two rows. The first row has the last box to the right labelled 1
and the last box to the second row labelled 2 as shown below.

[ [ 1]

R: 2

Let the difference between row one and row two (i.e g, — [r,,,) be of order
N and consider

Ta((1.2) 1) = ———IR)+ 1= ——— [Ray).

where ¢ is the content of a box in the 15 location and ¢y is the content of
a box in the 2"¢ location. This is discussed in [28]. Also ‘R(j,i)> is the state

labelled by Young-Yamanouchi symbol obtained from |R) by swapping the
labels of boxes ¢ and j. Acting with I'z((1,2)) on the ket vector |R) for the
case when the boxes 1 and 2 are in the same row gives

I'r((1,2)) |R) = |R).

This is true since ¢y sits to the left of ¢; and so ¢; —c9 = 1. For ¢1 — ¢y =
O(N), taking N to infinity implies that the factor Cli@ — 0. Therefore, in
such a limit, we have

Tr((1,2)|R) = |Ray) -
In general, if 7 and j are in the same row
T'r((4,7)) |stateR) = |stateR) .
On the other hand if 7 and j are in different rows
I'r((7,7)) |stateR) = |different stateR) = ‘R(j,i)>'

The above result found in [28] follows since ¢; — ¢; = O(N) and sending N
to infinity implies that the factor —— — 0.

c;i—cj

4.4 Representing intertwiners

When S,, acts on V€ for n > 1 it furnishes a reducible representation.
Imagine that this includes the irreducible representations R and S. Repre-
senting the action of ¢ as a matrix I'(0), in a suitable basis we can write

T'r(o) 0
I'e)=| 0 Tglo) ---|. (4.16)
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If we restrict ourselves to an S,,_1 subgroup of S,,, then in general both
R and S will subduce a number of representations. For the sake of this
discussion let us assume that R subduces R} and R) and that S subduces
S} and S). Then, for o € S,,—1 we have

Pr(0) 0 0 0
0  Tglo) 0 0 -

Tr(o)=| 0 0 Tyle) 0 . (4.17)
0 0 0 TIglo)

Imagine that as Young diagrams S7 = Rj, that is, one of the irreducible
representations subduced by R is isomorphic to one of the representations
subduced by S. Then, a simple application of the fundamental orthogonality
relation gives

Tri(e) 0 0 0 o 0 0 0
0 0 0 0 o 0 0 0
> 0o 0 0 0 0 0 Tg(o) O
0E€ESn_1 0 0O 0 O 0O O 0 0
Syl
0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0
- 1!
_ /) e |0 0 0 0 1 0 0 0
dR, TS
1 0O 0 0 O 0O 0 0 O
T P
(n—1)!
=R, Orr sy (Lrys)ib(Lst vy )ag- (4.18)

The intetwiners are the maps between isomorphic spaces as defined. For
case where R # S we write
IR’S’:E’LJ®1®®1
IS'R’ ZEjz®1®®1
and for the case when R = S we have
Ipg =B ®1®- - ®@1=Igp k=1,2,---,p.

In what follows we show how to realize permutations in terms of the basis
E;j of U(N). We discuss the operator E;; together with its properties. We
will then show that these operators can be used to represent intertwiners
in our calculation. Let |i), |7), |k) and |I) be basis vectors associated with
each row of a Young diagram. Choose (1,3) € S3 and consider the (by now)
natural action of the symmetric group such that

(L3) ) @) @k ell) =k el el)ell).
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Acting with permutation group element (1, 3), simply swaps slots for vectors
|i) and |k). Introduce the matrix EZ(JQ) which acts on the a'® vector in the

a)

tensor product. All entries of Ei(j are zero except for the entry in the i*®

row and the j* column which is 1. Now consider the operator Tr (E(I)E(?’))
on the state we have constructed above. Thus, we have

T(EVE®) 1) ® |5) @ |k) ® 1) zEabE“) Y ® 15) @ [k) ® |1)
—ZE& )@ 15) © By k) © )

= Z|a> ®1j) ® ED k) o |I)
IS

In the last two steps summing over a and b to obtain a non-zero results
requires that b = ¢ and @ = k. Here we have learned that the action of a
permutation group element (i,7) € S3 for i < j is the same as acting with
Tr(E(i)E(j)) on the state |i) ® |j) ® |k) ® |l). A detailed discussion can be
found in [28].

Consider two Young diagrams, R and T'. Drop a box from R to obtain
R’ and drop a box from T to obtain T”. If the shape of R’ matches the shape
of T", we know the corresponding carrier spaces are isomorphic so that we
can define a map between them. This map is the intertwiner [z

I T - R.
To see a concrete example, consider

L[] [ ]
R: T:

We remove a box each from row one of R and row two of T to achieve R’
and T” respectively.

[2]1] 1 1 0 0

_ 403 .

R 0®0®1®1®\T,I>
L 12] 0 1 0 0

) 4131

T = 1®0®H®1®IM>
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The R-state and T-state differ by the first slot in the tensor product. Making
a transition from the R-state to T-state requires the operator

AWl ele e fern-l af ool [} o []or
:H®H®m®m@u»

Thus, ES) : Vir = V. In general removing a labelled box from i*® location
by our convention will take R to R’ and removing a box from the j** location
will take T to T'. The map which takes 77 to R’ or R’ to T’ is called
intertwiner. We will explore the properties of the F operator with some
simple examples.

010 0 01 0 00
Eis=10 0 0 Eis=10 0 0 Eyy=1(0 0 1],
0 00 0 00 0 00
so that
01 0[|0 0 1 0 00
EisEi3=10 0 0] (0 O =10 0 O
0O 0 0[]0 O O 0 00
01 0[]0 0 O 0 01
Fi9Es3=10 0 0[]0 0 1] =10 0 0| = E3.
0O 0 0|0 O 0 00

Now consider the action of the operator E;; on the basis vectors,
1 0 0
Vi=10 Vo=]1 V3= 10
0 0 1

This gives us,

01 0] |1 0 0 0 1}10 1
EiVi=10 0 0f [0 =|0| = E12V3 Ei3V3=10 0 0f [0 =0
0 0 0]]0 0 0 0 0] |1 0

In general we have the useful algebra

EijEkl = jkEz'h E(a)E(b) = (a,b), and Eij |k3> = Ojk ‘Z> .

) Jt
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4.5 Dilatation operator in the SU(2) sector

The eigenvalues of the dilatation operator are the scaling dimensions of the
local operators in the Conformal Field Theory. The dilatation operator is
one of the generators of the conformal algebra. Expanding the dilatation
operator in powers of g2, we have [31]

o0 2 : 2 2 2
GTRY g g
D= Z(Lf) Daj = Do+ {£24Da + (%) Dy+O(g2y).  (4.19)

In this section we are interested in the one loop dilatation operator denoted
by Dy in the SU(2) sector. In the SU(2) sector the Dy, Dy and Dy are
given by

: Tr<[[y, Z],T“} [[8%, BBY],TGD g (4.20)

where Y and Z are scalar fields in N' =4 SYM. In the above expression T
are the generators of the U(N) Lie algebra. The normal ordering notation ::
indicates that the derivatives do not act on the fields enclosed by ::. We call
Dy the tree level dilatation generator, Do the one loop dilatation generator,
D, the two loop dilatation generator and so on. A detailed description of
the dilatation operator in SU(2) is in [31].

So far in chapters and [4, we have given the background from
String theory and N = 4 super Yang-Mills theory needed to appreciate
Maldacena’s AdS/CFT correspondence, from which eigenvalues of the di-
latation operator in conformal field theory have an interpretation as an
energy in string theory. Powerful group theory technology was discussed in
this chapter. This background introduced places importance on the study
of the action of the dilatation operator on the restricted Schur polynomial,
which we will discuss in later chapters.
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Chapter 5

Interacting double coset
magnons

5.1 Introduction

In this chapter we will study the first subleading corrections in 7 to the
anomalous dimension. This arises at two loops, and we find non-zero magnon
interactions.

Consider operators built using n ~ O(N) Zs and m Y's with n > m,
which implies that we are close to the %—BPS giant graviton and that we have
a new small parameter 7 in the game. The condition that n > m is crucial
for our approximations which is not too surprising: a systematically small
deformation of a BPS operator will be simpler than the generic operator.
Part of the motivation for this chapter is to consider the first order correction
in a systematic 7 expansion.

In both the open string description where the open string and giant
graviton are distinguished and in the more democratic description, there is
a close connection [52] between the dynamics of the Y fields and the LLM
plane [53] description of giant magnon dynamics in the dual string theory
[54] 55, [56]. In this study we are interested in the anomalous dimensions of
gauge theory operators corresponding to restricted Schur polynomials that
treat the fields democratically. This corresponds to a dilute gas of magnons.
The spectrum of anomalous dimensions has been computed to all loops at
large N and to leading order in the small parameter 7 [52] [57]. This all
loop answer is possible thanks to supersymmetry [58]. The result agrees with
explicit one loop computations in |28, 30], two loop computations in [59] and
even three loop computations performed in [60] using a collective coordinate
[61L 62] [63], [64] approach. The result has an interesting structure which is
worth understanding to appreciate the results we report here. The operators
we study are labelled by irreducible representations of the symmetric group
Sh, that is, by Young diagrams with n boxes. To specify the Young diagram
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we can write a list of row lengths. The row lengths must sum to n, so that
the Young diagram is determined by some partition of n. Denoting the
[19e%})

Young diagram by 7 the notation “r F n” says “r” is a partition of “n”.
The operator we are interested in is defined by

1

e Y XR(r9as(@) T (2T @Y. (5.1)

UESn+m

XR,(r,s)aB(Z7 Y) =

The labels R - n +m, r F n, s - m label irreducible representations of
Sn+m, Sn and Sy, respectively. (r,s) labels a representation of the subgroup
Sp X Sp. The above polynomial is only nonzero if (r, s) arises from R after
restricting to the S, x S, subgroup. Since it may arise more than once, we
need multiplicity labels (denoted v and 3 above) to keep track of the copy
we are considering. One way to ensure that (r, s) arises after restricting to
the subgroup is to realize r by removing m boxes from Young diagram R.
These removed boxes are then reassembled to give s. Use m; to count the
number of boxes that must be removed from row i of R to get r. Assemble
the m; to produce the vector m. The vector m is conserved to leading order
in 7.

In this article we will study the first subleading corrections in 7* to the
anomalous dimension. This explores the first contributions which induce
magnon interactions for the dilute magnon gas. If we are ever to understand
the nonperturbative sectors of string theory using the gauge theory/gravity
correspondence, it seems that we must move beyond small deformations of
% -BPS operators. One way to do this is to construct a good understanding
of this system, beyond the leading order in 7 . This is a key motivation for
this chapter.

There are already corrections of order 7 to the one loop anomalous
dimension. These corrections do not lead to new operator mixing—they only
correct the anomalous dimension. The first nontrivial corrections appear
at two loops. Consequently, in Section [5.2] we review the structure of the
two loop dilatation operator. It is useful to rewrite the action of the two
loop dilatation operator in a basis, the Gauss graph basis, that diagonalizes
the leading order. In this way it will become apparent that the subleading
correction induces new operator mixing. In the process of transforming to
the Gauss graph basis we encounter new types of traces that have not been
computed before. In Appendix [B] we develop techniques powerful enough
to evaluate the most general trace we could encounter, which is much more
general than the traces that appear at two loops. These results will be useful
in further studies of the dynamics of Gauss graph operators. To illustrate
our results, in Section [5.3] we consider a state of two giant gravitons with
four strings attached. Our results show a number of interesting features.
Operators labelled by different Gauss graphs start to mix implying that we
do indeed have an interacting system of magnons. As a consequence of these
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interactions, the vector m is no longer conserved and operators with different
m labels mix. Finally, at the leading order in 7 and at large N, the all loop
dilatation operator factorizes into an action on the Y's times an action on
the Zs. Although this factorization was only exhibited at one loop in [28]
and at two loops in [59], the arguments of [57] as well as the form of the
all loop anomalous dimension [58] implies that this factorization holds to
all loops; see [52] for further discussion. The subleading term that we have
evaluated does not factorize into an action on the Y's times an action on the
Zs. This proves that the action of the dilatation operator only factorizes
into an action on the Ys times an action on the Zs at the leading order
in a systematic 7' expansion. In Section we discuss these results and
suggest a number of interesting directions in which the present study can
be extended.

5.2 The two loop dilatation operator

The complete two loop dilatation operator in the SU(2) is given by [31]

D, =D + D + DY, (5.2)
where
) = —2g? 7 ([1v, 21, 2] [ ) 2])
o = 27t (1.2 3 [ 4] )
DY = —2¢*: T ([[v, Z],T“]Ha%,a% 1)) (5.3)
and
g= fig. (5.4)

The sum over a in Dfls) is easily performed with the help of the identity
Tr(T*AT*B) = Tr(A) Tr(B), (5.5)

which follows from the completeness of the T* € U(N). The size of these
(

three terms is easily estimated as follows:D41) has two derivatives with re-
spect to Z which act on n Z fields and one with respect to Y which acts on
m Y fields. The size of this term is thus ~ n?m. Similarly, we estimate that

Df) ~ nm? and Df) ~ Nnm ~ n®m. Thus, the leading order comes from

Dfll) and D(g), while the first O(™) correction to the leading term comes
from Df). In subsection m we will review the results for the action of

Dil) and Df’). In the process we will introduce the basis of operators, the
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Gauss graph operators, that diagonalizes the action of the leading dilatation
operator. Following this, we study Df) in subsection m To transform
this action to the Gauss graph basis requires that we develop new techniques
to evaluate certain traces that appear. These techniques are developed in

Appendix |B|and the action of Df) in the Gauss graph basis is discussed in
subsection [£.2.2

5.2.1 Leading contribution
(1) 4

Acting on a restricted Schur polynomial, the action of D

1 b
DR msas =9 D (L upuntrsrns + Lt sy XT, (s

T, (tu) v
(5.6)
where
LaT,(t,u)W;R,(r,s)w == ddd drn(n — m CR,R'CR!,R"
s @dudrr (n+m)(n+m—1)
x [ﬂ (IT,,R,,@, m+2,m + 1) Pg rgasl(1,m + 2), (1,m + 1)]]
X (2,m + 2)Igrpr (2, m + 2) Pr 1u)5,(2,m + 2)[(m + 1,2, 1)
—(2,m + 1, 1)]) + Tr (IT//R//(Q, m+2)[(1,m+1) — (m+2,m+1)]
X Pp (r.5)a5(1,m + 2, 2) I g ((17 m 4+ 1)(2,m + 2) Pr (¢ )6+
X (2,m+2)(2,m+1) — (m+1,2,m + 2)P,u6v(2,m + 2)(2, 1))]
(5.7)
and
Bemmnionns = 32 Gt o |1 (om0 m2.m 0P o

R'T!

- (m + 27 m + 1)PR,(r,s)aﬁ(1a m 4+ 1)]IR’T’[(17 m+ PT L(tu)

fPT(tu)é'y(Lm%“].)]) + Tr (IT’R’[(l m+1,m+2 PR

7

1)
)

(m + 2 m + 1)PR (r, s)a/g(l m + 2)]IR’T’[(1 m + 1)PT (t,u)dy
(

— Prgays(Lm +1)])] 5.8)

In the above expression the traces run over the direct sum of the carrier
spaces R @ T. The Young diagrams R and T both label irreducible repre-
sentations of S;4y,. Primes denote Young diagrams obtained by dropping
boxes, with one box dropped for each prime. Thus, for example, 7" is an
irreducible representation of S, 4+,—2, obtained by dropping two boxes from
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T. The factors I g and Ipnge are intertwining maps mapping from the
carrier space T” to R’ and from T” to R" respectively. crp: is the factor of
the box that must be dropped from R to get R'. We use a little letter to
denote dimensions of irreducible representations of the symmetric group so
that, for example, dg is the dimension of the symmetric group representation
labelled by Young diagram R. Finally, Pg (; s)qs denotes the intertwining
maps which correctly restrict the trace in R to the subspace relevant for the
restricted character, that is X g, (,s)a(0) = T‘r(PR7(T75)a5FR(J)).

The above result is exact in the sense that all orders in % are included.
The traces appearing in the above expression run over the direct sum of
carrier spaces R @ T. To exploit the simplifications of the large N limit,
we now employ the distant corners approximation. In this approximation,
the traces over R @ T are reduced to a trace over the tensor product of the
direct sum of the carrier spaces r ® ¢ and V;,®m where R has a total of p
rows and V}, is a p dimensional vector space. The trace over r @t is rather
straightforward. The bulk of the work then entails tracing over V;)®m. From
now on we will work with normalized restricted Schur polynomials O (; s)as
which are a scaled version of the X g (;,5)as

[hooks,hooks
OR,(r,s)aﬁ(Zv Y)= thOTSRXR,(T,s)aﬁ(Z’ Y). (5.9)

To denote the length of a given row of a Young diagram, we will indicate
the Young diagram label with a subscript which identifies the row. Thus r;
is the length of the first row of r and T5 is the length of the second row in
T. After tracing over r @ t, we have

m
D(1)4OR,(r,s)a5(Z7 Y)= _292 Z Vdyds (Ter®m (Ei(il)PR,(ﬁS)QBEJ(']l')PTv(t’“)M)

i<j
1 1
+ Tryem (BS P rsyas it P T,(t,u)é'y)) AijOr (tu)ys(Z,Y ),
(5.10)

where
AijOr (tuyys(Z,Y)
= (\/(N + Ro)(N + Ry — 1)(N + Ry — 1)(N + R1 — )07 g6y o

Jj’ it

+ \/(N + Ry —2)(N+ Ry —3)(N+Ry)(N+ Ry + 1)5T;;7R§;5t;'j77‘§',-

— (2N — 3) (\/(N + Ry — 1)(N + Ry — 1)5T;,R;6t;,r;

+ \/(N + Ry — 2)(N + R1)5T;,R;.5t;,r;)

+[2(N + By = 1)(N + Ry = 2) = (n = D)2N +n = 8)07,r01r ) O 1.0126(Z, Y ).
(5.11)
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and of course n = r; + ro. The delta functions which appear are 1 if the
Young diagram labels have the same same shape and 0 otherwise. In the
above formula, the matrices E,L-(f) which appear are a basis for the represen-
tation of U(p) on Vp®m. Concretely, F;; is a matrix with every entry equal
to zero except for the entry in the i*" row and j* column, which is equal to

1. In terms of E;; we can write
EN=1910---9E;® 91, (5.12)

where E;; appears in the A factor of the tensor product and 1 is the p
dimensional unit matrix. To obtain the result (5.10) we have used

hooksrhooks, m

\l hooks ghooks; - 1(1 + O(g»’ (5.13)
and we have only kept the leading order. The action of Dil) is a product of
two factors: an action on Young diagrams R, r and an independent action
on Young diagram s. To evaluate this second action explicitly, we need to
trace over Vp®m. This is most easily achieved by moving to the basis of Gauss
graph operators. Each Gauss graph operator is labelled by an element of
the double coset H \ S,,/H where H = Sp,; X Sy, X - X S, The relation
between the Gauss graph operator (Og(0)) and the normalized restricted
Schur polynomial is

H S S
Op.(o _ 1Al ZZ DRV r B]}ZlHBk;;lH(’)R’(nS)MW. (5.14)

j k skm p1,p2

This transformation can be understood as a Fourier transform applied to
the double coset. The branching coefficients Bl give a resolution of the
projector from the irreducible representation s of S, to the trivial represen-
tation of H

S o)=Y By By (5.15)

‘H’ ceH 1

In terms of the Gauss graph operator, we find

DWiOg (o) = 29> nij(0)Ai;OR,(0). (5.16)

1<J

The numbers n;; (o) can be read off of the element of the double coset element
o. For more details see Appendix [A]

After using (5.5)), the action of Df’) reduces to the action of the one loop
dilatation operator. Consequently, we will not discuss this term further.
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5.2.2 Subleading contribution

There are a number of different sources for the subleading contribution.
Firstly, the leading two loop terms computed above receive corrections—see
equation (5.3). These corrections do not lead to additional mixing. They
only imply a correction to the anomalous dimension. Similarly, even the
one loop anomalous dimension receives an “ correction (also from using the
approximation given in ), without any additional operator mixing. The
first correction that implies new operator mixing comes from the leading
contribution to Df) and it will be the focus of this subsection. This term
has not been considered before.
Acting on a normalized restricted Schur polynomial, we find

(2) _ (a) (b)
D4 OR7(r,s)o¢ﬂ(Zv Y) - Z (MT,(t,u),ul/;R,(r,s)aB - MT,(t,u)uy;R,(r,s)cxﬁ
Tty

(c) (d)
TR () pvs R, (rys) B + MT,(t,u),u,u;R,(r,s)aB) OTa(t,u)uu(Za Y)a

(5.17)
where
1@ B drnm(m — 1)crpricr ry frhooksrhooks,hooks
T,(tw) iR, (rs)aB T didy(n+m)(n+m — 1)dgr \| frhooksghooks;hooks,
X Tr (IpnpeDg((2,m + 1)[CR((1,m + 1)), P r,a8]
x I (Do ((1,m + D)[Cr((2,m 4+ 1)), Pruwl))
(5.18)
4® B Z drnm(m — 1)crprr | frhooksrhooks,hooks
T,(tu)uviR,(rs)af — = didy(n+m)dgr \ frhooksghooksihooks,,
x Tr (PR((Q, m + 1))[FR((1, m + 1)), PR,(r,s)aﬁ]IR’T’
X [r((1,m + 1)), Pry gyl ) (5.19)
M(C) B Z drnm(m — 1)cgr | frhooksrhooks, hooks,
T,(tu)pviR,(rs)af = didy(n +m)dgr \| frhooksghooks;hooks,
x Tr ([PR((1,m + 1)), Prrs)aplCR((2,m + 1)) T
x [r((1,m + 1)), Pryg .yl o) (5.20)
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drnm(m — 1)crrcrpy frhooksrhooks, hooksg

T, (tu)pvsB,(rs)af ~— o didy(n+m)(n+m — 1)dgr \| frhooksghooksshooks,

x Tr (IT”R” [FR((l, m + 1)), PR,(r,s)aﬁ]PR((2a m + 1))

x I ([Pr((1,m + 1)), Prapu]Tr((2,m +1)))).
(5.21)

The traces appearing above again run over the direct sum of carrier spaces
R & T and the action given above is again correct to all orders in % To
take advantage of the simplifications of the large N limit, we again employ
the distant corners approximation, which again leads to an expression that

has a single trace over Vp®m remaining

(a)
MT,(Lu)uu;R,(r,s)a

Z 5 drnm(m — 1)crpricrrr frhooksrhooks,hooks;
BT ddy(n +m)(n+m — L)dgy | frhooksghooksshooks, i "

R/ R//
X [Tryon (B B paap B B D) — Tryon (B Daog By B uyn) Ok
— Tryem (BB psas G u )i + Tryom (B} Psas Bl Puyr)5150k]
(5.22)
Ve

T,(t,u)pv;R,(r,s)af

Z 5 dTnm — 1)erprr | frhooksrhooks,hooks;
R'T

/(s 14l
dy(n+m)dg frhooks ghooks;hooks,, " itk

1 1 2 1
X [Tryem ( E’(m) B b B pup) — Tryom (B ED paas B pugn )i

= Trygm (aas B B D) + Tryom (B B paas Byl puw)] (5.23)

(c)
MT,(t,u);w'R (r,s)ap

Z 5 dTnm( — D)egp | frhooksrhooks,hooksg
BT didy(n+m)dr || frhooksghooks;hooks, i itk

1 1 2
X [Ter®m (El(ck)psaﬁEi(c)Eéi )pu,ul/) - Tl“Vp®m (psaﬁEi(k)Ejgi)puuu)

1 1 2 1 1 2
— Tryom (Ef; puas By Byy puw)i + Tryom (B3 pas B B puw)]
(5.24)
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(d
Mt iy B, ()08
B Z 5 drnm(m — 1)crrcr ry frhooksrhooks,hooksg
- R R R dydy(n+ m)(n+m — 1)dge \| frhooksghooks;hooks,, i "it

2
ai la

X [Tryem (Bl B psas By By D) 0igbit = Tryem (B Byl peos By By puw )i

- Ter‘X’m (El(g?E'@)psaﬂE('l)E}Si)pu,uu)élk + Trvp@’m (El(il)E'@)psaﬁE(‘l)E](j)pupu)]-

Z J ? J
(5.25)

To compute the remaining trace over V;,®m we will again move to the Gauss
graph basis. This requires computing traces that have not been considered
in previous works. Schematically, these traces are of the form

Tr(Aps,uszpu'y(S)a (5.26)
where A and B can be any product of EC(L’:)S. The details of how to compute
these traces in general are given in Appendix[B] To summarize the key ideas,
consider an interwining map ps,,, built on the state |vy,71) with symmetry
group H; and the map p;s built on the state |2, m2) with symmetry group
Hj. The transformation to Gauss graph basis is given by

T= 3" Te(ApsuwBpurs) By By T (01) BE Y4 BE AT (o)

spvlm uydnp
1 - — —
A > (val oy (W3 Ao )ty [vr) (va (3 BT ha)thro vs) -
d)iesm
(5.27)
The final sum over 7 and 9 then gives
m — 2)!

T |(Hl”Hi|row|2mb<ag>ncd<az>aABqal, s (528

The indices a, b, ¢, d are read from A and B as explained in Appendix
and

p P
\(’)(01)\2 = an’z’(m)! H ngi(o1)!
i=1 El=1,l#k

= (Ors(01)") Or(0). (5.29)

The delta function dap([o1,02]) is defined using A and B. This is also
explained in Appendix [B] Using these results, we find

4
DiOR(01) = Y (Mgl — M7 — M7 + M) Or(o2),
T,t,o2

(5.30)
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where

01,0 C /C / //C IC e alli
Myl =3 6R~T~6mv RRCRE TV 0 (61) |26 45 ([01], [02])

RIR" R Ty
p p
X [nz’k(ffz)nm(fm) — O Y nik(02)nka(02) — 055 Y np(02)nii(02)
a=1 b=1
p
+ 0ij0k1 Z nbk(02)nka(02)} : (5.31)
a,b=1

Similarly

721?115{07»2 Z k16,00 /Cri Crrr|Opyr(01) 6 an ([01], [02])

P P P

X { > nie(02)mea(02) = 0 Y nip(02)nca(02) = Y nak(02)npi(02)
a,b=1 a,b,c=1 a,b=1

+ D m(02)nai(09)] (5.32)

ng“?%af => Sr1 6117V Crr Cr17|OR r(01) *645([01], [02])

x [ > nuk(o2)nia(o2) — Y nkalo2)ni(o2) — ik > mei(02)nac(o2)
a,b=1 a,b=1 a,b,c=1
+ Z nki<02)nba(02)} (5.33)

a,b=1

01,0 C /C / //C /C e all]
My = 3 6R~T~6mv RE R T T O (01) 26 as([01], [02])

R',R" Rjz_’l
p p p
X {5ij5kl > nwi(o2)nia(02) = 65 > nwi(02)mia(02) — 6. Y mi(02)mui(o2)
a,b=1 a=1 b=1
+ nkl(02>nli(02)} : (5.34)

Notice that both M%?R"f and M%"Z,}ff depend on the length of the rows of
the Young diagrams R'and T that f)étr’ticipate. Since these lengths determine
the angular momentum of the giant gravitons, they determine the radius to
which the giant gravitons will expand. This is the first dependence of the
anomalous dimensions on the geometry of the giant graviton. To illustrate
the form of operator mixing captured in the above formulas, it is helpful to
consider a specific example. This is the content of the next section.
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5.3 Example: A 2 giant graviton bound state with
4 strings attached

In this section we will consider the simplest nontrivial system that exhibits
the general structure of the subleading operator mixing problem. This prob-
lem is a system of two giant gravitons with four strings stretched between

them. There are % corrections to the anomalous dimension from the one

loop contribution as well as from DS) and Df) at two loops. These correc-
tions do not induce extra operator mixing, so that the Gauss graph operators
continue to have a good anomalous dimension. The only extra operator mix-
ing comes from the subleading contribution Df), and this is what we aim
to explore.

Each element of the Gauss graph basis is labelled by two Young diagrams
R,r as well as a Gauss graph. We will number the states according to their

Gauss graph labelling as shown below

LR ) = |6 Ror). 2RT) = |ae——aa ) R7), (3R 7) = [ee—sdl R

N R N R — A
|1.J?.r;-|.¢§-.._ﬁ’_r’;_ |-;_ﬂ’_:;—|<§.}_|.| ._J?_rj_ |[:_f1’_:;—|@. 0._)‘?_:2,_
TR =6 € R BED=|C R DR =|e &R

The states |i) for i = 5,6,7,8,9 are BPS at the leading order in .
The subleading corrections to the anomalous dimension coming from one

loop, as well as from Dfll) and Df’) at two loops is a multiplicative order

=t correction and vanishes because the leading order anomalous dimension

vanishes. Evaluating the subleading order contribution coming from Df),

we find
DP|i,Rry=0 i=5,6,7,8,9. (5.35)

so that the states that are BPS at the leading order do not receive a sub-
leading correction. This is not peculiar to the example we consider and is
to be expected generally, since for the BPS states we have ng(o2) = 0 for
a#b.

The state |4) also does not mix with other states. However, for this state
we have a nontrivial correction to the eigenvalue since
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6,,./ / 6,,./ /
Dz(lz) ’47 R7 ’I”> = 264 |fh‘%T( é;l + 2t2 )5R/1/2T1//2(N + R1 - 1)(N + RQ - 2)

Ry
it 57’22

+ OrT Ry IIT{’I(N+R1_1)(N+R1_2)+5RT Ry 22T2~2(N+R2—2)(N+R2—3)
— ORrr9, 4 5R’T’(N+R1 —-1) - 5RT6r§t’25R’2T2’(N+R2 —2)

5//
—Oprpr ——=t2—_§ n (N + Ry — 2 N4+R —1)(N+Ry—1

mry gy OV = 2y (N = DV + e — 1)
6r Lt
2t

Sy, (N + Ry — 1)1/ (N + R)(N + Ry — 2)

RLT] —/7]%1 )

5,,,,/ !
- _ 5R/2/2T{/2 (N + Ry —3) \/(N + R1)(N + Ry — 2)

Ry(

5T/
1 (5R/112T2//2(N+R2—2)\/(N+R1—1)(N+R2_1)

2V Ry(Ry+ 1)

+ Oy 1001, \/(N + R — 1)(N + Ry — 1) + Sryrs 61, \/(N + Ri)(N + Ry — 2)| [4,T,1).

_5R,

(5.36)

(2)

The remaining states, |i) with ¢ = 1,2,3 mix under the action of Dy
Using the matrix notation

D i, Ryr) =S (D) i Tty ij =123 (5.37)
Tt
the action of Df) in the subspace is given by
8 0 0 0 10 010 0 00
DP=4alo 4 o|+B|1 1|+clo o 1|+ct|{1 0 0
0 0 8 0 10 0 0O 0 10

(5.38)

where the coefficients A, B and C are quoted in Appendix The coef-
ficients A, B and C are operators that have a nontrivial action of the R,
r labels of the Gauss graph operators. It is straightforward to check that
the matrix coeflicients of these operators do not commute and hence they
are not simultaneously diagonalizable. This implies that the action of the
dilatation operator no longer factorizes into commuting actions on the Z
and Y fields. It is this failure of factorization that we were referring to when
we talked about the general structure of the mixing problem.
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5.4 Conclusions

Our results have a number of interesting features that deserve comment.
In the 7 = 0 limit, the action of the dilatation operator factorizes into
an action on the Z fields and an action on the Y fields. The subleading
correction has spoiled this factorization of the dilatation operator. This is
rather natural: in the limit * = 0 we consider a giant graviton built with
an infinite number (n = oo0) of Z fields, so that the backreaction of the
magnons on the giant graviton can be neglected. Without backreaction, we
expect the dynamics of the giant graviton is completely decoupled from the
dynamics of the magnons and this is the root of the factorized action of the
dilatation operator. By adding the first correction, we are saying that n
is large but not infinite. In this situation, although backreaction is small,
it is not zero. The magnons will now provide a small perturbation to the
dynamics of the giant gravitons; the action of the dilatation operator will no
longer factorize into an action on the giant graviton (i.e. on the Zs) times
an action on the magnons (i.e. on the Ys).

The subleading correction spoiled the factorization of the dilatation op-
erator by introducing further operator mixing. Another interesting result of
our analysis is that the subleading corrections did not induce extra mixing
for the BPS operators. Indeed, after accounting for the complete 7 cor-
rection to two loops, we found our BPS operators remain uncorrected and
continue to have a vanishing anomalous dimension. Although our compu-
tation is performed in a specific example, we argued that we expect this
conclusion to be general since for the BPS operators we have ng,(0) = 0 for
a # b. Looking at the result , it is clear that vanishing ng, (o) implies
a vanishing action Df).

The form of the action of the dilatation operator implies that when the
correction to the anomalous dimension is nonzero it will depend on the
length of the rows of the Young diagrams labelling the operator. Since
these lengths determine the angular momentum of the giant gravitons, they
determine the radius to which the giant gravitons will expand. This implies
that the anomalous dimensions start to depend on the geometry of the giant
graviton.

The dynamics of open strings on the worldvolume of a giant graviton
is expected to give rise to a Yang-Mills theory at low energy. The lightest
mode of the open strings attached to the giant graviton becomes the gauge
boson of the theory. This suggests that within AN/ = 4 super Yang-Mills
theory, we should see classes of operators whose dynamics is captured by
a new emergent gauge theory. The word emergent is particularly apt in
this case because this new Yang-Mills theory will be local on a space that
is distinct from the space of the original spacetime of the N' = 4 super
Yang-Mills theory. The gauge symmetry which determines the interactions
of the theory is a local symmetry with respect to this new space and the

75



time of the original spacetime. The space of the emergent Yang-Mills theory
is the worldvolume of the giant graviton, which itself is built from the Zs.
So this space and an associated local gauge invariance is to emerge from
the dynamics of the Z matrices in the large N limit. For the operators
dual to giant gravitons studied in this article, it is natural to think that
the magnons themselves will become the gauge bosons. Indeed, the allowed
state space of the magnons is parametrized by a double coset. The structure
of this double coset is determined by the expected Gauss law of the emergent
gauge theory. To really understand the mechanism behind this emergence
it is important that we get a good handle on how the magnons interact. It
is by studying these interactions that we may hope to recognize the Yang-
Mills theory that must emerge. In this chapter we have computed the first
of these interactions and we have developed tools that allow us to study
these interactions in general.
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Chapter 6

Anomalous dimensions from
boson lattice models

6.1 Outline of chapter

Operators dual to strings attached to giant graviton branes in AdSsxS® can
be described rather explicitly in the dual N/ = 4 super Yang-Mills theory.
They have a bare dimension of order IV so that for these operators the large
N limit and the planar limit are distinct: summing only the planar diagrams
will not capture the large N dynamics. Focusing on the one-loop SU(3)
sector of the theory, we consider operators that are a small deformation of
a %—BPS multi-giant graviton state. The diagonalization of the dilatation
operator at one loop has been carried out, but explicit formulas for the
operators of a good scaling dimension are only known when certain terms
which were argued to be small, are neglected. In this article we include
the terms which were neglected. The diagonalization is achieved by a novel
mapping which replaces the problem of diagonalizing the dilatation operator
with a system of bosons hopping on a lattice. The giant gravitons define
the sites of this lattice and the open strings stretching between distinct
giant gravitons define the hopping terms of the Hamiltonian. Using the
lattice boson model, we argue that the lowest energy giant graviton states
are obtained by distributing the momenta carried by the X and Y fields
evenly between the giant gravitons with the condition that any particular
giant graviton carries only X or Y momenta, but not both.

6.2 Introduction

Motivated by the AdS/CFT correspondence[ll [5, [6], there has been dramatic
progress in computing the planar spectrum of anomalous dimensions in N' =
4 super Yang-Mills theory. The planar spectrum is now known, in principle,
to all orders in the 't Hooft coupling [65]. This has been possible thanks to
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the discovery of integrability[7, [32] in the planar limit of the theory. This
spectrum of anomalous dimensions reproduces classical string energies on
the AdS;xS® spacetime, in the dual string theory[66].

Much less is known about A/ = 4 super Yang-Mills theory outside the
planar limit. There are many distinct large N but non-planar limits of
the theory that could be considered and these correspond to a variety of
fascinating physical problems. For example, the problem of considering
new spacetime geometries (including black hole solutions) corresponds to
considering operators with a bare dimension of order N?[53], while giant
graviton branes[2] B, 4] are dual to operators with a bare dimension of or-
der N. The planar limit does not correctly capture the dynamics of these
operators|8, 21].

Although much less is known about these large N but non-planar limits,
some progress has been made. Approaches based on group representation
theory provide a powerful tool, essentially because they allow us to map
the problem of the dynamics of the non-planar limit - summing the ribbon
graphs contributing to correlation functions - into a purely algebraic prob-
lem in group theory. Typically, it can be phrased as the construction of a
collection of projection operators and their properties. Once the algebraic
problem is properly formulated, systematic approaches to it can be devel-
oped. As an example of this approach, bases of local gauge invariant opera-
tors have been given[9] [1T), 12} 13} 15], 14} 16}, 18]. These bases provide a good
starting point from which the anomalous dimensions can be studied. This is
basically because they diagonalize the free field two point function and, at
weak coupling, operator mixing is highly constrained [25, 26, 67, 68, [37]. The
resulting operators have a complicated multi-trace structure, quite different
to the single trace structure relevant for the planar limit and its mapping
to an integrable spin chain. The spectrum of anomalous dimensions has
been computed for operators that are small deformations of %—BPS opera-
tors. Problems with 2 distinct characters have been solved: It is possible
to simply treat all fields in the operator on the same footing, construct
the basis and then diagonalize [27, 28] 29, B0] or alternatively, one can
build operators that realize a spacetime geometry or a giant graviton brane
and use words constructed from the fields of the CFT to describe string
excitations]25), 52, 69]. In the approach that treats all fields on the same
footing, one simply defines the operators of the basis and considers the di-
agonalization of the dilatation operator with no physical input from the
dual gravity description. When considering states dual to systems of giant
gravitons, the Gauss Law of the dual giant graviton world volume gauge
theory emerges, so that in this approach we see open string and membranes
are present in the CFT Hilbert space. When using words to describe string
excitations, computations in the CFT reproduce the classical values of ener-
gies computed in string theory[52] 69], the worldsheet S-matrix[58] and has
lead to the discovery of integrable subsectors for closed string excitations of
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certain LLM backgrounds[69]. Clearly, this is a rich problem with hidden
simplicity, so that further study of these limits are bound to be fruitful. The
existence of this hidden simplicity is not unexpected: conventional lore of
the large N limit identifies % as the gravitational interaction, so that the
N — oo limit, in which this interaction is turned off, should be a simple
limit.

One next step that can be contemplated, is to go beyond small pertur-
bations of the %-BPS sector. This problem is our main motivation in this
study, and we will take a small step in this direction. We will study opera-
tors constructed from three complex adjoint scalars X, Y, Z of N' = 4 super
Yang-Mills theory. Operators that are a small perturbation of a %—BPS oper-
ator are constructed using mainly Z fields. For these operators, interactions
between the XY fields are subdominant to interactions between X, Z and
between Y, Z fields and can hence be neglected. As we move further from
the original %—BPS operator, more and more X,Y fields are added. At some
point the interactions between the X, Y fields can no longer be neglected.
Dealing with these interactions is the focus of our study. We will argue that
this is a well defined problem, that can be solved, often explicitly. This is
accomplished by phrasing the new X,Y interactions as a lattice model, for
essentially free bosons. Thus, we finally land up with a simple problem that
is familiar and can be solved. This is the basic achievement of this chapter.

Our results show a fascinating structure that deserves to be discussed.
The mapping to the lattice model associates a harmonic oscillator to both
the X field and to the Y field. Earlier results [29] treating the leading term,
performed the diagonalization by associating a harmonic oscillator to the Z
field, so that in the end we seem to be seeing an equality in the description of
the three scalar fields. An even-handed treatment of all three fields is a big
step towards being able to treat operators constructed with equal numbers
of X, Y and Z fields. This would most certainly go beyond the %—BPS
sector, the main motivation for our study.

In the next section we review the action of the one loop dilatation op-
erator Dy. The action of Do in the SU(3) sector, in the Schur polynomial
basis, has been evaluated previously[70] and we simply quote and use the
result. We then move to the Gauss graph basis of [30], in which the terms
in Dy arising from Z,Y or Z, X interactions are diagonal. Again, this is a
known result and we simply use it. The Gauss graph basis has a natural
interpretation in terms of giant graviton branes and their open string ex-
citations. We will often use this language of branes and strings. We then
come to the central term of interest: the term in Dy arising from X, Y in-
teractions. Denote this term by DY . We will carefully evaluate this term,
arriving at a rather simple formula, which is the starting point for section
The explicit expression for Dg( Y can easily be identified with a lattice
model for a collection of bosons. The giant gravitons define the sites of
this lattice, and the open string excitations determine the lattice Hamilto-
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nian. Section diagonalizes the dilatation operator for a number of giant
gravitons plus open string configurations, arriving at detailed and explicit
expressions both for the anomalous dimensions and for the operators of a
definite scaling dimension. Our conclusions and some discussion are given
in section

6.3 Action of the One Loop Dilatation Operator

We combine the 6 hermitian adjoint scalars of N' = 4 super Yang-Mills
theory into three complex combinations, denoted X, Y, Z. The operators we
consider are constructed using n Zs, m Ys and p Xs. Operators that are
dual to giant graviton branes are constructed using n + m + p ~ N fields.
We will focus on operators that are small deformations of %—BPS operators,
achieved by choosing n > m +p. We will fix % ~1as N — oo and treat 7
as a small parameter. The collection of operators constructed using X,Y, Z
fields are often referred to as the SU(3) sector. This is not strictly speaking
correct since these operators do mix with operators containing fermions. At
one loop however, this is a closed sector.

Our starting point is the action of the one loop dilatation operator of
the SU(3) sector

Dy = DY? + D% 4+ D5V, (6.1)
where
D3P = g\ Tr ([A, B[94, 03)), (6.2)

on the restricted Schur polynomial basis. This has been evaluated in [70].
Further, the terms D3 # and D5# have been diagonalized. The operators of
a definite scaling dimension Og (o), called Gauss graph operators|28, [30],
are labeled by a pair of Young diagrams R+ n+m+p and r - n as well as
a permutation o € Sy, x S,. Although these labels arise when diagonalizing
DYZ and D5Z in the CFT, they have a natural interpretation in the dual
gravitational description in terms of giant graviton branes plus open string
excitations. A Young diagram R that has g rows corresponds to a system of
q giant gravitons. The Y and X fields describe the open string excitations
of these giant gravitons, so that there are m + p open strings in total. We
can describe the state of the system using a graph, with nodes of the graph
representing the branes (and hence rows of R) and directed edges of the
graph describing the open string excitations (represented by X and Y fields
in the CFT). Each directed edge ends on any two (not necessarily distinct)
of the ¢ branes. The only configurations that appear when D)% and D5 %
are diagonalized have the same number of strings starting or terminating on
any given giant graviton, for the X and Y strings separately[30} [70]. Thus
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the Gauss Law of the brane world volume theory implied by the fact that
the giant graviton has a compact world volume[22] emerges rather naturally
in the CFT description. Since every terminating edge endpoint can be as-
sociated to a unique emanating endpoint, we can give a nice description of
how the open strings are connected to the giant gravitons by specifying how
the terminating and emanating endpoints are associated. The permutation
o € Sy, xSy describes how the m Y’s and the p X’s are draped between the
g glant gravitons by describing this association[30} [70]. The explicit form of
the Gauss graph operators is[30), [70]

m,p H H s
ORfl) =Y 5 3 Vo)

Jok stm tep fir i

B;;f)—)lHX X Hy B’(;;;)_HHX x Hy OR’(tysy,,‘)ﬁlﬁQ. (63)
Each box in R is associated with one of the complex fields. r is a label
for the Z fields. The graph o encodes important information. The number
of Y (or X) strings terminating on the ith node which equals the number
of Y (or X) strings emanating from the ith node is denoted by m; (or
pi). m; (or p;) also counts the number of boxes in the ith row of R that
correspond to Y (or X) fields. We will often assemble m; and p; into the
vectors m and p. The number of Y (or X) strings stretching between nodes
i and k is denoted myi, (or p;), while the number of strings stretching from
node i to node k are denoted m;_; (or p;—x). A Young diagram with &
boxes a F k labels an irreducible representation of S; with dimension d,.

it 1 .
The branching coefficients B;;.l)_) XY resolve the operator that projects
from (s,t), with s = m, t F p, an irreducible representation of S, x S,
to the trivial (identity) representation of the product group Hy x Hx with

Hy = Spmy X Spy X -+ Sp, and Hx = Sy X Sp, X ---Sp, ie.

1

; 2.
HX HY ’YGH)(XHY

(s_it)*)lHXXHY (6 4)

,t (S’t)ﬁl X
FEZ )(’Y) — Z Bzﬁ Hx xHy Bku
i

F('s,t‘)

& (o) is a matrix (with row and column indices jk) representing o €
Sm % Sp in irreducible representation (s,t). The operators O R,(r,s,t) are
normalized versions of the restricted Schur polynomials [15]

f1fi2

1

nlm/!p!

> XRenm (@) (@Z2YOmXEP),

OESn+m+p

XR,(t,s,T)[hﬁz (Z7 Y7 X) -
(6.5)

which themselves provide a basis for the gauge invariant operators of the
theory. The restricted characters xg, ()1, (0) are defined by tracing the
matrix representing group element o in representation R over the subspace
giving an irreducible representation (r,s,t) of the S,, x S, x S, subgroup.
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There is more than one choice for this subspace and the multiplicity labels
11 fi2 resolve this ambiguity, for the row and column index of the trace. The

operators Opg (s s r)ji i 81ven by

hooks,hooksshooks;
OR,(t,s,r)ﬁlﬁz = \/ hOOkSRfR XR,(t,s,r)fi1fi2> (66)

have unit two point function. hooks, stands for the product of hook lengths
of Young diagram r and fr stands for the product of the factors of Young
diagram R. The action of the dilatation operator on the Gauss graph oper-
ators is [28, [30} [70]

DYZ0RT (o) = —g¥ar Y mij(0) Ay OF (o)
1<J

DXZOR?"D = _gYM Zpl] AZ]O ( ) (67)

1<J

where Ay; = Aj; + AO + A+ [29]. We will now spell out the action of the
operators A;;, AO and A Denote the row lengths of r by [,,. The Young
diagram r"; is obtalned by deleting a box from row j and adding it to row .

The Young diagram r;; i 18 obtained by deleting a box from row ¢ and adding
it to row j. In terms of these Young diagrams we have

A%ORT(0) = —(2N + Iy, + 1, ) O (0) (6.8)
AFORT(0) = (N + 1) (N +1:)OR7 . (0) (6.9)
AZORT(0) = \J(N + 1) (N + )0 (o). (6.10)

Notice that D34 and D&% in are not yet diagonal: they still mix
operators with different R,r labels. This last diagonalization however, is
rather simple: it maps into diagonalizing a collection of decoupled oscillators
as demonstrated in [29]. We will call these Z oscillators, since they are
associated to the r label which organizes the Z fields. It is clear that DY
does not act on the r label so that in the end, the contribution from DY
simply shifts the ground state eigenvalue of the Z oscillators.

We will now focus on the term D5, Recall that our operators are built
with many more Z fields, than X or Y fields (n > p + m). Since this term
contains no derivatives with respect to Z it is subleading (of order ™) when
compared to DYZ and D§#. Diagonalizing this operator is the main goal of
this article, so it is useful to sketch the derivation of the matrix elements of
DY in the Gauss graph basis. We will simply quote existing results that
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we need, giving complete details only for the final stages of the evaluation,
which are novel. The reader will find useful background material in [70]. The

action of this term on the restricted Schur polynomial basis was computed
in [70]. The result is

Dg(YORtsr u_z Z C

R1,(yzw)df
Tr per ({Pl,FR(LP + 1)} Trip [PQ,I‘T(I,p + 1)} ITCR’) Or (y.e.0) e

where

c _ —g%/ - drmp frhooksrhooks, hooksshooks;
dydydy(n +m+ p)dr \| frhooksghooks,,hooks hooks,
pPo= PR7(t»377")ﬁ’7 Py = PT,(y,z,w)cYE' (611)

['*(0) is the matrix representing o € Spym+p in irreducible representation
S+ n+m+ p. Young diagram R’ is obtained from Young diagram R by
dropping a single box, with czr/ denoting the factor of this box. Iy g,
Ip, Py and Py are intertwining maps. Ipvp maps from the carrier space
of R’ to the carrier space of T”. It is only non-vanishing if 77 and R’ are
equal as Young diagrams implying that operators labelled by R and T can
only mix if they differ by the placement of a single box. The operators P;
and P, are the intertwining maps used in the construction of the restricted
Schur polynomials. It is challenging to evaluate the above expression explic-
itly, basically because it is difficult to construct P; and P». However, the
above expression has not yet employed the simplifications of large N. To do
this, following [28] we will use the displaced corners approximation. After
applying the approximation we obtain[70]

XY _ Y
D2 OR,(t,s,r)ﬁﬁ - Z ﬂMR,(t,s,r)ﬁﬁ T,(w,v,u)&EOT,(w,v,u)&g’

T? (w’v7u)&5

(6.12)

where

Tr E(l)P(ﬁ’m) E(P'H)P(p m') E( )E(p+1)P(p’ m) E(l)E(IH-l)P(ﬂ' ﬂ')

tay Br;sazfBa ik WHIV1;UH2V2 tag B1;50232 WHIVIVH2V2

]

ki

E( )E(p-‘rl)P(p ) E(l)E(p+1)P(p ;') + E(p+1)P( pym) E(l)P(p ')

tayfr;sazfe ik T wpivvpeV2

ke “ci tayBr;502 82 W V1022

The trace in this expression is over the tensor product Vp®”+m where V),
is the fundamental representation of U(p). The intertwining maps used
to define the restricted Schur polynomials (P, and P» above) factor into
an action on the boxes associated to the Z fields, an action on the boxes
associated to the Y fields and an action on the boxes associated to the X
fields. The intertwining map P( and Pﬁ,mul ,)vuzuz are the actions

talﬁl sazf2

LA very explicit algorithm for the construction of these maps has been given in [28].
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of the intertwining maps on the X and Y fields only. This happens because
the trace over the Z field indices, which is simple as the dilatation operator
DY does not act on the Z fields, has been performed. Young diagram R/
is obtained from R by dropping a single box from row ¢ and 7}, from T' by
dropping a single box from row k.

The result gives the D§<Y term in the dilatation operator, as a
matrix that must be diagonalized. As we will see, all three terms in Dy are
simultaneously diagonalizable at large NV so that it is convenient to employ
the Gauss graph basis which already diagonalizes both DY and DZX. The
problem of diagonalizing D5 then amounts to a diagonalization on degen-
erate subspaces of DY and DZX. Thus, the original diagonalization of an
enormous matrix is replaced by diagonalizing a number of smaller matrices
- a significant simplification. Applying the results of [70], we find that, after
the change in basis

DY ORT(01) = MR 1y, 07 (02), (6.14)
where
75 1
M;ln;“pOj T t,oo = X
w 7(01) |07 (02) 2

ORryTOru CRR/CTT'
Z(p—l)!(km—l)! Z Z

R’ Lr;lm, $1E€S5X Sy, Y2E€8 5 X S,

(i (oot B 1 |5, 1) (5, o T B |, )

—(f i |owpy LES) BE v |7, ) (5wl oy o LES) EE T | i)
— (7 ooy LB ES D gn |, ) (. miloy ey LB B | )
i ooy B |5, )5 mlor e ER vl ). (6.15)

Detailed calculation to arrive at this result can be found in Appendix [Cl
Here the Gauss graph operators O ( 1) are normalized to have a umt two
point function. They are related to the operators introduced in as
follows

Om?p $Hmw o)lmii(o H M1 (o) pr—i(0)! Og;ﬁ(a). (6.16)

kL kAl

Introduce the vectors (U(i))a = 0, which form a basis for V,. The vector
|p, m) is defined as follows

[, m) = |p) ® |m), (6.17)
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where

7)) = )PP g... g (v@D)®r
i) = W)Em e o (@)Em, (6.18)

We will now explain how the sums over ¢; and 9 in (6.15) can be
evaluated. This discussion is novel and is one of the new contributions of
this chapter. Consider the term

=Y N oady B |5, ) (5, oy o EL o ).

Y1 GSﬁX S wQESﬁ/ xSm/

The dependence on the permutations o1, 02 can be simplified with the fol-
lowing change of variables: replace 1y with 9 where

Py =thooyt = Pyt = oyl (6.19)

After relabeling ¢y — 9 and taking the transpose of the first factor which
is a real number, we find

= > S Bl B ld )5 oy T B a0, ).

1 GSﬁX S ’d)zésﬁ/ ><S oy

If i # k, the matrix element (p, T?L\wl_lEi(;)z/ngﬁ, m’) is only non-vanishing if
P # p' and m = 7Y/, while the matrix element (5, 7|0 '] 1E (p+1) ooo|p’, m')
is only non-vanishing if p = p’ and m # m/. Thus, T1 vanlshes for 7 # k.
Indicate this explicitly as follows

oo — 1 o oo\ o | — +1) o o
Ty=6n > (@mlr EY ol m) (5, oy o EL T a0 ).
1,Y2ES5X Sy,

To simplify this expression further, note that Ei(i1)|]5', m) is only non-zero if
vector v(®) occupies slot one in the vector |). In this case EZ-(il) |p, M) = |p, m).
Since 11 and 19 shuffle the vectors in |p) i) into all possible locations, Ei(il)
will in the end count how many times the vector v® appears in |p, m). This

is given by p; introduced above. A similar argument applies to E® 1|5, ),
Thus, we obtain

Dpi My o ooy — L o\ s o 1 — o4
To= Gt S (Bom e|p, i) (B, oy by baoa|p i)
p P1,2E€S5X Sy
i TG _ _ _
= g2y S S ahn)(oy b aoahs).

m
p P1,2€SpX S h1,ha€Hx x Hy

Now, perform the following change of summation variables 1y — 1[11 with
Y1 = ot (6.20)
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The summand is now independent of 2 so that after summing over 12 and
relabeling 1, — 91 we find

T1 = 5lk(p — 1)'(m — 1)!pimi Z Z 5(¢1h1)(5(01_1¢102h2).

'¢1€Sﬁ><5ﬁl hi,ho€Hx XHy

Summing over ¥ now gives

Tr=6x(p—(m—Dlpm; > S0y hilohs).  (6.21)
hl,thHxXHy

We also need to consider the term

o= Y S oady  EE g m) (5, o e EG el )

1/)1€S5><Sﬁl 1[)265;5»/ XSa/

= Z Z (p,mloy 1¢1 Zk; 1/’2|4 ql)(PamWﬁ 1E11€+1 7/1202_1|P m)

Y1E€S5X S, T/)zesﬁr XSt
Changing variables v, - oy lwl_ ! shows that 7y = T} and hence

Ty + Ty = 26, (p — 1)(m — 1)!pym; > §(oy thyitoghs). (6.22)
hi,ho€Hx X Hy

The next sum we consider is

- 1 1 1 1 -
=y ST i oaty "B BTV 5, m) (5, oy oy L EG) EXTY gl ).
Y1 GSﬁX S U)QESI;—/ xSm/

Changing variables 15 1 1;2_ ! with

byl =0yt = e =1hoyl, (6.23)

the sum becomes

— _ 1 1 = 1
= Y S @y  EY BT w5 m) (5 mloy oy B EE T oo i)
Y1ESFX S Y2 E€Sm XSy
Sy Y7 (7 I
= Y Sy E Wi 0 5 m)

’LZHGS@'XS* 'L/)QES«/ ><S oy

—1E¢1 (1)E¢1 (p+1) w

<p7m|0 1_11/]20-2|pl7m/>‘

Change variables ¢ — p with p = ¢f1¢12 and relabel p — 12 to find

N +1 RN N _ 1 +
n= ¥ S (@ B VB g my G mler BY VB T ooy |7, i),

Py GSﬁX Sm wQESﬁ-I xSm/
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We will use b to denote the q dimensional vector that has all entries zero
except the bth entry which is 1. For a non-zero contribution the first factor
requires

p—itée = ¢
m—c+k = m, (6.24)
and the second factor requires
m—i+a =
p—a+k = 7, (6.25)
There are two solutions
Case 1 é:fand&:l%.lnthiscasep andm—%—i—ff:m’.
Case 2: ¢ =Fk and @ = 4. In this case m =/ and f— i+ k = .
For case 1
- N v (P o oy o o 7)) o (p+1)
= Y X @y B VB e B VB gl ).

P1 ESI;'X S '¢'2€Sﬁ/ ><Sﬁl/

) o1 (1)
Consider the sum over 1;. Due to the factor E,, we get a non-zero
contribution from the slots p+ 1,p+ 2,--- ,p+m (a Y string) if a string
starts from node k and ends at node i. Thus, the sum over v gives

T, = (p—Dlm—Dlpisems Y. (|3 |, m ) (5, o] 'aoalp, )
¢2€Sﬁ><5m/
= (p—=Dm—=Dlpisgma Y Y 0y h)é(oy Mpaozho)
'(ZJQGSﬁxsm/ hi,ho€Hx XHy
= (p—Dlm—Dlpirmi; Z §(oy  hioohs). (6.26)
hi,ho€Hx X Hy
For case 2
o1yt P+ (= =\ = e oy Hp+1) .
L= Y Y @k e VB O mmy g sl By VD el ).

P1ESFX S wQESﬁ/ XS

Consider the sum over 1. We get a non-zero contribution for each Y string
starting from node k£ which ends at node i. After summing over 17 we have

Ty = (p=Dlm—Dlpamps; D (g 15,7 (7, oy a0l )
w2€.5'1-,-/ XSWL
= (p—Dim—Dlpymp; Y > (05 h1)8 (o Mpaoraha)
wQGSﬁl XSy h1,ho€EHx X Hy
= (p—Dlm—Dpimpg_; Z §(oy  hioghs). (6.27)

hl,hQGHX XHY
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Armed with these sums, we now obtain a rather explicit expression for
the matrix elements of D&Y in the Gauss graph basis

S Ory |CRR CTT"
Mmzp — (5 7y
R,r,o1 T\t,02 \/‘O 0_1 |2|O ( Z RiTy ZR lTk

X [25zkpzmz Prii; — pzzmzk] Z 5(01 hl 02h2)~
hl ,hQGHX ><Hy

(6.28)

This is the key result of this section and one of the key results of this chapter.
We will now describe how the above matrix can be diagonalized.

6.4 Boson Lattice

Our goal in this section is to diagonalize . This is achieved by in-
terpreting (|6 as the matrix elements of a Hamiltonian for bOSOIlb on a
lattice. Towards this end, first note that the matrix elements M7 R TUI Tt.00
are only non-zero if we can choose coset representatives such that o and 09
describe the same element of S,,, x Sp,. This implies that the brane-string
systems described by o1 and o9 differ only in the number of strings with both
ends attached to the same brane, but not in the number of string stretching
between distinct branes. This already implies that the contribution DY
only mixes eigenstates of D5# and D) Z that are degenerate and hence that
all three are simultaneously diagonalizable. In this case the matrix element

in (6.28)) simplifies to

(N +1g,)(N +I1,)
Ir,lT,

m?p
R,r,o1 Tit,02

X {257;141%(02)77%(02) — Primii(02) — pii(UZ)mik}- (6.29)

The number of strings stretching between the branes m;;, (for Y strings)
and py; (for X strings) are the same for both systems so that

mix(01) = mix(02) = mi  pir(o1) = pix(02) = Pik- (6.30)

It is the number of closed loops (m;; for Y loops and p;; for X loops) that
can differ between the operators that mix. Finally, we have introduced the
notation

o) => pk+pilo)  mi(o) = mp+ mi(o). (6.31)
ki ki

From the structure of the operator mixing problem, we would expect that

7p J— 7p
M Rorot Titos = MT,t,oz Ruroy- This is indeed the case, as a consequence of
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the easily checked identity

SR O (26 upi(o2)mi(02) — primi(02) — pialo2)mi]

=\ 5 e {25ikpi(01)mi(01) — primii(o1) — pii(al)mik] .
(6.32)

which holds for any 1, k.

The lattice model consists of two distinct species of bosons, one for X and
one for Y, hopping on a lattice, with a site for every brane, or equivalently, a
site for every row in the Young diagram R labeling the Gauss graph operator
O7P(0). The bosons are described by the following commuting sets of
opérators

[ai,a}] =6 [al,al] = 0= [ai,aj]

kel
[bi,bj.} = b [bj,bj.] =0 = [bs, bj]. (6.33)

Using these boson oscillators, we have

mi =Y mi+ a}az- pi=Y_ pik+ bgsz (6.35)
k k
The vacuum of the Fock space |0) obeys
@|0)=0=0]0) i=1,2-,q. (6.36)
The Hamiltonian of the lattice model is given by

H = i\l(N—i-lRi)(N—l—le)(25¢j<zpil+b§bi)<2mil—i—a;rai)

ij=1 IRilR, I#i I#i

—pjiata; - mjib;bi> : (6.37)

Notice that this Hamiltonian is quadratic in each type of oscillator. It has a
nontrivial repulsive interaction given by the »; ajaib;rbi term, which makes
it energetically unfavorable for a and b type particles to sit on the same
site. Also, the full Fock space is a tensor product between the Fock space
for the a oscillator and the Fock space for the b oscillator. We will use the
occupation number representation to describe the boson states. To complete
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the mapping to the lattice model, we need to explain the correspondence
between Gauss graph operators and states of the boson lattice. This map
is given by reading the boson occupation numbers for each site from the
number of closed strings with both ends attached to the node corresponding
to that site. In the next subsection we consider an example which nicely
illustrates this map.

Finally, lets make an important observation regarding . Although
the eigenvalues of this Hamiltonian are subleading contributions to the
anomalous dimension, there is an important situation in which this cor-
rection is highly significant: for BPS states the leading contribution to the
anomalous dimension vanishes and this subleading correction is important.
The BPS operators are labelled by Gauss graphs that have p;, = my, = 0
whenever i # k, i.e. there are no strings stretching between branes. In this
case, it is clear that vanishes so that the BPS operators remain BPS.

6.4.1 Example

In this subsection we will consider an example for which R has ¢ = 3 rows
and p = m = 3. In this problem, 10 operators mix. The Gauss graph labels
for the operators that mix are displayed in Figure

For the Gauss graph operators shown, we have the following correspon-
dence with boson lattice states

1y2
1) = dadadio) 12 =al“Zp)
T(a*)? ﬁ)z
3) = a7l W =al o)
(a*>2 (a})?
5) = al 7o) 16 =al R0
(a})? (a})?
o= i) =)
_ (b (a})?
9) 0)  [10) == Z10). (6.38)

V3l V3l

It is now rather straight forwards to compute matrix elements of the
lattice Hamiltonian. For example

(1|H|2) = —\/(N i )N+ ko) 5 (6.39)

lRylRs

It is instructive to compare this to the answer coming from . To move
from state 2 to state 1, a string must detach from node 2 and reattach to
node 3. Thus, we should plug i = 2 and k£ = 1 into (6.28]). The Gauss graph
o1 corresponds to |1) while oy corresponds to |2). In addition R, = T and
from the Gauss graphs we read off pss = 1 and mga(o1) = 1. It is now
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Figure 6.1: Each Gauss graph label is composed of two graphs, the first for
the X strings and the second for the Y strings. Each graph has 3 nodes
(because ¢ = 3). There are no b type particles because there are no closed
X strings. There are 3 a type particles because there are three closed Y
strings. All operators share the same r label.

~& -
~F e
N

= [10)

simple to see that (6.28) is in complete agreement with the above matrix
element.
Finally, the state corresponding to the Gauss graph in Figure is

(a})? (al)? (b)? (b1)>
\/15 \/%agagb;\/% \%blbgbg\oy (6.40)

6.5 Diagonalization

In this section we will consider a class of examples that can be diagonalized
explicitly. Our main motivation is to show that working with the lattice is
simple, so the mapping we have found is useful.
6.5.1 Exact Eigenstates
For these examples take

Pki = Pik = Okit1B  mii = mi = dp i1 4. (6.41)

with A and B two positive integers. For examples of Gauss graphs that
obey this condition, see Figure There are two cases we will consider: we
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A 2
3 % 3
6 4
5

Figure 6.2: An example of a Gauss graph with non-zero a and b occupation
numbers.

will fix the number of a particles to zero and leave the number of b particles
arbitrary, or, fix the number of b particles to zero and leave the number
of a particles arbitrary. We will also specialize to labels R that have the

I, —lR,
difference between any two row lengths Ig, — g, ~ N, but % ~ 0. In

<

this case our lattice Hamiltonian simplifies to

L)

N

> )

Figure 6.3: An example of a Gauss graph that is easily solvable. The exam-
ple shown has A =2 and B = 3.

/7

H— (Nl;lRl)zq: (2 (B + bjbi) (A+ aIai)

1=

~Blalais + afyya;) = ABfbigs + bl ,0) ). (6.42)
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This Hamiltonian is easily diagonalized by going to Fourier space. Indeed,
in terms of the new oscillators

27 - 2mkn

kn ~ 1 a STRT
“ap  bh=-—>¢€ ¢ b n=01,-,q—1643)
Vi

ap=—=) €
Vo
the Hamiltonian becomes (we have set the number of a particles to zero)

q—1
=AW EiR) 3 (2 — 2cos (2”)) Bl by, + 2ABq(Nl+lRl). (6.44)

lrp, = q Ri

Eigenstates of the lattice Hamiltonian are given by arbitrary momentum
space excitations

1, -1 5
e P = 1

where the occupation numbers «,, 3,, are arbitrary. This state can be trans-
lated back into the Gauss graph language to give operators of a definite
scaling dimension.

6.5.2 General Properties of Low Energy Eigenstates

In this subsection we will sketch the features of generic low energy states
of the lattice Hamiltonian. We begin by relaxing the constraint that only
one species is hopping. In the end we will also make comments valid for the
general Gauss graph configuration. The Hamiltonian becomes

H=H,+ Hy+ Hy + Ey (6.46)
N q
H, = (;_lRl)BZ (2ajai — aIaiH — aLlai) (6.47)
I’ i=1
N +1 !
Hy = (731)142 (201b: = blbi1 — 0], 1) (6.48)
4! i=1
(N + lRl) g t, %
Hab = 2bl-biaiai. (649)
2
The constant Fy = 2ABq(N;i1) is not important for the dynamics but
1

must be included to obtain the correct anomalous dimensions. To start,
consider H, which is a kinetic term for the a particles. The first term in
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the Hamiltonian implies that it costs energy to have an a particle occupying
a site, while the second and third terms tell us this energy can be lowered
by hopping between sites ¢ and 7 4+ 1. Consequently, to minimize H,, the a
particles will spread out as much as is possible. This is in perfect accord with
the results of the last section. The lowest energy single particle state is the
zero momentum state, which occupies each site with the same probability:
the particle spreads out as much as is possible. Very similar reasoning for
H; implies that the b particles will also spread out as much as is possible.
Finally, the term H,;, is a repulsive interaction, telling us that it costs energy
to have as and bs occupying the same site. So there is a competition going
on: The terms H, and Hp want to spread the as and bs uniformly on the
lattice which would certainly distribute as and bs to the same site. The term
H,, wants to ensure that any particular site will have only as or bs but not
both. Who wins?

Consider a thermodynamic like limit where we consider a very large
number of both species of particles, n, and n,. In the end, the low energy
state will be a “demixed” state with no sites holding both as and bs. To see
this, note that H, grows like n, and Hy like ny. This is much smaller than the
growth of the term H,, which grows like nynyg, so the repulsive interaction
wins. This conclusion is nicely borne out by numerical results for the two
component Bose-Hubbard model [71, [72]. The ground state phase diagram
of the Hamiltonian of [7I], shows four distinct phases: double super fluid
phase, supercounterflow phase, demixed Mott insulator phase and a demixed
superfluid phase. Comparing our Hamiltonian to that of [71], we are always
in the demixed superfluid phase: the a and b particles do not mix, but are
free to move in their respective domains.

For the generic Gauss graph, with any choices for the values of m;
and p;i, it is clear that H, and Hj will still cause the a and b particles to
spread out as much as possible. The term H,, will again dominate when
we have large numbers of as and bs so we again expect a demixed gas. We
can translate this structure of the generic state back into the language of
the giant graviton description. Up to now we have considered dual giant
gravitons which correspond to operators labelled by Young diagrams with
long rows. Recall that dual giant gravitons wrap an S? CAdSs. In this
context, [r, is the momentum of each giant graviton and N+I[g, is the radius
on the LLM plane at which the giant graviton orbits. The Hamiltonian for
giant gravitons, which wrap S* CS° is given by

H— (Nl;llRl)g: (2 (B + b}bi) (A+a}a@-)

—B(alai1 + alja;) — A(bbipr + blei)). (6.50)

These operators are labelled by Young diagrams with long columns. The
giant gravitons orbit on the LLM plane with a radius of N —Ig,. The X
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and Y fields are each charged under different U(1)s of the R-symmetry
group. The R-symmetry of the CFT translates into angular momentum
of the dual string theory, so that attaching the particles to a given giant
graviton corresponds to giving the giant graviton angular momentum. The
lowest energy giant graviton states are obtained by distributing the momenta
carried by the X and Y fields evenly between the giant gravitons with the
condition that any particular giant graviton carries only X or ¥ momenta,
but not both. These conclusions hold for the generic state where there are
enough p;; and m;; non-zero, allowing the Xs and Y's to hop between any
two giant gravitons, possibly by a complicated path. Thus in the end we see
that the mapping to the boson lattice model has allowed a rather detailed
understanding of the operator mixing problem.

6.6 Conclusions

In this article we have studied the action of the one loop dilatation operator
m’p

Dy on Gauss graph operators Op’ (o) which belong to the SU(3) sector.
The term we have studied, Dng , is diagonal in the r label, mixing op-
erators labelled by distinct graphs. It makes a subleading contribution as
compared to D% and D34 when n > m + p. The two leading terms mix
operators labelled by distinct rs. Diagonalizing the action of D% and D3 %
on r leads to a collection of decoupled harmonic oscillators, which we refer
to as the Z oscillators, since the r label is associated with Z. The spectrum
of the Z oscillators gives the leading contribution to the anomalous dimen-
sions. The new contribution that we have studied in this chapter can also
be mapped to a collection of oscillators, describing a lattice boson model.
This is done by introducing two sets of oscillators, the X and Y oscillators
associated to the X and Y fields. Diagonalizing the X and Y oscillators
breaks degeneracies among different copies of Z oscillators and leads to a
constant addition to their ground state energy. This is then a constant shift
of the anomalous dimension. Although this shift is subleading (it is of order
™), it could potentially show that certain states are not in fact BPS. This
was investigated in detail and it turns out that states that are BPS (their
leading order anomalous dimension vanishes) at leading order, remain BPS
when the subleading correction is computed (it too vanishes).

The mapping that we have found to a lattice boson model has achieved
an enormous simplification of the operator mixing problem and we have
managed to understand it in some detail. Indeed, using the lattice boson
model, we have argued that the lowest energy giant graviton states are
obtained by distributing the momenta carried by the X and Y fields evenly
between the giant gravitons with the condition that any particular giant
graviton carries only X or Y momenta, but not both. Since states with two

charges are typically %—BPS while states with 3 charges are typically %-BPS,
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it maybe that the solution is locally trying to maximize susy. It would be
interesting to arrive at the same picture, employing the dual string theory
description.

Perhaps the most interesting consequence of our results is that they
suggest ways in which one can go beyond the %—BPS sector. Indeed, all
three types of fields considered have been mapped to oscillators, so perhaps
there is a more general description of this sector that treats all three types of
oscillators on the same footing. This would relax the constraint n > p+m
which allows for operators that are far from the %—BPS limit. Deriving this
picture is a fascinating open problem, since it will require that we go beyond
the displaced corners approximation, or alternatively, that we generalize it.

As a final comment, recall that Mikhailov [73] has constructed an infinite
family of % BPS giant graviton branes in AdS5xS°. Quantizing the space
of Mikhailov’s solutions leads to N non-interacting bosons in a harmonic
oscillator[74], [75], [76]. It is tempting to speculate that it is precisely these
oscillators that we are uncovering in our study; for evidence in harmony with
this suggestion see [77]. It would be interesting to make this speculation
precise.
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Chapter 7

Conclusions

In this thesis we focused on computing anomalous dimensions using the
AdS/CFT correspondence. We considered type IIB superstring theory and
U(N), N = 4 super Yang-Mills theory in a large N but non-planar limit. A
powerful group theory approach to the problem has been developed. Using
this technology, we computed anomalous dimesions by acting the two loop
dilatation operator in the SU(2) sector of N' = 4 super Yang-Mills theory
and the one loop dilatation operator in the SU(3) sector of the N' = 4 super
Yang-Mills theory, on the restricted Schur polynomial basis. The restricted
Schur polynomial is dual to a system of excited strings stretched between
giant gravitons. String excitations are identified as magnon particles.

Our results in chapter [5| indicates that in the 7% = 0 limit, the action
of the dilatation operator factorizes into an action on the Z fields and an
action on the Y fields. The subleading correction has spoiled this factor-
ization of the dilatation operator by introducing further operator mixing.
Another insteresting result of our analysis is that the subleading corrections
did not induce extra mixing for the BPS operators. After accounting for the
complete 7 correction to two loops, we found our BPS operators remain
uncorrected and continue to have a vanishing anomalous dimension.

In chapter [6] we studied the action of the one loop dilatation operator Dy
on Gauss graph operators O?{f(a) which belong to the SU(3) sector. The
term we have studied, Dﬁ(y, is diagonal in the r label, mixing operators
labelled by distinct graphs. This term gave a subleading contribution as
compared to D&% and DYZ when n > m + p. Diagonalizing the action of
D5% and DYZ on r led to a collection of decoupled harmonic oscillators,
which we refer to as the Z oscillators, since the r label is associated with
Z. The new contribution D2¥ was mapped to a collection of oscillators,
describing a lattice boson model. This was done by introducing two sets of
oscillators, the X and Y oscillators associated to the X and Y fields. Diago-
nalizing the X and Y oscillators breaks degeneracies among different copies
of Z oscillators and leads to a constant addition to their ground state energy.
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Although this shift is subleading (it is of order 7*), it could potentially show
that certain states are not in fact BPS. This was investigated in detail and
it turns out that states that are BPS (their leading order anomalous dimen-
sion vanishes) at leading order, remain BPS when the subleading correction
is computed (it too vanishes). The mapping that we have found to a lattice
boson model has achieved an enormous simplification of the operator mix-
ing problem and we have managed to understand it in some detail. There
is a demixing effect whereby the lowest energy state allows a given giant to
carry X excitations or Y excitations, but not both. Since states with two
charges are typically %—BPS while states with 3 charges are typically %—BPS,
it may be that the solution is locally trying to maximize susy. It would be
interesting to arrive at the same picture, employing the dual string theory
description.

Perhaps the most interesting consequence of our results is that they
suggest ways in which one can go beyond the %—BPS sector. Indeed, all
three types of fields considered have been mapped to oscillators, so perhaps
there is a more general description of this sector that treats all three types of
oscillators on the same footing. This would relax the constraint n > p+ m
which allows for operators that are far from the %—BPS limit. Deriving this
picture is a fascinating open problem, since it will require that we go beyond
the displaced corners approximation, or alternatively, that we generalize it.

As a final comment, recall that Mikhailov [73] has constructed an infinite
family of %-BPS giant graviton branes in AdSsxS®. Quantizing the space
of Mikhailov’s solutions leads to N non-interacting bosons in a harmonic
oscillator[74] 75, [76]. It is tempting to speculate that it is precisely these
oscillators that we are uncovering in our study; for evidence in harmony with
this suggestion see [77]. It would be interesting to make this speculation

precise.
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Appendix A

Double coset background

The double coset ansatz was formulated in [30] by diagonalizing the one
loop dilatation operator. In this appendix we will review those aspects of
[30] that are relevant for our study.

At the most basic level, the double coset ansatz follows from the fact
that there are two ways to decompose 1/1')®m. To start, refine V;,®m by the
U(1)P charges measured by Ej;, as follows:

V, = 88, Vi (A.1)

The vector space V; is a one-dimensional space. It is spanned by the eigen-
state of E;; with eigenvalue one. Consequently if v; € V; we have

Eiv; = bi5vi
Eijvk = 5jkv7;, (AQ)

In the restricted Schur polynomial construction of [28] for long rows, a state
in V; corresponds to a Y-box in the i'" row. The U(1) charges of a restricted
Schur polynomial can be collected into the vector m, which corresponds to
a vector with my copies of v1, mo copies of vy etc.

|o,m) = ‘vi@ml QUM R ® vl?mp> ) (A.3)
A general state with these charges is given by acting with a permuation

|vg) Ea‘vi@ml ®v§§m2®-~®v§mp>, (A.4)
where

U’"Ui1®"0i2®"'®vip>:

Vigry @ Viggyy @ ++ ® vig<p)> . (A.5)
This description enjoys a symmetry under

H = 8y, X Spy X -+ X Sy, (A.6)
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and as a consequence, not all o give independent vectors

V) = Vo) , (A.7)

ifye H.

The restricted Schur polynomials are organized by reduction multiplici-
ties of U(p) to U(1)P, which are counted by the Kotska numbers and resolved
by the Gelfand-Tsetlin patterns. It is possible to prove the equality of Kostka
numbers and the branching multiplicity of S,, — H. This is a very direct
indication that there are two possible ways to organize the local operators
of the theory.

We can develop the steps above at the level of a basis for V;,®m. In terms
of the branching coeflicients, defined by

|H| Z F ZBS—HHBS—HH’ (A8)
yeH
we have
|7 s, i) =Y B Jug ) = B3 > r o) |vg) - (A.9)
J 0ESH

The p index is a multiplicity for the reduction of S, into H. We also have

(i, u,vsjl = > (om0 () Bt (A.10)

TGSm

which ensures the correct normalization
<7ﬁ,u,1/;j> ﬁi,s,u;i = 5mﬁ5u55ji(5uy. (A.ll)

Lastly, the group-theoretic coefficients

/ 1 1
M1,u2 |H| kl BZ/Z HBZS;Z H’ (A'12)

provide an orthogonal transformation between double coset elements la-
belled by ¢ and the restricted Schur polynomials labelled by an irreducible
representation s - m and a pair of multiplicities p1, peo.
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Appendix B

How to compute traces

In this appendix we will compute the traces needed to evaluate the action

of Df) in the Gauss graph basis. The generic form of the trace we need to
evaluate is

Tr(Apsuquu76)7 (B‘l)

with A and B any arbitrary product of the EZ-(]A) s. If we are able to compute
this trace, we are able to evaluate the action of any differential operator that
does not change the number of Z and Y fields, on the Gauss graph operator
in the displaced corners approximation. This therefore provides a general
method to exploit the simplifications of the large N limit, for this class of
operators.

The Fourier transform we want to consider maps between functions la-
belled by an irreducible representation and a pair of multiplicity labels and
functions that take values on the double coset H \ S,,/H. We can choose
a permutation o to represent each class of the coset [o]. The transform is
then

flo]) = Y- Tan(0) B By o f (s, a, B). (B.2)
s,af3

For further details the reader is referred to [30].

B.1 Projector transformed

In this section we will Fourier transform the intertwining map used to define
the restricted Schur polynomial. The projector that participates in the trace

(B.1)) can be expressed as

Pspv = Z |m> Sy s a> <7’ﬁ, S, V5 a| . (B3)
a
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We will make use of the relations

(it gl = —n 3 (w7 T () B (B.4)
’H’ TESm
and
i, s, 0) = > T VB o (v, 1) (B.5)
O'GSm
as well as
(O,m|0v,m) =Y §(07), (B.6)
yeH
and
1
s—1 s—lg (s)
ZB L BT =1 > o). (B.7)
yeH

We will use the notation |v,) = o |v). It is then simple to show that

> paw BBy T (0) = >0 |y s, a) (st v al Byt By T (0)

spvim sm/lma

== > Y o) (v (7 yeom).

¢ TESm Y1,72€H
(B.8)

This last equation implies that the permutation applied to the ket and the
permutation applied to the bra are related by multiplication by a permuta-
tion representing the double coset element.

B.2 Summing over H

We consider an interwining map ps,,, built on the state |o1,71) with sym-
metry group H; and interwining map py,s built on the state |vg, 7o) with
symmetry group Hs. We make no assumptions about H; and Hy. In gen-
eral they will be different groups and hence we Fourier transform pg,, and
piys to different double cosets. Using the result obtained above, the Fourier
transform of

Tr(Aps,uquu’yé)a (B.Q)
is

T_i Z Z Z 02‘7202 T2y Awl 1) <1}1”le1 11 B¢2 |vg)

3 3
| H | \Hﬂ i €H; T, €H; 1, E5m

DX > (vl oy ey T Ay [vr) (val ¥y BT oy [ur) -

ﬁ
’H1| |H2‘ vi€H; 1;,€H; Y;ESm,

(B.10)
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To get to the last line, we used the fact that the matrix element (v1|y10] 1711/Jf 1B¢2 |vg)
is a real number and the permutations are represented by matrices with real

elements. To make the discussion concrete, it is useful to make a specific

choice for A and B. This will allow us to illustrate the argument in a very

concrete setting. In the end we will state the general result. Choose, for

example,

A=EYED  B=EVED. (B.11)
Using the facts that
7 |v1) = |v1) vy € Hy
Blvg) = [v2) VB € Hy
—1 (a _ a
Yy E®y = EY@ Vi) € Sy, (B.12)
we readily find
1 —1 ppt2(1) pva(2) W2(1) v2(2)
T= |H1||H2|w§? (vo| 03" By} Eij2 Y1 |v1) <U2|Ezj2 By oy for)
1 1, _
= m Z (v2| 0y 177[)2 1Aw2¢1 lv1) (va] g 1BT¢2¢101 lvr) . (B.13)
wiesm

where on the last line we have written the general result. Our next task is
to compute the sums over ¢, and s.

B.3 Summing over S,

In this section we consider two increasingly difficult examples before we state
the general result. The first example is closely related to the trace needed
to obtain the one loop dilatation operator. Since we know the result of
this trace, this example is a nice test of our ideas. The second example is
a simple but nontrivial example which will illustrate how the general case
works. In the following subsection we will quote the result for the general
case.

B.3.1 First Evaluation
Choose A = E(gll)) and B = Eb%) to get

1

T =t > (v 03 "D 1) (0a] B Vo [0n)
|Hy||Ho ™

1

AES > (vl lﬂflE;ff(l)@ |va) (2 Efbg(l)wlal lv1) . (B.14)
v;
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We must turn a b vector in |v1) into an a vector (and possibly permute) to
get |vg). Since the ordering of the slots in |v1) and |vg) is arbitrary, we can
remove this possible permutation by declaring

v2) = EQ) |or) o) = BV Jua). (B.15)

Thus (in the computation below we denote by S.(S52) the set of all slots in
|v1) (Jvg)) that are filled with an a vector)

r= ’H1HH2’ Z (i 7 Epr Vo B [va) (va| BfY Bt Vo o)
1 o2atha(1) 1 (1)
’H1HH2! Z (wnl v o B E‘(lb) [v2) (val By B2 Do [vn)
’H1HH2’ %: ;{ 5(71% o2(1, o9pa(1 ))) (’Yszlwl_l(l,sz(l)))
i
x Y 0w, o02(1)) D 6y, (1)
1'652 y652
’H1HH2!Z ) 5(710172(171/12(1)02(1,02¢2(1))>
vi€H1
X Z 6 T 0'2¢2 Z 5 y,”ll)Q (B16)
1'652 y652

Now consider the final sum over t¥g. 12(1) is the start point of an oriented
edge in Gauss graph oy and o9t)2(1) is the end point of the same edge. The
delta functions on the last line ensure that both endpoints of this string
are attached to node a in the Gauss graph. This is swapped with the edge
labelled 1 (i.e. the edge in the first slot) and compared to o;. According to
(B.15), the edge in the first slot of |v1) is attached to node b. Thus the above
sum is ensuring that when a closed loop on node a of g2 is removed and
reattached to node b of o9 we get 1. The above sum is nonzero only when
o1 and o9 are related in this way. The deltas only fix ¥9(1), so summing
over Sy, the remaining “unfixed” piece of 19 gives (m — 1)!. The first delta
will, as usual, give the norm of Gauss graph o7 and we will get a nonzero
contribution whenever (1) is one of the values in S2. There are nqq(02)
possible values. Thus, when T is nonzero it takes the value

T = (m — Dnga(02)|0(c1) %, (B.17)

where we have assumed that both o1 and o9 have a total of p nodes and we
denote the number of oriented line segments stretching from node k£ to node
[ of o by ngi(c). We have denoted the “norm” of the Gauss graph operator
by |O(c1)|? . This is the value of the two point function of the Gauss graph
operator
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=Tnite)t TI nu(on)! = (OF .(01)Or,(01)).  (B.18)
i=1 kl=1,l#k

The value of the trace (B.17) is in perfect agreement with the known result
[78].

B.3.2 Second evaluation
For the second example we consider, we choose
A=EYED  B=EVED. (B.19)

There is some freedom in the placement of the indices on A and B. To see
why this is the case, recall that we are evaluating the Fourier transform of

Tr(Apspw BPurys)- (B.20)

The intertwining maps psu, and p,.s commute with any element of S,.
Consequently we have

Tr(Apsuw Bpuys) = Tr(Acro*_lpSWBpmg) = Tr(Aapsw,cr_pruw;), (B.21)

where o is any element in S,,. Choosing o = (1,2) and using the represen-

tation (1,2) = ELS%])EIS? where a and b are summed from 1 to p, as well as
the product rule

EAEB =EBEA A+ B  ELEL =60.EL, (B.22)

we find
A(2) = B ED (1.2) = BYEPEY ED = BJED  (B23)
(1,2)B = (1,2)E\ ) B = BY) B EVEY = B)VE. (B.24)

This implies that we can rather consider A = E,g) EZ(Z2 ) and B = El(ll)E](-Z)
without changing the value of the trace. In this case we have (argue as we
did above and use |vg) = E,S) |v1))

1
T = > (o oy BB Py un) (v] B B P [on)
[Hh||Hz| o
1 _ 1 2 (1
= m Z <Ul| ¢1 1Ef£( )E;/ZJZ( )0.2 ‘U2> <U2‘ E;éJQ )El/’2 d}lal ’U1>
wiesm

(B.25)
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Notice that when E;fQ(Q) acts on |va), it does not change the identity of any

of the vectors appearing in |v2). On the other hand, E;/),f ) Wil turn an ey,
into an e;. Thus, again up to an arbitrary permutation which we can always
remove, we must have

[va) = By [vn) . (B.26)
The trace now takes the value
1
T = m Z <v1‘ wl 1E1/’2 E$2(2)02El(€;) |U1> <U1| E](llc)E;éJQ(l)E]@?(2)w101 ‘Ul>
;i €ESm
1 o2162(1) o22(2) (1) () b2 (1) s (2)
:|H1|H2|w§ (i o B BB (o) (| B By B o [o)
~ R (Wl oa(oava(1): 1)) (207 i (a(2), 1)
i€ Yi
XZM’% 25 Zéw021p2 25002%())
zeS? yes? weS? ves?
1
= qu; %:5(710172(1,¢2(2))02(02¢2(1),1))
X Z 6(x,12(1)) Z 5(y, 2 Z 0(w, oa1ha(1 Z 0(v, o2102(2))
veS} yeSE weS? vES?
(m —2)! P P
= mnlk(UQ)nki(U2> (11_[1 Ngq(01)! ) 321:[7«7&5 nrs(01)!, (B.27)

whenever it is nonzero.

B.4 General result

Recall that both T and R have p long rows or columns. For the general
result we consider

> Y Tr(Apau) Brusy Biy " B, T (1) By By T (02)
spvlm uydnp
1

= | > (val oy (15 P Ana )by 1) (va| (13 ' BT o )ipro [un)

wiESm
(B.28)

where A and B are each products of a collection of the EC(LZ‘)S with 1 < a,

b<pand1l<a<m. Wesay that E(gg) occupies slot . The sum over 19
sums over the possible choices for the slots into which we place the factors
of Eé?) in A and B. Thus, the specific slots chosen for the factors in A and
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B are arbitrary—we must simply respect the relative ordering of factors in
A and B, i.e factors sharing the same slot in one labelling share the same
slot in all labellings. The sum over 7 ensures that the relative labelling of
vectors appearing in |v1) and |vy) is arbitrary. Thus, the specific labelling
of the directed edges in the Gauss graph is arbitrary which ensures that the
above sum is indeed defined on the relevant double cosets to which o1 and
o9 belong. There are two pieces of information that we need to read from
o1, 0a, A and B:

(1) When is the sum nonzero?
(2) What is the value of the sum?

It is simplest to begin with the second question first. Towards this end,

consider the expressions for A and B. After using the algebra for the EC(LZ‘)

)

if needed, we know that at most a single E((g acts per slot in both A and

B. By inserting factors of

p
S ER =1, (B.29)
a=1

as necessary, we can ensure that the same set of occupied slots appears in
A and B. For concreteness, assume that ¢ slots are occupied in both. Use
i, (&) to denote the row(column) indices of the Ey in the ath slot in B
and use j/(j5) to denote the row(column) indices of Ey in the ath slot in
A. Thanks to the lessons we have learned from the examples treated above,

when the sum is nonzero it is given by

|H1|1|;12| 3 (val o (W5 Ao )y 1) (va (13 BT o )ibron |on)
Y; €ESm
_ ( —(q "O 0'1

B.30
’Hl ‘H2 al_[ nla]a ( )

If any particular n;;j(o2) appears more than once, each new factor in the
product is to be reduced by 1. For more example, n12(c2)? would be replaced
by ni2(c2)(n12(02) —1)(n12(02) — 2). By taking the transpose of (B.30), the
value of the sum is not changed because it is a real number. However, the
roles of o1 and o9, as well as of A and B are reversed on the left-hand side
of . Consequently, we must also have

1
|Hy|[Hs| > (val oy (W3 Ao )iy [v1) (wa| (3 BT bo)ibroy |ur)
Y, €ESm
_ (m — q)!|O(02)

B.31
|Hy||Ho al_[ Miad a ( )
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The equality of (B.30]) and (B.31)) defines our delta function. We find that
5ap([o1][o2]) = 1 if
(m — q)!|O(01)

[ H. || Ha|

(m 9)!|0(02)|
H niss (72) |Hy || Ha| H nigiz (01),  (B.32)

a=1 a=1

and it is zero otherwise.

We will sketch how the general result is proved. First, even if A and B
straddle glm slots, by using we can always introduce further E(®)s
so that all m slots are straddled. Thus, without loss of generality we can
now focus on the ¢ = m case. In this case, it is easy to prove that if
[T%—1 nic jr (02) is nonzero, it is given by

H nie jr (02) = |O(02)|?, (B.33)

which proves the result. Similarly, if [[¢_; njeqr (01) is nonzero, it is equal
to

q
L1 njciz (01) = 10(e) P, (B.34)
which again proves the general result.

B.5 [Illustration of the general result

To illustrate the formula derived in the previous section consider computing
the trace for the case that

3 6
A= B B Y B
B = B PR B B B ere

For our example we have m = 6, ¢ = 6 and p = 3 so that (m —¢q)! = 1. We
choose o1 and o9 as illustrated below

g1 = g9 =
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From these Gauss graphs we easily read off H; = S5 x S3 and Hy = 54 X
Sy. Consequently, |H;| = 12 and |Ha| = 48. If we choose the permutation

g1 = (13)(24)(56) c H1 \ SG/Hl, (B36)

to represent the first Gauss graph, then we can choose the first factor in
H; to permute 1 and 2 and the second factor to permute 3, 4 and 5. If we
choose the permutation

s = (12)(45), (B.37)

to represent the second Gauss graph, then we can choose the first factor to
permute 2 and 5 and the last factor to permute 1, 3, 4 and 6.

From the row indices of A given by the ordered set {3,1,3,1,3,3}, and
the column indices of B given by the ordered set {3,3,1,3,1, 3}, we read off

q

I nicir = nas(o2)nsi(o2)nis(o2)nsi(o2)nis(o2)nss(o2)
a=1

— n33(02)(n33(02) — 1)nai(o2)(n31(o2) — )niz(oz)(niz(oz) — 1)
= |O(09)|> = 8. (B.38)

which indicates that the sum may indeed be nonzero. From the column
indices of A given by the ordered set {1,1,2,2,2,3}, and the row indices of
B given by the ordered set {2,2,1,1, 3,2}, we read off

q

H njcir = ni12(01)n12(o1)n21(01)n21(o1)n23(o1)nz2(o1)
a=1

— n12(01)(n12(o1) — 1)ngi(o1)(n21(o1) — 1)naz(or)nsz(o1)
=10(01)]* =4, (B.39)

which indicates that the sum is indeed nonzero. We finally obtain

1 11 —1 T _ 32
|H1||H2| wzezsm <1)2| ) (wQ AT/JZ)T/H |U1> <U2| (sz)2 B ,¢2)¢1O-1 |Ul> - |H1HH2|
(B.40)
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B.6 Results for the 2-brane 4-string system

In this section we collect the operator valued coefficients that are relevant
for the example described in Section The coefficients are

67«1151 (5r2t/
A= 5RT( " R )‘5R” (N + R = 1)(N + Ry — 2)
(5 / /
+ 07— HOg 1y (N + Ry = (N + Ry —2)
Ottt
+ Opr Rt 5Ru 7, (N 4+ Ry — 2)(N + Ry — 3) — 20R70, it 5R’T'(N + R —1)
— 25RT6 Lt 5R'T’(N + Ry — 2)
Oy 1t
S N T
(S/ ’
s - RIS
6/ /
S N e TERT
57'/t/
1

Spyry (N + Ry —2)\/(N + Ry — 1)(N + Ry — 1)

+ 26,4/ O Ry \/(N + R1)(N + Ry — 2) + 20,141 Oy 13 \/(N + R —1)(N+ Ry —1).

(B.41)
B (N+R —1)(N+Ry—1)
B = _857’ét’16RT5R’1’2T1”2\/ R1R2 . (B42)
Ottt
Sy S 1\ (N + Ry — 1)(N + Ry — 2)(N + Ry — 1)(N + Ro)
S PRV S S (N + Ry —2)/(N + Ry — 1)(N + Ry — 1)
RIT R (R2 + 1) R11T12
8o 85, (N + Ry —2)/(N + Ry — 1)(N + Ry — 1)
R} T} ) R!!,T} 2 1 2 :
(B.43)
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6//
fog 2% 5o J(N+ RN+ Ry + 1) (N + Ry —2)(N + Ry — 3
o N+ BN+ B+ DN+ e~ 2)(N + Ry = 3)
57”/t’
—80prr —E——pr 7 (N + Ry — 1 N+ R{)(N + Ry — 2
R ey e Y+ B )\/(N + R1)(N + Ry — 2)
6r'2t'

2 5py 1y, (N + Ry — 3)\/(N + Ri)(N + Ry - 2).

— 80 pr o ——22
BT Ry (Ry + 1)
(B.44)
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Appendix C

One loop dilatation operator
in the SU(3) sector

C.1 Evaluation of the action of the dilatation op-
erator in the restricted Schur basis

The one loop dilatation operator in this sector is given by
Dy = —gda Te([Y, Z)IY1, 21]) — g, T (1X, Z]1XT, 21))
— g3 Te([v, X][Y T, XT]). (C.1)

Acting with the operator (C.1]) on the restricted Schur polynomial yields

DQXR(t,s,r)&g (Z, Y, X) = _g%M(D%/Z =+ Dg(Z + DQXY)XR(t,S,r)ag (Z7 Y, X)a
where
DY Xnies) (2.Y, X) = T (I, AW, 20 ) xpiesny (ZY. X)) (C2)

DY x g (2,v,X) = Te([v, X][Y £, X)) g (Z,Y,X). (C4)

t,s,r)&g t,s,r)&g
The leading order terms D%/ Z and Dg( Z mixing X, Z and Y, Z were computed
in [30][28] are diagonalized in the Gauss graph basis. We consider a limit in
which, there are more Zs than X's and there are more Zs than Ys. DY is a
subleading term which mixes X and Y fields, where both are of order O(1).
This term was studied in [70]. We will evaluate the action of this term in
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detail. Towards this end, consider

DS(YXR(t,s,r)dE (Za Y, X)

= Tr((VX = XV) (VX" = XY )xnpan (27, X)
ap

= (VX =XV (O DXNG = (XDUYDE) X, (2.Y. X)

1

= T Z XR,(t,s,r)

Im!n!
p 0ESptmin

()(YX - XY)y [(YT) (xhexi ox

aF ic1)  ia(p)

yirtr | yietm — (XhbyT)exh ...Xip yitt | yletm

lo(p+1) lo(p+m) Lo(1) lo(p) " to(p+1) lo(p+m)
ipmid | vt
Yo (p+m+1) Yo (ptmtn) (C5)

Wick contracting the daggered matrices X' and YT with X and Y respec-
tively, on the right hand side of equation (C.5)) gives

Dy Xr(sn) (2,7, X)
_ 1 a c 7 i ip
- p'm'nl ESZ XRa(tyszr)d,E (U)(YX - XY)b [(61 (1)5(11X7, (2) T X’iv.(p)
0E&Op+m+n
i c 7 ) i i ip—1 c i b
F X Vo 00 Ky iy + oo T Xy - X0 U(p)g;)( e

SR GAREEES CAMNESS (VN0 CNTED GNED SN D ¢

i (pt1) o (ptm) io(1) 0 g (2) ig(1) lo(2) ¢ Tigm)

Fo b XD Xt b 5%)( yhey/rtt Ly feem 1Z?p+m+1

Lo (1) lo(p—1) ‘o(p) € Lo (p+1) to(p+m) | ‘to(p+m+1)

1 .
— _ a c i1yt Ly
~ plm!n! 2 XR’(t’s”“)ag(a)(YX XY l(él 0 Xige) " Kigy
0ESp+m—+n
i1 c o viz . 'ip it ?p—l c 'Lp)
XZ o(1) 52 (2)5(1 X’ a(3) XZU(P) t XZ o(1) ‘XZU(P*U(S Lo (p) 5“
(5b 1p+1 ipt2  yiptm ip+1 sb ipt2y ip+s | ylptm
lo(p+1) to(p+2) Lo (ptm) lo(pt+1) lo(p+2) © lo(p+3) io(p+m)

TR L ANTETED 7 At 5%)—(517 Sixi ...xr

to(p+1) to(p+m—1) ‘o(p) € lo(1) 7€ T o (2) Lo (p)

+ X’Ll 5b 5z2XZ3 . ‘X?p IS le . .le 1 5b 511,)

lo(1) to(2) ¢ T Tlo(3) to(p) Lo (1) to(p—1) to(p) €

(50 5’p+1 Y2p+2 . Yierm 4 szJrl c 6Zp+2 Y1p+3 . Yip+m

Lo(p+1) Lo(p+2) Lo (p+m) bo(p+1) bo(p+2) Lo (p+3) Yo (p+m)
. Yip+1 . Ylp+m 1 Zp) Zp+m4r1 . Z?erern . .
+ * Lo (p+1) Lo (p+m— 1)5ZU(P) 50“ Lo (p+m-+1) Yo (p+m+n) (C 6)

Our next goal is to move the delta functions in equation (C.6)) to slot 1.
Recall that p and m are the number of slots associated with X and Y fields
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respectively in the restricted Schur polynomial. Consider the first term in
(C.6) which we further simply as

1
T — ¢ i1 b 7’P+1 _ b i1 SC Zp+1
Pl 2= XA ()X = XV G i LT
OEOp+m+n
« X2 L xoyiet2 L ytetm glebmil | glptmin
1o(2) lo(p) Yo(p+2) lo(ptm) " to(ptm-+1) io (ptmtn)
1 .
= il Pl i —§n ipt1
= Simin ESZ XR,(t5:r) (0 )(6Z Y X =XY)i =6l (VX = XY, (1))
TCOp+m+n
x X2 Xl oyl ytetm glimil L gleimin .
to(2) to(p) to(p+2) to(p+m)  lo(p+m+1) lo(ptmtn) (C 7)

Every other term in equation ((C.6]) can be simplified to obtain the result in
(C.7). We demonstrate this fact for the second term in (C.6)) as follows

1 )
_ — 1 (& ioyip+1 b p+2
p|m|n‘ ESZ XR,(t,S,r)&E(U)(YX XY) (X,L (1)51 (2)611 Yc(p+1)57'a(p+2)5
0COp+m+n
— )(Z1 5b 512Y1p+1 ¢ 57'p+2)XZ3 e X.ip Yip+3 e Yi?"*‘m
to(1) to(2) ¢ T lo(p+1) lo(p+2) 3 to(p) " to(p+3) Yo (p+m)
% Z?p+m+1 - 'Zp+m+n
Yo (p+m+1) to(ptmn)
1 ; 7 7
= — o) X P2y X — XY y °tt
plmlnl Z XR,(t,S,’I‘)&E( )( 0(1)61 (2)( ) lo(p+2)  lo(p+1)

0ESp+m—+n

_ Xll 5tz (YX Xy)1p+2 Ylp+1 )XZJ . X'ip Yip+3 . _Yip+m

to(1) to(p+2) (2) " to(p+1) Lo (3) to(p) " to(p+3) Lo (p+m)
7 1 7 +m+n

x Zprmtl g . .
Yo(p+m+1) Lo (p+m+n) (C 8)

Let 0 = (p+1,p+2)(1,2)7(1,2)(p+1,p+2) for 0 € Spimn. Summing over
T € Sptm+n is replaced by summing over o € Sp4m4r. In the transformation
o =37yt 0,7 € Spimin and vy € S, X Sp,. Since

XR,(t,s:)55(0) = Tt 5 (TR(0)),

ap

we then have

XR,(t,s )& d (’70-7 1) = XR,(t,s,r) (0)7

af
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for any v € S, x Sp,. Thus, we can write equation (C.8) as

1
Imin! Y Xrsn) ((P+1p+2)(L2)7(1,2)(p+1,p+2))
pmn: T€5p+m+n ag

X (X-“ s;rte
Up+1,p42)(1,2)7(1,2)(p+1,p+2) (1) *(p+1,p+2)(1,2)7(1,2)(p+1,p+2)(2)
x (YX - XY)2 y, i
(p+1,p42)(1,2)7(1,2) (p+1,p+2) (p+2) ~ Y(p+1,p+2)(1,2)7(1,2) (p+1,p+2)(p+1)
i i
Up+1,p42)(1,2)7(1,2) (p+1,p+2) (1) Y(p+1,p+2)(1,2)7(1,2)(p+1,p+2)(p+2)

x (VX — XY)P+ v/ )

Up+1,p4+2)(1,2)7(1,2) (p+1,p4+2)(2) ~ Hp+1,p4+2)(1,2)7(1,2) (p+1,p+2) (p+1)

% XB ... ip ip+3 | ylptm iptmt+l | lptmtn
tr(3) Lr(p) " Ur(p+3) tr(p+m) lr(p+m+1) Ur(p+m-+n)
1 i i
- H(1,2)(p+1,p+2) (1) §E(1L2) (p+1,p+2) (p+2)
~ plm!n! 2 XR(t:57) 15 (7) (X%u,z)(pﬂ,pw)(l)517(1,2)(p+1,p+2>(2>
TESp+m+n
X (YX — XY)020rpie)  planm e xi02)erpt

)(1)
r(1,2)(p+1,p42) (p+2) ~ ¥r(1,2)(p+1,p+2) (p+1) br(1,2)(p+1,p+2) (1

(
)(1)
(1,2)(p+1,p+2)(2) (YX — Xy)?<1,2><p+1,p+2><p+2>Yi<1,2)<p+1,p+2>(p+1>
¥r(1,2)(p+1,p+2)(p+2) br(1,2)(p+1,p+2)(2)  '7(1,2)(p+1,p42)(p+1)
X X13 . ?P ‘ip+3 - 'Z'erm Z?p+m+1 . Z?p+m+n

tr(3) Lr(p) " Vr(p+3) tr(p+m) lr(p+m+1) Ur(p+m-+n)

1

= il 2 Xnean,, () (B (yx —Xy)i -a (VX - XY)r)

tr(1) Lr(p+1) tr(p+1) tr(1)
TESptman
% X2 ... ip Yip+2 . Yip+m Z?p-&-m-&-l ... 7iptmin ) )
tr(2) br(p) " tr(p+2) tr(p+m) ~lr(p+m+1) Ur(p+m+n) (C 9)
Comparing equations (C.7) and (C.9), the result follows. Each of the pm
terms in equation ((C.6)) are thus identical and so (C.6) becomes

Dg(YXR(t,s,r)&g (Z’ Y, X)

pm
= Z XR,(t,S,T)

ImIn!
plm!n! rES i

ip41 o 11 s . ip41
&5(7)<6ir<1>(YX XY )i iy ~ iz VX XY)ifa))

x X2 o x% oyl yieem gipbmel L glpmen
i) ) i) brpm) T br(prmetD) i (p+m+n)

pm i
= Dl Z (XR,(t,s,r) ((Lp + 1)¢) — XR,(t,s,r) (1/’(17]9 + 1)))51'11[)(1)
L e

« X2 .ox )(YX _ XY)Z:,D-&-l yirt2 L yietm gletmil | iptmin

Ly (2) Ly (p Lp(p+1) M (p+2) Lp(p+m)  Y(p+m+1) L (p+m+n)
_ _pm i1 i2 ip
- p|m'n' wesz XR7(t,S,7‘)O_Z§([(17p + 1)7 w])dzw(l)de,(Q) Xlw(p)
p+m-+n
x (YX — XYt yee2 yfebm gledmil L gleimin ()

Wp(p+1) T T (p+2) Yp(ptm) T Lp(pm1) p(pmtn)’

af aB

To go from line 1 to line 2 consider the term (5?”3 YX — XY)?(
T TP

i : with
5:’1[’“ kept in the 1 slot and (Y X — XY)

+1
s shifted to the (p + 1)

11
br(p+1
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slot by 7 — (1,p + 1)%. Similarly, for the term (52( o (YX XY);”Z1 we
change variables 7 — ¢(1,p+ 1). The delta function 51;(1) reduces the sum

over 1) € Sptm+n to a sum over ¢ € Spyy,4pn—1 since it fixes ¢(1) = 1. Now
apply the reduction rule [11] by using the coset decomposition

Sp+m+n = 1Sp+m+n71 D (17 2)5p+m+n71 D (1, 3)Sp+m+n71 D
@(13p+m+n_ 1)Sp+m+nfl' (Cll)

Plugging the above identity into equation ((C.10|) we have
Dg(YXR(t,s,r)dg (Z7 Y, X)

o 1 A ip
= S Xrwsn ((Lp+1),0)6 X2 - X

Imln! a8 to(1)" e (2) ig(p)
p ¢€Sp+m+n 1
X (YX — XY)Prt y/wt2 yfrim glemil g
ip(p+1) ” lp(p+2) Yo(ptm)  tp(p+m+1) tp(p+m+n)
pm i1 io ip
plmln! Z XR’(t’S’T)aE([(l’p +1), (1, )QS])(SM 2>¢><1)X@'<1,2>¢(2> Xi(1,2>4><p>
¢€Sp+m+n 1
(YX Xy)zwrl ipt2 L. ‘ierm ?p+m+l . ?p+m+n
i(1,2)6(p+1) " (1,2)6(p+2) U1,2)6(p+m) "~ ¥(1,2)¢(p+m+1) 1(1,2)¢(p+m+n)
pm
o plm!n! Z XR’(t’s’T)aE([(l’p 1), (Lp+m+ nM)éZ(l pmtn)6(1)
¢€Sp+m+n71
x X1 S (YX — XY)rt
(1,p+m+n)e(2) Y(1,p+m+n)e(p) (1,p+m+n)d(p+1)
% Yip+2 . Yirm iptm+1 . Ziptmn
Y(1,p+m+n)d(p+2) (1 prman)dp+m) UL ptmtn)d(prm+1) 1<1 p+m+n)¢(p+m+n)

ptm+
=P Y Tngen, (Ta([0pr 0 (VY (1,@>)¢}))

~ plmin!
p ¢€Sp+m+n 1

% X2 .. le (YX — Xy)’PJrl sz+2 . Y¢p+m Z?p+m+1 . Z2p+m+n

Lp(2) Lo (p)
(C.12)

The Jucys-Murphy elements Y77+ (1,4) is

| d=ndmp j=ntm+p
O O S D DR (%) E W (W)
i<ji=1 i<ji=2

(1,2)+(1,3)+---+ (1,p+m+n),
where CT™ ™ and 2T are Casimirs of Sy ipmin and Spimin_1 re-

spectively. The Casimir acts on a state belonging to a representation labelled
by a Young diagram R and has a value given by
— 1)

C§+m+n|R,a>: (ZT’(TZQ_ZC](CJQ_”> |R,G>.

i J
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The row lengths of R are denoted by r; and the column lengths of R denoted
by c¢; where i is the row index and j is the column index. a distinguishes
the elements in this basis. R’ is the Young diagram obtained by removing a
box from R. Using the branching rule R = @p R/, it is clear that

Tr(N + Cg—&—m—i—n) = (N + AR)ldRXdR = @(N + )\R)ldR’XdR’

Rl
Lr(CE™ ) = Ap Larxar = @ ArrLar xar:s
R/
where
(e —1 (e —1 'l —1 i, (c, —1
AR = Z TZ(TE b Z C](CJQ ), and Ap = 277% (TZQ )yl =l ( ]2 ).
) j il 7
Let

crrr = N+ Ap — A/

=N+ (Zri(rlé— D _ ZT@(TQIQ— 1)> B (Z Cj(CjQ— 1 Cé"(cé_ 1))_

i z j I

One can verify that Agp — Ags is the content of the box that is removed from
R to produce R’. Hence cgp is the factor of the box that must be removed
to go from R to R'. We can write equation (C.12) as

ljg(YXR(t,s,r)(Szg (Z7 Ya X)

P Z Z CRR! TrR,(t,s,r)

= plmin!
p R ¢€Sp+m+nfl

([FR(]‘7p + 1)7 FR’((Z))])

ap
i, Xip (YX _ XY)Z:PJrl Yip+2 . Yip+m Z?p+m+1 . Z?erern

6) 1 (p) Ig(p+1) ~ T (p+2) Gp(ptm) " Lp(p+m+1) o (ptm+n)’

(C.13)
From equation (C.13]) we rewrite

(YX — XY)Z:"+1 yietz | yietm glpimel | giptmin
Lp(p4+1) " Yp(p+2) iy (ptm) “ip(ptm+1) id(ptmin)’

Xl ... xw
ig(2) i9(p)

as a trace so that it can be written in terms of restricted Schur polynomials.
Using the fact that ¢(1) =1,

2 .y ( )?p+1 ipt2 | yiptmo giptmil | lpimin
Lp(2) Lo (p) Lp(p+1)  Lo(p+2) Lp(p+m)  lo(p+m+1) Lo (p+m+n)
— X ... xW yhtixh ipt2 | ylptm giptmil o giptmen
L4(2) Lo(p) ~ to(1) T te(p+1) " lo(p+2) tp(ptm)  lo(p+m+1) Lp(p+m+n)
2 X ip+1 i1 ip+2 Ly iem
T gp1)(2) To(1,p+1)(p) " Tp(1,p+1)(1) " Lp(Lp+1)(p+1) " th(1,p+1)(p+2) B (1,p+1) (p+m)
Iptm+1 L. 7tmn
To(1,p+1)(p+m+1) T$(1,p+1) (p+m-+n)
= Tr(g(1,p+ XY ZEm). (C.14)
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Note that we have made use of the transformation ¢ — ¢(1,p+1). Similarly,
let ¢ — (1,p+ 1)¢ so that we have

12 ip Ip+1 Ip+2 Tp+m p+m+1 p+m+n
X%(z) X%(m (X )i¢(p+1> T (p+2) g(p+m) " Lo(prm+1) T (p+mtn)
- X ... ip Ip+1y,i1 ipt2 yipm iptmtl | lptman
Lp(2) Lo(p)” Yo(1) lo(p+1) Yo(p+2) Lp(p+m)  to(p+m+1) Lp(p+m-+n)
_ vyl x Ip+1 i1 ipt2 L yitm

{(1,p+1)e(2) I(1Lp+1)é(p) " HLp+D)B(1) " {1+ 1)p(pH+1)  H(1p+1)d(p+2) i(1,p+1)¢(p+m)
Iptm+1 . Ip+m+n
i(1,p+1)¢(p+m-+1) (1,p+1)¢(p+m-+n)

- Tr((l,p + 1)¢>X®pY®mZ®”). (C.15)

Using (C.14) and (C.15) we find

> Y erw TR, (Calp+1).Tr(9))

Dg(YXR(t,s,r)& (Z YX
R ¢€Sp+m+n71

plmlnl

x Tr([g, (1,p + 1) X Py EmZ5m). (C.16)

Next we will motivate the Fourier transform between Tr (aX ®pY®mZ®">

and the restricted Schur polynomial basis X1 (v, W) (Z,Y,X). We revisit
the Fourier transform between a function in momentum space and a function
in position space to motivate our analysis. One can use the equations

=N / dke™™* f(k), / dze®® f(x) and / dke*® = 216 (z),
(C.17)

to fix the normalization /. We obtain N as follows
=N / dke™* f (k)
=N / dke =" ( / dye™V f(y))

:N/dk/dyeik'(y*m)f(y)

= 2m\//dy5(y —z)f(y)

= 27N f(z). (C.18)
Thus N = i To develop the Fourier transform of interest to us we will

need the restricted Schur polynomial in (6.5 and the two point function

frhooksgr
7Y, X 7Y, X SR S
(X, (w,0,u) 5 a )XR’(t’s’T)a ( ) = hooksrhooksshookstéRTé 05000 “%”

(C.19)
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The Fourier transform of the restricted Schur polynomial is given by

drn!m!p!
Py Om zQn | _
Tr(aX YOz = g e, (0T XD i, (27 X0,
T’(w7v7u)
(C.20)
One can make sense of the factor % by following the approach
for equation (C . This is an important idea, used throughout this thesis.
Consider the deﬁntion
TrR,(t,s,r)aE (TR(U )) =Tr (PR,(t,s,r)&EFR(O’ )>,

and note that we have introduced the intertwining map Pr (¢ s, o explained
in detail below. Plugging equation ((C.20)) into equation (C.16|) we have
ljg(YXR(t,s,r)(Szg (Z7 Ya X)

drpmcrpy

= Tr I'r(1 1), L

T,(wo,u) R ¢€ESntmip—1

X rI\rT,(w,v,u)‘217 ([FT(L D+ 1)7 FT’ (d)_l)])XT,(w,v,u)‘217 (Z) Y> X)

_ drpmcrp
= 22 X dydydy(p +m +n)!

T,(w,v,u) R ¢esn+m+p—1

x [Tr(PR,@,s,r)a_ﬁrR«l,p + D)0 (@) Tr(Pruoy, Dr((Lp+ D)0 (671))

Cr((Lp+ D)C(6)) Tr(Pru oy, Pro(6™)Tr(1,p+ 1))

- Tr(PR,(t,s,r) _.FR’(QS) 1 P+ 1 ) r(PT (w,v,u) FT((l)p + 1))FT’(¢71))

ap

+ T (Pr(t) T (O R((Lp + 1)) Tr(Prigwo, D (070 (Lp+ 1)

X XT (wvu) (Z Y, X) (021)

Next consider the fundamental orthogonality relation, which will enable us
to compute the sum over the symmetric group Sp4m4n—1. This relation is

(p+m+n—1)!

> Tr(D)iCr (6 ]ar = dp

PESptm+n—1

Srrr I rrrliv[ L1 Rt ) ajs

where Ip (It/g) is the intertwiner mapping the carrier space of T
p+m+n—-1)(R F (p+m+n—1)) into the carrier space of R’ +
(p+m+n—1)(T'+F (p+m+n—1)). We evaluate the first term in equation
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as follows
d /
Z Z Z TDPMCRR TT(PR,(t,s,T)&EFR((l’p + 1)) g (¢))

|
T,(w,w,u) R ¢€Sntmip—1 dudvdw (p Tmt TL)
X Tr(Pr g, Dr((Lp+ 10 (671))

drpmcgr
- P b TR((L, 0+ 1)) R (H)ea

T,(w,u) R ¢€Sn+m+p 1
X (PT,(w,v,u)ﬂﬁ)ijFT((lap"i_ )il (0 ki
drpmcRrp
— (5//_[//[1P s aF 17 1 cI”c’i
T(%u ZdR’dududw(P+m+n) Rl (Prs )aé) oLr((1p+ 1)uel T
(PT (w,w u) )ZJFT((l p+ 1))Jk
drpmcgg
= Oprpr Tr (I pr P I'r((1 1
T(%;u ZdR/dudvdw(erern) T'R 1“( TRPR (1) r((1L,p+1))
X IR’T’PT,(w,v,u)ﬂDFT«l?p+ 1))) (022)
It is easy to compute the remaining terms in the same way. In the end
dTmeRR/
DY Z,Y, X Spi
2 XR(t,S,T‘)&E( ) ) ) Z ZdR/d d d +m+n) R'T

wvu

X <TI‘ (IT’R’PR,(t,s,T)&EI‘R((lvp + 1))IR’T/PT,(w,U,u)ﬂﬁFT((l7p + 1)))

=T (Lo Preges)  Dr((Lp+ DI Tr(Lp + D)Pro,,

av
— T (IpTr((1,p + D)Pr, (1),

IR’T’PT,(w,v,u) 1 p+1 )
+ Tr (IT/R/FR((l p+1))PR (tsr) IR/T’FT((17P+ PT(wvu)ﬂﬂ)>
X XT,(w,’u,u)ﬁg (Zv Y, X) (023)

We will work with normalized restricted Schur polynomials Og (; sy _(Z,Y, X)

ag

given by

frhooksg
.Y X) = 2, Y, X).
XR’(t’S’T)aB( Y, X) \/hooksrhooksshooksr OR’(t’s’T)dﬁ( ¥, X)

In terms of the normalized restricted Schur polynomials, equation (C.23])
becomes

Dg(YORa (ta S,T‘) (Z Y, X Z M]p%rr(Ltsr) Q.T (wvu)d_o (U’U“)
T,(w,v,u)
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P drpmcrp frhooksrhooks, hooksshooks;
M -y s
Av R dR’dudvdw(n +m +p)

frhooksghooks, hooks, hooks,,
X (TI' (IT’R’PR,(t,s,T)aEFR((Lp + 1))IR’T’FT((1 D+ 1))PT (w,v u) )

—Tr (IT’R’PR,(t,S,T)& ((1 p—*_l))IR/T’PT(wvu)AAFT 1 p+1 )

—Tr (IT’R’FR((17P+ ))PR(tsr) IR/T’FT((1P+1 PT wvu)ﬂﬂ)

+ Tr (IT’R’FR((lvp + 1))PR,(t,s,r) IR’T’PT,(w,v,u) 1 » P +1 ))

af

Equation (C.24]) is exact to one loop. A challenge in evaluating the above
traces is to compute the projectors Pg ;s - We overcome this problem
by using the displaced corners approximation.

C.2 Trace in the displaced corners approximation

We compute the traces over R@ T that appear in equation (C.25]) using the
displaced corners approximation. The result is valid in the large N limit.
The displaced corners approximation can be applied valid when

(pt+m+n)~ON) form=nN,p=EN,nf <1
g~ 0O(1) (C.26)
lRi - lRi+1 ~ O(N)v
IR, is the row length of a given Young diagram R F (p+m+n) in row ¢ and
q is the number of rows in R. Consider the case where R’ is obtained from

R by dropping a box in row i and 7" is obtained from T by dropping a box
from row k, represented diagrammatically below

“th
b
R 2%, R

ktPbox

T —5T.

The intertwiner is non-zero only if R' = T”, which is enforced by the delta
function dg7v. The intertwiner map is

IR/T/ = Ez(kl:) %) 1®p—1 (9] 1®m IT/R/ = E/S) [ 1®p—1 & 1®m. (027)
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For simplicity use the notation Iz = EZ(,? and I g = E,S) throughout this
appendix. We can simplify the expressions appearing in equation (C.24)):

Pr((Lp+ Wi = BEQEEY  Tr((p+ D)) pr = B EZTY
Irp =E  Tr((Lp+ D)) ppTr((lp+1) = EFT
Tr((L,p+ D) IppTr((Lp+1) = EX™  Ipp = EY
IrpTr((Lp+1) = BEVEY™Y  InpTr((1p+1) = EVESL™.

(&)
In the large N limit we can to compute the restricted projector Pg ;s ) -
In terms of the state |t, a1, a; s, 81, by r, ¢), which gives a basis for the (¢, s, r)
irreducible representation of S, x S, x Sp,

PR,(t,S,T)aE - Z |t7 a1, a; S, 617 b) <t7 a2, a; s, 1827 b’ ® Z ‘Tv C> <T7 C|
a,b c
—pPm g (C.28)

oy 1 38as6y

where P(fl’g?ﬁ%% =D s lt,a1,a;58,81,b) (t,az,a;s,82,b] and 3 [r,c) (r,c| =
1,.. Once we think in terms of Young-Yamanouchi labels of the Young-
diagram R F (p+ m + n) for the impurities p ~ X and m ~ Y respectively,
it is clear that |r, c) (r, c| is the identity 1. Similarly, we have

PT,(w,v,U)ﬁﬁ = P&iiz ;)U;QVQ ® 1.
p(p') and m(m') are vectors associated with boxes removed from each row of
the Young diagram R(7T). From the above equations the traces in equation

(C.24) are as follows

Tr(IT’R’PR (t,s,r)

— Tr (E( LR @1, BTV PET 91,)

talﬁwsazﬁz WpyvyiVugvg

alﬁl Sag By WpyvyVpgro

L R((Lp+ D) Tr((1,p + 1))PT,(U),U7U);I17)

—

:dTTr< BRI BRI Vo (C.29)

a1B1iSagfo WpqvyVugrg

Tr(IT’R’PR,(t,s,T)&ﬁFR((lap + 1))IR’T’PT (w,v u)aaFT((lap + 1)))

=m(EY LY PO @1, BB I 91,)

a1 B Sag B Wy vy Vugrg
_ (B EE p) (1) g +1) p(¥) '
=m(EYELTVRIT  EYEITTVRET, ) Tr(1, 1)
=d, ’I‘Y(E(I)E(p+1)P(p’ )s (1)E(P+1)P15}_’ _")U )5ru (0.30)
tayB138a8y p1v1sVugrg
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Tr<IT’R’FR((17p + 1))PR,(t,s r)a—‘IR’T’FT((lap + 1))PT,(w,v,u)ﬁg)

tayB155ag8s ia “ak Wy vy Vpgus

= Tr( By BTV PP B, )E(§§+1)P<ﬁvﬁ’> ) (1, 14)

tayBy38agpy " ia WpyvyVpgro

ct Loy ByiSag By le”l Wpavo

— dr Tr (E](C?E(p+1)P(p \17) E(I)E(P+1)P( m’) )5ru (031)

TI'(IT/R/FR((LP +m + 1))PR,(t,s 7")a Agr Pr J(w,v u)-——FT((lvp +m+ 1)))

tay By 38ag6y le"l Wpovg

= T (B PP E(l) (7" t') )Tr(lr-lu)

Loy ByiSagpy ik w#ll’l Wpgvy

_ 4 T (BEVRE EDRET, Vs, ©.32)

taq By 3898y Zk w#l’/l Wnovy

Substituting equations (C.29)),(C.30)),(C.31)) and (C.32)) into (C.24]) we ob-

tain

D3 Op, (t,5,7) ;(Z,Y, X) == ) Mg”(‘m)d 7 (ww), OTw w1, (2, Y, X),
T,(w,v,u)
(C.33)

where now

it

R,(t,s,r)dg:T,(w,v,u)ﬁg

Z crrdrpm frhooksrhooks,hooksshooks; 5 5od

~— dpdydydy (p+m+n) \| frhooks ghooks, hooks,hooks,, """

layB138agpy ik WpqvyiVugry tay By 38ag 6y Wy vy iVpgvey

Jr(ERE He R, ) (R R, R R, )

tayB135agBy WpyvyiVugrg tayB18agBy ik wu1v1 Vnguy

_ TI‘(E( )E(p+1)P(p’ m) E(I)E(P+1)P(ﬁ',n_i’) ) + Tr(Elgzl)—l-l)P(ﬁ,m) E(l) (7 ) )] ‘

Next we consider simplifying the factor

crrrdrpm frhooksrhooks,hooksshooks;
drrdydydy,(p+m+n)\ frhooksghooks,hooks,hooks,, "
(C.34)

Let R,T be Young diagrams with g-rows. We denote by (g,, where 7,--- , g,
the number of boxes in the i*® row of R. Suppose that S+ a and S’ +a—1
where S’ is obtained from S by removing the box at the corner of the i*! row
of S. If S and S’ satisfy displaced corners approximation in , then

5R§ T]; 57‘u

hooksg

=lg.. .
hooksg Si (C.35)
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Recall the dimension of S is

al

5= hooksg

Since the delta functions § RIT! and 0, set R, = T} and r = u respectively,
we have

dr _ hooksy»
dr(p+m+n)  hooksr
1
= — (C.36)
I,
where dp = %ﬁggﬂ and dp = %k:;l)!. Similarly,
hooksy  hooksy hooksys hooksg/
hooksp ~ hooksys hooksp hooksp
1
=l -1- i
l
= Lk (C.37)
IR,
It is a simple matter to show that
mp hooks,hooksshooks; 4 — mp (C.38)
dudydy, \| hooks,hooks,hooks,,  v/dydydydy, '

and

fr
CRR\| 5 = VCRRCTT'-
fr

Substituting equations ((C.35)),(C.36)),(C.37) and (C.38) into (C.34) we have,

5 5 crr'drmp frhooksrhooks,hooksshooks;
R %ru g ridydydy(n +m +p) \| frhooksgrhooks,hooks,hooks,,
mp CRR'CTT!
= 8pr 6 . C.39
T o dydidy, \| TR, (C.39)
Substituting this result into equation (C.33]) we obtain
Dg(YOR’ (t’ 55 T)QE(Z’ Y, X) - Z Mlp{,rzt,&r) T (wou) - OT(W:%U)ﬁg (Z’ Y, X)’
T?(w7/1)7u) aB }J‘u
(C.40)
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M]z,(t,s r)aE:T,(w,v,u)ﬁg
_ St pm CRR'CTT!
S R A dydidy, \| el
(1) p(py) (p+1) p(F ;) 1) (p+1) (Bim) WD gle+1) p(@ )
X [ﬂ(EkZ Pta151;5a2B2Eik Pwﬁlz;vum) TI“(E E Palﬂl»sagﬁg E Pwml’pvuzvz)

ct tay By 35ag6 wu1V1 Wpgvg tay By 38agBy itk T WpqvyiVpgvy

(BUECVRED  pOpEIpE ) ) L ay(BEORED g p) )]

(C.41)

C.3 Acting with DYZ and D5Z on restricted Schur
polynomials

To evaluate DYZ and D5? on restricted Schur polynomials in equations
(C.2)) and (C.3|) we follow exactly the same steps as above for the action of
DYZ above. The result is

D%/ZORy (ta S, T) (Z Y, X Z Mgmt,&r E;T,(w,u,u)ﬁﬁ C)T(w,v,u)ﬁl7 (Za Y, X)a
T,(w,v,u)

(C.42)

B Z drnmcrpg 5 frhooksrhooks, hooksshooks;
B R dR’dudvdw(n —|—m+p) T

% T (I [PR((Lp + D)LR((p+ Lp+ m 4 1) Prgrr) Tr((Lp+1) = Ta((Lp+1))

frhooksghooks, hooks, hooks,,

TR+ Lp+m - 1)CR((Lp+ 1) | L [Dr(Lp +m 4+ 1)Pr((Lp + 1))
X Pr (a0, V(1,0 + 1)) = D((1, 4 1)) Pr s P (Lo + D)Pr((Lp +m + 1)) ).

Again the result in equation (C.42) is exact. Next we simplify the factor

S § crrrdrmn frhooksrhooks, hooksshooks;
BT dprdydydi (p+m+n)\ frhooksrhooks,hooks,hooks,,

given equations (C.35)), (C.36), (C.37) and (C.38)) and use the fact that
mn frhooksrhooks, hooksshooks; g — mn lT’“l ;
dudydy \| frhookspghooks,hooks,hooks,, ~  dydydy \| lg, =™
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__ hooks, __ hooksy
where [,, = hooks.; and [, = hooks Thus

5 5 crrrdrmn frhooksrhooks,hooks;hooks;
BT dprdydydy (p+m+n)\ frhooksrhooks,hooks,hooks,,

=4 19 m brilu CRR'C
= OR[T] Oriuy, /7dtdsdvdw lRllTk RR'CTT’-

Applying displaced corners approximation in (C.26|) and the intertwiners in
(C.27) we have

D%/ZORa (ta S, T) (Z Y X Z Mgmt,s,r T,

(C.43)

OT(wvu) (Z YX)

Py T 5
(C.44)
where
b))
=> ORT! Ot bribuy CRRICTT
i \/W IR,

lagByi8agBy il Wpq vy 3Vpgvy tagByi8agBy il leVl Vg vy

— (B PP BRI Y+ m(BPTUPET PE) )514.

tay 81358y WpyvyiVpgrg Loq By 3SagBy ™ Whyivy Vugvy

Similarly, equation (C.3) yields

D3?0p, (t,5.1) (2,Y,X) =~ > My, o115 Tl ), 01 (wo) 5y (2, Y, X),
T,(w,v,u)
(C.45)

where

pm

R,(15,3,7")DYE:T,(w,v,u);217
. Z drnpcrp 5 frhooksrhooks, hooksshooks;

drdydydy,(n +m + p) R frhooks ghooks, hooks,hooks,,

< Tr (I [Dr((1,p +m + 1>>PR,<t,s,r>a.5 — Prsr),Tr((1,p+m+1)]

X Ipr |:FT((1ap +m+ 1))PT7(w,v7u) T(w v u)ﬂﬂFT((lﬁp +m+ 1)):|)

Again the result in equation (C.45]) is exact. We use the displaced corners
approximation scheme in ((C.26) and intertwiners in (C.27)) to obtain

Dg(ZORa (t,S7T)a§(Z,Y,X) == Z Mlg"(Ltsr)a (wvu)_ﬁOT(wvu) (Z YX)
T,(w,v,u)

(C.46)
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M]%?Zt,s,r)&ng (w,v,u)‘217
Z Opr P brilu CRR CTT"
P R.T! Ortu!, Gidoddy \| g iz, CEECTT
(P1) (1) p(p',m’) o (1) p(pym) (1) p@ )
[Tr(P‘llﬂl’Sazﬁini P’L”M"l;”#wz)&‘k Tr(E Pa161750<262 i wuwu”#wz)

by BriSagBy Kk T Wiy iVugvy a1B1i8anBy” WuivyiVpgvy

~Te(BP R B PE), )+ Te(BRRET, P )&-k].

Putting equations ((C.44]), (C.45)) and (C.46)) together, the one loop dilatation
operator acting on the normalized restricted Schur polynomial basis, at large

N, is

DORg, (t, S, r)dg(Zv Y, X) = g%’M (Ml?,?t,s,r)%a:T,(w,v,u)ﬂﬁ + Mlp%?Zt,s,r) _ 2T (wu)
T7(w7v7u) aB aﬁ }—L
+ Mgt?ts’r)&E:T’(w’v’u)ﬁﬁ) OT(w,v “)ﬁﬁ (Z7 Y7 X)a
(C.47)

where
M]n{?t,s,r)dg:T,(w,v,u)ﬁg

Z Oprar 0. Lyl CRR'C
= RR'CTT’

RT' Rai Tuk\/dtddd IRz,

(pm) (p+1) p(F ) . (p+1) p(p1) (p+1) p(F )
x lTI‘ (Ptoqﬂl iSagfy Eii Pwml’l ?”u2v2>52k Ir (E Pta1B1?Sa2/J‘2 Eii Pwml’l ?UMQVQ)

a1 P15 fy WyvyiVugva a1 ByiSagBy” WuivyiVugvy

- (EETVPET  EERVPE) 4 Te(BPTVRED, P )5,@]

Mgv(taSaT)a§~Tv(w7U7u)ﬁg
—y P bribu
= Yeald C 1 C ’
2. O v et \| T, R T
(pym) 1) p(p,m’) o (1) p(py) W p@ i)
[Tr(Palﬁl’SQQHQEii Pwull’l;v#2"2>57'k TI‘(E Palﬁpstlzﬁz i wu1V1=vu2V2)

~Te(BY R B PE), )+ Te(BRRTTY, P )524

tayB138agy Kk T Wuyvy iVuguy tayB138agBy” WuyryiVpgry
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_ S s pm CRR'CTT’
R T' i T " V d d dtd lelTk

WpyvyiVugvy

DB P, (BB P, PR P

ayB35agBy o181 35asBs

- (B ECVEID,  EQEEVRET) )1 (EETRI

ct ta1ﬁ175a2B2 ia “ak WhyvyiVugva tay 813808y

C.4 Change of basis from restricted Schur basis to
the Gauss graph basis

In this section we consider the action of the term in the dilatation operator
that mixes X and Y fields, on the Gauss operators. This entails a change of
basis from the restricted Schur polynomial basis to the Gauss graph basis.
A detailed account of the construction of Gauss operators built from two
complex scalar fields can be found in [30]. An extension of this construc-
tion to three complex scalar fields is given in [7(]. Consider the following
subgroups

HX:SmX”-XSpq Hy:Smlx‘--Xqu, (048)

where Hx acts on boxes in the partly labelled Young diagrams that are
labelled with an integer ¢ < p+ 1. These boxes are associated with X fields.
Hy acts on boxes associated with Y fields. These subgroups are symmetries
that leave all partly labelled Young diagrams invariant. As a result, the
partly labelled diagrams belong to S, x Sp,/Hx x Hy. The Gauss graphs
o = 0, ® 0y, where o, € S, and oy € S, are in one-to-one correspondence
with elements of the double coset

HXxHy\prSm/HXxHy. (049)

The explicit form of our projector is given by

dp
PR,(t,s,r)dg = Z |t,a1,a) (t,B1,a] ® Z |s, o, b) (s, B2, b| @ Z Ir, ) (r, c|
a
tay 5y @ Poysy © Lis (C.50)
where

Z|pat arsa p’taﬁl;a| Z|m S, 042, m,SaBQ;b|‘

(C.51)

a1/31 5&252
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Similarly, for a Young diagram 7" and subgroups S,y and S, we have

PT,(’LU,U,’U/)EIj = P

gy @ Py ® Lu,

H2v2

where

m

P =" v, pas f) (v, v0s £
f

wﬁ‘l”l Z‘p w, p1se pvwvljl;e‘

(C.52)

The key identities that allow us to go from the restricted Schur polynomial
basis to the Gauss graph basis [30] are

- t—1
|pa ta a1;a 1[)% Paxl $1061HX ,QbJS V p>
zCOp
5 dt — _ t—1
<p7 ta 61, CL| = ZS m <V517‘ ¢x 1F1(121 (¢x)BylﬂlHX
Pz €
— 1 >
’ma S,Oég, Z Fbe wy B;jazHYT/Jy ‘V7m>
Py €Sm
N d — S*)lH
<m7 8752; b‘ - Z mey‘ <V ‘ (by byg (¢y) Y252 Ya (053)
Py ESm

where
"7,]7> _ ‘ ®p1 ® U®p2 Q- ® Ugbpq> and “7,771> = z;?ml & v§m2 R ® v?th> .
We define

“7,]3’,7772> = ’V,ﬁ> ® “7,7772> = ) ®p1 ®v®p2 ®...®v(§<>pq ®v?ﬁl ®v;®£z & - ®U®mq>.

(C.54)
From equation (C.53]) we write the ket vector as

|pyt, a1, a) @ |1, 5, a0, )
84)1[.1

Z Pafrl (¢z) Bxl lHwa V.p >® Z Pbxz T/}y Basas ¢y“7’m>

Yz €Sp Yy ESm

t—1 s—1
Z Z Fax1 () ®Fbm(¢y) a:1Oc1HX® szczHY¢z

Yo €Sp Yy ESm

,S (tvs)H1 o e
= Z F((ltb;agll‘Q (wI ® wy)Bl‘M%alg;{@HY (wﬂﬁ ® wy) ‘V,p, m>

Vp>®wy’V m>

Y2 @Yy ESpRSm

_ ) (t.8)2>1luyeHy -

= Z Lopras (V1) Beyzyaran (v1) ‘V,p, m> ) (C.55)
IﬂlESpXSm
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where 11 = ¥, ® ¥y, ¥y € Sp, Yy € Sy, Similarly, the bra vector is

(D, t, Bisal x (m, s, Ba; b

d t—)lHX

= —11(s) s—1
_qﬁ% p"H ‘< ﬁ‘qulf‘ayl (z)x Y161 ® Z '|H ’< ’Qby lrby2(¢y)By252HY

dvds —1 -1 (ts (t,s)=1Hy xH
= s v SN N N
¢z®¢y§€;5' X Sm p!m!|Hx||Hy | < B (9 @ d’y ¥ ab;y1y2 (92 ® ¢y)B Y112:81 80
= dtd (ts (ts —1Hy xHy
N ¢1E§<S p'm'|HX||HY‘ < ’ (¢1 ) abiy1y2 ((251) y1Yy2;61 82 )

(C.56)

where ¢1 = ¢y ® ¢y and ¢7 ' = ¢ @ ¢, ! for ¢y € Sp, by € Sp. Also, using
equations ((C.55)) and ((C.68)) the projector can be written in the form

(Pym1) _ p® ()
Ptalﬁ155a262 B Pta151 ® Psa2ﬁ2
= ’25; ta a3 a) <ﬁ>ta Bl;a‘ ® ’ma‘g?a% > <T?L S 627b|
= |ﬁv t) Oq,(l) ® |7’ﬁ,8,0[2,b> <ﬁ>ta Bl; | & <7’?L S 527b|
i dyds 5 AR 5 AR 1 (ts
= Z m% ‘V,p,m> <V b, m‘ o abmlmg(wl)
P1,61
€SpXSm

% F tS (¢ ) tS _>1HX><HY (t78)_)1HX><HY
abyy1y2 \¥1 xlx%o‘lo‘? y1y2;51 P2

dtds 5 07 3 (tS
- Z = |(V 1%
P1,$1 p'm"HX||HY| ‘( P m)¢1> <( P m)¢1 ab; :1:1:172(1/}1)
€SpXSm
t, (t )= 1Hy x (t,5) =1 x
x F‘(lb?sglw(d)l) 171902704155( HYBy1y2751§2X e (C.57)

For ~, € Hx and v, € Hy we have 71 = v, X7, € Hx X Hy. The branching
coefficients are defined as follows

1 (s,t) 1 " 1
- - IS - T - s,
|HX % Hy| Z az;bj(’yl) |HX| Z ab(’%c) ® |H | Z zg(%{)

v1€EHx XHy Yz E€Hx YyEHY
t—1g t—1g s—1lg s—1lg
= Z Boy "XB,, "X @B, "B, "

w

ZB ts —>1HX><HYB(t s)—)lexHY
- at;puv bj;uv

(C.58)
From [30], for the case of two complex scalar fields,
d s s -1
> rs o)y ) = dor )

skm
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The identity relevant for the study of three complex scalar fields is
dyd

le

t)—p

where the delta function is

i(12) ® Z oy (o) Top(ry) = > I ,Ffj( 2) @ Loy(0y) - Thi(1e) @ Ty (7
sl—m tkp pim
skm
dids _(t,s) (t,s)
= ,b( ® oy)T; b(Tw@’Ty)
e p]m| ia;j ia;j
skm
dyds (t.5) (t,3)
= Z p' | zajb(a )Fia;jb(UQ)
tkp
skm
= §(o1051), (C.59)
1 if 010_1 =1
S(oroyh) = 2 ’
(01027) {0 otherwise.

Using the idea that branching coefficients provide a transformation between
two bases, write the Gauss operators

|0Rr U:v

|Or(0y))

Therefore

|OR,r(01)) =

—“WZZZJRJ

al
5,7 thp ai,B1

IS S S var e

' k,l skm az,B2

kag

|Or(0z @ 0y)) =
’HX X Hy’

Tl

7.] kl t'ip al:ﬁl
skm ag, B2

‘OR(ts) ") g >

s—>1H S—)lH
¥B

X OBya, " Big,
|HX X Hy’

T

i,9,k,l thp 1,81,

skm ag,B2
(t,s)%lH < H
s O (5)m5)
|HX X Hy’

PIDIDS VT (o

i,5,k,0 thp 1,81,
skm ag,B2

N, i
X ‘OR,((t7S)v’”)aE> ’
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t—)lH t—)lH
B

JB1

s—1pg S—)lH
B

B2

Ok r(02)) ©|ORr(0y))

t—1 t—1
Z Z Z Vdid FZJ ) ®Fl(fl)(gy)B HXBJﬂl ™

’ OR,(t,s,r)algl >

’OR,(t,s,r)a232> :

/ (t,s)—1 X
Z Z Z dt leizjl Uf@a—y)Bik;ZlagHX Y

t (t,8) =1y xHy B(t 18)=1H ¢ x Hy
lk o Jl; 8182

(C.60)
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where the vector ’OR ((t:5).7) 5 > ‘OR (t“)a151> ® ‘OR (£:5:7) gy > The bra

vector is given by
(Oh (031 = (0L, (ot @ 1| = (O ()| @ (OF . (71|
|H/ X Hm | (w,v) 1 (wyw)—=1g IxH,
Z Z Z \/ﬁl—‘acbd (11 ® 72)"" ) Bacyupz "

abcdwl—p’ 1,12,

oFm/ vi,V2
(’LU,’U)—}IH /><Hm/
X Bbd;ulug g <O’},((w,v),u)ﬁ,7 ) (061)

where o5 1= T o Ty . The matrix elements of D5 in Gauss graph basis
are given by

M’?Z;R,r = <O;,u(02_1)‘ Dg(y ‘OR,r(O-l)>
. |HX X HyHH/ X Hm’

p |ZZZZZW\/WF“’S>(
tQs wlol .51 (7'1)
abcdsl—mv}—m B1,f2 V1,V2

(tvs)ﬁlHX x Hy (t 5)_>1HX><HY F(u) v)( -1 (w,v)—)al, XH, /s (wvv)_>1Hp/><Hm/

ik ]l B182 ac;bd 09 ac; 1 p2 bd;v1v2
T
<OT ((w,0),u) gz ‘OR,((t,s),r)&g> . (C.62)
where
T XY .
<OT7((U’W)»U)W D; ‘ORv((tﬁs)m)&g> = Z MR ((t9)1) 5 ,((w,v),u)ﬂﬁ5RT§(t,s)(w,v)5ru5au5§V'

’UJ’UIL

Hence equation ((C.62)) becomes

pm
Tu;R,r

Hx x Hy||Hy x H
_’ X YH , m’Zst’T’éru CRR,CTTI Z Z Z Z Z
( B 1)( 1 3,0,k,l, ttp whkp’ X1,Q2; H1,M2
ab,c,d skm ! P82 V1:V2

_ (w7v)_>1H I XH (w’v)_)lH yXH (t S)*}l (t 8)4)1
1 m m t, Hyx xH Hy XH
X FE;;I:Q (02 )B‘IC?#L‘Q bd;vivo ! Fz(k;)l( )sz HeBYe?) . YB]l ;8182 e
(1) p(Pi) (p+1) p(§' ') _ (1) (p+1) (P) (1) po+1) p(p' i)
lﬁ<Ekl Palﬂpsagﬂz Elk wml’u“ml’z) Tr<ECZ E PalﬂlvsazﬁgE E wu1l’1 v”uzl’z)

c tayB138a 8y wu1V1 Wngvo taq BiSagBy 1k T WpyvysVuguy

— Tr (E}E:C)E(p‘f'l)P(P \17h) E( )E(P+1) ,m") ) 4 T‘I‘(E(p—’—l)P(ﬁ’ﬁ) E(I)P(ﬁ',rﬁ’) >‘| )

(C.63)
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Consider the second term in equation (C.63)

S S S F g e
ac; bd acm,uz bd;v1vs ik;j1\¢1

okl th fp! Q1,025 (41,42

ajbcdskrli)lgﬁrz’ B1,62 V1,V2

(t8) =Ly iy p(ts) =1y xm (1) (p+1) (D) (1) (1) p(p',m)
Bik;a1a2 * YB]Z ;8182 T (Ecz E Pta1ﬁ175a2ﬁ2 Eak E Pwullq ,vu2u2)

1 diyddy () 1) (O
3d (02 ) Bacyp
’HX X HYHH e Hm,’ 7§l7 ;P 'Ulzl_]:)l 051270;2 “12/22 p'm'p”m” ac 1
a,b,c,d skm pbm! 81,82 V1V2

(ww)—=1gy P XH L (t,5) (t,s)=1gy x| (ts) =1y xH (1) (P"‘l) §
XBbd;ng : Fik;jl( 1)sza1a2 * YBJlﬂlﬂ2 Y T (E E
P1,¢1
€SpXSm

RN SN (ts)%lH < H (tS)%lH X Hy
x\(Vp,m) ><(V7p7m)¢1lr7(“$rfx1zz( y1y2(¢1) xlx?,ala? YBy1y2w3152X

DTS
E( )E(P+1) V.o v, o F F(wv ( )
X ak Z ’( 7p 7 ) > <( p m ¢2’ np,x3x4 (¢2) np;ysy4 ¢2

2,02
ESP/XSm/
(wvv)_nH yXH (wv'U)_ﬂH 9
X Brszauips” " Bysyaprn T " ) (C.64)
Using (C.58]) the above equation becomes
1 didsdy,d,

|Hx x Hy|3|Hy x Hpy|3 Z Z Z plmlp/im/! Z Z Z Z

p i,5,k,l, tkp whkp’ 71,72 73574 1,61 2,02

a,b,c,d skm ylm/ CHx xHy €Hpy X H,y €8, % Sy €8, X 8,1

x D0 (o3 TG (00) Tr (B BV (VL5000 ) (V5 1), | TG (81)
x T ()T (D) () EGEL Y (V.7 i), )

TMY1Y2 :v1x2'zk: Y1Y2; ]l
X (Vo3 )| D) (2)Tt) L (69)T 058D e (8) T (74))
1 dydsdy,d,
- |Hx x Hy|3|Hy X Hpy|? zl: % wzw:;’ plmlp/tm/! 7;2 7;4 1/1%1 %{;}2
b,d stm ym! €Hx xHy €HpyxHp €8,%8,, €S, x8,./
X Tr (B EED (V5,1 g, ) (V5 1)g, | D5y (17001 T (1) B BE Y
X |V 7 ) (VB s )| Dot (027305 T (627) ). (C.65)
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Next apply equation (C.59) to obtain

1
|Hx x Hy [’|Hy x Hpy? > > > > I (ES)EI?ZH)I/H

V1,72 V3,74 w1,¢1 1/’27¢2
EHxXHYeH X H. m! €SpXSm ES/XS ’

x|V, 5, i) (V, 5, 616 (brvaoiry Loy VES EE Dy |V, !y (V, |

X 63 16(Y21505 1y 05 1))
1

- |HX X Hy|3|Hp/ X Hm,|3 Z Z Z Z <Vv’ﬁ7m/‘ ¢2_1

V1,72 V3,74 P1,P1 P2,p2
€Hx xHy GH/XH m! €SpXSm ES/XS ’

x 8(vaysoy vy tog VES BTy [V, i) (V5| 67 8(inaonny o)
x BBy |V, i)
= 1 o 1
" |Hx x Hy|3|Hy x Hpy[? > > > Z (V.0 ,m| a0

Y1572 3,74 Y1
€EHxxHy €H, ’XHm’ ES X Sm ES /><S ’

x gy \ESEX T g [V, 5, (V, 5, | oy g o EG) ES T s |V, i i)

1 > (1) p+1
] S S o B EE i
|Hx x Hy||Hy X Hyyl P1E€Sp X Sm h2E€8S, XS,/
1 —
X (Vg oy W B B [V ) (o0

In the last two lines above we used 1/127302_174_1@%)2_1 =land wlnyJl'yl_lgbl_l =
1. We also summed over 71, ¥2, 3, 74 producing the factor |Hx x Hy| and
|H,y x H,,| where the invariance of |V, p,m) under Hx x Hy was used. A
more general equation is obtained by replacing the interwining maps with
A=EVEP™Y and B = EC(L,QE(”“’

Z Z Z Z Z F ’LU’U) (w’v)_}al/ ><Hm/B(’LU,’U)—)al/me,F(t’S) (U )
ac; bd ac S 2 bd;vivo ikl 1

1,5,k tep whp’ 1,02, H1,H2

ab,c,d skm ybm! B1,82 V1:V2

(t73)—>1HX><Hy B(tus)élHX X Hy T (AP( ) BP(ﬁlvm/) )

(L HoBYeD) Jl;B1B2 tf"lﬂl 3Sag By Wy vy Vugrg
1
= (V. | ooty " Adpy |V, 5, i)
[Hx X Hy||Hy X Hpy| zpleszpzxsm wgesgxsml ’ o
x (V,p, 1| o7 'y Byo [V, 0, i) (C.67)

Let ¢ be the number of rows in a Young diagrams R and 7. Let the vectors

ﬁ: (php?a T 7pq) m = (m17m27 T 7mq), (068)

record how boxes are removed from Young diagram R and let

— =/ /

p = (p,17p/2a"' 7p;) m = (mllvm,% 7mq)v (C.69)

134



record how boxes are removed from Young diagram 7T'. Thus, we have

q q q q
p:Zpi:Zp;:p’ and m:Zmi:Zm;-:m’. (C.70)
i=1 i=1 i=1 i=1
We can write equation (C.63) as
Dm
Tu;R,r
_ Z 5R;Té 5ru CRR'CTT' Z Z
(0= Dim =D Iplr, $1E5p X Sm $2ESp X Sm
s [Vt 0wty B V.5, ) (V] o oy B i |V, )
<V |0_ ¢2 1E(1 E(p+1 ’ >< m’O’ 1E(1)E~(p+l)w ‘
<Vﬁ | ooy LEL EX Ty, rv 7, m>< Bl or e B By, |
. 1
+ (Vo i | ooy B |V, ) (V. i o7 e B s [V, ) ).
(C.71)

We normalize the Gauss graph ‘@R,r (01)> as follows

(O} ,(02)) Opr (o)

|Hx x Hy||Hy X Hy|
= Vdids\/dupdy T (02)

ikl sk gbm! B1,B2 V1V2

(wo)=ly xm, (W)= 1E < H, (1) (t,8)=1my x iy 68> 1Hy <y

X Bacipps bd;v1va ik;jl(gl) ik;on oo §1:81 62
< > OR((t.9).7) 45
1 S S ,S
= ,Z Z XX did T (02)T Sk ()T (12) T ()
. " a,b,c,d thp

i,9,k,l skm eHxxHy €H, /><H ’
X 5RT5ru5wtévs(5[j&5175"
dids (t,s
= Z Z Z Z - F(t’;') (am)Ffw}l (7101)

1o | ac;gl
a,c,j,l tHp pim:
shm CHy X Hy €H, /><H ,

= Z 5(7101’7202_1)

Y1572
€Hx xHy

=10(01)|*801) (03] (C.72)

where the definition of 0,,j(s,) = 1 if 01 and o2 define the same Gauss graph
and vanish otherwise, and we have used the fact that

T
<OT (w,v),u)z > Or ((ts)r) a5 — 5RT5ru5wtdvs(5ua5*ﬂ

135



Our new normalized operator is given by

N 1
Onr(01)) = ToeTE Orelon)
The normalization factor is
p p
i=1 kl=1,l#k

Equation ((C.73) is described in the paper [7§]. The result for the one loop
dilatation operator acting on the normalized Gauss graph basis is given by

D ‘@R,r(01)> =G Y (MTuRr + MY, g+ Mgﬁ;za,r) ‘@T,u(02)> ;

T,u,(02)
(C.74)
where
N 1 ORIT Onttr 1.1y,
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(V.| 7o M V. ) Vol o o B V. )
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(C.75)
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pm —

W = VIO)PIO(e2) Z (p=DMm = DI IRilte 2555, ves xsn
< (Vi | oo B o [V, 5, 70) (V. il o Moy B Vs [V, 7, )
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