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Abstract

The AdS/CFT correspondence is a conjectured exact duality between type IIB string theory on the
AdSs x S5 background and N' = 4 Super Yang-Mills theory, a conformal field theory (CFT), on
the boundary of the AdS space. A specific observable of the CFT, which can be read from the two
point correlation function, is the anomalous dimension. In this dissertation we will compute spectra of
anomalous dimensions of excited giant gravitons up to two loops in a specific limit. We are interested
in the anomalous dimensions because the AdS/CFT correspondence associates them with energies of
states in quantum gravity. We study operators constructed using n Z fields and m Y fields with
n << m. In this case 7" is a small parameter. At the leading order in 7" and at large NV, the problem of
determining the anomalous dimensions can be mapped into the dynamics of /m non-interacting magnons.
The subleading terms at two loops, computed for the first time in this dissertation, induce interactions
between the magnons. Even after including this new correction, we find the BPS operators remain BPS.
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1. Introduction

An important outstanding problem in theoretical physics is to provide a non-perturbative definition of
string theory valid in all super selection sectors or compactifications and for all values of the string
coupling and all other moduli. There is no guarantee that a single definition exists. Indeed, there may
be profound reasons (related to duality) for why string theory will always be known as a collection of
partial descriptions that may, at best, locally be patched together. However, the construction of this
non-perturbative definition if it exists, would allow one to approach questions about the size of the string
landscape and the existence of a vacuum that matches the observed Universe in a completely rigorous
mathematical way. It would also give some appreciation into what string theory is. Gaining some insight
into whether or not this definition exists and how it may be constructed, is the primary motivation for
the research of this dissertation.

A particularly promising approach to this question is provided by the gauge / gravity duality and more
generally, by holography [1]. The AdS / CFT correspondence [2], [3], [4] provides a concrete example.
Indeed, using the original example of the AdS/CFT correspondence, we can define a class of quantum
type |IB string theories: those that are embedded in spacetimes which are asymptotically AdSs x S°
with background five form flux. The definition for this class of string theories is in terms of the highly
symmetric superconformal four dimensional N/ = 4 super Yang-Mills theory with gauge group U(N).
The definition provides a one-to-one and onto mapping between states of the quantum gravity and
quantum operators of the gauge theory. In the mapping we must find all the objects known to string
theory, perturbative and non-perturbative. Thus, for example, in addition to the perturbative spectrum
of closed strings, we must find D-branes and their open string excitations, as well as other spacetime
geometries, living in the gauge theory.

It is well known that the quantization of the closed string in AdSs x S° is a non-trivial problem. This is
a consequence of the complexity and non-linearity of the equations of motion of the sigma model. This
difficulty is however, completely resolved using the integrability of the string sigma model which is a
powerful tool to solve the model and determine the spectrum of closed string states [5]. By now, using
integrability, the string sigma model has been solved for a large class of closed string backgrounds in
terms of algebraic curves in a complex manifold. Quantum fluctuations of these algebraic curves provide
information about the excited closed string states. For a nice review see [0].

The spectrum of N' = 4 super Yang-Mills theory is computed by the eigenvalues of the dilatation
operator. This spectrum has been determined exactly in the planar limit. The key ingredient is again
integrability: the dilatation operator can be identified with the Hamiltonian of an integrable spin chain
[7] . By now there is overwhelming evidence that planar N/ = 4 super Yang-Mills theory is integrable
to all orders in perturbation theory and the spectrum of anomalous dimensions is calculated by a Bethe
ansatz for an integrable psu(2,2|4) spin chain. In the thermodynamic limit the solutions to the Bethe
ansatz of the gauge theory are the algebraic curves of the closed string. This proves that we should
identify the planar limit of ' = 4 super Yang-Mills theory with classical string theory on AdSs x S°.
Given our long term objective of constructing a non-perturbative definition of string theory, it is natural
to ask whether integrability carries over to non-perturbative sectors of the correspondence. For non-
maximal giant graviton branes the boundary Yang-Baxter equations are not satisfied [8] which indicates
that integrability is probably not present.

Even in the absence of integrability for the open string it is possible that there are other structures that
replace it. These additional structures would give powerful insights into the non-perturbative dynamics
of the string theory. The search for these possible structures motivates the research questions posed by
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this study. Concretely, in this dissertation we will compute certain subleading contributions to the two
loop dilatation operator. The leading contributions at one loop and two loops have been computed [9],
[10], [11] and it is now clear that the leading contribution corresponds to a dilute gass of non-interacting
magnons [3]. The terms we compute correspond to the first interactions of the magnons, and hence
these are important to establish the character of the interacting magnon system.

The first hints of the gauge / gravity duality appeared in 't Hooft's work demonstrating that Yang-Mills
theories admit a large N expansion [12]. The perturbative sector of the string theory is captured by
summing planar ribbon diagrams. In this sector, states of the quantum gravity map into quantum field
theory operators that have a bare dimension which grows at most as the square root of IV as we take N
to infinity. Ribbon diagrams of higher genus encode 1/N corrections. This provides convincing evidence
that ribbon graphs are to be identified with string worldsheets and 1/N is to be identified with the
string coupling. The non-perturbative sector of the string theory maps into operators whose dimensions
always grows faster than the square root of IV as we take IV to infinity. This implies that the planar
diagrams no longer dominate the large N expansion and the usual organization of the 1/N expansion in
terms of the genus of ribbon graphs breaks down. Standard large N expansion methods are no longer
useful and a new approach to the problem must be developed. The approach taken in the investigation
of this proposal makes heavy use of group representation theory that has manifested a rich interplay
between combinatorics, geometry and topology. In one example of this approach a basis for the local
operators of the theory, the so-called restricted Schur polynomials, are constructed. The construction of
these operators uses intertwining maps that map between representations of subgroups of the symmetric
group. Observables of the gauge theory, including the dilatation operator, can be expressed as simple
expressions in terms of these intertwining operators. This approach allows one to exhibit remarkable
and, at first sight, completely unexpected simplifications. For example, the computation of the spectrum
of anomalous dimensions of operators dual to excited giant graviton branes is reduced to the problem
of diagonalizing collections of decoupled harmonic oscillators [9]. The origin of these oscillators in the
dual gravitational picture can be traced back to magnon excitations of the half BPS sector [8].

In the remainder of the first chapter, we review additional background material which motivates and
informs this study. In the second chapter of this dissertation, the relevant methods and techniques
from group representation theory are reviewed. Chapter three explains how these methods are used
to evaluate the one loop dilatation operator and chapter 4 does the same for the two loop dilatation
operator. In chapter 5 we discuss our results and in chapter 6 we conclude.

1.1 Anti-de Sitter (AdS) spacetime

Low energy gravity is described by Einstein's theory of general relativity (GR). This theory describes
the gravitational interaction in terms of the curvature of spacetime. Curvature can be zero, positive or
negative. The spacetime with a constant negative curvature R < 0 is called anti-de Sitter spacetime, or
simply AdS spacetime [13]. In this space the sum of the interior angles of a triangle, will be less than
180 degrees. AdS spacetime has a boundary. According to the AdS/CFT correspondence, quantum
gravity in AdS spacetime is completely equivalent to the dynamics of a conformal field theory which
lives on the boundary of the spacetime. In order to properly appreciate the correspondence, we need to
know the basics of the geometry of AdS space. In this section we will review these basics.

The AdS space is an exact solution of Einstein's field equations [13], with Lorentzian signature (— +
+---4). In 5 dimensions, we can visualize this geometry as the hyperboloid. We consider a spacetime
with two timelike dimensions, with co-ordinates X° and X® and four spatial dimensions with co-ordinates
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X. Anti-de Sitter space AdSs is the surface
— (X (X2 (X - (X0)? = —R?, (1.1)
embedded in this six dimensional space. R is the radius of curvature and it is a constant.

The metric of the AdS space is written in different forms, depending on the choice of co-ordinate system.
The metric of the six dimensional embedding space is

ds® = —d(X°)? + d(X1)? +d(X?)? + d(X>®)? + d(XH)? — d(XP)% (1.2)
We can introduce global co-ordinates to solve (1.1). Global co-ordinates are defined by

X% = Rcoshpcost, X°= Rcoshpsinr,
X' = Rsinhpcosf, X? = Rsinhpsiné cos o,
X3 = Rsinh psinfsinpcosyy, X* = Rsinh psin@sin ¢sinp, (1.3)

where p is dimensionless, p > 0,0 < 0 < 71,0 < ¢ <21, 0 < ¢ < mand 0 < 7 < 0. Global
co-ordinates cover the entire hyperboloid. The metric induced on the hyperboloid is

0XtoXI

2 o dXPAXT = s
ds” = nijd X d X7 = n;; PG

d¢edc?, (1.4)
where 4,5 = 0,1,---,5, a, 3=0,1,--- ,4,and (" =p, (' =7, 2 =0, (3 = ¢ and ¢* = ¢y. We
call d6? + sinh? ¢ (dgbz + sin? ¢d¢2) = dQ% which is the metric on the unit three sphere. The induced
metric is then

ds* = R? (- cosh? pdr? + dp? + sinh? de%) . (1.5)

which is the metric of AdSs.

The second theory participating in the duality, conformal field theory (CFT), is a quantum field theory
that is invariant under conformal symmetry. Conformal symmetry is given by the Poincaré group,
special conformal transformations and dilatations. The conformal transformation is a transformation
that preserves the angle between any two vectors but not necessarily the sizes of the vectors. In next
section we will discuss these types of transformations in detail.

1.2 S0O(4,2), the conformal group

The conformal group is the group of conformal transformations. A conformal transformation of the
coordinates is an invertible mapping  — 2/, which leaves the metric tensor invariant up to a scale[14]

9w (@) = M) gy (2).

The conformal group is a Lie group. As for any Lie group, the elements of the conformal group
depend smoothly on the set of parameters of the conformal transformations. There are four displace-
ments (a*) parametrizing translations, six dimensionless parameters (w*”) parametrizing Lorentz boosts
and rotations, one dimensionless parameter parametrizing scaling and four inverse length parameters,
parametrizing special conformal transformations. By studying infinitesimal group transformations, we
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arrive at the Lie algebra. It is good enough to study infinitesimal transformations, since finite trans-
formations can be realized by composing an infinite number N of infinitesimal transformations. To
illustrate this point, study translations in one dimension. Under an infinitesimal displacement

@)= S0 = (1+e ) flo)

We can write this as

f(x+e)=(1+ieP)f(x)

where

d
P=—i—.
de

We say that P is the generator of translations. There is one generator for every parameter in the Lie
group. Thus the conformal group has 15 generators.

Lets get a finite transformation by composing N translations, each by an amount € = . We take the
limit N — oo with a held fixed. Set

N
we lim (1424
N—oo Nd.’E '

Note that

Thus, in the N — oo limit we have

Now, using the Taylor expansion we find
v ) = (14 + 5+ ) ) = o+ )+ 0l

which proves that, we have managed to construct a finite translation by composing an infinite number
of infinitesimal translations. We can define the translation operator in one dimension as

T(a) = e,

The relation given above is perfectly general: group elements are always obtained by exponentiating
elements of the Lie algebra. We can generalize this result to d— dimensional spacetime as follows. We
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change a — a*, x — X* and % — %. Then we can write Tyu = €7 where i, v =0,1,---d—1.
Under a translation

Ton : XM — X' = XM 4 gt (1.6)

Now consider infinitesimal Lorentz transformations (rotations and boost), under which
/ . .
Xt — X' = XF +iwh XV = (1+iwf L) X* (1.7)
where L} are the generators of rotations and boosts

o 0
x”@:ﬂ,, x”@x#

L, =i(
and the parameters define an anti-symmetric tensor

Wy = —Wyy.

To motivate the form of the above generators, consider the rotations. To be concrete we will discuss a
rotation around the x axis in detail and then state the general result which is an obvious generalization.
A rotation about the z axis of a four vector X* can be written as

v 10 0 0 t
2| |01 0 0 T
y| |0 0 cosf —sinf| |y
2 0 0 sinf cosf z
For an infinitesimal rotation, set @ = € so that cose =1 — 62—2, + % — ... and sine = € — %i; 4 %"’ .
Keeping only the linear order in €, we find
t 1 0 0 O t
Zf 101 0 0] |z
y| |0 0 1 —ef [y’
2! 0 0 € 1 z
or, equivalently
=t 2=x Yy =yte, F=z-—ey. (1.8)

It is now clear that this transformation is generated by the following matrix L, = (—z’x38%2 + z'm%),

which is the angular momentum from non-relativistic quantum mechanics. Using the same logic, we
find the generators of rotations around y, z axes are

.0 .0 .0 .0
Ly = (—’L.’L‘gaixl + 11 6%‘3)7 LZ = (—Zl'laim + Z.IQ%). (19)

A boost along the x direction is implemented by the following matrix
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t cosh¢ —sinhg 0 0] [t
| |—sinh¢ coshg 0 0| |z
v 0 0 1 0f |y
2 0 0 0 1] |2
Infinitesimally, we can write ¢ = ¢, coshe = 1+ 62—2, + % 4 --- and sinhe = e+ g—? + 65—5, 4 --- . To obtain

the generator we only need to work to first order in €, so that we find

t 1 —e 0 0] [¢
g |- 1 0 0f |«
vyl [0 0 1 0fly
z 0 0 0 1] |z
This can also be written as
V=t—ex, 2’=ac—¢, y =y, 2=z (1.10)

This result implies that the generator of boosts along the x— direction is given by My = (—ixla%o +

ixoa%l). By the same logic we can write the generators of boosts along the ¥, z directions as follows

.0 .0 .0 .0
My = (72‘%2871'0 + ’Lﬂ?oaim), Myg = (7255387330 + Z.’anix:&). (1.11)

Next we would like to obtain the generator of scale transformations, which is the dilatation operator. A
finite scale transformation acts on the co-ordinate X* as follows

XH 5 XM = et XH
The dilatation is a scaling of a vector X*, and it is defined as follows

X'H — et XM
Infinitesimally, using the Taylor expansion around the identity group element, we find
XM= (1+¢)XH,
XP 4+ eXF = XF —iDXH.
The above equation implies that
eXt = —iDX" = D =ied, (1.12)

where the operator —iD is the dilatation generator.

Finally, to obtain the generator of the special conformal transformation, it is useful to consider a discrete
conformal transformation, known as inversion, defined by:
XK

mwo_
X“—)X“_ﬁ.
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The special conformal transformations can be constructed by performing a translation, preceded and
proceeded by an inversion:

XH " 9
XH%X'“:ﬁ%ﬁ_’_bM: X2+b XH X

= = XH+ (B'X*—2(b- X)X").
Xz b (X5 + o2 1+02+2b- X + (& (b- X)XF)

(1.13)

From the above expression we easily obtain the following generator of special conformal transformations

0

i X2 —.
! X

Sxn ~ 21X X

There are an infinite number of group elements in the conformal group SO(4,2) but only 15 generators
in the conformal algebra s0(4,2). Thus, it is much simple to study the Lie algebra than it is to study
the Lie group. To proceed, we need to explain what replaces that group multiplication structure, at the
level of the algebra. To develop this connection, we can write the group multiplication law as

g(xllﬂ"' 7$;L)g(‘r17.'. 7xn) :g(fl(x/lf" 71';”17"' ,1‘n),fn(<x/1, 7x;1717"' 7xn)) (1'14)

The parameters x; label the group elements. They could be a translation or any other parameter of
the SO(4,2) group elements. The functions fi(z}, - ,2},1, -+ ,2,) are smooth functions of the
coordinates x; and the x; . We will choose our labels so that

e=g(x;1 =0,29=0,--+ ,2, =0),
with e the identity of the group. The above equation implies that
fi(xla"' , T, 0,0+ ’0) :fz.(()’... ,0, 21, - a$n) = ;.
Thus, to second order in the x; and z; we have
filr1, @, Tpn1,Tp) = Ty + Th + CapeTpTe + - - - (1.15)
Expand our group elements, around the identity, to second order in the x,s to obtain

g=141x,Ty + xpxTpe + - - - (1.16)

In this expression, repeated indices are summed as usual. T, are the generators of the group. Tp. is
contracted with a symmetric object (xpx.) so that only its symmetric piece contributes and we have
Tye = Tep. Thus, from now on we assume that Ty, is a symmetric object. The group multiplication law
can now be written as

1 1
<1 + izl T, + ingE/chc + - ) X (1 +izgTy + §:Ee$fTef + .- > (1.17)

1 1
=144zl T, + iz, T, + e Tab + ixg:r’bTab — 2l ToTy + - - -
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From equations (1.14) and (1.15) we obtain

. 1
1+ Zfa<x17 T 733;L)Ta + *fa(xly e ,1';1),]05(331, e 7xn)Tab (118)
2
. 1
=1+i(xeq + 7} + CapeyTe + - )Ty + 5(17,—&—962—1—---)(:):a—i—xfl---)Tab
. . 1 1 ,
=1+iz, T, + iz Ty + §a:a:beab + §$;$§,Tab + 2@y Top + i ToCapeTpTh + - - -

By comparing equation (1.17) and equation (1.18) learn that

Tye = =TTy — 1TeCeoqp.

We have already argued that T,; is a symmetric object, so that for consistency we must require Ty, —
Tye = 0. This implies that

TaTb - TbTa - _iTe(Ceab - Ceba) = Z.fabeTe-

Thus, the generators obey the following algebra

[TaaTb] = —ifapcTe. (119)

The generators of all Lie algebras must obey equation (1.19), which is called the Lie algebra of the Lie
group. Notice that if the generators are hermittian, the commutator [T}, T3] is antihermittian. For the
right hand side of the algebra to be antihermittian, the f,;. must be real numbers. These numbers are
called the structure constants of the Lie algebra. The structure constants can be computed using any
representation, they are a property of the group and not of a specific representation.

Using the generators we obtained above, we can now compute the so(4,2) algebra. We find that the
generators of SO(4,2) obey the following commutation relations

[D,P,) =iP,,  [D,K,]=—iK,, (1.20)
[KM, P = 2@'(77/“,]_) — LW), [Kw LW] = i(npuK,, — anKM),
[Pp, Lyw] = 2i(npp Py — MpvPu), (L, Lpo] = i1(upLipo + Mo Lvp — MupLve — MvoLpp)-

In fact, these relations define the Lie algebra of the conformal transformations [14].

Conformal symmetry implies powerful constraints on the correlation functions of the theory. The corre-
lation function between two fields O; that have a definite scaling dimension /\; takes the form

<(91 (m1)02($2)> BRIV

= 7|$1 _x2‘2A1'

The dimensions A\; are the eigenvalues of the dilatation operator D. They admit an expansion in power
of h. Computing the eigenvalues of D in a particular limit of ' = 4 super Yang Mills theory is one of
the main goals of this dissertation. To understand why the dimensions of operators are an interesting
quantity, we need to relate them to quantities in the dual quantum gravity. That is goal of the next
section.
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1.3 Relating energies in quantum gravity to dimensions in CFT.

The field theory lives on the background of AdS space. Looking back at the AdSs; metric given in
equation (1.5), we see that the boundary (realized at p — o0) has metric

_ R2€2p
4

which is the metric of R x S3. The theory is invariant under time translations 7 — 7 + a and the
corresponding conserved quantity is the energy of states in the quantum gravity theory.

The (Euclidean) CFT is defined on R* with the metric

ds?

( —dr? g dﬂg),

ds? = dr® + r?dQ3.
Scaling 7 — e is a symmetry of the theory. The corresponding conserved quantities are the scaling
dimensions of the states (or operators). By changing co-ordinates from r to 7 = In(r) we find

ds* = ™ (dr?* + dQ3).
Now, performing a scaling (which is a symmetry of the theory) we obtain
ds* = dr* + d©3
which is R x S3. Wick rotating we find
ds® = —dr® + d3

which matches the metric of the boundary of AdS5. Notice that translating 7 induces a scaling of r,
since under 7 — 7 + a we have

T4+a

=e%. " =e% 7

r=e —e
Identifying the corresponding conserved quantities tells us that energies in quantum gravity map into
scaling dimensions in the CFT. Thus, the computation of dimensions we carry out is teaching us about
the energy spectrum of quantum gravity. In the next section we introduce the specific CFT that plays
a role in the AdS/CFT correspondence.

1.4 N =4 SYM Theory

N =4 SYM is the unique 4—dimensional quantum filed theory that contains the maximum supersym-
metry theory without including the gravitational interaction. In order to derive the Lagrangian of N =4
super Yang-Mills theory it is convenient to start from A/ = 1 super Yang-Mills theory in ten dimensions
and then dimensionally reduce it to four dimensions. If we do this we obtain the following Lagrangian

[15]

3

3
N o a1 P | . .
L= FnF +2;(DW4@-) (D" 4;) +2;(DH31-) (DM B;)* — V(Ay, By) (1.21)

7\ a A abe, a1 AbT, ) C A abe,.a pj j 2/,C
()" (D) = g [ 0l AM® — i fo)® B B

N | .
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where the potential is:

2 2 2
g g g
V(A;, B]) — %fabcA?Agfang{Ag + %fachsz]c‘fangifng + %fabcAfB;fang{B?.
It contains a gluon field, four Majorana spinors and six real scalars. They all transform according to the
adjoint representation of the gauge group. The 4—dimensional internal matrices o and 3 satisfy the
following algebra[15]:

{ai’aj} = {Bl7ﬁj} = 2513’ [azvﬁj] = 07

and
[az”aj] = _ociikgk, [51"53'] _ 72Ez’jkﬁk'

They can be chosen as follows

o' =Myp = 6ia0ps — 6iBdas + €iaps B =Nap = 0ia0ps — 0iBdAs + €iAB4
where A, B are four dimensional indices.

N = 4 super Yang-Mills theory is invariant under an internal SU(4) symmetry group that is an R—
symmetry. The generators of spacetime symmetries do not commute with the generators of the space-
time symmetry group. The generators of global symmetries do commute with the spacetime symmetry
group. The generators of an R—symmetry commute with the bosonic spacetime symmetry but do not
commute with the fermionic spacetime symmetry generators. In order to manifestly see this invariance
it is convenient to introduce the field:

_ 1 . .
Pap = ——= [nYrd; — TupbBil .
AB 92 [77AB i — 1NAB 2}

This antisymmetric field transforms according to the vector representation of SO(6). By rewriting the
Lagrangian in equation (1.21) in terms of ® and in terms of the Weyl spinors, that transform according
to the 4 of SU(4), we find

1 _ o .
£ == F Y + (Du®as), (D,@*7), - iwgtoh; (D), (1.22)

A - A - _ _.
- NYMfabc‘I’équ’cCDfade‘I’%B‘pecD - N\/ifabc [ng‘I’l;wafyB + PEa®p Pyl |

where X is the interaction coupling. A is called the t'Hooft coupling. If we consider a large N limit, we

are lead naturally to an expansion in % [12]. The Yang-Mills coupling is related to the t'"Hooft coupling
by

2 _ A

The Lagrangian is manifestly invariant under the SU(4) R-symmetry transformations:

Y S UAYE,  an — (U)AYE,
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and

o4 - UZe PN, @ap = (U)G0cn(UNE,
where U is a unitary matrix (UUT) = 1.

The four-dimensional quantum theory is conformal invariant and it is also invariant under the same
number of supersymmetry transformations. We conclude that A/ = 4 super Yang-Mills theory in four
dimensions is invariant under 32 supersymmetries[15].

We can trade the antisymmetric SO(4) index AB for the SO(6) vector index i. The kinetic term
becomes

1 1
ZTr(F/“” FMV) + 5 ZTr(Dqui’ DMQSZ)
i

Thus the bosonic part of the Lagrangian reduces to that of a gauge field and six adjoint-valued scalars
in 4 dimensions, along with the potential

V=2 3 Tl(on 6], (61, 67)

,J
Next we need to look at the fermions. We can write the fermionic term as

%:WAWQM+F@WWAU

The second term is a Yukawa-type term in 4 dimensions. The fermions will play no role in what follows
and we do not consider them further.

In any quantum field theory, to compute the two point function, we need to perform a sum over
Feynman diagrams. We are studying operators composed using a very large number of fundamental
fields, so that performing this sum is a very complicated problem. To solve it we need to develop new
technology. Our approach to solving this problem, is to develop methods that exploit the full power
of group representation theory. Since this plays such an important role in our approach, in the next
chapter we will give a brief introduction to these methods, before explaining how they can be used to
solve our problem.

Chapters 2 and 3 of this dissertation review existing results. The material in chapters 4, 5 and 6 is
new and has submitted to the arXiv (see preprint arXiv: 1512.05019) and to Physical Review D for
publication.



2. Mathematical Tools

In this chapter we will discuss different aspects of group theory and the relevant representation theory.
These results are the foundations of our study, and this discussion will introduce our conventions and
notation.

2.1 Basic Concepts from Group Theory

A group is a set G with an operation o called group composition. The group composition law produces
a new group element g given two group elements. The group composition law is associative. The group
contains a unique identity element with respect to group composition. Finally, for every element in the
group there is a unique inverse element.

The order of the group |G| is defined as the number of elements in the group. The order of the group
can be finite, infinite but countable or infinite and uncountable[16].

A subgroup B of the group G is any subset of G that is itself a group. If the order of B is less than the
order of G, then we have a proper subgroup.

2.2 The Symmetric Group S,

The Symmetric Group S, is the set of permutations of n elements. A permutation is simply a way of
rearranging the members of a set. If we have n distinct objects, then the order of this group is n!.

In order to prove that the set of permutations is a group, we can view a permutation as a bijective map
from the set of objects to itself. The set of all permutations on a set is then the set of all bijective maps
on the set. Group composition is given by map composition. Since map composition is associative,
the group composition law is associative. The identity map is a bijective map from the set of objects
to itself, so the identity is an element of the group. Finally, after permuting the elements in a set, we
can always bring them back to their original order with a bijective map so that for each permutation,
the inverse permutation belongs to the group. Thus the set of permutations satisfy all the conditions
required to be a group. S, is a non-commutative group.

Notation for Permutations

To describe a given permutation, we could list the elements of the set being permuted in the first
row, and their image under the permutation in the second row. For example, a permutation of the set
[1,2,3,4,5,6] denoted by o, could be described as

[1 2 3 45 6]_ (21)

2 6 35 41

An equivalent description of this permutation is given by o(1) = 2, 0(2) = 6, 0(3) = 3, 0(4) = 5,
0(5) =4 and o(6) = 1. Another way of writing the same permutation is to change how the elements
in the first row are ordered

(2.2)

| |
—
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Equations (2.1) and (2.2) specify the same permutation. The identity permutation is given by

1 2 3 4 5 6
1 2 3 4 5 6|
Here o(i) = ¢ where i = 1,2,--- ,6. The permutation (2.1) can also be expressed graphically as shown
in figure 2.1.
3 e

U A WNRE
O U A WN

Figure 2.1: A graphical illustration of a permutation.

2.2.1 Cycle notation. A more convenient notation is obtained by expressing the permutation as product
of cycles, which are the orbits of the permutation. For example, for the permutation given in equation
(2.1) we get

o= (126)(3)(45).

In the above equation, the permutation has 3 orbits, each called a cycle. An orbit that has length 7 is
called an i—cycle. In our example o is composed of a 3—cycle (126), a 1—cycle (3) and a 2—cycle (45).
The cycle lists the objects in the order they appear as the orbit is traversed. This notation will play an
important role in our calculations.

The vector space V. Let Vv denote the N dimensional vector space. This space has basis given by
the N basis vectors

1 0 0

1 0

,€1> — |0 ,e2> — |0 ,eN> — |0
10] 0] 1]

Each vector has N components. The symmetric group S,, has an action on the tenser product of n
copies of V. To develop this idea in a simple but non-trivial setting, consider m = 3. In this case we
define an action of S3on Vy @ Vy @ Viy = VJS??’. A basis for V]§3 is provided by the N3 vectors

‘€Z>®’€]>®‘ek> iajak:L'"vN
each of which has N3 components. To refer to the components of these vectors, we use the notation

(€)1 (e (e
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In component notation, permutations are represented as

ghizin _ sh i2 .. Sin
J1J2-Jn Jo(1) Jo(2) Jo(n)”

For example,

(123)5 55 (€)1 (€7)72 (") = &3, 053057 ()7 (€7)72 (") = (e7)" (e7)" ()",

This can also be written as
(123) ) @ |e')  |e) = [e/) @ |¢*) €'}

A very important point to which we should pay attention, is the multiplication rule for permutations in
this representation. The rule is

(o) (o) o = (o2 o))

where 09 - 01 is the usual multiplication between cycles of the symmetric group. Thus, for example,

(12) - (23) = (123)

but

(12)775 - 230k, = (132550,

2.3  Matrix representations of finite groups

Let G be a finite group, i.e |G| is finite and let V' be an N-dimensional vector space over a field F.
The set of invertible N x N matrices, GL(N, F'), is a group which maps V' — V. Note that the group
GL(N, F) is not finite. In what follows we will usually not specify the field F.

Definition: A matrix representation of a group G acting on a vector space V, denoted by I'(g), is a
map from the group to a set of matrices such that,

I':G— GL(N)

g —T(g).

This map must respect the group composition law. Mathematically this can be stated as

I'r(g1092) = I'r(91)'r(g2)- (2.3)

On the left hand side of (2.3), we are composing two group elements g; and g2 using the group
composition law. On the right hand side of (2.3), we are multiplying matrices with the usual matrix
multiplication. This implies T'(g~!) = [['(g)]~! and T'(1) = Iyxy where 1 is the identity group element
and Iyxy is the N x N identity matrix.
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2.3.1 Equivalent and Inequivalent Representations. If we change the basis of the vector space that
the matrices representing the group elements act on, the matrices I'(g) of the representation are also
transformed. Under a change of basis by a non-singular matrix S, we find the matrices representing the
group transform as[16]

I'(g) = ST(g)S".

The representations I'(g) and T'(g) are called equivalent. Two representations that are not related in
this way are inequivalent.

2.3.2 Types of Representations. There are two types of representation, reducible and irreducible. We
will discuss both of them.

Reducible Representation: 'y is a reducible representation if it is equivalent to a representation with
block diagonal matrices. Equivalently, the matrix representation of a group G is said to be reducible if
there exist non-trivial subspaces that are invariant under the action of the group. In this case, it is always
possible to choose a basis so that the matrices representing the group elements are block diagonal,

He) = (Flég) Pig)) e

Thus the matrix representation can be decomposed into the direct sum of two representation matrices
as follows

['(g) =T1(g9) ® T'2(9). (2.4)

Any representation that can be reduced to the form (2.4) is called completely reducible. We will never
consider representations that are not completely reducible in this study.

Irreducible representation (irrep):

Any representation that is not reducible is called irreducible.

2.3.3 Operations Defined on Representations. Given one or more matrix representations, we can
define two operations that can be used to produce new matrix representations. To illustrate these
operations, let I'y and I's be two representations of a group G acting on vector spaces V; and V5, of
dimension n; and ny respectively. Denote the corresponding basis vectors |a;) and [bj). The Direct
Sum of Representations is defined as follows: I'y @ I'y acting on Vi & V5, has dimension nq + no. The
matrices of the direct sum representation are[16]

This representation is reducible.

The Tensor Product of Representations is defined as follows: I'1(g) ® I'2(g), acting on V; x Va, has
dimension n; - na. A basis for V; x V5 is given by |a;) ® |b;) and the matrices of the tensor product
representation are given by[16]

(T'(9))im jn = T1(9))i5 - (F2(9)) 1 -

The tensor product will usually produce a reducible representation. The resulting representation can be
decomposed into a direct sum of irreducible representations, using standard Clebsch-Gordon techniques.
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2.4 The Matrix Representations of 5,

The matrix representations of S, make use of Young diagrams, which play an important role in this
study. The complete set of inequivalent and irreducible representations of the symmetric group .S, can
be labeled by Young diagrams R with n boxes. These representations are sets of matrices I'g(c) which
act on a vector space V. We start by defining what a Young diagram is.

2.4.1 Young diagrams. Let n be a strictly positive integer and let R = (R, R, -+ , R;) be a partition
of n denoted by R n. A Young diagram R is a finite collection of n boxes, arranged in left-justified
rows such that the rows lengths are weakly decreasing, that is, each row length is equal to or less than
the row above it. An example of a valid Young when n = 3 and with particular partition R = (2,1) is
given in the left diagram in figure 2.2. An invalid Young diagram is shown in the right diagram of figure
2.2.

Figure 2.2: A valid and an invalid Young diagram.

2.4.2 Hook length h. In the discussion below we define the dimension of an irreducible representation
using the notion of a hook length. We can associate a hook length to each box in the Young diagram.
The hook length associated to box ¢ in a Young diagram R, is the number of boxes below box i in the
same column plus the number of boxes to the right of box i in the same row plus 1. For an example
see equation (2.6). The number in each box is the hook length associated to that box.

Figure 2.3: The hook length of a box in a Young diagram. For the box shown h = 5.

2.4.3 The Dimension d. In a previous subsection we have seen that a Young diagram R+ n labels a
finite dimensional vector space. Since R F n has the structure of a finite dimensional vector space, we
can define a representation of the permutation group S, on R F n. We say that a Young diagram RFn
labels irreps of S,, . We will see in the next subsection how the irreducible matrix representation of a
permutation in S, is defined. For now, we are interested in the dimension of the vector space associated
to R F n denoted by dr. The dimension dr of an irreducible representation, labeled by Young diagram
R, is given by the order of the symmetric group divided by the product of hook lengths,

n! n!

- [ 1, hook(l) ™ hooksg

dr (2.5)

Here's an example of how we use the above formula
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8[5[3]1]

S | 10!

[9]1] n. .
hook lengths = [T derp = — — 672. 2.6
ook fengths 7 T hookstm 852331 (26)

2.4.4 Content c¢;. Besides the hook length described above, we can associate to each box in a Young
diagram R, a second number, called the content of the box. For a box in row ¢ and column j the
content of the box is defined to be j —i. The content can be positive, negative or zero. This is an
example showing the content of a Young diagram

Figure 2.4: Example of the content a Young diagram.

2.4.5 Young-Yamanouchi Symbol. This symbol is given by filling the boxes of a Young diagram with
integers, such that each box is assigned a unique integer. For a diagram with n boxes we use the integers
1,2, ...n. The entries of each column and row are strictly decreasing as we move towards the bottom
of the diagram and towards the right of the diagram. The possible Young-Yamanouchi symbols for a
diagram with n = 3 boxes are shown in figure 2.5. The number of Young-Yamanouchi states for a given
Young diagram is equal to the dimension of the irreducible representation labeled by the Young diagram.
This is our first hint that Young-Yamanouchi states label the basis vectors of the representation.

[~

[3l2[1] [1] and (2] . (2.7)

Figure 2.5: Example of Young-Yamanouchi states for n = 3.

Here are examples of some illegal Young-Yamanouchi states.

2[3] 1]3]
and 2

[2[3]1] [2],

[~

Figure 2.6: Example of forbidden Young-Yamanouchi states.

For any Young diagram the number of allowed labels is equal to the dimension of the irreducible
representation. Each label corresponds to a vector in the basis for the carrier space. This basis is
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orthonormal. For example

w

() e R

2.4.6 Branching rule. Given a representation R of S,, how can we decompose this into irreducible
representations under an S,,_1 subgroup? The answer to this question motivates the Young-Yamanouchi
states describing the representations of the symmetric group. Consider a Young diagram R F n,n > 2.
In general there is more than one Young diagram R F (n — 1) that can be subduced from R after
removing one box. The branching rule is

2][3]1]

(1 ) =0. (2.8)

3]2]
1]

3
1]

R=EPrR, (2.9)
W

The right hand side in equation (2.9) is a direct sum of the Young diagrams R’ + (n — 1) subduced
from R F n by removing one box from R. To illustrate the branching rule, we will give an example
which decomposes an irreducible representation of Sy into irreducible representations of S3.

Consider the irreducible representation of S, labelled by the Young diagram H. There are three
Young-Yamanouchi states in this representation,

4]3]2] 4]3]1] 4]2]1]
1 2 3

L= 9 L= 9 2]

We will consider the subgroup S5 C Sy consisting of those permutations that leave box 1 fixed. Con-
cretely, our subgroup is

Since there are no permutations that can move the position of box 1 in the Young-Yamanouchi symbol,
it is clear that these states span two irreducible representation of S3 , that is, the states

4]3]1] 4]2]1]
2 3

I i — 9

will mix with each other but they will not mix with

4[3]2]
1

Summarizing, after the restriction we find

[] |
L =0 oLl (2.10)

Since the Young diagrams in equation (2.10) label a finite dimensional vector spaces, the dimension of
the left hand side must equal the dimension of the right hand side. We know that d = 3, so that the
dimension of the right hand side must also be 3. The right hand side is a direct sum of two different
vector spaces. Hence, we must show that

We have,
H: hook 3-1-1=d 3 2
thooksm=3-1-1= P=311"
3!
Djj:hooksm:3-2'1:>dm:3'2.l:1

which proves that dej = de + d.
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2.4.7 Young’s Orthogonal Representation. Lets 01, 02 € S, and I'r(01), 'r(02) be matrix repre-
sentations of the elements in S, labelled by the same Young diagram R. Then

FR(O'l)'FR(O'Q) :FR(O'loo'Q). (211)

Recall that a matrix representation is a map from elements of the symmetric group to some matrix
algebra and that this map preserves the composition law of the group. The matrix representing an
element of the symmetric group can be specified by giving its action on the Young-Yamonouchi basis.
Since the adjacent permutations can be used to generate the symmetric group, we only need a formula
for the action of adjacent permutations. Let Rbea specific labeled Young-Yamanouchi state and let
}A?ij denote the same state, but with the boxes ¢ and j swapped. The rule for the action of the group
elements on the basis vectors of the carrier space is

.. = 1 ~ 1 ~
Lr((i,i+1))|R) = m“@ + \/1 - mmi,iﬂ% (2.12)

where ¢; is the content of the box labeled 1.

Now we will give an example of how to construct the matrix representation using equation (2.12).
Consider the permutation group S3 = {1,(12),(13),(23),(123), (132)} and the Young diagram H-.
Then the only possible states are

and the content of R is

(1) = [(1) ﬂ :

3][2] 1 3][2] 1 3[1] 113121 \/gsl\
1 = |1 [E— E— 272
W2 =gt +\/1 Ci-nro T2 Tt
3]1] 3]1] 3]2] 3[1] 3]2]
(12)2] zél + 1—;2L :11 +£L.
(1—(=1)) (1—(=1)) 2 2
Hence,
_1 V3
ro((12)= | 2 7|
2 2

Next we have
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w

3[1] 1 1] 1 3]2] 3[1]
23)2] = ——=12] 1——— 1] =—[2] .
(23) ) (—1-0)?

The matrix representation of the permutation (23) is thus given by
1 0
FB]((23)) = [() _1] .
We can check this matrix representation by noting
10
Te((12)) - Tep((12)) = Tp((12)(12)) = Tp(1) = {0 1] 7

and
V3

Ie((12)7Y) = (rBj((u)))*1 - [ ] = I'p((12)).

ol |
‘awh—\
N[ w‘

We can construct the matrix representation of the remaining elements of S5 by combining the two group
elements (12), (23) using the group composition law. Then (13) = (12)(23)(12), (123) = (12)(23) and
(132) = (23)(12). We have,

1 3
Ti((13)) = Te((12)(23)(12)) = Tep((12) - T((23)) - Trp((12)) = [ 5 2 ] ,
2 2

and for (123),

1 V3
Im((123)) = Ip((12)(23)) = Tp((12)) - T((23) = | 3 7
L 2 2
Finally for (132), we have
SRR
Im((132)) = T((23)(12) = T((23)) - Tep((12)) = | 0 %)
L 2 2]

Using the six 2 x 2 matrices above, we can check that FH] is indeed an irreducible representation of S3
on the vector space spanned by {, }
If we consider the subgroup Se = {1,(23)} of S3, by using the branching rule,
F=me E,
we must have

Tip((23) = Ten(23)) @ 12a = |2 G ),

Ih((23))

A quick calculation using the definition of I shows that I‘H((23)) = —1and I'((23)) = 1. Comparing
to our result above

Tip((23) = T3y o 130 = | Y.

we have perfect agreement.
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2.5 The Matrix Representations of U(N)

Schur-Weyl duality is an important tool in our work. Consider the fundamental representation of
U(N). The matrices in this representation are N x N matrices which act on an N dimensional vector
space V. Schur-Weyl duality arises when we consider the tensor product of n copies of V' denoted V™.
It is a consequence of the fact that the action of the unitary group on V®™ (given by the tensor product
representation) commutes with the action of S,, (which acts by permuting the copies in the tensor
product). Schur-Weyl duality is a deep relation between the representation theory of the symmetric
group and the general linear group. Note that the unitary group U(N) is a subgroup of the general
linear group. One consequence of Schur-Weyl duality, is that we can also use Young diagrams to label
irreducible representations of the unitary group U(N) and even to label the states in the representation.

Our first goal is to demonstrate that the action of U(N) on V¢ commutes with the action of S, on
V" The action of o on V®" is given by

. ®n Qn
o V;) —>Vp

o(31) @ #(2) @+ 2 3(n)) = #(o(1) @ H0(2) @+ & Ho(n)).

In the above equation o moves the vector in the i™" slot to the (i)t slot without changing the value
of the vector. The action of the unitary group element U on V®" is given by

. ®n XN
U : Vp —H/;J

U@Q1) 0?2 e--- @ v(n)=DU)E1) @ DU)F?2)® - @ DU)T(n),

where D(U) is the N x N unitary matrix representing group element U. To see that the these two
actions commute, consider

U-(c-(01)®@--®@0n)))=U-(9o((1)) @ -+ @ dco((n))) (2.13)
= D(U)vo((1)) ®---® D(U)vo((n))
=0 (DU)I(1)®- - @ DU)J(n))
=o-(U-(0(1)®---®@9(n)))

The above equation implies
U(c(®") —o (U@®")) =0= (Uo — oU)v®" =0, (2.14)
[U,o] =0,

which demonstrates that ¢ and U commute. As a consequence of this symmetry, states in a definite
S, representation are also in a definite U(IN) representation. Hence, they must be simultaneously
diagonalizable on the N"™-dimensional vector space V®". Therefore, o and U must share the same
eigenvectors.
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2.5.1 The dimension Dimp . An irreducible representation of U (V) is labelled by a Young diagram
R. The dimension of this representation depends on the hook lengths introduced above, as well as a
new set of numbers called the factors. The factors are again easily read from the Young diagram. The
factor of a box in the Young diagram defined to be IV plus the content of the box. The product of all
the factors in Young diagram R is denoted by fr. The dimension Dimp of an irreducible representation
Rof U(N) is

Ir

Di ==
"me [I;c g hooks(i)

For example the Young diagram R =, has the following factors

N |[N+1

Nt fp=NN+1)(N-1).
Thus the dimension DimHj is

Dimep = ' = (2.15)

In the table below, we list all possible Young diagrams with n = 4 boxes, as well as the product of the
hook lengths and the dimensions of the S4 and U(N) irreducible representations that they label.

RbEn | hooksg | dg | Dimpg
NNV N N
[ 24 1 ( +1)(24+2)( +3)
o 3 3 N(N+2%(N2—1)
N2(N?-1
iE 12 o | VL
N(N2-1)(N—-2)
Ej 8 3 —s
N(N-1)(N—-2)(N-3
E 24 1 (NN -2)(N=3)

Summing the product of the S;, dimension and the U(N) dimension we learn that

2 _ 2(N2 _ 2 _ —
ZR:dRDimR _N(N + 1)(J\2’4+ W +3) NN ;)(N+2) Lol (]\172 D VWV ;)(N 2)

In general, for Young diagrams with n boxes, we find

RFn
dim(V®") =) " dg - Dimg.
R

This is a consequence of Shur-Weyl duality and it gives a convincing check that every state in V€ is
uniquely labeled by giving an \S,, state label and a U (V) state label. It is a convincing check of the fact
the o and U share the same eigenvectors.
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2.5.2 Gelfand-Tsetlin Patterns. Gelfand and Tsetlin have introduced a powerful labeling for the
basis states of any irreducible representation of U (V). The inequivalent irreducible representations of
GL(N,C) are given by specifying a sequence of N integers, called the weights

m = (mi,n, M2, N, MN,N)- (2.16)

The weights satisfy the condition m; x > m; 41 n. This sequence of integers can be identified with the
row lengths of a Young diagram R, that has no more than IV rows. Indeed, there is a Young diagram
labeling the irreducible representations of GL(N,C). If we restrict to the GL(N — 1,C') subgroup,
our representation decomposes into a sum of GL(N — 1,C) irreducible representations. For the new
irreducible representations of GL(N — 1,C') we can define the highest weight as

m' = (myN_1,Ma N1, ", MN_1N-1)- (2.17)

We can carry on repeating the above procedure, and restrict to ever smaller subgroups until we reach
GL(1,0).

For each state in the carrier space of the original group GL(N, C),there is a unique labeling in terms
of the representations which appear as the above sequence of restrictions is carried out. This unique
pattern of the weights for each irreducible representation can be assembled as a triangular arrangement
of integers as follows[9]

miN maN e MN-1N-1 MNN
miN—1 ma N—1 o MN—1,N-1
M = ) (2.18)
mi2 m22
mii

An example to illustrate the construction of Gelfand-Testlin patterns is in order. Consider the U(3)
representation described by the Young diagram H-. For N = 3 and using equation (2.15), this represen-
tation is 8—dimensional and the states of the representation are labeled by 8—different Gelfand-Tsetlin
patterns

2 1 2 1 2 0 2 0
2 1 2 1
2 1 0 2 1 0 2 1 0 2 1 0
2 0 1 1 1 0 1 0
0 1 1 0

The first row gives the weights that specify the irreducible representation of the state. Lower rows
are required to satisfy the betweenness condition, m; ny > myny_1 > my41,n. Vectors labeled by two
distinct patterns are orthogonal and the dimension of the irreducible representation is equal to the total
number of distinct Gelfand-Tsetlin patterns that can be defined. Finally, this discussion is relevant to
U(N) representation theory because the restriction of any irreducible representation of GL(N, C') onto
the subgroup U(N) is also irreducible implying that the carrier space of the irreducible representations
of U(N) and GL(N, C) share the same basis[9].
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The basis states of a u(NV) irreducible representation can also be identified by labeling a given Young
diagram R. The result is called a semi-standard Young diagram. Each box contains a single integer
between 1 and N inclusive such that the numbers in each row of boxes weakly increase from left to right
and the numbers in each column strictly increase from top to bottom. The number of semi-standard
Young diagrams is equal to the number of Gelfand-Tsetlin patterns.

2.5.3 Clebsch-Gordon Coefficients. Let R and S be two irreducible representations of the unitary
group U(N). The tensor product of these representations decompose into a direct sum of irreducible
components as follows

ReS=> T (2.19)
T

A particular irreducible representation T' can appear more than once in the product of R ® S. For this
reason we must, in general, introduce a multiplicity index for T in this decomposition. In our applications
we will deal only with the case that one of the representations in the product has weight (1,0,---,0)
and in this special case, all multiplicities are equal to 1. Thus, we will not need a multiplicity index. A
basis for the tensor product is provided by the states[9]

Img, Mg; mg, Mg),

where mp is the weight of the representation and Mg is the Gelfand-Tsetlin pattern for a particular
state in the carrier space of irrep R. Alternatively, the basis is given by a collection of bases for the
irreducible representations T appearing in the sum on the right hand side of equation (2.19). The
Clebsch-Gordon coefficients supply the transformation matrix between these two bases

(mg, Mg;mg, Mg|my, Mr). (2.20)

An efficient approach towards computation of the Clebsch-Gordan coefficients is to write a recursion
relation which expresses the the coefficients of U(V) in terms of the Clebsch-Gordon coefficients of
U(N —1). Concretely

/ I
M: / M/ " M// _ my My My M- : / M/ " M// 221
(my, M;m)y, M'|mY, ) = my_1 m?v m’](, . (my_1, Mi;my_, My |my_;, My). (2.21)

On the right hand side we have the Clebsch-Gordan coefficients of the group U(NN — 1) and on the
left hand side we have the Clebsch-Gordan coefficients of the group U(N). The weights my, m’y, m’;
label irreducible representations of U(INV), while the weights my_;, my,_,, m’;_; label irreducible rep-
resentations of U(N —1). The Gelfand-Tsetlin patterns M, M} and M/ are obtained from M, M’ and
M" respectively, by removing the first row. Thus, the weights my_; ,m’y_;, m;_; correspond to the

my my | mf

second rows in M, M’ and M”. The coefficients are called the scalar factors

my_1mfy_| m}_;

of the Clebsch-Gordan coefficients (my, M; m’y, M’|[m’;, M”). Applying the above factorization to the
chain of subgroups referenced by the Gelfand-Tsetlin pattern, we obtain[9]

m m/ m// m._ m/ m//
M_ / M/ " M// _ N N N N-1 N-1 N-1 2 22
<mN7 7mN7 ‘mNa >_ m / " m / " ( . )
N-1My_|My_y N-2My oMy _,

my-_2my_,my_,

My—3 my_5/mY_3
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Thus, as demonstrated, 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
STmg 4> mi;=Y"ml =123 N. (2.23)
1=1 =1 1=1

As mentioned above, the only Clebsch-Gordan coefficients that will be needed for our applications come
from taking the product of some general representation with the fundamental representation[9].

2.6 Schur Polynomials and Restricted Schur polynomials

In this study we will consider operators built from two complex scalar fields Y and Z

Y:¢1+i¢27 Z:¢3+i¢47

where the ¢;, i = 1---6 are bosonic scalar fields. These scalars take their values in the Lie algebra
u(N) of the gauge group of N/ = 4 super Yang Mills theory. The collection of operators built using only
Y and Z is called the SU(2) sector of the theory. We will consider a specific basis of local operators
for the sector of the theory we are interested in. The basis is given by restricted Schur polynomials
which are homogeneous polynomials of degree n in Z and of degree m in Y. We take m ~ O(N) and
n ~ O(N) so that these operators have a large R-charge.

In the following subsections we will define the Schur polynomial and the restricted Schur polynomial.

Schur Polynomials are defined as follows

1 il iQ Z'nfl in

Xr(Z) = — > XR(O)Z: \Z2 2 T (2.24)
a’GSn

In the above formula, xr (o) is the character of group element o in the representation R. The character

is the trace of the matrix representing the group element

Xr(o) = tr(FR(J)).

There is one gauge invariant operator built out of the Z fields for every conjugacy class of the group.
Since the number of conjugacy classes is equal to the number of irreducible representations, the number
of Schur polynomials is equal to the number of gauge invariant operators. The Schur polynomials
provide a basis for the local gauge invariant operators of the theory, built using only the Z field.

Restricted Schur Polynomials In this subsection we will discuss restricted Schur polynomials, which
are defined as follows

1

- 11 im Tm+t1 Im—4n
n!m! Z XR,(rs)as (U)Yiam o 'Yio<m>Z 2

io(m+1) : io'(m«l»n) :
UESn+m

XR,(r,s)aﬁ (Z7 Y) =

In the above formula, XR’(T,S)QB(U) is a restricted character. As before, x is the trace of the matrix
representing ¢ € S, in the irreducible representation R. The difference is that the trace is taken over
the indices belonging to the subspace carrying an irreducible representation of the subgroup .S, x S, C
Sn+m- The specific irreducible representation of S,, x S, we consider is denoted by (7, s). The indices
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« and (3 are multiplicity indices. When restricting from S, ., to Sy, X Sy, C Sh4m a specific irreducible
representation can be subduced multiple times, with each copy carried by a different subspace of the
carrier space of R. The multiplicity indices resolve these different subspaces. The restricted Schur
polynomials provide a basis for the local gauge invariant operators built using both Z and Y fields.

Now that we have introduced the gauge theory operators of interest to us we will describe their inter-
pretation in the dual string theory. The article [17] argued that Schur polynomials built using order N
Z fields correspond to half BPS giant gravitons. These giant gravitons are D3-branes which wrap a
three sphere living either in the S® (when the Schur polynomial is labeled by a Young diagram with a
long column) or in the AdSs space (when the Schur polynomial is labeled by a single long row). Since
the D3 brane has a worldvolume that has the topology of a sphere, they have a vanishing monopole
charge but do carry a dipole charge. A giant graviton is a graviton, propagating in spacetime that has
spatially extended (blown up) as a consequence of polarization by the external five form field strength.
The force produced by polarization is a Lorentz-like force, so the size of the giant is determined by its
velocity and hence the angular momentum of the graviton. Giant gravitons that wrap a three sphere in
S5 are bounded by the size of the S° and so their angular momentum is bounded. This matches the
fact that the number of boxes in the first column of a Young diagram is bounded by N. To get an
intuitive idea of a giant graviton, the reader can imagine a rubber sheet. The giant graviton will vibrate
and oscillate in the way a rubber sheet will. These excited giant graviton states can be described by
attaching open strings to the half BPS giant graviton. For a detailed discussion of the giant graviton
solutions see [18], [19], [20].

A Schur polynomial with p long rows describes a system of p giant gravitons that wrap a sphere contained
in the AdS5 space. A Schur polynomial with p long columns describes a system of p giant gravitons
that wrap a sphere contained in the S° space. A restricted Schur polynomial with p long rows describes
a system of p excited giant gravitons that wrap a sphere contained in the AdSs spacetime. A restricted
Schur polynomial with p long columns describes a system of p excited giant gravitons that wrap a sphere
contained in the S space. For more details see [21], [22], [23]

This completes the discussion of the background mathematical tools that will be used in this study. In
chapter 3 we will review how these methods are used to evaluate the action of the one loop dilatation
operator. In chapter 4 we will use the same methods to compute the action of the two loop dilatation
operator.



3. Review of the One loop Dilatation Generator

In this chapter we are going to review the acting of the one loop dilatation operator acting on restricted
Schur polynomials labelled by Young diagrams with p long rows.

3.1 Interpretation of the Dilatation Generator

In any relativistic quantum field theory, the fields of the theory transform in a representation of the
Poincaré group

$a(X) = ¢4 (X') =T4(9)¢5(X)

where I'B(g) is a representation of the group element g. For the scalar field as an example, T'4(g) = 1Vg.
The index A runs over the states in the representation, which are labeled by a pair of spins. The
representation itself is labeled by the mass of the particle and the spin of the particle. In a conformal
field theory, we must specify additional information, which specifies how the field operator transforms
under a scaling transformation

X — X' = )\X.

A field of definite scaling dimension A transforms as

Pun(X) = X" 2pan(A1X)

where A is known as the dimension of the operator ¢ 4. All fields in the conformal field theory are
massless. The representations of the conformal group are therefore labeled by the spin of the particle
and its scaling dimension. The dimension of ¢ A can be defined equivalently as:

[D,pan] = =i A pan

i.e. as an eigenvalue of the dilatation operator.

We can expand the operator D and the eigenvalue A in a series by treating & as small parameter. The
result is

D:Do—i-th—i-ﬁQDg—f—---

A:A()—I-E,Al —|—fL2A2+"'
We call Dy the tree level dilatation generator, D; the one loop dilatation generator, Dy the two
loop dilatation generator and so on. We call /g the classical dimension, /A; the one loop anomalous

dimension, A\, the two loop anomalous dimension and so on. In this study we are considering the action
of Dy and Dy on restricted Schur polynomials.

27
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3.2 The dilatation generator at one loop

The dilatation operator at one loop in the SU(2) sector of the theory is [24]
D = —g¥yTr (Y, Z] [0y, 0z]) -

When D acts on a restricted Schur polynomial, the result is [25]

DxR(rs)as = Z MR (r,8) T (t0) o XT (t20) o (3.1)
T(t,u)uw
where
Cpprdrmn
MR (r,5) 05,7 (t 1) — 9 m Z d /CIZR (m+n) Tr <[FR((1, m+1)), Pros(rs)as i X

[FT((l’m + ))a PT—)(t,u)m/]IT/R/) :

R’ is obtained by dropping a box from R. Similarly, T" is obtained by dropping a box from T'. Clearly
then, R’ and T’ label irreducible representations of S, ;1. In the above expression, Crp' 1S the factor
of the corner box removed from Young diagram R to obtain R’. Ip g/ is an intertwiner, which is a
map from the irreducible representation labeled by R’ to the irreducible representation labeled by 7.
Schur's lemma implies that this map is only non-zero if R’ and T’ have the same shape. PR s(r8)as
and Pr_,(;4),, are operators that project us from an irreducible representation of .S, into a subspace
corresponding to an irreducible representation of S, X S,.

To evaluate the dilatation operator we need to simplify the above expression. This will be accomplished
using the displaced corners approximation, which we will describe in detail below. First however, we will
explain how equation (3.1) for the dilatation generator is derived.

3.2.1 Action of the Dilatation Generator on Restricted Schur Polynomials. After displaying indices
explicitly, the dilatation generator is

o 0 0o 0

D= —ovnl 205\ 50 571 ~ a7k ovi
J J

(3.2)

We can now act on a restricted Schur polynomial,

Z XR, rs)a;g( )X (33)

n!m/!
O'GSn+m

o (d a4 4 d) 1
DXR(T,S)Q[;(O—Y@) Z® ) = _gﬁ%M[Y? Z]] (de dYZ - dykz dZ’L)

(Yil Yzm Z?m+1 . Z"Lm+n )
1o(1) :

lo(m)  lo(m+1) Lo (m+n)

To evaluate the above expression recall that

YA .
J <t b
ozy %l

We can now compute the derivatives appearing in the above commutator (3.2) as follows:
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cting wi we fin
Acting with 822 find
8( ?m-&-l L. ?m-&-n >

to(m+1) to(m+n) _ Tm+1 k i'm+2 7:’m#»n ierl tm+2 k 3 Z'7n+n

aZ]ic o ((51 lo(m+1) o (m+2) Zia(m+n>) (Zia(m+1)5Z lo(m+2) Tl (3) Zio(m+n))
(3.4)
le '__Z'Lm+n 1 Zm-&-n k )
+ to(1) Lo (m+n— 1)5Z 5a(m+n)

We can simplify the above ion by converting terms of the form Zm+!  §im+2 sk ZiB ... gimin

can simplify the above equation by converting terms of the fo ot +1)5l oty L) )
to 5“"“6’“( +1>Zz‘2"2+2+2> ZZ3(3> e ZZT"(“; . This conversion is achieved by using

n

H io(e) H :Eal)z)) HVz(;l(a) (3.5)

— a=

n

H lo(a) H ZZZ(:()E H 5Z o (3.6)

where 7 € S;,+1,. The idea is now to perform a change of var|ab|es, replacing o by a new permutation.
After this change of variables, the sum in (3.4) will collapse from n terms to a single term.

Take the second term in (3.4) as an example. We will convert (m + 1) to (m + 2) in the second term

in equation (3.4) and 6;’"(*12) to 57:““) by changing variables as o = (m +1,m + 2)7(m + 1, m + 2).

This change of variable has a trivial effect on the range of summation, because we are summing over
all 0 € Sy 4m. To see this we will argue that the sum over o and 7 both run over (n + m)! distinct
elements. This implies they must both run over S, 4,,. To argue that both sums run over (n + m)!
distinct elements, we will argue that if two elements 7, and 7» are distinct after the change of variables,
they were distinct before the change of variables. The argument is as follows

n#En=MmM+1,m+2)r #(m+1,m+2)n
= m+1,m+2)n(m+1,m+2)# (m+1,m+2)n(m+1,m+2),

thus
o1 # 09.

We also need to consider the effect of this change of variables on the restricted character. Since in our
change of variables we have conjugated by an element of S, X S, and since

XR(r,s)aB (U) = Tr(r,s)ag (FR(U)) .

we have

XR(T,S)aB (po'pil) = XR(r,s)ag (0)7 (37)
Indeed, for any p € S, x S,, we have

Tr(r5).s (CR(P)TR(O)TR(p™Y)) = Tr (PR%(T,S)QBPR(p)PR(U)FR(p71)>
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and thus, as consequence of the cyclicity of the trace, we find

Tr(rs).s TR(P)CR(G)TR(pT)) = Tr(FR(P_l)PR,(ns)aﬁFR(p)FR(J)) (38)
= Tr(Pr,(r5)as T R(P" T R(P)TR(0))
= TF(PR(T,S)QEFR(O-))'

In equation (3.8) we have used the fact that

FR(p)PR(T,s)aB = PR(T,s)aﬁrR(p) (39)

This deserves a little explanation. Assume that R - m + n decomposes under the S,, x S,, subgroup
as follows
FR(U) =AM BA DA D A3

where \; i =1,2,--- are irreducible matrix representations of S,, x S,,. Concretely, I'r(c) has the
following block diagonal form and the intertwining operator can be written in matrix form as follows,

L1000 0,000
00 0 1000 0
PR} =1 "0l0a 0|+ PRewe = 17000100 0
000N 000 0 0

We have illustrated an example for which o # 3 so that the non-zero block of the projection operator
is not on the diagonal. The LHS of equation (3.9) is as follows

A0 0 0710000001 [ 000 0
0jAL 0. 011 10,0 0 A1 0,00 0
(P)PR,(15)as = 0101As 0| | 00100 0f | 0/0 0 0] (3.10)
0;0;0;)\3 0r0r 0 0 0000 0
The RHS of equation (3.9) can be written as
00000, 0] [0 0 0] 000 0
1'0'0 0 0'A% 00 MO0 0
PRV = 50 00 | | 0o 0| < [oofa o[ G
000 0 0 010" 0As 000 0 0

This demonstrates how (3.9) is true for all p € S, X S, subgroup. Also, it is now clear why p had to
be an element of the subgroup: only in this case is T'r(p) block diagonal. We follow exactly the same

imt1) i(m+2) Um+3) ok i(m+1) sk m+2) Zi(m+3)
process to convert Z; otmsty Dm0 5a(m+3) to 4, 5g(m+1) toms2) Ziomes)

of variables use ¢ = (m + 1,m + 3)7(m 4 1,m + 3). We keep going, up to Z; ot 5z(m+n)5k(m+n)

to(m4n—-1)
for which we use 0 = (m + 1, m +n)7(m + 1, m +n). With the above substitutions we effectively get

For the change

o (Z?mel ce Z?er" )
lo(m41) bo(mtn) ) n (5?(m+1)5k gimt2 | gimin ) (3 12)
. .

B4 lo(m+1) o (m+2) io(m+n)
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( ?m+1 “.Z?m-!—n )
For the fo(mi) _to(min)

27 derivative, after applying the same process, we find we can set
j

oz -z )
to(m+1) i (m-+n) im imgn
k - (6]? 61] (1)Za(n+13-2) e Za(rZ—f—n)) (313)

0Z;

For the derivatives with respect to Y we can use the same logic to get the following results,

(y?'l c YIm >
io(1) io(m) sk vz vim
o7 (5 ok Yo Ya(m)> (3.14)
and,
0 (Yiil(l) o ”LZT )> i1 5J
o o(m _ 71 19 im
57 =m (0p] | Vi Yin ). (3.15)
Coneid ] 4 derivatives siven by & 2072 L o [a(remaem]
onsider now the second derivatives, given by o | ez an azk | oy | rite the

first of these as follows

o [o(yemzem) o) om0 (Z°™) ayem\ [(ozem
k i =ovr |¥ i | k i) (3.16)
Y] 07, Y] 07, Y] 07,

Using the result we obtained in equation (3.16), it is a simple matter to find, after summing repeated
indices

o _foemzemy _ [5?1 5?m+1] (viz, -oxim zime g )
aY;k 8Z]7;: lo(m+1) to(1) 15(2) Lo (m) o (m+2) Yo (m+n)

Similarly, we find

o [0(vemzen) ; . | | .

— o(1) tm+1 2 im Tm+2 Intm
k i _mn[éiom 15i01:|(}/;02 Yom'Ziom2.”Zio'm 'n>

aZj 8Yk (m+1) to(1) (2) (m) (m+2) (m+n)

Taking the difference of these results yields

0 (Y®mz®n) B 0 (Y®mz®n) o (Yig L Yim L gimt2 | gingm >
k| oz ozy L vy o " o) Ziotman " Diomin

oo = o o]

lo(1) tm+1 to(m+1) 1

Using this result, after a little algebraic manipulation, equation (3.3) becomes

DXR(rs)os (YO Z%") = C Y XR(s)as (0) (3.17)

—1)!
(n Uesn+m
19 im Tm+42 in+m tm+1 i1 i1 Im41
<Y7/o'(2) }/Zd(m) Zld(m+2) Zza(m+n)) |:5Z (1) [Z Y]Z o(m+1) 57’0(m+1) [Z7 Y]Za(l)

Observe that in the terms in square brackets, the upper indices and lower indices do not match. To
match the indices, we act on the upper index of the first term with (1, m + 1) which is accomplished
by transforming the summation variable o — (m + 1, 1)o. With this transformation we have
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)(}2(,,«78)&ﬂ ((m + 1, 1)0’) <}/;i02(2) e Yim . Zim+2 e Zzn+m ) % 6im+1 [Z, Y}“

Lo (m) lo(m+2) Lo (m4n) Um+1,1)0(1) Umt1,1)o(m+1)’

_ ig . Tm . 74'm-§-2 . 7;n—‘,-m il im+1

= XR(rs)as (M +1,1)0) (Y;m) Yia(m) Zia<m+2> Zia(m+n>> X 6@'0(1)[2’ Y]ia<m+1>' (3.18)
Likewise we act on the lower index of the second term by changing the summation variable as ¢ —
o(m+1,1), to obtain

XR(rs)s (0(m +1,1)) (Yiz yim L gimi2 | gingm )X(;zj

. ) : ¢ 1 7Y Im+1
15(2) Lo (m) Lo (m+2) Lo (m+n) lo(m+171)(1)[ ’ ]

io’(m+1,1)(m+1) ’

= XAy (4 L1)0) X Y2 coyin zimes Lzl st (Z YT (319)

ZA¢7(2) Lo (m) io(m+2) ia(m+n) io‘(m+l) :

The action of the dilatation operator is now

1
DXR(T75)QL3 (Y®mZ®n) = (TL _ 1)|(m _ 1)| Z XR(T,S)Qg ([07 (m + 17 1)]) X (320)
’ ’ 065n+m
i2 . Zm . im+2 . in+m ’il _ im+1
}/;0(2) Y;;o'(m) Zio‘(m+2) Zia(m+n) X 5i0(1) [ZY YZ]ia(m+1) :
To proceed further we will rewrite Yi”@) . -Yii’?m) -Zf”zjn;) - Zf"(tn’in)(ZY)::m(:H) as a trace. This will

allow us to express the result in terms of restricted Schur polynomials. Towards this end consider the
contribution from the first term in square brackets in (3.20)

YiQ - im (Zy)ierl Zim+2 - iern _ i2 - Y’Lm 7:m+1}/’i1 ’im+2 - im+n
15(2) 1o (m) lo(m+1)  Yo(m+2) o (m+n) 15(2) lo(m) Yo(1)  lo(m+1l) lo(m+2) Lo (m+n)
12 - im im+1 i1 7;'m+2 . im+n
15(2) lo(m) Yo(1,m+1)(1) Yo(l,m+1)(m+1) lo(m+2) Lo (m+n)
2 yim 41 i1 tmt2 lmdn
15(2) lo(m) lo(m+1) lo(1) lo(m42) Lo (m+n)
_— il . Tm, 7:m+1 . im+n

lo(1) lo(m) lo(m+1) Lo (m+n)

=Tr(o(l,m+1)Y*" @ Z°").

The contribution from the second term in square brackets in (3.20) can be written using the same trick,
by acting on the lower index, which is accomplished by changing o — (1, m + 1)o. The result is

LRY2 (YZ)m  Zim 2 zpmin Sy L yim o ylmiigh o gimi g

io(2) to(m41) " lo(m+2) io(mtn) " lo(2) to(m)” lo(1) lo(m+1) " lo(m+2) i (m4n)
_yi yin yime gi imi2 | gimen
15(2) lo(m) '1,m+1)o(1) Y(1,m+1)o(m+1) lo(m+2) Lo (m+n)
—yiz L yim yROmEDmt) ZAmin ) pimtz | gimtn
i (2) lo(m) "~ to(1) lo(m+1) i (m+2) io(m-+n)
il “ e Z'm im+1 P im+"
T o) Go(m) lo(m+1) o (m+n)

=Tr((1,m+1)oY®" ® Z%").
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Therefore we can write

Tr ([0, (1,m + 1] YEmZE) =iz .. yfim . gimi2 . gintm (g y]imi

15(2) Lo (m) Lo (m+2) Lo (m+n) lo(m+1)’

(3.21)

allowing us to find the following action for D

DXR,(r,s)ag (Y®mZ®n) = Z XR,(r,s) aﬁ 1 m+ 1)7 U]) Tr ([Ua (1a m + 1)] Y®mZ®n) 5“

(n—l to(1)”

UGSn+m

(3.22)

To simplify the above expression, we write the group Sy, 4+ in terms of the subgroup Sy,+m—1 and the
left cosets of this subgroup. The subgroup is defined by o(1) = 1 and the decomposition we use is

Sn+m - Sn—l—m—l ¥ (12)Sn+m—1 ¥ (13)Sn+m—1 b---D (Lm + n)Sn-l—m—l-

A little manipulation now shows that

m+n

DXRv(T:S)aB (Y®mZ®n) = (n _ 1)|1(m ) SZ Z XR,(T,S)QB ([(17 m + 1)7 (17 Z)G]) X (323)
TESn+m—1 =1
)

([(L 1)0, (1 m + 1)] Y®mZ®n) 57,1

io(1)
m-+n
(”—1)t 1! Z XR,(r,s)aﬁ<[(1 m+ 1), <N+21’) ])X

0EShtm—1

Tr ([0, (1, m +1)] Y& Z%7) .

Consider the expression [N + (12) 4 (13) -+ (1,m 4+ n — 1)] which can be written as follows

n+m n+m
Cotm = Cogm= Y, (5)— >, (,5)=N+(12)+(13)--(Lm+n—1)
i=1,i<j<n+m 1=2,4<j<n+m

where Cp, 1, and Cp1m—1 are Casimirs of S, 1, and Sy1m—1. The value of these Casimirs when acting
on a state belonging to a representation labeled by a Young diagram R is given by

Chgm|R, a) = Z(ri —1)r; — Z(cj —1)¢j | IR, a)

where 7; are the lengths of the rows of R and c; are the lengths of the columns of R. Recall the
branching rule
R=PFr
R/

With the branching rule in mind, it is clear that

FR(N + Cm+n) = (N+ /\R) X 1dR><dR = @(N-l— /\R)ldR/XdR/a (3.24)
R/
Tr(N + Crpn-1) = POV + Ar) ey xdy (3.25)

R/



Section 3.2. The dilatation generator at one loop Page 34

The values of the Casimir eigenvalues are [22]

_ il —1) ¢j(e;—1) N el =) cy(ey — 1
A=) 5 —Z " AR,_Zf_ . (3.26)
J

7

Using these eigenvalues it is straight forward to verify that

ri(ri — 1 c 1 rh(rl, —1 (¢ — 1)
cnr = N £ Ap— Ap = Z(Q)_Zw _ ZM— AN

~ 2 ~ 2
7 J 7 J
_ (ri — 1) 7 (T 1) cj(cj —1) c;,(c;, 1)
- Z 2 Z 2 Zj: 2 Z 2
7 J

where crp is the factor of box that must be removed to go from R to R’. Therefore equation (3.23)
becomes

DXR (7, s)aﬁ Y®mZ®n Z CRR’ Z XR,(r,8)ap ([FR((L m+ 1))> FR/(U)D X

B — D
g n+m—1
(3.27)
Tr ([o, (1, m + 1)] Y& ZO7) .
Now, using the identity [26]
®@m ®m dTn'm'
Tr (oY"Z Z o+ T 0 (X7 1 (Y Z),
we find
CRR/dTn!m!
D YZ)= T I'r((1 1)), Tp
XR,(T,S)( ) Z (m + n)'dtdu(n — 1)'(m — 1)' Z r(T,S)Qg [ R(( ,m —+ ))a R ((J))] X
R/ UES’mJﬁnfl
(3.28)

Triwy (Cr(0™h) X140y (Y Z).

The sum over ¢ is now easily carried out by using the fundamental orthogonality theorem. A little care
is needed since we are summing over S,.,,—1 but representations of S,1,, appear. Recall that the
fundamental orthogonality relation says

4

D Tr(0)als(0™ et = dn ~—0R50ad0ch- (3.29)

o€eG

Restricting to the Sy, +m—1 subgroup, I'r(,s),, takes the following block diagonal form, as does Ls(0™)ea
which assumes the form

RO 0 0 0 0

0/R 0 0 B B=S514 ¢
FR(U)ab - 7707: 707:75741776 5 FS(O’ )Cd = **0**6: *****

010708 09 °

ab cd
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Applying the fundamental orthogonality relation in matrix form, (here we assume that the representations
that contribute are R' = Ry and S/ = 57)

R0 0 0 0 0 001 0 0 000 0 0
S Z Rl_Sl‘ J el T T J e T T
eV N 00 (m+n-— 1)'5 00,060 10,0 0
010151 0 0 O S B dp RS 01010 00 0 010100 0
0001 0 S 00 000 0 0 0000 0 0
ab cd ad cb
(3.30)
0100 0:010 0
Torry — 20,0000 7 21000
BT"= 10101 00 0 ) TRE=10101 00 0
O;O;O; 0 O;O;O; 0
ad cb

To summarize, in terms of

CRR/dTmn
MR,(T,S) T(tou) — gYM Z dR’dt m + 7’L) Tr([FR((]-vm + 1)),PR—>(T3 3)]IR’T/ [FT((lam + 1))7 PT—>(ta U)]IT’R’)

(3.31)
we finally have

Dxg(rs) = Z MR (r,s):T(t,u) X R(r,s) (Y Z)-
T,(tyu)

We would like to rewrite this in terms of operators with normalized two point functions. The two point
correlation function is

frhooksg
XRy(r5)es (Vs 2)s X700 (Vs 2)T) = O (187 0.0 Fooks ook’ (3.32)

so that a normalised operator (denoted with an O) is given by

frhooksg
Y. Z)=\|——— Y, Z). .
XR,(?",S)( ? ) hOOkSrhOOkS OR,(?”,S)( ? ) (3 33)

The dilatation operator, acting on normalized operators, is

DOg (1) (Y, Z) = Y N o)1yt Orta) (V2 2), (3.34)
T,(t,u)
where,
CRR/dTmn frhooksphooks,hoooks
Np, )
(rs);T'(tu) Z (m+mn) \/thooksRhook:sthoooksu X (3.35)

Tr ([FR((L m + 1)), Pro (7, 8) Igrp L7 ((1,m + 1)), Pro (¢, u) I Rr) -

This completes our review of the derivation of the action of the dilatation operator on the SU(2) sector.
Evaluating this expression is a highly non-trivial task. We need to introduce an approximation scheme
to accomplish this and this is the task we turn to next.
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3.2.2 Displaced Corners Approximations. The key difficulty in evaluating matrix elements of the
dilatation operator is in writing explicit expressions for the intertwining operators Pr_,(; 5)as. The
displaced corners approximation allows us to write concrete formulas for these intertwiners.

The displaced corners approximation holds when the difference in the lengths of any two rows in the
Young diagram is order V. To ensure that this is the case, we take m < n. Recall that the action of
adjacent permutations on Young-Yamanouchi symbols is given in terms of the difference in the content
of the two boxes being swapped. In the displaced corners approximation this difference is equal to 1
if the boxes are in the same row and O(NV) if the boxes are in different rows. Thus, in this limit the
action of the symmetric group becomes particularly simple. One consequence of this simplified action
is that for a Young diagram with p rows, there is a U(p) group acting which commutes with the action
of S,,. To demonstrate this, one needs to associate each removed box with a vector in a p dimensional
vector space V). In this way, the m removed boxes associated with the Y's define a vector in V}?m.
The trace over R @ T in the formula for the matrix elements of the dilatation operator now factorize
into a trace over r &t times a trace over Vp®m. The bulk of the work is in evaluating the trace over
Vzu®m . This trace can now be evaluated using the methods developed in[9]. It is possible and useful to
write the intertwining maps in terms of the basis for the fundamental representation of the Lie algebra
u(p) given by (Eij)ap = 0iadjp and obeying[11]

EijEkl = jkEil~ (3.36)

Note that F;; is a matrix with zero entries everywhere except for the element in the ith row and jth
column which is 1. Each E;; acts on the space V appearing in the tensor product V®™. To define
operator that acts on V™ we take a tensor product of E;; with the identity 1 acting on V. For example

EY=10E;91® - ®1

gives an operator that applies E;; to the second V' in V¥ and the identity to all other V's in V®P.
There are p factors on the RHS of the above equation. Although there is a lot more that could be said
at this point, this is enough detail for what we want to do. A box removed from row i is associated
to a vector v;, which is an eigenstate of E;; with eigenvalue 1. If we remove a box from row i of R to
obtain R/, and a box from row j of T' to obtain 7", assuming that R’ and 7" have the same shape, we
have

1 1
Ipp=EY,  Ipg=E) (3.37)

for the intertwiner. Denote the number of boxes in row i of R by r; and the number of boxes that must
be removed from row ¢ of R to obtain row ¢ of r by m;. We collect the m; into a vector m and say that
we remove m from R to obtain . We are now ready to evaluate the trace over V;,®m. Assume that we
remove the box from row ¢ of R to obtain R’, and from row j of T to obtain 7”. From (3.37) we see
that these terms have a coefficient of \/crrerr = /(N +7;)(N + ;). The intertwining maps are

I = E](ZI) and Ippr = EZ(]I) We remove m from R to obtain r and 77 from T to obtain t. We will
now explain how to evaluate the traces that appear in the matrix elements of the dilatation operator,
using the displaced corners approximation. We need to write T'r((1,m + 1)) in term of the B} as
follows

Tr((1,m+1) = EY B (3.38)

and similarly for T'7((1,m + 1)). The projection operators are written as

PR%(RS)aﬁ =1, @ Psyps PTH(t,u)W =1 & Duy, - (339)
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3.2.3 Dilatation Operator Coefficient. In this subsection we explain how to evaluate the coefficient
in equation (3.35) in the large N limit. Use the relation between the dimension and the hooks from
equation (2.5), with simple algebraical manipulations, to get

drnm [hrhehs — (m 4 n)! " mnhp hihy, lhrhyhg (3.40)
drdidy(n +m) \ hrhithy — hr (m+n—1D!mInl(m+n)\ hrhihy, '
hih, 1
= v/ hyhs hp.
. (m—Dln—1) "R

In what follows, T3 is the length of row 1 of T" and Rs is the length of row 2 of R. We use a similar
notation for the length of the rows of » and ¢. In the displaced comes approximation we can set

R=r(i+o(2))
7 - (140 (™).

To leading order at large N we can write

[hohe 1
hrhr /T Ty ? RTT Ry

Further, again at large N, we have 77 = R; and T5 = Ry so that the above result becomes

| hrhy 1
= . 3.41
hrhr  R{™Ry™ ( )

When computing the trace in equation (3.35) we will pick up a factor of d,. If we drop a box from row
i of R to obtain R’, then we also drop a box from row i of r to obtain 7/[9]. Using the same idea, we
hp -

R to find

!

can easily compute
hR/ o
e
Combining equations (3.41) and (3.42) we now find

hohi hp
\ hehr b

RMRY?. (3.42)

The N dependence of the coefficient is
fr
CRR/ f; = \/CRR'CTT. (343)

3.2.4 Evaluating Traces. In this section we will discuses the evaluation of the trace appearing in
equation (3.35). We start by writing this trace as a trace 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 4 1) box is removed. The results from the last subsection clearly imply that the dimension
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of the symmetric group representation R™*!, denoted dzm+1, depends on the details of this shape. If
the (m + 1)™ box is removed from row i, denote this dimension by d%,,..,. Our general strategy is to
trace over the last Z slot (the (m + 1)t slot) which then leaves a trace over Vp®m . This trace is then
evaluated using elementary U(p) representation theory.

The box removed from R to obtain R’ is removed from the b™" row of R and the box removed from
T to obtain T” is removed from the at" row of T' . After tracing over the n — 1 Z slots associated to
R™*L (this produces a factor of d%mﬂ), multiplying the symmetric group elements (1, m + 1) with the
intertwiner and then tracing over the (m + 1)t slot we are left with a trace over V2™, To perform
this final trace, we will use the result from subsection 2.5 which allows to us write the trace in terms of
Clebsch-Gorden coefficient of U(p).

3.2.5 The Spin Chain Descriptions. In this subsection we will focus on the case that R has two rows.
In this case we can define a map from labeled Young diagrams onto spin chain states. This allows us
to convert our dilatation operator expression into a particularly simple form. This form is an eigenvalue
value problem, which we can solve explicitly. Each box in the Young diagram corresponds to a spin.
A box in the first row is a spin up state, denote by 1. A box in the second row is a spin down state,
denoted by 0. For example,

o~

2[1]
+ [11010). (3.44)

ot
w

A basis for the spin chain states is given by

0) = H 1) = m (3.45)

The operators

. [8 (1)} o= {(1’ 8] (3.46)

act on these states as follows

a'l0) =[1) a'j1) =0 (3.47)
all) =10) al0) = 0.

Here is an example of a spin chain state, for a spin chain with 5 lattice sites
[11011) = 1) @ [1) ® [0) @ |1) @ |1). (3.48)
Using
al1) = 10) (3.49)
we can rewrite the spin chain state as
[11011) = 1) ® |[1) ® a|1) ® |1) @ |1). (3.50)

1

We can write the operators a, a' in terms of the Pauli matrices o', o2 and ¢ as follows,

1 1 1
a:§(01+i02)» aTzi( b —io?), aaT:§(1_03) (3.51)
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where
1|01 o |0 —1 3 (10
U‘L o 77 i of 7 "o -1
and the total spin of the system is defined as follows !
L L 1
1 _ 1 2 2 3 _ 3
Jh=) sop =) g =) 5o (3.52)
p=1 p=1

J-J=JT+ J2J2 + J3J5.

N

We have written the formulas for a spin chain with a total of L lattice sites. Here capital letters refer
to operators and small letters refer to eigenvalues. We can illustrate the connection between Young
diagrams and spin chain states using a specific example and then state the general rule. Consider the
case of 3 spins. The impurities can be organized into any irreducible representation corresponding to a
Young diagram with 3 blocks and two rows. The possible irreducible representations are

|

LT O, (3.53)
and they have dimensions 1 and 2 respectively. Coupling 3 spin % particles, using the usual rule for the
addition of angular momentum, we have

1

11 3 1 1

S®®o =", (3.54)
From equation (3.54) we notice that the number of possible Young diagrams for the impurities matches
the number of angular momentum multiplets and likewise the degeneracy of each multiplet matches the
dimension of the S3 irreducible representation. These connections are a consequence of the Schur-Weyl
duality between the symmetric groups and the unitary groups[27]. Notice that in the example there is
no need for multiplicity labels. This is true in general for operators labeled by Young diagrams that
have no more than two rows. Consequently, we drop the multiplicity labels from the restricted Schur
polynomial in what follows.

Now we consider a general case corresponding to the restricted Schur polynomial X (). The J? =
j(7+1) quantum number tells us the shape of the Young diagram s. If number of boxes in the first row
is s1 and number of boxes in the second row is sy, then j = *15°2. The 43 quantum number tells us
how many impurities sit in the first and second rows of R, that is, it tells us how many boxes must be
removed from each row of R to obtain r. Denote the number of impurities in the first and the second
row by m1 and mgy respectively. We have

3 M1 — M2

> (3.55)

The following examples show the projection operators appearing in the restricted Schur polynomials,
written in terms of the 7, j° states

[ T[] [ 1] dm. 3 . 1. 3 4 256
7( 7‘—‘—‘J)_ ; ‘]_57] _§7Z><.7 _57.7 _7a7“ ( 5 )
T M B B T R
7( ) — )_Z|]_§7] _517‘><]_§7] _§>Z|

1The explicit description and calculation of the spin chain operators can be found in [27].
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In the above, i labels all the states with the displayed (j, %) quantum numbers; it runs from 1 to the
dimension of the irreducible representation organizing the impurities. The irreducible representation that
organizes these SU(2) multiplicities is the representation of \S,,, that the projection operator defining the
restricted Schur polynomials projects to. These results represent a general construction of the projection
operators used to define the restricted Schur polynomials.

When we evaluate the traces in equation (3.35) we need to consider the action of I'g((1,m + 1)). To
do this we need to add another spin site to our chain. I'r((1,m + 1)) can then be taken to act on the
first and m + 1 th site of the spin chain. We could allow I'g((1,m + 1)) to act on any of the first m
sites and the (m + 1) th site of the spin chain without changing the final result[27]. Including this extra
site our projectors become,

Pg(rs) = Z 15,5, 0) (5, 5% i @ 1= Z 14, 5%,4) (G, 3% il @ (10) (0] + [1)(1]) . (3.57)
We can now evaluate the trace in equation (3.35),
Te ([DR((1Lm + 1)), Prosgrg | Trvrs [Pr((Lm 4+ 1), Py | I (3.58)
= T (TR((L,m + 1)) Prosy L Tr((Lm + 1) Prs Trome ) = Te(Tr((Lm + 1)) Pro s T
X Pr_ylr((1,m+ 1))IT/R/> Ty (PRﬁ(ns)I‘R((l, m + 1)) e Tr((1,m + 1))PTﬁ(t’u)IT/R/>+
Tt (Pros ey Tr((Lm 4 D) e Proyan Dr(Lm + 1) Frog )
Using equations (3.37), (3.38) and (3.39) we find
Tr(TR((1Lm + 1) P o T Do (L m + 1) Pros g Frve (359)
= (B B 0 REYEG EG 1 0 PEY)
=T (0B By 1, @ Pos B B 1 @ Py)
= (B PEY P T BV B
= (B PEY P )dr).

1 0

In the following calculation we set s = 2 and j = 1. In this case Ej; = E}, = [O 0

] and B = El, =
0 0
0 1l Here we have chosen R =T as an example

R, (r,8) = (r,5,§%) = s = 4,55, T,(t,u) = (r,4,5°) = u— j,5°

Decompose the states appearing in our projector as

lj+4° 11 j—j3 1 1 1-1
 Is) S —Z I, 60
73% Is) % ‘ ,3122>+ i= 50 5 lyigs (3.60)

j—g*+1 +1 _ J+j +1 + 1 11;1
]_1_1 81 22 +1 a] 752a22 .

(3.61)
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This decomposition can be written as a linear combination of the states
1 5 1 1-1
i—= f’ + 2,1 > (3.62)

_ /]+J 11 j—f”
W& s - ‘ - 7Isl 22>+ 2 s2 2 2

_ / ] +1 /j+j +1 1-1
|¢Sa s = +1 ‘ 7,7 , s1 22 ‘ 7132 2 2

We will also need

j+j3

Ry L
|Pus Lu) J+50" 5 lyigg 5 g luis o

]—j 3+1 ]+j +1 1-1
= | = — 1/ —= I
‘wuau +1 ’ 7'U,1 22 +1 ' —"_ u222

To obtain these result we have made use of the following SU(2) Clebsch-Gordon coefficients

1 111 3 1 1.1
3 >+ Bt Ny S N > (3.63)

1 5 111}, 3 J+73 o1 5 11 1},. 3 Jj—Jj3+1
e — = =, > ===, = =—/=—"——, (3.64
<] 5] 2,2,2’}J,J> 25 N T2l 5 |7,5°%) T (3.64)

A S T S N j—73 1 11 1. 3 j+g3+1

<J 50059 2)%]}— T J+2,J +5i5 75| ) = 2 1 D)

We can rewrite the projectors as follows,
Py =" ([t L) (s, L] + |65, 1) (b5, L) - (3.65)
I

Py=> " (1w L) (s Lul + [bus L) (s L) -

I,

In above equation we sum over all possible Young-Yamanouchi symbols, indexed by I;. Using these
projectors, we find

Tr (ES)P E§2) ) <'9Z}u’ I |E11 W)s’ s> <17Z}Sa Is| Eéé) |77bu>]u> + <¢ua Iu| Eﬁ) |¢37Is> <¢37Is‘ Eéé) |¢u>lu>
(3.66)

j+j3j—j3> ) <j+j3+1j—j3+1> )
= | — - dsy + - - dss. 3.67
< 2; 25 ) 2 +1) 2G+1) )" (3:67)

where

3 /J—] +1 ]—g3+
_ t = 28
<¢U7Iu| - (|¢U7Iu>) — <] + 2’] 7 u1 9 2‘ 7 ’ u2 2 9 ‘
3 13
o t . . 9 .3
<¢u’Iu‘ - (‘¢U7Iu>) <J + 27] 7 u1 9 2‘ .7 + 7] + a u2 2 9 '
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We also need to evaluate I?S, . We will compute this value using a toy example from which we can

B

2
extract the general formula. The toy example is

9[8[7]6]4]3]2]1]
hs  h, [41312]1 _@_j(m+2j+2) (3.68)
Py Ry ERREPEN 5 @D -
ol8]7[6]4]3]2]1]
hs _ hy _BED _ 64 (j+1)(m—2j) (3.60)
hy  hy [9]8[7]5]4[3[2[1] 5 2+ 1 . :
2 2 3]2]1

We have given the general formula for the final result. Putting everything together we can write the
action of the dilatation operator on restricted Schur polynomials as follows

DO(r,j,3%) =9¥ u [—é <m— (mz;i)(l')) >A0(r 5,75+ (3.70)
(m+2j +4)(m — 2j) ]+] +1)( ]—j —1) . .
\/ (25 + 1)(2j + 3) < 2 + 1) >AO(T7(J+1)J3)+
(m+2j+2)(m—25) ((j+353 ]_]) . .
\/ (25 +1)(2j — 1) < )AO(Ta(J—l)Jg) :

where

AO(r,j,5%) = /(N + R1)(N + Ry — 2)O(r + 1,5,5%) + O(r — 1,5 + 1, 5%)
— (2N + Ry + Ry — 2)0(r, §, 5%).

This completes our review of the one loop dilatation operator. Using the same methods, we will compute
the action of the two loop dilatation operator in the next chapter. This is the beginning of the novel
results obtained in this study.



4. Two Loop Dilatation Generator

In this chapter we will discuss the two loop dilatation operator. Assuming that the number of Z fields
(n) is very much greater than the number of Y fields (m), we find that there is a leading contribution
and a subleading contribution. The subleading contribution is supressed by a relative factor of 7. The
leading term includes two derivatives with respect to Z and one with respect to Y. It has been studied
in [11]. This computation is reviewed below. The subleading term includes two derivatives with respect
to Y and one with respect to Z. This term has not been considered before and evaluating it is one of
the main accomplishments of this dissertation.

The two loop dilatation generator is [24],

Q
)
o))

newn(pagl[$ ) e
won((end] [ 4]

wrenmam[[35] )

where :: denotes normal ordering, indicating that derivatives do not act on fields within the ::, and

)

2
g= 9y m
1672

4.1 The calculation of the terms involving Two Z Derivatives

The leading contribution to the dilatation operator is from the term

w([va 2 [[22] ) 02

Acting on a restricted Schur polynomial, we obtain

. 8 a 8 . ]' i1 im 7;'m+1 im+n
‘TrQ[Y’ Z]’az] Hayaz] ZD ol SZ Xitraos (@) (Y, - Yim 20t oz )
g n+m
(4.3)

0 0 0 0 0 0 0 0 0 0
=:Tr ((YZ — ZY)87 <8Y(9Z — 8Z8Y) Z—-(YZ - ZY)872 ( - )

0 g 0 o 0 0 o 0 o 0
~ oz VA AY) (ayaz - azaY> 2t g Ve INE (ayaz - azay)) '

1 i o |
L yim gimi | gimin
X m!n! Z XR(TVS)ﬂﬁ (0) <}/;o(1) }/;o(m) ZZG(erl) Zlo’(ern)) :
O'ESTHrm

43
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One of the terms contributing to the above expression is

0 g 0 g 0 . .
(823 <8Y€ 0z~ 07 6YC> (77 - ZY)a)) XE(rs)0s (Y Z) (4.4)
~G=mEy 2 Xneanolo |(zvz =221 G0 )
TESm+4n

41 chm42 7 L Vim im43  r7lmin
—(2YZ - ZZY)]Z o(m+2) (6%(1) 5io<m+1>)} <Y%2<2> Yéo(m) Zia(m+3> Zio<m+n>) XR,(r8)ag (Y’ Z)'
We can simplify the first and second terms by a change of variable o. For the first term set 0 =
(1,m + 2)7(m + 1,m + 2). For the second term set 0 = (1,m + 1)7(m + 1,m + 2). Apply the above

change of variables and define D! = (% (aiybeagc aaze 8YC> (Z5(YZ - ZY) )) to get

Z XR(T,s)ag ((17m+2)7—(m+ 17m+2) (45)
TESm+ﬂ,

/1
D XR(r,s)ag (Yv Z) (m 2) (n — 1)

_ 11 Tm+2 13 . m
(1 m+ 1)T(m + 1 m+ 2)>61 (1)}/;7'(7714&) Y;T(3) }/i‘r(m)
(ZYZ —ZZY)m+  gime?  zimes L g

br(m+1) lr(m+2)" tr(m+3) br(metn) |

Next, by replacing 7 — (2,m + 2)7(2, m + 2), we find

D/IXR(T,S)Qg (Ya Z) Z XR(r,8)ap <(17m+ 272)7(27m+ 2,m+ 1) (46)

T€S77L+n

(m—2)!(n—1)!

—(Lm+ D)2 m+ 272 m+2m 1)o7 vy

tr(1) tr(2) " ' (3) br(m)

(ZY Z — ZZY )+ yimeR gimds L gimin

r(m41) ~ tr(m+2)  tr(m+3) Lr(m+n)

Focus on the product of fields in the above expression. Recalling that we only sum over permutations
with 7(1) = 1 and 7(2) = 2, we can write the product of fields as

Tr((2,m+2)72,m+2)[(L,m+1,2) —(1,2,m+ 1) YY" 2 2% g Z9"7%)  (4.7)
=Tr((2,m+2)7(2,m+2)[(1,m+1,2) — (1,2,m + 1)] Y®" Z®") .

We then obtain

1
O 2 X (Lm 27 m 2 m )= (48)
' .Tesm+n

(IL,m+1)2,m+2)7(2,m+2,m+ 1)>Tr<[(2,m+ Dr(m+2,2,m+1)

DllXR(r,s)ag (}/’ Z) =

— 2,m+2)7(m +2,2,m+1,1)] Y®mz®”).

We can reduce the sum over Sy ., to sum over S, i,,—2 using the same steps that lead to equation
(3.27) in section 3. The sum over o is now easily carried out by using the fundamental orthogonality
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theorem. A little care is needed since we are summing over S, ,—2 but representations of .S, ,,, appear.
Recall that the fundamental orthogonality relation is

4

Z Tr(0)als(0 ™ e = @5355@5@- (4.9)

oc€g

Keeping in mind the discussion after equation (3.29) in section 3, we finally obtain

DIIXR(T,S)aﬁ(YZ)m CRRICRI R [Tr Tpnge(2,m +2,m + 1) Py gy, (Lom + 2,2)
Tropn(2,m 4 2)Pr_y g uy s (m +2,2,1,m + 1)) = Tr(Ipn g (2,m + 2,m + 1) Pr_ )., (1,m 4 2, 2)

Trogn (2,m 4 2) Pr_y s (m + 2,20m + 1,1)) = Te(Tpugo(2,m 4 2,m + 1) Pr_y gy, (1 m + 1) (m + 2, 2)
Trog(2,m +2) Py, w(m +2,2,1,m+ 1))+ Tr (IT/,RH (2,m +2,m + 1) Pryrg, (Lom + 1)(m +2,2)
Lo (2,m 4+ 2) Pr_ s (m+2.2,m + 1,1 )] (4.10)

To obtain representations of the subgroups Sy, +,—2 from the representation of the group S+, we need
to drop two boxes. We will use the following conventions,

R % rRL rR, T & 7L 1

where we have indicated the row from which the box must be dropped to obtain the subgroup rep-
resentation. With these conventions, and with the discussion of section 3 in mind, we can write the
intertwiners Ipn g, Ignpn as

rr SSs

Ipngr = BB EYVEE Ipep = B B B EY) (4.11)

Note that in the above expressions repeated indices are summed. To compute the action of the per-
mutations on the intertwiner act on the rows of the intertwiner with the permutation and act on the
columns of the intertwiner with the inverse permutation. We find

(m+2,2,1,m + D)Igrgr(2,m +2,m +1) = BB, (4.12)
(m+2,2,m + 1, V) Iprge (2,m +2,m + 1) = BES BB, (4.13)
(Lm+2,2) [ (2,m + 2) = By B, (4.14)
(1,m +1)(2,m + 2)Iprpn (2,m + 2) = B BB, (4.15)
Recall the definition of the intertwining map
PR (r,8)as = PR (r,5)as © 1r- (4.16)

In the above, Pr (), acts in the carrier space of R, pr_(rs),, acts in V&M and 1, is the identity in
the r subspace of R. We are now in a position to evaluate the traces appearing in (4.10). For the first
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term, the result is only non-zero when k = j and [ = i. Let m be a vector which records how many
boxes must be dropped from R to obtain r. The trace is only non-zero if the vector describing how to
go from R to r is equal to the vector describing how to go from 1" to . We summarize this by saying
that for this term, m is conserved. The representations which participate are

R 4% R R, ro LS )
A N L N LN
The result from the first trace in (4.10) is

1 1 1 2
CR,R;CR;,R(L/,CTV (Ez(i )E/(ﬁTJr )pR—>(7‘7S)aﬁE]('k)Ei(lm+ )pT—>(t,u)wa> (4.17)

" 1 1
= CR,R;CRQ,R” dr; Tr <E1(1 )pRA)(T,S)a/BE]E;k)pT%(t,u),ﬂ;> .

ik

For the second trace in (4.10) we only obtain a non-zero result if j =k =1, i =t and m is conserved.
The representations which participate are

R - R4 R, I
T L T4 71 t L oYLy
The second trace evaluates to

1 1 2 1 2
_ CR,R’CR’,R”Tr (Et(Z)El(:lJr )E]E;TJF )pRH(r,s)aBE](-k)Ei(ZnJr )pT%(t,u)Ws) (418)
" 1 1
= —Cr R/ CR, R, AT TT (Ez(z )pR—>(ns)aa Elik)pT—%uu)wa) :

The third trace is only non-zero if i = j = [, kK = r and m is again conserved. The representations
which participate are

R 4% R R", oL oL "
AN N . S N
The third trace evaluates to
—erner T (ELEG ppo., B B VS pr,,) (4.19)

" 1 1
= —CR R CR R AT TF (Ez(z )pRH(ns)a[s Elgzk)pTﬁ(t,u)WJ :

The last trace is only non-zero if ¢ = j = t, k =1 = r and m is again conserved. The representations
which participate are

R/

R 5 RN RN
k k k
T = T = =
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and the trace evaluates to

1 1 2 1 1 2
CR.R/CR, R T (Et(i)El(]er "B pres e B BB )PT—>(t,u)Ws) (4.20)

" 1 1
= °RR.°R, R/ dry; Tr (Ez(z )pR—>(r,s)a5 E](gk)pT—)(t,u).Y(g) .

(5

Next, we consider the term

8[88 0 0

il (D‘ Z9z% \ovoz ~ azov

EYA :|> : XR,(r,s)aﬁ (Y’ Z) = D/2XR,(r,s)aﬁ (Y’ Z)' (4'21)

Using the same techniques as for the first term we considered, we obtain

drmn(m — 1
T ( )') Z CRR/TI’(IT/R/ (’/TL + 2, m + 1, 1)PR—>(7’,S)O¢3 (422)
R/

D" Y /)=——F——+
XR,(T,s)aﬁ( s ) dtdu(m—i—n !

X Irp(Lm+ D) Pr o)., — Irr(m+2,m+ 1, 1) Proyr g s IR Proiu),, (1, m + 1)
— IT’R’ (m + 1, m + 2)PR~>(T,S)O¢5(1) m + 1)]R’T’(17 m + 1)PT‘>(t7U)»y§ + IT’R’ (m + ]_, m + 2)
X PRﬁ\(r,s)QB(lvm + 1)IR’T’(17 m + 1)PT~>(t,u)75(17m + 1))

The action of the permutations on the intertwiners give the following results

Lm+ DIpp(l,m—+2,m+1) = BY gttt gln+2) 4.3
tu ki ut

Irop(m+2,m + 1) = B BV B, (4.24)

(1, m + D)Igg(m+1,m+2) = BEP EMD ), (4.25)

I (L,m+1) = EVED, (4.26)

Lom+ DIgp(1m+1) = By, 4.27
ik

(1, m+ VIgq = EQ BT, (4.28)

Preforming the trace, we find that the first term in (4.22) is only non-zero if k = u =t, 7 =r and m
is conserved. The representations which play a role are

R i> R r i> r! ﬁ> r’,
T 5 7 o+ 5 vE oy
The trace evaluates to
1 +1 D)) 1 +1
err T (B SV B b s B B pri,) (4.29)

" 1 1
= Cp R drik T0 (Elgrk)pR‘)(ns)aBEi(’i )pT%(t,U)yJ :

The second term is only non-zero if i = k, t = u and m is conserved. The representations that play a
role are
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R i> R, T i) r L r”,
A N LN
Performing the trace we find
1 +1 +2 1
- CRvR/Tr (Et(u)El(cT )ESZFL )pR—>(T,s)a5 Ei(k)pT_’(tvu)'vé> (430)

= _CR7R;dT;;Tr (Eétl)pR%(r,s)aBEZ‘(Z‘l)pTﬁ(t,u)ﬁ/5> .

After taking the trace we find that the third term is only non-vanishing if ¢ = k =t = w and m is
conserved. The representations that play a role are

R 4 R, LN r’,
A N
After tracing we have
1 1 2 1
—Ccrr Tr <E]£1)Et(;n+ )EvSTJr )pR—>(r,s)aBEl(;:L+ )pT—>(t,u)75) (4.31)

" 1
= —Cpp/dri Tr (Efl )pR—>(r,s)M) OR, (r,s)T,(t,u) 085

The fourth term is only non-vanishing if i =t = u, kK = r and m is conserved. The representations that
participate are

R & R, PR r’,
A L
The trace evaluates to
ern T (BB B b0, B B pr) (4.32)

" 1 1
= Cp g driiTr (EZ(Z PR 81 Ezik)PTe(t,u)wa) :

The next term we consider is

0 0 0 0

0

o7 :| > : XR,(r,s)ag (K Z) = DBXR,(T,s)ag (Y7 Z) (433)

Arguing as above, we find

m n drmn(m — 1
DI3XR:(7"75)O¢B (Y® ® A ) == ( )|) Z CRR/TY (IT'R’(L m+1,m+ 2)PR*>(T,S)D¢BIR,T/
R/

dydy(m +n)!
(4.34)

(Lm+DProguy,, — Irr(Lm+1,m+2)Pryio) IR Prou),;(Lm+1) = Ipg

(m+1,m+2)Pr )., (Lm+2)Ipr(l,m+1)Pr . + Irr(m+1,m+2)

PRH(T’,S)aﬁ(l, m + 2)IR’T’PTa(t,u)75(17 m + 1))
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To compute the right hand side of the above equation, we need to evaluate

Ipp(1,m+1,m+2) = E) B plmt2) (4.35)

(1, m+ DIpp(Lm+1,m+2) = EDEm?), (4.36)
I (m+2,m+1) = EVEM pImt2), (4.37)

(L, m+ VIpg(m+2,m+1) = EP BT R, (4.38)
Ipr(1,m+1) = EVETH, (4.39)

(1,m+ 2)Ipp (1, m+1) = ED B gm+2) (4.40)
(1,m + 2)Ipg = EQEM™), (4.41)

There are again four traces to compute. The first trace is only non-zero if i = r = u, kK =t and m is
conserved. The representations we use are

R 4 R/, r i) r! i) r",
T E o7 ¢ B oyi oy
The value of this term is
1 +1 +2 1 +1
erm T (B BV B pn s B B pr ) (4.42)

" 1 1
= CR7R; dr;; Tr (E](gk)pRH(T,S)alg Ez(l )pTa(t,u)w) .

For a non-zero result for the second trace, we need ¢ = k = u and 7 is conserved. The representations
which participate are

R 5 R, ro 5 oS r’,
A N N
And this term evaluates to
1 1 2 1
—CrR/Tr (Eft)Ez(gT ‘BT )pRH(ﬁS)aBEi(k)pTH(t,U)vé) (4.43)

1 1
= —CppdriTr (E( )pR—>(7’75)5ﬁ) OR,(r,s):T, (tu) Oy

The third trace is non-zero if and only if s = u = r, i = k =t and m is conserved. The representations
which play a role are

R &% R, r & ¢4
T

B
!
1=
{
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The third trace evaluates to

—cppTr (E,S)E(m+ VES P pe ey, EVES D BT Q)pTﬁ(t,um) (4.44)

tu ut

" 1
= —CppdrisTr (El(l DR (r5) s Egs)pT%(t,u)g,Y) -

Finally, for the fourth trace we get a non-zero result if K = s = u, ¢ = t and m is conserved. When
evaluating this term, the representations we use are

R 5 R r £> r! i> "
T B o7 o+ B oyE oy
The forth term evaluates to
1 1 2 1 1
CRR T (Efi)EziT B D90, B B )PTa(t,um) (4.45)

" 1 1
= Cp R/ dryi Y (Ez(z )pR—>(r7s)a;a El(gk)pTﬁ(t,u)wa) :

The last term we need to consider is

0 0 88)8

. _ - - = 14
Tr <(YZ ZY)\)Z (ayaz 57 97 az) XR(rs)ag (Vo Z) = D XR(rs)as (V. Z). (4.46)

After some work we obtain

drmn(n — 1)

D/4 Y®m Z®n
XR(T,S)QB( @ ) dtd (m + n

Z CRRICR/R" [TF(IT"R"(2 m+2)(1,m+ 1) Prs(r,5),

(4.47)
(2,m +2)(1,2)Iprpr (1, m +1)(2,m 4 2) Pr_y ) 5 (m 4 2,2,m 4 1)) = Tr(Iprge (1,m + 1)(2,m + 2)
PR% (r,8)a 6(1 m+ 2, 2)IRNT//(m +1,2,m+ 2)PTH(t,u)w; (m + 2,2, 1)) — TF(ITNRN(Q, m+2,m+ 1)
PRH (7,8) o 5(1 m + 27 2)IR”T”(17 m + 1)(27 m+ 2)PT~>(t,u)75 (m + 27 27 m + 1)) + Tr(IT”R”(27 m + 27 m+ 1)
(1,

Prs )y (110 + 2, 2) T (m 4+ 1,2,m + )Py, (m 4 2,2,1)) |.

To evaluate this expression, we need the following results

(m+2,2,m + DIpngr(Lm+ 1)(2,m + 2) = B BTV ET), (4.48)
(m+ 2,2, D) Ipoge(L,m+1)(2,m +2) = B BTV B2, (4.49)
(L,m+2,2)Ipnpe (2,m + 2,m + 1) = BY BTV BT, (4.50)

(m+2,2,m+ VIprgpe(2,m +2,m+ 1) = B B Y, (4.51)
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(L,m +2,2) [ (1, m+ 1)(2,m +2) = BEWEG D B2, (4.52)
(1,m + 2,2) g (m + 1,2,m +2) = ER) BV E?), (4.53)

To compute the evaluation of the action of D’* we again need to evaluate four traces. To get a non-zero
result for the first term we need ¢ = j, k = [ = t and again m is conserved. The representations that
appear are

R/

R 5 LR, e S oS
T 5 vk o v K oyhoy
For the first term in (4.47) we now find
1 +1 +2 1 +1 +2
CR,R’CR’,R”Tr (Elit)El(Zn )Egn )pR—>(T,S)Q5 E](T)E7E2n )El(;n )pT—)(t,u),y(g) (454)

_ " (1) (1)
= CrR/CR R/ AT T (Ekk PR (rs)as i PT%(Lu)«;) :
The second trace is non-zero if i = j = k =r, | =t and m is conserved. The representations needed
to evaluate the trace are

R &% RL R, o+ &% #54
T L5 oL o o Loy h oy
We obtain
1) o (m+2 1
— CR,R'CR,R"TT (El(t )E;E;T )pRH(r,s)aﬁ Ej(‘]g)pT%(t,u)W;) (4.55)

" 1 1
= _CR,R;CR;,R” driiTr (El(l )pR_)("‘,S)a[SE’i(i )pT%(t,u)yé) .

1

The third term is only non-zero if i = j = k = r, [ =t and m is conserved. The representations used
in evaluating this term are

R 4 R'i> R, T i> r'i> r’,
r L L o ¢ L oyl
We obtain
—crprer mr T (Ez(tl)Et(@-m VB bR sy By B VB +2)pT—>(tyu)75> (4.56)

" 1 1
= _CR,R,'L- CR;,R” dr;; Tr (El(l )pRH(T,s)a/g EZ(Z )pT%(t,u).ﬂ;) .

i
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To obtain a non-zero result for the fourth term, we must set ¢ =1 =, j = k = r and m is conserved.
The representation we make use of are

R 4% RL R PN
N N N
We obtain
1 1 2 1 1 2
CR,R’CR’,R”T" (El(z )Et(;n—i- )E]E:tn—i- )pR%(T,s)QBEJ(k)EﬁyH_ )EZ(:H_ )pT—)(t,u)ﬂ/5> (457)

" 1 1
= CR,R;CR;7R;/drijTr (E’L( )pR—)(T,S)aﬁE]E:k)pT_}(tfu)fyé) .

4.2 Collecting the final result

We are now ready to collect the final result. We will organize the answer by how many boxes move
between R and T'. We will do things concretely for 2 rows since this make the discussion most trans-
parent. Denote the row lengths of R and T by R; and T;. There are a total of 5 distinct terms. We
can write these in terms of an operator A that acts on the labels R and r of the normalized restricted
Schur polynomial. We have already seen that all terms we evaluated conserve 1. As a consequence, R
and r change in exactly the same way. Terms A=~ and A" allow two boxes to move between R and
T. The terms A* and A~ allow a single box to move between R and T. However, since these terms
still come from the action of two derivatives, we know that two boxes in R will be involved, and these
may belong to the same or different rows. Thus we will split AT and A~ into two parts. The term A°
does not change the shape of R

Contributions from (4.4) and (4.46):

Term A" : Ry = T1+2, Ry = T>—2. From (4.20) we get a contribution of Tr(Eﬁ)pR,(m)aBEg)pT,(t,u)av)

to this term. From (4.54) we get a contribution of Tr(E%)pR(m)aBEﬁ)pT’(t,u)m;). These contributions
are hermittian conjugates of each other expected since the dilatation operator is Hermitian. For this
term

crrr = (N + Ry — 1), crprr = (N + Ry —2), (4.58)
crr = (N + RQ), e = (N + Ry — 1).

Term AT : Ry = T1—2, Ry = Ty+2. From (4.20) we get a contribution TV(E%)PR,(r,s)QBES)PT,(t,u)M)

From (4.54) we get Tr(Eﬁ)pR,(m)aBEg)pT’(t,u)M). These contributions are hermittian conjugates of
each other as we anticipated. For this term

CRR = (N-l- Ry — 2), CR'R' = (N+R2 — 3), (459)
crTr = (N—|— Rl —+ 1)7 crirrn = (N+ Rl)

Term A~ : Ry =11+ 1, Ry = T5 — 1. Remove one box from row 1 of R and one box from row 2 of R.

1 1 1 1
From (4.18) we get Tr(E§1)pR,(T7S)a5E§2)pT,(M)M). From (4.55) we get Tr(EéQ)pR’(T,S)aﬂEil)pT,(m)M).
These contributions are hermittian conjugates of each other as we anticipated. For this term
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CRR = (N—|— Ry — 2), CR'R' = (N+R2 - 1), (460)
crrr = (N + Rg — 1), e = (N + Ry — 2).

Term A~ : Ry = T1 + 1, Ra = T» — 1. Remove two boxes from row 1 of R. From (4.19) we get

Tr(Eﬁ)pRy(m)agE%)pT’(M)M). From (4.55) we get Tr(E%)pRy(m)agEﬁ)pT,(M)M). These contributions

are hermittian conjugates of each other as we anticipated. For this term

crr = (N+Ri—1), cprr=(N+R1—-2), (4.61)
crrr = (N + Ry — 2), cripn = (N + Ry — 1).

Term AT : Ry =T1 —1, Ry = Ty + 1. Remove one box from row 1 of R and one box from row 2 of R.
1 1 1 1
From (4.18) we get Tr(EéQ)pRy(ns)aBE%1)pT7(t7u)57). From (4.56) we get Tr(E§1)pR7(ns)aﬁE&)pT,(t,u)M).
These contributions are hermittian conjugates of each other as we anticipated. For this term
CRR = (N + Ry — 2), CR'R" = (N + Ry — 1), (462)
crrr = (N—i— Rl), crimn = (N+R1 - 1).

Term AT : Ry = T} — 1, Ry = Ty + 1. Remove two boxes from row 2 of R. From (4.19) we get

1 1 1 1 I
Tr(EéQ)pR,(ns)aﬁE{l)ij(m)M). From (4.55) we get Tr(E§1)pR,(r,s)a6E£2)pT,(t,u)6'y)' These contributions
are hermittian conjugates of each other as we anticipated. For this term

crrr = (N + R2 — 2), crpr = (N + Ry — 3), (4.63)
crTr = (N + Rl), cprpn = (N + Ry — 3)

Term A? : Ry = Ty, Ry = T . Remove two boxes from row 1 or row 2 of R. We find contribu-
tions from (4.17), (4.18), (4.19), (4.20), (4.54), (4.55), (4.56) and (4.57) which sum to zero. If we
remove one box from row 1 and one box from row 2, we get a non-zero result. From (4.17) we get

1 1 1 1 1
TV(E§1)pR,(r7s)a6E£2)pT,(t,u)5'y) and Tr(EéQ)pR,(r,s)aﬂE§1)pT,(t,U)5v' From (4.57) we get Tr(E§1)pR,(ﬁs)aﬁ
E%)pﬂ(t’u)éﬁ/) and Tr(Eg)pR’(r7$)aﬂEﬁ)pT’(t7u)57) These contributions are hermittian conjugates of each
other as we anticipated. For this term

CRR/ = CTT/ _= (N —|— Rl — 1)7 CR/R// = CT/T// = (N —|— R2 - 2) (464)

We need to include the normalization factor

| frdrdidy,
S el 4.65
N fRderds ’ ( )

C = dTmn(n - 1)d7’NCRR/CR/RN
~ dydydrr(n+m)(n+m—1)

and the coefficient

(4.66)
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The product of A and C' simplifies to

m

VeRR CR R CTT OTIT" (4.67)

at large V.
Contributions from (4.21) and (4.33):

Term A~ : Ry =Ty + 1, Ry = T» — 1. From (4.54) we get Tr(Eg)pR(r,s)aﬂEﬁ)ij(m)M)drflf2. From

(4.57) we get Tr(Eﬁ)pR’(m)aB E%)pﬂ(t’u)
From (4.32) we get T"(Eﬁ)pR,(r,s)agEgé)pT,(t,u)&,)dr’l’z- Summing these terms we find

)dr’l’g‘ From (4.29) we get Tr(E%)pR(,,,s)aﬁEﬁ)pﬂ(t’um)d "

5y SV

1 1 1 1
Tr(E§2)pR,(r,s)aﬁ E£1)pT,(t,u)M) + Tr(E§1)pR,(r,s)a5 Egg)PT,(t,u)Mdrg (4.68)

For these terms

crrr =N+ R; — 1, crrr = N+ Ro — 1. (4.69)

Term AT : Ry =Ty — 1, Ry = T + 1. From(4.54) we get Tr(Eﬁ)pR’(,ﬂys)aﬁE%)pTV(t’u)M)dr/fQ. From

1 1 1 1
(4.57) we get Tr(ESY PR (r.0)..» AL DT ()5, s, - From (4.29) we get T B pr .01, By DT (1,095, )t

T22°
From (4.32) we get Tr(Eéé)pR,(m)a@Eﬁ)pT,(tyu)M)dr/{Q. Summing these terms we find

(1)

1 1 1 1
Tr(E§2)pR,(’r,s)aﬁ E§1)pT,(t,u)M) + Tr(E1 PR (r,s)as EéQ)pT,(t,u)(;.y dyy,- (4.70)

For these terms
CRR!' — N + R2 - 2, crT! = N + Rl. (471)
Term AY : Ry = Ty, R = T>. Remove the box from the first row of R. From (4.54) we get
1 1 1 1
TH(ESY D (r5)0s XL DT (15, )y, - From (4.55) we get —Tr(E(pr )., BVY PT (11015, )t » and

7'117
—Tr(ES) EY d,r . From (4.56) we get —Tr(E\} EY dyr , and
M(Ed9 PR, (r8)as E11 PT,(tu)s, )y, - From (4.56) we get —Tr(E}\" PR (rs)0s E11 PT,(t )5, ) ey, » @D

1 1 1 1
_Tr(Egl)pR,(r,s)aﬁE%l)pT,(t,u)M)dr/l’l' From (457) we get _Tr(Egl)pR,(’r,s)agE%l)pT,(t,u)M)dr’l’l' From
1)

1 1 1
(429) we get —TI’(E& pR,(T,s)QBEgl)pT,(t,u),;.y)dri/l7 and _Tr(E&)pR,(r,s)aﬁE§2)pT,(t,u)5W)d v

11"

1 1
g, and =Tr(EL DR (r.0). B11 DT 1015, ) g, - From

1 1 1 1
(4.31) we get Tr(E&)pR’(T’S)&B E§1)pT,(t,u)M)dr’l’1- From (4.32) we get TV(E£1)PR,(T,S)M E&)pT’(t’u)M)dﬂ{l.
There are some cancellations. The final sum gives

From (4.30) we get —Tr(Eﬁ)pR,(r’s)aﬂE%)pT,(M)

Sy

1 1 1 1
_dri, (Tr(Egl)pR’(r’s)aﬁEéQ)pTv(tvu)&‘/) + Tr(Eéz)pRv(rvs)aﬁ E%l)pTv(tvu)é’Y)> ’

For these terms in the calculation we have

crr =crpr =N+ Ry — 1. (4.72)

Term A% : Ry = T}, Ry = T». Remove the box from the second row of R. Again many terms contribute
and there are again some cancellations. The final sum gives
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1 1 1 1
—dyy <TF(E§1)pR,(T7S)aﬂE;Q)pT,(m)M) T Tr(EéZ)pR(r,s)aﬂE£1)PT7(M)M>) ’
For these terms
crrr = crpr = N 4+ Ry — 2. (4.73)
Again we need to include a normalization factor from equation (4.65), and the coefficient

drmn(n — 1)dr’ cpry

C= . 4.74
didydgr (n+m)(n+m —1) (4.74)
Their product simplifies, at large N, to
m(n—1)
VCRR CTT — 77— (4.75)

We can obtain the final answer can summing these contributions. The result is

. 91,9 9 g \_m (1) (1)
. TI’( [[Y7 Z]> 82} |:{(9Y'7 87]7 Z:| ) : XR,(T,S)Q[; = (_QQYM) dsdu (Tr(Ell pR(r,s)agE22 pT(t,u)57)+
(4.76)

THESS PR ) BV Priens,)) % (VN + By = DN + Ry = 2)(N + Rz — D(N + Ra) A~
+V(N+R)(N+Ri+1)(N+Ra—2)(N+ Ry —3)A™ — \/(N+ R, — 1)(N + Ry — 1)
(2N —3)A™ — /(N + Ry — 2)(N + R1)(2N — 3)AT + [2(N + Ry — 1)(N + Ry — 2)
—(n—1)2N +n— 3)]A0>.

where n = r1 + ro.

4.3 The calculation of the terms involving Two Y Derivatives

In order to compute the terms involving two Y derivatives, we will proceed as we did above. We need
to evaluate

9 o 0 8,0 8 9 0
.Tr( [[Y, Z],ay] HaY’aZ] ,Y] ) : XR(rs)ay (0) (Y, Z) = Tr[(YZ—ZY)a—Y(a—Ya—Z —7a7)Y
) ) o8 0 9

S0y Gy oz ~azav) T av Y2 Gy ez ez ay)
o o0 00
+ (Y2 = ZY)Y (555 = 5220 | £ Xiras () (Y2 2). (4.77)
Define

0 o 0 g 0
DlXR,(r,s)aﬂ (Ya Z) = ( (

oYP \ovroze 0z aYec) (Y¥z-vz Y)E)XR,(T,S)QB (Y. 2).
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Arguing exactly as we have done above, we find

DlXR(T,S)Qﬁ (K Z) = Mé7(r,s);T7(t7u),\/5 XT,(t,u)-yg (3/’ Z) (478)

where

drm(m — 1)n
1 T
M (7,51 t,0)9 —T), Yoo > D crrerw (4.79)

tu)ngGSn+m 2 R/
T F(r.8)as (Tr(o(1,2,m+1) — (I,m+ 1)o(2,m+ 1)) x
T tu)'yé (FT((l ) _1(2a m 4+ 1) - (2? m 4+ 1)0_1(17m + 1))) :

The sum over o can be done by using the fundamental orthogonality relation. Working in terms of
normalized operators we find

D'Op ), (YZ)= Y Nj (5T (t)3 O ()5 (Y D) (4.80)
T,(t,u)ys
where
drmn(m — 1)cgrricgrr | frhooksphooks,hookss
5 117 4 1
(r,8);T (t,u) R;/ e dydy(m +n)! frhooksghooks;hooks,, (4.81)

Tr <IT’R’ [FR((L 2,m+ 1)Pr.s),, — Pr((2,m + 1) Pr(rs),, Tr((L,m + 1))}

XTI [Pr((2,m + 1) Priay, Dr((1,2) = Tr((Lm + 1) Pr . Dr(2,m + D)),

which we can be split into the following four terms

drmn(m — 1)cgrrcgrr | frhooksrhooks,-hookss
=D o —— i , o (4.82)
ot 1dy(m +n)! frhooksghooks;hooks,,
T (oo Da(2,m 4 1,1) Pre sy TP (20 m 4+ 1) Pry, Tr(1,2)
_IT”R”FR(2> m+1, 1)PR(r,s)aﬁlR”T”FT(1v m + 1)PT(t,u)75FT(27 m + 1)

IR UR(2,m + 1) PR s, ;D R(L m + D) IgereTr(2,m + 1) Pr ), T'r(1,2)

—|—IT//R//FR(2, m + 1)PR(T,S)Q5FR(17 m + 1)IR”T”FT(17 m + 1)PT(t,u),y5FT(2> m + 1)) .
To obtain the representations of the subgroups of S;,+.,,—2 from the representations R and T" of Sy, 1,
we need to drop two boxes. Our convention for these representations is as follows

R &% RL r, T &K XL

With these conventions we can write the intertwiners I g, Igupr as

1) (2 1 1) (2
Ipngr = EWEDES, Ipepn = B ED EGHY. (4.83)
Note that in the above expressions repeated indices are summed. We again need to consider the action

of permutations on the intertwiners. The results we need are
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Pr(1,2) I g TR(2,m +1,1) = BV ER EY, (4.84)
I Tr(2,m+ 1) = B EPEGY, (4.85)
Tr(Lm+ DI TR(2,m +1,1) = B E(Q)E(m“), (4.86)
LoDy (2,m +1) = By (Q)E(mH) (4.87)
To(1,2) I g TR(2,m + 1) = Elz E,g§>E<m+1>, (4.88)
Tr(1,m+ D)IgmpoDr(2,m + 1) = B ED BT, (4.89)
Tr(1,m+ D Ip T r(2,m+1) = E| E(Q)E(m“), (4.90)
Tr(L 1 +m)IpepeTr(2,m +1) = B EY S, (4.91)
Recall the definition of the projector
PRy (r8)as = PR (rys)as @ L (4.92)

!n the above, Pr(r,5),5 acts in the carrier space of R, PR(r,5)ag acts in V®m and 1, is .the identity
in the r subspace of R. In contrast to the leading term, we will see that in general m is no longer
conserved. It is helpful to discuss a concrete example. Below we will find contributions where the
following representations participate

R &% RL R, »r &% v,
k ! l
T = T = T, t - t.

A graphical example of the restriction is (here i =1, j =2, k=3 and [ = 2)

] |

R: LR ENEN L (4.93)
|
T: ¢ ﬁ) T - L) T":

The discussion is most easily carried out by representing each Young diagram by a vector. The vector
R representing Young diagram R has components which give the row length of R. Using unit vectors i
and j we can write

Similarly

In this notation we can write

—
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Similarly

~

=)

H‘l

=T —t=T"+k+1—(
=T" -1+ k.

@w

Now, we know that the sum over the S;,.,,—2 subgroup sets T" = R" and the trace over the Z slots
sets 7" =t". Thus

<o
&

m— 7

Consequently, wherever j % i we see that 77 is not conserved.

Consider the trace in the first term in (4.82). We only get a non-zero answer if i = r and [ = t. The
representations which participate are

R 5 R'i> R, ro5 r,
AN N L
The trace is now easily evaluated.
CRR’CR'R”T" (EZ(JI)EE?EISZTL-FI) s®1 El(k) (Q)E(m+1)p ®lt> (494)

= CRR/CRr' R T (E(jl)El(j)psEZ(kl:)E( )pu> Tr ( (erl) ® 1, E(erl) & 1t’)

ar

CRR/CR,R! AT Tr( Ej )El(j)psEi(ii)Ey(‘i )pu) :

i ig

This term does not necessarily conserve m since
Am=k—7,

and we need not have k = j for a non-zero result. The second term in (4.82) is only non-zero if i = r
and k = [. The representations which are relevant are

R 4% R R", roo5 7
T 5 sk oo o 5 v
The trace evaluates to
— cnwennTr (B ES B Vp, @ 1, B ED B p, 011, (4.95)

= _CRR’CR’R”Tr < t(jl)El(t )pSEz(li)Ej(r)pU> Tr ( (m+1) & 1 E(m+l) & 1t’>

CRR/CR/R// d?“ Tr ( (1)E](€t)psEl(k)E](Z2)pu) .

i

For this term we find R
Am =k —j.
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Again, m is not necessarily conserved. The third trace sets i = j and [ = t. The representations which
are involved are

R % R4 R, o+ 5 o,
T &K L o Loy
The trace evaluates to
— cnrerr T (BB B p, 0 1, B ED B p, @011, (4.96)

= _CRR’CR’R”TF (El(ll)E( ) E(l)E( )pu) Tr (E(m+1) ® 1 E(m+1) ® 1 )

Jr

) 2)
~ “C°RR/°R/R], dr;Tr ( B B pE}) By pu) :

17

For this term we again see that 1 need not be conserved

A =k — 1.
Finally, for the fourth trace i =1 and
R - R%L R, r 5 ¢,
A N
This term gives
CRRCRRTY (E(I)E( "By Vpe @ lrEﬁ)E('Z)E(mH)pu ® lt) (4.97)

= crmennTr (BB pEQ ESp) Tr (B 0 1, B0 @1,)

RR R.R,

()

e driTe (BQES p B B p,) |
and we have (again 7 need not be conserved)
Am=k—].

We can now consider the second term in (4.77)

_. Tr([Y Z] aayy [;;;Z - (fza?/] ) X, (Vs Z). (4.98)
Define 5 5 8 P
D= = (v, 255y [ayaz B azay] )
Working as we did above, we find
D*Op r5,,(Y:Z) = Y Np (r,8) i T ()5 O (t0) s (Y Z) (4.99)

T (t u)'\/é
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where

drmn(m — 1)cgp
2 _ T RR
N oyt = D OR'T dud ()] (4.100)

Tr (IT’R/ [FR((27 m+1, 1)PR(T’,5)&5 - FR((2a m + 1)PR(T,5)Q5FR((17 m+ 1))i|

%I [Dr((Lm + 1) Pri ., = Proa,,Pr((Lm+1)]).

In the calculation that follows we will need to make use of representations of .S, ,,,—1, and representations
of S,_1. Our conventions for these representations are

R LR,

I
T Erooo+ B oy
We can write the intertwiners I g and Ipi7v as
Ipp = EYEDEYY, Iy = EYES B, (4.101)

To evaluate (4.100), we need to make use of the following results

IrpTr(2,m+1,1) = EQ EQ B, (4.102)
IppTr(Lm+ 1) = BV EDE, (4.103)

Tr(1,m+ 1)IppTr(2,m+1,1) = EVEP BT, (4.104)
Ipp = B B Em+Y, (4.105)

ITpTR(2,m +1) = El(ci)El(f)Et(;n+l)’ (

r(Lm+ DIppDr(lm+1) = EVED B, (
r(Lm+ 1) IppTr(2,m+1) = EVEP ETY, (
(

— g @ plm+1)
FR(l, 1+ m)IR/T/ = Erk Ejj E,

r

4.106)

r 4.107)
r 4.108)
4.109)

There are four terms appearing in (4.100). Performing the trace in the first term sets i = r and k = t.
After tracing we have
crw T (B B BV, LBV B p, 0 1) (4.110)
= crnTr (B B po B p) Te (B 0 1B @ 1)
— e driTr (B ES D, ).

The trace in the second term sets ¢ = k. For this term we find

= —cppTr (E(”E,(t DB p) Tr (E,i’f* Ve 110)

= —cppdrTr (B ED B D)
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For a non-zero result for the third term we must have i = [, kK = t. The answer after tracing is

— —CRR/TF ( IE:Z)El(t )Pspu) Tr ( (erl) ® 1T’E7;(;Zn+1)1t’)
= —cRR;dr;Tr( ( )E(Q)pspu) .

Finally, the trace in the fourth term sets i = [, k = r. This term gives

crr Tr (E(l)E( )E(m-i-l) ps @1 Eﬁk)E(m-‘rl) Pu ® lt) (4_113)
= crnTr (B B po ) Tr (B @ 100" 1)

= CRR, dr;Tr (Et(zl )Ez(t2 )PSEISJP )

Now, we will discuss the third term in equation (4.77), which is given by

0 o 0 0 8
—:Tr =V, 2] | e =—= — — Y : Y, Z). 4114
Define 5 5 9 5 9
3_ . o v g v Yly.
D= (YaY[Y’Z} [ayaz azaYD -
A straightforward but tedious computation gives
3 3
D3Op (1.5)., (Y Z) = Z N3 )T )25 OTs 005 (Y Z) (4.115)
T,(t,u).yg
where
drmn(m — 1)cgr: | frhooksrhooks,hookss
N3 Spr 4.116
R, (r,5)ap;T(tu)y Z R didy(m + n)! frhooksghooks;hooks,, ( )

Tr (IT,R, [FR((L 2,m + 1)) Prgrs. , Tr((1, 2:m + 1)) = Tr((12) Prg.s).,, Tr((1,m + 1))]
L [Pr((L,m + 1) Pry., = Pray, Pr((Lm+ 1)) ).

To evaluate the trace in (4.116) we will need the following results

IrpTr((1,2,m+1)) = BV EQ EMY, (4.117)

Tr((1,2,m+ D)) IppTr(l,m+1) = BB, (4.118)
Tr((1,m+ D)) IppTr((1,2,m+1)) = Y EQ ETHY, (4.119)
Tr((L,2,m + V) = B ES B, (4.120)
IrpTR((12)) = BB, (4.121)

Tr((L,m+ 1,2) ppDr((1,m + 1)) = BT, (4.122)
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Tr((1,m+ 1) I pTr((12)) = EPEP B, (4.123)
Tr((1,m+ 1) g = EYE. (4.124)
The relevant projector is given in equation (4.92) and acts in the carrier space of R, pr_,(rs),, acts in

V&M and 1, is the identity in the r subspace of R. Then from equation (4.117) we find i = j, k =t
in which case the first term in (4.116) gives

Crpr' Tr (EIS)EI?)EISZTL-’_DPS 029 1TEZ(]2)E](ZZ+1)pu ® 1t) (4125)
= cnr T (B B p B o) Tr (B 1,574 010)
= CRR;dT;Tr (EIS)EZ(]z)psES)pu) .

For the second term in (4.116), the trace sets ¢ = j, k = r. This term evaluates to

~ennTr (B ED BT p, @ L,EG ED B p, @ 1,) (4.126)
= —crn T (BB po B EDpa) T (B @ 1B 1)
= e driTe BV EPp EWEP,)

For the third term in (4.116) i = k and j is conserved. We find

— crpTr (E,S)E,(f)ps ® 1,E"p, 1t) (4.127)
= —crn Tt (BY B popa) Tr (EX @10
= —cRRidr;Tr (Ei(ll)El(f)pSpu) .

Finally, for the last term in (4.116) we find i = ¢, k = r and this term yields

crnTr (B BB Vb, @ 1,5

JESp 0 (4.128)

= crnTr (BB poE ) Tr (B @ 10 B0 1)

tl r

= CRR, dr;Tr (Ei(ll)El(z?)psEle)pu) .

Finally, we will discuss the last term in equation (4.77), using the same techniques that we used above.
The last term is

:Tr<(YZ—ZY)Y<8 0_ 9 a) 0

vz 5zov) o) X2 (4129)
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Define

o0 9 0\ 0
4 . o i R B
DY =:Tr <(YZ ZY)Y <aYaZ azay) 0Y> .

Acting on correctly normalized operators we find.

4 4
D OR,(T’,S)QB (K Z) = Z NR?(Tzs)aB;Tz(t7u)’y5 OT,(t,’U/)»ﬂ; (Y7 Z) (4130)
T,(t,u).yg

where

(4.131)

drmn(m — 1)crrcr ry \/fThooksThooksThookss

N# =g
R,(rs)T(tu) —ORT Z didy(m +n)! frhooksghooks;hooks,,

R'T’
Tr (Irp [CR((2,m + 1) Prp o) Tr((1, m 4 1) — Tr((12)) PRy o Tr((1,m + 1))]
XIR/T/ [FT((L m + 1)PT(t,u)FT((27 m + 1) — PT((12)PT(t,u)FT((17 m + 1))]) .

We will make use of the results

Tr((2,m + 1)) I TR((2,m + 1)) = Et BB, (4.132)
Tr((L,m + D)) g Tr(12) = B B B, (4.133)
Tr((Lm+ 1) I Tr((2,m + 1)) = t( 2)E(m“), (4.134)
TR((1,1+m)[perTp((12)) = B E@ B, (4.135)
Lr((2,m+ 1) I TR((12)) = B ES B, (4.136)
(Cr((1,m + D)) Iprp Dr((L,m + 1)) = EPEGY, (4.137)
Tr((1,m + 1) I Tr((12) = B B B, (4.138)
Ta((1,m+ 1)) IpipTr((12)) = B ES B, (4.139)
The first term in (4.131) gives
CRRICR' R/ TY (El(cl')E(mH)Ps ® 1TE(‘2)E7j(m+1)pu ® 1t> (4.140)

= CRr/CR'R TY (Ezil)PsE(z)pu> Tr (E(m+1) @1 Em 4+ 1) © 1t/)
RR/cR/R/;dr Tr ( ,gz)pSEfk)pu> .

This term changes m by

>

3
I
|

The second term changes m by

>

=1
I
|
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It evaluates to
— crwer T (B ED B Vp, @ LB ES p, @ 1) (4.141)
— —cpperpTr <E(.1)E(2) S )pu) Tr (E,(C;.”“) @1 Em 4 1)y ® 1t,>

= “CRR.°R/R!, dT Tr ( t(z )El(t )psEi(z )pu> .

17

The third term changes i by )
Am =k —j,

and after tracing we find
— crpem Y (Eli;)Et(f)El(Z”H) ps® LEYE] Vp, © 1t) (4.142)

— —camemaTr <E,$.)Et(i2)psE](.l )pu> Tr (El(ﬁ“) ® 1 Elm + 1), ® 1t,)

RR R.R.. i

— 1C ! ! dr Tr (E(I)E( )psE(k)pu> .
For the fourth term
Am=1—7

and

CRR’CR’R"T" (Elf(jl)El(zZ)ElE:T+1) Ps X 1 E( )Ej( )E(m+1)pu X 1t) (4143)

— carcrpeTr (E(I)El(l )psE(I)E(k)pu) Tr (E(m“) ® 1 Em + 1) @ 1t,)

RR R R,

1711

e driTr (BG B p B E)p, )

4.4 Collecting the final result

We now need to collect the final result. We will organize the answer by how many boxes move between
R and T'. We will do things concretely for 2 rows to make the discussion as simple as possible. Denote
the row lengths of R and T by R; and T; respectively.

4.4.1 Contribution from D' and D*. Note that there is no contribution corresponding to terms like
ATt and A77. The term A arises when we remove the two boxes from different rows, so we have
two possibilities. The first one is when we remove one box from the first row and one from the second
row in diagram R to obtain R” and remove two boxes from the second row in diagram T to obtain T”.
In this case, R1 =171+ 1 and Ry =15 — 1.

[T T T I« op [T T T T]
R: | I+ faoLRtl g (4.144)

S HE D g, D
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From above diagrams we can write the factors cgpr/, cr/gr and cprs cin as a function of N plus the
content of the relevant boxes as

crr, =N+ Ri1—1, cppy, =N+Ry—2, (4.145)
crry = N+ Ry — 2, ey, = N + Ry — 2. (4.146)

Thus, CRR’lv CR/IRII/Z = (N + R — 1)(N + Ry — 2), and

CRRIICR/IR/{Z\/E = (N + Ry — 2)\/(N + Ry — 1)(N + Ry — 1). (4.147)

The contributing terms are (4.94), (4.95), (4.142) and (4.143). After some simplification we find

1 2 1 2 1 2 1 2
CRR,CR Ry, AT <—TF(E§2)E§1)PR(T,S)QB By Eél)pT(t,s).ﬂ;) + Tr(E§2)E§1)pR(r,s)a5 Eéz)Eéz)PT(t,s)w)

(4.148)
1) (2 2
_Tr(E§2)E§1)pR(T,s)a@EéQ)pT(t,s).y(;)) :
The second possibility A, arises when we remove two boxes from row one of the diagram R to obtain

R" and remove one box from the first row and one box from the second row in diagram T to obtain T".
We can write the length R; as function of 77, Ry =17 + 1 and likewise for Ro which is Ry =T — 1.

[T [ Tl

o T

R: SAzg R (4.149)
. T o [TT]

From above diagrams we can read off the following factors,

CRR/1 =N + R1 — 1, CRllRllll =N + R1 - 2, (4150)
crr = N+ Ry — 2, ey, = N+ Ry — 1. (4.151)

Thus CRR/ICRllRlll1 = (N + Ry — 1)(N + Ry — 1), and

CRR}, CR, R/, \ / j;j; = (N + Ry — 2)\/(N + Ry — 1)(N + Ry — 1) (4152)

The contributing terms are (4.94), (4.96), (4.141) and (4.143). After some simplification we have

1) (2 1) (2 1) (2 2
CRR,CRy Ry, AT <_Tr<E§1)E£2)pR(r,s)aBEél)Egz)pT(t,S)n,a) - Tr(Egl)E&)PR(ns)a@Eﬁl)pT(t,S)w)
1) (2 2 1) (2 1) (2
_Tr(Eél)E§2)pR(T15)aﬁEil)pT(tys)'yé) + TV(E&)E&)Z’?R(T,S)MEél)Eng(t,S)wa)> :
(4.153)

The term A7 arises when we remove two boxes from the first row in diagram R to obtain R” and
remove one box the first row and one box from the second row in diagram T to obtain 7"”. We can
write the length R; as a function of 17, as Ry = 11 — 1 and likewise for Ry which is Ry = Ts + 1.
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[T T T I« Ri—2 [ T[]
R:[Ix LN (4.154)
. oo P T
We read off the factors as follows
CRR/Q = N + R2 — 2, CR/2R/2/1 = N + Rl — ]., (4155)
CTTI’ =N + R1 — 2, CT{T{II =N + Rl - 3. (4156)

Thus, crrycpyry, = (N + R — 1)(N + Ry — 2). The contributing terms are (4.94), (4.95), (4.142)
and (4.143). After some simplification we have

1 2 1 2 1 2 2
CRR,CR Ry, AT <_Tr(E§1)E§2)pR(r,s)a5Eél)E§2)pT(t,s)75) - Tr(E£1)EéQ)pR(r,s)agE;l)pT(t,s)wg)

1) (2 1) (2
+Tr(E§1)E§2)pR(Tas)a6E%l)Egl)pT(th)wé)> : (4.157)
The possibility A;r arises when we remove one box from the first row and one box from the second row

of the diagram R to obtain R” and remove two boxes from the first row in diagram T to obtain T". We
can write the length R; as a function of 177 as R1 = 17 — 1 and likewise for Ro which is Re = T5 + 1.

[T [ [] R [T T[]
R: * | * —)Rl LRzl R" - (4158)
I H g, o, [T
From above diagrams we find
crrpr =N+ Ry —2, cpprr=N+ Ry — 3, (4159)
crrr = N+ Ry, cppr =N + Ry — 3. (4160)

Thus, CRR'CR'R!" = (N + RQ - 2)(N + R2 - 3), and

CRR’CR’R”\/;z = (N + Ry — 3)\/(N + Rl)(N + Ry — 2). (4.161)

The contributing terms are (4.94), (4.96), (4.141) and (4.143). After some simplification we find

1 2 1 2 1 2 2
CRRYCR, Ry, AT (‘TV(EQ E§1)PR(T,S)Q5 E£2)E§1)pT(t7S)ya) - Tr(E£2)E§1)pR(r,s)a5E§2)pT(t,s)75)

1) (2 2 1) (2 1) (2
—Tr(Eéz)E§2)pR(ns)a/aE§2)pT(t,s)75) + Tr(Eéz)E§2)pR(ns)a5E£2)E§1)pT(t,s)75)> :
(4.162)

The AQ term arises when we remove two boxes from row one of the diagram R to obtain R”. We can
write the length R; as a function of T as Ry = 717 and likewise for Ro which is Ry = T5.
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[ [ e[

R: Rl N — (4.163)
- (T gy, A
From above diagrams we can see that
crr, =cr; =N+ R -1, cppy =cppy =N+ R —2. (4.164)
Thus, cgrrcrr = (N + Ry — 1)(N + Ry — 2), and
CRRQCR’lR’l’l\/;E =(N+R —1)(N+Ry—2). (4.165)

The contributing terms are (4.95), (4.96), (4.97), (4.111), (4.128), (4.140), (4.141), (4.142) and
(4.143). After some simplification we have

CRR;CR, RY, A1 (‘Tr(Eﬁ)ES)pR(ns)aaEﬁ)Eg)PT(ms)w) + Tr(ES)Eg)pR(r,s)agEg)Eg)pT(t,s)w)

) = (B B Drrs) BV B Pries), )

— 2T (B B prrs)s B Pr(ts)ss) — TS B Drirns) s BAY PT(1,5)5)
+Tr(Eﬁ)pR(r,s)a5Eﬁ)pT(t,s)w)) : (4.166)

The A} term arises when we remove two boxes from row one of the diagram R to obtain R”. We can
write the length R; as a function of 17 as Ry = 17 and likewise for Ry which is Ry = T5.

1 2 1 2
- Tr(Eél)E§2)pR<r,s>agEfl)E&)pT(t,s)

Yo

S RO mwmen L, PO w167
D s, o, P
From above diagrams we find
crry = crry = N+ Re =2, cropy =cpyry, =N+ Re — 3. (4.168)

Thus, cgrrcrrr = (N + R2 — 2)(N + Rp — 3) and

| fr
CRR/ZCR’QR/Q’Q E == (N + R2 - 2)(N + R2 - 3) (4169)

The contributing terms are (4.94), (4.95),(4.97), (4.140), (4.141), (4.142) and (4.143). After some
simplification we have

1 2 1 2 1 2 1 2
CRR,CR Ry, AT <—TF(E§2)E§1)PR(T,S)M By Eél)pT(t,s).W;) + TF(E§2)E§2)pR(r,s)aB E§2)E§2)pT(t,s)75)

1 2 1 2 1 2 1 2
- Tr(E§2)E§1)pR(r,s)a5 Eég)Eég)PT(t,s)w) - Tr<Eé2)E§2)pR(r,s)aﬁ By Eél)pT(t,s).ws)
1 2 2 1 2 2
- 2TF(E§2)E§2)PR(T,S)QB E;z)pT(t,s)wg) - Tr(EEQ)Eél)pR(r,s)ag Egz)pT(t,s)M;)

+Tr(E§;)pR(r,s)a5 Eég)pT(t,s)w;)) . (4.170)
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The AU representation is obtained when we remove one box from row one of the diagram R to obtain
R". We can write the length Ry as a function of T}, Ry = T} and likewise for Ry which is Ry = Tp

(TT pyms TTT1)

R: : ST, R (4.171)
R g, fAID

From above diagrams we read off
crry = crr; =N+ Ri1—1, cppy, =cppy, =N+ Ry — 2. (4.172)
Thus, crricr py, = (N + R2 — 1)(N + Ry — 2), and
JT (N4 R - 1)(N+Ry 2 1
CRR{CRURY | F (N+ Ry = 1)(N + Rz = 2). (4.173)

The contributing terms are (4.94), (4.95),(4.96), (4.97), (4.126) and (4.143). After some simplification
we have

1 2 1 2 1 2 1 2
CRR’1 CR/1R11/2 d’r’ll <2TF(E£2)E§1)]7R(7~75)0‘6 Eig)Eél)pT(t,s)ws) =+ 2Tr(E§1)E£2)pR(r,s)a5 Eél)E£2)pT(t,5)76)

1 2 1 2 1 2 1 2

+ TH (B BLY Phrs)s B BLL Pr)ss) + TH(ESS By Dirs)s Es B33 Pr(cs),s)
1 2 1 2 1 2 1 2

+ Tr(E£1)E§1)pR(r,s)a5 E§2)E£2)pT(t,S)M§) + Tr(Egl)EéQ)pR(r,s)ag E§2) E£1)pT(t,s)75)

T B B P s),s B S Prie),0) ) - (4.174)

4.4.2 Contribution from terms (4.98) and (4.114). By requiring the conservation of 5 and the extra
condition 1’ = t' we learn that there is no contribution for A"~ and A'".

For A/ao : Rl = Tl, Rg = T2

[ [T T T I« [ [T [T]
ECEN 2 (4.175)

[ T T T 1+] [ T T T T]
T1—1
N A

T :

We compute the factors as follows

CRR/ :CTT’:N+R1_ICRR’1,£?};:N+R1_1' (4176)

The contributing terms are (4.112) and (4.127) and so we have,

1 2 1 1 2 1
crr,drh (Tf(Eﬁ)Efl)pR(r,s)aﬁEﬂ)pT(t,sm) + THES B Pr(ryas AT P(1.5),5)

+TF(ES) Eg)pR(r,s)ag Eﬁ)pT(t,s),ﬂ;) + Tr(Eéé) Eég)pR(r,s)ag Eﬁ)pT(t,s),ﬂs)) . (4177)
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For A;O : Rl = Tl, Rg = T2

[TIT1 o, [TTTT]
R: * — R": (4.178)
SOy, D
We compute the factors as follows
CRR'2 = CTTQ’ = N+R2 — QCRRIZU ;}; = (N+R1 — 2) (4179)

The contributing terms are (4.112) and (4.127) and so we have,

1 2 1 1 2 1
crr,dry (Tr(E§1)E£1)pR(r,s)aﬂEéQ)pT(t,s)m;) + Tr<E§1)E£2)pR(r,s)a5E§2)pT(t,s)75) (4.180)
1 2 1 1 2 1
+Tr(E§2)E§1)pR(r,s)aaEéz)pT(t,s)w) + Tr(EéQ)E§2)pR(7’>s)aﬁEil)pT(t,s)wé)) :

4.4.3 Computing coefficients. We compute the following coefficient using the displaced corners ap-
proximation

drmn(m — 1)!d, \/hooksThooksrhookss (4.181)
dgrididy(m +mn)(m+n — 1)\ hooksghooks;hooks, '
Using
(m+n)! (m+n—2)! n! m! (n—1)!
d = —-————— d Ny$6 = - = du = 5 ’I”/ = 4182
T hooksy = T hooksp: ' ©™ hooks;’ hooks,, hooks, ( )
we find
drmn(m — 1)\d, \/hooksThooksThookss _ m(m—1) (4.183)
dprdidy,(m 4 n)(m +n — 1) \ hooksghooksshooks, — /duds '
We also need
drmn(m — 1)d, \/hooksThooksrhookss - m(m—1) 1 (4.184)
drrdydy,(m +n)(m +n — 1) \ hooksghooksshooks, — (n+m — 1) /d,d, '
The final answer, obtained by summing all of the above contributions is
(2) _ (a) _ a0 _ a0
D4 ORv(T»S)a/B(Z’ Y) - Z (MT,(t,u),uu;R,(r,s)aB MT,(t,u),uzx;R,(r,s)ozﬁ MT,(t,u),uu;R,(r,s)aﬂ
T,(t,u)pv
(d)
+ M i Rrsa ﬁ) Or. 4y (2,Y). (4.185)

where
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(a)
MT,(t,u)uu;R,(r,s)aﬁ

B Z 5 drm(m — 1)ncgrpricr ry frhooksrhooks,hooksg
N BT g dydy(m +n)(m +n — 1) | frhooksghooksshooks, & i

J

1 2 1 2 1 2
Tt yom < Elgj) EP pasEV ED pWV) —Tryom ( Eg) PsapE) Eg('k) pW> Ol

—Tr Vp®m (E(l)El(l )psaﬁEZ(k)pum/) 51] + Tr V®m (E](C )psaﬁEZ(k)puuu> 52]6kl]

(b)
MT,(t,u)pw;R,(r,s)aﬂ

25 ) ldTm — 1)ncrprr | frhooksrhooks,hooks; 5
T drrdidy(m +n) frhooksghooks;hooks,, "+ " 28

x| T o (EL B psas B Du ) = Ty (B B Daas B bug ) O

1) (2 (1) (2 1)
—Tr Vp@m <ptuE£Z Ezk)psa/3> + HVP®7n (Ebz E’L(b psaﬁEkk pul“’) ]’

(c)
My, (

5 drm(m — 1)ncrp | frhooksrhooks,hooks
tu)pv;R,(r,s)aB Z R'T’

drdidy(m +n) \| frhooksghooks;hooks, T OTit
X [’I‘I' Vp@m (E]Sg)psaﬂE(l)Egl )puuy) - Ter®m (psoé/jEl(k)E( )pul“/>

—Tr vp®m (EZ‘(il)psaﬁE(l)E[Ea)puuu) 5zk + Tr Vp®m (Ei(il)psoaBEék) E( )pu;w> ] )

and

M

s dTm< — l)ncRR’cR’R” fThOOkSThOOkSThOOkSS
T,(t,u)pv;R,(r,s)af Z R'T"

bt dprdydy(m + n)(m +n — 1) \| frhooksghooks;hooks, "¢ "i

x | Tr Vp®m (E( )E(Q)psaﬁEz(b)Elgk)puuu) 513(5kl Tr V®m (E(l)E(g)psaﬁEi(;)E](j)puuu> (52']'

la ~ai

=T o (BB paas By By u ) S+ Ty (BB paas B B g ]

From now on we use the notation Df)

operator.

to denote the subleading contribution to the two loop dilatation

(2)

To complete the evaluation of D, we need to perform the trace over Vp®m. To carry this out we

need to construct the projectors ps,, and py,, and then allow the Ei(JA) to act on them. This is all

possible and only involves U(p) representation theory. However, a much simpler procedure is to change
basis, from the restricted Schur polynomials to Gauss graph operators. These operator diagonalize the
leading contributions to the dilatation operator, so that this change of basis is also very useful when we
consider computing anomalous dimensions. The next chapter explains the new basis and provides all

the background needed to complete the evaluation of the action of Df).



5. Tracing over V="

To complete the evaluation of the action of the two loop dilatation operator, we need to perform the
the trace over Vp®m. This chapter explain how these traces are computed and it discuses the results we
obtain after preforming these traces.

5.1 Double Coset Background

The double coset ansatz was formulated in [10], by diaganolizing the one loop dilatation operator. In
this section we will review those aspects of [10] that are crucial for our study.

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

Vp =@, Vi. (51)

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

Eiiv; = d;5v;,
E,-jvk == 6jkvi- (52)

In the restricted Schur polynomial construction of [9] for long rows, a state in V; corresponds to a Y-box
in the i'th row. The U(1) charges of a restricted Schur polynomial can be collected into the vector m,
which corresponds to a vector with m; copies of v , mo copies of vy etc.

5,m) = [vP™ @ ™2 @ - v . (5.3)
A general state with these charges is given by acting with a permutation
o) = o[oP™ @ vE™2 @ - vy ") (5.4)
where
olvy @ ®@vi,) = |,y ® - v, ) (5.5)
This description enjoys a symmetry under
H = Sy, X Spmy X - X S, (5.6)
and as a consequence, not all o give independent vectors
Vo) = [Vgy) (5.7)

if vy e H.

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

71
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We can develop the steps above at the level of a basis for Vp®m. In terms of the branching coefficients,
defined by

H Z F ZBsalHBsalH (5.8)
[H]| Bl

we have

|17, s, 13 4) ZBS_”H| Vi) ZBjleZr o)|ve). (5.9)

G’GSm

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

(i, u, v; j| = m,|H| DGR Eas WRICOV: Hinted (5.10)
TESM
which ensures the correct normalization
<7ﬁ, U, V7]|ﬁ7 Sy 1 Z> = 57ﬁﬁ5us5j15,u1/ (511)

Finally, the group-theoretic coefficients

/ 1 1
M1M2 |H| kl BZZ HBZS;Z " (5-12)

provide an orthogonal transformation between double coset elements labeled by o and the restricted
Schur polynomials labeled by an irreducible representation s - m and a pair of multiplicities 1, uo.

5.2 How to compute traces

In this section we will compute the traces needed to evaluate the action of the two loop dilatation
operator in the Gauss graph basis. The generic form of the trace we need to evaluate is

T¥(14psuulgpu75) (5.13)

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

The Fourier transform we want to consider maps between functions labeled by an irreducible represen-
tation s and a pair of multiplicity labels and functions that take values on the double coset H \ S,/ H.
We can choose a permutation o to represent each class of the coset [0’]. The transform is then

— Z FS(U)abBZ;IHBZI;)le(SaO‘?B) (514)
87075

For further details the reader is referred to [10].
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5.2.1 Projector transformed. In this section we will Fourier transform the intertwining map used
to define the restricted Schur polynomial. The projector that participates in the trace (5.13) can be
expressed as

Psuv = Z ’Tﬁ, S, [y a><7ﬁ, S, V, a‘ (515)
a

We will make use of the relations

(i, t, v, j = ,|H| S° @l (B (5.16)
TGSm

and

s, 08) = Y T (o) By, oo, ) (5.17)
gESH
as well as
(v, 1|ofv,m) =Y 5(07) (5.18)
yeH

and

ZBSAIHBS—HH _ |H‘ Z 1‘\ . (519)
yeH

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

Z psu,,BZ,ZlHBlsleFg(a) = Z |7y, 8,y a)(m, s, v, a|Bs_>1HBS_>1HF( )( )
spuvim suulma

= |H|3 ST g ueld(r T yao ) (5.20)

Y TESH 11,72€H

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

5.2.2 Summing over H. We consider an intertwining map ps,, built on the state |v1,711) with
symmetry group M and intertwining map py,s built on the state |vp,72) with symmetry group Ho.
We make no assumptions about H; and Hs. In general they will be different groups and hence we
Fourier transform p,,,, and pis to different double cosets. Using the result obtained above, the Fourier
transform of

Tr(Apsuv BPuys) (5.21)

T = W Yo > D (vakeoy tmay Ayl (i oy 'y Biafvs)

Yi€H; T;,€H; V;ESm

= W ST ) (valvaoy ety P Adba|or) (waltpy P B briona [va).

Yi€H; T;€H; 1Y;ESm
(5.22)



Section 5.2. How to compute traces Page 74

To get to the last line, we used the fact that the matrix element <v1|'ylof1711/1f1B1/12\02> is a real
number and the permutations are represented by matrices with real elements. To make the discussion
concrete, it is useful to make a specific choice for A and B. This will allow us to illustrate the argument
in a very concrete setting. In the end we will state the general result. Choose, for example

A=BYE?  B-EPED. (5.23)
Using the facts that
Vo) = |v1) Yy € Hy
Bluz) = [v2) VB € H,
¢_1Eég)w = E;pr(a) vw e Sm (524)
we readily find
1 —
T = m Z (vao 1Ew2(1)sz ‘1}1><’U2’E¢2 )EZ2(2)¢101|1)1>
P;€ESm
1 - - —
||| | > (valog 'y At fvn) (ol BT gathran|vn). (5.25)
wiesm

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

Y1 and a.

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

First Evaluation

Choose A = E(b) and B = Eéi) to get

1 o X
T = ) 2 o B e el 2
¢i657rL
1
~ [Hi||H:| Z {o1]9y 1sz U2|UQ><U2’EZb() V1o |vr). (5.26)
€S

We must turn a b vector in |v1) into an a vector (and possibly permute) to get |v2). Since the ordering
of the slots in |v1) and |va) is arbitrary, we can remove this possible permutation by declaring

o) = EQJor), or) = B va). (5.27)

Thus (in the computation below we denote by S! (52) the set of all slots in |v1) (Jve)) that are filled
with an a vector)

1
T = i) 2 il B o By o) (B B Vo on)
Vi ESm
1 — o
BRI 37 (il o B2 VB joy) (0| By L Vi |or)

1/12' eS’m
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= i o 2 (e a1 0a(1))8 (i (1, a()

Y ESm Vi €EH1

X Y S(oatpa(1),2) Y (1)

x652 y€eS2

= |H1|| w; 7%:{1 (o 1,!)2(1))02(1,021/)2(1)>
x Y loaa(1),2) > (a1 (5.28)

x€S2 yeS2

Now consider the final sum over 3. 2(1) is the start point of an oriented edge in Gauss graph o
and o912(1) is the end point of the same edge. The delta functions on the last line ensure that both
endpoints of this string are attached to node a in the Gauss graph. This is swapped with the edge
labeled 1 (i.e. the edge in the first slot) and compared to 0. According to (5.27), the edge in the first
slot of |v1) is attached to node b. Thus the above sum is ensuring that when a closed loop on node a of
o9 is removed and reattached to node b of o5 we get o;. The above sum is non-zero only when o7 and
o9 are related in this way. The deltas only fix ¥)(1), so summing over S,, the remaining “unfixed” piece
of 1y gives (m — 1)!. The first delta will, as usual, give the norm of Gauss graph o1 and we will get
a non-zero contribution whenever t5(1) is one of the values in S2. There are n4,(02) possible values.
Thus, when T is non-zero it takes the value

T = (m — 1)!nga(02)|0(o) 2 (5.29)

where we have assumed that both o1 and o9 have a total of p nodes and we denote the number of
oriented line segments stretching from node & to node [ of o by ny;(c). We have denoted the “norm” of
the Gauss graph operator by |O(o1)|?. This is the value of the two point function of the Gauss operator

=[[ratc)! T rwlo0)! = (Orr(01) Ors(01)). (5.30)
i=1 o l=1,1k

The value of the trace (5.29) is in perfect agreement with the known result[28].
Second evaluation
For the second example we consider, we choose
_ (@) (1) 2(2)
A=EYEY.  B=EE}. (5.31)

There is some freedom in the placement of the indices on A and B. To see why this is the case, recall
that we are evaluating the Fourier transform of

Tr(Apsyw Bpuys)- (5.32)
The intertwining maps ps,, and p,ys commute with any element of S;,,. Consequently we have
Tr(Aps,uszpuwS) = TI“(AO'O'_IpSW,Bpums) = Tr(AO'ps;w ot Bpuwd) (5-33)

where o is any element in S,,,. Choosing o = (12) and using the representation (12) = ES))EIE?L) where
a and b are summed from 1 to p, as well as the product rule

EWED — B g, A+ B, EWEW — 5, B, (5.34)
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we find

A(12) = EYED (12) = BV EDE B = E{)E

)

(5.35)

1) (2 1) 12(2) (1) (2 1) (2
(12)B = (12)EJ('1)E1(1€) - Ec(Lb)ElSa)E]('l)El(k) - El(l )E]('k)' (5.36)

This implies that we can rather consider A = E&)El(l) and B = El(l )E(k) W|thout changing the value

of the trace. In this case we have (argue as we did above and use |vg) = kj \v1>)
1
T = W Z <1)2|O'2 1E¢2( @Z)1|Ul><2)2’EZf2 Ew( )¢101‘Ul>
! 2 ; €ESm
1 2 1 2
= 37 il B EL® o lus) (v B Y BP0 (5.37)
P, €Sm

Notice that when E;f@) acts on |vg), it does not change the identity of any of the vectors appearing in

|vg). On the other hand, E;b,f(l) will turn an ey, into an e;. Thus, again up to an arbitrary permutation
which we can always remove, we must have

[v2) = B |on) (5.38)
The trace now takes the value
1
T = m Z <Q;1W,1 1E;pk2 E$(2)02E](€§)|U1><vl‘E§i)El1lbz(l)El1fj(2)wlalyvl>
P €ESm
1 - >
— m Z <1)1’1/11 09 Eg 21/12(1)E 21/J(2)E ’U )(Ul‘E Ellé)z( E;fj( ¢1O'1”U1>
P ESm
= ~1,-1
— ]HlHHz ¢; ;1 <’Yl¢1 oa(oatba(1), )) (7201 Py (1/;2(2)71))
m’Y 1
XZ(swa 25 25WU2¢2 Z5voz¢2
36652 y682 w652 v652
= X > 5(%% Va(2))oaloaa(1). 1)
’QZJ €Sm 'y €H,
x25m¢2 Zé ZCSWO’%Z)Q Zévay@
z€S? yes? wes? vES?
m —2)! p P
- |(f11|m3|nlk(0'2)nki(0'2) [Tra(e)! I neslon) (5.39)
q=1 r,s=1,r#s

whenever it is non-zero.

5.2.4 General Result. Recall that both T and R have p long rows or columns. For the general result
we consider

Do D Te(Apyu Bpuns) B B T (00) By Bl T (02)
spvimuydnp

:\H1\1|H2| > (valoy ! (w5 Avba) o) (val (5" BT 2) throvn) (5.40)

wiesm



Section 5.2. How to compute traces Page 77

where A and B are each products of a collection of the Ec(;;)s with 1 <a,b<pand 1 <a<m. We

say that Et(g) occupies slot a. The sum over 15 sums over the possible choices for the slots into which
we place the factors of E((;;) in A and B. Thus, the specific slots chosen for the factors in A and B are
arbitrary - we must simply respect the relative ordering of factors in A and B, i.e. factors sharing the
same slot in one labeling share the same slot in all labelings. The sum over v; ensures that the relative
labeling of the vectors appearing in |v1) and |vg) is arbitrary. Thus, the specific labeling of the directed
edges in the Gauss graph is arbitrary which ensures that the above sum is indeed defined on the relevant
double cosets to which o1 and o9 belong. There are two pieces of information that we need to read

from o1, 02, A and B:
1 When is the sum nonzero?
2 What is the value of the sum?

It is simplest to begin with the second question first. Towards this end, consider the expressions for A
and B. After using the algebra for the E((;:) if needed, we know that at most a single Egg) acts per slot

in both A and B. By inserting factors of
P
ZE((;;) =1 (5.41)
a=1

if necessary, we can ensure that the same set of occupied slots appears in A and B. For concreteness,
assume that ¢ slots are occupied in both. Use i, (i) to denote the row (column) indices of the Eg, in
the ath slot in B and use j}, (jS) to denote the row (column) indices of the E,; in the ath slot in A.
Thanks to the lessons we have learned from the examples treated above, when the sum is non-zero it is
given by

|H1|1|HQ| > (valoy ! (1by " Ara) b |vr) (o] (5 ' BT wh2) thro[v1)
Y €ESm
(m —gO(o
T [HH] ! H nigjz (0 (5.42)

If any particular n;;(o2) appears more than once, each new factor in the product is to be reduced by 1.
For example, n12(02)% would be replaced by n12(02)(n12(02) —1)(n12(02) —2). By taking the transpose
of (5.42), the value of the sum is not changed because it is a real number. However, the roles of o;
and o9, as well as of A and B are reversed on the LHS of (5.42). Consequently, we must also have

1
| H || Ha| Z (valog ' (13 Agpa) thr|vr) (va| (V3 " B bg) thro|vn)
P; ESm
)0(
- ’Ing|H202 Hnﬂu la (5.43)

The equality of (5.42) and (5.43) defines our delta function. We find that d4p([o1][o2]) =1 if

( _‘J"OUI ( —CI"OU2
| | e jr | | r 5.44
|H; || Ha| Mg |H; || Ha| njgis (01) (5.44)

a=1 a=1

and it is zero otherwise.
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We will sketch how the general result is proved. First, even if A and B straddle ¢ < m slots, by using
(5.41) we can always introduce further E(®)s so that all m slots are straddled. Thus, without loss of
generality we can now focus on the ¢ = m case. In this case, it is easy to prove that if []%_; nic jr (02)
is non-zero, it is given by

1 7icir(02) = [0(o2)[? (5.45)
a=1

which proves the result. Similarly, if [[2_, njcr (01) is non-zero, it is equal to

1 nszi(o1) = 0(a0)? (5.46)
a=1

which again proves the general result.
5.2.5 lllustration of the General Result. To illustrate the formula derived in the previous section
consider computing the trace for the case that
1) 12(2) 12(3) 1=2(4) 12(5) (6
A =By By By By By B
B = Ey3' Eoy Eyy By B3y By (5.47)

For our example we have m = 6, ¢ = 6 and p = 3, so that (m — ¢)! = 1. We choose o1 and o2 as
illustrated below

From these Gauss graphs we easily read off H; = Ss x S5 and Hy = Sy x Sy. Consequently |Hq| = 12
and |Hz| = 48. If we choose the permutation

o1 = (13)(24)(56) € Hy \ Ss/H, (5.48)

to represent the first Gauss graph, then we can choose the first factor in H; to permute 1 and 2 and
the second factor to permute 3,4 and 5. If we choose the permutation

oy = (12)(45) (5.49)

to represent the second Gauss graph, then we can choose the first factor to permute 2 and 5 and the
last factor to permute 1, 3, 4 and 6.
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From the row indices of A given by the ordered set {3,1,3,1, 3,3}, and the column indices of B given
by the ordered set {3,3,1,3,1,3}, we read off

[T nigir (02) = nss(o2)nai (02)na3(o2)ns1 (02)n1s(02)nss(o2)

— ng;(02)(n33(02) — D)nz1(o2)(ns1(02) — L)naz(o2)(niz(o2) — 1)
= |O(o2)|* = 8 (5.50)

which indicates that the sum may indeed be non-zero. From the column indices of A given by the
ordered set {1,1,2,2,2,3}, and the row indices of B given by the ordered set {2,2,1,1,3,2}, we read
off

H njcir (01) = ni12(o1)n12(o1)n21(o1)ne1 (o1)n23(o1)nz2(o1)
a—l> ni2(o1)(n12(o1) — 1)ngi(o1)(n21(o1) — 1)naz(o1)ns2(o1)

= [O()2 =4 (5.51)
which indicates that the sum is indeed non-zero. We finally obtain

32 1

T O {vely (5 Ave) o) un] (0 BT ) ren o) = e = o

— 5.52
|H1 | ‘HQ ¢iesm ( )

5.3 Final result for the subleading contribution to the two loop dilata-
tion operator

To compute the remaining trace in (4.185) over Vp®m we will again move to the Gauss graph basis.
Using the results described above, we now find

DiOry(on) = > (MEFRT: = MEJHT: = MPGRT: + My ) Oralon), (5.53)
T7t702
where
1 CRR'CR'R""CTT'CTIT
Mpig? = Z 5R”T“5r;t;\/ RiT} |OR.(01))* 845 ([o1], [02])
R',R" y)

P P
X [nik(UQ)nkl<U2) — 0 Y nin(02)nka(02) = 855 > mpn(02)nps(02)
a=1 b=1

p
+6;50k1 Z nbk(o'Q)nka(0'2)] ;
a,b=1

Mp7? = ZéR’T’éer;\/CRR’CTT’ O, (01)|? 6 ([01], [o2])

p p

[ Z nik(02)Npa(02) — i, Z nip(02)Nea(02) — Z Nak(02) 1 (02)

a,b=1 a,b,c=1 a,b=1
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+ Z nkzb(02)nai(02):| :

a,b=1

MpT? = > Srbuy verrerr |Ory(01)]? 04 ([01], [02))

R/
p p p
[ Z Nk (02)Nia(02) Z Nga(02)Nip(02) — Ok Z i (02)Nac(02)
a,b=1 a,b=1 a,b,c=1
p
+ Z nkl 0'2 nba 09 :| (5.54)
a,b=1
and
4 CRR'CR' R"CTT'CTIT"
METE = ) dnery | (On (v as (1] [o2)
R/,R/’ ] l
p p p
X [5ij5kl > nui(o2)nia(02) = 65> ai(02)nia(02) — k1 Y nei(02)nui(o2)
a,b=1 a=1 b=1
+nkl(02)nli(02):| : (5.55)

Notice that both M%f}ff and M%?R”f depend on the length of the rows of the Young diagrams R and
T that participate. Since these lengths determine the angular momentum of the giants, they determine
the radius to which the giants will expand. This is the first dependence of the anomalous dimensions
on the geometry of the giant graviton.

To illustrate the form of operator mixing captured in the above formulas, it is helpful to consider a
specific example. This is the content of the next section.

5.4 Example: A 2 Giant Graviton Boundstate with 4 Strings Attached

In this section we will consider the simplest nontrivial system that exhibits the general structure of the
subleading operator mixing problem. This problem is a system of two giant gravitons with four strings
attached. As we have explained, there are % corrections to the anomalous dimension from the one
loop contribution as well as from the leading terms at two loops. These corrections do not induce extra
operator mixing, so that the Gauss graph operators continue to have a good anomlaous dimension. The
only extra operator mixing comes from the subleading contibution we have just evaluated, and this is

what we aim to explore.

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

\1,R,r>z‘@:~.,R,r>, \2,R,r>:‘@=-0,R,r>, ]3,R,r):’..=nQ,R,r>,
4, R, 7) = | ge==2e, 0.7, \5,R,r>:‘@ o R7), \6,R,r>=‘@ O R,

TR =|© R, BRN=|€) ©Rr), BRI=|e € Rr).
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The states [i) for i = 5,6,7,8,9 are BPS at the leading order in *. The subleading corrections to
the anomalous dimension coming from one loop, as well as from the leading terms at two loops is a
multiplicative order 7+ correction and vanishes because the leading order anomalous dimension vanishes.
Evaluating the subleading order contribution, we find

DPi,Rir)=0  i=56,7,89 (5.56)

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

The state |4) also does not mix with other states. However, for this state we have a nontrivial correction
to the eigenvalue since

@) Ority , Oryty
D;” |4, R,7) = Z 64 |Spr o8 + e Sgi (N + Ry — 1)(N + Ry — 2)
Tt
67‘/ t/ 67./ t/
+0RT ]%11 Sryry (N + Ry = 1)(N + R1 — 2) + 0pr Pi; Ory,ry, (N + Ry = 2)(N + Ry — 3)
—0RT0 ¢ Oy (N + B1 — 1) — OrT Sy 01 Opyy (N + Ro — 2)
57"’15'
—53'1:@m53m{; (N +Ri —2)\/(N + R~ 1)(N + Ry — 1)
1 1=
57“/ ¢
*(SRIQT{de/{QTﬁ(N + Ry — 1)\/(N + R1)(N + Ry — 2)
1 1
5.1y
_5R’2T{ﬁ5R’2’2T{’2 (N + Ry = 3)V/(N + Ri)(N + Rz — 2)
2 2
61”’ "
_@%%‘7§ﬁf;jf%ﬂ%“V+R2_”V@V+R1_”UV+R2‘U
2 2

+01 156,04/ (N + Ri = 1)(N + Ry — 1) + 6,441 Oy 70/ (N + Ri)(N + Ry — 2)] 14, T,1) .

(5.57)

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

D i, Rory =" (D) 15, Tot)  ij=1,2.3 (5.58)
Tt

the action of Df) in this subspace is given by

8 0 0 010 010 0 00
PP —4alo40|+B|101]|+C|00 1|+CT|1 00 (5.59)
0 0 8 010 000 010
where the coefficients A, B and C are

Oty Orge,

+ > 6R’1’2T1”2(N + Rl - 1)(N + RQ — 2)

A =6
r (T 2
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+ Onr 5;%3?1 Sy, (N + Ry — 1)(N + Ry —2)
I R; Spy 1y (N + Ry —2)(N + Ry — 3)
— 20RT0p 1 6p 1 (N + R1 — 1) — 20R70,s4 Opyy (N + R — 2)
S Rl(’gf _ 1)5R,1,1T{,2<N + R —2)V(NTRi—1)(N+ Ry —1)
— Omym Rf(’zj oy (N P - 1)v/(N + R1)(N + Ry — 2)
S Rj(’;f; — O (N + Ry —3)/(N+ R1)(N + Ry — 2)
- 5R'1T2'Rj(r;zt;1)5%T2"2<N +Ry—2)V(NTRi—1)(N+ Ry — 1)
+ 20,1 0p, /(N + R1)(N + Ry — 2) + 20,1 gy g/ (N + Ry — 1)(N + Ry — 1) 550)
B = —8(5rét’15RTst’l’2T1”2\/(N 1 _;zg\zf TR 1) (5.61)
c = 8%533&@% VINT R —1)(N+ Ry —2)(N + Rs — 1)(N + Ry)
— 8ogr1y %5}2';@{3(]\7 + R —2)V/(N+R —1)(N+ Ry — 1)
- sam%a%%w SR )N TR DN R (562)
cf = 8%5352% VINTR)N + R+ 1)(N + R — 2)(N + Ry —3)
— 8Sp R%’("’l;;l)csm% (N+ Ry —1)/(N+R)(N + Rz — 2)
- saRéT{\/%a%%(N + Ry —3)v/(N+ R)(N + Ry — 2). (5.63)

The coefficients A, B and C' are operators that have a nontrivial action of the R, r labels of the Gauss
graph operators. It is straightforward to check that the matrix coefficients of these operators do not
commute and hence they are not simulataneously diagonalizable. This implies that the action of the
dilatation operator not longer factorizes into commuting actions on the Z and Y fields. It is this failure
of factorization that we intended to demonstrate.



6. Conclusions

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

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

result (5.53), it is clear that vanishing n4,(c) implies a vanishing action of Df).

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

The dynamics of open strings on the worldvolume of a giant graviton is expected to give rise to a
Yang-Mills theory at low energy. The lightest mode of the open strings attached to the giant becomes
the gauge boson of the theory. This suggests that within A/ = 4 super Yang-Mills theory, we should
see classes of operators whose dynamics is captured by a new emergent gauge theory. The acronym
emergent is particularly apt in this case because this new Yang-Mills theory will be local on a space that
is distinct from the space of the original spacetime of the N = 4 super Yang-Mills theory. The gauge
symmetry which determines the interactions of the theory is a local symmetry with the respect to this
new space and the time of the original spacetime. The space of the emergent Yang-Mills theory is the
worldvolume of the giant graviton, which itself is built from the Zs. So this space and an associated local
gauge invariance is to emerge from the dynamics of the Z matrices in the large IV limit. For the operators
dual to giant gravitons studied in this article, it is natural to think that the magnons themselves will
become the gauge bosons. Indeed, the allowed state space of the magnons is parametrized by a double
coset. The structure of this double coset is determined by the expected Gauss Law of the emergent
gauge theory. To really understand the mechanism behind this emergence it is important that we get
a good handle on how the magnons interact. It is by studying these interactions that we may hope to
recognize the Yang-Mills theory that must emerge. In this article we have computed the first of these
interactions and we have developed tools that allow us to study these interactions in general.

In this thesis we have explored a two giant graviton boundstate with four strings attached. We have
found that the only extra operator mixing coming from the subleading contribution Df). We have
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developed a powerful technique to evaluate the most general trace we could encounter, which is much
more general than the traces that appear at two loops. These results will be useful in further studies of
the dynamics of Gauss graph operators.

This work may be extended to three-loop level, where we expect to find further corrections to the one
and two loop results. It is important to confirm that the results and conclusions reached at two loop
are insensitive and still valid (that is under control at two (and higher) loops.
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