ABSTRACT

JAYNE, REBECCA LINN. Maximal Dominant Weights of Some Integrable Modules for the
Special Linear Affine Lie Algebras and Their Multiplicities. (Under the direction of Kailash
Misra.)

Kac-Moody algebras were discovered by Victor Kac and Robert Moody in the 1960’s. A par-
ticular class of infinite dimensional Kac-Moody algebras, known as affine Kac-Moody algebras,
have been an important area of study. In particular, mathematicians study the irreducible in-
tegrable highest weight modules of Kac-Moody algebras. A useful tool in studying Kac-Moody
algebras are crystal bases. The notion of a crystal base was introduced by Masaki Kashiwara
and George Lusztig in the study of quantum groups. In crystal base theory, we use combinato-
rial objects to study highest weight modules of Kac-Moody algebras.

In this thesis, we study a particular affine Kac-Moody algebra, sAl(n), an infinite dimensional
analog of the Lie algebra of traceless n x n matrices. In particular, we consider irreducible
integrable highest weight sAl(n)—modules. In the weight structure of these modules, the maximal
weights form something of a roof. That is, all other weights occur on strings stemming from
the maximal weights. We determine the maximal dominant weights of certain sl (n)-modules.
In addition, we study the multiplicity of particular maximal dominant weights using crystal
base theory. We find a relationship between the multiplicity of these weights and avoiding

permutations.
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Chapter 1

Introduction

Lie algebras were originally discovered by their namesake, Sophus Lie, during the nineteenth
century. Lie was studying symmetries of solutions to differential equations at the time. Since
then, Lie algebras have been studied quite extensively outside of the context of differential
equations.

By the end of the nineteenth century, Wilhelm Killing and Elie Cartan had classified simple
finite dimensional Lie algebras (c.f. [5]). In the 1960’s, Victor Kac [8] and Robert Moody
[18] independently discovered Kac-Moody algebras, generalizing finite dimensional semisimple
Lie algebras. In general, they constructed a Kac-Moody algebra by beginning with an n x n
integer matrix (generalized Cartan matrix) with special properties. They then constructed Kac-
Moody algebras using 3n generators and relations dependent upon the entries of the symmetric
generalized Cartan matrices [10].

Requiring additional restrictions on the Cartan matrix gives an affine Kac-Moody algebra.
These affine Kac-Moody algebras are infinite dimensional and can be constructed using finite
dimensional simple Lie algebras. In this thesis, we will primarily consider sAl(n), the affine Kac-
Moody algebra constructed from the finite dimensional sl(n), which is the simple Lie algebra
of traceless n x n matrices.

An important area of study is that of integrable highest weight modules of Kac-Moody



algebras, which were introduced by Kac [9] in the 1970’s. It can be shown that for a dominant
weight A and a Kac-Moody algebra g, there is a unique, up to isomorphism, irreducible inte-
grable highest weight module, which we will denote by V(A). An area of interest is the weight
structure of these modules. The words “highest weight” in the description of the module are
motivated by the fact that every other weight of the module is less than the highest weight,
A, under a particular ordering. Given a weight, we can often consider other weights by adding
or subtracting a null root, §. There are certain weights, called maximal weights, to which we
can add ¢ and no longer have a weight. That is to say, these maximal weights form something
like a ceiling over all other weights. In this thesis, we determine the set of maximal dominant
weights for certain sl (n) modules.

Another area of interest in the study of integrable highest weight modules is the study of
the dimensions of the weight spaces of V(A), known as weight multiplicities. As a tool to
determine these weight multiplicities, we use crystal base theory, which comes from the study
of quantum groups. In the 1980’s, Vladimir Drinfel’d [2] and Michio Jimbo [6] introduced the
notion of a quantum group. We can view quantum groups as neither groups nor Lie algebras,
but as Hopf algebras. Quantum groups are deformations of universal enveloping algebras of
Kac-Moody algebras. For a symmetrizable generalized Cartan matrix, a Kac-Moody algebra g
can be constructed. Associated with g, a quantum group U,(g), where ¢ is an indeterminate,
can be constructed. A very useful fact is that the representation theory of U,(g) is parallel to
the representation theory of g [13]. In particular, dimensions of weight spaces remain invariant
under g-deformations.

In the early 1990’s, Masaki Kashiwara [11], [12] and George Lusztig [14] independently
developed crystal base theory. In this theory, we can use combinatorial objects to study the
weight multiplicities of U;(g)-modules and hence g-modules. Around this same time, Kailash
Misra and Tetsuji Miwa [16] introduced the notion of combinatorial objects known as extended
Young diagrams to give an explicit realization of the crystal basis for level one representations of

Uq(sAl (n)). Jimbo, Misra, Miwa, and Masato Okado [7] later generalized this theory to arbitrary



integrable highest weight Uq(;l(n))—modules.

In this thesis, we use and build on this work. In Chapter 2, we will review a more detailed
construction of Kac-Moody algebras and quantum groups. Then in Chapter 3, we will dis-
cuss crystal base theory and the combinatorial realization of crystals in the form of extended
Young diagrams. Next, in Chapter 4, we determine the maximal dominant weights of specific
;’\l(n)—modules. Finally, in Chapter 5, we consider the multiplicity of certain maximal domi-
nant weights using crystal base theory. Specifically, we conjecture a relationship between the
multiplicity of these weights and pattern avoiding permutations and provide some evidence to

justify our conjecture.



Chapter 2

Kac-Moody Algebras and Quantum

Groups

In this chapter, we describe Lie algebras and then focus specifically on a particular class of Lie
algebras known as Kac-Moody algebras. We discuss the construction of Kac-Moody algebras
as well as their representation theory. In addition, we describe quantum groups.

Unless otherwise noted, we will consider our underlying field to be C.

2.1 Lie Algebras

Definition 2.1.1 A Lie algebra g is a vector space over a field C, upon which is defined a

product: [,]: g x g — g such that for all z,y,z € g and a,b € C,
1. [ax + by, z] = a[z, z] + bly, 2] and [z, ay + bz] = a[z,y] + b[x, 2] (C-bilinear)
2. |z,x] =0
3. [z, [y, 2]] + [y, [z, x]] + [2, [z, y]] = 0. (Jacobi identity)

Many examples of important finite dimensional Lie algebras are Lie algebras of matrices.

In these Lie algebras, we define the product as the commutator [A, B] = AB — BA via matrix



multiplication. For example, particularly important are Lie algebras of trace zero n xn matrices.

We will first look at the case of trace zero 2 x 2 matrices.

Example 2.1.2 We denote the Lie algebra of 2 x 2 traceless matrices over C by sl(2). A basis

of sl(2) is given by:

We see that [h,e] = 2e, [h, f] = =2f, e, f] = h.

For general n, we denote the Lie algebra of trace zero n x n matrices over C by sl(n). A
basis of sl(n) is given by: {h; = Ej — Eiy141, Ejr | 1 <1 <n—1,1<j#k <n}, where Ej;
is an n X n matrix of all zeros except for a one in the i-th row and j-th column. Notice that as
in Example 2.1.2, diagonal elements are denoted with an h, though in the n x n case, we must

index these elements.

Definition 2.1.3 An associative algebra A over C is a ring A which can also be viewed as
a vector space over C, where the underlying addition and 0 element are the same in the ring

and the vector space and a(z -y) = (az) -y =z - (ay), for alla € C,z,y € A.

The set of all n x n matrices over a field C is an associative algebra. Additionally, if we
consider an associative algebra A over C, we can define a bracket on A such that [z,y| = z-y—y-z
and can now view A as a Lie algebra.

We define a Lie subalgebra to be a subset of a Lie algebra that is itself a Lie algebra. Note
that for sl(n), the set of all diagonal elements is a Lie subalgebra of sl(n). This is a particularly
important subalgebra called the Cartan subalgebra, which we will denote b.

We are also concerned with subspaces of Lie algebras called ideals. A subspace M of a
Lie algebra g is an ideal if [x,y] € M for all x € g,y € M. A Lie algebra is simple if it is

nonabelian and its only ideals are {0} and itself. Another important class of Lie algebras are



semisimple Lie algebras. To define semisimple, we will consider the derived series of g,

where g™ = [g(m=D g(m=D] 1f g(™) = {0} for some m, then g is said to be solvable. A
Lie algebra is semisimple if it has no nonzero solvable ideals. Equivalently, a Lie algebra is
semisimple if it can be written as a direct sum of simple ideals.

As in the study of groups and rings, in the study of Lie algebras we develop the notion of ho-
momorphisms. In this thesis, we will be especially interested in a special type of homomorphism

known as a representation.

Definition 2.1.4 Let g1 and g2 be Lie algebras. A linear transformation ¢ : g1 — go is a Lie

algebra homomorphism if p([z,y]) = [p(x), p(y)] for all x,y € g;.

Definition 2.1.5 A homomorphism ¢ : g — gl(V') is a Lie algebra representation of the
Lie algebra g on the vector space V, where gl(V') is the set of all linear transformations from

VitoV.
Representations are very closely related to modules.

Definition 2.1.6 Let g be a Lie algebra over C. A wvector space V' over C is a g-module if

there is an operation -: g x V. — V such that for all x,y € g, u,v € V, and a,b € C:
1. z- (au+bv) = a(x - u) + b(z - v),
2. (ax +by)-v=a(zx-v)+by-v),
8. [wyl-v=a-(y-v)—y-(z-v)

It is important to notice that modules for a Lie algebra and Lie algebra representations
are equivalent. Suppose V is a g-module with an operation we will denote -. If we define

v:g — gl(V) by p(x)v = = - v, it can be shown that ¢ is a Lie algebra representation.



Similarly, we can reverse this process to obtain a module from a Lie algebra representation. For
this reason, we will often use either term to refer to the same construction, though representation
will refer to the map and module will refer to the vector space.

We consider various properties of modules. For a g-module V, a subspace U of V is a
submodule if z-u € U for all z € g and v € U. A nonzero g-module V is irreducible if V'
has no proper nonzero submodules.

An important representation is the adjoint representation. In the adjoint representation,
we view the Lie algebra g as a representation onto itself; that is, g is itself a g-module. We also
consider the adjoint action on subalgebras of a Lie algebra g. For the following examples, note
that when we look at the module action on the Cartan subalgebra, we find behavior similar to

eigenvalue and eigenvector pairs.

Definition 2.1.7 The adjoint representation for a Lie algebra g is V: g — gl(g), defined

by ¥(z)(y) = ad;(y) = [z,y] for all z,y € g.

To see that ¥ does preserve the bracket, consider the following:

Example 2.1.8 Consider the adjoint representation of the Cartan subalgebra of sl(2) on sl(2).

e U(h)(e) = [h,e] =2e

e U(h)(f) =[h fl=—-2f



Notice that e and f are behaving like eigenvectors and 2 and —2, respectively, are the cor-

responding eigenvalues.

Now let us consider the adjoint representation of the Cartan subalgebra of si(3) on sl(3).

Example 2.1.9 We consider the adjoint representation of the Cartan subalgebra on sl(3).
Recall that the Cartan subalgebra is b = {h1 = E11 — Ea2,ha = FE9 — E33}. We obtain the

relationships in Table 2.1.

Table 2.1: Adjoint Representation of h on si(3)

z | W(h)(z) | ¥(h2)(2)
E12 2E12 _E12

Note that if we define a1 and as € b* such that,

Ckl(hl) =2 Ozl(hg) =—1
ag(h1) = =1 aa(hg) =2,

we can rewrite the table above as in Table 2.2. Here, cy and as are called roots.
Definition 2.1.10 Let go = {z € g | [h,z] = a(h)z Yx € g} for o € bh*

1. For a # 0, if go s nonzero, o is a root of g.

2. For a # 0, if g is nonzero, g, is called the root space of o in g

Consider our example of g = sl(3). The space {ad}, | h € b} is a space of simultaneously

diagonalizable linear operators on g and we can write g as a direct sum of its root spaces



Table 2.2: Adjoint Representation of h on sl(3) with Roots

z W(h1)(2) U (h2)(2)
Eq ay(hy)Er2 ai(ha)Er2
Ei3| (a1 4+ a2)(h)E3 | (a1 + az)(ho)Er3
Eo3 as(hy)Ea3 az(ho)Ea3
Eoy —ay(hy)Eyy —ai(ha)Eay
E31 | —(ar + a)(h1)E31 | —(a1 + ao)(he) B3y
Es3o —ag(hy)Esg —ag(ho)E3p

(including go = h). That is,

9="0Dga; D bas D ar+as D 9—a; & F—ar D 9—(a1+az)

We call this the root space decomposition of g.
Often when we consider a module, we will not be using the adjoint representation. An

example of another representation follows.

Example 2.1.11 Let g = sl(3) and let V = C3. We will define the representation by ¢(x)(v) =
zv for x € g,v € V, where the jurtaposition here is just the usual matriz-vector multiplication.
Note that ¢(h): V' — V is diagonalizable for all h € h. Since 0 = ¢([h,h']) = [¢(h), p(R")] for
all hyh' € b, the set {p(h) | h € b} is a space of simultaneously diagonalizable linear operators

on V. Note that a basis of V is

1 0 0
V1 = 0 |, v2= 1 , U3 = 0
0 0 1

We have the following relationships:

hl-vlzvl hQ"Ul:O
hl-vgz—’l)z hQ-UQZUQ
hi-v3=0 hs - v3 = —wg3



Definition 2.1.12 Let gy ={z € g| h-v= A(h)z Vz € g} for A € h*.
1. If gy is nonzero, A is a weight.

2. 1If gy is nonzero, gy is called the \-weight space.

Example 2.1.13 Continuing FExample 2.1.11, if we define A1, Ao, A3 € b*, by the following:
A(hy) =1 A(ha) =0

Ao(hy) = =1 Ag(hg) =1

Az(h1) =0 Az(hg) = —1.
We obtain the weight space decomposition: V = Vy, @ Vy, © V),

Notice that in all of these examples, we were able to give a weight space or root space
decomposition of the given module. This was related to our ability to create a set of simulta-
neously diagonalizable linear operators. We guarantee this by our selection of Lie algebra. In
fact, Weyl’s Theorem states that when g is a finite dimensional semisimple Lie algebra, any

g-module can be written as a direct sum of irreducible submodules.

2.2 Kac-Moody Algebras

We discuss the construction of finite and affine Kac-Moody algebras. We begin with an exam-

ination of specific matrices called generalized Cartan matrices.

Definition 2.2.1 A generalized Cartan matrix (GCM) is an (n — 1) x (n — 1) matriz

A= (aij)?:j;ll such that
1. az =2 fori=1,...n—1,
2. a;j 15 a nonpositive integer for i # j,
3. a;j=0 = a;; =0

If A is positive definite as well, A is called a Cartan matrix.

10



A GCM is decomposable if there exists some o € S,,_; such that o(A) = (ao(i),cr(j))?:j_:ll

is in block diagonal form. Otherwise, A is indecomposable. In this sense, we need only
consider indecomposable GCM’s. We can classify these indecomposable GCM’s according to

the following theorem.

Theorem 2.2.2 [10] Let A be an indecomposable GCM. Then one and only one of the the

following is true.
1. (Finite) det(A) # 0, Ju > 0 such that Au >0, Av >0 = v >0 orv=0,
2. (Affine) corank(A) = 1, 3u > 0 such that Au =0, Av >0 = Av =0,

3. (Indefinite) Fu > 0 such that Au <0, Av > 0,v >0 = v =0.

We take u and v to be column vectors in Z" ! and take v > 0 to mean that u; > 0 for
i=1,2,...n— 1.

It is worth noting that the GCM’s can be further described by associating each with a
Dynkin diagram. For an indecomposable (n — 1) x (n — 1) GCM, the Dynkin diagram is a

connected graph with n — 1 vertices connected according to the following conditions: [10]

o If a;jaj; <4, we connect vertices i and j by max{|asjl, |a;;|} lines with an arrow pointing

toward i if |a;;| > 1.
o If a;jaj; > 4, we connect vertices 7 and j by a bold line marked with (|as;], |aj|).

Example 2.2.3 The following GCM and Dynkin diagram are in correspondence.

2 -1 0
A=| -1 2 -1
0o -2 2 ;

1 2 3

Figure 2.1: A Corresponding GCM and Dynkin diagram

11



A GCM is called symmetrizable if there exists a matrix S = diag(s1, $2,...,Sn—1) such
that the product SA is a symmetric matrix (i.e. (SA)T = SA). From now on, we will consider
only symmetrizable GCM’s. We wish to construct Lie algebras using information from GCM’s.
More specifically, we wish to construct finite and affine Kac-Moody Lie algebras. Though the
process of constructing these Lie algebras is very similar for the finite case and the affine case,
we will examine them separately.

We begin with an (n —1) x (n—1) GCM, A, of finite type. We define a realization of A to
be a triple (h, I1,11V). Here, b is a vector space of dimension n—1; IT = {ag,9,...,an_1} C h*;
MV = {hy,ho,...,hp_1} C h. II and IIV are linearly independent sets such that a;j(hi) = ayj
for i,5 =1,2,...n— 1. The elements of II are the simple roots and those of IIV are called the
simple coroots. For convenience, we will use I = {1,2,...,n — 1} as an index set.

Using this notation, we can construct a finite dimensional Lie algebra as follows.

Theorem 2.2.4 (Serre) [5] Let A be a Cartan matriz and (h,11,11V) a realization of A. Then
g, the Lie algebra generated by {e;, fi,h; | i € I} satisfying the following relations, is a finite

dimensional Kac-Moody Lie algebra.
1. [hishj] =0 (i, € 1)
2. les, fi] = 0i;hi (1,7 € 1),
3. [hisej] = aije; (1,5 € 1),
4 iy il = —aigfy (6,5 € 1),
5. (ad €)' ™%ie; =0, i # 7,
6. (ad f;)' " f; =0, i # .

For more information about the proof of this theorem, refer to [5]. b is the Cartan subalge-

bra. We call e;, f; (i € I) the Chevalley generators. Note that if we let n,. be the subalgebra
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of g generated by the e)s and n_ that generated by the f/s, we obtain the decomposition:

g=t, ®hon_.

We call Q = Zay @ Zas @ ... ® Zay,—1 the root lattice. We define a partial ordering on
elements on h* by stating that A > p when A — u € QT = Z>pa1 ® Z>oa2 @ ... B Z>00p—1.

In addition, every root is an integral linear combination of elements of II. It can be shown
that to be a root, coefficients of the o;’s in a particular linear combination are either all positive
or all negative. If they are all positive, we say that a root « > 0. If they are all negative, we say

that o < 0. For a root «, it can also be shown that if a > 0,9, € ny and g, € n_ for a < 0.

Example 2.2.5 Consider the generalized Cartan matriz of finite type and its corresponding

Dynkin diagram below.

[\]
|
—_
o
o
o

N
|
|
O =
|
— N
|
N =
|
—_ O
o O
H{
|
|
|
|

Figure 2.2: GCM and Dynkin diagram for si(n)

The Kac-Moody Lie algebra associated with A is g = sl(n). As we discussed in the first

n—1
section, we can have many roots of g = sl(n). We find that the highest root is 6 = Z a;. That
is to say, if we add to 6 some «;, i € I, a; + 6 is not a root. =
Now, we wish to associate a Lie algebra with each symmetrizable affine GCM. By def-
inition, an affine GCM has corank 1. Let A be an n x n symmetrizable GCM and S =
diag(so, $1,- - -,Sn—1) be a diagonal matrix such that SA is symmetric. Note that we are index-

ing from 0 to n — 1 and we will let I = {0,1,...,n — 1}. Though we could define a realization

as in the finite case, we may be interested in more information and describe the following.
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e Let PV be the free abelian group of rank n + 1 with basis {hg, h1, ..., hn_1,d}, where d is

n—1
a derivation. Then PV = (@ Zhi> P (Zd). PV is known as the dual weight lattice.
=0

e Set h = C ®z PV = spanc{ho,h1,...hn—1,d}. This space b is known as the Cartan

subalgebra.
e Define P = Homy(PY,Z) ={\ € h | A\(PY) C Z}. P is called the weight lattice.
o Let ITY = {hg, h1,...,hy—1} C PV. The elements of IIV are the simple coroots.

e Define IT = {ag, a1, ..., an—1} where the a;’s are linearly independent and defined so that

a;j(h;) = a;j (i,j € I). The elements of II are the simple roots.

The set (A, PV, P,I1V 11} is called the Cartan datum associated with A.

Definition 2.2.6 [}/ Let A be a symmetrizable n x n affine GCM. Then the affine Kac-
Moody Lie algebra, g, associated with the Cartan datum (A, PV, P,11V 11} is the Lie algebra

generated by {e;, f; | i € I} U PV satisfying the following relations:
1. [hishj] =0 (i,§ € I),
2. [ei, fi] = dijhi (i,7 € I),
3. [hiyej] = aije; (1,5 € 1),
4 Nhis fi] = —aif; (05 € 1),
5. (ad €)' ™ %ie; =0, i #j

6. (ad fi)' " f; =0, i#]

As in the finite case, e;, f; (i,j € I) are the Chevalley generators. Note that we used g
to describe the finite dimensional Kac-Moody algebra, but we removed the circle in the affine
case. We will continue to use this distinction in notation when relevant. For example, we obtain

the decomposition g = ny & h @ n_ for the affine Kac-Moody Lie algebra as an affine analog of

14



n—1
the statement § = i, @ b @ . In addition, similar to the finite case, Q = Z Zaov; is the root

. i=0
lattice.

Example 2.2.7 Consider the generalized Cartan matriz of affine type and its associated Dynkin

diagram below.

-1 0o 0 ... 0 -1
-1 2 -1 0
0 -1 2 -1 0

|

_= O

o O

o O
[\V]
|
[a—

-1 2

Figure 2.3: GCM and Dynkin diagram for sl (n)

The GCM A is associated with the affine Kac-Moody Lie algebra g = gl(n) Note the
similarities between this matrix and the matrix in Example 2.2.5. In particular, we have taken
the Cartan matrix for g = sl(n) and appended a row at the top and a column at the left. Just
as the GCM’s for g and g are closely related, so are the Lie algebras.

~

In fact, we can state the following relationship between g = sl(n) and g = sl(n):
g=g®C[t,t'] & Cc & Cd, where

e cis a central element,

d is the derivation 1 ® t%,

2@ty @t = [z,y] @ 7 + 06y 0tr(zy)c,

[c,z @t =0,

[d,c] =0, and

15



o [dxat]=i(z®t).

Also note that h = h® 1@ Ce® Cd = span{hg, hi,ho,...h,_1,d} is the Cartan subalgebra.

n—1
In addition, we define an element of @) to be the null root. For g = sAl(n), 0= Z o; is the null
i=0
root.
We also wish to define a nondegenerate, symmetric, invariant bilinear form on h and h* for

~

g = sl(n). We begin by defining the bilinear form (-|-) on b by

Now, we wish to extend this form to h*. Consider v: h — h* such that v(h)(h') = (h|h') Vh € b.
v is a vector space isomorphism. For «, 8 € h*, define (a|3) = (v1(a)|r~(B)). We can see
that v(h;) = a; and so

(ailaj) = agy.

Whether we consider the form on h or on h*, we call this nondegenerate, symmetric, invariant

bilinear form and denote it by (-|-).

2.3 The Universal Enveloping Algebra

In this section, we wish to construct the universal enveloping algebra of a Lie algebra g, denoted

U(g). We first define a tensor algebra by defining a sequence of spaces:

T'(g)=C, T4 g)=9, T*(g)=g®g ..., T'(@)=gReQ---0g.
%’_/

n

Now define
T(g) =EPT1"(9).

n>0
T(g) is a free associative algebra and for the inclusion map 4, any associative algebra A and

any linear map ¢, there exists a map % such that the following diagram commutes.
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g —= T(g)

N

A

Consider the ideal J =< i(z) ® i(y) —i(y) @ i(x) — i([z,y]) | z,y € g > of T'(g). We define
the universal enveloping algebra of g to be the Lie algebra U(g) = T'(g)/J. Now define
j: g — U(g) to be j(z) = i(x) + J; j is a Lie algebra homomorphism. For any associative
algebra A and any linear map ¢: g — A satisfying ¢([z,y]) = ¢(x)o(y) — é(y)p(x), there exists

a unique homomorphism ¢ : U(g) — A such that the following diagram commutes.

Alternately, we can construct the universal enveloping algebra of a Kac-Moody algebra g

with generators and relations.

Theorem 2.3.1 [4] U(g) is the associative algebra over C generated by e;, f; (i € I) and b

subject to the following:
1. hh/ = W'h for h,h' € b,
2. e fj — fjei = 0ijh; fori,j e,
3. he; —e;h = a(h)e; for h € h,i €1,

4. hfi— fih = —a(h)fi for h € bh,i €I,

lfaij

1 — aij —Qij— . .
5. Z(—l)k< kf”)e} ” kejef:Oforzyéj,
k=0
1—a;; 1
— Q45 l—a;;j—k . .
6 3 o () s =0 pori £,
k=0
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We wish to understand the universal enveloping algebra a bit more deeply. To do this, we

will consider the Poincaré-Birkhoff-Witt Theorem.
Theorem 2.3.2 (c.f. [5])
1. The map j: g — U(g) is injective.

2. Let {zo | o € Q} be an ordered basis of §. Then {To,Tay + Ta, | k> 0,00 < g < -+ <

ag} is a basis for U(g).

That is to say, we have a basis for U(g) and we can view g as a subspace of U(g).

Example 2.3.3 Consider g = sl(2) = span{ f,h,e}. Then a basis for U(g) is

{fﬁhkemw7 k, m € ZZO}'

We also have the following proposition.

Proposition 2.3.4 Let g be a Lie algebra and let g1,92,..., 9k be subalgebras of g such that

g=0190®... 0 ThenU(g) =U(g1) @U(g2) ® ... @ U(gr).

Note that if we have a triangular decomposition of a Kac-Moody algebra g=ny & hdn_,
we can write U(g) =U(ny) @ U(h) @ U(n_).

One reason that the universal enveloping algebra U(g) of a Lie algebra g is important to us
concerns representations. Consider a g-module V. Since elements of g generate U(g), we can

define the action of U(g) on V using the module action of g on V' as follows:

(xalon e 'l’ak) U= Taq; - (:UOQ T (:L'ak ) U))

Thus, we can extend a representation of g to a representation of U(g). By the Poincaré-
Birkhoff-Witt Theorem, we think of g as a subspace of U(g) and so a representation of U(g) is
a representation of g as well. It is important to realize that when we study the representations

of a Lie algebra g, we are also studying the representations of U(g) and vice versa.
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2.4 Integrable Highest Weight Modules

In a previous section, we developed the notion of a g-module for a Lie algebra g. We wish to
study specific g-modules called integrable highest weight g-modules, where g is a Kac-Moody
algebra. In this section, we will show the existence and uniqueness (up to isomorphism) of
integrable highest weight modules of Kac-Moody algebras.

A g-module V is a weight module if we can write V' as a direct sum of its weight spaces,

i.e.

V:@VA.

Aeh*
We are often concerned with the dimension of a weight space V). We call this the multiplicity
of A. We call an element x of g locally nilpotent on V if for each v € V', there exists a positive
integer N such that 2V (v) = 0. When all ¢;, f; of a weight module are locally nilpotent on V/,
the module is called integrable.
An important class of modules are highest weight modules. We define a highest weight

module as follows.

Definition 2.4.1 A weight module V is o highest weight module with highest weight A

if there exists a nonzero vy € V such that
1. ej(vpy) =0 forallie I,
2. h(vpa) = A(h)va for all h € b (ie A is a weight of V),

3. U(g)(va) = V.

It follows that every other weight A of V is less than A and the multiplicity of each weight
is finite.

Now, we consider Verma modules, a specific type of highest weight modules. If a highest
weight g-module M (A) with highest weight A is such that every highest weight g-module with

highest weight A is a quotient of M (A), we call M(A) a Verma module. To show that for a
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given A, the Verma module M (A) exists, consider again the universal enveloping algebra U (g)
and take the left ideal J(A) of U(g) generated by the e;’s and h — A(h) for h € h. Then we can
take

M(A) = U(g)/J(A).

Since this construction of M (A) is a highest weight module and any other highest weight module
with highest weight A can be written as a quotient of M(A), M(A) is a Verma module. In
addition, there exists a unique proper maximal submodule, N(A), of M(A). Thus, there is a

unique, up to isomorphism, irreducible highest weight module with highest weight A:
V(A) = M(A)/N(A).

Now we have constructed a unique irreducible highest weight module for a particular highest
weight. Recall that we want to study modules that have these properties and in addition are
integrable. We need to determine a condition to ensure that V(A), as constructed above, is

also integrable. Consider the following sets.
Definition 2.4.2 [10] Let g be a Kac-Moody algebra and b its Cartan subalgebra.

1. P={Xeb* | Nh;) € Z,i € I} is the weight lattice. Elements in this set are known as

integral weights.
2. Pt ={\e€ P| \h;) € Z,i € I} is the set of dominant integral weights.
Proposition 2.4.3 [10] The g-module V(A) is integrable if and only if A € PT.

Thus, we now have constructed unique, irreducible, integrable highest weight modules for
every dominant integral weight. From now on, when we consider V(A) we will assume that
A € P*, unless explicitly stated otherwise. Also, we will denote the set of weights of V(A) by
P(A). Note that P(A) C P.

Now, take g = .;\l(n) We denote the canonical central element ¢ = hg + h1 + ... + hy_1.

Note that ¢ commutes with other elements of g. We define the level of A € h* or of the
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module V(A) to be

When A € P, the level of A is a positive integer. We define the fundamental weights
A; € b* for i € I to be such that A;(h;) = d;; and A;(d) = 0.

2.5 Quantum Groups

In this section, we discuss the quantum deformations of the universal enveloping algebras of
Kac-Moody algebras. These quantum deformations are also known as quantum groups and
are denoted U,(g). There is an important relationship between the representation theory of
Kac-Moody algebras and the representation theory of quantum groups.

Let ¢ be any indeterminate. For any integer n, we define the following;:

n

" —q

— € Z[q, ¢ '] are ¢-integers;
q—q

i [n]q =
o [0]! =1,[n]y! = [n]g[n — 1]g[n —2]q - - - [1]4 for n € Zo;

|
o | = ﬂ for m,n € Z>9, m > n are g-binomial coefficients.
nl,  [nlg!m —nlg! -

As usual, let A be a symmetrizable GCM with D = diag(s; € Zsoli € I).

Definition 2.5.1 [/ The quantum group or the quantized universal enveloping alge-
bra U,(g) associated with Cartan datum (A,ILIIY, PV, P) is the associative algebra over C(q)

with unity generated by e;, f; (i € I) and ¢" (h € PV) subject to the following relations.
1. ¢ =1,¢"¢" = ¢"*" for h,1 € PV,
2. ¢"eiqg = q®Me; for h e PY,iel,
3 ¢"figh=q M forhe PV iel,

qsihi — g %%

4. eifi — fiei = dij —— forijel,

g% —q
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lfaij

1— a; i
5. (—1>k[ k:mj] e W esek =0 fori # j,
k=0 g
1—a;; 1
— Qg5 l—a;;—k . .
6. (-1)‘6[ N ”] £ TN =0 fori # 5.
k=0 g

Since the above relations are homogeneous, U,(g) has the following root space decomposi-

tion:

Uyl9) = EP Uy(9)as

acQ
where U,(g)a = {u € Uy(g) | ¢"uq™" = ¢*™u Yh € PV}.
Define U,(g)™ to be the subalgebra of Uy(g) generated by the elements e;, Uy(g)~ to be
that generated by the f;’s, U,(g)? to be the subalgebra generated by ¢" for h € PV. Then, as
we have had triangular decompositions of other spaces, we also have the following triangular

decomposition for Uy(g). (c.f. [4].)
Uqg(s) = Uyg(9)" @ Uq(s)’ @ Uy(a) -

Quantum groups are neither groups nor Lie algebras. They have the structure of a Hopf

algebra.

Proposition 2.5.2 [}/ U,(g) has a Hopf algebra structure with comultiplication A, counit e,

and antipode S as follows
LA =¢"®¢", Ale) =ei@q " +1@¢;, A(fi) = fi 91+ ¢ @ f;,
2. e(q") =1, e(e;) = €(fi) =0,
3. S(q¢") = q", S(ei) = —eiq®™, S(fi) = q~*"M fi.

We now will discuss the representation theory of quantum groups. It is important to notice
that there are many similarities to the representation theory of Kac-Moody algebras. To dis-

tinguish between the theories, we will often include a superscript or subscript ¢ to emphasize
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that we are discussing U, (g)-modules, not U(g)-modules. We call a U,(g)-module V9 a weight

module if it can be written

V= @ 128 where V) = {v e V7| Fv=¢Myvhe PY}.
AeP

As might be expected, if Vf is nonzero, A is called a weight of V¢ and Vf is the weight space
associated with A € P. The dimension of the weight space is called the weight multiplicity
of .

Definition 2.5.3 A highest weight module with highest weight A € P is a weight module

V4 such that
1. esupn =0 foralliel,
2. ¢"vp = ¢* Moy for all h € PV
3. Vi=U,(g)va,

and vy is called the highest weight vector.

Again, it follows that the multiplicity of any weight is finite and all weights are less than A.

Asin the representation theory for Kac-Moody algebras, we wish to study unique irreducible,
integrable highest weight modules. We follow a similar procedure to construct modules of this
form. Let A € P and let ¢; (i € I) and ¢" — ¢ (") generate the left ideal J9(A). As before, we
define the Verma module

MA(A) = Uy(g)/J1(A).

It can be shown that M?(A) is a highest weight module and that every highest weight Ug(g)-
module is a homomorphic image of M%(A). Additionally, M9(A) has a unique maximal sub-

module N?(A) and we can obtain an irreducible highest weight module

VA(A) = MA(A)/N?(A).
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As before, VI(A) is integrable if all e; and f; are locally nilpotent on V4.
Proposition 2.5.4 [/] VI(A) is integrable if and only if A € PT.

Thus, we are able to construct a unique irreducible integrable highest weight U, (g)-module
for each A € PT. Again, we must emphasize the relationship between g-modules and U,(g)-

modules.

Proposition 2.5.5 The multiplicity of X in VI(A) is equal to the multiplicity of A in V(A).
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Chapter 3

Crystal Base

Crystal base theory is useful as a tool for studying representations of Kac-Moody algebras.
By using a combinatorial description of crystal bases, the multiplicity of weights for particular

representations can be found.

3.1 Crystal Base

Let V9 = @ V;\] be an integrable U,(g)-module such that all weight multiplicities are finite
AeP

and the set of all weights of V7 is contained in D(A1) U---U D(\s), where A1,...,\; € P and
D(X\) = {p e P| p <A} Let XA be a weight of V¥ so that V! is nonzero. Then for each i,

v e V{, it is known that v can be written as

v=wo+ fNvor + fPu+ .+ [Ny,

1

where N is a nonnegative integer, vy € V)?Jrkai Nkere;, and fi(k) = Wfik. (c.f. [4])
q!
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We define the Kashiwara operators é;, fz V4 — V1 such that:

N

() =3 £ o,
k=1
N

fitw) ="

Note that for all v € V{, &;(v) € V)\qﬂ” and f;(v) € V)\qfai.

Now, consider the integral domain Ay with fraction field C(q) defined as follows:

[ 9(q)
_ {h@' 9(0).h(g) € Clq], h(0) # o} .

We have the following definitions:

Definition 3.1.1 [4] A free Ag-submodule L of V1 is a crystal lattice if
1. L generates V4 as a vector space over C(q),

2. L= @L,\, where Ly = LNV, and
AEP

3. &(L) C L, fi(L) C L for alli.

Note that < ¢ > is a maximal ideal of Ay. There is a field isomorphism from Ay/ < g >

onto C, given by f(¢)+ < ¢ >~ f(0). Thus, we have C ®4, L = L/qL.

Definition 3.1.2 [}/ A pair (L, B) is a crystal base for V7 if
1. L is a crystal lattice,
2. B is a C basis for L/qL,

8 B = U B)\, where B,\ =BnN (L)\/qL)\>:
AEP

4. &(B), fi(B) c BU{0}, and
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5. For bt/ € B, filb) =V <= b=2¢(V).

Here, we call B a crystal.

As we are particularly interested in irreducible highest weight modules, we wish to describe
a crystal base for this type of module. Let A be a dominant integral weight and V9(A) the
irreducible integrable U, (g)-module with highest weight A and highest weight vector vy. Then

the following theorem holds.

Theorem 3.1.3 [17] (L(A), B(A)) is a crystal base of VI(A), where

L(A) = E Athfiz s fievl\ﬂ
£>0,
01,02,...00€1

B(A) = {fhﬁz...ﬁg mod gL(A) | € > 0,41, in, .. ., i¢ e[}

An important utility of crystal bases and crystal base theory lies in the following theorem.

Theorem 3.1.4 Let VI(A) be an integrable Uy(g)-module and let (L, B) be a crystal base of
V4. Then for all A € P,
mult \ = #B,.

That is, to find the multiplicity of a weight X, we need only determine the number of
elements in B). To do this, we often use combinatorial objects to realize the crystal. For our
purposes, we will use objects known as extended Young diagrams.

3.2 Extended Young Diagrams

The crystal base structures that we will need can be realized through extended Young diagrams.

We will define these objects as constructed in [7] and as described in [17], [1].

Definition 3.2.1 An extended Young diagram Y = (yx)i>0 s a weakly increasing sequence
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with integer entries such that there exists some fixed Yoo With yr = Yoo for k> 0. Yy is called

the charge of Y.

With each sequence (y)r>0, we can draw a unique diagram, Y, in the Z x Z right half
plane. For each element y; of the sequence, we draw a column with depth y - yi, aligned so
the top of the column is at y = Y. We fill in square boxes for all columns from the depth to
the charge. That is, for the k-th sequence element, there will be a column of height y., — yx

filled in with boxes. We obtain a diagram with a finite number of boxes.

Example 3.2.2 Y = (—4,-4,-3,-2,-2,0,0,0,...) is an extended Young diagram. The as-

sociated diagram is given in Figure 3.1.

Figure 3.1: Extended Young Diagram in Diagram Form

Note that we will always have columns that decrease in height as we move from left to right.
Given an extended Young diagram, Y, we assign a color to each box. There are n possible
colors, indexed ¢ = 0,1,...,n — 1. For ease of notation, we often refer to color (n — j) by —j.
To determine the color of any box, consider the coordinates (a,b) of the lower right corner of
the box. We color a box color ¢ when (a+ b) =i mod n. Note that boxes on the same diagonal
(upper left to lower right) will have the same color.

We define the weight wt(Y') of an extended Young diagram Y of charge j to be wt(Y) =

n—1

A — Z c;a;, where ¢; is the number of boxes of color ¢ in the diagram.
=0
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Example 3.2.3 The diagram Y = (yi)r>0 = (—4,—4,-3,-2,-2,0,0,0, . ..) with colored bozes

is given in Figure 3.2. wt(Y ) = Ay — 3ag — 2001 — 209 — 203 — g — p—3 — 202 — 2001

Figure 3.2: Extended Young Diagram in Tableau Form With Colored Boxes

The weight of a k-tuple Y = (Y71,Y2,...,Ys) is the sum of the weights of its elements, i.e.
wt(Y) = zk:wt(Yi). Let A=A, +Ay, +...4+ A, where 0 <y < <. <y <n— 1L
Then y(AZ)le {Y = (Y})1<j<k | Y¥j has charge v;}. We also define Y[n] = (yx + n)r>0, which
can be visualized as a vertical shift by n units of the Young diagram Y.

The following theorem shows the relationship between extended Young diagrams and the

crystal base B(A).

Theorem 3.2.4 [7] Letg:sAl(n,F), and let A=Ay +---+A,, 0y <<y <n— L
Then, B(A) = {Y = (Y1,...,Yx) € YA)[Y1 2 Y2 2 -+ DY 2 (Vi1 = Yi[n]) 2 (Vig2 =
Ya[n]) 2 -+ 2 (Yo = Yi[n]), and for each j > 0,37 >1 s.t. (Yiy1); > (Yi)j+1}

Notice that when i >k, Y; =Y} (mod n) [n]. Note that when comparing two diagrams of equal
charge, the containment condition may be easier to visualize with the diagrams associated
with sequences. However, when comparing diagrams of unequal charge, it may be easier to
consider the sequences. The inequality condition is typically more understandable when viewing

sequences as well.

Example 3.2.5 We will let n = 3 and A = 3Ag. Let us look specifically at the elements of

B(A) of weight p = A — 3ag — 4aq — 3as. That is, we must consider 3-tuples of extended
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Young diagrams containing 3 boxes of color 0, 4 boxes of color 1, and 3 bozes of color 2. These
boxes must be oriented correctly to match the color rules. For example, the upper left box in
each extended Young diagram must be of color 0. We wish to find the diagrams that fit the
conditions of Theorem 3.2.4. To best illustrate the conditions of the theorem, we give examples
of diagrams that fail at least one condition. For each example, we include each extended Young
diagram both in diagram form and in sequence form. We then give several diagrams that meet

all of the conditions.

0 1 2 Yl = ('Qa '17 07 07 07 07 )

0 1 Y2 = (_35 _17 _1) 07 0) 0’ )

o L Lo Y3 = (-1,-1,0,0,0,0,...)
1 Y4 - (17 27 37 37 37 37 )

ol1]|]o]1]z2 Y1 =(3,-1,0,0,0,0,...)

Yo =1(-3,-2,-1,0,0,0, ...)
e fe] 0 Y3 =(0,0,0,0,0,0,...)
1 1 Y1=1(0,2,3,33,3,...)

Figure 3.3: Diagrams That Fail Y7 D Ys

ol Y =(-2,-1,0,0,0,0,...)

01 01 Yo =(-2,-1,0,0,0,0,...)

; a b | 2 Y3 =(-3,-1,0,0,0,0,...)
1 Yy =(1,2, 3,3, 3,3, )

0 1 2 Yl - ('37 _17_17 07 07 07 c )

01 Yo = (-1,-1,0,0,0,0, ...)

2 s 0 1 ; Y =(-2,-1,0,0,0,0,...)
1 Y4 = (0, 27 25 3, 35 37 )

Figure 3.4: Diagrams That Fail Y5 O Y3
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° ! ? 0 1 Yl = (_4a _]-a _1’ 07 O, Oa
2 Yo = (-3,-1, 0,0, 0, 0,
1 ’ ’ ’ f Y3 = (0’ 07 05 0) Oa 07
1 Yi=(-1,2,2,3, 3,3,
0
’ § ? Yl - (_47 _47 _27 07 07 07
2101 Y2 = (0,0, 0,0, 0, 0,
119 ’f’f Ys =(0,0,0,0,0,0, .
Y4 = (' a']-a 17 37 37 37
0 1
Figure 3.5: Diagrams That Fail Y3 O Y, = Y7[3]
0 1|2\ 0 1\ Vi =(-3,-1,-1,0,0,0, ...
: Yy =(-3,-1,0,0,0,0, ...
’ I ] Y3 =(-1,0,0,0,0,0,...
1 1 Yy =1(0,2,2,3,3,3, ...
0 1 0 1 Yl == (_37 _17 07 07 07 07
0 Yy =(-3,-1,0,0,0, 0,
i I Fl ] Y3 =(-2,0,0,0,0,0,
1 1 Y4 = (Oa 27 35 3) 35 37

Figure 3.6: Diagrams That Fail V j > 0,34 > 1 s.t. (Yiq1); > (Y3)j41
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Figure 3.7: Diagrams That Satisfy Theorem 3.2.4
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Chapter 4

Maximal Dominant Weights

In this chapter, we determine the maximal dominant weights of V/(kAg) and of V ((k—1)Ag+As),

where 1 < s < L%J

4.1 Preliminaries

~

From now on, we will take g = sl(n). The Cartan datum is (A, P, P,II,1I), where

—1 . . .
o A= (aij)?,j:()’ with a;; = 2,a;; = —1 for |i — j| = 1,a0p—1 = an—1,0 = —1, and a;; =0

otherwise,

n—1
P= (@ ZhZ-) @ Zd,
=0

e P =Homy(P,Z),

I ={ho,h1,...,hy_1}, and

II= {Ct(],al, ce 7an—1}~

A is of affine type and h = {hg, h1,...,hy—1,d} is the Cartan subalgebra. Let A= (aij):-fj;ll
be the matrix A with the first row and column deleted. Note that A is the Cartan matrix for

sl(n).
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Consider the integrable highest weight module V(A) where A € PT and let P(A) denote
the set of weights of V(A). Although the number of weights of modules of this type is infinite,
there are only finitely many maximal dominant weights. The maximal weights of V(A) are
those weights A € P(A) such that A\+6 ¢ P(A). We denote the set of maximal weights of V(A)

by max(A). A proposition from [10] states that

PA) = |J {r—ndlneZx}.
A€max(A)

Thus, the maximal weights are those that, when we consider the weight structure, form some-
thing like a roof; other weights occur on strings stemming from the maximal weights. Now, we
wish to determine the maximal dominant weights of various highest weight modules V' (A). To

do this, we can use the following proposition found in [10].

Proposition 4.1.1 The map A — X is a bijection from max(A) N P* to kCap N (A+Q), where

k is the level of A. In particular, the set of dominant mazimal weights of V(A) is finite.
To understand this proposition we need to define the following:
e :h* — b*, where A — A = X — A(c)Ag — (A|Ag)d
. hﬁi{ = spang{hi, ha,...,hn_1} Cb.
o kCup = {N€bi | M) >0,(\|0) < k}

Note that Proposition 4.1.1 shows that the set of maximal dominant weights of V(A) is
finite. Since the set kCyr N (A + Q) is known, we can use information about the map ~ to

determine the set of maximal dominant weights explicitly.

Example 4.1.2 It is useful to examine the map ~ in a little more depth.

og = oo — OZD(C)AO — (Ozo’Ao)(S
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"
Ao = Ao — Ag(c)Ag — (Ag|Ag)s
=Ag—Ag—0
=0
i#0: A = A; — Ai(e)Ag — (Ag|Ag)d
=A;—MNy—0

=A;— Ao

Recall that the Dynkin diagram for g is as in Figure 4.1.

1 2 3 n-2 n-1
Figure 4.1: Dynkin Diagram for g.

That is to say, the diagram has a cycle. We will first be considering the maximal dominant
weights of V(kAp). Notice that our results can just be shifted around the diagram to give the
maximal dominant weights of V' (kA;) for (i € I). Next, we will examine the maximal dominant
weights of V((k—1)Ag+ As), where 1 < s < L%J Because of the cyclic nature of the diagram,

n

we need not consider values of s greater than bJ In addition, finding the maximal dominant

weights of V((k — 1)A; + A;) for i # 0 can be done by just shifting indices.
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In [21], Tsuchioka examines the maximal dominant weights for the sAl(p)—modules V(2A0)

4.2 Maximal dominant weights of V (kAy)

b, x; € Lo, { —x; >0, 29 =0,

Then the elements of (x1,xa,...,xn—1) are as follows:

o (xl,xg,...:cp) =

(.’Bl, 2:1:17 et xljmv

wljm + (1'1 - 1),$1j$1 + Q(xl - 1)? R ,$1ja;1 —+ (1'1

r1—2 xr1—2

1+Z ]x1 m72+z ]m —my -

(4 xp+1:a:p+2:...:xq_1:€

o (Tg, g1, - Tn—1) =

Tn—1
(L—1,0-2, ,1+Zmzm,
m=2
Tn—1 Tn—1 Tn—1

Zmzmyz mlm)_2’72+zmlm7

m=2 m=3

Tn—11z,_1yTn—1%2z,_1 — Tn—1,--- ’xn—l)a

36

and V(Ao + As), 1 < s < L%J He stipulates that p be prime, a restriction we have removed
here. In the same paper, he finds the multiplicity of the maximal dominant weights as well.

These results become a special case of the results that follow in this thesis.

n—1

Theorem 4.2.1 Let n > 2, k > 1, A € max(kAg) N Pt. Then A\ = kAo — Z(E — x;)o, where

1=0

- 1)jx1—1

0-1)



satisfying

— X1+ Tp-1 Sk

— Let f = % Then 0 < ¢ < (|fn] — min{|fn| mod 1, |fn| mod z,_1}).
1 n—1
x1
—p={(—-1- Z(m_l)]m
m=2
Tn—1
—qg=n—(-1)+ Z(m—l)zm
m=2
0 jm< L] 1S msn

Tn—1 xr1
— Zmzm: ijm—ﬂ
m=1 m=1
k—1
— max{2¢{ —n,0} < Z(m = 1)(im + jm)
m=2

Explanation of Terms: We let i, be the number of times that we decrease by m in
consecutive coefficients of the x;’s. In this count, we add one if x,,_; is equal to m. Similarly,
Jjm will be the number of times that we increase by m in consecutive coefficients of the z;’s and
we add one to j,, if x1 is equal to m.

As previously mentioned, a special case of this theorem was proved by Tsuchioka in [21].
This matches Theorem 4.2.1 when & = 2 and n is prime. The weights listed here will be

important as we continue our study.

Corollary 4.2.2 [21] Let n be prime and n > 2, A = 2Ay. Then max(A)NP+ = {A}U{A—~, |

1</1< L%J}, where

Yo =Llag+({ — D)o+ (L —2)ag + ...+ apq

+ap—p41 + 20 —p12+ ...+ (0= Day_1.

Corollary 4.2.3 For fived n, if (2o — ) € max(2Ag) NPT, then (kAo —v) € max(kAg) NPT
for k> 2.
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Proof Suppose (2Ag —7) € max(2A¢) NP+, Then + is associated with a specific z1, x,_1, and
£. All but one boundary condition depends only on these values and not on k, and so are easily
satisfied. We need only recognize that since x1 + x,—1 < 2, we also have x1 + x,_1 < k. Thus,

7 satisfies the required conditions for (kAg — ) € max(kAg) N PT.

This result will allow us to look at certain types of weights that appear in V (kAg) for various

k. We wish to prove Theorem 4.2.1, but to do so, there is more groundwork to be done.

Remark 4.2.4 The following facts about ceiling and floor functions are well known, but may

not be familiar to the reader. Assume n,m € Z,z,y € R, n positive. (c.f. [3])
o |EEm| lz] +m
’ n N n

=2

2] + vl < lz+yl < [z]+ [yl +1

o

o

:R

[z] + [yl =1 < [z +y] < [z] + [y]

i

S
—
AL
_
I

Lemma 4.2.5 Let z,a,j € N,a=j modz, 0<¢g<(j—1). Then [x—q-‘ = [EJ + 1.
a

Proof. [:c—q-‘ = {x—q—lJ +1= {EJ + 1.
a a a
. . . 14
Lemma 4.2.6 Leta,b,n € N, n > 2. Let £ be the mazimum integer satisfying [a—‘ + [-‘ < n.
Then £ = abn — min abn mod a, ﬂ mod b
a+b a+b a+b

Proof. Without loss of generality, assume 7 = min { [%J mod a, L%J mod b}

L%J mod

a.
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First, we will show that ¢ = [%J — j satisfies ’76-‘ + [ﬂ < n and then we will show that
a

¢ is the maximum such integer.

- [22) [2

B Lgﬁ’:&J—jJ . { mJ—b(jH)J o

b . b .
_ m—aJ+W—<J+1>JH

a b
abn — j(a+0b) abn—(j+1)(a+b)

a(a+0b) * bla +b) J 1
| ab?*n — jb(a +b) + a*bn — a(j + 1)(a + b)
N ab(a +b) J 1
B jbla+b)+a(j+1)(a+Db)
- ab(a +b) J+1
a(j—i—l)—i—ij +1

:n+{— ab

<n

Now suppose we add 1 to the value of /, i.e.

V%—l"JFVJrl-‘ L%J—(j—l)%{%%(i—l)w

a b a b
= @‘ +1+ [@J + 1 (Lemma 4.2.5)

B Lz(beb)J T h(c?bfb)J o

L(Zﬁlb) + b(ZTb)J 1

=n+1, and £+ 1 is too large, as desired.
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Now let m € Z~1, as follows

e [ R

2_%‘@"”%{’”—1}H{LmJ‘b“‘ﬂqmﬂl
_ L%%J +[ma_1—‘+ L‘%%J [mb_ﬂ (Lemma 4.2.5)
nore [ 2

>n+1 when m > 1.

Thus, ¢ = L%J — 7 is the value we desired.

Lemma 4.2.7 Forn > 2,
{x = (v1,29,...,201) |21 = a € Zog,Tp_1 = b € Zng with (A:B)z >0, and x; € Z fori =

1,2,...n— 1} is equal to the following set.

{v=1(a,2a,...,aj4,aj, + (a —1),aj, +2(a —1),...,aj, + (@ — 1)jg—1

Jj—1 Jj—1 J
(a_3)+ Z(a_ )]a m72(a J)+ Z(a_ )]a ms ’ Z(a_m)Ja—ma
m=0 m=0 m=0

1—|—Z a—m)ja— m,2—|—z a—m)ja—ms---€—1,

€<n—2€+1+2m;2(m—1)(im+jM)>

I

b b

(—1,0-2,.. 1+Zmzm,2mzm,z mim)—2,...,2+2mim,

m=2 m=3
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b b

b
Zmz’m, Z(mzm) — s+ Z My,
m=j

biy, bip — b, ..., b)}

where £< s defined as £, ¢, ..., ¢ and the following bounds are satisfied:
——

m

Then

ab
Let B be th ti .
et B be efraczona+b

max{a,b} < /¢ < (|fn| —min{(|fn] mod a), (|fn] mod b)}),

e 0< 9, < \‘J,lﬁmgb,lg’ib, withimGZZo,

e 0 < j, < {J J1<m<a, 1< jg,with jp, € Z>o,
max{a,b}

max{2¢ —n,0} < Z (m —1)(im + Jm)s

m=2

b a
Zmim: ijmzﬁ.
m=1 m=1

Proof. Since A is a Cartan Matrix of finite type, x; > 0fori=1,2,....,n—1.
Claim 4.2.8 If xj_1 > xp, then xp > Tg11.

Proof. xp_1 >z, = xp +xp_1 > 20, = T > 20 — Th_1-

0 < —xp—1 + 22, — Tp41 < Tk — Tht1, and thus xg > Tp41.
Claim 4.2.9 If xj, = x3—1, then xj <, k< j<n-—1.

Proof. Let zp, = xi_1. Then 0 < —xp_1 + 22 — Tpy1 = T — Tkl —> Tiy1 < Xg. Using

Claim 4.2.8, we obtain the desired result.

41



From these two claims and using the symmetry of A, we see that as the index k increases,
the values of zj increase for each successive xj, attaining a maximum value which we will call

¢ and which may repeat. Then the values of z decrease (if necessary) to x,—1 = b.
Claim 4.2.10 If zj, — 21 < m, then xx11 — z < m, where m € Z.

Proof. Suppose x; — xx_1 < m. Then
0<—zp_1 42z —Tpr1 <M+ 2Tf — Tl = Tha1 — T < M.

Claim 4.2.10 describes how the values of x, increase and decrease. Moving from left to right,
we can increase some number of times by a, then by a — 1, a — 2, and so on. By symmetry, if we
decrease, we decrease some number of times (possibly zero) by 1, then by 2, and so on until we
decrease by b from x,_1 to z,, = 0. Thus the coefficients of the x}’s follow the pattern stated
in the lemma.

Now that we have determined the coefficients, we must describe the bounds.

e For a particular k and n, the maximum value of ¢ will be attained in the n — 1 tuple that

increases by a and decreases by b as many times as possible. Otherwise, the maximum

value of ¢ would not be attained. By this reasoning, we make the relation V‘Tﬂ +

1+ [%W < n — 1, which is equivalent to [ﬂ + (%W < n. Thus the upperbound for

¢ must satisfy this relation. By the Lemma 4.2.6, we see that the upperbound for ¢ is

abn — min abn mod a, abn mod b
a+b a+b a+b

e If we were to increase by m more than L%J times, then ¢ would no longer be the maximum

value attained. Similar for decreasing by j,,. This gives us the conditions involving i,

and j,.

max{a,b}

e Since 2¢ — Z (m—1)(im + Jm) — 1 <n—1, and each i,, and j,, must be nonnegative,

m=2
max{a,b}
we obtain max{2¢ —n,0} < Z (m —1)(im + Jm)-
m=2
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e Consider g = 0. Then from z( to x1, we increase by a one time. Each time we increase

by any number, we are getting closer to £. Thus ¢ is the summation of the number of times
b a
we increase by each value multiplied by that value. We obtain Z My = Z Mim = L.
m=1

m=1

O

Proof of Theorem 4.2.1
By Proposition 4.1.1, max(A) NPT is bijective to kCfyr NQ via the map A — A. We will find all

A € kCur N Q and use the inverse of this bijective map to list all elements of max(A) N PT. If

n—1 n—1
A= A+Z gja; € max(A)NPT (with g; € Z<p,1 < j <n—1) mapsto \ = ijaj € kCorNQ
j=0 Jj=1

via the above bijection, we can use this map to obtain the relation z; = ¢; —qo, 1 <j <n-—1.
(c.f. [21].)
By definition,
n—1
kCap NQ = A= wja;|A(h;) 20, 1< j <n,(A0) <k
j=1
Thus the elements A € kC,y N @ satisfy the following conditions:
)\(hl) = 2:61 — T2 Z 0,

)\(hg) = —x1 + 229 — x3 >0,

>\(hn72) = —Tp-3+2rp2—Tp1 20,

)\(hn—l) = —Tp o+ 2Ty >0,
(/\|9) =21+ Tp—1 < k.
This is equivalent to the set of all n — 1 tuples (x1,z2,...,2,—1) such that x; + z,—1 < k

and Ax = 0. Since A is of finite type, A(hj) > 0,5 € {1,2,...,n— 1} implies that z; > 0,5 €

{1,2,...,n— 1}. It is easy to see that x1 =0 <= 29 =0 <= ... <= x,-1 = 0, so that
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either z1 =29 =...=2,_1=00r z1,2,_1 € Z~o and 1 + x,_1 < k.
From Lemma 4.2.7, we are able to define the set of (n—1)-tuples (z1, xo, ..., x,_1) satisfying

these conditions. Since z; = ¢; — go and thus ¢; = x; + qo, we have

k—1 . .
(QIa qz, . .. 7Qn—1) - (‘Tl + qo, T2 + qo, - - - (6 + QO)<n72e+1+Zm:2(mil)(lm+]m)>7

ey Tp—2 + g0, Tn—1 + o)

go < 0 implies that go = —¢ — r for some r € Z>g. Then \ = A — rd, where

A=A —tag— (0= z1)ar — (€= z2)an — .0y | sk g
N an—(f—l)-‘ern_:lQ(m—l)im T (6 - xn—l)an—l-

We claim that r = 0. Suppose r # 0, i.e. > 1. Then A+ 6 < A and A+ € PT. This

implies that A + 8 € P(A), which contradicts that A € max(A). Therefore, A = X. O

Example 4.2.11 For k=3, n =8, we find all elements of max(A) NP+, where A = 3Ag. We

must consider all cases for which x1 + x7 < k.

e Case: x1+x7=0. Here, x1 = x7 = 0. Thus, we have £ = 0 and we contribute the weight

A.

e Case: x1 + x7 = 1. Then we must have either 11 = 0 and x7 =1 or x1 =1 and z7 = 0,

neither of which can happen, so we contribute no weights.

o Case: x1+ x7 = 2. If either x1 or x7 is 2, the other must be 0, which cannot occur. So

we just have the case r1 = x7 = 1. Now, 1 < < 4. See Table 4.1.

In this table, the column labeled —ay; gives the negative coefficient of o, in the weight.

e Case: x1+x7 = 3. We have two viable new cases here: x1 = 1 and x7 = 2 and the

reverse: x1 = 2 and x7 = 1. We will first examine x1 =1 and x7 = 2 as in Table 4.2.
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Table 4.1: Maximal Dominant Weights: k =3, n=8, z1 =27y =1

Clip |1 | —ag | —a1 | —ag | —a3 | —ay | —a5 | —ap | —a7
1111 1 0 0 0 0 0 0 0
2122 2 1 0 0 0 0 0 1
31313 3 2 1 0 0 0 1 2
414 | 4 4 3 2 1 0 1 2 3

Table 4.2: Maximal Dominant Weights: £k =3, n =8, 21 = 1,27 = 2

Cliap (i | j1|J2 | —ao | —o1 | —a2 | —a3 | —ay | —a5 | —ag | —a7
210111210 2 1 0 0 0 0 0 0
311111310 3 2 1 0 0 0 0 1
412111410 4 3 2 1 0 0 1 2
4101121410 4 3 2 1 0 0 0 2
511121510 5 4 3 2 1 0 1 3

By symmetry, we can obtain the weights when r1 =2 and x7 = 1. The weights are as in

Table 4.5.

Table 4.3: Maximal Dominant Weights: k =3, n =8, x1 = 2,27 =1

Cliap (i | J1|J2 | —ao | —o1 | —2 | —a3 | —ay | —a5 | —ag | —a7
212101011 2 0 0 0 0 0 0 1
31310111 3 1 0 0 0 0 1 2
414101 2 1 4 2 1 0 0 1 2 3
4141010 2 4 2 0 0 0 1 2 3
515|101 112 5 3 1 0 1 2 3 4

We have satisfied all cases and have thus listed the elements of max(A) N P,

4.3 Maximal dominant weights of V((k — 1)Ay + Ay)

We will now consider the maximal dominant weights of V' ((k —1)Ag + A), where 1 < s < | 2].
Recall that we include the stipulation that 1 < s < L%J not because other values of s are
invalid, but because other values of s are redundant. The Dynkin diagram for ;\l(n) is cyclic

and we can move around the diagram shifting indices if necessary to find the maximal dominant
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weights for different weights of the same form.

Theorem 4.3.1 Letn > 2, A= (k—1)Ag+ As, k> 2,1 < s < |%]|. Then max(A) N Pt =

n—1
{A -
=0

that in every case, x; € Z>o,0—x; > 0. We take x1 = a,rn,—1 = b and stipulate that a+b < k—1.

(0 —x;)y

Case 1 a=b=0: {(0,0,...,0)},£=0.

Case 2 n=2: {(z1)|]1 <x; < L%J},fz 1.

Case 3 a=0,b>0,n>3

satisfying:

where the possible values of x; are described in the following cases. Note

67 1,2,... ’£<n72278+1+2:?n=2(mfl)zm>7
b
(=102, 14 mip,
m=2
b b b
Z Mg, Z(m{m) —-2,...,2+ Z Mg,
m=2 m=2 m=3

bip, biy, — b, ..., b)},

b
e max{2/{ — (n —s),0} < Z(m —1)(im),

m=2
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b
o g My, = 4.
m=1

Case 4 a>0,b=0,n2>3

{(a,2a,....aja,0js + (a —1),ajq +2(a—1),...,ajs + (a — 1)ja—1

j—1 Jj—1 J
(CL - ]) + (CL - m)jafma 2(CL - ]) + Z(a - m)jafma cee Z (a - m)jafrm
m=0 m=0 m=0
a—2 a—2
1+ Z(a—m)ja,m,Q—i— Z(a—m)ja,m,...,f— 1,
m=0 m=0

€<n—2l—s+1+2fn:2 (m—1)jm> ’

0—1,0-2,...,1,0,0,...0)},

i 0<.]m§ L%J,lﬁmﬁa,lﬁja, TUithijZZO,

a

e max{20 — 5,0} < Y (m—1)(jm),

m=2

o i Mm = L.
m=1

Case 5 a > 0,b > 0 and the leftmost x; that holds the mazimum value (¢) occurs to the left of

the st position, n > 3.

{(a,2a,...,ajq,0jq + (a —1),ajq +2(a—1),...,ajq + (a — 1)ja—1
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Jj—1 Jj—1 J
(I—j + ]a m72(a_j)+2(a_m)ja—ma Z CL— .]a my
m:O m=0 m=0

1+Za_ ]a M72+Za_ Ja mv"'7€_17

<s— 2e+e+zm‘”‘{“ b}(mfl)(z’m+jm)+q>

g—1,5—2,...,6—1'1,@—1'1—2,6—7;1—4,...,6—21—212,
=j—1 m=j—1 m=j—1

+zip b4 2(iy —1),..., 0+ 2,

)

s
Z €<n s— Z+Zm 2'Lm>

0—q,0—2q,....0— qig,

Z-ng—(q+1),g—ng—2(q+1),,E—ng—(q—Fl)iqul,

biy, biy — b, ..., D)},

satisfying

e max{a,b} < ¢ < min{(s — 1)a, Va(-ﬁii)J —j}, where

—bn+s=mmod (a+b+1),

—ifm<bj=m— 2GR,

—ifm>b,j=b+ 1 |25

e max{b, [£] + ¢ — s} <7 < min{¢,b(n— s)},
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0<jm<|L],1<m<a,1< jo,jm € Zo,

¢ 0<ip< [%J,mmgb,lg%b,%mezzo,

(2 = min{mlfip, > 0} + 1) < iy < [%J 1< m <b,im € Zso,

b a
o Z M(ip + im) = Z mim = £,
m=1

m=1

q=z— 1 if £ is not repeated and is equal to 1 otherwise.

Case 6 The leftmost x; that holds the mazimum value (£) occurs to the right of or at the st

position, n > 3. We will denote the value of xs by £ and let t = x4 — 241 .

{(a,2a,...,04ja,0ja + (a —1),ajq +2(a—1),...,aj, + (@ — 1)ja—1
Z_t]tvg_t(]t_l)uvg_tu
Z<57E+an:2(mfl)jm> ;7
4 (t4+1), 042t +1), ..., 0+ e (t+ 1),

U4 o1 (t+ 1)+t 04+ o1 (b 4+ 1)+ 26, 0+ o (E+ 1) + Jit,

6_31,£_51+1,...,£_17

p<n—s—1—t—((=D)+ X2 (1) (i 4 ) >

)

b b b b
C=1,0=2, 14> Wiy, Y Mgy 3 (M) —2,...,24 Y My,
m=2 m=2 m=2 m=3
b b b
Zmim,Z(mgm)—j,...,j—i— Z M,
m=j m=j m=j+1

by, bip — b, ..., b)},

49



satisfying
e max{a,b—n+s+1} </ < minf{as,b(n — s)},

o (<1< LWJ—]’, where

— (t+1)(n—s)+¥€) =mmod (t+b+ 1),

, . m(t+1)
—ifm<tj=m-— {t+b+1—"

. - m(t+1)
— zfm>t,]—t+1—[t+b+1—‘,

0 S.]m S L%J 7maX{t71} S m S aal Sjaajm € ZZO?

.
o
IN

m < | S 1 <m <t 41, € 2o,

|~

°
(@)
IA
SN
INA

=], 1 <m < b1 <y, iy € Lo,

m

=}
+
—_

g m(]m + jm) = Mipy = E,

1+

“ I

o MIim =/.

m=t
Explanation of Terms: As in Theorem 4.2.1, we have that x; = £ for some i, allowing the
coefficient of at least one «; to be zero. This £ is the maximum value of any x; and sometimes
repeats. Because we now have s as a contributing factor, we now have another value which
may repeat. This value occurs in position s and will be denoted 5 = £. To accommodate this,
we modify our use of indices a bit. We use j,, to denote the number of times we increase by
m in consecutive x;’s to the left of position s. If there is an additional increase to the right
of position s, we use j,, for the number of times we increase by m to the right of position s.
Similarly, we use i,, to denote any decreases that occur to the right of position s and 4,, for
any that occur to the left of position s.

In order to prove this theorem, we need several lemmas, which follow.

Lemma 4.3.2 The largest value of £ satisfying

50



is Laa(ﬁﬁ)J — J, where

e bn+s=mmod (a+b+1)

i [

e ifm>b+1j=b+1- |26

Proof: Let ¢ be such that bn+s = (a+b+1)g+m. Then ¢ = L

j=aa+ |G|

Casel m<b

HE!

L—b(n—s)

b+1

We wish to show that { = aq + { am J —m4+ [m(bﬂ)

a+b+1

integer that does so.

a+b+1

|-

(4.3.1)

a((a+b+1)q+m)J _

-‘ satisfies (4.3.1) and is the mazimum

aq + Lafﬁlj —m+ mﬂill)w —b(n —s)

a

Q%P#ﬁdm+mﬂﬁw

_l’_

b+1

aq + Lafg’ilj —m+ mﬁfﬂ —bn+b(gla+b+1)+m—bn)

am m(b+1
La-i—b-l—lJ —m+ [ aj(Lb+1)1

a

b+1

o1



g(a+b)(b+1) —b(b+1)n+ (b—1)m + Lgﬁd + mbﬁﬂ

i b+1
e mibt1 [ am m(b+1) | 7
=g+ \JH—b—i—lJ —m+ [ﬁ—| Cglatb) —bnt (b—1)m+ \fH—lH—lJ + {a-&-b—i-l)—‘
=q - qla n o
~ am m(b—‘rl) B am m(b+1) _
L‘H’“J —mt [a+b+11 (b—1)m+ La—i-b—&-lJ i {a—i—b—f—l-‘
=qla+b+1)—bn+ n
“ b+1
M am m(b+1 am m(b+1
=qla+b+1)—bn+ s —L—m aJ(rbH) (b—1)m+ 25t —1+ aJ(rbH)
@ b+1
fam+1—(a+b+1)(1+m) +m(b+1)
= b+1)—b
farbr =y ala+b+1)
n [(b—1)m(a+b+1)+am+l—(a+b+1)+m(b+1)"
(a+b+1)(b+1)

) Ca—b mbla+b+1)—a—b
_q(a—}—b%-l)—bn"‘lrcmw—‘ [ (a+b+1)(b+1) l
- m —(a+0b)
=qla+b+1)—bn+0-+ ’Vb_’_l + (b+1)(a+b+1)-‘

=qla+b+1)—bn+m

=S

Thus £ as described above satisfies 4.3.1. Suppose we add a positive integer, r, to the value
of £ given. That is, suppose £ = aq + La—ﬁlﬁ—lJ —-—m+ [Zli%—:_lﬂ + r. Then, following similar

steps as above, we obtain the following:

I Rl
a b+1 N
_am m(b+1 am m(b+1
_ aquL“JFbHJ_m—F{aJ(rbH)-‘—FT n GQ+La+b+1J_m+{a4(rb+1)-‘+7"_b(”_5)
- a b+1
_a—b+r(a+b+1)-‘+{mb(a—i—b—i—l)—a—b—i—r(a—i—lﬂ—l)“
(a+b+1)(b+1)

—q(a+b+1)—bn+[ CETESY
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>qla+b+1)—bn+1+m

> S

Case 2 m>b

We wish to show that £ = aq+ La-l—b—irl m(bﬂ)—‘ satisfies 4.3.1 and is the maximum

J—(b+1)+{m

integer that does so.

—b(n —s)
b+ 1
aq + a+b+1 —(0+1)+ {2&111)1 aq + La+b+1J —(+1)+ {%W —b(n—s)
a * b+1
m(b+1
. a+b+1J B (b + 1) + ’Va-f-b+1)—‘
aq + MMJ —(b+1)+ mf’biﬂ —bn+b(g(a+b+1) +m —bn)
+ b+1
am m(b+1
[ ey + 25T
gla+b)(b+1)—bb+ Dn+bm— (b+1)+ [aﬁgilj + mf’;ﬂ
+ b+1
am m(b+1 B am b+1
_ e - 0+ 1)+ |25 +qlatb)—bn—1+ o+ 2] + [ 2555
— 4 a e " b+1
i am m(b+1 B am m(b+1) | T
La-i-b—i—lJ —(0+1)+ [aib—&-l)-‘ bm +- {a-&-b-I—lJ + [ﬁ1
=qla+b+1)—bn—1+ +
a b+1
[ am+1 m(b+1) am+1 m(b+1)
—gla+b+1)—bn—1+ stber ~ 1= (0D + ““’“w + {ber“*bil _ 1 ““’“w
a b+1
et b1 bno 14 am+1—(a+b+1)(b+2)+m(b+1)
ala+b+1)
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N [bm(a+b+1)+am+l—(a—l—b—i—l)—l—m(b—l—l)"
CETESCES)
m— (b+2) 1 —a—b
a(a+b+1)—‘ tmt {(a+b+1)(b+1)w

:q(a—i-b—i-l)—bn—l—k{

<gla+b+1)—=bn—1+14+m+0
=qla+b+1)—bn+m

=S

Thus ¢ as described above satisfies 4.3.1. As in the previous case, suppose we add a positive

integer, r, to the value of ¢ given. That is, suppose £ = aq + La-ﬁﬁ-lJ —(b+1)+ Pg*(‘l;’fl)—‘ + 7.

Then, following similar steps as above, we obtain the following:

L N {—bn—s)]
a b+1 N
am m(b+1
GQ+ LmJ —(b+1)+ {ﬁ]‘f‘?"

a

aq + Laf{)’ilj —(b+1)+ mf’biﬂ +r—b(n—s)
b+1

m+r— (b+2) 1 rla+b+1)—a—>
a +a(a+b+1)w + % CETEE RS W

+

:q(a—i-b—l-l)—bn—l—i-{

>qla+b+1)—=bn—1+14+m+1

> S

Lemma 4.3.3 The largest value of £ satisfying

=0 ] < 43

18: L—b((wtl}r(g:ls)ﬁw — J, where
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. ((t—i—l)(n—s)%—@)Emmod(t+b+1)

ifm <t =m - [He]

oifm>tj=t+1— [Tj@ﬂﬂ
Proof: Let ¢ be such that (t+1)(n—s)+£ = (t+b+1)g+m. Then ¢ = [%WJ —j=
b((t+b+1)g+ ,
L%J Jj=bg+ Lt+b+1J —J-
Casel m<t¢

We wish to show that £ = bq + L“’HJ —-m+ {%—‘ satisfies 4.3.2 and is the mazximum

integer that does so.

=l

[ b + [t+b+1J —m+ [T&iﬂ ﬂ N {bq"' {t+b+1J —m+ [T&E)w

t+1 b

[ bg + L+b+1J —m+ [Tﬁﬁ] —((t+b+1)g+m— (Hl)(nsq

t+1
o e e )
- b
s Pffﬁd [t “i?w s { ] - mmw

t+1 b

bm+1—(1+2m)(t+b+1)—|—m(t—|—1)—‘
G Di+b+1)
bmn+1— (m+1)(E+b+1)+m(t+1)
% Erbr 1 w
B —m(t+b+1)— (t+0) —(b+1)
_n_8+{ t+D(t+b+1) M [b(t+b+1)-‘

bm+1 1—92m + m(t+1) bm+1 1—m 4 m(t+1)
=n—s+ |Vt+b+1 t+b+1 + t+b+1 t+b+1

:n—s+{
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—m —(t+b) w+{w—@+o W

:n_s+{t+1+(t+1)(t+b+1) t+b+1)

=n-—s

Thus £ as described above satisfies 4.3.2. As in the previous case, suppose we add a positive

integer, r, to the value of £ given. That is, suppose { = bq+ LHZ?’TLJ —m+ {Tﬁfﬂ +7r. Then,

following similar steps as above, we obtain the following:

(-0 Y4

[HJ*M
[pat ] o [ -0 . ba+ i) —mo+ [ 4
B t+1 b

e _bm+1—(1+2m)(t+b+1)+T(t+b+1)+m(t+1)_‘
t+D)(t+b+1)
N [bm—i—l—(m—i—l)(t—i—b—i—l)—i—r(t—i—b—i—l)—|—m(t+1)-‘
(t+b+1)b
s _—m(t+b+1)—(t+b)+r(t+b+1)w W(HbJrl)_(wa
t+D)(E+b+1) b(t+b+1)
o aa[rem —(t+1b) W P@+b+1y-w+ww
t+1  (t+1)(E+b+1) b(t+b+1)

>n—s+1

Case 2 m >t

We wish to show that ¢ = bq + Ltfﬂ_lJ —(t+1)+ [T&:ll)-‘ satisfies 4.3.2 and is the mazimum

integer that does so.

(-1 l

MJ " M

A ez e GRRl  d  FC Ccd  Gnal Kiz
t+1 b
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ba+ [ty | = 0+ 1) + [5G — (b4 Dgtm— (4 10— s)
t+1

bq + [t+b+1J —(E+1)+ w&iﬂ ]
b
{ﬁﬁﬁljj“ﬁgw+@+Wﬁﬁd—“z”+ﬁﬁﬂ1

_l’_

=n—-s—qg—1+

t+1 b

bm+1—(1+m)(t+b+1)+m(t+1)"
E T
[bm—l—l—(t+2)(t—|—b+1)+m(t+1)“
* CETEE
o 1—(b+t+1) (m—t—2)(t+b+1)+1
- 1+[(t+1)(t+b+1)w [ b(t+b+1) w

i [ = v R e g ey ]

bm m(t+1) bm+1 m(t+1)
=n—-s5—1+ {”b*l —1-m+ Hen w + {tﬂwl —1-(+D+ t+b+1—‘

:n—s—l—i—[

<n—-s—1+41

=n-—3S

Thus £ as described above satisfies 4.3.2. As in the previous case, suppose we add a positive

integer, r, to the value of £ given. That is, suppose £ = bq + Lt+b+1J —(t+1)+ [T&ill)—‘ + 7.

Then, following similar steps as above, we obtain the following:

(=0 Tt
t+1 b
m(t+1 o
bg + LHMJ —(t+1)+ Lj{bﬂﬂ tr—17
t+1

bq + L+b+1J —(t+1)+ {?&Tﬂ +r

* b

o7



=n—s—1+

_bm—l—l—(1+m)(t+b+1)+m(t—|—1)+7“(t+b+1)"

(t+1)(t+b+1)

N [bm+1(t+2)(t+b+1)+m(t+1)+r(t+b+1)w
(t+b+1)b

o s— 14 _—(b+t)+7’(t+b+1)" {(r+m—t—2)(t+b+1)+1"
E+1)(E+b+1) b(t+b+1)

_ [—(b+t)+r(t+b+1) (r+m—t—2) 1

B B R V(RS 1 { b +b(t+b+1)-‘

>n—s+1

Lemma 4.3.4 Forn > 2,
{x = (v, 20, ,xn1)T o1 + 2oy < (k= 1), (Az); > 0, emcept (Am)s > —1,(1 < 5 <
L%J), and x; € Z for i =1,2,...n — 1} is equal to the union of the following sets. For conve-

nience, we will set a = x1 and b = x,_1.
Case 1 a=b=0: {(0,0,...,0)}.
Case 2 n=2: {(z1)|]1 <z < L%J}
Case 3 a=0,b>0,n>3

s

{(0,0,...,0,1,2, ... 4<n=2=s+1435 (m—1)in>

(=102, 14> mip,

bip, biy, — b, ..., b)},
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b
e max{2/{ — (n—s) SZ — 1) (im),
b
o ngmzﬂ.
m=1

Case 4 a>0,b=0,n>3

{(a,2a,...,ajq,0jq + (a —1),aja +2(a—1),...,ajq + (a — 1)ja—1

J1 j—1
(a—3)+ M) ja—m>2(a—5) + > _ (@ —=m)jam, ..
m:() m=0

1+Z a—m)jo— m,2+z a—m)Jo—m,--.,L—1,

£<n—2l—s+1+zﬁq:2(m—l)jm>
)

S

(—1,0-2,...,1,0,0,...0)},

e 0<jm < |£],1<m<a,l< jo, with ji, € Zso,

a

e max{2/ — 5,0} < Z(m = 1)(Jm),

m=2
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o Za: Mim = .
m=1

Case 5 a > 0,b> 0 and the leftmost z; that holds the mazimum value (£) occurs to the left of

the s position, n > 3.

{(a,2a,....04ja,0js + (a —1),ajq +2(a—1),...,aj, + (a — 1)ja—1

<.

Jj—1 Jj—1

CL—] + ]a ma2(a_j)+2(a_m)jafma Z a—m ]a ms

m:O m=0 m=0

1+Z a—m ]a m,2+z a—m ]a M7-~'a‘€_1’
7<5— zz+e+z"‘ax{“ b}(m—l)(z‘m+jm)+q>

C—1,0—2, . 0 —ig f—iy — 2,0 —iy — 4, ... 0 —if — 2is,

m=j—1 m=j—1

> im— Gl = Y im =2, = Y im
m=1 m=1

O+ zig 0+ 2(iy, —1),..., 0+ 2,

;7€<n s— €+Z ’Lm>
— (¢ + 1),2—(]5,1 —2(q+ 1),...,2—(]5(1 —(¢+ 1)Eq+1,

biy, bip — b, ..., b)},

satisfying
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max{a,b} < /¢ < min{(s — 1)a, [aa(ﬁi‘?J —j}, where

—bn+s=mmod (a+b+1),

—ifm<bj=m— (Tﬁfﬂ 7

—ifm>bj=b+1- | M)

max{b, [£] + ¢ — s} < < min{¢,b(n — s)},

a

0<jm<|Lt],1<m<a,1< o, jm € Zso,

0<im< %J,lgmgmgib,imGZzo,

(z = min{mli, >0} + 1) < iy, < {%ZJ 1 <m < b, iy € Z>o,

b a
. Z M (i + i) = Z Mfm = £,
m=1

m=1

q=z—1ifl is not repeated and is equal to 1 otherwise.

Case 6 The leftmost x; that holds the mazimum value (£) occurs to the right of or at the s

position, n > 3. We will denote the value of x5 by £ and let t = x4 — x5_1 .

{(a,2a,...,04jq,0jq + (a —1),ajs +2(a—1),...,ajq + (a — 1)ja—1

Z_t.jtag_t(.]t - 1)7 : 767_ t,
s+ s (m=1)im> g

O+ (t+1),04+20t+1),. .., 0+ i (t+1),

CHGei(t+ D)+t 04+ G (t+ 1) +2t, . 0+ Geaq (E+ 1) + et

K—jl,é—jﬁ—l,...,ﬁ—l,

p<n—s=1—b= (=D + X2 (n=1) (i +jm) >

9
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b b

0—1,0-2,. 1+Zmzm,2mzm,z mfm)—Q,...,2+ngm,

m=2 m=3

b
Zmzm,z mzm —Jyeey g+ Z mzm,

=7 m=j+1

biy, biy — b, ..., b)},

satisfying
e max{a,b—n+ s+ 1} < < min{as,b(n —s)},

o (<1< LWij, where

—(t+1D)(n—s)+¢)=mmod (t+b+ 1),

. . t+1
- rmstom- 2],

. - m(t+1)
—ifm>tj=t+1- [t+b+1—‘

.
]
A
.
3
A

%J Jmax{t,1} <m < a,1 < ja, jm € Lo,

[ )
(@n)
IA
N
3
IA
3T
-
IA
3
IA
+
|_\
%
3
m
N
[V
E

a+1 b
i Z (]m"‘jm)zzmzm:g;
m=1 m=1
a —
4 m]m =/
m=t

Proof We begin by adjusting our previous claims from Lemma 4.2.7 to examine the behavior

at and around the s position, as this is the only condition that has changed.
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Claim 4.3.5 Ifxs_1 > x5, then T4 > x541.

Proof. x5 1 >xs = x5+ T5_1 > 203 = Ts > 2T5 — Ts_1-

0<1—25-14+ 225 — 2541 <14+ x5 — Ts541, and thus x5 > zsy1.

Claim 4.3.6 If xs =xs_1, then xsy1 < x5+ 1.

Proof. Let g =x5—1. Then 0 <1 —25_1 + 225 — Ts41 = 1+ 25 — 541 = Ts11 < x5+ 1.
Claim 4.3.7 If x5 — 251 < m, then x541 —xs < m+ 1, where m € Z.

Proof. Suppose x5 — xs—1 < m. Then

0<1l—2s1+22; — 2541 <14+ Mm+2s —Ts41 = Tsy1 —Ts <m—+ 1.

Claim 4.3.8 If xs —xsy1 < m, then xs_1 —xs < m+ 1.

Proof. Suppose s — xs1+1 < m. Then

0<l—2s14+22;—2zsp1 <1l—zs1+2s+m = 251 —2s <m-+1.

Armed with these claims, we can determine the sets as above. It is easy to see that if
x1 =0, then o = 23 = ... = 5 = 0. Then by Claim 4.3.7 and symmetry, if x,_; > 0, then
zs+1 = 1 and thus we can treat the values of 341 = 1,2549,...,2n—1(= b > 0) as the case
r1 = 1,2,_1 = b from Theorem 4.2.1 with n = n — s. By this reasoning and by symmetry, we
obtain sets in Case 3 (1 = 0,2,-1 = b) and Case 4 (x; = a,2z,-1 = 0) . We also obtain Case
1. Case 2 can be found in [21].

The other cases are not quite as simple. Both arise from cases in which both x; and x,_1
are nonzero. It is convenient to divide up the cases based on whether the maximum z; value /¢
is attained at or to the right of position s or if £ is attained to the left of position s.

Now let us consider Case 5, in which £ is attained somewhere to the left of position s. The

pattern found in the x;’s is generally familiar. We begin with 1 > 0 and increase as usual as
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we move to the right, attaining the maximum value, ¢, in a position less than s. £ may repeat,
but then may decrease to obtain x5 = £. This decrease from ¢ to £ begins in the usual manner
and then by Claim 4.3.5, ¢ may repeat and then may decrease to b = z,_1. We will use i,
to indicate the number of decreases by m between ¢ and ¢ and i, for decreases to the right of
xs = . Note that the maximum decrease to the left of 2, = ¢ is one more than the minimum
decrease to the right of z; = £ if £ does not repeat.

The upperbound for ¢ in this case requires a bit of work. Note that the maximum value of
£ possible will occur when we increase and decrease by the maximum possible amounts while
adhering to our required conditions. Through these conditions, this maximum value of £ must

satisfy the following equation.

V—a"_ﬁ_l_'_V—b(n—s)—(b—kl)

1 —1-s<n-1
4 b1 -‘—i- +n s<n

0 —
° a-‘ : the number of x;’s needed to increase to /;
a
o 1: /4
0 —b(n—s)— (b+1
° = b 2 j_) 1 (b+ )—‘ : the number of z;’s needed to decrease from £ at the fastest rate

possible (increments of b+ 1);

o 1: 57;

n — 1 — s: positions to the right of s;

e 1 — 1: total number of z;’s.

£—b(n—s)
b+1
the upperbound for £. The other bounds are straightforward.

L
This equation can be simplified to [-‘ + { -‘ < 's. By Lemma 4.3.2, we obtain
a

Now, we will consider the final case, Case 6. In this case, we stipulate that the maximum

value £ is attained somewhere at or to the right of position s. As expected, we begin with

x1 > 0 and increase as we move to the right. When we reach position s, either we have attained
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£ or we have not. If we have not attained /, we continue to increase, though we may begin by
increasing by one more than the difference between x5 and xs_1. We increase in the usual way,
by smaller and smaller differences until we attain £. After attaining £, we may repeat and then
will decrease as usual to x,_1 = b. We will use j,, to denote the number of times we increase
by m between position x5 and the position where we finally attain £. We use t to refer to the
difference between x5 and xs_1. We first determine the upper and lower bounds for ¢ and then
fix £ to determine possible values of ¢. The largest possible value of ¢ comes from increasing
only by a s times. Thus, £ < as. However, ¢ cannot always reach this value, as there must be
a decrease to x,—1 = b according to our pattern. Thus, we note that V;ﬂ <n-—s—1,or
equivalently, ¢ < b(n — s). To determine the upperbound for £, note that the largest value of ¢

occurs when we both increase and decrease by the largest values possible. Thus, the maximum

value of ¢ must satisfy:

0—T—(t+1) 0—b
-~ @7 - < — —

t+1
possible (increasing by ¢ + 1);

0—0—(t+1 .
° [H)-‘ : The number of z;’s needed to increase from /¢ to £ at the fastest rate

o 1: 4

V;b-‘ : The number of z;’s needed to decrease from ¢ to b;

e n — s — 1: The number of positions to the right of s.

][] oo

From Lemma 4.3.3, we obtain the maximum value of ¢ as described. [J

This equation simplifies to

We now wish to prove Theorem 4.3.1. The technique will be similar to that in the proof of

Theorem 4.2.1, which involves the maximal dominant weights of V(kAy).
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Proof of Theorem 4.3.1 By Proposition 4.1.1, max(A) N P is bijective to kCor N (A5 + Q)
via the map A — \. Note that A, is equal to A, — Ag.

As in the proof of Theorem 4.2.1, we will find all A € kC,r N (As+ Q) and use the inverse of

n—1
this bijective map to list all elements of max(A) N P*. Again, we will map A = A + Z gjo €
j=0
- n—1
max(A) NPT (with ¢j € Z<p,1<j<n—1)toA=As+ ijozj € kCyr N (As + Q). We can
j=1
use this map to obtain the relation z; = ¢; —qo, 1 <j <n—1. (c.f. [21])
Note that
n—1
kCap NV(As+ Q) = S A=A+ Y xjo5| Ahy) >0, 1< j <n, (Af) <k
j=1
Thus the elements A € kC,r N (As + Q) satisfy the following conditions:
(
)\(hl) = 2.1‘1 — X2 Z 0
A(h2) = —x1 + 229 — 3 >0
)\(hsfl) = —Xs_2+2ws 1 — Xy >0
Ahs) =1—25-1 + 225 — X541 >0
(4.3.3)

AMhst1) = —Ts + 2x541 — Tsy2 >0

)\(hn—Q) =—Tp3+2r,20—wp1 20

)\(hnfl) = —Tp—2 + 2T >0

K()“9):]-'i_a:l'f_xn—l <k

66



Note that as in [21], if n = 2 we have

MOy =142z <k

Thus, whenn=2,1<z; < L%J

Therefore, we may now assume that n > 3. By the reasoning in [21], x; € Z>¢ for i =
1,2,...,n — 1. As before, we will examine possible pairs (z1,z,—1) where x1 + z,—1 < k — 1.
Once we select x1 and z,_1, we find o, x3,...,T,_o satisfying 4.3.3. Note that this gives the
same (1, Tg,...,I,_1) that satisfy (Ax); > 0, except (Az), > —1. Thus, Lemma 4.3.4 gives
exactly the x; satisfy 4.3.3. As in the proof of Theorem 4.2.1, we obtain —/¢ as the coefficient
of ap and each other «; has coefficient —(¢ — ;). O

In [21], Tsuchioka proves the level 2 case when n is prime.

Corollary 4.3.9 [21] Let n > 2,n prime ,1 < s < n, A = Ag + As. Then max(A) NPT =

{AMMU{A—~f|1<e< |22 | U{A—p |1 <0< |5]}, where

v; =bag + loyg + - - -+ Lag
+ (= Dast1 + (L —2)as_a+ -+ + apps—1
+an i1+ —2)an—2+ (L —1)ay_
;=0 —1ar+ ({ —2)ag + -+ apq
+aspp1 -+l —2)aso+ (0 —1)as

+los+ -+ Llap_1.

Example 4.3.10 For k = 3, n =8, and s = 3, we find all elements of max(A) N P, where

A =2Ag + As. We must consider all cases for which 1 + x7 < k — 1.

e Case: x1 +x7=0. Here, x1 = x7 = 0. Thus, we have £ = 0 and we contribute the weight

A.
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o Case: x1 + x7 = 1. Then we must have either 1 =0 and x7 =1 or x1 = 1 and 7 = 0.

In the case x1 =0 and z7 = 1, we apply Case 8. Note that 1 < £ < 2. The results are in
Table 4.4.

Table 4.4: Maximal Dominant Weights: k =3, n=8,s=3,21 =0, 27 =1
(i | —ag | —ay | —an | —a3 | —ou | —as | —ag | —ar
1]1 1 1 1 1 0 0 0
2| 2 2 2 2 2 1 0 0 1

When 1 = 1 and x7 = 0, we apply Case 4. In this case, we can only have £ = 1. We

obtain the results in Table 4.5.

Table 4.5: Maximal Dominant Weights: k=3, n=8,s=3,z1 =1, 27 =0
Clji | —ao | —an | —ag | —a3 | —ayq | —a5 | —ag | —ag
111 1 0 0 1 1 1 1 1

e Case: x1 + x7 = 2. We have three possibilities: (x1,2z7) = (0,2),(2,0) or (1,1). In the

first case, (x1,27) = (0,2), we enter Case 3. Here 2 < { < 3 and we obtain Table 4.6.

Table 4.6: Maximal Dominant Weights: k =3, n=8,s=3, 21 =0, 7 =2
12 51 EQ —Q —Q1 — Q9 —Q3 — 0Oy —AQ5 — Qg —Qy
2101 2 2 2 2 1 0 0
3111 3 3 3 3 2 1 0 1

When (z1,27) = (2,0), we apply Case 4. Here, we only have the possibility that ¢ = 2.

Thus, the only possibility is given in Table 4.7.

In the case where (x1,27) = (1,1), we split into two different subcases for ease of expla-

nation. First, we will refer to Case 5, which is the case in which the maximum x; falls to
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Table 4.7: Maximal Dominant Weights: k=3, n=8,5s=3,21 =2, 27 =0
/{ jl jQ —Q —Q — Q9 —Qs3 —Qq —Q5 — Qg —Qy
2101 2 0 1 2 2 2 2 2

the left of the st position. We obtain 1 < £ < 2. When £ = 1, we can only have { = 1.

However, when £ =2,1 < { < 2. We obtain Table 4.8.

Table 4.8: Maximal Dominant Weights: k=3, n=8,s=3, 21 =1, 27 =1, fleft of 5

4 E jl 11 il —Q —Q] —Q9 —Q3 —Qly — Q5 — Qg —Q7
11101 1 0 0 0 0 0 0 0
2121211 2 1 0 1 1 1 1 1
2121210 2 2 1 0 0 0 0 0 1

Now, we consider the case where £ occurs for the first time at or to the right of position
s. In this case, we have 1 < < 3. When £ =1, we have t =0 and ¢ ranges from 2 to 3.

When £ =2, ¢ = 3. Finally, when { = 3, we have 3 < { < 4. We obtain the Table 4.9.

Table 4.9: Maximal Dominant Weights: k =3, n=8,s=3, z1 =1, xv = 1, £ right of or at s
Cl e || —a | —an | —ao | —a3 | —au | —a5 | —as | —ay
11211112 2 1 1 1 0 0 0 1
1131123 3 2 2 2 1 0 1 2
21312 |11]3 3 2 1 1 0 0 1 2
31313013 3 2 1 0 0 0 1 2
31413114 4 3 2 1 0 1 2 3

We have satisfied all cases and have thus listed the elements of max(A) N PT.

Additional examples of Cases 5 and 6 may be helpful to understand these more complex

cases.

Example 4.3.11 Let k > 6,n = 8,s = 3,21 = 3,21 = 2 and consider Case 5, in which ¢

occurs for the first time to the left of s. We see that 3 < £ < 6. We will create a separate table

69



for each value of £. See Tables 4.10 to 4.13.

Table 4.10: Maximal Dominant Weights: £k > 6, n=8,s=3,21 =3, 27 =2,{=3
Cljilgelds|in]in|ia] —ao | —on | —aa | —a3 | —au | —a5 | —ag | —ar
2101011110711 3 0 0 1 1 1 1 1
31010110171 3 0 0 0 0 0 0 1

Table 4.11: Maximal Dominant Weights: k > 6, n =8, s =3, 21 =3, 27 =2, { =4

Clgy|delgslin|in|ia]| —ao | —a1 | —aa| —as | —as | —a5 | —ag | —ar
311 0 1 1 1 1 4 1 0 1 1 1 1 2
411 0 11021 4 1 0 0 0 0 1 2
41110110012 4 1 0 0 0 0 0 2

Table 4.12: Maximal Dominant Weights: k > 6, n =8, s =3, 1 =3, 27 =2, (=5

Clgr|ga|dz|in|i|ie| —ag| —a1 | —as | —a3 | —ay | —a5 | —ag | —ay
410 1 1 1121 5 2 0 1 1 1 2 3
410 1 1 1101 2 5 2 0 1 1 1 1 3
5011 ]1]01]3]|1 5 2 0 0 0 1 2 3
510111012 5 2 0 0 0 0 1 3
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Table 4.13: Maximal Dominant Weights: £k > 6, n=8,s=3,21=3,27=2,{=6

22

11

A

J3

J2

J1

l
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Example 4.3.12 We will do the same example, but follow Case 6, in which £ occurs for the
first time at or to the right of position s. Again, let k > 6,n=8,s =3,21 =3,z,.1 = 2. We

see that 3 < ¢ < 9. We will create a separate table for each value of £. See Tables 4.14 to 4.20.

Table 4.14: Maximal Dominant Weights: k > 6, n =8, s =3, 1 =3, 27 = 2, (=3

Cltlgildelds|dilde|in|ia|—a|—ar|—ay|—as|—as|—as| —as | —ar
410|010 1 1 0211 4 1 1 1 0 0 1 2
4101010 1 1 00 2 4 1 1 1 0 0 0 2
5101010 112101112 5 2 2 2 1 0 1 3

Table 4.15: Maximal Dominant Weights: k > 6, n =8, s =3, 1 =3, 27 = 2, (=4

Cltlgildelds|dnlde|in|ia|—a|—a|—a|—as|—as|—as| —as | —ar
5010|1103 ]|1 5 2 1 1 0 1 2 3
510110110/ 1]|2 5 2 1 1 0 0 1 3
6|01 ]0|1 210013 6 3 2 2 1 0 2 4

Table 4.16: Maximal Dominant Weights: k > 6, n =8, s =3, 21 =3, 27 = 2, /=5
tlgi|Je|Js|Ji|Je|t1|d2| —a|—a1|—ay| —as| —aq | —as5 | —ag
111]1]0]2)2 6

| || T U | D

el el Ll el Rl R =l K]

oo oo o|ols

(ea] Nenl Nen) Nenl Nan) i

e e Ll el e )

()N N Nenl Nenl s

I =] E el o] Nevll Nan}

= OoOIN WO

W W NN Ww

| || O O O

=W W NN W

W[N] ==

N = =IO o=

[es] ol Nenl) Hen] Nen) Nen) Nan)

OO Oo-

WIN|IN| NN DN
|

QU | W W k| &0
3
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Table 4.17: Maximal Dominant Weights: k > 6, n =8, s =3, 21 =3, 27 = 2, (=6

Cle gl |nldge|ili|—a | —ar | —ao| —a3 | —as | —as | —as | —ay
7100021 |0]|1]3 7 4 1 1 0 1 3 5
61|11 110]0|4]|1 6 3 1 0 1 2 3 4
61|11 11010212 6 3 1 0 0 1 2 4
61111 ]0]0|0]3 6 3 1 0 0 0 2 4
711111 1717011113 7 4 2 1 0 1 3 5
1|11 |1]0]1|0]4 8 5 3 2 0 2 4 6
Table 4.18: Maximal Dominant Weights: k> 6, n=8,s =3, 21 =3, 27 =2, (=7
Cle g lgelds|n|gelin|ie|—a|—a1|—a| —a3| —as| —as | —as | —ar
71110} 2]|]0]0)|3]2 7 4 1 0 1 2 3 5
7110} 2]0]0|1]3 7 4 1 0 0 1 3 5
8|11} 1]0|2|1|0]0]4 8 5 2 1 0 2 4 6
712102 ]1]0]0)|3]2 7 4 2 0 1 2 3 5
71210(2]1]0]|0|1]3 7 4 2 0 0 1 3 5
8121021 |1|0]0]4 8 5 3 1 0 2 4 6
Table 4.19: Maximal Dominant Weights: £ > 6, n =8, s =3, x1 = 3, z7 = 2, /=38
Cle e lds|nlde|i|io]| —ay| —a1 | —ao| —ag | —as | —as | —as | —ay
812101 2]0]0|2]|3 8 5 2 0 1 2 4 6
812101 |2]|0]0|0]4 8 5 2 0 2 4 6
Table 4.20: Maximal Dominant Weights: k> 6, n =8, s =3, 21 =3, 27 =2,{=9
¢ t j1 j2 j3 51 52 51 EQ —Qp —Q — Q9 —Qs3 —Qq —Q5 — Q6 — Q7
913100 |13]|]0]0|1]4 9 6 3 0 1 3 5 7
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Chapter 5

Multiplicity of kAy — vy in V(kAg)

In this chapter we will consider weights of V(kAg) that are of the form kAy — -y, where v, =
log+ (0 — Doy + (0 —2)ag + ... + g1 + ppy1 + 2042 + ... + (£ — Dap—1. We use
extended Young diagrams from crystal base theory to determine the multiplicity and to find a

relationship between multiplicity of these weights and avoiding permutations.

5.1 Multiplicity of Maximal Dominant Weights of V' (2A)

We will first consider the weights found in max(2A) N P and then examine the weights that
carry over to max(kAg) N Pt as described in Corollary 4.2.3.

From Theorem 4.2.1, we can write max(2A¢) NP+ = {20} U{2A0 — |1 < £ < | 2]}, where

Yo = Lo+ —L)ag + (£ —2)as + ... + o1

+an—or1 + 20 p10+ ...+ (0 —Day_1

Note that the multiplicity of 2A¢ in V(2A¢) is known to be one, so we will not mention it
again and will focus on the other weights.

We will find a relationship between the multiplicities of these weights and avoiding permu-

74



tations. A common notation for a permutation of [n] = {1,2,...n} is

1 2 ...0n
w = ,
w1, w2 ... Wy
where 1 — w1,2 — wa,...,n — wy,. We wish to use a slightly different notation and will take

the bottom row from the above as a sequence with n terms. That is, w = wiws...w, will
mean 1 +— wi,2 — wa,...,n — wy. A (4,7 —1,...,1)-avoiding permutation is a permutation
whose sequence does not have a decreasing subsequence of length j. For example, w = 1342 is
a 321-avoiding permutation because it has no decreasing subsequence of length three. However,
w = 1342 is not a 21-avoiding permutation because it has decreasing subsequences of length
two, namely 32 and 42. In addition, v = 51342 is not a 321-avoiding permutation (because 532

and 542 are decreasing subsequences of length three) but is a 4321-avoiding permutation.

Theorem 5.1.1 The multiplicity of 2Ag — 7y is equal to the number of 321-avoiding permuta-

tions of [(].

Remark 5.1.2 In [21], Tsuchioka finds the multiplicity of 2Ag — ¢ to be e-%l(%f)’ which is the
0t Catalan number. It is known that the (" Catalan number is equal to the number of 321-
avoiding permutations of [€] (c.f. [20]). We directly exhibit a bijection between the 321-avoiding
permutations and the elements of B(2Ao) of weight 2Ag — ~vy. As before, Tsuchioka’s result

depends on n being prime, a restriction remowved here.

Recall that the multiplicity of a weight A of V/(A) can be found by finding the number of

tuples of extended Young diagrams that satisfy the conditions of Theorem 3.2.4.

Proof First, we will show that the multiplicity of 2Ag — v for some £ is equal to the number of
lattice paths in an ¢ x £ square that can touch but not cross the diagonal line from the lower left
corner to the upper right corner of the square. Then, we will show directly that this number of

lattice paths is equal to the number of 321-avoiding permutations of [¢].
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Consider the ¢ x £ square in Figure 5.1. Note that this square has £ boxes of color 0, £ — 1
boxes each of color 1 and -1, £—2 boxes each of color 2 and -2, and so on, until we have 1 box each
of colors /—1 and —(¢—1). That is, if we consider this square as an extended Young diagram, it
has weight 2A0— (oo + (0 —1)ar+({—2)as+.. .+ ap_1+an_pi1+20n_p10+.. . +({—1)ap_1) =
2M0 — e

Figure 5.1: ¢ x ¢ Extended Young Diagram

We create Y = (Y1,Y2) by drawing a lattice path that does not cross the diagonal in
the extended Young diagram above. We then take the boxes below the path, reflect over the
diagonal, and place these boxes in Ys. The square with the boxes removed becomes Y. This
new ordered pair of extended Young diagrams Y has weight 2Ag — vy. For example, we have

the correspondence in Figure 5.2.

-110 1 0 1 2
)

—2|-1]0 -1

-3 -2

Figure 5.2: Lattice Path to Extended Young Diagram
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Every pair Y = (Y1,Y2) in B(2A¢)24,—~, can be constructed in this manner. Each Y must
have exactly the same number of boxes of each color as the square in Figure 5.1 and thus Y;
and Y5 can be combined to make the square. The corresponding lattice path is the path that
follows the bottom edge of Y7.

Now we must show that every such ordered pair of extended Young diagrams Y is contained

in B(2Ag). To show this, we will use Theorem 3.2.4. We need to show the following:
1. Y121,
2. Y2 2 Y3 =Yi[n]
3. For each j > 0, there is some i such that (Y;11); > (7)1

By not allowing our path to cross the diagonal, we obtain (1). For (2) and (3), we will think
about the diagrams as sequences, rather than as boxes. Since Y5 has charge zero, the maximum
value of any sequence element of Y5 is zero. The minimum value of any sequence element of Y;
is —¢. Thus because n > 2/, the minimum value of any element of Y3 = Yi[n] is n — £ > £. We
obtain (2). By setting i = 2, we satisfy (3) for all j.

Now, we wish to show that the number of lattice paths in an £ x ¢ square that do not cross
the diagonal from the lower left to upper right corner is equal to the number of 321-avoiding
permutations of [¢]. (Note: This construction is adapted from [20].)

Let Py, W be the set of all lattice paths that do not cross y = x and 321-avoiding permuta-
tions, respectively, described above. We will show that there exists a bijection between P, and
Wy. To make calculations a little neater, we orient the square so that its lower left corner is at
the origin. First, define the map f : P, — W; as follows: let p € Pp. Let L = [¢] ={1,2,...,(}.
As the path moves from (0, 0) to (¢, ), let (v1,j1) be the coordinates of the point on p at the top
of the first vertical move. For i € [j; — 1], let w; =i and set L = L\[j; — 1]. Note that since the
path must stay below the diagonal, v1 +1 > j; and v1 +1 € L. Now, set w;, = v1 + 1 and take
L = L\{v; + 1}. We continue traversing the path p. For each vertical move, take (v, ji) to be

the point at the top of the move. For i € {jr_1+1,...,jr — 1}, set w; = min{L}, L = L\{w;}.
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Set wj, = v + 1 and take L = L\{wj,}. We continue this process until we reach the last
vertical move, which ends at (¢,¢). Suppose there have been s — 1 places already filled. For
i ={Jsy..., L}, set w; = min{L}, L = L\{w;}. We obtain a permutation of {,w = wiws ... wy.

We must show that w is a 321-avoiding permutation. Suppose w has a decreasing subse-
quence of length 3; that is, for some a < b < ¢, wg > wp > we. Then, by our construction,
A = (wg — 1,a) and B = (wp — 1,b) must be points on p. Since w, > wyp, a < b, the point A is
below and to the right of B. These points cannot be on the same lattice path, so we reach a
contradiction. Thus w is a 321-avoiding permutation. It is clear to see that f is injective.

Now, we define a map g : Wy, — P, in the following manner. Let w = wiwsy...wp. Let
Ci={j|j>iwj <w},ci=|C|,J={j1,52,.-.,dr}< = {j | ¢; > 0}. We define a path as in
Table 5.1.

Table 5.1: Rules for Drawing Lattice Path
Direction From To
Horizontal (0,0) (cj, +71—1,0)

Vertical (¢, +71—1,0) (¢, + 1 —1,41)
Horizontal | (cj, +j1 —1,51) | (¢j, +j2 — 1, 41)
Vertical (cjy +J2—1,41) | (¢j, + 72 —1,J2)

Vertical | (¢j, + jr — 1,jr—1) | (¢j, +4r — 1, Jr)
Horizontal | (¢j, + jr — 1,Jr) (4, jr)
Vertical (4, jr) (,0)

This gives a path p from (0,0) to (¢,¢). We must show that p is indeed a lattice path
that does not cross the diagonal. By construction, we can see that all ordered pairs have first
coordinate greater than or equal to second coordinate, and so the lattice path never crosses the
diagonal. Since J is an ordered set, we see that all vertical moves go up. Other than the first
and last horizontal moves, it is not as clear that all horizontal moves are to the right, so we
want to show that c;, +jo — 1 < ¢;, +j» — 1 for j, < jp. This is clear if ¢j, < ¢j, so we need

only consider when c;, > ¢;,. We have two cases:
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Case 1 wj, > wj,: Suppose j € Cj,. Then j > j, > jo and wj < wj, < wj, 15 a decreasing

subsequence of length 3, a contradiction.

Case 2 wj, < wj,: Let j € Cj,. Then wj < wj, < wj,. If j > gy, then j € Cj,. If j < jp,
then j & Cj,. There are at most j, — jo — 1 values j such that j € Cj, and j & Cj,. Then

Cjo < €, + Jb — Ja — 1 and we obtain c;, + jo — 1 < cj, +jp — 1.

It is straightforward to see that g is one-to-one. We have described a bijection between P

and W, and thus these sets have the same cardinality. [J

Example 5.1.3 Let £ = 4. We begin with a 4 X 4 square. We then draw a lattice path from

the lower left to upper right corner that does not cross the diagonal y = x as in Figure 5.5.

Figure 5.3: Construction of Lattice Path in Square

From the path, we can uniquely obtain a 321-avoiding permutation by using the construction

above. Begin with L = {1,2,3,4}.

e The first vertical move on the path takes us to (2,2). Thus, we let wy = 1 and now

L ={2,3,4}. Set wy =3 and L = {2,4}.
e The next vertical move ends at (3,3). Now, ws =4 and L = {2}
o This leaves wy = 2.

o w = 1342 is a 321-avoiding permutation.
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Now, suppose we begin with the permutation and want to obtain the path. When we begin
with w = 1342, we obtain the values of ¢; in Table 5.2, which give us the path coordinates in

Table 5.3.

Table 5.2: Computation of ¢;’s for 1342
1 |1]12]34
Ci|-141410
C; 0 1 1 0

Table 5.3: Path Coordinates for 1342
ir | From To

(0,
2,
2

)

0

CR=)
AR w o
AW W NN O
S N N N N N

w
)

)

)

<m<m<my

)
)
)
)
)
)

N N S /S
N AN N N S N

=~ W
w w

)

This path and permutation correspond to the ordered pair of extended Young diagrams in

Figure 5.4.

-110 1 0 1 2
-2 (-1 -1 0
-3 -2

Figure 5.4: Diagram for 1342

Here are the correspondences of diagrams and 321-avoiding permutations for various values

of 4.
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Table 5.4: Diagram/Permutation Correspondence: ¢ = 3

Row Diagram Perm. Diagram Perm.
0 1 2 0 1 2
1 1] 0|1 ,f 123 —-1lo0|1}]o0 312
—-2(-1]0 -2 -1
012 0|12
0
2 -1l 0|1} 213 -1] 0 sl 0|1 132
-1
-2 -2 -1
0] 1] 2
0 1
3 -1] 0 , 231
-1
-2
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Table 5.5: Diagram/Permutation Correspondence: ¢ = 4

Row Diagram Perm. Diagram Perm.
0 1 2 3 0 1 2 3
—1(0 1 2 —1(0 1 2
1 [ 1234 412
—2(—=1( 0 1 ’ —2(—1( 0 1 ’ E 3
—-3|—-2|-1| 0 —3|-2|-1
0 1 2 3 1 2 3
—1(0 1 2 0 —1( 0 1 2
2 = 124 142
o1 o1 [ 1 3 —2(-1] 0 ’ n 3
—3| -2 T —3|-2(—-1
0 1 2 3 — 0 1 2 3‘
0
—1| 0 1 2 — —1] 0 1
3 N 2134
et 3 —1 Lol ]f ] 1243
= 2] T3] 2|1
1 3 1 2 3
4 -1/ 0 2 ’ 0 1 ‘ 3412 —1| 0 1 2 : 0 1 1324
—2-11 o0 -1 —2| -1 —-1]0
—3| -2 o —3|-2
1 3 0 1 2 3‘
o]
— —1
5 o I I e 2413 ot ,OIM 3142
—2|—-1] 0 —t —2|—-1] 0 -1
—2 I
-3 L —3| -2
) ] o[1]2]5]
6 Bt Il oy 2314 I ,012‘ 1342
—2(-1 —2(-1 -1 0
-2
—3 L —3[—2
0 1 2 3‘ 0 1 2 3
- 0 1 | 2 ‘ 1 0 1 2 ‘
7 ° - 2143 I S B iy 2341
—2|-1]| 0 — —2|—1
-2 -2
-3 o -3 L
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Table 5.6: Diagram/Permutation Correspondence: ¢ =5 Part I

Row Diagram Perm. Diagram Perm.
2 3 4 0 1 2 3 4
—1 1 2 3 —-1] 0 1 2 3
1 e =) 12345 S0 = ) [ 51234
—-3|—-2|—-1| 0 1 —-3|—2|—-1| 0 1
—4|-3|-2|-1| 0 —4|-3|-2|—-1
2 3 4 2 3 4
-1 1 2 3 -1 1 2 3
2 —2|-1{0o|1]2} 41235 —2|-1{0o|1]2)} ‘ 0 | 1 ‘ 15234
—-3|—-2|—-1| 0 1 —-3|—-2|—-1| 0
—4|-3]-2 —4|-3|-2]-1
2 3 4 0 1 2 3 4
—1 1 2 3 —1]| 0 1 2 3
3 —2|-1{0o|1]2} 31245 —2|-1] 0|1 , ‘ 0 | 1 | 2 ‘ 12534
—-3|—-2|—-1| 0 1 —-3|—-2|—-1| 0
—4|-3 —4|-3|-2]|-1
0 1 2 3 4 2 3 4
—1]| 0 1 2 3 —1 1 2 3
4 —2|-1|o0 |1 \ et 45123 —2|-1lo 1|2} e 14235
1 ~1| 0
—3|-2[-1] o L —3|-2]-1
—4|-3|-2 —4|-3|-2
2 3 4 0 3 4 ‘
-1 1 2 3 -1 2
D —2|-1|o |12} 21345 —2|-1 1 ,‘0|1|2|3‘ 12354
—3|—-2(—-1( 0 1 —3(—-2(—-1( 0
—4 —4|-3|-2]|-1
0 1 2 3 4 0 1 2 3 4
—-1]| 0 1 2 3 0 1 —1(0 1 2 3
6 P DY P I I N 35124 Y ,E - 41523
—3(—-2(—-1( 0 —_2 —3|—-2(—-1( 0 ;1
—4|(-3 T —4-3[-2
0 1 2 3 4 0 1 2 3 4
—1( 0 1 2 3 0 1 —1( 0 1 2 3
7 o —1lo 1]z =10 34125 Y DY P T B S 14523
—3|-2|-1 -2 —3|-2|-1 e
—4 (-3 T —4|-3|-2
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Table 5.7: Diagram/Permutation Correspondence: ¢ = 5 Part II

Row Diagram Perm. Diagram Perm.
0 1 2 3 4 0 1 2 3 4 ‘
—-1|0 1 2 3 —1|0 1 2
o
8 —2(-1|o|1]2] 25134 —2|-1]| 0 |1 41253
-1
—3l—2|-1] 0 —3l—2|-1] 0 L
—4 —4|-3|-2
0 1 2 3 4 0 2 3 4
—-1(0 1 2 3 0 1 | 2 ‘ —1|0 1 2 3 0 1 2
9 —2|-1fo0 |1 S -1 31524 —2|-1| o0 |1 , |-1] 0 34512
—3|-2|-1] 0 -2 —3|—2|-1 —2
—4|-3 —4|-3
0 2|34 0 234
~tlo|1f2]|3] o] ~1lo|1|2]s
o012
10 —2(-1|o 1|2} |-1]o0 13245 —2[-1] o , 12435
—-1] 0 1
—3|-2 —2|-1 —3|—2|-1
—4|-3 —4|-3| -2
0 2|34 o|1]2]3]4
0|1
-1 123 —~1lo|1]2
~1| o0 012 | 3 ‘
11 —2|-1{o 1|2} 24135 —2|-1|o0 |1 , 14253
—2 -1 0
—3|-2]-1 — —3|-2]-1
-3
—4 L —4|-3]-2
o|l1]2]3]a4 o|l1]2]s 4‘
0|1 | 2 ‘
~1lo|1]2]s3 —1lo|1]2 o1 | 2 | 3 ‘
-1
12 —2|-1|o0 |1 , — 21534 —2|-1|o0 |1 , -1 31254
—2 _
—3|—-2(—-1( 0 — —3|—-2(—-1( 0 -2
—3 [
4 L —4|-3
o|1]2]3]4 2034
~tlo|1f2]3||o]1]2 -1 123 o]1]2
13 —2|-1|o0 |1 , |-1] o 13524 —2|-1] 0 s =101 31425
—3(—-2 —2(—1 —-3|—-2|—-1 -2
—4|-3 —4|-3
0 2|34 o|1]2]3]4
0|1
-1 1123 —1lo|1]2
—1| o0 ol1]2]s
14 —2f-1lo |12} 23145 —2|-1] 0 , 12453
—2(—-1 —1(0 1
—-3|-2 —-3|—-2|—-1
-3
—4 L —4|-3|-2
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Table 5.8: Diagram/Permutation Correspondence: ¢ = 5 Part III

Row Diagram Perm. Diagram Perm.
1 34| —— o|l1]2]s 4‘
o[1]2]
~1| o0 2|3 —1{o|1]2 o|1]2 | 3‘
~1| o0
15 —2|-1 1 , 24513 —2|-1|o0 |1 , |-1] o 34152
—2
—3|—2|-1 — —3|—2|-1 —2
-3 L
—4 L —4|-3
o|l1]|2]3]a4 ‘ o|l1]|2]3]a4
o1 | 2 | 3 ‘ o 1|2 | 3 ‘
—1{o|1]2 —1lo|1]2
-1 ~1| o0
16 —2|-1]0 |1 , — 21354 —2|-1|o0 |1 , 24153
2 —2
—3|—2|-1] 0 — —3|-2|-1 —
-3 -3
—4 — —4 L
o|l1]2]3]a4 3|4
o|1]2
—1lo|1]2 o|1]2 | 3 ‘ -1 2|3
—1]o0 |1
17 —2|-1]0 |1 , -1l o 13254 —2|-1 , 21435
—2
—3|—2 —2|-1 —3|—2|-1 —
-3
—4|-3 —a L
1 3|4 o|l1]|2]3]a4
o|1]2
~1| o0 2|3 —1fo|1]2 o|l1]2]s
~1| o0
18 —2|-1 1 , 23514 —2|-1] o s =101 31452
—2|-1
= —3|-2|-1 —2
—3 [
—4 L —4|-3
1 3|4 o|l1]|2]3]a4
o|l1]2]s
~1| o0 23| |o|1]2 —1fo|1]2
—1] 0|1
19 —2|-1 ,l-1] 01 13425 —2|-1] o , 23451
—2|-1
—3|-2 —2|-1 —3|—2
-3
—4|-3 —a L
o|1]|2]3]a 3|4
o|1]2
—1lo|1]2 o|1]2]s -1 2|3
—1|o0 |1
20 —2[-1] 0 yl-1] 01 13452 —2|-1 , 23415
—2|-1
—3|—2 —2|-1 —3|—2
-3
—4|-3 —a L
o|1]2]3]a o|l1]|2]3]a4
o|1]2 | 3‘ o|l1]2]s
—1lo|1]2 —1fo|1]2
—1| o0 1o |1
21 —2|-1]o0 |1 , 23154 —2|-1] 0 , 21453
—2| -1 -2
—3|—2 —3|-2|-1 -
-3 -3
—4 —J —4 L1
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5.2 Multiplicity of Maximal Dominant Weights of V (kA)

We now wish to consider the multiplicity of the weights of V(kAg) (k > 2) denoted kAg — vy,
where vy = lag+ (0 — D)ag + (0 —2)ao + ...+ ap—1 + appy1 + 20 —p12+ ...+ (€ — 1)ay—_1.
Based on computational evidence, we make the following conjecture about the multiplicity

of k‘AO - e
Conjecture 5.2.1 multipp, (kAo —v¢) = |[{(k + 1)(k) ... 21-avoiding permutations of [{]}].

In the previous section, we proved this completely for the k = 2 case. Though the proof of
the general case is incomplete, calculations from a MATLAB program (see Appendix) provide
evidence of the validity of this conjecture for k = 3 and k = 4. Table 5.9 shows these results

and the known permutation counts from [19].

Table 5.9: Evidence of Conjecture 5.2.1 for k = 3,4

Multiplicity of kAg — v Avoiding permutations of [/]
Computed in MATLAB Known
{1 k=2|k=3]| k=4 £ 321 4321 94321
2 2 2 2 2 2 2 2
3 5 6 6 3 5 6 6
4 14 23 24 4| 14 23 24
Y 42 103 119 5| 42 103 119
6| 132 513 694 6| 132 513 694
7| 429 2761 4582 71 429 | 2761 4582
8 | 1430 | 15767 | 33324 8 | 1430 | 15767 | 33324
9 | 4862 | 94359 | 261808 9 | 4862 | 94359 | 261808

Consider the case that k£ = 3 and £ = 3. We can add an empty diagram in the third position
to every 2-tuple in B(2A¢)2p,—+, to obtain a 3-tuple in B(3A¢)3a,—v,. For these diagrams,
we keep the same correspondence with permutations, as a 321-avoiding permutation is also
a 4321-avoiding permutation. We can also create one 3-tuple of extended Young diagrams

in B(3A0)3a,—~, that has a nonempty third position. Since there is only one 4321-avoiding
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permutation of [3] that is not a 321-avoiding permutation, namely 321, it is reasonable to

conjecture that this new diagram and 321 correspond with one another.

Table 5.10: Diagram/Permutation Correspondence: k = 3, { = 3

Diagram Perm. Diagram Perm.

012 0112
-1 0| 1 ,f, f 123 —-1| 0| 1}]|o0 ,f 312
—2|-1|0 -2 -1
012 0|12

-1l 0|1} O,f 213 -1|0 , | 0 1,f 132
-2 - —2| -1

012 0112

S| LT ] e . N 321

-1 -1
o L -2

We note that we can construct the elements of B(kAg) of weight kAo —-y, by drawing certain
paths in an ¢ x £ square. Ideally, we will be able to use this notion to develop a bijection between

these paths and the avoiding permutations.

Theorem 5.2.2 The multiplicity of kAo — ve in V(kAo) is equal to the number of elements in
the set Y, where Y is the set of k-tuples of extended Young diagrams that can be constructed

according to the following conditions:
¢
1. Draw a k-tuple of extended Young diagrams, in which Y1 = (—€,—,—{,...,—£,0,0,...)

and Y; = (0,0,0,...,0),2 <i < k. Note that Y has weight kAy — ;. See Figure 5.5.

For ease of notation, we will consider the extended Young diagram Y7 to have coordinates

(0,0) in the lower left corner.

2. We draw a sequence of lattice paths from (0,0) to (¢,€). We may only move up and to the

right in integral steps. We define Tij,i > 2 to be the number of j-colored boxes between
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Figure 5.5: k-tuple of Extended Young Diagrams

the (i — 1)t path and the (i —2)™ path. (TZJ will also be the number of boxes of color j

in Y;). We draw the paths according to the following conditions:

(a) The first path must be drawn so that it does not cross the diagonal y = x.

(b) For all other paths 1,2 <1 < k — 1, the following conditions must be satisfied.

i—1
Q. T/ Smin{ﬂ?l,é—\j\—Tﬁ —ZTé}
a=2
i. Forj > 0,T) <T/™ < T/ < ... < T} < TP and for j < 0,T) < T/ <

3. In sequence, when we draw the (i — 1) path, we will remove the boxes to the right of the

path and place them uniquely as a Young diagram in Y;.

Proof We must show that B(kAg)ka,—vy, = V. First we will show that B(kAg)kag—ry, € V. Let
X € B(kAo)kag—r,- Since X must have weight kAg — y,, colored boxes can be moved to create
Y as in step 1, above. Since Xo C X3, if we draw a lattice path from the lower left to upper
right corner of this £ x £ box and remove boxes to place in X5, we know that this path did not
cross y=x. Now we will continue to draw paths and remove boxes to create X;,2 <i < k. We

see that conditions (i) and (ii) must be satisfied as follows.

° Tij < Tz?;l is satisfied since X; C X;_1.
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i—1
o TV < (—|j|-Ty— Z T7 is satisfied since there are £ — |j| boxes of color |j| present in X,

a=2
i—1

TQj of them must be in X7, and ZT,{ of them are used in preceding (Xo, X3, ..., X;_1).
a=2
¢ j>0T <T/ T < TI TP ST < TP and j< 0,7 <V <TITP < <T <

(2

Ti0 are satisfied since X is an extended Young diagram.

Thus X € Y and B(kAo)rrg—y, C V.
Now, we must show that Y C B(kAg)xag—~,- Suppose X € ). Clearly, wt(X) = kAg — .
Now we must show that X meets the conditions of Theorem 3.2.4. That is, we must show the

following:
1. Each X; is an extended Young diagram.
2. X; DXy D X32...2 X,
3. For each s > 0,3 some j > 1 such that (Xj41)s > (Xj)s41
4. Xi 2 Xq[n]

We will begin with (1). Since X; begins as an ¢ x ¢ square and we remove boxes by only
drawing lattice paths with right and up moves, X; remains an extended Young diagram. X5 is
also an extended Young diagram by construction. We now show inductively that X3, X4,..., Xj
are extended Young diagrams. Assume that all X; such that i < ¢ are extended Young diagrams.
Consider X,. Construct X, by removing a finite number of boxes from X;. We place these
colored boxes as if subject to gravity in the upper left corner, but in the appropriate position
for their color. Now we must show that there are no “holes” in X,. That is, there are no slots

without boxes that have boxes below them or to the right of them.

e (Case 1: Suppose there is a hole that should contain a box of color 0. First, suppose

that there is a filled in box of color j to the right of the hole. Then Tq]_1 > T;fl, which

contradicts condition (ii) above. Now, suppose that there is a filled in box of color —j
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below the hole, but no filled in boxes to the right. Then T q:jl > T (?717 a contradiction.

Thus, there can be no holes where a box of color 0 should be.
e (lase 2: Suppose there is a hole that should contain boxes of positive color.

— Case a: Of all the empty slots that should contain boxes of positive color, consider
the one that has a filled in box to its right that should have largest color. Suppose
the missing box should have color j. Then there is a 7 4+ 1 colored box to its right
and T 5—1 < Tgfll , a contradiction. We continue this to see that there are no holes

with filled in boxes to the right of them.

— Case b: Consider empty slots that have no boxes to the right, but do have boxes
below them. Consider the smallest such j colored box that is missing. Then there
are boxes of color j — 1 below this hole. Since we draw a lattice path in X at every
step in our procedure, we could never remove these j — 1 colored boxes without
removing a sufficient number of j colored boxes. We continue moving through this
case, possibly returning to case (a) and find that there are no empty slots where a

positive color should be.
e (lase 3: Suppose there is a hole that should contain boxes of negative color.

— Case a: Suppose there is at least one box to the right of the hole. Of all boxes
meeting this condition, consider the one such that the color it should be, say j,
is maximal. Then there is a box to the right of the hole of color 7 + 1. By our
construction, we could not have drawn a lattice path in X; that would remove this

J + 1 colored box without removing the j colored box, giving a contradiction.

— Case b: Suppose there are no boxes to the right of the hole. That is, there is at
least one box below the hole. Of all empty slots fitting this criteria, consider the one
of minimal color j. Then we must have T(;__ll > T 5_1, which is a contradiction. We

continue in this manner until all potential holes are shown to be filled in.
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Now, we must show condition (2), which is the condition involving containment of the

diagrams. It is clear that after the first path is drawn, Welhave X1 D Xa. As each other path is
i

drawn, we have the condition that Tij <l—|j| - T 23 — Z T?, which stipulates the the number
of boxes of color j removed must be less than the nuﬁﬁer of boxes of color j accounted for
already. This formula double counts the boxes used up in X5 so that we keep X7 O X5. Now
consider some diagram X, given that X; 2 Xo O X3 O ... O X, ;. We have the condition
that 7§ < T/_,, guaranteeing that X;_1 O X, Thus, X1 D X, D X532 ... D X;.

To show condition (3), consider j = k and consider the extended Young diagram X}, written

in sequence form. By construction, all values in this sequence are less than or equal to O.

Note that Xiy1 = Xi[n] and n < 2¢. Thus, the smallest values in the sequence for Xy
y4

are all positive and as follows: (n—¢,n—¥4,n—4¢,...,n—¥¢,n,n,...). Thus, we obtain that
(Xk+1)s > (Xk)sy1 for all values of s.

Condition (4) is clear from proof of condition (3). O

Example 5.2.3 Figure 5.6 is an example from the case k = 3, { = 4.

0 1 2 3
0 1 2
-1] 0 1
’ -1 ) 0
-2 | -1
—2
-3

Figure 5.6: Path and Diagram Correspondence k = 3

Now, we focus on the £ = 3 case. As in the £k = 2 case, let P, be the set of paths
described above and W, be the set of 4321-avoiding permutations of ¢. We will primarily

consider the map from Wy to Pp. Let w = wiws ... wy be a 4321-avoiding permutation. Let

Ci={jl|Jj>tw <wlc=|ClJ={j,j2,--- dr}< = {j | ¢; > 0}. Define D; = {(j,q) |

91



i < j<qwg <wj < w;and at least one of j, ¢ have not yet been included already}. We let

d; = |DZ| andK:{k‘l,kg,...,k‘,«}<:{k‘|dk>0}

Example 5.2.4 Consider the permutation w = 53412. We obtain the data in Table 5.11.

Table 5.11: Data for 53412

i Cz C; Dz' di
12345 | 424,25 34,35 | 3
2 4,5 2 - 0
3 4,5 2 - 0
4 - 0 - 0
) - 0 - 0

Here, J = {1,2,3} and K = {1}. Note that we did not include 35 in D; because as we

moved from left to right, we had already included both 3 and 5 in pairs.

Though this construction has not yet given us a bijection between P, and W/, there is
evidence to support the notion that it will. In addition to tables with matching total counts
of diagrams and permutations, we can use MATLAB programs to learn more. We can make
tables that contain information about the number of diagrams with a certain condition and the
number of avoiding permutations with a certain condition. If the numbers are identical, it is
reasonable to conjecture that these conditions correspond in the bijection we wish to create.

Some of these that we have found are the following:
e The height of the last horizontal move in either path is equal to the maximum value in J.
e The width of the first horizontal move in the either path is equal to ¢;, + ji1 — d;, — 1.

e The maximum color removed by the second path is equal to the maximum value in K

minus 1.

In the k = 3,7 = 4 case we can take each of the 16 diagrams from the £ = 2 case and add

an empty extended Young diagram as Y3. These diagrams will correspond to the same 321-
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avoiding permutations, as these permutations are also 4321-avoiding. There are nine new tuples
of extended Young diagrams, which correspond with the nine 4321-avoiding permutations that
are not 321-avoiding permutations. One possible correspondence between these new tuples and

permutations is in Table 5.12.

Table 5.12: Diagram/Permutation Correspondence: k =3, ¢ = 4

Diagram Perm. Diagram Perm.
0 1 2 3 0 1 2 3 ‘
—1] 0 1 2 0 1 —-1] 0 1 0 1 | 2 ‘
—— o ‘, E 4213 —— = ' E 4132
—3| -2 o —3|-2 o
0 1 2 | 3 ‘ 0 1 2 3 5 N ‘
—-1] 0 0 1 2 —-1] 0 1 2
el el ag ||l ET | | asee
—3[—2 - -3 2
0 1 2 3 5 N ‘ - 0 1 2 3 ‘ 5 1 | N ‘
—-1( 0 1 2 0 —-1] 0 1
B ) :_: ) 3214 —— , :_: ) E 4231
-3 o -3 L

o1/ 2 o 1|2
i I ,_1|‘,01 2431 - ,_1“ 3241

3421

When ¢ = 5, there are 61 new tuples of extended Young diagrams and 61 new permuta-
tions. Because the exact correspondence is still unclear, we include a possible correspondence.
Within this, we will sort the diagrams and possible corresponding permutations according to
the information we have. We will have six tables. Each will exhibit one possible combination

of the maximum element of J and the maximum element of K. Recall that we believe these
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values reflect the maximum color removed by the first path and the second path, respectively.
We will label these by < a,b >, where a is the maximum color removed by the first path and b
is the maximum color removed by the second path. Within these tables, we sort by the length
of the first horizontal move. After the < 1,0 > case, we often have sets of m diagrams and m
avoiding permutations that we believe are in correspondence, though the exact correspondence

may be unclear.

Table 5.13: Diagram/Permutation Correspondence: k = 3,¢ =5, Type < 1,0 >

Diagram Perm. Diagram Perm.
0 1 2 3 4 0 1 2 3 4
0 1 ‘ 0 1 ‘
—1] 0 1 2 3 —1]0 1 2 3
E B0
—2|-tlo|1|2}hH— , E 54123 —2|-tlo|1|2|H— , 43125
—3[-2|-1 —3|-2
-3 -3
—4 L —4 L
0 1 2 3 4 0 1 2 3 4
0 1 ‘
—1] 0 1 2 3 —-1] 0 1 2 3 0 1 ‘
-1
—2|-1lo|1|2}FH— , 32145 —2|-1lo |1 |2 |-1] |, E 53124
2 —
-3 — —3|—2|-1 -2
— —3 —
—4 L —4|-3
0 1 2 3 4 0 1 2 3 4
—-1] 0 1 2 3 0 1‘ n —-1] 0 1 2 3
0 1 ‘
B NREE 5] 42135 ol alo 1]z}, , 52134
— -1 -1
—3|—-2 -2 —3|—-2[-1 L
—4| -3 —4|-3|-2
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Table 5.14: Diagram/Permutation Correspondence: k = 3,/ =5, Type < 2,0 >

Diagram Diagram Perm.
0 1 2 3 4 0 1 3 4
0 0 1
—-1] 0 1 2 3 —1( 0 2 3
—1 —1(0
—2|-1| o0 |1 ) — —2|-1 ) E 32415, 32514
—2 —2|-1
—3|-2|-1 — —3[-2
-3 -3
—4 L —4 [—
0 1 2 3 4 0 1 3 4
0 0 1
—-1] 0 1 2 3 1] 0 2 3
—1 -1 0
—2|-1|o0 |1 , — —2| -1 : 42315, 43512
—2 —2
—3| -2 — —3| -2 —
-3 -3
—4 L —4 [—
0 1 2 3 4 0 1 3 4
0 0 1
—1lof1|2]3 -1| 0 2|3
—1 —-1] 0
—2|-1| 0|1 ) — —2|-1 ) 52413, 53412
—2 —2
—3 [ —3 —
— -3 — -3
—4 L —4 [—
0 1 2 3 4 0 1 3 4
—1]0 1 2 3 0 1 | 2‘ —1] 0 2 3 0 1
oo 1] [ E 2|1 “1] 0 E 41325, 42513
—-3|—-2|—-1 —2 —-3| -2 —2(—1
—4| -3 —4|-3
0 1 2 3 4 0 1 3 4
—-1] 0 1 2 3 0 1 | 2‘ n —1] 0 2 3 0 1
—2|-1]o0 |1 , -1 , —2|-1 -1] o0 A 51423, 52314
— —1
—3| -2 -2 . —-3| -2 -2
—4| -3 —4(-3
0 1 2 3 4
—-1] 0 1 2 3
T[]
1o 1] E 51324
-1
—-3|—-2|—-1 e
—4|-3|-2
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Table 5.15: Diagram/Permutation Correspondence: k = 3,/ =5, Type < 3,0 >

Diagram Diagram Perm.
0 1 2 4 ‘ 0 1 4
0 1 | 2 | 3 ‘ 0 1 3 ‘
~1fo |1 ~1| 0
1 —-1{0
—2[-1] o y — , —2f-1 , , E 32154, 32451
—2 —2|-1
—3|-2|-1 — —3| -2
-3 -3
—4 L —4 [—
0 1 2 4 ‘ 0 1 4
0 1 | 2 | 3 ‘ 0 1 3 ‘
-1|0 1 —1{ 0
E 0 ol [
—2|-1]| 0 , — , —2| -1 , , 42351,43152
—3|-2 — —3| -2 —
-3 —3
—4 L 4 [—
0 1 2 4 ‘ 0 1 4
0 1 | 2 | 3 ‘ 0 1 3 ‘
—-1]| 0 1 —1] 0
—1 —-1| 0
—2[-1] o , — , —2[-1 , , 52341, 53142
-2 -2
_3 [ _3 —
— -3 — -3
4 L —4 [—
0 1 2 4 ‘ 0 1 4
—1]| 0 1 0 1 | 2 | 3‘ —1] 0 0 1 3‘
Y Y , -1 E 2|1 ,1=1] o E 41352, 42153
—3|—-2|—-1 -2 —-3| -2 —2(—1
—4|(-3 —4( -3
0 1 2 4 ‘ 0 1 4
-1 0 1 0 1 | 2 | 3‘ n —1] 0 0 1 3‘ n
—2|-1] o , -1 , —2[-1 , |-1] o , 51342, 52143
- B
—3| -2 -2 . —3[-2 -2
—4|-3 —4|-3
0 1 2 4 ‘
~1fo |1
T2 [7]
—2[-1] 0 , E 51243
-1
—3|-2|-1 L
—4|-3|-2
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Table 5.16: Diagram/Permutation Correspondence: k = 3,¢ =5, Type < 2,1 >
Diagram Diagram

0 1 2|1 3| 4

0 1 2 3| 4

—1{ 0 1 2|3 —-1{ 0 1 2 3

0 1 | 2 ‘ 0 1 2 ‘
—1( 0 1 2 3 —1(0 1 2 3
—1 0 1 ‘ —1(0 0 1 ‘
-2/-1] 0 sy ) -2|-1 ) )
—2 —1 2 —1
3| -2 - L 3| -2 - L
—3 -3
_4 L _4 L
0 1 2 3 4 0 1 2 3 4
0 1 | 2 ‘ 0 1 2 ‘
~1|lo|1|2]s 0 1‘ —1|lo|1|2]s 0 1‘
1 ~1| o0
—2[-1| o , — S -1 —2|-1 , , -1
_2 [ _2 [
-3 - —2 -3 - —2
[ _3 L [ _3 L |
4 LI 4 LI
Permutations: 24315, 25314, 25413, 45312, 34215, 35214
0 1 2 3 4 0 1 2 3 4
—1(0 1 2 3 0 1 | 2 ‘ —-1]| 0 1 2 3 0 1 2 ‘
—2|—-1] 0 3 -1 5 ‘ 0 | 1 ‘ —2|—-1 5 —1(0 9 ‘ 0 | 1 ‘
—3|—-2(-1 -2 —-3(-2 —2(-1
—4|(-3 —4(-3
0 1 2 3 4 0 1 2 3 4
—1(0 1 2 3 0 1 | 2 ‘ —-1] 0 1 2 3 0 1 2 ‘
0 1 ‘ 0 1 ‘
—2[-1] 0 , -1 , —2|-1 , |-1] o
— —1 —1
—3(-2 -2 — —-3(-2 -2 —
—4|(-3 —4(-3

Permutations: 15423, 35412, 45213, 14325

2] 1] o , i ! | 2 ‘, n Permutation: 15324
—3|-2|-1 L
—4|-3]-2
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Table 5.17: Diagram/Permutation Correspondence: k = 3,/ =5, Type < 3,1 >

Diagram Diagram

0 1 2 3 4 ‘

0 1 2 3|4 ‘

01|2|3‘

[ ]7]

—1

—1] 0
2y Y = Y | on
—2 —2|—1

0 1 | 2 | 3 ‘ 0 1 2 | 3 ‘
1[0 1 2 —1( 0 1 2
—1 0 1 ‘ —1]0 0 1 ‘
-21-1]0 s 1 s -2|-1 » >
—2 -1 -2 -1
3| -2 - L 3| -2 - L
-3 —3
_4 L _4 L

o1]:2]3]

—-1|o|1]2 0 1‘ —-1|lof|1]2 01 ‘

-1 -1| 0
—2[-1| 0 , —1 , | -1 —2[-1 , , | -1

) — —2 —
-3 — —2 -3 — —2
— —3 L — —3 L
—4 I— —4 I—

Permutations: 24351, 25143, 25341, 34251, 35241, 45231
o|1|2]3]|4 ‘ o|1|2]3]|4
—-1|o|1]2 01|2|3‘ —-1|lo|1]2 012|3‘
—2[-1| 0 , | -1 ,‘0|1‘ —2[-1 ,|-1] 0 o1
—3[-2[-1 —2 —3| -2 —2[-1
—4[-3 —4|-3
of1]2]3]4 ‘ of1]2]3]4
—-1|o|1]2 o1|2|3‘ —1{o|1]2 012|3‘
0of1 ‘ 01 ‘

—2[-1| 0 , | -1 , —2|-1 , |-1] 0 ,

— -1 -1
—3| -2 —2 L —3|-2 —2 L
—4|-3 —4|-3

Permutations: 14352, 15342, 35142, 45132

0 1 2 3| 4 ‘

—2|-1] 0 ) _01 - | ’ | ’ ‘, Permutation: 15243

98




Table 5.18: Diagram/Permutation Correspondence: k = 3,/ =5, Type < 3,2 >

Diagram Diagram
0 1 2 3 | 4 ‘ 0 1 2 3 | 4 ‘
0 1 | 2 | 3 ‘ 0 1 2 | 3 ‘
-1]0 1 —1|0 1
1 —1{0
ol B || B nnn
—2 —2| -1
—3|-2|-1 — —3|-2
-3 -3
—4 L —4 I—
0 1 2 3 | 4 ‘ 0 1 2 3 | 4 ‘
0 1 | 2 | 3 ‘ 0 1 2 | 3 ‘
—-1] 0 1 —-1] 0 1
—1 0 1 | 2 ‘ —-1] 0 0 1 | 2 ‘
—2|-1| 0 , — , —2|-1 , ,
—2 —1 —2 —1
—3| -2 — L —3| -2 — L
-3 -3
—4 [ —4 [
0 1 2 3 | 4 ‘ 0 1 2 3 | 4 ‘
[ ]7] [ ]7]
—1{0 1 0 1 | 2 ‘ —1|0 1 0 1 | 2 ‘
1 —1{0
—2|-1]| 0 y — , | -1 —2|-1 , , | -1
-2 — —2 —
-3 — —2 -3 — —2
— —3 L — —3 L
—4 L —4 I—
Permutations: 21543, 23541, 24531, 32541, 34521, 42531
0 1 2 3 | 4 ‘ 0 1 2 3 | 4 ‘
—1{0 1 0 1 | 2 | 3 ‘ —1(0 1 0 1 2 | 3 ‘
—2[-1| 0 , | -1 ,‘0|1|2‘ —2[-1 , -1 0 ,lo]1]2
—-3|—-2|-1 -2 —3|-2 —2| -1
—4|-3 —4|-3
0 1 2 3 | 4 ‘ 0 1 2 3 | 4 ‘
-1]0 1 0 1 | 2 | 3 ‘ —1|0 1 0 1 2 | 3 ‘
0 1 | 2 ‘ 0 1 | 2 ‘
—2|-1] 0 , | -1 , —2[-1 ,|—1] o0 ,
— -1 -1
—3|—2 —2 L —3|—2 _2 L
—4| -3 —4|-3
Permutations: 13542, 14532, 31542, 41532
0 1 2 3 | 4 ‘
—-1] 0 1
=5 .
—2[-1] o , , Permutation: 12543
—1
—3|—2|-1 Ll
—4|-3|-2
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Now, consider the case k = 4. After setting Yy equal to the empty extended Young diagram
and adding to previous results, we get nothing new for £ = 3.
For ¢ = 4, we add only one tuple of extended Young diagrams and one permutation, shown

in Table 5.19.

Table 5.19: Diagram/Permutation Correspondence: k =4,¢ =4
Diagram Permutation

01|2|3‘

01|2‘

:_l B , _01 1‘, 4321

For ¢ = 5, we add 16 new tuples of extended Young diagrams. A possible grouping based
on the length of the first horizontal move and the height of the last horizontal move of the first
path is shown below. Though it does not generalize to all ¢, the same relationship between
the first vertical move and c¢j; + j1 — dj, — 1 is present in some sense. There is evidence for
many values of £ that the notion that the height of the last horizontal move corresponds to the
maximum element of J holds here as well. We will label these cases by (a, b), where a the width

of the first horizontal move and b is the height of the last horizontal move.

Table 5.20: Diagram/Permutation Correspondence: k = 4,¢ =5, Type (1, 3)

0 1 21314

0 1 2 3| 4
0 1|2‘ 0 1|2‘
—1] 0 1 2|3 —1{0 1 2 3 0 1‘

-1 0 1 ‘ -1
=02 CEHo|lEE H R E
-2 -1 -2 —

—3[ -2 — L -3 — -2
—3 — _3 I—
—4 [— —4 I—
of1]2]3]4
o[ [2]

)
= Z
-3 -2
—4 L

Permutations: 43215, 54213, 54312
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Table 5.21: Diagram/Permutation Correspondence: k = 4,¢ =5, Type (1,4)

0 1 2 3 4 ‘ 0 1 2 | 3 | 4 ‘
T T
-1/ 0 1 2 —-1(0
-1 0 1 ‘ -1 0 1 | 2 ‘
o B e ||EE OB ERe
—2 1 2 1
—3|-2 — L —3|-2 — L
-3 -3
—_4 L 4 L
0 1 2 3 4 ‘ 1 2 3 | 4 ‘
0 1 | 2 | 3 ‘ 0 1 | 2 | 3 ‘
—-1(0 1 2 0 1 ‘ -1|0 1 0 1 | 2 ‘
-1 —1
-2|-1 s y | -1 7@ -2|-1 s y |1 7@
—2 [ —2 —
_3 (— 2 3 (- _2
[ _3 Ll L _3 L |
—4 — —4 —
0 1 2 3 4 ‘ 1 2 3 | 4 ‘
T anen
~1lo|1]2 0 1‘ —1|o |1
—1 n —1 o1 | 2 ‘
-2 s s |1 s —2|-1 s y s
— —2 - 2 1
_3 — 2 3| -2 (- L
— -3 L -3
—4 — —4 —
0 1 2 | 3 | 4 ‘ 1 2 3 | 4 ‘
0 1 | 2 | 3 ‘ 0 1 | 2 | 3 ‘
=10 0 1 | 2 ‘ —1|0 1 0 1 | 2 ‘
-1 g 0
—2|-1 — , -1 , o1 —2 , — , -1 ,
—2 - - 2 -
-3 — 2 _3 (- _2
— -3 L [ -3 L1
4 L —4 L
0 1 2 | 3 | 4 ‘
0 1 | 2 | 3 ‘
—-1|0 0 1 | 2 ‘
-1 N ‘
—2 - , -1
— —2 — —1
_3 — _2 L
— _3 L
4 L

Permutations: 25431, 35421, 43251, 43521, 45321, 53241, 53421, 54132, 54231
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Table 5.22: Diagram/Permutation Correspondence: k = 4,¢ =5, Type (2,3)

0 1 2 3 4
—1(0 1 2 3 0 1 | 2‘
0 1 ‘
- - , [o]] | 53214
— -1
—3|-2 —2 Ll
—4|-3

Table 5.23: Diagram/Permutation Correspondence: k = 4,¢ =5, Type (2,4)

0 1 2 3 4 ‘

Permutations: 15432, 51432, 52431
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1]

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
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Appendix A

MATLAB Code

In this appendix, we share the code used to get the counts of extended Young diagrams in
‘B(4AO)4A0-—W%' This program can be easily modified for the £ = 2 and k = 3 cases. The
function we call to obtain the results is young.m. Its argument is ¢ and it returns a matrix
of the information for the extended Young diagrams for the value of £. For each tuple of
extended Young diagrams satisfying the conditions of Theorem 3.2.4, there is a row in the
matrix. In this row, the first 2¢ — 1 entries describe Y7, the second 2¢ — 1 describe Y5, and
so on. In order, these columns give the number of boxes in the particular diagram of color

—0+1,—0+42,...,-1,0,1,2,...,0—1.

function Y = young ()

Yyl = [1; Y2 = []; Y3 = []; Y4 = [];

S = zeros(1l, 2«f)—1); %Gives number of each color in square
M = S; $%$Gives max number of each color in Y2

X = S; %Will keep track of current diagram

for i=1:/
S(1,1)
M(1,1)

end

These two for loops set up S and M

i;

floor(i/2);
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for j=(1+1): (2x4-1)

S(llj) = 2%l — j;

M(1,3) floor (s (1,3) / 2);

end

%sets beginning square (Y1 full and Y2, Y3,Y4 empty)
[Yl,Y2,Y3,Y4] = £illin(S,Y1,Y2,Y3,Y4,X,X,X,¥{);
%recursion begins

[Yl,Y2,Y3,Y4] = toget2({,S,M,Y1,Y2,Y3,Y4,X,¥4);

Y = horzcat(Y1l,Y¥2); Y = horzcat(Y,¥3); Y = horzcat(Y,Y4);

The first function called by young.mis fi11lin.m which adds the current tuple to the matrix
of tuples. Included are some redundant checks to make sure we have containment of diagrams
and that Y7 is still in the form of an extended Young diagram, even after removing various

boxes.

function [Y1,Y2,Y3,Y4] = fillin(S,Y1l,Y2,Y3,Y4,X,Y,2,¥)
J = S—X—Y—Z; %J represents Yi
if (iscontained(X,J) && iscontained(Y,X) && iscontained(Z,Y)) $tests containment
if (checkyouth (J,¥{)==true)
Yl = vertcat (Y1, J);
Y2 = vertcat (Y2, X);
Y3 = vertcat (Y3, Y);
Y4 = vertcat (Y4, Z);
end

end

The next two functions given are checks to ensure that we are only counting true tuples
of extended Young diagrams. We double check containment in iscontained.m and that Y}
is an extended Young diagram in checkyouth.m. These checks are unnecessary now that the

program has been fully tested, but were quite useful in the testing process.
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function contain = iscontained(Y, X)

Z =X-—Y;
s = size(Z); c = s(2); 1 = 1;
contain = true;

while (i <= c) && contain
if z(1,1) < O
contain = false;
end
i = 1i+1;

end

function y = checkyouth (X, ¥4)
y = true;

i = 2;

while ((i <= ¥¢) && y)

if (X(1,i—1) > X(1,1))

y = false;
end
i = 1i+1;
end
while (((i > £) && y) && (i <= 2%4=1))

if(X(1,1) > X(1,i-1))
y = false;

end

end

Now, we come to the functions that actually compute the possible tuples that meet the
conditions of Theorem 3.2.4. We call toget2.m recursively until we have determined a Y5.
Then if there is potential for Y3 to be nonempty, we move to toget3.m to determine a possible

Y3. If it is possible to have Y; nonempty, we move to toget4.m. Once we have found a
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tuple that meets the criteria, we call fil1lin.m and recursively begin working with the next
possibility. In each function, we begin by filling in the number of boxes of color 0, then 1, then
2, etc. Once we are finished with positive colored boxes, we return to fill in the number of boxes

of color -1, then -2, and so on. We use ¢ as a placeholder for where we are in this process.

function [Y1,Y2,Y3,Y4] = toget2(l,S,M,Y1,Y2,Y3,Y4,X,1)
% X is our current value of Y2.
% Go to negative colors

if 1 == (2x0)

% Finished determining X (Y2) and move onto Y (Y3)

if 1 ==

Y zeros (1, 2%f—1); % create 0 vector Y
k =1;
$Move index to first nonzero term in X
while (X (1,k)==0)

k =k + 1;
end

%a 1is index of the first nonzero term in X

a = k;

k 2%0—1;

while (X(1,k)==0)
k =k — 1;

end

% similarly, b is the index of last nonzero term in X

b = k;

o

If rightmost or leftmost nonzero term is £, go to fillin function,
because Y3 must be empty.
if ((a =={) || (b ==1))

[Yl,Y2,Y3,Y4] = fillin(S,Y1,Y2,Y3,Y4,X,Y,Y,0); %Y is zero vector here
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else
$If not, could have something in Y3

[Yl,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,¥);

elseif i ==/
for § = 1:M(1,{)
X(1,1) = 3;

[Yl,Y2,Y3,Y4] = toget2(¥,S,M,Y1,Y2,Y3,Y4,X,1i+1);

elseif i > /(
if X(1,i-1) == 0
X(1,1i) = 0;
[Y1,Y2,Y3,Y4] = toget2(¥,S,M,Y1,Y2,Y3,Y4,X,1i+1);
elseif X (1,i—-1)—1 <= M(1,1)
for j=(X(1,1i-1)-1): (min(X(1,i-1), M(1,1i)))
X(1,1) = 3;
[Y1,Y2,Y3,Y4] = toget2({,S,M,Y1,Y2,Y3,Y4,X,i+1);

end

elseif i < /¢
if X(1,i+1) == 0
X(1,1) = 0;
[Yl,Y2,Y3,Y4] = toget2({,S,M,Y1,Y2,Y3,Y4,X,i—1);
elseif X(1,i+1)—1 <= M(1,1)
for j=(X(1,i+1)-1): (min(X(1,i+1), M(1,1i)))
X(1,1) = 3;
[Y1,Y2,Y3,Y4] = toget2({,S,M,Y1,Y2,Y3,Y4,X,1i—-1);
end
end

end

110



function [Y1,Y2,Y3,Y4] = toget3(1,S,Y1,Y2,Y3,Y4,X,Y,a,b,1)
% Y will keep track of the current Y3
%if i=b then jump down to negative colors

if i == D

oe
[
[
R
Il
V)
o+
g
[0}
s}
<
0}
\l)
]
D
Q.
Q
3
D
Q
e}
3
9]
o+
N
)
Q
&
[
e}
Q
<

7 = zeros(l, 2+4—1);

k=1
if 2z == Y
[Y1l,Y2,Y3,Y4] = £illin(S,Y1,Y2,Y3,Y4,X,Y,Z,1);
else $c 1is first nonzero and d is last nonzero index in Y

while (Y (1,k)==0)

k =%k + 1;
end
c = k;
k = 2%4—1;

while (Y (1,k)==0)

k = k — 1;

end

d = k;

if ((c =={) || (d==10))

$if rightmost or leftmost nonzero term is 1, Y4 must be empty
[Y1,Y2,Y3,Y4] = fillin(S,Y1,Y2,Y3,Y4,X,Y,2,40);

else $%$if not, Y4 could be nonempty

[Yl,Y2,Y3,Y4] = togetd (¢,S,Y1,Y2,Y3,Y4,X,Y,%,a,b,c,d,¥);
end
end
259255%55535%5%%%%%%59%5%%%95%95%%%%%%95%25%%%%%%5%%5%%%%%

¢ If i=¢, we range over possible values of Y ({)

% the maximum value of Y({) is the minimum among:
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% X(1,1) = # boxes of color 0 in Y2
% S(1,1) — 2#X(1,1) = # boxes color 0 unaccounted for
% min ({+1—a, b+1—f) — X(1,f) = # boxes of color 0 that are actually free
elseif i ==
for j = O:min(min(X(1,1i),S(1,1i)—2*X(1,1i)), (min(/+l1—a,b+1—£)—X(1,4)))
Y(1,1) = 3;

[Yl,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,1i+1);

% If i = b—1, this is the largest nonzero entry possible for Y.

max(,) b/c

oo
<
Il

oo

Y(1,i—1) — 1: must have less than or equal to number of boxes of color

b—1 compared to color b—2

oo

S(1,i)—x(1,i)—(S(1,i—1)—X(1,i—1)—Y(1,i—1)) because in Y1, need to have
Y1(i) <= Y1(i—-1)

o

% maximum in for loop

% Y(1,i—1) — number of boxes of color one lower
% X(1,1i) — number of boxes of color in Y2
% S(1,1i) — 2*X(1,1i) — number of boxes unaccounted for

a0

S(1,i1)—X(1,i)—(S(1,i+1)—X(1,i+1)) — need to make sure still keeping Y1 as

a YD. So we state Y1 (i) >= Y1(i+1l) and obtain this result.

oo

Note that Y (i+1) = 0 since 1i+1 = b
elseif i == b—1
if Y(1,i-1) == 0
Y(1,i) = 0;
[Yl,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,1i+1);
else
y = max(Y¥(l1,i-1)-1,S(1,1i)—X(1,1i)—(S(1,i-1)—X(1,i-1)-Y(1,i-1)));
for j=y: (min(min(min (Y (1,i-1), X(1,1)),
S(1,i)—2+X(1,1)),S(1,i)—X(1,1i)—(S(1,i+1)—X(1,i+1))))
Y(1,1) = 3;
[Yl,Y2,Y3,Y4] = toget3({,S,Y1l,Y2,Y3,Y4,X,Y,a,b,1i+1);

end
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oo

oo

o

3

o

o

°

o

o

oo

i > ¢ and 1 is not b or b—1.

Minimum is the the maximum of the following:

Y(1,i—1)—1 — number of boxes of previous color — 1

S(1,i)-x(1,1)—(5(1,i-1)—-X(1,i—-1)-Y(1,i—1)) — since Y1(i) <= Y1 (i—-1)

Maximum is the minimum of the following:

X(1,1) — number of boxes of color i in Y2
Y(1,i—1) — number of boxes of color i—1 in Y3

S(1,1)—2#X(1,1) — number of boxes available

elseif i > /

if Y(1,i-1) == 0

Y(1,1) = 0;

[Yl,Y2,Y3,Y4] toget3(¢,S,Y1,Y2,Y3,Y4,X,Y,a,b,i+l);
else

for j=(max(¥Y(l,i-1)-1,S(1,1i)—X(1l,1i)—(S(1,1-1)—X(1,1-1)-Y(1,i-1)))):

(min (min(Y(1,i-1), X(1,1i)), S(1,1i)—2xX(1,1)))
Y(1,i) = 3;
[Y1,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,i+1);
end
end

o

If i is a+l, this is the smallest possible nonzero entry

% The minimum is the maximum of
%Y (1,i+1)—1 — one less than the number of boxes of next biggest color

$S5(1,1)—-Xx(1,1i)—(S(1,i+1)—X(1,i+1)-Y(1,i+1)) — condition that keeps Y1 a YD

(b/c Y1(i) <= Y1(i+1))

oo

The

oo

oo

o

maximum is the minimum of

Y(1, i+1) number of boxes of color one more in Y (Y3)
X(1,1i) — number of boxes of color in X

S(l1,1)—2%X(1,1)) — restriction from written proof
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o3

$ S(1,1i)—x(1,1i)—(S(1,i—1)—X(1,i—1)) — comes from the fact that Y1 (i) >=
Y1(i—1)
elseif i == (a + 1)
if Y(1,i+l) == 0
Y(1,i) = 0;
[Yl,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,i-1);
else
y = max(Y(l,i+1)—1,S(1,1i)—X(1,1i)—(S(1,i+1)—X(1,i+1)=Y(1,i+1)));
for j=y: (min(min(min(Y(1,i+1), X(1,1i)),
S(1,1)—2%X(1,1)),S(1,1)—X(1,i)—(S(1,1i-1)—X(1,1i-1))))
Y(1,1) = 3;
[Yl,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,i—1);

end

$ If 1 < ¥ and i "= a+l or a, we enter this case

% Minimum is the maximum of the following:

oo

Y(1,i+1)—1 % One less than the number

% S(1,1i)—X(1,i)—(S(1,i+1)—X(1,i+1)=Y(1,1i+1))

oo

is less than the minimum of the following:

oo

X(1,1)

oo

S5(1,1i)—2+x(1,1)

oo

Y(1,i+1)
elseif i < /
if Y(1,i+1) == 0
Y(1,i) = 0;
[Yl,Y2,Y3,Y4] = toget3({,S,Y1,Y2,Y3,Y4,X,Y,a,b,i—-1);
else
for j=(max (Y (1l,i+1)—1,S8(1,1i)—=X(1,i)—(S(1,i+1)=X(1,i+1)=Y(1,i+1)))):
(min (min (Y (1,i+1), X(1,1)), S(1,1i)—2%X(1,1)))
Y(1,1) = 3;
[Yl,Y2,Y3,Y4] = toget3(¥,S,Y1,Y2,Y3,Y4,X,Y,a,b,i—-1);

end

114




end

end

function [Y1,Y2,Y3,Y4] = toget4({,S,Y1,Y2,Y3,Y4,%X,Y,%,a,b,c,d, 1)
% Z is Y 4

%if i=d then jump down to negative colors

if i ==

i=40-1;
9909000000000000000000000000000000000000000000000000
$899%%95%595%%99559955995%%995%935%%9%%95%5%%9%%9%%%%%

o

if i=c then we are done constructing Y
if 1 == (c)

[Yl,Y2,Y3,Y4] = £i11in(S,Y1,Y2,Y3,Y4,X,Y,2,4);

oo

If i=f, we range over possible values of Y ().

oo

The maximum value of Y ({) is the minimum among:

oo

Y(1,1) = # boxes of color 0 in Y3

oo

S(l1,i) — 2#X(1,1)— Y(1,1) = # boxes color 0 unaccounted for

o

min(l+l—a, b+l1—1) — X(1,£) = # boxes of color 0 that are actually free

% S(1,1)—X(1,1)=Y(1,1) — (S(1,c)=X(1,c)=Y(1,¢c))

% S(1,1)—X(1,1)=Y(1,1) — (S(1,d)—X(1,d)=Y(1,d))

elseif i ==/

for j = O:min(min (min(min(Y(1,1i),S(1,i)—2*X(1,1)=Y(1,1i)),
(min ({+1—a,b+1—0)—X(1,1i))), S(1,i)—X(1,i)=Y(1,1i) —
(S(1,c)—X(1l,c)=¥(1l,c))), S(1,i)—X(1,1i)=Y(1,1) — (S(1,d)—X(1,d)=Y(1,d)))
z2(1,1) = 3;

[Yl,Y2,Y3,Y4] = togetd (¢,S,Y1,Y2,Y3,Y4,X,Y,%2,a,b,c,d,i+1);

% If i = d-1, this is the largest nonzero entry possible for Z
% Minimum is the maximum among

% Z(1,i—1) — 1: number of boxes of color d—1 compared to color d-2
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o3

$ S(1,1i)—x(1,1i)-y(1,i)—(s(1,i—-1)—X(1,i—1)-Y(1,i—1)—Zz(1,i—1)) because in YI,
need to have Y1 (i) <= YI(i—1)

o)

% Maximum is minimum among

% Z(1,i—1) — number of boxes of color one lower
% Y(1,i) — number of boxes of color in Y3
% S(1,i)—2#X(1,1) — Y(1,1i) — number of boxes unaccounted for

o

S(1,1)—x(1,1i) — Y(1,1) —(S(1,i+1)—X(1,i+1)=Y(1,1)) — b/c Y1(i) >= YI(i+1)

o

Note that Z(i+1) = 0 since i+1 = d
elseif i == d-1

y = max(zZ2(1,i-1)-1,S(1,1)—-X(1,1)—-Y(1,1)—(S(1,i-1)—X(1,i-1)-Y(1,i-1)—-Z2(1,i-1)));

if z(1,i-1) == 0

zZ(1,i) = 0;

[Yl,Y2,Y3,Y4] = togetd (¢/,S,Y1,Y2,Y3,Y4,X,Y,%,a,b,c,d,i+l);
else

for j=y:(min(min(min(z(1,i-1), Y(1,1i)), S(1,i)—2*X(1,1i)-Y(1,1)),S(1,1)
—X(1,1)=Y(1,1)—(S(1,i+1)—X(1,1i+1)-Y(1,1i+1))))

Z(lll) - j;

[Yl,Y2,Y3,Y4] = togetd ({,S,Y1,Y2,Y3,Y4,X,Y,%,a,b,c,d,i+l);

$ if 1 > { and i is not d or d-1I

% Minimum is maximum among
% Z(1,i—1)—1 — number of boxes of previous color — 1
$ S(1,i)—x(1,1i)-Y(1,i)—(S(1,i—-1)—X(1,i—-1)-Y(1,i—-1)—Z(1,i—1)) — since Y1 (i)
<= Y1(i—1)

% Maximum iIs minimum among

oo

Y(1,i) — number of boxes of color i1 in Y2

oo

S(1,1i)—2#X(1,1)— Y(i,1) — number of boxes available

oo

Z (1, i—1) number of boxes color one less
elseif i >/
if z(1,i-1) == 0

Z(1,1i) = 0;
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[Y1,Y2,Y3,Y4]

toget4 (¢,S,Y1,Y2,Y3,Y4,X,Y,%2,a,b,c,d,i+l);
else
for j=(max(z(1,i—1)—1,S(1,i)—X(1,i)=Y(1,i)—
(S(1,i—1)—X(1,i—-1)=Y(1,i—-1)=Z(1,i-1)))):
(min (min(z (1,i-1),

Y(1,1)), S(1,1)—=2xX(1,i)=Y(1,1)))

Z(1,1) 37

[Y1,Y2,Y3,Y4] togetd (¢,S,Y1,Y2,Y3,Y4,X,Y,%2,a,b,c,d,i+l);

if 1 is c+1 — this is the smallest possible nonzero entry

Minimum is maximum among
$Z(1,i+1)—1 — one less than the number of boxes of next biggest color
%$S(1,1i)—x(1,1)—(S(1,i+1)—X(1,i+1)—=Y(1,i+1)) — condition that keeps Y1 a YD

(b/c Y1(i) <= Y1 (i+1))

o

Maximum is minimum among

% Z(1,i+1) — number of boxes of color one more

% Y(1,1i) — number of boxes of color in X

% S(1,i)—2%X(1,1)-Y(1,i)) — restriction from written proof

$ S(1,1)—Xx(1,1)-Y(1,i)—(S(1,i—-1)-X(1,i—-1)-Y(1,i—-1)))) b/c Y1(i) >= YI(i—1)
elseif == (c + 1)

y = max(z(1,i+1)—1,S(1,1)—X(1,1)—=Y(1,1)—(S(1,i+1)—X(1,i+1)=Y(1,i+1)—Z(1,i+1)));

if Z(1,1i+1)

0

Z(1,1)

= 0;

[Y1,Y2,Y3,Y4]

toget4 (¢,S,Y1,Y2,Y3,Y4,X,Y,%2,a,b,c,d,i—1);

else

for j=y: (min(min(min(Z(1,i+1), Y(1,i)), S(1,1i)—2xX(1,1i)-Y(1,1)),

S(1,1)—X(1,1)—=Y(1,1)—(s(1,i-1)—X(1,1i-1)-Y(1,i-1))))

Z(1,1) 37

[Y1l,Y2,Y3,Y4]

togetd (¢{,S,Y1,Y2,Y3,Y4,X,Y,%Z,a,b,c,d,i—-1);

end
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oo

if 1 < £ and i != c+1 or ¢, we enter this case

oo

Minimum is maximum among

% Z(1,i+1)—1 — one less than the number of boxes of next biggest color
¢ S(1,1i)—x(1,1)-Y(1,1) — (S(1,i+1)—X(1,i+1)—-Y(1,i+1)— Z(i,i+1)) — keeps

s YI(i) <= Y1(i+1))

oo

Maximum is minimum among

% Z(1,1i+1)
% Y(1,i) — number of boxes of color in X
% S(1,i)—2%X(1,1)-Y(1,i)) — restriction from written proof

elseif i < 1
if 72(1,i+1) == 0
zZ(1,i) = 0;
[Y1l,Y2,Y3,Y4] = toget4 ({,S,Y1,Y2,Y3,Y4,X,Y,%,a,b,c,d,i-1);
else
for j=(max(z(1l,i+1)—1,S(1,1i)—X(1,i)—Y(1,i)—
(S(1,i+1)—X(1,i+1)—Y(1,i+1)—Z(1,i+1)))):
(min(min(Z(1,1i+1), Y(1,1i)), S(1,i)—2xX(1,1i)—Y(1,1)))
z(1,1) = 3;
[Y1,Y2,Y3,Y4] = togetd ({,S,Y1,Y2,Y3,Y4,X,Y,%2,a,b,c,d,i—1);
end
end

end
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