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1.1

In this paper, we introduce a novel means of depicting elements, w, of the Weyl-Coxeter
groups, W, of the classical affine Lie algebras g = Aél), Bél), C’él), Dél), Ag), Ag)ﬂ, Dgr)l.
In this scheme, every Weyl-Coxeter group element w corresponds to a generalised Young
diagram which is coloured according to the entries of an underlying g-dependent periodic
grid. The resulting object is denoted T'(w) and we refer to it as a coloured diagram. A
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Abstract

Coloured generalised Young diagrams T'(w) are introduced that are in bijective
correspondence with the elements w of the Weyl-Coxeter group W of g, where g is
any one of the classical affine Lie algebras g = Aél), Bél), Cél), Dgl), Agi), Agi)_l

or Dﬁ)l. These diagrams are coloured by means of periodic coloured grids, one for
each g, which enable T'(w) to be constructed from any expression w = s;,8;, - - Si,
in terms of generators s; of W, and any (reduced) expression for w to be obtained
from T'(w). The diagram T'(w) is especially useful because w(A) — A may be readily
obtained from T'(w) for all A in the weight space of g.

With g a certain maximal finite dimensional simple Lie subalgebra of g, we
examine the set W, of minimal right coset representatives of W in W, where W is
the Weyl-Coxeter group of g. For w € W, we show that T(w) has the shape of
a partition (or a slight variation thereof) whose r-core takes a particularly simple
form, where r or r/2 is the dual Coxeter number of g. Indeed, it is shown that W
is in bijection with such partitions.

Prologue

Introduction

typical T'(w) is given in Fig. 1.
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Figure 1: Typical coloured diagram in the case g = Ag)

One way to arrive at T'(w) is to evaluate w(p) — p where p is the Weyl vector of g. In
fact, T'(w) serves to encode w(p) — p by means of its shape, which is specified by means of
a generalised partition A\(w), and certain depth parameters referred to as charges. More
generally, T'(w) encodes w(A) — A in an equally simple way by means of its coloured
entries and associated depth charges for all A € h*, where h* is the dual of the Cartan
subalgebra h of g.

We characterise the set {T(w)|w € W} and show that the correspondence between
w and T'(w) is a bijection. In addition, we provide algorithms for passing from w to T'(w)
and vice versa. These owe their origin to the fact that T'(wsy) can be readily obtained
from T'(w), where s, is any one of the Coxeter generators of W. This property enables
T(w) itself to be constructed using only an expression w = s;,8;, - -+ s;, for w in terms
of the generators of W. Moreover, by comparing T'(w) and T(wsy), it can be easily
ascertained whether ¢(wsg) = ¢(w) + 1 or l(wsg) = {(w) — 1, where £ : W — Z is the
length function on W. Given T'(w), this enables the generation of one or more expressions
W = 84, 8;, * - 8;, for w that are reduced in that t = {(w).

In this paper, we are especially concerned with the relationship between g and a
natural maximal simple Lie subalgebra g. Consequently, we view the Weyl-Coxeter group
W of g as a subgroup of W, and we study the set W, of minimal length (right) coset
representatives of W with respect to W. In this context, the use of coloured generalised
Young diagrams is convenient in that, given 7'(w), it may be immediately decided whether
or not w € Wy. In this paper we characterise the set {T'(w) | w € W} in terms of partitions
having certain cores. This characterisation is useful in applications to the character theory
of g.

1.2 Overview

This paper is an outgrowth of material presented in Chapter 5 of Hussin’s thesis [8]. In
fact, for the g = A?) case, some of the results presented here were first proved in [8] using
different methods. These results were then used to provide a method for determining
branching rules Agl) | Ay through the calculation of w(A) — A and w(p) — p, where A € h*
8, 9]. Hussin [8] also made progress in obtaining periodic grids that he conjectured would
be appropriate to each of the other classical affine Lie algebras except Dél). The core parts
of these grids were then used in [16] to provide a method for determining branching rules
g | g, where g is a certain maximal finite dimensional Lie subalgebra of g. In Section
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2.2, we introduce periodic grids which are a refinement of the grids of [8], and introduce
factors that account for the depth component. These grids can now be employed in the
context of [16] to improve and complete the program begun there.

Doubly periodic versions of the Agl) grids described in Section 2.2 (up to a trivial
renumbering) appear in the study of the representation theory of the symmetric group,
particularly with regard to modular representations (see [10] and references therein). In
[4], these doubly periodic grids were also shown to have a relevance in the representation
theory of Agl). They soon became a cornerstone of the crystal basis theory of Aél) 21, 11].

More recently, realisations of the crystal graphs of the other classical affine Lie algebras
have been given in terms of ‘Young Walls’ [14, 6]. These objects are based on grids
that bear similarities to those that we give in Section 2.2. In fact, it is also possible to
define realisations of the crystal graphs based on our grids, and these realisations are not
obviously equivalent to those of [14, 6]. We will give details of this construction elsewhere.
Here we confine our attention to singly periodic coloured grids.

In [18], elements of the affine Coxeter group A, are realised as permutations of Z
that commute with a translation. This idea was extended to the other classical affine
Coxeter groups By, Cy and D, in [5], where these groups are realised as permutations of
Z that commute Wlth certam rlgld transformatlons of Z. The Weyl-Coxeter groups of
Aé ), Bél), C’él), é , Ag , A% , and D 1 are isomorphic to Ay, By, Cy, Dy, Cy, By and
Cy respectively. For the Weyl-Coxeter group W, the characterisation of {\(w) : w € W}
given in Section 2.7 is then seen to correspond to the above realisation of [18, 5|. The
bijective map from each P(g) of Section 2.7 to the corresponding realisation of [18, 5]
may then be easily constructed.

This paper is organised in such a way that all our key results are presented and
copiously exemplified in Section 2. In Section 3, we gather together the definitions and
results from the theories of affine Lie algebras, simple Lie algebras and Coxeter groups
that are required in our proofs. The proofs themselves are given in Sections 4 and 5.

1.3 Bases of h*

Before discussing the construction of 7'(w), we deviate briefly to mention the three useful
bases of h*, each of which plays a role in what follows. These bases will be properly
defined in Section 3 and the relationship between them expounded. Let g have rank ¢
(each of the seven affine algebras pinpointed above has rank ¢) and let I = {0, 1,2,...,/¢}.

In addition set n = ¢, apart from the case g = Aél) for which we set n = £+ 1, and let
N ={1,2,...,n}. Then h* has the three convenient bases:

e The root basis {Ag, ;| j € I}. The o are the simple roots of g.

e The weight basis {0, A;|j € I'}. The A; are the fundamental weights of g, and ¢ is
the null root.

e The natural basis {Ag,d,¢;|j € N}. The ¢; are Euclidean unit vectors orthogonal
to Ag and 0.
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In the weight basis, the Weyl vector p € P* is defined by p = Zje] A;. In the natural
basis, let h* = span{ey, €s, ..., €,}, with the usual constraint ¢; + e, + - - -+ ¢, = 0 in the
case g = Af}ll. Then for all g and all A € h*, we can write:

A =X+ LNAg— DN\, (1.1)
where X € h* is the restriction of A from h* to h*, D()) is the depth of \, and
. L) ifg# AP
Ly = { 1L(()\)) ifg f A (12)
2 g = Ay

where L(\) is the level of A.

1.4 Method of attack

In recursively calculating w(p) — p using an expression w = s;5;--- s in terms of the
generators of W, and setting w = w’sy, we are led to consider:

w(p) —p=w'(p) — p—w'(a). (1.3)

The difference between w(p) — p and w'(p) — p, namely w'(cy), when expressed in the
natural basis, represents the difference between the generalised partitions A(w) and A(w’).
This latter difference defines a set of nodes, which when coloured k, constitutes the dif-
ference between T'(w) and T'(w').

For an arbitrary weight A = Zﬁ:o m;(A)A; in the weight basis, we find similarly:

w(A) — A =w'(A) — A —mp(AN)w' (o). (1.4)

The difference between w(A)—A and w’(A)— A is then obtained by taking the contribution
from the nodes coloured k above and multiplying it by my(A).

If we do indeed proceed recursively, w’(ay) itself can be calculated from the previously
constructed T'(w’) applied to A = ay, after noting that m;(cy) is nothing other than the
element Aj; of the generalised Cartan matrix of g.

The result is that for general A = Zﬁ:o m;(A)A;, the value of w(A) — A is obtained
by stretching each node coloured k in T'(w) by a factor my(A) for each k € I.

Remarkably, for a given g and any particular k& € I, nodes coloured k are positioned
consistently, whatever w, and independently of the expression for w in terms of the gener-
ators. This fact enables us to define coloured grids upon which we base our combinatorial
constructions.

2 Main results

2.1 Generalised partitions

There are two different ways to construct 7'(w). The first, more direct way, requires an
independent means of calculating w(p)—p in the natural basis. In the second construction,
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T'(w) is built recursively using an expression for w in terms of the Coxeter generators of
W, and w(p) — p is calculated as a byproduct. Later, in Section 4, we show that these
two constructions are consistent in that they lead from a given w to the same 7'(w). In
Sections 2.7 and 2.10, we characterise the set of all T'(w) as w runs through the sets W
and W;.

For the moment, we shall concentrate on the first means of constructing 7'(w): so let
A = w(p)—p. Quite generally, the level is invariant under the Weyl-Coxeter group action.
In particular, L(w(p)) = L(p) for all w € W, and thus L(A) = 0. Thereupon, (1.1) leads
to:

A=w(p) —p=A—D(w(p) — p)d. (2.1)

Since A € h*, we can write:

A= Z)\i(w)ei, (2.2)

where Y7 A\(w) = 0 in the g = A?) case. This allows us to define the generalised
partition AM(w) = (Aw)1, AM(w)a, ..., Mw),).

It should be noted that the parts A(w); of A(w), although integers, are not necessarily
positive nor weakly decreasing. This generalised partition serves to specify a correspond-
ing generalised Young diagram or Ferrers diagram F(w) = FA®) where the numbers of
boxes in the rows of F'(w) are given by the parts of A(w), extending to the right or left of
a vertical axis according to whether the parts are positive or negative, respectively.

We can then obtain T'(w) by superposing F'(w) on a certain g-dependent periodic
coloured grid which we describe below in Section 2.2. T'(w) is then a coloured generalised
Young diagram. Hereafter, we refer to such diagrams as coloured diagrams. It might be
noted that although the depth factor D(w(p) — p) # 0 in general, it is not required in the
construction of T'(w). In fact, as will be seen in Section 2.5, D(w(p) — p) can itself be
readily obtained using T'(w).

2.2 Coloured grids

The grid associated with the classical affine Lie algebra g of rank ¢, has n rows where, as
above, n = ( apart from the case g = Aél) for which n = ¢+1. The grid is of infinite extent
in both horizontal directions. Each node of the grid is then coloured with an element of
the index set I. To be precise, let hY be the dual Cozeter number of g, and define:

. R ifg £ CW,
R R 23)
2nY ifg=C,".

If C;; = (i — j)mod hY, the colour n;; € I of the node in the ith row and jth column of
each grid is specified in the following table:

THE ELECTRONIC JOURNAL OF COMBINATORICS 14 (2007), #R13 5



N
~—
=
>
<
I
~
+
=
=
<
I
0
<

X ~ Ci it C;; <1,
Bé)I hY =20 —1; Th‘j:{Ql_Cij ifC,-j—El;

1 3 Cz if CZ < lv

) 3 Cz if CZ < l>
Dé ) hY =20 —2; Nij = { 20—1-Cy; if Cij' > [ (24)

) B CZ lf CZ S l7
Aéz) R =2041; = { 2l — Cy; if CZ-; >

@ . v _ oy - Ci 10y =)
Ay 0 hY =24 Nij = { 20+1-Cy it Cy > 1

o - . o CZ if Cij S l7
D, . hY =20 %—{%4%ﬁ%2h

The grids extend both to the right (j > 0) and to the left (j < 0) of a fixed vertical
axis. For the ¢ = 4 case of each of the seven sequences of g, we show the first 15 columns
of the grid to the right of the vertical axis and the first five columns to the left.

04321[04321043210432°1
i 10432/10432104321043?2
AV: RY=5 21043[210432104321043
321043 2104321043210 4
43210[{432104321043271°0
34321[0234321~02 3432 1~0
BU. Gv_- 23432[1~0 23432 1~0 23432 I~
i " ~0 2 34 3[21~0234321~0 2343 2
1~0 2 3 4|3 2 1~0 2 3 4 3 2 1~0 2 3 4 3
4-4 3 2 1]0-0 1 2 3 4-4 3 2 1 0-0 1 2 3
o0, jv_1p 3 4=43 2[10-0 123 4-43 21 0-0 1 2
1 '’ 23 4-43[210-01234-43 21 0-0 1
1 234-4|3210-012 3 4-4 321 0-0

2 403 2 1[0 2 4~3 2 1~0 2 4~3 2 1~0 2 4~
DO qv_g ~0 2 4n3 2]1~0 2 4n3 2 10 2 4n3 2 180 2
4 T 1~0 2 4~3]2 100 2 43 2 1~0 2 4~3 2 1~0
2 1~0 2 43 2 1~0 2 4~3 2 1~0 2 4~3 2 1~
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34321100123 43210-012 34

A . jv g 23432(10-01234321¢0-012S3

8 123 43]1210-01234321°0-012

-0 123 4|3 210-012343210-01

4-4 3 2 110 2 3 4-4 3 2 1~0 2 3 4-4 3 2

AP . v g 3 4-4 3 2|1~0 2 3 4-4 3 2 1~0 2 3 4-4 3

T 2 3 4-4 312 1~0 2 3 4-4 3 2 1~0 2 3 4-4
~0 2 3 4-413 2 1~0 2 3 4-4 3 2 1~0 2 3 4-

34321101 2343210123432

D® . jv_g 2343210123432 1012343

b 1234312101234 32101234

0123413 21012343210123

For each g, the colouring of the nodes of the grid is directly related to the structure
of the Dynkin diagram of g shown in Table 1. In fact, the colour k£ of a node in a grid
is nothing other than the label £ € {0,1,...¢} of the vertex in the Dynkin diagram that
corresponds to the simple root ay of g.

In each grid, the vertical axis separates two columns of nodes. The nodes of the column
j =1 to its immediate right are coloured 0, 1,...,n—1 from top to bottom. The sequence
of colours reading from left to right across each row must then accord with reading the
labels of the vertices of the corresponding Dynkin diagram either clockwise for Aél) or to
and fro across the diagram with a reflection of the sequence at either end for each of the
other classical affine Lie algebras, g. If a node coloured k is associated with a long root a
corresponding to a vertex at the end of a Dynkin diagram (in that it is linked to only one
other vertex) then each node coloured & in the grid is doubled to give a tied pair k — k.
The grids also feature unordered pairs ¢ ~ j when the corresponding ¢th and jth vertices
of the Dynkin diagram of g occur at a branched end, with both linked to the same vertex
by a single edge. It will be convenient to refer to such values ¢ and j as associated. The
values 1 and 0 are associated for each g = Bél), Dél) and A;i)_l, and the values ¢ and

¢ — 1 are associated for g = Dél). We also refer to a neighbouring pair of nodes in the
grid with associated colours as an associated pair. Whenever an associated pair in the
grid doesn’t straddle the vertical axis, the pair is unordered and denoted ¢ ~ 5. However,
if an associated pair straddles the vertical axis, the pair is always ordered as indicated in
the above grids.

In each of the above grids, the colourings are periodic across each row with period hY.
Moreover, within each period each colour k appears precisely ¢, times where,

~V_{ o ifg A0,

& — 2.5
k 2y ifg=C, (2:5)
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Agl) o=>0 (=1
(&7} (0751
Agl) é—o—&o—o—é t=2
o) (o751 a2 Qy—2 Oyp—1 Qyp
BW Qo - O——O—>20 (>3
¢ o a2 a3 Qg2 Qg1 Qyp
a1
Cél) o—=—0—0-----0—0=<=0 (> 2
@0 (e%} (o] Qp—2 Qg1 Qy
% Qo -1 (>4
t a2 as Qo3 Q2 o
aq Qy
AP ==0 (=1
(671 Q1

A == O——0=<=0 >3
o Q2 (0% Qg2 Op—1 Qyp
a1

Déi)l o—=<=0—0-----0——0O—=0 {>2
o) (o751 Q2 Qy—2 Oyp—1 Qy

Table 1: Dynkin diagrams of classical affine Lie algebras

and ¢ is the kth comark of g for k € I. In addition, if we define the diagonal of the node
in the ith row and jth column of each grid to be the value ¢ — j, then two nodes whose
diagonals differ by a multiple of hY are of the same colour. Moreover, the sequence of
colours obtained from reading a hV-ribbon (a contiguous sequence of hY nodes for which
the difference between the diagonals of one node and the next is precisely —1) is a cyclic
permutation of the sequence of colours associated with the basic horizontal period.

As will be seen later, the structure of the coloured grid for each g can be traced to
the properties of the generalised Cartan matrix A = (A;;); jer of g, and the relationship
between the simple root basis and the natural basis.

A node in any one of the above grids that has colour k is simply referred to as a k-node.
In what follows, a tied pair of nodes k — k cannot be bisected. On the other hand, the
constituent i-node and j-node of an unordered pair of nodes i ~ j may be interchanged
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in certain circumstances, and they may be bisected.

2.3 Definition of the coloured diagram

The coloured diagram T'(w) is now obtained by superposing the generalised Young dia-
gram F'(w) on the coloured grid of g. The superposition must be such that the n rows of
F(w) coincide with the n rows of the coloured grid, and the vertical axis of F'(w) must also
coincide with that of the coloured grid. T'(w) then consists of that part of the coloured
grid overlapped by F'(w), modified if necessary by interchanging the colours of some, but
not necessarily all, unordered pairs i ~ j if one of the pair of nodes lies within F'(w) and
the other does not. In addition, if A(w); = 0 and the values ¢ and j are associated, then
in some instances T'(w) is augmented by the pair of boxes in the ith row of T'(w).

Example 2.3.1 For Afll) and w = S¢S384835150, we obtain A(w)=(3,2,—3,0,—2). There
are neither tied pairs nor unordered pairs in the coloured grid and the passage from F(w)
to T'(w) by way of superposition on the coloured grid is as follows:

| 4 3 2 1]0[4]3]2 0]4]3]
043 2[1]0]4 3 110
F(w) = 1[o[4][3]2 1 0 4 T(w)=]|0]4]3
2104|3210
[T 3 2[1[0]4 3 2 1

In the above example, we have marked with lines of double thickness both the reference
vertical axis and the vertical edges in each row of F(w) and T'(w) that are furthest from
the vertical axis. The profiles of F'(w) and T'(w) are defined to be this latter set of vertical
edges. Of course, the profile of T'(w) is identical to that of F'(w).

In this example it can be seen that T'(w) is not only weight-balanced, in the sense that
there are equal numbers of boxes to the left and to the right of the vertical axis, but also
colour-balanced in that for any colour k there as many k-nodes to the left of the vertical
axis as there are to the right. In fact, these properties always hold in the Agl) case, but
are peculiar to that case.

When for given A\(w), the profile of F'(w) bisects an unordered pair i ~ j, the order of
the pair is then fixed, with one or other of the i-node and the j-node being included in
T(w). This situation arises in the following D" example.

Example 2.3.2 Forg = Dfll) and w = $0S28184828350, we find that AN(w) = (4,4, 3, —3).
The superposition of F(w) on the coloured grid then gives:

4~3 2 1[0]2]4~3]2
~0 2 4~3[2]1~0]2 4~

| 14021413 2 1~0 2

Fw) =
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However, the profile of F(w) bisects two unordered pairs, 4 ~ 3 in the second row and
1 ~ 0 wn the fourth. The corresponding coloured diagram in this case is given by:

0[2]4~3
1~0[2[34
Tlw) = 2] 1~0
FoT2T4

where we see that the bisected unordered pair 4 ~ 3 in the second row has been reordered
to give 3 ~ 4 with the 3-node included in T'(w) and the 4-node excluded. All other entries

of T(w) appear as in the Dfll) grid.

In the above example, the apparently arbitrary choice as to which bisected unordered
pairs are to be reordered is in fact dictated by the general requirement that T'(w) is even-
handed, where we say that a coloured diagram 7' is even-handed if the numbers of i-nodes
and j-nodes in T are both even for all associated pairs ¢ and j.

We must also consider the special case where A(w); = 0 and the reference vertical axis
is straddled by an associated i-node and j-node. If the numbers of i-nodes and j-nodes in
the superposition of F'(w) on the grid are both odd, then in passing from F'(w) to T'(w)
the diagram is augmented by the inclusion of a pair in the 7th row. If these numbers
of nodes are both even then no augmentation occurs.

These two situations are illustrated in the following two examples for which g = Dfll)
and ¢ = 4.

Example 2.3.3 Forg = Dil) and w = $0S3515453528483, we obtain A\(w) = (5,5,2,0) so
that A\(w), = 0. Superposition of F(w) on the grid gives:

110244312 1~0

211140244312
4~3 121140 2 4~3

413 2 1~0 2 4~3

Here, the number of k-nodes inside the superposition of F'(w) on the grid is even for each
k € {0,1,3,4}. Therefore, on the one hand, it is unnecessary to reorder the pair 1 ~ 0
bisected by the profile of F(w) in the third row. On the other hand, it is not required to
augment the fourth row of T(w) by [4]3]. Hence:

Fw) =

0244312
140 |2 | 443
T(w) = 514 :

Example 2.3.4 For g = Dfll) and w = 8082848382, we obtain A(w) = (5,1,0,0). Once
again A(w)y = 0 and superposition of F(w) on the grid gives:

[ ] 2 1[o]2[443]2]1~0
~3 2|140 2 4~3 2
4~3 2 1~0 2 4~3

2 413 2 1~0 2 4~3

F(w) =
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This time, the number of k-nodes inside the superposition of F(X) on the grid is odd for
each k € {0,1,3,4}. It follows that the pair 1 ~ 0 bisected by the profile in the second row
must be reordered, and the fourth row augmented with to give:

0]2[443]2]
04

[4]3]

Note that, even in this previous example, the profile of T'(w) coincides with that of F(w).
In the case w = 1, we have w(p) — p = 0. Therefore, A(1) = (0,0,...,0), and both
F(1) and T'(1) are trivial diagrams whose profiles coincide with the vertical axis.

2.4 Recursive generation of coloured diagrams

Let W be the Weyl-Coxeter group of g and let w € W. The prescription of T'(w) given
in Sections 2.1, 2.2 and 2.3 above relies on first being able to calculate w(p) — p. In this
section, we show how the necessity of using this prescription can be obviated, and 7' (w)
constructed recursively using no more than an expression for w in terms of the generators
S0, 81, - - -, S¢ of W and the coloured grid pertaining to g.

The construction owes its existence to the fact that for each w’ € W and k € I,
the coloured diagram T'(w'sy) is readily obtained from T'(w’) using the coloured grid
pertaining to g. To be precise we have the following algorithm:

Algorithm 2.4.1 Let T'(1) be the trivial diagram with profile coinciding with the vertical
axis of the coloured grid for g. Let w = s;,8;, - - - s;, be any expression for w € W in terms
of generators sy, of the Weyl-Cozeter group W of g. Then T (w) is constructed from T (1)
through the successive action of s, Sy, ..., S, where this action is defined as follows.
For w = w'sy, the action of s on T'(w') gives T'(w) where T'(w) is obtained from T(w')
by appending or deleting as appropriate all those k-nodes that are adjacent to the profile
of T(w'") when superposed on the coloured grid of g. For this purpose, a k-node in the
coloured grid of g is said to be adjacent to the profile of T (w') if it is either:

e next to one of the vertical edges that define the profile; or
e one of a tied pair next to such an edge; or

e one of an associated pair next to such an edge.

This procedure is illustrated in the following examples in which all nodes adjacent to
the profile of T'(w') are identified in the diagram next to 7'(w’), whether or not they lie
within 7'(w’) itself.
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Example 2.4.2 Consider the case g = Cf) where, for w' = $98158283545081S0 the coloured
diagram T (w') takes the form:

ojoj1][2]3]4]4] 0olo[1[2]3]4]4]3
~ _|1]o]o]1 1lofof1]2
W) =H5TToT0 ’ 2/1]0]0]1

3 3]2

In the diagram to the right here we have written T (w’) together with all nodes from the
underlying Cil) grid that are adjacent to its profile. We now form T(w'sy) for k =0 and
k = 3 using Algorithm 2.4.1. For k = 0 we remowve the tied pair 0 — 0 adjacent to the
profile, and for k = 3 we add the adjacent 3-node in the first row and remove the adjacent
3-node in the fourth row to give:

0jo]1]2]3]4]4] olof1]2]3][4]4]3]
1jofo]1 TNE
T(w'sg) = 511 and T(w's3) = 5T1T0T0
3
respectively.

Example 2.4.3 Forg = Bil) and w' = S$9S983548382, we have:

0[2]3[4]3]2] 0[2[3]4]3[2]1~0
0 041
T(w'") = , e
413

We apply Algorithm 2./.1 twice to obtain:

0]2]3]4[3]2]1] 0[2]3[4][3]2][1~0]
1~0

T(w'sy) = and T (w's1s0) =

Note that here in passing from T'(w') to T(w's1), a 1-node has been appended to both the
first and second rows (the pair 1 ~ 0 in the second row is then unordered: we choose to
display the 1 to the left of the 0 to accord with the coloured grids described previously).

The above rule also applies to the special case in which T'(w’) contains the augmented
pair [ [j], after noting that here A(w’); = 0, and the profiles of F'(w’) and T'(w') coincide
with the vertical axis in the ith row. We use the case considered in Example 2.3.4 above
to illustrate the application of the rule given above in Algorithm 2.4.1 in this instance.
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Example 2.4.4 Let g = DS) and w' = $9S2548352, so that \N(w') = (5,1,0,0) and:

0]2[443]2] 0[2[443[2]1~0
0 041
Tw) = ’ 1~3 |2
[4]3] [4]3]

Here, the profile of T'(w') in the 4th row is adjacent to nodes of colours 3 and 4 in T'(w').
We thus obtain:

0]2[443]2] 0]2[443]2]
T(w's3) =I3 01 and T(w'sy) :’Iﬂ 01 :
1 3]

with AN(w'sg) = (5,1, =1, —1) and Mw'sy) = (5,1, —1,1). Note that the profiles of T'(w's3)
and T(w'sy) in the 4th row lie one unit to the left and right respectively of the vertical
azxis.

If the vertical axis bisects an associated pair, i and j, in the ith row, and A(w); = £1
then, by definition, the profile of F(w) is adjacent to both an i-node and a j-node.
However, only one of these two nodes is present in 7'(w). This is the case for ¢ = 4 in
both T'(w's3) and T'(w's4) in Example 2.4.4 above. Assume that it is the i-node (resp.
j-node) that is the single node present. Then that node is removed from the ith row to
produce the ith row of T'(ws;) (resp. T'(ws;)) which is now empty. On the other hand,
T(ws;) (resp. T'(ws;)) is obtained by replacing the single node with the augmentation
[i]j]. Note that, in effect, a j-node (resp. i-node) has been added to the ith row of
T'(w), but not immediately next to the profile. This is entirely in accordance with the
rules described in Algorithm 2.4.1, together with the reordering necessary for consistency
with the requirements that any associated pair straddling the vertical axis must take the
particular order specified in the coloured grid. This latter case is illustrated by the passage
from T'(w's3) back to T'(w'sgs3) = T'(w’) (resp. T'(w'sy) back to T'(w'sys4) = T'(w')) in the
above Example 2.4.4 where ¢ = 4 and j = 3. Note that A(ws;); = Aws;); = 0 and that
the profile in the ith row of both T'(ws;) and T'(ws;) coincides with that of the vertical
axis.

Having illustrated the passage from T'(w’) to T'(w'sy), we see, as stated in Algorithm
2.4.1, that given an expression w = s;,s;, - - - S;,, we may start from the trivial coloured
diagram T'(1) and construct T'(w) in a sequence of ¢ steps starting first with 7'(s;,), then
T(s4,84,), and so on.

Example 2.4.5 For g = Afll), consider w = S9S354835150. Then T(w) is obtained from
T(1) via the following six steps:
0] 0] 0

o ol o
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0]4]3] 0[4]3] 0[4]3]
— — [4]3 — [0]4]3
[0] [1]0 [1]0

Note that the resulting T'(w) agrees with that given in Example 2.3.1, and that at every
stage the coloured diagram is both weight-balanced and colour-balanced in that the same
number of k-nodes lie on each side of the vertical axis for all k € {0,1,2,3,4}.

Example 2.4.6 Forg = Bfll), consider w = S9S25384838251. Then T(w) is obtained from
T(1) via the following seven steps:

0 0]2] 0[2]3] 0[2]3]4]
0 0 0 0
— — — —
2 2 2
3 3
0[2]3]4[3] 0[2]3]4]3][2] 0[2[3]4]3]2]1]
0 0 10
— 2 — —

We note that the T'(w) produced by this means is independent of the particular ex-
pression for w that is used. Indeed, it does not matter whether the expression is reduced.
Of course, this should be the case, because in the prescription of Sections 2.1, 2.2 and 2.3,
T'(w) is seen to depend only on w(p) — p. In Section 2.8, we show conversely how T'(w)
may be used to produce a reduced expression for w.

Having now obtained T'(w), it is an easy matter to read w(p) — p from it. The
generalised partition A(w) = (A(w)1, A(w)s, ..., A(w),) is given by setting A\(w); to be
the displacement of the profile of T'(w) in the ith row from the vertical axis, with dis-
placements to the right and left treated as positive and negative respectively. Then
w(p) = p =221 Mw)i€i.

In the next section, we show how T'(w) can also be used to obtain D(w(p) — p), so
that w(p) — p is immediately known in full.

2.5 Depth charges

In order to obtain the value of D(w(p) — p) from T'(w), we use an enhancement of the
grids that were defined in Section 2.2. Every node in those grids is given a charge which
is calculated using B;; and Cj; defined by B;; = [(i — j)/hY] and C;; = (i — j)mod h".
The charge ¢;; € %Z of the node in the ith row and jth column of each grid is specified
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in the following table:

2) .
Dy

h=10+1;
RY =20 —1;
hY =20+ 2;
RY =20 —2;
hY =20+ 1;
hY = 2¢;

hY = 2¢;

Cz'j Bij;
G = 5 — Bi; if Cj; € {0,1},
” —B;; otherwise;
% — Bij lf Cij — Q,
—B;; otherwise;
G = 1 — By if Cj; €{0,1},
K —DB,;;  otherwise;
% — Bij lf Cij — Q,
Cij_ _%_BU lf Cl‘j:hv—l
—B;; otherwise;
G = 1—B;; if Gy e{0,1},
Y —B;; otherwise;
v —2B;;  otherwise.

Y

Y

In the enhanced grid, the charge ;; is displayed as a subscript of the corresponding colour.

As in Section 2.2, we illustrate this definition with the ¢ = 4 case of each of the seven
sequences of g. In each case, we again show the first 15 columns of the grid to the right
of the vertical axis and the first five columns to the left. Here, we suppress the indication
of unordered and tied entries for typographical reasons.

C’il) :

30
4o
4o
30

4

1o
20
30
4o

1 01

1
2
31
44
0o

31
4,
31
2,

31
44

31
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[N
[Nl

— O N
)
N
S
(8]
S
[\
)
—_
-

— O

[\

=N N

D(2) :
b 1o 20 30 40 30|20 1o 01 12 29 32 45 32 29 15 03 14 24 34 44

01 1o 20 30 40|30 20 10 01 1o 25 39 42 32 27 15 03 14 24 34

It should be noted, quite generally, that on reading the coloured grids from left to
right, a change in the value of the depth charge occurs only between certain nodes that
are associated with the left hand end of the corresponding Dynkin diagram. Specifically,
there is an increase of one between the 0 and /-nodes for g = AEl), of % between the 0 and

1-nodes for g = Cél) and Agi), of one between the 0 and 1-nodes for g = Déi)l, and of %

between both 2 and 0-nodes and 2 and 1-nodes for the cases g = Bél), Dél) and Agi)_l.

With each entry in T'(w) assigned the corresponding charge, let d(w) be the signed
sum of the charges contained within 7'(w), that is the sum of the charges to the right of
the vertical axis minus the sum of those to the left of the vertical axis, which are for the
most part negative. Then, as will be proved later, d(w) = D(w(p) — p). Since the shape,
that is to say the row lengths, of T'(w) determine the generalised partition A(w), it follows
from (2.1) and (2.2) that T'(w) completely determines

w(p) —p=">_ AMw)e; — d(w)s, (2.7)
i=1
as claimed.
We illustrate this rule in the following three examples, the first two of which deal with

the cases from Examples 2.4.5 and 2.4.6 respectively.
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Example 2.5.1 Letg = Afll) and w = S$9S354835150. With the enhanced grid, T'(w) takes
the form:

00 41 31
10 (0o

T(w) ={01]40|30

17|07

This gives d(w) = (0+1+14+0+0)— (=1 +0+0—1—1) =5. Then, since A(w) =
(3,2,-3,0,—2), from (2.7) we obtain w(p) — p = 3e1 + 263 — 3e3 — 2e5 — H0.

Example 2.5.2 Let g = Bil) and w = $0S28384838251. With the enhanced grid, T (w)
takes the form:

2103141131211
0

(Mo

0
1

[SIE I
N|=

T(w) =

This gives d(w) =24+ 14+1+1+1+1+ 2+ 1+ 1 =8 Then, since \(w) = (7,2,0,0),
from (2.7) we obtain w(p) — p = Tey + 2e5 — 0.

Example 2.5.3 Let g = Dfll) and w = S¢S2848382. With the enhanced grid, T(w) takes
the form:

2114113121

0
0

[ ST

T(w) =

49130

This gives d(w) = 3 +14+1+1+1435+0—0=5. Then, since A(w) = (5,1,0,0), from

(2.7) we obtain w(p) — p = ey + €3 — 5.

2.6 Stretched coloured diagrams

Let A be any integral weight of the form A = —D(A)(H—Zﬁzo m;(A)A;, with m;(A) € Zs
for j € I. Then, given T'(w), the value of w(A)— A is obtained by first constructing 7 (w)
from T'(w) by stretching horizontally each node coloured j by a factor of m;(A) to give
a sequence of m;(A) j-nodes, each carrying their original depth charge. In effect, each
j-node in T'(w) is simply multiplied by m;(A) to form T®(w). Now let A (w); be the
length of the ith row of T*(w) taken positive or negative depending on whether the row
extends to the left or right of the vertical axis. Let d*(w) be the signed sum of the depth
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charges in T"(w). With this notation:
w(A) = A=) M(w)e — d*(w)d. (2.8)
=1

Example 2.6.1 For g = Afll) and w = $0S3584838180, 1T (w) is stated in Example 2.5.1.
With A = 3Ag + Ay + 4My + 54, the stretched coloured diagram T (w) takes the form:

0010000 (4741|4141 |44
1910000 |00

T (w) =[01]07 |01 |40 | 40|40 |40 |40

1710101 |01

Thus M (w) = (8,4, —8,0,—4) and d*(w) = 12. From (2.8), we then obtain w(A) — A =
861 + 462 — 863 - 465 — 126.

Example 2.6.2 Forg = Bil) and w = S¢S28384838251, T'(w) is stated in Example 2.5.2.

With A = 3A; + 2As + 3A3, the stretched coloured diagram T™(w) takes the form:

29121313131 (31|31|31]21 (21 |1s]1s]1
111111

3
2

Nlw
(N[

[NIES
Nl=
NI=

T (w) =

Thus \M(w) = (13,3,0,0) and d*(w) = 16. From (2.8), we then obtain w(A) — A =
1361 + 3e5 — 169.

In those cases in which T'(w) has been augmented with a pair in the ith row, the
stretching process places m;(A) nodes coloured i immediately to the left of the vertical
axis in the ith row of T (w), and m;(A) nodes coloured j immediately to their right. In
accordance with the corresponding entries in 7'(w), each of these colours receives a depth
charge of % if + = 1 and a depth charge of 0 if ¢ = /. In these cases, we naturally set
M(w); = mj(A) — m;(A). We encounter this situation in the following example.

Example 2.6.3 For g = Dfll) and w = S¢S9848382, T(w) is stated in Example 2.5.3.
With A = 3Ag + A3 + 4Ay, the stretched coloured diagram T™(w) takes the form:

0%010 41 41 41 41 31
O%OO

= N|—=

D= |l

T (w) =

40140|40(40]30

Thus \M(w) = (8,3,0,—3) and d*(w) = 8. From (2.8), we then obtain w(A) — A =
861 + 362 — 364 — 8(5
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2.7 Characterisation for affine Weyl-Coxeter elements

In this section, we provide characterisations of the sets of generalised partitions {\(w)|w €
W} and coloured diagrams {7'(w)|w € W}. We give the latter characterisation first, and
from this the former follows.

To characterise {T'(w)|w € W}, we introduce the notion of edge-balanced. This no-
tion describes a particular distribution of the nodes adjacent to the profile of a coloured
diagram 7'. Naturally, it depends on which g is under consideration.

Ifg= A?), we say that T is edge-balanced if the ¢ 4+ 1 segments of the profile of T’
bisect each of the following pairs exactly once:

o], [2[1], [3]2], [ ¢ [e=1],  [o]e].

ey

Ifg= Cél), Ag? or Dﬁ)l, we say that 7" is edge-balanced if the ¢ segments of the profile
of T" bisect each of the following pairs exactly once, with any pair reversed:

[lo], [2[1], [3]2],

oo, e e,

Ifg= Bél) or Ag)_l, we say that T is edge-balanced if the ¢ segments of the profile of T’
bisect each of the following pairs exactly once, with any pair reversed:

(o], [2[1~], [3[2], ..., [ele].

Here, we say that the profile bisects the pair if k£ is adjacent to the profile, and
either element of the associated pair ¢z and j is adjacent to the profile on the other side. If
g = Dél), we say that T is edge-balanced if the ¢ segments of the profile of T" bisect each
of the following pairs exactly once, with any pair reversed:

[i]o], [2]1~0], [3]2], le=2]e=3],  [e~eafe=2], [ ¢ [e].

ey

We can now state that T'(w) is edge-balanced for all w € W.

Conversely, in the cases for which g = Cél), Ag) or Dﬁ)l, if T is an edge-balanced
coloured diagram, then there exists a unique w € W such that 7' = T'(w). In the cases for
which g = Bél), Dél) or Ag)—p if T" is an edge-balanced even-handed coloured diagram,
then there exists a unique w € W such that 7" = T'(w). Finally, in the case g = Aél), it T

is an edge-balanced weight-balanced coloured diagram, then there again exists a unique
w € W such that T' = T'(w).

Example 2.7.1 Let g = Bfll) and consider the following coloured diagram:

1

[NIES

0
1 213144

N (M

=

20|30 (40|30
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From top to bottom, the profile of T bisects the pairs [1]o], [4]3], [1~0]2] and [3]2]. Then,
by the above definition, T is edge-balanced. Note also that T is even-handed, and that this
would not be the case if the augmented pair were omitted from the first row. The
above result then states that there exists w € W such that T = T'(w). In Section 2.8, we

will obtain an explicit expression for this w in terms of the Coxeter generators of Bfll).

By examining the grids pertaining to each g, and in particular their periodic nature,
we are now able to immediately characterise {A(w)lw € W}. To do this, we introduce
the sets P(g) of generalised partitions defined by:

PAP) = {(A Aay o Ae) | S A =

{()\i—z)mod(f—i—l) = {0,1,...,5}},
PBM) = {(\, Aas -, M) |

{|(\ —i+Omod (20 —1) — ¢+ 1}, ={0,1,...,0—1}};
PCM) = {(M Aay -, Ae) |

{I(\ —Z+€)mod(2€+2)—€|}l L={1,2...,0};
P(DP) = {(M, Aas -, A |

{|(\ —i+0Omod (20 —2) — ¢+ 1|}, ={0,1,...,0—1}};
PAS) = {(M, Aav- o )|

{I\ =i+ Omod (20 + 1) — )}, = {1,2..., 0} };
PAZ ) = {(, Ao A |

{I(\ — i+ Omod (20) — ¢}, = {0,1,...,0—1}};
P(DZ) = {(M, Ao, A |

{|(\ =i+ Omod (20) — 0+ 3}y = (3.5, ... L — 3}}.

Note that in each case, we calculate modulo hY, where the values of A for each of the
seven cases are given in (2.4).
With the above definitions, we can now state that {\(w) |w € W} = P(g). Moreover,
for each generalised partition A € P(g), there is a unique w € W such that A\(w) = .
The set {T'(w) | w € W} is now obtained from {\(w) | w € W} by the means described
in Section 2.3.

2.8 Reduced expressions

Let we W. If w = s;5;,--5;, and t is the smallest value for which such an expression
exists, then s;, s, - -+ s;, is said to be a reduced expression for w. The length ¢(w) of w is
then defined by ¢(w) = t. It is then the case that ¢(wsy) = ¢(w) £ 1 for all k € I. Here,
we show that T'(w) may be used to produce a reduced expression for w.

We first define the notion of a k-shift. If the profile in a particular row of a coloured
diagram T is adjacent to k-nodes, performing a k-shift on that row moves the profile so
that it lies on the other side of those k-nodes. The k-shift is described as leftward or
rightward if the k-nodes in T' lie to the left or to the right, respectively, of the profile.
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We also describe the k-shift as single or double if a lone k-node or a tied pair of k-nodes,
respectively, is adjacent to the profile. If the profile in a particular row is not adjacent
to a k-node, a k-shift on that row leaves it unchanged. We say that 7" is obtained from
a k-shift on a coloured diagram T" if each row of T is obtained from a k-shift on the
corresponding row of T".

The description in Section 2.4 then shows that if w’ € W and w = w's;, for k € I,
then T'(w) is obtained from T'(w’) by a k-shift.

We write T'(w) »= T'(w'), if T'(w) is obtained from T'(w’) in one of the following four
ways:

a single rightward k-shift in row ¢ and a single leftward k-shift in row j for ¢ < j;

a single rightward k-shift in each of rows ¢ and j for ¢ # j;

a single rightward k-shift in row i;
e a double rightward k-shift in row .

Conversely, we write T'(w) < T'(w'), if T'(w) is obtained from 7'(w’) in one of the following
four ways:

e a single leftward k-shift in row ¢ and a single rightward k-shift in row j for i < j;
e a single leftward k-shift in each of rows i and j for i # j;

e a single leftward k-shift in row ¢;

e a double leftward k-shift in row 4.

We see that T'(w) > T'(w') if and only if T'(w') < T'(w). In fact, as shown later, T'(w)
is necessarily obtained from 7'(w’) in one of the eight ways given above. Thus either
T(w) > T(w") or T(w) < T(w).

With w’ and w as above, we also show that ¢(w) = ¢(w’) 4+ 1 if and only if either:

e d(w) > d(w'); or
o d(w) =d(w') and T(w) < T(w').

Armed with this fact, we can now find a reduced expression for w € W. In the first step,
we seek k € I such that ((wsy) = ¢(w) — 1. Note that there is necessarily at least one
such value. On setting w’ = wsy so that w = w’sy, each such value can be located by
comparing T'(w) and T'(w’) according to the above criterion. Set k1 = k. If T'(w’) is not
the trivial coloured diagram, we now repeat this procedure with w’ in place of w. In this
way, we locate ky € I such that ¢(wsg,sk,) = ¢(wsy,) — 1. Eventually, this must lead
to the trivial coloured diagram T'(1), implying that wsg, sk, « - - Sk,_, Sk, = 1, and hence
W = Sk, Sk,_, """ SkySk,- By construction, this is necessarily a reduced expression for w.
In fact, by choosing between the different values of k£ that arise at each step, all reduced
expressions for w can be produced in this way.
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Example 2.8.1 Let g = Bfll) and consider the coloured diagram T given in Fxample
2.7.1. As stated in that example, there exists w € W for which T = T (w). Here, we use
the above method to find a reduced expression for w.

First note that d(w) = 4. Using the method of Section 2.4, we obtain:

L
1110112113141
Tlwso) =15 2o TaoTal3el ’
2 T
0% 1% 0%
1110121131 |44 111011211314
Tlws) =T Tae a3l Bl ERFREN ’
: 30 30|20
1110, L1101
T(wss) = 11101|21]31]41 |31 sy = L1101121| 3
20130140130 20|30 40|30
30

Thus d(wsg) = 4, d(wsy) = 5, d(wsg) = 4, d(wss) = 5 and d(ws,) = 3. In the cases
for which d(wsy) = d(w), we see that T'(w) = T(wsg) and T(w) < T(ws2). We therefore
conclude that ((wsy) < l(w) for k € {2,4} and ((wsg) > L(w) for k € {0,1, 3}.

The calculation of a reduced expression for w proceeds recursively, using now either
wsy or wsy in place of w. We choose wsy. Using T'(wsy) given above, we produce:

1

N|=

0
1

[SIE T
[a)

N

2
T(wsys3) = :

201304030

We then see that d(wsyss) = 2 < d(wsy) and therefore ((wsyss) < l(wsy). In the
other cases resulting from T(wsy), it may be verified that d(wsssg) = 3, d(wsssy) = 4,
d(wsyse) = 3 and that T(wsy) = T(ws4so) and T'(wsy) < T(wsyse). Thus L(wsysg) <
U(wsy) if and only if k € {2,3}. We choose k = 3.

From T(wsys3) we obtain, in particular,

[NIES

Ll )

[SIE I
o

D=

T(wsys382) =
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We then see that d(wsss3s2) = 1 < d(wsyss) and therefore ((ws48382) < l(wsys3). In
the other cases k # 2, it may be verified that either d(wsysssg) > d(wsyss) or that
T(wsys3) »= T(wsys3sk), and thus ((wsysss;) > L(wsss3). So now we must proceed using
T(wsy8382). This yields:

1

NI

[NIES

T(ws4838280) = ERENER

We see that d(ws4835250) = 0 < d(wsys3se). Additionally, d(wsyszsasy) =1 = d(wsyS3S2)
and T'(ws48382) < T(wsys3895k), and d(wsys3sesy) = 1 and T'(ws48382) = T(wsyS35954).
Therefore, (wsys3sesk) < L(wsys382) if and only if k € {0,1,3}. Choosing k = 0, we
may now proceed:

I I I I
1% 1% 1% 1%
< < < < ,
30 (40|30 4y 130 30
30 30

where, in each instance, the signed sum of the depth charges is 0. Altogether we thus have
WS483595083545381 = 1, whereupon w = $153548350528384 1S a reduced expression for w.
Of course, it is one of many such expressions, and each one can be obtained by making
appropriate choices in the above iterative process.

2.9 Coloured diagrams for coset representatives of natural sub-
group

For each affine Lie algebra g, we let g be the maximal Lie subalgebra of g whose Dynkin
diagram is obtained from that of g by omitting the node labelled 0. The Lie algebra g is
finite-dimensional and simple. For those cases in which g is a classical affine Lie algebra,
these natural embeddings g D g are as follows:

AM > 4, BY 5B, ¢V >y, DY o Dy, AD 5 By, AL 5 €y, DY, D B

If we denote the Weyl-Coxeter group of g by W, it follows that W C W. In fact, if
{s0, 51, $2, - . ., s¢} is the set of Coxeter generators of W, then {si,ss,...,,} is the set of
Coxeter generators of W. Note that even though W is of infinite order, W is of finite
order.

In what follows, we are especially interested in a particular set, Wy, of right coset
representatives of W in W defined as follows:

Definition 2.9.1 Let I = I\{0}, and set
W, = {w e W | l(s;w) > l(w) for all i € T}. (2.9)
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It can be shown that W, contains precisely one element from each right coset Ww. It
can also be shown that each w € W is the unique element of minimal length in the coset
Wuw. Consequently, W, is termed the set of minimal right coset representatives of W in
Ww.

Let w' € W, and w = w's;, for k € I. Later, we show that in the case for which
l(w) > l(w'), then w € Wy if and only if T'(w) = T'(w’). On the other hand, in the case
for which ¢(w) < ¢(w'), then necessarily w € W and T(w) < T'(w’). These facts enable
W, to be constructed recursively by length, starting with 1 € W,. Indeed, if we define:

W = {w e W, |{(w) =t} (2.10)
for t € Z>o, we have the following:

Proposition 2.9.2 W% = {1}. Fort >0
W = {w=uws,|w e WV, kel T(w)>T(w)}. (2.11)

Thus for ¢t > 0, for each pair w’ € Wi and ke I , We can now construct Wi by
constructing T'(w'sy) from T'(w'). If T'(w's,) = T'(w’) then w'sy € W Allw e W
necessarily arise in this way:.

The above iteration process can be conveniently depicted on a directed rooted graph:
the vertices of the graph are labelled by T'(w) for w € W, with the root vertex labelled
by the trivial coloured diagram T'(1), and a directed edge links T'(w’) to T'(w) whenever
w = w'sy with £(w) > ¢(w'). We call the graph obtained in this way the Bruhat graph for
Ws. In the cases g = C’él), Bél), Df) and Agl), the upper portions of the Bruhat graphs
for W are displayed in Figs. 2, 3, 4 and 5 respectively. In each case, all the vertices that
correspond to the elements of W for some fixed t, and as such lie at a distance t from
the root vertex, have been placed on the same horizontal level as one another.

2.10 Cores for coset representatives of natural subgroup

In this section, we characterise of the set of (generalised) partitions {\(w)|w € W} in
terms of their h"-cores. For a definition of a p-core see [10, §2.7] or [19, p12], for example.
These cores will be elements of one of the sets F, A, C, £ that we now specify. First, define
F to be the set of all (genuine) partitions. Using Frobenius notation for partitions [17,
§5.1 and §11.9], we now define:

A= {a S f| o = (af—ll—l asj-l a:j—l - ata-f-l)} )
bit+1 ba+1 bs+1 - b ,

C:{a€f|a:( 1;;1 2;;1 3b;F1 thtrl)}7

£={oeFla=(BBR7H).

The characterisation then involves the sets P*(g) of generalised partitions or partition
pairs defined by:

PHBY) ={A e FlA=(mod (20 — 1), € A, L(N) < £,4(¢) < 0}
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Figure 2: Top of Bruhat graph for W, in the case g = C?El)
PHCM) = {A e F|A=Cmod (20 +2),¢ €C,0N) < £,6(¢) < 0}
PHAYY = {A e FIA=Cmod (204 1), € C,0(\) < £,£(C) < (};
PHAS ) = {A € FIA=(mod (20),¢ € A L(N) < £,6(C) < 0
PHDP) = {r e FIA=Cmod (20),¢ € €,0(N) < £,4(C) < 1}

(

PHDM) = {0, Aas - dee, M) | (An, Ags -, At [Ae]) € F,

(AL, A2y ou Aeet, [Ae]) = Cmod (20 — 2), ¢ € A, €(¢) < £}
PHAY) = {(msv) | € Fov € F, |ul = |, lp) +0(v) < (41,

p=C¢mod (l+1),r=C"mod ((+1),¢ € F,0(C)+L(¢") < (+1}.

Here, if A and ( are partitions then we write A = ( mod p to indicate that A\ and ( have
the same p-core. £(\) is the number of non-zero parts of the partition .

Note that for g = B(l) C’g , Aézz , Ag) L, or D£+1’
partitions, and for g = Dz , only the (th part of each member of P*(g) is permitted to

the set P*(g) is comprised of genuine

be negative. In the g = Agl) case, the definition above is in terms of pairs (pu;v) where
i and v are both genuine partitions. We will use the notation A = (u;v) to mean that
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Figure 3: Top of Bruhat graph for Wy in the case g = Bél)

p,v € F with () + £(v) < n where n = ¢ + 1, and \ is the generalised partition for
which \; = p; for 1 <@ < l(pu), \; = 0 for l(pn) < i < n—4L(v), and \; = —vp, 1 for
n—L0(v) <i<nsothat A= (p1, pg, -5 (), 0, .-, 0, —=Vewy, - -, =2, —11).

With the above definitions, we can now state:

Proposition 2.10.1 Ifg = B(l) Cél), DY, Ag , Agg) L rDéil, then {\(w) |w € W} =
P*(g). Moreover, for each genemlzsed partition A € PT(g), there is a unique w € Wi
such that )\( ) A

Ifg =AY then {\(w) |w € W} = P*(g). Moreover, for each generalised partition
(u;v) € PH(g), there is a unique w € Wy such that \N(w) = (u; v).

The set {T'(w) | w € W} is now obtained from {\(w) | w € W} by the means described
in Section 2.3. To recapitulate briefly, for each A\(w), the corresponding F'(w) is superposed
on the grid for g. This yields T'(w) unless g = Bél), Dél) or Ag)_l. In these cases
it is further required to ensure that T'(w) is even-handed by, where necessary, either
interchanging unordered pairs, or where appropriate in the Dél) case, by augmenting the

(th row with [ ¢ Je-1].
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Figure 4: Top of Bruhat graph for Wy in the case g = Dfll)

3 Background

In the following sections, we prove all the assertions made in Section 1. In this section,
we gather together the parts of the theory of affine Lie algebras, simple Lie algebras and
Coxeter groups that we use. We draw extensively on the texts [12, 7].

3.1 Affine Lie algebras

The classification theorem of Kac and Moody shows that each affine Lie algebra g is
isomorphic to one of:

1 1 1 1 2 2 2
A B G Dy AR G DED:
B B B B 6y BGY; DY

where ¢ € Z~, with some restrictions of the form ¢ > /,;;, > 1. The first seven cases are
known as classical affine Lie algebras. Each of their ranks is £. The final seven cases are
known as exceptional affine Lie algebras. Their ranks are 6,7,8,4,2,4,2 respectively. Those
cases with superscript (1) are also known as untwisted (or direct) affine Lie algebras. The
others are known as twisted affine Lie algebras.

To each affine Lie algebra g of rank ¢, the classification theorem associates an (¢ +
1) x (€ + 1) generalised Cartan matric A = (A;j)ijer, where I = {0,1,2,...,¢}. The
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Figure 5: Top of Bruhat graph for Wy in the case g = Agl)

affine Lie algebra g is then the complex Lie algebra generated by the set of elements
{d, e;, fi,h; : i € I} subject to the relations:

[hi, hj] =0, [ei, fj] = 5ijhi>
[hi, e;] = Aije;, [hi, £i] = = A f5, (3.1)
(ade;) =4iie; = 0 for i # j, (ad f;)'=4i f; =0 for i # j,

and
d, hi] =0, d, e;] = dioei, d, fi] = —di fi- (3.2)

The generalised Cartan matrices of the affine Lie algebras may be found in [3, App. N].
They are often encoded in directed multigraphs known as Dynkin diagrams. The Dynkin
diagram of an affine Lie algebra of rank ¢ has ¢ + 1 vertices labelled «; for j € I. If, for
i # 7, the vertices o; and «; are not linked then A;; = A;; = 0. Otherwise, a; and o are
linked: if no arrow points from «; to «; then A;; = —1, and if an arrow points from «;
to oy then A;; = —m where m is the multiplicity of the edge linking a; and ;. As usual,
Ay = 2 for all ¢ € I. The Dynkin diagrams of the classical affine Lie algebras are listed
in Table 1.

The Cartan subalgebra h of g is the (¢4 2)-dimensional algebra with basis {d, h;|i €
I}, Its dual h* has basis {Ag, ;|7 € I} where for i,j € I, a;(h;) = Aij, oj(d) = 6 0,
Ao(hi) = 6;p and Ag(d) = 0. {oy|i € I} is the set of simple roots of g.

For each of the affine Lie algebras, the generalised Cartan matrix A has corank 1.
The marks ¢; for ¢« € I are the smallest positive integers such that Zﬁ:o c;jA;; = 0 for
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all i € I. Similarly, the comarks ¢ for i € I are the smallest positive integers such that
ZZ 0 ¢/ Ai; = 0 for all j € I. In this paper, we use a labelhng of the simple roots such
that ¢y = 1 for each g, while ¢y = 1 for each g except Azz for which ¢j = 2. This follows
the convention of [20, 3] but not of [12].

The Coxeter number h and the dual Coxeter number h" of g are defined by h = Zf:o i
and hY = S0_ o ¢/ tespectively. In (2.3), we defined hY = 2hY if g = C’él) and hY = hY
otherwise, and in (2.5), for each i € I, we defined ¢/ = 2¢) if g = C’él) and ¢ = ¢/
otherwise. Note that hY = Zf:o ).

The null root § is defined by § = Zf:o c;a;, whereupon §(h;) = 0 for all ¢ € I, and
d(d) = ¢y = 1. From ¢y = 1, it also follows that § = ag + 0 with § = Z | Cil.

3.2 Weight basis of h*

Having defined A above, for j € I\{0}, the Dynkin weight A; is defined by A;(d) =0
and A;(h;) = 6;; for each i € I. It immediately follows that

ar =Y Ajhj + Srof. (3.3)

jel
Moreover, {§,A;|j € I} is a basis for h*. The integral weight lattice of g is defined
by P = Cd + Zf:o ZA;. The dominant integral weight lattice of g is defined by P =
Co + 3 Zsoli.
Since {d,A;|j € I} is a basis for h*, for any A € h* we can write:

NS+ mi(A)A;, (3.4)

where D(A) = —A(d) and m;(\) = A(h;) for all i € I. We refer to D(\) as the depth of
A. We also define the level of X by L(\) = St_, ¢/mi()\), or equivalently by L(\) = A(c)
U h.
)

where ¢ € h is defined by ¢ = 3¢ ¢}
We now immediately obtain L(A;) = ¢/ and D(A;) = 0 for ¢ € I, and L(5) =

5(c) = S0 o ¢/0(h;) = 0 and D(§) = —o(d) = —1. Using (3.3), we then also obtain
L(oy) = ZFO Ajref = 0 and D(ag) = —dpo for k € I. The Weyl vector p of g is defined
by p = Zf:o A;. Then L(p) = h" and D(p) = 0. B
Now define h* = span{ay, as, ..., as}, so that h* = h* ® CAy @ Co.
Lemma 3.2.1 Let A € h*. Then
X=X+ L(A\)Ag — D(N)J, (3.5)
where X € h* and L(\) = L(\)/cy.

Proof: In accordance with the above decomposition of h*, we can write A = A+mAy—pd
for some m,p € C, with A € h*. Then D(\) = p since D(a;) = 0 for all j € I1\{0},
D(Ap) = 0 and D(6) = —1. Similarly, L(\) = mc¢y since L(a;) = 0 for all j € I\{0},
L(Ay) = ¢ and L(0) = 0. These results immediately imply (3.5). O

Then D and L are linear operators on h*.
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3.3 Root systems and natural basis of h*

As usual, an element o € h*\{0} is said to be a root of g if there exists non-zero e, € g
such that [h, e,] = a(h)e, for all h € h. The set of all roots is denoted A. In the case of
affine Lie algebras g, A has infinite cardinality. As usual, we can write A = AT U A™,
where the set A~ of negative roots is obtained from the set A~ of positive roots by
A™ ={—a|a € AT}. On the other hand, we can write A = A,. U A;,,, where A, is a
set of real roots, and A;,, is a set of imaginary roots given by A;,, = {md|m € Z\{0}}.
We also define Afe =A*TNA,. and Ain = AT N A,,, whereupon A,, = A UA-. and
Aim = AS UA,

In this paper, we concentrate on the classical affine Lie algebras g = Aél), Bél), C’él),
Dél), Ag), Aé?_l, Dﬁ)l. In all cases other than g = AS) we set n = ¢, while for g = Agl)
we set n = £ + 1. We now embed h* in E", where E" is the n-dimensional Euclidean
vector space having basis vectors €1, €3, ...,€,. Then h* C E" @ Cé d CAy. The following
theorem (selecting details from [12, Theorems 7.4 and 8.3]) specifies the simple roots
and the positive real and imaginary roots of each classical affine Lie algebra g in the
corresponding natural basis.

Theorem 3.3.1 In terms of 6 and the Fuclidean basis elements €1, ¢€s, . .., €,, the simple
T00ts (g, Q1 - - ., (g of g are as tabulated below. For all g, the set A} of positive imaginary
roots is given by

Af = {md|m € Z-o}.

For untwisted g, the set A, of positive real roots is given by:
Al =Afu{méta|me Z.g,ac Al},
and for twisted g by:
AL =Afu{2méta|meZog,a € AfjU{(2m —1)d+a|m € Zsy,a € AT},
with Ag and AY also as tabulated below.

Aél): ap =0 — 6 where 0 =€, — €41,
Q0 = €1 — €3, Qg = €2 — €3, ..., Qp = € — €p41;

1
Bé): ag = 0 — 0 where 0 = €; + €9,
Qp = €1 — €9, Qg = €3 — €3, ..., Qy_1 = €1 — €y,
Qp = €y,

Ay ={ate a|l<i<j<f1<k<i)
ngl)3 ag = 0 — 0 where 0 = 2¢,

Q1 =€ — €2, Qg =€y — €3, ..., Q1 = €_1 — €y,
Qy = 2€;
Af ={eite, 261 <i<j<l1<k<[(}
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Dél): ag =0 — 0 where 0 = €1 + €9,
Qp =€ — €, g = € — €3, ..., Qy_1 = €1 — €,
Qv = €p—1 + €
Af ={eate|l<i<j<(}

(2) . _ _
Ay ap = 0 — 0 where 8 = 2¢;,
) = €1 — €z, Qg =€ — €3, ..., Qp_1 = €1 — €y,
Qp = €yp;

Af={eite, |1 <i<j<l1<k<{Y,
Af ={eitej, e, 20 [1<i<j <1<k <{}

2
A;Z)—l : ag =0 — 0 where 0 = €1 + €9,
Q] = €1 — €2, Qg =€y — €3, ..., Q1 = €_1 — €,
Qy = 265;

Af ={ete, 20 1<i<j<l1<k<{}
Af ={ete|1<i<j<t}).

2
Déﬁlz ag =0 — 0 where 0 = ¢,
Q] = €1 — €9, Qg = €3 — €3, ..., Qy_1 = €1 — €y,
Qp = €y,

Aa_:{ﬁzig,€k|1§2<]§€,1§k§€},
AT ={e |1 <k < {1}

In the cases g = Agl), Bél), Cél) and Dél), it will be notationally convenient to set
A} = Af. Note then that A7 C A} except when g = A2, in which case A7 C A},
With Af and A as specified above, we also define Ay = {—a|a € Af} and A] =
{—a|a € Af}.

Note that h* = E" @ C§ & CAq except in the case g = Aél), for which h* = E" & Cd &
CAo/(e1+€2+4- - -+€,). In this latter case, it is then convenient to set €;+ex+---+¢, = 0.
Then h* = span{ey, €, ..., €, } for each classical g. It is now clear that (1.1) follows from
(3.5) since L(A\) = ¢y L(\) and ¢ = 1 for all g other than g = Ag), for which ¢ = 2.

3.4 Bilinear form on h*

A non-degenerate symmetric bilinear form (-|-) on E™ @ Cd @ CAy is specified by setting
(€il€j) = 6;5 for 1 < 4,7 < n; (€]6) = (ei|Ao) = 0 for 1 < i < n; (Ag|Ag) = (8]0) =0
and (6]Ag) = 3(aw|ap). After defining oy = 2a;/(c;|y), it may then be checked that the
expressions in Theorem 3.3.1 satisfy (Ag|a,) = dg; for i € I, and (o) |aj) = A;; fori, j € 1.
It follows that (o;|0) = (a;|d) = 0 for ¢ € I. In addition, because (o) |a;) = a;(hy),
(aY|Ao) = Ag(h;) and h* has basis {Ag, o|7 € I}, it follows that (o|A;) = A;(h;) = d;;
for all 7,5 € I.
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One important distinction between real and imaginary roots is that for all a € A,.
we have (afa) > 0, whereas for all @ € Ay, we have (aa) = 0. Note also that for any
A€ h® we have A = Y"1 | \je; where \; = (M| ¢;) = (M| g) fori =1,2,...,n.

3.5 The Weyl group of g as a Coxeter group

Here, we review some basic facts and results about the Weyl-Coxeter group of an affine
Lie algebra g.
If « € A, the action s, : h* — h* is defined by:

sa(n) =n—(n]a")a, (3.6)

for all n € h*. Note that s, = Sy, for m € Z\{0}. The group W generated by {s, |« €
A,.} is the Weyl-Coxeter group of g. The following facts are easily established:

(w(n) [w(¢)) = (n]C),

2 _
s, =1,

1
WS, W = Sw(a);

W —~ —~
O oo
— — ~— ~—

w(a) = —a if and only if w = s,, (3.

forallwe W, n,( € h* and a € A.
It is customary to set s; = s, for i € I. Then S = {s;|i € I} is a minimal generating
set for W, and (W, .S) is a Cozxeter system. This is a consequence of the fact that:

(sis;)™i =1 (3.11)

for all 7,7 € I where the m,; are certain positive integers. The relations (3.11) actually
provide a presentation of W. It follows that there is a homomorphism sgn : W — {1}
given by sgn(w) = (—1)" whenever w = s;,8;, - -+ s;, with i; € I for j =1,2,... ¢t

The length function ¢ : W — Zs, was defined in Section 2.8. It has the following
properties (see [7, §5]):

lws;) =l(w) £1, (s;w) = l(w) £ 1, (3.12)
(w™) = l(w), (3.13)
((ws;) > f(w) if and only if w(o;) € AT, (3.14)

for all w € W and 7 € I. More precisely, we have

l(ws;) > £(w) if and only if w(a;) € A,

re’

(3.15)

for all w € W and i € I. This is a simple consequence of the fact that AT = Af UAF
and the observation that (w(a;)|w(a;)) = (ailay) > 0, so that w(a;) ¢ A; . Of course,
the affine Weyl-Coxeter group W is not finite and ¢(w) is not bounded.

We also note that not only A, but both A} and A; . are invariant under the action
of W. Moreover,

si(AT\{i}) = AT\ {a}. (3.16)
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It is easily checked that the Weyl-Coxeter groups of Bél) and Agi)_l are isomorphic.

Additionally, C’él), Ag) and Dﬁ)l are mutually isomorphic. The Weyl-Coxeter groups of

{lEl), Bél), C’él) and Dél) are respectively isomorphic to the groups denoted A,, By, Cy and
Dy in [1, 7).

3.6 Weyl-Coxeter action on natural basis

Here we deduce the action of the generators sg, sq,...,s, of W on the natural basis
elements Ag,d, €1, €s,...,€, of h*. Using (3.6) and the bilinear form of Section 3.4, we
immediately obtain s;(d) = 0 for all i € I, so(Ag) = Ag—ap = Ag — 0+ 0 and s;(Ag) = Ag
for all i € I\{0}.

In the case of each classical affine algebra g, the use of (3.6) together with the bilin-
ear form defined in Section 3.4 and the data tabulated in Theorem 3.3.1, enables us to
calculate s;(€;) for 1 < j <m and all i € I. Fori = 0 and ¢ = ¢ we find that s;(¢;) is
dependent on the g in question. For ¢ = 0, we obtain:

Agl) : So(€0r1) = €1 — 0, Sol€1) = €p1 + 0;

Bél), Dél), Ag?_l : So(€1) =0 — €, So(€a) =0 — €q; (3.17)
C’él), Ag) ; so€1) = 0 — €q; ‘
Déil : So(€1) = 20 — €y,

with so(€;) = €; for the values of j not covered here. For i = ¢, we obtain:

AS) : Se(Ee) = €041, Sz(€z+1) = €y,
Dél) : se(€r) = —€o-1, seler1) = —€g; (3.18)
1 1 2) 42 2
B, OV, Ay Ay Dy siler) = e,
again with s/(¢;) = ¢; for the values of j not covered here. Finally, for i =1,2,...,0—1
and all classical affine Lie algebras g,
si(€) = €1, si(€ip1) = &, (3.19)

with s;(e;) = ¢; for j & {i,i+ 1}.

3.7 Natural simple Lie subalgebra g

Let T = I\{0} = {1,2,...,¢}. Then any affine Lie algebra g generated by the elements
{d, e, fi,h;|i € I} subject to the relations (3.1) and (3.2) possesses a subalgebra g gen-
erated by the elements {e;, f;, hi|i € I} subject just to the relations (3.1). Moreover,
the restriction of the generalised Cartan matrix A = (A;;); jer to the relevant submatrix
A = (Ay), je7 is such that A is the Cartan matrix of a finite-dimensional simple Lie
algebra. Thus, the subalgebra g of g is a finite-dimensional simple Lie algebra.
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The classification theorem of Cartan and Killing [2, 15] shows that each simple Lie
algebra g is isomorphic to one of:

Ay By Co; Dyy Eg; By Eg; Fyy G,

where ¢ > 1,2,3,4 for g = Ay, By, Cy, Dy respectively. In each case, the rank is specified
by the relevant subscript.

In fact, for each of the affine Lie algebras g the natural embeddings g D g arising as
above are given by:

Aél) D Ay; Bél) D By; C’él) D CYy; Dél) D Dy;

AY 5 By AY) o Ci D, D By,

EY 5 Eg; B 5 By EY 5 Esy FY o Fyy G 5 Gy
E® > Fy; DY 5 G,.

The Cartan subalgebra h of g is the ¢-dimensional algebra with basis {h;|i € T}. Its
dual has basis {@;|i € T} where for i,j € I, @;(h;) = A;;. By comparing the definition of
@; with that of «;, we see that we can identify @; = ; (in their actions on h) for j € I.
Consequently, the dual of h is precisely h* as defined in Section 3.2.

In view of the above embeddings and the fact that we are considering just the classical
affine Lie algebras, we need only consider here the classical simple Lie algebras g = Ay,
By, Cy and Dy. In the following theorem, we state standard expressions (see [1, §4] and
[7, §2.10]) for the simple roots of g in terms of the Euclidean basis elements €1, €s, . . . , €,,
where n = ¢ except for the case g = A, for which n = ¢ + 1. These expressions may be
obtained by suitably restricting the expressions of Theorem 3.3.1.

Theorem 3.7.1 In terms of the Euclidean basis elements €1, ¢€s, ..., €,, the simple roots
a1, Qao,...,0p of 8 are as tabulated below. The full set Ag of roots of g is given by
Ao = AJ UAy, where the set A of positive roots is tabulated below, and the set Ay of
negative roots is defined by Ay = {—ala € Af}.

Ay Q] = €] — €3,Qlg = €9 — €3,...,0p = € — €11
Af={a—¢ll<i<j<l+1}
B, ] = €] — €9,0l9g = €9 —€3,...,0p_1 = €_1 — €y,
Oy = €y;
Af ={ete, el <i<j<l1<k</(}
Cy: ] = €] — €9, Qp = €9 — €3,...,0y_1 = €1_1 — €y,
0452265;
Af ={e e, 261 <i<j<l1<k<U{}.
D, : ] = €] — €9, Q0 = €9 — €3,...,0y_1 = €1_1 — €y,

Oy = €1 + €4
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Note that for the embedding g D g, the set of positive roots of g coincides with the
subset A of roots of the affine Lie algebra g identified in Theorem 3.3.1. Tt is well known
that any root o € A is either positive or negative, and that it may be correspondingly
expressed as a linear sum of simple roots with either all non-negative or all non-positive
integer coefficients, respectively. As can be seen from Theorem 3.3.1, any v € A of our
classical affine algebras g is such that either v = a or v = 2 with @ € A{ in both cases.
It follows that for all v € Ag U A; we have v = Zf:o rio; with either all r; € Z> or all
r; € Z<y, corresponding to whether v € Af U A or v € Ay U A, respectively.

Since A; € h* and, via (3.5), Ai(h;) = Ai(hy) — (¢ Jeg)No(hy) = & for all i,j € I,
it follows that for i € I, the weights A; are the fundamental weights of the simple Lie
subalgebra g. Therefore p = >, 7 A; is the Weyl vector of g. Also note that (E|a;/) =
(Ailaf) = (¢ /eg ) (Mole) = oy for all 4,5 € 1.

The integral weight lattice of g is defined by P = Zle ZA;. The dominant integral
weight lattice of g is defined by P = Zle ZsoA\;.

Lemma 3.7.2 Let X € h* and write X = Yo Ni€i. Then \ € P if and only if \; —
Nit1 € Z>p for 1 <i <n and

e YL Ni=0ifg=A;

o N €32 if g = By;

e N\ €Zsoifg=Cy;

° Xg c %Z and Xg_l > |Xg| ng = Dy.

Proof: Let m; = (May) for 1 <i < ¢ so that A = S mih. For 1 < i < n, Theorem
3.7.1 giVGS oy = € — €41, Whereupon m; = (Z?:l )‘j€j|€i — Ei—i—l) = >\2 — )‘i—i-l’

Now, for g = By, Cy and Dy, consider i = n (= {). For g = By, we have ay = ¢
whereupon m, = 2(Aeg) = 2N For g = Cy, we have oy = 2¢, whereupon m, = ()JEZ) =
A¢. For g = Dy, we have ay = €1 + ¢, whereupon my = (A|e,_1 + €) = A\—1 + A¢ and
me — my—y = 2. Since each m; € Z> for = ?Jr, the required conditiolls follow.

For g = Ay, each «; is orthogonal to €; + €3+ ...+ € 1. It follows that h* is orthogonal

to this vector because {a; |1 < i < £} is a basis for h*. The required conditions then also
follow for g = A,. O

Let W be the subgroup of W generated by S = {s;|i € I}. Then (W, S) is a Coxeter
system, and W is the Weyl-Coxeter group of g. It is a finite Coxeter group, and has
properties analogous to those of W given in Section 3.5. In particular, the action of W
on h* is given by (3.6) where we restrict & € Ay and n € h*. We also note that length
functions defined on W and W are compatible in that if w € W and £(w) = ¢, then there
exists iy, 4y, . ..,i; € I such that w = s;,5, -+ 8;, (see [7, Prop. 5.5]).
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4 Unveiling the colours

4.1 Casting the rainbow

In this section, we prove that if w € W and A € h* then:
w(A) = A=) M(w)e, (4.1)
i=1

where each \*(w); is obtained from the coloured diagram T'(w) as described in Section
2.6. This will follow from Theorem 4.1.4 below. The proof of the full (2.8) will be obtained
in Section 4.3 below.

The simplest way to proceed here is to adopt the description of T'(w) given in Section
2.4 as the definition of T'(w). In particular, if w’ € W, k € I and w” = w'sy, then T'(w")
is obtained from T'(w’) by a k-shift. By this means, T'(w) is built up recursively using
any expression for w in terms of the generators sg, s1,...,s, of W.

Once (4.1) has been established, it follows that:

w(p) —p = Z Aw)i€;. (4.2)

Thereupon, the above definition of T'(w) is consistent with that given in Sections 2.1, 2.2
and 2.3. This also shows that T'(w) is independent of the expression used to produce it
in the previous paragraph.

For each coloured diagram 7', j € I and 1 < i < n, we let n;;(T) and d;;(7) denote
respectively the number (positive or negative) of j-nodes and the signed sum of their
charges in the ith row of T'. As usual, nodes to the left of the vertical axis give a negative
contribution. We also let d;(T) = Y1, d;;(T) for each j € I, so that d;(T) is the
signed sum of the charges of j-nodes throughout 7. For w € W, it will be useful to set
ni;(w) = ny;(T(w)), dij(w) = d;;(T'(w)) and dj(w) = d;(T(w)). Our proofs below and in
Section 4.3 proceed by relating these values to those defined in the next paragraph.

For each w € W, we define the values N;;(w) and P;(w) for j € I and 1 < i < n by
setting:

i=1
in accordance with (3.5) after noting that L(w(A;) —A;) = 0.

Now if A € h* and m;(A) = (A]aj) for 0 < j < ¢, then A = Zﬁ:o m;(A)A; — D(A)J,
whereupon, since w(9) = §, (4.3) immediately implies that:

14

w(A) = A=Y " my(A)Ny(w)e; — > my(A)Pi(w)d. (4.4)

i=1 j=0 §=0

The following result provides useful recursive expressions for N;;(w) and Pj(w).
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Lemma 4.1.1 Letw' € W, k€ I and w = w'sy,. Then:

/ ¢ ’ e
Nyj(w) = Nij(w') = (eler) = 3o AmiNim (w) ij = k; (4.5)
Nij(w') if j # k.
for1 <i<mn, and
Py = { OOk = D A Pal0) = w
Pj(w') if j # k.

If w=1, then N;j(w) = Pj(w) =0 forjel and1 <i<mn.

Proof: Using (4.3), we calculate:

Z Nij(w)e; — Pj(w)d = w(A;) — A,

= w'(sp(Aj) — Aj) +w'(A) — A

= —djpw' (o) + Z Nij(w')e; — Pj(w')é.

i=1

We then write w'(a) = ag + (w' () — ag), so that, since ay, = an:o AN + 0500 and
w'(d) = d, we have:

w'(og) = ok + Y AW/ (M) — Ap)

m=0

4 n
=+ Y A (Z Ny (w')e; — Pm(w')5> .
m=0 i=1

After combining these results, (4.5) and (4.6) follow from the linear independence of
5,61,62,...,€n.
The final statement is immediate. O

In order to show that T'(w), defined as described above, satisfies (4.1), we will use an
induction argument. The induction step is encapsulated in the following lemma. In this
lemma, and in Section 4.3, we make use of the notion of a k-block, which we now describe.

We define a k-block for all g and k € I, except in a few instances. These instances
are g = A&”; g = A§2); kE=1forg= Cél),Aéz) and Déz); and £k = 2 for g = Bél),Dfll)
and Aé2). Apart from these, a k-block is a finite contiguous portion of a row of the grid
pertaining to g, in which an m-node is present if and only if either A,,, # 0, or m and
k are associated. All possible k-blocks are shown in Tables 2 and 3 (for g = AS), the
labels on the nodes are taken modulo ¢+ 1). Alongside each k-block is the portion of the
corresponding Dynkin diagram comprised of all vertices labelled «,,, whenever A, # 0
or k and m are associated. The value of A,,; pertaining to the a,,th vertex is displayed
above that vertex.
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Case k-block Linkage of a;th node

-1 2 -1
la [k+1] k [k—1] oo e on
_ +
-1 2 -1
b [k—1] k [k+1] Tary o arm

2a | k+1| k Jk—1] k [k+1] o=—=0—0—
-1 Qg k41
-1 2 -2
2b |[k—1] k [k+1] k [k—1] —0——0=0

3a [R+1] & [h=1]k=1] & [k+1] o=o0—o

3b  |k—1] k |k+1]k+1] k [k—1] —_c}—oﬁo

ta [hxi] k Jh—1~k—2] k [k+1] S0 o
(673 Qk41
Ak —1
—1
-1 2 4
b |k=1] k |k+2~k+1] k [k—1] w—©<§“
Op—1 Ok N\
k42

Table 2: k-blocks

Lemma 4.1.2 Let T" and T be coloured diagrams with T obtained from T by a k-
shift, where k € I. For 1 < i < n, set Vi(T") = nyg(T) — nip(T") and X (T") =
anzo Apknim (T"). Then:

Pie(T") = =S (T") — (ale:). (4.7)

Proof: We first claim that (4.7) holds when the ith row of 7" is empty, so that this
portion of the profile of 1" coincides with the vertical axis,. In this case, the second
term on the right of (4.7) is trivially 0. Note that here 9¥;,(7") is non-zero only if the
vertical axis is adjacent to a k-node. For g = Aél), examination of the grid shows that
Vi(T") = Oigt1 — Ok — di—py for 1 < ¢ < n. Using Theorem 3.3.1, we see that this
equals —(agle;) and the claim holds. For g = C’él), Ag) or Dﬁ)l, examination of the
grids gives Vi (T") = i p11 — 0 for 1 < i < ¢, except when ¢ = 1 and k = 0 for
g = C’él) or Ag), or wheni =%k =/ forg = lel). In the first of these excepted instances
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Case k-block Linkage of ajth node

Sa | k+1| k [k+1] O—=0—

sb [k—1] k [k—1] —o==0

6a |k+1] k | k |k+1] oo

6b  [k—1] k | k [k—1] —o==0

7Ta  |k+1]k~k—1]k+1] .

™ [ k+2]k+1~k[k+2] o

7c  [k=2[k~k—1]k—2] s

d [k—1[kti~k[k—1] o

Table 3: k-blocks (cont.)

Y10(T") = 2, while in the second J4(T") = —2. In each instance, Theorem 3.3.1 shows
that 94 (T") = —(aul€;), as required. For g = Bél), Dél) or Agll, examination of the
grids gives U, (T") = 6; k41 — 0i, for 1 < i < £, except when ¢ = 2 and k = 0 for either
g, Wheni:€—1andk:zﬁforg:Dél), orwheni:szforg:Aéi)Jrl. In the
first of these excepted instances ¥y0(7") = 1, in the second ¥y_;(7") = —1, and in the
third ¥4 (T") = —2. In each instance, Theorem 3.3.1 again shows that ¥, (7") = —(ay|€;),
as required. In fact the requirement ¥ (T") = —(ax|e;) is sufficient to determine all the
entries in the grid that are adjacent to the vertical axis, including tied pairs and unordered
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pairs.

We now claim that, whatever the length of the ith row of T”, the values of the two sides
of (4.7) change by the same amount when the profile is moved to the next possible position
on its right. This claim will be verified below cases by case. Once verified, its iterative
application shows that (4.7) holds for rows of positive length. Of course, the periodicity
of the grids ensures that the two sides of the expression also change by the same amount
when the profile is moved to the next possible position on its left. Thereupon, we conclude
that (4.7) holds in all cases.

For convenience, we will denote the change in ¥;,(7”) by AX, and the change in ¥, (T")
by A¥. In particular, if the profile of the original 7" moves to its right past n; adjacent
j-nodes then AY = n; A, where of course n; is either 1 or, in the case of a tied pair, 2. If
in the ith row of the original 7" the profile is not adjacent to any k-nodes then ¥;(7") = 0
since the ith row of T" and 7" must coincide. On the other hand if it is adjacent to ny
k-nodes in the ith row then ¥;(7") = ny or —ny according to whether these are to the
right or to the left of the profile, since the ith row of T' is necessarily formed by adding or
deleting the n; adjacent k-nodes to T”. It follows that A¢ may be read off the k-blocks
rather easily as the profile of 77 advances from left to right by first enumerating ¥;.(7")
in accordance with the above rule, and then calculating differences in these values.

To prove our claim, we must show that AY = —AX in every possible case. We first
consider those cases for which k-blocks are defined. If the profile passes over a j-node
which is not in a k-block then AvY = 0 since before and after the change, the profile is
not adjacent to a k-node. On the other hand, Aj; = 0 for this case, which implies that
AY = 0, as required.

For each of the k-blocks listed in Tables 2 and 3, we examine A and AX. as the profile
passes over a j-node that is in the k-block.

For cases la and 1b, there are three nodes to pass over. Thus there are four profile
positions which yield ¥;z = (0,1, —1,0) in correspondence with the initial profile being
not adjacent to a k-node, being to the left of a k-node, being to the right of a k-node,
and finally being no longer adjacent to a k-node. These values give, in turn, the values
(1,—2,1) for AY. Reading the values of Aj; for the j-nodes k + 1, k and k + 1 from
the accompanying Dynkin diagram immediately gives the values (—1,2, —1) for AX. The
above claim thus holds here.

For Cases 2a and 2b, we have £k = 1 and k£ = ¢ — 1 respectively. In either case, the
six possible positions of profile give ¥;(7") = (0,1,—1,1,—1,0), so the five moves give
(1,-2,2,-2,1) for A in agreement with the values (—1,2,—-2,2, —1) for AX.

For Cases 3a and 3b, we have k = 1 and k = ¢ — 1 respectively. Since the profile
cannot lie in the central position between the two tied nodes, there are again five moves
to consider. They give (1,—2,2,—2,1) for Ad and (—1,2,—-2,2,—1) for AX¥.

For Cases 4a and 4b, we have k = 2 and k = ¢ — 2 respectively. Here there are six
moves to consider, with the order of the central interchangeable pair irrelevant. These
moves give (1,—2,1,1,—-2,1) for Ad and (—1,2,—1,—1,2,—1) for AX.

For Cases 5a and 5b, we have k = 0 and k = ¢ respectively. The three moves give
(1,—2,1) for AJ and (—1,2,—1) for AX.
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For Cases 6a and 6b, we have k = 0 and k = ¢ respectively. Since the profile cannot
lie in the central position between the two tied nodes, there are again three moves to
consider. They give (2, —4,2) for AY and (—2,4, —2) for AX.

For Case 7a, we have k£ = 1. If the unordered pair 1 ~ 0 is ordered as shown one
obtains J;(T") = (0,1, —1,—1,0) so that the four moves give (1,—-2,0, 1) for AY. Corre-
spondingly, we find AY = (—1,2,0, —1) as required. On the other hand if the unordered
pair 1 ~ 0 is actually reordered as 0 ~ 1 then one obtains ¥4(7") = (0,1,1,—1,0), so
that AY = (1,0,—2,1). This time we find AYX = (—1,0,2, —1), again as required.

For Case 7b, we have k& = 0. The details of this case read exactly as for Case T7a,
except for the interchange of the 1 ~ 0 and 0 ~ 1 cases.

For Cases 7c and 7d, we have k = ¢ and k = {—1 respectively. These cases are similar to
Cases 7a and 7b respectively with the contributions corresponding to the configurations
1 ~ 0 and 0 ~ 1 cases now applying to the ¢/ ~ ¢ — 1 and ¢ — 1 ~ { contributions,
respectively.

The completes the verification of the claim that AY = —AXY in the cases for which
k-blocks are defined. The cases for which there are no k-blocks are tabulated in Tables 4,
5, and 6. We tackle each of them in turn.

g grid k  Dynkin graph a, i —(agl€)
2 -2 1
0 e===0) 0— €1+ 6 9 1
o N o Qg4 -
Ay 1|0 -2 2 1 -1
1 o===¢) €1 — €2 9 1
Q-1 (%3
2 4
0 C==0 o — 261 1 2
(2) (677 A1
1 o==0 €1 1 -1

Table 4: Data for Agl) and Af)

For g = Agl), each row comprises a sequence of blocks. For k = 0, we obtain
the values (—2,2) for Ad and the values (2, —2) for AY, as the profile passes between
the three valid positions. For k = 1, we obtain the values (2, —2) for A and the values
(—2,2) for AX.

For g = A§2), the single row comprises a sequence of blocks. For k = 0, we obtain
the values (—4,4) for AY and the values (4, —4) for A, as the profile passes between
the three valid positions. For k& = 1, we obtain the values (2, —2) for Ad and the values
(—2,2) for AY.
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g grid k Dynkin graph Qg i —(oulei)
1 2 -1 1 -1
e ol 42 .,
2 1]o of1]2 2 Qp_1 Ok Qpgl ' 2 1
1 2 -2 1 —1
4@ o ol1]2 1 SO0 € — €
4 1|0 0|12 Ql—1 ag Qi1 ! 2 2 1
_9 2 -2 1 —1
D(2) 0 2 1 O—<—0—>0 €] —€
3 1012 g1 o Q41 ! ? 2 1

Table 5: Data for C’él), Af) and D§2) when £ =1

For g = D§2), each row comprises a sequence of blocks. With k£ = 1, as we pass
between the five valid positions, we obtain the values (2, —2, 2, —2) for Ad and the values
(—2,2,-2,2) for AX.

For g = Af), each row comprises a sequence of blocks, and the details of this

case are precisely the same as for the g = D:(f

)

case above.

For g = C’él), each row comprises a sequence of [0]o[1]2]2[1] blocks, and once again the
: _ n®
details are the same as for the g = D3 case.

g grid k Dynkin graph ay, i —(agl€)
- - . 1 0
BV 2| 2 M o - 2 1
2[1]0]2]3 P Qg Qg 3 1
Af—1
-1
1 0
0 3]2 2 -1
AéQ) 513 312 2 Cik£2 €9 — €3 2 —1
2 2[3 3 k- Qi1 3 1
Q-1
1 1 1 0
of2]4]3]2]1
DS) 1o]2]a]3]2]9 a2 2%4&1 € — €5 2 —1
21]0]2]4]3 R TN 3 1
3(2]1]o0]2]4 oy anyo 4 0

Table 6: Data for B", A and D{" when k = 2
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For g = Bél), each row comprises a sequence of blocks. Here k = 2 and the
order of the pair is irrelevant. As we pass between the six valid positions, we obtain
the values (1,1, —2,2, —2) for A¢ and the values (—1,—1,2, —2,2) for AX.

For g = Aé2), each row comprises a sequence of blocks. The details of this
case are then as for the g = Bél) case above.

For g = Dil), each row comprises a sequence of blocks. Here k = 2 and the
order of each pair and is irrelevant. As we pass over the six nodes, we obtain the
values (1,1,—2,1,1, —2) for AY and the values (—1,—1,2,—1, —1,2) for AX.

This completes the verification of the above claim that AY = —AXY in all cases. To
complete the proof, it remains to directly verify (4.7) where a row has been augmented.
This occurs only if 7 = 1 and either g = Bél), Dél) or Agll, orifi=/and g = Dél). In
the former case, ¥;;(7") takes the values (—1,1,0) for £ = 0, k = 1 and k > 2 respectively.
Since n1o(7") = 1, n11(T7) = —1 and nyx(T") = 0 for k > 2, and (apler) = —1, (aie) =1
and (agle;) = 0 for k > 2, it follows that (4.7) holds in this case. The latter case is
similar. 0

Lemma 4.1.3 If w € W then N;;(w) = n;j(w) for j €I and 1 <i <n.
Proof: Let w = w'sy so that T' = T'(w) is obtained from 7" = T'(w’) by a k-shift. Let

j € 1. Since T and 7" differ by k-nodes, we have n;;(w) = n;j(w’) for j # kand 1 < i < n.
For the 7 = k case, Lemma 4.1.2 shows that:

nik(w) = nap(w') = (anle) =Y Aprnim (w'). (4.8)

Comparing this with (4.5) shows that N;;(w) and n;;(w) satisfy identical recurrence re-
lations. Since there exists an expression w = s;,s;, - - - 5;, in terms of the generators of g,
and N;;(1) = n;(1) =0for j € [ and 1 < i < n, it follows that N;;(w) = n;;(w) for all
je€land 1 <i<n. O

Theorem 4.1.4 Let w € W and A € h*. Then:
WA A = 32 my (M) (4.9

where m;(A) = (A o) forj €l

Proof: This follows immediately from (4.4) after noting that Lemma 4.1.3 shows that
Nij(w) = n;j(w) for j € I and 1 <i < n. O

Using the notation of Section 2.6, this result can be written in the form (4.1).
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4.2 Properties of the profiles

We now examine the profiles of the coloured diagrams 7'(w), for w € W.

Lemma 4.2.1 Forw € W and 1 < h <mn, let i be such that w(e) = t¢;. Then the pair
that straddles the vertical azis in the hth row of the grid, is that pair which straddles the

profile of T'(w) in the ith row. Moreover, the pair is reversed if and only if w(ey) = —e;.
Proof: First note that that the existence of an i such that w(e,) = +e; follows from the
specification of the action of W on €y, €, ..., €, given in Section 3.6. In fact, this action
shows that w(e,) = +¢; + md for some m € Z. Then w™(¢;) = d¢, — md.

For k € I, let w' = wsy. For 1 <i <n and j € I, Lemma 4.1.2 shows that there are
N;;(w) nodes coloured j in the ith row of T'(w), and NN;;(w’) nodes coloured j in the ith
row of T'(w’). Use of (4.3) gives (w(A;)—A; | &) = Nyj(w) and (w'(A;) —Aj | &) = Nyj(w'),
whereupon:

Nij(w') = Nij(w) = (w'(A;) —w(h) [ &) = (wlsu(Ay) — Aj) | )
= —Ojp(w(an) | &) = =8 (an |w™ (&)
= _5jk(ak | + €p — m5) = :F(Sjk(ak | Eh).

The presence of J;;, here confirms that T'(w’) and T'(w) differ only by k-nodes. This
expression implies that (aglen) < 0 if and only if a k-node is adjacent and to the right of
the profile in the ith row of T'(w), and (aylep) > 0 if and only if a k-node is adjacent and
to the left of the profile in the ith row of T'(w). We will compare this with the special
case w = 1, for which w(ex) = ¢, and

Nhk(w') — Nhk(w) = Nhk(sk) — Nhk(l) = _(ak|€h)-

The comparison shows that the nodes neighbouring the profile in the hth row of T'(1) are
precisely those neighbouring the profile in the ith row of T'(w). Moreover, we see that the
pair is reversed if and only if w(e,) = —e;. O

Corollary 4.2.2 Ifw € W then T'(w) is edge-balanced.

Proof: First note that 7'(1) is edge-balanced. Lemma 4.2.1 shows that the pairs which
straddle the profile of T'(w) are a permutation of those which straddle the profile of T'(1),
with some of those pairs reversed. It follows that T'(w) is edge-balanced. g

Corollary 4.2.3 Ifg = Aél) and w € W then T (w) is colour-balanced.

Proof: Let w' € W and k € I. By Corollary 4.2.2, the profile of T'(w’) contains a
unique segment which bisects a pair and a unique segment which bisects a pair
[k+1] & |. No other segment of the profile is adjacent to a k-node. Thus, since T'(w’sy) is
obtained from T'(w’) by a k-shift, only the two rows in which the profile of T'(w’) bisects
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these configurations change. For the profile shifts one position to the left, and for
the profile shifts by one position to the right. Therefore, whether the two k-nodes
in question are to the right of the vertical axis, to the left of the vertical axis, or one is
on each side, the difference between the numbers of k-nodes to the left and right of the
vertical axis in T'(w'sy) is precisely the same as that for T'(w’).

Thus, after recursively constructing 7'(w) from the trivial 7'(1) using an expression
for w in terms of the generators sg, s1, . .., Sy, the resultant T'(w) necessarily contains the
same number of k-nodes to the left and right of the vertical axis, for all k£ € I. O

Corollary 4.2.4 Ifg = Bél), Dél) or Aéi)_l, and w € W then T(w) is even-handed.

Proof: Let w' € W and first consider £ € {0,1}. By Corollary 4.2.2, the profile of
T(w') contains a unique segment which bisects a pair and a unique segment which
bisects [2]1~0]. No other segment of the profile is adjacent to a 0- or a 1-node. Thus,
since T'(w'sy,) is obtained from T'(w’) by a k-shift, only the two rows in which the profile
of T'(w’) bisects these configurations change. In each of these rows, a k-node is either
appended or removed. Thus the difference between the number of k-nodes in T'(w's,) and
T(w') is either —2, 0, or 2. In particular, the difference is even. Thus, after recursively
constructing T'(w) from the trivial 7'(1) using an expression for w in terms of the gen-
erators s, S1, . . ., S¢, the resultant T'(w) necessarily contains an even number of k-nodes.

The argument for g = Dél) and k € {¢ — 1,(} is similar. O

Although we don’t use this fact, it is interesting to note that for g = Dél), the number
of reversals in the pairs that straddle the profile of each T'(w) is necessarily even. To see
this, note that apart from the first row, each of the rows of T(w) in which the profile
bisects an unreversed pair for 2 < k < ¢ — 1 contains as many complete
pairs as pairs. The same is true of that row in which the profile bisects the pair
[1]o], either reversed or unreversed. And, again apart from the first row, each of the rows
of T'(w) in which the profile bisects a reversed pair for 2 < k < ¢ — 1 contains
one more complete pair than pairs. The same is true of that row in which
the profile bisects the pair [ ¢ [¢=1], either reversed or unreversed. In the case of the first
row of T'(w), the number of complete pairs is one fewer than that which would be
obtained above. Let the pair be bisected by the profile of T'(w) such that [1] (resp. [0])
is to the left. The even-handed requirement then dictates that there are necessarily an
odd (resp. even) number of complete pairs in T'(w). Then, if the number of reversed
bisected pairs for 2 < k < /—1is even, the comparison above between the number
of complete [1]o] and [ ¢ [¢=1] pairs, shows that there is also an odd (resp. even) number
of complete pairs in T'(w). The even-handed requirement then dictates that the
pair is bisected by the profile of T'(w) such that [¢] (resp. [¢=1]) is to the left. Thus
either both or neither of [0]1] and [¢=1] ¢ ] appear straddling the profile, which together
with the even number of reversed bisected pairs for 2 < k < ¢ —1, implies that
there are an even number of reversals altogether. Similarly, there are an even number
of reversals altogether if there is an odd number of reversed bisected pairs for
2 < k < /¢ —1, when exactly one of the reversed bisected pairs [0]1] and [¢-1] ¢ ] appears.
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This fact can be attributed to the influence of the Weyl-Coxeter group W of g on the
profile. In this g = Dél) case, we have g = D, and W may be realised as the group of
signed permutations of €1, €, ..., €, with always an even number of sign changes.

4.3 Setting the depth charges

In this section, we prove that the charges of the nodes in the stretched coloured diagram
T*(w) defined in Section 2.6 yields the depth factor d*(w). Recall that N;;(w) and P;j(w)
are defined by (4.3), and that d;;(w), d;;(T'), nij(w), ni;(T) and dj(w) are also defined in
Section 4.1.

We will use the notation:

1 if in the ¢th row, the profile of T” bisects or [0]1];
0 otherwise.

56,11 - {

1 if in the ¢th row, the profile of 7" bisects [1]o];
0 otherwise.

6% (4,[1]0]) =
Similar notation will be used for other pairs of nodes.

Lemma 4.3.1 Let T' and T be coloured diagrams with T obtained from T" by a k-shift,
where k € I. Let 1 <4 <n and set:

D (T") = dig(T) — die(T")

and

¢
Siu(T) =D Apkdin(T).
m=0
Then, for g = A?),
Di(T") = = (T") + 500 (i, [012)) + (Ope — o) mao(T"); (4.10)

1 2 2
for g = ng ): A;z) or Dé+)1f

~ A

Uir(T") = =X (T") + Orod (4, [1]0]); (4.11)

and for g = Bél), Dél) or A;?H,

L5(i,[0)) + L6(i, 2~0)) if k=0
9 3 16(i,[1]0]) + 26(i,[2[1=0]) — &1 ifk =1;
V(T = =S (T +{ 2 2 i ) 4.12
k(1) k(1) 261 — 26(i,[1]0]) if k=2 (4.12)
’ if k> 3.
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Proof: We first claim that (4.10), (4.11) and (4.12) each hold when the ith row of 7"’
is empty. Note that here, the left side of each expression is non-zero only if the vertical
axis is adjacent to a k-node that has non-zero charge. Examination of the de%)th charged
grids with tied pairs and unordered pairs identified shows that for g = Aél), we have
@nO(T’) =1; for g = Cél), Ag) or Déi)l, we have 1910(T’) = 1; and for g = Bél), Dél) or
A, we have O1o(T") = Dap(T") = L and 9y, (T7) = —09y (T") = —1; with D (T") = 0
in all other cases. Each of the final two terms on the right side of (4.10) is 0, whereas
dk00 " (7,[0]¢]) is non-zero only if k = 0 and i = n. Thus (4.10) holds here. The final term
on the right side of (4.11) is 0, whereas dx0d(7,[1]0]) is non-zero only if £k = 0 and i = 1.
Thus (4.11) holds here. The first term on the right side of (4.12) is 0. The remaining
terms give 0 for & > 2. For k € {0,1}, they are seen to be non-zero only if i € {1,2},
and moreover are in agreement with the above values for 9, (7"). The above claim is thus
verified.

We now claim that, whatever the length of the ith row of T”, the values of the two sides
of each of (4.10), (4.11) and (4.12) change by the same amount when the profile is moved
to the next possible position on its right. This claim will be verified below by considering
many cases. Once verified, its iterative application shows that each of (4.10), (4.11) and
(4.12) holds for rows of positive length. Of course, the periodicity of the grids ensures
that the two sides of each of these expressions also change by the same amount when the
profile is moved to the next possible position on its left. Thereupon, we conclude that
(4.10), (4.11) and (4.12) hold in all cases.

This procedure parallels that adopted in the proof of Lemma 4.1.2 and we therefore
use a similar notation whereby we denote the change in 2% (7”) by A, and the change in
U4%(T") by Ad. This means in particular that if the profile in the ith row has to its right
n; adjacent j-nodes, each of charge d;, then AY = n;A;rd; = d; AX. In addition, if in the
ith row of the original T” the profile is not adjacent to any k-nodes then @Z;@(T ") = 0 since
the ith row of 7" and 7" must coincide. On the other hand if it is adjacent to n; k-nodes
each of charge dj, in the ith row then ﬁik(T’ ) = ngdy or —ngdy according to whether these
are to the right or to the left of the profile, since the ith row of T" is necessarily formed by
adding or deleting the n; adjacent k-nodes to T". It follows that A®¥ may be read off the
k-blocks rather easily as the profile of 7" advances from left to right by first enumerating
@ik(T ') in accordance with the above rule, and then calculating differences in these values.

We now consider those cases for which k-blocks are defined. If the profile passes over
a j-node which is not in a k-block then AV = 0 since before and after the change, the
profile is not adjacent to a k-node. To see that the right sides of (4.10), (4.11) and (4.12)
are similarly unchanged, first note that A,; = 0 implies that AX = 0. The claim then
holds for (4.11) since when k = 0, each is in a k-block. For (4.10), it holds because
when k£ = 0, is in a k-block; and when k € {0, ¢}, each 0-node is within a k-block.
For (4.12), it holds because when k € {0, 1,2}, each and each is in a k-block.

For each of the k-blocks listed in Tables 2 and 3, we now examine the changes when
the profile passes over a j-node that is in the k-block. For convenience, hereafter, we
consider the charge of the leftmost node of a k-block to be r. The other charges are then
determined. The only changes in charge occur between 0 and ¢, between 0 and 1, and
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between the unordered pair 1 ~ 0 and 2. This is the origin of the terms involving these
nodes in (4.10)-(4.12). In particular, if the k-block contains no 0-node, then each of its
charges is r. In such a case there are no variations of the factors appearing in (4.10)-
(4.12) other than sz(T’ ) and (T ), as the profile of 7" advances across the k-block. In
addition we have AY = rAY and AY = rAd. Since AY = —AY, as shown in the proof of
Lemma 4.1.2, we immediately have AY = —AY, as required. This constancy of r over a
k-block covers all cases other than those associated with the left hand end of the Dynkin
diagram of g where the vertex 0 appears.

For cases la and 1b, for example, if & ¢ {0, 1,¢}. There are three nodes to pass over,
all of depth charge r. These give the values (r, —2r,r) for A9 and the values (—r,2r, —r)
for AY. The above claim thus holds here.

The instances k € {0,¢} of Cases la and 1b only arise if g = Aél), and then Case
1b does not arise. For g = Agl), only (4.10) applies. For k = 1, each of the charges in
the k-block is r, whereupon the previous argument deals with this case. For & = 0, the
charges read (r,7,7+1) from left to right. Then the three nodes give the values (r, —2r,r)
for AY and the values (—r, 2r, —r — 1) for AY. Since 6% (4,[0]¢)) increases by (0,1, —1)
and n;o(T") by (0, 1,0) as the profile passes over the same three nodes, the above claim is
verified here. For k = ¢, the charges read (r,r+1,r+1) from left to right. Then the three
nodes give the values (r + 1, —2r — 2,7 + 1) for AJ and the values (—r,2r + 2, —r — 1)
for AY. Since ny (T") changes by (1,0,0) as the profile passes over the same three nodes,
the above claim is verified here. This deals with all cases that arise for g = Aél)

Hereafter, we deal only with g # A§1), for which we anticipate from the statement of

Lemma 4.3.1 that AJ = —AY, except in the case k = 0 for g = Cé , Azi or Déil, and
the cases k = 0, 1 or2forg=g= Bél), D(l) or Ag)ﬂ Note that Cases 2a and 5a only

arise for g = De 1, that Cases 3a and 6a only arise for g = C and Ag), and that Cases

4a, 7a and 7b only arise for g = Bé ), Dél or A21£+1' All the other Cases 2b, 3b, 4b, 5b,
6b, 7c and 7d involve the right hand end of the Dynkin diagrams so that the charges in
the k-block are all » and they involve no O-nodes.

For Case 2a, we have k = 1 and the charges read (r,r,r + 1,7 + 2,7+ 2) left to right.
The five moves give (r, —2r, 2r+2, —2r—4, r+2) for A9 and (=r,2r,—2r—2,2r+4, —r—2)
for AY. Since k = 1 this gives A = —AY, as required by (4.11).

For Case 2b, we have £k = ¢ — 1 and the charges in the k-block are all r. The five
moves give (r, —2r, 2r, —2r,r) for AY and (—r,2r, —2r,2r, —r) for AY.

For Case 3a, we have k = 1 and the charges read (r,r,r + %,r + %,r +1,r+ 1)
left to right. The five possible moves give (r, —2r,2r + 1,—2r — 2,r + 1) for A and
(—r,2r,—2r — 1,2r + 2, —r — 1) for AY.

For Case 3b, we have £k = ¢ — 1 and the charges in the k-block are all r. The five
moves give (r, —2r, 2r, —2r, 1) for A9 and (—r,2r, =2r,2r, —r) for A

For Case 4a, we have k = 2 and the charges read (r,r,7 + 3,7+ 3,7+ 1,7+ 1) left to
right. Noting that the order of the pair [1]0] is irrelevant here, the six possible moves give
(r,—2r,r,r+1,—2r —2,r+1) for AJ and (—r,2r, —r — 1 —r—12r+2 —r—1) for A

27

Since §(7,[1]0]) increases by (0,0,1,—1,0,0) for the same six moves, the claim holds here
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for (4.12).

For Case 4b, we have k = ¢ — 2 and the charges in the k-block are all . Again noting
the irrelevance of the unordered pair, the six moves give (r, —2r,r,r, —2r,r) for A9 and
(—r,2r, —r, —r, 2r, —r) for AY.

For Case 5a, we have k = 0 and the charges read (r,r + 1,7 + 2) left to right. The
three moves give (r + 1,—2r — 2,7 + 1) for AV and (=r,2r +2,—r — 2) for AY. Since
d(i,[1]0]) increases by (1,0, —1) for the same three moves, the claim holds here for (4.11).

For Case 5b, we have k = ¢ and the charges in the k-block are all . The three moves
give (r,—2r,r) for AJ and (—r,2r,r) for A3,

For Case 6a, we have k = 0 and the charges read (r,r + %, T+ %, r + 1) left to right.
The three moves give (2r+1, —4r —2,2r +1) for A and (—2r, 47 +2, —2r) for A, Since
d(i,[1]0]) increases by (1,0, —1) for the same three moves, the claim holds here for (4.11).

For Case 6b, we have k = ¢ and the charges in the k-block are all . The three moves
give (2r, —4r, 2r) for AY and (—2r,4r,2r) for AL

For Case 7a, we have k = 1 and the charges read (r,r + %,r + %, r + 1) left to right.
The four moves give (r+3,—2r—1,0,r+3) or (r+3,0,—2r—1,7+3) for AY, according
to the central nodes being ordered 1 ~ 0 or 0 ~ 1, respectively. The four moves also give
(—r,2r+1,0,—r—1) and (—7,0,2r+1, —r—1) for AY, in the corresponding cases. Since
(i,[1]0]) increases by (0,1, —1,0) and increases by (1, —1, 1, —1) for the same four
moves, the claim holds here for (4.12).

For Case 7b, we have k& = 0. The details of this case read exactly as for Case T7a,
except for the interchange of values of the cases 1 ~ 0 and 0 ~ 1.

For Case 7c, we have k = £ and the charges in the k-block are all . The four moves give
(r,—2r,0,7) or (r,0,—2r,r) for A and (—r,2r,0,—r) or (—7,0,2r, —r) for AY, according
to the central nodes being ordered ¢ ~ ¢ — 1 or £ — 1 ~ {, respectively.

For Case 7d, we have k = £ — 1. The details of this case read exactly as for Case 7c,
except for the interchange of the cases { ~ /¢ —1and £ — 1 ~ /.

This completes the verification of the claim in the cases for which k-blocks are defined.
The cases for which there are no k-blocks are tabulated in Tables 4, 5, and 6. We tackle
each of them in turn.

For g = Agl), each row comprises a sequence of blocks, with r increasing by 1 as
we pass from one block to that on its right. First consider £ = 1 = ¢. As the profile passes
over the two nodes, we obtain the values (—2r,2r + 1) for AY and the values (2r, —2r)
for AY. Since n4(7T") increases by (0, 1) as the profile passes over the same two nodes,
both sides of (4.10) change by the same amount, and the claim is verified in this case. For
k = 0, we obtain the values (2rr — 1, —2r) for Ad and the values (—2r, 2r) for AY, as the
profile passes over the two nodes. Then, since n;o(7") increases by (0,1) and §7(7,[0]¢])
increases by (—1,1), as the profile passes over the same two nodes, again both sides of
(4.10) change by the same amount, and the claim is verified here.

For g = Agz), the single row comprises a sequence of blocks, with r increas-
ing by 1 as we pass from one block to that on its right. First consider £k =1 = ¢. As the
profile passes between the three valid positions, we obtain the values (2r, —2r — 1) for A9
and the values (—2r,2r 4+ 1) for AX. For k = 0, we obtain the values (—4r, 4r + 2) for

THE ELECTRONIC JOURNAL OF COMBINATORICS 14 (2007), #R13 49



A4 and the values (4r, —4r — 2) for AS. Since 6(4,[1]0]) = 1 in all cases, the claim holds
here for (4.11) and k € {0, 1} as required.

For g = D:(f), each row comprises a sequence of blocks, with 7 increasing by
2 as we pass from one block to that on its right. With & = 1, as we pass over the four nodes,
we obtain the values (2r — 2, —2r, 2r, —2r) for A9 and the values (=2r + 2,2r, —2r,2r)
for AY.

For g = Af), each row comprises a sequence of [0,_1,5[0,_1/5]1-[2-[1-] blocks, with r
increasing by 1 as we pass from one block to that on its right. With &k = 1, as we pass
between the five valid positions, we obtain the values (2r — 1, —2r, 2r, —2r) for A9J and
the values (—2r + 1, 2r, —2r, 2r) for AY.

For g = 02(1)’ each row comprises a sequence of [0,_1/2]0,_1,2[1-[2-[2,[1,] blocks, with r
increasing by 1 as we pass from one block to that on its right. Here £ = 1 and the details
of this case are then as for the g = Af) case above.

For g = Bél), each row comprises a sequence of [1,_1,5[0,_1/2]2-]3.]2-] blocks, with r
increasing by 1 as we pass from one block to that on its right. Here &k = 2 and the order
of the pair is irrelevant. As we pass between the six valid positions, we obtain the
values (r — 1,7, —2r, 2r, —2r) for A9 and the values (—r+ %, —r 4+ %, 2r, —2r,2r) for AY.
Then, since §(7,[1]0]) changes by (1,—1,0,0,0), the claim holds here for (4.12).

For g = A?), each row comprises a sequence of [1,_1/5[0,_1/2[2.[3.[3-]2-] blocks, with r
increasing by 1 as we pass from one block to that on its right. Once again k = 2 and the
details of this case are then as for the g = Bél) case above.

For g = DS), each row comprises a sequence of [1,_1/2[0,_1/2[2-[4-[3.]2-] blocks, with r
increasing by 1 as we pass from one block to that on its right. Here k& = 2 and the order
of each pair and is irrelevant. As we pass over the six nodes, we obtain the
values (r — 1,7, —2r,r,r,—2r) for AY and the values (—r + %, —r + %, 2r, —r, —r,2r) for
AY. Then, since d(i,[1]o]) changes by (1,—1,0,0,0,0), the claim holds here for (4.12).

This completes the verification of the above claim in all cases. To complete the proof,
it remains to directly verify (4.12) where a row has been augmented. This occurs only if
1 = 1 and either g = Bél), Dél) or Agi)ﬂ, orifi=/and g = Dél). In the former case,

~

Uik(T") takes the values (—3,1,0) for k =0, k = 1 and k > 2 respectively Since dip = 1,

T 219
diy = —1 and dy, = 0 for k > 2, and 6(i,[1]0]) = 1, it follows that (4.12) holds in this
case. In the latter case, both sides of (4.12) are immediately seen to be 0. g

Lemma 4.3.2 If w € W then P;(w) = d;(w) for each j € I.

Proof: Let w = w'sy so that T = T'(w) is obtained from 7" = T'(w’) by a k-shift. Let
j € 1. Since T and 7" differ by k-nodes, we have d;;(w) = d;;(w’) for j # kand 1 < i <n.
Summing these results over i for 1 < i < n gives d;(w) = d;(w’) for j € I\{k}. For the
7 = k case, we claim that:

di(w) = di(w') + Sr0 — Y _ A (). (4.13)

m=0
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Assuming the veracity of this claim, (4.6) shows that d;(w) and P;(w) satistfy identical
recurrence relations. Since there exists an expression w = s;,8;, - -s;, in terms of the
generators of g, and P;(1) = d;(1) = 0 for j € I, it follows that P;(w) = d;(w) for all
jel.

We now establish the above claim using the results of Lemma 4.3.1. In each of the
cases (4.10), (4.11) and (4.12), we perform a sum over i for 1 < i < n. Since Uy (T") =
dip(T) — di,(T"), each left side yields di(T") — dp(7") under this summation.

For g = C’él), Ag) or Dﬁ)l, the right side of (4.11) yields dxo — anzo Aprdm(T")
under this summation, after noting that, by Lemma 4.2.2; §(7,[1]o]) = 1 for precisely one
value of 4, and 0 otherwise. The claim (4.13) now follows because d;(1") = d;(w') and
d](T> = dj(w) fOI'j el

For g = Bél), Dél) or Ag)ﬂ, the claim (4.13) follows from (4.12) and Lemma 4.2.2 in
a similar way.

For g = A?), (4.10) and Lemma 4.2.2 similarly yield:

di(w) = di(w') + Sro + (Oke — Oko) Y nio(w') = > Apidl (') (4.14)

i=1

Corollary 4.2.3 states that T'(w’) is colour-balanced, whereupon > 7"  n(w’) = 0 in
particular. The claim (4.13) then follows from (4.14). O

Theorem 4.3.3 Let w € W and A € h*. Let dw) = Zﬁzomj(/\)dj(w) and let
M(w); = Z§=0 m;(A)n;j(w) for 1 <i <n. Then:

w(A) — A= Zn: M (w);e + d*(w)é.

Proof: Since N;j(w) = n;;(w) by Theorem 4.1.3, and Pj(w) = d;(w) by Lemma 4.3.2,
this follows directly from (4.4). O

On examining the definition of 7" in Section 2.6, this proves the result (2.8).

4.4 Recursive generation

In this section, we show that if w,w’ € W with w = w'sy, then T'(w) differs from T'(w’)
as described in Section 2.8.

Lemma 4.4.1 Let w' € W and w = w'sy for k € I. Then either T(w) > T(w') or
T(w) < T(w'"). Moreover, if {(w) = (w') + 1 then d(w) > d(w'), and if d(w) = d(w’)
then T'(w) < T'(w'). On the other hand, if {(w) = ¢(w') — 1 then d(w) < d(w'), and if
d(w) = d(w') then T'(w) = T(w’).
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Proof: Let j € I. Using the definition (4.3) for both w,w" € W, we obtain:

= w/(Sk(A]’) - Aj) == jkw(ak)'

Since w'(ax) € Aye, Theorem 3.3.1 shows that w'(ay) = —md + v with m € Z and
v € AgUA;. On the one hand, this gives P;(w)—Pj(w’) = —d,,m, so that d;(w)—d;(w’) =
—0;;m by Lemma 4.3.2, which when summed over j € I gives d(w) — d(w’) = —m. On
the other hand, > "  (N;;(w) — N;;(w'))e; = —0;1y, which when summed over j € I,
gives > (Mi(w) — A\j(w'))e; = —v via Theorem 4.1.4. Theorem 3.3.1 shows that v €

{x(e, —€,), £(e, +€,), £2¢,, £€,4|1 < p, g < n;p < ¢}, whereby one of the following holds:
o Ai(w) = Ai(w') = F(0ip — dig),
o Ai(w) — Xi(w') = F(6ip + dig),
o \(w) = () = F26,,
o Ai(w) — Ai(w') = Foyp,

where 1 < p,q < n and, in the first two cases, p < ¢. Since T(w) is obtained from
T(w') by a k-shift, this shows that either T'(w) < T'(w’) (the ‘=’ case of ‘F’ above) or
T(w) > T(w') (the ‘4 case of ‘F’ above)

Now if £(w) > ¢(w') then w'(ag) € At. Theorem 3.3.1 then shows that w'(ay) =
—md + v with m < 0 and if m = 0 then v € AZ. This latter case corresponds to the ‘—’
case of ‘F’ in the bulleted items above. Then T'(w) < T'(w’).

Similarly, if /(w) < ¢(w') then w'(ay) = —méd +~v € A,,. with m > 0 and if m =0
then v € Ay. This latter case corresponds to the ‘4’ case of ‘F’ in the bulleted items
above. Then T'(w) = T'(w’). O

The depth d(T') of a coloured diagram T is defined to be the signed sum of the depth
charges in T with, as before, those to the left side of the vertical axis providing a negative
contribution. This may be used to define a total order on the set of coloured diagrams.
Let T and T" be coloured diagrams with corresponding generalised partitions A and X
We first define X' > X if there exists h such that A} > A\, and X} = \; for 1 <i < h. We
then define 7" < T if either d(7") < d(T'), or both d(T") = d(T) and X' > A. It is easily
verified that this induces a total order on coloured diagrams.

Lemma 4.4.2 Let w,w’' € W. If T(w) = T(w') then w = w'.

Proof: Let w = s4,8;,+-+8;,. Then T'(1) < T(sy,) < T(84,84,) < -++ < T(w) by Lemma
4.4.1. In particular, if w # 1 then T'(w) # T'(1).

Since T'(w) = T'(w’), the recursive construction process implies that T'(wu) = T'(w'u)
for all w € W. In particular, if u = w™!, it follows that T'(1) = T'(w'w™") and therefore,
by the previous paragraph, that w'w=! = 1. Then w’ = w as required. O
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4.5 Proving the characterisation

To characterise the set {\(w)|w € W}, we use the structure of the grids. To this end,
define:
—1 iftg=B", D", AY
A=¢ 0 ifg=DJ; (4.15)
1 iftg=c AD.

Lemma 4.5.1 Let the generalised partition \ be superposed on the grid for a particular
g.
Let g € {Aél), C’él), Ag), Dﬁ)l}. If the unreversed pair straddles the profile of
A in the ith row then: .
N —i=—(k+1) (modh"), (4.16)

and if the reversed pair straddles the profile of \ in the ith row then:
A\ —i=k+ A (modh") (4.17)

(in the g = Ag) case, we identify 0-nodes with n-nodes).

For g = {Bél),Dél),A;i)_l}, the same statement holds if for k = 1, the pair
1s interpreted as either or [2]o], and the pair 1s interpreted as either or
[0]2]; and if for k=0 —2 and g = Dél), the pair 1s interpreted as either
or[ ¢ Je=2], and the pair is interpreted as either [¢=2]¢=1] or[e=2] ¢ ].

The above statement also holds for associated pairs, whether they are regarded as re-
versed or unreversed.

Proof: These results follow immediately from the structure of the grids given in Section
2.2. ]

In what follows, we will use without comment, the extended interpretations of Lemma
4.5.1 that relate to the g = {Bél), Dél), Aéi)_l} cases.

Theorem 4.5.2 Let the generalised partition \ be edge-balanced, and if g = Aél) then
additionally 77, Ny = 0. Then there exists a unique w € W such that A = \(w).

Proof: Let T be the coloured diagram obtained by superposing A on the appropriate
grid. Where there are unordered pairs, the order of each of those bisected by the profile
of T is chosen so that T is even-handed, with augmented pairs added as appropriate (see
Section 2.3). This defines T" uniquely. Below, we seek w € W such that T'= T'(w). The
even-handed requirement above ensures that we don’t fall foul of Corollary 4.2.4. If we
can find w € W such that T'= T'(w) then Lemma 4.4.2 shows w is unique. It would then
follow that A = A\(w) for unique w.

If A is the zero partition then w = 1 uniquely. So assume hereafter that A is not zero.
In the first part of this proof, we will construct a coloured diagram 7" by emulating the
action of s, on T for a suitable k. We let X" be the generalised partition corresponding to
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T'. In each case, it will be verified that 7" < T, where for the purpose of this proof, we
define 7" < T if the list of the absolute values of the parts of A’ written in non-increasing
order lexicographically precedes the corresponding list for .

Let p = max{|\;|}_,, so that p is the largest absolute part in A\. We now examine the
set of node-pairs that are bisected by the profile of A in rows of length +p. We define the
set &F to comprise all r with 1 < r < n such that the unreversed pair is bisected
by the profile in a row of length +p, and the set £ to comprise all  with 1 < r < n such
that the reversed pair is bisected by the profile in a row of length —p. Similarly,
we define the set 5;{ to comprise all » with 0 < r < n — 1 such that the reversed pair
is bisected by the profile in a row of length +p, and the set &£, to comprise all r
with 0 < r < n — 1 such that the unreversed pair is bisected by the profile in a
row of length —p.

In the case of g = Aél), we use the above definitions after identifying an n-node with

a 0-node. Note that at least one of the above four sets is non-empty, and if g = Agl) then
)

Ifg= Bél), Cél), A;i , A(z L or De+1v and ¢ € E5 U &L then take k = (. If g = C’él),
A% or Déil, and 0 € &; U &L then take k = 0. In each of these cases, we form 7’ from
T by a single k-shift. We then immediately see that 77 < T as required.

Otherwise, if g # Aél), we select k such that 1 < k < /—1 for which either k € £ UE;}
but k+1¢ EpUEF, or ke & UEL but k—1¢ E; UESL. Such k exists because one
of the four sets is non-empty, ¢ ¢ € UES, 0 ¢ E; UEL. For the g = Ag) case, we
select k such that 1 < k < n for Wthh either k € 5+ but k+1¢¢&F, ork e&; but

—1 ¢ &;. Such k exists because either & or &} is non empty and Y ;" | \; = 0 implies
that & ;é {1,2,...,n} £ &F.

We now obtain 7" by performing a k-shift on 7. To see that 77 < T, let 7 be the
row in which the profile bisects the identified pair. Then |\;| = p and [\}| = p — 1.
Since A is edge-balanced, there exists A with h # j such that the profile in the hth row
is adjacent to a k-node. The choice of p implies that |A,| < p. If [A\4] < p — 2 then
|ALl < p—1, whereupon we immediately have 77 < T" as required. It remains to consider
|)‘h| S {p7p_ 1}

To proceed, we consider separately the alternative ways of originally selecting k. For
ke&qUEF and k+1 ¢ EL UES, the profile bisects the pairs [ & [k—1] and k+1] ¥ | in rows
j and h respectively, with either pair reversed or unreversed. We claim that if A\, > 0
then the reversed pair is bisected by the profile in the hth row, and if A\;, < 0 then
the unreversed pair is bisected by the profile in the hth row. For |\;| = p, this
claim follows immediately because k +1 ¢ £ U EF. For Ay = p — 1, if the unreversed
pair is bisected by the profile in the hth row then (4.16) gives h = p+ k (mod h").
For A\, = —(p — 1), if the reversed pair is bisected by the profile in the hth
row then (4.17) gives h = —p — k — A + 1 (mod hY). Now if k € & then (4.16) gives
J =p+k(modh),andif k € £ then (4.17) gives j = —p—k—A+1 (mod hv) Comparing
these results for j and h shows that cither 5 = h (modhY) or j +h+ A —1=0(modhY).
However, since 1 < j, h < n with j # k, and using the values of hY given in (2.4), we see
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that neither of these can hold. Thus the above claim is established. We now immediately
see that |\, | = |An| — 1, implying 7" < T as required.

For k € £, UEL and k—1 ¢ E; UESR, the profile bisects the pairs [k+1] & | and [& [k—1]
in rows 7 and h respectively, with either pair reversed or unreversed. The proof then
proceeds in a similar manner to the previous case.

Having obtained 70 = T" from T as above, we iterate this process to produce T,
T®) etc.. If the corresponding partitions are denoted A = X, A®, X3 etc., then
AD > A@ > AB) > ... The nature of the ordering, together with the fact that it is
bounded below by the trivial partition, implies that the process must halt after a finite
number of steps, say N, having produced the trivial coloured diagram T = T'(1).

The above iteration produces a value k at each step. Moreover, if there exists w’
such that 7" = T'(w’) then comparison of the above construction with that of Section 2.4
ensures that T'= T'(w’sy). Thus, if the sequence of ks produced by the above iteration is
ki, ko, ..., ky, then T'= T (w) where w = Sg\ Sgy_, - - - S251. O

5 Coloured diagrams for coset representatives

5.1 Minimal coset representatives

With W defined by (2.9), a mirror image of [7, Prop. 1.10(c)] proves:

Lemma 5.1.1 For each w € W, there exists a unique v € Wy and a unique v € W such
that w = vu. Moreover, {(w) = {(v) + {(u).

This result implies that W is a set of right coset representatives of W with respect to .
It also implies that if u € W, then u is the unique element of smallest length in the coset
W

The following result is a minor extension of [13, Lemma 4.3].

Lemma 5.1.2 Let w' € Wy and w = w'sg. If l(w) = L(w') — 1 then w € Wy. If
l(w) = L(w') + 1 then w € Wy if and only if w'(cy) & AJ. Moreover, if w ¢ W then
there exists j € I such that w'(cy) = a; and w = s;w'.

Proof: First consider /(w) = ¢(w') — 1. For all i € I, we have {(s;w’) > £(w') > {(w's}).
Since {(s;w'sy) = f(s;w') £ 1, it follows that ¢(s;w'sg) > ¢(w's;). Thus, by definition,
w'sy, € Wi.

Now consider ¢(w) = (w') + 1 and let § = w'(cy). Note then that 8 € AL. Assume
that w € W, and let v € W. By Lemma 5.1.1, (vw) = £(v) + {(w) and {(vw') =
((v) + (w’). Therefore, ((vw'sy) = £(vw') + 1. It follows that vw'(ay) € A, so that
v(B) € AL. Now if 3 € A, then on setting v = s3 € W, we obtain v(3) € Ay, so that
v(B) ¢ Af . Therefore, necessarily 3 ¢ AJ.

Now assume that w ¢ W,. By Lemma 5.1.1, there exists v € W and v € W such
that w = vu with {(w) = ¢(v) + £(u), from which follows ¢(w') — ¢(v) = ¢(u) — 1. Now
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w'sy, = w = vu implies that v~'w’ = us;. Since v™1 € W and ((v71) = £(v), we
obtain /(w’) + ¢(v) = ¢(u) & 1. Together with the above expression, this implies that
{(v) € {0,1}, and thus since v # 1, we have v = s; for some j € I. We also obtain
u = sjw's, with ¢(u) = ¢(w’). Then {(s;w’') > {(w') = {(s;w'sy), which implies that
s;(B) = s;w'(ou) € Ar,. Since f € A and «; is the only root which changes sign under
the action of s, it follows that 3 = a; € A as required. Also w's,, w' ™' = Sw'(a) = Say
which gives w'sy, = s;w’. The lemma then follows.

Lemma 5.1.3 Let w' € Wy, w = w'sy, and l(w) = L(w') + 1. Set u = w(p) — p and
v=uw'(p)—p. Ifw¢ W thenpu—veAy. Ifwe W then p—v =—md+~ withm >0
and v € A UAT.

Proof: y—v=w(p) —w'(p) = w'(sk(p) — p) = —w'(a).

In the case that w ¢ W, Lemma 5.1.2 implies that w'(cy,) € AJ whereupon u—v € Ay
as required. (Lemma 5.1.2 also implies that 4 — v = —«; for some j € I.)

Now consider w € W;. Since {(w) = {(w') + 1, we have w'(ay) € A},. Lemma 5.1.2
implies that w'(ax) ¢ Ad, whereupon Theorem 3.3.1 implies that w'(ay) = md — v with
m > 0 and v € AgUA;. Writing w'~!(v) = mé — o, and noting that m > 0, Theorem
3.3.1 shows that w'~!(y) € Af. Since v € AgU Ay, we have v = Zle r;a; for r; € Z
with either all r; non-negative, or all r; non-positive. But the definition (2.9) implies that
((siw') > €(w') for i € I, whereupon ¢(w'~!) > ((w') and therefore w'~*(cay) € Af,. If
follows that the r; are all non-negative and therefore v € A U AT. O

Corollary 5.1.4 Lett >0, w' € Ws(t), keI, and set w = w's,. Then:

< ATUAT if we wih.
Mw); — Mw')i)e; € 0 ! ) 5.1
E (A(w) (w');)e { A7 UAT ifw@lst(tH)- (5.1)

i=1
Proof: Let p = w(p) —p, v = w'(p) —p and u — v = —md + ~ for some m € Z and
v € hj. Then (4.2) gives:

n

S W) = AMw)e = =7 = 7.

1=1

For w € WY Lemma 5.1.3 shows that v € Af UA7.
Now consider w ¢ W™ If ¢(w) = ¢(w') + 1 then Lemma 5.1.3 shows that y € Ay

On the other hand, if {(w) = ¢(w’) — 1 then Lemma 5.1.2 shows that w € W™,
Interchanging the roles of w and w’ in the preceding paragraph then shows that —vy =
v—p € A UAT, and thus v € Ay UAT. The corollary then follows. O

Corollary 5.1.5 Lett >0, w' € Ws(t), keI, and set w = w's,. Then w € i if and
only if T(w) = T(w'"). Moreover, we obtain the full set i by selecting all w'sy, with
w' € W and k € I, for which T(w's;) = T(w').
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Proof: Set v = 32" (A(w); — A(w'))e;. If w € WY then v € Af U AT by Corollary
5.1.4. Theorem 3.3.1 then shows that either v =¢; —¢; with i < j, v =¢ +¢;, v = ¢ or
v = 2¢;, where 1 < 4,75 < n in each case. This shows that T'(w) > T'(w’). On the other
hand, if w ¢ W™ then a similar line of reasoning shows that T'(w) < T'(w').

The second part follows because if w € W™ then there exists k and w’ with ¢ (w') =t,
such that w = w’'s;,. Lemma 5.1.2 then implies that w’ € Ws(t). O

This result enables W, to be constructed recursively by length as described in Section 2.9.

5.2 The shape of things to come
Lemma 5.2.1 Ifw € W and X\ € P* then w € Wy if and only if w(A\+p) — p € P

Proof: Let w € W, A € P* and for i € T set m; = (w(A+ p) — pla)) so that
w(A+p) —p =, mil\;. Note that m; € Z. We now calculate:

= (WA +p) — p!azv)

= (w(A+p)ley) —
=(2/(az|az>>(k+| Hag) — 1
= (2/(ailaq) Y (A + play) —

J€el

where the r; € Z are defined by w™(ay) = Y .70y, Since A € P*, we have 2(\ +
play)/(ajley) > 1 for all j € I.

If w € W, the definition (2.9) implies that ¢(w™'s;) > ¢(w™') whereupon w™'(o;) €
AY. Thus r; € Z>q for each j € I and 1, > 0 for at least one k € I. Thereupon, m; > —1.
Since m; € Z, it now follows that m; > 0 for all i € I so that w(\ + p) — p € P’

On the other hand, if w ¢ W, the definition (2.9) implies that there exists at least
one i € I such that f(w™ts;) < ¢(w™!) whereupon w='(e;) € A;,. Then r; € Z<, for
each j € I and r, < 0 for at least one k € I. It now follows that m; < —1 and therefore
wA+p) —pe P O

Corollary 5.2.2 Let w € W and A = AN(w). Then w € Wy if and only if

AMw)r > Mw)z >

> Aw)n,
and

o Y Aw)i=0ifg=AY;

o Mw)e>0ifg=B" " A AT, or DY,

« Mw)e1 > |\ if g = D}"
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Proof: Applying Lemma 5.2.1 to the left side of (4.2) shows that w € Wy if and only if
Yo AMw)e € P". The required result then follows from Lemma 3.7.2, after noting that
each \(w); € Z. O
This result implies that if w € W, then A(w) is a genuine partition in the cases for
which g = Bél),Cél),Ag),Ag)_l or Dﬁ)l. For the g = Dél) case, it also implies that
(AMw) 1, A(w)a, ..., AMw)e—1, [A(w),]) is a genuine partition, and for the g = Aél) case, it
implies that A(w) = (u; v) for two genuine partitions p and v with |u| = |v|.

5.3 Core characterisation

In this section, we prove the characterisation of {\(w)|w € W} stated in Section 2.10.
The following result, which is obtained by repeated application of [10, Lemma 2.7.13],
will be pivotal in the proofs below.

Lemma 5.3.1 Let A = (A, Ag,..., \o) be a partition, n = ({ — 1,0 —2,...,0) and let
m > 0.

Let {r;}i—1 be non-negative integers such that if we define 3; = X; 4+ n; — rym then
{ﬁ] _, are non-negative and distinct. If ¢ = ((1,Co, ..., () is the partition defined by
G = Bry) — n; where m € &y is such that Bruy > Bray > -+ > Brp), then ¢ may be
obtained from A by removing certain rim m—hooks.

Conwversely, if ¢ is obtained from A by removing certain rim m-hooks, then there exist
{r;}¥i—y and w € & such that Cr(jy + iy = Aj +1; —rym for 1< j < L.

We will also make use of the following result which may be found in [19, p3]. Here, and
below, ' denotes the conjugate of the partition (.

Lemma 5.3.2 Let ( be a partition and let ¢ > (1, p > (. Then the p 4+ q numbers
GHp—i (1<i<p), p-14+j-¢ (1<j<q)

are a permutation of {0,1,2,....p+q—1}.
Theorem 5.3.3 For w € W, let A(w) = (A1, M, ..., A). Ifg =B, ¢V, AD A%
or Déﬂ, then N(w) is a partition whose h”-core  satisfies:

CeA ifg="D" Ay

cec ifg=0C" AP (5.2)

. 2

(e& ifg=DY,
with [(() < (. Ifg = Dél) then (A1, Aa, ...y N1, | Ae|) is a partition whose hY -core ¢
satisfies ( € A and 1({) < L.

On the other hand, if g = Bél), C’él), Ag), A(z L or De+1; and A = (A1,..., Ap) is

a partition whose h"-core ¢ satisfies (5 2) then there exists a unique w € W such that
A = MNw): moreover w € W. If g = D , and X = (A1, A2, ..., Ae—1, \e) is a generalised

partition for which (A1, Aa, ..., Ae_1, |)\g|) is a partition whose hY-core ( satisfies ( € A
and I(¢) < £, then there exists a unique w € W such that A = \w): moreover w € Wi,
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Proof: For g = B, ¢V, DIV, AQ) 4D | or Dﬁ)l, let w e W, AMw) = (A1, A2, ..., Ao)
and \ = (A1, Ag, ..., [\e]). Corollary 5.2.2 shows that ) is a genuine partition in each case,
and if g # Dél) then A = A(w).

Corollary 4.2.2 states that X is edge-balanced. Therefore, using the extended interpre-
tations described in Lemma 4.5.1, each pair for which 0 < k < ¢, straddles the
profile of A, either reversed or unreversed. If the pair straddles the profile in row
i then in the unreversed case, (4.16) shows that \; —i = —(k + 1) (mod h"), and in the
reversed case, (4.17) shows that \; — i = k + A (mod hY).

It is only in the case for which g = Dél) that we can have \ # X. Here, however, the
symmetry of the ¢th row of the Dél) grid about the vertical axis then guarantees that A
is edge-balanced.

Now let & = {k; > ko > --- > k;} be such that k£ € S if and only if the reversed
pair straddles the profile of A and k and k + 1 are not associated values. Thus
k1 < £ —1 when g = Dél) and k; > 0 when A = —1 (i.e. when g = {Bél),Dél),Ag)_l})
Let S ={0,1,...,1 — 1}\S with S = {k} >k} > --- > kj_,}. Then if k € S, either the
unreversed pair straddles the profile, or k and k + 1 are associated values.

We will now apply Lemma 5.3.1 to remove h"-rim hooks from the partition A. So define
G = (S\Z + n;) mod hY for 1 < i < ¢, where 1; = ¢ —i. Now, for 1 < i < ¢, let k be such
that the pair [k+1] ¥ ], either reversed, unreversed or associated, is bisected by the edge in
the ith row of \. If k € S, it is unreversed or associated, so that 3; = (S\i—l—é—i) mod hY =
(—(k+1). If k €S, it is reversed, so that 3; = (A + £ —i)mod hY = { + A + k. Note
that 0 < 3; < hY for 1 < i < ¢ and that the values 3y, 5s, ..., 3 are distinct. Thus on
defining (; = Bru) — mi, with m € & such that By > Br) > -+ > Br(y), we obtain:

Q—z’:{g_(ki+A+£_(£_Z)_Z:ki+A if1<i<t; (5.3)

kpr,+1)—(U—1)—i=—-1—k,,, ift<i<l

Lemma 5.3.1 shows that the partition ¢ can be obtained from A by the removal of rim
hY-hooks. The partition ¢ has Frobenius rank ¢ because ¢, —t = A+ k; > 0 (noting that
ki > 0 whenever A = —1) and (441 — (t+1) = =1 —k,_, < 0. To determine the Frobenius
representation of ¢, we now apply Lemma 5.3.2 with p = £ and ¢ = £ + A. Note that if
j > {thenl—1+i—( = jimplies that ¢ —i < 0. Since we require only those (! for
which ¢/ —i > 0, we consider just the numbers 0,1,...,¢ — 1 in Lemma 5.3.2, and find
that:

{t—1+i-¢1<i<t}={0,1,... L—1N\{{—-1-FK|K e S}
= {{—1—k|keS)}.

This implies that ¢ —i = k; for 1 < i < t. Therefore the partition ¢ has Frobenius
representation:

<h+A ko + A ks+A --- h+A). (5.4)

ky ko ks e ky

From this, its membership of the required set is immediate.
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Furthermore, because (; + C1 +1=2k+A+1<hY (noting that k; < ¢ — 1 when
g= D( ), it follows that ( is a hV-core, thereby proving the first part of the Theorem.

For the second part, assume that \is a partition for which the hY-core ¢ lies in
the particular specified set. So, in Frobenius notation, { takes the form (5.4), with
0<t<Clandl >k >ky>--->k >0, and additionally k; < ¢ — 1 if g = D",
and k, > 0if A = —1. Let § = {ky,ko,...,ki} and let S = {0,1,...,1 — 1}\S with
S={ki>ky,> >k, ,}. Forl<i</{ we then obtain (; using (5.3). Lemma 5.3.1
states that there exist integers {r;}’_, and 7 € &, for which N + N = Cr(i) + Nr(i) + rihY
for 1 < < ¢. Thereupon, p—— Cr(iy — (i) (mod 71\/) for 1 < i < ¢, whereby on using
(5.3),

X—Z'E{ /{:W(l + A 1f7T()<t

k2+1 —m(2) if ﬂ-( ) >t

where the congruences are taken modulo 2. Lemma 4.5.1 then shows that the profile of
) bisects the unreversed or associated pairs when k € S and bisects the reversed
pairs when k € S. It follows that  is edge-balanced. Theorem 4.5.2 then implies
that A = A\(w) for a unique w € W. Corollary 5.2.2 shows that w € W,. In the case in
which g = Dél) and A, > 0, the symmetry of the ¢th row of the grid about the vertical axis
implies that the generalised partition A = (5\1, 5\2, cee 5\5_1, —5\5) is also edge-balanced. So

in this case also, Theorem 4.5.2 implies that A = \(w) for a unique w € W, and Corollary
5.2.2 shows that w € Wi. O

Theorem 5.3.4 Let g = Aﬁ}ll

Forw € Wy, let the partitions p and v be such that (p;v) = AMw). If ¢ is the n-core
of , then (' is the n-core of v. In addition, |u| = |v|.

Conversely, let ( € F and let partitions p and v be such that |u| = |v|, {(n)+0(v) < n
¢ 1s the n-core of u, and (' is the n-core of v. Then there exists a unique w € W such
that AN(w) = (u; v): moreover w € Wi.

Proof: Let p = 4(u), ¢ = ¢(v) and A = (u;v) (= Mw)). Then p; = A; for 1 < i < p,
Vi = —Any1- for 1 <i < gand \; =0 for p <i <n—gq. Since Y. \; = 0 by Corollary
5.2.2, it follows immediately that |u| = |v|.

Let 0 < k < n. If the pair is bisected by the profile in the ith row of A, then
(4.16) shows that \; —i = —(k + 1) (modn). Here and below, we identify with
[ 0 [n—1].

Let S, = {k > k3 > --- > kf} be such that if k& € S, then the pair is
bisected by the profile of A in one of the uppermost p rows. Similarly, let S_ = {k; <
ky < --- <k} besuch that if k € S_ then the pair is bisected by the profile of
A in one of the lowermost ¢ rows. Note that Ay = 0 for p < k < n — q. Thus, for these
values of k, the pair is bisected by the profile in the (k + 1)th row. Corollary
4.2.2 shows that A is edge-balanced, whereupon these values do not occur in S, or S_.
Moreover, we also have S; NS_ =0 and S, US_ ={0,....,.p—1}U{n—gq,...,n—1}.
Set t = #{k|k € S;,k > p}. Note that then #{klk € S_,k <n —q} =t.
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We will now apply Lemma 5.3.1 to remove n-rim hooks from the partition pu =
(p1, .., pp). For1 <i <p, let k € S; be such that the pair is bisected by the pro-
file in the ith row of A, and set 3; = (u;+p—i) mod n = (\;—i+p) mod n = (p—k—1) mod n.
Thereupon,

B p—(k+1) ifk<p;
/6"_{ n+p—(k+1) ifk>p.

Note that the values £, 2, ..., B, are distinct. With 7 € &, such that 8,1y > Br@2) >
o> Brgy, and G = B —p+i for 1 <7 < p, we obtain:

 fn= (k) 1 <i<t

G Z_{—%Lm4+niﬁ<i§p (5.5)

Since (;—t > 0 and (;.1 — (t+1) < 0, the partition ¢ has Frobenius rank ¢. Now note that
(5.5) implies that {¢; +p—i1<i<p}={n+p—-1-kL 1<K <t}U{p—1-kL|t<
K <p}. Lemma 5.3.2 now gives {p — 1+ — (1 <j<qgt={n+p—-1—-kglt <K <
qtU{p—1—kg|l < K <t}. This yields:

= ko, 1<) <t 56)
i~ ey~ ift<j<q. ‘

In particular, we have found that ( has Frobenius representation:

(n—l—k;’ n—l—kr, e n—1—k n_1_k1+) 57

ke ki e Ky ky

Since k;” >n—qand k;, <p—1,wehave ( +(]—1=n—k +k <qg+p—1<n,
which implies that ( is an n-core. By Lemma 5.3.1, it is obtained from p by removing
n-rim hooks, and is therefore the n-core of pu.

We now apply a similar procedure to the partition v. For 1 <1 < ¢, let k € S_ be
such that the pair is bisected by the profile in the (n — 1 —4)th row of A, and set
B; = (v;+q—i)modn = (=A,41; — i+ ¢) modn = (¢ + k) modn. Thereupon,

3 = qg+k iftk<n—gq
Tl gq+k—n ifk>n-—q.

Note that the values 3, B, ... ,Eq are distinct. With o € &, such that Bg(l) > 30(2) >
cee > Bg(q), and (; = Bg(i) —q+ifor1 <i<gq, weobtain (;,—i = ki for 1 <i <t and

Ci—i=ky_;—nfort <i<gq. Lemma 5.3.1shows that the partition ¢ = (Cy,Cy,-- .. C,)
is obtained by removing n-rim hooks from v. On comparing the above values of (; — i
with the values of ¢! — i given by (5.6), we see that ¢ = ¢’. The first part of the theorem
then follows.

For the second part, let u, v and ¢ be as stated, and let p = £(u) and ¢ = £(v), so
that p+ ¢ <n. Then if we set \; = p; for 1 <i <p, \; = —v,1; forn —q¢g <1 <n and
A =0 for p<i<n-—gq, wehave A = (u;v). Note that Y ", \; = 0.
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The Frobenius representation of ( takes the form (5.7) where 0 < ¢t < min{p, ¢},
ki <kf, <o <kif<n-—1,and k; > k_, > --- > ki > 0. Since ( is obtained
from p by removing rim hooks, we have k; < p. Similarly, k7 > n — q. Therefore,
kf —k; >n—q—p>0sothat k > k.

Now define S = {kf > k3 > --- > kf'} and S_ = {k{ < k; < --- <k, } such that
St NS =0, k., >n—qand k', < p. This specifies S, and S_ uniquely, with neither
set containing any element k with p < k < n — ¢. The reasoning in the first part of the
proof then shows that (; satisfies (5.5) for 1 < i < p, and (] satisfies (5.6) for 1 <i <gq.

Lemma 5.3.1 states that there exist integers {r;}}_; and = € &, for which p; +n; =
Cr(i) + Mxi) +rim for 1 <@ < p, where n; = p — 4. Thereupon, y; —i = () — 7(4) (modn)
for 1 < ¢ < p, whereby on using (5.5),

, , —(kf, o+ 1) if (i) <t
)\i_Z_,ui_Z__{ t+1—m(3)
(k;l-t+1 w0 T 1) ifw(i) >t

where the congruences are taken modulo n. Therefore, using (4.16), the profile in the
uppermost p rows of A\ bisects precisely those [k+1] k | for which k£ € S

Similarly, Lemma 5.3.1 states that there exist integers {r;}_, and o € &, for which
vi +m = CJ(Z) + Ny + min for 1 < @ < g, where n; = ¢ — 4. Thereupon v — 1 =
Gy — (@) (modn) for 1 < i < ¢, whereby on using (5.6),
—(ki o T1) ifo(i) <t

)\n+1_i—(n+1—i)=—(n—l—l)—(Vi—i):{ —(k oot 1) ifo(i) >t

)

where the congruences are taken modulo n. Therefore, using (4.16), the profile in the
lowermost ¢ rows of A bisects precisely those for which £ € S_. Since A\gy1 =0
for p < k < n — q, the profile in the (k + 1)th row of A bisects [k+1] ¥ ], and so A is
edge-balanced. Theorem 4.5.2 now applies to show that there exists a unique w € W
such that A(w) = A = (p;v). Since >~ A; = 0, Corollary 5.2.2 then shows that w € Wi.
O

In the following corollary, we summarise the above results using the sets P*(g) defined
in Section 2.10.

Corollary 5.3.5 If g = Bél), Cél), Dél), Ag), Agi)_l, or Dﬁl, then there is a bijection

between Wy and the set PT(g) of generalised partitions. The bijection is such that if
A\ € Pt(g) is the bijective image of w € W then:

w(p) —p= Z Ni€;. (5.8)

Ifg = Ail 1, then there is a bijection between Wy and the set PT(g) of pairs (u;v) of
partitions. This bijection is such that if (u;v) € PT(g) is the bijective image of w € W,

then:
£(t) £v)
w(p) —p= Z pi€i — Z Vi€nt1—i- (5.9)
=1 =1
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Proof: The stated bijections follow immediately from Theorems 5.3.3 and 5.3.4. The
expressions for w(p) — p immediately follow from (4.2). O
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