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Abstract

The six scalar fields in N' = 4 super Yang-Mills theory enjoy a global
SO(6) symmetry, and large N but non-planar limits of this theory are well-
described by adopting a group representation approach. Studies have shown
that the one-loop dilatation operator is highly determined by the action of
the su(2)/su(3) subalgebras on restricted Schur polynomials. These actions
involve the traces of products of projection operators. In this dissertation,
exact analytical formulae for these traces are found which in turn are used to
find the exact action of these algebras on restricted Schur polynomials. The
potential of the su(2) algebra to determine the one-loop dilatation operator
is also explored. This is done by exploiting necessary symmetry conditions
and moving to a continuum limit in order to derive a number of partial dif-
ferential equations which determine the dilatation operator. The ultimate
goal of this work is to provide tools to find the exact one-loop dilatation

operator in the non-planar limit.
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Background and Introduction

Modern physics has been successful in creating quantum theories which explain three of the four
fundamental forces of nature. However, it has been much more of a challenge to reconcile general
relativity, the non-quantum theory successfully explaining the fourth, with quantum field theories
mainly because general relativity is a classical theory which becomes ill-defined when quantised.
Despite this, the ultimate goal of unifying the four forces of nature into one, coherent theory still
remains a large goal of modern theoretical physics.

A great step forward in this direction was made when Maldacena proposed the AdS/CFT corre-
spondence ([1]). This idea states that quantum gravity, defined on anti-de Sitter space, is dual to a
conformal field theory. While many types of anti-de Sitter spaces and conformal field theories exist,
the most common example of this correspondence is that string theory on an AdSsxS® background
is equivalent to N' = 4 super Yang-Mills theory. Using this correspondence, calculations made in
the one theory can be translated into calculations in the other.

When working in A/ = 4 super Yang-Mills theory, the fields are N x N matrices. The generating
functional (the quantum field theory analogue of the statistical mechanics partition function) based
on these matrices can then be used to compute various correlation functions. By generating a
complete set of correlation functions, one can compute any observable one is interested in. In
a non-interacting, zero-dimensional matrix model, doing all this is relatively easy: one sums a

finite number of ribbon diagrams (diagrams akin to Feynman diagrams) in order to compute the
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correlation functions. However, in an interacting model, the usual way to compute the resulting
more complicated generating functional is to employ a perturbative expansion by expanding the
functional as a power series in the coupling constant. It consequently becomes impossible to
calculate any correlation function exactly since one encounters an ever-increasing number of ribbon
diagrams to sum over as the order of the expansion increases.

To tackle this situation, a different expansion, called the ‘t Hooft expansion, can be used. In
this method, the coupling constant g and the matrix size N are scaled in specific ways. N is made
to tend to infinity, and the perturbative corrections to the non-interacting model are computed.
This expansion produces an appealing interpretation in terms of string theory: each ribbon diagram
resulting from the expansion triangulates a surface representing a worldsheet traced out by a string
as it moves in spacetime. The topology of these worldsheets are used to determine the specific N
dependence of the ribbon diagram in question, and summing over all the ribbon diagrams gives the
correlator we seek ([2]). A nice result of the large N planar limit (i.e. the limit in which the studied
observables are constructed from either a fixed number of fields or in which the number of fields
grows like VN as N — oo) is that correlation functions factorise, which eases calculations ([3]).
This happens to be the case in both free theories and interacting ones. Because of the large size of
N, in the more realistic interacting model, one typically only sums planar ribbon diagrams instead
of all diagrams. Furthermore, for a single matrix model, a procedure based on the eigenvalues
of the matrix field allows for the construction of the system’s dynamics, which can be used to
recover the large N limit of the model (which is equivalent to a classical theory of strings) and its
correlators ([4]). Since N/ = 4 super Yang-Mills theory is a conformal field theory, when computing
the said correlators, the answer factorises into a combinatoric factor and a spacetime dependent
factor. For the questions we will consider, the spacetime factor is easy to compute. Hence, most
of the work goes into computing the combinatoric factor, a process which involves summing over
all the Wick contractions present in the correlator. In the planar limit of a single matrix model,
we know how to find an orthogonal basis for the local operators. This in turn makes it possible to
find the scaling dimensions of the operators. These scaling dimensions are the basic observables
of any conformal field theory and have the potential to connect the theoretical work to real-world
measurements.

This approach still has various problems however. Firstly, it concerns a single matrix model;
more interesting real-world models would be multi-matrix models. Secondly, the niceties of the
planar limit break down as we allow the number of fields in each trace structure (i.e. observable)
to grow like N (rather than v/N) as N — oo; this specific non-planar limit is the one we will
concern ourselves with. In such a limit, non-planar diagrams become non-negligible and must
also be included when calculating correlators. And thirdly, our original diagonal basis for the

operators becomes inappropriate and loses a lot of its simplifying properties since different multi-
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trace structures mix freely in the non-planar limit. In light of these problems, group representation
theory has provided many insights and techniques, allowing physicists to sum over all of the ribbon
diagrams and take all possible trace structures into account. Using group representation theory in
the context of the discussed single matrix model, the carrier space of the matrix operator in the
model, Vy, is extended to a much large space, V]f?" (n € N), and any multi-trace structure can
be written as a single trace in the larger space by making use of permutations belonging to the
symmetric group, S,. Free-field Wick contractions of n fields are found to be equal to a simple
summation of elements of the action of S, on the larger space Vﬁ”. The original problem of
finding a convenient orthogonal basis becomes equivalent to finding a complete set of projection
operators projecting onto different representations of S,. Schur polynomials, defined in terms of
these projectors, play a fundamental role here ([5]). It is possible to write any multi-trace operator
in terms of sums of these Schur polynomials (and vice versa) by means of equations analogous
to Fourier transforms. Our problems in quantum field theory therefore become replaced with
equivalent problems in group theory. The Schur polynomials are in turn used to find the two-point
correlation functions. Within this framework, these two-point correlation functions sum over all
the ribbon graphs in question (not just the planar ones), avoiding the problems typically associated
with perturbative methods.

The above discussion, as mentioned, relates to a single matrix model. In the context of the
AdS/CFT correspondance, the single matrix model provides a description of the %—BPS sector of
the theory ([6]). However, also as mentioned, multi-matrix models are more interesting. Indeed,
they allow us to go beyond the % BPS sector of the theory. Free-field answers are exact in models
comprised of a single matrix due to the enormous amount of symmetry inherent in them. Introduc-
ing more matrices breaks enough symmetries that curious results arise in the interacting theory.
Luckily, a number of useful results from the single matrix case carry over into the multi-matrix
case: a multi-matrix model is dual to a string theory, the large N planar limit of the model is the
classical limit of a string theory, and different trace structures do not mix in the large N limit.
However, as soon as the number of matrices we include in our model is of the order N, we need
to sum over all ribbon diagrams, and different trace structures do mix together ([7]). We are
interested in studying this large N but non-planar limit.

For the case of more than one matrix field, as before, different multi-trace structures are treated
on the same footing by employing group representation theory. The different multi-trace struc-
tures (which represent observables) are labeled by permutations of the specific symmetry group in
question. It turns out that permutations in the same conjugacy class result in the same observable
when bosonic fields are considered. This is a result of bosonic statistics, in which swapping two
bosonic fields leaves the trace structure invariant. However, in order to not mix different matrix

fields with one another when calculating multi-trace structures, one needs to introduce the notion
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of a ‘restricted character’ ([8]). For example, in the case of two different fields (let’s say n Z fields
and m Y fields), we restrict the symmetric group Sy, (the permutations being elements of this
group) to the subgroup S,, X Sy,. The restricted trace in this case is found by only summing over
indices of the possible states which are part of a specific irreducible representation of the subgroup
Sp X S, rather than the whole group (as was the case above). This type of restriction, and there-
fore the restricted characters, can be generalised to the case with more than two matrix fields in
the model.

Restricted Schur polynomials and restricted projectors are defined using these restricted char-
acters (by replacing the usual characters in their definitions with the restricted characters). Two
point functions can also be constructed based on these restricted Schur polynomials. These can in
turn be used to determine observables which have the potential to link the theory with real world
applications.

Until now, the ideas discussed were essentially a wide but very shallow background leading up
to the purpose of this dissertation; it is from this point onwards that our new work will begin.

Among other aims, the main goals of this dissertation are to:
e Construct the exact SU(2) generators acting on restricted Schur polynomials built from two
complex bosonic fields

e Explain how to derive a number of partial differential equations (PDE’s) for this two complex

bosonic field case by exploiting certain symmetry conditions

e Construct the exact SU(3) generators acting on restricted Schur polynomials built from three

complex bosonic fields
e Numerically verify these results
In a broader view, the ultimate goal of using a group theory approach is to calculate correlators

in an interacting super Yang-Mills theory. In A = 4 supersymmetric Yang-Mills theory, the
Lagrangian is ([9]):

1 v 0[ =127 ‘\a i i
L=Tr <—292FWF“ + @F,WF“ — X" Dy\, — D¢ Do
. . 2 . .
+gC8Na[0", No] + Ciap\[07, AP] + %W, ¢J]2> (1.1)

where Fllfy = 6#145 — ayAl]j + gfl]jnALAT; 1,7 run from 1 to 6; a,b run from 1 to 4; u,v run from
0 to 3; and all the f’s are the structure constants of the chosen gauge group. In this expression,
the A’s are components of the gauge field; g, f; are coupling constants; ¢’ are scalar fields of spin

0; and the A’s are spinor fields of spin % Also, D,, is the usual covariant derivative, o# the Pauli



Chapter 1. Background and Introduction

matrices, and C’fb are SU(4) Clebsch-Gordon coefficients, which couple the fermions, A%, to the
bosons, ¢', in an SU(4) invariant way. Using this Lagrangian L, we will be calculating correlation
functions of the ¢’ fields.

Algebras also play an extremely important role in the development of this area of physics. The
superconformal algebra is a graded Lie algebra which combines supersymmetry and the conformal
algebra. We know that many systems have certain types of symmetries. In particular, some are
invariant under translations (with translations being generated by the momentum operators), some
are invariant under Lorentz boosts or spacetime rotations (which are generated by the angular
momentum operators), some are invariant under scaling (which is generated by the dilatation
operator) and some are invariant under ‘inverted translations’ (generated by the special conformal
operators). All of these operators are combined in the superconformal algebra in 3 4+ 1D. In
particular, we will be focusing on the dilatation operator, D. In this superalgebra, if M, represents
the Lorentz operator, P, the momentum operator, and K, the special conformal operator, then

the commutator of these operators with D are:

[M,LW?D] =0
[Dv Pﬂ] = _PM
[D, K] = K, (1.2)

These operators, along with quite a number of others, comprise the N' = 1 superconformal
algebra in 3 + 1D. SU(2) and SU(3) generators form a part of this much larger algebra. We will
not be considering this much larger algebra (or symmetry) but rather a smaller symmetry which
keeps the calculations inside a smaller subspace which will be easier to work with. For example, we
do not wish to consider the gauge fields A,. If we worked in the full algebra, we would be forced
to, since some symmetry transformations would change some of the fermion fields into gauge fields.
However, we prefer to build up the theory slowly, moving from su(2) into su(3), and so forth. Not
having to consider the full set of symmetry transformations at this stage is convenient.

In this study, we will also construct global symmetry generators which generate different special
unitary groups’ algebras. These algebras are important as the NV = 4 super Yang-Mills theory has
certain symmetries under the action of the corresponding groups. Symmetries have become one of
the most important tools in physics since it seems that many of the laws of physics originate from,
or are tightly constrained by, symmetries. So, by studying the symmetries of systems further, very
interesting questions and results are almost sure to follow.

The main aims and accomplishments of this study were listed in point form above. However, it is

worth noting that the actual accomplishment of constructing the exact generators (the task which
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the bulk of this study is dedicated to) is admittedly a technical precursor of the more interesting
and larger goal which will be briefly touched on here and hopefully examined further in later study:
that of constructing the one- and higher-loop dilatation operators in the su(2) and su(3) sectors by
requiring that the dilatation operator (acting on different restricted Schur polynomials, depending
on the case) closes the relevant algebras. The dilatation operator is important for a number of
reasons, one being that it can be directly interpreted as the Hamiltonian of a quantum mechanical
system ([10]). It can be found by summing Feynman diagrams. However, at higher and higher
loop orders, one must sum over an increasing number of diagrams, making the exact calculation
of the dilatation operator difficult. The one loop dilatation operator has been constructed previ-
ously by brute force calculations ([11, 12]). However, the goal here is to show that the imposed
symmetry condition is enough to determine the dilatation operator (up to a constant), at both one
and higher loops. This idea is touched on at the end of chapter 3. While this ultimate goal of
determining the dilatation operator this way would be a Herculean task, finding it would allow us
to calculate the exact conformal dimensions of certain operators and would be a significant step
towards understanding the non-planar limit of N' =4 SYM. And finally, as a bonus, thanks to the
AdS/CFT correspondence, calculations in A/ =4 SYM theory can be translated into calculations
in the dual quantum gravity setting. Therefore, such results will have bearing in string theory.

The equations in chapter 3.3 are some of the important results of this dissertation. The equations
in this chapter are used to find some of the actual novel results, given in chapter 3.5. This chapter
contains the exact action of the su(2) generators on restricted Schur polynomials. Similarly, other
important novel results in chapter 4.2 give rise to the results in chapter 4.3. In this chapter of
the dissertation, the exact action of some su(3) generators on restricted Schur polynomials are
given and the techniques to calculate the others are laid out. This is important since large N but
non-planar limits of N" = 4 super Yang-Mills theory, a most auspicious theory which promises to be
a breeding ground for approaches for solving problems in more realistic theories, are well described
by restricted Schur polynomials and our group theory approach. The explanation towards the
end of chapter 3 also details how these results can be used to find the dilatation operator. If one
were to use exact results, one could exactly close the appropriate algebras. Studying the dilatation
operator is important, amongst other reasons, for its strong connection with the Hamiltonian in
2-dimensional conformal field theories.

The results in this dissertation are explained in great detail. The actual, more concise, paper
reporting these novel results can be found at: arXiv:1602.05675 ([13]).



Review

This chapter of the dissertation will give further basic background details of specific topics that
will be needed, but in a little bit more depth than was discussed above. Ideas such as symmetric
groups, projectors, correlation functions, (restricted) characters, and Schur polynomials will be
described.

The symmetric group of the set of n integers, denoted S,, will play an important role. If a
permutation of the integers (1,2, 3,...,n) is denoted by o, then o € S,,, with S,, being the complete
set, of all possible permutations. S, clearly contains n! elements. In the most conventional approach,
a representation of S, (or, in fact, any group) is a way of assigning a matrix to each element of this
abstract group in a way that preserves the group operation. The group operation then becomes
matrix multiplication. More technically, a representation of a group is a homeomorphism from
the group to the automorphism of some vector space. There are a finite number of inequivalent,
irreducible representations of S,,, and each representation is normally denoted by a Young diagram
with n blocks. We will use letters of the Latin alphabet to denote Young diagrams. In a specific
representation, R, of S,,, the matrix representing the permutation o will be denoted by I'r(o) and
we will denote the trace of such a matrix with the Greek letter x, i.e. xr(o) =Tr(I'r(0)).

As mentioned in the previous chapter, we extend the vector space Vy on which the operators in
N = 4 super Yang-Mills theory act, to V3", where n is the number of matrices (which we typically

denote by Z) comprising the multi-trace structure. This is for the case of a single matrix model; the
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multi-matrix model will be discussed shortly. A very important fact is that the actions of symmetric
group (S,) elements and unitary group (U(N)) elements on V5" commute ([14]). Because of
this, Vg" reduces into subspaces labeled by Young diagrams, with each subspace simultaneously
carrying the irreducible representation of the symmetric group and the irreducible representation
of the unitary group of the Young diagram labeling the specific subspace in question. In addition,
whenever one restricts S,, under subgroups (for example, restricting S, under S, _1, or under
Sy X Sp, where ny+ng = n), an originally irreducible representation of S, often becomes reducible,
with .S,, becoming the direct sum of certain irreducible subspaces. In light of this, it is reasonable
to think that it’s possible to project from V]f?" onto a subspace, and indeed, it is. The projection

operator responsible for projecting onto the R subspace is:

~

Pr = % Y xrlo)o or Pp= % > xr(o)o (2.1)
0ES 0ESK

where ¢ is an action on Vﬁn and dp is the dimension of R. Depending on the type of carrier
space we are acting on, we either have o on the right-hand side of the above summation, or the
matrix representation for o, i.e. I'r(0). xgr(0) is known as the character of the group element o in
the R representation, and since the groups we will consider are symmetric groups, it is relatively
easy to compute a desired projection operator within this context since tables of these characters
exists for symmetric groups (for example, see [15]). The situation will become involved when we
consider more fields instead of only a single field Z. Note also that we use either of the equations
in equation (2.1) when working with Schur polynomials. In linear algebra, projectors Pg, Pg would
normally obey PRPS =0 RSPR. This is the case if we choose to use the first of the two equations.
However, another convention is the second: projectors which do not obey the usual normalisation
requirement, but rather obey the following:

drs

where dp is the dimension of the symmetric group representation R. It doesn’t matter much which
we choose to use. Apart from the above being true, the operators also satisfy Pro = 0 Pg Vo € Sy,
and we also require Pl = Pg, for convenience.

Now, one of the benefits of the group representation theory approach is that it allows us to write
any multi-matrix operator, constructed from one matrix Z which acts on Vy, as a single matrix
operator on the larger space Vg”. By slowly but easily developing the index notation used below,

it can be shown that:

Tr(oZ®") =272 72 ... .7Zn (2.3)

lo(1)  Yo(2) : Yo (n)
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where o (i) is the integer that i is permuted to under the action of the permutation o. Different
trace structures appear when calculating correlation functions, and by making a prudent choice for
o, it is possible to express any multi-trace structure/operator in the form of the left-hand side of

equation (2.3). For example, if we take n =4 and o = (12)(3)(4), then we would have:

Te((12)(3)(4)2°") = 2} 222 7} = To(2%)Te(2)?

In the above equation, the left-hand side is a single trace over V]{‘?", whereas the right-hand side
is a multi-trace structure with each trace being over V. Another important concept which we
will use repeatedly and develop is the idea of a Schur polynomial. There are a number of ways of
defining Schur polynomials; more mathematical studies unrelated to representation theory often
define them in terms of determinants of matrices (see [16] for example). However, we will define

our Schur polynomials, denoted by xr(Z), using equation (2.3) as follows:

Xr(Z) = Te(PRZ®") = Tr (;, > XR(U)0Z®">
" oEeS,

= % Z xr(0)Tr(cZ®™) (2.4)
T o€Sh

where R is a representation of S, and Z is a matrix field. So, our Schur polynomial is a linear
combination of different multi-trace structures. A few different orthogonality relations exist in
group representation theory. These link different representations of a symmetric group or different
equivalence classes of symmetric group elements ([15]). Using them, it is possible to swap equation
(2.4) around and express a multi-trace structure as a linear combination of Schur polynomials as

follows:

Tr(0Z%") = Y xr(0)xr(Z) (2.5)
RFn

The notation R F n means that the Young diagram R is a partition of the integer n, i.e. R
is a Young diagram comprised of n boxes. This type of inversion shown in equation (2.5) is akin
to the more familiar Fourier and inverse Fourier transform concepts. Finally, to link to quantum
field theory, it can easily be shown that the two-point correlation function based on these Schur

polynomials is ([5]):

(Xr(Z2)xs(2)T) = Srsfr (2.6)

where fr is the product of the factors of the boxes comprising the Young diagram labeled R. The
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factor of a box in a Young diagram is defined to be N plus the content of the box, where the
content of a box is the column number (counting from the left) of the box minus the row number

(counting from the top) of the box. For example, we’d have:

X 2) X (2)T) = N*(N + 1)(N + 2)(N +3)(N — 1)
T .

The astonishing thing about the result in equation (2.6) is that this answer is exact: we have
summed over all diagrams, not only the planar ones.

As mentioned, the above discussion relates to a zero-dimensional single matrix model. These
results can easily be extended to a higher dimensional single matrix model by multiplying the
answer given in equation (2.6) with a spacetime dependent factor, which is easy to find (in our

case). For example, the 3 + 1 dimensional 2-point function would become:

() s (21 o)) = O8I

where J is the scale dimension of the restricted Schur polynomial, and R+ J.

We now move on to a more complicated case. Consider a model constructed from two bosonic
fields Z and Y, instead of just Z as we had done previously. The single-trace structure analogous
to equation (2.3) in the case of operators constructed from m Y fields and n Z fields (in V")
is Tr(cY®™ @ Z®™), where 0 € S),1y,. In this discussion we will keep n on the order of N and m
on the order of v/N. We have:

Tr(oY®" © Z8") = Y1 Y2 yim gimt1 gimiz o gimin (2.7)

io(1) " lo2) " Tio(m) T lo(mt1) T lo(mt2) T T o (men)

Now, the observable Tr(cY®™ @ Z®") is invariant when we swap the Z fields amongst themselves
and the Y fields amongst themselves. Indeed, swapping a letter Z on the right-hand side of the
above equation with another Z would not change the multi-trace structure. This is a result of the
fact that the Z and Y fields are bosonic. This is not the case with fermionic fields. In the case of
equation (2.3), it can easily be shown that permutations in the same conjugacy classes give rise to
the same observables. However, in this two-matrix case, we need to consider permutations ¢ and 7

that are related to one another not through the usual conjugacy relation 7 = p~*

1

op with p € Sp4m,
but rather through the restricted conjugacy class relation 7 = p~op with p € S, X Sy,. p in this
case is a general permutation of the Z’s amongst each other and the Y’s amongst each other. If we
have 7 = p~lop with p € S,, X S, then it can be shown that Tr(7Y®" @ Z®") = Tr(cY®™ @ Z%"):
the two permutations, when members of the same restricted conjugacy class (restricted in the sense
that we restrict p to the subgroup S, x S, so that in general p ¢ S,4,,) give rise to the same

observable.

10
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By restricting to this subgroup, a given irreducible representation R + n + m of Sy, will
decompose into a number of irreducible representations of the subgroup S, x S,,. To label a
representation of the subgroup S, x S;,, we need a Young diagram r - n to label the S, part, a
second Young diagram s+ m to label the S, part, and a multiplicity label «. Since a number of
copies of (r,s) can appear when restricting to the subgroup S,, x S, « labels a specific copy of
(r,s). Finally, let I label a specific state in the carrier space of (r,s)a so that we can abstractly
represent our states by |R, (r, s)a; I). We take into account our restriction to Sy X Sy, in the trace
structures by now only summing over the state indices I which belong to the specific irreducible
representation of the subgroup in question. Denoting this restricted trace by Xg (rs)as(c), We

finally have the formula for the restricted character ([8]):

TrR,(r7s)aB(U) = TY(T,S)QB<FR(U))
= Z(Rv (’I”, S)O‘;I’FR(J)’R7 (Tv 8)/8§I> (2'8)

I

XR7(r,s)o¢,3(U)

In the above formula, we use the a copy of (r,s) for the row index and the 8 copy of (r,s) for
the column index.

It is equation (2.8), instead of the usual definition of characters of elements in the single matrix
case, i.e. xg(0) = Tr(T'r(0)), upon which many of the following definitions, which are parallel
to those already defined, are based. Unfortunately, this complicates matters since it is a much
more tedious task to calculate restricted characters compared to usual characters. Luckily, the
situations we will consider are such that calculating the restricted characters won’t be excessively
complicated. So, pressing forward and using this notion of restricted characters, we define the
restricted Schur polynomial, X g (rsz(Z,Y) ([17]). This restricted Schur polynomial is built from
two bosonic fields (Z and Y') and has the specific representation R, (r, s)f, with r - n, s F m and

7= (p1, p2). It is given by:

XR,(r,8)0 (Z Y Z XR,(r,8)T (UY®m®Z®n) (29)

' O'ESn-Hn

Equation (2.9) is analogous to equation (2.4). Another result we will need is one akin to equation

(2.5), i.e. an equation which is the inverse Fourier transform of equation (2.9):

dprn!m)!
Tr(oY®™ © Z9") = Z dt a ),XT (e (0 )XT,(t,u)ﬁ(Z7Y) (2.10)

n+m

where @ = (u1, p2) and @ = (ue9, p1) are multiplicity labels. And, similarly, we can define projec-

tion operators analogous to equation (2.1):

11



Chapter 2. Review

1
PR,(TvS)ﬁ = nlm! Z XR,(T,S)H(U)U (211)
' ’ Uesn+m
Strictly speaking, equation (2.11) is not a projector: it intertwines two representations of (r, s).

Concretely, it obeys the following:

P55 Lir)u2(0) = L5000 (0) Pry ) (2.12)

Vo € Sp X Sp,. For this reason, we need two multiplicity labels to label Pg (. 5. Using equation

(2.11), we can also define the restricted trace structures in another way:

TrR,('r,s)ﬁ(' e ) = Tr(PR,(r,s)ﬁ' e ) (2'13)

Projection operators will play a vital role in the work to follow since we will need them in order
to find different generators which close the su(2) and su(3) algebras. Also, even though we won’t
show the details here (see [17] for these details), the two-point function based on these restricted

Schur polynomials of equation (2.9), the result akin to equation (2.6), is:

frhooksgr

Ty — SRR
(XR,(r,9)a8(Z; Y )XT,(tu)ys (2, Y )T) hooks, Tooks.

S RT6rt05ul 3500 (2.14)

where hooksp (respectively, r, s) is the products of all of the hook lengths of the boxes comprising
the Young diagram R (respectively, r, s). The hook length of a box labeled x in a Young diagram
is the number of boxes in the same row and to the right of x, plus the number of boxes in the same

column and underneath box x, plus one. As an example, consider the following:

If R= , then hooksp =5-4-2-1-2-1

Next, a quick review of the dilatation operator, D, is useful. The dilatation operator is one
of the four operators which generates the superconformal algebra, and it can be viewed as the
Hamiltonian operator in certain theories (for example, in radial quantisation of two dimensional

CFT’s). In the su(2) sector of our theory, it is defined (up to a constant) as:

Dy =Tt ([Y, 7] Lg/ sz (2.15)

where Z = ¢1 + i¢o and Y = ¢3 + i¢4 are complex combinations of four of the six scalar fields ¢;
(t=1,...,6) in N =4 SYM (X = ¢5 + i¢s appears in the su(3) sector). These scalar fields are
N x N hermitian matrices which transform in the adjoint representation of U(N) ([13]). In the

su(3) sector (which actually forms part of the larger su(2|3) sector), at one-loop, the form of the

12
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dilatation operator is closed:

Dy = I,iTr <[¢1,¢JJ [dil dZJD (2.16)

We are interested in a subset of N' = 4 SYM dealing with giant gravitons ([18], [19], [20]),
and giant gravitons correspond with the special class of operators called the (restricted) Schur
polynomials. The conformal dimensions of these operators equal the energies of the giant graviton
states, and since acting with the dilatation operator on an operator gives that operator’s conformal
dimension, finding the dilatation operator would allow us to calculate the energies of giant graviton
states. The dilatation operator has been studied in much previous work (such as [21]), but mainly
using approximations and/or in certain subsectors of N'=4 SYM.

Finally, it is worth mentioning why our large N non-planar limit is important. If the number of
fields comprising the observables grows like N as N — oo, we see the emergence of giant gravitons
in our theory. If we had to let the number of fields go like N? as N — oo for example, we would
in fact see the emergence of new types of geometries, not gravitons. Since this study wishes to
consider giant gravitons, we look at the former of these two types of large N non-planar limits in
chapters 3 and 4. It is also important to note that we will exclusively consider Young diagrams
with only two rows. This is equivalent to considering a system with two giant gravitons. Such a
restriction greatly simplifies the calculations we will encounter because, in such cases, there is no
multiplicity of the (r, s) subspaces. As such, we can drop the multiplicity labels in equations (2.8)
to (2.14). For a discussion of gravitons and Young diagrams with more than two rows, see ([12]).
Having more than two rows in a Young diagram complicates the system tremendously; a system
with only one row (i.e. only one giant graviton) would be BPS, and the higher loop corrections to
the dilatation operator turn out to be 0. An easy way to see this is to consider what the higher loop
corrections to the dilatation operator do to a restricted Schur polynomial on which it is acting:
it shifts one or more boxes between the rows in the Young diagram. If the Young diagrams in
question have only one row, then the dilatation operator cannot shift boxes between rows when
the diagrams are only allowed to have a single row of boxes.

With this requisite background material, we are now in a position to begin tackling the problem
at hand. Our main premise is that it is possible to uniquely determine the one- and higher-loop
dilatation operators by requiring that they close the specific algebra in question. The number of
bosonic fields we will use to construct the restricted Schur polynomial depends on the algebra. We

will consider two such algebras: the su(2) and su(3) algebras.

13



su(2) Sector

The basic outline of this chapter is as follows: we first require the exact action of the three su(2)
generators, J_, J4 and Js, on restricted Schur polynomials; this is the focus until chapter 3.5. Once
we have these results, we can compute the dilatation operator, Do, since it obeys the commutation
relations [Ds, Jy| = [D2, J_] = [Da, J3] = 0 ([21]). Acting these commutators on restricted Schur
polynomials (while knowing the action of the three generators) results in a number of equations
for the matrix elements of Dy (chapter 3.6). Solving these equations then finally determines Do
(chapter 3.7).

Before beginning, it is worth making some remarks about the differences between the su(2) and
su(3) sectors. The su(2) algebra is generated by three independent generators, while the su(3)
algebra is generated by eight. In the present case, the su(2) generators act on restricted Schur
polynomials built from two complex bosonic fields. The projection operators in such a case are not
too complex to compute because equation (2.11) assumes a simple form in this case. However, the
su(3) generators act on restricted Schur polynomials built from three complex bosonic fields. This
extra field, although not complicating the computation of the formulae for the projection operators
much, does make the computation of the products of the requisite traces quite complicated. We
will also use the su(2) calculations to work towards providing formulae in the su(3) case.

In terms of the complex variables z and y, the su(2) generators are:

14



Chapter 3. su(2) Sector

0 0 0 0

J=z—, Jy=y—, J3=y— —z2— 3.1

Yo TrTVg BTvg, %, (3.1)
These generators act on restricted Schur polynomials built from two complex bosonic fields, i.e.

equation (2.9). As was the case in the explanation leading to up this equation, R+ n+m,r k- n

and s - m. When acting on such objects, the three generators become:

d d d d
J_ =T1r (Z(ﬂ/) s J+ =TT <YdZ) s J3 =T1r <YC“/ — ZdZ) (32)

The action of J_ is:

d
J—XR,(T,S)(Z,Y) = Tr|(Z— XR,(T,S)(Z,Y)
dY
_ 1 Z (0)Tr Zi Tr(oY®™ @ Z°7)
 nlm! XR(r,s) dY
UESn+m
m . ;
= D Xn)(0)Tr(eY S @ 2o
UESn+m
m dr(n+1)/(m — 1)!
= o D Xrpa(0) Y '
nlm! oE€Smim Tt ) dy+dy—(n 4+ m)!

XXT () (0 IXT 1+ ) (2, YY)

m p—
- n'm‘ Z Z XR,(T‘,S) (O—)XTy(t+;U7)(O- 1)

"T,(ttum) |0€Sham
dr(n+ 1)l(m —1)!
dy+dy—(n 4+ m)!

XT(t*,u*)(Zv Y) (3.3)

In the above calculation, T - n+m, t* = n+1 and u~ F m — 1 with 7 subducing r and
u~ being subduced by s (a diagram r is said to subduce another diagram ¢ if removing one block
from r produces t). We have made use of equation (2.10) to arrive at the above. Now, note the

following:
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Z XR (rs XT St u— )( 1) = Z Tr(PR,(r,s)FR(U))Tr(PT,(tJf,u*)FT<071))

UESn+m UGSn+m

- Z [PRv(T’s)]a,b Cr(9)]hq [PT,(tﬂU‘)]c,d [FT(U_I)]CZC

U€S7L+m ’
= [Prirol oy [Praran)] g D TrO), [Frle™)],,
oESh+m
+
= [Pr ()] 0 [P+ um)] g ¥ dem)émébcéad

(n+m)!
= T(SRTTTRGBT(PR (r,) P16+ ) (3.4)
The above is a result of a fundamental orthogonality relation from group theory. Using this to

simplify our calculation, we continue:

m f—
JfXR,(r,s)(Z,Y) = ol Z Z XR,( Ts) XT(H-U )( 1)
' ‘T,(t+7u—) cESn+m
dr(n+1)Y(m —1)!
-(Z,Y
dpedy(n +m)l X1 ) (2 Y)
_m_ Z dr(n+ 1)!{(m —1)! (n +m)!
di+d,-(n+m)!  dg

Im) R
nm.: 1
1 ’(t 7“’ )

XTr rer (PR (r,s) P16+ u=)) X1, (t+ =) (£, Y)

dr(n+1) 1
- Z drin 1) )*5RTTTR@T(P R,(r,s) P+ u=))
dy+d,~ dp
T’(t+7u7)

XXT,(t+ u—) (Za Y)

n+1
— Z Ei 1 )TI‘(PR,(T,S)PR,(t-!—,u—))XR,(t+7u_)(Z’Y) (35)
(tru-) T

The action of J_ is to add a box to  and remove a box from s, so the summation runs over
those diagrams where ¢™ subduces 7, s subduces u~ and the diagrams are restricted to having a
maximum of two rows. Similar calculations can be carried out for J; and J3 so that, in summary,
we have the following ([21]):

n+1
I Xr)(Z,Y) = > Ejﬁd )TI"(PR,(T,S)PR,(H,T))XR,(ﬁ,m)(Z, Y) (3.6)
(t+u™) v
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m—+1

T Xrr)(Z,Y) = > (dtd +) Tr(Pr (r,s) PRt ut)) X Ryt~ ut) (£, Y) (3.7)
(t=ut) u

J3XR7(T,5)(Z7 Y) = (m - n)XR7(T,S)(Zv Y) (38)

However, we wish to find the action of these generators on normalized versions of our re-

stricted Schur polynomials. Using equation (2.14), we rescale our operators and define new ones,
OR,(rs)(Z,Y) as follows ([21]):

| frhooksg
XR,(r,s) (Za Y) - hOOkSThOOkSS OR,(r,s) (Zv Y) (39)

With that, equations (3.6) to (3.8) become:

J_Ope(2,Y)= >

(t+u™)

(n+1) | hooks,hooks
dy+d,- \| hooks;+hooks,—

x Tr(Pg,(r,s) Pr,t+u-))OR,t+ u)(Z,Y) (3.10)

m+1 hooks,hooks,
J+OR,(7",S) (Z’ Y) = Z ( ) \/

(o) d;-d,+ \/ hooks;—hooks,,+
X Tr(PR,(r,s)PR,(t—,u+))OR,(t—,u+)(Z> Y) (311)
J3OR,(T,S)(Zv Y) = (m - n)OR,(r,s) (Za Y) (312)

Equation (3.10) expresses the action of J_ on Op (.4 (Z,Y) as a linear combination of other
(normalised) restricted Schur polynomials which themselves are obtained by adding a block to r
to form ¢* and removing a block from s to form u~. Equation (3.11) expresses the action of J
on Op (rs(Z,Y) as a linear combination of other (normalised) restricted Schur polynomials which
themselves are obtained by removing a block from r to form ¢~ and adding a block to s to form
ut ([21]). Since there are a finite number of ways this can be done in both cases, there are a finite
number of terms in each summation. So, in order to determine the actions of these two operators
(the first two, since the action of J3 on Op (. (Z,Y) is trivial), we need to determine the trace
of the products of the two projection operators for each term in the summation. In fact, we will

see that we only need to compute the matrix elements for either J_ or J,, since it’s possible to
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determine the matrix elements of the one, given the other. This is because J; and J_ are related
via hermitian conjugation ([21]). In the next chapter we will derive analytical formulae for the
traces of these products of projectors in the case of J_. Numerical results for specific cases (when

m, the number of boxes making up s, is 3,4 and 5) appear in the Appendix.

3.1 su(2) Analytical Results

We will here derive analytical formula for the traces of products of projection operators appearing
in equations (3.10) and (3.11). These results are novel, extending the formulae given in ([21]) which
were derived using the displaced corners approximation. To simplify the formulae, however, we
need to learn to express our old variables (which described the shape of the subspace R, (r,s)) in
terms of the new variables r1, j, j3,n, m. To understand this translation of variables, let R;, Ro;
r1,72 and s1, 2 be the number of boxes in the first (subscript 1) and second (subscript 2) rows
of R,r and s, respectively (these are the old variables with which we worked). These variables

represent the row lengths of the Young diagrams. We then make the change:

s1=5 =5 —g Ri=nt o4 Re=rnt o 7 (3.13)

Using the above (and the fact that r1 +79 = n), given 11, j, j3, n, m, it is possible to return to the
R, (r, s) variables. Apart from the above formulae incorporating j3, another quick way to calculate
it is j3 = ™5™2, where m; denotes the number of boxes which are removed from row i of R when
forming r and s.

This notation also makes it easy to see exactly how boxes are added, removed or just shifted
about when various operators act on the restricted Schur polynomials. For example, when J acts
on a restricted Schur polynomial, it adds a Y box and takes away a Z box when comparing the
new restricted Schur polynomial to the one the operator is acting on. It does this without changing
the sum n + m. However, the Y box added to s can be added to the first or second row of s (s;
or sy respectively). If it is added to s, by noting (3.13) above, s — s1 + 1, and m — m + 1,
so necessarily, we must have j — 7 + % if the equations are to balance. Since no box is added to
s9, it remains constant, and the second equation in (3.13) is still obeyed with the new m and j
values. If the box is added to so instead, so = so+1, m - m+1andso j — j— % A box is also
simultaneously taken away from either r; or r9 when compared with the original restricted Schur
polynomial. If it is taken away from 71, then n - n —1, 71 — r1 — 1, and so j3 — j3 + % (because
m — m + 1 and R; is a constant). Taken away from 79, we see that n —n — 1, r9 — ro — 1, and
SO j3 — j3 — % (again, because the box was added to s, m — m + 1 and Rj is a constant). Similar
logic can be used when considering the action of J_ and the dilatation operator (although, as we

shall see, the dilatation operator only moves boxes about within the diagrams themselves so that n
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and m do not change). With this notation, we can compute the four formulae which we will need.

We introduce indices with the following ranges:

I,J=1,2,...m+mn; a,B=m+1,m+2 ....m+n; a,b=1,2,....m

We will compute the restricted character

XR,(T,S)( (aa a) ) = Tr(PR,(r,S) (a7 a) ) (3'14)

By > ;;(I,J) we will mean the sum of all distinct two cycles over the corresponding index range.
For example, for Sy with m =2,n =2, > ,,(1,J) = (1,2) +(1,3) + (1,4) + (2,3) + (2,4) + (3,4),
while >° ,(a,0) = (1,2), >-,5(e, 8) = (3,4) and 3, (a,a) = (1,3) + (1,4) +(2,3) + (2,4). From
this, it is easy to establish the identity:

DI = (ab)+ > (. 8)+ ) (a,0) (3.15)
afs a,a

1J ab

We will use the following formula:

@)= (1,0) = (a,0) =Y (. ) (3.16)

a,a IJ ab af

The sum over all two cycles is a Casimir with the eigenvalue equal to the number of row pairs
minus the number of column pairs ([22]). Given the Young diagram Bﬂjj, for example, the number
of row pairs minus the number of column pairs is (6 + 1) —2 = 5. If the row lengths are R; and Rs
respectively (where in our example, Ry = 4 and Ry = 2), it can easily be shown that the number
31(32171) n Rz(za;rn

the trace of the sum over all distinct two cycles then amounts to multiplying this eigenvalue by the

of row pairs minus the number of column pairs is — Ry. Furthermore, taking

dimension of the identity operator, which in all cases is d,ds when we restrict the symmetry group
Sntm t0 Sp X Sp,. As a result it follows that:

Z Tr(PR,(r,s) (Ia J)) =

1J

(Rl(Rl —1), Ba(Ry—1)

— drds 1
: : Rg) (3.17)
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> Tr(Pp (@, ) = (Tl (T12_ D T2(T22_ D _ 7"2) d,d, (3.18)
af
I R e e L (3.19)
ab

Using our translation (3.13) and taking the trace of (3.16), it can be shown that:

2j3 —2j(j + 1) + 2j3(r1 —r2 + 1) + m(r1 + r2)
Z XR,(’V’,S)( (CL, a) ) = 2 dyds

2
= nmXR,(r,s)( (mu m + 1) ) (320)

The second equality comes from the fact that we are summing over characters which all belong
to the same conjugacy class and are hence equal, and there are nm such characters.

We will be considering J_, so by studying equation (3.10), we see that there are four traces
possible: given Ppg (., we can add a block to either the first or second row of r to form t*, and

simultanesouly remove a block from either the first or second row of s to form u™ (resulting in

PR,(t+,u_))'

3.1.1 First and Second Basic Trace Formulae

As usual, we will remove boxes from R, leaving behind r. Assume that we remove my boxes from
the first row of R and mg boxes from the second row of R. After having done this (to form R, (r, s)),
the first basic trace we will need assumes that ¢* is given by adding one box to the second row of
r. The Young diagram labeling s will be a single row of m boxes. The Young diagram labeling u~

is thus a single row of m — 1 boxes. We want to compute:

T= ’I‘I.(PR,(T,S)PR,(Y",’U,_)) = Z(Ra (’I”, S); I‘PR,(t+,u—)|Rv (T, S); I> (321)

I
The only states which participate on the right hand side of the above equation have the mth
box (the rightmost box of s which, after shuffling, becomes the rightmost box in the second row
of t7) in the second row. Furthermore, only the subspace of s corresponding to u~ contributes.
Thus, we need to do the sum over I making sure that we arrange two things: box m must sit in

the second row of t* and we must project onto the u~ subspace.
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Now, projecting to u~ is easy: we know how to make a projector. To fix the position of box m,
note that the last box of s, when moved, can be moved to the first or second row of r to form ¢7.
By fixing the content of this box, we can ensure that it’s in the second row. That is the function of
the operator in the first set of square brackets in the equation below: when Z?;;;lﬂ(m, i) acts on a
state, it gives the content of the mth box. If the state has the mth box in the first row, it’s content
is r1, while if it’s in the second row, it’s content is 7o — 1. So, the operator in square brackets gives

either 0 or 1, respectively. Clearly then:

r— S (myi
T=Z<R7<r,s>;f|[1 Sl )] LY w0

[y — S (i
= Z(R,(r,s);ﬂ L= iz (1) ! Z I'r(o)
1

rt—ro+1 (m—l)!

L 11 oESm_1
X |R, (r,s);I)
B m4n A1 [
- Zi:m—&—l(mvl) 1
= R7 rs 7I F g
ZI:< (rs) ’_ ry—ro+1 ] _(m_l)!ae%;,_l s(0)
X |R, (r,s);I)
m—+n .
- Zi:m+1(m7z)
;(R, (r,8); 1] [ P IR, (r,s); )
_ r1d,ds o nXR,(r,s)( (m7 m + 1) )
_T1—7‘2+1 ry—1r9+1
m — 2j3 m + 2j3
= 2 dyd 3.22
dm [+r1—r2+1] 3 ( )

To get the second equality, we used the fact that the characters in the u™ representation (which is
just a row of m—1 boxes) are all 1. Also, in the second to last equality, we multiply x R,(rs) ((m,m+
1)) by n rather than nm because the sum Z?;J;fﬂ(m, i) runs over n identical characters. To get
the final line, we use equation (3.20) and our translation (equation (3.13)).

Above, we assumed that ¢* is given by adding a box to the second row of r (and a box is removed
from the first, and only, row of s). If we instead add a box to the first row of r to form ¢, the
above derivation remains the same, except that the first operator in square brackets above changes

as follows:
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[Tl - Z;T;Z_l(m,z)] N [Zﬁ?ﬂ(m,w —rg+1

re—1r9+1 rt—1r9+1

Following the same steps as above, we consequently get:

m + 2j3 2j3—m
T=—-—"124+—">——|d.d 3.23
4m [ +r1—r2+1 e ( )

So, we now have formulae for Tr(Pg () Pr,(t+,4-)), Where a box is removed from the first row
of s to form u™, and ¢ is formed by adding a box to the first or second row of r. Note that ds = 1
in the above equations. For the case when a box is removed from the second row of s, we need

formulae based on sums of traces.

3.1.2 First and Second Sum Formulae

We assume ¢V is given by adding a box to the second row of r (if we wish to add a box to the first
row, the operator in square brackets below changes in the same way as before). Now, any given s
subduces two possible u~. We call them «; and u, , where u] is obtained by removing a box from
row 1 of s and u, is obtained by removing a box from row 2 of s. Finally, letting s = u] ®u, , we

compute:

2
T — Z Tr (PR,(r,s)PR,(H,u;())
K=1

= > (R, (r,s);1] [Tl - Zyiﬁ”l(m’i)] X

7 re—1r9+1

ot X g @) 1R (i)
K

) TESm_1

= 2 (m, 4)
= Z<R;(T75);I| [ r1 —7‘2—:-1 ] .

< [;ﬂ S xo(@Ta(0)| R, () 1)

’ UES’m

m—+n

= Sy [ e

7 ry—1r9+1
_[m=25 2+ -2 -m
B 2m 2m(ry —re + 1)

R, (r;8); 1)

] dyd (3.24)
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Note that in the third equality we replaced our sum over projectors onto subspaces with a single
projector onto s since we made the choice s = u] @ u,. If we repeat the above algorithm but

instead add a box to the first row of r, we get:

m+2j3  2j(j+1) =255 —m
T = — drd 3.25
2m 2m(ry —rg + 1) e (3:25)

We need one more formula.

3.1.3 Third Sum Formula

Any given u~ can be suduced by two possible s, call them s; and s3. If we remove a box from the
first row of s; we get ™, and if we remove a box from the second row of sy we get u~. We want

to compute:

2 2

T = T(Pr e Prt ) = Tr(Q Prirs) Pretu)) (3.26)
J=1 J=1

We can extend the sum above to a sum over all the possible s’s: since the only irreducible
representations that can subduce v~ are the two s;’s, the additional terms all vanish. Doing this,
> s Pr(rs) Projects us from R to r. Thus, the product 2?7:1 Pr (r.s ) Pr,(t+u~) Projects us to
r®O0® u~, and hence:

T =d,d,- (3.27)

Using these formulae, we have all we need to calculate the traces appearing in equation (3.10).
Before we state the final results, we give an example of how various combinations of these formulae

need to be used in succession to get the traces we want.

3.2 Example of Algorithm

Using the two basic and the three sum identities, we can compute any trace we want. Let’s illustrate
this with an example. Suppose R = , and imagine that we remove 3 boxes from the
first row and 2 boxes from the second row of R. We use the removed boxes to form s, and what is

left of R is r. The projectors we will need are:
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P =B o
EEEE | EE R RN
Py =B oo
oo
Py = B o

— P
Pp = B roroa o

Note that P» will not appear in (3.10) because it does not respect the boundaries of the removed

boxes, but we need it in an intermediate step. Firstly, we compute Tr(P;P4) using our first basic

trace formula. Given this, we compute Tr(P2Py4) using our third sum identity. Given this, we

compute Tr(P,Pp) using our first sum identity. Given this, we compute Tr(Ps;Ppg) using our third

sum identity. This is the complete set of traces needed.

3.3 Final su(2) Trace Results

Equations (3.22) and (3.23) can have their m dependence removed if we note that, in their cases,

0 = so = %5 —j. Using this to simplify them and moving from the R, (r, s) notation to ry, j, j3,n, m

notation, we have:

1

1
Tr <P(T1,j,j3,n,m)P(r1,j - 5aj3 + §an+ ]-am - 1)>

. . .2 .2

J—J3 J°—J3

— d.d. —
[ % +2j(m—rz+1>] il

1 1
Tr <P(T1,j,j3,n,m)P(T1+l,j—2,j3—2,n+1,m—1)
. . 2 2
_[itds s dod.
2j 2j(r1 —r2 +1)
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For the two remaining formulae, we make use of the sum identities and the two above formulae.
To use a sum identity we need to have two of the three terms in the equations. Using them, we

have:

1 1
Tr <P(T1,j,j3,n,m)P(r1,j + 5aj3 + 5,71—}— ]-am_ 1)>
:[j+ﬁ+1__ (+1)?% -3
2j+2 (27 +2)(r—r2+1)

] dpd, - (3.30)

1 1
Tr <P(T1,j,j3,n,m)P(r1 + 17] + §)j3 - §7n+ 17m_ 1)

_[i—ds+1 (G+1°—j3
27 +2 (2j+2)(r1 —ra+1)

] dpd, - (3.31)

In the next chapter of this dissertation we shall use these results to construct the exact matrix
elements of J_. But first, we shall evaluate these formulae for specific cases (where m = 3, 4 and
5) below. These results can then be compared with those obtained numerically in the Appendix,

which also gives a more detailed explanation of the notation used.

3.3.1 m =3 case

We consider the case where m = 3. As an example, take the projector:

ng%zuwu NN (3:32)

The stars represent the boxes removed from R. Note also that we will always consider projectors
where one block is removed from the second row of R, and the rest from the first. Since we end up
only considering the traces of these projectors, it would not matter if we chose to take more blocks

from the second row. This case is merely the simplest to consider. Using the translation (3.13)

and the representation for s, i.e. [IT], we find j = % — 55 = % —-0= %,jg = T2 = 251 = %,
and for the other possible projector:

(3.33)
we have j = § — 59 = % —1= %,jg = o2 — % = % By using the variables relevant to
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projector (3.32) and using equations (3.28) and (3.29), we respectively get:

21 p@)y _ 1 2
(PN PpE Yy =~ (1 d,
r(Frmi) 3( +r1_r2+1>

21 p1)y _ 2 1
Tr(P P ) =5 (1 - d,
Mo 3< T1r2+1>

Note that in these specific examples, we know what d,- is. Another important point to note is
that only traces in which s subduces u~ can be non-zero (see the Appendix for a proof of this).
Indeed, only representations in which s subduces u~ appear in equation (3.10). If s does not
subduce v, then the trace has to be zero. Since [T11 does not subduce H when a single box is

removed from (T, the following trace is necessarily zero:

Te(P%) Pél’l)) -0

Next, by substituting the variables relevant to projector (3.33) into equations (3.30), (3.31) and
(3.29) respectively, we get:

Tr(P2VPOY) = g,

H H

Comparing these results with those numerically obtained in the Appendix, we see that they
match perfectly (save for the d, factor). We repeat the above process for the m = 4 and m =5

cases.
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3.3.2 m =4 case

For the projector:

pBY . (3.34)
EEED [TTT]
we have j = 2, j3 = 1, and for the projector:
3,1
Pé:\%:P EEECOD|EEE (3.35)
R O

we have j = 1,j3 = 1. By substituting the variables relevant to projector (3.34) into equations
(3.28) and (3.29), we get:

1 3
(PP RPH) = <1 + ) d,

Gy peny_ 3 (1 N\,
Tr(RY P )_4<1 rl—r2+1>7"

Since [T 117 does not subduce Bj, the following trace is zero:

Te(RS Pﬁj”) —0

Using projector (3.35)’s variables and equations (3.30), (3.31) and (3.29), we respectively get:

3 1
Te(p3D p® y _ 3 (4 _ )
1"<Bjjmjj) 1 i)
(3.1 p@1)y _ 1 3
Te(PEY P == (1 g
r(B:\j[\:D) 4< TI_T2+1>
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Tr(PEY pEYY = og,

4 H

As before, except for the d, factor, these results match the numerical ones.

3.3.3 m =5 case
For the projector:

= B[ Lhem
T [TTTT

we have j = g,jg = %, and for the projector:

P(471)

Hjjj

D
1

[T T Tl T T T
* k)

we have j = %,jg = %

Repeating the same process, using equations (3.28) and (3.29) we get:

@)  p@ y_1 4
Tr(PDjjijDjjj)_5<1+r1_r2+1>d"

4 1
Mot = 5 PE—— |

As before, the following trace is zero:

T(RrTAp) =0

For projector (3.37), equations (3.30), (3.31) and (3.29) give:

“n p@ 4 1
Tr(PHEPDE) =z (1 — 1) d,
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1 4
S nunnginnnnlia -y G ———

ph  pG, 1)

HEHE

We can substitute these traces into equation (3.10) to find the action of J_ on a restricted Schur

polynomial for these specific cases.

3.4 Hermitian Conjugation

Given J_, it is possible to determine J (or vice versa). Using an abstract vector notation, equation
(3.10) is:

J_Or (2, Y)) = Y F(Rr st u)|Op g+ ) (Z.Y)) (3.38)

(t+u™)

where F(R,r,5,t7,u”) is the matrix element of Og (;+ ,-(Z,Y) in equation (3.10). Assuming an

orthonormal basis, we see that:

_ d
P75, %07) = (O oy (T (255 ) 1On e (27) (3.3

using equations (3.2) to rewrite J_. Now, consider two results from quantum field theory (specifi-

cally, when studying Wick contractions):
Y1)y = 6k (3.40)

deYz — sks (3.41)

Clearly, the two are closely related. Using this, we find the conjugate of equation (3.39):
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d *
(<OE,<t+,u7)(Z,Y)ITr (ZdY) O (.5 (Z,Y)))

= (O} ) (Z V)T (2YT) [Op ) (2,Y)))"

= (Oh g (ZT (YZ1) (O 41 ) (Z7)
d
= O (2N (Y 37 ) O e (2.7 (3.42)

Notice that Tr(YdiZ) = J4, and hence it is easy to see that the above is the matrix element of
the ‘reverse’ restricted Schur polynomial in the summation when J; acts on Og .4 (Z,Y). For
example, given a representation R, (r,s), suppose that R, (t*,u~) is the representation formed
when a box is removed from the top row of s (forming u~) and a box is added to the bottom row
of r (forming ¢*). This is one of the terms in the result of J_ acting on O, +(Z,Y). Equation
(3.39) is the coefficient of Op 4+ ,~)(Z,Y) in equation (3.10). However, equation (3.42) shows that
the conjugate of this matrix element gives the coefficient of Op ;- ,+)(Z,Y) in equation (3.11),
where, given a representation R, (r,s), R, (t~,u") is the representation formed (with J; acting
on Op () (Z,Y)) when a box is removed from the bottom row of r (forming ¢7) and a box is
added to the top row of s (forming u™). Using this simple rule, one can compute the action of J
immediately upon calculating J_.

The trace structures found in the m = 3,4,5 cases above, when multiplied with the other
relevant factors in equations (3.10) and (3.11), give matrix elements which are exact but were
found by choosing specific representations from the outset. In the next chapter we will give general
formulae for the matrix elements of the two generators expressed in terms of our 71,7, j3,n,m
variables. These formulae combine the traces mentioned in the previous chapter with the extra

factors present in formulae (3.10) and (3.11), resulting in the complete form of the matrix elements.

3.5 su(2) Generators’ Exact Matrix Elements

The previous chapter considered specific diagrams in an attempt to learn the applicable methods
in such calculations. Before continuing, we will rewrite Op (. (Z,Y") in terms of our new variables
as such:

OR,(r,9)(Z.Y) = O™ (11,5, j3)(Z,Y) (3.43)

We will drop the (Z,Y) dependence from now on; it is implied. Equations (3.10) and (3.11)

then become:
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. _ R 1
J_ 0™ (ry, j, j3) = A_ O™ (ry 41,5 4 30J3— 5)
1 1
+B_ O (p) 1,5 — 3093 3)
1 1

+C*O(n+17m_1) (Tl,j + 51j3 + 5)

(n+1,m—1) N 1
+D_OTTTT (L, 5y s+ ) (3.44)

and

1 1
JLOM ™ (4, js) = ALOT B (ry — 1,5 4 s + =)

2 2
1 1
+BLO T (p — 15— §,j3 + 5)
1 1
+C+O(n_1’m+1) (T17j + iaj3 - 5)
1 1
+D O bmE (g G 53— 3) (3.45)

In ([21]), the displaced corners approximation was used to find the four matrix elements of .J_
and J;. We will derive exact expressions here.

A_ corresponds to equation (3.31). If we absorb the d,d,- factors in equation (3.31) into the
d(ti—gi)— \/ hoh(?koslij_rllllgglli{ssj_ factor in equation (3.10) (using the outline given in ([21])), A_ is:

A _ - [hooks;ihooks, [ —js + 1 (j+1)%— 53
- hooks,hooks,— | 2j + 2 (2§ 4+2)(r1 —ra+1)

A_ corresponds with the diagrams found by removing a box from the second row of s to form

hooks, +
hooks,

hook lengths of boxes in t* with hook lengths not canceling with equal hook lengths of boxes in

u~ and adding a box to the first row of r to form ¢. So,

will be the square root of the

t*, over the hook lengths of boxes in r which don’t cancel with the hook lengths of boxes in ¢+

hooksg

peor®a) For example, consider 7, with row lengths 1 and 72, and t™ which,

(and similarly for

in the case of A_, has row lengths of r; + 1 and ry, respectively:

« | [ ] * « | [ ]
’t+_

; =

T =

When considering the ratio of the hooks, the hook length of the box in r marked with a % (which,
in general, is r1 —ry +2) and the hook lengths of the boxes in t* marked with *’s (which are 71 + 2
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and 71 —rg 4+ 1 in general) will not cancel. This can easily be checked by labeling the hook lengths
of a Young diagram with arbitrary row lengths and noting which do not cancel with one another.
In our graphs above which are drawn with r; = 7 and ro = 4, the starred box in r has a hook
length of 5, while no box in t* has a hook length of 5. Similarly, the starred boxes in t* have hook

lengths of 9 and 4, while no boxes in r have hook lengths of 9 or 4. So, we have:

hooks;+  [(r1+2)(r1 —r2+1)
V' hooks, (ri —re+2)

hooksg
hooks ,—

case of A_, u~ will have row lengths of s; and so — 1, respectively:

We follow an identical procedure for

. Let s have row lengths of s; and so, and in the

< [ [ ] « [ [ ]

The hook lengths of the boxes marked with *’s above do not cancel. In s, they have hook lengths

of sg and s1 — s34+ 2, and in u~, s1 — s2 + 1. The hook lengths of all other boxes cancel. So, using
equations (3.13), we have:

\/hookss _\/32(81—32+2)_ m—2j2j+2

hooks,—- 51— 89+ 1 2 2541

Combining all of this, we thus have:

o \/(r1+2)('r1—r2+1)\/m—2j2j—|—2

(r1—r2+2) 2 2j+1
" [J Js+ G+ D ] (3.46)
27+2 (2j+2)(r1 —ra+ 1)
The computation of B_, C_ and D_ follows exactly the same outline. We calculate h}?;);f;j

and 4 /m for the three remaining cases. The results depend on whether blocks are added to

either the first or second row of r to form t*, and are taken away from either the first or second
row of s to form u~. The product of these two square roots is then multiplied with the right-hand
sides of equations (3.29), (3.30) or (3.28) (without the d, factor), for B_, C_ and D_ respectively.

32



Chapter 3. su(2) Sector

Doing this, we finally get:

5o \/(r1+2)(r1—r2+1)\/m+2j+2 2j

(7’1—T2+2) 2 2j+1
XF+B -7 }
25 2j(ry — 12+ 1)

(3.47)

o \/(r2+1)(r1—T2+1)\/m—2j2j+2

(7‘1*1"2) 2 2j+1
Citastl o G+
2j+2 (27 +2)(r1 —r2+1)

(3.48)

D - (ro+1)(r1—r2+1) m+2j+2 2j
h (7"1—7’2) 2 27 +1

. . 42 .2
J—J3 J-—J3
X — + — 3.49

[ 2] 2](7’1—?”24-1)] (3.49)

So, we have found J_O™)(ry, j, j3) (equation (3.44)). To get the four matrix elements of .J
we could repeat the above algorithm, except now removing a box from r to form ¢~ and adding a
box to s to form u*. However, a quicker method would be to simply find the hermitian conjugates
of the J_ matrix elements.

To tackle the problem using this trick, we first need to identify which matrix elements of J, are
the hermitian conjugates of the matrix elements of J_. A matrix element of J is the hermitian
conjugate of the matrix element of J_ which ‘undoes’ it. For example, consider C'y. It is the
coeflicient of the normalised restricted Schur polynomial with diagrams obtained by removing a
box from the second row of r and adding a box to the top row of s. The ‘opposite’ of this would be
removing a box from the top row of s and adding a box to the second row of r, which corresponds
with the D_OM+Lm=1(p 5 — %,jg + %) term in equation (3.44). So, C is the matrix element
corresponding to D_. We have a formula for D_ above. To find C4 from this, note that C4
corresponds to removing a box from the second row of r and adding a box to the top row of s.
Using equations (3.13), this means s; — s; + 1, m — m + 1, which implies that j — j + %
Furthermore, ro — ro — 1, and since Ry is constant, j3 — j3 — % Inserting these new values for
r1,72,j,j3 and m into the expression for D_ gives us an expression for C'y. The same procedure

can be followed to find expressions for Ay, B, and D4 so that, finally, we have:
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A . (T1+1)(T1—7’2) m+2j+42]+1
* (rp —ro +1) 2 2 +2

Jtistl  (G+3)°*-Us+3)?
2j+1 (27 +1)(r1 —r2)

\/(r1+1)(r1—rg)\/m—2j+22j+1
B+ =

(ri—ro+1) 2 27

j—ds  (G+5)?*—(js+3)?
2j+1 (25 +1)(r1 —r2)

o _ ro(ri —ro+2) m+2j+425+1
T (ri —rg+1) 2 2j + 2

j—gz+1  (G+3)?—(s—3)?
27+1 (2j+1)(7’1—7“2+2)

D - 7“2(7"1—7‘2—1—2) m—2j+22j+1
o (ri—r2+1) 2 2j
j+is  (G+3)°—0s—3)?
2j+1 (25 +1)(r1 —r2+2)

(3.50)

(3.51)

(3.52)

(3.53)

This completes the derivation of the exact su(2) elements, since equation (3.12) (the action of

Js on O™ (1, j3)) is of no real concern because of its extremely simple form.

In the next chapter we show that using the fact that the dilatation operator, Da, closes the su(2)

algebra allows one to determine Dy itself.

3.6 Symmetry Conditions in the su(2) Sector

It is posited that the dilatation operator, Dg, can be found by exploiting the following ([21]):

(D2, J4] = [D2,J-] = [D2,J3] =0

(3.54)

This condition does not determine Ds uniquely: if Dy is a solution to the above, then so is
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ADy + cl. However, we can fix ¢ by requiring that the BPS state has a vanishing anomalous
dimension. This implies that the smallest eigenvalue is 0. So, the above condition determines Do
up to A, which is arbitrary (our analysis cannot fix it). We have the matrix elements for the three
generators. To continue, we first need the general structure of Dy acting on O™ (r1,7,73)-

The p-loop dilatation operator, when acting on a restricted Schur polynomial, shifts at most p
boxes around in each of the Young diagrams labeling the restricted Schur polynomial ([21]). The
boxes, if shifted, are shifted around within their original diagrams; boxes are not shifted between
diagrams (as was the case when calculating the su(2) generators). For the one-loop dilatation
operator, when considering the first row of r, a box can be added to it, taken away from it, or it
can be left as is. So, the possible values 1 can assume under the action of the one-loop dilatation
operator are 71 or r; + 1 (note that, given the change in r1, we can deduce the new ry value since
r1 + 79 = n). Furthermore, studying the translations given in (3.13), we see that if the shape of s
is left alone then j remains j, if a box is added to the first row of s then j becomes j + 1, and if
a box is taken away from the first row of s then j becomes j — 1. Similar logic gives the possible
new values of j3 as j3 or js £ 1 ([21]). Therefore, when the one-loop dilatation operator acts on

O™) (ry |, j3), 27 outcomes are possible:

Do0™™) (115, 33) Z Z Z ﬁf,?;';l (¢, d,e)O™™ (1) + ¢, 5 +d, j3 +e) (3.55)
c=—ld=—-1le=-1

The 57’1 J.J3
generally, a similar argument gives the following action of the p-loop dilatation operator:

(c, d, e) coefficients are the matrix elements of the one-loop dilatation operator. More

DO ™™ (114, j3) Z Z Z 57,?;2 (¢,d, )0 ™ (ry +¢,j +d, j3 +e) (3.56)
c=—pd=—pe=—p

Equation (3.55) is not the technical definition of the one-loop dilatation operator: this equation

merely shows that the result of it acting on the restricted Schur polynomial is to shift at most one

box around in each Young diagram in the representation. The actual definition is ([21], [23], [24]):

Dy = —gymY, Z)[0v, 7] (3.57)

We can see that the commutators in the above definition result in a varied combination of deriva-
tives and Z,Y factors acting on the restricted Schur polynomial. The pair of derivatives themselves
result in a Kronecker delta function. This Kronecker delta, when summing over S, 1, (this sum-
mation coming from the restricted Schur polynomial definition), results in a summation over the
Sn+m—1 subgroup instead. A consequence of this is that one of the representations of Sy ym—1

subduced by T' (where T is the representation of one of the restricted Schur polynomials resulting
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from the action of the dilatation operator on the restricted Schur polynomial with representation
R) equals one of those subduced by R. Summing over S, y,,—1 singles out one of the boxes in the
diagrams, and D shifts the position of a single box. This shifting of a single box in the one-loop
dilatation operator is related to summing over one-loop Feynman diagrams because at one loop
the diagrams have a single vertex, and Wick contracting with the vertex creates a Kronecker delta
because of two indices being set equal ([23]).

There are 27 matrix elements. However, most of them turn out to be zero. In the large N
limit we're interested in, the string coupling constant (a dynamical scalar field that determines
the strength of forces in an interaction) goes to zero. Within the context of strings, this means
that there is no splitting of closed strings or joining of open string ends into closed strings. The
open string Chan-Paton factors (factors which make the strings transform under gauge groups) are
therefore unaltered. And, within our two giant graviton system, j3 tells us the number of open
strings’ end points attached to these gravitons. Since the number of open strings on each giant
graviton does not change, j3 is conserved and hence the matrix elements of the dilatation operator
which change the j3 value must be zero. This is the case when e = %1, so B (n,m) (c,d,£1) = 0.

T1,J,J3
This leaves us with the following form for the one-loop dilatation operator:

D20 ™) (4, 5, j3) Z Z B (e, )O™™ (ry + ¢, j + d, js) (3.58)
c=—1d=-1
where /Bn i J3(c, d,0) = ﬂxlﬁg( d). There are now 9 terms to consider. As it turns out, a further

5 of these are also zero. However, to simplify the calculations, this will be taken into account later.

Before we continue, note that equation (3.45) can be rewritten as:
(Tl m) (n,m) (n—1,m+1)
1“1:]:]3 Z Z Ay JJ3 @ Or1+a,j+b7j3_%_a (3-59)
a=—1lp—_1
2

with o™ (=1,=1) = By, o™ (=1,1) = Ay, o™ (0,-1) = Dy and ™7 (0,1) = C.

1,573 T1,7,J3 7“1 NIVE] 71,7,J3

Using equation (3.45) and (3.58), we will impose the first symmetry condition in (3.54):
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[Ds, J.JO™™ =Dyg,.0™™ — J, D™

T1,5,J3 7'13]3 71,7,J3
(n,m) (n—1,m+1)
Z Z aTl]JB D20r1+a,j+b,j3*%*“
a=—1lp=_1
2
1 1
_ (n,m)
Z Z Brlms ¢,d) J+Or1+c,j+d,j3
c=—1ld=-1
1 1
. n—1,m+1)
ZZWSZZLWW&@
a=—1p—_1 c=—1ld=-1
2
O(n—l,m—i—l) 6
ritate,j+btdjz—3—a Z Z T15d) JS ¢ d
c=—1ld=-1

(n,m) (n—1,m+1)
X Z Z T1+C’j+d7.73 a’ b)OT1+a+Cyj+b+d,j3—§—a

a=-—1 b———

Zzzzwﬁwﬂﬂww

a=—1p— 1 c=—1d=-1

_ (nvm) ( ) (TL*Lerl)
QX te,j+d,js (a b)’BT’l WIES (C d) ] Orl+a+0,j+b+d,j3—%—a

=0 (3.60)

Equation (3.44) can be written as an expression akin to equation (3.59):

n,m) (n m) (n+1,m—1)
J- On,J,Js Z Z Try.5, ]3 a,b T1+a,j+b,j3+%—a (3-61)
a= Obf_§
The above calculation could be carried out in the [Ds, J_] case too. However, we do not need to
consider this case since no new information would result from it. The [Ds, J3] case is trivial, given
the simplicity of equation (3.12).
(n,m)

Now, since O, are all linearly independent, their coefficients in the above summation are

1,J.J3
separately zero. However, it is important to keep in mind that different combinations of a, b, c and
d can result in the same operator on=tmtl) because of the combinations of variables

ri+a+c,j+btd,jz—5—a
that appear. Since only a appears in the expression j3 — % — a, different values of a will result in

independent restricted Schur polynomials. Therefore, different ¢ values also result in independent
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restricted Schur polynomials (since the only appearance of ¢ in on=tm+1) is in the

ri+a+c,j+btd,jz—%—a

(n—1,m+1)

ritatej+3gs—g—

(3.60) consists of only two terms. But, b = —%,d = 0 or b = 3,d = —1 will both give the

O(n ! m+1) _,  (for any a, ¢ values), so this restricted Schur
rita+c,j— 27]3—5—61

polynomial will have four terms in its coefficient.

expression 1 +a +c¢). If b = % and d = 1, then the coefficient of O in equation

same restricted Schur polynomial

3.7 Continuum Limit, Leading Order in n and Par-

tial Differential Equations

Consider the term where a = 0,b = %, c =1 = d. The coefficient of O(nﬂljfl) L which equals
0, is then:
(nm) (g 1y pn=1m+1) (n,m) L stnm)
s (0 )8, 531 521 (L) = 5,0, 58, 3 (1 1) (3.62)

We are interested in the limit N — co. n is kept on the order of N and m on the order of v N,
so in this limit our variables 71,72, j and j3 can be taken to be continuous because of their large

sizes. The following substitutions are made:

$1— 82 = 2§ = 2/maj, 11 — 2 = 2k = 2\/nx, m1 — mg = 2j3 = 2/maj, (3.63)
We make the change of notation a( i jl(a b) < agp(z, ), 45, n,m), 57,1 ”l(c, d) < Bed(z,zj,Tj5,n,m),
so that:
(nm) g L
a5 (0, 2) — Qg1 (:): Tj, Ljy, M, M) (3.64)
B (1,1) = Bra(e, xj, 2551, m) (3.65)
In the case of aﬁ?ﬁ)jﬂ i (0, %), since © = T21\_/%2, if 1 becomes 1 + 1, ro becomes 2 — 1, so
Tnew = 7(”“2):/%”2*1) =+ ﬁ Since x; = ﬁ, Tjnew = % =xj+ ﬁ Consequently:

n,m 1
(n,m) )

Qo 11,5+1,53 (07 5 — Ao, l(mnewvxj newaxj;;an)m)

— ( y Lijgs M m) (366)

T

In the case of B(n]im;:l_)i(l 1), since x = T%\_/%z originally, we now have Zpe, = 7r1;\}%1) =
, 2
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- 1 _ 1 g _ gty g 1 _
(572 +apy/nmt = @+ ey et @ = J becomes Zjnew = 7225 = (5 + 5w\ mi1 =

. - 1
. 1 m . ... _ _J3 . _ J375 __ oo 1 m .
(T + 5= ﬁm) i1 Tjs = &= becomes Zj; pew = —% = (T4 — 5= ﬁm) s SO

[y

-1 1
6(n T )1 (1,1) = B1,1(Tnew T jnews s new, T — 1,m + 1)

T17j+%,j3—§
1 n 1 m
*Bl’l((”ﬂrz\/ﬁ)\/n—1’<mj+2\/m)\/m+1’
1 [ m
. — ——— — n—1 1 .
($]3 2\/@) m+17n 7m+ ) (367)

Equation (3.62) hence becomes:

0= ﬁLl(a:,xj,:z:jg,n,m)aOé(x Ljy, M, M)—

1 1
+%,l’]+ﬁ,

1 1
st g e e
1
= W)\/mTH’” —1,m+ 1)] (3.68)

This is only one of the possible equations that follows from equation (3.60). There are 24 equa-
tions in total. In order to determine all the 8 functions, all coefficients of the linearly independent
restricted Schur polynomials are needed.

It is possible to solve equation (3.62) without taking the continuum limit. Substituting equation
(3.52) into equation (3.62) would lead to recursion relations (see [21] for a similar calculation).
Solving all such recursion relations coming from equation (3.60), one would arrive at formulae
for the matrix elements of Dy (save for a normalisation constant). However, at higher loops this
procedure becomes quite cumbersome. So, it is prudent to instead take the continuum limit. In this
limit, equation (3.68) gives a partial differential equation (PDE), and simultaneously solving all
the PDE’s coming from equation (3.60) will give the 3’s we seek. All the resulting PDE’s contain
the exact same information as that contained in the recursion relations. This can be checked by
calculating the spectrum in the continuous case, and noting that it would exactly equal that of the
discrete case ([11], [12]). As seen in ([21]), the eigenvectors of the discrete case would also agree
with the eigenvectors eventually obtained from the continuous case.

We make the ansatz:
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1 2
Bui(e,zj,zjpnm) = nmfi} (g, ah,) +nvmfiy (e, 25) + 3 (@), 2j,)

) (3.69)

The reason for this particular choice of ansatz is simply because it gives nontrivial answers. If §
were expanded in integer powers of m, for example, we would arrive at the trivial solution with all
(’s vanishing. The need for the expansion in terms of half integer powers of m is possibly linked
to the appearance of the roots of m and n appearing in the arguments of o and 5. Furthermore,
substituting j, js by their continuum counterparts \/ma;, /maz;, respectively into the displaced

corners approximation form of equation (3.52) gives:

1
) 4 XTi— Tia + ——

g 1 (25, Tjy 1y m) = /T2y | oy 142 4 = P vm (3.70)

’2 2 Vm m\/ij+72%\/2xj+7l%

We now perform an expansion in \/—% in a1 (x,x;,2;,,n,m) using the explicit form of equation
’2
% and \/% are very small. The expansion is done up to a reasonable

(3.70). In such an expansion,
order in m. This result is then used to find an expanded form for Qg1 (x+ ﬁ, Tj+ ﬁ, Ljy, M, M),
and the result is expanded further using a Taylor series about the point (z,x;,z;,,n,m). Hence
we arrive at expansions for the two a’s. A further Taylor expansion is performed for 5y 1((x +
ﬁ)\/g, (xj+ ﬁ)\/mzﬂ, (xjy — ﬁ)\/mzﬂ, n—1,m+1) (about the point (z,x;,xj,,n,m))
using the ansatz (equation (3.69)). This Taylor expansion is done up to a reasonable order (typically
first or second order) and results in derivatives of the f functions appearing. All of these expansions
are then finally inserted into equation (3.68).

The resultant equation is very unwieldy as it involves dozens if not hundreds of terms, depending
on the orders chosen; although the above algorithm is relatively simple, computing the expansions
and multiplying them together by hand is very tedious and time-consuming. Computer software
certainly streamlines the computations.

Next, the equation is grouped into decreasing powers of n with only the highest power of n
(which turns out to be n itself) being kept and equated to 0. Only the highest power of n is
kept because, again, keeping just it gives a nontrivial answer. It is possible that only this highest
power is relevant due to the fact that, in the limit of large n, the factors multiplied with n would
‘outweigh’ those multiplied by lower powers of n. Next, the coefficient of n can further be grouped
into different powers of m. The highest power of m is in fact m, the next highest \/m, the next
mY, and so on. To recover the same information contained in the recursion relations (equation

(3.60)), the coefficients of m, \/m and m° are all equated to 0. Negative half-integer powers of m
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would vanish and have no bearing in the large N limit since we have taken m to be on the order of
V' N. Simplifying these three equations (by removing any common numerical factors, for example)
finally results in three PDE’s ([21]). For example, carrying out these steps and setting the order

m term to zero results in the following:

of 1(01) (zj,255)  ,Of 1(01) (2, 2)5)
+ x;
890]- J 8.%'j3

231’1(0) (2, 245) of 1(01) (24, 45)

—rf " -z, ————— =0
J , 333 ,
Ox; Oxj,

0
2xj3 fl(,l) (xjv ij) + T,

or, equivalently:

ofy  ofY

aCCj B 8$j3

2, 1) + aj(wj, — a;)( ) =0 (3.71)

The order y/m and order m® terms will give two further, more lengthy, PDE’s. Simulta-
neously solving them will give the different f functions appearing in the ansatz and, in turn,
Br1(z, xj,x5,,n,m). Repeating this procedure for all the linearly independent restricted Schur
polynomials in equation (3.60), we will have determined the one-loop dilatation operator Dy (note
that we do not have to consider the [Ds, J_] = 0 imposed condition, since if [Ds, J4| = 0 holds, then
0=0"=[Dy, J, ] = [(J+)T,D$] = [J_, Ds]). For the p-loop dilatation operator, this procedure
can be generalised by using equation (3.56).

This procedure gives the correct, known result ([21]). We have hence explicitly demonstrated
how the symmetry generators can be used to determine the dilatation operator D2 (up to some
constant). Chapter 3 starts off by giving the general formula of the action of the generators
on restricted Schur polynomials (which contain unknown traces), chapter 3.1 derives some of the
explicit formulae for these traces, chapter 3.2 gives an example of how these trace formulae are used,
and chapter 3.3 summarises all of the required trace formulae appearing in the generators’ actions
and compares the analytical formulae with the numerical calculations in the Appendix. Chapter 3.4
makes some useful side comments, and chapter 3.5 takes the trace formulae and uses them to find the
exact matrix elements of the su(2) generators. These exact su(2) generators are the new, non-trivial
result. Chapter 3.6 gives the dilatation operator’s matrix elements’ recursion relations and chapter
3.7 gives an example solving a simple case of these relations (using the original approximated
matrix elements from [21]), which shows how the dilatation operator’s matrix elements can be
found. These last two chapters draw highly from ([21]) and mimic the steps followed therein in
obtaining the dilatation operator. However, that paper uses approximations for the generators’

matrix elements. We have now found their exact forms, and although repeating the method of
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([21]) would be an arduous task indeed (involving a cumbersome simplification of the relations
and long partial differential equations), using these exact forms should give the exact dilatation

operator to one-loop. This would be a worthwhile goal for a future study.
This ends chapter 3, wherein we considered the su(2) sector. We move on to the su(3) sector in

the next chapter.
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The su(2) sector is contained within the larger su(3) sector, and hence a similar procedure is
followed here as in chapter 3. We first find the general form for the action of the eight su(3)
generators on restricted Schur polynomials (constructed now from three complex bosonic fields
Z,Y and X). These actions will involve unknown traces of products of projection operators,
like before. Using non-trivial arguments to find a number of trace identities, we next find exact
formulae for all the requisite traces, and hence the exact matrix elements of the su(3) generators
themselves. Next, even though it is not done here, one could then use the fact that the eight
generators commute with the dilatation operator (combined with the fact that we now know the
exact su(3) generators’ matrix elements) to find recursion relations. These relations should be
enough to determine the exact dilatation operator itself.

Before continuing, it should be noted that we still consider a system of only two giant gravitons.
In this case, the Young diagrams labeling the restricted Schur polynomial only have two rows, and
as such, we do not have to consider any multiplicity labels. This greatly simplifies the situation.

The three-field analogue of equations (2.4) and (2.9) is simple enough to understand: the re-

stricted Schur polynomials in this case are:

1
XR,(r,5,w) (Zv Y, X) = W Z XR,(r,s,w) (O’)TI"(O’Z®n X yem X X®p) (41)
T o€Sntmap

43



Chapter 4. su(3) Sector

where RF-n+m+p,rFn,s = m and w - p. Note that in the su(2) case we used (r,s) when
referring to labels of one restricted Schur polynomial or projector, and (¢,u) when referring to
another one. In the su(3) sector, we will use the labels (r, s, w) for one restricted Schur polynomial
or projector, and (¢, u,v) for another (with appropriate superscripts, like + or — to indicate the
number of boxes comprising the diagrams).

The su(3) algebra has eight generators. When acting on the restricted Schur polynomial above,

they assume the following forms:

d d d
d d d
JY,Z .ZTY( dZ) JXZ —TI‘<XdZ), JX,Y ZTI‘<Xd}/>
and
d d d d d
N '—T*<Zdz‘ydy>’ 2= (ZciZ+Ycl}/_2XdX>

In order to calculate the action of these operators on x R7(T,S,w)(Z, Y, X), we will make use of the

following identity (the three-field analogue of equation (2.10)):

d Im!p!
Tr (Uz®n®y®m®X®P Z TTmp:
didydy(n +m + p)!
T,(t,u,v)

X XT,(t,u,v) (0_ )XT,(t,u,v) (Za Y, X) (42)

where '+ (n+m+p),t F n,ut m and v - p. Acting the operator Jz x on equation (4.1) gives:
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d
JZ,XXR,(r,s,w) (Z7 Y, X) =Tr (Zd)(> XR,(r,s,w)(Z7 Y, X)

p
~ nlmip! Z XR,(rsw)(7)
U€S7L+m+p
X TI“(JZ®n+1 ® Y®m ® X®p—1)
p
~ nlmip! Z XR,(rsw)(7)
Uesn+m+p
dr(n+ 1)!m!(p —1)!

x Z
|
() di+dyd,— (n +m + p)!

X XT,(t+ u,v=) (Uﬁl)XT,(ﬁL,u,U*) (Za }/7 X)

b _
= Z Z XR,(r,5,w) (O)XT,(t+,u,v—) (0 1)

Imlp!
n:m:p: T,(t+u,v) TESntmtp
dr(n+1)!m!(p — 1)!
H(Z,Y, X
Gy oy (n 1 m )l XTI (6T X)
p Z dr(n+1)!m!(p—1)! (n+m +p)!
nim'p! dy+ dyd,~ (n +m + p)! dr

ORT

Tt o)
X Trra1 (PR, (r,s,0) P, (t+ u0-) ) XT, () (£, Y5 X)

dt+dudvf %(M%TTI‘R@T(PR7(T,S,UJ)PT,(t+7u7U*))
T,(t% u,v™)

X XT,(t+ u,v—) (Za Y, X)

n+1
drdyd PR rsw) PR )

(t+ 7“71}7)

X XR,(tJF,u,v*)(Z’ Y, X) (43)

where T Fn+m+p,tT Fn+1,ut mand v~ F p—1. Akin to equation (3.4), we used the

following result in the above calculation:
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Z XR,(r,s,w) (U)XT,(tﬂL,u,U*)(O’il)

O’ESn+m+p

= Z Tr(PR,(r,s,w)FR(U))Tr(PT,(t+,u,v_)FT(J_l))

UESn+m+p

= Z [PR,(r,s,w)]%b [FR(U)]b,a [PT,(t“’,u,v—)] ed

oESn+tm+p

X [PT(O’il)] d,c
= [PR,(r,s,w)]ayb [PT,(tJf,u,U*)] e,d Z [FR(U)]b,a

O’ESn+m,+p

X [FT(U_l)]d c

)

n+m+p)!
= [Prrom] o Prt e e X (dR)éRTébcaad
n+m+p)!
:(dRp)5RTTIR®T(PR7(T’s’w)PT7(t+ a0)) (4.4)

Following very similar logic, we can find the action of each of the eight generators on the restricted
Schur polynomial x R,(m’w)(Z, Y, X). However, as before, we wish to instead consider these actions
on normalised versions of the restricted Schur polynomials. The three-field analogue of equation
(2.14) is:

frhooksgr
Z,Y, X Z,Y, X)1) = S RTOrt05u0wu0ay 0 4.
<XR,(T,s,w)aB( y Ly )XT,(t,u,v)yé( s Ly ) > hOOkSrhOOkSShOOkSw RTOrt ~v036 ( 5)

Therefore, we define our normalised restricted Schur polynomials, Op (, s.u)(Z, Y, X), as:

frhooksgr
2.Y,X)= 2,Y, X 4.6
XR,(r,5,w) ( y Ly ) \/hOOkSThOOkSShOOkSw OR,(r,s,w) ( y 4 ) ( )

With this, equation (4.3), along with the actions of the other generators, can be written in terms

of OR,(r,s,w) (Z, Y, X)

JZ,XOR,(r,s,w) (Zv Y, X) -

(t+ 7u7/U7)

X Tr(PR,(r,s,w)PR,(t*,u,v*))OR,(t+,u,v*)(Za Y7 X) (47)

n+1 \/ hooks,-hooksshooks,,

dy+dyd,- \| hooks;+hooks,hooks, -
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JZ,YOR,(r,s,w) (Za Y? X) =

(t+u= )

X Tr(-PR,(r,s,w) PR,(t*,u*,v))OR,(tJF,u*,v) (Z7 Y7 X) (48)

dpsd,—dy

n+1 hooks,hooksshooks,,
hooks;+ hooks,,— hooks,

m—+1 hooks,hooksshooks
JYXOR(rsw) ZYX Z d \/ - - -

o hooks;hooks,,+ hooks,,—
uT, v

X TI'(PR,(r,s,w) PR,(t,u+,v_))OR,(t,u+,v_) (Za Y7 X) (49)

JYZOR (rsw) Z Y X

Z m+1 \/ hooks,hooksshooks,,
dyp-

(bt ) dy+dy \| hooks;-hooks,,+ hooks,

X Tr(PR,(r,s,w)PR,(t—,u+,v)>OR,(t—,u+,v) (Z, Y, X) (4'10)

Ix,zO0R, (r,s0)(Z, Y, X)

Z p+1 hooks,hooksshooks,,
dy—dyd,+ \| hooks;—hooks,hooks,+

(t—,uvt)

X Tr(PR,(r,s,w)PR,(t*,u,v*))OR,(t*,uﬂﬁ)(Za Y7 X) (4'11)

+1 hooks,hooksshooks
IxyOR (rsu)(Z,Y, X) Z dtp \/ . o v

() d,-d,+ \/ hooks;hooks,—hooks,+
X Tr(PR,(ns,w) PR,(t,u*,v*))OR,(t,u*,er) (Za Y7 X) (412)
JlOR,(r,s,w)(Za Y, X)=(n- m)OR?(nS’w)(Z, Y, X) (4.13)
JQOR,(r,s,w)(Za Y, X) = (TL +m — 2p)OR,(r,s,w) (Zv Y, X) (414)

The main factors we now need to compute in order to find the matrix elements of these operators

are the various traces. In the previous su(2) sector case, we labeled the m boxes we needed to
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remove from R, leaving behind r. The m boxes could then be arranged in various diagrams to
form s. Now, in the three complex bosonic field case, we need to label the m + p boxes we need
to remove from R, leaving behind r. We first remove p boxes, which are used to form w, and then
we remove a further m boxes, which are used to form s. However, unlike in the su(2) sector case,
we need to be mindful of multiplicity in the su(3) case. We need an extra multiplicity label to
indicate the intermediate diagram formed after removing p boxes from R. We need this because
removing different p and m boxes from R can still result in the same set of R, (1, s, w) labels. For
example, suppose we start with R = BEEHE and we remove one box from the first row, one
box from the second row, and use them to form the label w = [TJ. We then remove a box from
the first row and a box from the second row and use them to form the label s = [T1. So, if we do
not include a label for the ‘intermediate’ diagram (which would be BEBE), we have the labels
R,(r,s,w):M ERERERE

(O ,[13,[1]). However, we could have arrived at the same final label
by removing two boxes from the first row of R to form w, and then two boxes from the second

row of the ‘intermediate’ diagram, EEP, to form s. So, we clearly need an intermediate diagram
label.

As before, we will see that we only need to compute the matrix elements for one generator. If we
find them, the other generators’ matrix elements can be gleaned from the su(2) results, hermitian

conjugation, or the su(3) algebra itself.

4.1 su(3) Analytical Results

Here we derive analytical formulae for the traces appearing in the generators’ actions’ equations.
These results are exact and have been reported in ([13]). As before, we restrict all diagrams to
having two rows. This is then dual to a system with two giant gravitons. We again use a change
of variables (akin to the change given in equation (3.13)). Let Rj, Ro; 71,792; $1,82 and wi, we
be the number of boxes in the first (subscript 1) and second (subscript 2) rows of R,r, s and w,

respectively. The new translation is:

m . m . p p

51 2+]7 52 2 J, W1 2+ , W2 9

m + . m + .
R1:T1+Tp+j3+k3,R2:T2+Tp_]3_k3 (4-15)

Using the above, given r1, j, js, k, k3, n, m, p, it is possible to return to the R, (r, s, w) labels and
vice versa. Also, the way the variables change under the action of the various generators is exactly
the same as in the su(2) case, except that we now have an extra diagram to consider. For example,

suppose that we consider the operator Jx 7 and the term in the action where a box is taken away
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from the second row of r and is added to the first row of w. In this case, p > p+1, w1 — w1 +1
which implies that k& — k + % Also, 719 — 19 — 1, and since Ro, m and j3 remain unchanged,
ks — ks — 1. As before, if we first remove p boxes from R (and use them to form w) and then
remove m boxes from the intermediate diagram (and use them to form s), leaving behind r, if p;
(respectively, m;) is the number of boxes removed from the ith row of R (the intermediate diagram,
R/w), then k;3 — p15p2 (]3 — m1§m2).

Note that, at first, it appears that we in fact have too many labels. Indeed, given r1, j, k, j3 +

ks,n,m,p, we could reconstruct the Young diagram labels R, (r,s,w). It seems we only need
Jjs + ks, not the individual numbers. In the su(2) case, we only needed 5 pieces of information
(r1,7,73,n,m) to calculate 6 row lengths (R, Ra, 71,72, $1,$2). As mentioned before, the point is
that even when we only consider the two row case, when we restrict Spim4n to Sp X Sp, X Sy, we
do need a multiplicity label. If we specify both j3 and ks separately, we resolve this multiplicity
issue. To see this, note that we, in steps, restrict Spym4n t0 Sp X Spmyp (without multiplicity),
which gives (k, k3), and then we restrict Sy, 4y to Sy, X Sy, (again without multiplicity), which then
introduces (7, j3)

In the distant corners approximation, the computation of the traces needed to find the matrix
elements of the generators reduces to the computation of SU(2) Clebsch-Gordan coefficients ([13]).
The results we compute below for one of the generators are exact however. Since we have decided
to choose the convention where we first remove the p boxes which are used to form w (these
boxes are associated with the X fields), the generators Jzy = Tr (Zdiy) and Jy z = Tr (Yd%)
will be unchanged from the results we obtained in the su(2) sector. The exact matrix elements
we calculated in the case of those two generators carry over exactly and can be used to find the
action of Jy 7z and Jzy on OR,(r,s,w)(Z7 Y, X). If we can calculate either Jy x = Tr (Y%) or
Jxy = Tr (X d%)? the other can be found by hermitian conjugation and any other remaining
generators can be found using the su(3) algebra (the J; and Jo generators are trivial) or hermitian
conjugation. So, as in the su(2) case, we only need to calculate one generator. Therefore, we set
about finding analytical formulae for the traces appearing in the action of Tr (X %).

For the su(2) case, we found identities for the traces over sums of projectors and we found
specific traces which were easy to compute exactly. Using these, we were able to find all the traces
appearing in the action of J_, and hence the exact matrix elements in general. These results were
then checked against some numerical calculations. It can also be seen that the matrix elements
reduce to those given in ([21]) in the displaced corners approximation. The same type of approach
will be used in the present case.

We freely interchange between the R, R/w,r, s,w and 71, j, j3, k, k3, n, m, p notations.
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4.1.1 Tensor Product Structure

If we restrict Spim-n t0 Spx Sy, x Sy, states of the irreducible representation (r, s, w) of S, x Sp, xS,
are obtained from the carrier space of the irreducible representation R of S,1,4+n, by associating
boxes in R with 7, s or w (Z, Y or X boxes, respectively). The X boxes are filled with labels
1,2,...,p, the Y boxes are filled with labels p+1,p+2,...,p+m, and the Z boxes are filled with
labels p+m+1,p+m+2,...,p+m-+n. Since each of the type of boxes are filled independently
from one another, it can be seen that vectors in this basis are tensor products of a Z vector, a Y’
vector and an X vector. Also, the Z boxes are organised by the r Young diagram, and since we
are considering Tr (X %), which leaves the r part of our label unchanged, we can write a general

projector in this case as:

Prias) = i 30 X(@Tr(0) 5 3 xulr)Ta(r)

" 0€Sm T TES)
= 1o PR PR (4.16)

where above we have restricted the projector to the subspace spanned by states filled according to
the convention described. Also, the S,, part acts on the p+1,p+2,...,p + m boxes, and the S,
part acts on the 1,2, ..., p boxes. The tensor product structure of the problem is evident from the

projector. We wish to compute:

) . ) 717 1
Te(PR %y Phlrasoey) = Te(1 @ P @ P - 17 @ Pl @ P (4.17)

where u~ = m — 1 and v+ I p + 1. To compute this, we decompose P? into a sum of 2 projectors

onto S,,_1 irreducible representations:
R _ R R
Ps = alPs’l + 0[2P812 (4.18)
and Pﬁ into a sum of 2 projectors onto S, irreducible representations:

PE = 51Pj;i, + BQPJ; (4.19)

where the notation 7] denotes the Young diagram obtained by dropping a box from row ¢ of T

Now assuming, for example, that s; = u~ and v;’ = w, we find:

) ). ) _17 1
Te(PR () Pgi’;’u,fjﬁ)) = dpdy— dywo Bo (4.20)

So, we can see that our traces will have been determined once we know how to decompose the
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projectors. The problems of finding equations (4.18) and (4.19) are clearly independent of one
another. Now, the problem of finding the decomposition in equation (4.19) can be answered by
studying the problem of restricting Sy1m+p to Sptm X Sp. Indeed, treating the problem this way,
Sp+m can now be treated like S,, was treated in the su(2) case, and S, can be treated like Sy,
was treated. This is a result of our convention to first remove w boxes. This being the case, n is
replaced by n+m, m by p, j by k, j3 by k3, r1 by r1 +m1, ro by r9 +msg. This is more or less the
case, but is not exactly so since there are more equations in translation (4.15) than in translation
(3.13). However, one can see the connection between the su(2) and su(3) sector translations. Given
R/w, we remove m; boxes from the first row and mgy boxes from the second row to form r (and
use the removed boxes to form s). As a result of this connection between the two cases, the results
of the projector decomposition in equation (4.19) can be read directly from the su(2) results (i.e.
equations (3.28) to (3.31)) after replacing r — ro with r1 — ro + 273, 7 with k, js with k3, d, with
dyd,-, and d,— with d,,. So, we only need to study the decomposition of equation (4.18).

4.1.2 Trace of Sums Formulae

As mentioned, equations (4.18) and (4.19) are independent of one another. As a result of this, we
can greatly simplify our calculations when studying equation (4.18) if we set p = 0. This does not

cause any loss of generality. On account of this, we only need study the problem of computing:

n,m,0 pn,m—1,1
Tr(PRMS) PR,(r,uiD)> (4.21)
All of the traces encompassed by the above equation can be found by deriving two trace identities
n m,0 Pn ,m—1,1 )
R,(rs) = R,(ru= L)

above will be non-zero (those where s subduces u™). Now, ) PE ng) projects us from R to r, and

s0 Y., P"mrg) ngf;ilm) projects us to r & u~ @ [, and so:

based on sums. First, consider ) Tr(P If we sum over all s, only two terms

n,m,0 nm 1,1
ZTr PR PRl ) = drdy (4.22)

The next identity we shall consider is:

n m ,0 prm— 1,1 n,m,0 A
Z Tr( (r 8) R,(ru~ D)) Tr(PR,(r,s) C) (4.23)

where C' = 3, - Pnzn L ID) Next, assume that v = [, which is the first block to be removed
from R in our convention and which appears in P"’En 11D)’ is initially in the first row of R (a
calculation similar to the following one could be carried out for the row 2 case). On the left-hand

side of equation (4.23), since we are summing over all u™, >, _ an _ D) will project all the Z
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boxes to r and the first box (the only one forming v™), [, to the rightmost box of the first row of
R (which, under the action of szno)’ will be removed with the further m — 1 boxes to form s).
Now, since PR:( ”s) already projects all the Z boxes to r, the net effect of C = D P"qul ID) is
to project [J to the rightmost box position in the first row of R. We want to solve equation (4.23),

le.:

T =Te(PR(o C) = > (R, (r,s); IIC|R, (r,s); I) (4.24)
I

We can follow a similar argument as that leading up to equation (3.22), using a Jucys-Murphy
element. Let m; denote the number of boxes removed from row ¢ of R which are used to form s
(and leave behind 7). The only states which appear on the right-hand side of equation (4.24) are
those where v+ = [ is in the first row of R. So, as we take the sum over I we need only fix the
position of (1. To fix its position, note that it could sit in the first or second row of R. As before,

we fix its content to ensure that it falls in the first row. So, we can see that:

A Z:’fg"(z, 1) — (7’2 + mo — 2)

O = &i= (4.25)
ry—re+mg —ma+1

since Y75 (i,1) gives the content of [] when it appears in R, the content of which would be
r1 +mq — 1 if it lay in the first row, and r2 + mg — 2 if it lay in the second row. So, C gives 1 if O

is in the first row and 0 if it’s in the second row of R. So:

Z@Jrn(l 1) (T2+m2 — 2)
T = R, I R i
St oy 1) | S IR ()
R () I (5 IR, (ros)i ) (g 4 mg — 2)dyd,
a ri—ro+mp—mg+1 rH—Tro+m;—mg+1
_ ZI<R7 (Tv 8);I| (222(27 1) + Z;I'ZZZ-H(Z.» 1)) |R7 (Ta S);I> . (T2 + mg — Q)drds
r1—r2+m; —mg+1 ry—ro+mp —mo+1

o (m = V(L = 1) % X (L + 1) = (r2 4+ o — 2)dsd
ri—r2+mp—mg+1
o = e ((mym = 1)) + X (070 + 1) = (2 & mz = 2,

_ ) ({ 4.26
T1*7’2+2j3+1 ( )

since Xs((1, m—1)) = xs((m,m—1)), Xg,(r,5) (L, m+1)) = Xp,(r,s) (M, m+1)), and my —may = 2jj3.
This is very similar to what we had in the su(2) calculation; even the exact same restricted
character, xg () ((m,m + 1)), appears. Hence we can substitute equation (3.20) into the above.
However, we see the appearance of a new, S,, character, xs((m, m —1)). It can be evaluated using

the Murnaghan-Nakayama rule ([15]) (recall that s = 2j):
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2j(j+ 1)+ F(m —4)

Xs((m,m —1)) =ds m(m = 1) (4.27)
We have everything we need to evaluate equation (4.26), so that we find:
+2j3 | 2j(j+1)—2j5-m

Te(PR0 prm—bl ) — | T 3 d,d 4.28

Z *(Pr (o) Prira-0) = 2m +Qm(m—7~2+2j3+1) n (4.28)

Compare our two derived identities with equations (3.27) and (3.25). Note the extreme similarity
between the above result and equation (3.25), except with r1 — r9 replaced with 71 — r9 + 2j3 and
a sign difference.

So, we finally have our two sum identities: equations (4.22) and (4.28). There are only two

non-zero terms on the left-hand sides of both of these two identities.

4.1.3 Simple Trace Formulae

In addition to the above sum formulae, there are a number of traces that are simple enough that

they can be computed immediately. For example, the two traces:

, 1p+1
Tr( P ko P gt 1 ket 1)) = G (4.29)

s 1,p+1
TP k-0 P k) = @ (4:30)

follow because the subspaces we project to are the same for both projectors appearing in both of
the traces above (ds = d,, = 1 since s and w are described by Young diagrams with a single row).
These results would be specific examples of terms under consideration when looking at the action
of Tr( dY) Also, consider the following case in which we let ;1 = r9. In this situation, the Y
boxes would already be organised into an irreducible representation so we can use the su(2) sector
formulae (equations (3.28) to (3.31)) by replacing r; — ro with 71 — 73 + 2j (and leaving j as is,
not changing it to k), j with k, j3 with ks, d, with d,ds, d,~ with d,- (where v~ F p — 1 is the
diagram subduced by w, labeling the appropriate projector), and, as mentioned, setting r; = ra.

The traces we obtain in this way, corresponding to equations (3.28) to (3.31) respectively, are:

Te(P™P prmtlp—1 ) = k — ks + K — k‘% d.d.d (4.31)
(ru,gigkiks)”™ (r,j— 55— k=1 ks+1)) 2k 2k(25 + 1) e .

Tr (Pn RN n,m+1,p—1 ) _ |:]€ + ]453 k;2 _ k%
)

(r1,didikks) " (r1,j 44 4 S k=4 k=1 ok 2k(2j+1)} drdsd,- (4.32)
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_ k+ks+1 (k+1)2 — k2

prmp n,m+1,p—1 o 3 I 3
Te(P (r1,5.9.k k3)P(r1,j—%7j—%,k+%,k3+%)) - [ 2k + 2 (2k +2)(2j + 1) drdsd, - (4.33)

_ k—ks+1 (k+1)2 — k2

prmp n,m+1,p—1 o 3 3
Tr( (r1,7,3,k.k3) (Tl,j+%7j+%yk+%yk3—§)) - |: 2]{3+2 (2k‘+2)(2]—|— 1) drdsdv_ (434)

Equation (3.28) corresponds to removing a box from the top row of s, forming v, and adding a
box to the bottom row of r, forming ¢* (with the labels r, s, ¢, u read using the conventions set out
in the su(2) chapter). Equation (4.31), as expected, then corresponds to removing a box from the
top row of w, forming v~, and adding a box to the bottom row of s, forming u™ (with these labels
read within the su(3) context). These four formulae are specific examples of formulae which might
appear when considering the action of Tr (Y dc)l(). However, remember that we can always swap
between Tr (X —) and Tr ( ) by taking the hermitian conjugate of matrix elements. Indeed,
most of the derivations in chapter 4.1 of this dissertation, save for the four above results, have had

the generator Tr (X %) in mind. Using the following:

g d
<Tlaj/7]f,37k/7kéan7m - 17p+ HTI' ( dY) |7"1,j j3ak k3an m p)

.. d
= <r17]7]37kak37n7m7p|ﬂ< > |T1aj ]37k k’3,7’L m — 17p+ 1) (435)

dX

and shifting variables, the change becomes quite trivial.

We now have enough to write the general results for the su(3) sector.

4.2 Final su(3) Trace Results

The following results were calculated using the same type of algorithm as in chapter 3.2 for the
su(2) sector. They relate to Tr (Yﬁ) and any changes from the previous chapters’ Tr (X %)
results were found using appropriate variable shifts in the above results. The su(3) trace results

are:
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(r1::3:k:k3) " (r1,g+ 5,08+ 5.k—5.ks—3) 2k 2k(ri —rg +2j3+1)
Jt+is+1 (G+3)?—(Us+3)? doded
25 +1 (2 +1)(ry —ro+2j3+2)| 7
Tr(Pmm,p n,m+1,p—1 ) _ k+ k3 . k% — k§
(r1sggakoks)” (r1j—3.da+ 5.k 3,k =3) 2k 2k(ri —ro+2j3+ 1)
j=ds G5 =Us+3)? |
27 +1 (2j+1)(7”1—7‘2—|—2j3+2) TSt
prmp ol p—1 - k—ks+1 (k+1)% — k2
(r1,dusskoks) ™ (r1,j+ 5,03+ 5. k+5 ks —3) 2k + 2 (2k +2)(r1 —ro + 2j3 + 1)
j+is+1 (G +3)? - Us+3)? S
27 +1 (25 +1)(r1 —ro+2j3+2)| 7"
Pn’m’p Pn’m+1’p71 ) _ k - k‘3 + 1 (k + 1)2 — k’g
(r1.ddskeks)”™ (r1g =g dot g kg ks =) 2k+2  (2k+2)(r1 —7r2+ 253+ 1)

Tr(

Tr(

J—Js3

G +3)?—Us+3)

2i+1 (2§ +1)(r1 — o + 23 + 2)

dydyd,-

k—k k2 — k2
prmp n,m+1,p—1 ) _ 3 n 3
(11,73, k:k3) ™ (11,543 53— 5 k=3 kat3) 2k 2k(r1 —ro +2j3 + 1)
j—gs+1l  (+3)7-Us+3) S
27+1 (2 + D) —r2+23)| "
Pn,mﬁD n,m+1,p—1 ) _ k— k’g n k,2 _ k%
(r1::3:K:k3) " (r1,5— 5,08 — 5.k— 5 ks +3) 2k 2k(r1 —r2 +2j3+ 1)
J4gs (+3)2—(s—1)? ad
27 +1 (25 +1)(r1—ra+253) | "
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Ty(prme  prmtlo-l - k+ks+1 (k+1)% — k2
(r1,d,33.k:k3) " (r1,5+1 js— 1 k+3 ks +3) 2k + 2 (2k +2)(r1 —r2+2j3+ 1)
jogstl  UG+3) = Us—3) ddud, (4.42)
2j+1 (25 +1)(r1 — r2 + 273)
and:
Tr(Pn’m’p n,m+l,p—1 ) _ ]’C + kg + ]. . (k + ]_)2 — k%
(r1.5.73,k.k3) " (r1,5—3% js—3 k+1 ks +3) 2k + 2 (2k +2)(r1 —r2+2j3+ 1)

j+js , (G+3)P—(s—3)?
2j+1 (254 1)(r1 —ra2 +2j3)

dpdyd,—  (4.43)

where r - n and s F m are the Z and Y boxes’ diagrams given by the labels of the left-hand
projectors on the left-hand sides in each of the above 8 equations, while v~ F p —1 is the X boxes’
diagram given by the labels of the right-hand projectors on the left-hand sides in each of the above
8 equations. Note the striking similarity between the expressions given in the square brackets and
the su(2) results (equations (3.28) to (3.31)). Indeed, we used the latter equations to construct
the former.

These traces are those appearing in equation (4.9). Looking at this equation, we would naively
expect there to be four terms in the summation. Indeed, under the action of Tr (Y%), a box
is removed from the first or second row of w (forming v~) and a box is added to the first or
second row of s (forming u™), giving four possible combinations. We also only had four terms
in the su(2) case. However, in this su(3) case we have labels of the intermediate states to worry
about. Consider the su(2) translations, equations (3.13). There, if we consider the operator where
a box is taken away from r and added to s, either r1 or ro decreases by 1, and j either increases
or decreases by %, giving four combinations. Given these two pieces of information, using the
constraints of equations (3.13) we can work out if j3 increases or decreases by %. In this su(3)
case, considering Tr (Y%), equations (4.15) show that j and k either increase or decrease by
%, giving four possibilities. However, under Tr (YdiX), R;, r; and m + p are constant, so the
combination j3 4+ k3 must be constant too. However, these variables themselves are not constant
and do change since they denote the boxes removed from either R or R/w. Indeed, j3 can either
increase or decrease by % (in which case ks decreases or increases by % accordingly). So, we have
eight combinations in total. This is also the reason why we have eight and not sixteen terms: given
73, we can deduce kg.

In the next chapter of this dissertation we shall combine these traces with the other factors
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appearing in equation (4.9) to find the exact action of Tr (Ydix) on OZ}:"]?];.3 hks)- HoOwever, these
results will first be evaluated for specific cases (where m = 2,p = 1 and m = 2,p = 3) in the
subchapters below. As before, this all can then be compared with the numerical results in the

Appendix.

4.2.1 m=2,p=1 case

In this case we consider Tr (X %). See the Appendix for an explanation of the notation to follow.

Take the projector:

P(ls,lw),(ls)

o (4.44)

In this case, j =1, j3 =0, k = % and k3 = % Plugging these values into equations (4.40) and
(4.42) (after having shifted variables accordingly using translation (4.15), since the trace results

above, in the forms written, refer to the Tr (Y%) generator), we get:

Ty (Pl plsto)(u)y 1 [1 N 1 } i

oo o 7 R —

1 1 1
T P(ls,lw),(ls)P(ls,lw),(lw) — 1= 1— d
1"( EE'E DH ) 4 r1—1r9+2 rr—1r9+1 "

Next, consider:

P(ls,lw),(ls)

4.45
a5 (4.45)

where we have j =0, j3 =0, k = % and ks = % Plugging these values into equations (4.41) and
(4.43) (after having shifted variables) we get:

(1s,1w),(1s) p(1s,1w),(lw)y 1 1 1
. do B ) 4[+T1—7’2+2}[+T1—7’2+1

Ty (ps10)09) pliste)(te)) [1 B 1 } {1 N 1} "
H,D D,H r1—19+2 ry—1r9+1

These results can be compared with those in the Appendix. At first is appears that some do not

e

agree. However, upon simplifcation of the above, it’s clear that they do (save for the d, factor, like
before).
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4.2.2 m=2,p= 3 case

Here we consider Tr (Y%) (and we can hence use the trace results without shifting like before).

Consider the projector:

peszolw) _p (4.46)
LT " T

In this case, 7 =1, j3 =1, k = % and kg = % Plugging these values into equations (4.40) and
(4.41), we get:

Ty (p2520k(10) pl2s.2u)(1s)y _ é [1 N 2 . 3} i
r —7To

(25,2w),(1w) (2s,2w),(1s) 2 2 1
Tr(F B = |1+ —— | |1+ —1d,
s Fr ) 9[ Tl_,,a2+3H +T1_r2+2}

As before, we need diagrams to subduce one another when calculating these traces. In this case,
the projector will be zero unless u subduces s and w subduces v~. Therefore, we theoretically

expect the folllowing:

Tr(PéQV_’s,Zw),(lw)P(Ss,le),(lw)) —0
LT

Tr (PSEQ'LU) (lw)PBQé‘le ,1s), (lw)) -0

For the next projector:

P(2s,2w),(1w)
D:L

(4.47)

we have j =1, j3 =1,k = % and k3 = % Plugging these values into equations (4.42), (4.43) and
(4.36), we get:

(25,2w),(1w) 1(28,2w),(1s)y 2 1 2
Tr(P P =—|l1-—| |1 - —|d
x e am N sEE ) 9[ rl—r2+3H r—19 42
(25,20),(1w) p(2s,20),(1s) 4 [ 1 } [ 1 }
Tr(P P =—|1-—| 1+ ———| d,
(D:LBj B:‘,Dj ) 9 rr—nro+3 r1—19+2
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TT(P(25,2w),(1w)P(35,1w),(1w)) —d,
And finally, because the right-hand side projector below is invalid (blocks were removed incor-

rectly from R), we expect the following:

Tr ( (2s,2w) 1w)P (2s,1w,1s), (1w)) -0

—F  HH

These results agree with those in the Appendix.

4.3 su(3) Generators’ Exact Matrix Elements

With the above traces, we can finally compute the exact action of Tr (Y 5 <) on Og,lmﬁ S hks) (where
we have suppressed the (Z,Y, X) dependence of the normalised restricted Schur polynomial). This
action is exact because we have not made the displaced corners approximation. First, equations
(4.36) to (4.43) (only those which are necessary in a particular case) are substituted into equation
(4.9). Then, the dimensions of the representations and other factors are combined together in the
exact same way as in chapter 3.5 of this dissertation. This, as before, leaves ratios of hook lengths,
the factors of which mostly cancel, leaving behind relatively simple expressions in the numerator
and denominator of these ratios. After substituting our final results into equation (4.9), we find

the exact matrix elements of Tr (YdiX):

d n,m,p n m+1,p—1
Tr <Yd)(> O(T17J733J€ k3) Z Cla,b,c) 7"1,J+a,]3+b k+c,k3—b) (4.48)

a,b, cf—f

where:

C(} 1 _1)_\/p+2k:+2 2k [k+ks k? — k3
P 2 2k+1| 2k 2k(ri—ra+2j3+1)
L mA2ia2i 1 [l (43 (st )’ (4.49)
2 2j+2| 2j+1 @ (254 1)(r1 — 12+ 2j3 + 2) '
C(_11_1>\/p+2k:+2 2%k [k+ks K — k3
o 27 2 2k+1| 2k 2k(ry —ro + 2j3+ 1)
L m=2422 41 (G5 (G +35) = Ustp)? (4.50)
2 27 |2i+1 (24 1)(r1 —ra+ 2j3 +2) '
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oL Ll P22k okl (k1P
279279/~ 2 2k+1| 2k+2  (2k+2)(r1 —ro+2j3+1)

L mE2i+42j 41 [+t (G+3)?%—(a+3)?
2 2742 2j+1 (25 +1)(r1 —ra + 253 +2)

g 1)_\/19—2k—2k+2 kst (k+1)* — k3
5 5°9) = 2 2%k+1| 2k+2 | (2k+2)(ri—r2+2j3+1)

X¢m—%+2%+1j—% G+ 3)%— (js + 1)2

2 27 (2541 (2j+1)(r1—ro+2j3+2)

C(l 1 1)_\/p+2k+2 2k [k — ks k?* — k3
2 2 9/ T 2 2%k+1| 2k 2k(ry —ro + 2j3 + 1)
L mA2 A2+ s+l (G +35)°—Us+3)?
2 2j+2 | 2j+1 (27 +1)(r1 — 72 + 2j3)

oL ] 1)_\/p+2k+2 2k [k — ks k2 — k2
2’2 9 2 2k+1| 2k 2k(ry —ro + 2j3 + 1)
L m=2j 42241 ity (G+5)°— (s 5)
2 27 |2+1 " (25 +1)(r1 —r2 + 273)

0(1 1 1):\/m{k+k3+l_ (k+1)% — k3 ]
27 22 2 2k+1| 2k+2 (2k +2)(r1 —ro+2j3+ 1)
x¢m+%+4m+1j—%+1_ (i + 3)* — (G — 5)°

2 2j+2| 2j+1 (25 +1)(r1 — ro + 273)

and:
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C(—l 1 })_ [p—2k2k+2 [k+ks+1 (k+1)% — k3
27 2727 2 2k+1]| 2k+2 2k +2)(r1 —ro+ 2435+ 1)

X\/771—23'+22j+1 j+is G+ 5)?— (=)

2 2j 2j+1 (2j+1)(7“1 —7’2+2j3)
(4.56)
So, we finally have the exact action of Tr (Y%) on Ogjﬁﬁ.g’k’ks). With the above results,

taking the hermitian conjugate (i.e. using equation (4.35)) would give the action of Tr (X%),
i.e. equation (4.12). The other operators, as mentioned, are then either given by using the su(3)
algebra itself or are already given by the exact su(2) results.

It is straightforward to check the above results numerically (indeed, we have already checked a
few examples of the traces in the Appendix), to check that the generators reduce to the displaced
corners generators in the correct limit (see ([13]) for the displaced corners results), to explicitly
check their actiona for small values of n, m,p and to verify that they close the correct algebra.

This concludes this chapter of the dissertation. Chapter 4 begins by giving general formulae
for the action of the su(3) generators on restricted Schur polynomials. Chapter 4.1 details trace
identities, which are used in chapter 4.2 to find the requisite traces appearing in the action of one
of the generators on the restricted Schur polynomials (as was argued, we only needed to consider
one generator). Chapter 4.2 also checks these analytical results with the numerical ones in the
Appendix. Finally, chapter 4.3 gives the exact matrix elements of one of the su(3) generators,
which could in turn be used to find them all. Chapter 4 as a whole is akin to the first five chapters
of chapter 3. An interesting study would be to take these su(3) results and use them to find the
one-loop dilatation operator in a similar way to the process followed in chapters 3.6 and 3.7.

This achieves the aims of this dissertation.
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Discussion and Conclusion

In this dissertation, an introduction to the group theory approach to N/ = 4 super Yang-Mills
theory was given. Next, the exact actions of the su(2) and su(3) algebras on restricted Schur
polynomials were found by deriving analytical formulae for the generators’ matrix elements. This
process involved finding formulae for the traces over products of projectors, which in turn was done
by making use of sly arguments to find certain identities and then combining them to find all the
requisite traces. In the case of the su(2) sector, an explanation of how these generators can be
used to find the one-loop dilatation operator was also given. However, this explanation made use
of the displaced corners approximation matrix elements of the generators and is hence only valid
up to leading order in 7.

A large goal of this work was to find the exact matrix elements of the su(2) and su(3) generators;
many continuations are now possible. With the exact results for the su(2) and su(3) generators, it
should be possible to extend the approach given in chapters 3.6 and 3.7 and use the exact results
to explore the structure of the exact, one-loop dilatation operator of N'= 4 SYM. Understanding
the dilatation operator is important because, amongst other reasons, having it would allow us
to find the energy spectrum of the multi-graviton states corresponding to the restricted Schur
polynomial operators. These exact results also allow us to go beyond small perturbations of the
%—BPS operators. The calculations one would encounter if attempting this would be horrendous.

Indeed, the calculations are already extremely cumbersome in the displaced corners approximation
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limit. However, if successful, the reward would be well worth the effort. Another extension would
be to consider a larger subalgebra of the full algebra enjoyed by N/ = 4 super Yang-Mills theory.
This would result in fields rotating into other types of fields (for example, fermion fields into gauge
fields).
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Appendix

6.1 Numerical Results: su(2)

We first argue that equation (2.11) can be written in an alternative but equivalent way, given that
Young diagrams representing the symmetric groups are allowed at most two rows (and hence the

projection operators have no need for multiplicity labels):

drds
PR:(T’S) = n[ml Z XT’(Ul)XS(O-Q)FR(Ul o 02) (61)
01002E€S57 X Sm

Equation (6.1) is the formula for the projection operator Pg (., in the su(2) sector. In these
numerical calculations, we use the version of Pg ) which includes the d,ds factors. We do this
in order to arrive at correctly normalised results which match the normalised analytical formulae.
In our case, without the multiplicity indices to worry about, there is no ambiguity in which repre-
sentation of (r, s) we project onto. Also, equation (2.11) is the more general formula which acts on
all possible states in R. When we restrict ourselves to the subspaces we will consider below, the
action of equation (2.11) on certain states outside of these subspaces is zero. Only states in these
subspaces, when acted upon by equation (2.11), don’t give zero, and only the ‘equation (6.1) part’
of equation (2.11) has any effect on these states. We also know from group representation theory

that the mapping from the group elements to the corresponding matrices is a homeomorphism, so
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I'r(o1002) =T'r(01)I'r(02). This allows for a convenient factorisation of equation (6.1) into parts
acting on the r blocks and the s blocks separately. Because the subspaces we are interested in are
the ones where we only label the m boxes removed from R to form s, the ‘r’ part of the projector

can be ignored. Therefore, the projector we will use below is the ‘s’ part of equation (6.1), i.e.:

Phng = 2 3 xa(0)Talo) (62)

oc€Sm

In the following calculations we label either the three, four or five boxes which we remove from
R, leaving behind r and using the removed boxes to form s. These will be used as an example
of the terms appearing in the action of J_, i.e. equation (3.10). The action of J; case would be
similar. We need to respect pre-existing boundaries which exist between boxes which are removed.
For example, if we remove three boxes from R, two of which share a common boundary in the
original Young diagram, then, when forming s from those boxes, two of the three boxes must share
that common boundary. It can be shown that projectors which don’t obey this rule end up giving
results of zero and so have no bearing. Also, we will consider the subspaces of R where one box is
removed from the second row of R, with the rest being removed from the top row of R (assuming,
of course, that the top row contains enough boxes to remove the required number and still be left
with a valid Young diagram for ). One could choose other subspaces of course; this choice just
simplifies the situation. The end result (i.e. the traces) will be the same either way. In addition,
we will denote the number of boxes in the first and second rows of r as r; and 79 respectively.
Even though the diagrams to be used below have definite numerical values for these two variables,
we prefer to keep the variables as r1, o for generality’s sake. All the numerically-calculated results

below can be compared with the analytical examples of chapter 3 of this dissertation.

6.1.1 m=3

Label the subspaces as:

[ T3]2]
)= 1
[ T3[1]
2) = :
[ T2[1]
3) = 3 (63)

These partially-labeled Young-Yamanouchi diagrams label subspaces (and not individual vectors

in R) because they include any and all possible labeling of the blank boxes.
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Define the following projectors:

JRC - (6.4)

-
LTI [LT]

(6.5)

(6.7)

In the above notation, the asterisks in the larger Young diagrams (on the right-hand sides)
indicate the blocks removed from R. The remaining blocks in these larger Young diagrams form r,
and the second, smaller Young diagrams indicate the representation, s, formed from the removed
‘asterisk’ blocks. This notation will extend to the m = 4 and m = 5 cases.

Firstly, we use equation (6.2) to find the requisite projection operators. Suppose, for example,

that we wish to compute the projector:

P(271) —

mn *PM [T \7(‘\_U_\‘\HBH)

Using equation (6.2) and a character table such as the one given in ([15]), we get:
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R = 53 xpea)

og€ESs3
= 5 (ypere@ « xerazrac)
A((13)ER((13) + o (23) T ((23)

+XB:|((123))FR((123)) + XB]((132))FR((132))>
2

= 2 (2R(e) ~ Tr((123)) — Tr((132)

where e here is the identity permutation. Similar formulae can be found for the other projection
operators above. Hence, all that remains is to compute the matrix representations of the group
elements, I'g(c). From group theory, we know that any permutation can be written as a product
of transpositions, and any transposition can be written as a product of adjacent transpositions (see
[25] for the details and proofs of these claims). So, we need only calculate the matrix representations
Ir((k,k+1)), for k=1...m — 1. This can be done by using the formula:

1 1
Lr((k,k+1))|R) = m“@ + \/1 - m|R(k,k+l)> (6.9)

where |R) is one of the subspaces labeled in (6.3), | R r41)) is the subspace obtained by swapping
the labels of boxes k and k+1 in |R), and ¢ is the content of the box labeled k ([26]). For example,

for Tr((12)):
1 1
Ir((12)1) = ﬁlb /- mp)

-1 1
- D4l ———— |2
7“1—7“2+2’> \/ (7“1—7“24'2)2|>

1 1
I'r((12))2) = mm +4/1 - mm
1 1
- T1—7"2+2’2>+\/1_(7’1—T2+2)2‘1>
Ir((12)3) = [3)

Using the above results, we can construct the matrix representation of the permutation (12):
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-1 1
r1—ro+2 1- (ri—r2+2)2 0
—_ 1 1
FR((12)) N 1- m r1—ro+2 0
0 0 1
Repeating the above procedure gives I'r((23)):
1 0 0
—1 1
(@) =0 -
0 ,/1-— L 1
(T17T2+1)2 r1—ro+1

Also, note that the identity permutation is always represented by the identity matrix, so I'r(e)
is the 3 x 3 identity matrix. Using these matrices, we can compute the matrix representations
of all the other group elements. For example, since (123) = (12)(23), we compute I'r((123)) =
I'r((12)(23)) =T'r((12))T'r((23)). With all these results, we find explicit formulae for the projec-
tors and multiply them together in the requisite combinations appearing in equation (3.10) for the

m = 3 case. Finally, taking the traces, we arrive at the following:
1 2

Te(PEDPEY = ~ (14—

oo =3\t e

1) pl)y _ 2 1
Tr(PE P - —
r(Frfy) = 3( Tl_r2+1>

P(2,1 P(1,1

Tr(P( p) _2 <1 )
3 rr—1r9+1

@1 p(t1)y _ 1 2
Tr(P. P =— (1 e —
T(Bj ) =3 +r1_r2+1>

ge ki
Note that the two possible s - 3 have been considered in this m = 3 case. Not all of the above
traces appear in equation (3.10), but only those corresponding to the chosen s diagram: given
specific R, (1, s) representations, only a maximum of four terms will appear in equation (3.10). The
same holds in the m = 4 and m = 5 cases. Also note the absence of the d, factor. This is a result

of the fact that our numerical computation did not sum over all the ways of labeling the empty
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boxes.

6.1.2 m=4

Label the subspaces as:

[4]3]2]
1) = 1
[4]3[1]
2) = 2
[4]2[1]
3) = 3
13]2[1]
4) = 4 (6.10)
Define the projectors:
JRCSIN
e Y A (6.11)
3,1
P& = B (6.12)
EEED i

PS%H:P\HH = (6.13)
PEY P 6.14
N i Y R (6.14)

(6.15)

Equation (6.2) is again used to compute the relevant projectors, using Sy (instead of S3 as we
did in the m = 3 case). Also, now s I 4, not 3, so the characters corresponding to the new rep-

resentations for s need to be used. Furthermore, the matrix representations of the permutations
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themselves will be different from those in the m = 3 case, but equation (6.9) and the same proce-
dure as before are still used to find them. Once all possible projectors have been computed, the
combinations of the products of the projectors appearing in equation (3.10), given a specific repre-
sentation for s, are computed. Finally, taking their traces, we arrive at the following results (note
that, as for the m = 3 and m = 5 cases, more traces, corresponding to different s representations,

are given here than would be needed for any one s representation):

Te(PSY B ) = E (1 P >

LI 4 ri—ry+1

3 1
T P(S,l) P(2,1) = — (1= —
" ) =17 " —ra+ 1

6.1.3 m=>5

Label the subspaces as:

[514[3]2]
1) = 1
[5]4[3]1]
|2) = 2
[5]4[2]1]
3) = 3
[5]3[2]1]
4) = 4
[413[2]1]
|5) = 5 (6.16)

Define the following projectors:
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P(471) —
LI [AmmmN
P(411)

— P
= AL Tl T T T
[N L

= P11 11 onrm
o ITo
P(gvl) —
i i m T3 (EEE
P(371) —

P
— AL T T T
[N L

Following the now familiar scheme, we get the following results:

Te(B Y B ) = ! <1 P )

LI 5 r1— 1o+ 1
4 1
To(pAh_ pBL 2
r( P i) 5 r—rg+1

1) ) 4 1
P (1
Hjjjmjjj) 5< rl_r2+1>

pa)  pB1) 1 4
P (1 ——
Hjjjmjjj) 5<+r1_r2+1>

Tr(Pé”‘j%jPﬁ%) =3
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6.2 Numerical Results: su(3)

Before we can continue, we need a general formula for the projector. So, we extend equation (6.1)

in the obvious way:

dydsd
P rsw) =~ . xr(@1)xs(02)xw(03) (o1 002 0 03)  (6.22)
Sm-p: 01002003E€Sn X Sm X Sp

However, this projector must act on the space of states found by labeling the m + p boxes we
must remove from R, leaving behind r. As before, this projector can be factorised into the r, s

and w parts, and we can forgo the r part. The formula for the projector then becomes:

dsd
Prrsw) = m!U; Z Xs(01)Xw(o2)'rR(071 0 09)
UIOUQESTVLXSp
= > Xs(@1)Tr(01) Y xw(02)Tr(02) (6.23)

" 01€Sm 02€Sp

In the following diagrams, it is important to establish a convention regarding which type of
boxes (s or w) are removed first and which second. We will always first remove the w boxes, and
then the s boxes from R, leaving behind r. It is also important to remember which integers are
permuted under which group. S, is the group of all permutations of the integers (1,...,p), and

Sp, is the group of all permutations of the integers (p+1,...,p 4+ m).

6.2.1 m=2,p=1

We now need to not only assign a number to each box to be removed, but also a label indicating
whether the box will be used to construct the s or w Young diagram label. We will also consider
subspaces in which only one box is removed from the bottom row of R, with the rest being removed

from the top row of R. So, label the subspaces:

| 13524
1) = Ls
| [3:[14)
2) = 2
[ 121
13) = 3s (6.24)

In these subspaces, the boxes labeled s or w are used to form the s or w diagrams, respectively.
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All w boxes are removed first, and then s boxes. In this example we will consider the action of
Jxy =Tr (X%), i.e. equation (4.12). So, given R, (7, s,w), we need projectors where a block is
removed from s to form u~, and a block is added to w to form v™. With this in mind, define the

following projectors:

1s,1w),(1s
P]E:LD)( ) _ (6.25)
plsiw),(ls) _ (6.26)
Ho
(6.27)

PSSH’M)’(M) = 'lllll —F (6.28)

In this notation, on the left-hand side of the equations, the first bracket in the numerator of P

indicates the number and type (either an s or w) of blocks removed from the top row of R, while
the second one is indicative of the number and type removed from the second row of R. On the
right-hand side of the equations, the first diagram is R, and the blocks labeled with either an s or
w are blocks removed from R (leaving behind r) and are used to form the s and w diagrams. This
is not the full set of possible projectors, given these diagrams. We could have labeled the boxes to
be removed differently. Here just a sample have been chosen to illustrate the methods used when
numerically computing the traces.

Now, using equation (6.23), we find the following:

s _ L > xeleTaien) 3 ac(eaTalo
= L (TR + xrr(28)TR(23) (T (e)

= % (Fr(e) +T'r((23)))

since I'gr(e) is the identity matrix. Also:
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(1s1w),(1s) 1
PHD = 5 Z XH 01)T'r(0o1) Z X[ (02)I'r(02)

01ES2 02€S51

= % (XH(e)FR(e) + XH((23))FR((23))) (xt(e)Tr(e))

= % (Tr(e) — 'r((23)))

A = g 3 ofeuTaie) 3 e Tale
= 5 OO RE) (Er©)T () + X ((12))Tr((12))
= 5 (TR(e) + TR((12)))

1s,1w),(1
P us)( w) 1'2' S xa(e)Tr(01) > XH o2)Tr(09)
O o1€S1 02€S52

(x(e)T'r(e) (XH )Tr(e +XH ((12)) FR((12))>
(Pr(e) = Tr((12)))

N = N =

As before, we use equation (6.9) to find all the adjacent transposition matrix representations
required. Now, since the mapping to the matrix representations of permutations is a homeomor-

phism:

Ir(e)T'r(e) =T'r(e) = Ir(e)(Ir(e) — Isx3) =0

which implies that I'g(e) = I3x3. Equation (6.9) gives:
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TR = 1)
TR = =52+ /1- Gl

- @uw\/l—m_éﬂ)m
TR = 558+ /1 GgE?)

S S T T —
7"1—7“2+1|> \/ (7“1—7"2+1)2|>

So, we get:
1 0 0
1 1
Tr((23)) = [0 a1 L= o=
1 1
0 1= (ri—ra+1)? r1—rg+1
Similarly:
-1 1
P—— L= = O
— 1 1
I'r((12)) 1= o o 0
0 0 1

Substituting these matrices into the above formulae and multiplying the requisite combination

of projection operators together, we get the following results:

m(pe ) < L (g L)

T — T2+ 2
Tr(pgﬁlmwx(ls)PSS,1w),(1w)) _ i (1 ~ Tl_ﬁﬁ)
ﬁ(Péglw),(ls)Pﬁ%u),(lw)) _ i (1 N 741_72"24_1)
Tr(P(l’ls:,:w):(ls)Pésglw),(lw)) _ %
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6.2.2 m=2,p=3

In this case, we will find the traces relevant to the Jy,x = Tr (Y%) operator. In other words,
given the representation R, (r,s,w), we consider projectors where a block is removed from w to

form v~ and a block is added to s to form u™. Label the subspaces:

55/45 3,24
1) = L
[5[4:BulL]
2) = 2w
[5[4.2,/1)
3) = e
5.[35Rull]
|4) = du
[44[3:2u/1)
I5) = Buj (6.29)
Define the projectors:
(25,2w),(1w)
B = BT ke (6.30)
EEEEE m I
pl2s2u).(1w) (6.31)
D:lv
PIEEOC) — B 6.32
Dj:u:l:‘ s ,l_l_l_l,l:\j ( )
pl2s.2w),(15) _ (6.33)
[N
PO — B (6.:34)
D:l:‘, w 7‘_‘_‘_‘75
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P(25 1w,1s),(1w)

Eie /el (6.35)

Again, the above does not constitute all possible projectors. Others are possible if we remove

the s and w boxes differently. Note also that this last projection operator is actually not valid,
since all the w blocks, which we have decided to remove first, are not all on the right of the s
blocks. We will see that, because of this, it does not contribute at all.

Using equation (6.23), we get:

s,2w),(1lw 1
ng,% ) = 2131 > xcr(en)Tren) Y xrri(e2)Tr(02)

01E€82 02€S3

((12))Pr((12)) + xcr((23))TR((23))
+xcr((13)TR((13)) + xcr((123))TR((123))
((132))T'r((132))]

= E[FR(e) +T'r((45))][Tr(e) + Tr((12)) + Tr((23))
+I'r((13)) + Tr((123)) + T'r((132))]

25,2w),(1
P( 5,2w),(1w) 2'3' Z XD:l 01)Tr(o1) Z XBj 02)T'r(02)
L1, 01€S2 02€S3

= GO R(E) + X )T R3] (T r(e)
X ((12)Tr((12)) +XBj ((23))Tr((23))
X ((13))Tr((13)) +XBj ((123))Tr((123))
+XBj ((132))TR((132))]

= 6[FR(6) + I'r((45))][2Tr(e) — T'r((123)) — I'r((132))]
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2s,2w),(1
P&?&%S) = 3[2[ Z Xl:\:\:‘(al)FR 01 Z X1 02)FR(02)
01€S53 02€S3

- %[XDII( Tr(e) +x(B4)TR((34) + xcr((35))TR((35))

+xr111((45))CR((45)) + X1 1((345)) T r((345))
+XD:\:|((354)) r((354))][xr(e)Tr(e) + x1((12))CR((12))]

= E[FR( e) +T'r((34)) + Tr((35)) + I'r((45)) + I'r((345))
+I'r((354))] x [Cr(e) + Tr((12))]

1] " 01€83 ‘72652

- é T A(E) -+ X (34)T((34))+ X ((35) T (35)
T(5) T ((45)) + X ((345) D (345)
B R(E5)] (e R(e) + X ((12)TR((12)]

= S[2R(e) ~ TR((345)) ~ Tr((354))]Ta(e) + Ta((12))

319!
E\:\:‘,H 3! 2 01E€S3 02€S2 H

= %hm(e)FR(e) +x1((34)TR((34)) + x3((35))TR((35))

+Xr((45))T r((45)) + xr((345))T R((345))
+XDjj((354))FR((354))][XH(e)FR(e) + XH((U))FR((U))]

_ %[FR@ +TR((34)) + Tr((35)) + Tr((45)) + Tr((345))
+TR((354))] x [Cr(e) — Tr((12))]
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(2s,1w,1s),(1w)
PBjH = 3,2, > XB] o))Tr(o1) > XH 02)'r(02)

01€83 02€52
= é[XHj(e)PR(e) + XH]((34))FR((34)) + XB]((35))PR((35))
+XH:|((45))FR((45)) + XB]((345))FR((345))

+XBj((354))FR((354))} [XH(e)FR(e) + XH((12))FR((12))]

= L[20n(e) - Ta((345)) ~ Tr((354))][Ta(e) ~ Ta((12))]

All that remains is to find the matrix representations of the permutations. In this case, I'r(e) is
the 5x 5 identity matrix. Using equation (6.9), we can find all the necessary adjacent transpositions

(using the subspaces in equation (6.29)). We get:

FR(I2)1) = ——[1)+

1
28 _(2—8)2’2>

- ' e L
o2 t4 (r1—rg +4)?

TR = 575+ /1- 5gal)

- Ly L
-4 (r1— 12 +4)?

Fr((12))3) = 13)

Fr((12))4) = [4)

Lr((12))5) = 15)

So:
_ » 1 .
Tt 1= gz 0 00
1 1

1_(7’1—7"2+4)2 P——;| 000
0 0 010
L 0 0 0 0 1

The other adjacent transpositions can be found using the same algorithm, and all other matrix

79



Chapter 6. Appendix

representations of the permutations (such as I'r(13) or I'r(354)) can be constructed using ma-
trix multiplication of the adjacent transpositions. Finally, once all the explicit formulae for the

projectors have been found, we get the following values for the traces:

1 2
T P(25,2w),(1w)P(2s,2w)7(18) — - (1
S mul A

(25,2w),(1w) 1(25,2w),(1s)y _ 2 3
Tr(P P =2 (11—
(B [ ) 9( +r1_r2+2>

Tr(Pé?—’sQw),(lw)P(3s,1w),(1w)) —0
\J_IJ,H

TI_(PéZE‘,’Zw),(lw)Pﬁél,le,ls),(lw)) -0

9 3
T P(QS’QU))’(lw)P(28’2w)’(18) =2 (71—
r( M rom ) =3 "—T2+3
4
Tr(P(2S’2w)’(1w)P(2S’2w)’(ls)) _ 2
mH B m 9

Tr(P(2s,2w),(1w)P(Ss,lw),(lw)) —1
Dj,Bj LI,

Tr(P(zs,Qw),(m)P(25,1w,1s),(1w)) _0
mH  &H
These results agree perfectly with the analytical results. Note how some of the traces are zero.
This is either because the diagrams do not subduce one another, or because the trace includes
the invalid projector (as mentioned earlier). This was our analytical argument. The numerical

computations confirm that these traces are zero.

6.3 Subducing and Non-subducing Diagrams

In this chapter, given R(r,s) and R(r~,s"), we show that Tr(Pg (5 Pr(r- s+)) = 0 if s* does not
subduce s.
We can write sT = s1 @ so, where s is obtained by removing a box from the first row of s*, and

s9 is obtained by removing a box from the second row of s™. We can then write:

80



Chapter 6. Appendix

Tr(PR,(T,S)PR(T*,SJF)) = Tr(PR,(r,s) [PR(T*,sl) + PR(T*,SQ)])
= Tr(PR,(r,s)PR(T*,sl)) + Tr(PR,(r,s)PR(T*,sz)) (6'36)

Without loss of generality, consider the s; term. We will study:

Tr(PR,(r,s) Z FR((': '))PR(T*,sl)) (6'37)

where (-,-) is an arbitrary 2-cycle, and the sum runs over all 2-cycles in S,,. First, take the sum
to be acting rightwards, on Pg(.— ). This being the case, the only subspace of R for which

S Tr((-,-)) won’t produce a zero value, is sT. So, we can replace R with s*, and acting the

summation rightwards, we get:

Tr(Pg,(r.s) Z Lr((, ) Prer—s1)) = To(Pr(r,s) Z Lot () Prr—51))

= (no. of row pairs of s; — no. of column pairs of s1)

X Tr(PR,(r,s)PR(r*,sﬂ) (638)

As mentioned in the beginning of this dissertation, PrI'r(¢) = I'r(0)Pr, Vo. Using this fact,

we can act the summation leftwards (i.e. on Pg (. ,)) and get:

Tr(PR,(r,s) Z FR(('7 '))PR(T*,sl)) = Tr(PR,(r,s) Z FS(('; ‘))PR(T*,51)>

= (no. of row pairs of s — no. of column pairs of s)

X Tr(PR,(T,S)PR(T_,Sl)) (6.39)

The number of row pairs minus the number of column pairs of two diagrams will only be equal
if those diagrams themselves are identical. Since the two results above are equal, we can assert
that if the trace (in the last line of equations (6.38) and (6.39)) is non-zero, then s; = s. Of course
this trace could be zero, but then, assuming (6.36) is non-zero, the same argument applied to the
second term in (6.36) would have to be non-zero. In this case s would be identical to s. So, in
conclusion, since we know that st subduces both s; and so, if 'I‘r(PR7(T,S)PR(T—’S+)) is non-zero,
then s is identical to either s; or s, and hence s* subduces s. If Tr(Pg,(r,s) Pr(r—s+)) is zero, then

we know that s does not subduce s. This ends the argument.
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