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Abstract

In the past decade, the gauge/gravity duality has been extensively explored

in the large NV limit. In particular, the spectrum of anomalous dimensions have
been compared with the energy spectrum of the dual string theory showing
remarkable agreement. In this limit, for operators with a bare dimension of
order 1, planar diagrams give the leading contribution to the anomalous di-
mension. To obtain the anomalous dimensions, one needs to diagonalize the
dilatation operator. One of the methods used to accomplish this is integra-
bility. This allows an exact computation of the spectrum of the anomalous
dimensions. There is by now a great deal of evidence that N' = 4 supersym-
metric Yang-Mills (SYM) theory and N = 6 superconformal Chern Simons
(ABJ(M)) theory are integrable in the planar limit.
In this thesis we probe the gauge gravity duality at finite N using novel tools
developed from the representation theory of symmetric and unitary groups.
We start by studying the action of the nonplanar dilatation operator of N = 4
SYM theory and ABJ(M) theory. The gauge invariant operators we consider
are the restricted Schur polynomials. In the case of N' = 4 SYM theory, we
obtain the spectrum of the anomalous dimension beyond the SU(2) sector
at one loop, and in the SU(2) sector at two loops. In both cases, we ob-
tain the spectrum at arbitrary (finite) N. We then obtain the spectrum of
anomalous dimensions in the SU(2) sector of ABJ(M) theory at two loops.
The class of gauge invariant operators we consider have classical dimension
of order O(N). In both theories, the spectrum of the anomalous dimensions
reduces to a set of decoupled harmonic oscillators at large N. This indicates,
for the first time, that N/ = 4 SYM theory and ABJ(M) theory exhibit non-
planar integrability. We expect to recover non-perturbative quantum gravity
effects, from the gauge/gravity duality, when N is finite. The non-planar inte-
grability we discover here may play an important role in finite N studies of the
gauge/gravity duality, and hence may play an important role in understanding
non-perturbative string stringy physics. In addition, we study various classes
of correlators in ABJ(M) theory. In this context, we derive extremal n-point
correlators in ABJ(M) theory and we probe the giant graviton dynamics in
these theories.
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Chapter 1

Introduction

A very active field in theoretical physics in the past decade is given by research
concerned with the AdS/CFEFT correspondence. The correspondence claims a
duality between string theory and gauge theory, and it is for this reason that
the AdS/CFT correspondence is sometimes refered to as the gauge/gravity du-
ality. Our main interest in this thesis is in the gauge theory side where much
progress has been made due to newly developed calculational tools. These
tools allow novel ways to probe this duality. In this chapter we give an in-
troduction to this duality and its applications in various fields of physics. We
then describe the two-point function and its relation to the dilatation operator.

1.1 Introduction to the AdS/CFT Correspon-
dence

The AdS/CFT correspondence is a conjectured duality between quantum grav-
ity in D-dimensional, negatively curved Anti-de Sitter space-time (AdS) and
a conformal field theory (CFT) living on the D — 1 dimensional boundary of
the AdS spacetime. The first example of such a duality was discovered by
Maldacena in 1997 [1] where NV = 4 supersymmetric Yang-Mills theory (SYM
theory) in four dimensions was found to be equivalent to type II B superstring
theory on the AdSs x S® background.

In the past decade, the AdS/CFT correspondence has become an extremely
promising field in theoretical physics. An extensive review can be found in [2].

1.2 The Conjecture

The AdS/CFEFT correspondence conjectures the complete equivalence of two
theories

e N =4 SU(N) super Yang-Mills theory in 4-dimensional space-time.
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e Type II B superstring theory on asymptotically AdSs x S° spacetime.
The parameters of the two theories are related as follows
9s = G, R® = dmg,Na”,

where g, is the string coupling, gy is the Yang-Mills coupling, o/ = [? is the
dimensionful parameter related to the string tension by 7' = ﬁ where [, is
the string length, and R is the radius of curvature of both AdSs and S°.

1.3 The Maldacena Limit

In this limit g5 and N are kept fixed and o — 0. This is the mandatory limit
to produce the duality. In the field theory, the 't Hooft coupling A is related
to gs and N via A = g;N. Thus, keeping g, and N fixed in the Maldacena
limit corresponds to keeping the 't Hooft coupling fixed. We need to keep the 't
Hooft coupling A fixed as we will see in the next section. We will show how the
Maldacena limit works using both the D-brane formalism and the black-brane
formalism.

D-brane Formalism

The massless modes of open strings with both ends on the same D3-brane
give a U(1) gauge theory in 4-dimensions. For N D3-branes, we have a U(1)"
gauge theory. We also have open strings stretched between different D3-branes.
Thanks to these additional degrees of freedom, the U(1)Y gauge theory is
enhanced to a U(N) gauge theory (see Figure 1.1).

Figure 1.1: Open strings ending on a stack of N D3-branes (left), closed strings
in the near-throat region of D3-branes (right).

The low-energy effective action of the massless modes of the theory takes
the form
S= Sbrane + Sbulk + Sint' (11)

2



The open string modes are described by the action Syan. defined on the 4-
dimensional brane world-volume. It is well-known that the D-brane theory
reduces to N' =4 SU(N) super Yang-Mills theory in the o — 0 limit [1]. This
can be seen from the Dirac-Born-Infeld (DBI) action of the D3-brane [3]

Shrane = —1p3 / d406_q>\/—det(77[g]ab + Fup) + fermions, (1.2)

where P[g]qp is the metric pullback, Fu, = Bay + (27a’)Fy, with By, NS-
NS two form potentials (NS-NS is Neveu Schwarz-Neveu Schwarz) and Fj,
world volume flux, Tps = (gs(27)%a’*)~" is the tension of D-brane. Defining
g%y = 2mgs with g, = e?, the brane action in a flat target space can be
expanded as

Sbrane = /d40'FabFab + ...+ O(CY,) = SN:4 + O(Oé/). (13)

493 s
In the above equation, ... comprises the scalars and fermions terms which we
don’t display explicitly for simplicity. Now consider the bulk action for 10
dimensional supergravity. Schematically, the Einstein-Hilbert term is given by

Shulk = i / V=gR + O(R?) "= / (0h)* + k(Oh)*h + ..., (1.4)

where the metric g, is expanded around flat space as g, = N + Kl
Moreover, Si,; which describes the interaction between the supergravity modes
propagating in the bulk and the modes localized on the brane, is proportional
to gso/?. Thus, the limit o/ — 0 decouples the bulk from the brane. The two
decoupled descriptions we obtain are

1. N =4 SU(N) super-Yang-Mills theory (describing the open strings on
the brane).

2. 10d supergravity in flat space (describing closed strings in the bulk space-
time).

Black Brane Formalism
The metric sourced by a black 3-brane [4] is
ds* = H 2 (r) n,,datde” + HY? (r) (dr* +r2dQ2), p,v=0,..,3,

— R4 4 __ 2
H—1+—4, R —47TgSNOé R (15)
r

where dQ2 is the metric element of the five dimensional sphere S°. The metric
(1.5) is the solution of supergravity theory with a dilaton field ¢ and Ramond-
Ramond (R-R) five form field strength F5 given by
Q

5 ?

¢ _ T & A
€ = JGs, Ft]17]2,]37“ - E]1]2]3}1 (T) r



where @) is the charge of the black brane. The energy E,. of the D3 brane
measured at a radial distance r and the energy measured at infinite distance
(r — o0) Ey are related by

Ew=H i (r)E,. (1.6)

By performing the change of coordinates v = R?/r in (1.5), we find

2 ~ ~
ds? = % [H*W (u) nwdatda” + HY? (u) (du® + u%mg)] = GyndaMdz?,
. R4
H= HF’ RY = 41g,No/?, (M=0,..,9). (1.7)

Taking the Maldacena limit of (1.7) leads to R = (4wg,No' )4 0 from
which, we find H(u) — 1 for nonzero u. Thus, the metric Gy reduces to the
metric on AdSs x S°,

~ 1
GuydzMdx™ R0 — [
u

N drtds” + du® + u2dQ§} , (1.8)
where Gy n (2) = Gyn (z) /R2. This metric is an exact solution to superstring
theory. It describes closed-strings propagating in the AdSs x S° supergravity
background.

From this analysis we see that the Maldacena limit decouples string theory in
the AdSs x S® near-horizon region from supergravity in the asymptotically flat
space. The two decoupled theories are thus

1. Type II B superstring theory on AdSs x S° (describing the dynamics in
the geometry created by the D3 branes).

2. 10 dimensional supergravity in flat space (describing physics of the bulk
spacetime).

In conclusion, we see that in the Maldacena limit, the brane formalism leads
to two decoupled theories, N' = 4 SU(N) super-Yang-Mills theory and 10d
supergravity in flat space. However, the black brane formalism leads to super-
string theory on AdSs x S® and 10d supergravity in flat space. Since in both
formalisms we have 10d supergravity in flat space, it is natural to conjecture
that the N' = 4 SU(N) super-Yang-Mills theory is equivalent (dual) to type
IT B superstring theory on AdSs x S°.

1.4 ’t Hooft Limit

In order to understand how string theory on the AdSs x S°® background might
arise from N = 4 super Yang-Mills theory, we take the 't Hooft limit,

N — oo with A= gy ;N = g, N fixed.

4



In this limit, if we focus on low energy excitations, the planar sector of the
N =4 SYM theory becomes relevant. Non-planar corrections are important
at finite N which may describe quantum dynamics of strings or states of large
energy. Although the 't Hooft limit suppresses the non-planar diagrams, they
can still contribute to the computation of the large N anomalous dimension
as we will see in chapters 4 and 5. To explain this limit further, consider the
matrix field X in the adjoint representation of SU(N). Then the propagators
and vertices are represented as shown in Figure 1.2

L

(¢ Qg o a

XbXd“”b N/A

Figure 1.2: The propagator (left) is proportional to A/N and the vertices
(right) are proportional to N/A.

In any Yang Mills theory including N' = 4 SYM theory, the 3 point vertices
of the matrix fields X;' are proportional to gy s while the 4 point vertices are
proportional to g%,,. The schematic Lagrangian is [2]

L ~ Tr (d®;d®;) + gy pc?*Tr (0;0,;®4) + g3 5, d7M Ty (0,8;9,8;),  (1.9)

where ¢/% and d* are constants. The Lagrangian (1.9) has been written down

for gauge group SU(N). If we rescale the fields by ®; = gy ®;, then (1.9)
becomes

EN

[Tr (déidéi> + IRy (&)ié]—ék> + dHTY (éicbjci)kélﬂ . (1.10)
Iy m

where 1/¢%,, = N/\.

In the 't Hooft limit, the coefficient in front of the Lagrangian diverges. How-
ever, the dimension of the matrix fields also goes to infinity, so that overall
we have a well defined theory. To see this, note that each vertex in (1.10) is
proportional to N/A, and each propagator is proportional to A/N. The sum
over the loop indices give an additional factor of N for each loop. Thus, the
vacuum to vacuum diagram with V vertices, E propagators and F' index loops
is proportional to

N\ A
(K) (N) NF — NV7E+F)\E7V — N2729)\E7V’ (111)

where g is the genus of the surface which explains how a surface arises from a
ribbon graph. This N dependence of N?729 arises for any matrix model, that

5



is for theories with an arbitrary number of fields and type of interaction.
Quite generally, in matrix models, there are two broad types of Feynman
diagrams that we can draw. These are the planar diagrams and the non-
planar diagrams. An example of each is given in Figure 1.3. A planar diagram
can be drawn on a plane without any propagators crossing. If a non-planar
diagram is drawn on a plane, some of the propagators necessarily cross. A
diagram with N dependence N2~29 must be drawn on a surface of genus g to
avoid crossings.

planar non—planar

= g _

3 o
ﬁ bi /| il
- s A [ 5 .
| ® o/ (o ¥y
- b Lo

( ) / ‘

N NS ~d
AN? AN?

Figure 1.3: The planar diagram (left) (genus= 0) scales as AN? (V = 2, F =
3, F = 3). The non-planar diagram (right) (genus= 1) scales as AN? (V =
0,E=3F=1).

Using (1.11) which holds in the 't Hooft limit, we see that the non-planar
diagrams are suppressed by ﬁ

The extension of this method including vertex operators is discussed in [5].
Considering the 't Hooft limit in N' = 4 SYM corresponds to studying classical
II B superstring theory on the AdSs x S° geometry.

1.5 Large A Limit

Taking A — oo together with N — oo has interesting consequences on both
the field theory side and for its string dual as we now explain.

i) Since in N' = 4 SYM theory the gauge coupling ¢%,, is related to A and
N through A = g¢%,,N, taking A\ to infinity takes the gauge theory to the
strongly-coupled regime.

ii) Type II B superstring theory on AdSs x S° reduces to supergravity at
large A. Since the Riemann tensor scales as R ~ % ~ ’\;—1,/2, the superstring
theory can be replaced by an effective theory described by supergravity. The

effective Lagrangian becomes a power series expansion in \~'/2,

L = a1d'R+ asd®R? + a3a*R3 + ...
= AN pa T (1.12)

The higher-curvature corrections (which involve higher-derivatives) will be sup-
pressed in the large A limit. Therefore, the superstring theory reduces to su-



pergravity.

We conclude that the large A limit corresponds to strongly-coupled CFT and
that its string dual in AdS becomes weakly-curved. In contrast, taking small A
limit (A — 0) gives weakly-coupled CFT and gives rise to very large curvatures
in the dual string theory. Therefore, we have weakly coupled QFT /highly
curved quantum gravity or strongly coupled QFT /weakly curved quantum
gravity depending on which A limit we consider.

As a summary, Table 1.1 contains the three forms of the AdS/CFT conjecture.

Table 1.1: The left column contains the three forms of the AdS/CFT conjecture
for each particular limit in the right column (M=Maldacena limit, H="t Hooft
limit, L=large A limit).

Strong form Limits
N =4 SU(N) SYM < full quantum type II B M
for all N, \ string theory on AdSs x S°
Planar limit
N =4 SU(N) SYM & classical type IT B M+H
for N — oo, \ fixed string theory on AdSs x S°
Weak form
N =4 SU(N) SYM & classical type II B M+H+L
for N = oo, A > 1 supergravity on AdSs x S°

1.6 Evidence for the Conjecture

Although there is no rigorous mathematical proof for this conjectured dual-
ity between the field theory and the string theory, there is an exact match-
ing of symmetries. The superconformal group of N' = 4 super-Yang-Mills is
SU(2,2|4). The bosonic subgroup is

SU (2,2]4) D SO (2,4) x SU (4) . (1.13)

In type II B string theory, the isometry group of AdSs is SO(2,4) and the
isometry group of S° is SO (6) ~ SU (4), which is in agreement with (1.13).
Furthermore, 16 out of 32 Poincare’ supersymmetries preserved by the D3-
branes are supplemented by the 16 conformal supersymmetries in the AdS
limit. This is in precise agreement with the superconformal symmetries of

N =4 SYM theory.



1.7 CFT Operators and Dual Scalar Fields in
AdS

In this section we discuss the CFT operators and their relation to fields in
supergravity on the AdS space. We will then compute the correlation functions
of CFT operators using supergravity theory.

Scalar Field in AdS Space

The Klein-Gordon action for a scalar field ¢ in d + 1 anti-de Sitter space,
Ade+1, is

S / dzd’z /g (6" OnpOng + m* R*¢°)

__
DRI

n [ dzdz , > 212 2
_ __/— (20:00.6 + 221" 0,60,6 + m*R*¢*) ,  (114)

2 ~d+1

where 7 is a normalization constant. Rescaling ¢ as ¢ = 2%% and introducing
the variable y = —Inz, (1.14) becomes

S= - g / dyd*z <ay¢ay¢ + e, ap0,0 + [m232 + id?} W)

d
+ oy / dia)?

Yy=00

(1.15)

y=—00

This action leads to a positive Hamiltonian as long the Breitenlohner-Freedman
bound (BF)
d2
m?R? > - (1.16)

is obeyed. The equations of motion for the scalar field ¢ are

00 (Vg oo ) o i) =0, (L)

Using the plane wave ansatz, ¢ (z,2") = ¢ (2) e*® in (1.17), we get
210, (2'790.¢ (2)) — (M*R* + k*2°) ¢ (2) = 0. (1.18)

In the region near the AdS;,; boundary (z — 0), the term k222 — 0 and the
solution becomes

— 4+ m2R2,  (1.19)

d |d?
2V 4

lim ¢ (z,2) = 1 (x) 22 + o (2) 2°7,  Ap =

where A solves
A (A —d) =m*R%. (1.20)



Inserting the solution (1.19) into (1.14) gives a normalizable action near the
boundary (z — 0) for A > 4. Thus, 2+ is called the normalizable solution
while 22~ = 292+ is called the non-normalizable solution. The normalizable
solution can be used to define a field

o (2) = lim, 0z~ ¢ (2,2) (1.21)

which does not vanish as z — 0. The bulk mode (¢(z,x)) with ¢o(x) # 0
is dual to a source term [ d%z¢y (x) O in the conformal field theory. More
precisely, the duality is

¢(z,x) «— Of(x)
b () «— J(x), (1.22)
where J(z) is the source for the field theory operator O(x)

Correlators from Supergravity

Using (1.22), one can compute correlators in supergravity. Correlators in the
field theory are obtained from the generating functional [6, 7]

e TVl = <exp </ dlzJ (z) O (:p)) > (1.23)

For example, the connected n-point function (correlator) is obtained from
(1.23) by taking n-derivatives of I'[.J] with respect to J(z) evaluated at J =0
T [J]
O (21) O () =
< (1) O () 57 (1) .0 (z)
Now, we can compute the same correlators from the gravity side using the map
(1.22). The AdS/CFT correspondence states

L (1.24)

e Tloo] — <exp ( s 00O (:L’))> = A Doexp (=S [¢]), (1.25)

from which the connected n-point function is obtained by taking n-derivatives
of the supergravity action S with respect to sources ¢(x) evaluated at zero

6"S @]
(0@) .0 @,)) = 560 (21) 00 ()

(1.26)

¢0=0.

1.8 Two-Point Correlators

A conformal field theory is completely characterized by its two-point and three-
point functions [2]. The two-point correlators for the local gauge invariant
operators in a certain basis take the form!

(04 (2) O3 (3)) = —222
|z —y]

I This is for a scalar operators. It can be generalized for vector and spinor operators.
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where O4 is a local gauge invariant operator with scaling dimension Dy4. In
the conformal field theory, the scaling dimension is given by the eigenvalues of
the dilatation operator. The scaling dimension can be split into two parts

Dy = DY + 6Dy,

where DES) is the classical dimension and Dy is the anomalous dimension,
which is a quantum correction to the classical dimension. The local gauge
invariant operator 04 can be understood as an eigen-operator of D with an
eigenvalue fo) + 0D y. Since the CFT has a large-N expansion, 6D can be
topologically expanded as

=1
SD (A 1/N)=> :WE X6Dy, (1.27)
g=0 =1

where A is the 't Hooft coupling that we have seen in the previous sections.
For small A\, 0D can be computed perturbatively using (1.27). For large A, one
can use the AdS/CFT correspondence and compute the energy of the string
state in the dual string theory, since as we have seen in section 1.5 it is a
weakly coupled theory. Then, using the AdS/CFT dictionary we can find the
corresponding scaling dimension through the following relation

DA(A, 1/N) - EA(RZ/alv 95)7

where F 4 is the energy of the string state dual to the operator O4 [6, 7]. In
(1.27) only the g = 0 term contributes in the large N limit. This is the planar
limit. In this limit the coupling between the multi-trace operators is small
enough so that they decouple from single-trace operators as we will see in the
next chapter.

1.9 New Duality

Recently, a new example of the AdS/CFT correspondence has been discov-
ered, relating superconformal Chern-Simons theories in 3-dimensions to type
IT A string theory on AdSy x C'P3, where C'P? is the complex projective space
in 3-complex dimensions. Superconformal Chern-Simons theories were origi-
nally studied to better understand M-theory. M-theory has two fundamental
objects, M2-branes and M5-branes [8]. A maximally supersymmetric Chern-
Simons theory was discovered by Bagger, Lambert and Gustavsson (BLG)
9, 10, 11]. It was found that BLG-theory describes two interacting M2-branes
[12, 13]. It is now known that BLG-theory is the only unitary and maximally
supersymmetric Chern-Simons theory [14, 15, 16, 17, 18]. A generalization of
the BLG-theory that can describe an arbitrary number of M2-branes has been
proposed by Aharony, Bergman, Jafferis and Maldacena (ABJM) [19]. The

10



ABJM theory is an N = 6 superconformal Chern-Simons matter theory with
gauge group U(N) X U(N)_g, where k is the Chern-Simons level. The super-
symmetry of ABJM theory is enhanced to N/ = 8 for k = 1,2 due to quantum
effects [20, 21]. Unlike N' = 4 SYM theory, ABJM theory is dual to type II
A string theory on AdS; x CP3 when the level k is large. At large N with
k < N < k°, ABJM theory is dual to M-theory on AdSy; x S7/Z;. Hence,
ABJM theory is dual to two different theories depending on the parameters N
and k. Similar to N' =4 SYM theory, ABJM theory has a 1/N expansion at
fixed 't Hooft parameter A = N/k. The AdS/CFT dictionary that relates the
gauge theory parameters to the string theory is

NAN =g, VA~ R (1.28)

1.10 Application of the AdS/CFT Correspon-
dence

The AdS/CFT correspondence has proved to be a powerful tool with which we
can probe strongly-coupled field theories through the strong/weak duality that
we have discussed. There are many research areas actively concerned with the
AdS/CFT correspondence. An incomplete list is

i) AdS/QCD

Quantum Chromodynamics (QCD) is strongly-coupled in the infra-red (IR)
limit and therefore not accessible by perturbative QFT methods.

A QCD like theory is obtained from the original AdS/CFT setup by deform-
ing the standard AdS/CFT duality. This deformation breaks supersymmetry,
introducing a “wall” or cut-off providing a scale that is dual to the QCD scale

ii) AdS/CMT

This is one of the most recent applications of the AdS/CFT correspondence.
In this setting it is condensed matter theories (CMT) that are the strongly-
coupled systems which cannot be described using a perturbative approach. An
example of these systems are the high-temperature superconductors (Cuprates)
at their critical temperature T, > 90K. For a detailed review of the AdS/CMT
applications see [23].

iii) Integrability

Integrability is a technique for probing various aspects of the AdS/CFT dual-
ity. In this thesis, integrability will be the main tool used to investigate the
gauge/gravity duality for /=4 SYM theory and ABJM theory.

11



1.11 Integrability

Integrability is a promising set of ideas which may provide a better under-
standing of the gauge/gravity duality. In particular, it may serve as a tool to
confirm and complete the dictionary of the AdS/CFT correspondence.

A system is integrable if it has a conserved quantity for each degree of freedom.
In practice, integrability implies that the calculation of physical observables is
reduced to a mathematical problem that can be solved exactly. Since quantum
field theory contains an infinite number of degrees of freedom, an integrable
quantum field theory must have an infinite number of independent symme-
tries. Integrability was first found in two-dimensional field theories. Later,
higher dimensional models were found to be dual to integrable systems. For
instance A" = 4 SYM theory in the planar sector is found to be dual to spin
chain systems. Moreover, integrability of the ABJM theory is confirmed in the
planar limit using the same spin chain method. These two examples will be
discussed in more detail in chapter 2. As we will see in chapter 2, integrability
does not necessarily mean that the theory can directly be solved in terms of
its representative quantities. It is possible to find a physical equivalence (dual)
model in which the observables in the field theory can be computed in the dual
integrable model. In this way, complicated calculations in the field theory are
mapped to a simpler solvable calculation in the dual system.

Although integrability has been used successfully in solving the spectral prob-
lem? of N' = 4 SYM theory and ABJM theory in the planar limit, we still
cannot judge whether these theories are integrable in general. This is because
the theory should be integrable at arbitrary N in order to be an integrable
theory. Allowing for arbitrary dependence on N means one has to solve the
spectral problem at finite N. One can see from (1.11) that the non-planar
diagrams will no longer be suppressed when we compute the scaling dimen-
sion. An attempt to extend the spin chain method to the non-planar dilatation
generator will be discussed in chapter 2.

If integrability persists for the spectral problem, even when non-planar dia-
grams are included, we talk about “non-planar integrability”.

In chapters 3,4,5 and 6, we develop new techniques to probe gauge/gravity
duality at finite N by computing the anomalous dimensions for N’ = 4 SYM
theory and ABJM theory in a large N but non-planar limit and by studying
the extremal correlators in ABJ(M) theories. In chapter 3, the methods of the
representation theory of symmetric and unitary groups developed in [24, 25, 27]
are used to compute the two-point function of our gauge invariant operators
which are Schur-polynomials. Then in chapter 4, we compute the spectrum of
anomalous dimensions of A" = 4 SYM theory. The anomalous dimensions of
ABJ(M) theory are computed in chapter 5. The calculations in chapter 4 and
5 signal non-planar integrability in the large N limit for both theories. This
is in contrast to the method discussed in chapter 2 which does not reveal any

2The spectral problem is the problem of finding the eigenvalue of the scaling dimension
(dilatation operator) D when acting on gauge invariant operators in the CFT.
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sign of integrability beyond the planar limit. In chapter 6, we compute various
classes of extremal correlators in ABJ(M) theories. We then probe the giant
graviton dynamics at large and finite N.

13



Chapter 2

Integrability in the Planar Limit

2.1 Introduction

In this chapter, we present a review of integrability in the planar limit. Integra-
bility in the planar limit was first discovered using spin chains, by associating
the dilatation operator with Heisenberg’s Hamiltonian. This Hamiltonian can
be diagonalized using Bethe Ansatz methods. We then construct a dictionary
between operators in AdS/CFT and spin-chains. For a more detailed discus-
sion of integrability in the planar limit see [27].

Classical integrability exists® if a classical system with N-degrees of freedom
described by a Hamiltonian H has N conserved charges (); which Poisson
commute

{Qi, Q;} =0. (2.1)

The Hamiltonian H is one of the charges. For each of these charges there is a
conservation law that can be solved (integrated) to fix all of the independent
degrees of freedom.

At the quantum level, the system is integrable if H is one of the N conserved
charges @); and they all commute with each other

[Qs, Q;] = 0. (2.2)

In this case, all the charges can be diagonalized simultaneously. We will restrict
ourselves to quantum integrable systems and will show how these systems can
be solved using the Bethe Ansatz.

2.2 Introduction to the Bethe Ansatz

The energy eigenvalues of an integrable quantum spin-chain are determined
by means of the Bethe ansatz. This is a technique that does not involve
direct diagonalization of the Hamiltonian. The Bethe ansatz produces a set of
algebraic equations whose solution leads directly to the energy eigenvalues of

3Liouville integrable
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the Hamiltonian as well as the eigenvalues of the higher commuting charges.
To show how the Bethe ansatz works, we will consider the simplest Heisenberg
spin-chain XXX, /,. This system is called the SU(2) chain (for a detailed
introduction, consult [28]).

In this chapter, we analyse the spin-chain methods for N’ = 4 SYM theory and
ABJM theory in the SU(2) sector. In this planar limit we obtain a complete
description of the dynamics by considering single trace operators. To establish
the connection between the N'= 4 SYM and the Heisenberg chain, we employ
a map between single trace operators and spin chain states. The number of
operators in the trace is identified with the number of lattice sites of the spin
chain. The field Z is identified with spin up and the field Y with spin down.
Thus, the spin chain state shown in Figure 2.1 corresponds to the operator
Tr(Z?Y?2ZY Z?). The dilatation operator is identified with the Hamiltonian of
the spin chain so that the energy of the spin chain state gives the anomalous
dimension of the operator. Since the BPS operators are characterized by the
fact that their anomalous dimension vanishes, they correspond to zero energy
states of the spin chain.

2.3 Hiesenberg Spin Chain

The spin-chain system on a circle consists of n sites labeled by 1,...,n where
i =i+ L (see Figure 2.1). Here L is equal to the volume of the space and is
sometimes refered to as a fundamental domain.

_,-_{r__ﬂ,ﬂ_

Figure 2.1: Periodic spin-chain with L sites.

It is convenient to describe the spin-spin interaction using L copies of Pauli’s

matrices
1 (01 o (0 —i 3 (1 0
o, = ( 1o0): %=, o )%=y 1) (2.3)
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The subscript n refers to the copy at site n. These matrices satisfy the SU(2)
algebra at each site
[0k, ol.] = 2ic7% )6, (2.4)
Creation and annihilation operators can be constructed from the Pauli matrices
as follows 1
ot = 3 (a}L j:wfl) ;
from which the action of the creation operator ot and the annihilation operator

(2.5)

o~ on the states ‘¢ > and ‘T > respectively is

=0 =[r). =) )=
The Heisenberg Hamiltonian describes an interaction between nearest neigh-

bors and is defined by

L
1
HOZEZ[l—an@&nH},

n=1

(2.6)

where

Tn @ Gng1 = 0, @ Opyy + 0, @0y + 0, @0,
is the tensor product of Pauli matrices at sites n and n+ 1. We will now show
that the Heisenberg Hamiltonian Hj is

L

L
Hy = %Z(l S EEEDY (1 —Pn,n+1) :

n=1 n=1

(2.7)

where ﬁmnﬂ is the permutation operator that swaps the spin at site n with
the spin at the neighboring site n 4+ 1. To prove (2.7), recall the definition of
the tensor product of 2 matrices

AllBll AllBIQ A12B11 A12B12
< All A12 ) ® ( Bll B12 ) _ A11B21 A11B22 A12B21 A12B22
AQl A22 BQI BQQ AQlBll A21B12 AQQBH A22B12
A21321 A21B22 A2QB21 AQQB22

(2.8)

To find the matrix representation of RWH, consider the tensor product of
(x ® y), where x occupies site n and y occupies site n + 1. Thus, the action of
the permutation operator for

(1)

~ A

18
11
T1Y2

Plx®y)=P =

T2l1
T2Y2

16
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4 x 4 matrix of the form
1000
P = 8 (1) (1) 8). (2.10)
0001
It is easy to see that
1—15:%(1—5595) (2.11)

which demonstrates (2.7). Next, we show how the eigenvalues of the Hamilto-
nian in (2.7) can be obtained using the Bethe ansatz.

2.4 The Bethe Ansatz

Consider a spin-chain with length L. The state with all spins up or down is
the vacuum state. The state with M spins opposite to the spins of the vacuum
state is the state with M excitations?. The set of eigenvalues EZ; of eigenstates

‘1/11%/[> are obtained from the eigenequation

Ho[k )= Efi| vk ) (2.12)

An eigenstate can be written as

’%L\/[>: i (N, ...,np)

1<ni<nn

nl,...,nM>, (2.13)

where n; refers to the number of the site in the spin chain and therefore,
represents the position of the excitation (magnon).
Since the spin chain is periodic, the wavefunction must satisfy

Y (ng,....,na, g + L) = (ny,ng, ...,npp) (2.14)

Hans Bethe [29] proposed that the wavefunction ¢ can be written as

Y (ny, ...,y Z A exp( pr() ) , (2.15)

TESM Jj=1

where the sum over m € S); gives all possible M! permutations of the M
magnons, and the p’s are the “psedu-momenta” of the excitation M. A, is a
constant that can only depend on the psedu-momenta.
For one excitation (a single magnon), the eigenstate is

ot)= 430 oo

TL1—

>. (2.16)

4In condensed matter literature, the spin excitation is usually called a magnon [29, 30].
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Applying the Heisenberg Hamiltonian Hy on (2.16) we get

oY= Hut) - (L -2 i) 3 emm - 1) 3 e

ni= ni=1

ni + 1>,

(2.17)
where the first term is from the identity part of the Hamiltonian, the second
term is the result of the permutation part when acting on sites with the same
spin, and the last two terms in (2.17) represent the result of the action of
the permutation operator when it acts on nearest neighbors of the excitation.
More precisely, the action of the permutation operators are

m )= )=

Since the sum in (2.17) is over the entire length L, we can shift ny to ny + 1
and n; — 1 respectively. Thus (2.17) becomes

A

Pnl—l,nl

ny — ]->7 Pnl,nl-l—l

ny + 1>. (2.18)

H|ot )= (2= e — ) [uf )= EEut), 2.19)

where

Bl = (2 — et — e_ipl) = 2(1 — cosp;) = 4sin® % (2.20)

The periodicity condition in (2.14) can be written as

P (mtL) _ gipini (2.21)

This condition quantizes the pseudo-momentum p;

2rk
L )
The quantization of momentum as a result of the periodicity condition (2.21)

is a general feature of the Bethe ansatz.
In the case of two excitations (n; and ny) the Bethe wavefunction is

pL= k=0,.,L—1. (2.22)

w (nb n2) — eip1n1+ip2n2 +9 (p27p1) eipgn1+ip1n2’ (223)

where S(py, p1) is the S-matrix responsible for interchanging the two magnons.
The two magnon eigenstate is given by

|¢2L>: A Z Z Y(na, 712)}”1, TL2>-

ni=1ns=1

To find S(pa, p1), consider a wavefunction 1 (nq,ny) for two adjacent magnons
(ny =ny + 1). In this case the action of the Hamiltonian Hj is

Holypy )=Ey |v3)
H(ﬂ/)(ﬂl, ’flg) :4’¢ (nl, TLQ) — w (n1 — 1,71,2) — 1/1 (n1 + ]., TLQ)
—¥(n1, np — 1) = ¥(n1,np + 1). (2.24)
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Inserting the Bethe wavefunction (2.23) into (2.24) yields
(Ej — 4sin? % — 4sin? %) W (ny,ma) = 0. (2.25)

We note that, (2.25) describes the energy of two magnons as the sum of the
individual magnon energies

EL(p1, py) = 4sin? % + 4sin? % = EX(p)) + EX(py). (2.26)

This is a direct consequence of the integrability of the Hamiltonian (2.7). Sub-
stituting (2.23) and (2.26) into (2.24), the S-matrix reads

et(P1+p2) _ 9pip2 +1

S (p2, 1) = (2.27)

 eilpitp2) — 9¢ip1 4 1
We note that, interchanging p; and py in (2.27) gives S (p1,p2) = S (pg,pl)_l,
which implies that

S (p1,p2) S (p1,p2) ' = 1. (2.28)

As a remarkable consequence of the integrability of the spin-chain system, one
can generalize (2.26) for an arbitrary number of magnons. The energy in this
case is the sum of the energies of the individual magnons, that is

M
Bl =Y 4sin’ %. (2.29)
k=1

Consequently, the system of Bethe equations for M magnons is

M
ettt = T Seps)- (2.30)
j=1.5#k

2.5 Rapidity

The Bethe equations are a set of quantization rules for the magnons’s psedu-
momenta in the chain. When the system contains more than one excitation,
the Bethe equations become very complicated. However, changing to a new set
of variables simplifies the equations, thus making them easier to solve. These
new variables, called rapidities u, are defined as follows

U = §C0t ? (231)

Using these variables for the case of two excitations, the S-matrix becomes

S (g, up) = L2 (2.32)

Ul—UQ—’L'.

19



To translate the Bethe equations, it is useful to note that

4L
BT (2.33)

Pk = =
uk—§

For a spin-chain of length L, (2.30) reads

iN L M .
Up + 3 — Uy
( k 3) — | | uk—uﬂﬂ (2.34)
uk—§ #kuk—uj—z

It is also simple to check that the energy of a simple excitation is

! ? 1
E (u) = __ , : 9.35
(1) up+ 5w —% ul4s (2.35)

and that the total energy is

E:i L (2.36)

To apply the spin-chain method in the AdS/CFT setting, we need an additional

constraint. Since the single trace operators have a symmetry under cyclic

permutations, the translation operator
M
e? = exp (Zpk> (2.37)
k=1

leaves the trace invariant. This means we must have

el =1,

which implies

M

p=Y _p=0. (2.38)
k=1

Using rapidity variables, (2.38) can be written as

Mo+
r=T]—2=1 (2.39)
je1 Wk T

The rapidity variables are called Bethe roots.

i
2
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2.6 The Spin-Chain for ' =4 SYM Theory

In the SU(2) sector of N' =4 SYM theory, the scalar fields Z and Y can be

labeled as either spin up or down, reflecting the fact that the two fields are in

a doublet of SU(2). We choose the Z field as spin up (1) and the Y field as

spin down (}.). Then, when acting on single traces, the dilatation operator is
P

1
D=5 > (1 — P+ 5f(l,m) : (2.40)

where P, ;4 is the same permutation operator we have encountered above, and
Ky = Ki]ll:i]l”ll = 0;,4,,,0°77+1 is a trace operator. In this section, we have
changed the index labeling the site on the spin-chain from n to [.
In the SU(2) sector, it is easy to see that K ;11 = 0 as a result of the fact that
we have Z and Y fields in our single trace operators and not their conjugates.
Thus, our Hamiltonian (2.40) reduces to
\ L
Dsye) = =5 Y _ (1= Pai). (2.41)

872
=1

As we see, this Hamiltonian is similar to the Heisenberg spin-chain Hamiltonian

(2.7). Dgu(2) can also be written in terms of the spin operators, one copy at
each of the L lattice sites

L
A 1 5 =
D = — ——25-5 : 2.42
o =g (5285 ) (2.42)
This Hamiltonian commutes with the total spin § = > S,. Therefore, the
spin eigenstates are simultaneously the energy eigenstates.

Applying the spin-chain method discussed in this chapter, it is easy to see

that Dgp(2) annihilates the ground state, which has all spins up or down i.e.

’TTT ) > or Mii o > Dsy2) has a zero eigenvalue (Ef; = 0). The

operators corresponding to these states are called chiral primary.

Let us now consider the states with one spin down. We will see that these do
not describe excited states so that these states describe BPS operators. In this
case, the action of Dgr(2) gives

Dsua|t - 111 )
i\ ! -1 I+1
- (2’¢ RN >—‘¢ Lt >—‘¢ WMLt >) ,

(2.43)
and the corresponding Bethe eigenstates are
1 & l
p>E ST At > (2.44)
)=
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where

A p
DSU(Q)‘p>: E (p) ‘P>7 E(p) =5 3sing. (2.45)
As we have seen, the periodicity condition quantizes the pseudo-momentum p
le. p= %T” and ‘p> is invariant under [ — [+ L. However, in the SU(2) sector

of N =4 SYM theory, the dilatation operator acts on single trace operators
that are invariant under the shift [ — [+ 1. This is only consistent with p = 0.
Then, from (2.45) this corresponds to E(p) = 0, which implies that a state
with only one spin down (one excitation) is a chiral primary state with a single
Y field.

The simplest non-chiral primary states are the states with two magnons. These
states can be constructed using the general argument of [31] which does not
necessarily involve a closed spin chain of length L. They considered an infinite
spin-chain (L — oo) with un-normalized two-magnon state

. . l1 lo ) ) )
p17p2>= g ezmll—szlQ \L J/ --->-|—6Z¢ E 61p1l1+1p212

11 <la 11>

I

oA > (2.46)

The S-matrix, which ensures that the two magnons are next to each other at
sites [ and [ + 1, is
eP1tiv2 _ 9pip2 4 |

N eip1t+ip2 _ Qpiv2 _ 17

512 =

(2.47)

Now, if we consider our chain as a cyclic chain of length L, the single trace
condition requires p; + po = 0. Furthermore, the momentum quantization
condition does not necessarily imply p; = ps = 0 which will lead to chiral
primary states. However, if we move one magnon around the spin-chain circle,
our state remains invariant. In this process the first magnon will pass the
second one which produces an extra phase e*. Then we have eP1le’® = 1.
If we choose the solution that does not involve a chiral primary state, i.e.
pa = —p1, then we readily obtain e’® = e~®1. Thus, the allowed values for p;

are p; = (it”l), which corresponds to energy eigenvalues v equal to
A, T
= — i . 2.48
V= s (2.48)

Using the Bethe roots u defined in the previous section, the dispersion relation

is then
A 1

EW) =y

For M magnons, the energy of the state is

(2.49)
v = Z £ (u;), (2.50)
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where & (u;) is given (2.49). Finally, the trace condition requires

M .
; 2
1T w2y (2.51)
piel R /2

In conclusion, the planar dilatation operator of N' = 4 SYM theory in the
SU(2) sector is integrable. Further analysis can be found in [32, 33, 34]. The
generalization to other sectors including the complete PSU(2,2|4) description

is discussed in [35, 36].

2.7 The Spin-Chain for ABJM Theory

The bifundamental fields in ABJM theory are in the fundamental/ antifunda-
mental representation of the U(N) x U(N) gauge group. Therefore, the gauge
invariant operators are constructed from pairs ABT which are in the adjoint of
the first U(NN) factor (for more details, see appendix B). Like in N' =4 SYM
theory, we will consider the simplest sector in the ABJM theory, that is the
SU(2) x SU(2) sector where the gauge invariant operators are built from the
pairs ABT. A more complete discussion can be found in [37].

2.7.1 Bethe ansatz in the SU(2) x SU(2) sector

In this sector A; € (A, Ay) are called the odd sites of the spin-chain while
B} € (Bir , Bg) are the even sites. The planar two-loop dilatation operator is
given by

L
6D = \? Z (12i—1,2i+1 — Poi—1.9i41 + 125 2i42 — PQi,2i+2> . (2.52)

i=1

A natural extension of the analysis in section 2.6 for the ABJM theory in the
SU(2) x SU(2) sector is accomplished by attaching two Bethe roots v and v
for the psedu-momenta.

We will show that the planar ABJM dilatation operator at two-loops in this
sector is integrable, by obtaining Bethe equations. These equations diagonalize
the anomalous dimension. We then give simple solutions to the Bethe ansatz.
The spin-chain in the SU(2) x SU(2) sector is built from operators of length
2L with K, excitations on the odd sites and K, excitations on the even sites.
Thus the Bethe ansatz equations are

oNL K, ,
(uj+z/2> :Huj—uk+z (2.53)

. -9
U; —1/2 Ui — U — 1
J / k#j J k

(M)L _ ﬁ v Tkt (2.54)

. -9
v, —1/2 Vi — UV — 1
J / ktj J k
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j=1 k=
where ]
uj = écot%, Vg = §cot%.

Using the Bethe equations, the anomalous dimension in terms of Bethe roots
® Ky 1 Ky 1

6D = \? — + —) : (2.56)

2 2
(Catm Y

To show how the Bethe ansatz equations diagonalize the anomalous dimension,
let us add one excitation in the odd sites and another one in the even sites.
We can think of the system as two Heisenberg spin chains with L + 1 sites in
each chain. In this case (2.53), (2.54) and (2.55) reduce to

(57) -(5R) e e

If we consider the excitation in the odd sites with momentum p; and the even
sites with momentum ps, then the resulting Bethe roots are u = % cot p1/2 and
v = %cot p2/2 respectively. The trace condition implies

1 (L+1) _ gip2(L+1) _ ji(pitp2) — 1 (258)
The non-chiral solution is py = —ps = % Then (2.56) becomes
5tho—magnons = /\2 (4 sin2 % + ZJLSiIl2 %) = 8)\2 SiIl2 (Lﬂfl) ) (259)

and the full scaling dimension (including the quantum correction) is given by

. ™
D =1L+1+8\sin’ (L—H) +0(\). (2.60)

In (2.60) the scaling dimension of the vacuum operator is L, and the energy of

the two excitations is 1 + 82 sin? (L”—fl) Therefore, in the large L limit, the

energy of the two excitations reduces to

8m2\2n? 1
Etwo excitations = 1+ T + O (E) . (261)

It is easy to see that the energy of one excitation is

1 472 \n? 1
Eone excitation — & s O—). 2.62
tat 2 + L2 + (L6> ( )
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Let us generalize this example by adding L excitations to both odd and even
sites of the spin-chain. In this case, the two-spins are identical to each other
and we can set u; = v;. Thus, the Bethe ansatz equations reduce to

N2 L :
uj+1/2 u; — ug + 4
e LI = -4 - 2.
(uj—i/2> Huj—uk—i7 (263)

kA

(fl (u] - EZ)Y =L (2.64)

The Bethe ansatz equation (2.64) can be written as

Zl (Zj t:g) = —mmi, (2.65)

where m is an integer and corresponds to the winding number of the dual
classical string. Using (2.63) and (2.64), the anomalous dimension in this case
is

L

1
6D =2\ —— . (2.66)
; ui +1/4

In the large L limit, the solution of the Bethe equation is given in [38, 39]. In
particular, from section 3 of [39] one gets

T2N2m? 1 [ 2am?)\?
D = — 2.
5 (L+)+L(L+), (2.67)
m? m?
a:IjL (n (\/n2—m2—n>+7). (2.68)
n=1

An interesting feature of this result is that (2.67) and (2.68) exactly match
the one-loop energies of the classical string theory solutions for type I A

string theory computed using the world-sheet approach and the algebraic curve
formalism [39, 40, 41, 42, 43].
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Chapter 3

Schur Polynomials and
Correlators

In the previous chapter, we have seen that N’ = 4 SYM theory and ABJM
theory are integrable in the planar limit by mapping the dynamics to the
dynamics of a spin-chain and employing the Bethe ansatz. In this chapter
we furnish a basis that provides the tools needed to search for integrability
beyond the planar limit. Our methods make good use of the representation
theory of the symmetric and unitary groups [24, 25, 27]. We begin by defining
the gauge invariant operators built from Schur polynomials. We then compute
the two-point function for N'= 4 SYM theory and ABJM theory.

3.1 Schur polynomials

N =4 SYM theory has six hermitian scalar fields ¢; i = 1,2...,6. These scalar
fields transform in the adjoint of a U(N) gauge group. Schur polynomials are
trace polynomials of a complex field Z = ¢; +i¢,. They are defined as follows

Xe(Z) = 5 3 xa (o) Tr (02°), (3.1)
oESh
Tr (02°") = Z;2 2322y Zign-1)Zidymy
where R is a Young diagram that contains n boxes, i.e. R labels an irreducible
representation of the symmetric group S, and xg (o) is the character of the
group element ¢ which is given by

Xr (o) =Trg (' (0)). (3.2)

The trace structure of the Schur polynomials (3.1) implies they are invariant
under the local U(N) gauge symmetry of the theory. It is then natural to think
of Schur polynomials as a gauge invariant basis of local operators for a sector of
N =4 SYM theory. In [24], Schur polynomials have been found to be in one-to-
one correspondence to operators in the space of a % BPS representation of N' =
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4 SYM theory. Furthermore, they have shown that these Schur polynomials
have diagonal two-point functions. To get some insight into the structure of the
Schur polynomials, the following examples represent all of the possible Schur
polynomials for n = 1,2, 3. In this case for n = 1 we have one representation

R = [ land for n = 2 we have two possible representations R = [T Jand

R = E| Finally for n = 3 we have three possible representations R = @,

|
R=L1T T Jand r=L] . The corresponding Schur polynomials are

XEI(Z) =TrZ,
XED = % (Tr2)* + Tv2?),
((

H (TrZ)? — Tv2?),

E(Z) _ é (Tx2)? — 3(Tx2) (T 2%) + 2Tx2°)

l\DI»—t

1 2 3
XD:D(O) 5 (Tx2)* + 3(TvZ) (TvZ?) + 2T Z%)

(Trz)’ — Tv2%). (3.3)

OJl'—‘

X |(0)

In each of these examples, the character xg (o) was computed for each group
element of 5, in irreducible representation R using the graphical method of
Strand diagrams introduced in [49]. Notice that the Schur polynomials exhibit
a non-trivial multi-trace structure.

3.2 Restricted Schur Polynomials

Schur polynomials can be generalized by adding matrix fields say Y, X...etc
to the original field Z. The resulting polynomials are called restricted Schur
polynomials. For example, restricted Schur polynomials with two matrix fields
Z and Y are

XR(rl ro)af (Z Y Z XR (r1,r2) a,B )Tl" (UZ@HY@m) ; (34)
. 065n+m
where
XR,(r1,r2)0p (o) = Tr () rp)ap (T'r (o)), (3.5)
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is the restricted character.

Here R is a Young diagram with n +m boxes labeling an irreducible repre-
sentation (irrep) of S, 4. 71 is a Young diagram consisting of n boxes labeling
an irrep of S, while ry is a Young diagram consisting of m boxes labeling an
irrep of Sy,. The trace Tr(,, ,,) is a restricted trace over the elements of S, x Sy,
subgroup of S,,1,,. The indices o and  are multiplicity indices needed because
(r,s) can be subduced more than once from R. We will focus on Young dia-
grams R with two rows. In this case the «, 8 indices can be dropped. Restricted
Schur polynomials were first identified in [44], and they provide a complete set
of gauge invariant operators. Furthermore, restricted Schur polynomials have
diagonal two point functions which make them useful operators with which
we can study the anomalous dimension. The following two examples construct
restricted Schur polynomials built using two matrix scalar fields Z and Y. The
first example is R = |:|:|:|:| with rq =79 = ED In this case n = m = 2.
The restricted characters are

XR,(r1,r2) (0) = Tr(T’1,T’2) (FR (0>> =1,

where we have used the graphical method of Strand diagram to compute these
characters [49]. The restricted Schur polynomial for this example is

XR,(ri;r2) (£,Y) ziTr (Z)*Tr (Y)* + iTr (Z%) Tr (YV)* + %Tr (Z2)*Tx (Y?)
+Tr (ZY)Te (Z) Tr (V) + Tr (Z%Y) Tr (V) + T (ZY?) Tx (2)

+iTr (Z%) Tx (Y?) + %Tr (ZY)* + Tr (Z2Y?) + %Tr (ZYZzY).
(3.6)

||
The second example is for R =L_| with r; = ry = ED The restricted
characters are

XR,(r1,r2) ((D) =1, XR,(r1,m2) ((12>) = XR,(r1,r2) ((34>> =1,

XR,(r1.r2) ((24)) = XR,(r1.r2) ((23)) = XR.(r1.5) ((14)) = XR,(r1.r) (13)) = 0,
XR,(rer) ((123)) = XR,(rr) ((124)) = XR,(r1m) ((134)) = XR,(r1m) ((234))
= XR,(r1,r2) (132)) = XR,(r1,r2) ((142)) = XR,(r1,r2) ((143)) = XR,(r1,m0) ((243)) =
XR(r1.m) ((12) (34)) = 1, XR (r1ra) ((13) (24)) = XR(r1.0) ((14) (23)) = —1,
XR,(r,r2) (1234)) = XR,(r1.0) ((1243)) = X R (r1,r0) ((1342)) = XR,(ry,r) ((1432)) = 0,
XR.(r1.r2) ((1324)) = XR (ry.r) ((1423)) = —1.

The corresponding restricted Schur polynomial is

X&) (Z,Y) =1Tr (2)Tr (V)" + iTr (22) Te(Y)* + iTr (2)°Tr (v?)

—}—iTr (Z2%) Tr (v?) — %Tr (ZY)? - %Tr (ZY ZY). (3.7)
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3.2.1 Restricted Schur Polynomial for N' =4 SYM The-
ory

As we have seen in Chapter 2, N' = 4 SYM theory in the SU(2) sector is
integrable, in the planar limit. It is natural to search for nonplanar integrability
in this sector. Restricted Schur polynomials with two matrix fields Z and Y as
n (3.4), represent a basis of gauge invariant operators in the SU(2) sector. To
proceed even further, one could also build gauge invariant operators that take
us beyond the SU(2) sector of the N'=4 SYM theory. The simplest example
in this case is provided by the restricted Schur polynomials with three scalar
matrix fields Z,Y and X

XR(r1,r2,r3)0 (Zv Y, X)
1

= it 2o Wewrares (Cr () T (027 S X)

O'GSn+m+p

(3.8)

3.3 Schur Polynomials for ABJM Theory

In this section we will build gauge invariant operators for ABJM theory using
the Schur polynomials discussed in the previous section. As we see from ap-
pendix B, ABJM theory with the gauge group U(N) x U(N) contains gauge
invariant operators built from traces of the products of ABT where A and
B are the bifundamental scalar fields in the ABJM Lagrangian. It is then
straightforward to construct Schur polynomials for ABJM theory in analogy
with Schur polynomials of N'=4 SYM theory as [50]

r (ABY) = Z Trg (Dg (o (a (ABT)®"> , (3.9)

UES

where

Tr (o (ABN™") = (ABT),. ) (AB') 2,

oo (ABN) L (ABY)

io(n—1) io(n)’

and

(ABh)* = AkB°

io(a) io(a) ia o = 1,2, ...N.

3.3.1 Restricted Schur Polynomials for ABJM Theory

In the next chapter, we will compute the action of the dilatation operator in the
SU(2) x SU(2) subsector of ABJM theory. We will consider the bifundamental
scalar fields A; and B} as background fields and the B} as excitation fields. We
will make heavy use of a restricted Schur polynomial basis for this particular
subsector. Toward this end, in this subsection, we construct general restricted
Schur polynomials valid for any sector. We will denote the fields of the theory
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that we use as Ay, Ay, Bl and BJ. The number of A;s is n;; the number of B
sis m;. Set n = ny +ny = my +mo. Ris an irrep of S, i.e. R+ n. Introduce
the notation
= ALBlY, oy = ALBL,
Oy = A5 Bly, ¢y = A3, B
The number of ¢s is n;;. 7 F ny is an irrep of S,,,. The collection,
(TH, 12,721, T’QQ)E{T’} 1s an iI'I'ep of Snn X Sn12 X Sn21 X Sn22 C Sn We will be

exploiting the fact that general multi trace operators can be realized as a single
trace over the larger space V. In V®" permutations have matrix elements

<Z'1’Z'27. iy T‘jl;j%' . '7jn> L R T L

Consider the most general gauge invariant operator built using an arbitrary
number of A;s, Ass, BIS and Bgs. Due to the index structure of the fields, any
single trace gauge invariant operator is given by an alternating sequence of
pairs of A;s and BJ s. The possible pairs are the ¢;;; defined above. Any single
trace gauge invariant operator is given by a unique (up to cyclic permutations)
product of the (¢;;)f. The most general gauge invariant operator is given by
a product of an arbitrary number of these single trace operators.
In this subsection we will provide a new basis for these operators. The basis
we have constructed is given by a restricted Schur polynomial in the ¢;;

1
— ®n11 p@N12 1 @N21  QOn22
Orry = 11012 091 T gg: Try (g (o)) Tr (U¢11 D1 a1 Doy ) .
(3.10)
The irrep R will in general be a reducible representation of the S,,, x S,,, X

Shay X Sp,, subgroup of S,,. One of the S,,, X Sy, X Sn,, X Sp,, irreps that
R subduces is {r}. In the above formula, Tr,y is an instruction to trace only
over the {r} subspace of the carrier space of R. A very convenient way to
implement this trace is as

Ty (Tr(0) = Tr (Pl (0)) = X {0} (0)

where Py, is a projector which projects from the carrier space of R to the
{r} subspace.

3.3.2 A Complete Set of Operator

To prove that these operators form a basis, we simply need to show that they
are complete. We will demonstrate completeness by showing that the most
general gauge invariant operator built using an arbitrary number of A;s, Ass,
BIS and Bgs can be written as a linear combination of the operators (3.10).
Further, we can argue that all the operators in this set are linearly independent.
This follows immediately from the fact that the number of restricted Schur
polynomials is equal to the number of gauge invariant operators (which are
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linearly independent). This counting agreement was proved in [45] at both
finite and infinite N.

Now for the demonstration: The most general gauge invariant operator that
we are considering can be written as

o(r) = Tr (rof™ 6 05 055

for a suitable choice of the permutation 7 € S,,. The completeness of this basis
now follows from the identity (which is derived in [46])

dRTLll!TLlQ!an!TLQQ!
o) =2 i a g ) (T Orny

R,{T} 711212721 22T

where the sum over R runs over all irreps of S,, and {r} ranges over all irreps
of Spyy X Snyp X Sy X Spy,. This completes the demonstration.

The operators given in (3.10) do not have simple two point functions and they
are not orthogonal. For this reason we will need to generalize (3.10). The main
insight we gained is the fact that the number of gauge invariant operators is
equal to the number of distinct restricted Schur labels R, {r}.

3.4 Correlators for ' =4 SYM Theory

The two point function of Schur polynomials (3.1) in the free field theory was
computed for the first time in [24]

<XR (Z) xs (Z)T> = Ors /R,

where drg is 1 if R = S and zero otherwise, fg is the product of the weights
of the boxes in the Young diagram R. It is given by

fr=Tl W —i+3j).

0]

In this formula, ¢ and j represent the box in the ith row and the jth column
of the Young diagram R. Thus, the weight of this box is (N —i+j). To
illustrate this rule, an example is given in Figure 3.1.

A natural generalization for the two point function of Schur polynomials is the
two point function of restricted Schur polynomials [46, 47]

(hooks)

<XR,(T@1,T(XQ)X;,(SB:L,SEZ) > = 6R5'5ra1551 57~a2552

where (hooks), and (hooks) are the product of the hook length of all boxes
comprising the Young diagram R and its subduced Young diagram R,, respec-
tively. An example of how hooks are computed is given in Figure 3.2. In this
example, the number of boxes passed by the lines of the elbows represent the
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N N+1 N+2

{;Nz(m 1)(N+2)(N-1)

Figure 3.1: An example of the product of weights for a Young diagram R of 5
boxes.

| s8] s]3]1]
g1 4| 3[1
21
Hey L]

Figure 3.2: An example of how hook lengths are computed for a Young diagram
R 13 boxes.

hook value of the box containing the apex of the elbow (see [110]).

For this particular example, we have hooksp = 8.6.6.5.4.4.3.3.2.1.1.1.1 =
414720.
It is straightforward to find the two point functions of the restricted Schur
polynomials (3.8) as a generalization of (3.11)

hooks
f ) =0 i . 3.12
<XR’(T’5’t) AT () By(ros )T (vw) hooks,.hooksshooks; Iz ( )

3.5 Correlators for ABJM Theory

In this section we will study the two point correlation functions of the op-
erators (3.10). These correlators provide an interesting generalization of the
correlators considered for operators built from complex Higgs fields transform-
ing in the adjoint of a U(N) gauge theory. For correlators built from n Higgs
fields transforming in the adjoint of a U(N) gauge group one is able to re-
duce the computation of the correlator to the computation of a trace in V®"
where V is the carrier space of the fundamental representation of U(N). In the
present case, because we consider a theory with U(N) x U(N) gauge group,
the computation of the correlator reduces to a product of two traces (one for
each U(N) factor in the gauge group) each of which run over V®". We will
explain how to explicitly compute this trace. The first result we obtain in
this section is a general formula for the two point correlation function. We
then consider the explicit evaluation of this general result in two special cases:
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when ni19 = no; = 0 and when ny = 0. These special cases are simpler than
the general result, and the case ny = 0 represents a class of operators that are
closed under the action of the two loop dilatation operator. We will study the
anomalous dimensions of these operators in a later section. The final result
of this section is a general formula for two point functions. In appendix C we
explain how this result generalizes to gauge groups with more factors.

As has become standard in computations of this type, we ignore spacetime de-
pendence; it is uniquely determined in the final result by conformal invariance.
Consequently, the two point functions of the Higgs fields that we use are

<A“ AW> = 50000 = <B“ BT5>

i’ Tjb i jb

In terms of these Higgs fields we can write our operator as

1 < _
Orin = Trea (T AP o x
R{r} n11!mi2!n21 ngy! %S: ') (T () Zl_[l( l)ar(n

x H (As) T(])ﬁ(BI)Zi (BQ)aj (3.13)

i=14n =1 T j=14m, A

®nii+n2i1 ®niz+n22
= T (Pagy g agrane ()7 (5) 777

where

: > Trgy (Tr(0)).

!?7/21!71,22! ves

FPrin = n11!ni2

In the last line of (3.13) we have switched to a trace within V®". The above
explicit formula spells out how we are filling the “slots” from 1 to n with the
A;s and B]Ts. The operator 7 dictates how the A;s and Bj-s are combined to
produce ¢;;s. The specific 7 we must choose to achieve a specific joining will
not in general be unique. It would also be possible to replace 7 by some more
general element of the group algebra®. We will pursue this possibility below.
The name “restricted Schur polynomial,” regardless of the specific 7 used in
the construction, reflects that fact that for all of these operators the index
structure associated with the U(NN) group on which the projector Pg 1) acts
is organized using the symmetric group and its subgroups. It is now a simple
exercise to show that

<OR 0% {s}> (3.14)
Z Z Tr (PR,{r}w 0 APg (a1t 0 y) Tr (TTw_l oA truto I/_l) .
YOXESn | X Sny HOVESm X Smy

The sum over ¥ o A sums all possible Wick contractions between the A;s and
the sum over p o v sums all possible Wick contractions between the B;s After
making a convenient choice for 7 we will show how to evaluate (3.14) in general.

5The n;; continue to count the number of boxes in the Young diagrams r;; , but no longer
give the number of composite scalars (¢;;)¢ from which the operator is built.
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3.5.1 Number of A;s Equal Number of B;rs; Nnyp = N9 =0

In this subsection we consider the case that n; = mq, ny = msy and further that
nias = 0 = ng;. With this choice {r} = {ri;,792}. There are a number of nice
simplifications that arise in this case. First, we may take 7 to be the identity
permutation. Secondly, both Pg (4 and Pg g, commute with all elements of

Sy X Sna,- Thus, the two point correlator becomes
<OR {r}05 {s}>
> > Tr(Prgyto APsggypov) Tr (o X ov™?)
YOAESn 1 X Sngy HOVESH 1 X Sngy,y
= > > Tr(PrgyPsgsytmo ) Tr ()™ o (Av) ™)

WONESn | X Snoy HOVESn 1 X Snyy
=nulny! Y Tr(PriyPsgto ) Tr (¢ ox™).
YOAESn 1 X Sngg
Next we use the identity
n!

—P .
G

Pr.iry Ps s = Ors0trpis) 1=

proved in [47], and the identity (in this next formula Tr, denotes a trace over
Ven fois a product of the factors of Young diagram s and hooks; is a product
of the hook lengths of Young diagram s)

Tr, (1/} o >‘) = Trnu ( Trn22 Z Xs hOOkS Z X hOOkSt

sknq1 tknoo

which follows as a consequence of Schur-Weyl duality, to obtain

<OR7{T}OS,{5}> —£5Rs5{r},{s} >, x

zperSnH X Snog

. ZXU( hooks ZXt

ukniq Fnag

To do this sum, note that
niy! Ngo!
oW ==EP Y x(NA=ER
$ESny, s AESnyy t

where P; and P, are correctly normalized projectors, projecting to the irrep s
of S,,, and t of S,,,, respectively. Thus,

nnings! fu fe
Op 13O} >= 0rs0¢ry sy Tt (Pp 1oy PP
ninynog! fry, fr
= 11 22 5 5 N ds T P -
deTudTQQhOOkSthOOkSrQQ RSO{r},{s} 1"( R{ })

hOOkSRf?"u fT22 fR
hooks,,, hooks,., '

=0RS50{r} {s}
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To obtain the final result we used the value of Tr (PR,{T}) which has been
computed in [48]. The basic result of the subsection is

hooKSRg fry frese fR
O r O > = ORrg0 r}{s o :
< RArys{sy ) — PRSI 60ks,. hooks,,,

(3.15)

3.5.2 n9y =0, n; =m;+mo

With this choice {r} = {711, 722}. There are again a number of nice simplifi-
cations that arise in this case. First, we may again take 7 to be the identity
permutation. Secondly, both Pg . and Ps s commute with all elements of
Spyy X Sy Thus, the two point correlator becomes

<OR’{T}OL,{S}> = Z Z Tr (PR7{T}0PS,{8}p) Tr (O'_lp_l)

0ESy PESmy XSmy

=m;!mes! Z Tr (PR7{T}PS7{5}O') Tr (0_1)

oESH

~ i 6R55{r} (s} Z Tr (Pr o) Tr (o7})

oc€Sh

TL. —
:d_(;RSé{T}7{5} Z hoojl;ST GZ Tr (PR7{7"}O') XT (O' 1)

n

2—5355{r} s} Z hOOkST i Ty (P Pr)

:L(SRS*(;{T},{S}TT (PRv{T})

dr
_ (f 3)2 n!
drhooks,  hooks,,,

ORS0{r} {s}-

The basic result of the subsection is

hooksg (fr)?
@) r O > ) 67’ s :
< RAr}Vs (s} RT3 00ks,,, hooks,,

(3.16)

3.5.3 General Case

In this section we will consider general n;; . We will find it useful to allow 7
to be a general element of the group algebra. We will find it convenient to
distribute the Higgs fields in the slots as follows

ni n
1

Orir) = s 2 T W) [T (A0S T (A2 5057 >
oES, i=1 j=14ny
n11 B ni - ni1tn21 Bs n Bi
AL(s), 10 (), 10 (8), 11 (&), -
i=1 0@ j=14n1, 4@ j=14n, 0@ j=14n1+n9 o)

(3.17)
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Compare to (3.13) and notice that this is not the same distribution of the
Higgs fields. We will summarize this as

Orgy=Tr (PRV{T}A(@TLTB@”)

where for simplicity, our notation does not spell out which fields inhabit which
slots. Standard manipulations give (this assumes a Hermittian 7 which is the
case we consider below)

(OrmOL) = > > T (PrpmoPsme) Tr (o).

PESmy XSmy 0ESn X Sny

To see how the subgroups are embedded in S,,, note that .S,,, X S,, acts on slots
occupied by the As and S,,, X S, acts on slots occupied by B's. The formula
(3.17) clearly states how the slots are populated. Note that on the right hand
side there are two traces and the sums to be performed have one element of
the symmetric group in one trace and the inverse of this in the second trace.
The corresponding computation for gauge group U(N) has one trace and both
an element of the symmetric group and its inverse, in the same trace. This is
a key observation that motivates what follows.

We could reduce the above result to the corresponding result obtained for a
U(N) gauge group if we choose 7 so that

Tr(rp o) =6 (p "0 ). (3.18)
Define (R F n)
_ dr -1
dp = n!fRUEZ;nXR(J )a.

A rather straight forward computation now gives

d
Tr (®ry)) = n—ITXR (¥)

where the trace is over V. Recalling that the delta function on the symmetric
group is

5 (o) = % S dixn (0)

we have

Tr (Z ¢R¢> =5 (1).

RFn

This motivates the choice

I IR (319

O'ESn
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With this choice (3.18) holds so that

<(9R,{r}(9§,{s}> = > Tr (P oPs 30 ") -

0E€Sny XSngNSmy X Smy

Notice that Sy, X Sy, NSy X Sy = Snyy X Snps X Sngy X Sy, Thus, o commutes
with the projectors in the last equation. After summing over o we have

<OR,{7’}O;,{S}> = n11!n12!n21!n22!Tr (PR7{T‘}PS,{S}) .

A straight forward application of the results of [47, 48] now gives

hooksg fr
hooks,,,hooks,.,, hooks,.,

T _
<(9R,{r}(95,{3}> = ORSOU (s} o ops (3.20)

This clearly shows that our operators diagonalize the two point function in
the subspace of operators with fixed n;; . However, even after fixing n;, m;,
we can still change the n;;, by changing the way we populate the slots with
the Bfs which corresponds to changing the way that we embed S,,,, x S,,, in
Sy,. Projectors corresponding to different n;; will not in general be orthogonal.
However, in this case (3.18) is never satisfied so that the operators continue to
be orthogonal.
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Chapter 4

Nonplanar Integrability in N = 4
SYM Theory

In this chapter, we study the action of the nonplanar dilatation operator of
N = 4 SYM theory. The gauge invariant operators we consider were built from
restricted Schur polynomials. We first study the SU(2) sector of the theory
where restricted Schur polynomials built using two scalar fields Z and Y are
considered. We then investigate the spectrum of the dilatation operator beyond
the SU(2) sector [93] where restricted Schur polynomials are generalized to
include three scalar fields Z, Y and X. We conclude this chapter by studying
the two loop dilatation operator in the SU(2) sector of the theory [94].

4.1 One Loop SU(2) Sector

The one loop dilatation operator in the SU(2) sector is [51]
D = —gYMTl" [Y, Z] [8}/, 62}

We will compute the action of this operator on restricted Schur polynomials
(3.4). We will focus on restricted Schur polynomials that have only 2 rows
or columns. In this case, the multiplicity labels «, 8 of the restricted Schur
polynomial X g (rs)as are not needed because (r,s) is subduced once from R.
A simple calculation gives [52, 53]

DXR7(7”,5) (Z(Xma Y®m) =

2
9y m
= 2 T (1) % = (n,n+1)
¢65n+m
% ZZI '“Z;nfl (YZ . ZY)Z:TL (S?nﬂ Yin+2 ...Yi"“” ‘ (4'1)
P (1) P(n—1) Ly (n) Lp(n+1) ~ Lop(n+2) Ty (ntm)

Due to the delta 5:;;1“), the sum runs only over permutations that obey ¥ (n+

1) = (n+1). This sum is performed by writing the sum over S, in terms
of a sum over the S,,,,_1 subgroup (defined by keeping permutations that
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satisfy ¢»(n +1) = (n+ 1)) and its cosets. Using the reduction rule for Schur
polynomials [55], we get

912/M
D rs) —
XRS) = 1) (m — 1))

X Z Z CRR’Tr(r,s) (PR (n7 n+ 1) FR’ (77/}) - 11R’ (¢) FR (TL, n + 1)) X

wesn+m—1 R/
X 70 L2 (YZ - ZY)r Yy
Lap(1) Yy (n— Lp(n) ~ Yp(n+2) Y (nt+m)

where R’ is subduced from R by pulling off one box. cgp is the weight of the
removed box®. Now one can write the restricted character introduced in (3.5)
as

XR,(r,s) (U) - Tr(r,s) (FR (U)) =Tr (PR%(T,S)FR (U)) )

where Pr_, () is a projector from the carrier space of R to the carrier space
of (r,s). Using the identity

Zit e Zin (Y Z = ZY ) YR e

byp(1) T typ(n— Lp(n) ~ Yp(n+2) Lap(n+m) =

Tr (((n,n+ 1) — ¢ (n,n + 1)) ZE"Y™)
where

Tr (O.Z®ny®m) Zu Zzn Yin+1 Yin+m

lo(1) T lo(n)” to(nt+1) T to(ntm)’

together with the identity (proved in [46])

drn!m!
Tr (0Z®"Y®m) = Z %XT,@M) (0_1) XT,(tw) (Z,Y) (4.2)

Ty Gt (n+m)!
we get
DXR(T‘S)(ZY Z MR (m,8);T,(t,u) X T, (t,u) (Z Y)
T,(tyu)
cRR/dTnm

MR, (r,5); tu—gYM Z

YESptm_1 R
X Trpg) (Cr(n,n+ 1) TR (¥) = T () Tr (n,n 4 1)) X
X Xr,tw) (n,n+ 1) =9 (n,n+1)).

X
w(n+m)!

From the fundamental orthogonality relation, the sum over 1 gives

Crrrdrnm
r,s u 2 X
MR (r.5);1,(tu) = gYME dpdyd, (n+m)

5The box removed from row ¢ and column j has a weight N — 4 + j.
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XTr(TuS) ([FR (n7 n+ 1) ) PR—>(r,s)] IR/T’ [FT (n, n—+ 1) s PT—)(t,u)] [T’R’) . (43)

In this equation Igv and I/ g are intertwiners defined in Appendix B of [52].
The job of the intertwiner is to glue the carrier space of irrep R’ with the
carrier space of irrep T".

The result (4.3) is an exact expression for the one loop dilatation operator, i.e.
it is correct to all orders in 4.

This expression can be written in terms of the normalized operators, whose
form is most easily obtained from the two point function of restricted Schur

polynomials (3.11), that is

frhooksg

r,s Z7 Y)= hooks..hooks.
XR,(r,s) ( ) hooks,hooks,

OR,(T,S) (Z7 Y) .

The result is

DOprs) (Z,Y) = > NrroyrtaOr ) (Z,Y)
T,(t,u)

Nr ra) .ty = 20% a1 Z Crrdrnm frhooksrhooks,hooks, y
R I3 drdid, (n +m)\| frhooksghooks;hooks,

XTr('r,s) ([FR (7% n -+ 1) ) PR—>(r,s)] Trig [FT (n, n -+ 1) ) PT—>(t,u)] IT/R/) .

The spectrum of the dilatation operator was studied numerically in [52]. In
[53], the spectrum was studied analatically using the SU(2) representation the-
ory. Both these studies have proved that the spectrum of one loop dilatation
operator in the SU(2) sector at large NNV is reduced to the spectrum of decou-
pled harmonic oscillators. This signals integrability of N' =4 SYM theory in
the SU(2) sector. In the next subsection, we give a detailed analysis of the
spectrum of the one loop dilatation operator, beyond the SU(2) sector of the
theory.

4.2 One loop beyond the SU(2) sector

4.2.1 Action of the Dilatation Operator

In this subsection we will study the action of the one loop dilatation operator
on restricted Schur polynomials built using three complex adjoint scalars. The
main result of this section, which generalizes results known for the SU(2)
sector[52], is the simple formula (4.4) for the action of the dilatation operator.

Our operators are built using the six scalar fields ¢?, which take values in
the adjoint of u(N) in N' = 4 super Yang Mills theory. Assemble these scalars
into the three complex combinations

Z = ¢1 + i, Y = ¢3 + iy, X = ¢s5 + 105 .
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The operators we consider are built using O(N) of these complex scalar fields.
These operators have a large R-charge and consequently, non-planar contri-
butions to the correlation functions of these operators are not suppressed at
large N[64]. The computation of the anomalous dimensions of these operators
is then a problem of considerable complexity. This problem has been effec-
tively handled by new methods which employ group representation theory|[24,
58, 44, 48, 59, 25, 49, 27, 46, 60, 61, 62, 63] allowing one to sum all diagrams
(planar and non-planar) contributing. Indeed, the two point function of re-
stricted Schur polynomials[44, 48, 59, 49] can be evaluated exactly in the free
field theory limit[47]. The restricted Schur polynomials provide a basis for the
local operators[46] which diagonalize the free two point function and which
have highly constrained mixing at the quantum level[59, 49, 65, 52, 53]. For
the applications that we have in mind, this basis is clearly far superior to
the trace basis. Mixing between operators in the trace basis with this large
R-charge is completely unconstrained even at the level of the free theory.
The restricted Schur polynomials are

1 . .
@n ®m ®pYy _ § ’ 1 .Y
XR,(T‘,S,t) (Z ) Y ? X ) - n|m'p' Tr(r,s,t) (FR(U>>XZG<1) Xig<p) X
TESntm+p
'ip+1 . 'ip+m 'ip+m+1 . ?n+m+p
o (p+1) to(p+m)  lo(p+m+1) Yo (ntm+p)

We use n to denote the number of Zs, m to denote the number of Y's and p
to denote the number of Xs. R is a Young diagram with n + m + p boxes
or equivalently an irreducible representation of Sy 4,,4p. 7 is a Young diagram
with n boxes or equivalently an irreducible representation of S, s is a Young
diagram with m boxes or equivalently an irreducible representation of .S, and
t is a Young diagram with p boxes or equivalently an irreducible representa-
tion of S,. The S,, subgroup actson m+p+1,m+p+2,....,m+p+n and
therefore permutes indices belonging to the Zs. The §,, subgroup acts on
p+1,p+2,...,p+m and hence permutes indices belonging to the Y's. The 5,
subgroup acts on 1,2,....,p and hence permutes indices belonging to the Xs.
Taken together (r,s,t) specify an irreducible representation of S,, X S,, x S,.
Tr(,. s 1s an instruction to trace over the subspace carrying the irreducible
representation” (r,s,t) of S,, X Sy, X S, inside the carrier space for irreducible
representation R of S, .,+,. This trace is easily realized by including a projec-
tor Pp_y(rss) (from the carrier space of R to the carrier space of (r,s,t)) and
tracing over all of R, i.e. Try 4 (Pr(0)) = Tr(Proyrs0r(0)).

The one loop dilatation operator, when acting on operators composed from
the three complex scalars XY, Z, is [66, 67, 68, 69, 32, 70]

D = —gonTr [Y, Z] [0y, 072 — gy Tr [X, Z] [0x,02] — gynTx [V, X] [0y, Ox].

"In general, because (r, s,t) can be subduced more than once, we should include a multi-
plicity index. We will not write or need this index here. We will, in the next section, restrict
our attention to restricted Schur polynomials that are labeled by Young diagrams with two
rows or columns. A huge simplification that results is that all possible representations (r, s, t)
are subduced exactly once.
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The action of the dilatation operator on the restricted Schur polynomials be-
longing to the SU(2) sector has been worked out in [65, 52]. In what follows,
we will work with operators normalized to give a unit two point function. The
normalized operators Og .+ (Z,Y") can be obtained from

frhookspg
rst) (2, Y, X Orrs)(Z,Y, X).
XB( t)( )= \/hooksr hooks, hooks; Ri(r, ’t)( )

The computation of the dilatation operator is a simple extension of the analysis
presented in the previous section so that we will only quote the final result. In
terms of the normalized operators

DOp o) (2,Y,X) = D NepandowOrwea(Z,Y, X)  (44)

T, (u,v,w)

NR (r,5,6):T (u0,0) =

Z 2 gy Mc rr AT frhooksrhooks,hooksshooks;
drdyd,d, (n +m+p)\ frhooksghooks,hooks,hooks,,

X [anr([FR (p+m+1,p+1), Prosgron] Lra X
X [Cr ((p+m+1,p+ 1)), Proon] Irvm )
T ([Tr (1,9 + m + 1)), Prosgran] T

x [P ((L,p+m+1)), Progsy] [T’R’)
—l—mpTr([FR (L,p+1)), PRﬁ(rvsvtﬂ T X

% [Cr ((Lp+ 1)), Proesn] I | (4.5)

crpr is the factor of the corner box removed from Young diagram R to
obtain diagram R’, and similarly 7" is a Young diagram obtained from 7" by
removing a box. This factor arises after using the reduction rule of [71, 48]. The
intertwiner I,p is a map from the carrier space of irreducible representation A
to the carrier space of irreducibe representation B. Consequently, by Schur’s
Lemma, A and B must be Young diagrams of the same shape. The intertwiner
operators relevant for our study have been discussed in detail in [52].

4.2.2 Projection Operators

The goal of this subsection is to construct the projection operators needed to
define the restricted Schur polynomials we study. This construction clearly
defines the class of operators being considered. The approximations being
employed in this construction are carefully considered.
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The class of operators x g (- (Z,Y, X) we will study are labeled by Young
diagrams that each have 2 rows or columns. We further take n to be order N
and m, p to be aN with a < 1. Thus, there are a lot more Z fields than there
are Y's or Xs. The mixing of these operators with restricted Schur polynomials
that have n # 2 rows or columns (or of even more general shape) is suppressed
at least by a factor of order —=8. Thus, at large N the 2 row or column
restricted Schur polynomials do not mix with other operators, which is a huge
simplification. This is the analog of the statement that for operators with
a dimension of O(1), different trace structures do not mix at large N. The
fact that the two column restricted Schur polynomials are a decoupled sector
at large N is expected: these operators correspond to a well defined stable
semi-classical object in spacetime (the two giant graviton system) [52].

Note that as a consequence of the fact that there are a lot more Zs than
Y's and X, contributions to the dilatation operators coming from interactions
between Zs and Y's or between Zs and Xs will over power the contribution
coming from interactions between Xs and Y's. Consequently we can simplify
the action of the dilatation operator to

NR (r,,6):T (u0,0) =

Z 292 \;CrrrdTn frhooksrhooks,hooks,hooks,
- drd,d,d, (n+m+p)\ frhooksgrhooks,hooks,hooks,,

X [anr([FR (p+m+1,p+1)) ,PRH(T’S’@] T X
X [FT (p+m+1,p+1)) 7PT—>(r,s,t)} [T’R’>
—i—inr([FR (L,p+m+1)) ,PR_>(T7S7,5)} Tpigr X

X [FT ((Lp +m+ 1)) ) PT%(r,s,t)] IT’R’) . (46)

Two Rows

We will make use of Young’s orthogonal representation for the symmetric
group. This representation is most easily defined by considering the action
of adjacent permutations (permutations of the form (7,7 4+ 1)) on the Young-
Yamonouchi states. The permutation (¢, i+1) when acting on any given Young-
Yamonouchi state will produce a linear combination of the original state and
the state obtained by swapping the positions of ¢ and 7« + 1 in the Young-
Yamonouchi symbol. The precise rule is most easily written in terms of the
axial distance between ¢ and ¢ + 1. If ¢ appears in row r; and column ¢; of the
Young-Yamonouchi symbol and ¢ 4+ 1 appears in row 7;,1 and column ¢;;; of
the Young-Yamonouchi symbol, then the axial distance between ¢ and 7 + 1 is

diiy1 = ¢ — 1 — (Ciy1 — Tig1) -

8Here we are talking about mixing at the quantum level. There is no mixing in the free
theory[47].
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In terms of this axial distance, the action of (i,7 4 1) is

(i,7+ 1) |state) = |state) + , /1 —

diiv1

where the Young-Yamonouchi symbol of [swapped state) state is obtained from
the Young-Yamonouchi symbol of |state) by swapping the positions of i and
i+ 1. See [72] for more details.

The reason why we use Young’s orthogonal representation is that it sim-
plifies dramatically for the operators we are interested in. To construct the
projectors Pr_, (54 We will imagine that we start by removing m + p boxes
from R to produce r. We label the boxes in the order that they are removed.
Of course, after each box is removed we are left with a valid Young diagram;
this is a nontrivial constraint on the allowed numberings. Thus, after labeling
these boxes we have a total of 2P partially labeled Young diagrams, each
corresponding to a subspace r of the subgroup S, x (S1)™*? of the original
Sht+m+p group. We now need to take linear combinations of these subspaces in
such a way that we obtain the correct irreducible representation (s,t) of the
Sp X Sy, subgroup that acts on the labeled boxes. For the class of operators
that we consider, the number of boxes that we remove (= m + p) is much less
that the number of boxes in R (= m +n+ p =~ n). In the Figure below we
show R and the boxes that must be removed from R to obtain r. It is clear
that the axial distance d; ;41 is 1 if the boxes are in the same row so that

(1,7 + 1) |state) = |state) for boxes in the same row .

It is also clear that d; ;. is O(N) for boxes in different rows. At large N we
can simply set (d;;11)* = 0 so that

(1,74 1) |state) = |swapped state) for boxes in different rows.

Figure 4.1: Shown above is the Young diagram R. The boxes that are to be
removed from R to obtain r are colored black.

The representation that we have obtained is very similar to a representation
which has already been studied in the mathematics literature [73]. Motivated
by this background define a map from a labeled Young diagram to a monomial.
Our Young diagram has m + p boxes labeled and the labels are distributed
between the upper and lower rows. Ignore the boxes that appear in the lower
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row. For boxes labeled 7 in the upper row include a factor of z; in the monomial
if 1 <i < pand a factor of y; if p4+1 <7 < p+m. If none of the boxes in the
first row are labeled, the Young diagram maps to 1. Thus, for example, when
m=2and p =2

HENE | 13]2]1]
41211 & s 4 © T1T2Y3

The symmetric group acts by permuting the labels on the factors in the
monomial. Thus, for example, (12)x1ys = x9y3. This defines a reducible
representation of the group S,, X S,. It is clear that the operators®

p 8 p+m 6
dy = Zam and dy= Y o (4.7)
i=1 ¢ i=p+1 7!

commute with the action of the 5,, x S, subgroup. These operators generalize
closely related operators introduced by Dunkl in his study of intertwining
functions [74]. They act on the monomials by producing the sum of terms
that can be produced by dropping one x factor for d; or one y factor for dy at
a time. For example

dy(122y3) = 2ys + T1Y3, do(T122Y3) = 2122 .

The adjoint!® produces the sum of monomials that can be obtained by append-
ing a factor, without repeating any of the factors (this is written form =2 =p
impurities but the generalization to any m is obvious)

di(%) = T1Y3 + T2y3, d{ (x1Y3) = T122Ys3, d;(ﬂﬂl%) = T1Y3Y4 -

The fact that d; and dy commute with all elements of S, x S, implies that

dI and d; will too. Thus, d{dl and d;dg will also commute with all the ele-
ments of the S, X S, subgroup and consequently their eigenspaces will furnish
representations of the subgroup. These eigenspaces are irreducible represen-
tations - consult [73] for useful details and results. This last fact implies that
the problem of computing the projectors needed to define the restricted Schur
polynomials can be replaced by the problem of constructing projectors onto
the eigenspaces of didl and d;dg. This amounts to solving for the eigenvectors
and eigenvalues of didl and d;dz. This problem is most easily solved by map-
ping the labeled Young diagrams into states of a spin chain. The spin at site
7 can be in state spin up (—1—%) or state spin down (—%) The spin chain has
m + p sites and the box labeled i tells us the state of site 7. If box ¢ appears
in the first row, site ¢ is in state +%; if it appears in the second row site ¢ is in

state —%. For example,

sta o i 111
2’927 927 2797 9

9Tt may be helpful (and it is accurate) for the reader to associate the x;, y; of these op-
erators with the X;(i)’ Y/ ) appearing in the definition of the restricted Schur polynomials.

(e

1Consult Appendix E for details on the inner product on the space of monomials.
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Both d!d; and d}d, have a very simple action on this spin chain: Introduce

e Bl

for the possible states of each site and the operators

01 0 0
o = o” = (oMt =
0 0 1 0
which act on these states
1\ |1 N S\ S
2/ "2/ 2/ T3/ 7 T2/

We can write any of the states of the spin chain as a tensor product of the
states |3) and | — 1). For example

ot

2

1 11 111__1® 1®1 o 1®1 ®1
27 2727 2°2°92/ | 2 2 2 2 2 2

for a system with 6 lattice sites. Label the sites starting from the left, as site
1, then site 2 and so on till we get to the last site, which is site 6. The operator
o~ acting at the third site (for example) is

;=110 10111

We can then write

PP

did, = Z Z a;raﬁ_ : (4.8)
a=1 =1
pt+m  p+m

didy, = Z Z 0,05 (4.9)
a=p+1 f=p+1

This is a long ranged spin chain. In terms of the Pauli matrices

o 0 1 2 0 —2 5 1 0
10 ¢ 0 0 -1

we define the following “total spins” of the system

P = T+ P+ PP,
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and

1 1 (AR
KIZ E §O'Cly, K2: E 50'3, KSZ E 50’2,
a=p+1 a=p+1 a=p+1

K?=K'K'+ K?K?+ K3K? .

We use capital letters for operators and little letters for eigenvalues. In terms
of these total spins we have

didy =3 — PP +1), didy=K>—K3K®+1).

Thus, eigenspaces of d}rdl can be labeled by the eigenvalues of J* and eigen-
values of J?, and the eigenspaces of d;dg can be labeled by the eigenvalues of
K? and eigenvalues of K3. Consequently, the labels R, (r, s,t) of the restricted
Schur polynomial can be traded for these eigenvalues. Indeed, consider the
restricted Schur polynomial Xpg (s (Z,Y, X). The K? = k(k + 1) quantum
number tells you the shape of the Young diagram s that organizes the impu-
rities: if there are N; boxes in the first row of s and Ny boxes in the second,
then 2k = N; — Ny. The J* = j(j + 1) quantum number tells you the shape
of the Young diagram t that organizes the impurities: if there are N; boxes
in the first row of ¢t and Ny boxes in the second, then 25 = N; — Ny. The
J? + K3 eigenvalue of the state is always a good quantum number, both in
the basis we start in where each spin has a sharp angular momentum or in the
basis where the states have two sharp “total angular momenta”. The 53 + k3
quantum number tells you how many boxes must be removed from each row of
R to obtain r. Denote the number of boxes to be removed from the first row
by n; and the number of boxes to be removed from the second row by ny. We
have 253 + 2ks = n; — no. This gives a complete construction of the projection
operators we need.

To get some insight into how the construction works, lets count the states
which appear for the example m = p = 4. There are three possible Young
diagram shapes which appear

L] L

These correspond to a spin of 2, 1, 0 respectively. As irreducible representations
of S4 they have a dimension of 1, 3 and 2 respectively. Coupling four spins we
have

1®1®1®1—2@31@20
272272 '

These results illustrate that each state of a definite spin labels an irreducible
representation of the symmetric group and further that for our 8 spins we find
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the following organization of states

Sy X Sy irTep K irrep J irrep dimension
(A I Ry ) j=2 25
[ ]
(MJJJ, L] ) k=2 j=1 45
(N k=2 j=0 10

(. ,MJ_‘J) k=1 j=2 45

) L) k=1 j=1 81
(R k=1 j=0 18
L) k=0 j=2 10
(N k=0 j=1 18
(I ) k=0 j=0 4

The last column is obtained by taking a product of the dimension of the S, x.S,
irreducible representation by the dimension (2k 4 1)(25 + 1) of the associated
spin multiplets. Summing the entries in the last column we obtain 256 which
is indeed the number of states in the spin chain. For a detailed example of
how the construction works see Appendix D.

Summary of the Approximations made:

e We have neglected mixing with restricted Schur polynomials that have
n # 2 rows. These mixing terms are at most O(\/Lﬁ) so that this approx-
imation is accurate at large V.

e The terms arising from an interaction between the X's and Y's have been
neglected. Since there are a lot more Zs than Xs and Y's the one loop di-
latation operator will be dominated by terms arising from an interaction
between Zs and Xs and between Zs and Y's.

e In simplifying Young’s orthogonal representation for the symmetric group
we have replaced certain factors (d;;1)”' = O(N™1) by (diie1)~" = 0.
This is valid at large N. The fact that d; ;11 = O(N) is a consequence
of the fact that we have Young diagrams with two rows, that we con-
sider an operator whose bare dimension grows parametrically with N and
that there are a lot more Zs than Xs and Ys. Thus boxes in different
rows, corresponding to Xs and Y's, are always separated by a large axial
distance at large N.
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Two Columns

To treat the case of two columns, we need to account for the fact that Young’s
orthogonal representation simplifies to

(1,14 1) |state) = — |state) for boxes in the same column,

(1,1 + 1) |state) = |swapped state) for boxes in different columns.

Note the minus sign on the first line above. We can account for this sign,
generalizing [53], by employing a description that uses Grassmann variables.
To describe the first p boxes, introduce the 2p variables z;, z;, where i =
1,2,....,p. To describe the next m boxes, introduce the 2m variables yj_,y;f,
where j = p+ 1,p+ 2,...,p + m. Each labeled Young diagram continues to
have an expression in terms of a monomial. Boxes in the right most column
have a superscript +; boxes in the left most column have a superscript —.
Each monomial is ordered with (i) xs to the left of ys and (ii) within each
type (z or y) of variable, variables with a — superscript to the left of variables
with a + superscript. Finally within a given type and a given superscript the
variables are ordered so that the subscripts increase from left to right. Thus,
for example, when m = 3 = p we have

W (o

SE

o~ =
Ty Ty X3Yy Ys Ys -

If we now allow S,,, x S, to act on the monomials by acting on the subscripts
of each variable without changing the order of the variables, we recover the
correct action on the labeled Young diagrams.

It is a simple matter to show that

>t Sy
dy = x:r—,7 dy = yf—,,
=1 0 t i=p+1 ayz

both commute with the symmetric group. It is again simple to show that!!

T p 8 .|. p+m a
dl:;xi %; d2:i§ly¢ @

11 Assuming we only consider monomials that are ordered as we described above, the inner
product of two identical monomials is 1 and of two different monomials is 0.
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We can again define two S, x S, Casimirs as didl and d;dz. In terms of the
spin variables

oy, = (07)" 07, (03)"

we have
didy =3 -~ BB +1), did=K — KK>+1).

Thus, the eigenspaces of didl can be labeled by the eigenvalues of J ? and eigen-
values of J?, and the eigenspaces of d;dQ can be labeled by the eigenvalues of

~ 9 ~

K™ and eigenvalues of K. Consequently, the labels R, (, s,t) of the restricted
Schur polynomial can again be traded for these eigenvalues. The remaining
discussion is now identical to that of two rows and is thus not repeated.

4.2.3 Evaluation of the Dilatation Operator

In this subsection we will argue that all of the factors in the dilatation operator
have a natural interpretation as operators acting on the spin chain. This allows
us to explicitly evaluate the action of the dilatation operator. Our final formula
for the dilatation operator is given as the last formula in this section.

The bulk of the work involved in evaluating the dilatation operator comes
from evaluating the traces

T ([Ca((p+m+1, p+1), P | I [Pr((pbme-L, p+1), Prosgunn| o)
and
Tr ([FR((LP +m + 1))7 PR—)(r,s,t)] IR’ T [FT((LP +m+ 1))7 PT—)(u,v,w)] ]T’ R’) .

When we evaluate the second trace above, the intertwiners can be taken to
act on the first site of the spin chain. This term corresponds to an interaction
between a Z and X field. The first p sites of the spin chain correspond to
X fields so that the intertwiner could have acted on any of the first p sites
of the chain. When we evaluate the first trace above, the intertwiners can be
taken to act on the (p + 1)th site of the spin chain. This term corresponds
to an interaction between a Z and Y field. The last m sites of the spin chain
correspond to Y fields so that the intertwiner could have acted on any of the
last m sites of the chain. Consider an intertwiner which acts on the first site
of the chain. If the box from row 7 is dropped from R and the box from row j
is dropped from T, the intertwiner becomes

IR’T’:Eij®]—®"'®1, IT'R’:E32®]-®®1,
where E;; is a 2 X 2 matrix of zeroes except for a 1 in row 7 and column j. We

will use a simpler notation according to which we suppress all factors of the
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2 x 2 identity matrix and indicate which site a matrix acts on by a superscript.
Thus, for example
Ipr =B, Ipp=EY.

Next, consider I'r((p+m+1,p+1)) which acts on a slot occupied by a Z and
a slot occupied by a Y and I'r((1,p + m + 1)) which acts on a slot occupied
by a Z and a slot occupied by an X. To allow an action on the Z slot, enlarge
the spin chain by one extra site (the Z site). The projectors and intertwiners
all have a trivial action on this (m + p+ 1)th site. lp((p+m+1,p+ 1)) will
swap the spin in the (m + p + 1)th site with the spin in site p + 1. Thus, we
have

2
IrrTr((p+m+1,p+1)) Z E;: (p+1) m+p+1)FR((p +m+1,p+1))
k=1

2
p+1 m+p+1)
=D Ej !
k=1

FR((p +Lm+ 1719 + 1 ]R’T’ Z E (p+1) 7’m-l-P-ﬁ-l)’

Tr((p+m+1,p+ 1)) rrTr((p+m+1,p+1)) = ESPH.

Since I'g((1,p + m + 1)) will swap the spin in the (m + p + 1)th site with the
spin in site 1, very similar arguments give

2
IerTR((Lp+m+1) =Y BB,
k=1

FR((l,p+m+ R’T’ ZEk] E(m+p+1 s

Cr((L,p+m+ D) e Tr((1,p+m+1)) = BF" 7.

Our only task now is to evaluate traces of the form

Tt (Ta((1, 2+ m + 1) P L Dr (L p 4 1) Pros o I

2
Z v (BB Prosn VBN Prosun ) -

To perform thls final trace, our strategy is always the same two steps. For the
first step, evaluate the trace over the (n + p + 1)th slot. It is clear that the
trace over the p + m + 1th slot factors out and further that

Tr (E]ggp+p+1)El(im+p+1)) — 0,10

ol



so that we obtain
1 1
Tr (Ez(z )PR—>(r,s,t)E](‘j)PT—>(u,U,w))

To evaluate this final trace we will rewrite the projectors a little. Notice that
E,Sc) only has a nontrivial action on the first site of the spin chain. Thus, we
rewrite the projector, separating out the first site. As an example, consider

dt ds
Prossn = ) 13:5% ) (G 5% el @ D |k k%, B) (ks k7, 6
a=1 B=1

To make sense of this formula recall that the labels j, k, 72, k* can be traded
for the r,s,t labels. In going from the LHS of this last equation to the RHS
we have translated labels and we assure you that nothing is lost in translation
[53]. In Figure 4.2 we remind the reader of how the translation is performed.
We will refer to the Young diagram corresponding to spin 7, built with p blocks
as sf in what follows.

S =

e, — N ol
p/i2-] 2]

g
1

Figure 4.2: How to translate between the j, k and the s,t labels.

The piece of the projector that acts on the first p sites is

d¢

P_ngzz

a=1

3.3% ) (4,3% al . (4.10)

If we couple the spins at sites 2,3, ...,p together, we obtain the states |j £

%, 33+ %, a) with the degeneracy label o running from 1 to the dimension of

the irreducible S,_; representation associated to spin j £ % This irreducible

representation is labeled by the Young diagram S?;%. The Clebsch-Gordan
coefficients
1, 111, ., Jj+7°
<J_§7] _§a§7§|37] >: 2] )



! .3>_ j+3+1
4 2+ 1)
tell us how to couple the first site with the remaining spins to obtain the
projector (4.10). Thus, we finally have (s1 = sfj, §2=s"1)
2

it+3
R i I T TP | j—1 1. 1 5 1
|¢,Oé>— 2] 2 2)] 27] 2,Oé + QJ 2) 2a] 2)] +2704 ’

N i N S U |
j+3+1
7 + )
R ’ > 5>

Z|¢ a|+2|w (. 8] .

We could of course perform exactly the same manipulations on the projector
P, that acts on the last m sites of the spin chain. Now, using the obvious

identities
1 1 R |
- — -«
2 2 2 ) j 2 ) )

1 1 1 +1
7 2’] 27] 2 « 7

11 |w5 \IJ_J +1'_ _7.j %75>7
22 W’ﬁ \/j+]j+_|1—1‘ 507 7] + 7ﬁ>

it becomes a simple matter to evaluate the above traces.
Finally, in the limit that we consider, the coefficients of the traces appearing
in the dilatation operator are easily evaluated using

1 Jj+7?
E%l) ’¢7Oé>: 2]

1) j—ﬁ
ES |6, a) =

crrdrd,m frhooksrhooks,hooksshooks;
drdydyd,(n+m+ p)\l frhooksghooks,hooks,hooks,,
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_ VCrrCTTY v hooks hooks;hooks, hooks,,
n m!p! '

In the above expression, 7’ is obtained by removing a box from r. The box that
must be removed from R to obtain R’ and the box that must be removed from

r to obtain 7’ are both removed from the same row. Putting things together
we find

! (-t 2)(°)

DO 3,53 (b07b1) = gYM [_— > Aoj,j3,k,k3(b07b1)

2 Jj+1)
\/ m ;jzi T 4% +;)2.7) (j+4° -g(? f 1; 7+ D A0, 1 43 (b0 )
% <p %) AO; js g i3 (bo, br)

p+2k+4)(p—2k) (k+k+1)(k—k*+1)

\/ (2k + 1)(2k + 3) 2(k+1)

AO; js k1,53 (bo, b1)

(p+2k+2)(p— 2k +2) (k+ k*)(k — k?)
(2k +1)(2k — 1) 2k

AOJ'JB’]{,]_’kS (bo, bl) (411)

where

AO(bo,b1) = /(N +bo) (N + by + b1)(O(bo + 1,01 — 2) + O(by — 1, by + 2))
(2N + 2y + b1)O(bo, by ). (4.12)

Above, we have explicitly carried out the discussion for two long rows. To
obtain the result for two long columns, replace

V(N +bo) (N +bo+b1) = /(N = bo) (N — by — by),

(2N + 2[)0 + bl) — (2N — 2b0 — bl)

in the expression for AO(by, by). This completes our evaluation of the dilatation
operator.

4.2.4 Diagonalization of the Dilatation Operator

In this subsection we reduce the eigenvalue problem for the dilatation operator
to the problem of solving a five term recursion relation. The explicit solution of
this recursion relation allows us to argue that the dilatation operator reduces
to a set of decoupled oscillators. Thus, the problem we are studying is indeed
integrable.
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We make the following ansatz for the operators of good scaling dimension

Zfbo,bl it (b0,01) = > Chgjoga(3 k) f(bo, b1)Oj ja gos (bo, by)

7,k,b1

Inserting this ansatz into (4.11) we find that the O,, ;3 x3(bo, b1)’s satisfy the
recursion relation

— g 53 k3 er,j3,k3 (.]7 k) -

\/(m+2j+4><m—2j> G+72+1)G -2+ 1)

O’rq,j3,k3 (] + 1, ]{?)

(27 +1)(27 4+ 3) 27+ 1)
\/@(_;;i TS Gl D)
W I e

(4.13)

Exploiting the j3 — —53 and k* — —&3 symmetries of this equation, we need
only solve for the 53 > 0 and k* > 0 cases. The ranges for j and k are

0<lfl<i<sT  0sKl<k<E

From the form of the recursion relation, it is natural to make the “separation
of variables” ansatz

CTq,jS,k‘3 (]7 k) = Cr,j3 (.])Cq,k?’(k) .

Our five term recurrence relation now reduces to two three term recurrence
relations

o Cli) =
\/(méﬁ Bgﬁ;f” S (= R
_% (m _ %) Cris(j). (4.14)
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_aq,k3Cq,k3 (k) =

(p+2k+4)(p—2k) (k+ k3 +1)(k— k> +1)
\/ (2k + 1)(2k + 3) 20k + 1) Coxs(k+1)
(p+ 2k +2)(p — 2k + 2) (k + k%) (k — k)
\/ (2k +1)(2k — 1) o Cops(k—1)
_% (p B %) Coua (). (4.15)

These are identical to the three term recursion relations that appear in [53].
To solve these recurrence relations, introduce the Hahn polynomial[75]

)
From the recurrence relation obeyed by Hahn polynomials (see equation (1.5.3)
in [75]) we have

1) =

) 173|245~
3Fy ( |

1,|j3|—%
Y

_ —n, 1,—
Qn(xy «, 57 N) - 3F2 (ailﬁjj.\thrﬁJr ‘

‘]3‘__]7_]—*—1—"_‘]3'7_7’
rafy ({)r

G+72+D)G -2+ D(m—2j
2(j +1)(2 +1)

. <m . <m+2><2‘°’>2> 8 (et

)

2 2(j+1) LI* =5
LUAPG =) m+2j+2) <1+!j3\—j,j+\j3|,—r 1)
2(2j + 1) LI® =5

Consequently, our recursion relation is solved by

: m_p (M (2j +1) 52 ~5d gL
Crja(j) = (=1)=277" (5)'\/(771 : Ty 1)!3F2 <‘;3|_]g]71 ’

)

IR CR
(4.16)
Bl< i< <r<™ 3
177 <j < 5 0sr<g 1771
and
p_g (D (2k+1) k3| — ke ko [RB|41,—
C k:—nq(—)! F( : ’q1)
Q,k3( ) ( ) 2 \/(g_k)‘(§+k+1)‘3 2 |k3]—-2.1
(4.17)
Flsk<t  0<qst-IK.

The associated eigenvalues are
Qg = —2(r +q) =0,-2, =4, ..., —(m = 2|7°| + p — 2|k’]).

Our eigenfunctions are essentially the Hahn polynomials. It is a well known
fact that the Hahn polynomials are closely related to the Clebsch-Gordan
coefficients of SU(2) [76].
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The eigenproblem of the dilatation operator now reduces to solving

AN " F(Bo,b1) Orgo s (bo, b)) = —urgo s > f(bo, b1) AOrq o s (bo, br) -

by b1

This eigenproblem implies f(bg, by) satisfy the recursion relation

— g o 9y [V (N +bo) (N + b + b1) (f (b — 1,61 +2) + f(bo + 1, b1 — 2))
—(2N + 2bo + 1) f(bo, b1)] = Af (b, b1) - (4.18)

Since we work at large N, we can replace (4.18) by

)\f(bo, bl) B _arq,j3,k3g}2/M[\/(N + bg)(N + b() + bl + 1)f(b0 - 1, bl + 2)
+/ (N +bo+ 1) (N + by + b1) f(bo + 1,by — 2) — (2N + 2b + by) f (b, b1)] -

This recursion relation is precisely the recursion relation of the finite oscillator
[87]! In the continuum limit (which corresponds to the large N limit) we
recover the usual description of the harmonic oscillator, demonstrating rather
explicitly that the eigenproblem of the dilatation operator reduces to solving
a set of decoupled harmonic oscillators. The solution to (4.18) is [87]

+b0+— 2 +2b0+b] 2 +2bg+b1 F —n,—(N+bo+b 2
f (b07 b] ) = (— N \/ ]\;V-‘,-bo-i-bl N n )2 1 (,(2N&,j3b0+b] ) ) )

These solutions are closely related to the symmetric Kravchuk polynomial
K,(x,1/q,p) defined by

2F1 (:27_38; Q) = Kn(x> 1/Q>p) :

The corresponding eigenvalue is A = 2na, js 393 ;- Recall that by > 0 so that
only half of the wavefunctions are selected (those that vanish when b; = 0) and
consequently the eigenvalue \ level spacing is 4o, j3 1395 0 = 8(p + @) 9% us-

4.2.5 Discussion

We have studied the action of the dilatation operator on restricted Schur poly-
nomials xg,(rs)(Z, Y, X), built from three complex scalars X, Y and Z and
labeled by Young diagrams with at most two rows or two columns. The oper-
ators have O(N) fields of each of the three flavors, but there are many many
more Zs than Xs or Ys. Our main result is that the dilatation operator re-
duces to a set of decoupled oscillators and is hence an integrable system. If we
have m Y's and p X's with p, m both even, we obtain a set of oscillators with
frequency w;; and degeneracy d;; given by

wij = 8(i + J) gy dij = (2(m —i) +1) (2(p—j) + 1),
1=0,1,...,m, 7=0,1,...,p.
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If p is even and m is odd we have
wiy =8+ J)gyvar,  dy=2(m—i+1)(2(p—j)+1),

i=0,1,..m, j=01,..p.

If m is even and p is odd we have
wij = 8(i+)gva,  diy=22(m—i)+1)(p—j+1),

1=0,1,...,m, 7=0,1,...,p.
If both p and m are odd we have

wi; = 8(i + J) g5 ar» dij=4(m—i+1)(p—j+1),

1=0,1,...,m, 7=0,1,...,p.

The oscillators corresponding to a zero frequency are BPS operators built using
three complex scalars X, Y and Z.

The form of the dilatation operator (4.11) is intriguing: it looks like the
sum of two of the dilatation operators computed in [53], with one acting on the
Y's (with quantum numbers k, k) and one acting on the Xs (with quantum
numbers 7, 72). With the benefit of hindsight, could we have anticipated this
structure? The bulk of our effort involved evaluating traces like this one

Tr <|:FR((p +m + 17p + 1))7PR—>(r,s,t):| [R’T/

X (4 m+ 1,0+ 1), Prosgu | Frre )

Notice that both T'r((p + m + 1,p + 1)) and Ig 7 do not act on the first
p sites of the spin chain. Further, our projector factorizes into a projector
acting on the first p sites times a projector acting on the remaining m sites.
Consequently, the trace over the first p sites gives dy,d,. The trace that
remains is exactly of the form considered in [53], explaining our final answer
(4.11). An important new feature we have found here, described in detail in
Appendix C, is that before making the approximations described in section
3.1, the spectrum of the dilatation operator is not equivalent to a collection of
harmonic oscillators. This is similar to what one finds in the sector of operators
with a bare dimension of order O(1): in the large N limit (which in this case
is the planar limit) one obtains an integrable system. Adding 1/N corrections
seems to spoil the integrability [84, 85].

Apart from computing the spectrum of the dilatation operator, we have
managed to compute the associated eigenstates. These states are given in
terms of Kravchuk polynomials and Hahn polynomials. The Hahn polynomi-
als are closely related to the wave functions of the one dimensional harmonic
oscillator[87] while the Hahn polynomials are closely related to the wave func-
tions of the 2d radial oscillator[53]. The argument of these polynomials are
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given by j, k or by, which have a direct link to the Young diagrams labeling
the operators, as summarized for example in Figure 4.2'2. Thus, the “space”
on which the wave functions are defined comes from the Young diagram itself.
Based on our experience with the half BPS sector, it is natural to associate
each one of the rows of the Young diagram with each one of the giant gravitons.
Recalling that Y = ¢3 + ¢4 we know that the number of Y's in each operator
tells us the angular momentum of the operator in the 3-4 plane. Similarly, the
number of X's in each operator tells us the angular momentum of the operator
in the 5-6 plane and the number of Xs in each operator tells us the angular
momentum of the operator in the 1-2 plane. Giving an angular momentum to
the giant gravitons will cause them to expand as a consequence of the Myers
effect[78]. Thus, for example, the separation between the two gravitons in
the 3-4 plane will be related to the difference in angular momenta of the two
giants. Consequently, the quantum number k is acting like a coordinate for
the radial separation between the two giants in the 3-4 plane. Thus, we see
very concretely the emergence of local physics from the system of Young dia-
grams labeling the restricted Schur polynomial. This is strongly reminiscent
of the 1/2 BPS case where the Schur polynomials provide wave functions for
fermions in a harmonic oscillator potential and further, these wave functions
very naturally reproduce features of the geometries and the phase space [88].

For the matrix model we are studying here it is not true that the matrices
Z.Y X commute, we can’t simultaneously diagonalize them and there is no
analog of the eigenvalue basis that is so useful for the large N dynamics of
single matrix models. For the subsystem describing the BPS states however
[79] has argued that the matrices might commute in the interacting theory
and hence there may be a description in terms of eigenvalues. The argument
uses the fact that the weak coupling and strong coupling limits of the BPS
sector agree and the fact that at strong coupling we can be confident that
the matrices commute. If this is the case, the eigenvalue dynamics should be
the dynamics in an oscillator potential with repulsions preventing the collision
of eigenvalues. We have described a part of the BPS sector (as well as non-
BPS operators) among the operators we have studied. We do indeed find the
dynamics of harmonic oscillators. In the case of a single matrix it is possible
to associate the rows of the Young diagram labeling a Schur polynomial with
the eigenvalues of the matrix [80]. This provides a connection between the
eigenvalue description and the Schur polynomial description for single matrix
models. Our results suggest this might have a generalization to multimatrix
models.

The operators we have considered are dual to giant gravitons. A connection
between the geometry of giant gravitons and harmonic oscillators was already
uncovered in [81, 82, 83]. This work quantizes the moduli space of Mikhailov’s
giant gravitons so that one is capturing a huge space of states. It is this huge

12The Young diagram 7 is not shown in Figure 4.2. The number of columns with a single
box is given by b;.
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space of states that connects to harmonic oscillators. Our study is focused
on a two giant system. Consequently, the oscillators that we have found are
associated to this two giant system and excitations of it. It is natural to think
that our oscillators arise from the quantization of the possible excitation modes
of a giant graviton.

4.3 Two Loop SU(2) Sector

In this section we study the action of two loop dilatation operator of N' = 4
SYM theory in the SU(2) sector. Our discussion from here on is for a general
Young diagram. For this reason we need to reinstate the multiplicity labels.

4.3.1 Two Loop Dilatation Operator

Our goal is to evaluate the action of the two loop dilatation operator in the
SU(2) sector [51]

Dy= — 2g2:Tr({[Y,Z],i] 8%,
2g% : Tr Q[Y, Z],a%}
2g% : Tr <[[Y, Z], T Hi i} ,T“D : (4.20)

2

9y m
= 4.21
9= g2 (4.21)

on restricted Schur polynomials. The normal ordering symbols here indicate
that derivatives within the normal ordering symbols do not act on fields inside
the normal ordering symbols. For the operators we study, n > m so that only
the first term in D, will contribute. We have in mind a systematic expansion
in two parameters: % and . In Appenidx H we show that keeping only
the first term in Dy corresponds to the computation of the leading term in
this double expansion. The evaluation of the action of the one loop dilatation
operator was carried out in [52]. The two loop computation uses many of
the same techniques but there are a number of subtle points that must be
treated correctly. The computation can be split into the evaluation of two
types of terms, one having all derivatives adjacent to each other (for example
Tr(ZY Z0z0v0z)) and one in which only two of the derivatives are adjacent
(for example Tr(Y Z0,Z0y0z)). We will deal with an example of each term

paying special attention to points that must be treated with care.

First Term: Start by allowing the derivatives to act on the restricted Schur
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polynomial
TI(ZYzaZaYaZ)XR rs)ocB(Z Y) -

mnn — 1) S TrgaasTP((Lm +2)d(m + 1,m + 2)))

alm!
YESntm
X & Y ey (ZYZ)“”“ gimt2  gimis L gimin
¥(1) " Wyp(2 Lp(m bp(m41)  Yp(m+2)  Yyp(m+3) Ly (m+n)
(4.22)

The two delta functions will reduce the sum over .S,,,,, to a sum over an S,, {,,,_2
subgroup. This sum is most easily evaluated using the reduction rule of [71, 48].
The reduction rule rewrites the sum over S,,.,, as a sum over S,.,,_o and its
cosets. This is most easily done by making use of Jucys-Murphy elements
whose action is easily evaluated. To employ the same strategy in the current
computation, the action of the Jucys-Murphy element will only be the simple
one if we swap the delta function from slot m + 2 to slot 2. This gives

mn(n — 1)
nlm!
> TrpgasT(Am+2)(2m+2)p(2,m +2)C(m + 1,m + 2)))
w65n+m—2
X Y3 L Yim o (ZYZ)mtl e gimds L gimin (4.23)
L (3) Lyp(m) Lp(m+1) " Yp(m+2)  p(m+3) Ly (m4n)

where C' = (N + J5)(N + J3) with J; a Jucys-Murphy element

n+m

Ji=> (i—1k). (4.24)

k=i

Since we sum over the S, ,,_o subgroup, we can decompose R F m + n into a
direct sum of terms which involve the irreps R” = m +n — 2 of the subgroup!?
As usual [71, 48], for each term in the sum, C is equal to the product of the
factors of the boxes that must be removed from R to obtain R”. To rewrite
the result in terms of restricted Schur polynomials, note that
B Y (ZYZ) Y g
4(3) by (m) Yp(m+1) " Wp(m42) Ly (m+3) by (mtn)
=Tr(v(2,m+1,1)Y ®ZY®*"?Q2ZQY @ Z°"?)
=Tr ((2,m+2)yY(2,m+1,1)(2,m+2)Y*"® Z%")  (4.25)

and make use of the identity(4.2). After this rewriting the sum over S, ,,_2
can be carried out using the fundamental orthogonality relation. The result is

Z Z —_ CRR'CR!'R!" XTv(t/U‘)’yé‘ (Z7 Y)
T,(tu)ys R, 1" dydydpr(n+m)(n+m —1)

13In general if R denotes a Young diagram, then R’ denotes a Young diagram that can be
obtained from R by removing one box, R” denotes a Young diagram that can be obtained
from R by removing two boxes etc.
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XTI‘([T//R//(Q, m—+2,m+ 1)PR,(r,s)aﬂ(17 m+ 2, Q)IR//T//(Q, m + 2)
XPTy(m)M(m +2,2,1,m+ 1))

The intertwiner Igrs7» is a map (see Appendix D of [54] for details on its
properties) from irrep R” to irrep 7”. It is only non-zero if R” and 7" have
the same shape. Thus, to get a non-zero result R and 7' must differ at most,
by the placement of two boxes. We make further comments relevant for this
trace before equation (4.26) below.

Second Term: Evaluation of the second term is very similar. In this case
however, taking the derivatives produces a single delta function, which will
reduce the sum over S, to a sum over S,,,,_1. The delta function should
be in slot 1. The reader wanting to check an example may find it useful to
verify that

drn(n —1)m
Tr(YZ@ZZﬁyaz) XR,(r,s) aﬁ Z Y Z Z dgd y n+m)CRR/
T,(tyu)ys R T t R

XTr(Irr(1,m +2,m + 1) PR (1,6)a 6IR’T’(17 m + 1) Pr ¢ uyor ) XT, (16 (Z, Y)

The intertwiner I 7+ is a map from irrep R’ to irrep T”. It is only non-zero if
R’ and T” have the same shape. Thus, to get a non-zero result R and 7" must
differ at most, by the placement of a single box. It is perhaps useful to spell
out explicitely the meaning of the trace above. The above trace is taken over
the reducible S, ,, representation R & T. In addition, the projectors within
the trace allow us to rewrite the permutations appearing in the trace as

Tr (JT,R,ﬂR) ((m+2,m+ 1)) Prggap T @ ((1m + 1)>PT7(t7u)57> (4.26)

The final result for the action of the dilatation operator is (this includes
only the first term in (4.20) since n > m)
D4XR (r, s)aﬁ(Z Y)

dTn n — ]. mCRR/ (b)
_Zg tz) s leZ'T’ dtd dR/ n + m) MR,(T‘,S)OLﬂ T’(t7u)75XT,(t,u)§"{<Z7 Y)
u)y

dTTL n — 1)mCRR/CR/R// (a)
22 3% M wer(Z2.Y
! T,(t,u)yd R T" td dR” n+ m) (n +m — 1) Rrs)op T’(t’U),Y&XT’(t’ )67( )
u)y

where
(a) _
MR,(r,s)aﬁ T,(t,u)yd Tr (IT"R"(Q’ m+ 2)PR7(7’=5)04601[R"T”(2’ m+ Q)PT,(t,u)'y(SCl)

+Tr (IT”R”CQPR,(r,s)a,B(27 m + 2)IR”T”C2PT,(t,u)'y§(27 m + 2)) (427)

Cr=[(m+2,2,1),1,m+1)], Co=—-C{ = [(m+2,1,2),(1,m+ 1)](4.28)
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and

Mg)’)(,q,s)aﬂ To(tuyys = LT (It C3Iper [(1,m + 1), Pr (4.1)46] )
+Tr (I Cad g [(1,m + 1), Pr(1.u)5] ) (4.29)

Cs=[(1,m+2,m+1), Prgas), C1= [(Lm+1,m+2), Prsas](4.30)

This formula is correct to all orders in 1/N. Denote the number of rows in the
Young diagram R labeling the restricted Schur polynomial by p. This implies
that, since R subduces S,, x S,, representation (r,s) and n > m that r has
p rows and s has at most p rows. Now we will make use of the displaced
corners approximation. To see how this works, recall that to subduce r - n
from R F m + n we remove m boxes from R. Each removed box is associated
with a vector in a p dimensional vector space V,,. Thus, the m removed boxes
associated with the Y's thus define a vector in V™. In the displaced corners
approximation, the trace over R ¢ T factorizes into a trace over r @t and a
trace over V,*™. The structure of the projector

PR,(T,S)aB =L ® Z S, @ CL><S, 67b|7

makes it clear that the bulk of the work is in evaluating the trace over Vp®m.
This trace can be evaluated using the methods developed in [54]. Introduce
a basis for the fundamental representation of the Lie algebra u(p) given by
(Eij)ab = 0ia0jp. Recall the product rule

which we use extensively below. If a box is removed from row i it is associated
to a vector v; which is an eigenstate of E;; with eigenvalue 1. The intertwining
maps can be written in terms of the £;;. For example, if we remove two boxes
from row 7 of R and two boxes from row j of T, assuming that R” and 7" have
the same shape, we have
1) (2

Ipnpe = ESVE. (4.32)
A big advantage of realizing the intertwiners in this way is that it is simple to
evaluate the product of symmetric group elements with the intertwiners. For
example, using the identification (for background, see for example [57])

(1,2,m + 1) = Tr(EWE@ B, (4.33)
we easily find

(L.2.m+ Vipogn = EYEQEYSVEVEY = BEYEPET  (4.34)

Im ~mk 7 J
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This is now enough to evaluate the traces appearing in (4.27) and (4.29). The
normalized operators are given by

frhookspg
hooks, hooks,

The components m; of the vector mi(R) record the number of boxes removed
from row i of R to produce r. In the SU(2) sector, both the one loop dilatation
operator[54] and the two loop dilatation operator conserve m(R), recorded in
the factor 0 (r)m(r) in (4.35) below. In terms of these normalized operators
the dilatation operator takes the form

XR,(T,S)(Z7 Y) = OR,(T,S) (Z> Y) .

D4OR (rs)pipe —
i ) (2)
—29 Z 5*(3 ]\45(;1#2 W (Al] +AU ) OR7(T7U)V1V2, (435)
wuvl vy
where
(i5) _

SH1M2 ;uV1V2
m

Vd,ds

+ <m7 S, W25 a’|Ej(]1)|m7u7 Vo b> <Tﬁ,u, vy, b|Ez(zl)|m787,u27 a>) .

<ﬁ’2,s,u2; a|Ei(i1)|ﬁ”L,u, Vs b> <Tﬁ,u, vy b|E( )|m S, [ @ >

To spell out the action of the operators AS) and AEJQ-) we will need a little

more notation. Denote the row lengths of r by r;. The Young diagram 7’;;

is obtained by deleting a box from row j and adding it to row 7. The Young
diagram r;; is obtained by deleting a box from row ¢ and adding it to row j.
In terms of these Young diagrams define

AO OR (r,s)urpe = _(2N +r; + Tj)OR,(T,S)/LULQ’ (436)
N50m s = /(N + ) (N +7) Opt 5 (4.37)
AGOR s = /(N 41N +75) O = (4.38)
We can now write
1 _
Az(j) - n(A:; + A?j + Aj), (4.39)
2 _ _ _
AL = (AL + ALAL + 20LAL + ALAZ + (A7), (4.40)

This completes the evaluation of the dilatation operator.

Our result for Ag) deserves a comment. The intertwiners I~ g/ appearing
in (4.27) only force the shapes of 7" and R to agree when two boxes have been
removed from each. One might imagine removing a box from rows ¢, j of R
to obtain R” and from rows k,[ of T' to obtain 7", implying that in total four
rows could participate. We see from Ag) that this is not the case - the mixing
is much more constrained with only two rows participating. We discuss this
point further in Appendix 1.
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4.3.2 Spectrum

An interesting feature of the result (4.35) is that the action of the dilatation
operator has factored into the product of two actions: Az(;) + Az(?) acts only

on Young diagram 7 i.e. on the Zs, while Ms(,’f;)w;um acts only on Young
diagram s, i.e. on the Y's. This factored form, which also arises at one loop,
implies that we can diagonalize on the spuqpo; urivs and the R, r;T,t labels
separately. The diagonalization on the spjpo; ury vy labels is identical to the
diagonalization problem which arises at one loop. The solution was obtained
analytically for two rows in [53] and then in general in [89]. Each possible
open string configuation consistent with the Gauss Law constraint can be
identified with an element of a double coset. A very natural basis of functions,
constructed from representation theory, is suggested by Fourier transformation
applied to this double coset. In this way [89] constructed an explicit formula for
the wavefunction which solves the spuqpo; uvivy diagonalization. The resulting
Gauss graph operators are labeled by elements of the double coset. The explicit
solution obtained in [89] is

H S S
Or. (0 _ A ZZZ \/_F (0) B35, By Op risynias (441)

' Ji:k skmopa,pe

where the group H = 5,,,, X S, X -+ xSy, and the branching coefficients
B]SZIH provide a resolution of the projector from irrep s of .S,, onto the trivial
representation of H

Z N O Z BByt (4.42)

O'EH

The action of the dilatation operator on the Gauss graph operator is

DiOns(0) = =2 3" nijlo) (A + AF) Ony(o). (4.43)

1<J

The numbers n;;(o) can be read off of the element of the double coset 0. Each
possible Gauss operator is given by a set of m open strings stretched between
p different giant graviton branes. As an example, consider p = 4 with m = 5.
Two possible configurations are shown in Figure 4.3. Label the open strings
with integers from 1 to m = 5 for our example. The double coset element
can then be read straight from the open string configuration by recording how
the open strings are ordered as closed circuits in the graph are traversed. For
the graphs shown, (a) corresponds to o = (1245)(3) and (b) corresponds to

= (12)(34)(5). The numbers n;;(o) tell us how many strings stetch between
branes ¢ and j. The branes themselves are numbered with integers from 1 to
p, as shown in Figure 4.4 for our example. Thus, for (a) the non-zero n;; are
nig = 1, nog = 1, ngy = 1, and nyy = 1. Notice that we don’t record strings
that emanate and terminate on the same brane - string 3 in (a) or string 5 in
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Figure 4.3: Two possible configurations for operators with p =4 and m = 5.

1 2
° °
® ®
4 3

Figure 4.4: Labeling of the giant graviton branes.

(b), in this example. For (b) the non-zero n;; are nj; = 2 and ngy = 2. For
the details, see [89].

To obtain the anomalous dimensions, inspection of (4.43) shows that we
now have to solve the eigenproblem of AS) and Ag.). The operator Az(jl») is
simply a scaled version of the operator which plays a role in the one loop
dilatation operator. The corresponding operator which participates at one loop
was identified as an element of u(p) [99]. It is related to a system of p particles
in a line with 2-body harmonic oscillator interactions[99]. The operator AZ(JZ-)
is new. Following [99], a useful approach is to study the continuum limit of

AS) and Ag). Towards this end, introduce the variables

g =L o123 p—1 (4.44)

which become continuous variables in the large N limit. We have numbered
rows so that r < ry < --- < 7, In the continuum limit our Gauss graph
operators become functions of y;

OR,T<O-> = OT?L(R) <U7 r1,ro, 7Tp) — OWL(R) (Th Y1, 73/10—1)‘ (445)

Using the expansions

\/(N + 1) (N +71;) =

Yi Yi (yz‘ yj)2 ( 1 )
N +r +7—=2 N+7~_—+O — ), 4.46
! 2 ! 8 N+T1 ( )
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and
1 1

Oﬁ(R)T7 D T S VR

(11,1 Y N y]@ N Yp—1)

B} 1 _
— O"(R) YL, Ypo) + ———— OmM(E) YLy Yp

(Tl n Yp 1) N+, 0; (Tl n Yp 1)

1 0 .
o Om(R)r, T

Nt 8yj ( 1,91 Yp 1)

1 I
+—— | — — =) O™ ry,y1, - Yp_1), 4.47
2<N+T1) (ayl 8y]) ( L yp 1) ( )

we find that in the continuum limit

0 0 2 ( L ,)2
(1) [y
AitpnOnrle) = 1 [(ayi oy ) - T]

XOT?L(R) (Tla Yy, 7yp—1)7 (448)

2
9 0 2|
AglillORﬂ‘(U) —n (2 + § : ) a y_l Om(R)(rh Y, - 7yp—1)7(4‘49)

8yi i ayj 4
and
AP Op,(a) = 2(N + 1) S o) )
it1+1YRr ! dy; Oy 4

XOT%(R) (rla Yp, - 7yp—1)a (450)

) o\ ¢

A(?) 2(N 2 EWR N y_l

1i1O0r(0) = 2(N +11) ( Dy " ji ayj) 4
XO™M 1y, gy, ypa). (4.51)

Remarkably, in the continuum limit both AZ(-;-) and Ag) have reduced to scaled
versions of exactly the same operator that appears in the one loop problem. In
the Appendix G we argue for the same conclusion without taking a continuum
limit. This implies that the operators that have a good scaling dimension at
one loop are uncorrected at two loops.

It is now straight forward to obtain the two loop anomalous dimension for
any operator of interest. An instructive and simple example is provided by
p =2 with! n;y = nf, + ny, # 0. In this case, the anomalous dimension ~(g?)
which is the eigenvalue of

D = Dy + Dy, (4.52)

14The number ”Tz counts the number of open strings stretching from giant graviton 1 to

giant graviton 2; the number nj, counts the number of open strings stretching from giant
graviton 2 to giant graviton 1. The Gauss Law constraint forces nj, = ny,. See [89] for
more details.
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with!®

o 0
Dy==2¢g:Tr ||V, 2] | ==, == | | : 4.53
and D, given in (4.20), is
v = 16gnf; (g + (2N + 2r1 +n)g?), (4.54)
¢=0,1,2, .M ny5=0,1,2, ... (4.55)

where the upper cut off M is itself a number of order N. Clearly, if the g*
term is to be a small correction to the leading term, we must hold A\, = gN
fixed, which corresponds to the usual 't Hooft limit. The fact that the usual
't Hooft scaling leads to a sensible perturbative expansion in this sector of the
theory was already understood in [86]. We then find

16gmn1 1 n

= Ag+2+2—=+ —

For a given open string plus giant system (i.e. a given npy), in the large N

limit, x = & varies continuously from 0 to x = % implying that the spectrum
of anomalous dimensions

)AZ). (4.56)

r n
v = 16xn12()\g + 2+ 29—+ —

~ N)Ag), (4.57)

is itself continuous. At finite N this spectrum is discrete. Notice that since
both n and r; are of order N, all three terms multiplying /\f] in (4.57) are of
the same size. Note that the value for v (4.57) will recieve both % corrections
and “* corrections.

4.3.3 Discussion

We conclude this section by collecting our results as a set of questions and
their answers.

1 Is the dilatation operator integrable in the large N displaced
corners approximation at higher loops?

We don’t know. We have however been able to argue that the dilatation op-
erator is integrable in the large N displaced corners approximation at two
loops. This requires both sending N — oo and keeping m < n to ensure the
validity of the displaced corners approximation. At large N with m ~ n we
do not know how to compute the action of the dilatation operator and hence
integrability in this situation is an interesting open problem. It seems reason-
able to hope that integrability will persist in the large N displaced corners
approximation at higher loops.

15The normalization for both Dy and Dy follows [51]. This normalization for D is a
factor of 2 larger than the normalization used in [65, 52, 53, 56, 93, 54, 89, 99].
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2 Do the Og,(0) of [89] continue to solve the Y eigenproblem at
higher loops?

Yes, the Gauss graph operators do indeed solve the Y eigenproblem at two
loops. The Y eigenproblem at two loops is identical to the Y eigenprob-
lem at one loop, so that even the eigenvalues (given by n;;(c) in (4.43)) are
unchanged. The fact that the Gauss operators continue to solve the Y eigen-
problem does not depend sensitively on the coefficients of the individual terms
in the two loop dilatation operator (see Appendix C).

3 Can the two loop Z eigenproblem be mapped to a system of p
particles, again using the Lie algebra of U(p)?

We have indeed managed to map the Z eigenproblem to the dynamics of p
particles (in the center of mass frame). The two loop problem again has a very
natural phrasing in terms of the Lie algebra of U(p). The one loop and two
loop problems are different: they share the same eigenstates but have different
eigenvalues. The fact that the eigenstates are the same does depend sensitively
on the coefficients of the individual terms in the two loop dilatation operator
(see Appendix C).

4 Does the two loop correction to the anomalous dimension de-
termine the precise limit that should be taken to get a sensible
perturbative expansion?

Yes - requiring that the two loop correction in (4.56) is small compared to the
one loop term clearly implies that we should be taking the standard 't Hooft
limit. Our result then has an interesting consequence: at large N, x = ¢/N
becomes a continuous parameter and we recover a continuous energy spectrum.
This is clearly related to [90]. At any finite N the spectrum is discrete.

Our discussion has been developed for operators with a label R that has p
long rows, which are dual to giant gravitons wrapping an S* CAdSs. Operators
labeled by an R that has p long columns are dual to giant gravitons wrapping
an S* CS%. The anomalous dimensions for these operators are easily obtained
from our results in this section (see section D.6 of [54] for a discussion of this

connnection). The AS.) for this case is obtained by replacing the r; — —r;
and r; — —r; in (4.48) and (4.49), while Ag) for this case is obtained by
replacing the r; — —r; and r; — —r; in (4.50) and (4.51). The result (4.43) is
unchanged when written in terms of the new AZ(-;) and Ag).

Finally, the fact that our operators are not corrected at two loops is remark-
able. It is natural now to conjecture that they are in fact exact and will not
be corrected at any higher loop. This is somewhat reminiscent of the BMN
operators[91]. In that case it is possible to determine the exact anomalous
dimensions as a function of the 't Hooft coupling A,[92].
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Chapter 5

Nonplanar Integrability in
ABJ(M) Theory

In this chapter we study the action of two loop dilatation operator of ABJM
and ABJ theories. For brevity, we refer to both of them by ABJ(M) theory. In
the case of ABJM theory, we study the spectrum of the nonplanar dilatation
operator at two loops in the SU(2) x SU(2) subsector using the restricted
Schur polynomials introduced in chapter 3. As we have seen in chapter 3,
these restricted Schur polynomials provide a basis for the local gauge invariant
operators for theories with gauge group U(N) x U(N). We then generalize our
study to Chern-Simons theory with gauge group U(M) x U(N). As we will
see, this class of theories exhibit parity violation. A connection between parity
in the field theory and the holonomy of the string theory dual is confirmed.
This chapter is based on [97] and [98].

5.1 Action of the Dilatation Operator

The two loop dilatation generator in the sector with ny = 0 is [95]

47\ 2 9 0 0 a o 0
D=—(2) :1r| (BlA,Bl — BIA, B} - -
(k) r“ S 2> OB} 0A1 9B] 9B} 0A1 OB }

We will compute the action of the dilatation operator on operators normalized
so that

(Or 1Ok 1) = TrORSO ) (s} -

This choice of normalization makes the present problem look as similar as
possible to that of [52]. The relation of these normalized operators (indicated
with a hat) to the operators of subsection 3.5.2 is

hooks A
Orry = \/ n ORr{r} -

hooks,,, hooks,,,
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Using the methods of [65, 52], it is straight forward to obtain

DOg gy = > Mg 1y,5(50s ()
S5}

where

hooksg fghooks,,, hooks,,, mi1modg CrR
MR (r1,5,(s) = X
e hookspg fr hookss,, hookss,, = dsy, dsys ndpy

/

X [NTI‘(IS/R/ [FR((l,mQ + 1))7PR,{T}]IR’S’C)+

+Tr(Is g [Cr((1,m2 4+ 1)) Prn Tr((1,m2 + 1)) — Pr ] IrsC)+
+(m1 — D)Tr(Igp [Tr((1,m2 + 1)) Pr i Tr((1, m2 + 2))
—Lg((m2+2,1,ma 4+ 1)) Pg (13| Iprs:C) +(ma — 1) x
Tr(Isg [Cr((1,m2 4 1)) Pg 1 Tr((1,2))

—Pr 1 Ds((2,1,m2 + 1))}13,5,0)}

and
C = [P&{S},FS ((1,m2 + 1))] .

To obtain this result we have used the first ms slots for the ¢;2s and the next
m; slots for the ¢q;s.

We will study the spectrum of anomalous dimensions for operators whose
labels R, {r} are all Young diagrams with two long rows. In this case we can
use U(2) group theory to construct the projectors as explained in [53, 54]. The
extension to operators whose labels R, {r} are all Young diagrams with p long
rows is also possible; in this case U(p) group theory is used[54]. To set up
the two long rows problem, we will employ a more convenient labeling for our
operators. Notice that m; and msy are fixed. We study the limit in which both
my and my are O(N), but my < my. Denote the number of boxes in row 1 of
r12 minus the number of boxes in row 2 by 27. The number of boxes in row 2
is thus m2T_2] For my = 24 and j = 4 we have

ro =

In this way, we trade r15 for an integer j. Next, imagine that to obtain r1; from
R we need to pull v; boxes from the first row of R and v, boxes from the second
row of R. Since we know that v+, = ma it is enough to specify v; —v, = 253,
Finally, we will trade ry; for the two integers by and b;. b; is the number of
columns with a single box while by is the number of columns containing two
boxes. Note that this notation is redundant because 2by + by = m,. Thus,
we trade the three Young diagrams R, 711,712 for the integers by, by, j, 73. See
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Figure 5.1 for a summary. Using the ideas developed in [53, 54] we find after
a straight forward but tedious computation

DO, s (bo,by) = (4%)2 K—g (m2 - %J—W) (5.1)
—ng +my+j;— (G +1) - %) AO; s (bo, by)

(ma+ 2+ ) (ma—2) G+ P+ DG =2 +1) (| ma—2j—4
+N\/ 2+ D(2j +3) 2G+1) (H 2N )X

- 2+ 2)(me — 2 +2) G+ 52 — 5
AOj+1,j3(bo,b1)+\/(mQ J £ 2)(my =2j +2) J ‘7)(] ‘7>><

(27 +1)(25 - 1) 2j
mo — 25 — 2 A
(1 + %) Aoj—l,j3 (bo, b1>:|

where

AOAJ'JS(bQ,bl) =
\/(N +bo)(N + by + bl)(OAj,j:%(bo +1,00 —2)+ Oj7j3(b0 —1,b1 +2))

A

- (2N ‘|— 2b0 ‘|— bl)OjJB (bo, bl) (52)

This is remarkably similar to the result obtained for two row restricted Schurs
in the SU(2) sector of N’ = 4 super Yang Mills theory[53]. In particular, the
fact that only the combination AO; js(by, b1) appears implies that after we have
diagonalized on the j label, the problem of diagonalizing on the by, b; labels
again reduces to diagonalizing a set of decoupled harmonic oscillators.

A N N O I O R ||
AN N N A I B B B B R 111
23 = vy —1n 2
r11
A N O O A O B B B B
I‘ [T T T T TP T PP T T T 7] I J‘—’bl
by
712
-
g — 2

Figure 5.1: A summary of the U(2) labeling.
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5.2 Spectrum of Anomalous Dimensions

For the SU(2) sector of N’ = 4 super Yang-Mills theory [99] have proved that
studying the dilatation operator in a continuum limit reproduces the spectrum
obtained by solving the original discrete anomalous dimension eigenvalue prob-
lem. In this section we will consider a continuum limit of the diltation operator
that reduces to the problem studied in [53].

Consider first the problem of diagonalizing on the by, b; labels. We intro-
duce x = 2 \/]\l;lTbo For any finite arbitrarily large « we have b; ~ v/N. In this
limit [53] show that the operator A defined in (5.2) reduces to the harmonic
oscillator Hamiltonian which is easily diagonalized. Consider next the problem
of diagonalizing on the j, j3 labels. To solve this problem we will consider the
double scaling limit defined by taking ms — 00, by — oo holding <l

fixed. In this case \/% j becomes a continuous variable. It is straight forward

to see that in this continuum limit, the action found for the dilatation opera-
tor in the previous section reduces to the continuum limit of the action of the
dilatation operator studied in [53]. From the results of that work we know that
if mo = 2n we obtain a set of oscillators with frequency w; and degeneracy d;
given by

A\ 2
and if my = 2n + 1 we obtain a set of oscillators with frequency w; and
degeneracy d; given by

4 2

5.3 ABJ Dilatation Operator

ABJ theory is a three-dimensional N/ = 6 superconformal Chern-Simons-
matter theory with gauge group U (M), x U (N)_, and R-symmetry group
SU (4) . In this case the bifundamental scalar fields A and B transform as

A A =U(M)AU (N,

B B =U(M)BU(N) .

Therefore all traces constructed from the pairs ABT are invariant under U (M), x
U (N)_, gauge transformations.

The ABJ dilatation operator is closely related to the ABJM one, since both
of them come from the F-terms of the bosonic potential. The key difference

is in their coupling constants. In ABJM theory the coupling constant is (%)2
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M i k
in ABJ theory we have a double 't Hooft limit that is given by

while in ABJ theory it is (%) <i> where A = 478 and \ = 424 Therefore

N, M — oo, k — o0, )\,S\ﬁxed.

The dilatation operator of ABJ theory has a closed action on the SU(2) x
SU(2) subsector built with one type of excitation field By [96]. On this sector
the dilatation operator is

D = (Vi) =

A A
o E Tr[(B;AlB{ . BiAlB§> <

o 0 9 9 0 a)}.
OBl 0A1 9Bl aBIOA19BY /]~
(5.3)

where A; and BI are the “background” fields, and :: means that the fields in
(5.3) should not be self-contracted.

Following our study of the ABJM case, we will consider the action of the
dilatation operator (5.3) on the gauge invariant operators built from restricted
Schur polynomials for the gauge group U (M), x U (N)_, . With one type of

“excitation” Bg these polynomials are

1 2 a; n a;
Oty = [ S Ty (e (o) [ ] (AlB;> (AlBD ,
i "Mi" ;s j=1 0@ j=myt1 o (i)

(5.4)
where the label R specifies an irreducible representation of the symmetric group
Sy and {r} = {ria,r11} is an irreducible representation of S,,, x S,,, C Sy.
We have N1 + N1 = N.

In this expression mq = nqy is the number of AlB; pairs and m; = nq; is the
number of AlBI pairs. Since the number of background fields is much larger
than the number of excitation fields we have mqe < m;.

As in the case of ABJM, we are interested in computing the action of ABJ
dilatation operator on normalized operators Og, (,} using the two point function
obtained in subsection 3.5.2. Before we study the action of the dilatation
operator on (5.4), it is important to point out that in ABJ theory both A and
B are matrix fields, and hence we have the following index structure

(AkBIT)a’ o = (A0 (B})a o @=Lz (5.5)
where k, | € {1,2}.
The result of acting with (5.3) on (5.4) is similar to the result obtained in [97].
The only difference is in the contraction 62 which gives M instead of N . The
result is thus X R
DOg vy = Z MR 1r},5,{s1Os,{s} (5.6)
S{s}
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where

M [ hooksg fshooks;,, hooks,,, mi Mo dg CRR "
R{r}y.Si{s} hookspg fr hookss,, hookss,, 4= ds,, ds), ndps
x [MTr(JS,R, [Tr((1,m2+ 1)), Prgoy] Tnvs C) +
+Tr(Is g [Cr((1,m2 4 1)) Pr n Tr((1,m2 4+ 1)) — Py IrsC) +
+(my — 1)Tr(Igr [Tr((1,m2 + 1)) Pr i Dr((1,m2 + 2))
—Fs((mg +2,1,mg + 1))PR,{7}] IR/S/C)—I—(mQ — 1))(
T‘Y(IS/R/ [FR((I,mQ =+ 1))PR7{T}FR((17 2))
~Pr gy Ts((2,1,ma + 1) s C)|

and
O = [Pg’{s},rs ((1,m2 + 1))] .

5.4 Parity Operation

The action of the parity operator introduced in [96], on the trace of a product
of fields, inverts the order of the fields inside each of its traces. For example,
for a single trace operator we have:

P : Tr(A“By,...A%B,) — Tr (B}, A%... B, A%)

where a;,b; € 1,2. In this way, acting with the parity operation on the re-
stricted Schur polynomial (5.4) leads to

ma n
1

pOR’{T} N IT;; rs! Z Trpy (Tr (7)) U (AlBDa:(j) - <AlBI>a;(i>
i €Sy j=1 1=ma+1
(5.7)

Therefore, parity changes o to o~ .

The action of three-dimensional parity P takes the U(N + ), x U(N)_j su-
perconformal theory with M — N = [ to the U(N), x U(N +1)_j theory [101].
This means that parity flips the levels of the Chern-Simons terms, and con-
sequently produces a different theory. In this case, the action of (5.3) on a
U(N)g x U(N +1)_j gauge invariant operator of the form (5.4) produces the
result (5.6) except that M changes to N.

5.5 Spectrum of Anomalous Dimensions

In ABJ theory, the spectrum of anomalous dimensions is similar to the ABJM
case [97]. The only difference is that the sum over the dummy indices gives
M. The irrep rq; is obtained from R by removing v; (or v5) boxes from the
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first (or the second) row of R respectively. Since we know that the removed
boxes v; and v form the irrep ris with vy + vy = ma, it is enough to specify
V1 — vy = 253, Specify the irrep r1; by by and by with 2bg + by = m; and by is
the number of boxes in the short row. Denote the number of boxes in the first
row of 715 minus the number of boxes in the second row by 2j. The number of

boxes in the second row of 75 is thus m2T_23 The explicit evaluation of (5.6)
gives
A Ar\*[( M (ma + 2)(5%)2
DO ;3(bo, b =|— —— - 5.8
i (0o 1) (k) K 2 (m2 iG+1) 5:8)
m3 9 . J2(4 — m3) A
Tt =i+ - W) AO; 53 (bo; br)

(ma+2j + ) (ma—2) G+ P+ DG =2 +1) (| ma—2j—4
M\/ 2+ 12 +3) 20 +1) <1+ 2N )X

(ma +2j +2)(ms = 2j +2) (G + 59 — )
(27 +1)(25 - 1) 2j

AOAJ'_,_LJ'B (bo, bl) —|— M\/

me —2j —2\ . A
(1 -+ T) AOJ‘,L]‘B (bo, b1>:| . (59)

This differs from the result given [97] since certain factor of N are replaced by
M. In the above expression

AO; j5(bo, b)) =

V(M +bo) (M +bo + b1)(O; 53 (bo + 1,b1 — 2) + Ojjs(bo — 1,b1 + 2))
— (2M + 20y + b1)O; s (bo, by). (5.10)

The combination AQ; ;s (by,by) in (5.10) is identical to the one obtained in
the case of N' =4 SYM theory. Furthermore, the label j in (5.10) implies the
possibility of diagonalising (5.9). We note that the structure of the dilatation
operator in (5.9) is different from the result obtained in [53]. It would be
interesting to obtain a direct diagonalisation of (5.9). In the double scaling
limit ——
M, N — oo, W’W<<1’
(5.9) reduces to

DO; s (bo, br) = (4%)2 K—% (mz - %))Aom (bo, 1)

Y m2+2y+4(m2—2j)<j+j3+1)(j—j3+1>
(27 4+ 1) (25 +3) 2(j+1)

AO;4140 (b, by)
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27+ 1)(2j +3) 2 AO;-1 45 (bo, b1)|, (5.11)
which is similar to the result of N' = 4 SYM theory differing only because it
is multiplied by M. In this limit the continuum limit in ABJ theory therefore
reduces to the action of the dilatation operator studied in [97], from which we
obtain a set of oscillators with frequency w; and degeneracy d; given by the
following two cases

+M\/<m2+2j+2><m2—2j+2><j+j3><j—j3>

1 If mo =2n

The theory with gauge group U (M) x U(N)_; has a spectrum of anomalous
dimensions w; with degeneracy d; given by

2
wi:8iM(—>, di=2n—-i)+1, i=0,1,...n.

The theory with gauge group U(N )y x U(M)_j has the spectrum

4 2
wi:8iN(%>, di=2n—i)+1, i=0,1,..n

2Ifmo=2n+1
The theory with gauge group U(M )i x U(N)_j has the spectrum

4 2

The theory with gauge group U(N); x U(M)_j has the spectrum

A\ 2
Since U(M) x U(N)_y and U(N)g x U(M)_j Chern-Simons theories are re-
lated by a parity transformation, from the spectrum of the dilatation operator
of these theories, we observe the following

(D57 P| o (M —N). (5.12)

non—planar>

Recall that since M — N = [, we have

UM), xU(N)_,=U(N+1), xU(N)_y,

(D5 Pl o .

non—planar>?
A similar analysis for the theory with gauge group U (N), x U (N +k —1)_,
gives
[DaD! Pl o (k—1). (5.13)

non—planar>
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From type ITA string theory [101], the theory with holonomy by = I/k is
related to the theory with holonomy by = (k — 1) /k by a parity transformation,
this corresponds on the field theory side to the fact that the theory with gauge
group U (N +1), x U(N)_, is equivalent to the U (N), x U(N+k—1)_,
theory. Indeed (5.12) and (5.13) imply that this is the case provided that
[DAB‘] P] x Bs.

non—planar?

5.6 Discussion

We have studied the action of the nonplanar dilatation operator for ABJ the-
ory at two loops on operators built from restricted Schur polynomials. The
spectrum of the anomalous dimensions signals nonplanar integrability. Our
analysis shows that the ABJ theory breaks parity invariance. This is in con-
trast to the planar two loop dilatation generator which was found to be parity
invariant. When ABJ theory reduces to ABJM theory, parity invariance is
recovered as expected. In this analysis we note that parity breaking does not
destroy integrability. Furthermore, in the field theory, we have found that
(M — N) is related to the holonomy B, of the equivalent string theory de-
scription. We have considered the case where the irreducible representation R
of the gauge invariant operator (5.4) is a Young diagram with two long rows.
In this case our operators have a dimension of order O(N). We have solved
(5.11) within the continuum limit approximation.

The exact solution of (5.6) in other limits may provide further insight into
whether the ABJ theory enjoys integrability or not.
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Chapter 6

From Schurs to Giants in
ABJ(M)

In this chapter we study various classes of ABJ(M) correlators in the free field
theory limit. We then use them to study various correlators that probe the
geometry of giant gravitons and dual giant gravitons in AdSy; x CP?. This
chapter is based on [102].

6.1 ABJ(M) correlators from Schurs

This section contains our main technical result. We compute two, three and
four-point extremal correlators of single trace half-BPS operators in ABJ(M)
in the free field theory limit using Schur polynomial technology. Based on these
formulas we write the general form of the n-point correlator. Analogous results
in /' = 4 SYM have been known for a long time [66] and played important
roles in matching dual observables.
As shown in [50], ABJ(M) Schurs form an orthogonal basis and their two
point functions are diagonal. For two Young diagrams R; and R, the two
point function of corresponding Schur polynomial operators in ABT is given
by

<XR1 (ABT)XRz (BAT» = 53132 fRQ (N)fR2 (M)? (61)

where fr(N) and fr(M) are products over the weights of each box in R;.
The n-point extremal correlators of the half-BPS chiral primary operators
in ABJ(M) that we compute here are defined as

Clodnt = (Tr (ABY)Y) ... Tr ((ABT) )T (BA))), nz:Ji:Jn.

(6.2)

Our main tool will be the formula for the extremal n-point correlation
functions in terms of the two point correlator of Schurs labelled by hooks.
Such expression can be derived in a general class of gauge theories where the
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Schur basis can be constructed in some matrix X and the single trace operators
are linear combinations of Schurs labeled by hooks'®. The formula reads

Gt (H i) Sy ( " ) fitp= (63)

=1 k;=1/ =0

where J, Z?_ll Jis kn = > 1 'k, and fue is the value of the two point
correlator of Schur polynomials in X labeled by hooks

Ot (XD (X)) = O fi (6.4)

where h% is the hook of length J with k boxes in the first row.

A short outline of the proof of this result follows. Single trace operators in
the extremal n-point correlator can be expressed in a basis of appropriate
Schur polynomials and the coefficients of this expansion are non-zero only
when diagrams that label Schurs are hooks. The sums over possible Young
diagrams become sums over the number of boxes k; in the first row of each
hook, 7+ = 1,...,n. Moreover, by applying the Littlewood-Richardson fusion
rule enough times, the extremal correlator of Schurs can always be written as a
linear combination of the Schur’s two point functions. The crucial observation
is then that all of the Littlewood-Richardson coefficients must be evaluated on
hooks and for two given hooks hf‘}i and h%2 the coefficient g(h%, b2 hY ) s
non-zero only for [ = {k; + ks, k1 + ko — 1}. Finally in every term we get rid
of the coefficients by solving for k,, and we arrive at (6.3). More pedagogical
details as well as the constructive proof of (6.3) in the N' =4 SYM context
are given in appendix J.

The only input for (6.3) is then the two point function of the ABJ Schurs
labeled by h%. From (6.1) we can easily find that all we need is

k J—k
Fu (N, M) =T [N = 14+ 0)(M = 1+4) [J(N = 5)(M =)
i=1 j=1

_ I(N+k)  T(M+k)
(N —J+Kk)T(M—J+k)

(6.5)

where I is the Euler Gamma function. It is clear that (6.5) is just the product
of the two N' = 4 results (J.11) for N and M. However, as we will see in following
sections, this "squaring” does not carry to the level of the observables (as one
could naively expect). The only important message from this structure is that

16Tn ABJ(M) we have

J
((ABN)7) = (=1)"*x,1 (ABT)
k=1



in ABJ we are formally dealing with two Young diagrams that constrain each
other. This will become clear in the details of the correlators.

Formulas (6.3)!" and (6.5) provide the expansion of (6.3) for arbitrary n
at tree level but to all orders in N and M. In addition, it is also possible to
rewrite these answers in a similar form to [66] and below we do that in ABJ
for n = 2, 3,4 and provide the general n expression. Results for ABJM model
are obtained by setting N = M.

6.1.1 Two-Point Functions

For n = 2 our formula yields

;o T(N +k)T(M + k)
CZ_ZF(N—J+k)r(M—J+k)‘ (6:6)

k=1
The sum can be formally performed using Mathematica and the result is
Cy =G(N,M;J)—G(N+J, M+ J; J), (6.7)

where by G(a,b;c) we denote a special case of the Meijer G-function!® Gég
that is expressed in terms of the generalized hypergeometric function 3F5 as

G(a,b;c)

D(a+1)T(b + 1) I RS N gy
Tla—c+D)I(b—c+1)°"? a—c+1 b—c+1"" )"

For large N and M we can expand the two point function and reproduce
the known, leading result and first sub-leading corrections

y y J2(J2—=1)  J(JE—-1)(J—-2)
CyJ ~ J(NM) (1+ vt TG
C ;43)4(2‘]_2) +) (6.9)

where ellipses stand for terms of order JSN3M~t, JEN—2M 2 and JEN~1M 3
etc. Notice that the structure is more involved than in N' = 4 SYM, but again,
it clearly shows that if .J is of order v/N or v/M, the perturbative % expansion
breaks down.

For ABJM the three subleading contributions collapse into one of order O(N ~2)
so that a perturbative % expansion is sensible only for .J smaller than O(v/N).

17Tt is actually easier to use slightly more explicit version (J.24).
8A more general definition and further details on Meijer G-functions can be found in
[103].
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6.1.2 Three-Point Functions

Similarly, setting n = 3 in our formula (or its more explicit form (J.24)) gives

I s T(N +k)T(M + k)
Cs _(Z Z) (N —Js+ k) D(M— Js + k)’ (6.10)

k=J>+1 k=1

where J3 = J; + Jo. Mathematica can formally sum it into a combination of
the Meijer G-functions

C" = G(N + Ji, M + Ji; J3) + G(N + Jo, M + Jo; J5)
—G(N,M;J5) = G(N + J3, M + Js; J3). (6.11)
To the leading order in N and M and the answer is
Cyv = Jy Jp Js NPTVl gy gy Jy NP AR (6.12)
Using this result we can compute the normalized three point functions

Céh’h Vs n Vi 2 J3
VI Ty Jy (NM)i+De+ds N M

This leading contribution was also computed in [104] and it is equal to the
sum of two leading NV = 4 three point functions in N and M.

+o (6.13)

Three point correlators in ABJM are again obtained by setting N = M.
The leading answer for the normalized three point functions in ABJM is then
twice the N' =4 SYM counterpart.

6.1.3 Four-Point Functions

The tree level four point functions in ABJ are obtained by setting n = 4 in
(J.24) and we have

Ji Ji+J2 Ji+J3 Ja
Tidsds B B ['(N +k)T(M + k)
cove (50 S5 > ) e

k=1 k=J2+1 k=J3+1 k=Ja+J3+1
(6.14)

Performing the sums we obtain
C{tP ™ = G(M, N Jy) = G(M + Ju, N + Jys Ja)
—G<M + Jl, N + Jl; J4) — G(M + JQ,N + JQ, J4)
—G(M + J3, N + J3, Jy) + G(M + Jy + Jo, N + 1 + Jo; Jy)
+G(M + Ji+ J3, N+ Jy + J3; Ja) + G(M + Jo + J3, N + Jo + J3; J4).(6.15)

Expanding the answer to the leading order in N and M yields

Ji—1 2J Ji—1
=V J1J2J3J4< = NN B >7 (6.16)

N? NM M?

J1,J2,J3
C}

\ J1J2J3J4(NM)J4

where J4 = Jl + J2 + Jg.
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6.1.4 n-Point Correlators

Clearly the above correlation functions exhibit an interesting structure that can
be naturally generalized to n-point functions. Namely, the tree level n-point
correlator of the half-BPS chiral primary operators in ABJ can be formally
written in terms of Meijer G-functions as

n—1
07{1"""]"71 — (_1)” G(M7 N; Jn) — Z G(M +Ji, N + J;; Jn)
=1

+ Z G(M+Ji1+Ji27N+Ji1+Ji2; n)_

1<i1<ig<n—1

— > GM A+ Jy N+ Ty J) (6.17)

1<iy <iz<n—1

where J, = Z;:ll Ji, and the ellipsis denote possible terms where arguments
of G contain a sum of three, four, etc. J’s with appropriate sign. Analogous
results for ABJM are obtained by setting N = M in the above formula.

A relevant comment is in order at this point. In N' = 4 SYM n-point
extremal correlators of chiral primary operators (CPOs) are protected (for a
recent proof see [105]) and the tree level answer is exact. On the contrary,
in ABJ(M) they depend on the 't Hooft coupling(s) [106]. Determining this
coupling dependence is beyond the scope of this study but we hope that (6.17)
will serve as a good starting point for understanding the higher loop structure.

In the remaining part of this chapter, we use these formulas to evaluate
various correlators of giants with open and closed strings from the perspective
of the ABJ(M) gauge theories.

6.2 Excited Giants from ABJ(M)

In this section we consider radiation of closed strings from giant gravitons and
dual giants in AdS; x CP?, as well as joining and splitting of open strings
attached to giants from the gauge theory perspective. This will allow for
probing and constraining the giant’s geometry. We closely follow [48]' that
performed this analysis for ' =4 SYM.

Based on the experience from AdS5/CFT}, it is natural to propose ABJ(M)
operators dual to excited giants in the type ITA background as Schur polyno-
mials with strings attached

k
XE%,)Rl (A BI W w®)

= ﬁ > Tr g, (Tr(0))Tr (o(AB)EFW W _wH), (6.18)

O'GSn

19See also [44, 107]
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where Tr g, (I'r(0)) is the trace over the subspace of representation I'g and the
trace with strings is defined as

Tr (o(A,BHE @ k)
= (ABD)I | (ABD R (W) () (6.19)

(51
lo(1) """ k) lo(n—k+1)"" lo(n)’

and the strings are represented by words of AQB; of an arbitrary length J

W), = ((42B))) .

J

(6.20)

Notice that because of the two different ranks N and M we have two different
families of strings. In other words, the building blocks of our operators can be
arranged in two distinct orders that form matrices of a different size

(AB")nxn, (BYA)prw, (6.21)

we call the first type ”N-strings” and the second ”M-strings”. A consequence
of the gauge invariance is that N-strings can only be attached to the N x N
and M-strings to the M x M product of A;s and B}LS respectively.

6.2.1 Emission of Closed Strings from Giant Gravitons

In this subsection we study the emission of closed strings from the giant gravi-
tons (C CP?). This is done by evaluating the leading answer to the two point
correlator between a Schur with one open string attached and the bound state
operator of a Schur and a closed string.

The operators dual to excited giant gravitons in ABJ theory are given
by Schur polynomials with O(N) rows and O(1) columns with open string
attached. Namely, the operator dual to a giant graviton with momentum p
with one string of momentum J attached is

X4 (ALB], AyBh) =

1kl ﬁ Z Tr hé(rh;ﬂrl(O’))Tr((AlBI)@)”*l(A2B;L)J>’

O’GSn

(6.22)
where the superscript (1) refers to one open string attached.
The operator dual to a D-brane (M-brane) with closed string emitted is given
by
Tr((A2B$)J)Xh;,(AlBD-

The amplitude A that describes the interaction of a D-brane and the giant
graviton is thus

. (Tr(BaAD I, (BLADNSY ) (AuBL, A2BY) 6.23)
1 1= ’
T ((ABD) | xu xe

p+1°°°p
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In order to evaluate all the ingredients of this amplitude we can repeat the
analysis of [48] with (6.5) for a single column. Using (6.9) and the correlators
of open strings that we derived in appendix K, gives the following result for
the two point correlator

(Te((B2AD )]y (BIADNGY | (AiB, A2BY)) = IMINY! fyn | (N, M),
(6.24)
and the norm of the excited giant

p+1 p p -
gl = (P37 + 0= (1) (1 7)) 7ot g v
(6.25)

This norm differs significantly from the counterpart in [48] and now the leading
contribution comes from the second term?.
Therefore, the leading contribution to the amplitude for emission of a closed

string from the giant graviton is given by

=003
Ahzla+1’hzl7 ~ \/]%1 + (-1 -1 -5) ' (6.26)

Similarly to NV =4 SYM the amplitude is of order unity for small momenta p.
However, in ABJ, it only exists for p smaller than M. This is a manifestation
of the the bound from the number of boxes in a single columnp < M. Namely,
completely antisymmetric Schur polynomials only exist when the number of
boxes does not exceed min(N, M). Moreover for maximal giants (p = M) the
amplitude vanishes. This can be understood as the consequence of the fact
that we cannot excite maximally excited giant by attaching more strings to it.

Notice also, that the amplitude is not invariant under the exchange of
M < N. This is another manifestation of the parity breaking by subleading
corrections that is a known subtlety of the ABJ model (see also [96, 97]).

6.2.2 Emission of Closed Strings from Dual Giants

The AdS giant graviton of ABJ theory can be obtained in a similar way. In
this case the representation R of ABJ Schur polynomials is the symmetric
representation, we denote it by hook Af. The amplitude is

JA+x)A+57)
h ™ \/%1 TS . (6.27)

./4 p+1
h

P+

The AdS giant amplitude agrees with the sphere giant amplitude for small p
as expected. However it is non zero for the maximal case p = M and slowly
decreases for large p.

20Tn [48] this Fy contribution was always subleading
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6.2.3 String Splitting and Joining

To study the splitting and joining of open strings, we need to compute the
amplitude of two ABJ Schur polynomials one with string attached and the
other with two strings attached. The relevant amplitude describing this process

is
(1) \+..(2)
A— <(Xs,s) XR.R >7 (6.28)

IR NS

[Xin

where Xg,)R” is the ABJ Schur with two strings attached given by
WO = (4,BN7, WO = (4,B])”.
Xg%, has one string attached and it is given by
W = (A;BY)" .

Labels R and S denote Young diagrams labeling Schurs dual to giants and S’
and R” stand for diagram S with one box removed and diagram R with two
boxes removed.

The amplitude can be computed using appendix H of [48] for ABJ operators
together with the results obtained in our appendix D, we consider the case
where both R and S have rows of O(N) and columns of O(1) (the other case
follows directly by changing to the symmetric representation). We consider
the first column of R has a length b; + by where b, is the length of the second
column and it is O(N), by is O(1) (see Figure 6.1).

b-1

b2 b2

Figure 6.1: Young diagrams used in the computation of the string joining
amplitude

The leading contribution to the numerator comes from the terms that con-
tain C5 and Cg in appendix D. The result is

o (N =b) (M —br) 1 8 2
A= 2\/ DN b D) (1+O(J3(NM)™?)) . (6.29)
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We note that this amplitude is independent of the angular momentum of the

open strings. Moreover, this leading answer is invariant under the exchange of
M < N.

6.2.4 Predictions for Dual Probes

Analyzing the above amplitudes one can propose the following qualitative pic-
ture for the dual probe branes on CP? with NS Bfield B, field. Naturally, the
geometry has to generalize the dual ABJM giant graviton found in [108] that is
described by two D4-branes wrapping separate CP%s. In ABJ the two different
ranks should correspond to two different radius sizes of the CP%s. If we then
want to attach strings into the D4s, N-strings end on the space with radius N
and M-strings on the space with radius M (see Figure 6.2). Moreover, from
gauge invariance, no open strings can stretch between D4-branes on the two
different spaces. This constraint disappears when we set M = N for ABJM.

Figure 6.2: Possible geometrical dual of the antisymmetric ABJ Schurs. Two
different ranks in the ABJ gauge group might be interpreted as two different
radii of the two CP?%s. A cut off on the number of boxes of the Young diagrams
labeling the gauge theory operator (k < M) is then naturally realized in the
dual geometry. Gauge invariance requires that end points of strings must be
attached to the part in space with radius N (N-strings) or M (M-strings), and
no strings can stretch between the two separate parts.
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Chapter 7

Discussion

The gauge/gravity duality has been extensively studied in the past decade.
The importance of this duality come from the fact that it links non gravita-
tional physics represented by the gauge theory to gravitational physics repre-
sented by the string theory.

Although this duality lacks a rigorous mathematical proof, it has been suc-
cessfully tested in the large N limit. In this limit for operators with a bare
dimension of order 1, the planar diagrams contribute significantly and one can
suppress the non planar diagrams. Although this agreement is encouraging,
to establish the gauge/gravity duality one needs to extend existing studies to
finite N.

One of the methods used to test the duality is by computing the anomalous
dimension in the gauge theory side and comparing it to the energy spectrum of
the dual string theory. The duality predicts these two quantities must match.
The importance of this particular comparison is that this spectral problem
can be solved exactly because the dilatation operator can be identified as the
Hamiltonian of an integrable system. A key result of this approach is the proof
that N =4 SYM theory and ABJ(M) theory are integrable in the planar limit.
Attempts have been made to explore the non planar integrability using the ex-
isting tools. However, integrability is spoiled when non planar diagrams are
considered.

In this thesis we have developed novel tools introduced in chapter 3 to probe
non planar integrability. In section 3.5 we provide, for the first time, a com-
plete set of operators built from scalar fields that are in the bi fundamental of
the U(N) x U(N) gauge group of ABJM theory and which we generalized to
the U(M) x U(N) gauge group of ABJ theory. Our operators diagonalize the
two point function of the free field theory at all orders in 1/N.

The action of the non planar dilatation operator of N’ = 4 SYM theory and
of ABJ(M) theory were studied in chapters 4 and 5 respectively. In chapter 4,
we have studied the non planar dilatation operator on restricted Schur polyno-
mials with bare dimension of order O(N), that are gauge invariant. We have
first presented the results of [52, 53] where the one loop dilatation operator in
the SU(2) sector has been studied. This sector is spanned by restricted Schur
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polynomials with two complex scalar matrix fields Z and Y. In [52, 53] in a
large N but non planar limit, the spectrum of the anomalous dimensions was
reduced to a set of harmonic oscillator and hence the integrability in this limit
was confirmed. Motivated by this result, we considered the action of the non
planar dilatation operator beyond the SU(2) sector, where our gauge invariant
operators are restricted Schur polynomials of order O(N) with three complex
matrix fields Z, Y and X. Once again, in a large N but non planar limit, the
spectrum of the anomalous dimensions reduces to a set of harmonic oscillators.
We then considered the action of the two loop dilatation operator in the SU(2)
sector on restricted Schur polynomials with a bare dimension of order O(N),
in the displaced corners approximation. In this non-planar large N limit, op-
erators that diagonalize the one loop dilatation operator are not corrected at
two loops. The resulting spectrum of anomalous dimensions is related to a set
of decoupled harmonic oscillators, indicating integrability in this sector of the
theory at two loops. The anomalous dimensions are a non-trivial function of
the 't Hooft coupling, with a spectrum that is continuous and starting at zero
at large N, but discrete at finite N.

In chapter 5, the spectrum of the anomalous dimensions of the ABJ(M) the-
ory in the continuum limit is reduced to the continuum limit of the action of
the dilatation operator studied in [53]. This indicates that ABJM theory and
ABJ theory are integrable in the large N and large N, M double scaling limits

respectively.
In the case of ABJ theory, the spectrum of the anomalous dimensions breaks
parity invariance. Indeed, our results show that [D;:57 planars P] o (M — N).

This is in contrast to the planar two loop dilatation generator which was found
to be parity invariant. When ABJ theory reduces to ABJM theory, parity in-
variance is recovered as expected. In this analysis we note that parity breaking
does not destroy integrability. Furthermore, in the field theory, we have found
that (M — N) is related to the holonomy By of the string theory side.
Although in this thesis we have obtained an analytical expression for the ac-
tion of dilatation operator in N' =4 SYM theory and ABJ(M) theory at finite
N, the solution of the spectral problem for both theories is obtained in the
large N limit. The problem of diagonalizing this finite N dilatation operator
is still open. However, these initial results are promising indications that we
can probe the gauge/gravity duality at finite V.

In chapter 6, we have studied various classes of extremal correlators and we
have found that the extremal n-point correlators in ABJ(M), expressed in
terms of the Meijer G-function, can be written in a similar form as their N’ = 4
SYM counterparts. We then studied the giant graviton dynamics. In partic-
ular, we have found that the antisymmetric Schur polynomials, as well as the
amplitudes for radiation and string joining, only exist when the number of
boxes or equivalently the giants momentum is smaller than the smaller rank
of ABJ(M) gauge groups. In the case of ABJ theory, the leading order ampli-
tudes are parity invariant but subleading corrections break parity. Moreover,
we have found that only probes dual to Schurs with hooks have a non-zero
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overlap with pointlike gravitons.

In this thesis we have studied restricted Schur polynomials that have a bare
dimension of order N. The operators are labeled by Young diagrams R that
have O(1) long rows or columns. An important direction in which to extend
this work, is to operators with a bare dimension of order N2. This requires
our representation R to be Young diagram with long rows and long columns.
This direction will enrich the AdS/CFT dictionary. Our result do not imme-
diately generalize to this case. Studying the action of dilatation operators of
both N' =4 SYM theory and ABJ(M) theories for operators of order O(N?)
remains an interesting open challenge.
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Appendix A
Review of N =4 SYM Theory

N = 4 supersymmetric Yang-Mills (SYM) theory is the maximally supersym-
metric gauge theory in 4-dimension spacetime. N is the number of supersym-
metry generators.

The field content of N' =4 SYM theory is one gauge field 4, 4 complex Weyl
spinors A, (A =1,...,4) and six scalars X! (I =1, ...,6).

The Lagrangian of the A" = 4 SYM theory can be written in ' = 1 superspace
language as follows

1 _ — ,
L= —2Tr{—2( / dOW W, + h.c.) + ( / d*0d*0e=9Y ®'edV ')
g

3f(/ d*0e;;x @' D7, D] +hc)} (A.1)

where the first two terms are the kinetic terms and the last term is the su-
perpotential needed for N' = 4 supersymmetry. These fields are in the adjoint
representation of the gauge group

P e—zA(I)zezA’ 6:I:gV N 6er:I:g\/ezA7 we — e—zAwaezA’

where A = t{;A, and t; (@ = 1,...,rank G) are the gauge group generators.
The superpotential in (A.1) is gauge invariant if the tensor product of three
adjoint representations R; x R; x Ry, of G contains a singlet. This indeed the

case for G = SU(N).
Integrating out § and the auxiliary field in (A.1), we get

1 -
Lovs :Tr{ 57 F ™ = N iXe*Dda — Y DX DX
A I
- Z 9e™INA [ X1, Ap] + Z geap At [ X1, A7)
A,B,I A,B,I
+ Z & X! X [0, X1}, (A.2)
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I,J=1,...6 and A,B=1,... 4.
This Lagrangian is invariant under N' = 4 Poincare’ supersymmetry and it is
scale invariant. These symmetries combine into the superconformal symmetry

SU(2,2|4).
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Appendix B
Review of ABJ(M) Theory

The ABJM theory [100] is a three-dimensional N' = 6 superconformal Chern-
Simons theory with gauge group U(N) x U(N). The generalization of this
theory to gauge group U(M) x U(N) is known as ABJ theory [101]. The field
content of these theories are the four scalars ®!, four Dirac spinors 1; and the
gauge fields A, and A,. Here I is the index of an SU(4) R-symmetry. The
Lagrangian of ABJ(M) theory is

L=Ly+ Los+ L4+ L,

Ly = Tr(Du¢' Dyudr + ih D",
1 ) 1 - N A
Los = " Tr(5A,0, A0 + %gA,AVAA — 540, A\ — %gAMAVAA),
Ly =ig* " ETr (Y10 00k o) — ig*eryrer Tr(P! 7™ o)
+ig*Tr (P P1¢,07) — 2ig*Tr (/110"
—ig®Te (" @7 b ) + 2ig* Tr (Y’ ¢’ b)),

4
Lo =L Tr|0"61670.,0" bic + 6166167 616"
46167916 650" — 600,67 610" 61
where g = (%”)5 and k is an integer known as the Chern-Simons level. The
scalars ¢! I =1, ..., 4 are complex N x N matrices in the case of ABJM theory

and M x N matrices in the case of ABJ theory
o' = {4, 45, B] BI}

The gauge transformations of the bifundamental scalar are, in the case of
ABJM theory

AL UN)AU(N)
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B = U(N)BU(N)'
In the case of ABJ theory we have

A= U(M)ATN)

B — U(M)BUN)'

with ¢ =1, 2.
The Feynman graphs contributing to the two loop dilatation operator of ABJ(M)
theory are represented in Figure B.1

/

|

\
®

(@ 2 (e @

Figure B.1: Feynman diagrams contributing to the two loop dilatation opera-
tor. In the SU(2) x SU(2) sector, diagram (c) does not contribute.
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Appendix C

More General Gauge Group

The operators we have constructed in section 3.5 also give a complete basis
for gauge groups with an arbitrary number of factors U(N) x U(N) X - -+ X
U(N). We will illustrate the example of three factors U(N) x U(N) x U(N).
Denote the indices associated with the gauge groups by a, «, A. The theory is
assumed to have three sets of fields, all transforming in different bi fundamental
representations of the factors

(A)a. (B, (G-
The most general operator in the theory can be written as a product of traces
of the operators

(Pijr)y = (AiBiCr)y -

We will assume that ¢ runs from 1 to ny, j from 1 to ng and k from 1 to ne.
The number of ¢;;;, fields will be denoted by n;;. Repeating the arguments
of subsection 3.3.2, it is clear that the restricted Schur polynomials are con-
structed by subducing S,,,, X Spy15 X+ X Sy inpne irreps from S, irreps where

n= Zijk nijk. Thus, {r} is a set of nangne Young diagrams. Our operators
(7 is chosen as in (3.19))

OR,{r} = TI'(PR7{T}A®HTB®TZTC®”)

have two point function

hOOkSRfR

1
s} hooks,} (C.1)

(Or 0% (1)) = OrsOp ¢

where hooksy,) is a product of hook factors, one for each of the n ngnc Young
diagrams appearing in {r}.
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Appendix D

Example Projector

In the section we will consider the case that m = p = 3. Towards this end, we

couple the states of 3 spin %—particles to obtain

11 1\ |3 3
27 2 2/ |27 2/

1 11\ 11 1A+11 1B+13 1
2' 2'2/ 2|2 2 V62 2 \f2’2

111_111A+111
2°2° 2/ 2|27 2 612" 2 \/’
111_+\/§113+131
2'2'2/ V3|22 V3l|2'2/
1 1 1 \/51 B
~ a5 o/ A/ S5l5— +
2 2 2 32 f
1 \

111\ 11 1\" 1
2" 2'2/ 2|22 V6 |2

5)

vy \F‘ >’

11 1\ 1|t 1n\* 111 +131
22 2/ 222 V61272 V3i2'2/"

111\ |33
2722/ 1272

).

The spin % representation is organized by S5 irreducible representation Djj,
which is one dimensional, so that the spin % multiplet is not degenerate. The

spin % representation is organized by Sj irreducible representation

which

is two dimensional. Consequently, the spin % occurs with degeneracy 2. A and
B label the two multiplets. Thus, picking a particular state, A and B should

96



label the two states in the S5 irreducible representation which is labeled by

the Young diagram || . From the results above we easily find

11\ 11 11 111 1
2'2/ /212 272 V21]272 2

1 11 1
222/ /6

1 1\" 1
2'2/ /6

11 1+\F 111
2'2" 9 31 27272

Taking the direct product with another such multiplet arising from coupling a
further three spins, we should obtain the four states of the S3 x S5 irreducible

representation labeled by the pair of Young diagrams (|
four states are easily constructed

111 111 11 1
21027 272720 2792 2

1,2) = 1 /1 111 11 1 j11 11 11
’ 2\/§ 27 272727 272 2\/§ 227 2727 272
11 11 111 n 1 |11 11 11
S22 722 222/ T B312°2 202 202

1 {11 111 1 1]j11 1 111
2\/§ 2'27 272727 2 31227 27 27272
2,1) = 1 /1 111 11 1 j11 11 1
’ 2\/§ 27 272727 272 2\/§ 2'27 2727 2
n 1 1111 11 1 |1 1111 1
Bl 2222 22/ B2 227272 2
. 1 111 111 1 1 11111 1
031272 22°2 2/ 3| 2272722 2
11 111 11 11 1111 1
|272>:_ A’ a’a’a’ oo + = A’ a’a’a’a’ o
612" 2°'2°2 2°2 612" 2°'2°2 2 2
11 11 111 +1 11 11 11
3127 2727 27272 612°2° 2°27 272
+1 11 111 1 1111 1 111
61227 272727 2 312727 27 27272

).

These



11
272’
2 111 111

+5 T a'a’a’ a'alo
2°2°2° 2722
It is rather simple to check that these four states do indeed span the carrier

111 1
22727 2

space of the S3 x S5 representation labeled by (

). As an example,
(12) has a matrix representation

L ¥
N TR
T (12) = 2 ; 0 _| 2 7 10
(12) = Qolﬁ_ﬁ_l@)Ol
Qoig_Ql ? ?
2 2

Given a basis of the required carrier space, it is now trivial to construct the
associated projector.
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Appendix E
The Space L({y, p)

In this Appendix we discuss the representation theory relevant for chapter
4. We highly recommend the article [73] for related background material.
Consider the group S, x S,,. Define

Qk,l = (Sp/Sp_l X Sl) X (Sm/Sm_k X Sk)

to be the space of all pairs of k,[ subsets, where the k subsets are subsets of
{1,2, ..., p} and the [ subsets are subsets of {p+1,p+2,...,p+m}. If p =2 and
m = 2 then Qy; = {{1;3},{1;4},{2;3},{2;4}} and Qs = {{1,2;3,4}} etc.
You can identify a k,[ subset with a monomial. For example, we’d identify
{1;3} with x1y5 and {1,2;4} with x,25y4. Thus, we can consider Q; to be
the space of distinct monomials in two types of variables (z; and y;) with k41
factors and no factor repeats. Ordering of the factors is not important so that
r122ys and yux179 are exactly the same element of {2 ;. Our main interest is
in L(€,;) which is the space of complex valued functions on €. The group
Sp X Sp has a very natural action on L(€,;): we can define this action by
defining it on each monomial. The symmetric group S,, C S, x S, acts by
permuting the labels on the x; factors in the monomial and the symmetric
group S, C S, x Sy, acts by permuting the labels on the y; factors in the
monomial. Thus, for example, for m =3 =p

(12)z129Ys = T1T2Ys (45)x122Ys = T12T2Ys5 -

There is a natural inner product under which the monomials are orthonormal,
so that, for example

<$1x2y4,:c1x2y4) =1, (x1x2y4,x1x3y4> =0= (x1x2y4,$1:v2y5> .

L(Q4) furnishes a reducible representation of the group Sy, x S,. The relevance
of L(€Q4,) for us here is that the projectors acting in L(€2;) projecting onto
an irreducible representation of S, x S, are precisely the projectors we need
to define the restricted Schur polynomials. Consider the operator

~ 0
=) - (E.1)
i=1 "

99



It maps from L(Q,;) to L(Qx_1;). Further, it commutes with the action of
Sp X Sy,. Because of this, elements of the kernel of d; form an invariant S, xS,

subspace. Similarly,
p+m o

dy= )

i=p+1

;" (E.2)
maps L(Q;) to L(,—1) and it also commutes with the action of S, x S,,.
Thus, the elements of the kernel of dy will also form an invariant S, x .S,
subspace. Using results from [73] it follows that the intersection of the kernel
of dy, the kernel of dy and L(€2,) is an irreducible representation of S, x S,,.

An example will help to make this discussion concrete. For m = 3 = p the
intersection of the kernel of d;, the kernel of dy and L(£2; ) is clearly spanned
by the polynomials

& T —T2Ys — Ys é T — T2yt Ys — 2Ys
1 — ) 2 — )
V2 V2 V2 V6
4 _ r+ T — 2X3Ys — s 4 T+ Ty — 2x3Ys + Y5 — 2Ys
pu— 9 4— .
’ NG V2 V6 V6

It is easy to check that
(12)¢1 = —¢1,  (12)¢2 = —¢2,  (12)¢3=¢3,  (12)ds = ¢u,

(23)p1 = %Qﬁ + ?%, (23)¢2 = %ng + \/7§§Z547
(23)p3 = —%¢3 + ?%; (23)ps = —%¢4 + ?@;
(45)p1 = — ¢, (45)p2 = o, (45)p3 = —¢3, (45) 4 = ¢u,
(56)¢1 = %Cbl + ?Cbz, (56) ¢ = —%cbz + ?cbh
(60n = 2u+ Lo, (56)84 = —20a+ L
Thus, we have the following group elements
-1 0 0 0
T((12)) — 0 -1 00 B -1 0 10
=10 o 10| o 1|% 01|
0O 0 01
TR
1 V3 1 V3
repy-| 2 :[2 ] [“)],
g0 0| Ly 2%l
Lo 2 o0 -1



~10 0 0
1.0 0 10 ~1 0
H)= o 1ol o1]T] 0 1]
0 0 0 1
— \/7 -—
s ¥ 0 0
vi L o 10 13
o 2 2 o 2 2
PU6) = | 5 0 1 V3 _[01 “ ﬁ_ll'
2 2 2 2 2
L0 0 ¥ 4]

Using these matrices it is possible to compute all elements of the group now,
and then to compute characters. In this way, it is a simple matter to identify

this as the (L ,L_J ) irreducible representation of S5 x S.
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Appendix F

Explicit Evaluation of the
Dilatation Operator for
m = p = 2 and Numerical
Spectrum

We have explicitly evaluated the dilatation operator (4.6) for the case m =

= 2. There are a total of 16 operators that can be defined. Our notation
for these operators is Og (r.54) = O;(bo,b1). The labels by and b; specifies the
second label of the restricted Schur polynomial: r has by rows with two boxes
and b; rows with a single box. The label ¢ = 1, ..., 16 tells you what the labels
s,t are and it tells you how the boxes are removed from R to obtain r. These
labels are defined as

%HH

RE

0,=0 0O, =0 O, =0,

0

Os = O,

LT

md

0
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O =0 On =0, O12 =0,

H

&
I
o

O11=0 O16 =0

LT

H mm HH Hm

When computing the dilatation operator, we assume that b; < by, by = O(N)
and by = O(N). The spectrum of the dilatation operator that we obtain,
when diagonalized numerically, does not reproduce the spectrum of a set of
decoupled oscillators. We do obtain a set of energy levels that is very well
approximated by a linear spectrum FE, = wn with w given by the average
(over n) of E,.1 — E,. However, E,,; — E, is not exactly equal to 8¢%,, -
it fluctuates around this value. We have also numerically verified that after
invoking the approximations spelled out at the end of section 3.1, we do indeed
obtain equation (4.11) and hence with these approximations the spectrum
of the dilatation operator is again reproduced by a collection of decoupled
oscillators. Thus, it is only after invoking the approximations of section 3.1
that we definitely obtain an integrable system.

The same conclusion is reached by studying the simpler system m = 2,
p = 1, which involves 8 operators.

) ) ) )
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Appendix G

AS) as an Element of U(p)

In this appendix we will argue that, at large N, the eigenstates of AZ(-;-) are

also eigenstates of Ag?). We focus on the case that p = 2. Towards this end
we will review relevant background from [99]. Recall that in the fundamental
representation of (V) the generators can be taken as

(Er)ab = 0arOn  k,l,a,b=1,2,... N (G.1)
Introduce the operators (the labeling is such that ¢ > j i.e. @;; is not defined
if i < j)
Qi = Eyj, Qi = Eji (G.2)

which obey the familiar algebra of angular momentum raising and lowering
operators

[Qija m = :; [Qz‘j,ij} = =@y [ ;;,Qzﬂ = 2Q;; (G.3)
Irreps of these su(2) subalgebras can be labeled with the eigenvalue of
L} = QQ) + QF + Qij = Q5Q, + Q% — Qi (G.4)
and states in the representation are labeled by the eigenvalue of @;;
Qi |\, A) = AN A) L?j|)\,A> = (A + A)|\ A) —A<A<A (G))

The restricted Schur polynomials can be identified with particular states in
a definite irrep. The reader may consult [99] for the details. Identifying the
restricted Schur polynomials with states of a U(p) representation allows us to
write AS) as a u(p) valued operator

1
A(l) =n <—§(Eu + Ejj) + Q; + Q;;) = nAij (GG)

v
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Note that

commutes with all elements (G.2) of the su(2) algebra and hence defines a
Casimir of this algebra. It is simply a constant times the identity in a given
u(p) irrep. It is not difficult to check [99] that AZ(-JI.) defines a discrete oscillator
with creation operator given by

1 1 1
_EZ_E' _Ei'__E‘i A
2( .7)_'_2 2 J [

Al = Al = —2A1 (G.8)

R

As pointed out in [99], a correctly normalized creation operator is given by af
with AT = v/Ma', where M is introduced in (4.55). It is straight forward to

verify that AZ(-?) is given by

AD = (Q1)? - gcf +2Q7Q - gQ‘ +(Q)? (G.9)
and hence that

C
[AD Al = —4(Ay; + Z)AT —4Q7 - 4Q (G-10)
In terms of a correctly normalized operator at large N we have (the last two
terms in (G.10) can be dropped in the limit)

[Ag), CLT] = —4(AZ‘]’ + %)(ZJr (Gll)
There are two things worth noting at this point. First, when acting in the
basis of energy eigenstates, it is clear that a! is indeed a creation operator
but, due to the appearance of A;;, with a “state dependent frequency”. Said
differently, a' continues to move us to higher eigenstates but the energies of
these states are not equally spaced. Second, we can show that this result is
in perfect agreement with section 4.3.2. To make a comparison with section
4.3.2 we need to restrict attention to states for which the eigenvalue of A;; is
finite, so that on this subspace we can replace A;; + % — %. Using the value
for C computed in [99], for any state of finite energy, we have

(AP al] = 22N + 2r1) af (G.12)

ij

in perfect agreement with section 4.3.2.
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Appendix H

Simplifications of the m < n
Limit

In this Appendix we will explain why keeping the first term in (4.20) corre-
sponds to computing the leading term in a systematic expansion of the anoma-
lous dimension in a series expansion in % and *. Notice that the first term
in (4.20) contains two derivatives with respect to Z and one derivative with
respect to Y, whilst the second term contains one derivative with respect to
Z and two derivatives with respect to Y. Since the number of Zs (given by
n) is much greater than the number of Y's (given by m) we should expect the
leading contribution to come from the first term in (4.20). In this Appendix
we will demonstrate that this is indeed the case. -

It is simplest to consider the expression (4.35). The factor Ms(ffl)m;uym

includes
= ) D, . = ) M), .
M, s, pa s al By [m,u, v 5 b) (i, u, v s BB |, s, a5 a
+ <Th’, S, [ ; a|E§]1-)|777L, u, Vo ; b> <77_”L,u, vy b|Ei(i1)|n_”L, ENT a> (H.1)

which involves traces over interwiners acting in V™. It has no dependence on
the representation r of the Zs and hence, has no dependence on n. Thus, all n
dependence comes from the coefficient multiplying the above term (H.1). We
will therefore study the coefficient of this term. As a consequence of the fact
that the first term in (4.20) contains two derivatives with respect to Z and one
derivative with respect to Y, this term will have a coefficient which includes
the factor

drn(n — 1)md,
didydgr(n +m)(n+m —1)

(H.2)

Recall that r” is obtained by removing two boxes from r. The factor of d,~ is
produced when we take two derivatives with respect to Z. In the limit that
m < n we now find

e = o () (113)
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For the second term in (4.20), the corresponding factor is now

drm(m — 1)nd,
didydpr(n+m)(n+m —1)

(H.4)

The Young diagram 7’ is obtained by removing one box from r. The factor
of d,. is produced when we take a single derivative with respect to Z. In the
limit that m < n we now find

didydgr(n +m)(n+m —1) nd,

n

dgm(m — 1)nd, mm =D o ()] (H.5)

Notice that (H.5) is smaller than (H.4) by a factor of ™ as we expected. The
second term in (4.20) will thus contribute at higher order in a systematic ™
expansion.

Finally, performing the sum over the Lie algebra index in the third term
in (4.20) gives a term that is identical to the one loop dilatation operator,
except that it is supressed by a power of N. Thus, it does not contribute to
the leading order in a large N expansion.

Thus, to summarize, keeping only the first term in D, in (4.20) corre-
sponds to the computation of the leading term in the double expansion in the

1 m
parameters 3 and .
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Appendix I

On the Action of the Dilatation
Operator

In this Appendix we want to discuss how sensitively integrability depends on

the coefficients of the individual terms appearing in Dy. We will start by

making a few comments on the structure of Ag) that we obtained in (4.40).
Recall that we argued

Tr(ZY Z07z0v072)XR (rs)as(Z,Y) =

dTn (n—1)m
/ /I w Z’ Y

XTI‘([THRH(Q m+2,m+ 1)PR7(T75)O[/3(1, m 4+ 2, 2)IR”T”(27 m + 2)
XPT,(Lu)(S'y(m +2,2,1,m+ 1))

in section 4.3.1. Focus on the trace appearing in the second line above. Assume
that we obtain R’ from R by dropping a box from row ¢ and that we obtain R”
from R’ by dropping a box from row j. Further, assume that we obtain 7" from
T by dropping a box from row k and that we obtain 7" from 7" by dropping a
box from row [. Clearly then, we are allowing four rows of the Young diagram
to participate when the dilatation operator acts. With these assumptions, we
easily find (see (4.32), (4.33) and (4.34) as well as the discussion around these
equations)

]R//T// = El(li)E](?) IT”R” = E]S)El(f) (I].)

and
(m+2,2,1,m + 1) Ipge(2,m + 2,m + 1) = BB (1.2)
(Lm0 + 2,2) Ipogn (2,m + 2) = By EY") (1.3)

In obtaining these results we have made heavy use of the simplifications in the
action of the symmetric group that arise in the displaced corners approxima-
tion. It is now a simple matter to find

TI'([T//R//(Q, m—+2,m+ 1)PR,(r7s)a6(17 m+ 2, Q)IR//T//(Q, m + 2)PT7(t,u)6'y<m +2,2,1,m+ 1))
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_ Tr(El(il)E,g’]f”“)PR7(T,S)Q5E§1)Eflm“)PT,(t,u)g,y) (1.4)

Since the projectors Pg (;s)as and Pr )5, have a trivial action on slots m + 1
and m + 2, the above result is only non-zero when ¢ = [ and k£ = j - so that
only two rows participate.

This reduction from four possible rows participating to two rows partici-
pating is determined by (I.2) and (I.3). These equations are corrected when
going beyond the displaced corners approximation and, in that case, all four
rows do indeed enter. For all of the terms appearing in the first line of Dy,
we find this reduction to two rows for each term separately. Further, we find
that each trace is individually proportional to Ms(fflm;u,,lyz defined in (4.36).
This implies that the answer to question 2 that we posed in the introduction
is completely insensitive to the precise coefficients of the terms appearing in
D421.

At this point it is natural to ask if the reduction of the dilatation operator
to a set of decoupled oscillators (and thus the observed integrability) is likewise
also insensitive to the detailed coefficients. We will see that this is not the case
- the emergence of an oscillator does depend sensitively on the precise values
of the coefficients of the terms appearing in Dy.

Consider equation (4.40). Individual terms appearing in (4.40) can be
traced back to particular terms appearing in Dy. For example, the terms
proportional to (Af)?* and (A};)* come from the terms Tr(ZZY 070z0y) and
Te(Y ZZ0y0,0z). Notice that these two terms are related by daggering. Sim-
ilarly, the terms AYAJ and AYA7 come from the terms Tr(ZY Z070,0y)
TI‘(ZZYazayaz), TI‘(ZYZ(?YaZaz) and Tl"(YZZ@Zayaz) which are again re-
lated by daggering. Changing the relative weights of terms appearing in D,
will change the relative weight of terms appearing in (4.40).

To explore the effect of these changed coefficients on integrability, imagine
we assign coefficient « to the terms Tr(ZZY 0,020y ) and Tr(Y ZZ0y0,0z) in
D,. We now find Ag) is replaced by
A = a(Af)? + ALAS + 20 LA + ALAL + a(A)? (L5)

vj

It is straight forward to check, using the approach of [99] that this operator
does not admit creation and annihilation operators and hence does not define
an oscillator. A very instructive way to get some insight into what is going on,
is to consider the continuum limit of section 4.3.2. We find

AP Op,(0) = 2N*(a — 1)Op,(0) + 2(r; +15)N(a — 1)Og () + O(N)(L6)

Compare this to (4.50) and (4.51). Even the scaling with IV of the eigenvalues
of AZ@) and AEJQ-) disagree. Indeed, with av = 1 we have a delicate cancelation

2If one includes the remaining (subleading) terms in D, that we have discarded in the
m < n limit, the dilatation operator starts to mix different Gauss graph operators. This
suggests that the integrability we study here is a property of the large N limit and of
the displaced corners approximation (i.e. m << n) and may not survive when subleading
corrections are included.
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of the leading order terms - as we clearly see in (I1.6). It is the subleading
terms that combine to produce an oscillator. Note that all of the terms in
(4.40) contribute at the leading order. Thus, the sensitive dependence we see
on the coefficient of the terms Tr(ZZY 0,0,0y ) and Tr(Y ZZ0y070) extends
to the other terms in D, too.

This last point deserves explanation. The terms in Ag) can be collected into
three groups which are each hermittian: (A})* + (A7)?, ALAS + AYA7 and
finally 2A;’;Ai_j. The relative coefficients of the terms producing these pieces
is fixed by hermitticity. For example Tr(ZZY 0,0,0y) + Tr(Y ZZ0y0707) is
only hermittian if # = 1 and in this case the terms sum to (A})* + (A7)
The particular coefficients of the terms that appear in AZ(-JQ-) ensure that when
we take the continuum limit (i) the terms proportional to N? cancel, (ii) the
terms proportional to (r; + r;)N cancel and (iii) the surviving terms sum to
produce an operator that admits exactly the same creation and annihilation
operators as the one loop dilatation operator does. The integrability we have

studied here depends on a careful fine tuning of the terms appearing in Dj,.
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Appendix J

Extremal Correlators from
Schurs

In this Appendix we review and provide a detailed derivation of extremal two,
three, and four point correlators of chiral primary operators (CPO) in N’ = 4
SYM with U(N) gauge group using Schurs. They were first obtained using
both, Schur polynomial technology (two and three point) and the matrix model
in [66] (see also [24],[58]). A general expression for the n-point correlator was
conjectured in [66, 109]. Here we give a constructive proof of these formulas
and express them in terms of weights of hook diagrams. This makes it easily
extendable to a larger class of gauge theories (including ABJ(M) models) in
which single trace chiral primary operators can be expressed in a basis of Schur
polynomials.

Recall that in N' =4 SYM chiral primary operators are single-trace sym-
metrized and traceless products of the six scalar fields

1 Q1.9
O?PO = JNJ CI "Tr(qbil...qbi]), (J].)

where C7"/ are symmetric traceless tensors of SO(6).

A special class of these operators, the so-called BMN-type chiral primaries,
are the highest-weight states in the [0, J, 0] representation of SO(6) and are
expressed in terms of one complex scalar

1
Oy = ——Tr(27), Z = ¢y + i ¢o. J.2
— T (2') (1.2
These are the operators that we will be concerned with in this part, and in
particular their n-point extremal correlators

ClmInt = (T (Z70) .. T (27T (Z77)), Ji = Jn. (J.3)
i=1

For convenience we drop the normalization factors that can be easily recovered
at any stage.
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Below we evaluate these correlators for general n using the technology of
Schur polynomials. Three tools are sufficient for this task:

e CPOs can be expanded in a basis of Schur polynomials??

Tr (Z7) = xnlos) xr(2), (J.4)

where the sum is over all possible Young diagrams with J boxes, xr(c )
is a character of the J-cycle permutation in representation R and xg(2)
is the Schur polynomial in matrix Z that transforms in the adjoint repre-
sentation of U(N) (for SU(N) see [58, 71]). It is also a known fact that
characters of the J-cycle permutations are non-vanishing only for hook
diagrams [110], and for a hook with k& boxes in the first row we have

X (00) = (~1)7F, (1.5)

where we denote the hook of length J with £ boxes in the first row by
h%. This way the sum over R can be written as sum over the k, and we

have
Tr(27) =D (=1 " xm (2). (J.6)

e The two point correlator of Schurs is given by[58]

<XR1 (Z)XR2(Z)> = 5R1R2 fR2 (N)7 (‘]7)
where fr(N) is the product of the weights of the Young diagram.

e The Littlewood-Richardson rule [110] states that the product of two
Schur polynomials with J; and J; boxes can be expressed as a linear
combination of Schurs with J; + J; boxes

XR1(Z)XR2(Z) = ZQ(RDR?;TZ’))XYE(Z)’ (J8)

T3

where the Littlewood-Richardson coefficients g( Ry, Ry; T3) give the mul-
tiplicity of the representation T3 in the tensor product of representations
R, and R,.

The constructive proof of the general form of (J.3) can then be obtained
by applying the following Algorithm:

e Start by expressing all the CPOs in the basis of Schurs using (J.6)

e Next, use the Littlewood-Richardson rule enough times that the answer
is expressed as a linear combination of the results for the two point
function of Schurs labeled by hooks with J,, boxes. Coefficients of this
linear combination will be g(R;, Ro;T3) with all entries given by hooks
(this is valid only for extremal correlators).

22gee [24],[58] for more details on the Schur polynomial basis.
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e Finally, somewhat simple and easy to check but a crucial observation
is that there are only two possible hooks that can appear in a tensor
product of two hook diagrams (other diagrams appearing in the product
are not hooks). Namely for hooks with k; and ks boxes the two hooks
in the direct product have ki + ko and k; + ko — 1 boxes in the first row.

e Use this fact to get rid of the Littlewood coefficients obtaining the elegant
answer only in terms of fhf; )

Below we demonstrate how the algorithm works in practise and how it
yields the n-point correlators conjectured in [66, 109].

Let us start with the two point correlator. We first express the two point
function of the CPO’s in a basis of Schurs using (J.6)

J

G = (T ()T (Z7)) = D (DY gu (2 (2). (1.9)

k1,ka=1

For hooks dg, r, becomes 0y, x, and we have

= fus(N), (J.10)

hence the correlator is just the sum over weights of all the possible hook dia-
grams with J boxes. In N/ =4 SYM with U(N) gauge group, the product of
the weights of the hook is given by

Fus (V) = TV = 141) f[(N—m): % (J.11)

=1 m=1

where I" is the Euler Gamma function. Inserting this to (J.10) reproduces the
two point function of the BMN-type CPO’s [66]

1 (F(N+J+1) F(N+1))

G =7 (N)  T(N-J)

(J.12)

This baby example and the result can be obtained alternatively using Ginibre’s
method [111].

Similarly we can proceed with extremal three point functions. First we
express the CPOs in terms of Schurs

Ji,J2,J3 3

C;Lh: Z H thl(Z)Xh%(Z)Xh"jg(Z»? (J.13)

k1,ko,k3=1 i=1
where J3 = J; + Jo. Next, using (J.7) brings us to the sum

Ji,J2,J3 3

e D | (G h%,hf‘}i,hk:”)fkg, (J.14)

k1,ko,k3=1 i=1
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where the crucial ingredient is the Littlewood-Richardson coefficient for hooks.
We 7kill” it by replacing the sum over ks by the only two possible terms,
ks = k1 + ko and k3 = ki + ko — 1. This brings us to

Ji J2 Ji+J2
Céh’h = Z Z (f ky+ky — fh13§+k21> = ( Z Z) fhk ) (J-15)

k1=1ko=1 k=Js+1 =

where in the second equality we took into account the mutual cancellations
between the terms. Finally, plugging (J.11) gives the exact three point function
of CPOs in N' =4 SYM [66]

102 1 <F(N + i+ h+1) T(N +1)
cit? = +
Ji+Jo+1 I'(N) (N —J; — Js)
D(N+ A +1) T(N+J+1) (1.16)
(N —Jy) (N — ) '

Following the algorithm for four points, we expand CPOs in Schurs and
apply the Littlewood-Richardson rule twice to obtain?

4
J1,J2,J3
C i = (H

i=1 k;=1

&

—1)"”’) 295 W T) (T R ) fa (317
T

By carefully analyzing the Littlewood-Richardson coefficients we can see that
there are only two possibilities for T in the first coefficient, namely: T €
{hﬁif}i, h’}if}z 1. These two cases inserted to the second coefficient reduce
the sum over k; into four terms. The first one with ky = ki + ko + k3 with
a plus sign, then we have twice ky = k1 + ko + k3 — 1 with a minus sign and
ky = ki + ko + k3 — 2 with plus again. This way the four point correlator

becomes

Ji J2 J3

C’f’JmJS = Z Z Z (f ki+ko+ky — 2fh13i+kz+k371 + fh§i+k2+k32) : (J-18)

k1=1ko=1k3=1

Clearly, most of the terms in these sums mutually cancel and it is easy to check
that the only ones left can be written as

J1 Ji+J2 J1+J3
ot = (Z > - > Z )fh54 (J.19)

k=1 k=Jo+1 k=Js+1 k=Jo+J3+1

Inserting (J.11), we can easily perform the sums in Mathematica and a tree
level answer for the four point correlator of BMN-type chiral primaries in

23 Note that we use (—1)2i= R Dy g = (=1)Xi=1k
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N =4 SYM is
CJ1J2J3_ 1 {F(N+J4+1) I'(N+J,—J+1)

Jy+1 T'(N)  T(N-.J)
(N +Jy — Jy) F(N+J4—J3)+F(N+J4—J1—J2)
T(N — Js) I'(N — J3) (N — J, — Jo)
PN+ Ji—Jy—Js) D(N+Ji—di—Jy) F(N+1)} (120)
(N —Jy— Js) T(N —J, —Js) T(N—J)f 7

It is straightforward to write down an expression for the n-point extremal
correlator of half-BPS, single trace CPOs. In fact we can do it for a general
class of gauge theories where a basis of Schur polynomials in some unitary
matrix X can be constructed and CPOs written as linear combinations of
Schurs labeled by hooks. Namely, following our algorithm the crucial step
becomes the evaluation of the correlator of Schurs

vy (6,0 = (Hz) s e T (Hw e, >)

=1 T,

X g(Tn—?n n— 17 )fh’vn (J21)

Then by taking into account the fact that each sum over 7T; contains only two
possible hooks and finally kiling the sum over k, we end up with our master

formula L )
n 1 n—

i 1109) Do(CEH () PSR
1=1 K i=0

where J, Zf_ll Ji, kn — !k, and fhk is the value of the two point

correlator of Schur polynomlals of X labeled by hooks of length J with k&
boxes in the first row

<XhlJ(X)th( )> = Ouk fhk (J.23)

If we take into account the cancellations between terms in (J.22), the answer
can be written as

Ji Ji+J2 Ji+Jn-1 Ji+J2+J3

n
J1 ey,
Clrho = (1 [ S0 Yo+ Y o+
k=1 k=Jo+1 k=J,_1+1 k=Ja+J3+1
Jn—o+Jdn_1+1 J1+Jo+J3+J4 JIn
n
k=Jn_o+Jdn—1+1  k=Jo+J3+Js+1 k=Jo+..+Jn-1

This formula can be easily proved by induction.
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For N/ = 4 SYM our formula precisely gives the n-point correlators conjec-
tured in [66, 109] which are

i L {F(N+J +1) & 1FN+J —Ji+1)
n Jn—l—l p — Jz)
TN +Jp = Jiy = Jiy +11) T(N +1)
- J.25
1< <ig<n—1

where J,, = Z;:ll J;, and ellipsis stand for terms where we subtract more of the
available J’s inside the argument of the I' in the numerator with appropriate
sign for even and odd numbers.
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Appendix K

Open String Correlators

Let us start with the two point correlator of open strings. Notice that there
are two possible correlators that we can write in ABJ theory. Ones in terms
of (AB")yxn and others in terms of (ATB)sxa. We call the former N-strings
and the later M-strings. From the conservation of U(N)(U(M)) charge they
are both constrained to the form

<.

((ABY7)
(((A'B)’)

where we distinguish latin indices ¢,5 = 1,..., N from greek o, 3 = 1,..., M,
and constants C',Cy and Dy, Dy are to be determined. We begin with the
correlator of N-strings (K.1). There are two ways to contract the indices hence
we have

(BAT))
(BTA4)7)

) = C1050), + Ca6,6) (K.1)

l
k
Y = Di636) + Da0d), (K.2)

™ Q .

=

(Tr (ABN)Tr ((BAN’)) = C/N?*+Cy, N (K.3)
(Tr (ABN(BA")”)) = C\ N + Cy N? (K.4)

To the leading order in N (M) the second correlator can be expressed in terms
of the two point function of the single trace operators. Notice that to the
leading order in N and M, only contractions between pairs ABT matter. This
is because

(ABY:(B'A), = AL(BY2(BY, A} = 6,65050, = M 86" (K.5)

Hence if we perform just a single contraction in the two point correlator of
J + 1 pairs, the leading answer is

(Tr (ABN) ™) Tr (BA")7tY)) ~ M(J + 1)(Tr (ABY)/(BAT)”)).  (K.6)
Finally we arrive at two equations

(J) = (Tr (ABN))Tr (BA)”)) = C; N* + C, N (K.7)
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(J+1) = (Tr (AB))Tr (BAT)))
~M(J+1)(Ci N+ CoN?), (K.8)

that are solved to

C) ~ L (N<J> — M) ~(J—-1)M'N'72  (K.9)

N3 — N M(J+1)
1 N{J+1) .
Cy ~ N (M(J+1) - <J>) ~ M/N’ (K.10)

The three point functions are important for studying string dynamics such
as splitting and joining of open strings, which is a known phenomenon in the
case of giant graviton dynamics. The three point function of this type is

((AB)MI((ABY) ), (BAT)H72)1) =616,81C1 + 6;8163C5 + 5]6{0,Cs
+070,,03Cy + 615761 C5 + 616761 Ce
(K.11)

There are six possible contractions which lead to the following three point
functions

A= (Tr((ABNY)Tr((AB")2)Tr((BAY) 1 H72)) = N30y + N?(Cy + Cs + Cy)

+ N(Cs + C),

B = (Tr((ABY) ) Tr((BAN) 1 T2))y =N3Cy + N?(Cy + Cs + Cg)
+ N(C3 + Cy),

C = (Tr((ABY ) Tr((ABY)2(BAN)'T72)) =N3Cy + N?(Cy + Cs + Cs)
+ N(Cy + Cy),

D = (Tr((ABN2)Tr((ABN1 (BAN*+72))y =N3C, + N*(C) + Cs + Cj)
+ N(Cy + C3),

E = (Tr((ABN) T2 (BAT)1H72)) = N30y 4+ N?(Cy + Cs + Cy)
+ N(C + Cg),

F = (Tr((ABY) 12 (BAN 1 H2)) = N3Cy + N3 (Cy + Cs + Cy)
+ N(C; + Cs).

It is easy to see that in the above set £ = F. Now solving these equations, we
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find

rN2 —
Cl:(NQ—l)l(N2—4) -NN QA_B_C_DJF%E]’
02:(N2—1)1(N2—4) :_A+N2N_QB+%C+%D_2E:’
03:(N2—1)1(N2—4) :—A+%B+N2N_QC+%D—2E:,
04:(N2_1)1(N2_4) :—A+%B+%C+N2N_2D—2E:,
O5:C6:(N2—1)1(N2—4) %A—B—O—D%—NE. (K.12)

We note that, there are only two new correlators C' and D that need to
be computed. The other correlators can directly be computed from results we
have already obtained. To find the new correlators, we consider the leading
terms of the three point function. That is

(Tr((AB")Tr((AB")”2)Tr((BA") 1 +72))
~MJ; (Tr((ABT)Jz)Tr((ABT)h—l(BAT)J1+J2_1)>
+MJ2<Tr((ABT)J1)Tr((ABT)JQ*l(BAT)J1+J2*1)>

Upon using equation (6.12), we get

<Tr<<ABT)J2)TI”((ABT)J1*1(BAT)J1+J271)>
= J1J2NJ1+J271MJ1+J271 + J1J2MJ1+J2NJ1+J2

Shifting J; to J; + 1, we arrive at

(Tr((ABN) ™) Te((ABT) " (BAT) 7))
— J2<J1 + 1) (NJ1+J2MJ1+J2 4 MJ1+J2+1NJ1+J2+1) (K.13)

Similarly

(Te((ABN)™)Te((ABT)(BAT) 7))
— J1<J2 + 1) (NJ1+J2MJ1+J2 + MJ1+J2+1NJ1+J2+1) (K.14)

Recall the result of open string correlators in A/ =4 SYM theory [48]
(Te(Y)Te(Y2 (Y1) 72)) = Jy(Jy + 1) N (K.15)

We note that the ABJ answer is not simply a product of two open string
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correlators. The solution for C, Cs, C3, Cy and C5 in the large N, M limit is

:[J1J2<J1 -+ J2) + 4]MJ1+J2NJ1+J274 . 2J1J2MJ1+J2+1NJ1+J2737
(J1 4 Jy — 2)M 1+ 2 NIrtR=3)
(Jl J2 + Jl)MJ1+J2+1NJ1+J272 . 2]\4L71+JQ]\/leerfg7

04 :<J1J2 + JQ)MJ1+J2+1NJ1+J2_2 _ 2MJ1+J2NJ1+J2_3

05 :CG = MJ1+J2NJ1+J2—2' (K16)

Ch
Cy
Cs

It is now easy to compute the amplitude of closed string propagating between
two excited D-brane states, since we need to compute the leading contribution
of the correlator (Tr(AB'')(AB!2)i(BAI/1+2))l5  From the above result,

we get

(Tr(AB™")(AB™?)L(BAT RNy = M7t N2 6t (K.17)
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