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Abstract

The character theory of the symmetric group is a powerful method of studying enu-
merative questions about factorizations of permutations, which arise in areas including
topology, geometry, and mathematical physics. This method relies on having an encod-
ing of the enumerative problem in the centre Z(n) of the algebra C[&,,| spanned by the
symmetric group &,,. This thesis develops methods to deal with permutation factorization
problems which cannot be encoded in Z(n). The (p, q,n)-dipole problem, which arises in
the study of connections between string theory and Yang-Mills theory, is the chief problem
motivating this research.

This thesis introduces a refinement of the (p, ¢, n)-dipole problem, namely, the (a, b, ¢, d)-
dipole problem. A Join-Cut analysis of the (a, b, ¢, d)-dipole problem leads to two partial
differential equations which determine the generating series for the problem. The first
equation determines the series for (a, b, 0, 0)-dipoles, which is the initial condition for the
second equation, which gives the series for (a, b, ¢, d)-dipoles. An analysis of these equa-
tions leads to a process, recursive in genus, for solving the (a, b, ¢, d)-dipole problem for a
surface of genus g. These solutions are expressed in terms of a natural family of functions
which are well-understood as sums indexed by compositions of a binary string.

The combinatorial analysis of the (a, b, 0,0)-dipole problem reveals an unexpected fact
about a special case of the (p, ¢, n)-dipole problem. When ¢ = n — 1, the problem may be
encoded in the centralizer Z;(n) of C[&,,] with respect to the subgroup &,,_;. The algebra
Z1(n) has many combinatorially important similarities to Z(n) which may be used to find
an explicit expression for the genus polynomials for the (p,n — 1, n)-dipole problem for all
values of p and n, giving a solution to this case for all orientable surfaces.

Moreover, the algebraic techniques developed to solve this problem provide an alge-
braic approach to solving a class of non-central problems which includes problems such
as the non-transitive star factorization problem and the problem of enumerating Z;-
decompositions of a full cycle, and raise intriguing questions about the combinatorial
significance of centralizers with respect to subgroups other than &,,_;.
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Chapter 1

Introduction

An enumerative question about a permutation 7 for which the answer is a non-negative
integer f(m) is said to be central if the formal sum

> flm)w

TeGy

lies in the centre of the group algebra: that is, if it commutes with every element of the
symmetric group &,,. This thesis examines the extent to which two techniques used by
algebraic combinatorialists to solve central problems, namely, the character theory of the
symmetric group and Join-Cut analysis, may be generalized to approach non-central
problems. Central methods have been used to solve a number of important problems in
which the answer is the number of ways of decomposing a permutation 7 as a product
of factors with specified properties. Examples of this include enumerating embeddings
of graphs in orientable surfaces (in which products of a permutation and a fixed point
free involution are considered), and ramified covers of the sphere by a surface of genus
¢ (in which products of transpositions are considered). The attempt to generalize these
techniques is motivated primarily by the (p, ¢, n)-dipole problem, which was introduced by
Constable et al. [2] in 2002, and arises in the study of duality between gauge theory and
string theory. These dipoles appear as the summation indices in two-point functions for
Berenstein-Maldacena-Nastase operators which arise in Yang-Mills theory. The (p, g, n)-
dipole problem is demonstrably non-central, and will be employed throughout the thesis
to illustrate the techniques used to approach non-central problems.

The main contributions of this thesis to the development of approaches to non-central
problems are as follows. Chapter [5| describes how a combinatorial analysis of the (p, ¢, n)-
dipole problem leads to a pair of partial differential equations which determine the gener-
ating series for a more general problem (Theorems [5.3.1] and [5.3.2)). Chapter (8] describes
a recursive method for solving these equations, which expresses the genus ¢ solution as




a linear combination of functions for which combinatorial formulas are known (Theorems
B.2.9 and [8.2.11)). Chapter [f] formulates an algebraic approach for a special class of non-
central problems, namely, those which have encodings in C[&,,] which commute with &,,_;.
Chapter m applies this approach to the (p,n — 1,n)-dipole problem (Theorem , the
star factorization problem (Theorem , and a non-central generalization of the cycle
decomposition problem (Theorem. The detailed content of each chapter is as follows.

Chapter [2| gives a description of the centre Z(n) of the symmetric group algebra, and
an account of the known techniques which have been used to solve several enumerative
problems which may be expressed in terms of products of the standard basis elements of
Z(n). The relevant aspects of character theory of the symmetric group are introduced, and
the connection coefficients of Z(n) are expressed as sums of irreducible characters. Thus,
central factorization problems are reduced to the matter of evaluating irreducible charac-
ters. In many important cases, the characters which arise can be expressed in closed form.
Several known solutions to combinatorial problems are presented as an illustration of these
techniques, with a particular emphasis on the problem of enumerating 2-cell embeddings of
a dipole in an orientable surface. This problem generalizes to the (p, ¢, n)-dipole problem.

Chapter |3| describes the non-central permutation factorization problems used through-
out the thesis both to motivate and demonstrate the techniques being developed. It is
this chapter which contains a complete definition of each problem and an account of the
history of attempts at solving it. (a) The first such problem is the (p, g, n)-dipole prob-
lem mentioned above. (b) The second non-central problem is the problem of enumerating
factorizations of a permutation into “star-transpositions,” the set of all transpositions of
the form (i,m), which can be considered either with or without imposing the condition
that the factorization is transitive. The requirement that the symbol n be present in every
transposition disrupts the centrality of the problem. Though both the transitive and non-
transitive versions of the problem have been solved (the former by Goulden and Jackson
[11] and the latter by Lascoux and Thibon [30]), this problem is included because it raises
interesting questions about centrality; in particular, the transitive version of the problem
turns out to be unexpectedly central. This chapter also includes a discussion of Join-Cut
analysis, a non-character based approach to studying permutation factorization problems
used by Goulden and Jackson to solve the transitive star factorization problem (among
numerous other problems). In this approach, considering the effect of multiplication by
a transposition allows one to write down a partial differential equation for the generating
series. (c) This chapter also introduces a problem called the Z;-factorization problem.
This problem is included because it is a natural generalization of a central problem, and
it is natural to expect that a successful extension of central techniques should provide an
approach to the Z;-factorization problem.

Chapter [4] contains definitions and elementary results for the centralizers of the sym-
metric group algebra. The centralizers are subalgebras of the symmetric group algebra



which are natural generalizations of the centre, and perform two functions in this thesis.
First, they serve as a metric of non-centrality; i.e. they provide a language to describe
“how non-central” a given problem is. Second, they serve as an algebraic framework for
approaching non-central problems. Of particular interest is the centralizer Z;(n) of C[&,,]
with respect to &,,_;. This algebra is the non-central algebra which is “closest” to being
central, while having enough structure to permit significant results to be obtained.

Chapter [5 contains a description of Join and Cut operators which determine the gener-
ating series for the (p, ¢, n)-dipole problem. (In fact, they determine the series for a slightly
more general problem, called the (a,b, ¢, d)-dipole problem.) The analysis is combinato-
rial in nature, and consists of considering how the face structure and the values of p and ¢
change when a new edge is added to a dipole. Two formal partial differential equations arise
from this analysis: the first determines the generating series W” for the (a, b, ¢, d)-dipole
problem, and the second determines the initial condition W’ for this equation. The series
U’ corresponds to the special case of (p, 1,n)-dipoles, and is remarkable because the form
of the equation suggests that the (p, 1,n)-dipole problem, while still being non-central, is
in fact “less non-central” than it initially appears. This second observation is exploited in
Chapter [7, and the general (a, b, ¢, d) operators are analyzed in more detail in Chapter

Chapter [f] introduces a set of orthogonal idempotents for Z;(n) which are defined as
sums of Young’s semi-normal units over a restricted class of standard Young tableaux.
The coefficients of these idempotents in the standard basis for Z;(n) are the generalized
characters introduced by Strahov [42]. This allows the connection coefficients of Z;(n) to
be expressed in terms of generalized characters. Two methods of evaluating generalized
characters are then discussed. The first generalizes a technique used by Diaconis and
Greene [4] to evaluate ordinary characters. This technique reduces the computation of
generalized characters to a problem of evaluating a function, symmetric in all but one of
the indeterminates, at the contents of a tableau. The second is an application of Strahov’s
analogue of the Murnaghan-Nakayama rule for generalized characters.

Chapter [7] explains how the results of Chapter [6] can be applied to some of the problems
described in Chapter . The (p,n — 1,n)-dipole problem, the non-transitive star factor-
ization problem, and the general Z;-factorization problem can all be expressed as sums
over generalized characters. In the case of the (p,n — 1, n)-dipole problem, the generalized
characters appearing in the sum can all be evaluated explicitly, yielding a solution for the
(p,n—1,n)-dipole problem for all values of p, n, and for all orientable surfaces. In addition,
this chapter discusses the applicability of the material from Chapter [6]to other non-central
problems such as non-transitive star factorizations and Z;-factorizations of a full cycle. It
is evident that there is a Z;(n) combinatorial context that is analogous to the Z(n) case,
and whose structure and significant elements are known and understood.

Chapter [8| contains an analysis of the partial differential equations which give the gen-
erating series for the (a,b, ¢, d)-dipole problem. It gives a procedure, recursive in genus,
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for computing a series valid for all values of a, b, ¢ and d, in which a substantial amount
of information about the face structure of the dipoles is recorded. The series obtained are
combinatorial in nature, being sums over objects called string compositions. This proce-
dure is then applied to find series solutions for the (a, b, ¢, d)-dipole problem on the torus
and double torus.

Finally, Chapter [J] discusses related unresolved questions, as well as some new questions
which follow from the work done in this thesis, and which form the basis for future work.



Chapter 2

Combinatorial Applications of the
Centre of C[&,)]

This chapter gives an overview of combinatorial applications of the algebra C[&,,] spanned
by the symmetric group &,,, and the centre of this algebra. It is not intended to be a
comprehensive account of the representation theory of &,,; the emphasis is on presenting
results whose non-central analogues are described in Chapter [0} and doing so in such a way
that the generalizations of these results emerge naturally.

Elementary definitions and notation regarding the centre of &,, are given in Section
2.1l Section contains descriptions of some of the combinatorial problems that have
been studied using the centre of C[&,]. Two classes of problems are presented here: the
enumeration of maps embedded in an orientable surface, and the enumeration of ramified
covers of the sphere by a surface of genus ¢g. This section explains how the solutions to
these problems may be expressed as a product of basis elements in the centre of C[S,,].
One example of a map enumeration problem, the problem of enumerating rooted dipoles,
is singled out for special attention, because the generalization of this problem described in
Chapter (3] is a major object of study in this thesis. Throughout this chapter, the rooted
dipole problem will be used as an example to illustrate the techniques being described.

Section describes the techniques used to perform the central computations arising
in Section In particular, it is an account of some standard results in the representa-
tion theory of &,,. It describes one method of constructing the irreducible representations
(and hence, the irreducible characters) of &,,, namely, Young’s semi-normal representation.
While there exist many different approaches to the construction of irreducible representa-
tions, this approach is presented here because Young’s semi-normal units have a key role
to play in Chapter [l Young’s semi-normal units are used to derive expressions for the
connection coefficients of the centre as sums involving irreducible characters of the sym-



metric group; thus, the solutions to the problems described in Section are reduced to
the problem of computing irreducible characters of &,,.

Section addresses the question of how the irreducible characters of &, may be
determined. Though explicit formulas for the characters of &,, are not known in general, in
many combinatorial applications the characters which arise can be determined explicitly.
This section gives some examples of cases in which explicit formulas for characters are
known, and gives a brief description of some of the techniques used to arrive at these
formulas. The section closes by demonstrating how these formulas have been used to
give an explicit solution to the rooted dipole problem, and giving an expression for the
generating series for this problem which is useful in Chapters [5| and

2.1 The Group Algebra C|G,| and its centre

The definitions and results in this section are classical, and appear in numerous sources,
such as James and Kerber [25], Sagan [39], and Macdonald [32]. Given a set T of positive
integers, let &7 denote the group of permutations of the set 7 in which group multiplication
is composition of the permutations as functions; this is called the symmetric group on the
ground set 7. When 7 = {1,2,...,n}, the notation &, is used in place of &7. Throughout
this thesis, a right-to-left convention is used, i.e. if 7 and 7y are permutations, then 7o
is the permutation obtained by applying m, followed by ;.

There are three commonly used notations to specify a permutation. The first is two-
line notation, in which the numbers 1,2,...,n are written along the first line, and 7 (7)

is written below ¢; i.e.
B 1 2 .. n
T\ r@) 7@ - wn) )

The one-line notation for 7 is obtained by deleting the top row from the two-line notation
and regarding the permutation as the sequence 7 = 7(1) w(2) - - - w(n).

The third notation for 7 is obtained by considering the functional digraph of 7. This
is the directed graph whose vertices are {1,...,n}, in which there is an edge from i to
j if and only if 7(i) = j. Since 7 is a permutation, every vertex has in-degree and out-
degree equal to one; the only such directed graphs are those in which every component is a
directed cycle. As an example, the functional digraph of 7 = 231465 is given in Figure [2.1]
A permutation may thus also be specified by listing the cycles of its functional digraph.
The cycle containing ¢ may be written as (i, 7(i), 72(4), ..., 7 71(i)), where k is the length
of the cycle. (A cycle of length k can thus be represented in k different ways, depending on
which element is chosen to be the first element of the cycle.) Writing one representative for
each cycle of 7 gives a disjoint cycle representation for 7; for example, if 7 = 231465,



Figure 2.1: Functional digraph of the permutation whose one-line notation is 231465.

then one disjoint cycle representation of m would be (1,2, 3)(4)(5,6). Fixed points, which
give a cycle of length 1, are usually omitted from a disjoint cycle representation.

Permutations may be classified according to the lengths of cycles appearing in their
disjoint cycle representations. To make this notation more precise, the following notation
is used.

1. Let IP denote the set of positive integers. A partition A of nis an element (Aq,...,\,) €
P™ such that Ay > XAy > --- > A, and Ay + X\g + -+ + A, = n. The notation A - n
is used to indicate that A is a partition of n.

2. Each ); is called a part of \.
3. The multiplicity m;(\) of i as a part in A is the number of times i appears in \.

4. The notation m(A) denotes the total number of parts of A, i.e. m(\) =D .o, m;(N).
In situations where sets consisting of partitions of any integer are being considered,

let n(A) = > 1 cicm Nis

5. Partitions will often be specified by listing their parts and multiplicities, using ex-
pressions of the form \ = (1’”1(’\)2’”2()‘) ).

6. The assertion ¢ € A is equivalent to m;(A) > 0.

7. If i € A, then A\ i is the partition obtained by reducing m;(\) by one. For any i,
AU is the partition obtained by increasing m;(A) by one.

The cycle type A(7) of a permutation 7 is the partition given by the lengths of the cycles
of 7 in its disjoint cycle representation. The notation m(7) denotes the number of cycles
in the disjoint cycle representation of 7, which is the number of parts of the partition ().

Given two permutations 7 and o, the conjugate of 7 with respect to o is the per-
mutation omo~!. Conjugation has a natural combinatorial interpretation: the vertices of
the functional digraph of 7 are relabelled according to the permutation o; i.e. the vertex
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i is replaced with o (7). Consequently, the cycle type of 7 is invariant under conjugation.
Conversely, if two permutations m; and 7y have the same cycle type, it is always possible
to find a permutation ¢ such that m; = omyo~!. Thus, the sets

Ch={m €6, Am)=pu}

are the conjugacy classes of G,,. By considering the size of the stabilizer of a conjugacy
class,

where [Aut(\)| =[], ™ MmN

2.1.1 A basis for the centre of C[G,]

Let C[S,] be the group algebra of &,, over C. The group algebra is the complex span
of G,,, in which two basis elements are multiplied according to the multiplication in &,,.
This can be extended distributively to define multiplication of any two elements of C[G,,],
thereby giving a ring structure to C[G,,].

The group algebra of &, is a natural algebraic context in which to study combinatorial
questions about factorizations of permutations. Given a set S C &,,, let

Gs:=)» meC[&,].

TES

If T C 6, is a second set of permutations, then

or-(5)(£7) - £

€S TES o€S,
TET

Thus, the coefficient of a permutation ¢ in GsG7 is the number of ways in which ¢ may
be obtained as a product of a permutation in & with a permutation 7. Given an element
G € C[6,], let [r]G denote the coefficient of 7 in G in other words, if G = ) s G,0,
then [7]G = G,. (The operation [r] is a linear functional on C[&,].) With this notation,
the above observation reads as follows.

Lemma 2.1.1 (Encoding lemma for the Permutation Factorization Problem). Let S, 7 C
S,.. The number of factorizations of a permutation ™ as m = o1 such that 0 € S and
TeT s

[W]GsGT.



(This lemma has an obvious generalization which allows for an arbitrary number of
factors.) This observation, while simple, is a fundamental bridge between the combinatorial
problem of enumerating factorizations, and the algebraic techniques which are used to study
them; it is the chief motivation for a combinatorialist to study the algebraic properties of
C[&,,]. This chapter describes some techniques that have been used when & and T are
conjugacy classes; the remainder of the thesis develops techniques to deal with situations
in which they are not.

To understand why the problem of computing GsG7 is substantially more tractable
when S and 7 are conjugacy classes than when S and T are arbitrary, let K\, = Gg,
denote the sum of elements in Cy. For any permutation 7 € &,,, tK 7! = K, since Cy
is a conjugacy class. Expressing this as 7K, = K,m, and observing that we may sum this
expression over an arbitrary linear combination of permutations in G,,, it is clear that K
commutes with every element of C|[&,,]. Let

Z(n)={G e€C[6,] : 7G =Gr for all 7 € &,,}

denote the set of elements of C[S,,] which commute with everything in C[&,,] — this is the
centre of C[G,,]. (Equivalently, the centre is the set of elements which are invariant under
conjugation by &,,.) It is clear from the definition that Z(n) is a commutative subalgebra
of C[G,]. The elements { K}y, form a basis for Z(n), called the standard basis for
Z(n). It is clear that the set { K}y, is linearly independent; to see that it spans Z(n), it
suffices to show that for any G € Z(n), [m]G = [m2]G whenever 7 is conjugate to mo. Let
o be such that m = 0~ 'm0. Then

[71]G = [m]oGo™! = [1] Z ([r1G)oTo™! = [0 m10]G = [13]G;

’7'6671

hence, { K} is a basis for Z(n). If G € Z(n), let [K,]G denote the coefficient of K in
G.

Recall that, as defined in the introduction, an enumerative problem about the permuta-
tion T whose answer is the non-negative integer f(7) is said to be centralif } o f(m)r €
Z(n). The earlier discussion, in which conjugation of a permutation was interpreted com-
binatorially as a relabelling of the functional digraph of a permutation, provides some
combinatorial intuition about when a problem is central: for ) _s f(m)7 to be invariant
under conjugation, the problem must not change if labels on the functional digraphs of the
pemutations involved are arbitrarily rearranged. Equivalently, none of the elements of the
ground set {1,2,...,n} may be distinguished in any way. Thus, for example, a problem
which refers to the length of the cycle containing n is not central, since such a reference
distinguishes the label n.

It is helpful to introduce a stronger notion. A problem is said to be naturally central
if there exists an explicit expression for ) s f(7)7 as a monomial in the standard basis
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elements { K} \-,. When such an expression exists, the methods described in this chapter
may be used to approach the problem. The distinction between centrality and natural
centrality will be made clearer in Chapter , which contains an example of a problem (the
transitive star factorization problem) which is central, but not naturally central.

It is now possible to state the general form of a central factorization problem. All the
combinatorial problems described in the next section are special cases of this problem.

Problem 2.1.2 (The Central Factorization Problem). Given a permutation = € &,, and
partitions A, = n, determine the number of pairs of permutations (o1, 02) such that

1. o090 =,
2. o1 has cycle type X\, and

3. o9 has cycle type p.

Since Z(n) is an algebra, the product KK, lies in Z(n), and since { K}, is a basis
for Z(n), there exist constants c§ , such that

KK, => &K,

vkn

The constants ¢ , are called the connection coefficients of Z(n). Computing these
coefficients gives, in principle, a solution to any naturally central enumerative question; in
particular, these coefficients give a solution to any combinatorial problem which can be
encoded using Lemma such that § and T are conjugacy classes. It is worth recording
this observation in the following.

Corollary 2.1.3 (Encoding lemma for the Central Factorization Problem). Let u,v F n.
The number of factorizations of a permutation m € &, as @ = o1 such that o € C, and
Tel, s

(M KKy = B KK, = 65,

A

.., are the connection coefficients of Z(n).

where ¢

The next section discusses some combinatorial problems which may be encoded in such
a manner, and Sections [2.3]and [2.4] discuss the techniques used to determine the connection
coefficients.
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2.2 Central Methods in Enumerative Combinatorics

This section introduces two classes of combinatorial problems to which central techniques
have been applied: enumeration of maps in orientable surfaces, and enumeration of ramified
coverings of the sphere. Each problem is defined, and an explanation of how it can be
encoded in Z(n) is provided. From a combinatorial perspective, there are broadly two
reasons for doing so:

1. In cases in which the central encoding can be explicitly evaluated, a closed form
solution to the problem can be obtained.

2. Algebraic relations may reveal previously unseen connections between two problems,
proving the existence of a bijection between sets of combinatorial objects. In such
cases, the problem of finding a natural bijection becomes an important problem in
its own right, the study of which often reveals further combinatorial structure.

Even in cases where the central encoding of a problem cannot be evaluated, it is still
useful for the purpose of providing a computational method of solving small cases of the
problem it encodes, which could be used to conjecture a solution to be proved using other
techniques.

2.2.1 Enumeration of Rooted Maps in Orientable Surfaces

The first major class of enumerative questions which have been solved using central tech-
niques is the question of enumerating maps in an orientable surface. A surface is a
compact, connected 2-manifold. Such surfaces are locally orientable; however, in this the-
sis, unqualified use of the term “surface” should be taken to refer to orientable surfaces.
It should be noted that maps in non-orientable surfaces are encoded not using the centre
of C[&,] but rather the double coset algebra of the hyperoctahedral group, and thus do
not fit within the present framework of centrality and non-centrality. A brief discussion
regarding the possibility of extending the results of this thesis to the non-orientable case
appears in Chapter [9]

The Classification Theorem for Surfaces states that every orientable surface is homeo-
morphic to the connected sum of a sphere with g tori, for some g > 0. The integer g is the
genus of the surface. A map is an embedding of a connected graph G into a surface ¥ such
that if G is deleted, > decomposes into a union of regions, each of which is homeomorphic
to an open disc. Each of these regions is called a face of the embedding. Two maps M
and N are equivalent if there is a homeomorphism of ¥ which takes M to N. Maps satisfy
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the Euler-Poincaré formula; i.e., if the map has v vertices, e edges, f faces, and is in a
surface of genus g, then
v—e+ f=2-—2g.

Since v and e are determined by the underlying graph of the map, one of the main conse-
quences of this formula is that the surface in which the graph is embedded is completely
determined by the number of faces of the embedding, and vice versa. A rooted map is a
map in which an edge and one of the vertices to which it is incident are distinguished. In
diagrams, the root edge is indicated by an arrow pointing away from the root vertex.

The generating series for rooted maps has been given by Jackson and Visentin (see
[24] and [23]). They encode rooted maps in terms of rotation systems; this encoding is
summarized below, and may be found in detail in Chapter 10 of Tutte’s Graph Theory [43].
Given a rooted map, assign the label 1 to the root edge, and the labels 2, ..., n to the non-
root edges in an arbitrary manner. Assign an arbitrary direction to each of the non-root
edges. (Observe that there are (n—1)!2""! ways of doing this, so the number of rooted maps
may easily be obtained by enumerating the number of maps decorated in this manner.)
For an oriented edge labelled 7, mark the “head” of the edge with the symbol i, and the
“tail” of the edge with i~. For each vertex, a counterclockwise tour of its neighbourhood
gives a cyclic ordering of the labels assigned to the ends of the edges incident to it. Regard
this as a cyclic permutation of these labels. This gives a permutation v € G, called the
rotation system of the decorated map. (This process is illustrated in Figure ) Let €,
denote the canonical fixed-point-free involution

€n = (1717)(2727) -~ (nFn)

in ©,,. Let ¢ = ve,. Then each cycle of ¢ represents the edge labels encountered during
a clockwise tour of one of the faces of the map. The cycle types A\(v) and A(¢) are the
vertex degree sequence and face degree sequence of the map, respectively. For the map
to be connected, it is necessary and sufficient for the group generated by v and ¢, to act
transitively on {17,177, ... n% n~}. This gives the following encoding.

Lemma 2.2.1 (Encoding for decorated rooted maps). Let A, A\¢ = n. Then the number of
decorated rooted maps with vertex degree sequence A\, and face degree sequence Ay is equal
to the number of pairs (v, ¢) such that

1. ve, = ¢,
2. Mv) =X\, and XN(¢) = Ay, and

3. the group generated by ¢ and €, acts transitively on {17, 17,... n" . n"}.
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Figure 2.2: Rotation system (17,3%,6%)(17,5%)(27,57)(2",37)(4",47,67) of a decorated
map. Multiplication by the canonical fixed-point-free involution €4 gives the face permu-
tation p = (17,57,27,37,67,4% 67)(1%,3",2% 57)(47).

When condition 3 is not enforced, the objects being enumerated are referred to as pre-
maps. Since the generating series for maps may be obtained by taking the logarithm of
the generating series for pre-maps, it suffices to solve the problem without condition 3.
Furthermore, since v € C,, if and only if v=! € C,,, then the condition ve, = ¢ may be
replaced with v¢ = ¢,. In light of Corollary [2.1.3] the problem reduces to the following.

Lemma 2.2.2. The number of decorated, rooted pre-maps with vertex degree sequence \,
and face degree sequence Ay is

[K(Qn)]K)\UK)\f = ng\f

This Lemma allows the map enumeration problem to be approached using central methods.
In particular, it is the starting point for Jackson and Visentin’s [23] derivation of the general
form for the generating series for maps in orientable surfaces. Even when the connection
coefficients arising in Lemma cannot be evaluated explicitly, algebraic relationships
between them can reveal combinatorial structure. A notable example of this is Jackson
and Visentin’s proof of the existence of a bijection between 4-face-regular maps and the
set of all maps in surfaces of lower genus, with some additional decoration.
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Rooted Dipoles

An important special class of maps in orientable surfaces is the class of rooted dipoles,
which are rooted maps with two vertices and no loops. It is of course possible to consider
two-vertex maps with loops, but for the purpose of this thesis the term “dipole” shall refer
to one without loops, unless otherwise specified. A labelled dipole is a dipole in which
the edges are labelled from the set {1,2,...,n}, with the convention that the edge having
the label 1 is regarded as the root. Let D and D denote the sets of all rooted dipoles,
and all labelled dipoles, respectively. Given a dipole D of either type, let n(D) denote its
number of edges, let g(D) denote the genus of the surface in which it is embedded. Let
d,, 4 denote the number of rooted dipoles with n edges in a surface of genus ¢, and let czmg
denote the number of labelled dipoles with n edges in a surface of genus g. The number of
labelled dipoles in a given surface is equal to (n—1)! times the number of unlabelled rooted

dipoles, since this is the number of ways of labelling the non-root edges. An example of a
dipole with labelled edges is illustrated in Figure 2.3

Dipoles, as a special case of the map enumeration problem, are of relevance to this
thesis for two reasons. First, the problem of enumerating dipoles is one in which central
methods give an explicit result; this problem is used as an example in the present chapter to
demonstrate central techniques. Second, a physically significant non-central generalization
of the dipole problem is defined in Chapter [3| and serves as motivation for the non-central
techniques developed in this thesis.

Kwak and Lee [28] describe a method of encoding a labelled dipole as a pair of per-
mutations (o7, 02) where each 0; € C(,); the encoding is a modification of the encoding
for all maps in terms of rotation systems, and relies on the fact that a dipole has exactly
two vertices and no loops. The permutation oy is the full-cycle permutation obtained by
reading the edge labels encountered in a counterclockwise circulation of the root vertex;
the permutation oy is the full-cycle permutation obtained by reading the edge labels en-
countered while moving counterclockwise around the non-root vertex. The pair (oy,09)
shall be referred to as the vertex permutation pair of the dipole.

The edge labels induce a labelling of the half of the corners of the faces in the following
manner: if an edge has the label k, then the corner which is counterclockwise from that
edge around the root vertex also receives the label k. The face permutation of a dipole
is the permutation in which each cycle is the cyclic permutation obtained by reading the
root corner labels encountered during a clockwise boundary tour of a face. For example,
the face permutation of the dipole in Figure [2.3|is (1245)(36). The face permutation of a
dipole may be obtained algebraically as the product of the two vertex permutations. In a
loopless dipole, every face has even degree, so it is convenient to use the notation A\(D) to
denote the partition corresponding to half the degrees of the faces of a dipole D. If D is
encoded by the vertex permutation pair (oy, 03), then \(D) = A(o109).
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Figure 2.3: An example of a genus 2 labelled dipole with vertex permutations
((165423), (146253)) and face permutation (1245)(36).
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If m is the number of faces of a dipole on n edges, then the genus of the surface in

which it is embedded can be obtained using the Euler-Poincaré formula: g = 1(n —m).
Consequently, it suffices to determine the number of dipoles with m faces. Therefore, the

dipole problem is encoded in Z(n) as follows:

Problem 2.2.3 (The labelled dipole problem). Determine the number of pairs (o1,02) € &,
such that

1. 01,00 € C, and

2. 0109 has n — 2g cycles.

Corollary immediately expresses this as a problem in Z(n), namely,

dn,g = Z |C)\|[K)\]K(2n) = Z |C>\’C€\n),(n)

AFn AFn
m(\)=n—2g m(\)=n—2g
Section gives an account of how a result of Jackson [2I] on enumerating permutation
factorizations may be applied to determine the numbers d,, , explicitly.

2.2.2 Ramified Covers of the Sphere by a Surface of Genus g

A second major class of central problems is the enumeration of ramified covers of the
sphere by a connected surface of genus g — this is known as the Hurwitz problem. This
section discusses the Double Hurwitz problem, the combinatorics of which was studied
extensively by Goulden, Jackson and Vakil in [13], because a special case of this problem
can be solved explicitly using central methods. It also has connections to the transitive
star factorization problem discussed in Chapter 3]

The following terminology pertaining to ramified covers may be found in any of the
papers cited throughout this section, or in an introductory algebraic geometry text such
s [44]. Let f be a meromorphic function from a surface of genus g to the sphere, which
is regarded for these purposes as the compactification of the complex plane C wvia the
addition of the point co. All but a finite number of points on the sphere will have d
preimages under f, for some positive integer d — this is the degree of f. The finite set of
points with a preimage smaller than d are called the branch points of f. If z is a branch
point and f~'(z) = {ai,...,ax}, there is a partition « = (ay,..., ) F d such that o
is the multiplicity of a; as a solution to f(a;) = z; this is called the branching type of
z. If a; > 1, then a; is a ramification point with ramification index «;. The various
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parameters of a cover of this type are related by the Riemann-Hurwitz formula: if the

ramification points of f are aq,...,a; with a; having ramification index «;, then
29 —2=-2d+ » (o —1)
1<i<k

The double Hurwitz problem deals with the enumeration of ramified covers in which
at most 2 of the branch points, typically taken to be the points 0 and oo, have preimages
containing fewer than d — 1 points — let a = (v, ..., ) and 8 = (B4,...,5,) be the
branching types of 0 and oo, respectively. There are r additional branch points whose
preimage contains exactly d — 1 points — these are called simple branch points, and
they necessarily have branching type (2, 1972). In this case, the Riemann-Hurwitz formula
reduces to

20—2=—m—-n+r.

The number of covers satisfying these conditions is denoted by H g} 5 This problem was com-
binatorialized by Hurwitz in 1891 [I§]. (An English translation of his combinatorialization
may be found in [I3].) The encoding is as follows:

Problem 2.2.4 (Double Hurwitz Problem). Let a, 8 d with & = (v, ..., Q) and =
(Biy .-, Bn). Then ny’ﬁ is equal to %all cea !By - B! times the number of factorizations
(o,71,...,Tn,m) such that

1. 0 €Cp, m €Cq, and 7; € Cg14-2y,
2. T -T,0 =T,
3. r=m+n+29—2, and

4. the group generated by {o1,T1,..., 7.} acts transitively on {1,...,d}.

When 8 = (19) (and hence o is always the identity), this is known as the Single Hur-
witz Problem. Explicit expressions for the generating series for single Hurwitz numbers
have been given for the sphere [§], torus [10] and [I2], and double torus [9]. Recursions
which determine the generating series for double Hurwitz numbers are also known [I3].
Some of these results are obtained by the use of character theory, and others use a technique
called Join-Cut analysis. Consideration of the effect of multiplication by a transposition
on a permutation of cycle type A leads to a partial differential equation for the generating
series for the problem, which is then either solved or, in cases where a closed form solution
is not known, analyzed to deduce information about the problem. An illustration of the
use of this technique appears in Chapter |3| as part of a discussion of the transitive star
factorization problem. Although Join-Cut analysis does not rely on the character theory
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of the symmetric group, central methods still play a role in providing computational data
which can lead to a conjectured form for the solution.

The special case of the double Hurwitz problem in which o = (d) merits additional
commentary, because in this case, an explicit formula can be derived using entirely central
methods, as is done in Section 3 of [I3]. When m € C(4), the factors involved in any
factorization of 7 will necessarily act transitively on {1,...,d}, since the group generated
by 7 alone acts transitively on this set. Consequently, there is no need to enforce condition
4 in Problem [2.2.4] so it suffices to compute

[KB] (K(2,1d*2))TK(d)-

Various results appearing later in this chapter may be applied to this problem, yielding
the following.

Theorem 2.2.5 (Goulden, Jackson and Vakil [13]). Let r = n+2g — 1, and let 5 - d.

ther t/2 sinh(kt/2)\ ™"
= rld" = [t%] H( ) .

HY
sinh(¢/2) e kt/2

(d),8

Aside from the applications to topology and algebraic geometry described in detail
above, it should be noted that enumerative questions about permutation factorizations
arise in other areas as well. An example of an application to theoretical physics is dis-
cussed in Chapter [3] Permutation factorizations arise in computer science in the study of
sorting networks, which can be modelled as a factorization of a permutation into trans-
positions (see, for example, [1]). Permutation factorizations form the basis for a problem
in communication complexity which was studied by Harvey [I7] and then used to find a
non-trivial lower bound on the number of queries made by an algorithm for the matroid
intersection problem.

2.3 Character Theory of G, and the Connection Co-
efficients of Z(n)

This section addresses the question of how to compute the connection coefficients c . This
is done by constructing a basis for Z(n) consisting of elements which are orthogonal and
idempotent with respect to ring multiplication in C[&,]. Such a basis is known to exist
because Z(n) is a commutative semi-simple algebra. Once this basis is constructed, the
familiar strategy for computing K, K, where K, is the sum of permutations of cycle type
i, is as follows.
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1. Express K, and K, in terms of the basis of orthogonal idempotents.
2. Perform the (now trivial) multiplication in this basis.

3. Invert the basis change, expressing K, K, in the standard basis for Z(n).

An orthogonal idempotent basis for Z(n) may be constructed using the representation
theory of G,,. Section [2.3.1]contains definitions and elementary results related to the theory
of representations and irreducible characters of &,,. Section gives an account of the
construction of an example of an irreducible representation, namely, Young’s semi-normal
representation. Section [2.3.3] demonstrates how these results are used to find expressions
for ci‘w in terms of irreducible characters. The combinatorial problems of Section are
thereby reduced to the problem of computing irreducible characters of &,,.

2.3.1 Representations and Characters

Let GL4(C) denote the group of invertible d x d complex matrices. A representation
of &, is a homomorphism p : &,, — GL4(C). The integer d is called the degree of the
representation, denoted by deg(p). Two representations p and p’ of degree d are said to be
equivalent if there exists a d x d matrix T such that p(7) = Tp/(7)T~! for all o € &,,.

A representation induces an &,-action on the vector space C%, namely, gv := p(g)v
for ¢ € &, and v € C% In other words, every matrix representation of &, gives rise
to an G,-module. Conversely, given a d-dimensional vector space which is also an &,,-
module, a matrix representation p can be constructed by defining p(g) to be the matrix
representation of the linear transformation v — gv. Consequently, a representation may
be regarded as either a matrix representation or a module, depending on which perspective
is most convenient at the time.

Given a matrix representation p, define the character of p to be the function y” :
S,, — C given by
X’ () = trace(p())

for m € &,,. It will be convenient to regard the characters as elements of C[&,,], namely,

X = deg(p) Z XP(m)m.

For any 0,7 € 6,
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so x”(m) depends only on the conjugacy class of w. Consequently, x”(r) is written as %,
whenever \(7m) = p, and X” is an element of Z(n), i.e.

n!
AFn

A representation is said to be irreducible if, when regarded as a &,-module, it has
no proper nontrivial submodules. A character is said to be irreducible if its corresponding
representation is irreducible. There are two facts about irreducible characters that are
fundamental to the present approach to computing Cﬁw' The first is that the number of
irreducible characters of G,, is equal to the number of conjugacy classes of &,,. Thus,
irreducible characters may be indexed by partitions of n; the notation Xﬁ = xp and X =
X* will be used when p is the irreducible representation indexed by A. Writing deg(p) = dy
when p is the irreducible representation indexed by A,

d
A A A
X = - § XK.

T oukn

The second fact pertains to the standard inner product (-, -),, on C[&,] given by

(F.G)=— 3 (W F)G),

ﬂ'EGn

where Z denotes the complex conjugate of z. (In combinatorial applications, the coefficients
are often real numbers, and the conjugate is usually dropped from this definition when this
is the case.) With respect to this inner product, the irreducible characters of &,, are

orthonormal, i.e.
(XA, XM = 8y,

where §; ; is the Kronecker delta. The fact that X* € Z(n), the number of X*’s is equal
to the dimension of Z(n), and the X*’s are orthogonal (and hence linearly independent)
implies that {X*},-, forms a basis for Z(n), which will be called the character ba-
sis of Z(n). Since this basis is orthonormal, it is routine to invert the change of basis
transformation and express the standard basis in terms of the character basis, namely,

K,=)_
AFn

C A
ICulXi o (2.1)
dy
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2 7
5 9
8

Figure 2.4: A standard Young tableaux of shape (4,2,2,1). Without the labels on the
boxes, this is the Ferrers diagram F(42.2,1)-

2.3.2 Young’s Semi-normal Units

This section contains a description of Young’s semi-normal units, elements of C[&,,] from
which the irreducible representations and characters of &,, may be obtained. The method
presented here is singled out for two reasons. First, an obvious consequence of the con-
struction given here is that the basis {X?}yr, is not only orthogonal with respect to the
inner product; it is also orthogonal with respect to ring multiplication. Furthermore, X*
is idempotent, so the character basis is the one which will allow the connection coefficients
of Z(n) to be computed according to the strategy laid out in the preamble of Section .
Second, the generalization of the character-theoretic approach appearing in Chapter [6] will
appear quite natural if the characters of G,, are constructed in the manner of this section.

Young’s semi-normal units are defined in terms of combinatorial objects called tableaux.
Given a partition A - n, the Ferrers diagram F) is a diagram consisting of n boxes
arranged in m(A) rows such that, if the parts of A are ordered such that \y > Ay > -+ >
Am(y), then there are \; boxes in row i, justified to the left margin. An illustration of a
Ferrers diagram is given in Figure . A standard Young tableau is a bijective assignment
of the integers {1,...,n} to the boxes of F) such that the labels on the boxes increase to

the right along rows, and down columns. The set of all standard Young tableaux of shape
A is denoted by SYT()).

Given a tableaux T, let R; denote the set of integers appearing in row ¢ of T' for
< ¢ < m(A), and let C; denote the set of integers appearing in column j of 7' for
< 7 < A;. Then the row group of T is

R(T) = 631 X 6R2 X e X GRm(/\),
and the column group is

C(T) = 601 X 602 X e+ X 60)\1.
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Define the group algebra elements

Ry = Z T

TeR(T)

and
Cr = Z sgn (),

weC(T)

where sgn() is the signum of 7, equal to 1 if 7 is a product of an even number of transpo-
sitions, and —1 otherwise. Let T™ be the tableau obtained by deleting the box with label n
from T'. The approach to the representations of &,, presented here relies on the following
set of group algebra elements indexed by tableaux.

Definition 2.3.1 (Young’s semi-normal units). Let 7" be a standard Young tableau of
shape A\ F n. The semi-normal unit, e(7), is given by

e(T) = %e(T*)RTC’Te(T*)

when T has at least one box, and e(7") = 1 if T" is the tableau consisting of a single box.
The semi-normal units may be used to define the semi-normal basis for C[S,,]. The
basis elements corresponding to tableaux of shape A can be used to describe a set of
irreducible &,,-modules, indexed naturally by A, called the semi-normal representation.
However, the additional terminology and notation needed to describe this basis is not
needed in this thesis, and the reader is referred to James and Kerber [25] for details. The

facts about this representation and the semi-normal units which are used in this thesis are
as follows.

Lemma 2.3.2. Let A n. Then the following results hold.

1. The degree of the irreducible representation indexed by A is
dy = [SYT(N)].

2. If T is a standard Young tableau of shape X\, then the coefficient of the identity
permutation in e(T) is dy/n!.

3. Let T, S be standard Young tableaux of shape \. Then e(T)e(S) = érse(T).
4. Let A\t-n. Then



Figure 2.5: Contents of the boxes of a Young tableau of shape (4,2,2,1).

An obvious corollary of this expression for X* given in this Lemma, and the orthogonal
idempotency of the semi-normal units is that {X*} -, is in fact a basis for Z(n) consisting
of orthogonal idempotents. There are two additional facts about the semi-normal units
which will be of use later.

The first has to do with the relationship between the Young idempotents and another
set of group algebra elements called the Jucys-Murphy elements J,,, defined as follows:

Joi= Y (i.n).

1<i<n—1

The Jucys-Murphy elements, like any group algebra element, may be regarded as the
linear operator on C[&,] given by g — J,g. The semi-normal units are eigenvectors of
these operators, and their eigenvalues may be defined combinatorially. Given a standard
Young tableau 7' in which the element ¢ appears in the box in row j and column £k,
let ¢r(i) = k — j be the content of i in 7. Figure provides an illustration of this
definition. Then the following fact holds.

Lemma 2.3.3 (Murphy [34]). Let T be a standard Young tableau of shape A\ = n, and let
k <n. Then
Jre(T) = er(k)e(T).

It is often convenient to refer to the vector cr = (cr(1),er(2),...,cr(n)) as the content
vector of T'.

The second additional fact is that the semi-normal units in C[&,,_1] have a useful
description in terms of the semi-normal units in C[&,], and this expression can be stated
in terms of the combinatorial operation of deleting a box from a tableau:

Lemma 2.3.4. If T is a tableau with n boxes, then e(T*) = > g e(S), where the sum is
over all tableaux S such that T™ is obtained by deleting the box of S containing n.
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Now that the facts from representation theory which play a role in this thesis have been
identified, the next section will demonstrate how they may be used to solve combinatorial
problems which are naturally central.

2.3.3 Expressing Connection Coefficients in terms of Characters

The results of the two preceding sections can be combined to express the connection coef-
ficients of Z(n) in terms of characters. By Equation (2.1,

|CM|XP |CV‘X§ K
K,K, = <Zd_pﬂxp Zd_x :

pEn Kkn R

Since XP X" =§

ks then

XpX0 < p
K, K, =|CIC.| ) XY
pEn p

By the definition of X7,
1CulIC,] HC | X X”XA
KK, = 20T
: AFn pkn
This gives the following expression for the connection coefficients of the centre of C[&,,].

Lemma 2.3.5 (Connection coefficients of Z(n)). Let ¢, , be such that K, K, =Y, . ¢ K.
Then

P
N CulICU] s XaXoXA
Con = Z Md '
p
pEn
This lemma provides the solution to any naturally central problem for which the char-
acters arising in the expression for cf,‘7 ., can be evaluated. Explicit expressions for characters
are only known for special choices of A\, u and v. Some instances of these are given in the
next section, leading to explicit expressions for the solution to a number of combinatorial

problems.

2.4 Methods for Determining Characters

This section contains an account of two methods which may be used to compute the
values of irreducible characters in various special, combinatorially-relevant cases. One
method, described in Section|2.4.2] uses properties of the Jucys-Murphy elements to express
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characters as evaluations of symmetric polynomials at the contents of a Ferrers diagram.
Another method, described in Section uses the Frobenius formula to translate the
problem of evaluating characters into a question about symmetric functions, and then
uses the Jacobi-Trudy formula to give an expression for the Schur symmetric functions
introduced by this method. Both methods use the terminology of symmetric functions,
which is given in Section [2.4.1] This chapter closes, in Section with an illustration of
how these results have been used to find an explicit solution to the loopless dipole problem.

2.4.1 The Ring of Symmetric Functions

The definitions and results in this section are standard, and may be found in many sources
such as Macdonald [32]. Results are stated here without proof, and the reader is referred
to Macdonald for details. Let C[[z,z2,...]] denote the ring of formal power series in a
countable number of indeterminates. For any bijection o of the positive integers, define an
action of o on C[[z1, 2, ...]] by

o f(x1,22,...) = f(Zo(1), To@), - - -)-

If of = f for all such o, then f is a symmetric function . Let A[[z,xs,...]] denote the
set of symmetric functions; this is a subalgebra of C[[z1, za, .. .]]. It is also useful to discuss
symmetric functions on a finite set of indeterminates; these may be obtained by evaluating
a symmetric function at x; = 0 for ¢ > n, where n is the desired number of indeterminates.
In this case, f(z1,...,x,) is written instead of f(xy,zs,...). The subalgebra of symmetric
functions in n indeterminates is denoted by A[[z1,. .., x,]], and the notation Afzy, ..., x,]
denotes the algebra of symmetric polynomials.

There are many sets of symmetric functions which generate A and are algebraically
independent. Those which are most relevant to the present topic are:

1. Elementary symmetric functions: Let E(t) := [[,-,(1 + tx;), and define e, :=
[t*] E(t). Alternatively,

€L -— E ZEz’ll’Z’Q s ZL'Z'k.

1<) <o <--<ig

2. Complete symmetric functions: Let H(t) := [[;5,(1 — tx;)~", and define hy, :=
[t*]H (t). Alternatively,

hy = g TiyTiy ** Tiy

1< <t <<
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3. Power sum symmetric functions: Let p; := Y .. 2% The generating series
P(t) = Yo, pt™ ! for power sum symmetric functions may be expressed in terms
of the generating series for complete symmetric functions, i.e.

0

P(t) = Lrog(H (1)) o

dt

(2.2)

Taking f to be one of e, h or p, and A - n, let fy =[]~ f),. In this notation, {f\}, where
A ranges over all partitions of non-negative integers, forms a linear basis for A in each of
these three cases.

A fourth important class of symmetric functions, which forms a linear basis for A, is
the class of Schur symmetric functions. Given a partition A\, a semi-standard Young
tableau of shape A is a (not necessarily bijective) assignment of positive integers to the
cells of the Ferrers diagram F, which is strictly increasing from left to right, and weakly
increasing down columns. Let SSYT(A) denote the set of semi-standard Young tableaux
of shape A. Given T" € SSYT()), let z7 be the product of x; where i ranges over the labels
in the cells of T'. The final type of symmetric function used in this thesis is the following.

4. Schur symmetric function: Let

Sy = E Tr.

TESSYT(N)

2.4.2 Using Jucys-Murphy elements to evaluate characters

The method for computing characters presented in this subsection is due to Diaconis and
Greene [4]. Tt relies on the following fact which reduces the problem of evaluating the
character x* to the problem of evaluating a symmetric function at the contents of a tableau
of shape p.

Lemma 2.4.1. Let A\t n and let f € A[xq,...,x,] be such that Ky = f(J1,Jo, ..., Jn).
Then

d,
TN f(cu);

where c,, denotes the content vector of any tableau of shape .

X =

This may be proven in a manner similar to the proof of Lemma which appears
later in this thesis. While this lemma does not appear explicitly in [4], it is a convenient
way to summarize the Diaconis-Greene approach. The method relies on having an explicit
expression for the symmetric function f; the existence of f is guaranteed by the following
result.
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Theorem 2.4.2 (Jucys [20]).

Z(n) = A[Jl, JQ, ceey Jn]

One containment is obvious: when evaluated at the Jucys-Murphy elements, the ele-
mentary symmetric functions become

ex(J1, oy k) = Z Jidig -+ iy

2<i1 <ip <<

- Y

W€6n7

m(m)=k
which is an element of Z(n). Since the elementary symmetric functions generate A[xy, ..., z,],
then Afzy,...,z,] C Z(n). The other containment has a more substantial proof, which

may be found in [26].

Diaconis and Greene are able to obtain explicit formulas for special cases of evaluations
of characters in the following cases. These results are most easily stated by introducing
the following notation. For A F n, fix a tableau T of shape A\ and define

. 1 .
o= el)=5 Y. (- @i-DA),
1<j<n 1<i<m(A)
the sum of contents of a tableau of shape A. Let
dDN) =" ()= DY (M@ —i+1)+3 A Lo (M) Zae
A . 7 2 3 7 9
1<j<n 1<i<m(A)

the sum of squares of contents of a tableau of shape A. (Observe that both quantities
depend only on the shape of T".)

Lemma 2.4.3. Let p = (p1, p2, - - ., pg) Fn. Then:

{(—m if = (n—k,1%),

L X =Yg otherwise.

2 Xty pneny = (3) " duo (i),

3 Xy ooy = 3(5) " du (6@ (1) = (3))

4 Xoppansy = 4(1)du (0N = 30D () +2(3)).
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These results are also obtainable using the non-central refinement of the Diaconis-
Greene method described in Chapter [7] All these character evaluations may be obtained
as a corollary of later results. The first of these character evaluations is notable because it
implies that in sums involving characters indexed by a full cycle, many terms vanish. The
non-vanishing terms correspond to partitions of the form (n — k, 1¥), which are referred to
as hook partitions.

2.4.3 Using the Jacobi-Trudy identity to evaluate characters

A second method for evaluating characters relies on the following result, which expresses
the irreducible characters of &,, as change-of-basis coefficients in the ring of symmetric
functions:

Theorem 2.4.4 (Frobenius). Let A\ - n. Then

X)\

5= 2 R

uEn

This method involves resolving the Schur functions in the power sum basis, and ex-
tracting the coefficients in this basis to obtain the irreducible characters. It is a classical
method which may be found in many sources; a convenient summary of the technique,
together with examples of characters which may be computed using this method, appears
in a paper by Jackson [2I]. One of the primary methods of resolving Schur functions in
terms of power sum symmetric functions is the following:

Theorem 2.4.5 (Jacobi-Trudy identity). Let A = (A1,...,A\n) Fn. Then

sy = det[hx,—itjlmxms

where [a; j]lmxm denotes the m x m matriz whose entry in the i™ row and j" column is ;.

Integrating and exponentiating Equation allows complete symmetric functions to
be expressed in terms of the power sum basis, namely,

= R

A-E

Consequently, for any partitions for which the determinant in Theorem can be eval-
uated explicitly, Theorem [2.4.4] allows the irreducible characters indexed by that partition
to be evaluated. Omne important special case, evaluation of characters corresponding to
hook partitions, plays an important role in this thesis and appears in [21]:
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Figure 2.6: Illustration of a skew diagram A/u where A = (5,4,3,1) and p = (3,2,1,1).
This is a rim hook of height 2.

Lemma 2.4.6. Let A= (\y,...,A\p) Fn, and let 0 < k <n—1. Then

W =) T - (e,

1<j<m

Since the series appearing in this Lemma is used often in this thesis, it is convenient to
denote it by

Hy(e) = (1+2)" [] (1—(-o)).

1<j<m

Lemma [2.4.6| may also be proven inductively using the Murnaghan-Nakayama rule.
In order to state this rule, some additional terminology is needed. Given two partitions
A, pu = n such that F,, C F,, the skew diagram \/p is the diagram obtained from F) by
removing the boxes corresponding to F,. A skew diagram is a rim hook if it is connected
and contains no 2 x 2 box as a subdiagram. The height of a rim hook \/u is equal to one
less than number of rows occupied by A/u, and is denoted by (A/u). These concepts are
illustrated in Figure 2.6 Then the following is true.

Theorem 2.4.7 (Murnaghan-Nakayama Rule). Let A\, = n, and let i be a part of p.

Then
X =D (=DM,
p

where the sum is over p = n — i such that \/p is a rim hook.

(This rule appears in numerous sources. See, for example, Chapter 4 of Sagan [39] for a
particularly clear account.)

2.4.4 The number of loopless dipoles in a surface of genus g

As a demonstration of how the algebraic techniques described in this chapter may be used
to solve a concrete combinatorial problem, this section gives an explicit expression for the
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generating series for the number of loopless dipoles with n edges in a surface of genus g,
as well as a more refined generating series which keeps track of half-face-degree sequence.
The formula for this number may be found explicitly in the literature in [28], or as an
obvious corollary of the following result.

Theorem 2.4.8 (Jackson, [21]). For a partition \ = n, let e} denote the number of per-
mutations with k cycles which are the product of a permutation of cycle type X\ and the
cycle (1,2,...,n). Let x) = ngigm(/\) x;, and let ¢, denote the linear operator defined by
(Z) s 2. Then

Z+ Z Z 629&,\%@(2’“) = zexp (Z y;xi((l +2)' — z’)) .

k,n>1 AFn i>1

Jackson also gave a generalization of this formula to the case in which there is an
arbitrary number of factors — specifically, for the number of factorizations of the form
T = 0y...0, where m € Cy, 01 € C,) and o; has t; cycles, for a given sequence of positive
integers (t2,...,t.). This formula appears in [22].

The analysis presented here for the special case of rooted dipoles gives a more refined
result than the one obtainable as a corollary of this theorem since it gives a generating
series which keeps track of the full face-degree sequence instead of just the number of faces;

however, the proof techniques used are essentially the same as the ones used in the proof
of Theorem 2.4.8

By the encoding used in Section and Lemma [2.3.5 the number of labelled dipoles
with half-face-degree sequence A is given by

v G = DG X X (XA
Ol = =2 =g

vkn

Applying part 1 of Lemma [2.4.3

|Cx|(n —1)! 1 (n—Fk,1%)

by
|CA|C(n),(n) = A

Since d,,_,1#y is the number of standard Young tableaux of shape (n — k, 1%), then

C — 1! 1 .
|CA\CE\n),(n) = —| alln — 1) Z X( R1%)
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Applying Lemma [2.4.6]
Cal(n — 1! 1
CAl Gy (m) = — Z = W HA ().
0<k<n—1 ( k )

At this point, it is convenient to introduce the linear functional L,, defined by
1
(n+1)(})

so that the expression for the number of dipoles of face type A becomes

L, :y"—

ICAlcny () = |Cal(n — 1)Ly 1 H(y).
Given a partition A, let f\ denote the product of indeterminates f; corresponding to the

parts of A, i.e.
= H Ji-

1<i<m(N)

Consider the generating series for unlabelled rooted dipoles in which a face of degree 2i is
marked by the indeterminate f;, namely,

o ") gy
D= Z n(D)!u Iy
DeD
:L,TL
_ n—m(X) A
=22 nln— 11" FAICAl o), my
n>1 A\Fn
xn n—m
= ZanAZU P fA[CAl Ha(y)-
n>1 AFn

(Recall that the number of unlabelled rooted dipoles differs from the number of labelled
dipoles by a factor of (n — 1)!.) Define the linear operator L by

L= Zw"Ln,l[x”];

n>1
in other words, L : 2"y* s n~! (";1)_1x”. Then the generating series becomes
wn n—m
Up =1L (Z ] > u (A)fA|CA|HA(y)> :
n>1 AFn

Since

WO pn) =) T D e,

1<j<m(X)
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the series to which L is applied is just, up to a factor of (1 +y)~!, the generating series
for permutations of {1,...,n} in which n is recorded exponentially in zu, and a cycle of
length 4 is recorded ordinarily with ™! f;(1 — (—y)?). Thus, the following holds true.

Lemma 2.4.9. The generating series for unlabelled rooted dipoles is given by

Up =L ((1 +y)~ <eXp (Z wiqj_lfi(l - (—y)i)) — 1)) .

In addition to serving as a demonstration of central techniques, this series, in the
general form given here, makes an appearance in Chapters |5/ and [8| as the initial condition
for differential equations which determine the solution to the (p, g, n)-dipole problem. To
address the problem of determining d,, 4, set f; = z for all i to “forget” information about
degree sequence and record only the number of faces. Since genus may be determined from
the number of edges and number of faces, to determine d,, 4, calculations may be simplified
by setting u = 1 and extracting the coefficient of 2”29 instead of ©?9. In other words,

dp.g = nl[z"2""*9|L ((1 +y)! (exp (Z %iz(l — (—y)z)> — 1))

=nl[z"z""|L (1 +y)~" (exp (zlog(l —z)™' — zlog(1 + 2y)~') — 1))
=tz (™ (TE2) - e

1—2
This expression may be simplified using an integral representation of the linear operator
L. Such a representation may be found by considering the integral

' alb! 1 1
“(1—s)'ds = = .
/OS< D = b )~ (T at b

The operation

flz,y) — 13_1f (xs, L _5) ds
0 s

satisfies

0 s
1

:x”/ s"RH1 — 5)kds
0

- n—1

= L(z"y")

Extending linearly gives the following.
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Lemma 2.4.10. Let f(z,y) be a formal power series in the indeterminates x,y. Then

L(f(z,y)) = /01 sy (:1:3, ! - 3) ds.

Applying the integral form of L, the expression for the number of dipoles in a surface
of genus g becomes

2 ' x ’
dng = nl[z"2"" 9]/0 (1+ 7 —xs) — 1ds
[t 1\’
— [P n—2g z i
nl[z"z ]Z (Z>x /0 (1—xs) ds

i>1

= nl[z"2""%)] (z log((1—2)™') +

i>

= ["7%] <(n —lz+ ggn (f) : T : <7Z:21>)
) (e )

ey ()

Thus, the loopless dipole problem is an example of a problem which can be solved explicitly
using character theory. The proof of Theorem makes use of the fact that evaluating
the sum of all characters indexed by partitions with a given number of cycles is easier than
evaluating one specific character, and this is what allows for such an explicit form of the
solution when it is only the number of cycles of the factors that is of concern. This is
a natural specialization in applications such as map enumeration, since summing over all
permutations with a fixed number of cycles corresponds to summing over all maps in a
given surface.

2.4.5 Central decompositions of a full cycle

Central methods can also be applied to deal with the more refined case in which the cycle
type of the factors is specified. The cases in which the most explicit results are possible
are those in which at least one of the factors is a full cycle, since in this case Lemma [2.4.3
allows the character sums involved to be simplified considerably.
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A complete solution to Problem in the case when 7 is a full cycle, i.e., determining
the connection coefficient c&nzb = [K(n)|Kx K}, was determined by Goupil and Schaeffer [15]
using central methods. In the following, the notation (i1,...,4,) = ¢; indicates that
(i1,...,1¢) is a composition of ¢y, i.e. (i1,...,4) is a sequence of non-negative integers
which sum to g;.

Theorem 2.4.11 (Goupil and Schaeffer [15]). Let A = (A1, ..., A¢) and let p = (p1, -, fom)
be partitions of n, and let 29 =n+ 1 —m(\) —m(u). Then

n) (L+2g; — Dl(m + 292 — 1)! 1k
R e IOV EXTIE . >l (mm) 1 <2jk+1)'

g1+92=g wnig)Eg1 1<EZL 1<k<m
(]17 ’Jm)'ZQQ
Alternatively,
(n) n
= S (NS (1),
M T ma (V) (10122 glg;:g 01(A)Sg,
where

So(wr, . ome) = (k+20—-11 > ]

(#1,--s0k) g 1<J<E

l'j—l
2i; +1 2i;

A combinatorial proof of this result, in the special case g = 0, was given by Goulden
and Jackson [7] in 1992 by establishing a bijection between the factorizations under consid-
eration and a class of two-coloured rooted trees. Extensions of the Goupil-Schaeffer result
to deal with an arbitrary number of factors were given by Poulalhon and Schaeffer [38] in
2002 and by Irving [19] in 2006. In 2008, Schaeffer and Vassilieva [40] gave a combinatorial
proof of Jackson’s [22] formula in the case of decomposing a full cycle into two factors with
a specified number of cycles. This is an example of a situation in which an enumerative
formula, derived algebraically, pointed the way towards a bijective proof of formula and
revealed the combinatorial structure of the objects being enumerated.

15 a symmetric polynomaial.

The interplay between algebraic and combinatorial enumeration is further illustrated by
the history of the Harer-Zagier [16] formula for the number of representations of a genus g
surface as a polygon with 2n sides, which arose in their study of the Euler characteristic of
the moduli space of curves. In the terminology of maps, this is the problem of enumerating
maps with n edges and a single face in a surface of genus ¢g. Harer and Zagier’s original
proof used an integral over the space of hermitian matrices, and a second proof using
character theory was given by Jackson [21]. Subsequently, a purely combinatorial proof of
the same result was given by Goulden and Nica [I4]. Given the history of the relationship
between algebraic and combinatorial approaches to permutation factorization problems, it
is reasonable to expect that the algebraic study of non-central problems will lead to similar
combinatorial insights in the future.
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2.4.6 Concluding comments

There are three essential facts about the centre of C[S,,] which make it possible to find
such an explicit form for the solution to the rooted dipole problem (and, more generally,

to prove Theorem [2.4.8)):

1. there is an expression for the connection coefficients in terms of the irreducible char-
acters of G,,, namely, Lemma [2.3.5}

2. irreducible characters, when evaluated at the conjugacy class of full-cycle permuta-
tions, vanish unless they are the characters indexed by hook partitions — see Lemma

2.4.3

3. the evaluation of an irreducible character indexed by a hook at an arbitrary class is
known, and can be expressed as the coefficient of a polynomial generating series —

see Lemma 2.4.6]

In the context of developing techniques to deal with non-central problems, one of the main
results of this thesis is that there is a class of non-central problems for which statements
analogous to all three of these facts hold true. These statements will be given and proven
in Chapter [6 and these results will be applied to solve some combinatorial problems
in Chapter [7] First, however, the next chapter discusses some examples of non-central
problems which serve to motivate the development of non-central techniques.
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Chapter 3

Non-central Permutation
Factorization Problems

This chapter describes some permutation factorization problems which can be encoded as
elements of C[&,,|, but to which the techniques described in Chapter [2| cannot be applied.
Section describes a non-central problem, the (p, ¢, n)-dipole problem, for which solu-
tions are only known for surfaces of genus at most two. This problem serves as the chief
motivation for developing methods to deal with non-central problems. Section [3.2|contains
a description of the transitive star factorization problem and a natural generalization, the
G-factorization problem, which is parametrized by a graph G. (The star factorization
problem is the case in which G is the complete bipartite graph K;,_1.) The problem of
enumerating transitive star factorizations was fully solved by Goulden and Jackson [L1].
While it is not obvious from the statement of this problem that it is central, the formula
given by Goulden and Jackson depends only on the cycle type of the permutation being
factorized. In other words, this is a central problem which is not “naturally central.”
Though this problem has been solved, it is of relevance to this thesis since the non-central
approach used to solve it has inspired the approach to the (p, ¢, n)-dipole problem described
in Chapter 5 Furthermore, since the non-transitive version of the star factorization prob-
lem is non-central, the solution to this problem raises questions about the relationship
between centrality and transitivity. Finally, Section introduces the Z;-factorization
problem, which is a natural generalization of Problem . Like the (p, ¢, n)-dipole prob-
lem, the role of the Z;-factorization problem in this thesis is to motivate and demonstrate
the non-central techniques which are developed.
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3.1 The (p,q,n)-dipole problem

The (p, q,n)-dipole problem is a combinatorial problem arising in mathematical physics,
and it is one of the primary motivators for the development of non-central techniques in
this thesis. A combinatorial definition of the (p,q,n)-dipole problem is given in Section
. Section gives an encoding of the problem in C[S,]| and demonstrates that
the problem is non-central. Section gives an account of the history of the problem,
including the motivation from mathematical physics behind its introduction together with
descriptions of the methods that have been previously applied to the problem.

3.1.1 Definition of the Problem

The (p, ¢, n)-dipole problem is about rooted dipoles with a second distinguished edge. (In
diagrams, the root edge will be denoted by an arrow on the edge, pointing away from the
root vertex. The distinguished edge will be denoted by a dashed line.) Given such a dipole,
the neighbourhoods of each vertex can be partitioned into four regions as follows.

e Region 1 is the part of the neighbourhood of the root vertex encountered while
travelling counterclockwise from the root edge to the distinguished edge.

e Region 2 is the remainder of the neighbourhood of the root vertex.

e Region 3 is the part of the neighbourhood of the non-root vertex encountered while
travelling counterclockwise from the root edge to the distinguished edge.

e Region 4 is the remainder of the neighbourhood of the non-root vertex.

These regions are illustrated in Figure [3.1]

The partition of the neighbourhoods of the root vertices into these four regions permits
the following definition to be made.

Problem 3.1.1 ((p,q,n)-dipole problem). Let D be a rooted dipole with an additional
distinguished edge. The p-value of D, denoted by p(D), is one plus the number of edges
intersecting the interior of Region 1. The q-value of D, denoted by q(D), is one plus the
number of edges intersecting the interior of Region 3. A dipole with specified values for p,
q, and number of edges n is referred to as a (p,q,n)-dipole. Determine the number d?
of of (p,q,n)-dipoles in a surface of genus g.

As an example, the dipole shown in Figure is a (3,4, 6)-dipole. Some additional
terminology which will be useful is as follows. An edge which is neither the root edge nor
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Figure 3.1: Illustration of the definitions of the regions into which the neighbourhoods of
the vertices of a rooted dipole with a second distinguished edge are divided.

the second distinguished edge shall be referred to as an ordinary edge. The root edge
/ vertex pair uniquely identifies a root face, namely, the face encountered when moving
counterclockwise from the root edge around the root vertex. (The corner of the root face
which is incident with the root edge and vertex is called the root corner.)

There are two natural bijections from the set of rooted dipoles to itself which lead to
simple relations among the numbers dh?. The first bijection, interchanging the vertices of
the dipole, exchanges the role of p and ¢; in other words,

dbt = i, (3.1)

The second bijection interchanges the root edge and the second distinguished edge. If a
dipole has p—1 edges in Region 1, then its image under this bijection has (n—2)—(p—1) =
n —p— 1 edges in Region 1. A similar argument about the g-value of the dipole yields the
following:

dyt = d, e (3.2)

Given these relations, it suffices to solve the (p,q,n)-dipole problem when p < ¢ and
p+q<n.

In some cases it will be more convenient to enumerate (p, ¢, n)-dipoles in which each of
the ordinary edges has been assigned a unique label from the set {1,2,...,n—2}. A dipole
in which the ordinary edges are labelled shall be referred to as a labelled (p, q,n)-dipole.
Let dy? denote the number of labelled (p, q,n)-dipoles in a surface of genus g. Clearly,

1 ~

g _ D,q
9= (= 2)l" e
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Figure 3.2: An example of a (3,4, 6)-dipole.

3.1.2 Non-Centrality of the (p, ¢,n)-dipole Problem

The labelled (p, ¢, n)-dipole problem may be encoded as an element of C[&,,] as a straight-
forward refinement of Kwak and Lee’s encoding (Section . Assign the label n to the
root edge, and n— 1 to the second distinguished edge. Consequently, any pair of vertex per-
mutations (o1, 02) which corresponds to a (p, ¢, n)-dipole must also satisfy the requirement
that of(n) =n — 1 and o5(n) = n — 1. Applying Lemma proves the following.

Lemma 3.1.2 (Encoding of the labelled (p, g, n)-dipole problem in C[&,]). Let 7 € &,
and let 1 < p,q < n—1. Then the number of labelled (p, q,n)-dipoles with face permutation
w18 given by

[7] Z o1 Z o9

o1 EC(TL) o2 EC(TL)
oi(n)=n—1 ob(n)=n—1

Since neither the left nor right factor in this expression commutes with &,,, this encoding
does not lie in the centre of the group algebra. To answer the question of whether or not an
alternate central encoding of this problem exists, consider the specific case of computing

(1,q,4)-dipoles for various values of q. The face permutations for (1, ¢, 4)-dipoles are given
in Table B.11
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01 09 = (1243) 09 = (1432)
g=1 (1243)] (14)(23) (134)(2)
(1432) | (1)(234) | (13)(24)
=2 (1423)] (134)(2) (124)(3)
(1324) | (142)(3) | (1)(234)
(=3 (132) | )R)B)@ | (123)3)
(1234) | (132)(4) | (1)(2)(3)(4)

Table 3.1: Face permutations of (1, ¢,4)-dipoles for various values of ¢

In the case of (1,2, 4)-dipoles, for example, the group algebra element encoding the face
permutations is

(134) + (124) + (142) + (234).

In this element, four members of C3;) appear with coefficient one, and four appear with
coefficient 0; consequently, it does not lie in Z(4). Thus, the (p,q,n)-dipole problem is
fundamentally non-central, in contrast to problems such as the transitive star factoriza-
tion problem discussed in Section which is central without having an explicit central
encoding.

3.1.3 Previous Approaches to the Problem

The (p, ¢, n)-dipole problem was first introduced in a physical context by Constable, Freed-
man, Headrick, Minwalla, Motl, Postnikov and Skiba [2]. Maps arise in this context as
embeddings of Feynman diagrams in an orientable surface. Particle interactions are mod-
elled as sums of terms indexed by these diagrams. From a combinatorial point of view,
this is an evaluation of the generating series of these diagrams.

The particular case of (p, ¢, n)-dipoles corresponds physically to the free two-point func-
tions of the Berenstein-Maldacena-Nastase operators

Op ==Y a'Tr(¢z'vZ")
0<t<n

and

Op = > y'T(ZZ""9),

0<i<n
where n is a positive integer, k, k' are integers, x = exp(2mik/n), y = exp(—2mik’/n), and
Z, and ¢ are N x N hermitian matrices. The two-point functions are given by

(a:y)_l Z Nm(o—lc—laC) Z xi—lyo(i)—lj (3_3)

€S, 2<i<n
o(1)=1
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where C' = (12...n) is the canonical full cycle in &,,. The equivalence of this problem
with the description of the (p,q,n)-dipole problem given in Definition and Lemma
can be seen by observing that

{o7'C o0 €6,,0(1) =1} =Cp.

Thus, the pair (671C~ 1o, C) is just the vertex permutation pair encoding a rooted dipole
in which the edges have been given a canonical labelling. (The root is given the label 1, and
the other edges are labelled 2,3, ... ,n in counterclockwise order around the root vertex.)
The exponent of z in Expression ({3.3]) records the number of faces of such a dipole. The
exponent of z is i — 1 = C%(1); in other words, regarding i as the second distinguished
edge of the dipole, the exponent of x records the p-value of the dipole. The g-value may
be determined by identifying the location of the distinguished edge label 7 on the cycle

(1,067 (n),c7 (n—1),...,07(2))

which encodes the non-root vertex. If j = o(i), then o=1(j) = i is the (n —j + 1) element
following 1 on this cycle. Thus, n —q = (i) — 1, so the exponent of y records n —¢. Thus,
up to a change in notational convention, determining the coefficients of Expression is
equivalent to the statement of the (p, ¢, n)-dipole problem given in Problem [3.1.1]

Constable et al. give an explicit expression for Expression (3.3]) as a sum over block-
reduced permutations. A permutation 7 € G,, is said to be block-reduced if it satisfies
the following conditions:

1. m(1) =1,
2. i+ 1) #£a (@) +1for 1 <i<n-—1,and

3. w(n) # n.

Block-reduced permutations have a natural combinatorial interpretation in terms of dipoles.
Consider the dipole with vertex permutation pair (7C~'7~1,C). f 71 (i+1) =771(i) +1
and 1 <i<n—1, then

O 7 'CG) = nC a7 i+ 1) =70 (7 (4) + 1) = i

thus, i is a fixed point of the face permutation of the dipole, when 1 < i < k—1. (Similarly,
the condition m(n) # n ensures that n is not a fixed point of the face permutation.) Thus,
a block-reduced permutation corresponds to a dipole having no faces of degree 2. (A face
of degree two is referred to as a digon.) The set of block-reduced permutations in &
corresponding to a dipole of genus g is denoted by BRY.
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The method used by Constable et al. is to construct the set of all dipoles from the set
of block-reduced permutations by replacing each edge in a dipole having no digons with
some number b; of digons, while keeping track of how the insertion of edges changes the p-
and g-values of the dipole. They give the following expression for the generating series for

(p, q,n)-dipoles.

Theorem 3.1.3 (Constable et al[2]). The coefficient in corresponding to dipoles of
genus g is given by

_ b;+1
E E E (E xbl"r""‘!‘bi—lyb/1+"'b;r(i)—1 1 N (:L‘y) ) ,
— X
k>1 reBR{ 1<i<h+1 y

where the inner summation is over all sequences by, ..., biy1 satisfying by, b1 >0, b; >0
Jor2<i <k bi+- b1 =n+10 =bry for 1 <i <k and by, = bpya.

Results about the cardinality of BR] give an idea of how many terms arise in the
expression given in this theorem.

Lemma 3.1.4 (Constable et al[2]). If m € BR, then k < 4g. Furthermore,

4g — 1!
BRY :—(
[BR,| 29 + 1
and 4 )
g_
BRY, | = "L [BRY, |

Constable et al. use Theorem to solve the (p, ¢, n)-dipole problem asymptotically
for genus 1 and 2. (In the asymptotic case, the only terms arising in the formula of Theo-
rem are those for which k = 4g.) Subsequently, Visentin and Wieler [45] gave exact
expressions for the coefficients of Expression on the torus and double torus. Their
method is combinatorial: they perform a case analysis, one case for each dipole with no
digons, and determine the coefficients of the expression in Theorem by enumerat-
ing the integer compositions indexing the innermost summation of this expression which
correspond to particular choices of p and ¢. This results in sums of products of binomial
coefficients, which, when simplified using Maple, yield the following.

Theorem 3.1.5 (Visentin and Wieler [45]). Suppose p < q and p + q < n. Then the
number of (p, q,n)-dipoles on the torus is

p(p—1)3qg—p—1)

pg(n—p—q)+ 5 ifp+q<n,
+1 +1 ~1)Bg—p—1 .
GQ >+(g4)+p@ ﬂg P ia=n
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Theorem 3.1.6 (Visentin and Wieler [45]). Suppose p < q and p+ q < n. Then the
number of (p, q,n)-dipoles on the double torus is

%pq(n—p—q) ((n—§—1) (2(n_§_q) +(q—2)(Q+1)>
TN CTE ) e 2040)) ¢ X e-aa-o(", )

1<i<p—1

L e 0109 -p-a-2)

(P ¢V, 1 o 11 5 1 5 1o 1 5., 15
(3) (3”(3)+280p R CT LT T L AR T
AT o 0L L 43 T, 8 1T 1,3
20"~ 120M T AP T g T30® T AT T 207737 T35)

Theorem 3.1.7 (Visentin and Wieler [45]). Suppose p < q and p+ q = n. Then the
number of (p,q,n)-dipoles on the double torus is

1 (p+1 3 9 1/g+1 9
— 21p® — 155p 4 338p + 456) + — 3¢ —q—6
336(5)(1? p° + 338p + )+8<6 (3¢ —q—6)
1
+ mpq(p — 1)(84p*q — 132p® — 281p*q + 5p°q® + 10p°q® + 458p* — 102p
— 210pg® + 209pq + 55pq* + 214q + 440¢* — 692 — 310¢> + 60q™).

These formulas will be used in this thesis as a means of verifying the results appearing

in Chapters 5] [7] and [§]

3.2 Powers of Jucys-Murphy Elements and
G-Factorizations

This section discusses some results pertaining to a seemingly non-central problem, the
transitive star factorization problem.

Problem 3.2.1 (Transitive Star Factorization Problem). Let 7 € &,, and let r > 1.
Determine the number of sequences (11, ...,7,) € &I which satisfy

1. -7 =,

2. each 7; is a transposition of the form (n,j) for some 1 < j<mn—1, and
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3. the group generated by {m,..., 7.} acts transitively on {1,... ,n}.

This problem is typically regarded as encoding a ramified cover of the sphere by a
surface of genus ¢ in the manner described in Section 2.2l By the Riemann-Hurwitz
formula, r = n + m — 2 4+ 2¢g, and thus the problem may be regarded as parametrized
by either the number of factors or the genus of the covering surface. Based solely on the
statement of this problem, it does not appear that the problem is central. Indeed, given
the distinguished role played by the symbol n, one would expect that an element of C[G,,]
encoding this problem would not commute with permutations for which n is not a fixed
point. However, Goulden and Jackson [11] have shown that this problem is in fact central.
The history of results pertaining to this problem, and a discussion of the questions raised
by Goulden and Jackson’s result is given in Section [3.2.1

A problem closely related to Problem [3.2.1] is the following.

Problem 3.2.2 (Non-transitive Star Factorization Problem). Let m € &,, and let r > 1.
Determine the number of sequences (71, ...,7.) € &I which satisfy

1. - -1, =m, and
2. each 7; is a transposition of the form (n,j) for some 1 < j <mn—1.

To solve the non-transitive version of the problem, it suffices to compute the r** power of
the Jucys-Murphy element J,,. (Consequently, Problemis referred to as the problem of
computing transitive powers of Jucys-Murphy elements.) Problem is relevant
to this thesis as an example of a problem which is clearly non-central; indeed, J! does not
commute with permutations which do not fix n. Thus, the transitivity condition is essential
to the centrality of Problem The problem of determining J” has, in principle, been
solved. Results of Lascoux and Thibon [30] related to computing power sums of Jucys-
Murphy elements may be used to do this. These results are discussed in Section |3.2.2]

Finally, Section introduces the G-factorization problem, which generalizes the
(transitive) star factorization problem.

3.2.1 Transitive Star Factorizations

The problem of enumerating transitive star factorizations was first introduced by Pak
[37]. He solved the problem for the special case in which n = km + 1 for some k and
m, w(n) = n, 7 is of cycle type (k™,1), and in which the number of factors is minimal.
(Minimal factorization correspond to the genus 0 case.) Pak did not explicitly require the
factorizations to be transitive, though for permutations of this sort, any factorization into
star transpositions is necessarily transitive. Indeed, as long as 7 has no fixed points other
than n, any star factorization is transitive. His result is as follows.
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Theorem 3.2.3 (Pak [37]). Let n = km + 1, and k > 2. Let m € Cym 1y be such that
7(n) = n. The minimal number of factors in a star factorization of w is (k+ 1)m, and the
number of minimal star factorizations (and minimal transitive star factorizations) of m is
k™ (km 4+ m)!
(km +1)!

This result was generalized by Irving and Rattan [20] to deal with minimal transitive
factorizations of an arbitrary permutation:

Theorem 3.2.4 (Irving and Rattan [20]). Let A = (A1,..., \pn) F n, and let m € Cy. The
minimal number of factors in a transitive star factorization of m is n +m — 2, and the
number of minimal transitive star factorizations of w is

(n+m 2)! H)‘

1<i<m

Irving and Rattan also make the observation that the non-transitive version of the
problem can be solved by disregarding the fixed points of 7 and regarding the problem as
taking place in the symmetric group on a smaller group of symbols, obtaining the following.

Theorem 3.2.5 (Irving and Rattan [20]). Let A = (A1,...,A\n) F n, and let 7 € Cy be
such that © has ezactly k fived points among the symbols {1,...,n — 1}. The number of
manimal star factorizations of m is

(n—i—m—?k—i— H )\

(n—k)

1<i<m

The approaches of both Pak, and of Irving and Rattan are combinatorial. The proofs
involve establishing a bijection between the sets of factorizations and certain sets of two-
coloured plane-planted trees, and then enumerating these trees. What is particularly inter-
esting about the result of Irving and Rattan is that the solution to the minimal transitive
star factorization problem does not treat the length of the cycle containing the distin-
guished element n differently from the lengths of the other cycles. That is, despite the
non-central appearance of the statement of the problem, the solution is in fact central.

The transitive star factorization problem was solved for all genera by Goulden and
Jackson [I1] in 2007. Let Cy; denote the set of permutations in Cy such that the element n
appears on a cycle of length 7. Let ¢4 5; denote the number of transitive factorizations of
7 € Cy; into n + m(\) — 2 + 2g star transpositions. The method of Goulden and Jackson
is to derive a differential equation for the generating series

uner 24-2g
29
E nt" x99z E ICxilConilni
k) g7 7/L \Z’
n>i>1, (n +m— 2 + 2 ) AFn,
m g>0 m(A)=m
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and then to obtain a solution of the equation. In this series, the indeterminates have the
following meaning:

e ¢ marks the size of the set on which the symmetric group acts,

u marks the number of factors,

x marks twice the genus of the covering surface,

z; marks a cycle of length ¢ containing n, and

y; marks a cycle of length ¢ not containing n.

The method used to obtain the differential equation for this series is called a Join-Cut
analysis because it is based on the observation that multiplication of a permutation by
a transposition (7, j) has the effect of either joining the cycles containing i and j into one
cycle, or splitting a cycle containing both ¢ and j into two smaller cycles. Specifically,
multiplying the permutation 7 by (i,7), the effect on the cycle(s) containing 7 and j is
either

(6, 7) (@, 7 (@), ..., w @) (G, 7 (), -7 (7)) = (@), 7 (6), g, (), - ()

(6,7) (6 7 (@), o m = (5), 4w (G), (@) = (6w (@), . () (G, w (), 7 (0). (3.5)

For the particular case of transitive star factorizations, Goulden and Jackson obtain
the following.

Theorem 3.2.6 (Goulden and Jackson [11]). Let

= t—tz Zz+1 + Z “YigT (9 + . Z jzlﬂa i0y;
i

i,7>1 4,51

Then
ov

AV = —.
ou

This equation is obtained by considering how the addition of the final factor in a
transitive star factorization affects the various parameters of the factorization. Suppose
(k,n) is the final factor in a transitive star factorization. One of the following three cases
occurs.
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1. The element k does not appear in any of the other factors in the factorization. In this
case, the removal of (k,n) results in a non-transitive factorization; however, it may
be regarded as a transitive star factorization in the symmetric group on the symbols
{1,...,n}\ {k}. Multiplying by (k,n) increases the length of the cycle containing n
by one, so this case corresponds to the term t%t Zizl ziﬂa%.

2. The element k does appear in one of the other factors, and when it is removed the
result is a transitive star factorization in which k£ and n appear on the same cycle. In
this case, multiplication by (k, n) cuts the cycle into two smaller cycles, one containing
k and the other containing n. This case corresponds to the term Zl i>1 Ziyj%_'_j.

3. The element k does appear in one of the other factors, and when it is removed the
result is a transitive star factorization in which k£ and n appear on different cycles.
In this case, multiplication by (k,n) joins the cycle into one cycle containing both n

2
and k. This case corresponds to the term 22y, 1] %4 8z88y
10Yj

Goulden and Jackson solve the problem by exhibiting a solution to the equation in
Theorem in terms of the series {(x) = 227! sinh(z/2).

Theorem 3.2.7 (Goulden and Jackson [11]). Let
= Z 206 (Quz )& (ux) 2ut 1,

=1
and let Z = t2W(2), and Y = &(ux)*u*W (y). Then
U= Ze".

The coefficients of this series may be expressed in terms of the functions ¢, defined by

Z M) =2¢ (7 )m(3) -

PA(x) = Hg (\i)

as follows:

Theorem 3.2.8 (Goulden and Jackson [I1]). Let A + n be a partition with m parts, and
let i be a part of \. Letr =n+m — 2+ 2g. Then

Coni = T! H&'[f]%(w) (3.6)
1>1
_ quw( )
ol g)\ BZW 1™ B, (B)12m2 By (B! - - - (3.7)

where & = [27]log(&(x)), g; is the symmetric function defined by q; = p; + p1 — 2, and 23
is the partition obtained from (8 by multiplying every part by 2.
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(The function ¢, often appears in the literature scaled by a factor of |Aut(A)|™!; how-
ever, for the purpose of the present discussion it is more convenient to omit this factor from
the definition.) The formula obtained by Goulden and Jackson is particularly notable be-
cause it does not depend on i: in other words, the transitive star factorization problem is
in fact a central problem. Goulden and Jackson posed the problem of finding a simple,
a priori proof of centrality of this problem; that is, a proof that does not rely on explicit
evaluation of the coefficients of the generating series. Such a proof is given in Chapter [
(A second proof was given independently by Féray [5].)

3.2.2 Non-transitive Powers of Jucys-Murphy Elements

A differential operator for the non-transitive star factorization problem may be obtained by
a straightforward adjustment of Goulden and Jackson’s argument for the transitive case.
Let ¢, ,; denote the number of factorizations of m € C,; into r factors, and let

- Z i_: Z ICxilErniGifani

r>0,  An,

n>1  iex
be the generating series in which x records the number of factors, g; records the length of
the cycle containing n, and the f-type indeterminates record the lengths of the cycles not
containing n. Since the first case in the proof of Theorem [3.2.6|only arises when transitivity
is required, this series satisifes the differential equation

oW

= AU
Oz ’
where 82
ij>1 ij>1 J

The initial condition for this equation is

‘If|x o—zg1f 1—f1

n>1

since the only factorizations having zero factors are factorizations of the identity. The
non-transitive analogue of the star factorization problem is important not only because it
is an example of a non-central problem, but also because in Chapter |5|it is shown that the
Join-Cut operator corresponding to a special case of the (p,q,n)-dipole problem bears a
striking similarity to the operator for non-transitive star factorizations.
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The non-transitive star factorization problem may be solved by using a result of Las-
coux and Thibon [30] which expresses power sum symmetric functions evaluated at Jucys-
Murphy elements in the standard basis for Z(n). The group algebra element encoding the
non-transitive star factorization problem is

J;; = pr(JQ, ey Jn) _pT(J27 ey Jn—l)-

The expansion for power sums of Jucys-Murphy elements in terms of the standard basis
for Z(n) is as follows.

Theorem 3.2.9 (Lascoux and Thibon [30]). Let n > 2 and r > 1. Then

bl )= S Y r!H)\i(n_:1;'—(:;1()\)>[xT]¢,\(I)K,\U1nk. (3.9)

1<k<r+1 Ak, i>1
m(A)<r—k+2

Lascoux and Thibon prove this result by analyzing a differential operator which corre-
sponds to multiplication by a power sum of Jucys-Murphy elements. (This method differs
from analyzing the operator given in because the problem of computing p,.(Ja, . . ., Jy),
being central, only requires one set of indeterminates, in contrast to the problem of comput-
ing J! via differential methods which requires both “f” and “¢g” indeterminates.) Chapter
contains an approach to computing J; that is an alternative to taking the difference of two
sums of the form given in Equation (3.9)).

3.2.3 The G-factorization problem

A natural generalization of the (transitive) star factorization problem is the following.

Problem 3.2.10 ((Transitive) G-factorization problem). Let G be a graph on vertez set
{1,...,n}, let m € &,,, and let r > 1. Determine the number of sequences (11, ...,7,) € &
which satisfy

1. T =,
2. (the group generated by {m,...,7.} acts transitively on {1,...,n}), and

3. each 1y, is a transposition of the form (i,7) where {i,j} is an edge of G.
Taking G to be the graph in which vertex n has degree n — 1 and every other vertex
has degree 1, this gives the (transitive) star factorization problem. There are two other

notable special cases of this problem. Setting G to be the complete graph on n vertices
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‘ Complete graph  Star graph Path
Transitive Central Central Non-central
Non-transitive Central Non-central Non-central

Table 3.2: Centrality / non-centrality of various versions of the G-factorization problem.

gives the problem of factorizations into transpositions which has been well-studied both in
its transitive form (see [8], [10], [9] and [12], for example) and its non-transitive form (see
[6], [22], [3] and [33], for example). Setting G to be a path gives the problem of enumerating
factorizations into adjacent transpositions, which was studied in its non-transitive form by
Stanley [41].

It is clear that, in the non-transitive case, the G-factorization problem is non-central
unless G is the complete graph. In the transitive case, given the centrality of the transitive
star factorization problem, the answer to whether or not the problem is central is less clear.
Table summarizes the answer to the question of centrality for various special graphs,
and for both the transitive and non-transitive cases.

An elementary argument may be used to show that, for many graphs G, the transitive
G-factorization problem is non-central. A complete characterization of the graphs G for
which the transitive G-factorization is central is not yet known. At present, the only graphs
for which this problem is known to be central are the complete graph and the star graph.

Theorem 3.2.11 (S.). Let G be a connected graph. If the complement of G contains a
Hamilton path, then the transitive G-factorization is non-central.

Proof. 1t suffices to show that there exists a full-cycle permutation which has a transitive
G-factorization into n — 1 transpositions, and another full-cycle permutation which does
not. In other words, the solution to this problem (regarded as an element of C[S,,]) is not
constant on the class C(,). Since G is connected, it has a spanning tree 7' containing n — 1
edges. Let 7q,...,7,_1 be the transpositions corresponding to the edges of T". Since each
transposition in this list is a “join,” then the product of this list of transpositions is a full
cycle.

Suppose, without loss of generality, that the Hamilton path in the complement visits

the vertices in the order 1, 2, 3, ..., n. It suffices to show that the full-cycle permutation
(1,2,...,n) admits no G-factorizations with n— 1 factors. To prove this, it suffices to show
that if 79, ...,7,_1 is a factorization of (1,2,...,n), then at least one of the 7, must be of

the form (7,7 4+ 1) for some 1 < i < n — 1 — and this edge does not lie in the graph G.
This is proven in the following.
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Lemma 3.2.12. Letn > 3. Suppose m € C(ny = 71 -+ - To—1 15 a factorization of a full cycle
into transpositions. Then there are at least two transpositions 1, = (iq, ja) and 7, = (iy, J»)
such that 7(i,) = jo and 7 (i) = Jp.

Proof. This result may be proven using induction on n. When n = 3, suppose that
m = (a,b,c). Then the only three factorizations of 7 into two transpositions are

(a,b,c) = (a,b)(b,c),
(a,b,c) = (c,a)(a,b),

and
(a,b,c) = (b,c)(c,a),

each of which satisfy the conclusion of the lemma.

Next, suppose that n > 4, and that @ = 71 --- 7,1 is a factorization into n — 1 trans-
positions. Let 71 = (i,7). Every transposition in this factorization must be a “join.” In
order for 71 to be a join, the disjoint cycle representation of 75 - - - 7, must consist of exactly
two cycles, one of which contains 7, and the other of which contains j. These cycles are
denoted by C; = (i,¢a,...,¢,) and C; = (4, ds, ... d,—i) respectively, with the notational
convention that ¢; =7 and d; = j. Then

™= (Z,j)OZCj = (Z, Co, ... ,Ck,j, dQ, Ce >dn—kz)- (310)

None of the transpositions 7, for 2 < ¢ < n—1 can be of the form (c,, dy), since the existence
of a transposition of this form would require some other factor to be a cut because ¢, and
dp end up on different cycles of 7 - - - 7;,_1. Thus, without loss of generality, we may assume
that

Ci=mm3 T

and

Cj = Tk+1" " " Tp—-1-
Furthermore, the number of factors in each of these two expressions is one less than the
length of the corresponding cycle.

If both C; and C; have length greater than 3, then by induction, there is at least one
transposition of the form (¢, ¢,+1) among the transpositions {7y, ..., 7}, and at least one
transposition of the form (dy, dpy1) among {7x41,...,7—1}. In light of the expression for
7 given in Equation , the result is proven in this case.

To finish the proof, the three remaining cases are examined as follows:
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o If one of the cycles, say Cj, has length 1, then C; must have length at least 3.
Applying the inductive hypothesis to C; yields one of the desired transpositions, and
the second is 71 = (j,14) since m = (4,5)(i,¢2, ... cn1) = (4,%,C2, ... Cpn_1).

e If both C; and C; are both of length 2, then the factorization of 7 is of the form

= (Zvj)(zv 02)<j’ dQ) = ('L.a 2,7, d2)7
so (i,¢9) and (j,dy) are the desired transpositions.

o If one of the cycles, say Cj, is of length 2 and C; has length strictly greater than 2,
then

™ = (Z,j)(l, Co,y ... Cnfz)(]’, d2) = (’l, Co, ... Cn,Q,j, dg),
so (j,ds) is one of the desired transpositions; the other is obtained by applying
induction to C;.

]

Applying this Lemma, at least one of the factors in a factorization of (1,2,...,n) must

be of the form (i,7 + 1), and since the edge {i,7 + 1} lies in the complement of G, there
are no G-factorizations of (1,2,...,n). O

This result demonstrates that for many graphs G, the transitive G-factorization problem
is a source of properly non-central problems.

3.3 Z-factorizations

This section introduces a natural non-central generalization of the Central Factorization
Problem (Problem [2.1.2)), called the Z;-factorization problem. The reason for selecting
this name will be made apparent in Chapter [4]

Problem 3.3.1 (The Z;-factorization problem). Given a permutation m € S,,, partitions
A i Enoand parts i, 5 of X and p respectively, determine the number of pairs of permuta-
tions (o1, 09) such that

1. o109 =,
2. o1 has cycle type \, with n appearing on a cycle of length i, and

3. o9 has cycle type pu, with n appearing on a cycle of length j.
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There are two main reasons for interest in this problem. First, as a natural general-
ization of Problem [2.1.2] it is important as a test of the effectiveness of the non-central
techniques developed in this thesis. Specifying the length of the cycle containing n is
the simplest non-central generalization of the central factorization problem; therefore, one
would expect that the problem would retain enough structure to be interesting. In this
respect, the Z;-factorization problem is the “next step up” from the central factorization
problem, and if the methods generalizing central techniques presented in this thesis are to
be considered successful, they should at the very least yield an approach to solving this
problem that is comparable to central methods. Given that the central version of Prob-
lem [3.3.1is considerably simplified when factorizations of a full cycle are being considered,
this is also a natural specialization to consider in the non-central case. Thus, it is natural to
ask whether there is a non-central analogue of Theorem [2.4.11] This question is addressed
in Chapter [7]

The second reason for interest in an algebraic solution to the Z;-factorization problem
is that it is reasonable to expect that the solution to such a problem will hint at future
combinatorial results on permutation factorization. Much like Shaeffer and Vassilieva’s
combinatorial proof [40] of a special case of Theorem [2.4.8, and Goulden and Jackson’s
combinatorial proof 7] of a special case of Theorem , it is reasonable to expect that
non-central analogues of these combinatorial constructions also exist. Giving an algebraic
solution to Problem m (particularly in the case when 7 is a full cycle) would provide an
important hint of what these analogues might be.

23



Chapter 4

Centralizers of C[G,)]

The first step in developing an algebraic approach to the non-central problems described in
the preceding chapter is to identify algebras which can play a role analogous to that played
by Z(n) in the case of central problems. The algebras which play this role are the centralizer
algebras of C[&,,]. Section uses the problems described in Chapter |3 to motivate this
choice, and presents definitions and elementary results pertaining to centralizer algebras.
Section [4.2] describes some important properties of these algebras. In particular, it contains
a description of how to construct the basis for a centralizer algebra in general, and gives
explicit constructions of the bases of two specific centralizers which play a prominent role
in this thesis. The problems of Chapter [3| are then encoded as products of these basis
elements. Finally, Section shows how the language of centralizers can be used to give
an a priori proof of centrality of the transitive star factorization problem.

4.1 Motivation and Definition

To motivate the choice of centralizers as the algebraic context for approaching non-central
problems, recall that Problem [3.3.1] can be solved by evaluating products of elements of

the form
> o (4.1)

ageCy,
n is on a cycle of o of length 4

From a combinatorial point of view, given any permutation ¢ € C, such that n appears
on a cycle of length i, any relabelling of its functional digraph that does not relabel the
element n will preserve both the cycle type and the length of the cycle containing n. In
algebraic terms, if 7 € &,, is such that m(n) = n, then the expression is invariant
under conjugation by m. Of course, the set of permutations fixing n form a subgroup of
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S, namely, &,,_;. Consequently, it is natural to consider the subset of C|[&,] consisting
of elements invariant under conjugation by a specified subgroup:

Definition 4.1.1 (Centralizer). Let 7 be a finite set, and let H be a subgroup of & .
The centralizer of C[S7| with respect to H is the set

Zy(T) ={g€C[&7] : 0907 =g foralloc € H}.

As a notational shorthand, if 7 = {1,...,n}, then Zy(7T) is denoted by Zg(n). If, in
addition, H = &y, for some k < n, then Zy(T) is denoted by Z,_i(n). The following
observations follow immediately from the definition of Zy(7) and are thus stated without
proof.

Lemma 4.1.2. 1. Zy(T) is a subalgebra of C[Sr].
2. Zy(n) is the centre of C[G,].
3. Zo(n) € Zi(n) C--- C Z,(n) = C[&,)].

The study of this subalgebra is motivated by the observation that the the problems of
Chapter 3| may be encoded by elements of Zy (7)) for appropriate choices of T and H.

Example 4.1.3 ((p, ¢, n)-dipoles). Recall that in order to solve the (p, ¢, n)-dipole problem,
it suffices to find an expression for the element

g = Z Z M Ta.

T EC(n), 7r2€C(n),
nf(n)=n—1 =¥ (n)=n—1

For any 0 € &y, 2}, note that

0'9071 = E E Jmaflamafl.

m€eCy),  mEC(y),
n¥(n)=n—1 =¥ (n)=n—1

.....

Since (om0 )P = onbo~! and both n and n—1 are fixed points of o, then (omo™)P(n) =
n—1if and only if 75(n) = n—1. Similarly, (cm071)%(n) = n—1if and only if 7{(n) = n—1,
so ogo~! = g. Consequently, g € Z(n).
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Example 4.1.4 (G-factorizations). Let G be a graph with vertex set {1,...,n}. To solve
the G-factorization problem, it suffices to find an expression for

g = Z Ty Tp.

Ti:(u,v)’

{uv}eE(G)

Let 0 € Aut(G). Since o(u,v)o™! = (o(u),0(v)), and {u,v} € E(G) if and only if
{o(u),0(v)} € E(G), then ogo~! = g. Consequently, g € Zau(c)(n)-

Example 4.1.5 (Powers of Jucys-Murphy elements). As an important special case of
Example [d.1.4] take G to be the graph in which vertex n has degree n — 1, and every other
vertex has degree 1. Then the element g is the 7" power of the Jucys-Murphy element J,,.
Since Aut(G) = &,,_1, then J! € Zi(n).

In addition to the combinatorial applications listed above, centralizers of C[&,,| are of
interest because of the role they play in an alternative derivation of the irreducible repre-
sentations of the symmetric group due to Okounkov and Vershik [35]. In their approach,
centralizers are used to prove the Branching Rule and the Murnaghan-Nakayama rule.

4.2 Properties of Centralizers

Having identified an appropriate algebraic context for studying the problems of Chapter 3]
the next step is to study the elementary properties of this algebra. The first task is
to identify a natural linear basis for Zy(n). This basis is natural in the sense that the
problems of Chapter 3| have a simple encoding as products of basis elements. Following the
construction of this basis is a description of some combinatorially natural transformations
relating various centralizers of the form Zg_(n).

4.2.1 A Basis for Zy(n)

Recall that sums over G,,-conjugacy classes form a basis for the centre of the group algebra.
This idea may be generalized as follows. Let x denote the action of conjugation by H on
S, i.e. xis defined by hxm = hrh™! for h € H,m € &,,. Let Oy,...,0,, denote the
orbits of G,, with respect to this action. Define the elements €2; by

QiIIZﬂ'

TeO;
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for 1 <i < m. A useful alternative expression for {2; is

Zh*ﬂ'

heH

1O
(h —
| H
where 7 is a fixed element of O;. (The notation O, and 2, will be used to denote the

orbit and group algebra sum, respectively, corresponding to the orbit containing 7.) First,
observe that for any h € H,

huh™ =Y hrh™' =) hxr=)Y m=Q,

we0; TeO; Te0;
so that Q; € Zy(n). Furthermore, since the orbits partition &, the set {;}i<i<m is
linearly independent.

To show that {€2;}1<i<m spans Zg(n), it suffices to show that for any g € Zg(n), if m
and 7y are in the same orbit, then [m1]g = [m2]g. Let h € H be such that my = h x 7.

Write g as
g= :E: grT.
€6y
Since hgh™! = g, then
[malg = [malhgh™ = [m2] Y gehx 7 = gr, = [m]g.

TeS,
This result is summarized in the following.

Lemma 4.2.1. Let H be a subgroup of &,,. Let O, ..., O,, be the orbits of &,, with respect
to the action of H given by hxm = hah™'. For 1 <i <m, let

f% = j{: .

Te0;

Then the set {Q;}1<i<m is a linear basis for Zy(n).

The set {€;}1<i<m will be referred to as the standard basis for Zy(n). By taking
H = &, this result specializes to the known basis for the centre of C[&,], since in this
case, the orbits of &,, with respect to the action x are conjugacy classes. Since many of
the problems of interest lie in Z;(n) and Z3(n), the bases for these algebras will now be
described more explicitly.
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Standard basis for Z;(n)

For Zi(n), the orbits of &,, with respect to &,,_; are of the following form.
Definition 4.2.2. Let A - n, and let 7 be a part of A. Define C,; by

Cyi:={0o €C, :nison acycle of length i}.

Consequently, the basis elements of Z;(n) are of the following form.

Definition 4.2.3. Let A Fn and let i be a part of A. Let

Ky, = Z .

WEC)HZ‘

By Lemma 4.2.1}
Lemma 4.2.4. The set {K);}arniex s a basis for Zy(n).

Notably, this basis for Z; (n) contains the Jucys-Murphy element .J,,; specifically, K3 1n-2) 2 =
Jn; hence, the non-transitive star factorization problem may be encoded in Zi(n) as
K{Q,ln,gm. Furthermore, Problem may be naturally encoded in Z;(n) as well. Let
[K),i|G denote the coefficient of K} ; in the element G € Z;(n). Then the following state-

ment is true.

Corollary 4.2.5. Let A\, u,v Fn, and let i,7 and k be parts of A, u and v respectively. If
m € Cy 1, then the solution to Problem s given by

[T K il = Kok KiK.

A further consequence of Lemma is that it leads to an elementary proof that Z;(n)
is commutative. Define the operator Inv : C[&,] — C[&,] by Inv(r) = 7! for 7 € &,
extending linearly to C[G,]. If G = > Gym and H = ) H,o are arbitrary
elements of C[&,,], then

€6y, ceS,

Inv(GH) = Z Z G.H,Inv(mo)

7!'6671, UEGn

= Z Z G,H,o ln~!

€6, 0€EG,

= Z H,o ! Z Gyr !

ce6, eSS,

= Inv(H)Inv(G).

Considering the action of Inv on the standard basis for Z;(n) leads to the following.
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Lemma 4.2.6. For any G € Z1(n), Inv(G) = G. Consequently, Z,(n) is commutative.

Proof. Taking the inverse of a permutation does not change its cycle type, nor does it
change the length of the cycle containing n, so Inv(K),;) = K,,;. Extending linearly to
Zy(n), we find that Inv(G) = G for all G € Z;(n). Thus, if G, H € Z;(n),

GH = Inv(GH) = Inv(H)Inv(G) = HG.
[l

Commutativity of Z;(n) is important, because it permits the construction of a basis
of orthogonal idempotents from which the connection coefficients for Z;(n) may be deter-
mined. This is done in Chapter [6]

It will, of course, prove useful to know the size of each &,,_;-orbit as well.

Lemma 4.2.7.
(n — D)lim; ()

[Aut(})]

ICril =

Proof. For each element in C,;, there are (7:11) choices for the elements on the cycle

containing n other than n, and (i — 1)! ways to order them on the cycle. There are |Cy\;]|
ways to choose the remaining cycles, so the total number of elements in C ; is

n—1\,. (n — D)lim;(A\)
(i_l)u—l)ucm: e,

Standard basis for Z(n)

The orbits of &,, with respect to conjugation by &,,_, may be categorized into one of the
two types, depending on whether or not n and n — 1 lie on the same cycle. The two types
of basis elements are defined as follows.

Definition 4.2.8. Let A F n, let ¢ be a part of A\, and let 1 < j < 4. Define the set

Ax(i,j) := {0 € Cy :n and n — 1 are on the same cycle of length i,07(n) =n — 1},

Ay(i,g) == Z o,

UGA)\ (17])

and let

with the notational convention that Ay(7,5) = 0 if ¢ is not a part of A, or if j > 1.
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Definition 4.2.9. Let A - n, and let ¢ and j be parts of A such that either ¢ # j or
m;(A) > 2. Define the set

By(i,7) :=={o € Cy : nis on a cycle of length i and n—1 is on a different cycle of length j}

B\(i,j)= Y o

UEBA(ZJ)

and let

with the convention that By(i,7) = 0 if ¢ and j do not satisfy the condition stated above.

With these definitions, the following Lemma is true.
Lemma 4.2.10. The set {Ax(7,7) }arnieni<i<i U {Br(%, J) Farniije A 15 a basis for Zy(n).
Bases for Z(n) for £ > 3 may be defined in a similar manner (see [35]), though centralizers
corresponding to larger values of k£ are not used in this thesis.

With this notation in hand, it is now possible to express the solution to Problem [3.1.1
as a product of standard basis elements for Z,(n).

Corollary 4.2.11. Let 7 € G,,, and let 1 < p,q < n — 1. Then the number of labelled
(p, q,n)-dipoles with face permutation 7 is given by

(7] Ay (1, @) Ay (0, p).-

It is worth noting that Z3(n) is not commutative. For example,

Ay(5,2)Aa3)(2,1) = [(51423) 4 (51432) + (52413) + (52431) + (53412) + (53421)](45)
(14)(235) + (14)(253) + (24)(135) + (24)(153) + (34)(125) + (34)(152)

= B(3,2) (37 2)a

but

A2, 1) A5 (5,2) = (45)[((51423) + (51432) + (52413) + (52431) + (53412) + (53421)]
— (234)(15) + (243)(15) + (134)(25) + (143)(25) + (124)(35) + (142)(35)
— Bis2)(2,3).

The fact that Z5(n) is not commutative means that it does not have a basis of orthogonal
idempotents, so one of the main techniques used to study the connection coefficients of
the centre does not have an analogue in Zs(n). The effect of interchanging the order of
multiplication in Zy(n) can be determined by considering he action of Inv on the standard
basis, as follows.
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Lemma 4.2.12. Inv(A,(4, 7)) = Ax(i,i — j) and Inv(Bx(i,7)) = Ba(3, ).

Proof. To invert a permutation in disjoint cycle notation, reverse the cycles. Consequently,
if € By(4,7) then 7! € By(i,7), and if 7 € A(4,7) then 7= € Ay(i,i — j), from which
the result follows. m

Lemma 4.2.13. The following relations among the basis elements of Zy(n) hold.

1. A\(i,5) A7, 5") = Inv(A,(>7, 3" — j')Ax(i, i — 7)),
2. Ax(i,j)Bu(i', ") = Inv(B,(7, j')Ax(3,i — 7)), and

3. Ba(i,4)Bu(i', ') = Inv(B(', j') B(i, §)).
Proof. For the first relation, we have

A(i, )AL, §') = InvInv(Ax(i, ) A (i, §))
= Inv(Inv(A, (7, j')Inv(Ax(, §)))
=Inv(A,(7,i" — 7 )Ax(i,1 — 7)).

The other relations are proven similarly. O

The size of the orbits of &,, with respect to conjugation by &y . ,—2) may be obtained
in a manner similar to the proof of Lemma [4.2.7, so a proof has been omitted.

Lemma 4.2.14.

(A 5)] = %
and 2]
B = T i)

4.2.2 Relationships between different centralizers

This section discusses some of the natural relationships between centralizers of various
types. Although many results in this section may seem intuitively obvious, detailed proofs
are given because having precise definitions of the operators involved can be used to give
an a priori proof of centrality for the transitive star factorization problem. For any a C
{1,...,n} such that |o| = k, there is a natural isomorphism between Zg_(n) and Z,_j(n)
obtained by “relabelling” the elements of the set « to {1,...,k}. Consequently, in order to
study centralizers with respect to subgroups of the form &,, it suffices to study Z,_(n).
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To make this notion more precise, suppose the elements of a are a3 < as < --- < ay,
and that the elements of {1,... ,n}\ a are f; < fs < -+ < B,_x. Given a permutation
m € &,_y, define the permutation o, , in one-line notation by

Oqr = 0102 ... akﬁw(l) to Bﬂ'(n—k)v

and let T, » : C[S,] — C[S,] be the linear transformation defined by

Tomr (P) - Ua,wpo-;;r

for p € &,,. This operator preserves group multiplication, and it is clear that this is
invertible (indeed, T (p) = 04 %p0a.r), 50 Tox is an algebra automorphism of C[&,,].

To show that Zg,(n) is isomorphic to Z,_x(n), it suffices to show that the image of
Zn—k(n) under any Ty . is Zg,(n), and that the image of Zg, (n) under T, is Z,_(n).
Each basis element of Z,,_j(n) is of the form

Q=>" ppop™"
pEGE

for some permutation py. Then

Ta,TrQ = Z Ua,rrppopila;lr

pESK

=" (00rposl) (Campoosl) (Gamposlt)”

pESK

Let p' = 04rpo, . Since p fixes {k+1,...,n} if and only if p fixes {1,...,n} \ o, then

Ta,ﬂQ = Z Pl (O—a,ﬂpﬂa(;;r) p/_la

p'eEGy

which is a basis element of Zg_(n). Showing the reverse inclusion is similar, thus the
following result holds.

Lemma 4.2.15. Let 1 <k <n andlet « C{1,...,n}, with k = |a|. Then
Tor: Znk(n) = Zs,(n)

is an algebra isomorphism for any m € Gp,_jq).

Since T,  is an isomorphism for any choice of 7, it is useful to also consider the trans-
formation obtained by “averaging” over all choices of 7, namely, the linear transformation

This leads to the following result.
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Corollary 4.2.16. Let « C {1,...,n}, with |a| = k. Then
T, : Zn,k(n) — Z@a (n)

1S a vector space isomorphism.

It should be noted that when |a| > k, the operators T, . and T, are still well-defined,
although they are not isomorphisms.

Recall that centralizers with respect to a given subgroup H are naturally included in
the centralizers with respect to any subgroup of H. In particular,

Z(n) C Zi(n) C Za(n) C --- Zy(n) = C[G,,].

Any &,-orbit can be partitioned into Gy-orbits for any £ < n — thus, an element of
Z(n) can be regarded as an element of Z,,_;(n) which is the sum of the G-orbits forming
said partition. Conversely, there is a natural linear transformation from Z,_(n) to Z(n)
obtained by sending the basis element of Z,_;(n) corresponding to the Gy-orbit O to the
basis element of Z(n) corresponding to the &,-orbit containing O. This transformation
can be described in terms of the transformations 7,, as follows.

Suppose that

Q. = —’(Z;J Z omo !

ceS,

is a basis element of Z,_(n). Under the transformation described in the preceding para-
graph, if m has cycle type A, this element maps to

Cx _
KA=|n—,|Zmrp '

T pEG,

in Z(n). A standard result from bijective combinatorics associates a permutation p € &,
with a triple (o, p1, p2) where « is the k-element subset of {1,...,n} obtained by applying
p to {1,...,k}, p1 is the permutation of &, which gives the ordering of « in the first k
positions of the one-line notation for p, and p, gives the ordering of {1,...,n} \ @ among
the last n — k positions of the one-line notation for p. Under this bijection, p = 04,01, S0
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that

Cx _
KA=|n—,|Zp7rp !

) pEG,

_ |C>\| -1 _-1
- n Oa,p P17 P Oa,p9

" ac{l,...,n}, p1€G) P26,

C
N e

aC|{1‘ ,,,,, n}, p2€6,_g p1€6y
al=k
ICA|(n — E)!K!
=0 T (2,).
oy 2 Tl
oaCl{1|,:];n}

permits the following statement relating the centralizers with respect to G,,_ to the centre
of C[&,,].

Lemma 4.2.17. Let k <n, and let g € Z,_(n). Then Tx(g) € Z(n). In particular, if O
is the &,,_g-orbit containing ™ and ), = Zaeoﬂ o, then

n\ O,
- ()2

where X is the cycle type of .
One special case of this Lemma is worth additional attention. If A - k& for some k£ < n,

then the element K, of the centre Z(k) may also be regarded as an element of the centralizer
Zn—k(n). Applying the preceding lemma to K, yields the following.

Corollary 4.2.18. Let A\F-k <n. Then

(n — k)lmy(A)!

!
Tw(Ky) = ( Kyin—k.
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4.3 Centrality of the Transitive Star Factorization Prob-
lem

The elementary results regarding centralizer algebras which were developed in the preceding
two sections may be used to provide an a priori proof of the centrality of the transitive
star factorization problem. This proof uses a more general definition of the Jucys-Murphy
elements than that given in Section [2.3] Let oo C {1,...,n — 1}. Define

Jn(a) = Z(z,n)

[Ite]

In this notation, J,, = J,({1,...,n—1}). The proof begins with the observation, appearing
in Goulden and Jackson’s paper [I1], that the principle of Inclusion-Exclusion may be used
to obtain the following expression for transitive powers of Jucys-Murphy elements:

> (=R =1\ o) (4.2)

ae{l...,n—1}

Recall that a factorization into star transpositions is transitive if and only if it involves
every star transposition at least once. The element J,({1,...,n — 1} \ a)" gives all fac-
torizations which fail to include every (in) for i € «; thus, Expression corresponds
to factorizations which include every star transposition. These are precisely the transitive
factorizations. By a change of index, Expression can also be written as

> (=l () (4.3)

ae{l...,n—1}

The element J,(«) lies in Zg_ (n); thus, so does J,(«)". By Corollary 4.2.16} if |a| = k,
Jn(a)" can be regarded as the image under 7, of an element of Z,,_j(n). Indeed, for any
T € By, Jn(a) = Touinyx(Jr+1), so (@.3) becomes

Z Z (_1)n_1_kTaU{n}Jl:+1'

1<k<n-1ae{l..,n—1},
|a|=k

However, J;,, may be expressed as the difference of two power sum symmetric functions
in the Jucys-Murphy elements. Hence, this expression becomes

Z Z (_l)n_l_kTaU{n} (pr(J27---aJk+1) —pT(Jg,...7Jk)),

1<k<n—1ae{l...,n—1}
laf=k
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adopting the notational convention that when k = 1, p.(Ja, ..., Ji) = 0. Rearranging this
sum gives

T{l,...,n} (p'r(J27 BRI Jn))

+ Z (_1)”*1*]6 Z Tau{n} + Z TﬁU{n} pT(J2> L Jk+1>-

1<k<n—2 aC{l,..n—1} BC{l,...n—1}
o=k |Bl=k+1

Since p.(Ja, ..., Jry1) € Z(k+ 1), it is an element of Z,,_,_1(n). Thus, if |3| = k + 1, then
Tﬂu{n}pr(J27 ey Jk+1) = TBpT(JQ, ceey Jk+1). Indeed, if ﬁ = {ﬁl < ﬁg < -0 < 6k+1}, then
for any 1 < k + 1,

Consequently, the expression for transitive star factorizations becomes

Z (_1)n_1_ka+1(pr(J2, ooy k)

1<k<n-—-1

By Lemma [4.2.17] this expression lies in the centre of C[S,,].

A second a priori proof of centrality of the transitive star factorization problem was
given independently by Féray [5] using the semigroup algebra of partial permutations
introduced by Ivanov and Kerov [27]. This algebra is spanned by pairs of the form (7, A)
where A is a set of positive integers and 7 is a permutation of A. Multiplication in this
algebra is done according to the rule

(71, A1) (T2, A2) = (mima, A1 U A).

Feray defines analogues of the Jucys-Murphy elements in this algebra, called partial Jucys-
Murphy elements, and shows that symmetric functions in these elements are invariant under
the group action

T (m, A) = (tar 1, 7(A)).

Centrality is then deduced by applying the transformation (m, A) — 7. An advantage of
Féray’s approach over the one presented in this chapter is that it allows the formula for
the number of transitive star factorizations to be deduced from Lascoux and Thibon’s [30]
expression (see Theorem for power sums of Jucys-Murphy elements.
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Chapter 5

Differential Operators for the
(p, q¢,n)-dipole problem

This chapter begins the development of techniques to solve the non-central problems de-
scribed in Chapter[3] It is an account of how a Join-Cut argument may be used to determine
a partial differential equation whose solution, in turn, can be used to determine the gener-
ating series for the (p, ¢, n)-dipole problem. The approach developed here is a result of the
synthesis of two ideas. The first, due to Kwak and Shim [29], is a Join-Cut approach to the
ordinary dipole problem; this is described in Section [5.1} The second idea, originating in
Goulden and Jackson’s approach to enumerating transitive star factorizations as described
in Section [3.2] is to record non-central information via the introduction of an additional
set of indeterminates.

Section [5.2] gives the differential equation corresponding to a specific case of the (p, ¢, n)-
dipole problem when ¢ is fixed to be n — 1. The form of this differential equation suggests
that, although the general (p,q,n)-dipole problem is encoded as an element of Zy(n),
the special case of (p,n — 1,n)-dipoles may be encoded in Z;(n). This observation is then
given an algebraic explanation in addition to the combinatorial one by providing an explicit
encoding of the problem in Z;(n).

Section [5.3]is an account of a generalization of the approach used in Section [5.2] to deal
with the (p, ¢, n)-dipole problem in general. This section introduces a refinement of the
problem, namely, the (a, b, ¢, d)-dipole problem, and describes a pair of differential equa-
tions. The first equation determines the generating series for (a,b,0,0)-dipoles, which is
used as the initial condition for the second equation, which then determines the generating
series for the (a, b, ¢, d)-dipole problem.
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5.1 The differential approach to ordinary dipoles

The technique for analyzing (p, ¢, n)-dipoles used in this chapter is based on a technique
used by Kwak and Shim [29] to analyze ordinary dipoles in locally orientable surfaces.
This section contains an overview of their method when restricted to to the orientable
case. Given a partition A = (A1,...,\,) F n, recall that fy = [[,<,,, f),- Let D,, denote
the set of labelled dipoles on n edges, and define the polynomial D,, by

— Z u29(D)f,\(D).

DeD,,

(Recall that A(D) is the half-face-degree sequence of D.) Kwak and Shim relate the
polynomial D,, to the polynomial D,,_; by observing that every dipole with n edges may
be obtained by adding an edge to a dipole with n — 1 edges, possibly with the addition of
a “handle” to the underlying surface.

Suppose D is a dipole with n — 1 edges, with half-face-degree sequence \. If an edge is
to be added to D, its position is determined by selecting one of the n — 1 corners incident
with the root vertex, and one of the n — 1 corners incident with the non-root vertex. There
are two cases to consider. If these two corners are part of the same face (having degree
j) then the new edge lies entirely within that face and cuts it into two smaller faces, say
of degree i and j — i + 1 for some 1 < ¢ < j. There are m;(\) choices for the face of
half-degree j, and j choices for the corner to which the one end of the edge is added. (The
location of the other end is then determined by the choice of i.) The two faces may be
distinguished, for example, by identifying the face of degree i as the face encountered when
moving counterclockwise from the new edge around the root vertex. Thus, edges which
cut a face in two correspond to the linear operator

C’dipoles : f/\ = ij f Z fzfj i+1-
I

7>1 <:<j

The second case occurs if the two corners are on different faces, say of degrees i and j.
Adding an edge whose ends lie in two different faces necessitates the addition of an extra
handle to the surface in which the dipole is embedded, increasing the genus by two. The
two faces are then joined to form a larger face of half-degree ¢ + 7 + 1. If ¢ and j are
different, there are m;(A)m;(\) choices for the two faces, and ij choices for the position of
the ends of the new edge. If ¢ = j, the condition that the faces be distinct means there
are m;(A\)(m;(A\) — 1) choices for the two faces, and % choices for the position of the ends
of the new edge. Thus, edges which join two faces correspond to the linear operator

it > 3 Oy )i PR 4 5 ) - P
i,5>1, v i>1

i#]
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In this notation,
Dn - (Cdipoles + U2 Jdipoles>Dn—1

when n > 2. Starting with the initial condition D; = f;, Kwak and Shim give explicit
expressions for D,, for small values of n by repeatedly applying the transformation Cgipoles +
Jdipoles'

While Kwak and Shim regarded C' and J as algebraic substitutions, these operations are
more conveniently expressed as differential operators. The cut operator can be expressed

as
Cipoles = Y _ ( > fifj—i+1> 1%7

5>1 \1<i<j

and the join operator can be expressed as

. 0?
Jdipoles = Z @]fi+j+1m-

4,521
The formal power series D = ano Dnﬂ‘% then satisfies the partial differential equation

oD

% - (Cdipoles + u2 JdipoleS)D7

which is obtained by multiplying the equation (Caipoles + % Jdipoles) Dn—1 = Dy, by (“;‘;%2),

and summing over n > 2. The initial condition is D|,—q = D;.

5.2 Differential Operators for the (p,n — 1,n)-dipole
problem

The Join-Cut analysis of ordinary dipoles may be extended to deal with (p, ¢, n)-dipoles by
introducing indeterminates to keep track of extra “non-central” information. It is necessary
to consider how these indeterminates are affected by the addition of an edge to a dipole.
This section concentrates on a special case, in which ¢ is fixed at n — 1. By the symmetry
of the problem, this is equivalent to enumerating (n — p, 1, n)-dipoles (which is the version
of the problem which satisfies Visentin and Wieler’s [45] condition that p+ ¢ < n), though
it is more convenient for the present purpose to adopt the convention that ¢ = n — 1. An
alternative perspective on (p,n — 1,n)-dipoles is that they are, in the language introduced
in Chapter , the set of all dipoles having no edges with an end in Region 4. (The diagram
illustrating the definition of the various regions has been copied to this chapter as Figure

for the reader’s convenience.)
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Figure 5.1: Notation for the regions into which the neighbourhoods of the vertices of a
rooted dipole with a second distinguished edge are divided.

The root face of a rooted dipole is the face encountered when moving counterclockwise
from the root edge around the root vertex, and the root corner is the corner of this face
which is incident with both the root edge and root vertex. Let (D) denote half the degree
of the root face of the rooted dipole D. The case of (p,n — 1,n)-dipoles is important for
two reasons. First, it provides useful clues about how to proceed with the more general
analysis. Second, the form of the differential equation for (p,n —1,n)-dipoles suggests that
the problem is “less non-central” than it initially appears.

Let (D)—1 (D)—p(D)
Vo i 29(D)
U = “0), T
I;a, (p(D) = 1! (n(D) —p(D)1" 7 (D) A(D)\r(D)
q(D)=n(D)-1

be the generating series for all (p,n — 1,n)-dipoles in which g; marks a root face of degree
2i, and f; marks a non-root face of degree 2i. Let

U, =(p— 1)y v

be the generating series corresponding to a specified value of p. Deleting the edge of a
(p,n—1,n)-dipole which is nearest to the root edge in a counterclockwise circulation of the
root vertex results in a (p—1,n—2,n—1)-dipole, possibly in a surface of lower genus. Thus,
all (p,n — 1,n)-dipoles may be obtained by adding a single edge to a (p —1,n — 2,n — 1)-
dipole such that one end of the new edge lies in the root corner. The other end of the new
edge must lie in Region 3, for otherwise the result would be a (p,n — 2, n)-dipole. Thus, in
order to determine W, from W,_,, it suffices to classify the dipoles resulting from this edge
addition according to the degree of their root face and the degree sequence of the non-root
faces.

As in the case with ordinary dipoles, two cases must be considered. Suppose that a
(p — 1,n — 2,n — 1)-dipole is marked with the monomial g;f\. The end of the new edge
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which is affixed to the root corner is necessarily on the root face, marked by g;. Suppose
that the other end of the new edge is also affixed to a corner of the root face. In this case,
the root face is cut into two smaller faces — a replacement root face of half-degree j + 1,
and a new non-root face of half-degree i — j for some 1 < j <7 — 1. (The case in which
the replacement root face has half-face-degree 1 is absent because the root face could only
be a digon if the new edge had one end in Region 4, which is forbidden by the restriction
that ¢ = n — 1.) Hence, this case corresponds to the cut operator

C .= Z Z ngrlfz ja ZZglJrlfja

i>2 1<j<i—1 i>1 j>1 ”7

The second case to consider is the one in which the ends of the new edge are affixed to
a corner on the root face (say, of half-degree i) and a non-root face (say, of half-degree j).
The location of the end affixed to the root face is determined by the restriction that the
new edge be added at the root corner. On the other hand, there are j choices of a corner
to which to affix the other end. The addition of the new edge necessitates the addition of
a handle to the underlying surface, and joins these two faces into one larger root face, of
half-degree 7 + 5 + 1. Thus, this case corresponds to the join operator

J = ZZ]QH—]-H@ ﬁf]

i>1 j>1

Let A = C + u?J. Then
v, =AV, (5.1)

when p > 2. The p = 1 case forces the root face to have half-degree 1, so that

xn(D)—l

2g(D
U, = \I”yzo = Z mu o )glf)\(D)\l-
DeD,
q(D)=n(D)-1
p(D)=1

Since the root face may be contracted to a single edge, which may then be designated as
a root edge, this series becomes

n(D)
xr
Uy =¥, =x Z n(D),UQQ(D)f,\(D),

DeD

the series for ordinary dipoles, which was determined in Chapter [2| using central methods
(see Lemma [2.4.9). Multiplying Equation (5.1 by y?=2/(p — 2)!, summing over p > 2, and
using the fact that OV, /0y = 0 yields the following.
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Theorem 5.2.1 (S.). The generating series for (p,n — 1,n)-dipoles is the unique solution
to the partial differential equation
ov
AV = —,
Ay

with initial condition

Uly—o = g1 L ((1 +y)! (exp (Z xiu;_lfi(l — (—W)) — 1)) .

(Here, and in proofs of other similar results, uniqueness follows from the fact that the
coefficients of W are completely determined from the initial condition and the recurrence

of Equation (5.1]).)

An unexpected consequence of this result it that the recurrence given in Equation
relies on only one piece of non-central information — the degree of the face containing
the corner labelled with n. In other words, despite initially appearing to lie in Zy(n),
Theorem suggests that the (p,n — 1, n)-dipole problem is closer to being central than
it seems, and that there should be a method to solve it using Z;(n). This observation
is significant, because the commutative algebra Z;(n) is substantially easier to work with
than the non-commutative Z(n). Of course, although Theorem suggests that there
exists a Z;(n) encoding for the (p,n — 1,n)-dipole problem, it does not provide such an
encoding explicitly.

A Z,(n)-encoding of the (p, n—1, n)-dipole problem can be found by revisiting the proof
of Lemma [3.1.2]l The strategy is to encode a dipole not by its pair of vertex permutations,
but rather by the vertex permutation v corresponding to the non-root vertex and the
face permutation p, isolating those pairs for which vp~! gives a root vertex permutation
corresponding to a specified value of p. In this approach, it is notationally more convenient
to consider dipoles in which the ordinary edges are not labelled, and which can therefore
be given a canonical labelling. Specify a canonical cycle C), for the vertex permutation at
the root vertex with the property that C? (n) =n—1, say

Cp=(n,1,....,p—1,n—1,p,....,n—2).

Using the encoding of a dipole as a pair of vertex permutations, the number of (p,n—1,n)-
dipoles with face permutation 7 is given, in the notation of Definition [4.2.8] by

[T Ay (n,n — 1)C.

What makes this expression “close” to being in Z;(n) is the fact that

Amy(n,n —1) = Z o= Z on,n—1)=Kg_11y1(n,n—1).

Uec(n)v o—ec(nfl,n)v
o Y (n)=n—-1 o(n)=n
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The presence of the permutation C,, is still a barrier to doing this computation in Z;(n),
but this can be rectified via the observation that

[T Ay (n,n —1)C, = [C_l]ﬁ_lA(")(n’ n—1).

P

(This is the algebraic statement corresponding to the combinatorial observation that en-
coding dipoles as a face/vertex permutation pair is equivalent to encoding them as a pair
of vertex permutations.) Thus, if S C &, then the number of (p,n — 1, n)-dipoles whose
face permutation is an element of S is given by

Z[W]A(n)(n, n—1)C, = Z[C;I]W_IA(n) n,n—1) (Z T ) (n—1,1),1(n,n —1).

TesS TesS TeS

Thus, whenever the set S is invariant under conjugation by &,,_1, the product

(Zﬂ- > K(n 1,1),
Tes

may be computed within Z;(n), instead of Zy(n).

It remains to determine the effect on Z;(n) basis elements of multiplication by the
transposition (n,n — 1) and extraction of the coefficient of C- 1. Since every basis element
of Z1(n) can be expressed as a sum of basis elements in Zy(n),

[C K = 1) =[G Y Ax(if)(nn = 1) +[C, '] Y Ba(i, j)(n,n —1).
1<j<i-1 jEA:

If n and n — 1 are on the same cycle, multiplication by (n,n — 1) cuts this cycle in two. In
particular, no full cycles can appear in the product A, (i, 7)(n,n — 1), so the first sum in
this expression is zero. If n and n — 1 are on different cycles, multiplication by (n,n — 1)
will join them into one cycle, i.e.

Ba(i,7)(n,n = 1) = Ax\figyogi (6 + 7, J)-
Thus,
(G, K i(n,n = 1) = [Cy A gyuen (6 + 3, 9)
{1 if A= (p,n—p)andi=p,

0 otherwise
= [K(p,n—p),p]KM'

Combining these facts gives the following encoding for the (p,n — 1,n)-dipole problem in
Zl (n)
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Lemma 5.2.2 (S.). Let A+ n, and let i be a part of \. Then the number of (p,n — 1,n)-
dipoles (with unlabelled ordinary edges) having face degree sequence 2\ in which the root
face has degree 2i is given by

[K(p,n—p),p] K)\,iK(n—l,l),l .

The existence of this encoding for the (p, n— 1, n)-dipole problem indicates that a more
thorough study of Z;(n) is warranted, in order to develop the tools necessary to analyze
the product K(,1,1)1/. These tools are developed in Chapter [6} and in Chapter [7] they
are used to solve the (p,n — 1,n)-dipole problem for all orientable surfaces.

Although the Z;(n) encoding of the (p,n — 1, n)-dipole problem given in Lemma [5.2.2]
is the most useful one for solving the problem algebraically, there are some questions which
it does not answer. Typically, Join-Cut behaviour is observed when iterated multiplica-
tion by transpositions is involved, and Lemma does not involve transpositions. The
resemblance between the operator C'+u?J for the (p,n—1,n)-dipole problem and the oper-
ator given in Equation for the non-transitive star factorization problem suggests that
there should be an encoding for the (p,n — 1,n)-dipole problem involving Jucys-Murphy
elements. The relationship between Jucys-Murphy elements and the (p,n — 1,n)-dipole
problem may be identified by determining an algebraic recursion for the (p,n — 1, n)-dipole
problem, which can be used to give a second proof of Theorem [5.2.1] as sketched below.
The verification of each of the following facts is routine.

e The element A, (n,n — 1) may be obtained from Ag,_1)(n — 1,n — 2) by relabelling
n — 2 ton — 1, relabelling n — 1 to n, and then multiplying by the Jucys-Murphy
element J,_5. Thus,

A(n)(n, n — 1) = Jn,an(A(nfl)(n — 1, n — 2))
where R, is the linear relabelling operator defined by
R,(m)=(n—2,n—1,n)r(n,n—1,n—2).
e The element A, (n,p) may be obtained from Ag,_1)(n — 1,p — 1) by relabelling
according to R,, multiplying on the right by (n — 2,n) to insert the symbol n — 2

immediately after n on the cycle. This results in an element of Z3(n). Thus, summing
over relabellings of n — 2 to j for 1 < j < n — 2 gives an element of Zy(n):

A(”)(”ap) =T (RH(A(n—l)(n - 17p - 1))(” - 27”)) ’

where T is the linear operator defined by

T(r)= Y (.n—2x(n-2).

1<j<n—2
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e Since Ay, (n,n —1) € Zy(n), then

A(n) (n,n — 1)A(n) (n,p)
= T(A(n) (n,n — 1)RH(A(H—1)<n —1Lp—1))(n—2,n))
= T(JanRn(A(n—l)(n - 17 n-— Z)A(n—1)<n - 17p - 1))(” - 27 n))7

which expresses the algebraic encoding for (p, n—1, n)-dipoles in terms of the algebraic
encoding for (p — 1,n — 2,n — 1)-dipoles.

e Equation (j5.1)) can then be obtained by applying the transformation
Cbl,n YIS gr(ﬂ)fé(ﬂ)\r(w)y

where r(m) is the length of the cycle of m containing n, to this recursion. A second
proof of Theorem can now be obtained by using the fact that ®,, T = &,
since the conjugations done by T do not change the length of the cycle containing n,
and making an argument similar to the one for non-transitive star factorizations.

5.3 Differential Operators for the (p, ¢, n)-dipole prob-
lem

5.3.1 A refinement of the problem: (a,b,c,d)-dipoles

In order to enumerate (p,q,n)-dipoles, it will be helpful to consider a refinement of the
problem which classifies the non-root, non-distinguished edges of a dipole D into one of
four possible types, defined as follows.

e An a-edge is an edge whose ends lie in Regions 2 and 3.
e A b-edge is an edge whose ends lie in Regions 1 and 3.
e A c-edge is an edge whose ends lie in Regions 2 and 4.

e A d-edge is an edge whose ends lie in Regions 1 and 4.

These definitions are illustrated in Figure [5.3.1] Let a(D),b(D), c(D) and d(D) denote the
number of a,b,c and d-edges of D, respectively. The p and ¢ values of a dipole can be
recovered from this information via the observation that

p(D) =b(D)+d(D)+1
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Figure 5.2: Classification of the ordinary edges, indicated by thickened lines, of a rooted
dipole with a second distinguished edge.

and
q(D) =a(D)+b(D) +1.
The total number of edges in a dipole is
n(D) = a(D) + b(D) + ¢(D) + d(D) + 2.

To enumerate dipoles with respect to the number of a, b, ¢ and d edges, label the corners
of the dipole in Region 1 with a black dot, e, and the corners in Region 2 with a white
dot, o. This associates a unique binary string R(D) to the root face, namely, the string
encountered during a counterclockwise boundary walk of the root face, starting at the root
corner. Given an element S € {e,0}* let (5) denote the multiset of cyclic shifts of S. For
example,

(cece) = (eceo) = {20e0e, 2e0e0}.

Such a set shall be referred to as a cyclic binary string. Let S(e,0) denote the set of
all cyclic binary strings on the symbols e and o. Each non-root face of a dipole may be
associated with the cyclic binary string encountered during a counterclockwise boundary
walk of the face. Let A(D) denote the multiset of cyclic binary strings corresponding to
the non-root faces of D.

Consider two infinite sets of indeterminates: {gs}secfeo}+, indexed by binary strings,
and {f(s)}(s)es(e0), indexed by cyclic binary strings. Let fap) = [l(seap) fis)- The
generating series for (a, b, ¢, d)-dipoles is

v gD D) DAY eD)
=2 (@(D) + )1o(D)! (c(D) + D))" " 9r(D) [aD)-

DeD

The number of (p, ¢, n)-dipoles may be recovered from this series as a sum of coefficients.
Sincec+d=n—qg—1,p=b+d+1, and a = ¢ — b — 1, the sum over all values of a, b, ¢
and d corresponding to fixed p and ¢ is

> (n—q—1)l(g—b)! " yPwr T

0<b<p—1
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5.3.2 Differential equations for the (a,b, ¢, d)-dipole problem

The strategy for analyzing the generating series W is as follows.

1. By considering the deletion of edges having an end in Region 4, obtain a differential
equation for ¥” whose initial condition is the series W’ for (a, b, 0, 0)-dipoles, namely,

» Z gaD)+1 g b(D) 20(D) ;
Z (a(D)+1)!H(D)! (D)JAD)
e(D)=d(D)=0

2. By considering the deletion of b-edges, obtain a differential equation for the (a, b, 0, 0)-
series W' whose initial condition is the series for (a, 0,0, 0)-dipoles.

3. Since (a, 0,0, 0)-dipoles can be regarded as a regular rooted dipoles with a “doubled”
edge, this series may be computed using central methods.

The partial differential equation which determines ¥ may be obtained by an argument
similar to that of the proof of Theorem [5.2.1] The resulting equation is as follows.

Theorem 5.3.1 (S.). The generating series V' for (a,b,0,0)-dipoles is the unique solution
to the partial differential equation

oV’
C/+ 2Jl \I// — ,
(© +ut ) = 2
where
, 0
C' = Z Z gR1~~-Rif(R1R¢+1"'R4(R)) a_
Re{o,0}* \2<i</(R) IR
and

;L 0’
J = Z Z SGZ(S) 9RR. S 8gRaf(S) )

Re{o,e}* (5)€S(0,0)

with initial condition
(D)

n(D)!

u* P frip)

Vy—o = go Z

DeD

where N'(D) = (o™, 0?2 .. o*m) when D has face degree sequence (21,2Xa, ..., 2 ).
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Figure 5.3: A new b-edge, indicated by the thickened edge, is added to an (a, b, 0, 0)-dipole
in a way that cuts the root face, marked by the indeterminate geoceeo into two faces, one of
which is a new root face marked by gec0, and the other of which is a non-root face marked
by f(..o.). The dotted lines indicate other possible valid choices for the new b-edge.

Proof. Let W, = b![y’]¥’. As with the proof of Theorem [5.2.1} it suffices to show that
U, = (C' +u*J)V_,

for b > 1. The set of all (a, b, 0, 0)-dipoles is generated uniquely from the set of (a,b—1, 0, 0)-
dipoles by adding a b-edge e such that one end of e is affixed to the root vertex at the root
corner of the dipole. Suppose that D is a (a,b — 1,0, 0)-dipole encoded by the monomial

u*gg H Jistys

where R = R; ... Ryr). The operators C' and J’ may be obtained by considering how this
monomial changes when e is added to D. The analysis splits into two cases depending on
whether the non-root end of e is added to a corner of the root face, or to a corner of a
non-root face.

In the first case, the non-root end of e is attached to a corner of the root face. Thus, the
root face is cut into a smaller root face and a non-root face, and the genus is unchanged.
(This case is illustrated in Figure [5.3}) The edge e also divides the root corner into two
corners each labelled with the symbol Ry, one of which is the new root corner, and the other
of which is a new non-root corner. To determine the monomial which encodes the resulting
(a,b,0,0) dipole, consider the symbols encountered on a counterclockwise boundary tour
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of the root face starting at the root corner. The non-root end of e was added to a corner
immediately following R; for some 2 < i < ¢(R). (It cannot be added to the corner following
Ry, since otherwise it would be a d-edge.) Thus, on a boundary tour of the root face, once
the symbol R; is encountered, the edge e completes the boundary tour, so the root face of
the resulting dipole is encoded by gg,..r,. To determine the encoding of the new non-root
face, consider a counterclockwise boundary tour starting at the newly-created non-root
corner, marked by R;. The first edge encountered is e, and the next symbol encountered
will be R;;;, after which the boundary tour visits the remaining corners of the former
root face, ending when the newly-created non-root corner is reached. Hence, this face
is encoded by f(r,R;.R,py)- The differential operator corresponding to replacing gr with
9Ry--R; f(RyRi--Ry ) O some 2 < i < ((R) is

0
' = Z Z gleRif(R1Ri+1~--R¢(R>)

Re{o,0}* \ 2<i<((R) Ogr

In the second case, illustrated in Figure [5.4] the non-root end of e is attached to a
corner of a non-root face, marked by f(s), where S = S; - - - Sy(g) is some fixed representative
element of (S). (For any given (.5), the number of choices for a face with (.5) as the sequence
of symbols encountered on a counterclockwise boundary walk is equal to the degree of f(g)
in []; fs@y.) To join e to corners of two different faces, it is necessary to add a handle to
the surface, increasing genus by 1. Adding the edge e joins the two faces marked by ggr
and f(s) into a larger root face. Consider a counterclockwise boundary tour of this new
face, starting at the root corner. Since the non-root end of e was added to a non-root
face, this tour will first visit corners marked by Ry, Ro, ..., Ryg) before visiting the newly-
created non-root corner, marked by R;, followed by the edge e. The boundary walk then
continues around the face marked by f(g), with the sequence of symbols encountered given
by some element of the set (S). In terms of the fixed representative S, the sequence is
Si -+ Sys)St -+ Si—1 for some 1 < i < £(S), followed by the edge e which returns to the
root corner, ending the boundary tour. Thus, the new root face is encoded by

9IRR1S;Sy(5)S1+Si—1-

Summing over all cyclic shifts of S gives the following operator corresponding to this case.

) 9”
J = Z Z ZQRRlS agRTf(S)a

Re{o,e}* (S)eS(o,8) \ SE(S)
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Figure 5.4: A new b-edge, indicated by the thickened line, is added to an (a, b, 0, 0)-dipole
such that the root face, marked by gecces; is joined to a non-root face, marked by fsoos)-
The resulting face is marked by Geooeesecoo, and this operation requires the addition of a
handle to the surface in which the dipole is embedded.
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As for the initial condition,

” ra(D)+1 2(D)
= 2 A ES A

DeD,
b(D)=c(D)=d(D)=0

2" D) 20
_g.zn(D)'u f)\’(D)7
DeD

since contracting the root face of a (a,0,0,0) dipole results in an ordinary rooted dipole
with a(D) + 1 edges. O

While the initial condition may be written more explicitly by replacing f; with f: in
Lemma [2.4.9] it is often convenient for later analysis of the series ¥’ to leave the initial
condition in the form given in the statement of this Theorem. The series ¥’ is the initial
condition for a partial differential equation for the series W” corresponding to the full
(a, b, ¢, d)-dipole problem. A similar analysis gives the following equation for W”.

Theorem 5.3.2 (S.). The generating series V" for (a,b, c,d)-dipoles is the unique solution
to the partial differential equation

6\1[//
C// 2J// \I///:
(C" +uJ") 0
where
0
0= 3. | 2wt gmmenfrer) + wgn e dgn
Refo,0}* \ 2<i<l(R)
and
J//_ 651,0 82
- Z Z Z W GRS Sy ) S1Ra Ry d9rOf(s)’

Re{o,0}* (S)€S(0,0) \ S152-:Sy(s)€(S)

with initial condition W |,—o = V',

Proof. Let ¥ = m![v"]U” be the generating series for (a, b, ¢, d)-dipoles in which ¢+ d =
m. In other words, this is the series for dipoles in which there are m edges having an
end in Region 4. The set of dipoles having m edges in Region 4 is uniquely generated
by adding an edge e, with one end in Region 4, to a dipole D having m — 1 edges in
Region 4 in a canonical way. This edge will be added so that its non-root end is added to
the corner which is the first one encountered as one travels clockwise around the non-root
vertex starting from the root edge. Placing the new edge in this manner ensures that it
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Figure 5.5: A d-edge is added to an (a, b, ¢, d)-dipole in a manner which cuts the root face,
originally marked by gecceeo, iNto a new root face, marked by geeo, and a non-root face,
marked by f(cces). This edge is known to be a d-edge, as opposed to a c-edge, since its
root end is added to a corner marked by e. Thus, this case also adds a factor of w to the
monomial encoding the dipole.

will be part of the root face, being the next edge encountered after the root edge on a
counterclockwise boundary tour of the root face. The root end of e will be added to a
corner which is marked either with a e or with a o. If it is added to a corner marked with
a e, then it is a d-edge. If it is added to a corner marked with a o, then it is a c-edge.
Suppose that D is encoded by the monomial

UQQ.QR H f(S(i))7

where R = R, --- Ryr). As before, the analysis splits into two cases depending on whether
the root end of e is added to a corner of the root face, or of a non-root face.

First, consider the case when the root end of e is added to a corner of the root face,
say, the corner marked by R; where 1 < ¢ < ¢(R). (This case is illustrated in Figure |5.5})
In this case, the root face is cut into two faces, one of which is the new root face, and one
of which is a non-root face. When ¢ = 1, the addition of e is a d edge, and creates a new
root face which is a digon marked by R;. In this case, the corners of the non-root face are
marked by the same sequence of symbols as the old root face, so the contribution in this
case is

wWYR, f(R) H fisn-
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Figure 5.6: A c-edge is added to an (a, b, ¢, d)-dipole such that the root face is joined to a
non-root face. Originally, the two faces were marked by gecces anld f(oeso), and the resulting
face is marked by Geceecocoes. 1his edge is known to be a c-edge, as opposed to a d-edge,
since its root end was added to a corner marked by o, so no additional factor of w is
contributed.

The general case occurs if 2 < ¢ < ¢(R). Consider a counterclockwise boundary tour of
the new root face, starting at the root corner (marked by R;). After travelling along the
root edge, the edge e is encountered, which goes to the corner marked by R;. Continuing
the boundary walk, the symbols R;.1,... R, are encountered, after which the boundary
walk is complete. As for the newly-created non-root face, since non-root faces are encoded
up to cyclic equivalence any starting point for the boundary walk may be chosen. It is
convenient to start at the corner counterclockwise from the non-root end of e. Starting
from this corner, the corners encountered are marked by Ry, Rs, ..., R;, upon which the
edge e is encountered, returning to the starting point. Thus, the contribution from this
case is
waRi’.gRlRi---R,_;(R) J(Ro-Ry) H fisny-

7

Summing over all cases, the differential operator corresponding to a cut edge is

0
= Z Z wéRiﬁ.gRlRi“'Rl(mf(RT"Ri)+w9R1f(R) dgr’

Re{o,0}* \ 2<i</(R)

Next, consider the case when the root end of e is added to a corner of a non-root face,
as illustrated in Figure . Suppose this non-root face is marked by fs). (The number
of choices for a given (S) is equal to the degree of f(s) in []; fisw).) The choice of corner
of the non-root face picks out one specific string from the set of cyclic binary strings (5),
say, the string S ---Sysg) such that Sy is the corner to which e is added. Then, on a
counterclockwise boundary tour of the new root face, the corner labels are encountered in
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the order
Rla S17 527 teey SZ(S)7 Sl7R27 R37 R RZ(R)'

If Sy = e, e is a d-edge and an additional power of w is needed. If S; = o, e is a c-edge
and the power of w remains the same. Summing over all choices of a cyclic binary string
in S, the differential operator corresponding to this case is.

82
J// — Z Z Z w651"gRlsl"'SZ(S)SIRT“RZ(R) @T@f(s)

Re{o,0}* (S)€S(0,0) \ S152-+Sy(5)€(S)
O

The combinatorial analysis of the (p,q,n)-dipole problem presented in this Chapter
leads to two natural questions, which are the subject of the remainder of the thesis.

1. How can the revelation that the (p,n — 1, n)-dipole problem lies in the algebra Z;(n)
as opposed to Z(n) (Lemma be used to approach this special case of the
(p, q,n)-dipole problem? The algebra needed to do this is developed in Chapter @,
leading to a full solution of the (p,n — 1, n)-dipole problem for all orientable surfaces
in Chapter [7]

2. What information about the general (p,q,n)-dipole problem can be gleaned from
analysis of the partial differential equations in Theorems [5.3.1] and [5.3.2]7 This anal-
ysis is conducted in Chapter [§] and while it does not lead to a closed-form expression
for W”, it provides a process, recursive in g, for determining the generating series for
(a, b, ¢, d)-dipoles in a surface of genus g, from which the number of (p, ¢, n)-dipoles
in the surface can be determined.
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Chapter 6

Connection Coefficients for Z;(n)

This chapter contains a detailed examination of the connection coefficients of Z;(n). The
additional attention given to this algebra is warranted because of the observation made in
the preceding chapter that a special case of the (p, ¢, n)-dipole problem, the case in which
p = n — 1, may be solved using the algebra Z;(n) rather than Zy(n). Given that Z;(n)
is commutative, one would expect to be able to make substantially more progress using
algebraic techniques in the p = n — 1 case than in the general case.

The results of this chapter may be summarized as follows: the algebra Z;(n) possesses
properties analogous to the three “essential” properties of the centre which are summarized
at the end of Chapter [2| First, Section contains a combinatorially natural definition
of a basis of orthogonal idempotents for Z;(n). This basis is shown to be related to the
generalized characters defined by Strahov [42]; hence, the connection coefficients of Z;(n)
may be computed in terms of generalized characters. Second, Section shows how
the Diaconis-Greene [4] method for evaluating characters may be extended to evaluate
generalized characters. In particular, much like ordinary characters, generalized characters
indexed by non-hook partitions vanish when evaluated at full cycles. Finally, Section
shows how Strahov’s generalization of the Murnaghan-Nakayama Rule may be used to
evaluate generalized characters indexed by hook partitions.

6.1 Orthogonal Idempotents for Z;(n)

6.1.1 Defining the Z;-idempotents

Recall that a basis of orthogonal idempotents for Z(n) is given by

Xr= > e

TESYT(N)
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where e(7T) is the semi-normal unit corresponding to the tableau 7'. Since the standard
basis for Z;(n) is indexed by pairs (A, i) where A\ - n and i is a part of A, in order to find
elements of Z;(n) which play a role analogous to the role played by X?, it is natural to
look for elements which are indexed by the same set. Given a tableau of shape A, consider
the placement of the symbol n. Since it is the greatest symbol, it must appear at the end
of a row and the bottom of a column. Thus, the placement of n identifies a part of A, and
conversely, given a part ¢ of A, there is a unique row of length ¢ in which n may be placed.
Let SYT(A,7) denote the set of standard Young tableaux of shape A in which n appears at
the end of a row of length ¢. This permits the following definition to be made.

Definition 6.1.1 (Z;-idempotents). Let A = n and let i be a part of \. The Z;-
idempotents are the elements in C[&,,] given by

= Z e(T).

TESYT()i)

The following facts about I''* are immediate from the definition, and they justify the
choice of I'™ as a natural candidate in the search for a useful basis for Z;(n):

1. They are indeed idempotent, and are orthogonal with respect to ring multiplication.
This follows from the fact that the elements e(7") are orthogonal and idempotent.

2. The set {I'} 1, ;ex has the same cardinality as the standard basis { K} ; }x-n.iex for
Z1(n). Furthermore, this set is linearly independent, due to the linear independence
of the set {e(T")} as T ranges over all tableaux with n boxes.

3. The Z;-idempotents can be viewed as a “partition” of the central idempotents in the
following sense:
X =) 1M
i€
This is analogous to the obvious fact that the standard bases for Z(n) and Z;(n) are
related by
Ky=) Ky
=N

It is not immediately obvious from the definition of the Z;-idempotents that they in fact
lie in Z1(n). Once this is shown, combined with the second observation above, it will prove
that {T*}y\-.iex is a basis for Z;(n). In fact, it is possible to find an explicit expression for
the Z;-idempotents as a product of an idempotent in Z(n) and an idempotent in Z(n—1).
In the following, the notation i_(\) denotes the partition (A\¢U (i —1)) if 7 is a part of A.
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Lemma 6.1.2. Let A+ n and ¢ be a part of \. Then
F)\,i _ XAXZL()\)7

where the product is taken in C[S,] and every element in the support of XM s regarded
as having the element n as a fived point. Consequently, T € Zi(n), and {T™ }yrnicx is
a basis for Zy(n).

Proof. By Lemma [2.3.2

XX = 3" e(T) > es)

TESYT(N) SESYT(i_(\))

For a fixed S € SYT(i_())), apply Lemma and then use the fact that the e(T")’s are
orthogonal idempotents to obtain

Z Z Z e(T)e(So)

TESYT(N) TESYT(N) SoeSYT(A
Sg s

= Z e(T).

TESYT(N),
T*=8

(Recall that, given a tableau T, the tableau T* is obtained by deleting the box containing
n.) Summing over all S € SYT(i_(\)) gives

X)\Xi_(A) _ Z Z

SESYT(i_(\)) TGSYT(/\)

Since the tableaux 7' € SYT(A) with the property that 7% € SYT(i_(\)) are those in
which the symbol n appears at the end of a row of length ¢, then

XX = N e(T) =T,
TESYT()\0)

Since I € Z;(n), there exist coefficients 7 * such that

dy
At
nl 2 Tt
HFn
jeu

F)\,i —

This is enshrined in the following.
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Ci33 Cong Ceu2 Casya
Size of class 2 1 2 1
603 1 1 1 1
3r@n.t —1 1 -1 1
3.2 -3 -1 2 1
6 (1%).1 1 —1 -1 1

Table 6.1: Coefficents of scaled Z;-idempotents for G, C’l‘—if)"i.

Cwa Cians Cana Coneo Ceine Coina Caiina
Size of class 6 6 2 3 3 3 1
24T )4 1 1 1 1 1 1 1
2 1 2 4
v B B S B SR
121(22):2 0 -1 —1 2 0 0 2
2,1,1),2 1 1 1 1 B
8FE2 1 1; 1 g 13 1 g §4 1 L
8F A 5 g —]. —5 —5 O 2
24T LLLDL 1 1 1 1 -1 -1 1

Table 6.2: Coeflicients of scaled Z;-idempotents for G, ;‘—ilﬂ’i.

Definition 6.1.3. Let A\, u Fn and let ¢« and j be parts of A and p, respectively. Define

nio_on! Ai
’YNJ = d_/\[KM’j]F .

(The scaling factor n!/d, is included for later convenience.)

As an example, the various values of 7;\; for Z,(3) and Z,(4) are given in Tables
and respectively. The values given here were computed in two ways: using Definition
and using the expression from Lemma [6.1.2]

For the Z;-idempotents to be useful from a combinatorial point of view, it is necessary
to also know how to express K, ; as a linear combination of the Z;-idempotents. An
examination of Tables|6.1|and |6.2suggests that the idempotent basis is orthogonal not only
with respect to ring multiplication, but also with respect to the standard inner product on
C[6,]. If true in general, this fact would make it routine to express K, ; in terms of the
idempotent basis. Thus, the next task is to prove orthogonality.
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6.1.2 Generalized Characters of the Symmetric Group

Orthogonality of the Z;-idempotents with respect to the inner product can be proven wia
an application of a result of Strahov regarding generalized characters of the symmetric
group [42]. Strahov uses the term generalized character to refer to the zonal spherical
functions of the Gelfand pair (&,, x &,,_1,diag(S,,—1)), where the diagonal diag(G) of a
group G is defined by
diag(G) = {(g9,9) : g € G}.

Strahov gives the following expression for generalized characters in terms of ordinary char-
acters.

Definition 6.1.4 (Generalized character). Let A F n, and let i be a part of \. Let 7 € &,,.
The generalized character indexed by (A, i) evaluated at 7 is given by

. d; i
P =y 2 Y Vo).

(n - 02€6, 1

(Strahov’s usage of the term “generalized character” is different from other uses of this
term appearing in the literature, such as those in which the term refers to any integral
combination of characters.) Generalized characters are in fact the scaled coefficients of
' specifically,

Lemma 6.1.5. Let A=n and let © be a part of . Let m € C,, ;. Then
M) = 7
Proof. This may be proved routinely using Lemma [6.1.2]

Ni n‘ A i

= n—l Z Z )(0'2)0'10'2

01€6, 02€6,,_1

d; .
=0 > e Ve

(n—1)!
(01,02)€6,XEp_1,
O100=T"

di_(x) N
— A Y P Ve
L0266,

= yM(m).
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The equivalence of Definition [6.1.3] and Definition [6.1.4] means that the coefficients of
'™ satsify the properties of zonal spherical functions. (A list of these properties may be
found in Chapter VII of Macdonald [32].) Of particular relevance to the present task is
the fact that these coefficients are orthogonal with respect to the standard inner product
on C[6,,]. This is the content of the following result.

Corollary 6.1.6. Let A\, utn and let i,j be parts of A and p, respectively. Then
1 ( j 1 Ji d;i_(x
2 ) =5 3 Gl = =g S0l

" oeG, " vbn,kev

These relations permit K ; to be written in the Z;-idempotent basis. Let 1" be the

operator
d)\ A\ i
Z Z nl Vg Ko [Bni] = Z K]
AFnggeX pubn,jep AFnggeX
so that '
M =TK,,.
Define T by
C y4 1/
- Y Y
vkn,kev pkn, Zep -
Then

T Z Z |Cp£| uk Ko Z dx‘ﬁz

vkn,kev pkn, Zep - AFngeX
v,k A
= ( E |Cp,€|7pe7pz> Ky [ K]
vkn,kev AFn 16/\ - pEnlep

= Y Z r”k JMYE, [ K]

vkn,k€v Abn ze/\ -

= E Ky, K)\,z‘]
Abnie

=1,

the identity operator on Zj(n). Since Zi(n) is finite dimensional, then 77* = I and
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T*=T7' The K A basis can be expressed in terms of the I'*J basis as follows:

Ky =TT 'Ky,
ICxi

_ s .
=T — i g
pFn,jEp J—(w)
Cril g
Al i T sg
= - ; e,
un,jEp J— (1)

Thus, the following has been proven.

Lemma 6.1.7. Let A+ n and let i be a part of A\. Then

Chi
Ky, = Z ’)\’|’yf\‘fr“’]

pn,jep G—(w)

Of particular interest in later applications is the specialization of this result which
expresses the identity permutation 1 in terms of the generalized character basis. Since the
coefficient of the identity permutation in e(T") is dy/n! when T is of shape A, then
. n! . .

Y = 7 Eamal™? = [SYT(u, 7)1
w
However, the number of tableaux of shape p in which n is at the end of a row of length j
is the same as the number of tableaux of shape j_(u), so
751’7]1),1 = dj_(u)-
Consequently,

Corollary 6.1.8.

1= K(l"),l = Z F'u’j.

pEngER

The preceding results allow the connection coefficients for Z;(n) to be expressed in terms
of generalized characters. Let A\,u - n and let ¢ and j be parts of A and u respectively.
The product K ;K ; may be written in the Zl—idempotent basis as

p,l
,y ) ’y ] v
KiK. = |C/\zHC ,J’ E E )\ e it A

yd
vkn,kev pknlep k (@) ©L—(p)

By orthogonal idempotency of the Z;-idempotents, this may be written as

pL, pt

Tx, ﬂw Vi
LA I st
>

pFnlep £—(p)

Ky iKu; = [CxillCou;

Extracting the coefficient of K, ; yields the following.
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Theorem 6.1.9 (S.). Let A\, u, v n and let i,j and k be parts of A\, u and v, respectively.
Let the constants CK:]ZM be defined by

_ v,k
K)‘7ZK/‘L7] - c)\,'i,’LL,jKyzk'
vkn,kev
Then Y
P P P
v 1CillCuyl M Vg Yok dp
g = D '
n! doe_(p)  de_(p)

pFnlep

6.2 Evaluating Generalized Characters at Special Or-
bits

6.2.1 Generalizing the Diaconis-Greene technique

From a combinatorial point of view, the usefulness of the expression for the connection
coefficients of Z;(n) given in Theorem depends on having explicit expressions for the
generalized characters appearing in the sum. This section demonstrates that the technique
used by Diaconis and Greene [4] to evaluate ordinary characters by evaluating symmetric
polynomials at the contents of a tableau (i.e. applying Lemma may be extended to
evaluate generalized characters at particular types of orbits, such as those corresponding to
transpositions, cycles of length 3, cycles of length n and cycles of length n — 1. This tech-
nique relies on Lemma [2.3.3] which states that the semi-normal unit e(7) is an eigenvector
of the Jucys-Murphy element .J;, and its eigenvalue is the content of the box containing k
in the tableau T

Let AM[x,, ..., x,] denote the ring polynomials that are invariant under permutations
of x5,...,2,_1. Such a polynomial will be called an almost symmetric polynomial,
and may be regarded as a polynomial in x,, whose coefficients are symmetric polynomials
in the variables x,...,7,_1. Suppose that f € AM[z,, ..., x,] is an almost symmetric
polynomial such that

f(Jé,...,Jﬁ)iZ 2{:‘1AJ}(AJ~

AFn
TEX
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Expressing the identity element Kny; of Z;(n) in terms of generalized characters,

Z axikKni = f(Ja, ..., Jn)K@anya

AFn,
= 2{:'f Jé,..., FMJ

PEA
;'LFn
JEM

By the definition of I'*7,
F(aye s 3T = 3" f(Jay, Ju)e(T)

TeSYT(,5)

= Y fler(2)er(3),. . en(n))e(T)
TeSYT(,5)

- Z f(C] C#,J) (T)7
TeSYT(,5)

where ¢y denotes the content vector of any tableau of shape A, and ¢, ; is the content of
the box containing n in any tableau in SYT(y,j). The quantity ¢, ; depends only on g

and 7, and is given by
Cuj =J — Z mi (1)
k>j

The quantity f(c;_(u),cu,;) is well-defined since f is symmetric in @, ..., 2,—1. Thus,
f<J27"'7Jn>FH’j :f< (M)’CHJ)FMJ

and
g axi Ky, = E f(ei (), Cu) FM
AFn, ukEn
1EX JEN

On the other hand, by Lemma [6.1.7, the standard basis for Z;(n) may also be expressed
in the generalized character basis as follows:

|C)\z j i
7j b
E a/)\,iK)\z E OW; 77Z'Fuj‘

AFn, AFn ul—n -
i€ 1EX JEW

Comparing coefficients gives the following:

Lemma 6.2.1 (S.). Let u - n and let j be a part of p. Let f € AV [xy, ... x,] be such that

f(Jayo s dn) = anax;Ky;. ThenT"I is an eigenvector of f(Ja, ..., J,) with eigenvalue
(1)

F(€5 ), and

|C)\z Ni
D anig ok = S50 )

An, J7
26)\
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An important special case of this lemma is as follows.

Corollary 6.2.2 (S.). Let \,u = n and let i and j be parts of A\ and u, respectively. Let
f €AYy, ... x,] be such that f(Jo,...,J,) = Kyi. Then the generalized characters are
given by the formula

.
'Vf\tzj = j—(u)f(ij(u)a o)
Cril

This provides a more precise notion of the “special” orbits referred to in the title of
this section. It is possible to evaluate generalized characters at any orbit for which there
is an explicit expression for that orbit’s standard basis element as an almost-symmetric
polynomial in Jy, ..., J,. The existence of an almost symmetric polynomial satisfying the
condition f(Js,...,J,) = K),; is guaranteed by the following result.

Theorem 6.2.3 (Olshanski [36]). Let Jy, be the Jucys-Murphy element 3, _; (i, k). Then
A(l)[‘]27 R Jn] = Zl(n)

A further consequence of Corollary is that it reveals a useful symmetry property
of generalized characters. Consider the following.

Definition 6.2.4. Let A\ = n. The conjugate of X\ is the partition A\* whose Ferrers
diagram JFy« is the reflection of F) in the line y = —x. Let ¢ € A. The conjugate of the
marked partition (A, ) is the pair (A*,*), where ¢* is the number of parts of A greater than
or equal to .

Then the following relation holds.

Corollary 6.2.5 (S.). Let A - n have m parts, and let i be a part of . Let pt n, and
J € . Then ' '

W = (1),
Proof. Let f(xa,...,x,) be an almost symmetric function such that f(Ja,...,J,) = Ky,.
Since the degree of any monomial in f is equal to the number of transpositions in some
permutation of cycle type A, then every monomial must either have even degree (if n —m
is even), or odd degree (if n —m is odd). Since the contents of any tableau of shape (i, j)
are the negative of the contents of a tableau of shape (u*, %), then

e e
W' = F (e s )

|C)\,z

dj—(u)

= |C)\ | f(_cjf(ll% _C%J')

= (1)

94



6.2.2 Some explicit evaluations of generalized characters

The following are some examples of standard basis elements of Z;(n) for which there are
explicit expressions as almost-symmetric polynomials in Js, ..., J,.

Lemma 6.2.6. Let > 3. Then

1 Kooy =J,.

Koy =p1(J2y .y Jno1) = Jo+ Js+ -+ 1.

Kgan-sys = J2 — (n— 1) Kn.1.

K32,1n-1)2 = p1(J2y ey Tno1)dn — Jﬁ + (n — 1)K(1n)71.

K-y = pa(Jas ooy Jum1) — ("5 ) Kaany i

6. Kpoin-y1 = 2(01(Jay ..oy Juo1)? = 3p2(Joy ooy Jusr)) + (") Kamy i
7. Kiyn = en1(Jose ) = o ],

8. K111 = en—a(Joy ..., Jpo1) = Jodg -+ Jny.

Proof. Expressions 1, 2, 7 and 8 are obvious. For Expression 3, observe that

=YY (i.n)jn)

1<i<n 1<j<n

= E (], 7;, n) + (n — 1)K(1n)’1
1<i,j<n
i#j
= K(3,1n—3)73 + (n — 1)K(1n)’1,

from which the result follows. To prove expression 4, first observe that

pi(ayees o)=Y > (i) (kn)

{i,7}c{1,....n—1} 1<k<n

= > > k) + Y (kin)

1<k<n—1 \{i,j}C{1,...n—1}\k i€{1,...,n—1}\k

— K(2’2’1n74)’2 + K(371n73)’3.
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The result follows after applying part 3. For expression 5,

po(ayevsut) = > > (6K K)

1<k<n—11<ij<k

= Z Z (4,1, k) + Z ZKO")’I

1<k<n—11<i,j<k 1<k<n—11<i<k
75
n—1
= Kgan-a, + ( 5 )K(ln),b

from which the result follows. For expression 6,

(ot-td)= > GH|GEH+ D G+ Y Gk

{ijyc{1,..n—1} ke{l,....n—1}\{i.j} ke{l,..n—13\{i,j}

+ > (k, 0)

{k,}c{1,...n—1}\{s,5}

n—1 ) . .
= ( 2 >K(1n)’1 + 3 Z ((27 ka]) _'_ (2797 k)) + 2K(2’2)’1

{i,j,k}c{1,..n—1}

n—1
- < 2 )K(m,l +3K(1m9)1 + 2K0.9)1.

The result then follows by applying expression 5. [
Using these results, together with with Lemma [6.2.1] gives expressions for some eval-
uations of the generalized characters. Recall that o(\) denotes the sum of contents of a

tableau of shape A, and that o(®(\) denotes the sum of squares of contents of a tableau of
shape . The expressions given in Lemma lead to the following.

Theorem 6.2.7. Let n > 3,utFn, and let j be a part of u. Then

1.
’yég;jln_g)z = ﬁcu,jdj—(u)'
2. !
Végfin—2),1 - (” ; 1) 7U-)-
3.



) 1 (n—-2\""
Yooam12 = 7 ( 2 ) (0(-())ens — cuy + 1 —1)d;_ .

5.
j 1(n—1\" . n—1
723’71”3),125( 3 ) (0(2)(3—(M))—( 9 ))dj_(u)-
6. B
mi = LT Gl — 302G () + (0 — 10— 2))d,
Tear=n1 =g\ 4 Aty o U-\)) T n n i ()
7.
(—1)Fn=b=l = (n— k,1%),j =n — k;
Wdw =4 GO ==k 18), =1
otherwise.
8.

(—=1)* ifpu=(n—k—1,21"1) and j = 2;
1 _ (1) if p=(n—Fk1%) and j =n — k;
(n—1,1),1 (_1>k—1 z’f,u — (n . k, 1k) a,ndj =1;
0

otherwise.

Proof. Formulas 1 through 6 are immediate from Lemma [6.2.1] and Lemma [6.2.6, The
value véjg ., is proportional to the product of contents of a tableau of shape . Since a box

in row 2 and column 2 will have a content of zero, then 'yéjjj ,, = 0 unless p is of the form

(n —k,1%) for some 0 <k <n—1. If0 <k <n—2and j =n — k, then there are (";2)
standard Young tableaux of shape j_(u). The product of contents of a tableau of shape

(n — k,1%) is k!(—=1)*(n — k — 1)!. Thus,

(n—k,1%)n—k _ (”;Q)kl(_l)k(n — k- 1)' _ (_ )kn_—k_l
T (n—1)! n—1 "~

If 1 <k<n-—1andj=1, then there are (Z:f) standard Young tableaux of shape j_(u).
Thus,

n—1

(kvln_k)’lz—l n-—2 k' —1k _k_1|: _lk k
e m—1ﬂQw4)'()(” )= (1)

The value of ’yé;’j_ 1)1 is proportional to the product of contents the boxes containing

labels 2 through n — 1 in a tableau of type (u, 7). This result will be zero unless any label
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Cycle type (Na]) ‘ dj_(u) H2<Z<n 1 CT(Z)
(n—k—1,2,1"1,2| (") (n —k —2)!(=1)*k!
(n—k,1%),n—k (”;2) (n—k—2)I(=1)*k!
(n—k,1%),1 (i) (n=k=DI(=1)*"(k—1)!

Table 6.3: Calculations needed to evaluate ’yéj’i RIRE

other than n occupies a box in the second row and second column. Thus, the only tableaux
giving a nonzero result are either hook tableaux or tableaux of shape (n — k — 1,2, 1%) in
which n appears at the end of the row of length 2. Determining the number of tableaux
in each case, as well as the product of their contents, can be done as in the case for v(n) i
the resulting values are given in Table [6.3] and they yield the results in the statement of
the theorem. O

6.2.3 Relationships between generalized characters and ordinary
characters

In addition to evaluating generalized characters, the technique used in this section may also
be used to prove two identities relating the generalized characters and ordinary characters
of the symmetric group. The first such identity results from the observation that for any

Amn,
ZK)\’L_

Let fri € AW[xy, ..., 2,] be such that fyi(Jy,...,Jn) = Ky, and let fi € N[y, ..., 7]
be a symmetric polynomial in xs, ..., z, such that f\(J2,...,J,) = K. Thus,

> hilly o dn) = (T ).
1EX

For any utn and j € p, let T'€ SYT(p, 7). Then

Ia(en)e(T) = fa(Jay ., Jn)e(T)
=3 Fillay o Tn)e(T)

1EA

—Zf/\ZCJ C;u) (1),

1EA
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SO

W) =D FilCi s Cug)-

1EA
Applying Lemma [2.4.T] and Corollary [6.2.2] yields the following.
Lemma 6.2.8 (S.). Let \,utn and let j be a part of . Then

no_
X)\ |C)\|d ZlC)\Z|’y

This result, along with Theorem [6.2.7, may be used to obtain the character evaluations
given in Lemma(2.4.3| This is not the ideal method of obtaining the results of Lemma [2.4.3]
since these results are more easily obtained directly using Lemma [2.4.1} rather, this ob-
servation is useful as a verification of the evaluations of generalized characters appearing
in Theorem [6.2.7] This observation is a further justification that the theory developed in
this chapter is a natural non-central refinement of character theory, since it is possible to
recover results about characters from results about generalized characters.

A second relationship between generalized characters and ordinary characters may be
obtained from the observation that

_ Ai
=D ™
iEX

which follows from Lemma and Definition [6.1.1 Since X* is central, [K,;]X* =
[K,]X* for all j, and comparing coefficients on both sides of this equation yields the
following.

Lemma 6.2.9. Let \,ut=n. For any j € pu,

= N

PEA

(Although these coefficients are scaled, the scaling factor of dA, is the same on both
the left and right side of this equation.) This relationship is of partlcular interest because
different choices of j yield different, but equal, expressions for Xu- For example, if y =
(2,1"2%), taking j = 1 yields

n—1
X?2717L—2) = ( ) Zg’ )di_()\).

TEA
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However, taking j = 2 yields

1
X(A2,1n—2) = Z Cxili_(x)-

1EN

These expressions are both equal to the quantity given in Lemma [2.4.3] resulting in the
following unexpected combinatorial identity.

Corollary 6.2.10. For any A F n,

-1 -1
n 1 n—1
(5) Bo= i Tada= (")) Teodn

1EA 1EA

It is not immediately clear whether there is a direct combinatorial explanation for this
identity. Similar, but more complicated, identities may be obtained from Theorem [6.2.
by making other choices of p and j. Lemma [6.2.9] along with part 8 of Theorem [6.2.7]
may be used to give a new derivation of an old result: the formula for evaluating ordinary
characters at the conjugacy class indexed by (n — 1, 1) is as follows.

Corollary 6.2.11. Let A+ n. Then
1 if A= (n),
o e =,
(T (CDF A= (k- 1,21,

0 otherwise.

Proof. The only choices for A for which 7(?_1 01 is non-zero are A = (n —k —1,2,1¥7 1) or
A=(n—k1%). If A= (n—k—1,2,1%71), then

X?n—l,l) _ 7(n—1~c—1,2,1"*’6),n—k—1 +7(n—k—1,2,1"”“),2 + 7(n—1<;—1,2,1"*’9),1 — 0+ (_1)k; +0.

If A = (n), then the only term arising in the sum is 7(;1&711 pa = 1. IfA=(1"), then the
only term arising in the sum is v "' =D A= (n—k, M and 1 <k <n-2

(n_lzl )
then ( . ( .
n—k,1%)n—k n—k,1%),1 _
Xon12) = Yot ma ™+ iy = (DF + (=) =0,
proving the result. N

This result is of interest because it is not clear how to obtain X?nfl,l) via an application
of Lemma since there is not a sufficiently simple expression for K(,_;;) in terms
of Jucys-Murphy elements. (Diaconis and Greene [4] compute it instead by using the
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branching rule for ordinary characters.) In other words, this is a case in which a non-
trivial evaluation of an ordinary character may be obtained in a fairly simple manner by
considering the theory of generalized characters.

Having determined X# 1y and 75 g 1.1+ it is now possible to determine the generalized

_, by applying Lemma [6.2.8] The result is as follows.

character fy(n 11),

Corollary 6.2.12. Let ptn and let 5 be a part of u. Then

(

1 if p=(n),j=n,
(-1" ifp=m), =1,
_1\k+1 . y
e _ (ii,g ifpp=(mn—-k1),1<k<n—2j=n-k,
(n—1,1),n—1 (;_1) ifp=m—k1)1<k<n-2j=1,
1)k . -1y s
k(nglk)fQ) quz(n—k—1,2,1k D, =2,
0 otherwise.

Proof. Rearranging the equation in Lemma gives

j 1 nd;_ () j
7&,3_171)7”_1 T —1 < d, X(n L1 7%—1,1),1 :

Substituting the known values for X( and fy , gives the result. O

n—1,1) nll)

6.3 Evaluation of Generalized Characters Correspond-
ing to Hook Partitions

6.3.1 The Murnaghan-Nakayama Rule for Generalized Charac-
ters

One of the combinatorially important results in the theory of ordinary characters of the

symmetric group is Lemma [2.4.6, which gives the generating series for y /\" 51 The next
step in developing the theory of generalized characters is to find a result which is analogous

to this lemma. In light of parts 7 and 8 of Theorem[6.2.7] it is natural to look for generating
(n—k,1%)n—k (n—k,1%),1

series for three types of generalized characters: those of the form ~

W] Y]
and 7(n 1205702 e generalized characters in G5 of these types are given in Table .

The method used in this section to evaluate these characters relies on a theorem, due to
Strahov [42], which expresses the generalized characters of &,, in terms of the ordinary
irreducible characters of symmetric groups of lower order.
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Lemma C(5),5 C(4,1),4 C(4,1),1 C(3,2),3 C(3,2),2 C(3,1,1),3
6.3.2] | 120705 1 1 1 1 1 1
30 [(4.1)4 _3 1 -1 _3 _3 5
Gios | 10 1 5! 1
200 5 i 1 2 2 0
300@LLn.2 | 1 1 -1 1 1 _1
633 | sor@nr [ i -1 1 -1 _r I
GLL |1 1 _ 1 4 .
20T . l 1 ! ] 0
3or@LLn | 3 1 1 3 3 5
4 4 4 4 4
120001 |1 —1 —1 —1 —1 1
6.34 | 247622 | 0 - -1 0 2 -1
247202 1 ¢ : 1 0 —3 -1
Lemma Ciaing Ce2n2 Cooni Coiing Coiing Casya
6.3.2 120T®)5 1 1 1 1 1 1
30T 0 1 —1 2 1 3
20 (3113 0 -1 -1 g -1 3
30r@Lnz —1 1 : -1 1
6.3.3 | 30T™D1 1 ~1 1 -1 1 1
20 TG 0 ~1 —1 -3 1 3
3OF(2’1’1’1)’1 0 }L 1 _% _1 3
1207171 1 1 1 —1 —1 1
6.3.4] | 241322 0 1 —1 0 1 3
241‘\(2,2,1),2 0 1 -1 0 1 3

Table 6.4: Evaluations of generalized characters of &5 corresponding to results appearing

in this section.
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W]l

D)

Figure 6.1: Illustration of the terminology used in the Murnaghan-Nakayama Rule for
generalized characters. This broken border strip has two components, one having height
3 and the other having height 1. The height of the entire diagram is 4. Sharp corners are
indicated with an .S, and dull boxes are indicated by a D.

Strahov uses the following terminology in the statement of his theorem. These defini-
tions are illustrated in Figure A skew partition \/v is called a broken border strip
if it contains no 2 x 2 boxes. (Thus, a broken border strip which is also connected is a
rim hook. Two boxes in a Ferrers diagram whose corners touch are not considered to be
connected.) A sharp corner in a skew diagram is a box which has a box both below it
and to the right. A dull box has boxes neither to the right nor below it. Let SC(A/v) and
DB(A\/v) denote the set of sharp corners and dull boxes of A\/v, respectively. Recall that
the height of a rim hook A/v, denoted by (\/v), is equal to the greatest row occupied by
A/v minus the least row occupied by A/v. If A/v is a broken border strip, (\/v) is defined
to be the sum of heights of its connected components. Given a skew diagram A\/v and a
part 7 of A, the number ¢/, ; is defined by

e = (DT e —e)] TT lens —e(@]™
seSC(A/v) deDB(M/v)
d#N/i—(\)
when \/v is a broken border strip, and zero otherwise.

Strahov’s result is as follows.

Theorem 6.3.1 (Murnaghan-Nakayama Rule for Generalized Characters). Let A\, p - n.
Let i be a part of A\, and let j be a part of p. Then

At

Vw_ Z (p)‘/l”XM\J
vCi_
u)—n ]

(nfk,lk),nfk (n—k,1%),1

The reason this theorem is particularly useful for evaluating "~ and

g %]
fL" FL21D2 4 that in all three cases, i_(A) is a hook partition. Thus, every v C i_(\)

is also a hook partition, and x7, ; may be evaluated using Lemma [2.4.6] -
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k
6.3.2 Evaluation of fy(" k1)n F and fylgnj k,1%),1
To determine the values of %n k15)m * and %n k1)1 , it is helpful to deal with the cases

when A = (n) or A = (1") separately; the reason is that in these cases, there are no
sharp corners and the only dull box corresponds to the distinguished part of A, so the
product appearing in the definition of ¢ is empty. If A = (n), the height of \/v is 0,
and thus @, = 1. If X = (1") and v = (1"77), the height of \/v is j — 1, and thus
@arwa = (=171 Thus,

(n)n _ (n—j) _
i = Xpi = 1

and

1m),1 i 17— n—m
'7,(“') = (1) 1XL\]' ) = (—1) "),

The general case occurs if the partition (n — k, 1¥) is a proper hook, i.e. if 1 < k <

n — 2. To compute 7(n AR G0 this case, consider the partitions v = n — j satisfying

v C (n—k—1,1%). These are all of the form v = (n—j —¢,1%) for some 0 < £ <n—j—1.
However, in some cases, not all partitions of this form will contribute to the sum. For
large values of n — 7, the values of ¢ for which there is a contribution to the expression for
’yftnj RARA=E ore limited by the restriction that v C (n — k — 1,1%). Thus, there are three
cases to consider: if n — j is small enough that none of the choices for v can hit either end
of the hook (n—k —1,1%), if the size of n — j permits exactly one end of the hook to be hit
by some v, and if n — j is large enough that for each end of the hook there is some v which
hits it. These cases are stated in Table [6.5], and the range of validity for ¢ is indicated for

each.

As for the value of ¢, ,,;, the height of (n — k,1%)/(n — j — ¢,1°) is equal to k — £ — 1
when ¢ < k, and 0 when ¢ = k. The partition (n — k, 1%¥)/(n — j — £,1%) has exactly two
dull boxes: one at the end of the first row, and one at the bottom of the first column.
Providing ¢ < k, both boxes remain in (n — k, 1¥)/(n — j — ¢,1%), and thus

(— 1)kt (—1)k—t1
P(n—k,1¥)/(n—j—£,1),n—k = (n—k—1)— (—k) - :

n—1

There is one exceptional value of ¢, namely, ¢ = k, for which the dull box at the bottom
of the first column is removed with v. When this occurs, ©(,—k15)/(n—j—k,15)n—k = 1. The

cases in which this applies are indicated in Table [6.5] Collecting the cases and applying
(n k,1%),n—k

Theorem [6.3.1| gives the following expressions for v, ;

Lemma 6.3.2 (S.). Suppose 0 <k <n—2and1<j<n-—1. Letputn andletj bea
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k<n-—-k-1

k>n—k—1

v can hit
neither end of A

Occurs when n — 5 < k
Valid range: 0 </ <n—j7—1

.

Occurs whenn —j <n —k
Valid range: 0 </ <n—j5—1

8

v can hit exactly
one end of A

Occurs when k <n—j<n—k
Valid range: 0 < /¢ <k
Exceptional case: ¢ =k

S

Occurs whenn —k <n—j5 <k
Valid range: k —j<{<n—j7—1

n

v can hit
both ends of A

Table 6.5: Ranges of validity £, where v = (n—j—/, 1), in the computation of Yys

Occurs whenn —j > n —
Valid range: k —j < /(< k
Exceptional case: ¢ =k

N

Occurs when n — j > k
Valid range: k —j < (< k
Exceptional case: ¢ =k

AN

(n— klk)n k

The diagrams illustrate the extreme points of the range in each case: shaded boxes 1nd1cate
v, and the black box is the distinguished box.
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part of p. If k <n—k —1, then

—1)k—t=1 (n—j—t,1%) . .
etk Zoggn({ﬁk(é%—_l(n—i%z\,{l) it ’Lf (n—j) < .k?,
Vi = 2o<e<k THz(lu\j ' jxu\j o ifk<(n—j)<n-—k,
Sk eren TR ST i — k< (- ),
Ifk>n—Fk—1, then
T Zoge<n—g—1 %Xf”%i_@?m Zf (n—j)<n-— k
Wi T Dkejer<n—j1 TXH\J-J ’ ifn—k<(n—j) <k

a 1¢) i—k1k .
D oh—jctak Xpu\j T X\j if k <(n—j)

(Although the argument used to derive these formulas assumed that & > 1, they also

agree with the special case when k = 0.) The expressions for ’yff{k’lk)’l may be derived in
two different ways. The first method is to use Theorem [6.3.1] in the same manner as the
proof of Lemma [6.3.2] (This is the method used in the proof below.) The second method
is to use Lemma [6.3.2] along with the symmetry property of Corollary [6.2.5, Using either

method gives the following.

Lemma 6.3.3. Suppose 1 <k<n—1and1<j<n-—1. Let u+n and let j be a part
of . If k <n —k—1, then

—1)k=L  (n—j—£,1%) . .
1t Zoﬁfﬁn(jlik(_znz(l X#E\glj) if (n—j) <k,
Mg T 2o<e<k —nol Xﬂ\jj ’ ifk<(n—j)<n-—k,
—1)k=t (n—j—t,1¢ i1 (n—k,1k=3d . .
Zk7j<£<k ( nll Xi\j] ) 4 (—1) IXEL\j ) if (n—j)>n—k.

Ifk>n—Fk—1, then

—1)kt  (n—j—£,1¢ . .
( . Zogegn_j_1 ( nll kX},j ! ) , . if (n — ]) <n-—=k
n—k,17),1 —1)k=t (n—j—2£,1 i1 (n—k,1k—d . .
T - Zk—jdgn—j—l ( n11 X;(L\jj ) (=1) IXEL\]' : fn—k<(n-j)<k
—1)k—¢ (n_ '_47118) - (n—k,lk*j) . i
Zk—j<€<k ( nzl Xu\jj +(=1) 1Xu\j if (n—j) > k.

Proof. The case analysis is summarized in Table For values of ¢ for which the removal
of v does not remove the box at the end of the first row,
(_1)k—€—1 (_1)k—£
P(n—k,1%)/(n—j—£,16),1 = (k) — (n—k—1) = n_1

The exceptional case, in which the box at the end of the first row is removed, occurs when
{ =k — j; in these cases, Qg 15)/(n—k15-i)1 = (—1)7 7"

]
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k<n—-k-1

k>n—k—1

v can hit Occurs when n — j <k
neither end of A | Valid range: 0 </ <n—j—1

[1]

?III] !|||
to

Occurs whenn —j <n —k
Valid range: 0 </ <n—j5—1

g

v can hit exactly | Occurs when k <n—j<n—k
one end of A Valid range: 0 < /¢ < k

I

Occurs whenn —k <n—j5<k
Valid range: k — j <€<n—j—1
Exceptional case: ¢ =

. 4

v can hit Occurs whenn —j > n —

both ends of A Valid range: k —j < E < k

Exceptional case: ¢ =

N

k—j

Occurs when n — j > k
Valid range: k — j < f <k
Exceptional case: { =k — j

M

Table 6.6: Ranges of validity for ¢, where v = (n — j — £,1%), in the computation of

(n_k)lk)yl
7%
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6.3.3 Evaluation of ,y(n k=1,2,1571).2

The generalized characters 7,(;3 12002 4001 < k < n—3 may be evaluated in a manner

similar to the generalized character evaluations done in the preceding section. Prior to

stating the formula for ”y(n F=1215D:2 4 the general case, two exceptional cases must be

dealt with. Let A = (n — k — 1,2,1*71). First, suppose j = 1. In this case, the only
partition v C (n — k — 1,1%) such that v Fn — j is (n — k — 1,1%). Removing this from A
leaves only a single box, so ¢)/,2 = 1 in this case. Thus,

(n—k—-1,2,1F"1) 2 (n—k—1,1F)
Iy ATV
Second, suppose j = n. In this case, the formula for 7 ,, has already been given by

Lemma | namely,
(n—k—-1,2,1F"1)2 0
(n),n -

The formula in the general case is as follows.

Lemma 6.3.4 (S.). Let p = n and let j be a part of p. Suppose 1 < k < n — 3 and
(n—k~ 1,2,1k-1) 2

2<j<n—-1Ifk<n—k-—2, thenfy 18 equal to
(—D’“‘x“{fj*e’le) . .
Zoggn,j,l k(n 2]2) . if (n—j) <k,
> O e k< (nei)<(n—k—1)
0<t<k k(n—k—2) n—k—2 ‘ ? n—17 n )
Z (—1)k~¢ EKJJ 1) (—1)i l(KJ—_k—Lﬁ*Hl)
k—j+1<t<k k(n—k—2) %
x("_-j_k’lk) ) )
\ = if (n=j) = (n—k—1).
Ifk>n—k—2, then fyu"] 121872 4 equal to
( (- 1)k ¢ (7< j—e1%) - '
2 o<t<n—j1 T w ijz) if(n—j)<(n—k-2),
(_1)k—£X(7<fj72,14) (—1)i (rif_kfl,ﬁ—f“) . .
{ Zkfj+1<£<n j—1 k(n 2]2) + - if(n—k—2)<(n—j) <k,
(—1)k=ty (i £,1) (—1)i (n—k—1,1F~7+1)
Zk—j+1<€<k e P];\] 5 + w\J - :
n k,1 . .
\ S, if (n =) = (k+1).

Proof. The proof is by a case analysis similar to the proofs of Lemmas [6.3.2] and [6.3.3]
Throughout the following, A = (n — k — 1,2, 1¥71). Each case is illustrated with a diagram
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in which grey boxes indicate v, the black box indicates the distinguished box, and white
boxes indicate 2_(A)/v. Sharp corners and dull boxes of A\/v are indicated on diagrams by
S and D, respectively, with the exception of the distinguished box, which is always a dull
box.

The cases k =1 and k = n — 3 are treated differently than 2 < k < n — 4, but give the
same result. Suppose k£ = 1. (The k = n — 3 case is nearly identical.) If 7 = n — 1, then
(n —j) <k, and a typical diagram is of the following form.

_CBRRS:

In this case, the formula in the statement of the Theorem gives

222 _  (=1)F (—1)

Tn—1.0)m-1 7 k(n—k—-2) n-3’

which agrees with the value computed in Corollary [6.2.12] When 3 < j < n — 2, then
k< (n—j)<(n—Fk—1). In this case, the only partitions v - n — j which are contained
in (n—2,1) are (n —j) and (n —j — 1,1):

In both cases, A/v has height 0, no sharp corners, and one dull box (of content n — 3)
aside from the dull box corresponding to the distinguished part 2, so

1 1

S0)‘/”’2:O—(n—k’—2) n—3’

which agrees with the stated formula for this case. When j =2, (n—j) > (n—k—1), and
the diagrams corresponding to the two possibilities for v are

The argument proceeds as in the case when 3 < 7 < n — 2, with the exception that when
v = (n —j), A/v has no dull boxes, so ¢y/,» = 1. This agrees with the stated formula.

For the general case, £k < 2 < n — 4, there are six cases to consider. As they are
all similar, one case is singled out here for a detailed presentation. This case has been
selected because it illustrates all the peculiarities which must be taken into account when
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computing ”yl(Z-_k_l’Q’lkil)’Q, but did not arise when computing fy/%_k’lk)’"_k and ’yl%—k’lk)’l.
Suppose k >n—k—2and (n—k—2) < (n—j) < k. Let v = (n—j—¢,1%). The range of £
for whichv C2_(\)isk—j+1<{<n—j—1. When{=k—j+1,v=(n—k—1,1F71)
so A\/v has height 7, no sharp corners, and one dull box (of content —k) aside from the
distinguished dull box, as illustrated here:

Thus, in this case, '
_ (=1
Pr/v2 = L

When ¢/ =n —j—1, v = (1""7), so \/v has height k — ¢, one sharp corner of content 1,
and two dull boxes aside from the distinguished box, having contents (n — k — 2) and —k.

Thus,
(-0~ 1) (~1)-
Pr/v,2 = = .
0—(=k)O0—-(n—k—-2) kin—Fk—2)
Finally, when k — j +1 < ¢ <n —j — 1, A/v has height kK — ¢ — 1, no sharp corners, and
two dull boxes aside from the distinguished box, having contents (n — k — 2) and —k.
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Thus,
(_1)k—£—1 B (_1)k—€

Pr/v,2 = (0—(—k))(0—(Tl—k’_2) k’(n—k’—Q)'

Combining these cases gives the formula in the statement of the Theorem.
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Chapter 7

Combinatorial Applications of Z;(n)

This chapter explores some of the combinatorial consequences of the results given in Chap-
ter [ Three applications of the theory of Z(n) and generalized characters are given
here. The first, given in Section [7.1] is a solution to the (p,n — 1,n)-dipole problem for
all orientable surfaces, using the Z;(n)-encoding of this problem from Chapter Much
like the case for ordinary diploles, the genus polynomials for (p,n — 1,n)-dipoles can be
expressed as linear combinations of binomial coefficients of the form (t}ri), where ¢ is an
indeterminate. The second application, given in Section is a new approach to deter-
mining non-transitive powers of Jucys-Murphy elements. The third application, given in
Section [7.3] gives an approach to the Zj-factorization problem in the special case when
the permutation being factorized is a full cycle. This is a refinement of previous work
decomposing a full cycle into permutations of specified cycle types in that it also allows
the length of the cycle containing n in each factor to be specified.

7.1 The number of (p,n — 1,n)-dipoles in a genus g
surface

7.1.1 A general form for the generating series

Recall from Lemma that the number of (p, n—1, n)-dipoles having face degree sequence
2\ and a root face of degree 2¢ is given by

n—1
a7 = [Kpnp) ol Knil (n-1,1),1-
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The material from Chapter [0, specifically, Theorem [6.1.9] allows this quantity to be ex-
pressed in terms of generalized characters as follows.

pt  pL p,l
dp,nfl _ |C>\774|(n _ 2)' ’YA,i/y(nfl,l),l,y(p[nfp),p dp
At - 2 : :
n! oy de_(p) de_(p)
lep

Applying the formula for fy(pil 1 given in Lemma |6.2.7} the terms of this summation vanish
unless (p, £) is one of three types: ((n—k, 1%),n—k), ((n—k,1%),1), or ((n—k—1,2,1k71),2).
The expression for d’;”?_l splits into a sum over these three cases, as given in the following.

Theorem 7.1.1 (S.). Let \bn and let i € . Let 1 < p <n—1. Then the number of
(p,n — 1,n)-dipoles (with unlabelled ordinary edges) having face degree sequence 2\ and a
root face of degree 2i is given by

pn—1 _ Cril (n — 2)! i A Ai
dy; = — (A)+ Byt 4+ Cor)
where (n—k,1%)n—k _(n—k,1%) n—k
k_(n—k,1%)n— n—k,1%),n—
AN — Z (_1) TN (p;n—p),p n—1
" 0<k<n—2 d(n—k—l,lk) n— k - 1
k—1_(n—k1F)1 (n—k,1F),1
B>\’i = Z (_1) A’i (pvn_p)zp n— 1
Y 1<kt d(n—k,lkfl) k}
and k. (n—k=121%"1)2 (n—k—12,1%"1)2
ONi — Z (=1)% Vipn—p)p nk(n —k — 2)
" 1<k<n—3 d(n—k—Ll’“) (n—k—-1)(k+1)
The ratios —22— have been determined by a routine determination of the number of

de_(p)
standard Young tableaux in each case. Although the quantity d,_(,) appearing in the de-
nominator of each summand could be evaluated similarly, it is convenient for later purposes
to leave it as it stands.

Much like the case of ordinary dipoles, the expression given in Theorem has a
more explicit form when summed over all partitions having m parts. By the Euler-Poincaré
formula, this gives the number of (p,n— 1, n)-dipoles in an orientable surface of genus *5™.

Let
sn— 1 _ ) -1
rt= > dh

An,
m(\)=m, i€\

113



Define F,, , by
1 i
E,, = — Z Coal

AFn,
m(\)=m, i€\

where [ is either A, B or C'. Then

dp,n—l — (n — 2)'(An,p + Bn,p + On,p)'

This expression may be simplified by evaluating expressions of the form
Coil s
Z | A, ‘Py)\,l (71)
An, de_(p)
m(\)=m, i€
In light of Lemma [6.2.8, the quantity is just, up to to scaling, the sum
CAlXA
AFn dy

Consequently, the expression in Equation (7.1) may be determined from known results
regarding sums of ordinary characters. However, it may also be derived from the theory
developed in Chapter [0 in the following manner.

Lemma 7.1.2. Let ptn and let £ be a part of p. Let T be any standard Young tableau of
shape p. Then

> Mv&’f:en—m(cp)z[tm} II ¢+ a@).

i Gew) 1<i<n
m(X)=mieX
Proof. Tt is routine to show that the elementary symmetric polynomial e, _,,(zs, ..., z,)

evaluated at the Jucys-Murphy elements is given by

enm( o )= > Ki= Y K

A-n AFn
m(\)=m m(A)=m,ieX

Thus, by Lemma [6.2.1]
Cxil _pe
E , 7§,i = €n—m(Cp).

= dew
m(\)=m, i€\

The result then follows by using the generating series for elementary symmetric functions.
O
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The two cases of interest to the (p,n — 1,n)-dipole problem are as follows.
Corollary 7.1.3. Let p = (n — k,1%), and let £ € {1,n — k}. Then
Cxil _p g [t — k=1
Z g Vi = [t"]n! o .

A, t=(p)
m(A)=mi€X

Proof. The contents along the first row of a tableau of shape (n—k, 1¥) are 0,1,2,...,n — k — 1,

and the contents in the first column (excluding the box in the first row) are —1, -2, ..., —k.
Thus,
I[ ¢+emy="T] @+9)
1<i<n —k<i<n—k—1
from which the result follows. O

Corollary 7.1.4. Let p=(n—k—1,2,1*Y) and let ¢ € {n — k —1,2,1}. Then

Z ‘C)\’i”)/f:f:[tm](n—l)!t(t+n_k_2),

A, de_(p) n—1
m(\)=m,i€A

Proof. This is obtained in a similar manner to the preceding Corollary, except there is an
additional box of content 0 (the one at the end of the row of length 2), and one box of
content n — k — 1 has been removed. O

Combining these Corollaries with Theorem [7.1.1 along with routine simplification,
gives the following expression for the generating series for (p,n — 1,n)-dipoles as a linear
combination of binomial coefficients in the indeterminate ¢.

Theorem 7.1.5 (S.). The number of (p,n — 1,n)-dipoles (with unlabelled ordinary edges)
in an orientable surface of genus g is given by

&yt = (n = 2)[t"]D, ,(t)

n—2g
where
t + 1 7(n—kz,l’f),n—k: ,y(n—k,lk),l - P
ne (pvnfp)vp (pvnfp)vp n— -
Dy p(t) = —1)*(n—1 _
0= (") e S oy T T ) (e B
1<k<n—2
n—k—1,2,1=1)2
+ t + Z (_Ukk(n — k- 2>7((p,n—p),p : " t4+n—k—2
n (n—k—-1)(k+1) n—1 :
1<k<n-—3
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7.1.2 Genus polynomials for (p,n — 1,n)-dipoles

While the generating series given in Theorem [7.1.5|is most compactly expressed with some
of the generalized characters left unevaluated, in order to obtain series for specific values of
p it is necessary to evaluate the generalized characters which arise. In this section, formulas
for these generalized characters are provided.

The first case to consider is when p = 1. Although (1,n—1, n)-dipoles are simply rooted
dipoles on n — 1 edges in which the root has been “doubled,” and this problem may be
solved using central methods, it is useful to record the form of the series in Theorem
when p = 1 both for completeness and as a verification of its correctness. When p = 1, all
the generalized characters appearing in the series may be computed using Theorem [6.2.7]
The result is as follows:

t+n—1 (n—1) t+n—k—1
D, (t) =
1) ( ) 1<k<n— an_ _1>< n )

+ CL) 2 lﬁ(Zifx_ﬂ 1)t(t+2j_2)

1<k<n—3

(n—k,1%)n—k _(n—k,1* (n—k—1,2,1k=1) 2 .
When 2 < p < n — 1, the values of Yon-pp)p  * Vn— pp),p ' and Vin—pp).p which
arise in the expression for the number of (p,n — 1, n) dipoles can be evaluated using Lem-
mas|6.3.2} [6.3.3] [6.3.4]and [2.4.3] Taking u = (n—p,p) and j = p, the partition u\ j arising
i1t
in these expressions is just (n — p). Thus, X;(ij o) (—1)*. After routine simplification,

the expressions for these generalized characters reduce to the following.

Lemma 7.1.6 (S.). Let 0 <k<n—2and 1 <p<n-—1. Ifk<n—k—1, then
(DR if (n—p) <K,

n—1
n—k,lk n—k ke .
(rb19mok _ §(Cqyknkl ik < (n—p) < n— k.
(—DF2=2 ifn—k < (n—p).

If k>n—Fk—1, then

) ((—DF'2=2 if(n—p) <n—k,

7((2:;’;);’n_k = (=D)k ikl by k< (n—p) <k,
(DM if k< (n—p).

(L g <k

(n—k,lk),l — _1 k Kk . k . _ k-

V(n—p.p).p (—1) 1 ifk<(n—p) <n )
\(—1)]“*1—"71” ifn—k<(n-—p).




Ifk>n—k—1, then

(—1)kn=e if (n—p) <n-—k,
25 ifn—k<(n-p) <k,
(—D)F122 if k< (n—p).

(n—k,1F)1
(n—p,p),p

Lemma 7.1.8 (S.). Let 1 <k<n-—3,andlet2<p<n-—1. Ifk<n—k—2, then

(n—k—1,2,15"1),2 Sl if (n —p) <k,
A ifk<(n—p <n—k—1,
(D" f-pzn-k-1
Ifk>n—Fk—2, then
(n—k—1,2,1k1) 2 <_1)kk(”n—_kp—2) if (n —p) <n-—k-—2,
(T ifn—k—2<(n—p) <k,
(D) oty if(n—p) >k

These generalized character evaluations can be used to give explicit expressions for the
generating series for (p,n — 1,n)-dipoles with respect to the number of faces, as follows.

Theorem 7.1.9 (S.). Letn > 4. When2 <p < "T_l, the generating series for (p,n—1,n)-
dipoles is

o= () © SRR

p<k<n—p—1

* (2) > <n—k(n—_1ﬁ)k+1)t(t+z:ﬁ_2)‘

p—1<k<n—p-—1

When max{2, ”T’l} < p <n-—1, the generating series for (p,n — 1,n) dipoles is

D, (t) = (t - Z_ 1) S (Z(; i)gf__lﬂ)) <t +n ; k- 1)

n—p<k<p-1

+ (Z) o (n—k(;n__&)m1)t<t+2:ﬁ_2)'

n—p<k<p—2
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Proof. The proof proceeds by evaluating the generalized characters appearing in Theorem

7.1.5: using Lemmas [7.1.6 [7.1.7|and [7.1.8] First, consider the case when 2 < p < "T_l In

this case, when 1 < k < p,

(n—k,1%),n—Fk (n—k,1%),1
n—k—1 k n—1 n-—1
When p<k<n-p-1,
(n—k,1%),n—k (n—Fk,1%),1 _
n—k—1 k (n—1)(n—-k—1) (n—1)k
(=1)*(n —p)
k(n—Fk—1)
Whenn—p<k<n-—2,
(n—k,1%),n—Fk (n—k,1%),1 _ -
n—k—1 k n—1 n—1
=0.
When £k <p—1or k >n—p, then ”y((;;:)l’p?’lkilm =0. Forp—1<k<n—-—p-—1,
(n—h-12,15"1)2 _ (—1)F(n—p)
(n—p,p).p k(n—k—2) °

Combining these facts gives the result in the statement of the Theorem.

Next, consider the case when max{2, %=1} < p < n—1. In this case, when 1 < k < n—p,
2

(n—k,1%),n—k (n—k,1%),1
(p,n—p),p _ n-p)p  _ (_1)k . <_1)k
n—k—1 k n—1 n-—1
Whenn—p<k<p-1,
(n—k,1%)n—k (n—k,1%),1 _
Tpn—p)p _ Mm=p)p  _ (=D*'(n—p) . (=1)*n —p)
n—k—1 k (n—1)(n—k—1) (n—1)k
(=) —p)
k(n—k—1)

118



When p <k <n-—2,

(n—k,lk),n—k (n—k,lk),l . _
T (pn—p).p . T (pn—p).p _ (_1)k ! <_1)k !

n—kF—1 k n—1 n—1
=0.

(n—k—1,2,1F—1),

(pi—p).p =0. Forn—p<k<p-2,

When £ <n—por k>p—2, then v

(n—k—1,2,1k"1)2 (_1)k(" —p)
V(n—pp)p o k(n—k—2)

Combining these facts gives the result in the statement of the Theorem. m

Expressions for these series at small values of n are given in Appendix [A] Examination
of these tables suggests an unexpected symmetry in (p,n — 1, n)-dipoles:

Conjecture 7.1.10. Let p,p' > 2 and let p+p' =n+ 1. Then
D, ,(t) = Dy (1).

In other words, the number of (p,n — 1,n)-dipoles in a surface of genus g is equal to the
number of (p',n — 1,n)-dipoles in the same surface.

This observation cannot be explained by either of the “obvious” symmetries of Equa-

tions (3.1) and (3.2). Theorem provides a useful starting point to providing an
algebraic proof of this conjecture, and naturally, the more difficult problem of finding a

combinatorial proof remains an interesting open problem.

Although Theorem m gives a full solution to the (p,n — 1, n)-dipole problem for all
orientable surfaces, there is an intermediate specialization of Theorem [7.1.1] which has a
particularly interesting form. Let

n,p __ P,”—l
dy" = E :d)\,i
1EAN

be the number of (p,n — 1,n) dipoles with face degree sequence 2. In other words, this is
a specialization which “forgets” the degree of the face containing the label n, but retains
all other information about the face degree sequence. Let

1EA
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when F'is one of A, B or C. By Theorem [7.1.9]
(n—2)!

Ay’ = (Ay, + B, +Co ).

The terms in this sum may be simplified by using Lemma [6.2.8] which relates sums of
generalized characters to ordinary characters according to the formula

[Cld;
D Cnilk = =

i€ d“
Thus,
_ _ —1 1k
AN — ¢ 1)k (n—k,1%)n—k n (n—k,1%)
n,p | )\‘ Z ( ) r)/(pmfp)’p (n . k . 1)d ok 1k X)\ )
0<k<n—2 (n—k,1%)
N ko (k1)1 M— 1 gk
Bn,p - |C/\| Z (_1) ,y(p,nfp),p kd . X ;
1<k<n-1 (n—Fk,1%)
and
h_12.1k1 nk(n —k — 2) ko1
CTAL _ ]C,\\ (_1)k,y(nnﬁ 1,2,1%71),2 X(n7k71,2,1 )
P lgkfzn—fi (pn—p).p (k + 1)(n —k— 1)d(n—k‘—1,2,1k71)

The generalized characters remaining in these expressions are the same generalized char-
acters which were evaluated as part of the proof of Theorem [7.1.9f These generalized
character evaluations lead to the following result.

Theorem 7.1.11 (S.). Let n > 4 and A = n. When 2 < p < 7%17 the number of
(p,n — 1,n)-dipoles with face degree sequence 2\ is

. Gyl (n—p)(n—1) 3"
dp,n 1 — | 1 A
Y T =) ( LD DI vy s S

p<k<n-—p—1

n(n - p) X(nfkflﬂ,lk)
_{_(_1)n—m()\)+l o Z A ) )

p—1<k<n—p—1 (k+1)(n—k-1) d(n—k—1,2,1k1)

When max{2, 25+ } < p < n—1, the number of (p, n—1,n)-dipoles with face degree sequence
2\ 18

dp,nfl o |C)\| (
y =
n(n—1)
(n—k—1,2,1%)

_i_(_l)nfm(/\)Jrl + Z n(n — p) X ) .

p—1<k<n—p—1 (k+1)(n—k-1) Ain—k—1,2,151)

—_

n—k.1*
_ Z (n—p)n—1) i
k(n —k— 1) d(n—k,l’“)

n—p<k<p-—1
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The most notable aspect of this Theorem is that, although it was derived by working
in the algebra Z;(n), the formula it gives involves not generalized characters, but ordi-
nary characters of the symmetric group. Moreover, it is not known how to obtain this
expression by working only within the centre of C[&,,]. Because irreducible characters are
linearly independent, one consequence of Theorem is to demonstrate that the sym-
metry suggested by Conjecture does not exist when information about face degree

sequence is retained. (For example, when p < ”T’l, the coefficients of characters of the
L1k
form Xg\” B9 are positive, but their coefficients are negative when p > %4) On the other

hand, the binomial coefficients appearing in Theorem are not linearly independent as
polynomials in z. Thus, the conjectured symmetry of (p,n — 1,n)-dipoles is only present
when summing over all dipoles in a given surface.

7.2 Non-transitive powers of Jucys-Murphy elements

Though the problem of enumerating non-transitive factorizations into star transpositions
may be derived from Theorem the results of Chapter [0] provide an alternative ap-
proach to this problem. J may be computed by regarding .J; as a linear operator on
C[6&,,] applied to the identity element, which can be written in the Z;-idempotent basis
using Corollary as follows:

Th=TiKaey, = Jp Y T™.
pkn
Jep

Since J,, = K(31n-2)2, then by Lemma |6.2.1) I'*7 is an eigenvector of .J, with eigenvalue

Cpuj- Thus,
T _ T M
J, = E I

HFn
JEW

By the definition of ’y::;-, this may be written in the standard basis as

d .
T __ n_ g T )
Jﬁ _'ZE::EE: ;ﬁdy&icujlzkﬂ'

AEn pbn
1EA JER

Extracting coeflicients yields the following expression for powers of Jucys-Murphy elements
in terms of generalized characters.

Theorem 7.2.1 (S.). Let A - n and let i be a part of \. For m € Cy;, the number of
factorizations of ™ into r star transpositions is given by

d .
ro__ K]
(Kl = :g%,z‘ Cuj-
uFn
JEW
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(K] [Kisisl Keni Keel Keinel [Keinil [Kasal
r= 0 0 0 0 0 0 1
r=1 0 0 0 0 1 0 0
r= 0 1 0 0 0 0 3
r=23 1 0 0 0 5 2 0
r=4 0 8 3 4 0 0 15
r=2>5 15 0 0 0 31 20 0

Table 7.1: Coefficients of Jj for small values of r.
As a verification of this result, the values of generalized characters given in Table
may be used to obtain explicit expressions when n = 4, as follows.

Example 7.2.2 (Powers of J;). When n = 4 and r > 1, the expression for J; in the
Z1-idempotent basis becomes the following:

JAI — 3rr(4),4 + 2TF(3,1),3 4 (_1)7'F(3,1),1 + F(Z,l,l),Z + (_2)TI\(2,1,1),1 + (_3)rr(1,1,1,1),1.

Extracting coefficients gives

Ky § = 57 (8 =277 4 (217 41— (-2 = (=3)"),
Kool i = (3 +2 + (<17 = 1+ (<27 + (=3,
(Kl Jf = 57 (8 =327 4 3(~1)" +3 — 3(-2)" + (~3)")
[Komyal§ = 578" =277 4 (=17 = 14 (-2 4 (=3)")

[K1)2]J1 = 2—14(3T + 2 ()T 1 (=2)7 = (=3)),
[Koamalf = 5337 +3(-1)7 =3~ (=3)"),

1

= 24(3T +3-2" 1 3(=1)" + 3 — 3(=2)"" + (=3)").

[K(14)’1]JZ;
Table [7.1] gives values of these coefficients for small values of . These values agree with
those obtained by direct computation of Jj.

While Theorem is the most general statement that can be made with regards to
non-transitive star factorizations, the presence of the generalized character 'yﬁff means that
it does not give an explicit formula in general. However, several specializations of this
theorem do lead to more explicit results. The remainder of this section will describe the
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results arising from three specializations: first, restricting to (A, %) for which 4 Zj is known
explicitly; second, summing the result over all permutations in a given conjugacy class,
and third, summing the result over all permutations having k cycles.

Special G,,_; conjugacy classes

Theorem can be used to give more explicit expressions for the coefficients of J] in
cases when the generalized characters arising in the expression for J;; can be evaluated. For
example, Theorem [6.2.7| gives simple expressions for ’yé”n’j . and ’yéj;{ 1.1).1+ While Corollary

71’
6.2.12| gives a simple expression for 7{2{ 11)m—1" Thus, Theorem [7.2.1] gives the following
expressions for the number of factorizations of a full cycle into star transpositions in these
three special cases.

Corollary 7.2.3. Let r > 1. The number of factorizations of a full cycle of length n into
r star transpositions is given by

s 20D (n—1z\ . r\n-1
[K(n),n] ‘]n = m[.ﬁlf ]smh T sinh (5) . (72)
The number of factorizations of a permutation m € Cy,—11)1 tnto 1 star transpositions is
given by
2"yl -1 n—1
(K101 = =[] sinh (%) sinh (g) . (7.3)

The number of factorizations of a permutation m € C—1,1),n—1 into T star transpositions is
given by

[K(n—l,l),n] ‘]ri =

Proof. As the proof is similar in all three cases, details are provided only for Equation
, which is the most complicated of the three. By Corollary , the only marked
partitions (u, j) which make a non-zero contribution to the formula of Theorem are
those of the form ((n—k, 1%),n—k), ((n—k,1%),1) and ((n—k—1,2,1%*71),2). For marked
partitions of the form ((n—k—1,2,1%71),2), the quantity c, ; is zero, so when r > 1, these
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partitions do not contribute to the sum. Thus,
T 1 T n T
(Kn-1,1)n-1]J;, = a(n —-1)"+ n—(—l) (1—n)

w2, (e

<n—2 o » k
" 1<;—2 < k > ﬁ(_ky
- n%nﬂ— O <(n — Delm D 4 (=1)"(n — D=2

By the binomial theorem,

n—1 —z\k —z\n—1 n_—(n—1)x
> T L e e e A .
1<k<n—2
Substituting this into the expression for [K(,_11),-1]J;, and simplifying gives

rl

Ko 1iynld, = ——=
[ ( 171)’ 1] n n'(n _ 1)

2] (ne™ D7 4 (=1)"ne= DT 4 (1= eI (1 — 7))

(Constant terms may be disregarded when extracting the coefficient of 2", since r > 1.)
Finally, the observation that

n—1l)xr —_ n—1)x -1
(1—e ™)t = e (e% — e’%)n b g1 g <§>n

gives the stated result.

]

Since factorizations of a full cycle are necessarily transitive, the formula given in Equa-
tion must coincide with the formula given by Goulden and Jackson (Theorem
for the same problem. Indeed, in the case of factorizations of a full cycle, the Goulden-
Jackson formula reduces to the following:

T 2n—17,! r1 o nr . r\n—2
Kyl = oy ["] sinh <7> sinh <§> .
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The equivalence of this expression with the expression given in Corollary follows from
the fact that (r + 1)[z""!] = [2"].Z. Star factorizations of a permutation in C,_11y1 are
also always transitive, and Equation ([7.3)) also agrees with the formula given by Goulden
and Jackson [11]. Equation is notable for corresponding to a case in which not all the
factorizations which are enumerated by this formula are transitive. Thus, Equation
is a result which is not obtainable from Theorem B.2.6]

Sums over all permutations in a &,, conjugacy class

2
gether with the observation that Ci,—1,1)1 U Cn-1,1),n—1 = Cn—1,1), suggests that the gen-
erating series for the sum of [r].J] over all © € C(,—1,1) will simplify considerably. Indeed,
this quantity is given by

The presence of the term sinh (@) sinh (%)n_l in both Equations 1} and |D to-

Z 7]y = Crn—1,0) 1| [ n—1,00,1]J5y + [Cn—1,1) -1 [K (n—1,1),n—1] /7,

Wec(nfl,l)
_ 7! [$r](e(n—1)x + (_l)ne_(n_l)m>
n—1
_ %T![ﬂ] sinh((n — 1)x) if n is odd,
%T![ﬂ] cosh((n — 1)z) if n is even.

) 2(n—1)"" if n4ris even,
o otherwise.

The remarkable simplicity of this expression suggests that a direct combinatorial explana-
tion should exist, though one is not currently known. This example suggests that using
known results about sums of generalized characters may be used to find the following
specialization of Theorem [7.2.1]

Theorem 7.2.4 (S.). Let A+ n, and r > 1. The number of sequences (T1,...,7.) such
that each T; is a star transposition and nggr 7; € Cy 1s given by

Al .
T2 2wy |-
" opkn jen

Proof. The number of sequences satisfying the stated properties is

> ICl Kl Ty

1EN
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By Theorem [7.2.1] this expression is equal to

d .
Sleul Y Bope,

1EX Hkn,
JER

Interchanging the order of summation, this becomes

d )
Hor 3 ]
E :mcu,j E :|CM|7M'
pkEn, 1EA
JEp

By Lemma |6.2.8| for any j € pu,

e
STl = FEEEE

iex d“
from which the result follows. O]

Like Theorem this is another example of a result in which an expression involving
only ordinary characters has been obtained as a result of working in the algebra Z;(n).
Again, it is not clear how to obtain this result by working only in the centre of C[&,,].

Sums over all permutations with a specified number of cycles

As a further specialization, Lemma suggests that the formula for products of Jucys-
Murphy elements has a particularly elegant form, in terms of evaluation of symmetric
functions at the contents of tableaux, when we are only concerned with the number of
cycles of permutations appearing in the product, as opposed to their cycle type. (Since
the factorizations involved in this case are not necessarily transitive, this is a new result
which is not given by the Goulden-Jackson formula.) In other words, Lemma gives
the following natural generalization of Corollary

Corollary 7.2.5 (S.). The number of sequences (m,T1,...,7.) such that m has k cycles,
7, = (j,n) for some 1 <j<n-—1, and m =1 -7, is given by

r

S ) = ) 30 P T (14 o).

n! n!
pEn, pkn, OeFu
j€p jen
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Proof. This number is given by

7]
> Sl = Y Slenl 3 ot
AFn deN AFn o deX pukn
m(\)=k m(\)=k am

_ Z dﬂdj—(:l)clrhj Z Z |C>\l u,] 7
n.

pukn AFn e
JEW m(A)=k

from which the result follows by an application of Lemma [7.1.2]

7.3 Z;-decompositions of a full cycle

While the general solution to the Z;-factorization problem (Problem is given by the
formula for the connection coefficients of Z;(n) in Theorem [6.1.9] the solution may be
made much more explicit in the special case of Z;-factorizations of a full cycle. Much like
the central case, this is made possible by the fact that there is a simple, explicit formula

for a generalized character evaluated at a full cycle.

To state the generating series for Z;-factorizations of a cycle concisely, it is first helpful
to express the generating series for generalized characters corresponding to hook partitions
in a form analogous to the generating series for ordinary hook partition characters, namely,

Hyw)=(1+a)™" [ =)

1<i<m(\)

These expressions are as follows.

Lemma 7.3.1 (S.). Let uFn and let j be a part of p. Define R, ; by

(n—1)+nz+ (-:L’)j.

Fins (1:) = 1+2x

Then, for 0 <k <n — 2,

n—k,1%) n—k 1
Ty T = [ R (@) Hpy ).

Define S, ; by

127

(7.5)



Then, for 1 <k <n—1,

(n—k,1%)1
g

= M8,

n—1

H

u\j(x)-

(7.6)

Proof. This result may be proven by using the fact, from Lemma [2.4.6] that

Xu

(n—Fk,1%)

= [xk]H

I

(),

together with the formulas for generalized characters given in Lemmas [6.3.2] and [6.3.3]

Details are provided for the evaluation of v, ;

The series R, ;

(n—k,1%),n—k

() may be expanded as

(n—1)+ Y (1)t

Based on the expression for 7(” kd®)n—k

0<l<j

given in Lemma

when k <n—k—1.

6.3.2

| it is natural to split the

proof into three subcases: When (n—Fk) < (n—7j), when k < (n — j) <n —k, and when

(n —j) < k. First, when k > j,

1 (_1)£+1 -
p— 1[xk]Rn,j($)Hu\j(3?) = [2*]Hpj(2) + ) ﬁ[ﬂck VH (@)
0<€<j
ngkl (n]k-{—flk )
Xpi\j Xp\g
0<l<y
k 0+1 o
M\JJ . _'_ Z ft\jj o
k—j<t<k
(n—Fk,1%) n— k
= T

In the other two cases, the range 0 < ¢ < j on the index of summation is truncated due
to the fact that the summand is zero for certain values of /. When k& < (n — j) < n — k,
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since j > k,

LB () g () = [ () 3 O et )

n—1 .
0<l<y
M Ha) + 3 ﬂ[ 0 0)
= p\j\ T 1 z p\G\T
0<t<k
na k,1%) (n] k+0,1k=¢)
Xp\j Xp\j
0<t<k
k 41
(n—j—k,1%) (n—j—£,1%)
ey BT
Xp\j Xu\j
0<t<k
(n—k,1%) n—k
7% )

The final subcase, when (n — j) < k, relies on the fact that H,;(x) is a polynomial of
degree n — j — 1, so [2'|H,;(x) = 0 when ¢ > n — j. In particular, [2*]H,;(z) = 0.
Furthermore, j > n — k > k. Thus, in this case,

(e Ry ) Hg @) = 41,0 + S0 it
0<l<y
_1)+1
-y S

k—n4j+1<0<k

41
_ Z (=1 (n—j—k+e,15=¢)
- _ 1 ,U«,j
k—n+j+1<t<k

(DM et
_ Z X( J )

n—1 M
0<b<n—j—1

(n—k,1),n— k
1]

Thus, when k£ < n — k — 1, for all values of j,

1 n—k,1%) n—k
n_l[ﬂfk]Rn,j(l')Hu\j( x) = ARk

— k . .
The case when k > n — k — 1, as well as the expression for fny"] B15):1 may be verified in a

similar manner. O

This lemma may be used to simplify the generating series for Z;-factorizations of a full
cycle. By Lemma |6.1.9] the number of pairs (o1, 02) such that oy € Cy;, 02 € C,,; and 0105
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is a full cycle is given by

L _pl pl
_CllC Z i Vg Vo dy

Koy o KK, .
[ ( )7 ] )‘7 122 n' dﬂ_(p)

pkntep t—(p)

By part 7 of Theorem [6.2.7]

(n—k,1%)n—k _(n—k,1%)n—k k
CrillCu] Vi Vg (1)
[ ] BB 5 = nl = Z (1:112)
0<k<n—2 k
(n—k,1%),1 _(n—k,1F),1

n Z T 7(,;12) (_1)k).

k—1

Using Lemma [7.3.1]

K K.K._M (_1)kkkR.H.R.H.
[ (n),n] ANy — (n—l)Qn‘ [$y] n,z(x) )\\’L('r) n,](y) #\J(y)

This has proven the following.

Theorem 7.3.2 (S.). Let \,u - n. Let i be a part of X and let j be a part of u. The
number of factorizations of a full cycle C' = o109 such that oy € Cy; and o9 € C,; is given

by
C i C, —1 k-1
rillCusl > U [y T (2, y) Havi () Hyn (y),

(n—1)2n! i (Zj)
where
Toig = 2y R i(2) B j(y) = Sni(2)Sn 3 (y),
and Ry ; and Sy are given in Lemma|[7.3.1)

For comparison, the analogous expression for the central version of the problem is

Koa o, = 08l 5™ G o) ) 77)

0<k<n-—1 ( ; )

The similarity between these two expressions suggests that further analysis of the series in
Theorem could lead to non-central analogues of the results about central decomposi-
tions of the full cycle which were proven using Equation (|7.7)).
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Chapter 8

Analysis of the differential operators
for the (p, ¢,n)-dipole problem

Although the algebraic techniques developed in the two preceding chapters can be used to
solve the (p,n — 1, n)-dipole problem, an effective algebraic approach to the (p, ¢, n)-dipole
is not yet known. In this chapter, an analysis of the differential equations developed in
Chapter [p| is used to find partial information about the generating series for (a,b,c,d)-
dipoles. While a closed form solution to these equations is not yet known, this chapter
describes a process, recursive in g, for determining the generating series for (a,b,c, d)-
dipoles in a surface of genus g. This process is then used to obtain expressions for these
series for small values of g.

This chapter begins with a differential analysis of the (p,n — 1,n)-dipole problem.
Although this problem has been solved in Chapter |7 this analysis is valuable because the
relative simplicity of the equation for (p,n — 1,n)-dipoles makes it possible to determine
solutions more easily than in the general case. Since partial differential equations arising
in algebraic combinatorics are often solved by conjecturing a solution and demonstrating
that it satisfies the equation, the analysis of the (p,n — 1, n)-dipole equation is useful for
developing conjectures about the general case.

Using the analysis of (p,n — 1, n)-dipoles as motivation, Section describes analogues
of the functions arising in Sectionwhich correspond to the cases of (a, b, 0, 0)-dipoles and
(a,b,c,d)-dipoles. Section demonstrates how these functions may be used to give ex-
plicit expressions for the generating series for (a, b, ¢, d)-dipoles in surfaces of small genus.
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8.1 Analysis of the partial differential equation for
(p,n — 1,n)-dipoles

8.1.1 Overview of the General Strategy

The solution to the (p,n — 1,n)-dipole problem is given by Theorem [5.2.1] namely,

ov
C+u?))¥ = —,
(C+utayw =2
where
C¢= Z Z gj+1fi- Ja Zzgzﬂfya
i>2 1<j<i—1 i>1 j>1 Gitj
and
J = Z Z]Qzﬂﬂa af]
i>1 5>1
The standard approach to solving any equation of the form
ov
AV = —
ot’

where A is a linear differential operator, is to determine the eigenvectors of A, and then
to write the initial condition as a linear combination of these eigenvectors. The analysis of
the differential equation for (p,n — 1, n)-dipoles is made difficult by the fact that (C' +u?.J)
has no eigenvectors. Indeed, defining I(g;fy) to be the sum of indices of g;f\, applying
(C + u*J) to any power series F' in the indeterminates {g;} and {f;} causes the quantity

min{7(g;fx) : g:f» appears with nonzero coefficient in F'}

to increase strictly. Thus, a different approach is needed.

The approach to determining ¥ used in this section is to find a recurrence which
determines the part of the series corresponding to (p,n — 1,n)-dipoles in a surface of genus
g, namely, W9 := [4?9]¥. While this process will not determine ¥ completely, it can be
used to solve the problem for surfaces of small genus.

Applying [u?9] to the differential equation for ¥ when g > 1,

(a% _ C’) ) — Jyle-1), (8.1)
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When g = 0, there is only one dipole on n edges, and it is a (1,n — 1, n)-dipole in which
every face has half-degree 1. Thus,

n—1

x e
VO =3 i = (e () - 1)
n>2

Approaching the problem by using the recurrence in Equation [8.1| simplifies the analysis
by reducing the problem of solving a second-order partial differential equation to solving
a first-order partial differential equation, at the cost of adding the inhomogeneous term
JU=D to the equation.

A second technique to simplify the analysis is to subtract the constant term from the
generating series so that Equation may be considered with respect to a vanishing initial
condition. Define U9 = w0 — W], _; so that U9)|,_; = 0. Since W], is the series
corresponding to dipoles in which p = 1 (and hence the root face has half-degree 1),

(8% _ c) U],y = 0. Thus,

0 0 .
- (9 — [ 2 _ (9)
<0y C) v <0y C) v

The analysis of the operator a% — (' is facilitated by two observations. First, both the
indeterminate x and all the indeterminates f; are constant with respect to a% — C'. Second,
a% —C'is linear. Thus, if ¥=Y is known, in order to solve Equation , it suffices to solve
equations of the form

(a% _ c) ¥ — gh(y), (8.2)

where h(y) is an element of some suitably chosen family of functions F. In order to apply
the recursion in Equation [8.1] repeatedly, the class F must be chosen such that solutions
to Equation [8.2] are also expressable in terms of F.

8.1.2 The Sequence {¢;}

A suitable choice for the class F is the sequence of functions {¢; };>o defined by ¢ (y) = 1,
and

0,(y) = exp(fuy) / " exp(— f16)6,1(6)de (8.3)

for 7 > 1. These functions satisfy the following properties.

Lemma 8.1.1. 1. ¢;(0) =0 for all j > 1.
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2. (%5;?53/) = ¢;_1(y) + f10;(y) for all j > 1.
3. ¢;(y) = [?]P(C), where ®(C) is the series given by

_ fitCexp((fi +0y)
fi+¢ '

®(¢)

4. &%f(ly) = joj1(y).
5. W)= = 5520,

Proof. The first statement is obvious from the definition of ¢;. For the second statement,
differentiating Equation (8.3)) with respect to y gives

0o, Y
S = hreso(fin) / exp(— f16)dy1 (E)dE + exp(fry) exp(—fiy)dy1(4)

= f19;(y) + ¢;-1(y).

To prove the third statement, define ® = >° >0 Pj (y)¢’. Multiplying the equation from
statement 2 by ¢/ and summing over j > 1,

0o

a—y:(CJrfl)‘D—fl

with ®(0) = 1. It is routine to check that W is the unique solution to this
differential equation and initial condition.

To prove the fourth statement, first note that
02 _1+yCexp((fi+Qy)  fi+Cexp((fi+Q)y)

8f1 fl—{—g (f1+§)2
nd
a 0P _ exp((f1 + Q)y) + Cyexp((f1 + Q)y) At Cexp((fr + O)y)

% fite (fi +¢)? '

Thus,

0¢; _ .57 0P

af ¢ ]3f1

_ 122 Kj]exp((fl +()y) — 1

a¢ Ji+¢

=(j + 1)[<j+1]q) _ [Cj—i-l]CeXp((fl +Qy) — C

fi+¢
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Since

Cexp((fi+Qy)—¢  fitC

o — - —1,
fi+¢ fi+¢
then for j > 0, [Cjﬂ]% = [¢?T1]®. Thus,
0p; , - ; .
S = G+ DI = [0 = oy

proving statement 4.
Proving the fifth statement is now a straightforward computation:
1+ Cexp((1 4+ Q)y)
1+¢
L+ 0"

=[] kN1 + ()

1 (k-1
AV ESYA

Part 2 of Lemma is a key feature of the sequence {¢;} which allows the operator
a% to be dealt with in a fairly simple manner. To make this notion more precise, consider
the umbral composition o¢ defined as follows: let

Si o (b = ¢i7
and extend linearly to any formal power series in s. Using property 2 from Lemma [8.1.1],
9 0¢;
9 (sog)=
dy dy
= ¢i—1+ [19i
=50+ fis oo
= ((s7" + fi)s') 0 9.
Extending linearly to the whole ring yields the following.

[ 10151 = "¢

]

Lemma 8.1.2. For any formal power series H(s),

0

a_y(H(S) 0¢) = ((s™" + f1)H(s)) o 6.

In light of this lemma, working in the pre-image of the umbral composition effectively
removes one of the differential operators from the equation and replaces it with an algebraic
operation, namely, multiplication by (s~ + f}).
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: 0]
8.1.3 Preimage of g;;¢; under 9y C
The umbral composition o¢p may be used to define a generating series for the solutions to
0
oy C )V = gjr10u(y)-
Define the series Fj(t) and G;(t) by

Fj(t) - Z fi+jti

i>1
and .
Gj(t) = Z gH_jtz.
i>1
Let

T =Z(sGyexp((r +vFy)s)) o ¢,
where = is the linear functional defined by Z(v*) = 4!. Then the following holds.

Theorem 8.1.3 (S.). The series T' satisfies

((% — C’) T = Gyrexp(rs) o ¢.

Proof. First, an application of Lemma [8.1.2] gives

or

G = S R)sGrexpl(r +0F)s) 0,

Since C' commutes with both = and og,

— 0
CT == (Z Zgi+1ijSGl eXp((T + UF1)3)> o ¢
i>1 5>1
=Z (Z Z gir it s exp((r + UF1)5)> °¢
i>1 j>1
== (s Z girt' Z fit! Lexp((r + vFl)s)) %)
i>1 i>1

= = (sG1(F1 + f1) exp((r + vFy)s)) o ¢.
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Thus,

0 = — s exp((r +uv S))o
(a_y_c)T:u@la F)exp((r + vF)s)) 0 ¢
0

== (1 — %) G1exp((r +vFy)s) o ¢.

To complete the proof, it suffices to determine the action of = (1 — %) On any power series
H(v). Consider the action of Z(1 — %) on monomials v/. When j = 0,

When ;7 > 1,

= jl—j(j - 1)!
= 0.

Extending linearly, = (1 — 2) H(v) = H(0). Thus, the stated result is obtained by evalu-
ating the series
Grexp((r +vFy)s) o ¢

at v = 0. O

Define 7;; = k![t/7*]T. These coefficients are the functions which are needed in order
to apply the recurrence of Equation [8.1] More precisely, the following statement is true.

Corollary 8.1.4. Let j > 1,k > 0. The series 7 is the unique solution to the partial

differential equation
0
(a—y - C) Tik = Gj+10%

with initial condition T; |y = = 0.

(% - C) Tix = k[t (8%/ — C’) T
= kI[t'r*) G exp(rs) o ¢
= gj+1Pk-

Proof. By Theorem [8.1.3
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To check that the initial condition is satisfied, first note that (s’ o ¢)|,—o = 0 when i > 1,
and (s° 0 ¢)|,—o = 1. Thus, f(s) o ¢|,—0 = f(0), so

Tikly=0 = k:![tjrk]E(sGl exp(r + vF1)s)|s=0 = 0.

]

8.1.4 The number of (p,n—1,n)-dipoles in surfaces of small genus

This section demonstrates how the functions 7;; may be used to find solutions to the
(p,n — 1,n)-dipole problem for small genus but arbitrary p and n. To obtain the series for
(p,n—1, n)-dipoles without keeping track of face degree, set all f and g type indeterminates
to 1. For any formal power series F, let (F) denote the series obtained by setting all f
and ¢ indeterminates to 1. In order to extract coefficients to find formulae for the number
of (p,n — 1,n)-dipoles, the following lemma is useful.

Lemma 8.1.5. Setting f; =1 and g; =1 for all i > 1, the series 7, becomes

(Tiw) =1+ s) 7 o @ p-1.

=D N m = Y (j - 1) (Z; 2)

0<i<j—1

Consequently,

Proof. This is a straightforward computation using the definition of 7;:

(i) = KI[tIrM= (1S_t ; eXD ((r + 11ft> s)) o Plf=1

[tk vts)?
:Vq:(1—t§:ﬂ&—Lﬁ>owhﬁ

>0
) Sk—l—l 1
= [t'7] 5 | 0 dln=
1—t1— !
‘ gk+l
S A [ — _
[ ]1—(1+s)to¢|fl‘1

= (14 s o .
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Extracting the coefficient of [yP~!],

-0 =l 3 (1) el

0<i<j—1
-2 (0)
o< ) k+1

following an application of property 5 in Lemma [8.1.1] O]

(p,n — 1,n)-dipoles in the torus

The functions 7;; form a natural family of functions in which to express the generating
series for (p,n — 1,n)-dipoles, as illustrated in the following example. To determine the
genus 1 solution, first compute

JUO) = goxexp(fiz) = xexp(fiz)gsdo.

In order to solve

a ~
(8_y - C) U = 2 exp(fiz)gsgo,

apply Corollary to obtain

A

B0 = g exp(fit)mo.
Thus,
T = g exp(fiz)m0 + [u?]Wo.
Lemma may be used to find the number of (p,n — 1,n)-dipoles on the torus when
p > 2, namely,

(p = D = p)ly?~ e PUEWY) = (p = Dl — p)l[y*~ 2" P] exp(a) (72,0)

B 1\ /p—2 1\ /p—2

o= (7)) ()

= -p)p-1).
This result agrees with the formula given by Visentin and Wieler (Theorem [3.1.5)) for the
equivalent problem of (n — p, 1, n)-dipoles. The generating series for (p,n — 1, n)-dipoles in

surfaces of higher genera may be computed in a similar manner. Details of the calculations
for the equivalent problem of (a, b, 0, 0)-dipoles on the double torus are given in Section
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8.2 7-type functions for the (a,b,0,0)- and (a,b,c,d)-
dipole problems

The main barrier in generalizing the preceding analysis of the differential operators for the
(p,n — 1,n)-dipole problem to the more refined (a, b, 0,0)- and (a, b, ¢, d)-dipole problems
is that no function is known which can play a role analogous to the function 7" from the
(p,n — 1,n) case. However, a closer examination of the functions 7, provides valuable
insight about how the analysis for the (p,n — 1,n) case may be generalized. By the
definition of 7,

Tik = k'[?”kt]]T
= [/]2 (s*"'G1 exp(vsFy)) o ¢
= [t] (skHGl Z stf> )
i>0

=[] Y dirr1GiFY

>0

—[4 a1+-+a;

= [t'] Z¢k+i Z t "Gar+1 H Jag+1-
i>1 at,...a;>1 2<0<i

Let C;(j) be the set of compositions of the integer j into i positive parts. Then the functions
7, may be regarded as the following sum indexed by these combinatorial objects.

Tik = Z ¢k+i Z Gai+1 H fag-i-l-

i>1 (a1,-.,a;)€Ci () 2<4<i

Lemma 8.2.1.

This section will define analogous 7-like functions, indexed not by integers but by
binary strings, for the (a,b,0,0)- and (a,b, ¢, d)-dipole problems. This generalization is
combinatorial in nature in that it proceeds by replacing the set indexing the summation
in Lemma with a different set of combinatorial objects called string compositions,
which are defined as follows.

Definition 8.2.2. Let R € {e,0}* be a binary string. An ordered sequence (p1, p2, .- ., pi)
such that each p; € {e,0}*\ € and p1ps---p; = R is called a string composition of R into
k parts. Let C;(R) denote the set of string compositions of R into ¢ parts.

(The symbol € € {e,0}* denotes the empty string.) Before the generalized 7-functions
can be defined, it is first necessary to define generalizations of the ¢ functions which are
indexed by binary strings. This is done in Section[8.2.1] Following that, the 7-like functions
for the (a, b, 0,0)-dipole problem are defined in Section [8.2.2 and for the (a,b, ¢, d)-dipole
problem in Section [8.2.3
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8.2.1 ¢-functions

The following family of functions provides an appropriate generalization of the sequence
{¢;} arising in the analysis of the (p,n — 1,n)-dipole problem.

Definition 8.2.3 (General ¢-function). Let i > 1, and let v, zq, ..., z; be indeterminates.
Define
,Un
qb(v,xl, e ,l‘i) = Z hn_i(l’l, c. ,Jii)m,
n>t
where hj(xy,...,x)) is the complete symmetric function of total degree j in k indetermi-

tates. The function ¢(v) shall denote the constant function ¢(v) = 1, corresponding to the
case i = 0.

(If j < 0, the convention hj(xy,...zx) = 0 is used.) The usefulness of these functions lies
in the fact that they satisfy the following property, which generalizes part 2 of Lemma

BI1l
Lemma 8.2.4. Fori > 1,

0

g (v, 21, ..., x;) — 2d(v, 1, .., T) = PV, Ty, .o, Ti)-
Proof. Forn > i, x;h,_;(x1, ..., x;) is the sum over monomials of degree n—i+1 in the vari-
ables x1, ..., x; such that z; appears with degree at least 1. However, h,_;1(21, ..., 2;) —
hp—iv1(z1,...,2;_1) is the sum over the same set of monomials. When n = i — 1, both
hn—iv1(z1, ..., x;) and hy, ;1 (2q,. .., 2,_1) are equal to 1, and x;h,_;(z1, ..., 2;) = 0. Mul-

tiplying the equation
xihn—i(-rla e 7xi) = hn—z’+1($17 e axz‘) - hn—z‘+1($1, s 7%‘—1)

by 17’1—7 and summing over n > ¢ — 1 yields the desired result. O]

An alternative form of this Lemma expresses these functions as an integral recursion,
which is parallel to the definition of the sequence {¢;} from Section [3.1]

Lemma 8.2.5. For: > 1,

o(v, 21, ..., x;) = exp(vr;) /0” exp(—&x) (&, x1, ..., x-1)dE,

with ¢(v) =1 when i = 0.
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Proof. When ¢ > 1,
exp(vz;) / exp(—&x) (&, a1, ..., xi1)dE
0
= eXP(WEi) /0 eXp(—fl’i) <ﬁ¢(f7 Ty 7xi) - $i¢(5, Ly 7%)) d§

23
= exp(vz;) /0 (,%exp(—fa:iw(v, X1y ..., x;)dE
=o(v,z1,...,T;).

]

This Lemma implies that the sequence {¢;} from Section may be recovered from
the general ¢-functions by defining ¢; = &(y, f1,..., f1), where there are i copies of the
indeterminate fi.

Two specializations of ¢ are used in the analysis of the differential operators corre-
sponding to (a, b, ¢, d)-dipoles and (a, b, 0,0)-dipoles. Let S € {e,0}¢ say, S = S;S5---S;.
Define the function ¢g(v) to be the evaluation of ¢(v,zy,...,x;) at

D FOTEEE T A
! U)f(.) if Sj = e,

Of course, since ¢ is symmetric in xy, . . ., z;, in order to specify ¢g(v), only two parameters

are needed — let ¢, ;(v) = ¢g(v) whenever S is a string consisting of ¢ white dots and j
black dots. (Nevertheless, in many cases it will often be more natural to index ¢ by S
instead of 7 and j; thus, both notations are used.) The specialization of Lemma to
¢s(v) is as follows.

Corollary 8.2.6. Let i > 1 and let S € {o, }'"'. Let S; € {o, o}. If S; = o, then

&#%—S;(U) — fro0ss, (v) = ¢s(v).
If S; = e, then
Z?an—g;(v) — frowoss, (v) = gs(v).
A further specialization is the functions ¢;(y), defined to be the evaluation of ¢(v, x1, . .., ;)

at v =y and x; = f(4) for all j. (These functions are just the sequence {¢;} from Section
in which f; has been replaced by f). From this point onward, ¢;(y) always denotes
the specialization obtained by evaluating x; at f(,), and the functions from Section are
no longer used.) In this case, Lemma m specializes as follows.
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Corollary 8.2.7. Leti > 0. Then

a¢i+1
dy

— fo)9is1 = ¢i.

8.2.2 Preimage of gr¢; under the operator 8% — '
Recall that the cut operator C’ corresponding to the (a, b, 0,0)-dipole problem is given by

0
O = Z Z gR1-..Rif(RlRiJrl...RZ(R)) @.

Re{o,0}* \2<i</t(R)

Define the function 75 (y) to be the unique solution to the partial differential equation

<a% - C’) TRE = JerOk(Y), (8.4)

with initial condition 7gx(0) = 0. Theorem gives an expression for these functions
as a sum over string compositions. This theorem is proven by conjecturing an expression
for 7px, and then demonstrating that the conjectured formula satisfies Equation ({8.4)).

In order to motivate the expression for 7z given in Theorem [8.2.9, consider that the
functions g satisfy the following recursion. (In this recursion, no initial condition is
needed, since when ¢(R) = 1, the following formula completely determines 7z y.)

Lemma 8.2.8. Let R = RiRy--- Ryr) € {0, ¢}* \ ¢, and k > 0. Then

TRE = JerPr11 + Z f(ORz'-H-~~Re(R))TR1~-R¢,k+1' (8.5)
1<i<¢(R)—1

Proof. Applying a% — C" t0 GorPk+1,

9 ) 9
(8_y - C> JeRPk+1 = Jor (‘3];1 = P41 Z GoRy R, f(oRi 11 Ry

1<i<(R)

By the definition of 7x 4,

0
(a_y - Cl) Z f(ORH_l-"RZ(R>)TR1"-R¢,I€+1 = Z f(ORH_l"'RZ(R))g.Rl---Ri¢k+1'

1<i<f(R)—1 1<i<f(R)—1
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Summing these equations,

0
(a_y - C’) 90R¢k+1 + Z f(.Ri+1'"RZ(R))TR1'“R¢,]€+]_

1<i<t(R)—1

0
= YJeR 921;—1 - goRf(0)¢k+1

= JerD%-

Since the right side of Equation (8.5) vanishes when y = 0, then it must be the unique
solution to (8% — C") TRk = GerOk- n

Although, strictly speaking, Lemma [8.2.8 is not needed to prove Theorem [8.2.9| it is
helpful in conjecturing the expression for 7z appearing in the statement of the theorem.
To motivate the form of the answer, consider the following non-deterministic algorithm for
producing a monomial in the g and f indeterminates.

1. Start with a string R € {0, 1}*, whose bits are Ry, Ry, ..., Rynr).
2. Select one of two operations: a “g-cut” or an “f-cut.”

3. If an f-cut was selected, select a number ¢ between 1 and the length of R. Add the
factor f(.RiJrl'“RZ(R)) to the monomial, and remove the bits R;yi,..., Ryg) from R.
Go back to Step 2.

4. If a g-cut was selected, add the factor gz to the monomial. Multiply by ¢, ;, where
7 is the total number of cuts performed, and end the algorithm.

According to the recursive formula given in Lemmal8.2.8] the sum over all possible outcomes
of this algorithm should give 7. This motivates the following, more explicit, expression
for T k.

Theorem 8.2.9 (S.). Let R € {o,0}* \ ¢, and k > 0. Then

TRk = Z ¢k+i Z Gepy H f('pj)' (86)
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Proof. Let p1.1,p12;---,P1ep) be the bits of p;. Applying C’ to the right side of Equation

gives
Z¢k+i Z Z g'm,l"'pl,nf('pl,n+1“'/?1,z(p)) H f('Pj)

i>1 (p15--pi)€Ci(R) 1<n<t(p1) 2sj<i
= f(O) Z Dkt Z Jep1 H f('Pj)
121 (p1,--,pi)ECi(R) 255<i
+ Z ¢k+i Z Z g.pl,l"'pl,nf(.pl,n+l"’p1,[(p)) H f(‘Pj)
i>1 (p15--,p:)ECi(R) 1<n<l(p1)—1 2<55<4
= f(o) Z Phti Z Gepr H feonp)
i>1 (p1,+5pi) ECi(R) 255t
LD DL DI | )
i>1 (p15-spi+1)€Ci+1(R) PASAS A

by relabelling p1 -+« p1, to be pi, and py 41+ prep) to be pipi. Thus,

0
(8_y — C") Z Oretei Z Gep: H Jeony)

i>1 (p1,--spi)€Ci(R) PAS/AS
_ 0P+
= Z ay - f(.)¢k+i Z Jep1 H f('Pj)
=X G > e 1] Sem
i>1 (P15-5Pi+1)ECi41(R) 2<j<i+l
=D Gt D Gew ][ feenn
i>1 (p1,-,0:)ECi(R) 255<i
- Z¢k+i—1 Z Gep1 H f(.Pj)
i>2 (p1,..-,0:)ECs(R) 2<5<i
= OrJeR-
Since the right side of Equation vanishes when x = 0, then by uniqueness of the
solution to the partial differential equation, it must be equal to 7. O

There is a natural bijection between i-part compositions of the string R, and i-part
compositions of the integer ¢(R), namely,

(1,5 pi) < (Lpr), - - L(pi))-

Consequently, specializing the series 7gj by making the substitutions gr + gyr) and
fis) = fus) gives the function

Z Pryi(T) Z Ge(p1)+1 H fZ(pj)+1 = Z Prvi(T) Z Gar+1fars1 " Jarr1,
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which is the analogue 7; ;. of 7, which arises in Section[8.1]in the analysis of the “simplifed”
Join-Cut operator for (p,n — 1, n)-dipoles.

8.2.3 Preimage of gr¢s(v) under the operator % — "

Recall that the cut operator for (a, b, ¢, d)-dipoles is given by

0

= Z Z waRi’.gRer”Rm)f(Rz~-~Ri)+w9R1f(R) dgr’

Re{o,0}* \ 2<i</(R)

Define the function 75 s to be the unique solution to the partial differential equation

<E% - C") TR,S = Ger®s(V)

which satisfies the initial condition 7 s|l,—0 = 0. (Notationally, these are distinguished
from the 7-functions in the preceding section by the fact that they are indexed by a pair
of binary strings, as opposed to a binary string and an integer.) The functions 7z ¢ may
be determined using the following recursion.

Lemma 8.2.10. Let R, S € {o, o}*, and let t € {o, o}. Let R = R1R>--- Ryr). Then

TtR,S(U) = ths(v)g-tR + Z f(tR1~~Ri)w5Ri"7'Ri--~Re(R>,tS + wf(ctR)Te,tSa (8-7)
1<i<{(R)

and
Te,5 = JoDes-

Proof. For the case of 7 g,

0 0
(% B ON) Gatbes = Gay-Pas — WGa fla)00s(V)
= 90¢S(U)7

applying Corollary [8.2.6] Since ge¢es(0) = 0, then 7. 5 = geas.
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For the general case, apply (% - ) to the right side of Equation to obtain

0
(— — C”) bus(V)Gerr + Z f(tR1--~Ri)w6Ri"TRi-nRg(R),tS + W f(otR) Te,tS

ov 1<i<((R)

0
= g.m%@s(v) — s (v) wét"g.mf(t) + Z wéRi'°goRi-~-R4(R) farir) + wg.f(otR)
1<i<{(R)

+ Z f(tR1~~~Ri)w(sRi’.goRi---Rg(R)¢tS(U)+wf(otR)go¢tS(U)
1<i<((R)

0
= g.m%@s(v) - ¢tS(U)f(t)w6t"gotR
- gotR¢S (U)7

by Corollary 8.2.6} Since 7;r,5(0) = 0, then the left side of Equation is the unique
solution to (% — C’”) Tir,s(V) = getrPs(v) which vanishes at v = 0, proving the lemma. [

The first six 7 functions, computed using the recursive formula of Lemma [8.2.10] are
as follows.

Te,5 = JoePeS T WTe f(0s) Dees

To,5 = JeoPoS T WYe f(e0) Peos
Tee,S = JoseDes 1 (WGee f(ee) T WTe f(eve)) Paes + w2g.f(2..)¢...s
Toe,5 = Gece®os + (Wlee f(e0) + WYa f(a0e))Peos + W Ga flee) [(08) Desos
Teo,5 = JeeoPeS + WTe f(ee0)Pees T Jeof(e0) Poes + wg.ff.o)cb.o.s
To0,5 = JeooPoS + WTe f(e00)PeoS + Geof(00)Poos + WGe f(o00) f(e0)Pacos

Based on the experience with the functions 7, it is natural to attempt to conjecture
a similar closed form for the functions 7z s. Given a string composition (p1, ..., px), define
the non-negative integer c(py, ..., px) by

c(p1, ..., pr) = |{i > 2 : the first bit of p; is e}|.

Theorem 8.2.11 (S.). Let R € {o,0}* \ €. Let S € {eo,o}*. Given a string composition
(p1s---,pr), let pj1 denote the first bit of p;. Then

TR,S — Z Z wc(p17”.7pk)(g'pk¢pk,1"'01,15('U)+wgcf(0pk)¢0pk,1~~p1,15(v)) H f(Pjpj+1,1)‘

k>1 (p1,....p)E€Ck(R) 1<j<k~1

(8.8)
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_ E c(p1,Pk)
Al,k - w g'Pk¢pk,1"'P1,lS H f(ﬂjpj-}—l,l)

(P1,-,pk)ECK(R) 1<j<k-1

and
AQ,k = Z wC(pl,...7Pk)+1g.f(opk)¢Opk’1---p17ls H f(pjpj+1,1)

(P1,-Pk)ECL(R) 1<j<k—1

so that the right side of Equation (8.8)) becomes

Z(Al,k + Ao ).

k>1
Applying C” to the first of these expressions gives

C”Aljk = Bl,k + B27k + B37k>

Where
c(p1y---,pk)+1
By = Z WP g'f(‘Pk)¢Pk,1“'Pl,ls H f(Pij+1,1)7
(P1,-0k)ECL(R) 1<5<k~1
C geeey +(5 ,®
BZ,k = Z w (P1y--k )00 g°Pkf(Pk,1)¢pk,1---p1,1S H f(Pij+1,1)7
(p15--Pk)ECL(R) 1<<k—1
and
C yerey +6 .0
B3,k = Z Z w (1) 00y g.Pk,i"'pk,Z(pk,)f(pk:,l"'pk,i)¢pk,l"‘P1,1S H f(PijH,l)‘
(P11 ) EC (R) 2<i<E(py) l=jsk—1
Applying Corollary 8.2.6,
0 . . 0

%Al,k — DBy, = Z w (pl""’p")gopk (%¢Pk,1"'ﬁ1,1$’

(p1,0k)ECL(R)

Sy (10
— Wk f(Pk,1)¢Pk,l“'pl,1S> H f(Pij+1,1)

1<j<k—1

— § c(p1,-50k)
- w g'ﬂk¢ﬁk—1,1“'ﬂl,15 H f(Pij+1,1)'

(P15--,pk ) ECK(R) 1<j<k—1

To analyze By, given any (p1,...,pr) € Ci(R) and 2 < i < {(p), define the string
composition (pf, ..., pj; pri1) € Cr1(R) by pf = pj when 1 < j <k—1, pf = pr1- pri-1
and p;c+1 = Pk Pkt(pr)- Since C(p/h s 7p;c+l) = C(plu s ,Pk) + 5pk,i,o7 then

— C(p’l,..,,p;€+1)
B3vk - z : w g'p;c+1¢p;g,1"'p/1,1s f(p;'p;-»-l,l)'

(P’1u~~-,P;C+1)€Ck+1(R) 1§JSI€
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In other words, for & > 2,

0
%Al,k — By, — Bs 1 = 0.
Next, apply (a% — C“) to Ay and use Corollary to obtain
0 (o1 0
(% _ C") Agp = Z weP ,-..,pk)+1g.f(.pk) (%QS'Pk,l"'pl,lS

(p1,0k)ECL(R)

_wf .,Dk 1p1, 15 H fp]pg+1 1)

1<j<k—1

= Z wC(pl7m7pk)+1g'f(°pk)¢Pk,1~“ﬂ1,15 H f(Pij+1,1)

(P15--,pk ) ECK(R) 1<j<k—1

= B

Consequently, applying (a% - ) to the right side of Equation 1) yields

0 " 0 0 "
(% - C ) ZALk + Ay = Z (%Al,k — Bix — Boy, — B3y + (% - C ) A2,k>

=1 =1
0
~ 2 4,-B
51 2.1
a R
= er7, ¢Rls — W gor f(R1) PR, S
= 90R¢Sa

again using Corollary [8.2.6] Since the right side of Equation ({8.8]) vanishes when v = 0, it
is the unique solution to (a% - C’”) TR.S = JeRPS-

[]

This formula demonstrates that 7z g depends on .S only through the ¢ functions. Since
the ¢ functions depend only on the number of occurrences of e and o in .S, the notation
TR, 1S sometimes used to denote 7r g when S is a binary string consisting of ¢ occurrences
of o and j occurrences of e. The contributions to 7z ¢ from various compositions of small
strings is given in Table 8.1l By way of verification, this table agrees with the earlier
expressions for 7 g, which were computed recursively.

The importance of the functions 7 g is that, because of the linearity of % — ", the
solution to any equation of the form

0
_ 1 F:
(av C) “
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String Composition Contribution to 7 g

(o) GeePes + WG f(ee) Pees

(o) GeoPos + W f(e0)Paos

(o) Geee®es + WGe f(eee)Pass
(o,0) W(GoePoes + WYe f(ee)Paves) f(e0)
(ce) GeoePos + WGe f(ece)Peos
(0, @) W(GoePeoS + WGe f(ee)Pasos) fo0)
(e0) GoeoPeS + WTe f(e00)Pass
(e,0) (GooPoes + WYe f(a0)Paces) f(e0)
(OO) gooo¢oS + wgof(ooo) ¢ooS
(0,0) (GooBoos + WGe f(e0)Pacos) f(o0)

Table 8.1: Contributions to 7z ¢ from various small string compositions.

can be expressed as a linear combination of {7g s} scfe,0}+; provided G is expressed as a
linear combination of terms of the form grpg(v). Moreover, Theorem demonstrates
that the 7-functions can in turn be expressed as a linear combination of terms of the
from gros(v), allowing this process to be iterated. Thus, {Trs}rscfeo}+ is a natural
family of functions in which to express the genus g solutions the (a, b, ¢, d)-dipole problem.
These expressions are finite linear combinations of 7-functions in which the coefficients are
polynomials with non-negative integer coefficients. The next section is a demonstration of
how this may be done for surfaces of small genus.

8.3 Solutions for Small Genus

This section contains a demonstration of how the results of Section 8.2l can be used to find
the generating series for (a,b,0,0)-dipoles on the torus and double torus, and (a,b, ¢, d)-
dipoles on the torus. The series for (a,b,c,d)-dipoles on the double torus appears in

Appendix [B]

8.3.1 (a,b,0,0)-dipoles on the torus and double torus

Much like the strategy used in Section the genus ¢ solution to the (a,b,0,0)-dipole
problem, ¥'9) = [4%9]0’ may be determined by solving the equation

<a% — C’) P = Jylo=t) (8.9)
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when g > 1. When g =0,

ot

1
p/0) — e
aZZO (a+1)!

fist = gelexp(afio) — 1).

Let U9 = §/@) — V9|, _5. When y = 0, the series U’ corresponds to dipoles with no
b-edges, for which the root face is a digon. Thus, C"¥"(9) ly—0 = 0, so solving Equation
is equivalent to solving

(a% — C’) P9 = Jgla—D) (8.10)

with the initial condition ¥/ = 0.
When solving for the genus 1 solution, Equation becomes
9 ! /(1)
— —C" ) VY = Jge(exp(z foy) — 1)
dy
= Goeo €XP(Z f(o)),
with initial condition ¥’ (1)|y:0 = 0. By Theorem m, the solution to this equation is
@KU;:»noﬁxeXp(xf@ﬂ,

where
Teo,0 = Cbl (y)gooo + ¢2 (y)g..f(.o).
The series WM, can be obtained from the initial condition given in Theorem [5.3.1}

Using the fact that genus 1 dipoles with n edges must have half face degree sequence either
(3,1"73) or (2,2,1"7%),

n(D)
X
Vg = [0’]ge Y n(D)'UQQ(D)wa)
DeD '
z" n—3 2 n—4
= Je (Z mD(3,1"—3)f(ooo)f(o) + Z D(?,Q,l”_4)f(oo)f(o) ) )
n>3 n>4

where D), is the number of rooted dipoles with face degree sequence 2. Although D, is
a known quantity which can be computed by central methods, it simplifies computations
if it is left unevaluated while solving the differential equations for (a, b, ¢, d)-dipoles. One
additional benefit of this is that the results obtained will appear as “linear combinations
of central problems,” and identify which parts of the solutions arise from the central initial
condition and which parts arise from the non-central aspects of the problem. Since ¥'(1) =
P g |y=0, the following result has now been proven.
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Theorem 8.3.1 (S.). The generating series for (a,b,0,0)-dipoles on the torus is

z" n— n—
V'Y = 7,0z exp(afo) + g (Z Do feea fi° + 3 Daarn—ofion fi5 4)

n>3 n>4

In order to determine the genus 2 solution for ¥, the first step is to determine J'W'().
Since UM is expressed in terms of the functions ¢;, it is first necessary to determine the
action of %() on ¢;. The coefficients of ¢; are, from definition, given by

yn n—1i —1
FiCEG S
Computing the derivative with respect to f(,) gives

o _|y"
O fe Ln!

} B0 = [ (1 — tfa)
=1 {%ﬂ ¢i+1($)~

Since this holds for all n > i, then the following result has been proven.

Lemma 8.3.2. Leti > 1. Then
i
af(a)

= i¢i+1-

Using this lemma, the following computation may be done:

JU'W = 2exp(2f(0)) (Gusose®2(T) + TGoeoro®1(Z) + 2Geess f(00)P3(T) + Jassso®2(T)
+ Joeoce®2(T) + TGeeso f(e0)P2())

x" n— n—
+ Z HD(371"*3)<3gooooof(o) 3 + (n - 3)gooof(ooo)f(o) 4)

n>3

z" n— n—
+ Z HD(2,27171—4) (4goooof(oo)f(o) 4 + (n - 4)9..of(200)f(0) 5)-

n>4

Proceeding as in the genus 1 case leads to the following.
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Theorem 8.3.3 (S.). The generating series for (a,b,0,0)-dipoles on the double torus is
\III(2) = eXp(xf(o))(Toouo,Q + xT.ooo,l + 2f(oo)7—00073 + 7—000072 + Tuooo,? + l'f(oo)ToooQ)

" . (n—3)x" e
-+ 37—.000’0 Z ED(3’1n73)f(o) 3 =+ Tao,()f(ooo) Z n' D(3,17L73)f(o) 4

n>3 n>4
" n— (TL - 4)xn n—
+ 47—000,0f(oo) Z ED(ZQ,I”*‘;)JC(O) ! + TCO,Of(Qoo) Z T‘D(21271n74)f(0) °
n>4 n>5 )
n(D)
4 L 29(D) ¢
DeD

Extracting Coefficients from the (a,b,0,0)-dipole series

In order to extract coefficients from the series appearing in Theorems [8.3.1| and [8.3.3] the
first step is to determine the coefficients of (7gx). The functions (7gy) are expressed in
terms of (¢;), whose coefficients are, from definition, given by

ey =ia-0 = (17)),

with the convention that (Z) = 0 when k& < 0. When setting the f- and g-type indetermi-
nates to 1, 7r has the following more explicit form.

Corollary 8.3.4. Let R € {e,0}* \ ¢, and k > 0. Then
((R)—1
a0 =3 ("7 ) tont

i>1

y" () ((R)+b—2
— | (Trk) = :
nl | VR UR)+k—1
Proof. The first expression follows from Theorem [8.2.9, along with the observation that

the number of string compositions of R into i parts is equal to the number of integer

compositions of ¢(R) into i parts, which is (e(f.i)l_l). Extracting the coefficient of yn—7;7

[i—?] (TRE) = ; («“f: 1) (”Ti; 1_ Z)
_ Z(€<R)+n2)
(R)+k—1)

by Vandermonde’s identity. ]

and
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This result may be used, along with Theorem [8.3.1, to determine the number of
(a,b,0,0)-dipoles on the torus when b > 1:

yb :L.a—&—l
bl (a+ 1)

} <\I/'(1)) = (Teo0)x exp(z) = ba + 1).

This agrees with the computation of the number of (p,n — 1,n)- dipoles on the torus done
in Section [8.1] since a (p,n — 1,n)-dipole has p — 1 b-edges, and n — p — 1 a-edges. The
coefficients for (a, b, 0, 0) dlpoles on the double torus may be obtalned in a similar manner:

[‘Z—T (ffi)!] (W) = 3(a+ 1) (b'g 2) +ala+1) (b . 2) +2(a+1) (b . 1)
+ala+1) (bz 1) 4 (3 (bg 2> +(a— 2)b) dis 1o
4 <4<l”2r 1) +(a— 3)b> doates),

adopting the convention that d(3j.-2) = 0 when a < 2, and d(3 1.-3y = 0 when a < 3.

8.3.2 (a,b,c,d)-dipoles on the torus

Again, let U"(9) = [429]U” so that

<aav C//> \If// J”\If” g—1) (8.11)

when g > 1, with

"o a+1 d il
=3 Z (a1 Sy N

a>0 d>0

= go(exp(7f()) — 1)(wf(e)pe(v) + 1),

using the fact that, from the definition,

Pe(v) = w;(.) (exp(wufe) — 1)

In order to convert Equation (8.11)) to a differential equation whose initial condition is

zero, let
g9 — pe) _ q;//(g)‘vzo — g9 _ g'9)
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Then 0”@ is the solution to the equation

(ag . C//) \i/”(g) _ J//‘;[]//(g—l) + C”\I//(g). (8.12)
v

In order to compute J”¥"9~1) it is first necessary to determine the action of % and

=9 on ¢g. If S is a string of with ¢ instances of o and j instances of e,

0f (e
" "
o= (5] o
=" = tfie) (1~ twfie) .

Ifi:O,then%:Q For i > 1, and any n > 1,

f (o)
" Obiy
- d — ¢
[n!] 910 -

af(o) (1 - tf(o))_i(l - tyf(o))_j

= i[tn_i_l](l - tf(o))_(i-i_l)(l - tyf(c))_j
=1 {%} gbi-{—l,j'

0ij .
af(o) = Z¢z+1,j

Thus,

when ¢ > 0. A similar argument may be used to determine %gbm, leading to the following.
Lemma 8.3.5. Leti,7 > 0. Then

0pij .
af(o) = Z¢”L+Lj

and 96
TVT e
(9f(.) Jw¢z,;+1-

To determine the generating series for (a, b, ¢, d)-dipoles on the torus, first, determine

J""0) 1 ¢y’ Using Lemma m,

'O = oo (W fra)Pe(v) + 1)z exp(2 f())
+ Goes (W Pa (V) + W’ (0 Boe (V) (exD(2 f(o)) — 1).
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Using the expression for ¥/ given in Theorem m,

C" V'Y = (Wgs flaso) + WGeeo f(o) + oo f(a0))B1(y) T €xD(2 f(o))
+ (wQOf(u) + anf )f (90) ¢2( )ZE eXp($fO )

+wgo o) (Z D31n3 ooof(o) +Z D(221n 4)foo)fn 4)

n>3 n! n>4

Expressing the solution to Equation (8.12)) in terms of the functions 7z s (using the fact
that 7. s = gees(v) and adding the initial condition gives the following.

Theorem 8.3.6 (S.). The generating series for (a,b, c,d)-dipoles on the torus is

UV = (W f () Too,e + Too )T exp(T f(5))
+ (W Twese + WP fl0)Tau00) (exP(@ f(0) — 1)
+ (W[ (000)JoPe(V) + W f(o)Teoe + foo)Tor)D1(y)x exp(2 f(0))
+ (WS(00)geBe(V) + W f(0)Tu ) fla0)b2(y)z exp(2 f(o))

+ wf(.)g. 0 (Z D(3 1n— 3)f(ooo + Z D 2 2 1n— 4)f(200)f(n) 4) + \IJ/( )

n>3 : n>4

where the functions Tr g are given in Table[8.1]

Extracting Coefficients from the (q,b, ¢, d)-dipole series

Suppose ¢ +d > 0. Then the term ¥/ in U1 may be disregarded. When information
about face structure is forgotten,

(") = ze®((Br0) + (B20) + 2w(pr1) + 2w(da1) + w(d12) + w($2))
+(e” = 1)(w*(go) + 3w’ (o) + 3w (Po.a) +w(dos))
+ 2e”(01(y)) ((P10) + 2w(Po.1) + 2w (1) + w*(Po2) + w?(¢r1.2))
+ ze” (¢a(y)) (2w(do,1) + w*(o2))

)
w(¢o,1) (Z D31n3+2 ‘D221n4>.

n>3 : n>4
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Extracting the coefficients of z%*! and y® may be done as in the (a, b, 0,0) case:

[%} (W'Y = (a4 1)80((d10) + (D20} + 2w(P11) + 2w(da1) + w(Pr2) + W (Pa2))

+ Go.0(w (o 2) + 3w (Po3) + 3w (do.a) +w’(¢os))
+ (a+1)(1 = d0)({P10) + 2w(bo) + 2w(pr1) + w(¢o2) + w?(¢12))
+ (a4 1)(1 = 8,0)(b— 1)(2w{go.1) + w*(¢o.2))

+ w(P0,105,0) (D(3,10-2) + D(2,2,10-3)).

To continue, it is necessary to extract coefficients of the form

[wd (chZ)!} w{ig).

] (¢i ;) is just the complete symmetric function heyq—;—; in i+j

c+d

From the definition, [(c !
indeterminates, with ¢ indeterminates set to 1 and j indeterminates set to w. Thus,

{wd > 1 “dig) = [0 = )71 - wt)

(c+d)!
ctk—i—j —1 d— k+] —1
= (T

(et k—g—1\(d—k+j—1
S \e+k—j—i d—k '
This leads to the following.

TheOI[;em 8.3.7 (S.). When ¢+ d > 0, the number of (a,b,c,d)-dipoles on the torus is
given by
arnao ((C2) (70 )+ G2 () +2CI) G +2C ) o)+ (I G + () (G2)
rano () G2) ()G () GI) - (0D GE20)
ceen( ) (C2) ) =) GI) (o) Go) - (062D (2D GE2)
(o) CODGEI)+ (0DG)

c—1 d—1
+6b‘0( . )(d—l)(D(i"’l“*z) + D (35,1a-3))

+ (a+1)

8.3.3 Concluding comments on the differential approach to (a, b, ¢, d)-
dipoles

Although closed form solutions to the equations given in Theorems [5.3.1| and [5.3.2| are not
known, this chapter has demonstrated that the differential operators C’+u?J" and C"+u?J"
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are sufficiently well-understood that they can be used to develop a process, recursive in
genus, for determining the generating series for (a,b,c,d) dipoles in a specified surface.
While this process could, in principle, be applied to determine the solution for surfaces
other than the surfaces considered by Visentin and Wieler, in practice the calculations
needed to do this are quite lengthy, albeit simple. Nevertheless, the Join-Cut approach has
several appealing features.

e The differential approach is more likely to lead to a proof technique for the gen-
eral case than a combinatorial case analysis. If solutions to the partial differential
equations can be conjectured, then it suffices to demonstrate that the conjectured
solutions satisfy the equations.

e The differential approach records more data about the dipoles than existing methods.
Specifically, it allows us to keep track of the numbers of four different types of edges,
as opposed to tracking only p, ¢ and n.

e The solutions are expressed as sums over combinatorial objects, namely, string com-
positions. As a result, the coefficients of the series computed using differential meth-
ods are expressed naturally as sums of non-negative integers.
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Chapter 9

Concluding Comments and Areas for
Future Work

This thesis has examined the extent to which two of the techniques used to solve central
problems, character-based methods and Join-Cut analysis, can be generalized to deal with
non-central problems, with the (p, ¢, n)-dipole problem (or more precisely, its refinement
to the (a,b, ¢, d)-dipole problem) as a motivating example. The Join-Cut analysis of the
(a, b, ¢, d)-dipole problem conducted in Chapter [5| resulted in two partial differential equa-
tions which determine the generating series for the problem. Non-central information was
handled through the introduction of additional classes of indeterminates to keep track of
the additional information. Moreover, this analysis identified a special case of the (p, ¢, n)-
dipole problem, the case when ¢ = n — 1, as one that is “less non-central” than the general
problem, in the sense of having an encoding in Z;(n) as opposed to Z(n). In Chapter [g]
an analysis of these partial differential equations led to a method, recursive in genus, for
determining the generating series for (a, b, ¢, d)-dipoles.

With regards to generalizing character-based methods, Chapters [0 and [7] demonstrated
that the algebra Z;(n) can be used to solve a class of non-central problems much in the
same manner as Z(n) is used to solve central problems. Orthogonal idempotents for Z;(n)
were constructed, and techniques used to evaluate their coefficients in the standard basis
were developed. A key combinatorial insight which made this possible was the interpreta-
tion of Strahov’s generalized characters of G,, as the coefficients of a group algebra sum
indexed by the set of standard Young tableaux in which the position of the symbol n is
specified. These techniques were then used to give a full solution to an open problem (the
(p,n—1,n)-dipole problem), to give an alternative solution to a previously-solved problem
(the non-transitive star factorization problem), and to provide an avenue to approach a
new problem which is a natural non-central generalization of a well-studied central prob-
lem (Z;-decompositions of a full cycle). Because ordinary characters can be recovered from
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generalized characters by summing over all choices of a distinguished part of the indexing
partition, specializations of the (p,n — 1,n)-dipole problem and the transitive star fac-
torization problem which “forget” non-central information lead to expressions which are
linear combinations of ordinary characters. It is not known how to obtain such expressions
by working only within the centre of C[S&,,].

The research done in this thesis has led to a number of further questions to form the
basis of future research. Several of these have already been commented on in the thesis,
and are collected here for convenience.

1. Find algebraic and combinatorial proofs of Conjecture [7.1.10]

2. Find a closed form solution to the partial differential equations in Theorems [5.3.1

and [£.3.2]

3. Find a combinatorial explanation for the identities which arise as a consequence
of the relationship between generalized characters and ordinary characters, such as

Corollary [6.2.10}

4. Solve the problem of Z;-decompositions of a full cycle. An analysis of the expression
given in Theorem is a likely starting point for approaching this problem.

5. Study the asymptotics of generalized characters, and consequently, the asymptotics of
the combinatorial problems whose solutions can be expressed in terms of generalized
characters.

In addition to these questions, there are three areas for future research that warrant a more
extensive discussion. These are discussed in the following sections.

9.1 Study of other Centralizer Algebras

A natural extension of the work done in this thesis is to perform an analysis of centralizer
algebras other than Z;(n), analogous to what was done in Chapters |§| and |7l The algebra
Zs(n) is an obvious candidate for further study, not only because it is the “next step up”
from the study of Z;(n), but also because an understanding of Zy(n) would lead to a
complete solution of the (p, ¢, n)-dipole problem. The main difficulty in the study of Zs(n)
is that it is not commutative, and thus cannot have a basis of orthogonal idempotents.
Determining the centre of Z5(n) would be an important first step.

An additional line of inquiry would be to study centralizers of the form Zy(n) where H is
not a subgroup of the form &. One particularly appealing example is H = (S,,_o, (n— 1,n))
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(or, more generally, taking H to be a Young subgroup of the form (&, x}, Sqit1,..n})). It
is clear that the conjugacy classes with respect to H are unions of &,,_s-conjugacy classes.
Specifically, there are two types of conjugacy classes with respect to H:

and

Bx(i,5) U BA(j, 7).
Consequently, the elements of the form

A, 5) + Ax(ivi— )

and

Bi(i,7) + Ba(J, 1)
form a basis for Zy(n). Notably, the conjugacy classes with respect to H are closed under
taking inverses, and thus the proof of Lemma may be used to show that Zgy(n)
is a commutative subalgebra of Z;(n). Hence, the avenue of studying Zy(n) wvia the
construction of a basis of orthogonal idempotents is available. The study of Zy(n) would
be an important first step in the study of Z»(n), since the centre of Zy(n) lies in Zgy(n).
Indeed, since (n,n — 1) = A 1n-2)(2,1), in any central element of Z5(n), the coefficient of
Ay (i, 7) must equal the coefficient of Ay (4,7 — j), and the coefficient of B, (i, j) must equal

the coefficient of B, (7,7). This containment is strict: the element A)(5,3) + A5)(5,2) of
Zi(5) does not commute with the element A (5,3) of Z5(5).

The algebra Zy(n) is of combinatorial interest for several reasons. First, for any n, the
element
A(gn) (271, n)2

lies in Zy(2n). Thus, a special case of the (p, ¢, n)-dipole problem, the case of (n,n,2n)-
dipoles, may be encoded in Zy(2n). Second, instances of the non-transitive G-factorization
problem (Problem [3.2.10) for which H is the automorphism group of G may be encoded

in Zy(n). Examples of graphs which have H as their automorphism group include:

1. The complete graph, K,, with the edge {n — 1,n} removed.
2. The complete bipartite graph Kj,,_o.

3. The complete bipartite graph K5 ,_» with an edge added between the two vertices of
degree n — 2.

Taking G to be either the second or third graph defines a problem which could be viewed
as a natural generalization of the star factorization problem, since star factorizations cor-
respond to the graph K ,_;. Taking G to be the first graph defines a problem which has
a particularly simple combinatorial description:
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Problem 9.1.1 (Forbidden Transposition Problem). Let 7 € &,, and r > 0. Determine
the number of sequences (11, ...,T.) such that:

1. Fach 7; 1s a transposition,
2. 1, # (n—1,n),

8. and [[ i, i =m.

A combinatorial analysis of the G-factorization problem for these three graphs could pro-
vide an important first step in the study of Zy(n).

9.2 Further study of the relationship between the character-
based and differential approaches to non-central
problems

The fact that both algebraic and differential approaches may be used to approach the same
problem suggests that there is a relationship between the two methods which should be
more well-understood. Each of the two methods has its own strengths and weaknesses.
The algebraic approach is very effective at fully solving special cases, such as the (p,n —
1,n)-dipole problem, but does not appear to be easy to extend to the (p, ¢, n)-case. The
differential approach applies to the (p, g, n)-problem for arbitrary p and ¢, but it relies on
the introduction of a more difficult problem, the (a,b, ¢, d)-dipole problem. Furthermore,
it provides only a recursive method for computing solutions for a surface of genus g, as
opposed to giving solutions for all orientable surfaces. The strengths of one method could
be used to hint at ways of rectifying the weaknesses of the other method. Some specific
instances where further inquiry is warranted are discussed in the following.

Although the (p, q,n)-dipole problem can be encoded as a product of basis elements
in Zy(n), currently there is no known partial differential equation which describes the
generating series for (p, ¢, n)-dipoles using only a “Z,” amount of information. Currently,
the Join-Cut analysis of the (p, ¢, n)-dipole problem requires the introduction of an ancillary
problem, the (a,b, ¢, d)-dipole problem which is significantly more non-central than the
(p, q,n)-dipole problem. Indeed, the introduction of (a,b, ¢, d)-dipoles is a map-theoretic
refinement of the problem for which there is no known algebraic refinement, i.e. an encoding
of the (a, b, ¢, d)-dipole problem as a product of basis elements in some centralizer algebra.
Finding a combinatorial argument leading to a partial differential equation for (p,q,n)-
dipoles which relies only on the cycle type of the dipole and the positions of n and n —
1 would be an important step forward in solving the (p,q,n)-dipole problem. If such
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operators could be found, they would likely be much easier to analyze than the operators
for the (a, b, ¢, d)-dipole problem, since their indeterminates would be indexed by integers
as opposed to combinatorial objects.

Although the (p,n—1,n)-dipole problem can be solved by algebraic means, the solution
given in Theorem does not yet lead to a closed-form generating series which is a
solution to the partial differential equation given in Theorem [5.2.1. The main barrier is

the lack of a k-independent generating series for the generalized characters %Silj_k_l’Q’lk_l)’Q
similar to the series given in Lemma If such a series were known, then algebraic
manipulations similar to the ones used in the proof of Lemma [2.4.9 could be used to
write down a closed form for ¥. Having a closed form expression for ¥ would assist in
conjecturing closed forms for the generating series W' and ¥” for (a,b,0,0)-dipoles and

(a, b, ¢, d)-dipoles, respectively.

Another method of gaining greater understanding of the relationship between the alge-
braic and differential approaches is through the introduction of a non-central generalization
of the Frobenius transformation. One possible definition of a non-central Frobenius trans-
formation is

Q127 Gy I (9.1)

where m € &,,, r(m) is the length of the cycle of m containing n, and g, and f\ are power
sum symmetric functions in two different sets of indeterminates. With this definition, if
A is the differential operator for the non-transitive star factorization problem given by
Equation [3.8 then

Ad, (THI) = ¢, ;@ (TH). (9.2)

In other words, the Z;-idempotents give the eigenfunctions of A. A study of the functions
@, (I'®7) would provide a non-central analogue of the differential approaches to central
problems due to Goulden [6] and Lascoux and Thibon [30]. From a combinatorial point of
view, this is of interest because of the similarity between A and the operator (C' + J) for
the (p,n — 1,n)-dipole problem, given in Theroem . More precisely, if G, denotes the
operator given by G, (g,) = gr+1, then when restricted to the space of functions which are
linear in the g-indeterminates,

(C+J)=G.A.

Thus, studying the action of G, on the functions ®;(T*) would provide an alternative
approach to the (p,n — 1, n)-dipole problem, since the action of A is well-understood.

It should be noted that Strahov [42] introduces a different notion of a non-central
Frobenius transform, namely

T 7 (-

Using this definition, Strahov is able to convert the Murnaghan-Nakayama rule for gener-
alized characters into a Z;-analogue of the Jacobi-Trudi formula. However, this definition
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does not satisfy Equation (9.2)), so there is still value in studying the transformation given
in ((9.1).

9.3 The non-orientable version of the (p,q,n)-dipole
problem

A natural extension of the (p, ¢, n)-dipole problem in orientable surfaces is to consider
the problem for all surfaces. Some care must be taken in defining the (p, g, n)-dipole
problem for a non-orientable surface, since the values of p and ¢ are defined with respect
to an orientation on each vertex. This difficulty may be rectified by taking an open set
containing the root edge and both vertices, and uniformly choosing an orientation on this
set.

Some work on the non-orientable version of the (p, ¢, n)-dipole problem has been done
by Liu and Yang [31] using topological methods. (Although the definition of (p, ¢, n)-dipoles
used in this paper is not made explicit, it appears to be the one described in the preceding
paragraph.) They are able to determine the number of (p, ¢, n)-dipoles on the projective
plane and the Klein bottle. Their method is to embed the dipole in a 2n-sided polygonal
representation of the surface such that each side of the 2n-gon is bisected by an edge of the
dipole. This induces an identification of the edges of the 2n-gon, which can be expressed
as a sequence over the alphabet {a;, a; ' }1<i<, in which each symbol appears exactly once.
The values of p and ¢ force the symbols corresponding to the second distinguished edge
to appear in fixed locations in this sequence. The surface can then be identified by deter-
mining whether or not this sequence contains certain excluded subsequences; for example,
if the surface is the projective plane, then there are no subsequences of the form zyz~!y.
The number of dipoles on the surface is then determined by enumerating the number of
sequences which correspond to the given surface.
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Appendix A

Generating Series for
(p,n — 1,n)-dipoles

D

n7p
2+t
22
212

5t3 4 t°
3t + 3t3
2t2 + 413
3t + 3t3

8t? + 15t4 + ¢6
20t + 4t
18t% + 6t
18¢% + 6t
20t2 4 4t

N0 J00 000 oYUt Ut Ut U e 3

O U WN U WRN HR WD ~wWw —S

8413 + 35¢° + t7
40t + 75t% 4 5t°
32t + 80t3 + 8t°
36t + 75t3 + 9¢t°
32t + 80t3 + 8¢t°
40t + 75t% + 5t°
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n|p Dy,

8 |1 180¢% + 469t* + 70t5 + ¢8

8 |2 504¢% + 210t* + 6t6

8|3 460t + 250t* + 10t5

8 | 4 468t + 240t* + 126

815 468t + 240t* + 126

816 460t + 250t* + 10t°

8|7 504¢% 4+ 210t* + 6t6

911 3044t3 + 1869¢° + 126t7 + ¢t°

9| 2 1260t + 32833 + 4905 + Tt7

9|3 1080t + 33183 + 630t° + 12t7

9 | 4 1140t + 3255t + 630t> + 15t7

915 1104t + 33043 + 616t> + 16t7

916 1140t + 3255t + 630t° 4 15¢7

9|7 1080t + 33183 + 630t° + 12t7

9|8 1260t + 3283t + 490t° + 77

10] 1 8064t% + 26060t* + 59855 + 210t® + ¢10
10| 2 24352t% + 14952t* + 1008t5 + 8¢8

10| 3 22568t% 4 16366t* + 13725 + 1448

10| 4 22872t% 4 16002t* + 14285 + 188

10| 5 22800t% 4+ 16100t* + 14005 + 208

10| 6 22800t2 + 16100t* + 14005 + 20¢8
107 2287212 + 16002t* + 14285 + 18¢8

10| 8 22568t% 4 16366t* + 13725 + 1418
109 2435212 + 14952t* + 10085 + 8¢3

11| 1 | 1932483 + 152900t° + 16401¢7 + 330t° + 1!
11| 2 | 72576t + 234540t + 53865t> + 1890t™ + 9¢°
11| 3 | 64512t + 232832t3 4 62832t + 2688t7 + 16t°
11| 4 | 66528t + 231252t3 4 621815 + 2898¢7 + 21¢°
11| 5 | 65664t + 232320t 4+ 61992t + 2880t7 + 247
11| 6 | 66240t + 231500t3 4 62265t° + 2860t + 25¢°
11| 7 | 65664t + 232320t 4+ 61992t° + 2880t" + 24t°
11| 8 | 66528t + 231252t3 4 621815 + 2898¢7 + 21¢°
11 9 | 64512t + 232832t3 4 62832t + 2688t7 + 16t°
11 [ 10 | 72576t + 2345403 + 53865t° 4+ 1890t” + 9¢°
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n|p D, ,

12] 1 604800¢2 + 2286636t* + 6969055 + 39963t5 + 495¢10 4 ¢12

12] 2 1932480t + 1529000t* 4+ 164010t° + 3300 + 10t'°

12| 3 18118082 + 1610640t* 4+ 201474t° + 4860 + 10t'°

12| 4 1829664t + 1590600t 4 203112t° + 54003 + 24¢1°
1215 18254882 + 1596140t* 4+ 201684¢° + 54603 + 28¢1°

12| 6 1826640t2 + 1594500t* + 202230t5 + 5400¢° + 30¢1°

12| 7 1826640t + 1594500t 4+ 202230t° + 5400t” + 30t1°

121 8 1825488t2 + 1596140t* + 20168415 + 54602 + 28¢1°
1219 1829664t + 1590600t 4 203112t° + 54003 + 24¢1°
1210 1811808t2 + 1610640t* + 201474t5 + 4860 + 18¢1°
12|11 1932480t2 + 1529000t* + 164010t° + 33002 + 10¢1°

13] 1 | 684288002 + 292271616t* + 109425316t5 + 8691683¢% + 183183t10 + 1001¢'2 4 ¢t*
13| 2 6652800t 4 25152996t + 7665955t° + 439593t7 + 5445t + 11!
13] 3 6048000t 4 24798840t + 8498050t° 4+ 563640t7 + 8250 + 20t!!
13| 4 6168960t + 2473693213 + 8421435t + 580041t7 4+ 9405¢t° 4 27t
13| 5 6128640t 4 2477939213 + 8422480t° + 57657617 + 9680t + 32t'!
13| 6 6148800t 4 24752420t + 8429575t° + 576345t7 + 9625t + 35t
13| 7 6134400t 4 24773496t + 8421930t° + 577368t™ + 9750t + 36t*!
13] 8 6148800t 4 24752420t + 8429575t° 4+ 576345t7 + 9625t + 35t
131 9 6128640t 4 2477939213 + 8422480t° + 57657617 + 9680t + 32t!!
13|10 6168960t + 24736932t> + 8421435t° + 580041t7 + 9405t + 27t
13|11 6048000t 4 24798840t + 8498050t° + 563640t7 + 8250 + 20t!!
13112 6652800t 4 25152996t + 7665955t° + 439593t7 + 54457 + 11!
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Appendix B

Generating Series for (a,b, ¢, d)-dipoles
on the double torus

In order to determine the generating series for (a, b, ¢, d)-dipoles on the double torus, it is
first necessary to compute C”¥'® and J"¥"") | where

0
C// = Z Z w(SRZ .gRlR “Ry(R) f(Rz R;) + WYR, f(R) @7

Re{o,o}* \ 2<i</(R)

\I//(Q) =T eXp(xf )(Toooo 2+ TLTecee,1 + 2f (e0)Teee,3 + Teeeo,2 + 7_“0'72 + :Ef('o)T"C’vZ)

n — _
+ 37—0000 ,0 Z D (3,17 S)f + Teo Of (000) Z D(S,l"*?’)f(z) 4
n>3 ! n>4
x"” n—4 2 (n B 4)3:” n—>5
+ 4Te00,0.f(00) Z —D21n4)f5)" + Teo0f(o0) Z ——Dezimfi
n>4 n: n>5 n
n(D)
4 L 2Dy
+ [ut]ge > (D) (D)
DeD

82

05y e
Z Z Z WS gR1S1'“SZ(S)SIRQMRZ(R) agRTf(S)’

Re{o,0}* (S)€S(0,0) \S152:-Sy(5)€(S)
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and

U = (wf(0)Too,e + Too )T exp(2 (o))
+ (0 Teere + W f(a)Tos00) (€XP (T f()) — 1)
+ (wf(000)90¢0(v) + wf(O)TOO,e + f(00)70,6)¢1 (y)x eXp(l’f(o))
+ (W f(00)JoPe (V) + W f(o)Te ) fre0)P2(y) T exP(2 f(o))

+wf g.¢. <Z D(g 1n— 3)fooo _3—|—Z—D 22,17~ 4)f(oo f(o) > _|_\Ij/(1)7

n>3 n>4

To compute C”"¥'?) | the functions 7 arising in W' may be determined, using The-
orem [8.2.9] by listing the string compositions of R and determining the contribution each
one makes to 7g ;. This is done in the following tables. The action of C” on each contribu-
tion is also determined. Thus, to obtain 75 ;, sum the terms in the second column of each
of the following tables. To obtain C"7g ;, sum the terms in the third column.

R = ecee
String composition | Contribution to Teces; | Contribution to C"7eces,
ecee ®j1+1Geecee ?+1(WGeecee f(e) 1 Geces f(e0) T WTees [(ece)
+WGee f(acee) + We f(eeces))
e, Ooe ®j+290e f(e00e) Gj+2f (e000) (WTee f(a) - WGe f(ee))
00, o0 ®j 429000 [ (eve) ®j+2f (e00)(WTaeo f(0) 1 Goo f(e0) + WTe f(ee0))
ece, o ®j+2Geece f(ee) B2 (00)(WGeeos f(0) + Gace f(e0)
+WGee flace) T WGe f(eeoe))
0, 0,00 G 43900 f(00) f(ene) Gj+3f(00) f(o00) (WTee f(0) + WTe f(ee))
e,00,0 ¢j+3gnf(000)f(n) ¢j+3f( f(" (wgnf(O) + wyof("))
€0, 0,0 ¢j+3gooof(2..) ¢j+3f( oe) (wguof( o) + g.of(.o) + wg.f(..o))
e 000 ¢j+4g..f(.o)f(2..) Gjratie o)f.. (WGae f(e) + WGe flee))
R = eoe
String composition | Contribution to Tee. ; | Contribution to C"'7ees ;
ooo Dit1eeee ?j+1(WGeees [(0) + WGese f(ee) + Wae f(eee) + WTe [(esse))
o, 00 Dj12Ge0 [ (o0e) Bjtr2f(000) (WTas f(a) T WGe f(ee))
LA ®j+2Jeee f(00) D2 (00)(WTees f(e) + WTae [(ae) + WYa f(e0s))
6,00 ¢j+3goof(2..) ¢j+3f(2..) (w9-.f(.) + wg.f(oo))
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R = eee0

String composition | Contribution to Teess ; | Contribution to C"Teees ;
o000 Pj+1Geeseo Pj4+1(WGeeeec f(o) T WGeeeo f(ee) T WGeeo f(eee)
+Geo f(eee0) T WGe f(eseso))
®, 000 Dj+2G00 f(e0e0) D12 (e000) (WTae f(a) T WGe f(ee))
e, o0 ®j+2Geee f(000) Dj1+2f(000) (WGese f(0) T WGae f(ee) + WTa f(ese))
eee, O ®j+2Geses f(00) Dj+2f(00) (WTeese f(o) + wg...f(..)
+WGee [(ese) T WTe ....))
o, 0 00 ®j+3G00 f(00) f(000) Dj+3f (00) f(000) (WTee f(0) + WGe f(ee))
o, 000 $j+3G00 f(o0e) f(00) Dj+3 (e00) [(00) (WTee f(a) + WGe [(ee))
®e. 0 0 ®j+3G0ee f(00) [ (00) D13 f(00) [(00) (WTaes f(e) + wg..f(..) + WYe f(ese))
e, 000 ¢j+4g..f(2..)f(.o) ¢J+4f(.. J(00)(WGae fa) + WGa f(ee))
R = ee00
String composition | Contribution to Teece ;j | Contribution to C"Teece ;
eece ®j+1Geeece Pj4+1(WGeeece f(e)  WGeece f(ee) T Gaoe f(eso0)
+WGee f(eece) T WYe f(esece))
e, 000 Dj+2G00 f(e0ce) D2 (0000) (WTae f(0) T WGa f(ee))
oo 0o Dj+2Geee [ (e00) Bj+2f(e00) (WTese f(e) T WGae f(ee) + WTe f(ese))
000, o ®j+2Geeec f(oe) Dj+2f(00) (WTeeso f(e) T WGeeo f(ee)
+ oo f(e00) + WGe f(eneo))
o 0 00 ®j+3G0e [ (e0) [ (e00) D13 f(00) [(000) (WTae f(0) + WGe f(ee))
e, 00,0 ®j+3G0e [ (e00) f(00) Dj+3f (000) [(00) (WTee f(a) + WGe [(ee))
®e. 0,0 ®j+3G0eef(00) [ (00) ¢]+3f(.o J(00)(WGeee f(0) + WGae f(ee) + WTa f(aee))
®,0,0,0 ¢j+49nf(2..)f(00) ¢]+4f ) f (wgnf( Sian WY f, u))
R = ee0
String composition | Contribution to Tee ; | Contribution to C"'7ees ;
®e0 ®j+1Jeee0 ?j+1(WYeeeo0 [(0) + WGeeo f(ee) + GJao f(eec) + WTe [(eeec))
e, 0 ®j+2Gee f(e00) Gj+2f(000)(WGae f(0) + We flee))
e, 0 Dj+2Ge0e [ (00) D2 (00)(WGaee [(0) + WGee f(00) T WTe f(aee))
® 00 Pj+3Ge0 [(00) f(00) D13 f(00) [(00) (WGee f(a) T WGa flae))
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R = e000

String composition

Contribution to Tecso,j

Contribution to C"'Tecoo j

@000

®, 000
®0, 00
000, O
®,6 0,00
®,6 00,0
€0,0,0

®,0,0,0

R = e0

¢j+1gooooo

®j+2Ge0 f(e000)
¢j+29..of(.oo)
¢j+2g..oof(.o)
Dj13Gee [ (00) f(000)
¢]+3goof ®00 f(oo
¢]+3gooo f(.o
¢j+49n f(?).o)

Dj+1(WGee000 f(s) + Jeooo f(e0) T Geoo f(e00)
+Geo f(e000) + WYe f(es000))

Bj+2.f (0000) (WTee f(a) T WGe f(ee))

B2 (000) (WGeeo f(e) + Goo f(e0) + WTe f(eeo))

Dj13f(00) f(000) (WTae f(a) + WGe f(ee))
¢g+3f(.o)f.oo)(wg..f(.) + WGe f(e0))
¢g+3f(. 1 (WGae0 f(0) T Gaof(e0) + WTe f(0e0))
¢J+4f (e0) (WGee f(e) + WGe f(ee))

String composition ‘ Contribution to e ; ‘ Contribution to C"'7,, ;

[ Je]

e O

R = e00

String composition

¢j+1gooo
¢j+2goof(oo)

Contribution to Teeo

¢j+1 (gooof(o) + wgoof(oo) + wgof(ooo))
¢j+2f(oo) (wgoof(o) + wgof(oo))

Contribution to C"'Teco ;

@00
®, OO0
@0, 0

®, 0,0

J”\D”(l)

¢j+1g..oo

®j+29ee f(e00)
®j+2Ge00 [ (00)
¢j+3900 f(z.o)

$j4+1(WGeeoo0 f(0) + Geoo f(e0) + Geo f(e00) + WGe f(eeoo))
Bj12f(000) (WGee f(e) T WGe f(ee))

®j+2f(00) (WTGeeo [(0) + Gao f(e0) + WGa f(ees))

Dj+3f foo) (WTne f(0) + WGa fiau)

may be computed by using the expressions for 7-functions given in Table .

The result of applying J” to each term of U”(M) is given in the following table; to obtain

J”‘Iﬂl(l

), sum the third column.
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7 | Contributions to ¥’ Action of J”

Too,e wxexf(o>gooof(0)¢l,l w2xexf(o)g"'oof(’) (¢1:1 + wf(')¢1’2)
+wxe™© geoooo (xP11 + ¢P21)
wzl’exf@g.f(.)f(.oo)(;ﬁLz nge’”f@g...f(.oo) (¢1,2 + 2wf(o)¢1,3)
FW? T Gaoo f() fao0) (TP12 + P22)
+w2$€$f(o)f(o) ¢172(wgooooo + Jeooeo + gooooo)
wxexf(°>goof(-) f(oo) ¢2,1 w2xexf<o)g“°°f(oo) (¢271 + ’LUf(.) ¢2’2>
FWEZE® Gaooo f(o) flo0) (TP2,1 + 2¢03.1)
+2wze© f(.)¢2,1g.oooo

W2 o fra)froo Fry B2 | WTET Gunn froor fromy (23 -+ 200 ) )
+ W22 Gooo f(0) f(00) [(e0) (TP2,2 + 2003 2)
+2w2 ™) f(4) fle0)P2,2G0000
+w?ze ) fl4) fl00)$2.2(WGee0s + Gooso)

Too,e x6$f<o)gooo¢1,0 xexf(o)gooooo<x¢1,0 + ¢2,0)

WL Gy flaoo) P11 WLE™® Gaoo flaco) (TP1,1 + P2,1)
—l—w?’xexf(")g...f(.oo)%,z

+wxewf<°>¢1,1 (wgooooo + Jeooceo + gooooo)

xexf(o)goof(oo)qblo wewf@)g.ooof(oo) (x¢270 + 2¢370)
+22€"©) Gaoo00 2,0
wwetle g, f(e0) f(00)P2,1 WLe™ ! oo Jie0) flo0) (Th21 + 2¢31)

+ W32 Gue fr00) f(00) P22
—i—wxewf(")f(.o) 9252,1(109..0. + goooo>
+2wWze™© f(o0)$2.1Ge000

Tee,0 U)Z(exf(o) - 1)9-..9250,2 2w4(ezf(o) — 1)Gesess 03 + xw2€xf(o)g°°°"¢ov2

W (€ = 1)gu flana)Pos | 3P (€7 = 1)Gane flae) D04 + W TETC) Goo flane) P03
+3w* (€7 — 1) Gesees D0 3

W e = 1) gaefae) P03 | 3P (€7) — 1) Genee floe) 0.4 + WP LETC) Guoon fan) P03
+2wH(€™©) — 1) geseee 0.3

wh (et — 1)ge f20 P04 4d (et — 1)Gess fan) P05 + w4$€zf(°)9-oof(2..)¢0,4
+4w5 (€™ — 1) Gueee f(e0) P04
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Contributions to ¥”(1)

Action of J”

Tee,00

w3(exf(°> )g...f ¢0 3

W (€™ — 1) e floee) [(o) P04

w4<€xf(°> - 1)goof(oo)f(0)¢0,4

( ey — 1)90f f ¢05

W™ — 1) gessns (P03 + 3w f(0)P0.4)
+ w32 Geooee f(e) 0.3
WP (€™ = 1) Gaes f(one) (P04 + 410 f(a)00.5)
W™ Gaoo f(ene) (o) P04
+3w5(erf(°> - 1)9.....f(.)¢0,4
W () — 1) Ganne fo0) (P04 + 410 f(0)P05)
+wrze®fe) ) Gecoe [(ee) f(0) P04
+-2wP (e — 1)9....f ) 90,4
wd (el — 1)9...f(2..)<¢0,5 + 5w f(e)Po,6)
+w5$emf<°)g.oof(2.. J) P05
+4wd (et — 1)9....f ) f(e)P0,5

Teo,e

qbl (y)zexf(") WJeeo f(o) ¢0,1

$1(y) 2™ w2y f(eso) (o) P02

¢1 (y)SUexf(") wgoof(oo) f(o) (bl,l

1 (y)xe””f(o>w2g.f(2_o)f(.)¢1,2

2w Geanno (f(0)P2(y )¢071 + ¢1(y)doa
+w fo)$1(y)Po,2)
+¢1 (y)x2exf(°) WGeooeo f(.) ¢071
2O W Gaes flono) (flo)P2(y)d02 + D1(y) P02
+2w f(o)1(y) Po,3)
+¢1(y)x2e™ e w29.oof(..o) Jo) %02
+é1(y )ivexf ©W? f(4)P0.2(Wesece + Wseces + Jecess)
ze"low Qnoof (#0) (f ¢2( Jo11 + O1(y) P11
‘HUf )P1(Y)P1.2)
+é1 (y)xexf(°>ngOOOf(w)f(') (xﬁbl,l + ¢271>
+¢1(y)2e™ W f0)91.1 (WGee0s0 + Joosoo)
xexf(o)w?)g-“f(%o)(¢2(?J)f(o)¢1,2 + ¢1(y) b1
+2we1 (Y) fo)P1,3)
+1(y) 2O W Gooo [y fro) (@012 + d2,2)
+201 (y) 2O W? fla0) f(0)D1.2(WTeecs T Geoeo)

Toe

ze®Te) ¢y (¥) oo f(e0)P1,0

wre™ ) 1Y) ge flan) P11

WTe™ ) G (y) Jeseo [(00)P1,0
+2€™1© 1 (Y) Goooo f(eo) (TP1,0 + P20)
+2€"©) $1 () P1,0(Gaosco + WYeeoeo)
wrze/e© g...f(.o (D2(y) P11 + w1 (Y)P12)
+wze® °>g.oof.o)<251( J(@d11 + ¢a21)
+2wxezf<°)f oo)Cbl 1¢1( )(goooo + wgoooo)
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7 | Contributions to ¥”®) Action of J”

Tec | W2 D3(y) Goo fro) froo) P01 W™ Gosae f(a0) (2(0)03(y)d0.1 + P2(y)do,1
+w fo)P2(y) do,2)

+wz?el ) gy (y )Gecos [ (e) f(e0)P0,1

+wze™© o (y) P0,1 f(e) (Gecsos T Wasoee)

WA © 93 (Y) Go f(0) f(00) [(00) D02 | W3TE© Gane fla0) flae) (2 (0)D3(Y) D02 + P2(y) Do 2
+2w frayP2(y) d0,3)

+w222 €™ 3 (Y) Gooo f(0) f(00) [(00) P02

Fw?ze™© 9 (Y) P02 f(e) f(ee) (Gooso + WGaecs)

—|—2U)35L'€xf(°) ¢2 (y)ﬁboggoooo f(o) f(oo)

The remaining terms contributing to ¥’ are:

Contributions to ¥”(M) Action of J”

wre™ G1(y)go freeo) P01 W) Geu fa00) (02(y) P01 + W1 (y)P0.2)
+wz2e™© ¢ (Y) Gooo f(eeo) P01

+wze™ ) ¢ (1Y) P0.1(WGeesce + WGescee + Jeceso)
wxefﬂf(o)ng (y)gof(oo)f(oo)gbo,l w2x€xf(o>g“'f(“ f('o) (2¢3 (y)¢071 + w¢2(y)¢0’2)
+wz2e™© ¢ (y) Gaco flee) f(e0) P01
—l—wa:exf(")@( )00.1(2WGeees + WGeeos + Geceo)

wg.f f ooo)f ¢O 1 ngooof(Ooo)fg;3(¢0,l + ’lUf ¢0 2)
+wf ¢0 1(3gooooof@;3 + ( 3)gooof (000) f(o) )
wg.f(')fgoo)fg);4¢0,1 w guof oo)f ((bO 1+ wf(o ¢O 2)

+wf Qb() 1 (4goooof(oo f(o) ( - 4)gooof(200) fg))_5)

Finally, the contributions from W'(") are:

Term of U1 Action of J”

xeﬂff(o) gooo¢1 (y) xemf(o) (xgooooo¢l (y) ‘l’ wgooooo¢2 (y))

xezf<o>goo]i(§o) ¢2 (y) l'exf(o) (xg.oo.f(oo) ¢2 (y) + wgooooo?i (y) + gooooo¢2<y) + 2wgoooof(oo)¢3 (y))
gof(Qooo) ,];'(3)4 3gooooof(o) ( — 3)gooof(ooo)2f(o) s

gof(oo)f(o) 4goooof oo)f o) (n - 4)gooof(oo) f(o)

The generating series U”(?) may be obtained from the above results by replacing ge R®ij
with 75, ; whenever it appears. In order to simplify the presentation, (¥”®)) is given below,
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instead of ¥”(?). In the following tables, the following definitions are used:

"
D3 = Z D(371n—3)m,

n>3

xn
D2,2 = Z D(2,2,1n—4)—,,
n!

n>4
* ‘/En
D= (n— 3)D(3,1n_3)m,
n>4 ’
D;y:=Y (n—4) Dy nH)x—n.
’ n>5 o n'
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The coefficients of each 7 function appearing in (¥”() are as follows.

7-function | Coefficient in (¥”(2))

(Te00) | wze(5{¢s) + (13 + 22)(¢5) + (11 + 57){(¢s) + (3 + 4)(P3) + (¢2))
+3w((p1) + 3(p2) + 3(p3) + (d4)) D3 +w((¢1) + <¢2>)D(D* + D3 5)
+4w<<¢1> +2(62) + (63)) Daa + wlud] 3 pop w22

(T0,0,0) e*({@5) + (2 + 2)(da) + (1 +22)(¢3)) + 3({1) + 2(¢2) + (¢3)) D3
+4<<¢1> (¢2))Das

(Te00) | wre(5(ds) + (12 + 22)(d5) + (9 + 42)(¢s) + (2 + 22)(d3) + 7(¢2))
+3w((ga) + 2(¢3) + (¢4)) D3 + w({¢1) + (¢2)) (D3 + D3 ,)
+4w({(¢a) + (¢3)) D22

(<¢1> (¢2)) D3 + 4<¢1>D2 2+ D3+ D3,

N

(T00,0,0)

(Too01) | wa?e®({¢1) + (h2)) + w(Dj + D3, 2)

(Too02) | w2r?e”({p1) + (¢2))

(Too0s) | wize”

(Too0a) | 2whze”

(Too.05) w5.7ce

(Toon1) | wz?e®(1+ (¢1))

(Toon2) | w?a?e"(1+ (¢1))

(Too1) | wze®(1+ <¢1>) + war?e”

(Toon2) | w?ze™(1+ (¢1)) + wra?e”

(Toos1) | 2wxe”

(Tooz2) | 2w?ze”

(Toe00) | 2e"({P1) + (1 +2)(d3)) + (¢1)(D3 + D35)

(Teo00) | wre®((d5) + (2 +2){Pa) + (1 + 22)(¢3)) + 3w({¢2) + (¢3)) D3
4w (p2) Do o

(Tee,0,0) wie “(4(¢s) + (5 + 90)<¢4> (¢3) + z(¢2))

(Teo01) | wW2ze®((p2) +2(d3)) +w*(Ds + Do)

(Teo02) 2uw3ze (1) + 2<¢2> + 2<¢3>) + w3(D3 + D)

<Too,0,3> 2’(1) zre (( > < >>

(Teo04) |4w’(e* —1)

(Teo0s) | 9wl(e® —1)

<Too,O,6> 5207(693 — 1)

(Too1,1) w?ze” (ps)

(Teon2) | (24 2(1) + (¢2))w’we”

(Teor3) | 2w'ze®(1+ (1))

(Teon2) |2wze”

(Teons) | 2wize®
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T-function | Coefficient in (W"(?))
(Too0,00) | Bw(p1)D3 + 4D 5
<7'ooo,0,1> 4UJD2,2
<Tooo,1,0> $2€x<¢1>
(Tooo11) | wz?e” (1)

(Tooo0) | 2™ 4+ ze™(¢1)

(Tooo21) | wz?e” 4+ (24 (¢1))wze”
(Tooo22) | 2w?xe®

(Tooo,30) | 2xe”

(Tooo31) | 2wxe”

(Tooe00) | T2€"(P2)

<7'oo.,0,1> ?U372€x<¢2>

(Tooe,3) | wize®

(Tooe04) | whae

(Toso0,1) | wze™(d2)

<Tooo70,2> w2$em <¢2>

(Toso,1) | 2wze®(g1)

(Towon2) | w2ae(¢n)

(Toso21) | wxe®

(Toso2) | wW?xe”

(Teoo,00) | Bw(p2) D3 + 4w (1) Da o
(Tose00) | 2™ ((@3) + (d2))
(Tece00) | wze™({Pa) + (1 + z)(03))
(Teoe01) | W2e™(¢2)

(Teoe02) | W e (¢a)

(Teoe1,1) | 2w?xe™ (1)

(Teoe1,2) | 2w xe™ (1)

(Teoe21) | wize”

(Teoe2) | wize®

<Tooo,0,0> wxex(<¢4> + (]‘ + .T) <¢3>)
(Towo,1,0) | wwe™(P2)

(Tewo1) | W2ze™((h1) + (P2))
(Teso,1,2) w3x€x<¢1>

(Teso2,1) | W€

(Tesop2) | wize®

<7—ooo,0,0> wl‘€m<2<¢3> + 3<¢4>)
(Tewe01) | W2 (3(P2) + 2(3))
<Tooo,0 2> 3w3xe“‘ <¢2>

(Tees04) | 10w(e® —1)

(Teesn5) | 8wS(e” —1)
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7-function | Coefficient in (¥"(2))
<Toooo,0,0> 3D3
<7'oooo,o 1> 3wDs
<Toooo,1 0> z?e”
<7'oooo,2 0) 3xe®
(Tooo0,1,1) wre”
(Too0o,2,1) 3wx€””
(To0e0,0,0) e (¢1)
<7'oo.o,0 1> wz’e <¢1>
<7'oo.o 1 1> wre”
<Too.o,1 2) wre”
<7'oo..,0 2) rw?e”
(Tooes,0,3) wire”
(To.oo,1 0> $6x<¢1>
<7'o.oo,1 1> UW@m(l + <¢1>)
<To.oo,1 2) wze”
(Tosoe00) | TE"(P2)
(Tosoe,0,1) | WTE"(P2)
<7'o..o,o 1> wxe <¢1>
<7—oooo,072> w?re <¢1>
(Teo00,0,0) | (1) D3
(Teooe,1,1) wre”
<7'.oo.,1 2) wire”
<T.o.o,1 0> wme <¢1>
<7'.o.o 1 1> w?re <¢1>
(Tecee,0,0) | wxe((¢3) + (1 + x)(h2))
(Teces0,1) | W2re™({P1) + (P2))
(Teces,0,2) w3$€m<¢1>
<7'..oo 1 1> w?ze”
<7'..oo,1 2> wizre”
(Tesce00) | wze®((d2) + (¢3))
(Tesce,0,1) w2$€m<¢1>
(Tesce,0,2) w3$6x<¢1>
<7'...o,o 0) | wre™(ps)
<7'...o,o 1> w2$€x(<¢1> + <¢2>)
<7'...o,0 2> w3$@z<¢1>
<T....,o 3) 8w4(€x —1)
<7'...o,0 1) 6w5(€z 1)
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