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Abstract

We study the action of the dilatation operator on restricted Schur polyno-
mials labeled by Young diagrams with p long columns or p long rows. A
new version of Schur-Weyl duality provides a powerful approach to the com-
putation and manipulation of the symmetric group operators appearing in
the restricted Schur polynomials. Using this new technology, we are able
to evaluate the action of the one loop dilatation operator. The result has a
direct and natural connection to the Gauss Law constraint for branes with
a compact world volume. We find considerable evidence that the dilatation
operator reduces to a decoupled set of harmonic oscillators. This strongly
suggests that integrability in N' = 4 super Yang-Mills theory is not just a
feature of the planar limit, but extends to other large N but non-planar
limits.
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Chapter 1

Introduction

An astounding discovery from string theory is the AdS/CFT correspondence||
which asserts dualities between certain superconformal field theories and su-
pergravity on the product of anti-de Sitter spacetimes with compact mani-
folds. By duality we mean that two dual theories are physically completely
equivalent. The most understood duality is that of A" = 4 super Yang-Mills
theory on four dimensional Minkowski spacetime with type IIB string theory
on AdSs x S®. Since N’ = 4 super Yang-Mills is maximally supersymmetric
it is the most tractable gauge theory in the class of dualities conjectured
in [I]. A formal proof of the conjecture has yet to be revealed, and so the
correspondence might be contemplated with much skepticism; how can it be
that a theory without gravity on a four dimensional flat space contains all
the physics of a theory on a ten dimensional curved space that has gravity as
an integral part? Considering that the conjecture has not conflicted with a
single one of the 10535 (to date) publications that cite it, faith in its validity
does not require much of a leap.

String theory in curved spacetimes has proven to be highly inaccessible,
especially compared to N/ = 4 super Yang-Mills which has been shown to
be integrable in certain limits. A dictionary for translating between these
dual theories would allow us to understand string theory by studying the
dual conformal field theory. [2, 3| have provided a powerful piece of this
dictionary that applies to gravitons; the recipe maps states in the gravity
theory to operators in the dual conformal field theory.

1.1 Integrability in A/ = 4 Super Yang-Mills

For a system to be integrable a conservation law is needed for each degree
of freedom. Since super Yang-Mills is a quantum field theory, its operators



are fields, thus integrability requires an infinite number of conservation laws.
Methods of finding equations that lead to an infinite number of conservation
laws and showing that these laws are independent are referred to as methods
of integrability’.

Super Yang-Mills is a cousin of Quantum Chromodynamics in the sense
that it is based on the same types of fundamental particles and interactions,
but also enjoys supersymmetry and conformal symmetry. The latter implies
that there are no dimensionful parameters in the theory (see appendix A).
In normal quantum field theory the basic observable is the S-matrix. It
provides predictions for scattering experiments. A conformal field theory is
scale invariant so the scattering framework cannot be used; there is no notion
of the distant past and future required for non-interacting initial and final
states. What is of primary interest in a conformal field theory is the scaling
dimension A of operators

A:A0+93{MA2+93MA4"' .

O is a local operator meaning it is composed from the fundamental fields,
all residing at a common point in spacetime. A4 is the classical or bare
dimension of O, given by the sum of the constituent dimensions. As, Ay, ...
are the anomalous dimensions of O which are quantum corrections to the
classical dimension due to interactions between the constituents. A, is a one
loop level Feynman diagram contribution, A4 a two loop level contribution
and so on.

In 't Hooft’s planar limit[50] of N' = 4 super Yang-Mills, integrability has
proven a powerful tool in that it has made it possible to express the scaling
dimension of some local operator O as a function of the coupling constant?
A

A=f\).

In general this function is given as the solution of a set of integral equations
which follow from the thermodynamic Bethe ansatz|25] or related techniques.
The equations simplify to a set of algebraic equations in a certain limit (the
asymptotic Bethe equations) which have been solved numerically for a wide
range of \’s in particular cases. This has given hope that the elusive dream

IFor a review of integrability in the context of the AdS/CFT correspondence as of the
year 2010 see [24].

2Recall that in 't Hooft’s formalism, the rank of the gauge group N is taken to infinity
while keeping the coupling A = g2, N fixed. This corresponds to an infinite number of
colours and infinitesimal interaction strength.



of understanding QCD at strong coupling is reachable, especially since any
four dimensional gauge theory can be viewed as N' = 4 Super Yang-Mills
with some particles and interactions added or removed|21]. The spectrum
that the solutions provide are not simple formulae like that of the harmonic
oscillator

1
Eyo=wn+ ).

2
Until recently, it seemed that such simplicity was too much to hope for.
In [26], which forms the basis of this dissertation, we extend the results
of |9, 14, 15] solidifying evidence that the spectrum of one loop anomalous

dimensions of a specific class of operators is precisely a set of harmonic os-
cillators! What is most powerful about our findings is that this elegance
emerges from beyond the planar limit, where integrability has supposedly
been proven not to exist[3]. The reason why the planar limit is not sufficient
for the operators we consider is that they have a bare dimension of order
N, and so huge combinatoric factors (arising from the number of ways one
can form the Feynman diagrams out of so many fields) enhance the non-
planar contributions and completely overpower the usual ﬁ suppression of
non-planar diagrams|6.

1.2 The Conformal Field Theory Duals of Gi-
ant Gravitons

The objects we wish to study in IIB string theory on AdS5 x S° are giant
gravitons|18|. These are D3-branes with a spherical world volume, stable due
to their orbital angular momentum and the five form flux|[17]. From the state-
operator map of |2, 3] we know that the mass of states in the string theory
map to the dimension of operators in the CF'T. Thus operators dual to giant
gravitons must have a large bare dimension and so calculating correlation
functions of these operators involves summing a lot more than just the planar
diagrams. In an inspired article, [1] showed that this daunting task can be
achieved by moving from the trace basis to the basis of Schur polynomials

[ Te(z) = ZanRj(Z) :

where the operators Z are complex combinations of two of the six scalar
fields in /' = 4 SYM, which are in the adjoint representation of U(N);
Z = ¢1 +i¢g is an N x N matrix whose elements are gluons. The Schur



polynomial is defined by

Xr(Z) = % Z Xr(0)Tr (0Z°")
oES,

where Tr (0 Z%") = Zfi(l)ZZ:(z) . Zf:(n). R is a Young diagram® with n boxes
and hence labels an irreducible representation of the symmetric group of
degree n (S,). xr(0) is the character of group element o in representation
R, given by xgr(c) = Tr(I'g(0)), where I'g(0) is the representation matrix
of o in the vector space carrying R.

[1] showed that in the %—BPS sector, the two point functions are diagonal
in the Schur polynomial labels

(Xr(Z)xs(2)") = drsfr - (1.1)

fr is the product of the factors in the Young diagram R; the factor of a box
in row ¢ and column j is N +4¢—j. The fact that the two point correlators are
exact in N means that all Feynman diagrams (not just the planar diagrams)
are summed.

Soon after this initial work, an elegant explanation of the results of |1]
were given in terms of projection operators|27]. One of the basic observations
made in [27] is the fact that two point functions of operators of the form

A, = Al gzl 7 = Te(AZ®™)

J132 " In

are given by
<AnBl> = Z TI'(UAJ_lBT) )
gESy,

By choosing A and B to be projection operators projecting onto irreducible
representations of the symmetric group, they clearly commute with o (ren-
dering the above sum trivial) and are orthogonal. With this choice for A,
A, is nothing but a Schur polynomial, so that we obtain a rather simple
understanding of how and why the Schur polynomials diagonalize the two
point function.

Certain Schur polynomials with order N Z’s were quickly identified|0, 1,

, 28] as the operators of N' =4 SYM dual to the giant gravitons of 1IB
string theory on AdSs x S®, while Schur polynomials with order N? fields
were identified with 1-BPS geometries|30, 31].

3Recall that a Young diagram is an arrangement of boxes in rows and columns in a
single, contiguous cluster such that the left borders of all rows are aligned and each row
is not longer than the one above. The empty Young diagram consisting of no boxes is a
valid Young diagram.



Excited giant gravitons can be described in terms of open strings which
end on the D-brane. Operators dual to excited giant gravitons were pro-
posed in [5]. Since giant gravitons have a compact world volume, Gauss’s
Law requires that the total charge on the worldvolume must vanish[32]. A
highly non-trivial test of the proposal of [5] is that the number of operators
that can be defined matches the number of states obeying this Gauss Law
constraint. The operators of [5] are defined in terms of symmetric group op-
erators that project from the carrier space of some irreducible representation
of the symmetric group to a subspace defined using the carrier space of an
irreducible representation of a subgroup. Although the construction of the
operators proposed in [5] is a highly non-trivial problem in the representation
theory of the symmetric group, the two point functions of these operators,
the restricted Schur polynomials, were computed exactly, in the free field
theory limit, in [13], by exploiting the technology developed in [10, 11, 12].
It was also shown that the restricted Schur polynomials provide a basis for
the gauge invariant local operators built using only scalar (adjoint Higgs)
fields|7|. Further, it is a convenient description. Indeed, the restricted Schur
basis diagonalizes the two point function in the free field theory limit and it
mixes weakly at one loop level[l1, 12].

1.2.1 The Dilatation Operator

The quest for the gauge theory/gravity dictionary is guided by symmetries.
Super Yang-Mills in (3+41) dimensions has the symmetry group SO(2,4) X
SO(6); conformal invariance is given by SO(2,4), while SO(6) is the sym-
metry of rotating the theory’s six scalar fields into each other. AdSs has the
isometry group® SO(2,4), while S5 has the rotational symmetry of SO(6).
So the two theories enjoy the same symmetries. It is thus natural to associate
generators of symmetries that are shared by the theories. The eigenvalues
of these generators label states so we get a direct correspondence between
states of the two theories. These eigenvalues are of course conserved charges,
as every global symmetry of the action is associated with a conserved charge
(Noether’s theorem). The generator of time translations in string theory,
the Hamiltonian, is identified as the dual operator to the generator of scale
invariance in conformal field theory, the dilatation operator D. The Hamil-
tonian’s eigenvalues (energies) should thus agree with those of the dilatation
operator, which are the anomalous scaling dimensions of the operator it acts

4Recall that an isometry group is the group of all smooth, one-to-one maps of the space
into itself that leave all distances invariant.



on

DO = AO.

Solving this eigenvalue problem will yield the dimensions of O and its cor-
responding eigenstates, which will also be the eigenenergies and eigenstates
of the dual string theory system. This is all that is needed to describe time
evolution, and hence the dynamics, of the string theory system®.

Numerical studies of the dilatation operator when acting on restricted
Schur polynomials dual to a two sphere giant system showed that the spec-
trum of the one loop anomalous dimensions is that of a set of decoupled
harmonic oscillators|9, 11]. Using insights gained from these numerical stud-
ies, an analytic study of the dilatation operator in the sector of the theory
with either two sphere giants or two AdS giants has been carried out in [15].
The crucial new ingredient in [15] is the realization that the problem of com-
puting the symmetric group operators needed to define the restricted Schur
polynomial can be performed using an auxiliary spin chain. This is essen-
tially an application of Schur-Weyl duality. The suggestion that Schur-Weyl
duality may play an important role in the study of gauge theory/gravity
duality was first made in [10].

In this dissertation we will recover the two giant graviton results of [15]
by clarifying the role of Schur-Weyl duality. An auxiliary spin chain will
not be used. The advantage of the new approach is that it will allow us to
study the p giant graviton sector of the theory. This generalization is highly
non-trivial as we now explain. The two giant graviton problem is too simple
to see the full complexity of the problem. Indeed, the symmetric group
operators needed to define the restricted Schur polynomials in this case are
simple because the subspaces they project to appear without multiplicity.
For p > 2 giant gravitons, this multiplicity problem must be solved. Our
present approach, based on Schur Weyl duality, allows us to

e Construct the restricted Schur polynomials for the p giant graviton
problem using the representation theory of U(p). For the case of p
giant gravitons we obtain an example of Schur-Weyl duality that is, as
far as we know, novel.

e Organize the multiplicity of S,, x §,, irreducible representations sub-
duced from a given 5,,.,, irreducible representation by mapping it into
the inner multiplicity appearing in U(p) representation theory. As far
as we know, this connection has not been pointed out in the maths

5 Any state can be expanded in terms of its eigenstates, and the evolution of an energy
eigenstate is simply [(t)) = e~ Et |1)(0)).



literature, although it follows as a rather simple consequence of the
Schur-Weyl duality we have found.

e Evaluate the action of the dilatation operator in terms of known Clebsch-
Gordan coefficients of U(p).

Thus, we achieve a complete generalization of the results of [15] together
with a much clearer understanding of the general problem. One noteworthy
feature of our results is that the action of the one loop dilatation operator has
a direct and natural connection to the Gauss Law constraint we discussed
above.

Although we have focused on the restricted Schur polynomials in this
dissertation, they are not the only basis for local gauge invariant opera-
tors of a matrix model. Another interesting basis to consider is the Brauer
basis|33, 34]. This basis is built using elements of the Brauer algebra. The
structure constants of the Brauer algebra are N dependent. There is an el-
egant construction of a class of BPS operators|35] in which the natural N
dependence appearing in the definition of the operator|36] is reproduced by
the Brauer algebra projectors[35]. Alternatively, another natural approach
to the problem is to adopt a basis that has sharp quantum numbers for the
global symmetries of the theory[37, 38]. The action of the anomalous dimen-
sion operator in this sharp quantum number basis is very similar to the action
in the restricted Schur basis: again operators which mix can differ at most
by moving one box around on the Young diagram labeling the operator|39].

For further related interesting work see [10, 11]. Finally, for a rather general
approach which correctly counts and constructs the weak coupling BPS op-
erators see [12]. The results obtained in [12| can be translated into any of

the bases we have considered.
This dissertation is organized as follows:

e The following chapter is dedicated to the AdS/CFT correspondence,

e In chapter 3 we give a detailed review of the discovery of giant gravitons
of [18]. This concludes part I.

e In the first chapter of part II we construct the CFT duals of excited
giant gravitons by using our new version of Schur-Weyl duality,

e We then evaluate the action of the one-loop dilatation operator on these
restricted Schur polynomials in chapter 5,

e The dilatation operator is diagonalized in chapter 6.

e We conclude with an analysis of our results in the final chapter.



In an attempt to keep this disseration self contained, we have included the
following appendices

e Appendix A is on conformal symmetry,

e The background representation theory needed to develop our construc-
tion is reviewed in Appendices B and C,

e In Appendix D we study a continuum limit of the dilatation operator.



Chapter 2
The AdS/CFT Correspondence

This chapter will illuminate the origins of Maldacena’s powerful conjecture.
We start with a brief review of anti-de Sitter space and its relation to D-
branes.

2.1 Anti-de Sitter Space and D-branes

Anti-de Sitter space is the maximally symmetric solution of Einstein’s equa-
tions with an attractive cosmological constant included'. n dimensional anti-
de Sitter space can be represented as a hyperboloid of ‘radius’ R

() + () = (X)) = (X - (X =R (2
embedded in a flat n + 1 dimensional space with metric
ds® = — (dX°)? = (dX )2 + (dXY)* + (dX?)* + -+ (dx™)* .

The second ‘time-like’ coordinate X _; can be absorbed by introducing the
light cone coordinates|19]

Xfl . anl Xfl _{_anl
u = @ v = —m (2.2)
and redefining the other coordinates as
X0 X
t = t— 2.3
Ru Y x R'u, ) ( )

lde Sitter space has a repulsive cosmological constant, making it a positively curved
Lorentzian manifold, such as the one we live in.

10



where 4 runs from 1 to n — 2. In these coordinates the hyperboloid equation
(2.1) takes the form

R'uv + R*u?*(t* — 7%) = R?,

where 72 = (z')? 4+ -+ + (2"?)%. From this equation we can express v in
terms of u, ¢, and 2, and find from (2.2) and (2.3)

1
X7 = (e (R 1)
1
Xn—l — %(1+U2(—R2+f2—t2)) 7
X' = Rux’
X% = Rut.

It is useful to change to the coordinate z = % as we then obtain® the Poincaré
AdS metric which takes the nice form

2

ds* = % (d2* + (dz)* — dt?) . (2.4)
The coordinate z divides AdS space into two regions (z > 0 and z < 0).
In each region z behaves as a radial coordinate; at each value of z we have
a copy of n — 1 dimensional Minkowski space scaled by 5—22. Anti-de Sitter
space has many unusual properties, one of which is that it has a boundary
‘at’ spatial infinity. This can be seen by considering z = 0 which corresponds
to spatial infinity in global coordinates (for details see [19]). When z = 0 we
have the largest possible copy of M,,_1, which can thus be identified as the
Poincaré patch® of the AdS,, boundary.

Another unusual property of anti-de Sitter space is the nature of its time-
like geodesics. Any time-like geodesic that departs from the origin will return
to it. For this reason anti-de Sitter space can be thought of as ‘putting gravity
in a box’.

Maldacena considered a system of D-branes in Type IIB string theory
to arrive at the conjecture. These Dp-branes are extended objects with p
spatial dimensions. Open strings in the presence of a D-brane have their

2Recall that the induced metric on a manifold embedded in a space with metric G is ob-
tained from ds? = GijaaTX; %);; dy®dy®, with X* embedding coordinates and y® coordinates
parameterizing the manifold, g., = Gij%TX; 86)?517] is the induced metric.

3The AdS boundary in global coordinates also includes ‘points at infinity’ of the
Poincaré coordinates x* and ¢ for which z # 0.

11



Figure 2.1: Two dimensional de Sitter space embedded in a three dimensional
flat space. In this special case the flat space is Minkowski and we can interpret the
X! coordinate as time and the X°, X! coordinates as spacial coordinates. In the
figure the X! coordinate lies along the axis of rotational symmetry. The circles are
lines of constant time and the lines perpendicular to them are time-like geodesics.

endpoints constrained to lie on the brane. The string coordinates normal to
the D-brane must thus satisfy Dirichlet boundary conditions
Y, 0) =Y, 0)

o=0

:'ga7 a:p+1,...,d,

O=T"

where the y* are the (d — p) constants which specify the D-brane. The
open string endpoints are free to move along the directions tangential to the
D-brane, and thus satisfy Neumann boundary conditions

ox | _oxn
oye "% T dye

T,0)

‘020 o=
D-branes have mass (they have tension), and so curve the spacetime in
which they reside. The metric induced by a D3-brane in a flat ten dimen-

sional space (as an example) is

1

V1+E5

ds* = (—dt2 + (dX1) + (dX?)° + (dX3)2>

+\/1+%4((dY1)2+(dY2)2+---+(dY6)2> . (2.5)

Near to the brane, r ~ 0, so we can drop the ‘1’ in the square root of the
coefficients and the metric becomes (after transforming the Y coordinates to
spherical coordinates)

7,,2

2
a8 = T (a4 (@X) 4 (aX?) + (@X)7) + S ¢ B9, (26)

12



which is the metric of a five sphere times* AdSs. Notice that the S° and AdS;
1

share a radius of curvature R which is given by R = (4(4mgs)7|[1], where £,

is the string length scale and g, is the string coupling constant.

2.2 Origins of The Correspondence

Imagine N parallel D3-branes in Type IIB string theory separated by dis-
tances r. We take a low energy limit by taking ¢ — 0, and also bring the
branes together (r — 0) so that the mass of the strings stretching between
the branes is kept small. The open strings on the brane do not have enough
energy to have oscillatory excitations and so behave like point particles. The
resulting theory on the brane is N' =4 U(N) super Yang-Mills.

In the bulk (9+41)-dimensional spacetime we have a theory of closed
strings, that is, a theory of quantum gravity. In the low energy limit the
gravity theory decouples from the Yang-Mills theory on the brane as the
wavelength of the gravitons in the bulk is far too large to allow for interac-
tions with the branes.

We can also consider the system of D3-branes from the viewpoint of the
curved spacetime they induce. The D3-brane solution to Einstein’s equations
(2.5) includes a horizon at the end of an infinite throat. The closed strings
near the horizon will have low energy due to being so far down the throat
and so their oscillatory excitation modes will have a negligible contribution
to their energy. These excitation modes will thus never have sufficient energy
to influence the system far from the horizon. The physics near the branes
will decouple from the physics far from the branes, which is that of closed
strings in asymptotically flat space.

What is the geometry down the throat? We have seen that near to a
D3-brane Mg is curved to AdSs x S°. The same holds true for a system of
N D3-branes that have been brought together as all that changes in (2.5) is
that the curvature constant R now includes the number of D-branes: R =
(y(4mg N)3.

We have investigated the configuration of N D3-branes from two view-
points; the dynamics of open strings attached to the branes, and as a gravi-
tational configuration. In the low energy limit each has led to two decoupled
subsystems, with that of closed strings in flat spacetime being common to
the two viewpoints. The other two subsystems, N = 4 super Yang-Mills on
d = 3+1 Minkowski spacetime and IIB superstring theory on AdSs x S°, also
enjoy the same symmetry group SO(2,4) x SO(6) (section 1.2.1), which of

4The AdS component of (2.6) is related to the Poincaré AdS metric (2.4) by the

. . 4
coordinate transformation 2 = %.

13



course is not dependent on energy. We are thus led to Maldacena’s conjecture
that these two theories are in fact equivalent for all energies!

One might expect the supergravity solution to break down in the large N
limit as bringing such a large number of branes together would induce a huge
gravitational field. This is not the case because the radius of curvature of
the AdS x S space increases with N, and so general relativity remains intact.

2.3 State-Operator Map

We have already seen that the Poincaré patch of the AdS; boundary is 4
dimensional Minkowski space, and that this is the spacetime on which the
CFT on the one side of the correspondence lives. In fact the boundary
of AdSj5 in global coordinates is isomorphic to the M, of the CFT. To see
this clearly we firstly perform a Wick rotation ¢ — it on M, to obtain 4d
Euclidean space, and then transform to spherical coordinates

ds* = dt* + dx'dx’
= dr* +1%dQ; , (2.7)
making the transformation r = e! we get
ds* = e* (dt* +dQ3) .
2t

e*' is an overall scale factor of the metric (see Appendix A) and so can be
eliminated by acting with the conformal group SO(2,4), yielding

ds* = dt* + dQ; , (2.8)

which, after another Wick rotation, is the boundary of AdSs in global coordi-
nates [19]. We can thus identify the conformal field theory of the correspon-
dence as living on the boundary of the ant-de Sitter space in which the dual
gravity theory lives. The correspondence thus serves as a concrete example
of the holographic hypothesis of [51, 52|, which states that a quantum theory
of gravity in a d dimensional space can be fully described by a theory on the
d — 1 dimensional boundary of that space.

The map discovered by |2, 3] follows from the isomorphism between the
boundary of AdS space and Minkowski space, as we now explain. To describe
interacting systems on the boundary of AdS5; we need well separated initial
and final states which live on the S® of (2.8) in the infinitely far past and
future. From the transformation r = e! we see that ¢ — —oo on the boundary
of AdSjs corresponds to a point in the My of the CFT (2.7), which is where
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operators, not wavefunctions, are defined. It is thus natural to identify states
in the string theory as mapping to operators in the gauge theory and we find
a matching of observables of the two theories

(ilios) = (04, 0,) .
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Chapter 3

Gilant Gravitons

Giant gravitons are spherical D3-branes orbiting on a disc in the spherical
component of AdS x S. Their invasion from anti-de Sitter space was first
publicised by McGreevy, Susskind and Toumbas in [18]. Giant gravitons ex-
pand with increasing angular momentum and since the giants of 18] expand
into the spherical component of AdS x S, their size is limited as the spher-
ical manifold is compact. This puts an upper bound on a giant’s angular
momentum and was advertised as an explanation of the origin of the stringy
exclusion principle[19] which puts a limit on the number of single particle
BPS states in supergravity. The discovery by [20] and [21]| of dual giant
gravitons expanded in the AdS component of AdS x S posed a problem to
giant gravitons taking responsibility for stringy exclusion as AdS space is not
compact.

3.1 A Dipole Analogy

The simple dipole system we describe here has strong similarities to a gravi-
ton coupled to the n-form field strength and so helps to conceptualize the
giant graviton system. Imagine a dipole constrained to move on the surface
of a sphere of radius R. The sphere has magnetic flux N due to a magnetic
monopole at the centre of the sphere. Quantization of flux requires

2rN = Q,BR? .

When the dipole has a tiny momentum it moves along the equator of the
sphere. Increasing its momentum will cause the charges to split and so they
will move along parallel circles equally separated from the equator. Once the
momentum of the dipole is about 2B R the charges will be at the poles, so its
size is limited to the size of the sphere. At this point the angular momentum
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takes its maximum value
L =PR~ BR?,

which is of order of the total magnetic flux N.

For the Lagrangian of the dipole we parametrize the sphere by two angles
@, 0, where the azimuthal angle ¢ goes from 0 to 27 and 6 is the angle from
the equator, taking values -7 at the poles. The positions of the positive and
negative charges are given by (¢, 0) and (¢, —6). If we consider a slow-moving
dipole whose mass is so small that its kinetic term in the Lagrangian can be
ignored compared to the other terms, then the Lagrangian of the dipole takes
the form

k .
L = —§R2 sin?# — N sin f¢
= ﬁs +Lpg
where Lg is the Coulombic spring coupling term and L5 is the term coupling
the dipole to the magnetic field. From L = % we find that the angular
momentum is given by
L= —Nsinf
which will reach its maximum value when ¢ = 7 at which point
|Lmax| - N )

so the maximum angular momentum of the dipole is exactly N.

3.2 S° Giants of AdS; x S°

We will firstly study gravitons that expand into the S® component of AdSs x
S5. The five-sphere considered has a radius of curvature R much larger than
the 10 dimensional Planck length ¢,. The 5-form field strength is analogous
to the magnetic field featuring in the dipole system, and so we denote the
flux density B. Quantization of flux requires

QsBR®> = 27N .
The radius of curvature R follows from the supergravity equations of motion|!]|
R=10,(xN)5 .

The full bosonic Lagrangian of the giant graviton consists of two terms: the
kinetic energy term Lx (or Dirac-Born-Infeld term), and the term coupling
the giant to the 5-form field strength L5 (or Chern-Simons term)

L=Lk+Lp.
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3.2.1 The Kinetic Energy Term Ly

We parametrize S° by five angles 6, - - -, #° which are related to the cartesian
coordinates X° of the six dimensional flat space in which the S® is embedded
by

X' = Recos#!
X? = Rsin#' cosf?
X3 = Rsin#'sin#*cos@?
X* = Rsin#'sin6?sin 6 cos6*
X® = Rsin#'sin6?sin 6 sin 0* cos 6°
X% = Rsin#'sin#?sin6sin6*sin6° .
The angles 6!, - - -, 6* go from 0 to 7, while the azimuthal angle §° goes from 0

to 27. These coordinate transformations satisfy the equation of a five sphere
(X4 (X7 + () + (X + (0) + (X0 = R’

We wrap the D3-brane around an S® embedded in the S® and so parametrize
its surface by the angles 63, 6%, 0°. The brane is allowed to move in the X!, X2
plane and its size is determined by its position in the plane according to

r = Rsin6'sin#? .

We see that when the brane is at its maximum size (r = R) it is at the
origin X! = X? = 0, analogous to the dipole constrained to a sphere having
maximum size when the charges are at the poles. The brane moves around
a circle in the X!, X2 plane according to

(XN + (X?)* =R — 2,

so the graviton is a point particle when circling at the edge of the X!, X2
disc of radius R, and blows up as it moves in towards the centre of the disc.
The radius v R? — r? of the giant’s orbit decreases as its angular momentum
increases. Introducing the angle ¢ measuring the position of the giant on the
plane, we have

X' = VR? —1r2cos¢
X? = VR?2—r2sing.
In terms of the coordinates r, ¢, 62, 0, > the metric on the 5-sphere becomes

2 _ R2

dssph - (RQ _ ,r2>

dr® + (R? — %) d¢® + r2d$2 (3.1)
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where d2Z is the metric of a unit 3-sphere parametrized by 63,64, 6°.
The kinetic energy term of the full D3-brane action is determined from

SK = —TDg/d4y\/ —detG s (32>

where T3 is the membrane tension, given by
1
(2m)3tigs
The y coordinates are the coordinates parameterizing the D3-brane world-
volume

TDS =

y' =t
yo— 6
Ea—
e
G is the induced metric on the D3-brane, given by
oxt Ox¥
af = 0_346“8_3;59“” )
where z# are the coordinates of AdSs x S®: z!,--- 2 are the S® coordinates
z' = r = Rsinf'sin?
2 = ¢=¢(t)
B g
ot = o
o= 0
and 2° = ¢, 2%,--- , 2% are the coordinates of AdSs. In terms of these coor-
dinates the induced metric takes the form
L (R ) 0
2
Gap = r? sin? 63
0 2 sin? 63 sin? 6*

With this metric the kinetic energy term of the giant graviton action becomes
(after integrating over the angular coordinates)

SK = —TD32ﬂ2T3/\/1—(Rz—T2)¢2dt
= —MDg/vl—’Uth,
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where Mps is the mass of the giant and v is its velocity. So the kinetic energy
term of the Lagrangian is

ﬁK = —TD327T2T3\/1 — (R2 — 7‘2)¢2 .

3.2.2 The Coupling Term Lp

The contribution of the five-form field strength to the action of the brane per
orbit around the S° is

Sp = / P[AW] = / dAW = / Fo . (3.3)
wv P %

The first integral is over the worldvolume of the brane. P [A(‘ﬂ is the pull-
back of the 4-form gauge potential onto the brane’s worldvolume, given by
(@) B oxrht OxrH2 Ot HrHa

P [A ]a1a2a3a4 - ayal ayag ayag aya4 HIH2H3H4 )
worldvolume coordinates and the x#’s are coordinates of AdSs x S®. F(
is the five-form field strength. Y is the five-manifold in S® whose bound-
ary is the 4-dimensional surface swept out by the D3-brane in one orbit.
¥ = 83 x Dy where D, is a disc on the X', X? plane whose boundary is
the orbit of the brane. The background flux is F'® = Bdvol where B is the
constant flux density and dvol is the volume form on S°, that is

FO = B\/detgdr Adp A dQs
= BRridr Ndop N dSs .
Thus the coupling action is

SB = BVOI(Z)

where the y®’s are brane

5)

2w r

= BXR/ dﬂg/d¢/7“’3d7"’
D J

0
4

— BRQ327r%
= BRQ5T4,

where the last equality made use of the relation €2, = %Qn_g. With the
flux quantization condition BR*Q5 = 27N, the coupling action becomes
4

r
SB = QWNﬁ .
The coupling term of the D3-brane Lagrangian is thus
Sp ¢ o
Ly T Sp 2m ¢ R*
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Oppositely Charged Antipodes

Every point on the D3-brane’s world volume is oppositely charged (and equal
in magnitude) to its antipodal point, so it really is a dipole! This is what
causes the brane to expand into a three-sphere when moving through the
background field. To see how these oppositely charged antipodes manifest,
consider the coupling action (3.3)

Sﬁz/}ﬂﬂﬂﬂﬂwG@MA@”A@%A@m.

To get to the antipode of a point on the brane’s worldvolume, we would
reverse the direction of dy“', replacing dy®' with —dy®'. The action will
have its sign reversed and so the antipodal point will be oppositely charged,
and be of the same magnitude.

3.2.3 Angular Momentum, Energy and Stability Anal-
ysis

The giant’s full Lagrangian is

4

ﬁ:za¢+LB=—Jbﬂw%ﬁ¢1—(R2—r%¢%+¢N£g

From this Lagrangian we obtain an expression for the giant’s angular mo-

mentum via L = ‘;—g

(b ot
V1= (=)

RY’
where Mps = Tp327%r®. The giant attains its maximum angular momentum
when it has reached the size of the sphere, r = R. Thus the compact S°
space imposes a cut off on the giant’s angular momentum

Linaz = N .

This is precisely the cut off predicted by the dual conformal field theory|19]
which provides strong evidence that giant gravitons are responsible for the
stringy exclusion principle.

The energy of the giant is obtained from F = gﬁL — L, yielding

,  ([L-Ng)
E = \[Mpy+

L— Nz’
= \/TD327T27'3 + % . (34)
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There are two forces competing to change the D3-brane’s size: the five-form
field strength expands the brane, while the membrane’s tension contracts
the brane. If the brane’s energy as a function of its size r has a stable
minimum for fixed L, then the competing tension and coupling forces will be
in equilibrium at this 7, and so the brane will take this size (at this value
of L). The existence of a stable minimum will indicate that the giant is a
classically stable state.

Differentiating the energy with respect to r and equating to zero, we get
8 zeros, but the only positive real ones that also restrict r to be less than R
are

L
=0 d r=4/=R.
r and r N

The first minimum corresponds to a point-like graviton, while the second is
the radius of a stable expanded D3-brane which again yields N as the max-
imum value for L. The point-like graviton solution will be singular from the
perspective of the gravitational field equations since for angular momenta of
order N, it represents a huge energy concentrated at a point. Thus it is sub-
ject to uncontrolled quantum corrections and backreactions on the spacetime
will no longer be negligible. There are quantum corrections proportional to
powers of the momentum times the flux density, which are large at angu-
lar momenta of order N. The expanded brane on the other hand effectively
‘smooths out’ these quantum corrections due to its energy being spread over

. . . _ L
its macroscopic size (r = |/ ¥ R).

Er )

Figure 3.1: Energy of a giant graviton as a function of its radius for a specific
angular momentum L.
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3.3 AdS Giants

We now consider D3-branes that orbit! on the S® but expand into the AdS
component of AdSs x S®. The full metric of AdSs x S® in global coordinates
can be written as

ds? = (d5,24ds) + (dsgph)
2 2

- 1 P A2 dp 2,702 R dr? R? 2\ 12 2,102
= — +§ +1+ﬁ+p 3+m’r+< —T)¢+T 3 ,

R2
where R is the curvature parameter of AdSs and S°. We wrap the D3-brane
around the S® featuring in the AdS metric, and so it is parametrized by the
three angles of the (23

02 = (d')” + sin? ' (d?)” + sin? @' sin® 2 (dy®)” . (3.5)
The radius of the brane is given by p.

The action of the giant is again the sum of the kinetic energy term and
the term coupling the giant to the five form field strength (of AdSj)

S =Sk + 85 =—Tns / dio\/—detG + Tpy / P [A@] . (3.6)

The AdS; four form potential A has opposite sign to that of the S° (and
takes a different form), and so effectively reverses the sign of the coupling
term Sp in the brane’s action. Thus this action describes a D3-brane of
opposite charge to the S® giant, and so the AdSs giant is an anti-brane. While
the brane on S® couples magnetically to the background field and should be
thought of as a dimagnetic brane, the brane in AdSs couples electrically and
should be thought of as a dielectric brane.

Calculating the pullbacks of the metric and the four form potential, sub-
stituting the trial solution into (3.6) and integrating over the angular coor-
dinates yields the Lagrangian

4
L =2mTps —p3\/1+p—2—R2$2+p— .
R? R

From this Lagrangian we obtain an expression for the giant’s angular mo-

. dL
mentum via L = —
do
5 .
2 ;
V1t 5 - R
!The radius of the AdS giant’s orbit on the X, X plane of S° is always R; it does not
move in towards the centre of the disc as its angular momentum increases.

)
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where we have used the relationship between the brane’s tension and the

total lux N
N

2R
There is no longer a limit on the giant’s angular momentum as its radius p
is no longer restricted by R since AdS space is not compact. This poses a
problem for giant gravitons explaining the stringy exclusion principle.

The energy of the giant is computed from E = ¢L — L

_N PPN (L2, P\ o
Eﬁ(\/(”ﬁ)(ﬁ*ﬁ) R

oF
Investigating — = 0, the energy minima are found at

dp
| L
= d — B
p=0 and p NR,

the point-like solution is again unphysical due to concentrating so much en-

Tps

ergy at a point. The brane expands to its equilibrium size p = \/%R where

the competing forces of its tension (contraction) and background field cou-
pling (expansion) are balanced.

3.4 The Giant Graviton Invasion is Not a Fic-
tion

The giant graviton solution makes the drastic simplifying assumption that
the brane is always a perfect three-sphere and orbits on the X!, X? plane.
In general the D3-brane can deform in complicated ways and so its radius
will vary depending on the position on the brane. The general solution must
thus have the giant’s radius as a function of the angles parameterizing the
brane and time p = p(t, 6%,60%,6°), and its trajectory cannot be constrained
to lie on the X!, X2 plane.

How do we know then that the giant graviton solution can be trusted?
Firstly, both the S5 giants and the AdSs giants have exactly the same quan-
tum numbers (angular momentum and energy) as the point-like graviton.
Secondly, since antipodal patches of the spherical D3-brane can be regarded
as parallel portions of branes and anti-branes, preserving any supersymmetry
is highly nontrivial. Thus if it can be shown that the giants are BPS preserv-
ing precisely the same supersymmetries as the point-like graviton, then the
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giant graviton solution should be trusted. [20] and [21] performed a detailed
analysis of the residual supersymmetries of the giants and showed that they
preserve 16 of the 32 supersymmetries, identical to the point-like graviton.

An interesting question is whether there is quantum mixing between the
three graviton states (sphere, AdS and point-like). [20] found instanton
solutions describing tunneling between the expanded branes and the point-
like graviton, and [22] then performed numerical simulations which indicated

that there is no instanton solution for tunneling directly between the sphere
and AdS giants.

Although it’s not clear how giant gravitons could still be responsible for the
stringy exclusion principle since AdS space does not impose a limit on the
angular momentum of AdS giants, there is a limit on the number of AdS
giants. The maximum flux a giant can have is N as AdSs x S® originated
from stacking N D3-branes. A second AdS giant can thus have a maximum
flux of N — 1. Clearly the (N + l)th graviton will have a flux of zero making
it a point-like graviton and so the number of giant gravitons AdS space can
contain is restricted to N.
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Part 11

Dancing Giants

26



Chapter 4

Constructing Restricted Schur
Polynomials

We wish to study a system of p giant gravitons interacting via strings stretch-
ing between the giants. In order to determine the energy spectrum and eigen-
states we work in the dual conformal field theory, and our goal then becomes
diagonalizing the dilatation operator acting on the CF'T duals of excited gi-
ant gravitons. These are the restricted Schur polynomials labeled by Young
diagrams of p O(N) long rows (for AdS giants) or p long columns (for sphere
giants). To achieve our goal a key new idea is needed: Schur-Weyl duality is
used to construct the restricted Schur polynomials. In this chapter we will
explain how Schur-Weyl duality arises and how it is exploited.

4.1 Why it is difficult to build a Restricted
Schur Polynomial

There are six scalar fields ¢, taking 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 = ¢35+ iy, X = ¢5 + 1¢s .

We will study restricted Schur polynomials built using n ~ O(N) Z and
m ~ O(N) Y fields and will often refer to the Y fields as ‘impurities’. These
operators have a large R-charge and belong to the SU(2) sector of the theory.
The definition of the restricted Schur polynomial is

. _ —_— . 1 .« o o Zn l/n/+1 DY Zn+m
X, k(2 Y) = nlm! XR’(T’S)]'“(U)ZZ'U(U Z"a(my;o(nﬂ) Yia(n+m) :

UESn+m
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In this definition R is a Young diagram with n 4+ m boxes and hence labels
an irreducible representation of S, ,,, r is a Young diagram with n boxes
and labels an irreducible representation of S, and s is a Young diagram
with m boxes and labels an irreducible representation of S,,. The group
Spim has an S, x 5, subgroup, which will shuffle the n Z indices amongst
each other and the m Y indices, but will not mix Z indices with Y indices.
Taken together r and s label an irreducible representation of this subgroup.
A single irreducible representation R will in general subduce many possible
representations of the S,, x S, subgroup; obtained by removing m boxes
from R to get r, and assembling the m boxes into a Young diagram s. This
assembly has some restrictions; s can have no more than p rows, and further,
boxes coming from the same row in R cannot be stacked directly on top of
each other (thus preserving their symmetry). For the p > 2 giant case, a
particular irreducible representation (r, s) of the subgroup may be subduced
more than once. For example, consider removing three ‘disconnected’ boxes
from R to obtain r. The possible S5 irreducible representations are obtained
via

Oeded = e (Hel)
~ @@ e e

‘(2)
i (4.1)

The representation (r, Bj) is subduced twice, with the representations being
orthogonal. We thus need to introduce a multiplicity label to keep track of
the different copies subduced. The indices j and k appearing in the restricted
Schur polynomial above are these multiplicity labels. The object x g (r.s);x(0)
is called a restricted character|l0], different to the character mentioned in
section 1.2: yg(o) = Tr(I'g(0)), where I'g(0) is the representation matrix
of ¢ in the vector space carrying R. To compute the restricted character
XR,(r,s)jk(0) , trace the row index of I'r(o) only over the subspace associated
to the j™ copy of (r,s) and the column index over the subspace associated
to the k'™ copy of (r,s). It is now clear why two multiplicity labels appear:
when performing the ‘trace’ over the carrier space of (r,s) the row and col-
umn indices can come from different copies of (r,s) so that if i # j we are
not in fact summing diagonal elements of I'g(o). Operators constructed by
summing these ‘off diagonal” elements are needed to obtain a complete basis
of local operators|7]. In terms of the symmetric group operator Pr_(, )k
which obeys

L,6)5(0) Pr(rs)jk = Pr—(rs)jkL (r,5)%(0) o€ S, xS,
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F(T,S)l(J)PR—?('I‘,S)ij =0= PRH(r,s)ij(r,s)q(U) o< Sn X Sm l 7é ju k 7é q,

we can write the restricted character as

XR,(r,s)jk(0) = Tr (PRH(r,s)ijR(U)) :

When there are no multiplicities, Pr_(,s)jx = Pr—(rs) 18 a projection opera-
tor which projects from the carrier space of R to the (r, s) subspace. When
there are multiplicities, Pr_.(,s);x is an intertwiner[43]; a map between the
two isomorphic spaces (r, s)j and (r, s)k. However, it is constructed in essen-
tially the same way as a projector and satisfies very similar identities. For
these reasons we will sometimes be guilty of an abuse of language and refer
to Pr_(rs)jx simply as a projector even when there are multiplicities.

Key Idea: [t is not easy to construct the operator Pr_. . ¢ i explicitly. This
1s the most serious obstacle in working with restricted Schur polynomials.
An important result of our work is the use of a new version of Schur-Weyl
duality to provide an efficient, transparent construction of this operator.

Our construction is not quite completely general, but it does capture many
interesting situations and proves a useful tool to explore semi-classical physics
dual to the restricted Schur polynomials.

The restricted Schur polynomials are a very convenient basis for gauge
invariant operators in the theory built using only the adjoint scalars. This
follows because

e The restricted Schur polynomials are complete in the sense that any
multitrace operator or linear combination of multitrace operators can
be written as a linear combination of restricted Schur polynomials|7].

e The free theory two point function of the restricted Schur polynomial
has been computed exactly|l3]

hooksg

hooks, hooks;
(4.2)

In this expression hooksp is the product of the hook lengths of Young
diagram R and fg is the product of the factors in Young diagram R'.
Just as for the two point function of the Schur polynomials (1.1), the
fact that the restricted Schur correlator is known exactly as a function

XR.(r9)ik (2, Y)XT ()i (2, YY) = OR (5 710y OO [ R

1See section B.7 for a definition of factors and hook lengths of a Young diagram.
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of N implies that all Feynman diagrams (not just the planar diagrams)
have been summed and this is what allows one to go beyond the planar
limit.

e Restricted Schur polynomials have highly constrained mixing at the
quantum level[11, 12].

In order to construct the operator Pr_. (. );r Wwe will need to build a basis from
the carrier space of an .S, 1, irreducible representation R for the carrier space
of an S,, x S,, irreducible representation (7, s)j. This is accomplished in two
steps: first we project from S, 4, to S, x (S1)™ (this is easy) and second,
we assemble the S, x (S7)™ representations into S, x S, representations
(this is the trying step). It is this second step that is accomplished using
Schur-Weyl duality. As a consequence we learn that the multiplicity index
can be organized using U(p) representations, with p the number of rows or
columns in R. The background material from representation theory needed
to understand our construction is collected in Appendices B and C.

4.2 From S, ., to S, x (S))"

Start from the carrier space for an irreducible representation R of S,,1,,. In
the Young-Yamonouchi basis, each vector of this carrier space is labeled by
a Young tableau with shape R in which the boxes are numbered in one of
the possible ways that if the boxes are dropped in that order a valid Young
diagram would remain at each step. For example, two of the basis vectors in
the carrier space of H4- would be

‘ 5[4 3\> ) 53 1\>
2|1 ’ 412 ’
while there would be no vectors labeled by
‘ 52 1\> ) 413 2\>
4(3 ’ 51 '

When restricting to the S, x (S;)™ subgroup, we need not include a label
for S7 as it only has a single irreducible representation. Consequently, to
specify an irreducible representation of the S, x (S1)" subgroup, we only
need to specify an irreducible representation of S, that is, a Young diagram
r with n boxes. The only representations r that are subduced by R are
those with Young diagrams that can be obtained by removing m boxes from
R. Pulling off the same set of m boxes in different orders leads to different
subspaces which all carry the same irreducible representation r. To resolve
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this multiplicity, we only need to specify the order in which the boxes are
removed. By numerically labelling just the m boxes in the manner above,
and leaving the other n boxes blank, we obtain a partially labeled Young
diagram with shape R. This partially labeled Young diagram represents a
collection of states in which each state has all n + m boxes labeled as the
ones above. In this way, the partially labeled Young diagram represents a
subspace carrying an irreducible representation of the S,, x (S;)™ subgroup.
See Appendix C.3 for a more detailed discussion.

To build an operator which projects from the carrier space of the S, 1.,
irreducible representation R to the carrier space of an S, x S,, irreducible
representation (r,s)j, we now need to assemble the partially labeled Young
diagrams (which already carry a representation r of S,,) in such a way that the
resulting linear combinations carry an irreducible representation of S, x .S,,,.
We turn to this task in the next section.

4.3 Basic Idea for Young Diagrams with p Rows

We will consider Young diagrams built using n + m ~ O(N) boxes and
with p rows. Thus, for the generic diagram, each row has O(N) boxes. We
set m = alN with a < 1. After labeling the m boxes, two labeled boxes
in different rows with labels ¢« and j will have associated factors ¢; and ¢;
respectively, with ¢; — ¢; ~ O(N). We will refer to this property as the
‘displaced corners approximation’ (see Figure 4.1).

Consider the S, subgroup of S,,,,, which acts on the labeled boxes. As
discussed in Appendix C.4, the fact that ¢; —¢; ~ O(N) for boxes in different
rows implies a significant simplification in the action of the S,, subgroup
on these partially labeled Yound diagrams. When adjacent permutations
(7,741) act on labeled boxes that belong to the same row, the Young diagram
is unchanged and when acting on labeled boxes that belong to the different
rows, the labeled boxes are swapped.
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Figure 4.1: An example of a Young diagram with p = 4 rows. The rows are
shown; the columns are not shown. There are O(N) boxes in each row. The m
numbered boxes have been colored black. The difference in factors associated to
any two numbered boxes that are in different rows is O(N). This is easily seen by
recalling that the difference in the factors counts the number of boxes one needs
to step through to move between the two boxes. The difference in the number of
boxes in any two rows is generically O(N) so that to move from one of the black
tips to another one, generically, one needs to step through O(N) boxes.

If we have a Young diagram with p rows and we label m boxes in all
possible ways consistent with the rule of the previous section, we find a total
of p™ possible partially labeled Young diagrams. We associate a particular
p-dimensional vector to each box that is labeled. This gives a total of m
vectors ¥(i) with ¢ = 1,2,--- /m. We will denote the components of these
vectors as ¥(i), where n = 1, ..., p. If box i is pulled from the j** row we have

For each index i (equivalently, for each labeled box) we have a vector space V.
Taking the tensor product of these spaces we obtain a set of p™ dimensional
vectors, of the form

7(1) @ 7(2) @ 7(3) ® - - @ #(m — 1) ® #(m) .

Call the vector space spanned by these vectors Vp®m. When we talk about
vectors of the above form we will say that “vector ¥(i) occupies the i*! slot”.
The matrix action of .S, on the partially labeled Young diagrams described
above implies the following action on V™

o- () ®@v2)®---®@v(m)) =v(c(l) @0 (c(2) @---@T(c(m)) .

Thus, o € S,, will move the vector in the i*® slot to the o (i)™ slot, but does
not change its entries. We can also define an action of U(p) on V™

U-0(1)®92)®@---®@t(m))=DU)(1) @ DU)T2)®---® DU)J(m) ,

where D(U) is the p X p unitary matrix representing group element U € U(p)
in the fundamental representation. Thus, U € U(p) will change the entries of
the vector in the " slot but it will not move it to a different slot. It acts in
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exactly the same way on each slot. It is quite clear that these are commuting
actions of U(p) and S, on V7™

U-(o- (1) ®---®@t(m)) = U-(0(c(1)) @ ®@T(c(m)))
= DU)7(o(1))®---@ DU)V (c(m))
= o- (D)) ®---®@ DU)V(m))
= o-(U-(71)®---®¥(m)))

and consequently by Schur-Weyl duality the space can be organized as?[14]

Vem = g, VP g vom (4.3)
where the sum runs over all Young diagrams s built from m boxes and each
has at most p rows. One consequence of this formula is that

P = ZDim(s) ds ,

where Dim(s) is the dimension of s as an irreducible representation of U(p)
and d is the dimension of s as an irreducible representation of S,,. Thus, by
identifying states with good U(p) labels we have identified states with good
Sy, labels. Therefore an important consequence of (4.3) is that it provides
an efficient method to construct the projectors which are used to define the
restricted Schur polynomials®.

Key Idea: Using Schur-Weyl duality it follows that the symmetric group
operators Pr_.(rs carry good U(p) labels (where p is the number of rows
in R) and, consequently, can be constructed using nothing more than U(p)
group theory.

A necessary step towards building the projectors entails constructing a
dictionary between the original labels R, (r, s)jk of the restricted Schur poly-
nomial Xg (rs);x(Z,Y) and the new U(p) labels. Exactly the same Young
diagram s that originally specifies an .S,, irreducible representation, specifies
a U(p) irreducible representation. The Young diagram r is included among

2Part of what is behind Shur-Weyl duality is simple and familiar: any two operators
that commute can be simultaneously diagonalized.

3The reader may be familiar with the usual use of Schur-Weyl duality, to construct
projectors onto good U(p) irreducible representations using the Young symmetrizers i.e.
by symmetrizing and antisymmetrizing indices on a tensor. We are turning this argument
on its head by using the irreducible representations of the unitary group to build symmetric
group projectors. Bear in mind that the details of our Schur-Weyl duality are different to
the usual construction.
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the new labels and it still specifies an irreducible representation of S,,. The
final label is the choice of a state from the carrier space of U(p) representa-
tion s, labeled by its Gelfand-Tsetlin pattern. The A weight of this state’
tells us how boxes were removed from R to obtain r. This point deserves
some explanation. The state chosen from the carrier space s can be put into
one-to-one correspondence with a semi-standard Young tableau and this cor-
respondence plays a central role. Consider for example the U(3) state with
Gelfand-Tsetlin pattern
4 3 1
3 2
2

The uppermost row of the pattern gives the shape of the Young diagram.
Each row (starting from the bottom row) tells us how to distribute 1s, then 2s
and so on till the semi standard Young tableau is obtained. This connection
is reviewed in detail in Appendix B.4. For the Gelfand-Tsetlin pattern shown
above the semi-standard Young tableau is

**‘ * ok %k

12*‘ 4 3 1

Each row in the pattern corresponds to a particular number in the semi
standard tableau. From the definition of the Gelfand-Tsetlin pattern, we
also know that each row in the pattern corresponds to a particular subgroup
in the chain of subgroups U(1) C U(2) C --- C U(p—1) C U(p). So, from the
point of view of the semi-standard Young tableau or of the Gelfand-Tsetlin
pattern, going to the U(p — 1) subgroup implies that we consider a subgroup
that does not act on one of the numbers appearing in the semi-standard
tableau. What does it mean to consider a U(p — 1) subgroup of our action of
U(p) on the boxes that have been removed from R? Recall from Appendix
B.6 that the particular state that is assigned to each removed box depends
on the row it was removed from:

[ L[] ]3] 10

—

I

1 0

(for p = 2 AdS giants)

4Briefly, the A weight of a Gelfand-Tsetlin pattern is simply a sequence of p integers,
with each integer given by the sum of the entries in one row of the pattern minus the

4 20
sum of entries of the row below it. So the Gelfand-Tsetlin pattern M = [ 2 1 ] has

1
A(M) = (3,2,1). See Appendix B.3 for a formal definition.
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Thus going to a U(p — 1) subgroup corresponds to considering a subgroup
that does not act on the boxes belonging to a particular row. Clearly then,
the numbers in the semi-standard tableau can be identified with the row from
which the corresponding box has been removed from R. Since the A weight
A(M) = (0,(M), 81 (M),---6:(M)) gives the differences between the sum
of the entries in a row of a Gelfand-Tsetlin M and the sum of the entries of
the row below it, we can conclude that the number of boxes labeled 7 in the
semi-standard Young tableau which is the number of boxes removed from
row ¢ of R to produce r, is given by 6;(M). Thus, given r and the delta
weight we can reconstruct R.

From Schur-Weyl duality we know we can construct the symmetric group
operators Pr_ ()% using U(p) group theory. Why is this useful? The mul-
tiplicity problem, due to the fact that a particular irreducible representaion
(r,s) of the S, x S,, subgroup can be subduced more than once from the
carrier space of R, is intrinsically handled by the Gelfand-Tsetlin basis®. The
number of states that carry the same U (p) representation s and have the same
A weight is called the inner multiplicity of the state I(AM). One interpreta-
tion of the inner multiplicity is that it simply counts the number of ways of
distributing the relevant fixed set of entries (two 1s, three 2s and three 3s for
the example above) in accordance with the rules of a semi-standard Young
tableau: the entries of the rows are weakly increasing, while entries down
the columns are strictly increasing. Notice now that these rules match those
for assembling the m boxes pulled off R into possible irreducible represen-
tations s of S, subduced from R! Thus we can map the multiplicity of the
different copies of s subduced from R to the inner multiplicity /(AM) of the
corresponding U(p) state. Finally note that each U(p) representation s will
also appear with a particular multiplicity. However, thanks to Schur-Weyl
duality, we know that this multiplicity is organized by the S, representation
s.

Key Idea: The Gelfand-Tsetlin patterns of U(p) provide a non-degenerate
set of multiplicity labels jk for the symmetric group operators Pr_(; k-

®An alternative approach to resolving these multiplicities has been outlined in [15].
The idea is to consider elements in the group algebra C'S,,1,, which are invariant under
conjugation by CS,, x CS,,. The Cartan subalgebra of these elements are the natural
generalization of the Jucys-Murphy elements which define a Cartan subalgebra for S,,[40].
The multiplicities will be labeled by the eigenvalues of this Cartan subalgebra[45].
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In summary then we trade the labels

R an irreducible representation of S, ,,

r an irreducible representation of .S,

s an irreducible representation of .5,

j multiplicity label resolving copies of (r, s)

for the new labels

an irreducible representation of .S,
s an irreducible representation of U(p)
M a state in the carrier space of s where
¢ runs over the inner multiplicity.

At this point we have identified an orthonormal set of states spanning
any particular carrier space (r,s)j of the S, x S,, subgroup. Writing down
the corresponding projector is now straight forward.

4.4 From S, x (S1)™ to S, x Sy,

We can now write the symmetric group operator used to define the restricted
Schur polynomial as

ds
Pr_(rs)jk = Z |s, M7, a)(s, M*, a| ® T, ,

a=1

where, by Schur-Weyl duality, the multiplicity label a for the U(p) states
is organized by the irreducible representation s of the symmetric group .5,,.
The indices j and k pick out states M that have a particular A weight and
hence range over 1,2, ..., I(A(M)). The components ¢; of the particular A
that must be used are equal to the number of boxes removed from row ¢ of
R to produce r. 1, is simply the identity matrix in the carrier space of the
S, irreducible representation labeled by 7.

As an example of the translation from the labels R, (r,s)j to the new
labels, consider the labels

R =TT, =[O, o=,

These become
r=EETT, s=f, M= |?,”
) ) 2 *
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For this example A = (2,2) corresponding to 2 boxes being removed from
the first row and two from the second row of R to produce r. The first row
of M is read off s and the second row is chosen to obtain the correct A.
The inner multiplicity for this case is 1, so that there is a single possible
projection operator.

We now explicitly construct a projector for the simplest possible case
where multiplicities appear.

4.4.1 A Three Row Projector using U(3)

Consider the following three row Young diagram

[ [ [+

*

The starred boxes are to be removed. There are six possible ways to distribute
the labels 1, 2,3 between these boxes, each giving an irreducible representa-
tion of S, x (S1)™ (here m = 3). One possible representation of .S, X S,,, that
can be suduced has r as given above but with the starred boxes removed and
s = Bj To build the projector Pr_. ()1 We need to build the projector onto
the U(3) irreducible representation labeled by s = H-.. Further, since one box
is pulled off each row, the relevant U(3) states have a A weight of (1,1, 1).
This representation is 8 dimensional and the corresponding Gelfand-Tsetlin
patterns are

2 10 2 10 2 10 2 10
2 1 2 1 2 0 2 0
o2 ] v | |2 | [ 1]
(2 1 0] [210] [210] [21 0]
2 0 11 10 10
oo | Lot | L] L oo ]

The fourth and sixth states in the above list have the correct A weight, so
that for weight A = (1,1,1) we have inner multiplicity I(A) = 2. The fact
that there are two states with the correct A weight implies that this particular
(r,s) is subduced twice from the carrier space of R, which agrees with (4.1).
This in turn implies that there are four possible projection operators and
hence four possible restricted Schur polynomials that can be defined.

To build the projector we need to take linear combinations of the above
subspaces of S,, x (S1)™ in such a way that the resulting combination is an
invariant subspace of S, x .S,, and further that this invariant subspace carries
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the correct irreducible representation of S, x Sy, i.e. (r,H). To streamline
our notation for the six subspaces we work with, we will set

[ [ [a]

la,b,c) = b
C
The U(3) action is defined on the labeled boxes. The box labeled 1 is always
in the first slot of the tensor product of Vf’m; its position inside the ket tells
you what row (and hence what U(3) state) it is in. Notice that all reference
to the carrier space of r,, is omitted. This is perfectly consistent because this
subspace is common to all the subspaces we consider and it plays no role in
the problem of finding good 5,, invariant subspaces. Thus, for example,

100 100 100
|1,2,3>—[10 |10 |® 00]
1 0 0
and
1 00 100 100
|2,1,3>:[10 ®| 10 |® 00].
0 1 0

Using the Clebsch-Gordan coefficients given in Appendix B.5 we easily find
that the subspaces considered above break up into subspaces labeled by states
from U(3) representations.

11 1 21 01® 121 0]®
|1,2,3>:%[ 111 ]_E[ 111 +§ 210 ]
(21 01® ;21 0® {300
+3 111 +E[210 +% 210] :
R 1 2100 21 0@
\2,1,3>:—%[ 111 +E[ 111 +§ 210 ]
(21 01® ;21 01® {300
_5[111 +ﬁ[210 +% 210],




111 2 1 01W 2 1 0]W 30 0
]231)—1 11 +1 11 ) P +1 2 0
o V6 1 V3 1 V3 1 V6 1 ’

(el g rzrol® ooz o0q® 30 0
32 1) =——| 11 |——] 11 —— | 20 +— 1| 20 |.
Brh=-l N Al 1 7|2

Given these results it is straight forward to write down the two possible sets
of states that carry the S,, irreducible representation Bj

210 1

(1) (1)
1) =] 11 :—(—123+213—312
1) [1 (23 2y - L)

111,3,2) +2(2,3,1) — 2[3,2, 1))

W (21 0]® 1
' ,2> =11 - E(\1,2,3>—\2,1,3>—|3,1,2>+\1,3,2>)

2) 2 1 01® 1
' ,1> —| 20 - 5(|1,2,3>+|2,1,3>—|3,1,2>—|1,3,2>)
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’ ‘ (2) [2 1 O] M) 1
,2> =20 = —(]1,2,3>+]2,1,3)+|3,1,2)
L] V12

111,3,2) — 2]2,3,1) — 2/3,2, 1>>

The superscripts on the kets on the left hand sides of these equations are
multiplicity labels and the integer inside each ket indexes states in the carrier
space. The four possible projectors that can be defined are now given by

@ ®
)y (e

The formulas above have all been obtained using the Clebsch-Gordan coeffi-
cients of U(3) - we have not used any symmetric group theory. However, as
a consequence of Schur-Weyl duality, we claim that the above states fill out
representations of S3. This is easily verified and thus provides a concrete val-
idation of our construction of symmetric group projectors using U(p) states.

4.5 Young Diagrams with p Columns

We will consider Young diagrams with a total of p columns. In this case,
boxes that are in different columns, will again have associated factors with
¢; —cj ~ O(N). As discussed in Appendix C.4, the fact that ¢; —¢; ~ O(N)
for boxes in different rows again implies a significant simplification in the
representations of S,,. When adjacent permutations (i,7 + 1) act on labeled
boxes that belong to the same column, the Young diagram changes sign and
when acting on labeled boxes that belong to the different columns, the labeled
boxes are swapped. This change in sign for the case that boxes belong to the
same column is the only difference to what was considered in section 4.3.
The number of states that can be obtained when m boxes are labeled is
again p”" and we again associate a p-dimensional vector to each box that is
labeled. This again allows us to put partially labeled Young diagrams into
one-to-one correspondence with vectors in V;f@m. In this case however, we
will include some additional phases when we identify vectors in Vp®m with
partially labeled Young diagrams. These extra phases occur precisely because
adjacent permutations (i,7 + 1) acting on labeled boxes that belong to the
same column flip the sign of the Young diagram. Choose any specific state
with a particular set of labels. This state plays the role of a reference state.
Any other state with the same boxes labeled but with a different assignment
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Figure 4.2: An example of a Young diagram with p = 4 columns. The columns
are shown; the rows are not shown. There are O(N) boxes in each column. The m
numbered boxes have been colored black. The difference in factors associated to
any two boxes that are in different columns is O(V).

of the labels can be obtained by acting on the reference state with adjacent
permutations (7,7 + 1). Further, the only adjacent permutation (¢,7+ 1) that
we are allowed to apply to the reference state to reach any other given state
have boxes labeled ¢ and 7 + 1 in different columns when (7,7 4+ 1) acts. If
we act with ¢ adjacent permutations of this type to get from the reference
state to another distinct state, it is assigned a phase (—1)?. With this choice
for the phases, it is easy to see that the action of 5, on the partially labeled
Young diagrams induces the following action on Vp®m

o- (1) @U(2) @ - - ®d(m)) =sgn(o)v(c(1)) @0 (0(2)) ® -+ T (a(m))

where sgn(o) denotes the signature of permutation o: it is +1 for even per-
mutations and -1 for odd permutations®. Thus, o € S,, will move the vector
in the i® slot to the o(i)"™ slot and may change the overall phase. We can
also define an action of U(p) on V™

U- (1) @t2)®@---@d(m))=DU)i(1)@DU)V(2)®---@ DU)T(m) ,

where D(U) is the p X p unitary matrix representing group element U € U(p).
Thus, U € U(p) will change the entries of the vector in the i*! slot but it will

SRecall that a permutation is even (odd) if it can be written as a product of an even
(odd) number of two cycles.
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not move it to a different slot. It acts in exactly the same way on each slot.

It is quite clear that again these are commuting actions of U(p) and S,, on
yem
P

U-(o-(01)®---®@d(m)) = U-sgn(o)(0(c(l) ®- - @0 (c(m)))
sgn(o)D(U)T (0(1)) ® - -+ @ D(U)V (o(m))
o-(DWU)I(1)®---®@DU)VT(m))
o-(U-(0(1)®---®1(m)))

and consequently by Schur-Weyl duality we can again use U(p) to organize
the multiplicity label of the S, irreducible representations. In this case, the
space can be organized as

ver — g VIP @ vSm (4.4)

p s

where sT is obtained by exchanging row and columns in s. The discussion
from here on is identical to the case of p rows.

4.5.1 A Four Column Projector using U(4)

Consider the following four column Young diagram

The starred boxes are to be removed. There are four possible ways to dis-
tribute the labels 1,2, 3,4 between these boxes. One possible S, x S, irre-
ducible representation that can be subduced has r as given above but with
the starred boxes removed and s = []~. To build the corresponding projec-

tor we need to build the projector onto the U(4) irreducible representation
labeled by s? = Hjj Since we pull three boxes off the right most column
and one box off the neighboring column, the states we are interested in will
have a A weight of (0,0, 1,3). For this example, we will need to assign non-
trivial phases between the states in V;)®m and the Young diagrams. The four
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possible ways to distribute the labels are

4 4 4 3

3 3 2 2

2 1 1 1
1 2 4

Take the first state shown as the reference state. To get the second state
from the first we need to act with (12), so that the second state has a phase
of —1. The get the third state from the first we need to act with (12) and
then with (23), so that it has a phase of 1. Finally, to get the fourth state
from the first we need to act with (12) and then (23) and then (34) giving a
phase of —1. Writing our states as

we have

11,2,3,4) =

’a/7b7c7
1 0 0 O
1 0
1 &
1 0 0
Vs 1o
2 3 1
3

d
Cc
b
d) =
1 000
10
10
1
(1)
4
_|__
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1 0 0 O 1 0 0 O 1 0 0 O 1 0 0 O

10 0 10 0 1 0 0 10 0
2,1,3,4) = - 10 ® 10 ® 1 0 ® 10
1 0 1 1
310 01? 310 01W 40 0 0
20 310 1 31 0 40 0
~ Vs 3 1 V12 3 1 T3 4 0 '
3 3 3

1 0 0 O 1 0 0 O 1 0 0 O 1 0 0 O

10 0 1 0 0 10 0 10 0
3:1,2,4) = 10 |® 1o ¥ 10 |® 1 0
1 1 0 1
310 079 310 07? 310 07W 40 0 0
11310 LLps 1o L] 31 0 L1400
V2 31 NG 31 V12 31 4 0
3 3 3 3

1 0 0 O 10 0 O 1 0 0 O 1 0 0 O

10 0 1 0 0 10 0 10 0
[4.1,2,3) = — 1 0 ® 1 0 ® 1 0 ® 1 0
1 1 1 0
310 01? 310 01? 310 01V 40 0 0
_ 11310 L1310 1 310 Ll 400
\/§ 3 1 \/6 3 1 V12 3 1 2 4 0
3 3 3 3

Given these results, it is a simple matter to write down the states that carry
the S, irreducible representation Ej

310 01W

1
‘ ?1> - 33 1 X 0 — —(—3|1,2,3,4>—]2,1,3,4)+|3,1,2,4>—|4,1,2,3>) ,

3

R
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310 1
‘Ejg>_ - _%(2|2,1,3,4>+|3,1,2,4>—|4,1,2,3)),

310 019
31 0 1

|
‘ ,3>= - :_ﬁ<|3’1’2’4>+|4’1’2’3>)'

These formulas use only the Clebsch-Gordan coefficients of U(4). It is again
easy to verify that the above states fill out the representation Ej of S4. The

) -

projector is now given by

3
PPy 2
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Chapter 5

Action of The Dilatation
Operator

The action of the one loop dilatation operator of N' = 4 super Yang-Mills
on restricted Schur polynomials has been studied in [9, 14, 15]. We will
start this chapter by reviewing the the derivation of this action given in
[14] emphasizing those features important for our discussion, and then move
onto evaluating it. We will show that the action of the dilatation operator
on restricted Schur polynomials labeled by Young diagrams with O(1) long
columns is easily obtained from the action on restricted Schur polynomials
with O(1) long rows, and so from section 5.1.1 onwards we will focus on the
AdS giant dual operators.

5.1 Evaluation of The Dilatation Operator

The one loop dilatation operator in the SU(2) sector|[3] of N' = 4 super
Yang-Mills is
D= g T [Y.2][0y.0] .

Acting on a restricted Schur polynomial

XR,(T‘,S)jk?(Z7 Y) = W Z Tr(T’,S)jk‘ (FR(U)) Yial(D e }/’id(m) Zig<jnl+1) e Zia(jn+n)
UGSrH»m
we obtain'
2
9vm
’ ' ¢€Sn+m
X YR LLYim (Vg ZY)mit gimiz L gimin (5 ])
v(1) ly(2) $(m) B(m41) by (m2) $(mtn)

'Our index conventions are (Y Z)j, = Y} Z].
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As a consequence of the 6;;(” appearing in the summand, the sum over ¥

runs only over permutations for which (1) = 1. To perform the sum over
¥, write the sum over S,,,, as a sum over cosets of the S, ,,_1 subgroup
obtained by keeping those permutations that satisfy (1) = 1. The result
follows immediately from the reduction rule for Schur polynomials (see [17]

and Appendix C of [10])

2
Ivm <
D rs)ik = E E Tresi | Tr (1, 1) g
XR,(r.5)jk (n— Dl(m —1)! el - CRR (rs)jk\ L R (1, m+1)) L ()
n+m—1

ST ()R (Lm+ 1) )2, Vi (VZ=ZY )it Zime oz

byp(m) Tp(m+1) T Yap(m+2) Yp(m+n)

The sum over R’ runs over all Young diagrams that can be obtained from R
by dropping a single box; cgrr is the factor of the box that must be removed
from R to obtain R'. The appearance of FR((l,m + 1)) is very natural.
Ir((1,m+ 1)) is not an element of the S, x S,, subgroup - it mixes indices
belonging to Zs and indices belonging to Y's. The dilatation operator has
derivatives with respect to Z and Y in the same trace and so does indeed
naturally mix Zs and Y's. We will make use of the following notation

Tl"(g-Z@nY@m) Zi . g Yin+1 . Yin+m

15(1) lo(n)  lo(n+1) to(nt+m)

Now, use the identities (bear in mind that ¢ (1) = 1)

Y2 Y (Y Z-ZY ) gimer L g =Tr(((l,mﬂ)w—w(1,m+1))z®”y®m)

bp(2) i (m) Lp(m+1) " tp(m+2) Lap(ntm)

and (this identity is proved in [7])

drnlm! _
Tr (UZ®”Y®m = E Td Tn )l Tr (¢ wyim (FT(U 1)) Xt (tawymi(Z,Y)
(t,u)lm

to obtain

DXR,(T,s)jk(Z> Y) = Z MR,(r,s)jk;T,(t,u)lmXT,(t,u)ml(Z> Y) ’

T,(t,u)lm
rd
M R,(r,8)jk;T,(t,u)lm — gYM Z Z dCRRninZ: Tr (r,s)jk(FR((lam+1))FR/(¢)
PYESn+m—1 R’
_FR/(w)FR((l,m—l—l)))Tr(t’u)lm<FT/(¢*1)FT((1,m—l—l))—FT((l,m—i—l))FT,(wfl))

(5.2)

47



The sum over 1 can be evaluated using the fundamental orthogonality rela-

tion
(n+m)!

Z [FR(U)LJ' [FS(U_l)]kl - T‘SRS‘SdéJk
to obtain
CRR/dTnm
MR,(r,s)jk;T,(t,u)lm = gYM Z dpdyd, n T m) Tl"( [FR((L m —+ 1)), PR‘)(?",S)jk‘] Ipimr %

X [FT(<1a m + 1))7 PT—»(t,u)lmi| -[T’ R’) .

Sums of this type and the intertwiners Ir 7 which arise are discussed in detail
in the next section . This expression for the one loop dilatation operator is
exact in V.

To obtain the spectrum of anomalous dimensions, we need to consider
the action of the dilatation operator on normalized operators. The two point
function for the restricted Schur polynomials (4.2) is not unity. Normalized
operators which do have unit two point function can be obtained from

frhooksg

XR(rs)jk(Z,Y) = hooks, hooks,

OR,(r,s)jk(Z7 Y) :
In terms of these normalized operators

DOR TS)]k(Z Y Z NR (r,8)gk;Ty( tumlOT tuml(Z Y) (53)

T,(t,u)lm

CRR' dTnm fr hooksr hooks,. hookss
NR,(r,s)jk;T,(t u)ml gYM Z dR \/

'dyd,,(n 4+ m) \| frhooksg hooks; hooksu

XTY( [FR((L m + 1))7PR—>(r,s)jk] Trr [PT((L m+ 1)), PT—»(t,u)lmi| IT’R’) :

It is this last expression that we evaluate explicitely. The bulk of the work en-
tails evaluating the trace. There are three objects which appear: the symmet-
ric group operators Pr_(, )k, the intertwiners I7v r and the symmetric group
element I'z((1,m + 1)). We have already discussed the operators Pr_.( 4k

The next two subsections are used to discuss I g and I'g((1,m + 1)).
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5.1.1 Intertwiners

In this section we will consider the sum over S,,.,,_1 which was performed to
obtain (5.2). This will give a very explicit understanding of the intertwiners
appearing in the expression for the dilatation operator. When S™ acts on
V@ n > 1 it furnishes a reducible representation. Imagine that this includes
the irreducible representations R and 7. Representing the action of o as a
matrix I'(0), in a suitable basis we can write

Tr(o) 0
['(o) = 0 TI'r(o)

If we restrict ourselves to an S,_; subgroup of S, then in general, both R
and T will subduce a number of representations. Assume for the sake of this
discussion that R subduces R} and Rj and that T" subduces 7] and 73. This
is precisely the situation that arises in the sum performed to obtain (5.2).
Then, for o € S,,_1 we have

Tw(0) 0 0 0
0  Twlo) 0 0
(o) = 0 0 Dpo) 0

0 0 0 Tplo)

Imagine that as Young diagrams 7] = R}, that is, one of the irreducible
representations subduced by R is isomorphic to one of the representations
subduced by T'. Then, a simple application of the fundamental orthogonality
relation gives

Tg(0) 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 Iglo) 0
o&Sa| 0O 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0
—1)!
_<”d )53/@1’ 0 0 0 0 1 0 0 0
= 0 0 0 0 0 0 0 0

_ (-1
= Omyry (Imyry) (]T{R’l)aj
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where the form of the intertwiners has been spelled out. Intertwiners are
maps between two isomorphic spaces. For o € S, 1,1

IR’T’FT/ (0’) = FR/ (U)IR’T’
The box removed to obtain R’ and 7" can be removed from any corner of the
Young diagram.

It is useful to make a few comments on how the intertwiners are realized
in our calculation. Since the first box is removed from R or T the intertwiner
acts on the first slot of V,*™. Now, look back at formula (5.1). The delta
function which appears freezes the 1 index and hence the S,,.,, 1 subgroup
of S, is obtained by keeping all elements of S, ,,, that leave index 1 inert.
Consequently, with our choice that the intertwiner acts on the first slot of
Vp®m, we see that the first slot corresponds to index ;. Recall that the
particular vector a box corresponds to is determined by the row/column the
box belongs to. Thus, the explicit form of the intertwiner is determined once
the location of the box removed from T and the box removed from R are
specified. As an example, for the Young diagrams shown below we have

[R/T’:E175®1®“'®17 ]T/R/:E5,1®1®"‘®1.

Figure 5.1: A figure showing R and the box that must be removed to obtain
R’ and T and the box that must be removed to obtain 7’. As Young diagrams,
T' = R'. T and R both have 5 rows.

It is straight forward to extract the general rule from this example. Con-
sider first the case that R # T'. To obtain R’ from R we remove a box from
row ¢ and to obtain 7" from T we remove a box from row j. In this situation
we have

Ipr =E;;®1®---®1, Irp =FE;@1®@---®1.
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In the case that R = T, the box that must be removed can be removed
from any row and we get a contribution to the dilatation operator from each
possible removal. Each possible removal must be represented by a differ-
ent intertwiner and one needs to sum over all possible intertwiners. In this
situation, the possible intertwiners are

IR’T’:Ekk®1®"'®1:IT’R’7 ]{;:1’27...,])_

5.1.2 Tp(l,m+1)

This group element acts on one slot from the Y's and one slot from the Zs.
The box removed from R to get R’ is the box acted on by the intertwiner and
it is a Y box. This is one of the boxes that I'g(1,m + 1) acts on. The second
box that I'r(1,m + 1) acts on can be any box associated to the Zs. Up to
now we have discussed the projectors and intertwiners. These only have an
action on the boxes corresponding to Y's and as a result, our discussion has
always taken place in the vector space Vp®m. However, because I'g(1,m + 1)
acts on a Z box we must include one more slot and work in V;2"+!. The
intertwiners and projectors have a trivial action on the (m + 1) slot and
hence the (m + 1) slot is simply occupied with the identity. For the rest
of this subsection we work in V,2"* and not in V™. Acting in V2",
['z(1,m+1) has a very simple action: it simply swaps the 1°* and the (m+1)"
slots. The projectors when acting on V,* m+l are given by

Pr—(rs)ij = PR,(r,5)ij @ 1

where the p x p unit matrix 1 acts on the (m + 1)™ slot. pg (.s)i; acts only
in V;J®m. For comparison, the projectors appearing in the defintion of the
restricted Schur polynomial are

PRH(r,s)ij = DPR,(r,s)ij X Ir
where I, is the identity matrix acting on the carrier space of the 5, irreducible
representation r. Below we will make use of the obvious formula

p
1= ZEkk .
k=1

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

p
Tr(lLm+ 1)E;®@1@---®@1 = Tplm+1) Y E;®@1®-- @ Ey
k=1

P
= ZEkj®1®"'®Eik
k=1
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p
Y E;@1®-- @ By Tr(l,m+1)
k=1

E;®1®---®1Tg(1,m+1)

M=

Ep®1®--- Q@ Ey;

i

1

Fr(l,m+1DE;®1®---@1Tzg(1,m+1)=101® - -® E;; .

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

Ey®1® @ By =By B,

5.1.3 Dilatation Operator Coefficient

In this secton we explain how to evaluate the value of the coefficient

9 crpdrnm fr hookst hooks, hooks,
Fru drdid,(n +m) \| frhooksghooks; hooks,

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

Hf:1(ri +p—1)!
[kl —me+k—3)°

For the diagrams R and T, the row lengths R; are of order N. Further, R
and T differ by at most the placement of a single box. This implies that
R; =T, for all except two values of ¢, say ¢+ = a,b. For these values of i we
have

hooksgp =

Ry=T,+1, R,=T,—1.
This implies that

hooksp (Ta—1+p—a)!(Tb+1+p—b)!H T, — Ty| + |k — al
hooksy (Ta+p—a)(Ty+p=0b) L1 [Ta—1—Ti+[k—q
kb
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Ty, — Tp| + [k —b] [Ty, —To| + [a — b Ry O
=—(1+O(N .
H|Tb+1—Tk|+|k’—b||Ta—Tb—2|+|a—b| Ra< (N7)
kb

Use R, to denote the row length of the row in R that is longer than the
corresponding row in 7" and let R_ denote the row length of the row in R
that is shorter than the corresponding row in 7". With this notation

hooksp _ Ry
hooksy "R

(1+0(WN ™) .

This argument has an obvious generalization to the other hook factors %gglﬁ?
t

and ﬁgglﬁss Now consider a Young diagram R’ that is obtained by removing

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

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

Thus, we find

hooksp (Ro+p—a) |R; — R, — 1| + |a — j| -1
— =R, (1+O(N )

hooksg  (Ry+p—1—a)! H |R — Ry| + |a — j ( O ))

The coefficient quoted at the start of this subsection is multiplied by
the trace over an (r,s) subspace. This trace produces a number of order 1
multiplied by d, d,. The product of the coefficient and the trace now reduces
to quantities that we have studied. Thus, we now have all the ingredients
needed to estimate the large NV values of the combinations of symmetric group
dimensions and hook factors that appear in the dilatation operator. Notice
that both the product of the hook lengths and the dimensions of symmetric
group irreducible representations are invariant under the flip of the Young
diagram which exchanges columns and rows. Thus, these conclusions can
immediately be recycled when studying the case of p long columns.

Next, recalling that fg is the product of factors in Young diagram R and

R’ = T" we learn that
[Ir
CRR! f_ = \/CRR'CTT!
R

where crp is the factor associated to the box that must be removed from
R to obtain R’ and cpp is the factor associated to the box that must be
removed from 7" to obtain 7”.
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5.1.4 Evaluating Traces

We now turn to the task of evaluating the trace which appears in (5.3)

T = TI”( [FR((L m + 1)), PRH(r,s)jk] Ip 7 [FT((L m + 1)), PTH(t,u)lm] I R/>

(5.4)
We start by writing this trace as a sum of traces over m + 1 slots (all the Y
slots plus one Z slot) times a trace over n — 1 slots (the remaining Z slots).
The trace over the n—1 slots is over the carrier space R™! which is described
by a Young diagram that can be obtained by removing m+1 boxes from R, or
equivalently by removing one box from r or equivalently by removing one box
from t - these all give the same Young diagram describing R™*!. R™*! has
different shapes depending on where the (m+1)™ box is removed. The results
from the last subsection clearly imply that the dimension of symmetric group
representation R™*!, denoted dpm+1, depends on the details of this shape. If
the (m + 1)th box is removed from row ¢, denote this dimension by d%mﬂ.
Our general strategy is then to trace over the last Z slot (the (m + 1)
slot) which then leaves a trace over V™. This trace is then evaluated using
elementary U(p) representation theory.

The box removed from R to obtain R’ is removed from the b row of R
and the box removed from 7' to obtain 7" is removed from the a'" row of T
If we multiply out the expression for 7 given above we get four terms. We
will treat these terms separately. Consider first

T = —Trvp®<n+m) (Pr—(rsyielr (L, m + 1)) Ipp Ty (1, m + 1)) Pr_umlrr)
= —dgmnTrye0m (rR ((1,m+ 1)) BTy ((1,m + 1)) PTﬁ(t,u)lmEill])PR_,(T7S)jk>
(m+1)

= —dEmHTrvp@(Hm) <Eba PTH(t,u)lmE((ﬁl))PRH(T,S)jk)

tracing over the (m + 1)™ slot, we find that only when a = b do we have a
non-zero trace,

Ti = —Oapdmsr Tryem (PR—>(7",s)jkPTH(t,u)lmEJS;))
= _5ab5RT5(r,s)(t7u)5kldlj){m+lTrvp®m (PR—>(r7s)ijz§;)> :
The next term follows similarly
T = —Trvp®(n+m) (Cr((1,m+ 1)) Prirsyjul pr ProqaymDr (L,m + 1)) Ipvg)
= _dzém+1Ter®(l+m) <PR—>(r,s)jkE1§i)PT—»(t,u)lmE(gzn+1))

= _5ab6RT5(r7s)(t,u)5mjdl]7{m+1Trvp®’” (PR*(Tys)lkEIS;)> :
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Now consider
173 = Trvp®(n+m> (Prors)jnlr (L,m + 1)) Ine Proeuym D (1, m+ 1)) Irvgy)

i m—+1 1 m+1
= dRm+1 Trvp®(1+m) <PR_)(T7S)J]€E§C1L) ElSq )PT%(t,U)lmEJ(cb) Elgf )) ,

where the repeated indices ¢ and f are summed. Taking the trace over the
(m+1)"™ slot, we find that only when ¢ = a and f = b do we have a non-zero
trace,

Ty = dignss Tryom (Pt B Pram By )

The final term follows similarly

1 = Trvp®<n+m> (Tr((1,m+1)) PreisyjrlrrTr (1, m+ 1) ProuymIrr)
= s Tryorem (BB Py B ™ Pr- i)
= dpmii Tryem (P Re(r,s)jkEzfi)PTH(t,u)lmEfli) :

Thus the full trace (5.4) becomes

T = —Gudrrdrs) i | Trypn (PaogosmBly) ) + omiTryen (PasonEy ) |

Fdpmii Tryem (P Re(r,s)jkEfLﬁ)PT—»(au)lmEzgi)> + s Tryem (P R ()i By P T—>(t7u)lmE§ﬁ)> :

(5.5)
We now need to evaluate the traces over V;)®m. Towards this end, write the
projector as

ds
DR—(rs)ij = Z ‘M;,a> <Msj,oz| )

a=1
M! and M7 label states from U(p) irreducible representation s which have
the same A weight. The indices i, j range from 1,..., [(A(M)). Index a is a
multiplicity index that, as a consequence of Schur-Weyl duality, is organized
by representation s of the symmetric group S,,. To evaluate the traces over
V@™ we need to allow EL) to act on the state [M! o). The state |M:, o)
was obtained by taking a tensor product of m copies (one for each slot) of
the fundamental representation of U(p). It is possible and useful to rewrite
this state as a linear combination of states which are each the tensor product
of the fundamental representation for the first slot with a state obtained by
taking the tensor product of states of the remaining m — 1 slots. This is
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a useful thing to do because then E,g? has a particularly simple action on

each state in the linear combination. Towards this end we can write (in the
following 0 stands for a string of p — 1 0s)

[Mia) =2 > Ciriano [M0) ® My, 5)
s’ Mio,Mgy
where Mo indexes states in the carrier space of the fundamental represen-
tation and C]\]%’ Ay, are the Clebsch Gordan coefficients (discussed in detail
in Appendix B.5)

Citl o = (Mol @ (M, B) [M], )

s’ is obtained by removing a single box from s, and each Mg state corre-
sponds to this box coming from a particular row in R. Since the box removed
from s can come from different rows of s, we sum over s’. Note that for a par-
ticular s’ and a particular Mo there may be multiple M, with the correct A
weight, which is why we also sum over M. By appealing to the Schur-Weyl
duality which organizes the space V;)@m_l, we know that the multiplicity in-
dex (3 of the state | My, 3) is organized by the irreducible representation s" of
Sm—1. This allows us to easily evaluate the action of E,E,}C): it simply projects
onto the state corresponding to box 1 sitting in the £ row. Evaluating the
traces over V;f@m is now straight forward. For example, consider

1)
Ter®m (pRa(r,s)ijbb )

where the repeated index b is not summed. Inserting the projector

ds
Tryem (Z |MSJ, a) (M", o Eé?)
a=1

ds
= Trvp‘g’m Zl ‘Mgv a> Z Z 011\\4/[:,7M10 <M10| ® <MS’>ﬁ| EZE;)
a= s’ Mio,My

Eé;) picks out the state where the box pulled off s to give s’ comes from the
b*™® row of R, so we have

ds
Trpen [ D [MIa) > " Czﬂvﬁwo (Mty| ® (My, 5]
a=1 s’ M

ds
= Tryen ZZ Z C%fuMm |M10>®|M8”7>ZCJJ\\44:,,M{’O<M{)0|®<Ms’>ﬁ|

a=1 g’ M107MS/ MS/
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taking the trace, we find that the <M{’0‘ will pick out the ‘M{’0> states since
the Gelfand-Tsetlin basis is orthogonal. Further, only when |My) and (Mg /|
have the same Gelfand-Tsetlin pattern do we have a non-zero contribution
to the trace, yielding

MJ
TrV®m (pRﬂ(rs Yjm Ey, > Z dy Z CM M2, M / MIO

5.1.5 Long Columns

Our computation of the action of the dilatation operator for restricted Schur
polynomials labeled by Young diagrams that have a total of p long rows has
made extensive use of the fact that we can organize the space of partially
labeled Young diagrams into S, x S, irreducible representations (r, s) by ap-
pealing to Schur-Weyl duality. We have already argued that it is also possible
to perform this organization when considering restricted Schur polynomials
labeled by Young diagrams that have a total of p long columns - all that is re-
quired is that we fine tune a few phases in our map between partially labeled
Young diagrams and vectors in V;?m. The same irreducible representations
of U(p) are used for both of these organizations, and further since ds; = d,r,
each U(p) representation s appears with the same multiplicity in these two
cases”’. Consequently, the traces computed in the last subsection for labels
with p long rows are equal to the values for labels with p long columns. To
obtain the action of the dilatation operator all that remains is the compu-
tation of the coefficient discussed in (5.1.3). The only quantity appearing in
(5.1.3) which is not invariant under exchanging rows and columns is

CRR' f = \/CRR'CTT!
fr

This factor is the only difference between the case of p long rows and p long
columns. Consequently, the action of the dilatation operator on restricted
Schur polynomials with p long columns is obtained from its action on re-
stricted Schur polynomials with p long rows by making substitutions of the
form N +b — N —b. For concrete examples of this substitution see the end
of sections 5.2.1 and 5.2.2.1. This generalizes the two row/column relation
observed in [15] to an arbitrary number of rows and columns.
This completes the evaluation of the dilatation operator.

2Recall that s is obtained by exchanging rows and columns in s.
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5.2 Explicit Action of the Dilatation Operator

We can now explicitly evaluate the matrix elements Ng (. ¢)jk:7,(t,0)mi Of the
dilatation operator (5.3). We will do so for the case that the Young diagram
labels have either two or three rows or columns.

5.2.1 Young Diagrams with Two Rows or Columns

In this case, we will be using U(2) representation theory. The Gelfand-
Tsetlin patterns are extremely useful for understanding the structure of the
carrier space of a particular U(2) representation. However, the betweenness
conditions make it awkward to work directly with the labels m,; which appear
in the pattern. For this reason we will employ a new notation: trade the m;;
for j, 73 specified by

[mm m22] _ [m22 +2j moo
mi1 mag + j3 + j

The new labels are just the familiar angular momenta we usually use for
SU(2). It looks as if this trade in labels is not well defined because we have
traded three labels m1q, mas, my; for two labels 7, j2. There is no need for
concern: recall that m is fixed, and further,

m = 2(ma2 + J)

so that knowing j, 72 and m we can indeed reconstruct mis, mae, mi;. The
benefit of the new labels is that the betweenness conditions are replaced by

1.3
o) 17 a0
2772
which are significantly easier to handle. Write our states as kets |7, j3). The
Clebsch-Gordan coefficients we need are (it’s simple to compute these using

Appendix B.5)
1 5 111 5\ i+ o1 g 111 g\ j—i3+1
<j ) J 27 ‘jh] >_ 2] ’ j+27j 27 27 ’.]7.] - 2(]+1) ’
o1 o5 111 L\ i3 1 o4 111 s\ [+
<J SUARES TStV > 2 Tty 510,07 ) = G T1)
which are the same for both cases of R having two long rows or columns. In

terms of two long rows, the top two Clebsch-Gordon coefficients <>|<, *; %, %] 7, j3>

j=0, 2, ... —j <3<y

N
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correspond to the box pulled off s to obtain s’ coming from the first row of
R, with the j j — = term corresponding to this box being pulled off the
first row of s, and the j + 3 g3 — l term correspondlng to the box being pulled
off the second row of s. The lower two terms <>|< *; 2, — | 7,7 > correspond to
the box pulled off s coming from the second row of R, W1th the 7 — %, 72+ %
term corresponding to this box being pulled off the first row of s, and the
J+ %, g3+ % term corresponding to the box being pulled off the second row
of s.

Consider first the case of two rows. To specify r we will specify the
number of columns with 2 boxes (= by) and the number of columns with a
single box (= by). Thus, our operators are labeled as O(bg, by, J, j3).

R r S

| | r.-l l | b I '
Ny by 1 T":IJ

i’= h—n m-2j
2 7

Figure 5.2: This figure summarizes how to translate between the original Young
diagram labeling Og (,.s) and the new O(bo, b1, j, j%) labeling. The boxes that must
be removed from R to obtain r have been colored black. The number of boxes to
be removed from the i*" row of R to obtain r is denoted n;. The label j3 = monz,
In addition, m = ny + ne. The number of columns in r with 2 boxes is by and the
number of columns with 1 box is b;. The number of columns in s with 2 boxes is

J and the number of columns with one box is 2j.

given by mg2

We will evaluate the diagonal terms where s = u (that is, the terms that
don’t change the value of j) in detail and simply quote the complete result.

The first contribution to the diagonal terms is when R = T, in which case
we need to evaluate

2gYMcRRf7“km Zd [CMS ) (CMS )4] ) (5.6)

M ,ME, M, ME,

For the case of two rows, there are no multiplicity labels and further for each
s" only a single state contributes, so that there is no sum over M, . Consider
the contribution obtained when R’ is related to R by removing a box from
the first row of R (k = 1). In this case

ny ry n
=(N+by+b) (140 =—— )], H =140
crrr = (N + by + 1)( T (N+bo+b1)> Ry - (bo+b1)
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and

11
M110<_) ‘§a§>a MSH

When we pull a box from the first row of s to obtain s’ we have

9 2

dy  hooks, 2] m+2j+2 u R |
m— = = S/ — _7 - .
d, hooksy 2j+1 2 ’ J J

When we pull a box from the second row of s to obtain s’ we have

dy  hooks, 2j+2m—2j 1, 1
— — MS’ — — 3 —_ = .
", T hooksy 241 2 ‘J 3 2>

It is now a simple matter to show that (5.6) evaluates to

B (m _ —(m,fz)(j?’y) , (5.7)

2 i +1)
The second contribution to the diagonal terms is obtained when R # T,
in which case we need to evaluate

202\ CRR CTT /Tl M, M, 9
e A, "l 69

When s’ is obtained by removing a box from the first row of s we computed
mfl—i above and we have

01 . 111,/ 1, 11 1, .\
(Cﬁi M120) (Cj‘js, M10)2 - <] - 5733 Ty §>§|J7J3> <J - 5793 + 5 57—§|J,J3> :

When s is obtained by removing a box from the second row of s we computed

d
mdﬁ above and we have
S

1 111 2
M, M 2 /., Lt a3 L 1 1. 3
(CM,MQ) (Crr a1, —<J+2,J 5 505k > <J+2,J +

It is now easy to show that (5.8) evaluates to

s (3 (A DR 59)

2 3G +1)

Notice that although they were computed in completely different ways (5.7)
and (5.9) are identical up to a sign. Evaluating the off diagonal terms where
s # u, we find that the terms where the first row of u is longer than that of
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s are also identical up to a sign, as are the terms where the second row of u
is longer than that of s. Consequently, the 9 terms of the dilatation operator
can be grouped into three collections of three terms each. Indeed in terms of

AO(by, b1, 7,5%) = /(N +bo)(N + by + b1)(O(bo + 1,y — 2,4, 5%) + O(by — 1, by + 2,4, %))
—(2N + 2by + b1)O(bo, by, 4, 5°)

the dilatation operator is

13)2
DO(b07b17jaj3) = g§2’M - % (m - M

) AO(b07b1aj7j3)

i +1)
2 . 4 - 2 . . .3 1 . _ .3 1
(27 +1)(2j + 3) 2(j+1)
(m+2j+2)(m —2j+2) (j +5°)( — j°) : 3
+ : : : AO(by,b1,7 — 1,
¢ (2 +1)(2j - 1) 2j (bo. 1,3 = 1.7)
(5.10)
This reproduces the result of [15] and is a nice check of our method. Notice

that the dilatation operator does not change the j* label of the operator it
acts on, which means that the A weight of the operator is preserved. This is
a consequence of the fact that the I'(1, m+1) factor in D ensures that the box
removed comes from the same row of R and r to produce 7" and ¢ (in the term
X,(tw) Produced by the action of D on X g (rs)). This conclusion only follows in
the simplification of Young’s representation obtained by considering Young
diagrams with row/column separations of O(N) (section C.4 of Appendix
C).

Using the results of section 5.1.5 we can immediately obtain the action of
the dilatation operator on restricted Schur polynomials with p long columns.
Transpose the Young diagram labels. In this case, for example, the number
of rows in r with 2 boxes is by and the number of rows with 1 box is by, while
the number of rows in s with 2 boxes is given by “=2 and the number of

2
rows with one box is 27. Denote the corresponding normalized operators by
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Q(bo, b1, j, 73). The action of the dilatation operator in this case is given by

DQn 1, 557) = | § (m— DU

> AQ(bo, b1 4, 5°)

2 i +1)
(m+2j+4)(m—=25) G+ + 1) —4°+1) , 3
\/ (27 + 1)(2) + 3) 2(j + 1) AQ(bo,br, 7+ 1,57)
(m+2j+2)(m—2j+2)(j+5°)( — %) , 3

where
AQ(bmbbj?jg) = \/<N - bO)(N - bO - bl)(@(bo + 1761 - 27j7j3) + Q(bo o 1’ bl + Q’j’jg))
—(2N — 2by — b1)Q(bo, b, 5, 5°) -

So the sphere giant and AdS giant cases are related by replacing expressions

5.2.2 Young Diagrams with Three Rows or Columns

In this case, we will be using U(3) representation theory. It is again useful
to trade the m;; appearing in the Gelfand-Tsetlin patterns for a new set of

labels j, k, 73, k3, I3 specified by

j3—|—/€+m33 k3+m33

mi3 Ma3 ma3 J+k+mas k+ms3 m33
mi2 ma2 = ) )
ls + kd + mss

mi1

It again looks like we are trading 5 variables for 6. However, we can again
recover the value of mgs from the value of m using

m = 3mss + 2k + j .

The variables satisfy

>0, k>0, j>52>0, k>k>0, k+7—-k>01>0,

which are again much easier to handle than the betweenness conditions. We
will write our states as kets |7, k, 53, k%, 13). The Clebsch-Gordan coefficients
we will need are (its simple to compute these using Appendix B.5)

, . o J=33)G+k—k3+1 S
<y—1,k,13,k3,l3;m1|y,k,y3,k3,l3>=\/( j)(§'+k:+1) D = oy b 7% 2, 19),
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(2 + Dk — k%)
k(j+2)

(G+1Lk—=1,5° 41,k Pymj, k, 5%, K, 1%) = \/ = fimusyy (G 5, 5%, K2, 1)

(k3 +1)(k + 7%+ 2)
(j+k+3)(k+2)

Gk + 1,55 K + 1L, malj, k, 57k, 1%) = \/ = fimisy (6o k3% K1)

(G =Lk 5° =1,k 0malj, k, 5%, K%, 1) =

+k—k3+ 1) k+72+ 1) -k —-DB+k o
\/(] )] ( J )(j ) = f(mgs’l,mm—l)(])kvjsaksal3)7

JGFRA D+ — B+ D)+ k= )

<] - 17k7j37k3 - 17l3 + 1;m2’j7k7j37k;37l3> =

\/ (G — 73)(k — k3 + 1)k3(k + §5 — k3 — 13 + 1)

= ) ik, 35 k318
TGtk k4P — RN+ =t 2) = Jomsima (kI RLE

(G+ 1,k — 1,73 K3 1®molj, k, 52, K3, 13) =

_ JE=R)G = P D+ P DR 5P - k- B
(J+2)k(2+k =k +1)(k+ 52— k3)

= f<m28/27m1271> (.77 k7j37 k3> ZS) )

G+1k—1,73+ 1, — 1,13+ 1ymalj k, 5%, k*, %) =

PBADG+hk—E+2)k3k+3 -k -B+1 Co
\/( )( ) ( ) = f(mgsé,mgg—l)(jvk7]371€37l3)’

GH+Dkk+73 - +1)(k+j3—-k3+2)

<]7k+ ]-aj3 - 17k3 + 17l3;m2‘j7k7j35k35l3> =

_\/ (K + 1) — 5% + Dk + 42 = k* — 13)

= , ik, 3 k3 1B
(]+k+3)(k‘+2>(l€+]3—k3+1)(1€+]3—k3) f(mgss,m1271>(]7 yJ SR )7
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<Jak + 17j3>k3>l3 + 1;m2|j7kaj37k3713> =

BB Rk B D) (k452 -k -+ _ ok 7215 1)
Grh+3)kt2)(kt7° B0kt k5 t2)  meshmes ) EIHE0)

<] - 1ak7j3 - 17k37l3 - 1;m3|jakaj37k37l3> =

(J+k-k+153k+572+1P _ 3 13 3
\/](]+k+1)(k+]3k3+1)(]3+kk3) - f(me,s’l,mlg—l)(jvku] )k )l )7

<] - lvkajgvkg - 1713;m3|j7k7j37k37l3> =

(J—73)(k = K>+ DE3(13 + 1) _ .3 .3 13
\/j(j+k:+1)(k:+j3—k3+1)(k:+j3—l<:3—|—2) = Jimssimaz—1) U K 35 K5 1)

(G+ 1k —1,7% K513 — 1ymalj, k, 5%, k%, %) =

(k=K -7 +Dk+72+D8E i3 13 3
\/(]+2)k’(]3+k’—k’3+1)(k’+]3—k3) - f<m35/27m12—1>(j’k7] 7k 7l )7

<] + ]-’k - 17j3 + 151{;3 - 1)l3;m3|jak7j37k3713> =

B (BH+1DG+k—E+2)k3(13+1)
G+2)k(k+3—-k3+1)(k+53—k+2)

f(mgsé,mgg—w (]7 k7j37 k37 13) )

<]7k+ 17j3 - 17k3 —+ 17l3 - 1;m3’j7k7j37k3713> =

(B3 +1)(j — 53 +1)5303 _ 3.3 13

<]7k + 17j37k37l3;m3|j7]€7j37k37l3> =
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(k+B+2(G+k—k+2)(k—k+1)(B+1)
G+kEk+3)(k+2)(k+3 -k +1)(k+ 72—k +2)

where

my =1,0,0,0,0, my=1,0,1,0,0, ms=1,0,1,0,1.

The first three Clebsch-Gordon coefficients correspond to the box removed
from s to obtain s’ coming from the first row of R, and either the first,
second or third row of s respectively. For the my and mgs Clebsch-Gordon
coefficients, there are two possibilities for each row of s the box is pulled off;
either mis or moyy can decrease.

Consider first the case of three rows. To specify r we specify the number
of columns with three boxes (by), the number of columns with two boxes
(b1) and the number of columns with a single box (by). Thus, our operators
O(by, by, j, k, 33, k3, 13) carry seven labels. To simplify the notation a little
we do not explicitly display by since it is fixed once b; and by are chosen by
bo = (n— by —2b1)/3. To obtain r from R we remove n; boxes from each row
where

_om+42j+k—3k%—35°
= 3 ,
m — j — 2k + 3% + 3k?

3 .
We can read j, k and m directly from the Young diagram label s. One might
have thought that by employing the above expressions for the n; one could

obtain a formula for j3, k3,13 in terms of the n;. This is not possible. Indeed,
this conclusion follows immediately upon noting that

_m4k—j+35° -3
- 5 ,

ny No

ng =

ny+ne+ng=m.

The reason why it is not possible to express 53, k3,13 in terms of the n; is
simply that in all situations where the inner multiplicity is greater than 1,
there is no unique 53, k3, 1% given the n;. When acting on restricted Schur
polynomials labeled by Young diagrams with two rows, the dilatation op-
erator preserved the j3 label of the operator which corresponded to the A
weight of the operator being preserved. This is true for any number of giant
gravitons: The one loop dilatation operator in the displaced corners approx-
imation always preserves the A weight of the operator it acts on. Further,
the reason why the A weight is preserved can again be traced back to the
factors of I'(1,m + 1) appearing in the dilatation operator and again this
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conclusion only follows in the displaced corners approximation outlined in
section C.4 of Appendix C. For the case of three rows it is simple to give this
inner multiplicity a nice characterization: States that belong to the same
inner multiplicity multiplet

e Have the same first row in their Gelfand-Tsetlin pattern because they
belong to the same U(3) irreducible representation.

e Have the same last row because the A weight is conserved.

e Have the same sum of numbers in the second row of the Gelfand-Tsetlin
pattern again because the A weight is conserved.

This implies that states in the same inner multiplet can be written as

mi3 ma3 m33
mig — 7 moo + 7
mi1

with different values of ¢ giving the different states, and that the number of
states in the inner multiplet is

mig — Ma2

5 ) Fmin(mys —myg, Moy —ms3) +1,

N = max(mg —mqq, M1z —Mag3,

where max(a, b, ¢) means take the largest of a, b, c and min(a, b) means take
the smallest of a, b.

R r S
I -_l_. ! My
n b %
| n, M2 b by 72 ,fr N
m2kj K
3

Figure 5.3: This figure summarizes how to translate between the original
Young diagram labeling Op s and the new O(by, bs, j, k, 2, K, 1) labeling.
The boxes that must be removed from R to obtain r have been colored
black. The number of boxes to be removed from the i*" row of R to obtain r
is denoted n;. We have m = n; + ns + n3. The number of columns in r with
3 boxes is by, the number of columns with 2 boxes is b; and the number of
columns with 1 box is by. The number of columns in s with 3 boxes is given
by m=4=2% " the number of columns with two boxes is k and the number of

3
columns with one box is j.
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Although the general expression for the action of the dilatation operator
can be computed using our methods, we have decided to focus on two special
cases. For the first special case we choose m = 3 and A = (1,1, 1) as this
is the simplest possible case where we have a non-trivial multiplicity. The
second special case greatly simplifies the action of the dilatation operator
by considering j* = O(1) while assuming the remaining quantum numbers
(4,k, k3,13 and m) are all order N.

5.2.2.1 A =(1,1,1) States of the m = 3 Sector

By applying the above results, it is straight forward to evaluate the action
of the dilatation operator for the case that we have 3 Y fields and we set
A = (1,1,1). There are four possible U(3) states

300 1 1 1
3,0,2,0,1) <> | 2 0 0,0,0,0,0) < | 1 1
. 1 - . 1 -
2 1 0] 2 1 0]
11,1,1,0,1) < | 2 0 11,1,0,1,0) = | 1 1
1 1

We see that the last two states belong to an inner multiplicity multiplet.
This implies that there are a total of 6 symmetric group operators

Pl - |37072707 ]-> <370;27071| P2 - |0707070’ 0> <07O’ 0’070|
PR = 1,1,1,0,1)(1,1,1,0,1] P =1,1,1,0,1) (1,1,0,1,0]

PV —11,1,0,1,0)(1,1,1,0,1]  P®? =|1,1,0,1,0)(1,1,0,1,0]

which define 6 restricted Schur polynomials. The corresponding normal-
ized operators will be denoted Oq(by,bs), Oz(b1,bs), O3(b1,bs), O4(by,bs),
Os(b1,be) and Og(by,bs). We will walk through the calculation of one of the
terms of DO, and simply quote the complete result of DO;. Consider the
term where R(r,s)jk = (r,@) — T(t,u)ml = (¢,H")12 and T is obtained
from R by moving a box from the second row of R to the first row of R, result-
inginry = to+1, r1 = t;—1. In terms of our new labels by, bs, j, k, 3, k3, I3 we
have by — b;—1, by — bs+2and |0,0,0,0,0) (0,0,0,0,0| — |1,1,1,0,1) (1,1,0,1,0|.
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Notice that the multiplicity labels of Oz 4)m; are swapped to Im in the trace
appearing in Ng (. ¢)jk:T,(t,uymi Of (5.3), so the traces we need to evaluate are

Ter®m (PRH(T,S)]'RE(S}]‘)PTH(t,u)lmElS;)>+Trvp®m (PRH(TvS)jkEIS;)PTH(tyu)lmE((I}l)>
= Moy (R PPV EY) o+ T () P )
= Tryem (!0><0\Eﬁ) 1,1,0,1,0) (1,1,1,0, 1] E;;))

+ Tryom <|0><0|E§§) 11,1,0,1,0) (1,1,1,0, 1| E{P) .

To evaluate the first trace, we act with Eﬁ) on |1,1,0,1,0)

)
)

= fumsy(1,1,0,1,0)
there is no state where s’ is obtained from s by removing a box from the

EYI1,1,0,1,00 = EY

second row of s because [21?10] is not a valid Gelfand-Tsetlin pattern. Taking

we obtain (here ® = 1,1,0,1,0)

().

it yields (here ® =1,1,1,0,1)
200
@ f(mzslg,m12*1>(@) <|: 110 :|

the inner product with (0| = <[11111}

Trvp®m <
When Eg) acts on <[22100]

210

2 0
(]

L 111 M}
writing ‘ [ 11 ] > as the sum >, 37 o O, [Mi0) © [My, ) and tak-
ing the trace over V™ we get

[} > Fimast) (®) Fimy 1) (0) < [}

(1) 110
E22 = f<m25/1,m12*1><@> 10

1

Y

Tryen (10)(O/ES 1,1,0,1,0) (1,1,1,0,1] )

1
3—\@ )
where s’ = H and so dys = 1. The second trace evaluates to zero, so all that is
crr drnm \/ fr hookst hooks, hooks,

= dy flmasmaz—1)(0) fimas) mia—1) (@) fimis) (®) fumy 1) (0) = —

left is the coefficient g2, y X dFpmir
R

vdyd, (n +m) \| frhooksg hooks; hooks,
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hooks, 3 .
dﬁu hgzkzu - giM_2 using the results of section 5.1.3.

We have thus calculated that

which reduces to g2,

1
DOQ(bl, bg) = ggM%O4(b1 - 1, bg + 2) .

Calculating all the other terms, we find that the action of the dilatation
operator is given by

DO (b1, b5) = =g, (MY 21205(b1,b2) + MIV A150;(b1, ba) + MG 213001, 2))
(5.11)

where

2 2 1 1
s 0 =55 ® 0w
2 1 1 2
035 0 =% % Tia
_2 9 SO E S
M2 — 3v2 3 2V3 2V3
1 -1 __1 1 0 _1_
V6 V6 2v/3 2v/3
1 _1 _1 1 L
V6 V6 2v/3 2v3
2 1 1 1
- R v S~ S T
2 2 1 1
5 0V 55w w0
2 1 1 2
o5 0 % B T
—_2_ 0 1 1 1 0
M) — 3V2 3 2v/3 2v/3
S T T 0 __L
V6 V6 2V3 2V/3
— L1 L _1_ 0 1 _ 1
V6 V6 2v/3 2v/3
2 1 1 1
- v R v A S



2 0 55 0 0 —%
0 i o~ 00 o5
M@ — ﬁi _\/Li 6 0 0 -
0 0 o i -1 0
o o0 o0 -1 L 0
R LI

and

AlQO(bthmja kz.jga k3’l3) = _(2N + 2b0 + 2b1 + bQ)O(bthajakajB?kS?lB)
+V/ (N +bo+b1) (N + bo + by +b3) (O(by — 1,ba + 2,5, k, 5%,k 1°) + O(by + 1,0y — 2,5, k, 5, K, 1%))

Ay30(by, by, i, k,y 2, k2 1) = —(2N 4 2bg + by + b2)O(b1, ba, j, k, 5%, K, 1)
+V/ (N +b0)(N +bo + by +b2) (O(by + 1,b2 + 1,4, k, 5%, k%, 1%) + O(by — 1,ba — 1,5, k, 5%, k%, 1))

Ao30(b1, ba, i k, 7% kP, 1%) = —(2N + 2bg + b1)O(by, ba, 5 k, 2, K%, 1)
V(N +b0)(N +bo +b1) (O(br — 2,b2 + 1,4, k, 5%, K5, 13) + O(by + 2,b2 — 1,4, k, 7, k,1%)) .

These A;;O(by, b, j, k, 73, k*,1*)’s are the generalization to p = 3 rows of the
linear combination AO(bg, b, j, 72) which featured in the dilatation operator
of the two giant system. The combination A;; is relevant for terms in the
dilatation operator which allow a box to move between rows ¢ and j. It will
always be possible to express the action of the dilatation operator in terms
of the A;; combinations. To see how this comes about, first notice that the
terms multiplying (as an example) (N + by + by + by) come multiplied by

(G1|Eni|Ga) (Go| Ena|Gh)
the terms multiplying /(N =+ by + b1 + ba)(N + by + by) come multiplied by

(G1|E11|Ga) (G| ExnlGh) |

and finally the terms multiplying /(N + b + by + b2)(N + by)} come mul-
tiplied by
(G1]En|Ga) (Go| Es3|Gh) -
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Using the identity 1 = Eyj + Eay + E33 and (G1|G2) = 0 (for the off diagonal
terms in the dilatation operator GG; and G9 are by definition different states)
we can write the first number above to be minus the sum of the second two.
This and similar conditions which follow in the same way are precisely what
we need to have a dependence only on the A;;O(by, by, 7, k, 5, k*,1*)’s. Note
also that this argument generalizes trivially to p > 3 rows.

To obtain the action of D on the analogous sphere giant system where
A = (1,1,1) we simply make substitutions of the form N + by — N — by, so
all that changes in (5.11) is that the A;;’s become

A12Q(by, bo, j, k, 5%, kP, 1P) = —(2N — 2bg — 2b1 — ba)Q(b1, ba, j, k, °, k*,1%)
v/ (N — by —b1)(N — by — by — ba) (Q(b1 — 1,ba + 2,4, k, 5%, k>, 13) + Q(b1 + 1, b2 — 2,4, k, §3, k3, 1%)) |

A13Q(b1,ba, 5, k, 52, k3, 13) = —(2N — 2bg — by — b2)Q(b1, ba, 5, i, 5°, K, 1%)
V(N = o) (N — by — b1 — ba) (Q(b1 + 1,b2 + 1,4, k, 75, k3,1%) + Q(br — 1,b2 — 1,4, k, 53, k%, 13))

A23Q(b17b27j7k7j3ak3’l3) = _(2N - 2b0 - bl)Q(blab27j7kaj37k33l3)
V(N = bo)(N — by —b1) (Q(b1 — 2,ba + 1,5, k, 5%, k%, 1%) + Q(b1 + 2,02 — 1,5, k, 75, k1)) .

5.2.2.2 53 = 0(1) Sector:

We assume that the remaining quantum numbers (4, k, k3,13 and m) are all
order N. The Clebsch-Gordan coefficients simplify considerably in this limit,
indeed the non-zero Clebsch-Gordan coefficients are

i+ k— kS
1k, 33 B ma g, K, 8, K3, 1) = [P T
<.7 YRy R, 7m1|.7a yJ SR, > j+l€ )

; -3 1.3 13 . .3 1.3 43 k’—k?’
<3+1,k—171akal§m1137k,2,kal>: ki
J
3 .3 3 3 13 3 k3
.’k+1’ ] ’k; +17l7 ‘7k7 . 7k 7l = : ;
(7 J milj, k, j ) T
k3(k — k3 — 13)
‘_171{:7 ‘37k3_17l3+1; '7k7 ‘37k37l3 = )
(J j malj, k. j ) G A=)
: : _ k— k3 — 13
<J—|—1,k—1,]3,k3,l3;m2|],k,]3,k3,l3>:_ ——F
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(j+k — k3)(k — k3 — 13)
(G +k) (kK3 7

@k+wa%ﬁ+hmmw4iﬁf3:_¢

k313
._1’]{:7 37k3_]—’l3’ '7k7 3’k3’l3 == EEAY R R
<] J malj, k, j > G+ k)(k — k)
. 13
. .3 ;3 13 . . -3 1.3 13\ __
<j+17k_17.77k7l _17m3|j’l{)’],k,l>__ k— k3’
Gtk k)

- 3 13 3. S 203 13 73\ _
<j,l<:—|—1,j Jk2 12 smslg kg0, k0,1 > = \/MM
Looking at the non-zero Clebsch-Gordan coefficients, the reason for the sim-
plification of this limit is clear; notice that in the limit that we are considering
the j3 quantum number is fixed. This in turn implies that a single state from
each inner multiplicity multiplet participates - a considerable simplification.
Indeed, if j, k, m and the A weight A = (ny, ng, n3) are given, then we know

m—3n; — 3534+ 25 + k jp_ M= 3ma 350t k]

K =
3 ’ 3

Thus, after specifying A and j3 the k3,1 labels are not needed. For this
reason we can now simplify the notation for our operators to O(by, by, j, k)
for a given problem which is specified by ;3 and A®. The dilatation operator
produces 45 terms when acting on O(by, bs, j, k), which can be grouped into
5 collections of 9 terms each

K3+ k — k3)(k — k3 — 13)
3(j +k)2(k — k%)
Bi3k—k3 -3+ k— k)
B 3(j + k)2(k — k3)2
K33 (k — k3 — 13)
3(j+k)(k—k3)?

DO(blab27j7 k) = _ggM A(G)A12O(b17b27j7 k)

Br3(j + k — k)

3(j +k)*(k — k%)

Bk -k —B)(j+k— k)
3(j+k)(k—Kk3)?

ADA30(by, by, j, k) AD Ap3O(by, by, 4, k)

A® Ay30(by, by, §, k)+ A© A30(by, ba, j, k)

(5.12)

where

3The symmetric group operators used to define the restricted Schur polynomials are
P =>4,k 33, k2,13, k, 73, k¥, 1%| where we could have j3 # % k3 # k3 13 # 3.
For simplicity we consider only the j3 = j3 case. It is a simple extension of our analysis
to consider the general case.
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ADO(br, ba, j, k) = (2m + j = K)O(br, ba, 5, )
_\/(m + 25+ k)(m —J— 2k> (O(b17b27j o 1) + O(b17b27j +1,k+ 1))

A(b)O(bl7b2aj7 k) = (2m - 2.] - k)O(b17b27j7 k)

A(C)O(blvb2aja k) = (2m +] + 2k)0(b17b2aja k)
TG T Rm T E R (Obrbsg — 2.k 4 1) + O(brbs.j + 2.k~ 1))

The new A@/%9) operators only change the 7,k quantum numbers and so

will be the same in the sphere giant case.
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Chapter 6

Diagonalization of The Dilatation
Operator

We will now diagonalize the action of the one loop dilatation operator on re-
stricted Schur polynomials that we have obtained to determine the anomolous
dimensions and corresponding eigenfunctions of the CFT duals of excited gi-
ant gravitons.

6.1 Two Giant Systems

The one loop dilatation operator when acting on two giant systems has al-
ready been diagonalized in [15]. We start with a quick review of this material
because it is relevant for the multiple giant systems we consider next.

The action of the dilatation operator on restricted Schur polynomials of
two long rows that we obtained in the previous chapter is

D0<b07b1’j7j3) = ngM|:_hl(j)AO(b07blajaj3)+h2(j)AO<b0=b17j+17j3>

+hy(1)A0(b0, bi,j —1,5%)]

where
L1 (m +2)(5%)? W m+2i+)(m—2)) G+ P+ 1) - +1)
hl(”‘?(”“j(jm)’ hm_\/ (2)+ 1)(2) + 3) 2(j + 1) !
L m+2i+2)(m—=2j+2) G+ -5 .
h3(j) —\/ 2+ 1)(2 —1) 2j = ha(j — 1)
and

AO(bo,b1,5,5%) = V(N +bo)(N + by +bi)(O(bg + 1,b1 — 2,5, 5%) + O(bo — 1,b1 + 2,4, 5°))
_(2N + 2bO + bl)O(boa blajajg) .
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To solve the eigenproblem
DO(p,n) = kO(p,n) ,

where £ is the one loop anomalous dimension, we make the following ansatz
for the operators of good scaling dimension®

Zfbo,bl pg# (Do, b1) = Cpia(j) f(bo, br) Oj s (bo, by) -

J,b1

Plugging in the ansatz we get

Z{gzM { — 1 ()Cypo () £ (B ) A, s (b, br)

J,b1

+ha(5)Cy,j3(7) f (Do, b1) AOj 41 53 (bo, by)
+h3(5)Cp,j3(7) (b0, b1) AO; 1 j3(bo, b1) | = KCys(J )f(bovbl)Oj,j3(b07bl)} :

Equating the coefficient of O; js(bo, b1) on both sides, we obtain the recursion
relations

0, 11Cy s () =~ (5)Cp o (1) 0 (1) G (= D)+ ha() G (G +1) . (6.1)

and?

— Q8 G [¢ (N + bo) (N +bo + b1)(f(bo — 1,b1 +2) + f(bo + 1,b; — 2))

—(2N + 2by + by) £ (bo, bl)] — 1 f(bo, b1) . (6.2)

The first recursion relation is solved by

1),

(6.3)

. m_, (M 2/ +1) 15313+ 1,—
Cop () = (=D F7 (D gyl (T
" R N R CET SR &

which is seen by substituting this solution into (6.1) and obtatining

—9ps Fy <J —J, ]+1+] fp‘1> _ G2+ DG -5+ 1)(m —2j) P ( 1;37;] j+2+j3,fp‘1)
20+ +1) I

L f(bo,b1) is not a function of by and by separately because 2bgy + by is fixed equal to the
number of Z’s.

2We have made replacements like N + by + 1 — N + by, which of course are valid in
the large NV limit.
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2 2j(j 41

- (m (m+2)(°?\ 4 (j3—j,j+1+j3,—p‘1)+ (G +5°)G = 5°)(m +2j + 2)3F <1+g‘3—j,j+j3,—p
) 17jd_m

1731 2j(27 + 1)

which is the recursion relation of the Hahn polynomials 55 <Jl LAY 1+5%-p |1
2

(equation (1.5.3) in [18]). The second recursion relation (6.2) is solved by

el LN N+2bo+b1\ (2N+2bo+by (N+bo+b1),
Flbo,br) = (=1)"(5)" T \/(?Vﬁiffbf ) CHT )2F1< N A2 tb) 2) !
(6.4)
which follows from the recursion relation of the Krawtchouk polynomials

o Fh < év;i%;bi)bl) 2) (equation (1.10.3) of [18])

o, (G

2n 1 —(N-+bo+b1+1),—
(2N+2bo+b1) 2) = §(N+bo)2F1 (, o

(2N+2bo+b1)

2n 2)

1 - —2n
2)—5(2N+2b0+b1)2Fl (_(N+bo+b1), 2

1 —(N+bo+b1—1),—2n
+§(N+bo+b1)2F1 (_( otb1 1) (2N+2bo+b1)

(2N+2bo+b1)

(6.5)

The solutions (6.3) and (6.4) give the range of j and p to be [j°| < j < &,
0 <p <2 —|j7, and the associated eigenvalues are

—Qpg3 = —2p=0,-2,-4,.., _(m - 2‘]5|>

and
K = 4nozp,jsg§M = 8png2,, n=20,1,2,...

Since our quantum numbers are very large, one might also consider examining
the above recursion relations in a continuum limit where one would expect
them to become differential equations. This is indeed the case[15]. Consider
first (6.4). Introduce the continuous variable p = 3 m and replace f(bo, by)

with f(p). Now, expand

1 b 1 v
VN +bo+b1) (N +bo) = (N + 0)( TaNHh SN h )

and

f( —;>—f()——1 or, 1 _Jof,
PN+ Y T N TR op | 2(N +by) 0p?

These expansions are only valid if b, < N + by, which is certainly not al-
ways the case. However, for eigenfunctions with all of their support in the
small p region the continuum limit of the recursion relation will give accurate
answers. The recursion relation becomes

2

st |5z + 2| 1) = 0 (6:5)
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which is a harmonic oscillator with frequency 2, j592,,. We should only keep
half of the oscillator states because b; and by can never be negative for a valid
Young diagram and so p > 0. Only wave functions that vanish at p = 0 are
allowed solutions. Thus, the energy spacing of the half oscillator states is
4oy, 392, Since each Z field contributes one unit of angular momentum
to the giant, the limit of small p corresponds to giants that have similar
radii. The strings stretching between these giants will have a smaller energy
than those stretching between giants that have a larger separation. The
description of the coefficients f(bg,b;) obtained by solving (6.6) is accurate
for any finite energy oscillator eigenstate.

Now consider (6.3) after setting 53 = 0. We would like to take the limit
m — 00, respecting our assumption that the number of Z’s is much larger
than the number of Y’s and that b, is large enough that our simplification
of Young’s orthogonal representation is still valid. We can achieve this by
considering a double scaling limit in which we take m — oo, by — oo keeping
m/by fixed and very small. In this limit

- 242
31 (:jﬁﬁ{l’_p; 1> — L, (L)
2 m

where L,(-) is the Laguerre polynomial. Thus our coefficients

IN

J=

. mo, |2 e 2 (2
G — 0 2ymrre s, ()

become the wave function of the s-wave sector of the 2d radial harmonic
oscillator

m
2

31 () + 7] ) = o 0G0

where r = \/%j ranges over 0 < r < /T and Cy(r) = Cp(j)//r in the
continuum limit.

A few comments are in order. The solutions of the discrete recursion rela-
tions can be compared to the solution of the continuum differential equations.
The agreement is perfect[15]. Although the solutions of our discrete recursion
relations are in complete agreement with the solution of the corresponding
differential equation obtained by taking a continuum limit, notice that the
solution of the recursion relation does not make any additional assumptions
(such as by < N + by). Thus, although solving the differential equation is
easier, the solution is not as general.

7



6.2 Multiple Giant Systems

Consider now the action of the dilatation operator when acting on three giant
systems. We study the m = 3 example first.

6.2.1 A= (1,1,1) States of the m = 3 Sector

It is a simple matter to check that the matrices M1, M3 and M)
appearing in (5.11) commute and hence can be simultaneously diagonalized.
The result is the following 6 decoupled equations

DO;(b1,b2) = —2¢2,, 22301 (b1, b2) , DOrv(bi,b2) =0,
DOpy(b1,ba) = —2¢2,,A12011(b1,b2), DOy (b1,b2) = —g2(Aas + A1z + A13)Ov (by, ba)

DOjpr(by,ba) = =293, A130111(b1,b2) , DOy (b1, ba) = —g3y,(Aos + Arg + A13)Oyy(by, ba) .

(6.7)
Taking a continuum limit (Appendix D), assuming that b;,by < N + by we
find

23 1,02 9$ 9y z,y | z,y
12 1,2 91‘ 9y z,y | z,y

A130(by, by) — (3 + ﬁ) O(z,y) — ety) Zy)Z

dx Oy O, )

where x = by /v/N + by and y = by/+/N + by. These all correspond to oscil-
lators with an energy level spacing of® 2. However, again because by, by > 0
we keep only half the states and hence obtain oscillators with a level spacing
of 4. The corresponding eigenvalues of the dilatation operator are 8ng2,,
with n an integer. This is remarkably consistent with what we found for the
anomalous dimensions for the two giant system. Of course, a very important
difference is that since these oscillators live in a two dimensional space, there
will be an infinite discrete degeneracy in each level. Finally, it is also straight
forward to show that

0? 3 0? 1

Ag +A12—|—A1 :3———$+2+9 ——$72
3 s Oxt? 4< ) Ox—2 4< )

3For example, for the oscillator corresponding to Ao we have H = %(aaT + a'a),
[a,aT]:Q,a:%—Qa@y—l—%andafz—%+2a%+%.
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where
er_x—l—y - Ty

V2 T TR

After rescaling the = — V32~ we obtain a rotation invariant 2d harmonic
oscillator with an energy level spacing of 3. Again because by, by > 0 we keep
only half the states and hence obtain oscillators with a level spacing of 6.
The corresponding eigenvalues of the dilatation operator are 6ng2,, with n
an integer.

It is interesting to ask if we can diagonalize (6.7) directly without taking
a continuum limit, since the resulting spectrum is not computed with the
assumption by, by ~ /N + by. Consider first the equation for O;;(by, by). It
is clear that A5 does not change the value of by. In addition, the dilatation
operator does not change the number of Zs in our operator, so that ny =
3bg + 2by + by is fixed. This motivates the ansatz

O = Z f(b1,02)Or1(b1, b2)

b1

bo=nz—3bp—2b1

Requiring that DO = 2¢2,,«,,O we obtain the recursion relation

— (2N 20942143 f (b1, ba)++/ (N + bg + by) (N + b + by + by + 1) f (b1 —1, by+2)

+V/ (N + by + b1 4 1)(N + by + by + by) f(b1 +1,bo—2) = 2¢2 v f(by, bs)

where in the above equation by = ny — 3by — 2b;. Using (6.5), it is a simple
matter to verify that this recursion relation is solved by

1\ NtbotbitF
f _ (_l)n - (2N+2b0+21)1+b2) (2N+2b0+21)1+b2) F —(N+b0+b1+b2),_n
n = N+bo+b1+b2 n 241\ —(2N+2bo+2b1+b2)

?)

293Man = 4ng§M, n=20,1,2,---  int (W%Sb(v
where ny is the number of Zs in the restricted Schur polynomial, b, is fixed,
by = ny — 3by — 2b; and int(-) is the integer part of the number in braces.
Again, only half the states are retained because by, by > 0 so that we finally
obtain a spacing of 8ng2,, - in perfect agreement with what we found above.
Notice that we obtain a set of eigenfunctions for each value of by, so that at
infinite N we have an infinite degeneracy at each level.
The equation for Oy;;(by,bs) can be solved in the same way. We find

b1+bo

N+bo+
f (b b ) _ (_1)n l g (2N+2b0+b1+b2) (2N+2b0+b1+b2) Ja —(N+bo+b1+b2),—n
n\%0, Y1) — 2 N+bo+b1+b2 n 251 \ —(2N+2bg+b1+b2)

2
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n=0,1,..,min(J,ny —2J)

where J = b+ by is fixed, by = ny — 3by — 2b; and min(a, b) is the smallest of
the two integers a and b. Only half the states are retained because by, by > 0
and we again obtain a spacing of 8ng2,,. Notice that we obtain a set of
eigenfunctions for each value of J, so that at infinite N we again have an
infinite degeneracy at each level. For O;(by, bs) we find

?)

1\ Vot 3 (N-+bo-+b)
n 2N+2bo+b1\ (2N+2bo-+b - ,—n
fa(bo,br) = (=1) (5) \/(J\H:l:mtol:lr 1) (n e 1)2F1 (—(2N+%bo—01—b1)

n=20,1,...int (nz2— J)

where J = by+ b1+ b is fixed and by = nz —3by—2b;. Only half the states are
retained because by, by > 0 and we again obtain a spacing of 8ng2,,. Notice
that we obtain a set of eigenfunctions for each value of J, so that at infinite
N we again have an infinite degeneracy at each level. It would be interesting
to solve the recursion relations arising from Oy (b, by) and Oy (b1, by). We
will not do so here.

6.2.2 j3=0(1)

We now turn to the j3 = O(1) example. We have already studied the con-
tinuum limit of the operators A1y, Ay3, and Ass. In addition to these three
operators, we will also need the continuum limit of A@  A® and A(©). Tak-
ing j,k < m and defining the continuum variables w = k/y/m, z = j//m
it is straight forward to obtain

ow 0z 4
A(b)oo k) — 2 — Qi : — 9w2
’ 0z ow 4
) N> 9
©N (5 Y 9Y ) 2.2
AYO(5, k) — (aw 282) TRiE

These all correspond to oscillators with an energy level spacing of 3. Once
again, because 7,k > 0, only half the states are valid solutions implying a
final level spacing of 6. Finally, we need to consider the continuum limit of
the coefficients appearing in (5.12). Things simplify very nicely if we focus
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on those operators for which A = (n,n,n3) and ng > n. In this case, we
find

=P =2 —n

so that after taking the continuum limit (5.12) becomes

2 )2 2 2
o2 0N _@-y?|[(0 o) Gtu
or 0Oy 4 ow 0z 4
which is a direct product of harmonic oscillators! Although many interesting
questions could be pursued at this point, we will not do so here.

k3 2
DO(w,:c,y,z) :ggMg ( )

3G+ R O(w,z,y, z)

6.2.3 A p=4 Giant System

Finally, we have studied the action of the dilatation operator when acting
on four giant systems. We will report the result for a four giant system with
four impurities and A = (1,1,1,1). There are a total of 24 operators that
can be defined. The action of the dilatation operator when acting on these
24 operators can be written in terms of (only the labels of the Young diagram
for the Zs is shown; the b; are again the difference in the lengths of the rows)

A120(b1,bo,bs) = —(2N + 2by + 2b1 + 2bgy + b3)O(b1, ba, bs) +
\/(N+b0+b1+b2)(N+bo+b1 +b2+b3) (O(bl,b2+1,b3—2)+0(b1,b2 — 1,b3+2)) s

A130(b1,b2) = —(2N + 2bg + 2b1 + ba + b3)O(b1, ba, b3) +
\/(N+bo+b1)(N+bo+b1 +ba4+03) (O(by +1,b0 —1,b5 — 1)+ O(by — 1,b0 + 1,03+ 1)) ,

A140(b1,ba,b3) = —(2N + 2bg + by + ba + b3)O(b1,ba, b3) +
\/(N +bo)(N 4+ bg + b1 + b2 +b3) (O(by — 1,ba,b3 — 1) + O(b1 + 1,b2,b3 + 1)) ,

AQgO(bl, bg, b3) = —(2N + 2by + 2b1 + bg)O(bl, b, b3) +
V(N 4 bg + b1)(N + bg + by + b2) (O(by +1,by — 2,b3 + 1) + O(by — 1,by + 2,b3 — 1)) ,

A9y O(b1,b2,b3) = —(2N + 2by + by + b2)O(b1, b2, b3) +
V(N +b0)(N +bg+ by +by) (O(by —1,bg — 1,b3 + 1) +O(by + 1,by +1,b3 — 1)) ,

A340(b1, b, bg) = —(2N + 2by + bl)O(b1, b, bg) +
V(N +b0)(N +bo + b1) (O(by — 2,by +1,b3) + O(by 4+ 2,by — 1,b3)) ,
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After diagonalizing on the impurity labels we obtain the following decoupled
problems: One BPS state

DO(by, by, b3) =0, (6.8)

six operators with two rows participating

DO(bla b27 b3) = _29\2(MAijO(bl7 b27 bS)v (Z]) = {(12>7 (13)7 (14)7 (23)7 (24)> (34)}7

(6.9)
four doubly degenerate operators with three rows participating (so each equa-
tion appears twice) giving eight more operators

DO(bl, bQ, b3) = _ngM(AIZ + Alg + AQg)O(b17 bQ, b3), phlS 3 more > (610)
six operators of the type

DO(by, by, b3) = —giM(Au + Aog + Ass + A14)O(by, bs, b3),  plus 5 more,
(6.11)
and finally three operators of the type

DO(bl, bg, bg) = _2g\2(M(A12 + A34)O(b1, bg, bg), phlS 2 more . (612)

The equations (6.8), (6.9) and (6.10) can be solved with a very simple exten-
sion of what was done for the three giant system.
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Chapter 7

Summary and Important Lessons

In this dissertation we have added to the technology developed in [5, 10, 11,

, 13,7, 9, 14, 15] for working with restricted Schur polynomials by describ-
ing a new version of Schur-Weyl duality that provides a powerful approach
to the computation and manipulation of the symmetric group operators ap-
pearing in the restricted Schur polynomials. Using this new technology we
have shown that it is straight forward to evaluate the action of the one loop
dilatation operator on restricted Schur polynomials. We studied the spec-
trum of one loop anomalous dimensions on restricted Schur polynomials that
have p long columns or rows. For p = 3,4 we have obtained the spectrum
explicitly in a number of examples, and have shown that it is identical to
the spectrum of decoupled harmonic oscillators. This generalizes results ob-
tained in [9, 14, 15]. The articles |9, 14, 15] provided very strong evidence
that the one loop dilatation operator acting on restricted Schur polynomials
with two long rows or columns is integrable. In this dissertation we have
found evidence that the dilatation operator when acting on restricted Schur
polynomials with p long rows or columns is an integrable system. To obtain
this action we had to sum much more than just the planar diagrams so that
integrability in N' = 4 super Yang-Mills theory is not just a feature of the
planar limit, but extends to other large N but non-planar limits.

The operators we have studied are dual to giant gravitons in the AdSsx S°
background. These giant gravitons have a world volume whose spatial com-
ponent is topologically an S®. The excitations of the giant graviton will
correspond to vibrational excitations of this S®. At the quantum level, the
energy in any particular vibrational mode will be quantized and consequently,
the free theory of giant gravitons should be a collection of decoupled oscilla-
tors, which provides a rather natural interpretation of the oscillators we have
found.

Giant gravitons are D-branes. Attaching open strings to a D-brane pro-
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vides a concrete way to describe excitations. Are these open strings visible in
our work? Recall that, since the giant graviton has a compact world volume,
the Gauss Law implies that the total charge on the giant’s world volume must
vanish. When enumerating the possible stringy excitation states of a system
of giant gravitons, only those states consistent with the Gauss Law should be
retained. In [5], restricted Schur polynomials corresponding to giants with
“string words” attached were constructed and, remarkably, the number of
possible operators that could be defined in the gauge theory matches the
number of stringy excitation states of the system of giant gravitons. In this
study we have replaced open strings words with impurities Y, which does not
modify the counting argument of [5]. Our results add something new and
significant to this story: not only does the counting of states match with that
expected from the Gauss Law, but, as we now explain, the structure of the
action of the dilatation on restricted Schur polynomials itself is closely related
to the Gauss Law. Consider the three giant system with A = (1,1,1). For
this A we have three impurities and hence we consider open string configu-
rations with 3 open strings participating. There are three rows in the Young
diagrams, corresponding to three giant gravitons. Draw each giant graviton
as a solid dot as shown in figure 7.1. The Gauss Law constraint then be-
comes the condition that there are an equal number of open strings coming
to each particular dot as there are leaving the particular dot. We find six
possible open string configurations consistent with the Gauss Law as shown
in figure 7.1. Our results suggest that the action of the one loop dilatation
operator is also coded into these diagrams. For each figure associate a factor
of A;; for a string stretching between dots i and j'. Since A;; = Aj;, the last
two figures shown translate into the same equation, but because the string
orientations are different they do represent different states. A string starting
and ending on the same dot does not contribute a A. Once the complete set
of A;; are read off the diagram, the action of the dilatation operator is given
by summing them and multiplying by —g2,,. Thus, the first diagram shown
translates into

DO(by,by) =0
The last two diagrams both give
DO(by,by) = —gsM(Ax’, + Ajp + Ay3)O(by, by)
and the remaining three diagrams give

DO(by, by) = —2¢2,,A120(b1, by) ,  DO(by,by) = —2g2,A130(by, by)

'Recall that A;; effectively moves boxes betweeen rows i and j.
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Figure 7.1: A schematic representation of the possible excitations of a three giant
system that are consistent with the Gauss Law. Each giant graviton is represented
by a labeled point. Lines represent open strings.

DO(bl, bg) = —29\2,MA230(Z)1, bg) .

This is exactly the action we finally obtained in (6.7)! In Appendix E we
have given a summary of another detailed computation we have performed:
a three giant system with A = (3,2,1). The Gauss Law description is again
perfect. This connection provides a remarkably simple and general way of
describing the action of the one loop dilatation operator in the large N but
non-planar limit. We learn that the action of the dilatation operator is given
by summing a collection of operators A;;, each appearing some integer n;;
number of times

DO(by,b2) = —gon, > 1Ay O(b1, by) . (7.1)
ij
[58] have proven that the one loop dilatation operator on restricted Schur
polynomials in the displaced corners sector always diagonalizes on the im-
purity labels to this form?, confirming the Gauss Law connection we have
found.
In Appendix D we study the action (7.1) in a natural continuum limit

and find it takes the form
) ) 92 72
~9vm Z niinj — Gym Z Dy |:_F + Z:| :
ij I LT

Thus, at one loop and in this continuum limit, the dilatation operator reduces
to an infinite set of decoupled oscillators. The open string excitations of the

2This is done by identifying the space of excited giant gravitons with a double coset,
and then using the Fourier transform on this coset.
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p giant graviton system are, at low energy, described by a Yang-Mills theory
with U(p) gauge group. It seems natural to identify the U(p) which played
a central role in our new Schur-Weyl duality with this gauge group.

Although we have focused on the SU(2) sector of the theory, it is not
difficult to add another impurity flavor. Indeed, a remarkable and surprising
result of [57] which studied the p = 2 case, is the fact that projectors from
Sntm+q t0 Sp X Sy, X Sy can be constructed by taking a direct product of
two SU(2) projectors.

The Gauss Law constraint is an exact statement about the worldvolume
physics of giant gravitons. For this reason the connection we have found
between the Gauss Law constraint and the action of the one loop dilatation
operator should persist to higher loops. In an intense calculation, [59] have
verified that the two loop dilatation operator does retain this Gauss Law
connection. Clearly despite the enormous number of diagrams that need to
be summed to construct this large N but non-planar limit, we are finding
evidence that a simple integrable system emerges in the end!
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Appendix A

Conformal Symmetry

Conformal transformations rescale the metric

0x'* 0x'8
ga,@(‘rl) Ok Oxv = Q2<x>g,uu(x> . (Al)

For a scale factor Q%(z) = 1, the condition above corresponds to the usual
Poincaré group (translations, rotations and boosts). Consider now a rescaling

" = Nzt |

if we choose €22 = A2, then the metric will be invariant under a rescaling!
Consequently, conformal field theories cannot have any dimensionful param-
eters as these would impose a length scale on the theory.

Figure A.1: A fractal pattern illustrating scale inavariance (M. C. Escher).

The only other transformations that will satisfy A.1 are the special con-
formal transformations
xt — bt
C1—=2b-x+ b2

I
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with Q(z) = (1 + 2b - x + b*x?) 2. By rewriting the above expression as

we see that the special conformal transformations can be understood as an
inversion of x*, followed by a translation 0*, and followed again by an inver-
sion.

rH —bH

aH

-

Figure A.2: Special conformal transformation in two dimensions [23].
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Appendix B

Elementary Facts from U (p)
Representation Theory

In this appendix we collect the background U (p) representation theory needed
to understand our construction and diagonalization of the dilatation opera-
tor. There are many excellent references for this material. We have found
[53, 54] useful. See also [55] for an extremely useful Clebsch-Gordan calcula-
tor.

B.1 The Lie Algebra u(p)

It is simpler to study the Lie algebra u(p) instead of the group U(p) itself.
Most results obtained for representations of u(p) carry over to U(p). In
particular, the Clebsch-Gordan coefficients (which play a central role in our
construction) of their representations are identical. The structure of the u(p)
algebra is easily illustrated using a specific basis. Let F;; with 1 <1¢,7 <p
be the matrix

(Eij)rs - 5i7’5js )

so that it has only one non-zero matrix element. A convenient basis for the
Lie algebra is generated by the matrices

1By, 1<k<p,

i(Egp—1+ Ex_11), Eyp—1— Ep_1, 1<k<p.

u(p) is spanned by real linear combinations of these matrices. The restric-
tion of any irreducible representation of GL(p,C) onto the subgroup U(p)
is also irreducible. Thus the carrier space of the irreducible representations
of U(p) share the same basis as the irreducible representations of GL(p, C)
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and consequently, a labeling for gl(p, C) irreducible representations is also a
labeling for u(p) irreducible representations.

B.2 Gelfand-Tsetlin Patterns

Gelfand and Tsetlin have introduced a powerful labeling for u(p) irreducible
representations and the basis states of their carrier spaces|[60]. This labeling
chooses basis states that are simultaneous eigenstates of all the matrices Jz(l),
and further, explicit formulas are known for the matrix elements of the Jg)
with respect to these basis states. An inequivalent irreducible representation
for GL(p,C) is uniquely given by specifying the sequence of p integers

m = My, Map, - .., Myp), (B.1)

satisfying my, > my41, for 1 <k <p —1. Through out this dissertation we
call this sequence the weight of the irreducible representation. The restriction
of this irreducible representation onto the subgroup GL(p—1, C) is reducible.
It decomposes into a direct sum of GL(p — 1, C) irreducible representations
with highest weights

m' = (mLp,l, mgyp,l, . ,mp,l,p,l), (BQ)
for which the “betweenness”’ conditions
Mip > My p—1 = My,  for I1<k<p-1

hold. The carrier spaces of the GL(p, C') irreducible representations now give
rise to (after restricting to the GL(p — 1,C') subgroup) GL(p — 1,C) irre-
ducible representations. We can keep repeating this procedure until we get
to GL(1,C) which has one-dimensional carrier spaces. The Gelfand-Tsetlin
labeling exploits this sequence of subgroups to label the basis states using
what are called Gelfand-Tsetlin patterns. These are triangular arrangements
of integers, denoted by M, with the structure

mlp 77’L2p mp_l,p mpp
mip-1 m2p-1 -« Mp—1p-1

mi2 ma2
mi1

The top row contains the weight that specifies the irreducible representation
of the state and the entries of lower rows are subject to the betweenness
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condition. Thus, the lower rows give the sequence of irreducible represen-
tations our state belongs to as we pass through successive restrictions from
GL(p,C) to GL(p—1,C) to ... to GL(1,C). The dimension of an irreducible
representation with weight m is equal to the number of valid Gelfand-Testlin
patterns having m as their top row.

B.3 X and A Weights

We make extensive use of two weights in our construction: ¥ weights and A
weights. Define the row sum

l
0'[(M) = ka,l .
k=1

The sequence of row sums defines the sigma weight
(M) = (0p(M), 0p-1(M),- -+, 01(M)) .

The sigma weights do not provide a unique label for the states in the carrier
space. Indeed, it is possible that ¥(M) = 3(M’) but M # M’. The number
of states ¥(M) in the carrier space that have the same ¥ weight ¥ = X(M)
is called the inner multiplicity I(X) of the state. The inner multiplicity plays
an important role in determining how many restricted Schur polynomials can
be defined. The A weights are defined in terms of differences between row
sums

AM) = (0,(M) = 051 (M), 0,1 (M) = 0,o(M), -, 01 (M) — 09(M))
= (8,(M), 8,1 (M), --- 8, (M)

where o9 = 0. We could also ask how many states in the carrier space have
the same A, denoted I(A). It is clear that I(A) = I(X). The A weights
play an important role in determining how the three Young diagram labels
R, (r,s) of the restricted Schur polynomials X g )% translate into a set of
U(p) labels. It tells us how boxes were removed from R to obtain r. Further,
the multiplicity labels jk of the restricted Schur polynomial each run over
the inner multiplicity.

B.4 Relation between Gelfand-Tsetlin Patterns
and Young Diagrams

There is a one-to-one correspondence between > weights and Young di-
agrams, and between Gelfand-Tsetlin patterns and semi-standard Young
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tableaux. The language of semi-standard Young tableau is a key ingredi-
ent in understanding how the three Young diagram labels R, (r,s) of the
restricted Schur polynomials X g rs);r translate into the U(p) language, so
we will review this connection here. Recall that a Young diagram is an ar-
rangement of boxes in rows and columns in a single, contiguous cluster of
boxes such that the left borders of all rows are aligned and each row is not
longer than the one above. The empty Young diagram consisting of no boxes
is a valid Young diagram. For a wu(p) irreducible representation there are
at most p rows. Every Young diagram uniquely labels a u(p) irreducible
representation. A (semi-standard) Young tableau is a Young diagram, with
labeled boxes. The rules for labeling are that each box contains a single
integer between 1 and p inclusive, the numbers in each row of boxes weakly
increase from left to right (each number is equal to or larger than the one to
its left) and the numbers in each column strictly increase from top to bottom
(each number is strictly larger than the one above it). The basis states of a
u(p) representation identified by a given Young diagram D can be uniquely
labeled by the set of all semi-standard Young tableaux. The dimension of
a carrier space labeled by a Young diagram is equal to the number of valid
Young tableaux with the same shape as the Young diagram. Each Gelfand-
Tsetlin pattern M corresponds to a unique Young tableau. We will now
explain how to construct the Young tableau given a Gelfand-Tsetlin pattern.
Each step in the procedure is illustrated with a concrete example given by
the following Gelfand-Tsetlin pattern

Start with an empty Young diagram (no labels). The first line of the Gelfand-
Tsetlin pattern tells you the shape of the Young diagram - m;, is the number
of boxes in row ¢. Thus, the information specifying the irreducible represen-
tation resides in the topmost row of the pattern. For the example we consider
the Young diagram is |

The last row of the Gelfand-Tsetlin pattern tells us which boxes are labeled
with a 1. Imagine superposing the smaller Young diagram defined by the
last row of the pattern onto the full Young diagram, so that the topmost
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and leftmost boxes of the two are identified. Label all boxes of this smaller
Young diagram with a 1. For the example we consider

1[1 \

The second last row of the pattern tells us which boxes are labeled with a 2.
Again superpose the smaller Young diagram defined by the second last row
of the pattern onto the full Young diagram and again identify the topmost
and leftmost boxes of the two. Label all empty boxes of this smaller Young
diagram with a 2. For the example we consider

1[1]2] ]
2[2

Keep repeating this procedure until you have used the first row to identify
the boxes labeled p. The result is a semi-standard Young tableau. The semi
standard Young tableau for the example we consider is

1[2]4]
2[4

‘»&‘w DO | =

The number of boxes containing the number [ in tableau row k is given by
My — My, —1 and we set my; = 0if & > [. The converse process of transcribing
a semi-standard Young tableau to a Gelfand-Tsetlin pattern is now obvious.
The components 6;(M) of the A weight of a Gelfand-Tsetlin pattern M, is
the number of boxes containing [ in the tableau corresponding to M. Thus,
the tableau corresponding to two patterns with the same A weight contain
the same set of entries (i.e. the same number of [-boxes) but arranged in
different ways. One interpretation for the inner multiplicity is that it simply
counts the number of ways to arrange the relevant fixed set of entries in the
tableau.

B.5 Clebsch-Gordon Coefficients

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

R@S=>Y av(T)T. (B.3)
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In general a particular irreducible representation 7' can appear more than
once in the product R ® S. The integer v(T') indicates the multiplicity of T
in this decomposition. For the applications we have in mind, we will need
the direct product of an arbitrary representation with weight m, with the
defining representation which has weight (1,0). In this case all multiplicities
are equal to 1 and we need not worry about tracking multiplicities. Use the
notation mp to denote the weight of irreducible representation R and Mg to
denote the Gelfand-Tsetlin pattern for a particular state in the carrier space
of this irreducible representation. There are two natural bases for R®S. The
first is simply obtained by taking the direct product of the states spanning
the carrier spaces of R and S. The states in this basis are labeled, using a
bra/ket notation, as'
|mR, MR; mg, M5> .

The second natural basis is given as a direct sum over the bases of the carrier
spaces for the irreducible representations 7" appearing in the sum on the right
hand side of (B.3). The states in this basis are labeled as”

‘mTa MT>

where T runs over all irreducible representations appearing in the sum on the
right hand side of (B.3). The Clebsch-Gordan coefficients supply the trans-
formation matrix which takes us between the two bases. They are written
as the overlap

<mR, MR; mg, Ms|mT, MT> .

From now on we will drop the R, S, T labels which are actually redundant
since the particular irreducible representations we consider are uniquely la-
beled by the weight which is recorded in the first row of the corresponding
Gelfand-Tsetlin patterns. It is known that we can write the Clebsch-Gordan
coefficients of U(p) in terms of the Clebsch-Gordan coefficients of U(p — 1)
g

! 12

m m
(my,, M;m/, M'|lm M") = P P
P P P my—1 mpfl

m

m p—1

p—1

On the right hand side we have the Clebsch-Gordan coefficients of the group
U(p — 1) and on the left hand side we have the Clebsch-Gordan coefficients

"'When discussing and using the Clebsch-Gordan coefficients, we prefer to use a bra/ket
notation. In our previous notation we could write this basis vector as ¥(Mg) ® 9(Mg).

2In general one would also need to include a multiplicity label among the labels for
these states.

3Again, we are using the fact that for our applications multiple copies of the same
representation are absent. In general one needs to worry about multiplicities.
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of the group U(p). The weights mp,m m” label irreducible representa-
tions of U(p), while weights m,,_,, mp_l, m _, label irreducible representa-
tions of U(p — 1). The Gelfand-Tsetlin patterns M, M and M are ob-
tained from M, M’ and M" respectively by removing the first row. Thus,

the weights m,,_;,m},_,,m; ; correspond with the second rows in M, M /

//
and M". The coefficients ( My m,

m,_; mp 1 ‘ mp 1
tors of the Clebsch-Gordan coefficients (m,,, M;m;,, M'|m7, M"). Applying
the above factorization to the chain of subgroups referenced by the Gelfand-
Tsetlin pattern, we obtain

are called the scalar fac-

m’

" li
. ! ! " " _ m,, m mp ; mj, ; m, ;
(m,, M;m), M'[m;, M") = /P g 7 "
m, . m, ; | my, m;, o m, o | m,

!
m, o m
x( P P

2
m,_3 mp g

Thus, the Clebsch-Gordan coefficients can be written as a product of scalar
factors.

There is a selection rule for the Clebsch-Gordan coefficients. The Clebsch-
Gordan coefficients vanish unless

J J J
Z / _2 : " .
i=1 =1 =1

The only Clebsch-Gordan coefficient that we will need for our applications
come from taking the product of some general representation m, with the
fundamental representation. The weight of the fundamental representation
s (1,0,...,0) with p — 1 Os appearing. The product we consider has been
studied and the following result is known

m, ® (1,0)=> m}". (B.4)

i=1

where m* * is obtained from m, by replacing m;, by m;, + 1. Of course, if
this replacement does not lead to a valid Gelfand-Tsetlin pattern there is no
corresponding representation. The term with the illegal pattern should be
dropped from the right hand side of (B.4). From (B.4) we see that multiple
copies of the same irreducible representation are absent on the right hand
side. We have made use of this repeatedly in this subsection. These Clebsch-
Gordan coefficients factor into products of scalar factors of the form

m,  (1,0), | my’ m, (1, o> m;?
(mp—l (1, 0)10 A ) ot (mp—l (0, ) - ) '

p—1
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Explicit formulas for these scalar factors are known

[T (k1 = Lip — 1) TThsi (kp — Lip1)

] ) — 5(i,)

1
2

ti(lp = Uip) TToy (k1 — Lip1 — 1)
T2 (g1 — lip —

m} _ 1)
Mp—1 lip)

where [y, = mg, — s, S(i,7) =1if i < jand S(i,j) = —1if i > j.

?#i (ljp -

B.6 Explicit Association of labeled Young Di-
agrams and Gelfand-Tsetlin Patterns

The association we spell out in this section is at the heart of our new Schur-
Weyl duality and it demonstrates how we associate an action of U(p) to a
Young diagram with p rows or columns. First consider the case of a Young
diagram with O(1) rows and O(N) columns. This situation is relevant for the
description of AdS giant gravitons. We consider Young diagrams in which a
certain number of boxes are labeled. To keep the argument general assume
that the Young diagram has p rows. These labeled boxes are put into a one-
to-one correspondence with p-dimensional vectors. If box i appears in the

¢ row it is associated to a vector with components

(i) = Ong -

These states live in the carrier space of the fundamental representation of
U(p). In this subsection we would like to clearly spell out the Gelfand-
Testlin pattern labeling of these vectors. We will spell out our conventions
for U(3). The generalization to any p is trivial. Our conventions are

LT[ [1] 10 0

— 1 0

_1_

HEEEEE (1 0 0]

1 — 1 0
_O_

HEEEEE (1 0 0]

— 0 O

1 0]

The particular label (the 1 in this case) is irrelevant - its the row the label appears in that
determines the pattern.
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For the case of Young diagrams with O(NN) rows and O(1) columns we have

1

This situation is relevant for the description of sphere giant gravitons. Note
that in addition to specifying the above correspondence between Gelfand-
Tsetlin patterns and labeled Young diagrams, one also needs to assign the
phases of the different states carefully. For a discussion see section 4.5.

B.7 Last Remarks

A box in row ¢ and column 5 has a factor equal to N — i+ j. To obtain the
hook length associated to a given box, draw a line starting from the given
box towards the bottom of the page until you exit the Young diagram, and
another line starting from the same box towards the right until you again exit
the diagram. These two lines form an elbow - the hook. The hook length
for the given box is obtained by counting the number of boxes the elbow
belonging to the box passes through. Here is a Young diagram with the hook
lengths filled in

3/1]
1

= || Ot

For Young diagram R we denote the product of the hook lengths by hooksp.
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Appendix C

Elementary Facts from 5,
Representation Theory

The complete set of irreducible representations of S,, are uniquely labeled by
Young diagrams with n boxes. From this Young diagram we can construct
both a basis for the carrier space of the representation as well as the matrices
representing the group elements. We will review these constructions in this
Appendix. A useful reference for this material is [50].

C.1 Young-Yamonouchi Basis

A particularly convenient basis for the carrier space of an irreducible rep-
resentation of the symmetric group is provided by the Young-Yamonouchi
basis. The elements of this basis are labeled by numbered Young diagrams -
a Young tableau. For a Young diagram with n boxes, each box in the tableau
is labeled with a unique integer ¢ with 1 < ¢ < n. In our conventions this
numbering is done in such a way that if all boxes with labels less than k& with
k < n are dropped, a valid Young diagram remains. As an example, if we
consider the irreducible representation of S, corresponding to

then the allowed labels are

Examples of labels that are not allowed include

411 112 3
312 314 214

[t
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For any given Young diagram the number of valid labels is equal to the
dimension of the irreducible representation and each label corresponds to a
vector in the basis for the carrier space. This basis is orthonormal so that,

for example
41311143\ _ 41311142\ _
<21‘21>_1’ <21‘ 1>_0‘

C.2 Young’s Orthogonal Representation

w

A rule for constructing the matrices representing the elements of the sym-
metric group is easily given by specifying the action of the group elements
on the Young-Yamonouchi basis. The rule is only stated for “adjacent per-
mutations” which correspond to cycles of the form (i,7 + 1). This is enough
because these adjacent permutations generate the complete group. To state
the rule it is helpful to associate to each box a factor'. The factor of a box in
the i*® row and the j'® column is given by K — i+ j. Here K is an arbitrary
integer that will not appear in any final results. We will denote the factor
of the box labeled [ by ¢;. Let T denote a Young tableau corresponding to
Young diagram 7" and let Tij denote exactly the same tableau, but with boxes
7 and j swapped. The rule for the action of the group elements on the basis

vectors of the carrier space is
)+ /1 S )
(Ci - Ci+1>2 pEy

C.3 Partially labeled Young Diagrams

Cr((i,i+ 1))

- 1
T> -
Ci — Ci+1

Consider a Young diagram containing n 4+ m boxes so that it labels an irre-
ducible representations of S,.,,. We will often consider “partially labeled”
Young diagrams, which are obtained by labeling m boxes. The remaining n
boxes are not labeled. We only consider labelings which have the property
that if all boxes with labels < ¢ are dropped, the remaining boxes are still
arranged in a legal Young diagram. We refer to this as a “sensible labeling”.
What is the interpretation of these partially labeled Young diagrams? To
make the discussion concrete, we will develop the discussion using an ex-
plicit example. For the example we consider take n = m = 3 and use the

IThis number is also commonly called the “weight” of the box. Here we will refer to
it as the factor since we do not want to confuse it with the weight of the Gelfand-Tsetlin
pattern.
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following partially labeled Young diagram

1]
2] . (C.1)

3

If the labeling is completed, this partially labeled diagram will give rise to a
number of Young tableau. For our present example two tableau are obtained

6[5]1] 6[4]1]
412 5(2
3 3

Each of these represents a vector in the carrier space of the Sg irreducible

representation labeled by the Young diagram ,J‘ : Thus, a partially labeled

Young diagram stands for a collection of states. Next, note that the subspace
formed by this collection of states is invariant (you don’t get transformed out
of the subspace) under the action of the S5 subgroup which acts on the boxes
labeled 4,5 and 6. Thus, this subspace is a representation of S3. In fact, it
is easy to see that it is the irreducible representation labeled by Hj This
Young diagram can be obtained by dropping all the labeled boxes in (C.1).
From this example we can now extract the general rule:

Key Idea: A partially labeled Young diagram that has n + m boxes, m of
which are labeled, stands for a collection of states which furnish the basis for
an irreducible representation of S,, x (S1)™. The Young diagram that labels
the representation of the S,, subgroup is given by dropping all labeled boxes.

Finally, note that the only representations r that are subduced by R are
those with Young diagrams that can be obtained by pulling boxes off R. This
follows immediately from the well known subduction rule for the symmetric
group which states that an irreducible representation of S, labeled by Young
diagram R with n boxes will subduce all possible representations R, of S,,_1,
where R/ is obtained by removing any box of R that can be removed such the
we are left with a valid Young diagram after removal. Each such irreducible
representation of the subgroup is subduced once.

C.4 Simplifying Young’s Orthogonal Represen-
tation: The Displaced Corners Approxi-
mation

In this section we would like to consider a collection of partially labeled
Young diagrams. A total of m boxes are labeled, with a unique integer ¢
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(1 <i < m) appearing in each box. The set of boxes to be removed are the
same for every partially labeled Young diagram. The set of partially labeled
Young diagrams we consider is given by including all possible ways in which
the m boxes in the Young diagrams can sensibly be labeled. We can consider
the action of the S,, subgroup which acts on the labeled boxes. This action
will mix these partially labeled Young diagrams. We will consider Young
diagrams with p rows built out of O(N) boxes. For the generic operator we
consider, the difference in the length between any two rows will be O(N)
which we refer to as the ‘displaced corners approximation’. If we consider
the case m = yN with v ~ O(N?) < 1, any two labeled boxes (i and j say)
that are not in the same row will have factors that obey |¢; — ¢j| ~ O(N).
Young’s orthogonal representation is particularly useful because it simplifies
dramatically in this situation. Indeed, if the boxes 7 and ¢+ 1 are in the same

row, ¢ + 1 must sit in the next box to the left of ¢ so that

Cr((i,7+ 1)) |[samerow state) = |same row state) . (C.2)

The same state appears on both sides of this last equation. If i and 7+ 1 are
in different rows, then ¢; — ¢;41 must itself be O(N). In this case, at large N

replace —— = O
Ci—Ci1

(b;') by 0 and /1 — L =1-0(b") by 1 so that

(ci—cit1)

g ((i,7 4 1)) |different row state) = |swapped different row state) . (C.3)

The notation in this last equation is indicating two things: ¢ and ¢ + 1 are
in different rows and the states on the two sides of the equation differ by
swapping the ¢ and i + 1 labels. An example illustrating these rules is

re(1,2)]

[ [ ] 321>:‘

[ [ ] 321>

e ((1,2)]

1

[ 1] 32>:‘

2

[ 1] 31>.

We will also consider Young diagrams with p columns built out of O(N)
boxes. For the generic operator we consider, the difference in the length
between any two columns will be O(NN). Since we consider the case m = yN
with v ~ O(N?) < 1, any two labeled boxes (i and j say) that are not in
the same column will again have factors that obey |¢; — ¢;| ~ O(N). If the
boxes 7 and 7 + 1 are in the same column, 7 + 1 must sit above 7 so that

I'r((i,7 4+ 1)) |[same column state) = —|same column state) . (C4)
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The same state appears on both sides of this last equation. If i and i + 1 are
in different columns, then ¢; — ¢; 11 must itself be O(N). In this case, at large

N again replace —— = O(b;') by 0 and ,/1 — —L— =1-0(b;') by 1

Ci—Cit1 (ci—cit1)
so that

I'r ((,7+ 1)) |different column state) = |swapped different column state)(C.5)

The notation in this last equation is indicating two things: ¢ and 7 + 1 are
in different columns and the states on the two sides of the equation differ by
swapping the ¢ and 7 + 1 labels. An example illustrating these rules is:

-

Thus, the representations of the symmetric group simplify dramatically in
this limit.

1 2
FR((1v2)) ‘ > ‘ > FR ((172)) ‘

[=[eo]ee] ]
[=[eo]ee] ]

3] 3]
2] 1]
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Appendix D

Continuum Limit

In this Appendix we will study the action of A;; on a Young diagram with
p rows. The row closest to the top of the page is row 1 and the row closest
to the bottom of the page is row p. The number of boxes in row ¢ minus the
number of boxes in row ¢ + 1 is given by b,_;. A;; exchanges boxes between
rows ¢ and j; we always have i # j. If | — j| > 1 we have

A;;O(bg, ..., by_1) 2N+Zbk+2b (Do, .., bp—1)
TNt Z N+Zb [ (B ooy byei—1, byt +Ls ooy byt 1, by i1 —1, o,
k=0

+O(bgy ooy by + 1 by jar — 1y ooy by — 1, byt + 1, ...,b,,_l)] .

It proves convenient to introduce the variables

i
L= by i=12.,p-1.
Making the ansatz

O= Y fbo,l1,ily—1)O(bo, 11, ooos Lpy)
]

for operators of a good scaling dimension, we find
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AUO — Z f(b[),ll,...,lp_l)AijO(b(),ll,...,lp_l)

bOyl’iP'"lp—l

== Z Aijf(b07ll7"'7lp—1)0(b07ll7"‘7lp—1)

where!
Aijfboy by, ooy lyo1) = —(2N 4 2bg + 1 + 1) f(bo, Ly, ovy Lp1)
_ \/(N + by + L)(N + by + 1)) [f(bo, b= 1L+ 1 D)

4 fboy i1, =1, 1)

The continuum limit we consider takes N 4 by — oo holding the variables

l;
VN +bo

xT; =

fixed. Using the expansions

L+l (=)
2 8(N + by)

VOV 4o+ L) (N + b+ 1) = N+ by +

[ )/ i_lx2

and

1 1

Doy ooy — 1,y i+ 1,0 Dy ooy Qg — e o T — e

f( 0 J ) - f( 0 \/m J \/m )
1 0 1 0 1 0?
:f(b07' 7llv 7l]a )_—_f+ f+ ];.
\/N+b0 3% \/N+b0 8.% 2(N+b0) 81’1
P 0

we find that in the continuum limit we have

!As the reader can easily check, this formula is also true when |i — j| = 1 i.e. its

completely general.
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2
Byf = (8 a) po i)y :mab<a ’ —x“xb)f,

dzr; O; Ox, Oz, 4
where
Map = 04iObi + 0ajOb; — 0aiOb; — 0q;0pi -
As proved in [58], the action of the dilatation operator in general is given

by summing a collection of operators A;;, each appearing some integer n;;
number of times

DO(bl, bg) == _gﬁ%M Z niinj O(bl, bg) .
]
The result that we obtained above implies that in the continuum limit we
have

o 0 Lol
DAY M, — )
i = (570
where the explicite formula for M, depends on the n;;. In terms of the
orthogonal matrix V' that diagonalizes M

VieM,;Vii = Do

we define the new variable y, = Vjpx;. Written in terms of the new y variables
we have

&y
%:niinj - Za:Da <a_y2_yZ) )

which is (minus) the Hamiltonian of a set of decoupled oscillators. The D,’s,
which are the eigenvalues of M, set the frequencies of the oscillators. For

Z niinj = 2A,
ij

we have
2 =2

M:[—z 2

For
Z niiAij = Aqg + Aoz + Aqg,

4]
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we have
2 -1 -1

M=|-1 2 -1
-1 -1 2

5 D1:O, D2:3:D3.

These are perfectly consistent with the results given in chapter 6. One might
wonder if the D; are always integers. This is not the case. Indeed, for

D niy =D+ Doy + Agy+ .+ Ay,
]

we have ) _
2 -1 0 0 0 -1
-1 2 -1 0 0 O
M= o -1 2 -1 0 0

-1 0 0 0 - =1 2 |

In this case it is rather simple to see that the eigenvalues are
nm
D, =2 — 2cos (7>  n=0,1,..d.

These are not, in general, integer.
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Appendix E

(Gauss Law Example

In this Appendix we report the result of the computation of the action of
the dilatation operator for restricted Schur polynomials with three rows and
A = (3,2,1). There are a total of 60 states that can be obtained by removing
6 boxes as specified by the A weight. The 6 Sg irreducible representations
that can be suduced are

3 B f oo @ g

with the last two irreducible representations being suduced twice. Thus,
there are a total of 12 operators that can be defined. After diagonalizing the
action of the dilatation operator we find

DO =0 (E.1)

DO = —2¢3 ;1,0 (E.2)

DO = —2g% ;M550 (E.3)

DO = —2¢% ,,A130 (E.4)

DO = —2g3 (A2 + A13)0 (E.5)
DO = =2g3 (2015 + Ay3)O (E.6)
DO = =247 3 (A1a + Ag3)0 (E.7)
DO = —4gy 1, A120 (E.8)

DO = —g¥ 3 (A1a + Agz + Ag3)0 (E.9)
DO = —gy 3 (A1z + 3A1 4 As3)O (E.10)

The last two equations each appear twice. The corresponding diagrams are
shown in figure E.1.
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{ }

@
3

2
©
1
ﬁ (E2)
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©
o 3(53}

Figure E.1: The open string configurations consistent with the Gauss Law for
a three giant system with A weight A = (3,2,1). The figure labels match the

corresponding equation.
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