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Foreword

Coxeter groups arise in a multitude of ways in several areas of mathemat-
ics. They are studied in algebra, geometry, and combinatorics, and certain
aspects are of importance also in other fields of mathematics. The theory
of Coxeter groups has been exposited from algebraic and geometric points
of view in several places, also in book form. The purpose of this work is to
present its core combinatorial aspects.

By “combinatorics of Coxeter groups” we have in mind the mathematics
that has to do with reduced expressions, partial order of group elements,
enumeration, associated graphs and combinatorial cell complexes, and con-
nections with combinatorial representation theory. There are some other
topics that could also be included under this general heading (e.g., combi-
natorial properties of reflection hyperplane arrangements on the geometric
side and deeper connections with root systems and representation theory
on the algebraic side). However, with the stated aim, there is already more
than plenty of material to fill one volume, so with this “disclaimer” we limit
ourselves to the chosen core topics.

It is often the case that phenomena of Coxeter groups can be understood
in several ways, using either an algebraic, a geometric, or a combinatorial
approach. The interplay between these aspects provides the theory with
much of its richness and depth. When alternate approaches are possible,
we usually choose a combinatorial one, since it is our task to tell this side
of the story. For a more complete understanding of the subject, the reader
is urged to study also its algebraic and geometric aspects. The notes at the
end of each chapter provide references and hints for further study.



xii Foreword

The book is divided into two parts. The first part, comprising Chapters 1
— 4, gives a self-contained introduction to combinatorial Coxeter group the-
ory. We treat the combinatorics of reduced decompositions, Bruhat order,
weak order, and some aspects of root systems. The second part consists of
four independent chapters dealing with certain more advanced topics. In
Chapters 5 — 7, some external references are necessary, but we have tried
to minimize reliance on other sources. Chapter 8, which is elementary, dis-
cusses permutation representations of the most important finite and affine
Coxeter groups.

Exercises are provided to all chapters — both easier exercises, meant
to test understanding of the material, and more difficult ones representing
results from the research literature. Open problems are marked with an
asterisk. Thus, the book is meant to have a dual character as both graduate
textbook (particularly Part I) and as research monograph (particularly
Part II).

Acknowledgments: Work on this book has taken place at highly irregular
intervals during the years 1993-2004. An essentially complete and final
version was ready in 1999, but publication was delayed due to unfortunate
circumstances. During the time of writing we have enjoyed the support of
the Volkswagen-Stiftung (RiP-program at Oberwolfach), of the Fondazione
San Michele, and of EC grants Nos. CHRX-CT93-0400 and HPRN-CT-
2001-00272 (Algebraic Combinatorics in Europe).

Several people have offered helpful comments and suggestions. We par-
ticularly thank Sergey Fomin and Victor Reiner, who used preliminary
versions of the book as course material at MIT and University of Min-
nesota and provided invaluable feedback. Useful suggestions have been
given also by Christos Athanasiadis, Henrik Eriksson, Axel Hultman, and
Federico Incitti. Giinter Ziegler provided much needed help with the mys-
teries of I/ TEX. Special thanks go to Annamaria Brenti and Siv Sandvik,
who did much of the original typing of text, and to Federico Incitti, who
helped us create many of the figures and improve some of the ones created
by us. Figure 1.1 was provided by Frank Lutz and Figure 1.3 by Jiirgen
Richter-Gebert.

Stockholm and Rome, September 2004

Anders Bjorner and Francesco Brenti



Notation

We collect here some notation that is adhered to throughout the book.

[a]

sgn(a)

(51‘]‘ or (5(2,])
|A], #A,
or card(A)

AYB
AAB
2A

A

(%)

A*

the integers

the non-negative integers

the positive integers

the rational, real, and complex numbers

the set {1,2,...,n} (n € N), in particular [0] =0
theset {n€Z: a<n<b} (a,b€Z)

the set [—n,n] \ {0}

the set {a1,...,a,} with total order a; < --- < ay,
the largest integer < a (a € R)

the smallest integer > a (a € R)

, 1, ifa>0,
the sign of a real number: sgn(a) e 0, ifa=0,
-1, ifa<0O.

et [ 1, ifi=j,

the Kronecker delta: 6;; = { 0, ifi].

the cardinality of a set A

the union of two disjoint sets

the symmetric difference AU B\ (AN B)

the family of all subsets of a finite set A

the family of all k-element subsets of a finite set A
the set of all words with letters from an alphabet A

Each result (theorem, corollary, proposition, or lemma) is numbered con-
secutively within sections. So, for example, Theorem 2.3.3 is the third result
in the third section of Chapter 2 (i.e., in Section 2.3). The symbol O de-
notes the end of a proof or an example. A O appearing at the end of the
statement of a result signifies that the result should be obvious at that
stage of reading, or else that a reference to a proof is given.



1
The basics

Coxeter groups are defined in a simple way by generators and relations.
A key example is the symmetric group S,, which can be realized as per-
mutations (combinatorics), as symmetries of a regular (n — 1)-dimensional
simplex (geometry), or as the Weyl group of the type A,,_; root system or
of the general linear group (algebra). The general theory of Coxeter groups
expands and interweaves the many mathematical themes and aspects
suggested by this example.

In this chapter, we give the basic definitions, present some examples, and
derive the most elementary combinatorial facts underlying the rest of the
book. Readers who already know the fundamentals of the theory can skim
or skip this chapter.

1.1 Coxeter systems

Let S be a set. A matrix m : S xS — {1,2,...,00} is called a Cozeter
matriz if it satisfies

m(s,s') = m(s',s); (1.1)
m(s,s)=1 < s=4".
Equivalently, m can be represented by a Coxeter graph (or Cozeter dia-

gram) whose node set is S and whose edges are the unordered pairs {s, s’}
such that m(s,s’) > 3. The edges with m(s,s’) > 4 are labeled by that
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number. For instance,

S4
1 2 3 2 o
2 1 4 2
3 4 1 o s1 83 4
2 2 oo 1
52

Let S2 = {(s,s') € 5% : m(s,s') # oco}. A Coxeter matrix m determines
a group W with the presentation

{ Generators: S

Relations: (ss')™(%) = ¢, for all (s,8') € S,.. (1.3)

Here, and in the sequel, “e” denotes the identity element of any group
under consideration. Since m(s, s) = 1, we have that

s?=e, forallsesS, (1.4)
which, in turn, shows that the relation (ss’)m(s’s/) = e is equivalent to
ss'ss’'s.. ,=s'ss'ss ... . (1.5)
m(s,s’) m(s,s’)

In particular, m(s, s’) = 2 (i.e., two distinct nodes s and s’ are not neighbors
in the Coxeter graph) if and only if s and s’ commute.

For instance, the group determined by the above Coxeter diagram is
generated by s1, So, 3, and s4 subject to the relations

si=si=si=s]=c¢

5182 = 85251

§18351 = 535153
§154 = 5451
§28535283 = 53525352
5954 = S54S52.

If a group W has a presentation such as (1.3), then the pair (W, S) is
called a Cozxeter system. The group W is the Cozxeter group and S is the
set of Cozeter generators. The cardinality of S is called the rank of (W, S).

Most groups of interest will be of finite rank. The system is irreducible if
its Coxeter graph is connected.

When referring to an abstract group as a Coxeter group, one usually
has in mind not only W but the pair (W, S), with a specific generating set
S tacitly understood. Some caution is necessary in such cases, since the
isomorphism type of (W, .S) is not determined by the group W alone; see
Exercise 2.

The following three statements are equivalent and make explicit what it
means for W to be determined by m via the presentation (1.3):
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1. (Universality Property) If G is a group and f : S — G is a mapping
such that

(F(s)f(s)™) = e
for all (s,s’) € S2_, then there is a unique extension of f to a group
homomorphism f: W — G.

2. W = F/N, where F is the free group generated by S and N is the
normal subgroup generated by {(ss')™®*) . (s,s') € S2_}.

3. Let S* be the free monoid generated by S (i.e., the set of words in the
alphabet S with concatenation as product). Let = be the equivalence
relation generated by allowing insertion or deletion of any word of
the form

’
(s8")™(55) =56’ s5's... 5 55
—_—

2m(s,s’)
for (s,s’) € SZ . Then, S*/ = forms a group isomorphic to W.

It might seem that to be precise we should use different symbols for the
elements of S and for their images in W = S*/ = under the surjection

o SF W (1.6)

However, this is needlessly pedantic since, in practice, the possibility of
confusion is negligible. It will be shown (Proposition 1.1.1) that s # s’ in
S implies ¢(s) # ¢(s’) in W and (Corollary 1.4.8) that S is a minimal
generating system for W.

Let (W, .S) be a Coxeter system. Definition (1.3) leaves some uncertainty
about the orders of pairwise products ss’ as elements of W (s,s" € S). All
that immediately follows is that the order of ss’ divides m(s, s’) if m(s, s’)
is finite. This leaves open the possibility that distinct Coxeter graphs might
determine isomorphic Coxeter systems. However, this is not the case.

Proposition 1.1.1 Let (W, S) be the Cozeter system determined by a Coz-
eter matriz m. Let s and s’ be distinct elements of S. Then, the following
hold:

(i) (The classes of) s and s' are distinct in W.
(it) The order of ss' in W is m(s,s’).

The proof is postponed to Section 4.1, where it is obtained for free as a
by-product of some other material. Section 4.1 makes no use of (or even
mention of) any material in the intermediate sections, so it is possible for
a systematic reader, who wants to see a proof for Proposition 1.1.1 at this
stage of reading, to go directly from here to Section 4.1.

It is a consequence of Proposition 1.1.1 that the Coxeter matrix
(m(s,s"))s,s’es can be fully reconstructed from the group W and the
generating set S. This leads to an important conclusion.
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Theorem 1.1.2 Up to isomorphism there is a one-to-one correspondence
between Coxeter matrices and Cozeter systems. O

The finite irreducible Coxeter systems, as well as certain classes of infinite
ones, have been classified. See Appendix Al for the classification of the
finite and so-called affine groups and [306] for additional information. From
now on, we will every now and then refer to these Coxeter groups by their
conventional names mentioned in Appendix Al, but the classification as
such will not play any significant role in the book. There is no essential
restriction in confining attention to the irreducible case, since reducible
Coxeter groups decompose uniquely as a product of irreducible ones (see
Exercise 2.3).

The finite Coxeter groups for which m(s,s’) € {2,3,4,6} for all (s,s’) €
S2,s # s are called Weyl groups, a name motivated by Lie theory (see
Example 1.2.10). The Coxeter groups for which m(s,s’) € {2,3} for all
(s,8") € 82,5 # s are called simply-laced.

1.2 Examples

Let us now look at a few examples. The following list is not intended to be
systematic — the aim is merely to acquaint the reader with some of the
groups that play an important role in the combinatorial theory of Coxeter
groups and to exemplify some of the diverse ways in which Coxeter groups
arise. More examples can be found in Chapter 8.

Example 1.2.1 The graph with n isolated vertices (no edges) is the
Coxeter graph of the group Zs X Zg X -+ - X Zso of order 2. O

Example 1.2.2 The universal Coxeter group U, of rank n is defined by
the complete graph with all (§) edges marked by “cc.” Equivalently, it is
the group having n generators of order 2 and no other relations. Each group
element can be uniquely expressed as a word in the alphabet of generators,
and these words are precisely the ones where no adjacent letters are equal. O

Example 1.2.3 The path

S1 S2 S3 Sn—2 Sn—1

is the Coxeter graph of the symmetric group S,, with respect to the gener-
ating system of adjacent transpositions s; = (¢,i+1),1 <i <n—1. Thisis
proved in Proposition 1.5.4. An understanding of this particular example
is very valuable, both because of the importance of the symmetric group
as such and its role as the most accessible nontrivial example of a Cox-
eter group. We will frequently return to S,, in order to concretely illustrate
various general concepts and constructions. O
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Example 1.2.4 The graph

4
O o— ----- —0—o0

S0 S1 52 S3 Sn—2 Sn—1

is the Coxeter graph of the group S2Z of all signed permutations of the
set [n] = {1,2,...,n}. See Section 8.1 for a detailed description of this
group. It can be thought of in terms of the following combinatorial model.
Suppose that we have a deck of n cards, such that the j-th card has “+j;”
written on one side and “—j5” on the other. The elements of S can then
be identified with the possible rearrangements of stacks of cards; that is,
a group element is a permutation of [n] = {1,2,...,n} (the order of the
cards in the stack) together with the sign information [n] — {4, —} (telling
which side of each card is up). The Coxeter generators s;, 1 <i <mn —1,
interchange the card in position ¢ with that in position ¢ + 1 in the stack
(preserving orientation), and sq flips card 1 (the top card).
The group SZ has a subgroup, denoted S, with Coxeter graph

50
O Oo— ----- —O0—O
S1 S92 S3 S4 Sn—2 Sn—1

Here, s, = sps180. In terms of the card model this group consists of the
stacks with an even number of turned-over cards (i.e., with minus side up).
The generators s;, 1 <i <n — 1, are adjacent interchanges as before, and
so flips cards 1 and 2 together (as a package). See Section 8.2 for more
about this group. O

Example 1.2.5 The circuit

S1 S2 S3 Sn—2 Sn—1

is the Coxeter graph of the group S, of affine permutations of the integers.
This is the group of all permutations x of the set Z such that

x(j+n)=xz(j)+n, foralljeZ,
and
n
. n+1
>at = ("),
i=1

with composition as group operation. The Coxeter generators are the peri-
odic adjacent transpositions 8; = [[;c5(i +jn,i+1+jn) fori=1,...,n.
See Section 8.3 for more about these infinite permutation groups. O
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Example 1.2.6 The one-way infinite path

O O— -----
S1 S2 S3 S4

is the Coxeter graph of the group of permutations with finite support of the
positive integers (i.e., permutations that leave all but a finite subset fixed).
The generators are the adjacent transpositions s; = (4,44 1), 1 <. O

Example 1.2.7 Dihedral groups. Let L1 and Lo be straight lines through
the origin of the Euclidean plane E2. Assume that the angle between them
is %, for some integer m > 2. Let r; be the orthogonal reflection through
L1, and similarly for ro. Then, r17ry is a rotation of the plane through the
angle %’T and, hence, (r172)™ = e.

s ri(L2) [=rira(L2)]

Let G,, be the group generated by r; and ry. Simple geometric consid-
erations show that G,, consists of the m rotations of the plane through
angles %, 0 < k < m, and these m rotations followed by the reflection 7.
Hence, |G| = 2m.

Now, define Iz(m) to be the Coxeter group given by the Coxeter graph

m
Oo——O0

S1 S2

Directly from the definition, one sees that every element of Io(m) can
be represented as an alternating word s159518981 ... Or 8281828183 ... of
length < m. (This includes the identity element represented by the empty
word.) Since there are two such words of each positive length and the
two words of length m represent the same group element, it follows that
|[Iz(m)| < 2m.

Since r? = r3 = (ri72)™ = e, there is a surjective homomorphism f :
Iy(m) — G, extending s; — 7,4 = 1,2. We have seen that |I3(m)| < |G, |.
Consequently, f must be an isomorphism.

The group I2(m) is called the dihedral group of order 2m. Similarly, the
group I»(c0) (which is easily seen to be of infinite order) is called the infinite
dihedral group. It arises as the group generated by orthogonal reflections rq
and 79 in lines whose angle is a nonrational multiple of 7. O
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Example 1.2.8 Symmetry groups of reqular polytopes. The symmetries of
a regular m-gon in the plane are the m rotations and the m orthogonal
reflections through a line of symmetry. Thus, the symmetry group is the
dihedral group I(m) discussed in the previous example.

The 2-dimensional regular polygons have their counterparts in higher
dimensions among the regular polytopes. A d-dimensional convex polytope
is regular if given two nested sequences of faces Fy C Fy C --- C Fy 4
(dim F; = i), there is some isometry of d-space that maps the polytope
onto itself and maps the first sequence of faces to the other one. It turns
out that the symmetry groups of regular polytopes are always Coxeter
groups.

The 3-dimensional regular polytopes are known since antiquity. They
are the five Platonic solids. The higher-dimensional regular poytopes
were classified by Schléfli in the mid-1800s. The full classification, with
corresponding Coxeter groups as symmetry groups, is as follows:

Dimension | Regular Polytope | Coxeter group
d simplex Ay
d cube By
d hyperoctahedron By
2 m-gon I (m)
3 dodecahedron H;
3 icosahedron H;
4 24-cell Fy
4 120-cell H,
4 600-cell Hy

Certain of these polytopes appear in pairs of dual polytopes that share the
same symmetry group. The rest are self-dual.

Let us illustrate the link between polytope and group by having a look
at the geometry of the dodecahedron. As illustrated in Figure 1.1, the
dodecahedron has 15 planes of symmetry, and these planes subdivide its
boundary into 120 congruent triangles. The orthogonal reflections through
the planes generate the full symmetry group W, and this group acts simply
transitively on the triangles.

Seen from this geometric perspective, what are the Coxeter generators?
Fix any one of the 120 triangles and call this the “fundamental region.”
Take as S the three reflections in the “walls” of this triangle. Then, (W, S)
is a Coxeter system.

The Coxeter matrix can be read from the geometry in the following
way. Notice in Figure 1.1 that the dihedral angles in the corners of any
triangle (in particular, of the fundamental region) are 7/2,7/3, and 7/5.
The denominators are the defining numbers m(s, s’) of the Coxeter system
of type Hs. O
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Figure 1.1. Symmetries of the dodecahedron.

Example 1.2.9 Reflection groups. The example of the dodecahedron
shows how a certain finite Coxeter group can be realized as a group of
geometric transformations generated by reflections. This is, in fact, true of
all finite Coxeter groups, not only the ones related to regular polytopes. It
is also true for the infinite Coxeter groups, although here one may need to
relax the concept of reflection.

The two most important classes of infinite Coxeter groups are defined
in terms of their realizations as reflection groups. These are the affine and
hyperbolic Coxeter groups. We will not discuss the precise definitions here;
suffice it to say that they arise from suitably defined reflections in affine
(resp. hyperbolic) space. The irreducible groups of both types have been
classified.

Here are a few low-dimensional examples that should convey the general
idea. There are three affine irreducible Coxeter systems of rank 3: As, Co,
and Gg (cf. Appendix A1). The corresponding arrangements of reflecting
lines are shown in Figure 1.2. There are infinitely many hyperbolic irre-
ducible Coxeter systems of rank 3 (but only finitely many in higher ranks);
the system of reflecting lines for one of them is shown in Figure 1.3.

Just as for the dodecahedron, the Coxeter generators for these affine
and hyperbolic groups can be taken to be the reflections in the three lines
that border a fundamental region. Furthermore, the Coxeter matrix of the
group can be read off from the angles at which these lines pairwise meet.
For instance, these angles are, in the case of Figure 1.3, respectively /2,
m/3, and 0 = 7/co. Again, the denominators are the edge labels of the
Coxeter diagram o
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AR

OO0 ¢ AR

/N/N/N/N /N AN \

Figure 1.2. The gg, 6’2, and G tesselations of the affine plane.

9
)

)

U

X

Figure 1.3. The —o>0 tesselation of the hyperbolic plane.

Example 1.2.10 Weyl groups of root systems. This example concerns a
special class of groups generated by reflections, which is of great importance
in the theory of semisimple Lie algebras. In that context, the following finite
vector systems in Euclidean space E? naturally arise. (Recall that E is the
same as R? endowed with a positive definite symmetric bilinear form.)

For a € E4\{0}, let o, denote the orthogonal reflection in the hyperplane
orthogonal to . In particular, o, () = —a.
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Definition. A finite set ® C E4\ {0} is called a crystallographic root system
if it spans E? and for all a, 3 € ®, the following hold:

(1) ®NRa = {a, —a}.
(2) 04(P) = P.
(3) 04(0) is obtained from ( by adding an integral multiple of «.

The group W generated by the reflections o4, a € @, is called the Weyl
group of ®. It is (with a natural choice of generators) a Coxeter group. It
is known that every finite irreducible Coxeter group, with the exception of
Hs, Hy, and Iz(m) for m # 2,3,4,6, can appear as the Weyl group of a
crystallographic root system. The classification of semisimple Lie algebras
proceeds via the classification of their root systems and is thus closely
linked to the classification of finite Coxeter groups.

In Chapter 4, we consider a more general concept of root system, available
for every Coxeter group. The more restrictive crystallographic root systems
will not reappear in this book. O

Example 1.2.11 Matriz groups and BN-pairs. Coxeter groups can arise
as groups of matrices. For instance, * =~ PGLy(Z), the projective
general linear group (consisting of invertible 2 x 2 matrices with integer
entries where a matrix and its negative are identified).

However, the classical matrix groups over fields are not themselves Cox-
eter groups. Nevertheless, Coxeter groups play an important role in their
theory. In a precise sense, there sits “inside” such a matrix group G a
certain Coxeter group, called its “Weyl group,” which controls important
features of the structure of G.

We now sketch the connection with matrix groups, via the axiomatization
as “groups with BN-pair,” due to Tits.

Definition. A pair B, N of subgroups of a group G is called a BN-pair (or
Tits system) if the following hold:

(1) BUN generates G, and BN N is normal in N.

(2) W def N/(B N N) is generated by some set S of involutions.

(3) se SSweW = BsB-BwB C BswBU BwB.
(4) s€ S = BsB-BsB # B.

It can be shown to follow from these axioms that the set S is uniquely
determined and that the pair (W,S) is a Coxeter system. The group W
is called the Weyl group and the number |S| is the rank of the BN-pair
(G;B,N).

Notice that the double coset BwB is well-defined by the coset w €
N/(BNN). Axioms (3) and (4) suggest the possibility of an induced alge-
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braic structure on the set { BwB},ecw. This leads to the so-called “Hecke
algebra” of (W, S), underlying Chapters 5 and 6.

The simplest example of a BN-pair is that of a group G acting doubly

transitively on a set £ of size > 3. Let z # y in E, and let B def Stab({z})

and N & Stab({z,y}). This is a BN-pair of rank 1. Conversely, given a
BN-pair of rank 1, one can show that G acts doubly transitively on G/B.

A more instructive example is that of the general linear group GL,,(F),
consisting of invertible n x n matrices over a field F. Here, there is a “canon-
ical” BN-pair consisting of the group B of upper-triangular matrices and
the group N of monomial matrices (having exactly one nonzero element
in each row and each column). In this case, as is easy to see, the Weyl
group is the group of permutation matrices. Hence, GL,, (F) has a BN-pair
of type A and of rank n — 1. The other classical matrix groups (orthogonal,
symplectic, etc.) have BN-pairs, as do all groups “of Lie type.” Hence, they
can be classified according to the type of their Weyl group.

It is known that every finite irreducible Coxeter group, with the exception
of Hs, Hy, and Is(m) for m # 2,3,4,6,8, can appear as the Weyl group of
a finite group with a BN-pair. The finite groups with BN-pairs of rank > 3
have been classified by Tits. They include all of the finite simple groups
except the cyclic groups of prime order, the alternating groups A,, (n > 5),
and the 26 sporadic groups.

One of the most important features of a group G with a BN-pair is the
following:

Bruhat decomposition: G = W, cw BwB.

Thus, the Weyl group W acts as indexing set for a partition of the group
G into pairwise disjoint subsets (double cosets w.r.t. the subgroup B). In
the cases of classical matrix groups, this partition induces a partial order
on the set W. This partial order is the topic of Chapter 2. O

1.3 A permutation representation

We now return to the program of deriving the basics of combinatorial Cox-
eter group theory “from scratch,” and we continue the discussion where we
left off in Section 1.1. Our immediate goal is to get as quickly as possible
to the core combinatorial properties of a Coxeter group, such as the ex-
change property that is discussed in the next section. It turns out that the
description of the group via its defining presentation (1.3) is ill suited for
this purpose — one needs the added structure coming from some suitable
concrete realization of the group.

This section describes a realization as a permutation group that leads
quite quickly to the goal. This permutation representation is introduced
here for the sole purpose of proving Theorem 1.4.3 of the following section;
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it will not reappear in this form after that. (However, it will reappear in
the guise of permutations of the root system of (W, S) in Section 4.4, for

the connection see Exercise 4.7.)

Throughout this section, (W, S) denotes a Coxeter system. Let T' wef

{wsw™t: s €8, we W}. The elements of T (i.e., the elements conjugate
to some Coxeter generator) are called reflections. The definition shows that
S C T and that

t?=e, forallteT. (1.7)

The elements of S are sometimes called simple reflections.
Given a word s1 S3...8; € S*, define

t; def 8$189...8_18;8_1...881, forl<i<k, (1.8)
and the ordered k-tuple

def
9 (4 b tR). (1.9)

f(sl S2...8k)
For instance,
f(abca) = (a, aba, abcba, abcacba).

As stated earlier, we consider words in S* also as elements in W (reading
them as a product) without change of notation. Note that

ti :(51...82',1)82'(51...57;71)_1 GT, (110)
ti5189...5,=251...51...5 (Si omitted), (1.11)

and
S§182...8; :titi—ln-tl- (1.12)

Lemma 1.3.1 If w = s182...5k, with k minimal, then t; # t; for all
1<i<j<k.

Proof. If t; = t; for some 7 < j then w = tit;s182...5, =
$1...8...8j...8; (e, s; and s; deleted), which contradicts the mini-
mality of k. O

For s185...5;, € S*and t € T, let

n(sy Sz ...8k;t) 4 the number of times ¢ appears in f(slsz e Sk).

(1.13)
Furthermore, for s € S and t € T, let
o { b0 w10
Note that
(—1)n(s1s2skit) — ﬁ N(8i;8i—1...81t81...8i-1). (1.15)

i=1
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We will consider the group S(R) of all permutations of the set
R=Tx{+1,—-1}.
For s € S, define a mapping 75 of R to itself by
ms(t,€) & (sts,en(s;t)).
The computation
72(t, ) = mo(sts,en(s;t)) = (sstss,en(s;t)n(s;sts)) = (t,¢€)
shows that m, € S(R).

Theorem 1.3.2 (i) The mapping s +— m, extends uniquely to an
injective homomorphism w +— m,, from W to S(R).

(ii) m(t,e) = (t,—¢), forallt € T.
Proof. We verify the assertions in several steps.
(1) Tt was already shown that 72 = idg.
(2) Let s,s" € S and m(s,s’) = p # oo. We claim that
(ms mer )P = idg.
To prove this, let

s, if i is even

{ s', if 7 is odd,
S; =

and let s denote the word sisa...s3, = s'ss'ss’...s’s. Let f(s) =
(tl, tz, PN ,tzp); that iS,

ti=8182...58i...5081 = (s'8)71s’, 1<4<2p.
Since (s's)P = e, we have that
tpti =ti, 1<1<p,
which implies that n(s;t) is even for all ¢ € T'. Let
(t',e") = (msme )P (t,€) = Moy, Mgy, - s, (£,€).

Then, t' = sgp...81t81...52p = t, since $182...52p, = (s's)P = e.
Furthermore, using (1.15), we get

2p
ed=e HW(Si $8ic1...81681...8-1) =€ (71)"(5;” =c.
i=1

So, the claim is proved.

(3) By the universality property and what has just been shown, the
mapping s — 75 extends to a homomorphism w +— m, of W. If w =
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Sk Sk—1 - - - S1, we compute

Tw(t,€) = Ts, sy -+ Tsy (£, 6)

k
= (8k...81t$1...5k,5 H’I](Si;si_l...51t81...5i_1)>
i=1

= (wtw™ !, e (—1)nire i), (1.16)
In particular, the parity of n(s1sz...sk;t) only depends on w and ¢.

(4) Suppose that w # e. Choose an expression w = s Sg—1...51 with &
minimal, and let f(slsg c..8k) = (t1,t2,...,tr). By Lemma 1.3.1, all ¢;’s
are distinct, so n(sisa...sx;t;) = 1. Therefore, m,(t;,e) = (wt;w™t, —¢)
for 1 <4 < k by equation (1.16), which shows that m, # idg. Hence, the
homomorphism is injective.

(5) We show part (ii) of the theorem by induction on the size of a symmetric
expression for t. Let

t=5152...5p...5251, s; € 8.
The case p =1 is clear by definition. Then, by induction,
Ts1...8p...51 (81 e Sp e 81,6)

= Moy Man.rsposn (82 8p ... 52,N(51381...5p...51))
= T, (S2...8p...52,—€n(s1;82...5p...52))

= (sl...sp...sl,fsnz(sl;32...sp...32))

= (t,—e).

Forwe W andt eT, let
n(w;t) déf (_1)n(slsg...sk;t)’ (1.17>

where w = s$182...8 is an arbitrary expression, s; € S. Step (3) of the
proof shows that this is well defined. This definition extends that of n(s;t)
for s € S given in equation (1.14) and makes it possible to rewrite equation
(1.16) as follows:

Tw(t,e) = (wtw™ L en(w™;t)). (1.18)

1.4 Reduced words and the exchange property

In this section, we prove some fundamental combinatorial properties of the
system of words representing any given element of a Coxeter group.
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Let (W, S) be a Coxeter system. Each element w € W can be written as
a product of generators:

W= 8182...Sk, s; € 8S.

If £ is minimal among all such expressions for w, then k is called the length
of w (written ¢(w) = k) and the word s1ss... sy is called a reduced word
(or reduced decomposition or reduced expression) for w. As discussed in
Section 1.1, we let “sys5...s,” denote both the product of these generators
(an element of W) and the word formed by listing them in this order (an
element of the free monoid S*).

The following is an immediate consequence of the Universality Property.

Lemma 1.4.1 The map € : s — —1, for all s € S, extends to a group
homomorphism e : W — {+1,—1}. O

Here are some basic properties of the length function.

Proposition 1.4.2 For all u,w € W:
(i) e(w) = (1)),
(i) £(uw) = £(u) + £(w) (mod 2),
(iii) L(sw) = €(w) £ 1, for all s € S,
fiv) L) = t(w),
() 16(u) — Cw)] < Luw) < 4(u) + w),
(vi) L(uw™?') is a metric on W.

Proof. Parts (i) — (iii) follow from Lemma 1.4.1. We leave the rest as
exercises. O

It is a consequence of Lemma 1.4.1 that the elements of even length form
a subgroup of W of index 2. This is called the alternating subgroup (fol-
lowing the terminology of the symmetric group) or the rotation subgroup
(following the terminology of finite reflection groups) of W.

We now come to the so-called “exchange property,” which is a funda-
mental combinatorial property of a Coxeter group. In its basic version,
appearing in the following section, the condition ¢ € T in the statement
below is weakened to ¢t € S, hence the adjective “strong” for the version
given here.

Theorem 1.4.3 (Strong Exchange Property) Suppose W= 8152...5k
(si € S)andt e T. If L(tw) < L(w), then tw = s1 . .8k for some
i€ [kl

Proof. Recall the number n(w;t) € {+1,—1} defined in definition (1.17).
We prove the equivalence of these two conditions:

(a) L(tw) < L(w),
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(b) n(wst) = —1.

First, assume that n(w;t) = —1, and choose a reduced expression
w = s1s5...8),. Since n(ssh...s);t) is odd, we deduce that ¢t =
s18h ... s, ... shs} for some 1 < ¢ < d. Hence,

O(tw) = (s} ... sh...s)) < d=L(w).

i
Second, assume that n(w;t) = 1. Using equation (1.18), we get

W(tw)—l(t,zf) = M1 7(t,€) = myp—1(t, —€)
= (wMtw, —en(w;t)) = (v tw, —¢).

This means that n(tw ;t) = —1, which by the implication (b) = (a) already
proved shows that £(ttw) < £(tw), that is, £(tw) > £(w).

The implication (a) = (b) now concludes the proof. Suppose that
((tw) < f(w). Then, since n(w;t) = (—1)"=1525658)  we deduce that
n(s182...85;t) is odd, and hence that ¢ = s182...5;...8251 for some i.
Therefore, tw = s1...5;...8,. O

Corollary 1.4.4 If w = $182...8k is reduced and t € T, then the follwing
are equivalent:

(a) L(tw) < L(w),
(b) tw=51...5;...5k, for some i € [k],

(c) t=8182...5;...8281, for some i € [k].

“p
2

Furthermore, the index appearing in (b) and (c) is uniquely determined.

Proof. The equivalence (b) < (c) is easy to see (and does not require the
hypothesis that s1s3... s, is reduced). Uniqueness is provided by Lemma
1.3.1.

Theorem 1.4.3 shows that (a) = (b), and the converse is obvious. O

We now have the following definitions:

Ty (w) j:i {teT: (tw) < ((w)},

(1.19)
Tr(w) L {te T (wt) < L(w)}.

In this notation “L” and “R” are mnemonic for “left” and “right.” T, (w)
is called the set of left associated reflections to w, and similarly for Tr(w).
Corollary 1.4.4 gives some useful characterizations of the set T (w). Ap-
plying these to w™!, we get the corresponding “mirrored” statements for
Tr(w), since clearly

TR(w) = TL(w_l).
Corollary 1.4.5 |TL(w)| = l(w) .
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Proof. Let w = s183...58, k = £(w). Then, Ty, (w) = {s152...8;...5281 :
1 <4 < k} by Corollary 1.4.4, and these elements are all distinct by Lemma
1.3.1. 0O

We will quite often need to refer to the associated simple reflections, for
which we introduce the following special notation and terminology:

Dy(w) ¥ Tu(w)N'S,

Dr(w) % Tr(w) N S. (1.20)
Dp(w) is called the right descent set, and similarly for Dy (w). Their ele-
ments are called right (resp. left) descents. The reason for this terminology
will become clear in Proposition 1.5.3, where we specialize to the sym-

metric groups, and even more so in Chapter 8. Note that, by symmetry,
DR(w) = DL(’wil).

Corollary 1.4.6 For all s € S and w € W, the following hold:

(i) s € Dp(w) if and only if some reduced expression for w begins with
the letter s.

(ii) s € Dr(w) if and only if some reduced expression for w ends with the
letter s.

Proof. The “if” direction is clear. The opposite direction follows easily
from Corollary 1.4.4 (or directly from Proposition 1.4.2(iii)). O

We now come to another important consequence of the exchange
property.

Proposition 1.4.7 (Deletion Property) If w = s1s2...5s, and {(w) <
k, then w=81...8;...5j...5; for some 1 <i<j<k.

Proof. Choose i maximal so that s;s;y1...s; is not reduced. Then,
0(8; Siq1--Sk) < L(Sit1-..8k) and hence, by Theorem 1.4.3,

S5 Si+1 .- Sk :Si+1...§j...8k,
for some ¢ < j < k. Now multiply on the left by s182...5,1. O

Corollary 1.4.8 (i) Any expression w = s183...5 contains a reduced
expression for w as a subword, obtainable by deleting an even number
of letters.

(1t) Suppose w = $152...5, = ss5...5,, are two reduced expressions.
Then, the set of letters appearing in the word s1Sa...S equals the
set of letters appearing in sysh...s).

(iii) S is a minimal generating set for W ; that is, no Coxeter generator
can be expressed in terms of the others.
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Proof. Part (i) is a direct consequence of the deletion property.
To prove part (ii), suppose that s; & I def {s},...,s},} and that j is
chosen to be minimal with this property. Then by Corollary 1.4.4,

/

$182...8j...8281 = §18h...8;...858]

for some ¢ and, hence,
R . ! / / .
85 = 8j—1...85187...8;...5151...5j—1.

All letters in the word on the right-hand side belong to I, so taking a
reduced subword, we get that s; € I, contradicting the hypothesis.
Part (iii) follows from (ii). O

1.5 A characterization

The statement that the Exchange Property is fundamental in the combina-
torial theory of Coxeter groups can be made very precise: It characterizes
such groups! This is often a convenient way to prove that a given group is
a Coxeter group, as will be exemplified in the case of the symmetric groups
at the end of this section and for some other cases in Chapters 2 and 8.
Throughout this section we assume that W is an arbitrary group and
that S C W is a generating subset such that s> = e for all s € S. The
concepts of length {(w), w € W, and reduced expression $152 ...k, $; € S,
can be defined just as earlier. Note however that properties (i) and (v)
of Proposition 1.4.2 are no longer necessarily true; all we can say is that
|¢(sw) — £(w)] < 1, since £(sw) = £(w) is now also a possibility. To say that
such a pair (W, S) has the “Exchange Property” means the following:

Exchange Property. Let w = s155...5; be a reduced expression and
s € 8. If £(sw) < £(w), then sw = s1...5; ... for some i € [k].

Similarly, we say that (W, S) has the “Deletion Property” if the statement
of Proposition 1.4.7 is valid.

Theorem 1.5.1 Let W be a group and S a set of generators of order 2.
Then the following are equivalent:

(i) (W,S) is a Cozeter system.
(ii) (W,S) has the Exchange Property.
(ii) (W, S) has the Deletion Property.

Proof. (i) = (ii) This is a special case of Theorem 1.4.3.

(ii) = (ili) The proof of Proposition 1.4.7 goes through to prove this
implication, even if (W, S) is not (a priori) a Coxeter system.

(iii) = (ii) Suppose £(ss1...sk) < €(s1...5,) = k. Then, by the Deletion
Property, two letters can be deleted from ss; ... si, giving a new expression
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for sw. If s is not one of these letters, then ss1...s, = $s1...5;...5;... 5k,

would give f(w) = #(s1...5;...5j...5;) < k, a contradiction. Hence,
s must be one of the deleted letters and we obtain sw = ss;...s, =

51...§j...8k.
(ii) = (i) Let s182...8, = e be a relation in a group with the Exchange

Property. Then, r must be even, say r = 2k; this follows from the already
established Deletion Property. So we can write our relation on the form

5182 ...8k = 8155 ... 5. (1.21)

We must now prove that (1.21) is a consequence of the pairwise relations
(ss')™(=5") = e where m(s,s') is defined as the order of the product ss’
whenever this is finite. We frequently omit mention of the trivial relations
52 = e, as we did when restating our relation on the form (1.21).

The proof is by induction on k, the case & = 1 being trivially correct.
For simplicity, we will say that a given relation is “fine” if it can be derived
from the relations (ss')"($%) = e. Thus, we now assume that all relations
of length less that 2k are fine.

Case 1: s152...5sk is not reduced. Then, there exists a position 1 < i <
k such that s;118;42...5; is reduced but s;$;418;+2...Sk is not. By the
Exchange Property, we then have that

Si+18i42 -5k = SiSi4+1-.-855...5k

for some 7 < j < k. This relation is of length < 2k and hence fine. Plugging
it into equation (1.21) yields

S1...8iSiSiq1 ... 8j... S = 818h...8).
Hence, the factor s;s; can be deleted, leaving a relation of length < 2k.
Hence, equation (1.21) is fine.
Case 2: 5183 .. 8 is reduced. We may assume that s; # s}, since otherwise

equation (1.21) is trivially equivalent to a shorter relation. The Exchange
Property shows that

S182...8; = 8181...8i-1 (1.22)
for some 1 < i < k. From equations (1.21) and (1.22), we conclude that
S1...85...8 = 8585 ...5].
Being of length < 2k, this relation is fine, and hence so is
§181...8; .. .8, = 8185 ... 5. (1.23)

If i < k, then also equation (1.22) is fine, and we are done since equation
(1.21) is obtained by substituting equation (1.22) in equation (1.23).

If i = k, we have to work a little harder. The relation (1.23), which we
know is fine, now reads

/ VAN !
5181 ...8k—1 = 815y ...5.
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Thus, it will suffice to show that
5/151...Sk_1 = S8182...8k (1.24)

is fine. Let equation (1.24) take the role of equation (1.21) and repeat the
whole argument of Case 2. If not settled along the way, the question will
now (when we again reach “stage (1.24)”) be reduced to whether

!/ !/
5181...8k—1 = S151S51...Sk—2
is fine. Another iteration will then reduce to the relation
/ o /
515181 ...8k—2 = $1515151...5k-3,
and so on. Thus, in the end, the question will be reduced to the relation
!/ !/ !/ !/
81818181 B 81818181 ey
. . . . / Q \/
which is, of course, implied by (s1s)"(151) = ¢. O
The Exchange Property is stated above in its “left” version, since we are

acting with s on the left of w. There is, of course, a “right” version (replace
sw by ws), which is equivalent as a consequence of Theorem 1.5.1.

The rest of this section is devoted to a brief discussion of the symmetric
groups from a Coxeter group point of view. The elements of S,, are per-
mutations of the set [n]. See Appendix A3 for definitions and notational
conventions pertaining to permutations.

As a set of generators for S, we take S = {s1,...,5,_1}, where s; def
(¢,i+1) for i =1,...,n — 1. The effect of multiplying an element x € S,,
on the right by the transposition s; is that of interchanging the places of
x(4) and x(i+ 1) in the complete notation of . For instance, 31524 - s3 =
31254. This makes it clear that sq,...,s,_1 generate S,.

Define the inversion number of x € S, as the number of its inversions;
that is,

inv(z) < card{(i, ) : i < j, z(i) > z(j)}. (1.25)
Note that

. N foinv(x) + 1, if (i) < x(i+ 1),
inv(zs;) = { inv(z) =1, if (i) > z(i+1).

Let £4(-) denote the length function of S,, with respect to S.

(1.26)

Proposition 1.5.2 Let x € S,,. Then,
1.27

~—

La(z) = inv(z).

(
Proof. Since inv(e) = f4(e) = 0, relation (1.26) implies that inv(z) <
£4(z). The opposite inequality will be proved by induction on inv(z).
If inv(z) = 0, then z = 12...n = e and equation (1.27) clearly holds.
So let z € S, and k € N be such that inv(z) = k + 1. Then, x # e
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and hence there exists s € S such that inv(zs) = k (otherwise relation
(1.26) would imply that z(1) < 2(2) < ... < z(n) and hence that z = e).
This, by the induction hypothesis, implies that £4(z s) < k and hence that
la(z) < k4 1. Therefore, £4(z) < inv(z). O

As a consequence we obtain the following combinatorial description of
the right descent set of an element of S,,. Note that this agrees with the
definition of right descent set of a permutation given in Appendix A3.4.

Proposition 1.5.3 Let x € S,,. Then,
Dr(z) ={si€S: xz(i) >z(i+1)}. (1.28)
Proof. By the definitions and Proposition 1.5.2, we have that
Dp(z) ={s€ S: inv(zs) < inv(z)},
so (1.28) follows from (1.26). O
In the classification of finite irreducible Coxeter groups, the Coxeter

system determined by the graph

S1 S2 S3 Sn—2 Sn—1
is denoted by A, _; (cf. Appendix Al).
Proposition 1.5.4 (S,,S5) is a Cozeter system of type A,_1.

Proof. We show that the pair (S,,S) has the Exchange Property (in
its “right” version), and this, by Theorem 1.5.1, implies that (S,,S) is a
Coxeter system. Since

Si85 = SjSi, if |Z 7j| Z 2 (1 29)
8i858; = S;jSiSj, if |Z 7j| = 1, ’
one sees that the type of (S,,S5) is A,—1.
Let 4,i1,...,4, € [n — 1] and suppose that
Ca(8iy . 8i,8:) < La(siy...8i,)- (1.30)
We want to show that there exists a j € [p] such that
si1-~-3ip3i:si1~-~§ij~-~3ip~ (131)

Let x = s, ...s;,,b=x(i), and a = x(i+1). By Proposition 1.5.2, we know
that relation (1.30) means that b > a. Therefore, a is to the left of b in the
complete notation of the identity, but is to the right of b in that of z. Hence,
there exists j € [p] such that a is to the left of b in s;, ...s;,_, but a is to
the right of b in s;, ... s;;. Hence, the complete notation of s;, ...5;, ...,
is the same as that of s;, ...s;,, except that a and b are interchanged. This,
by the definitions of z, a, and b, implies equation (1.31). O

There are, of course, other ways of proving that (S,,S5) is a Coxeter
system of type A,,_1; see, for example, Exercises 1.5 and 4.2.
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Exercises

1. The relation bebecacababecacbecabacbabacbe = e holds in the Coxeter
group

Determine .

2. Show that there exist Coxeter systems (W, S) and (W', S") with |S| #
|S’| such that W is isomorphic to W’ as abstract groups.
[Hint: Consider the dihedral group of order 12.]

3. Let a1 = (12)(34), az = (12)(45), and a3z = (14)(23) be elements of
Ss. Compute the orders of all products a;a;. Conclude the existence
of a surjective homomorphism of Hs onto the alternating subgroup
of Ss. Then, prove that the alternating subgroups of Hs and Sy are
isomorphic as abstract groups.

4. Show with a direct and elementary argument that the Coxeter dia-
gram D of a finite irreducible Coxeter group must satisfy the following
graph-theoretic requirements:

(a) D is a tree.

(b) D has at most one vertex of degree 3 and none of higher degree.
(¢) D has at most one marked (i.e., label > 4) edge.

(d) If D has a degree 3 vertex, then all edges are unmarked.

[Hint: In the presence of any violation, exhibit an element of infinite
order.]

5. For n > 2, let (An-1,{81,...,5,-1}) be a Coxeter system of type
Ap_1(s0 Aj CT A C o).

(a) Show that there is a unique group homomorphism f: 4,1 —

Sy such that f(3;) = s;, for i € [n — 1], and that f is surjective.

(b) For ¢ € Ap—1 \ An—2, let p def min{l(y) : y € Ap_2z}, and

55, ...55, € Ap_ox. Show that (]1,,jp) = (’I’L —1,n—-2..,
n—p).

(¢) Deduce from (b) that there are at most n right cosets of A,,_»
in A,_1 and hence, by induction on n, that f is injective.

P

6. Identify the set of transpositions T'= {(i,j7): 1 <i < j<n}in S,
with the edges of the complete graph K.

(a) Show that A C T is a minimal generating set for S, if and only
if A is a spanning tree of K.

(b) show that A C T is a system of Coxeter generators for S, if and
only if the corresponding tree is linear.
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(c) Is it generally true for Coxeter groups (W, .S) that every minimal
generating set A C T is of the same cardinality as S7
[Hint: Consider the dihedral groups.]

Prove the statement made in Example 1.2.6.

Prove the converse of Lemma 1.3.1: If ¢; # t; for all i # j, then
S$182 ... 8k is reduced.

Complete the proof of Proposition 1.4.2.

Show that every t € T has a palindromic reduced expression; that
is, one can write t = $183...5; with k = £(¢) and s; = s—; for
1<i<k,s; €8.

Show that u # w = Tr(u) # Tr(w), for all u,w € W.
Prove that Tr(uw) = Tr(w) A w1 Txr(u)w.

Show that the following conditions on u,w € W are equivalent:
(a) Lluw) = £(u) + £(w),

(b) Tr(u) NTL(w) =2,

(¢) Tr(uw) = Tr(w) U wTr(u)w,

(d) Tr(uw) = Tr(w) W w Tr(u)w.

Let W be a group and S a set of generators of W of order 2. Show that
(W, S) is a Coxeter system if and only if £(sw) = l(ws') = L(w)+1 >
L(sws’) implies sw = ws’, for all 5,8 € S and w € W.

Let (W, S) be a Coxeter group with S = {s1,...,$,}. Show that the
alternating subgroup of W is generated by the elements {s;s,}7~'.

Let (W, S) be a Coxeter group, and let K1, ..., Kj be the connected
components of the subgraph of W’s Coxeter diagram obtained if all
evenly labeled edges (i.e., with m(s, s’) even) are removed. Further-
more, let A and C be the alternating subgroup and the commutator
subgroup of W, respectively, and let Wi, be the parabolic subgroup
generated by K; (defined in Section 2.4). Show the following:

(a) Two generators s,s’ € S are conjugate (as elements of W) if and
only if they belong to the same component K;.

(b) C C A.

(c) A; C C, where A; is the alternating subgroup of W,.

(d) C = Aif and only if k = 1.

Preserve the notation from Exercise 16, and let ¢ : W — Z& be the
mapping o(w) = (e1,...,ex) defined by letting ; be the (mod 2)-
number of occurences of elements from K; in some expression w =
5152...8¢, 5; € S. Show the following:

(a) ¢ is well defined (not dependent on choice of expression
$182...5q).
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(b) ¢ is a group homomorphism.
(¢c) C = Kerep.

18. Let (W, S) be a Coxeter system, and let W’ be a subgroup of W
generated by a some subset of T' (such subgroups are called reflection
subgroups). Let

SWH Y (te TAW' : (') > (1), for all ' € TAW'\ {t}}.

Show that (W', X(W')) is a Coxeter system.

19. Let (W, S) be a Weyl group. Define a directed graph I' with vertex
set W and edges w — sws for all w € W and s € S such that
L(w) > L(sws). (In case of equal length, the edge will be directed
both ways.) Call w € W conjugacy-reduced if ¢(w") = {(w) for all w'’
that can be reached on a directed path from w.

Let C be a conjugacy class of W, and put ¢ def min{f(w) : w € C}.

(a) Show that if w € C' and w is conjugacy-reduced, then {(w) = ¢.
(b)* Is the same true for general Coxeter groups?

Notes

For the basics of combinatorial group theory, see, e.g., the books by Coxeter
and Moser [166] and Stillwell [518]. The equivalence of properties 2 and 3
in Section 1.1 is a special case of Dyck’s theorem [518, p. 45].

The study of Coxeter groups can be said to go back to Greek antiquity,
the symmetries and classification of regular polytopes being part of the the-
ory. Finite Coxeter groups in the sense of definition (1.3) were first studied
and classified by Coxeter [162, 163] and Witt [555]. The main references for
the core algebraic and geometric aspects of Coxeter groups are the books
by Bourbaki [79] and Humphreys [306]. The newcomer to this area is espe-
cially recommended to study [306], where a good and accessible account of
the classification and the various geometric realizations as reflection groups
is given.

The examples sketchily given in Section 1.2 unfortunately cannot convey
a fair idea of the immense mathematical territory where Coxeter groups
arise. More information can be found in the books by Billey and Lakshmibai
[47], Brown [106], Carter [110, 111], Fulton [248], Hiller [295], Humphreys
[304, 305], Kac [317], Kumar [334], McMullen and Schulte [396], and Tits
[538] and the papers by Hazewinkel et al. [289] and Vinberg [546, 547].

The permutation representation as a tool for quick access to the ex-
change property appears in Bourbaki [79]. The strong exchange property
was introduced by Verma [545]; it can also be found somewhat earlier in
geometric form (for Coxeter complexes) in the work of Tits [534]. The fact
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that Coxeter groups are characterized by the exchange property appears
to be due to Matsumoto [392].

Exercise 14 is from Deodhar [182], where one can also find several
characterizations of Coxeter systems.

Exercise 18. See Deodhar [185] and Dyer [202].

Exercise 19(a). See Geck and Pfeiffer [261]. A positive answer to part (b)
has been conjectured by A. Cohen. See also Gill [266].



2
Bruhat order

One of the most remarkable aspects of Coxeter groups, from a combinatorial
point of view, is the crucial role that is played in their theory by a certain
partial order structure. This partial order arises in a multitude of ways in
algebra and geometry — for instance, from cell decompositions of certain
varieties.

Although order structure is used in some other parts of algebra, the role
of Bruhat order for the study of Coxeter groups, and the deep combinatorial
and geometric properties of this order relation, are unique. In this chapter
we introduce Bruhat order and derive its basic combinatorial properties.

2.1 Definition and first examples

Let (W, S) be a Coxeter system and T' = {wsw™! : w € W, s € S} its set
of reflections. The poset terminology that we use is reviewed in Appendix
A2.2.

Definition 2.1.1 Let u,w € W. Then
(i) u L w means that u"'w =t € T and (u) < L(w).
(ii) v — w means that u > w for some t € T.

(iii) w < w means that there exist w; € W such that

U=ugp—>Uy — - —> Up—1 — U = W.
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The Bruhat graph is the directed graph whose nodes are the elements of W
and whose edges are given by (ii). Bruhat order is the partial order relation
on the set W defined by (iii).

The following observations are immediate:
(i) v < w implies £(u) < (w).
(i) u <ut & l(u) < Ll(ut), forallu e W and t € T.

(iii) The identity element e satisfies e < w for all w € W (any reduced de-
composition w = s;...5s, induces e — 51 — §1853 — -+ — 51...5, =
w).

Since Bruhat order is the transitive closure of the primitive relations u BR
ut, it might seem at this stage that the concept favors multiplication on
the right-hand side. However, this impression is false; see Exercise 1.

Example 2.1.2 Consider the dihedral group I»(4) & By with Coxeter
graph

4
o——oO

a b

Then, T = {a,b, aba, bab} and the group has the following diagram under
Bruhat order:

abab = baba
aba bab
ab ba
a b

Figure 2.1. Bruhat order of Bs.

To obtain the Bruhat graph of Bs, direct all edges of Figure 2.1 upward
and add the edges e — aba, e — bab, a — abab, and b — baba (cf. Figure
8.3). O

Bruhat order of a general dihedral group I>(m) has the same structure:
a graded poset of length m with two elements on each rank level except the
top and bottom, and with all order relations between successive rank levels.
Bruhat order of the symmetric groups is discussed later in this section and
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that of B,, and several other Coxeter groups in Chapter 8. Figure 2.2 is
the diagram of Bs. (The pattern of solid and dashed/dotted edges will be
explained following Corollary 2.4.5.)

Figure 2.2. Bruhat order of Bs.

Example 2.1.3 Inclusion order of Bruhat cells. Here we sketch the
algebraic—geometric origin of Bruhat order in a central case — that of
cell decompositions of flag manifolds.

Let G = GL,(C), and let B be the subgroup of upper-triangular ma-
trices. It turns out that the quotient G/B has the structure of a smooth
projective algebraic variety, called the flag variety. Because of the Bruhat
decomposition (see Example 1.2.11), we have an induced decomposition

G/B = Wyew BwB/B, (2.1)

where W = S,,. The pieces C, © BwB /B of this decomposition are called
Bruhat cells (or Schubert cells). The decomposition (2.1) is actually a cell
decomposition in the sense of topology (a CW complex) and we may speak
of the topological closure C,, of a Bruhat cell. How are these closed cells
arranged? The elegant answer is

c,CC, < u < w;
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that is, the combinatorial pattern of inclusion of Bruhat cells determines
Bruhat order on S,,.

This example is only the tip of an iceberg. Similar decompositions of
varieties and a multitude of refinements and variations are associated with
all finite and affine Weyl groups. O

In the rest of this introductory section, we discuss the special case of
Bruhat order of the symmetric group .S, in some detail. Recall from Chap-
ter 1 that S, is a Coxeter group with respect to the generating set of
adjacent transpositions s; = (i,i + 1). The reflection set T' of .S, is the set
of all transpositions

T={(a,b): 1 <a<b<n},

as is immediately seen from the computation xs;2~! = (x(i), z(i + 1)), for
T €S,
Since reflections ¢ in S,, are transpositions (a,b), and length equals the

inversion number (Proposition 1.5.2), the relation x Gl y here means that
one moves from the permutation z = x(1)...z(n) (in complete notation)
to the permutation y by transposing the places of x(a) and z(b), where
a < band z(a) < z(b). So, for instance,

21543 %% 23541

This describes the edges of the Bruhat graph of S,,. The Bruhat graph of
Ss is shown in Figure 2.3.

321 321

231 312 231 312

132 213 132 213

123 123

Figure 2.3. Bruhat order and Bruhat graph of S3.

Lemma 2.1.4 Let z,y € S,,. Then, x is covered by y in Bruhat order if
and only if y = = - (a,b) for some a < b such that x(a) < x(b) and there
does not exist any ¢ such that a < ¢ < b, x(a) < z(c) < z(b).
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Proof. If y = x - (a,b) with the stated properties, then inv(y) =inv(z) + 1;
hence, we have a Bruhat covering. Suppose conversely that y = z - (a,b),
a < b, and inv(y) >inv(z). Then, z(a) < z(b). If z(a) < x(c) < x(b) for
some a < ¢ < b, then x < x - (a,c) <y, so x < y is not a covering. O

Using Lemma 2.1.4, one can easily work out small cases, such as that of
n = 4 shown in Figure 2.4. However, for larger values of n, it is compu-

Figure 2.4. Bruhat order of Sy.

tationally hard to see from the definition (or from Lemma 2.1.4) whether
two permutations are comparable in Bruhat order. For example,

are x = 368475912 and y = 694287531 comparable? (2.2)

Fortunately, there exist effective criteria. We now present one such rule; for
another one see Theorem 2.6.3.
For = € S,, let

ali, ] < {a € [i] : 2(a) > j}] (2.3)

for i, = 1,...,n. One may interpret this function as follows. Represent
the permutation x by placing dots at the points with coordinates (a, z(a))
in the plane, for 1 < a < n. Then, z[i, j] counts the number of dots in the
northwest corner above the point with coordinates (i, 7). So, for example,
if x = 31524, then z[1,3] = 1, z[3,3] = 2, and z[4, 2] = 3. See Figure 2.5.
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— N W = Ot
[ J

1 2 3 4 5
Figure 2.5. Illustration of x[4, 2] = 3.

Note that for any = € S,
zn,il=n+1—1 and z[i,1] =i (2.4)
fori=1,...,n. Also, we have that
x[i, j| — xlk, j] — «[i,l] + z[k,l]] = {a € [k + 1,7 : j <z(a) <} (2.5)

foralll <k <i<mnandl1l < j <1l < n, asis easy to see from the
dot-counting interpretation.

Theorem 2.1.5 Let z,y € S,,. Then, the following are equivalent:
(i) x <vy.
(ii) «li, ] < yli. ), for all i,j € [n].
Proof. Suppose that (i) holds. We may clearly assume that  — y. This

means that there exist 1 < a < b < n such that y = z - (a,b) and z(a) <
x(b). By definition (2.3), this implies that

o xzli, jl+1, ifa<i<b, x(a) <j <x(b),

y[,h]]:{ [é, J] (a) <j (b)

x[i, 1, otherwise (2.6)

and (ii) follows.

Assume now that (ii) holds. For brevity, let M (i, j) def yli, j] — x|z, j] for
all 4,7 € [n]. If M(i,5) = 0 for all i, j € [n], then & = y. Let (a1,b1) € [n]?
be such that M (ay,b1) > 0 and M(4,j) =0 for all (4,7) € [1,a1] x [b1,n] \
{(a1,b1)}. Then, y(a1) = by and z(a1) < b;. Now, let (az,b2) € [n]? be
the bottom right corner of a maximal positive connected submatrix of M
having (a1,b1) as the upper left corner. It follows from equation (2.4) that
az < n and by > 1. Because of maximality, there exist ¢ € [a1,as] and
d € [ba,by] such that M(c,by —1) = 0 and M(az + 1,d) = 0. Hence,

M(az +1,bp — 1) — M(c,ba — 1) — M(az + 1,d) + M(c,d) > 0.  (2.7)
This, by (2.5), implies that
{ee€lc+1,a2+1]: y(e) € [ba—1,d—1]}| > 0.

So let (ap,bo) € [c+ 1,a2 + 1] x [b2 — 1,d — 1] be such that y(ag) = bo.
Then, a1 < ap and y(a1) = by > by = y(ap). It follows that z — y, where
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2t y - (a1, a0). However, x[i, j] < z[i, j] for all i,j € [n] by equation (2.6)
and our choice of (az,b2). Hence, by induction, we get that z < z and,
therefore, x < y. O

Let us illustrate the preceding theorem by answering question (2.2). Since
in that example z[1, 6] < y[1,6] and z[4, 3] > y[4, 3], we find that z and y
are incomparable in Bruhat order.

2.2 Basic properties

Throughout this section, let (W,S) be a Coxeter system. Here, we will
establish two fundamental properties of Bruhat order: the “subword prop-
erty” and the “chain property.” They are consequences of the following
lemma. By a subword of a word s;s2...s, we mean a word of the form
8iySig -+ Sip, Where 1 <4y < -+ <4, < gq.

Lemma 2.2.1 Foru,w € W, u # w, let w = 5152...54 be reduced, and
suppose that some reduced expression for u is a subword of s152...54. Then,
there exists v € W such that the following hold:

(i) v > u.
(ii) L(v) = L(u) + 1.
(i1i) Some reduced expression for v is a subword of sisz ... Sq.
Proof. Of all reduced subword expressions
U=81...8i -8 ---Sq, 1<i1<---<ip<g,
choose one such that i; is minimal. Let
t = 8¢Sq—1---8ij ---Sqg—15¢-

Then, ut = S1...84 -« Sip_y ---Siy, ---Sqy 50 L(ut) < L(u) + 1. We claim
that, in fact, ut > u. If so, v = ut satisfies (i) — (iii), and we are done.

Suppose on the contrary that ut < w. Then, by the Strong Exchange
Property, either

l=5¢5q—1---5p...5q—18¢, for some p > iy, (2.8)
or
t=5g...8i .. Sig-.-Sp...8iy...5, ...5q, for some r <ip, r # ij.
(2.9)

In the first case,
w = wt?

= (5152...8¢)(Sq---Sip ---5¢)(Sq---Sp-.-Sq)

= 81...5j, -..5p...S¢q,
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which contradicts £(w) = ¢. Similarly, in the second case,
u = ut?

= ($1..-8i; -+ Sip---S¢)(Sq---Sig - -SreSip--Sq)(Sq---Sip, ---Sq)
= 81...§i1 ...§r...sik...sq,
which contradicts the minimality of 7.
[Remark: The notation in equation (2.9) and on the preceding line may
seem to indicate that r > i1; however, r < iy is also possible as should be
clear from the context.] O

Theorem 2.2.2 (Subword Property) Let w = s152...54 be a reduced
expression. Then,

u<w <& there exists a reduced expression
U= 8855, 1< <...<i<gq.

Proof. (=) Suppose that u = x BEN . G . Tm = w. Then,

Tm—1 = Wty = S1...5;...5¢ for some ¢ by the Strong Exchange Prop-
erty and, similarly, Zm—2 = Tm—1tm—1 =51...8;...5;...5q, and so on for
Tm—3, Tm—4,- ... Finally, we obtain an expression for u that is a subword of
5182 ... 8¢ (with m deleted letters). By the Deletion Property (Proposition
1.4.7), this contains a reduced subword, which is the sought-after expres-
sion for u.

(«<=) This direction follows from Lemma 2.2.1 via induction on £(w)—¢(u). O

Corollary 2.2.3 For u,w € W, the following are equivalent:
(i) u<w.

(i) Every reduced expression for w has a subword that is a reduced
expression for u.

(iii) Some reduced expression for w has a subword that is a reduced
expression for u. O

Corollary 2.2.4 Bruhat intervals [u,w] are finite (even if S is infinite).
In fact, card[u,w] < 26w,

Proof. There are 2/(®) subwords of any reduced expression for w, and there
is an injective map from [u, w] into the set of those subwords. O

Corollary 2.2.5 The mapping w — w ™'

order (i.e, u<w & u ! <w!)

is an automorphism of Bruhat

Proof. The subword relation is unaffected by reversing all expressions.
(Remark: The result is also easy to derive directly from Definition 2.1.1,
see Exercise 1 ). O
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Theorem 2.2.6 (Chain Property) If u < w , there exists a chain u =
xo < x1 < -+ <z = w such that l(x;) = l(u) +1i, for 1 <i<k.

Proof. This follows directly from Lemma 2.2.1 and the Subword Prop-
erty. U

We will use the symbol “u < w” or “w > u” to denote a covering in
Bruhat order. Thus, by the Chain Property, © < w means that v < w and
¢(u) + 1 = ¢(w). The Chain Property shows that Bruhat order is a graded
poset whose rank function is the length function. The same is true of every
Bruhat interval [u, w].

The following simple technical tool, allowing Bruhat relations to be
“lifted” (see Figure 2.6), is very useful. In fact, it can be shown to
characterize Bruhat order (see Exercise 14).

Proposition 2.2.7 (Lifting Property) Supposeu < w and s € Dy (w))\
Dr(u). Then, u < sw and su < w.

sSw \

\ sUu

Figure 2.6. The lifting property.

Proof. Let a < [ here denote the subword relation between a word [
and a subword a. Choose a reduced decomposition sw = s153...5,. Then,
W = 58152...54 is also reduced, and there exists a reduced subword

U = Sy Sjy -+ Sip, = 858152...58¢q-
Now, s;, # s since su > u; hence,
Si1 8y« - Siy = 8182...8¢ = u < Sw
and
584184y« S5y =< 85182...8¢ = su < W.

O
The Lifting Property has the following corollaries about local configura-
tions in Bruhat order:

Corollary 2.2.8 (i) Fors€ S, t €T, s # t: w< sw,tw = sw,tw <
stw.
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(i) Fors,s' € S:w<isw,ws’ = either sw,ws'dsws’ or w= sws’. O

Recall that a poset P is said to be directed if for any u,w € P, there
exists z € P such that u,w < z.

Proposition 2.2.9 Bruhat order is a directed poset.

Proof. We will use induction on £(u) + £(w), the ¢(u) + {(w) = 0 case
being trivially correct. Choose s € S so that su < u (we may assume that
{(u) > 0). By induction, there exists © € W such that su,w < x. By the
Lifting Property, st < ¢ = u < z and sz > ¢ = u < sz. Hence, in the
first case, {u, w} has the upper bound x and, in the second case, it has the
upper bound sz. O

We end this section with a technical lemma that is needed later.

Lemma 2.2.10 Suppose that z < xt and y < ty, for x,y € W, t € T.
Then, zy < xty.

Proof. Suppose to the contrary that xy > xty = t'xy, where t’ = xtz™!.
Let © = s1...8, and y = ¢ ... st be reduced expressions. Then, by the
Strong Exchange Property,

al...d}...akbl...bj...bq
t'xy = or
al...ai...akbl...bj...bq

for some ¢ and j. In the first case, we then have

st=tr=a1...a;...ap<ay...a;...a =,

and in the second, zty = t'xy = xb1...b;...b,, and hence

~

ty:blbjbq<blbjbq:y

Thus, in both cases, we reach a contradiction. O

2.3 The finite case

If W is finite, directedness (Proposition 2.2.9) just says that W has a
greatest element. This unique element of maximal length is customarily
denoted “wg.” In this section, we derive some of its basic properties. We
also discuss automorphisms of Bruhat order.

Proposition 2.3.1 (i) If W is finite, there exists an element wg € W
such that w < wqg for all w € W.

(i) Conversely, suppose that (W, S) has an element x such that D (z) =
S. Then, W is finite and x = wyq.
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Proof. Existence and uniqueness were already motivated.

For part (ii), we prove that u < z for all w € W by induction on length.
If u # e, we can find s € S such that su < u. By induction, su < x and
this can be lifted (Proposition 2.2.7) to u < x. Thus, W = [e, x|, which is
finite. O

Proposition 2.3.2 The top element wqg of a finite group has the following
properties:

(i) wg =e.

(i1) L(wwg) = L(wg) — (w), for all w € W.
(iii) Tr,(wwo) = T\ Tr(w), for all w € W.
(iv) L) = [T].

Proof. (i) Since £(wy ') = £(wo), uniqueness of wy implies that wy ' = wo.

(i) The inequality > follows from £(w=') + £(wwg) > £(wg). For the
opposite inequality, we will use induction on ¢(wy) — ¢(w), starting with
w = wg. For w < wy, choose s € S such that w < sw. This is possible
according to Proposition 2.3.1(ii). Then,

L(wwp) < L(swwp) +1 < Ll(wp) — L(sw) +1
= l(wo) — (L(w) + 1) + 1 = £(wy) — £(w).
(iii) A consequence of (ii) is that for every ¢t € T and w € W:

tw < w & twwy > wwg.

(iv) Putting w = e in equation (iii) and using Corollary 1.4.5, we get
f(wo) = |TL(wo)| = |T|. O
Corollary 2.3.3 (i) L(wow) = £(wy) — l(w), for allw e W.

(i) L(wowwg) = L(w), for all w € W.
Proof. ((wow) = {(w™twy) = £(wo) — L(w™1) = L(wy) — £(w). O

Translation and conjugation by the top element wy induce (anti)auto-
morphisms of Bruhat order, as can be seen from Proposition 2.3.2(ii) and
Corollary 2.3.3.

Proposition 2.3.4 For Bruhat order on a finite Cozeter group, the
following hold:

(i) w— wwy and w — wow are antiautomorphisms.
(i) w — wowwy is an automorphism. O

The top element wg in the symmetric group S, is the “reversal permu-
tation” ¢ — n + 1 — i. Hence, the effects of the mappings of Proposition



38 2. Bruhat order

2.3.4 in S5 are exemplified by

(wwo) 32514, reverse the places,
41523 — ¢ (wow) 25143, reverse the values,
(wowwg) 34152, reverse places and values.

The mapping = — wgzwy is an inner group automorphism of W, and
wpSwy = S by Corollary 2.3.3(ii). Hence,  — wozwy preserves all Coxeter
group structure, in particular its action on S induces an automorphism of
the Coxeter diagram. Conversely, every such diagram automorphism (there
may be others) amounts to a renaming of the Coxeter generators preserving
all relations and therefore induces an automorphism of Bruhat order, also
in the infinite case.

Temporarily dropping the assumption of this section that W be finite,
let us ask for a description of all automorphisms of Bruhat order. For rank
2, the answer is nontypical and quite special (see Exercise 2). For rank > 2
however, the following result of van den Hombergh [298] and Waterhouse
[551] provides the answer.

Theorem 2.3.5 Suppose that (W,S) is irreducible and |S| > 3. If ¢ :
W — W is an automorphism of Bruhat order and o(s) = s for all s € S,
then either p(z) = x for allz € W or p(z) = 2~ for allz € W. O

Corollary 2.3.6 If (W,S) is irreducible and |S| > 3, then the automor-
phism group of Bruhat order is gemerated by the diagram automorphisms
and the mapping x — = 1. O

For instance, the diagram of type A,, n > 2, has a unique nontrivial
automorphism, and this, in fact, induces the mapping = — woxwy. Hence,
the automorphism group of Bruhat order of the symmetric group S,,, n > 4,
is the dihedral group of order 4 generated by = — wozrwy and z — z 1.
In fact, it follows from Corollary 2.3.6 that the automorphism group of
Bruhat order of a finite irreducible Coxeter group of rank > 3 (other than
D,) is always either Zs (no nontrivial diagram automorphism) or Zg X Zs.

The mapping = — wozwy is an inner group automorphism of order < 2
and also a Bruhat order automorphism. When is it the identity? Equiva-
lently, when does wq belong to the center of W? For the answer, see Exercise
4.10.

2.4 Parabolic subgroups and quotients

For J C S, let W; be the subgroup of W generated by the set J. Sub-
groups of Coxeter groups (W, S) of this form are called parabolic. In this
section, we will describe their basic combinatorial properties. Subscripts
“J” appended to familiar symbols will always refer to such a subgroup; for
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example, “;(-)” refers to the length function of W; with respect to the
system J of involutory generators.

Proposition 2.4.1 (i) (W, J) is a Coxeter group.
(i1) L;(w) = L(w), for all w e Wj.

(i1)) WiN Wy =Winy.

(iv) WrUW;) = Wiy
(v) Wy =Wy=1=1J.

Proof. Let w € W;. By definition, w = s1s3... 54, for some s; € J, and
by the Deletion Condition, we may assume that this is reduced in W, and
hence in W ;. This proves (ii). Since £;(w) = ¢(w), the Exchange Property
holds in (Wy,J) as a special case of the Exchange Property in (W,S).
Hence, (i) follows from Theorem 1.5.1.

Statements (iii) and (v) are implied by Corollary 1.4.8, and (iv) is
elementary. O

It is a consequence that the parabolic subgroups form a sublattice of W’s
subgroup lattice that is isomorphic to the Boolean lattice 2°. The Coxeter
diagram for (W, J) is obtained by removing all nodes in S\ J and their
incident edges from the diagram for (W, S).

If Wy is finite it has a top element (Proposition 2.3.2), which will be
denoted as follows:

wo(J) def top element of W;. (2.10)
Thus for instance, wo()) = e and wo(S) = wp (if W is finite). One sees
from Corollary 1.4.8(ii) that wo(I) # wo(J) if I # J.

Parabolic subgroups have complete systems of combinatorially distin-
guished coset representatives; namely, each coset has a unique member of
shortest length. To discuss these and other systems of coset representatives,
we need the following concepts.

Definition 2.4.2 For I C J C S, let

D) ¥ fweW : IC Dgy(w)C J},

J def 5S\J
W = Dyv,

def 71
DI .

Dr =
Sets of the form Dy are called (right) descent classes. The special descent
classes W7 = {w € W : ws > w for all s € J} are called quotients for a
reason that will soon become clear.

Lemma 2.4.3 An element w belongs to W7 if and only if no reduced
expression for w ends with a letter from J.
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Proof. This follows from Corollary 1.4.6. O

Proposition 2.4.4 Let J C S. Then, the following hold:

(i) Bvery w € W has a unique factorization w = w’ - wy such that

w? e W7 and wy € Wj.
(ii) For this factorization, {(w) = £(w”) + £(wy).

Proof. (Existence) Choose s; € J so that ws; < w, if such s; exists.
Continue choosing s; € J so that wsy...s; < wsy...s;_1 as long as such
s; can be found. The process must end after at most ¢(w) steps. If it ends
with wg = ws; ... sk, then wys > wy, for all s € J; that is, w, € W7, Now,
let v = spsg—1...51 € W;. We have that w = wgv, and, by construction,
Uw) = l(wg) + k.

(Uniqueness) Suppose that w = uv = xy, with u,x € W7 and v,y € Wj.
Let u=s153...5; and vy~ ! = s)s). .. s, with the first expression reduced,
s; € 8, s’ € J. Then,

1

T=uvy " = 8182...5,815h ... s;.
From this, we can extract a reduced subword for . It cannot end in some
letter s;-, since z € WY. Hence, it is a subword of s1s2...s%, and z < u
follows. By symmetry, u < x. So, u = z and v = y follow. O

The following statements are immediate consequences of Proposition
2.4.4:

Corollary 2.4.5 (i) FEach left coset wW; has a unique representative of
minimal length. The system of such minimal coset representatives is

w' =D\,

(ii) If Wy is finite, then each left coset wWy has a unique representative
of mazimal length. The system of such mazimal coset representatives
18 D?. O

Proposition 2.4.4 and its corollary are illustrated in Figure 2.2, where
W = Bs and W; = Bsy. The six cosets of By are drawn with solid lines,
the eight translates of the six-element chain W7 (including D3) are drawn
with dashed lines, and the additional Bruhat edges are drawn with dotted
lines. Notice how the direct product poset W x W; (i.e., the poset induced
by the solid and dashed lines only) sits as a scaffolding inside the poset .

Suppose that S = {s1,s2,...,8,}, and for i = 1,...,n, let
Qi = (W{sl74“787"}){81,...7&_1}.
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Thus, Q1 = Wi,y = {e,s1}, and Q; for i > 2 is the system of minimal left
coset representatives of Wy, o,y in Wi, ). Repeated application of
Proposition 2.4.4 then gives the following:

Corollary 2.4.6 The product map Q1 X -+ X Q, — W, defined by

(91,92, -1 Gn) — Gndn—1-""q1,
is a bijection satisfying £(¢ngn—1---q1) = €(q1) + £(q2) + - + £(gn). O

The preceding constructions can of course be mirrored. There is a
complete system

W e W Dp(w) € S\ J} = (W)~ (2.11)

of minimal length representatives of right cosets Wy w. Every w € W can
be uniquely factorized,

w=wy - w, wherew; € W and Yw e W, (2.12)
and then
L(w) = L(wy) + £(Mw).

Furthermore, an element w belongs to “IW if and only if no reduced
expression for w begins with a letter from J.

Let us now exemplify the preceding in the case of the symmetric groups.
The parabolic subgroups of S, are often called Young subgroups in the
literature. Since there is no essential loss of generality, we describe for
notational simplicity only the maximal parabolic subgroups and their quo-
tients. All permutations = € S, will be denoted here in complete notation
as x = x1%2 ... %, where z; = (7). For k € [n — 1], let

S () f {zelSy: z1 < - <zpand xp41 <--- < Ty} (2.13)

Recall our convention in the case of S, to let s; denote the adjacent
transposition (i,4 + 1). The following is then clear from the definitions.

Lemma 2.4.7 Let J < S \ {sk}. Then,

(Sn)s = Stab([k]) = S x S and (S,)' =S¥, O

The reader will have no trouble figuring out what the corresponding
statements are for a general subset J C S. The following is an example that
should make the general situation clear. To simplify notation, we identify
s; with 3. Say n = 6 and J = {2,3,5}. Then, (S,)! = {x € Sg: 22 < 23 <
X4, Ts < Tg}.

Again, let J = S\ {sr}. The map z +— 2/ from S, to S s easy
to describe; namely, 27 is obtained from z by first rearranging the values
x1,...,2, so that they appear in increasing order in the places 1,...,k,
and then similarly for zgy1,...,2,.
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Again, the general case should be quite clear. We illustrate with an ex-
ample: say n = 7, x = 7125346, and J = {1,2,4,6}. Then, 2”7 is obtained
from x by rearranging in increasing order the numbers {7,1,2}, {5, 3},
and {4,6}; hence, v/ = 1273546. Similarly (see Exercise 4), x is obtained
by permuting the elements {1,2,3}, {4,5}, and {6, 7} so that they form
increasing subsequences; hence, “z = 6124357.

Bruhat order restricted to the quotient Sy(bk) has a simple description.

Proposition 2.4.8 For z,y € ST(Lk), the following are equivalent:
(i) x <y.
(i) x; <y, for 1 <i<k.

(iii) z; > yi, fork+1<i<n.

Proof. (i) = (ii). This is an immediate consequence of Theorem 2.1.5.
(ii) = (i). Suppose that z; < y; for some 1 < j < k and z; = y; for all

j+1<1i<k Then, z; +1 = z,, for some m > k (since z; + 1 < y; <

Yjt1 = xjq1 if j < k). Let 2’ = (zj,2; +1)-2 =z - (j,m). Then, 2} <y,

for 1 <i<kand z <2, so we are done by induction on Zle(yi — ;).
The equivalence of (ii) and (iii) is left to the reader. O

Tt is clear from definition (2.13) that an element x € 5% is determined
by the set {1, x2,..., 2k}, so we can make the identification

ST(Lk) - ([Z]).

Thus, Proposition 2.4.8 shows that the maximal parabolic quotient Sr(f)
under Bruhat order can be identified with the family of k-subsets of [n]
under product order of k-tuples. This latter poset is sometimes denoted
L(k,n — k) in the literature. It is isomorphic to the lattice of Ferrers di-
agrams that fit into a k x (n — k) box, ordered by inclusion. The Bruhat

poset Sés) =~ [,(3,3) is depicted in Figure 2.7.

2.5 Bruhat order on quotients

Quotients W (and, more generally, descent classes) have interesting poset
structure under Bruhat order. See Figures 2.7 and 2.8 for examples. The
latter depicts W for (W, S) = Eg and J C S such that (W, J) = Ds.

Much of the structure found in Bruhat order on all of W is inherited when
restricting to the subposet W+. This can to some extent be understood as
transfer of structure via the projection maps defined as follows.

Let J C S. Adhering to the notation used in Proposition 2.4.4, define a
mapping

Plow —-w/ (2.14)
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Figure 2.7. The Bruhat poset Sé3)‘

by P7(w) 4f 7. Tn other words, the projection map P’ sends w to its
minimal coset representative modulo Wj.

Proposition 2.5.1 The map P’ is order-preserving.

Proof. Suppose that wy < we in W. We will show that wi’ < w‘zj by
induction on £(ws).

To begin with, note that wi] < wy < wsq. Hence, if wél = wy, We are
done. If not, then there exists some s € J such that was < we. The relation
w{ < wy can then be lifted (Proposition 2.2.7) to wi{ < wqs. By induction,
w{ < (wgs)! =wy. O

Corollary 2.5.2 Suppose v € W7, w € W and u < w. Then, either w =
us, for some s € J, orw e W,

Proof. If w ¢ WY, then u < P’/ (w) < w. O
Corollary 2.5.3 W is a directed poset.
Proof. This follows from Propositions 2.2.9 and 2.5.1. O

In particular, if W is finite, then it has a unique maximal element, which
will be denoted

wy Lef top element of W, (2.15)
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Figure 2.8. The Bruhat poset Es modulo Ds.

Thus, in that case, w < w({ for all w e W.
If W is finite, we have the following relation between the various top
elements:

wo = wi wo(J), L(wo) = L(wg) + L(wo(J)), (2.16)

or, equivalently, wy = (wg)” and wo(J) = (wp)s. Since wy and wq(J) are
involutions, it follows that wy is an involution if and only if wy and wo(.J)
commute. In particular,

wy is an involution if wy € center (W). (2.17)

This sufficient (but not necessary) condition is often fulfilled; see Exercise
4.10.
Quotients in finite groups have a remarkable combinatorial symmetry.

Proposition 2.5.4 Let (W,S) be finite, J C S. Then,
a:x— worwy(J)

defines an antiautomorphism o : W7 — WY of Bruhat order (that is,
v <y alz)=aly))
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Proof. We have that € W7 = zwo(J) € D5 = wozwo(J) € W7,
by Proposition 2.4.4 and Corollary 2.3.3. Furthermore, if z, € W7, then
x <y = zwy(J) < ywo(J) = wozwy(J) > woywo(J). O

The following is a stronger version of Theorem 2.2.6 (the J = ) case). It
can be further generalized to descent classes Dj (see Exercise 23).

Theorem 2.5.5 (Chain Property) If u < w in WY, then there exist
elements w; € W7, l(w;) = £(u) + i, for 0 < i < k, such that u = wy <
wp << Wi =W,

Proof. It suffices to construct wi; the rest follows via induction. Let w =
5182...54, and take a reduced subword expression

u:81...§i1.../8\ik...8q, 1<4 << < q,

such that ¢, is minimal. Let w1 = s1...8; ...55 4 ...8i, ...5q. The
proof of Lemma 2.2.1 shows that v < w; < w. It remains only to
check that w; € WY. If not, then, by Corollary 2.5.2, w; = us, where
S = S¢Sq—1...Sij ..-Sq—15¢ € J. However, then ws = s1...5;, ...54 < w,
contradicting that w € W7. O

Corollary 2.5.6 All mazimal chains from u to w in W7 have the same
length. O

We will later make use of the notation
[, w]’ e [u, w] N W (2.18)

for intervals in W7. The corollary shows that such intervals are graded

posets. In particular, if W is finite, then W7 = [e, w{]” is a graded poset.

2.6 A criterion

Bruhat order on proper quotients W is induced by the order on W. It is an
interesting and useful fact that the converse is also true: If one knows the
order relation of sufficiently many projections of two group elements onto
quotients, then one can deduce the original order relation of the elements.

Theorem 2.6.1 Let J; C S, i € E, be a family of subsets and 1 def

Nicp Ji- Let w e W' and w € W. Then,
u<w <= P’(u)<P’i(w), foralicE.

Proof. The forward direction is known from Proposition 2.5.1. The back-
ward direction will be proved by induction on ¢(w). If ¢(w) = 0, then
P7i(u) = e for all i € E, which implies that u € ;. W, = W;. Since
Wi nW! = {e}, we deduce that u = e, so u = w in this case.
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Assume now that ¢(w) > 0 and choose s € S such that sw < w. We
make the following claim:

P/ (su) < P/ (sw), if su<u,
P(u) < P'(sw), if su> .

Here, J C S is arbitrary. Based on this claim, the proof can be concluded
as follows.

If su < u, then P7i(su) < P7i(sw) for all 4, which by induction (since
{(sw) < £(w) and su € WT) implies that su < sw. However, this can be
lifted (Proposition 2.2.7) to v < w. If on the other hand su > u, then
Pli(u) < Pi(sw) for all i, which in the same way via induction gives
u < sw < w.

So, it remains to prove the claim. For this, we need to have a handle on
what the relevant projections are in various cases. We begin by assembling
this information in statements (2.19) and (2.20). From now on, we write

7 = PJ(z), etc., to simplify notation.

Claim: P’(u) < P'(w) = {

st <z and sz’ <zl = (sz)) =s2’. (2.19)

If sz’ had a reduced expression ending in a letter from .J, then so would z”;
hence, sz’ € W7, Furthermore, st = sz’ z; with z; € Wy, and statement
(2.19) follows.

st <z and sz’ >z7 = (sx)’ (2.20)

=z’
We have that sx—s:r xy, but {(sz) < €(x) = (zT) + ( 7) < l(sx?) +
E( 7). Hence, sz’ ¢ W7, so (by Corollary 2.5.2) sz’ = z’s" for some
s’ € J. We conclude that sz = sz’/z; = 2/s'z; with s’z; € Wy: hence,
statement (2.20) holds.

We are now ready to prove the claim. There will be four cases, all tacitly
referring to statements (2.19) and (2.20).
Case 1: su < u, sw’ < w’. We have to prove that su’ < sw’ (if su’ < u”)
or that v’/ < sw’ (if su’ > u”). This follows from v’/ < w’ by lifting.
Case 2: su < u, sw’ > w’. This time we want su”’ < w”’ (if su’ < u”) or
u’ < w’ (if su” > u’), which follows from u”/ < w”’ by transitivity.
Case 3: su > u, sw’ < w’. We want u/ < sw”’. Since ¢(su”’) + (uy) >
U(suluy) = b(su) > L(u) = L(u?) + £(uy), it follows that su’ > u”’. Hence,
we get u’ < sw’ from u’ < w’ by lifting.
Case 4: su > u, sw’ > w’. We want v’/ < w’, as assumed. O

The quotients W7 that are of greatest interest in connection with Theo-
rem 2.6.1 are those of maximal parabolic subgroups (i.e., for |J| = |S]| —1).
These quotients are the smallest in size, and Bruhat order sometimes ad-
mits an easy explicit characterization when restricted to them (see, e.g.,
Proposition 2.4.8). Theorem 2.6.1 shows that the size of the right descent
set Dg(u) determines how many projections of this kind are needed to
test for a Bruhat relation u < w. Let us formally state this important
specialization.
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Corollary 2.6.2 Let u,w € W. Then,
u<w < P\EHw) < PN (w), for all s € Dp(u). O

If (W, S) is finite, one gets via antiautomorphism the following alternative
criterion:

u<w = PN wow) < PSS (wou), for all s € S\ Dr(w). (2.21)

We now return to the topic of describing Bruhat order for the symmetric
groups Sy, continuing the discussion from Section 2.1. Recall that a combi-
natorial procedure for deciding Bruhat relations in S,, (the “dot criterion”)
was given in Theorem 2.1.5.

Theorem 2.6.1 implies, because of the simplicity of Bruhat order on quo-
tients Sy(bk), a very efficient procedure for deciding when two permutations
are comparable. This is the so-called “tableau criterion,” in practice often
the most convenient algorithm.

Theorem 2.6.3 (Tableau Criterion) For z,y € Sy, let x; be the i-
th element in the increasing rearrangement of x1,xs, ..., Tk, and similarly
define y; k.. Then, the following are equivalent:

(i) z <y.

(11) zik < Yik, for all k € Dr(z) and 1 < i <k.
(i1i) @i < ik, for allk € [n — 1]\ Dr(y) and 1 <i <k.
Proof. Condition (ii) can, as shown by Proposition 2.4.8, be restated as
saying that PS\{F} () < PS\IF}(y) for all k € Dg(z). Similarly, condition

(iii) says that PS\IF} (wgy) < PS\EH (wox) for all k € Dg(woy). The result
therefore follows from Corollary 2.6.2 and its alternative version (2.21). O

?
For example, let us check whether z = 368475912 < y = 694287531.
Since Dr(z) = {3, 5, 7}, we generate the three-line arrays of increasing
rearrangements of initial segments of lengths 3, 5, and 7:

x Y
4]5]6]7]8]9] 2[a]5]6|7]8]9]
1]6]7]8 24]6]8]9
368 1]6]9

Comparing entry by entry, we find two violations (3 > 2) in the upper
left corner, so we conclude that = £ y. Since [8] \ Dgr(y) = {1, 4}, it is
quicker to use the alternative version (iii) of the criterion, which requires
comparing the smaller arrays

T Y

3[4]6]8] 2[4]6]9]
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The fact that the arrays used are tableaux (increasing along rows and
columns) explains the name of the criterion. To reduce the size of a cal-
culation based on this criterion (the size of the tableaux), it may be
worth having a preprocessing step to determine which of the sets Dg(z),
Dp(z), [n — 1]\ Dgr(y), and [n — 1]\ D (y) has the smallest size. If it is
Dr(z) = Dgr(x™1), one uses that 2 < y < 27! < y~! and applies the
criterion to 7! and y~!, and similarly for Dr.(y) = Dr(y™1).

2.7 Interval structure

What can be said about the combinatorial structure of intervals [u,w] in
Bruhat order, and more generally of such intervals [u, w]” in quotients W7?
One result in this direction is Corollary 2.5.6, which implies that [u, w]” is
a graded poset with rank function p(z) = ¢(z) — ¢(u). In this section, we
will probe deeper into this question. It turns out that some of the results
are best expressed using concepts from topology.

Throughout the section, (W, S) denotes a general Coxeter system, J C S,
u,w € W7, and u < w. We already introduced the notation [u,w]’ =
[u, w] "W for the closed interval spanned by u and w in W+7. We use the
corresponding notation for open intervals: (u,w)’ = (u,w) NW?. Also, we
write

0(u, w) & o(w) — £(w).

Let M(u,w) denote the set of maximal chains in the Bruhat interval
[u,w], and let w = s182...5, be a reduced expression. We are go-
ing to associate with each m € M(u,w) a string of integers A(m) =
(A (m), Aa(m), ..., \p(m)), where k& = {(u,w). The k-tuple A(m) is
induced by the given reduced word as follows.

Suppose that m is the chain w = xg > 1 > - - - > 2 = u. By the Strong
Exchange Property (see Corollary 1.4.4), 1 = xot; = S1S2...8;...5q,
where the deleted generator s; is uniquely determined. Let A;(m) = i.
Now repeat the process. After f steps, we have reached zf, and after f
deletions, we have obtained a uniquely determined reduced subword ex-
pression Ty = 8j8j,---Sj_;, 1 < J1 < g2 < -+ < Jo—r < g Again,
Tyy1 = Tptpp1 = 85,55, .55, ... 5j,_, where the deleted generator sj, is
uniquely determined. Let Af;1(m) = j;. Hence, the idea is to label by the
positions of the generators which are successively deleted from the chosen
reduced expression for w as we go down the maximal chain m from w to
U.

Example 2.7.1 Let W be the dihedral group of order 6 on two generators
S = {a,b} (or equivalently, the symmetric group Ss). Its Bruhat order is
depicted in Figure 2.9.
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aba = bab

ab ba

Figure 2.9. Bruhat order of Ss.

Choosing “aba” as reduced expression for the top element, the induced
labels of the four maximal chains are

Aaba > ba > a > 0)=(1,2,3),
Aaba > ba > b > 0)=(1,3,2),
Aaba > ab > b > 0) =(3,1,2),
Aaba > ab > a > 0)=(3,2,1). O

Lemma 2.7.2 There is at most one chain m € M(u,v) for which A(m)
is increasing (meaning that A\ (m) < Aa(m) < -+ < Ag(m)).

Proof. The statement is clear for intervals of length 1, so we may in-
ductively suppose that it has been shown for length & — 1. Suppose that
there are two maximal chains m : w = 29 > 21 > -+ D> X = u
and m" : w = z; > 2} > -+ > 2 = u with increasing la-
bels )\( ) = (i1,d2,...,1) and A(m’) (1,425 --5Jk). Then, u =
$1...84y -+ -8iy.-.Sip ... Sq=51. §31-~-§j2~-~§jk-~-5q~

Assume that ix < ji, and let tj, = SqSq—1-.-5j. -.-5¢—15¢. Then,
Th_ g = Utj, = S1...8iy---Siy---Sip---Sjp---8q, 50 L(xf_1) < L(u) —1,
contradicting that «},_, > u. Hence, ji < i, and by symmetry, ix < jg.
The equality i = j implies that x;_1 = x},_,. Since the interval [zj_1, w]
by the induction assumption does not admit two distinct maximal chains
with increasing labels, we conclude that m = m’. O

From this, we can deduce the structure of intervals of length 2.

Lemma 2.7.3 If {(u,w) = 2, then [u,w] = @ .

Proof. Among all reduced expressions for u which are subwords of
$182...8¢, choose u = $1...8;...5j...84 so that ¢ < j and j is mini-
mal. Let y = s1...5;...5j...54. The proof of Theorem 2.5.5 shows that
w >y > u, and the label (7,7) of this chain is increasing. It is thus, by
Lemma 2.7.2, the unique chain in [u,w] with increasing label.
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Now, mirror the situation, exchanging left and right (i.e., choose a re-
duced subword expression u = s1...8,...5p...5¢ so that m < p and m
is mazximal, and so on ...). By symmetry, the same argument produces a
chain in [u,w] with label (p, m), which is the unique one with decreasing
label. The label A(m) = (A1, A2) of every m € M (u,w) is either increasing
or decreasing. Hence, there are exactly two such chains. O

Let M7 (u, w) denote the set of maximal chains in the quotient Bruhat
interval [u,w]’. Since MY (u,w) C M(u,w), the injective mapping m
A(m) restricts to M7 (u,w). We write (ay,...,ax) < (by,...,by) for the
lexicographic order relation of distinct integer strings. This means that
a; < b; for the minimal index ¢ such that a; # b;.

Lemma 2.7.4 (i) There is a unique chain mg € M’ (u,w) such that
A(my) is increasing.

(i) M(mg) < A\(m) for all m # mg in M7 (u,w).

Proof. A chain m with increasing A(m) is constructed in Theorem 2.5.5,
and it is unique by Lemma 2.7.2. This proves part (i).

Part (ii) will be proved by induction on length. For the ¢(u,w) = 2 case,
we refer to the proof of Lemma 2.7.3. It shows that there are at most
two maximal chains in [u,w]’, namely the increasing one with label (4, 5)
and (perhaps) a decreasing one with label (p,m), where, by construction,
i < j <p. Since (i,j) < (p,m), we are done with this case.

Suppose that £(u, w) > 2, and let m : w = g > 21 > -+ > z = u be the
maximal chain in [u, w]” whose label A(m) = (A;(m), ..., A\x(m)) is lexico-
graphically minimal. We want to show that A\(m) is increasing. The simple
key observation is as follows (with the labelings induced by the reduced
expressions w = s152...54 and &1 = 5182...5x,(m) - - - S¢, respectively):

e The chainw =x¢p > 1 > --- > xp_1 has lexicographically minimal
label in the interval [zy_y,w]”.

e The chain z; > z2 > --- > x) = u has lexicographically minimal

label in the interval [u,x1]”.

Hence, by induction, the two strings
(AM(m),...; Ag—1(m)) and  (A2(m),..., Ax(m))

are increasing. Since they overlap, we obtain that A(m) = (A (m), ..., Ax(m))
is increasing. O

We now discuss the order complex A((u,w)”), whose faces are the chains
of the open interval (u,w)’. By Corollary 2.5.6, this complex is pure
((u, w) — 2)-dimensional. See Appendices A2.3 and A2.4 for all relevant
definitions, results, and references concerning these notions and the con-
cept of shellability. The following result provides the main technical tool of
this section.
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Theorem 2.7.5 The order complex of (u,w)” is shellable.

Proof. It is notationally more convenient to prove the statement for the
order complex of the closed interval [u,w]”, whose facets are the maximal
chains in M (u,w). Since A([u,w]”) is the double cone over A((u,w)”)
(with cone points u and w), shellability for one is equivalent to shellability
of the other; see statement (A2.4).

For m’,m € M7 (u,w), define m’ < m to mean that A\(m’) < A\(m).
Thus, we are letting the lexicographic order of labels A\(m) induce a linear
order on the set MY (u,w) (i.e., on the set of facets of A([u,w]”)). We
will show that this is a shelling order. We have to prove (cf. Definition
A2.4.1) that if m’ < m, then there exists k € MY (u,w) such that k < m,
m Nm C kNm, and kNm| = |m|— 1.

Consider two maximal chains m : w =29 > 21 > -+ > xp = u and
m':w=ux > ) > --- > ) =u, and suppose that m’ < m. Let d be
the greatest integer such that x; = x} for i = 0,1,...,d, and let g be the
least integer such that g > d and z, = z,. Then, g —d >2,and d <i <g
implies that z; # ).

Now, focus attention on the subinterval (x4, z4]7 and the labeling of its
maximal chains that is induced by the reduced word for x4 that one gets
by following the chain w = xo > x1 > --- > x4 (or, equivalently, the
chain w = > z} > --- > ) and making the corresponding deletions
in the given reduced expression w = s182... 4. (To be precise, the letters
Sx,(m) for i =1,...,d are the deleted ones in the reduced subword for x4.)

The chain x4 > zq41 > - -+ > x4 cannot be the unique maximal chain of
[zg, 14)? with increasing label, because then the property stated in Lemma
2.7.4 would force A(m) < A(m’), contrary to the assumption that m’ < m.
Consequently, the label A\(m) must have a descent A.(m) > A.41(m) for
some e with d < e < g. Then, in the sub-subinterval [z.1,7._1]”, with its
induced labeling of maximal chains, the chain .1 > z. > x.41 has a
decreasing label. So, again by Lemma 2.7.4, there is a chain .1 > y >
Zet+1 Whose label is increasing and comes earlier in lexicographic order. If we
definek tobethechainw > x1 > -+ D> Tee1 D YD Teg1 D Tega > -+ D> u,
it follows that A(k) < A(m). Furthermore, the construction shows that
knm=m-—{w.} Dm' "m. O

Corollary 2.7.6 The order complex of (u,w)” is Cohen-Macaulay.

A closed interval [u,w]” in the quotient poset W is said to be full if
[u,w]’ = [u,w], and similarly for open intervals.

Theorem 2.7.7 The order complex of (u,w)” is PL homeomorphic to
(i) the sphere SY W) =2 if (u,w)” is full;

(ii) the ball BY)=2 otherwise.
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Proof. The complex A ((u,w)”) is pure ({(u,w) — 2)-dimensional, and
Lemma 2.7.3 implies that it is thin if (u,w)” is full and subthin otherwise.
Hence, Theorem 2.7.5 and Fact A2.4.3 force the conclusion. O

The theorem implies the following characterization of full intervals of
length 3. Call a poset a k-crown if it is isomorphic to the poset depicted in
Figure 2.10. For instance, Bruhat order of S5 is a 2-crown; see Figure 2.9.

Figure 2.10. A k-crown.

Corollary 2.7.8 Suppose that £(u,w) = 3. Then, the closed interval [u, w]
s a k-crown, for some k > 2.

Proof. The order complex of (u,w) triangulates the circle S'. The k-crown
clearly has the only possible isomorphism type. O

The length 3 intervals in Bruhat order of Sy provide examples of 2-, 3-,
and 4-crowns; see Figure 2.4. It is a nontrivial fact that these are the only
types that can occur in a finite Weyl group (Hs and Hy also contain 5-
crowns); see Section 2.8. In contrast, arbitrarily large k-crowns can exist in
infinite Coxeter groups, as we now show.

Example 2.7.9 Let (W, S) be given by the Coxeter diagram

C

ﬁ

a 4 b

Let u = (abc)"~! and w = (abe)™. Then, u < w, {(u,w) = 3 and the
interval [u, w] is a 3n-crown. To see this, observe that each of the 3n letters
in the reduced word w = abcabc. ..abc can be deleted, creating a reduced
subword of length 3n — 1, which uniquely represents an element of [u, w].
O

Let u”/(u,w) denote the M&bius function computed on the quotient
Bruhat poset W7; see Appendix A2.2 for the definition. Since, by Fact
A2.3.1, p’(u,w) is the reduced Euler characteristic of A((u,w)”), the
following is a direct consequence of Theorem 2.7.7.
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-1 L(u,w) ; J U
Corollary 2.7.10 p/ (u,w) = (=1) ’ if [u,w]‘ is full
0, otherwise.
Computing on the full Bruhat order of W, the corollary specializes to
say that p(u,w) = (—1)“®") for all u < w. From definition (A2.1), one
sees that this is equivalent to the following:

Corollary 2.7.11 In a closed interval [u,w], u < w, the number of
elements of odd length equals the number of elements of even length. O

The last two corollaries can, of course, be given direct combinatorial
proofs. If there exists some s € Dy (w) ~\ Dr(u), then the mapping = +—
sz matches the odd-length and the even-length elements of [u,w], as is
easily seen from Proposition 2.2.7. In general, a more detailed combinatorial
argument is needed; see Exercise 13.

Theorem 2.7.7 shows that the order complex of an open interval (u,w)
triangulates a sphere. This triangulation is actually the barycentric sub-
division of a more intrinsic cell decomposition of the sphere. We refer to
Appendix A2.5 for explanations of the concepts used.

Theorem 2.7.12 Suppose that ¢(u,w) > 2. Then, there exists a regu-
lar CW complex Iy, ., uniquely determined up to cellular homeomorphism,
whose cell poset is isomorphic to (u,w) and such that ||Ty .| = SH®ww)=2,

Proof. Let X = ||A((u, w))||, the geometric realization of the order com-
plex of (u,w). Then, by Theorem 2.7.7, X = S«*)=2 For each z € (u,w),
let 0, = ||A((u,z2])||. This subspace of X is a cone (with cone point
z) over the sphere ||A((u,z))|; hence, it is a ball. Our claim is that
Tyuw={0::2€ (u,w)} is a regular CW decomposition of X.

The two conditions of Definition A2.5.1 are easily verified. A point p €
X lies in the interior of o, if and only if the support of its barycentric
coordinates is a chain in which z is the greatest element. Hence, the interiors
7. partition X. The boundary of o is ||A((u, z))||, which is the union of
oy forallu <y <z O

Example 2.7.13 Consider an interval of length 3 (i.e., a k-crown as in
Figure 2.10). The CW complex T, ,, has vertices z1,...,z; and edges

Y1, .., Yk, forming the boundary of a k-gon. Its barycentric subdivision,
the order complex of (u,w), has vertices x1,...,2; and y1,...,yx and 2k
edges.

For another example, take the open interval (1234, 3241) in Sy, shown to
the left in Figure 2.11. The corresponding regular CW decomposition of S?
appears to the right. It has three vertices, four edges, and three 2-cells (one
of the triangular 2-cells fills the outer region of the compactified plane). O
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Figure 2.11. Regular CW interpretation of a Bruhat interval.

Theorem 2.7.12 has a combinatorial corollary concerning labelings of the

edges of the poset diagram of [u,w] by +1 and —1. Let

Cov[u, w] et {(v,2) eW? :u<v<z<w},
and say that a mapping sg : Covlu,w] — {41, =1} is balanced if for all
x <y in [u,w] such that {(z,y) = 2:

sg(z < a)sgla<y) +sg(x <b)sg(b<y) =0, (2.22)
where a and b are the two “middle” elements of [z,y] (cf. Lemma 2.7.3).
Equivalently, the number of “(—1)"s assigned to the four edges of [z,y] is
odd.

For each i € [((u), {(w)], let C;[u, w] be the free Abelian group generated
by the set of elements z € [u,w] such that ¢(z) = i. Assume that we have
a signature sg : Covlu, w] — {+1, =1}, and for i € [¢(u) + 1, £(w)], define a
homomorphism d; : C;u, w] — C;_1[u, w] by linear extension of

di(z) = Z sg(x, z) x.

u<lzr <z

Thus, we have a sequence of successive maps d;:
0— Cé(w)[uaw} - Cé(w)—l[U,w] T C'E(u) [u’w] — 0. (223)
One easily sees that sg is balanced if and only if Im d; C Kerd;_1, for all 4.

Corollary 2.7.14 Suppose that £(u,w) > 2. Then, there exists a signature
sg : Coviu,w] — {41, =1} such that the following hold:

(i) sg is balanced.
(ii) Imd; = Kerd;_1, for all i € [{(u), l(w)].

Proof. Extend the cell complex T',, ,, by attaching a (¢(u,w) — 1)-cell via
some homeomorphism of its boundary onto ||I'y ||. This gives a regular
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CW complex fu,w which decomposes the ball B!(“*)=1 and whose cell
poset is isomorphic to the half-open interval (u, w].

Now, consider the cellular chain complex of fu,w (see Appendix A2.5).
The incidence numbers of cells [0 : 7] € {+1,—1} can, via the poset iso-
morphism, be transferred to the coverings v <1 z such that u < v <z < w.
This induces a partial labeling, which extends to a complete labeling
sg : Cov[u,w] — {+1,—1} by putting sg(u < z) = +1 for the “bottom
edges” (i.e., for all elements z that cover u in [u,w]). This signature sg is
balanced, since d;_1 o d; = 0 in the cellular chain complex. Furthermore,
via transfer of structure, the chain complex (2.23) can be identified with
the cellular chain complex of fu,w. Therefore, part (ii) is a consequence of
the fact that reduced cellular homology of the ball B*(*:*)=1 vanishes in all
dimensions. O

2.8 Complement: Short intervals

When studying Bruhat intervals of length m in finite Coxeter groups it is
sufficient to consider groups of rank m. The reason for this surprising fact is
made precise by the following theorem. Recall that a reflection subgroup is
a subgroup generated by some subset of the set T' of reflections. It is known
(see Exercise 1.18) that such subgroups are themselves Coxeter groups.

Theorem 2.8.1 Suppose that (W, S) is finite, and let [u,w| be a Bruhat
interval in W with €(u,w) = m. Then, there exists a reflection subgroup
(W', S") of rank |S’| < m and a Bruhat interval [u',w'] in W' such that
[u,w] 2 [/, w']. O

This theorem, due to Dyer [203], has the following consequence, since by
the classification there are only finitely many finite Coxeter groups of each
rank.

Corollary 2.8.2 Up to isomorphism, only finitely many posets of each
length m > 0 occur as intervals in Bruhat order of finite Coxeter groups. O

What are the possible types? Or, at least, how many are there? Here
is what is known about this question for three important classes of finite
groups.

Symmetric groups 1 3 7 25
Simply-laced groups 1 3 10
Weyl groups 1 3 24

Number of length m intervals
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That all length 3 intervals in a finite Weyl group are k-crowns with
2 < k < 4 was shown by Janzen [316]. Since there are only two irreducible
Weyl groups of rank 3 (A3 and Bs), and the rank 2 and reducible cases are
easy, this follows from Theorem 2.8.1 by checking A3 and Bjs. The group
Hj3 also contains some 5-crowns.

The classification of length 4 intervals, and for symmetric groups also
length 5, was done by Hultman [301, 302]. The 24 types of intervals that
occur for m = 4 are shown in Figure 2.12. The pictures show the regu-
lar CW decompositions of S? that the respective intervals determine. For
instance, the poset diagram of an interval of type 1 is shown in Figure 2.11.

Referring to Figure 2.12, the following is also shown in [302]:

Only intervals of type 1-7 appear in the symmetric groups.
Only intervals of type 1-10 appear in the simply-laced groups.

It is an interesting fact that all 24 types of length four intervals are
represented within the group Fj.

N LA LA

> B D

9 10 11. 12
13. 14. 15. 16.
17. 18. 19. 20.
21. 22. 23. 24.

Figure 2.12. All length 4 intervals that appear in Weyl groups.
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Exercises

10.

Define “left Bruhat order” by exchanging “w = ut” for “w = tu” in
Definition 2.1.1. Show (without using the Subword Property) that it
coincides with the “right Bruhat order” of Definition 2.1.1.

Show that the automorphism group of Bruhat order of the dihedral
group I»(p) is isomorphic to Z’;l.

Let Jy,...,Jr be the node sets of the connected components of the
Coxeter graph for (W, S). Show the following:

(a) W is (group-theoretically) isomorphic to the direct product of
the irreducible subgroups W,.

(b) Bruhat order on W is (order-theoretically) isomorphic to the
direct product of Bruhat order on the respective subgroups Wy, .

Let k € [n—1] and J = S\ {sx}, and use complete notation for
permutations.

(a) Show that 7(S,,) consists of the shuffles of the two sequences
1,...,k and k+ 1,...,n. [Remark: A shuffle of two sequences
is any linear order of their set-theoretic union in which the
elements of each sequence appear in their original order.]

(b) Show that the projection map = —’z € 7(S,) has the follow-
ing description: "z is obtained from z by permuting the values

1,...,k so that they form an increasing subsequence on their

original set of places, and then similarly for K+ 1,...,n.

Let x = 316725948. Compute 27 and “x in Sg, when J = {1, 7}, {1},
{7}, 0, and {1,2,3,4,5,6,7, 8}, respectively.

Show that the set {z € S, : |2(i) — i] < n} forms an interval in the
Bruhat order of Ss,, and that this interval has 2n — 1 atoms and n?
coatoms.

For W = S, interpret concretely in terms of permutations the
bijections of Corollary 2.4.6 and Proposition 2.5.4.

Prove the following version of the tableau criterion for S,,. Choose
k € [n] andlet 2,y € Sy,. Then, x < yifandonly if 71 ... 7; <T1-.- W
for1<i<k—-landz;.. %, >7;...yn for k+1 < j < n. Here, the
overline denotes increasing rearrangement, and comparison of strings
is componentwise.

Deduce Theorem 2.6.3 from Theorem 2.1.5 by direct combinatorial
reasoning.

Let W be finite and w € W. Show the following:
(a) Dr(wwy) =S\ Dr(w).
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11.

12.

13.
14.

15.

16.

17.

18.

19.
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(b) DL(wOw) = wo(S \ DL(w))wO =5 \ wODL(w)wO.
(¢) Dp(wowwy) = woDy, (w)wp.
(d) Tr(wowwg) = woTL(w)wy.

Let J C S and u,w € W;. Show that v < w in W if and only if
u<win W.

Suppose u < w, J C S, and that v < us and w > ws for all s € J.
Show that the Bruhat interval [u, w] is a union of left cosets xW;.

Prove Corollary 2.7.11 by a combinatorial matching argument.

For a Coxeter system (W, S) and a partial order < on W, say that <
has the lifting property if for any u,w € W and s € S with £(su) >
£(u) and £(sw) < ¢(w), one has that the following are equivalent:

(i) su<w

(ii) u<w

(iil) u < sw.
Show that any ordering on W with the lifting property must coincide
with the Bruhat ordering.

Let I,JCS.
(a) Show that every double coset WrwW;, w € W, has a unique
element of minimal length.

(b) Characterize the system W7 of such minimal double coset
representatives in terms of the quotients W’ and W+.

Suppose that W is finite and define an upper projection operator
Pow - D3 by PJ(w) = maximal length representative of the
coset wW ;. Show that the following hold:

(a) P’ is order preserving.
(b) W7 and D5 are isomorphic as posets.
(¢) Let u,w € W and J = Dr(w). Show that v < w if and only if

PJ(u) < w.

Suppose that W is infinite and irreducible. Show that W is infinite
for all proper subsets J C S.

Let s; = (i,i+1),i =1,...,n—1, be the standard Coxeter generators
of the symmetric group S, and let J C {s1,...,8,-1}. Show that
the following conditions are equivalent:

(a) (Sn)” is a lattice.

(b) (Sn)” is a distributive lattice.

(c) card(J) =n — 2.
Let (W, S) be an irreducible finite Coxeter group. Show that if W~

is a lattice, then it is in fact a distributive lattice and card(J) =
card(S) — 1.
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Suppose w € W and J C S. Show that then [e, w] N W = [e,u], for
some u € Wj.

Suppose that £(zw) = l(x) + ¢(w) and L(yw) = L(y) + {(w), for
z,y,w € W. Show that zw < yw < x < y.

Let (W, S) be a Coxeter group and V' C W. Let

W/V € {we W : f(uwv) = l(w) + £(v) for all v € V}.
Such subsets, called generalized quotients, are considered here as
posets under the induced Bruhat order. Show the following:

(a) Ordinary quotients: If J C S, then W/J = W7,

(b) W/V is a graded poset whose rank function is r(w) = £(w).

(¢) The order complex of any interval in W/V is shellable.

(d) If W is finite, then for every V- C W, there exists an element
u € W such that W/V = W/{u}.

Prove the following properties of descent classes D under Bruhat
order, I CJ C S:

(a) Df # 0 if and only if W; is finite. Suppose in the following parts
that this is the case.
(b) Dy has a least element, namely wq ().
¢) D7 is finite if and only if W5\ is finite, and if so, D/ has a
T T
greatest element, namely w‘g \
d) D7 is isomorphic (as a poset) to a generalized quotient, namely
T

D] = W)V, where V & {wo(I)-s: s€ S\ J}

(e) Conclude from part (d) and Exercise 22 that all maximal chains
in an interval [u, w]{ in Df are of length equal to £(w)—£(u), that
the order complex of [u, w]{ is shellable, and that the expression
for the Mobius function in Corollary 2.7.10 generalizes.

The order dimension of a finite poset P, denoted odim(P), is the least
integer d such that P is isomorphic to an induced subposet of N¢ (with
product order). See [540] for a discussion of this concept. Consider
now the finite irreducible Coxeter groups under Bruhat order. Show
the following:

odim(lz2(m)) = 2, for all m > 2,

—~
53

)
(b) odim(A,_1) = [%], for alln > 2,
(¢) odim(B,) = (3)+1, for all n > 2,
(d) odim(Hs) = 6,
(e) odim(Hy) = 25,
(f) 14 < odim(Dg) < 22,
() 14 < odim(Es) < 26,
(h) 10 < odim(F}) < 12,
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26.

27.

28.

29.

30.
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(i)* Determine the order dimension of Bruhat order in the remaining
open cases.

Show that Bruhat order determines the Bruhat graph (i.e., knowl-
edge of the edges that come from Bruhat order coverings determine
knowledge of all edges of the Bruhat graph).

For any subset A C W, let BG(A) denote the directed graph on the
vertex set A induced by the Bruhat graph of (W, S) (i.e., u — w is an
edge of BG(A) if and only if u — w in W and u,w € A). Let J C S.
Show that the following hold:

(a) The Bruhat graph of (W, J) coincides with BG(Wy).
(b) This graph is isomorphic to BG(wWj), for any w € W.

Let (W,S) be a Coxeter group, and for any ¢ > 0, let I'; be the
(undirected) bipartite graph whose vertices are the group elements
of lengths ¢ and 7 + 1 and whose edges are pairs x < y. Show that
I'; does not contain the complete bipartite graph K5 3 as an induced
subgraph.

Let (W, S) be a Coxeter group with |S| # oco. Show that every an-
tichain in Bruhat order of W is finite. (Equivalently, every linear
extension of Bruhat order is well-ordered.)

Let z,y € S,, n > 4. Say that the ordered pair (z,y) satisfies
“condition 4C” if the following hold:

(i) = and y (written in complete notation) agree in all but four
positions.
(ii) In these positions, we have the patterns

r=...a...c...b...d...,

y=...c...d...a...b...

for some numbers 1 <a<b<c<d<n.

(iii) No number e with a < e < ¢ appears in a position between a
and c in x.

(iv) No number f with a < f < d appears in a position between ¢
and b in x.

(v) No number g with b < g < d appears in a position between b
and d in x.

(a) Show that the interval [x,y] is a 4-crown if and only if either
(z,y) or (ywo, zwp) satisfies condition 4C.

(b) Show by a direct argument that k-crowns for k& > 5 cannot
occur in the symmetric groups.

Suppose that ¢(u,w) = 3. Then, [u,w] is a 2-crown if and only if
u — w is an edge in the Bruhat graph.
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Show that both the finite group Hs and the affine group Go contain
Bruhat intervals that are 5-crowns.

For any Coxeter group (W, S) and any k > 0, show that
> (D >0,
L(w)<k
with equality if and only if W is finite and k > £(wyp).

Consider an open interval (u,w)”, ¢(u,w) = k > 2. Suppose that
E C [k — 1] and define the length-selected subposet

(uw}édﬁf{xe (w,w)” : £(z) — {(u )€ E}.
Show the following:

(a) The order complex of (u,w), has the homotopy type of a wedge
of (|E| — 1)-dimensional spheres.

(b) Suppose that the interval is full, and let hg denote the number
of spheres in the wedge. Then,
(i) hg > 1, and
(ii) he = hpp—1<E-

Let E be a finite set of positive integers and (W, S) a Coxeter group
that is either infinite or finite with ¢(wp) > max E. Show that the
order complex of the induced Bruhat poset on {w € W : {(w) € E}
has the homotopy type of a wedge of (|E| — 1)-dimensional spheres.

For a Coxeter group (W,S), let Invol(IW) denote the subposet of
involutions in W with induced Bruhat order. Figure 2.13 shows the
set of involutions as a subset of Bruhat order of Sy and Figure 2.14
shows the poset Invol(Sy) by itself.

The absolute length of w € W is defined by

al(w) def min{k : w = tyty - - - t, for some tq,ta,...,tx € T}.
Show the following:

(a) Invol(W) is a graded poset (i.e., every interval is pure).
(b) The rank function of Invol(W) is

) = ) otl)

(¢) The Mobius function of Invol(WW) is
) = (~1y7 .

(d) If W is finite of type A, B, or D, then every interval [u,w]
is shellable. Conclude that the order complex of (u,w) is
homeomorphic to a sphere.
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Figure 2.14. The induced subposet Invol(.S4).

(e)* Prove that every interval [u,w] is shellable for general (W, S).

36.* The Robinson-Schensted correspondence specializes to a bijection
w < (P, P) between involutions w and standard Young tableaux P.
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Thus, Bruhat order on involutions induces a partial order on the set
SYT,. For n = 4, see Figure 2.14. Characterize directly in terms of
the tableaux this partial order structure on SYT,.

37.* Consider only Bruhat intervals occurring in finite Weyl groups. For
m=1,2,..., let a(m) be the number of isomorphism types of length
m intervals, b(m) the maximum number of atoms of a length m
interval, and ¢(m) the maximum cardinality of a length m inter-
val. Determine the order of growth (and, if possible, the generating
functions) of the sequences

{a(m)}*_; = {1,1,3,24,.. .},
{b(m) ?r?:l = {1a2v4>8a"'}>
{e(m)}o_, = {2,4,10,32,...}

The same question can be asked about the corresponding numbers
for intervals occurring in the symmetric groups.

Notes

Bruhat order was first considered in a geometric context, namely as de-
scribing the containment ordering of Schubert varieties in flag manifolds,
Grassmannians, and other homogeneous spaces. In this form, Bruhat order
was first considered probably by Ehresmann [220] and later in more general
settings by Chevalley [134] and others. Since these beginnings, and because
of its intimate relationship with naturally induced cell decompositions of
certain varieties, Bruhat order has frequently figured in the vast literature
on the geometry and representation theory of groups and algebras of Lie
type.

The first step to a purely combinatorial study of Bruhat order seems to
have been taken by Verma, who conjectured [543], and later proved [544],
the formula for the Mobius function of a general Coxeter group (the J = ()
case of Corollary 2.7.10). Further steps in this direction were later taken
by Bernstein, Gelfand, and Gelfand [35]; and by Deodhar [176].

Incidentally, Verma [543] also seems to be responsible for coining the
name “Bruhat order,” presumably because of its connection with Bruhat
decomposition of semisimple algebraic groups. The name has been ques-
tioned, and the historically more correct “Chevalley order” [72], or the
more neutral “strong order” [54], has been proposed. However, the name
“Bruhat order” seems by now to be firmly established and is undoubtedly
here to stay.

The subword property (Theorem 2.2.2) is due to Chevalley [134]. The
tableau criterion for the symmetric groups (Theorem 2.6.3) was known to
Ehresmann [220], whereas the general version (Theorem 2.6.1) is due to
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Deodhar [176]. Section 2.7 is based on the work of Bjorner and Wachs
[65, 55].

Exercise 13. See Verma [544].

Exercise 14. See Deodhar [176].

Exercise 17. See Deodhar [179)].

Exercise 18 and 19. See Proctor [424]. This also contains the classification
of all cases in which W is a lattice.

Exercise 20. See van den Hombergh [298].

Exercises 21, 22, and 23. See Bjorner and Wachs [67].

Exercise 24. See Reading [430].

Exercises 25 and 26. See Dyer [203].

Exercise 27. See Brenti, Caselli, and Marietti [100].

Exercise 28. See Higman [294] and Bjorner [54].

Exercise 29(a). See Kerov [325].

Exercise 30 follows from a more general result of Dyer; see [206].

Exercise 33. See Bjorner and Wachs [65].

Exercise 35. See Richardson and Springer [445], Incitti [309, 310, 311, 312]
and Hultman [303].
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Weak order and reduced words

When working with a Coxeter group, one is sooner or later faced with prob-
lems concerning the combinatorics of reduced words. When do two such
words represent the same group element? How should one best choose “dis-
tinguished” reduced words to represent the group elements? Such questions
are discussed in this chapter and the following one.

We begin with a partial order structure on the group W that is intimately
related to the language of reduced words. This partial order is, in fact, a
semilattice (and in the finite case a lattice), which introduces additional
algebraic structure.

3.1 Weak order

Let (W, S) be a Coxeter group, and let u,w € W.

Definition 3.1.1 (i) u <p w means that w = usi8z...sk, for some
s; € S such that L(us1Sa...8;) =L(u)+1, 0 <i<k.

(i) u < w means that w = SpSk—_1 ...s1u, for some s; € S such that
0(8i8i—1...51u) = L(u) + 1, 0 <i < k.

This defines the right weak order and the left weak order, respectively.
Right and left weak order are distinct partial orderings of W; however,
they are isomorphic via the map w +— w~!. We henceforth often drop the
adjective “weak” and speak only of right order and left order. Also, results
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are usually stated for the right order only, although sometimes referred to
for left order.

It is immediate from the definition that these orderings are strictly
weaker than Bruhat order in the sense of having fewer relations:

u<gpw or u<pw = u<w. (3.1)

We have the convention that all partial order notation refers to Bruhat
order, unless given a subscript “R” or “L,” in which case it refers to the
respective weak orderings. For instance, [u,w|g = {x € W : u <p z <p w}
is a right order interval, and u <I7, w denotes a covering in left order.

The following are a few immediate observations.

Proposition 3.1.2 (i) There is a one-to-one correspondence between
reduced decompositions of w and mazximal chains in the interval
[e, w]R.

(i) u<pw <= L(u)+L(utw) = L(w).
(iii) If W is finite, then w <g wq for all w € W.
(iv) Weak order satisfies the “prefiz property”:
u<pw < there exist reduced exrpressions
U=S5152...5k andw:slsz...sks’ls’z...s;.
(v) Weak order satisfies a “chain property” analogous to Theorem 2.2.6.

(vi) Suppose s € Dp(u) N Dr(w). Then, u <pw <= su <p sw. O

Property (v) shows that W under weak order is a graded poset ranked
by the length function, and so is also every interval [u, w]g.

The diagrams of the dihedral groups I2(4) = By and I3(co) under right
order are shown in Figure 3.1.

abab = baba
aba bab aba i i bab
ab ba ab ba
a b a b
e e

Figure 3.1. Weak order of dihedral groups.
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For the symmetric group S,,, we have that * <g y if and only if the per-
mutation y can be obtained from x via a sequence of adjacent transpositions
that at each step increases the number of inversions. For instance,

263154 — 263514 — 623514 — 623541 — 632541

shows that 263154 <pg 632541. The right order of Sy is shown in Figure 3.2
and that of the group Hj is shown in Figure 3.3. (The labels, z, y, and z
in Figure 3.3 are explained in Exercise 1.)

Figure 3.2. Weak order of Sy.

Let r(w) denote the number of reduced decompositions of an element
w € W. Then,

r(w) = Z r(u), (3.2)
u<pw
as is easily seen from Proposition 3.1.2(i). This recurrence can be used to
count reduced decompositions in small examples. For instance, computing
over the order diagram of Figure 3.2, we quickly find that r(wp) = 16 for
the top element wy = 4321 of Sy4. In general, more sophisticated tools are
needed for counting reduced decompositions; we will return to this topic in
Chapter 7.
The following is a simple characterization of weak order in terms of sets
of associated reflections.
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Figure 3.3. Weak order of Hs.

Proposition 3.1.3 u <p w < Tp(u) C TL(w).
Proof. If u = s152...5; and w = 5152...8kSk+1 - .. S¢ are reduced, then
Tr(u) = {s182...8;...8281 : 1 <i<k}
C {s182...8;...8281 : 1 <i<gq}=Tg(w).

Conversely, suppose that u = s12 ... s isreduced. Let t; = s182...8;...8281,
1 <i <k, and assume that

Tr(u) ={t1,ta,..., tx} CTp(w).
For 0 < i < k, consider the following claim:
C(i): there exists a reduced expression w = s18...5;8155...5; ;.
Clearly, C(0) is true. Now, suppose that C(i) is true, for some 0 < i < k.
The fact that ¢;41 € Tr(w) and that ¢; # t; 4 for j < ¢ (Lemma 1.3.1)
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shows that

/

/ /
tiy1 =81...8;87...8,...518;...81

for some 1 < m < g — i. Hence,

_ 42
w =t qw

= (51...sH_l...51)(31...sis/l...s;n...s;ﬂ)

= 51...si+1s/1...s’m... q—i>
which establishes C(i + 1). Hence, by induction, C(k) is true, as was to be

shown. O

Corollary 3.1.4 The mapping w — T, (w) provides an order-preserving
and rank-preserving embedding of W, as a poset under weak order, into the
lattice of all finite subsets of T'. O

Weak order on a finite Coxeter group shares with Bruhat order the
symmetries induced by the top element.

Proposition 3.1.5 For weak order on a finite W, the following hold:
(i) w— wow and w — wwy are antiautomorphisms.
(i1) w — wowwq s an automorphism.

Proof. This follows from the length formulas in Proposition 2.3.2 and
its corollary and from the fact that if s € S, then swg = wps’ for some
s’ € S (a consequence of woSwy = S). For instance, if w <ig ws, then
wowwy <A Wowswy, since L(wowswy) = L(ws) = L(w) + 1 = L(wowwy) + 1
and wowswy = wowwgs’'. O

The combinatorial structure of intervals is a difficult and interesting ques-
tion for both Bruhat and weak order. We have already observed that an
interval [u,w]g is a graded poset. For weak order, there is a simple trans-

lation principle that shows that every interval is isomorphic to a lower
interval (i.e., an interval bounded below by the identity).

Proposition 3.1.6 If u <p w, then [u,w]r = [e,u" w]g.

Proof. We will show that the mapping = +— wux is a poset isomorphism
le,u=tw]r — [u,w]r. The basic properties of the length function give:
l(w) = L(u) + £(u" w)

(a) () ©
< O(u) + 0(x) + e ) > Aux) (T e w) > A(w).

r <pulw < equality in (a)
< equality in (b) and (c)
S u<pur <pw.
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Hence, = € [e,u™w|gr < uz € [u, w]g, and if so, £(ux) = L(u) + ¢(z). O

The Boolean embeddability of weak order (Corollary 3.1.4) has the
following consequences for interval structure.

Corollary 3.1.7 Let u <g w and m def L(u,w). Then, for 0 <k < m,

#{v € [u,w]g : L) = L(u) + k} < (Zf) O
Corollary 3.1.8 There are (up to isomorphism) only finitely many posets
of each length m > 0 occurring as intervals in weak order of Coxeter
groups. O

3.2 The lattice property

An element z in a poset is said to be the meet (or, greatest lower bound) of
asubset Aif (i) z < yforally € A, and (ii) u < y for all y € A implies that
u < z. The meet, if it exists, is clearly unique. It is then denoted A A, or if
A = {z,y}, simply  Ay. A poset L for which every nonempty subset has
a meet is called a complete meet-semilattice. Such a poset has a minimum
element 0 = A L.

Bruhat order is not a semilattice, as is clear from a glance at Figure 2.1.
It turns out, however, that weak order is. In the following, (W,S) is an
arbitrary Coxeter system.

Theorem 3.2.1 Weak order on W is a complete meet-semilattice.

Proof. Given x,y € W we want to show that x A y exists. This is done

by induction on ¢(x). If ¢(x) = 0 or there is no s € S such that s <p x

and s <p y, then Ay = e. So we may assume that ¢(z) > 0 and E def

le,x]r N le,ylr # {e}. Pick an element z € E of maximal length. We will
show that w <p z for all w € F, implying that z =z A y.

We first show that if s € EN S, then s < z. Let 2 = s1...8,, x =
§1...8:87...5, and y = s1...5:8]...s; be reduced decompositions. If

P
s £r z, then by the Exchange Property,

o / 7 / o " ~1 "
T =881...587...5,...5) and y = 551...5.5] ...5; R

are reduced. So ss;...s, € E. However, £(ss1...8,) > £(z), contradicting
the choice of z.

Now, let w € E \ {e}. We make repeated use of Proposition 3.1.2(vi),
to which, for brevity, we here refer by (**). Let s € Dy (w). Then, s €

Dp(x) N Dr(y), and, by what was shown above, also s € Dy (z). Since

l(sx) < L(z), by induction sx A sy exists, say z’ ©f s A sy. By (**),

we have that sw <p 2’ and sz <p 2’. Also, since z’ <p sz, (**) shows
that sz’ <gr z, and similarly sz’ <g y. Hence, sz’ € E, implying that
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{(sz") < £(z). We have shown that, on the one hand, sz <p 2/, and, on
the other, £(sz) = €(z) — 1 > ¥(sz’) — 1 = {(2’). Hence, sz = z’. Therefore,
sw <p sz, which (again by (**)) implies w <p z, as was to be shown.

The existence of meets /A A for arbitrary nonempty subsets A C W
follows from the existence of pairwise meets and the descending chain con-
dition by a standard argument; namely let =g € A. If ¢y <gr y for all
y € A, then \ A = z(. Otherwise, choose yo € A such that o € yo and
let 1 = 2o Ayo <g wo. If 11 <g y for all y € A, then A\ A = z1. Otherwise,
choose y; € A such that 1 £€r y1 and let z2 = x1 A y1 <gr x1, and so
on. This creates a sequence xg,T1,X2,... that either terminates for some
i with \ A = x;, or else is strictly descending ¢(z¢) > €(x1) > (z2) > ---.
Since the latter is impossible, we are done. O

If W is infinite, then joins (least upper bounds) may fail to exist (see,
e.g., the infinite dihedral group in Figure 3.1). However, if a subset A C W
has some upper bound in weak order, then it follows from Theorem 3.2.1
that the join \/ A exists (take the meet of the set of all upper bounds). If W
is finite, then there is the universal upper bound wy, so that both joins and
meets exist for arbitrary subsets. Thus, in the finite case, W is a lattice. In
fact, it has additional structure as a lattice.

A lattice L with bottom and top elements 0 and 1 is called an ortholattice
(see Birkhoff [52]) if there exists a map = + 2z on L such that the following
hold:

(@) Vot =1, zAzt =0, forallz e L.
(B) x<y=azt >yt forala,yc L.
(y) o+t =z, forallz € L.

Corollary 3.2.2 Right order on a finite Cozeter group (W,S) together
with the translation r — xwy gives W the structure of an ortholattice.

Proof. This follows from Propositions 2.3.2(iii) and 3.1.3. O

The following lemmas show some cases when join and meet can be
reasonably expressed in terms of multiplication.

Lemma 3.2.3 Let J C S. Then, \/ J exists if and only if W is finite,
and if so, \| J = wo(J). In particular, if |Wy| = oo, then J has no upper
bound.

Proof. If W is finite, then Dy (wo(J)) = J shows, keeping Corollary
1.4.6 in mind, that wg(J) is an upper bound to the set .J. We show that,
conversely, if J has an upper bound w, or equivalently if J C Dy, (w), then
W is finite and wg(J) <g w. Let Yw be the minimal representative of the
coset Wy w (see equation (2.12)), so that

w=w;w and L(w) = L(wy) + L("w), w; e Wj. (3.3)
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By assumption, for every s € J we have
((swy) + () = U(swy 'w) = £(sw) < L(w) = L(wy) + £(w).

Hence, J C Dy, (wy), which by Proposition 2.3.1(ii) implies that W is finite
with top element wo(J) = wy. Equation (3.3) then shows that wo(J) <gr
w. O

Lemma 3.2.4 Letw e W, J C S with W finite.
(i) If w <gp ws for all s € J, then \/[{ws : s € J} = wwo(J).
(it) If ws Qg w for all s € J, then N{ws: s € J} = wwo(J).

Proof. The conditions mean that w € W/ (minimal coset representatives)
and w € D3 (maximal coset representatives), respectively. Part (i) then
follows easily via Propositions 3.1.6 and 3.2.3. Part (ii) requires a few more
steps that we leave to the reader. O

The meet construction x A y in right order endows the set of group
elements W with a new binary operation, different from its group multipli-
cation. We remind the reader (see, e.g., [52]) that a semilattice (L, A) can
be characterized either as a partial order in which pairwise meets exist or,
equivalently, as an algebraic structure with a binary operation “A” that is
commutative, associative, and idempotent. We have seen that the group
structure of a Coxeter group (W, S) determines the semilattice structure of
(W, A). Tt is natural to ask: Does, conversely, the algebraic structure (W, A)
determine the group structure? In other words, can Coxeter groups alter-
natively be thought of as algebraic systems in terms of the meet operation?
For example, say that we are given (1) the group multiplication table of W
(with the elements of S marked) and (2) the meet multiplication table of
W. Can the information in (1) be computed from the information in (2),
so that (1) and (2) provide completely equivalent information (not only up
to isomorphism)? We will show that this is true in essentially all cases of
interest.

Theorem 3.2.5 Let (W, S) be a Coxeter group. Then, the following two
conditions are equivalent:

(i) The group multiplication is uniquely determined by the (right order)
meet operation “A.”

(it) If ¢ : W — W is an automorphism of right order such that p(s) = s
for all s € S, then p(w) = w for allw € W.

Furthermore, both (i) and (ii) are implied by the following:

(iii) The oo-labeled edges in W's Coxeter diagram are pairwise disjoint
(i.e., if m(s1, s2) = m(s}, sh) = oo, then either {s1,s2} = {s},s5} or

{s1,82} N {s1, 55} =0).



3.2. The lattice property 73

Proof. (i) < (ii). Begin by looking at W as an abstract set. It is clear
that knowing the A-multiplication table on W is equivalent to knowing the
right order on W. Suppose that this information is given. The set S can be
recognized as the atoms of right order (the elements covering its bottom
element e). The pairwise joins sV s’ (s,s’ € S) can also be recognized from
the order structure (when they exist), and we know from Lemma 3.2.3 that
sV =wo({s,s'}), so m(s,s") = £(sVs') can be determined. Hence, the
Coxeter matrix m of W is determined by right order.

Now, let (W', S) be the Coxeter group determined by m. So, we have
an isomorphism ¢ : W — W', which is the identity on the common subset
S. The multiplication table is known in W’. Hence, the multiplication is
uniquely determined in W from the given data if and only if ¢ is unique.

(i) = (ii). We will show that ¢(w) = w for all w € W by induction on
{(w), the ¢(w) = 1 case being assumed.

Suppose that u € W is a minimal length exception, say ¢(u) = v # u. If
u covers (at least) two elements, then since these are fixed, we would have
a contradiction to the lattice property:

Hence, we may assume that w <\g u for a unique w.
Let a,b,c € S be such that ©v = wa, v = wb and w > we:

u’wo (J)

Then, u <g uc due to the uniqueness of w. We may assume that m(a, c) #
oo; if not, then by assumption (iii), we have m(b, ¢) # oo and the argument
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can be pursued with v replacing u. Let J = {a, ¢} so that wo(J) = acaca. . .,
and decompose

uw=u"uy, with v/ € W’ and uy € Wj.

We have that u’/ <ig u”a, u’¢, and by induction u’a and u’/c are fixed

by ¢. Since ¢ is a lattice automorphism, then also their join (by Lemma
3.2.4) uwo(J) is fixed by ¢. Then, u < u’wy(J) implies v = p(u) <g
o(u’wo(J)) = u’wg(J). However, this would imply an equivalence of two
reduced expressions acaca ... = bsyss ... (following two chains from w to

u’wo(J) via u and via v), which is impossible by Corollary 1.4.8(ii). O

Corollary 3.2.6 If the diagram of (W, S) has pairwise disjoint co-labeled
edges, then the automorphism group of weak order is isomorphic to the
group of diagram automorphisms. O

That some restriction on the distribution of co-labeled edges is needed
in these results is shown by the universal groups. In the weak order of U,
the segment above every atom is a complete (n — 1)-ary tree; the case of
n = 3 is shown in Figure 3.4.

Figure 3.4. Weak order of Us.

The lattice property makes it easy to determine the homotopy type of
intervals in weak order and its Mobius function pug(u,w). See Appendix
A2 for the relevant definitions.

Theorem 3.2.7 Suppose that u <r w and {(u,w) > 2. Then, the order
complex of the open interval (u,w)g is as follows:

[J]=2

(i) Homotopy equivalent to the sphere S , if w = uwg(J) for some

JCS.
(i1) Contractible, otherwise.

Proof. By Proposition 3.1.6 we may assume that u = e. For each
x € (e,w)g, let f(x) = \{s € S : s <p x}. Lemma 3.2.3 shows that,
equivalently, f(z) = wo(Dr(x)). Then, f is an order-preserving mapping
of (e,w)r into itself, and z >r f(x) = f?(x) for all z € (e,w)r. Hence,
by Fact A2.3.2 and referring to order complexes, we have that (e, w)p is
homotopy equivalent to its image f((e,w)g).
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If f(w) <r w, then f((e,w)r) has a top element f(w); hence, its order
complex is a cone and thus contractible. If w = f(w) = wo (D (w)), then
the mapping I — wo(I) gives an isomorphism from the poset of all proper

subsets of J %' Dr(w) to the poset f((e,w)r). The order complex of the
latter is therefore isomorphic to the barycentric subdivision of the boundary
of a (]J| — 1)-simplex (i.e., a triangulation of the (].J| — 2)-sphere). O

Corollary 3.2.8

(=D ifw = uwwo(J) for some J C S;
pr(u; w) = { 0 , otherwise.

Proof. This follows since the Mobius function is the reduced Euler
characteristic of the order complex; see Fact A2.3.1. O

3.3 The word property

The problem of recognizing when two words in letters from the generat-
ing set S represent the same element in W (called the “word problem”)
has an algorithmic solution for any Coxeter group (W, .S). In this section,
we describe an algorithm that solves the problem in theory but may be
unwieldy in practice. It is based on an important combinatorial fact that
we call the “word property.” More efficient alternative procedures exist for
dealing with the word problem, as will be discussed in Sections 3.4 and 4.3.

Let us go back to the definition of (W, S) in terms of its Coxeter matrix
m = (m(s,s'))sses. For s,s' € S such that m(s,s’) is finite, denote by
a,s the alternating word ss’ss’s... of length m(s,s’). Then, we have in
(W, S) the two defining types of relation:

ss=¢e, forallseS, (3.4)
Qs = g, forall (s,8) €Sz, (3.5)
For instance, in Hs (the symmetry group of the icosahedron) with
5
diagram o——0——0 we have the relations
a b c

aa=bb=cc=c¢e
of the first kind, and
ababa = babab , ac = ca, becb = cbe

of the second.

Operating on words in the free monoid S*, let us call a nil-move the
deletion of a factor of the form ss, and a braid-move the replacement of
a factor a, ¢ by ay . If a word (8 is changed to a word 7 by either a nil-
move or a braid-move, we write 3 ~ 7. For instance, the following shows a
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sequence of two nil-moves and two braid-moves in Hs:

It is clear that the image under the surjection (1.6) ¢ : S* — W is
unaffected by these kinds of move.

Although braid-moves are symmetric (the inverse of a braid-move is a
braid-move), nil-moves are not — they shorten the length of the word they
operate on and are therefore irreversible. It is a nontrivial fact, which will
now be shown, that if o, 3 € S* with ¢(a) = ¢(8) and S is reduced, then «
can be transformed to 3 via some sequence of nil-moves and braid-moves.
In particular, if o and 3 are both reduced expressions, then braid-moves
suffice. Note that if we allowed reversible nil-moves ss <« (), then there
would be nothing to prove; the statement is then equivalent to the definition
of being a Coxeter group.

Theorem 3.3.1 (Word Property) Let (W,S) be a Cozxeter group and
weW.

(i) Any expression $1Sz...Sq for w can be transformed into a reduced
expression for w by a sequence of nil-moves and braid-moves.

(i) FEuvery two reduced expressions for w can be connected via a sequence
of braid-moves.

Proof. We begin by proving

(ii). This will be done by induction on ¢(w),
the result being clear if ¢(w) < 1.

Assume that £(w) > 1 and let
W=58y...5, =88h...5

be two reduced expressions. If s = s, then, by induction, s5...s; can be
changed into s ... s}, using braid-moves, and we are done.

So, assume that s # s’. We have that s,s’ <r w, so using the lattice
property of weak order,

(g ,s) = plas,s) =wo({s,s'}) =sVs <pw.

This means there exists a word § € S* such that w = p(as,s 3) = p(as s0),
and a5 and ay 0 are reduced. Then, we have

/N /
589 ...5k ~ Qg g3~ Qg B~ 5585, .. 85,

where the first and last equivalences are given by sequences of braid-moves
(by induction, since the first letter is in each case the same) and the middle
equivalence is the braid-move a, s — g 5. The argument is easily visu-
alized in terms of maximal chains in the weak order interval [e, w]g; see
Figure 3.5.

Next, (i) will be shown by induction on ¢, for all ¢ > ¢(w). Assume
that ¢ > ¢(w), and let ¢ be minimal such that $;118;4+2...5, is reduced.
Then, by the Exchange Property, s;11Si42...5¢ = $iSi41...5;...8q, for
some i + 1 < j < ¢, and by part (ii), this equality of reduced expressions
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Figure 3.5. Illustration to the proof of Theorem 3.3.1.

is achieved by some sequence of braid-moves. Hence, a reduction of the
length ¢ of the given expression can be achieved by braid-moves followed
by a nil-move as follows:

~

S1.--8iSi41---S¢q ™~ S1...8i8;Si41-.-5j...8¢~S81...8;...85...5¢q.
O

The result suggests the following finite algorithm for solving the word
problem. Given a word a € S*, let RD(«) be the set of reduced descen-
dants, reachable by nil-moves and braid-moves from «. This is a finite
set, computable in a finite number of steps. Then, as shown by Theo-
rem 3.3.1, a, € S* represent the same group element if and only if
RD(a) N RD(B) # 0. Other methods for solving the word problem are
discussed in Sections 3.4 (normal form) and 4.3 (the numbers game).

Let R(w) be the set of all reduced decompositions of an element w.
Theorem 3.3.1 shows that R(w) can be thought of as the set of nodes of a
connected graph whose edges are the braid-moves. The braid-moves can be
subdivided into k-moves, for k = 2,3,4, ..., according to the order of the
corresponding generating relation (ss’)¥ = e. For instance, the following are
examples of a 2-move: ab < ba, 3-move: aba < bab, 4-move: abab < baba,
and so on.

If all edges except 2-moves are erased from the graph R(w), we get a
(possibly disconnected) subgraph of R(w). The connected components of
this graph are called commutation classes.
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3.4 Normal forms

When computing in a Coxeter group, whether by hand or by machine,
one faces the problem of how to efficiently represent its elements. If the
group admits a nice combinatorial description, such as those discussed in
Chapter 8, then this problem disappears. This is one of the reasons why
those Coxeter systems are particularly pleasant to work with. In general,
however, good combinatorial representations are not available.!

The most straightforward way of representing the elements of a Cox-
eter system is via a choice of “special” reduced decompositions. In general,
every group element corresponds to a very high number of reduced de-
compositions. The counting of these reduced decompositions is in itself an
interesting problem leading to some beautiful and deep combinatorial re-
sults; see Chapter 7. Among this multitude, we have to choose a specific
reduced decomposition for each element of the group, usually called its
normal form. There are, of course, several systematic ways to choose these
specific reduced decompositions, and hence there are several normal forms.

Having made a choice, one faces the problem of how to algorithmically
convert a product of generators (a word in S*) into its normal form. A
good solution to this problem will allow us to describe multiplication in
terms of normal forms, since if we have the normal forms of two elements
u,v € W, then their concatenation (as words) will not, in general, be the
normal form of uv. It will also allow us to solve word problems, since two
words in S* represent the same group element if and only if their normal
forms are the same.

In this section, we study what is probably the most common normal
form for the elements of a Coxeter group, namely the lexicographically first
reduced word. We show how for this choice of normal form one can rather
easily compute the normal form of ww, given those of u and v. As will
be seen, the properties of the lexicographically first normal form are not
only useful for computations but are also interesting and elegant from a
combinatorial point of view.

Let (W, S) be a Coxeter group with S = {s1,...,,}. In this section,

we identify, for simplicity, s; with ¢, for : = 1,...,n. In particular, we will
identify a sequence (s;,,...,s;,) € SP with i1...9, € [n]P. (To simplify
notation, we write 4; .. .14, instead of (i1,...,4p).) The normal form of an

element w € W is minR(w), where the minimum is taken with respect to

IThe so-called “numbers game” (Section 4.3) offers a general method for finding
combinatorial representatives of the group elements. However, there are certain short-
comings: (1) It is in general not at all clear which assignments of numbers to the nodes
of the Coxeter graph correspond to actual positions in the numbers game (i.e., to actual
group elements) and (2) there is in general no simple algorithmic procedure for multiply-
ing two positions in the numbers game (i.e., to compute the product of the corresponding
group elements).
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lexicographic order. Given w € W, we denote by N F(w) its normal form
(so NF(w) € [n]*). Note that NF'(w) depends on the choice of indexing
$1,...,8y for the elements of S.

As an example, let us compute the normal form of w = 21543 € S5. With

the usual indexing s; def (i,7+ 1), we have

R(w) = {1343,1434,3143,3413,3431,4134,4314, 4341}.

Thus, NF(w) = minR(w) = 1343.

Note that if ¢;...7, is a normal form, then necessarily any factor
ijij41...15, 1 < j < k < p, is also a normal form. Also note that if
J C S, then, by Corollary 1.4.8, R(W;) C J*. Hence, if w € W, then the
normal form of w as an element of W coincides with its normal form as
an element of .

We call an element w € W distinguished if w = e or the normal form
of w begins with “n.” So, for example, 21543 € S5 is not distinguished
since, as we have seen, NF'(21543) = 1343. It is easy to characterize dis-
tinguished elements, even without knowing their normal form. Recall from
definition (2.11) the notation "~ for the system of minimal right coset
representatives modulo the subgroup Wp,,_1y) = Wiy, s 13-

Lemma 3.4.1 Let w € W. Then, w is distinguished if and only if w €
=1y,

Proof. We know from Proposition 2.4.3 that w € [~ if and only if no
reduced word for w begins with one of the letters s1,...,s,_1. However,
this is precisely what it means for w to be distinguished. O

The following result is a key to the combinatorics of normal forms.

Proposition 3.4.2 Let w € W. Then, w can be uniquely written as w =
1+ Ty, where x; € [i*I](W[,']) fori=1,...,n. Furthermore, NF(w) =
NF(z1)--NF(z).

Proof. The existence of the unique factorization w = x1 ---x, is a con-
sequence of Corollary 2.4.6. It remains only to prove the statement about
normal forms.

If w € Wi, _y), the result holds by induction, since then x,, = e € =1y,
So, assume that w ¢ W,_y). Then, s, appears in every reduced decom-
position of w, and hence n appears in the normal form of w. So, let
i1...0p e NF(w) and let r o min{j € [p] : i; = n}. Then, s; ...s; isa
distinguished group element, hence (by Lemma 3.4.1) s;_...s;, € =11y,

. . def
hence s;, ...s;, = x, and NF(z,) = ip...0p. Let u = s; ...8;,_,.

Then, v = x1...2p-1 € Wiy, NF(u) = 41 ...4,_1, and, by induction,
NF(u)=NF(z1)...NF(2,,—1). O
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We illustrate with a small example. Let w = 21543 € S5 (son = 4). Then,
since N F(w) = 1343, we deduce from the preceding proof that x4 = s483,
T3 = S3, To = e, and T1 = S1.

Example 3.4.3 For the symmetric group S,, the factorization w =
1% ... x, of Proposition 3.4.2 amounts to a version of the sorting pro-
cedure for permutations known as “bubble sort.” Namely, written as
wx;lx;il . ..xfl = e, it can be interpreted as follows, keeping in mind
that z; eli~1l (W) here means that z; = e or #; = s;85,-1...5;,; for
some 0 < j < 4. Start with the permutation w. Then, move the value “n”
by adjacent transpositions to the right until it is in the last position; this
gives the permutation ws,_j, ...s,-18, = wz, . Next, move the value
“n — 1”7 to the right until it is in the next to last position; this gives
wx;lsn_l_jn_l e Sp_9Sp_1 = wx;lx;il. Then, continue with “n — 2,”
and so on. O

For finite groups, there is a useful way of viewing the factorization of
normal forms given by Proposition 3.4.2. The normal form forest of a finite
Coxeter group (W,S) (with a total order of the set S assumed) consists
of edge-labeled rooted trees 71, ..., 5. The nodes of 7; correspond to the
elements of the quotient [ifl](W[i]), and the edges are labeled by elements
from S in such a way that the path from the root of 7; to the node w
generates the word NF(w). Then, the set of all normal forms is obtained
by concatenating such rooted paths from 71, ..., 7g (in this order).

Example 3.4.4 For instance, order the generators of the group Fj, as
shown in Figure 3.6.

Figure 3.6. An order of the nodes of Fj.

The corresponding normal form forest is shown in Figure 3.7. We see from a
glance at this forest, for example, that 13241213 is a normal form, whereas
21412141 is not. O

Proposition 3.4.2 shows that it is enough to compute the normal form of
distinguished elements, so we now concentrate on them.

Lemma 3.4.5 Let w € W be distinguished and s € S. Then, we have the
following:

(i) If s € Dr(w), then ws is distinguished.

(i1) If s & Dr(w), then either ws is distinguished or there is s’ € S\ {s,}
such that ws = s'w.



3.4. Normal forms 81
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Figure 3.7. Normal form forest for Fj.

Proof. We have that £(ws) = £(w) — 1 and £(s'w) = l(w) + 1 if §" # s,,.
Hence, {(s'ws) = L(w) > L(ws) for all 8" # s,, which means that ws is
distinguished.

Part (ii) follows directly from Corollary 2.5.2. O

Lemma 3.4.6 Let w € W be distinguished, and s € S (excluding the case
w =8 =sy,). Then, there exists j € [n — 1] such that

[ nNF(s,ws), ifwsé€ =1y,
NF(ws) = { JNF(w), if ws ¢ "W,

Proof. If ws € "~UIW, then the result follows immediately from Lemma
3.4.1. Tfws ¢ U then, by Lemma 3.4.5, there exists s’ € S\ {s,,} such
that ws = s'w. However, s’ € W,_;) and w € [("=117¥. Hence, we conclude
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from Proposition 3.4.2 that NF(ws) = NF(s'w) = NF(s')NF(w), as
desired. O

We can now prove the first main result of this section. In the sequel,
the notation v = wv,_q; - ("=1]3 denotes the canonical factorization with
V-1 € Wp,—1) and "=ty e P~ as in equation (2.12).

Theorem 3.4.7 Let v € W and s € S. Then, there exists s’ € S\ {sp}
such that

NF(u), if w=s= s,
NF(vs) ={ NF(u)nNF(s,ws), ifwse U\ {e},
NF(us')NF(w), ifws ¢ P,

where u & Vjp—1] and w def -1},

Proof. If ws € [~UW, then (v8)[n—1] = u and (=1](vs) = ws, and the
result follows from Proposition 3.4.2 and Lemma 3.4.6. If ws ¢ = HW,
then, by Lemma 3.4.5, there exists s’ € S\ {s, } such that ws = s’w. Hence,
vs = uws = us'w and, therefore, (vs)p,—y = us’ and ("=1l(ys) = w, and
the result again follows from Proposition 3.4.2. O

The preceding theorem can be used to inductively compute the normal
form of any product of generators. In fact, if (s;,,...,s;,) € SP, then apply-

ing Theorem 3.4.7 to v def Siy .- Si,_, and s def 54, expresses N F(s;, ...s;,)
in terms of NF(u), NF(w), NF(us'), and NF(s,ws) (where u = vp,_qj
and w = [~1y). We may consider NF(v) known; say NF(v) = ji ... ],
If k is minimal such that ji, = n, then NF(u) = j1...jx—1 and NF(w) =
Jk - - Jg, by Proposition 3.4.2. Thus, what has to be computed is N F(us’)
and NF(s,ws). We have that NF(s,w) = jgt1-..Jq, so the computa-
tion of NF(s,ws) is an instance of the same problem but starting from a
shorter normal form. On the other hand, us’ can be expressed in terms of
the first n — 1 generators (since s’ # s,), so the computation of NF'(us’)
from NF(u) = ji...jr—1 takes place in the subgroup Wy,_1 of smaller
rank. Thus, by double induction on rank and length, the procedure will
compute NF(vs).

Note, however, that the procedure that we have just described is as stated
not yet an algorithm for computing N F(vs). In fact, to make the procedure
entirely self-contained, one needs to be able to decide if ws € =¥, and
(if not) to compute s” explicitly. Both problems can be solved for the finite
Coxeter groups by constructing and using appropriate tables, and the tables
themselves can be computed (once and for all) with “ad hoc” algorithms.
To describe those algorithms and tables would take us too far afield — we
refer the interested reader to [143, 145].

We now come to the second main result of this section.
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Theorem 3.4.8 Letve W, ay...a, = NF(v) and s € S. Then, we have
the following:

(i) If s € Dg(v), then there exists 1 < j < r such that NF(vs) =
ap...Gaj...a,.

(1)) If s ¢ Dg(v), then there exist 0 < j < r and k € [n] such that
NF(vs) =a1...a;kaj+1...ar.

Proof. We proceed by induction on n + r, the n + r < 2 cases being
clear. By Proposition 3.4.2, we may write v = uw, where u € W, ), w
is distinguished, and NF(v) = NF(u)NF(w). If w = e, then v € W,_y,
and if s # s,,, we are done by the induction assumption, whereas if s = s,
we have that NF(vs) =a;...an.

So, we may assume that w # e. Note that since w is distinguished, we

then have that Dr(w) = {s,}. Let, for convenience, i1 .. .1, def NF(w).
Then, i1 =n, p = £(w), and

ig...ip = NF(spw). (3.6)

We have to distinguish three cases.
Case 1: s € Dr(w). Then, by Lemma 3.4.5, ws is distinguished. The case
s =w = s, is easily taken care of, so we may assume that ws # e. Hence,
the normal form of ws begins with n and s, € Dr(ws). Therefore, we
have that ¢(s,ws) = £(ws) — 1 = (w) — 2 = {(s,w) — 1, and hence that
s € Dgr(spw). By the induction hypothesis, applied to s,w, we conclude
that NF((spw)s) is obtained by deleting one entry in N F'(s,w). Hence, by

equation (3.6), NF((spw)s) =iz...1;...1p for some j € [2, p]. On the other

hand, if nb; ...bp—2 def NF(ws), then by ...b,_2 = NF(s,ws). Therefore,

we conclude that ia...7;...4, = b1...b,—2 and, hence, that NF(ws) =
niy . .. z; ...1,. However, since ws is distinguished, we have that (vs)j,—1] =
u and "~U(vs) = ws and, hence, that NF(vs) = NF(u)NF(ws). The
result now follows.

Case 2: s ¢ Dr(w) and ws is distinguished. Then, Dy, (ws) = {s,} and the
normal form of ws begins with n. Therefore, {(s,ws) = f(ws) —1 = L(w) =
{(spw) + 1 and, hence, s € Dr(sp,w). By the induction hypothesis, we
conclude that N F((s,w)s) is obtained by inserting an element in N F(s,w).

Hence, by (3.6), NF(s,ws) =ia...ijkij+1...1p for some k € [n] and j €

[p]. On the other hand, if nb; ...b, ef NF(ws), then by ...b, = NF(spws).

Hence, by ...b, = i3...4;kij41...1, and, therefore, nis...ikij11...9p =
NF(ws). Again, since ws is distinguished, we conclude, as at the end of
Case 1, that NF(vs) = NF(u)NF(ws), and the result follows.

Case 3: s € Dr(w) and ws is not distinguished. Then, by Lemma 3.4.5,
there exists 5" € S\ {s,} such that ws = s'w. Hence, (vs)p,—1) = us’,
(=1 (ys) = w and, therefore, NF(vs) = NF(us')NF(w). The theorem
follows by induction, since u € W,y and s € S\ {s,}. O
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The theorem shows an extremely nice property of the (lexicographically
first) normal form. We already know from Chapter 1 that if (ay,...,a,) is
a reduced decomposition of v € W and s € S, then the following hold:

1. If s € Dg(v), there exists j € [r] such that (a1,...,a;-1,aj41,...,ar)

is a reduced decomposition of vs (this follows from the Exchange
Property).

If s ¢ Dg(v), there exists j € [0,7] and k € [n] such that
(a1,...,a5,k,a;41,...,a,) is a reduced decomposition of vs (e.g.,
take j = r and k such that s, = s).

The new content of Theorem 3.4.8 is therefore the assertion that if

(al,..

.,a,) is the lexicographically first reduced expression for v, then j

and k can be chosen so that the above reduced expressions are again
lexicographically first.

Exercises

Consider the three elements x, y, and z appearing in Figure 3.3.
Exactly one of them is the product of the other two. Determine the
correct identity (among the six possible ones).

Let (S,,)” with |J| = n—2 be a quotient modulo a maximal parabolic
subgroup of S,,. Show that for z,y € (S,)”:

x <y (Bruhat order) < 2 <py (left weak order).
Suppose that W is finite. Let w € W and J = S\ D (w). Show that
rVw=wy < x>wy(J).

Suppose that W is finite and let w € W. Show that {x € W : zAw =
eand x Vw = wy} (i.e., the set of lattice-theoretic complements of
w) forms an interval in weak order.

Let I,J C S and assume that W; and W are finite. Show that the
following are equivalent:

(a) I CJ,

(b) wo(I) <gr wo(J),

(¢) wo(I) < wp(J) in Bruhat order.

6.* For m = 1,2,..., let a,, be the number of posets of length m that

occur as intervals in weak order of Coxeter groups (see Corollary
3.1.8). What can be said about the sequence a1, as, ... ?

7. For the definition of order dimension, see Exercise 2.24. Consider here

the finite irreducible Coxeter groups (W, .S) under weak order.
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(a) Show that |S| < odim(W) < £(wyp).

(b) Show that odim(W) = |S| in the following cases: type A,,, By,
Dn, Hg, and Ig(m)

(¢)* Determine the order dimension of weak order in the remaining
open cases. Is it always true that odim(W) = |S|?

8. Define two-sided weak order “<pgr” as the transitive closure of the

union of left and right weak order. So, u <pr w means that u <x,

Uy <x, Uz <x, '+ <x, w for some elements u; and some choices
X, € {L, R}. Show the following:

(a) Two-sided weak order is not a semilattice.

(b) Let u <pr w, and assume that w has a unique reduced decom-
position. Then, the order complex of the open interval (u,w)rr
is either contractible or homotopy equivalent to a sphere. In
particular, ppr(u, w) € {0,+1,—1} for all u <pp w.

(c)* What can be said about general intervals (u,w)rr?

9. Let S be a finite set and m = (m(z,y))syecs a Coxeter matrix.
Let P be a finite poset with bottom element 0, having exactly |S|
atoms. Suppose that there exists a labeling A : Cov(P) — S (where

Cov(P) def {(z,y) € P?: z < y}) such that the following hold:

(a) If e, f € Cov(P), e # f, are incident, then A(e) # A(f).

(b) If a,b,x € P are such that x < a, x <b, a # b, then there exist
two unrefinable chains ag <a; <--- <a,, and bg<1by <--- <1 by,
such that ag = by = x, a1 = a, by = b, @y, = by, a; # b; if
i=1,...,m—1, where m = m(\(x,a), \(z,b)), and

(Mag,a1), .-y Mam-1,am)) = (A(z,a), A(z,b), \(x,a),...),
(A(bOabl)a'"7>‘(bmflabm)) = ()‘(va)’A(xaa)a)‘(va)’)

Show that then P is isomorphic to (W, <g) (weak order), where
(W, S) is the Coxeter system having Coxeter matrix m.

10. Show that the (undirected) order diagram of weak order (equivalently,
the Cayley graph) of a finite Coxeter group is Hamiltonian; that is,
it contains a cycle which visits each vertex exactly once.

11. Consider the property of an infinite Coxeter group that every
antichain in weak order is finite.

(a) Give examples of one group that has this property and one (of
rank 3) that does not.
(b)* Characterize the infinite groups with this property.

12. (a) Describe an algorithm, based on the numbers game (see Section
4.3), for generating the normal form forest of a finite Coxeter
group (W, S) with ordered S.
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13.

14.

15.

16.
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(b) Say you want to work with elements w of bounded length
(w) < m in an infinite Coxeter group. How would you mod-
ify the concept of a normal form forest, and the algorithm from
part (a) for constructing it, to suit this situation?

Suppose that (W, S) is an infinite Coxeter group. Its nerve is the
simplicial complex

NW,S) ¥ 7cs: Wyl < oo}
(a) Show that the order complex of W \ {e} under weak order is
homotopy equivalent to N (W, S).
(b) Show that the order complex of W \ {e} under Bruhat order is
contractible.

Call a chain u = z¢p < 1 < -+ < xx = w in right order of a Coxeter
group (W, S) essential if k > 2 and for each i = 1,..., k there exists
J € N(W,S) such that x; = x;_1wo(J). For instance, if £(u, w) > 2,
then every saturated chain from w to w is essential (with |J]| =1 at
each step).

For a finite Coxeter group of rank > 1, let ess(W, S) be the minimal
length of an essential chain from the identity e to the top element wy.

(a) Show that ess(A,) = n if n is even, and ess(A,) =n+1if n is
odd.

(b) Show that ess(W,S) = %, for all other finite irreducible

Coxeter groups?.

(¢) Assume that £(u,w) > 2. Show that the order complex of the
open interval (u,w)p has the same homotopy type as the poset
of essential chains from u to w ordered by inclusion.

Let @ = 81...8y,m € S* be a word. For subsets J = {i1,...,ix}< C
[m], let oy denote the subword s;, ...s;, . Let w be an element in a
Coxeter group (W, S). The subword complex A(c, w) is the complex
on the vertex set [m] determined by

[m]\ J is a facet of A(a,w) < ay is a reduced decomposition of w.

(a) Show that A(a,w) is shellable.
(b) Show that A(«, w) is homeomorphic to either a sphere or a ball.
(¢) Characterize when A(a,w) is homeomorphic to a sphere.

Let (W,S) be a Coxeter group, |S| < oo. To simplify notation, we
write (s) ECS \ {s}, for s € S, and V f Uses W/ Wiy for the

collection of all left cosets of all maximal parabolic subgroups.

2The quantity 2|T|/|S| is known as the Cozeter number of the group.



Notes 87

The Cozxeter complex A(W,S) is by definition the simplicial complex

on the vertex set V with facets Cy, < {wWy : s € S}, forw e W.

Show the following for A = A(W,.S):

(a) A is a pure (|S]| — 1)-dimensional complex, and it is naturally
colored by V' = [ Vi, with Vi, = W/W(,).

(b) The mapping w — C,, gives a bijection W « F(A).

(¢) Two facets Cy, and C,, are adjacent if and only if w' = ws for
some s € S.

(d) A is thin.

(e) Any linear extension of the weak ordering of W assigns a shelling
order to the facets C,, of A.

(f) The restriction map R of such a shelling sends each facet C, to
its face of type Dr(w).

(g) If W is finite, the h-vector of A satisfies

h0+h1t+"'+h‘g‘t‘s‘ = Z td(“’)’
weWw

where d(w) = |Dg(w)| is the descent number of w.

(h) If W is finite, then A is homeomorphic to the sphere SI¥I-1,

(i) If W is infinite, then A is contractible. Furthermore, W is home-
omorphic to Euclidean space RISI=1 if and only if all maximal
parabolic subgroups are finite.

(j) For J C S, the type-selected subcomplex A ; has the homotopy
type of a wedge of |D;| spheres.

Notes

For the case of symmetric groups, the weak order seems to have been con-
sidered first by statisticians in the 1960s; see Lehmann [359], Savage[452],
and Yanagimoto and Okamoto [557]. For S,,, see also the book by Berge
[25].

Sections 3.1 and 3.2 are drawn from Bjorner [53]; these results were
published without proofs in [54]. The word property is due to Tits [537].
Section 3.4 is based on the work of du Cloux [143, 145].
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Exercise 4. For the case of symmetric groups, see Markowsky [388].

Exercise 7. See Reading [431].

Exercise 8(b). See Bjorner [59)].

Exercise 9. See Eriksson [230].

Exercise 10. See Conway, Sloane, and Wilks [157].

Exercise 14. See Ungar [541] for part (a), Eriksson [223] for (b), and Bjérner
[58] for (c).

Exercise 15. See Knutson and Miller [329].

Exercise 16. See Bourbaki [79, pp. 40-44], Tits [538] and Bjorner [56].

Coxeter complexes (as defined in Exercise 16) come in two other guises.
On the one hand, there exists a canonical geometric realization in the space
V* =2 RS (induced by the decomposition of the Tits cone into Weyl cham-
bers, briefly described in Section 4.9), and on the other hand, there is an
axiomatic characterization (due to Tits [538]). The theory of Coxeter com-
plexes provide an alternative approach to Coxeter groups, since there is
a one-to-one correspondence between Coxeter groups and (axiomatically
defined) Coxeter complexes. They also provide a crucial stepping stone to
the theory of buildings; see the books by Brown [106], Ronan [446], and
Tits [538].
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Roots, games, and automata

The main goal of this chapter is to obtain deeper algorithmic and structural
properties of the system of reduced words of a Coxeter group. In particu-
lar, we prove the existence of a finite state automaton that recognizes the
language of reduced words, showing that this language is regular.

The construction of automata uses the so-called “root system” of a Cox-
eter group and a partial order structure on the set of roots. These concepts
are of fundamental importance also in their own right. We begin by devel-
oping the properties of root systems that are needed. As a by-product, we
obtain the so-called “numbers game,” a handy computational device for
working with reduced decompositions.

We adhere to the following convention: Throughout this chapter, (W, S)
is a Coxeter system with S finite.

4.1 A linear representation

By a linear representation of W we understand a homomorphism ¢ : W —
GL(U), where GL(U) denotes the group of invertible linear transformations
of some vector space U into itself. For the representation that we construct
in this section, U is the real vector space R.

We begin with a simple geometric lemma. Let m > 3 be an integer, let
v = I, and let k, k" > 0 be real numbers such that

kk' = 4cos? 7.
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Choose basis vectors 3 and ' in the Euclidean plane E? such that
(i) the angle between § and ' equals v, and
(ii) their lengths are related by

2 cosy
k

2 cosy
k/

8] = 6] and 6] = 18]

See Figure 4.1 for an illustration.

Figure 4.1. Tllustration for Lemma 4.1.1.

Let r (resp. 7') denote orthogonal reflection of E? in the line spanned by

B (resp. ).

Lemma 4.1.1 The coordinates (q,q") of a point ¢8+¢' 8" are transformed
as follows by the orthogonal reflections:

" (¢,q) = (¢, 4 + kq),
ri(a.d) = (@ +kd,—q).
Proof. We have that r(1,0) = (1,0) and »'(0,1) = (0,1), since points

on the reflecting lines remain fixed. The geometry indicated in Figure 4.1

shows that 7/(1,0) = (71,2@5%) = (=1,k). By symmetry, 7(0,1) =
(zlﬁ]‘%, —1) = (K’,—1). Thus, the stated formulas are correct for the

basis vectors and, therefore, by linearity for all vectors in E2. O

Let (W, S) be a Coxeter system given by a Coxeter matrix m. Define a
function k£ : S x S — R as follows. First, put

kss =—2forall s €S, (4.1)
and

ks s =0 if m(s,s’) = 2. (4.2)
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Then, for each ordered pair (s,s’) such that m(s,s’) > 3, choose a real
number k, ¢ subject to the constraints

ks,s’ >0
ks,s’ks”s = 4COS2 m, if m(s, Sl) # o0 (43)
ks s ks s > 4, if m(s, s/) = 00.

Thus, in relations (4.3), we have infinitely many choices available for ks o ;
the condition concerns only the product ks s ks s. (The two factors in
this product can be viewed as corresponding to the two directions of the
(undirected) Coxeter graph edge s—s’.)

Let! {a!}ses be the canonical basis for R¥, meaning that a*(s) wef Os.s0-
For each s € S, define a linear transformation o : RS — R® by
os(p) =p+ps Z ks, sy, (4.4)

s'eS

where p = 3" poa, € RY. Note that ¥ (p) differs from p only in coordinates
corresponding to nodes s’ that are neighbors of s in the Coxeter graph. More
precisely, the s’-coordinate of o (p) is psr + ks s Ps, which can be rewritten

—Ds; if s’ =s
(0: (p))s’ = §Ps + ks,s’p37 if m(S, S/) >3 (45)
Ds’ s if m(s,s’) = 2.

Proposition 4.1.2 For all s,s" € S, the following hold:

(i) (07)? =id.
(i) The order of ofc? is m(s,s).

Proof. Part (i) and the m(s, s’) = 2 case of part (ii) are easy to see directly
from equation (4.5). So, we may assume that m(s,s’) > 3.

Suppose first that m(s, s’) # co. Let p° € R® and consider the successive
images p' = oX0% (p'~1), i > 1. The coordinate pair (p%,p’,) determines a
vector v = pi 3+ pi,# in the Euclidean plane E? considered in Figure 4.1,
where we now put m =m(s,s'), k = ks s, and k' = kg 5.

The product of two orthogonal reflections through lines at an angle v in
E? equals a rotation through the angle 2v. Hence, Lemma 4.1.1 shows, in
view of equation (4.5), that v is obtained from v*~! by a rotation of [E?
through the angle % It follows that

VO, 0t D=1 are distinet, and v(55) = 10 (4.6)

)

IThe reason for using asterisks in the notation for basis vectors and other objects in
this section will become clear in Section 4.2.
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and that
WO vl 4yl =, (4.7)

m(s,s’) m(s,s’)

From statement (4.6) follows that ps = pY and p!, = p%, and that
no exponent smaller than m(s, s’) has this property. Furthermore, equation

(4.7) shows that pm,(s s = = p?, for all s” # s, s/, since by equation (4.4),

m(s,s’)

Pgr pg// + ks,s” (pg +pi + 4 p;n(s’sl)fl)
+ kg o (pg, FpL 4 e pe= 1).

Hence, the order of o’c¥ is indeed m(s, s’).
Suppose now that m(s,s’) = oo. Define p’ as the iterated images of a

point p° under the mapping 030'5/, as earlier. A small computation shows

that the coordinate pairs (p%,p’ ), i > 0, satisfy

pf:rl pé - ks’,spfq’ 9
pffl = ks,s’pi + (k‘s,s’ks’,s - 1)172/ .
Hence, for ¢ > 1,
Z+1 +p5/ = ks s’ (ps +pfq 1) + (ks,s’ks’,s - 1) (pi/ +pi/71)
and

i—1

pL+pit = kg oplt

which together yield
p;+1 (ks,s’ ks’,s - 2)pé’ - p;’il . (48)

Choosing p° = af, we have that p%, = 1 and pl, = ks ks s — 1. Since
ks.s'ksi s > 4, we can from this and the recurrence relation (4.8) deduce
that

0 1 2 3
pY < pr < pa < pl <
Hence, oo}, is of infinite order. O
The following is an immediate consequence.

Theorem 4.1.3 Let (W, S) be a Coxeter system. Then, the mapping s —
o* (s € S) extends uniquely to a homomorphism o* : W — GL(R®). O

We end this section by filling a gap left open since Section 1.1.

Proof of Proposition 1.1.1. The homomorphism ¢* maps s and s’ to
distinct elements in GL(R®), whose product has order m(s, s’). This proves
(i) and that m(s,s’), if finite, divides the order of ss’. However, since
(ss')™(=5) = ¢, the order of ss' then divides m(s,s’). The m(s,s’) = oo
case is clear. O
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4.2 The geometric representation

In this section, we continue the study of the linear representation ¢* from
Section 4.1. Its contragredient o, better known as “the geometric represen-
tation,” is introduced. The material provides a foundation for the rest of
the chapter.

Let V be a real vector space of dimension |S|, and let V* be the space
dual to V. Choose a basis & = {as}ses for V, indexed by the elements
of S, and let o* = {a%}scs be the dual basis for V*. Via this choice we
have specific identifications V' 22 R and V* = R®, and elements of V and
V* can, whenever convenient, be expressed as column vectors. There is a
natural pairing

(p18) = p(8) (4.9)
for p € V* and 8 € V. By definition, (a} |ay) = ds,s, so if p and § are
expressed as column vectors, then (p|g) = p'" 3.

Choose real numbers ks s for all pairs s, s’ € S subject to the constraints
(4.1), (4.2), and (4.3). Define a bilinear form (- |-) on V by prescribing its
value on basis vectors as follows:

ks,s’

(s Jas) = ===, (4.10)
for all s,s" € S. This implies, among other things, that
(as|as) =1, (4.11)
(as|ag) =0, ifm(s,s")=2 (4.12)
(as|as) <0, ifm(s,s") > 3. (4.13)

Note that, in general, this bilinear form is not symmetric.
For each s € S define a linear mapping o, : V — V by

04(8) = B - 2a, | Bas. (4.14)
Clearly, og(as) = —as.
Proposition 4.2.1 For all s,s' € S, the following hold:

(i) o =id.

(i) The order of osos is m(s,s’).

Proof. Let X3 be the matrix representing o in the « basis; that is, for all
pev,
os(B) = 3s 0. (4.15)

Definitions (4.10) and (4.14) show that ¥, = I + K, where I is the identity
matrix and K is the zero matrix with its s-th row replaced by the row
vector (kss)s'es-
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Now, let 0¥ : V* — V* be the linear mapping defined in Section 4.1.
Definition (4.5) shows that the matrix representing o} in the o basis is
I + K!"; thus,

os(p) =27 p. (4.16)
The result therefore follows from Proposition 4.1.2. O
We draw the following immediate conclusion.

Theorem 4.2.2 The mapping s — o5 has a unique extension to a
homomorphism o : w — ay, from W to GL(V). O

The linear mapping oy, : V — V is defined by o, = 05,05, ...05, for
any expression w = s18s ... 8k, S; € S. Its action on a vector 8 € V will be
notationally simplified to

w(B) € 0, (8). (4.17)

Similarly, the action of the linear mapping o}, : V* — V* of Theorem 4.1.3
on a vector p € V* will be denoted

w(p) % ot (p). (4.18)

The similarity of notation will not cause ambiguity, since we have the
convention that elements of V' are named by Greek letters «,3,... and
elements of V* by Roman letters p, q, ... (except for the basis vectors o).

The representations o : W — GL(V) and ¢* : W — GL(V*) are
contragredient in the following sense.

Proposition 4.2.3 For allwe W, 3e€V andp e V*,

(w(p)| B) = (p|w™(B)).
Proof. Equations (4.15) and (4.16) give that

tr
(s(0) 18) = (Sp) B =038 = (p] 5(9).
The formula for ¢(w) > 1 follows by repeated application. O

For s,s" € S and j > 0, define (ss’s...); to be the alternating word of
length j beginning with s. Similarly, let (...ss’s); denote the alternating
word of length j ending with s. As usual, the same symbols also denote the
corresponding group element.

Lemma 4.2.4 If j < m(s,s'), then (...s'ss)j(as) = cas + dag, with
c,d > 0.

Proof. Since acting on a vector by s adds a multiple of s (equation (4.14)),
and similarly for s’, the element in question is clearly a linear combination of
as and ag . Thus, all that has to be shown is that ¢ and d are non-negative.
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We have that
c=(al|(...8's8")j(as)) = ((s'ss"...);(a%) | as) (4.19)
and

d=(al|(...s'ss")j(as)) = ((s'ss"...)j(ak) ] as). (4.20)

Equations (4.19) and (4.20) express ¢ and d as the af-coordinates of
the images of a} and o under the mapping o} 0’0 ... (j factors). The
situation can, therefore, be transferred to that studied in Section 4.1.

Assume first that m(s,s’) # oco. Choose basis vectors 8 and 3’ in the
Euclidean plane E? as in Lemma 4.1.1 and the proof of Proposition 4.1.2.
Define a linear mapping ¢ : V* — E? by letting ¢(aX) = 3, ¥(al) = 3
and ¢(a,) =0 for all s” & {s,s'}, and extending linearly. Then,

rot(p) =1 ooy(p) and 1" ov(p)=vooi(p)
for all p € V*. Namely, for p = psa} +psal, +---,
r(¥(p)) = r(psf +ps )
(Ps + kst 5P ) B — psr 3
= Y((ps + ko sps s — poray)
= ¢(o5(P)),

using Lemma 4.1.1 for the second equality and equation (4.5) for the fourth,
and similarly for /(¢ (p)). Hence, we get

Yo(ohoion...)j(al)=(rr'r...);(B)

and

Yo (ohoiol ... )lag) = (rr'r..);(8).

It follows that ¢ and d are the 3-coordinates in E? of the images of 3 and /3
under the mapping R = (rr'r...);. Now, look at the geometric situation
of Figure 4.1 and keep in mind that the mapping r7’ is a counterclockwise
rotation of the E? plane through the angle 2y = —2%—. Since R = (r7/)?

_ m(s,s’) "
if jis even, R = (rr’)%r if j is odd, and j < m(s,s’), one sees from
simple geometric considerations that R(3) and R(4’) must lie in the upper
half-plane; that is, their 8-coordinates ¢ and d must be non-negative.

Suppose next that m(s,s’) = oo. For any point p’ € V* define the
iterated images p' = o%0%(p"~1), i > 1. Then, we derive as in the proof
of Proposition 4.1.2 (switching the roles of s and s'), via the recurrence
relation (4.8), that p’ = (p’ | o) satisfies

0<p!<pl = pl<pit foralli>0.
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We must check four cases:

poza: = pizks,s’ks’,s_123>1:p(s)v

p’ =k (al) same, since o, (o) = af,

P’ =a, = pl=kys>0=p"

pO = CT:/ (Oz:/) = pi = ks’,s(ks,s’ks’,s — 2) > ks/’s = pg.

It follows via equations (4.19) and (4.20) that ¢ and d are non-negative. O

Call a vector v = ) g csas € V positive (and write v > 0) if ¢ > 0
for all s € S, and negative (denoted v < 0) if ¢; <0 for all s € S.

Proposition 4.2.5 For allw € W and s € S, the following hold:
(i) L(ws) > L(w) implies w(as) > 0.
(i1) L(ws) < L(w) implies w(as) < 0.

Proof. We prove part (i) by induction on ¢(w), the ¢(w) = 0 case being
clearly true.

So, assume that ((ws) > ¢(w) > 0, and let s € Dr(w). Put J = {s,s'},
and let w = w”/w; be the canonical decomposition (see Proposition 2.4.4).
From £(ws) = £(w)+1 = £(w”)+L(wy)+1, we see that £(wys) = £(wy)+1,
which implies that wy = (... s'ss’); with j < m(s,s’). Hence, Lemma 4.2.4
shows that

w(as) =w’(...8's8)j(as) = w’ (cas + day),
with ¢,d > 0.

By definition, w’ satisfies £(w”/s) > ¢(w”) and (w’s") > ¢(w”’), and
{(w”) < ¢(w) since s’ € Dr(w). Hence, by induction we have that w” () >
0 and w” (ay) > 0 and, therefore,

w(as) = cw’ (as) + dw’ (ag) > 0.

The second part follows easily from the first. If ¢(ws) < ¢(w), then
l(wss) > L(ws) and, hence, 0 < ws(as) = w(—as) = —w(as), so
w(as) < 0.0

Corollary 4.2.6 Let p € Ri C V*, and u,v € W. Then, the following
hold:

(i) Dp(u) ={s €S :(u(p)|as) is negative}.
(ii) T v, then u(p) # v(p).

Proof. Since all coefficients of p are positive, Proposition 4.2.5 implies that
(u(p) | as) = {p|u=1(as)) is negative if and only if £(u=1s) < f(u~1).

Suppose that u(p) = p. Then, by part (i), Dy (u) = @ and, hence, u = e.
This implies part (ii). O

As an immediate consequence of Corollary 4.2.6(ii), we obtain the
following.
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Theorem 4.2.7 The homomorphisms ¢ : W — GL(V) and o* : W —
GL(V*) are injective.

The mapping o : W — GL(V) is called the geometric representation of
W. Note that it depends on the choice of bilinear form (- | -), or, equivalently,
via equation (4.10), on the choice of edge weights ks o-. In the special case
when the bilinear form is for all s, s’ € S given by

(as | ag) = —cos (4.21)

m(s,s’)’

o is called the standard geometric representation. In this case, the bilinear
form is symmetric, and equation (4.21) essentially (except for the value
assumed at m(s, s’) = co edges) characterizes the symmetric case.

4.3 The numbers game

In this section, we present a combinatorial rendition of the contragredient
geometric representation o* : W — GL(V*). Vectors in V* are assignments
of real numbers ps to the nodes s € S of the Coxeter graph, and each
such assignment is here thought of as a position in a certain “game.” The
“moves” in the game are local rearrangements of the assigned values at
a chosen node s and its neighbors, governed by the labels of the edges
surrounding s in the Coxeter graph. The point of this game is that it gives
a combinatorial model of the Coxeter group (W, S), where group elements
correspond to positions and reduced decompositions correspond to play
sequences.

Before proceeding we have to choose for each ordered pair (s,s’) such
that m(s, s’) > 3 a real number ks s > 0 such that

]{873/168/75 = 4C082 ﬁ, lf m(S,Sl) 7é 00,
ks,s’ks’,s >4, if m(s, 3/) = 0.

These numbers, which we refer to as weights, remain fixed once chosen.
The edge weights can, of course, always be chosen symmetrically:

ks s = kg s = 2cos (4.22)

m(s,s’)

However, if m(s,s’) € {3,4,6, 00} for all edges s—s’, the following choices,
of which the middle three are asymmetric, have the advantage that all edge
weights are integers:



98 4. Roots, games, and automata

m(37 3/) ks,s’ ks’ s

B R ok w
N =~ W N~
N = = ==

The starting position for our game can be any distribution s — p, of real
numbers ps to the nodes s € S of the Coxeter graph. A position is called
positive if ps > 0 for all s € S. The special position with p; = 1 for all
s € S is called the unit position and denoted 1.

Moves are defined as follows. A firing of node s changes a position p € R
in the following way:

e Switch sign of the value at s.
e Add kg ¢ ps to the value at each neighbor s’ of s.
e Leave all other values unchanged.

Such a move will be called positive if ps > 0, and negative if p; < 0.
A positive game is one that is played with positive moves from a given
starting position, and similarly for a negative game. A play sequence is a
word $182...5 (s; € S) recording a game in which s; was fired first, then
s9, then s, and so on. Similarly, a positive play sequence records a positive
game and a negative play sequence records a negative game.
For example, let us consider the infinite group with Coxeter graph
a

ISH

b

Choose edge weights as in the above table (with kcq = kg = 2). The
following is an example of a positive game (from the unit position):

c a
— —

|=
P
o
©
|»
G
s
©
|+
Q=
0
©
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Thus, cadcd is a positive play sequence. Note (from the illustration) that
the play sequences cada and cadd are not positive.

Suppose a starting position p € RY is given. Then, every play sequence
$182...8, will by composition of mappings lead to some other position,
which we denote by p®1%2--5k . For instance, in the previous example (with
p = 1), we computed p°??® = (16, —11,4, 11). Let P, C RS denote the set
of all positions that can be reached this way. The relevance of this is the
following.

Theorem 4.3.1 Consider play sequences starting from some positive
position p € RJSF.

(i) Two play sequences s18y ... s and 815 . .. s; lead to the same position

. 7 ./ . .
(i.e., p152-5k = p51%25q ) 4f and only if s182...8, = s185...5! as

q
elements of W.
i e induced mapping w — p* is a bijection W — P,,.
i) The induced ' Y is a bijection W — P,
(i1i) Dr(w) = {s € S : the s-entry of position p* is negative}.

(iv) The play sequence s18z .. .Sy is positive if and only if $182...8k is a
reduced decomposition.

Proof. The rule for changing the “position” p to p® by firing node s coin-
cides with the mapping o : p — s(p) considered in Section 4.1 (cf. equation
(4.5)). Hence, the point denoted p™ here is the same as the point denoted
by w~!(p) there. This implies the “if” direction of part (i). The rest of the
theorem follows from Corollary 4.2.6. O

Let us summarize the theorem in less technical language. It states that
we should think about the positions in the numbers game (starting from
a positive position) as representing the group elements. The negative com-
ponents of a position indicate the descent set of the corresponding group
element. The set of reduced decompositions is realized as the set of positive
play sequences.

The numbers game offers an interesting alternative for computations with
Coxeter groups, since it so easily solves word problems and determines re-
ducedness. For instance, if the game is played from the unit position 1 (or
any other positive starting position) according to two words « and 3 in the
alphabet S, then o and 3 represent the same group element if and only if the
final positions are the same. Or, say that one wants to know the set R(w)
of all reduced decompositions of an element w. One can then proceed as fol-
lows. First, compute the position pwfl, using any expression w = $182 ... Sk
and playing from 1 according to the play sequence sg, sg—1,.-.,S1. Then,
choosing among the negative moves available at each step, find all negative
games leading from p“’_1 back to 1. These games constitute the set R(w).
If, instead, one wants to know only the lexicographically minimal element
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in R(w) (i.e., the normal form), one can play from pw_1 to 1 by firing at
each step the minimal negative node.

From a computational point of view, it is an advantage if all edge weights
ks s used in the numbers game are integers. This is possible if and only if
m(s,s’) € {3,4,6,00} for all edges s—s’, as was already discussed.

The numbers game is related to the question of finding combinato-
rial models for Coxeter groups. For instance, for a permutation x =
1Ty ... T, €S, let

d(z) = (x2 — 1,23 — X2, ..., Tn — Tp—1).

A small computation, left to the reader, shows that d(z) is the position
corresponding to x in the numbers game played from the unit position 1
on the type A,_1 Coxeter graph o—o— ... —o—o0. The details of the
correspondence = — p® = d(x) lead to the realization of A, _; as the full
permutation group S, ; see Exercise 2. For another example, see Exercise 3.

We end with a small computational example. Say we want to compute
the normal form of the permutation z = 362415 € Sg. Then, since 27! =
531462 and pg‘f1 =d(z7!) = (-2,-2,3,2,—4), we are led to play the
following game (at each step firing the minimal negative node):

M)

®
©
®

©)
®

®
©
®

O
0

®
©
®

®
©
©

OO
) ©
OO




4.4. Roots 101

Hence, N F(362415) = 12135432.

4.4 Roots

We now return to the general setup of Section 4.2, but from this point on,
we specialize the discussion to the standard geometric representation o and
its contragredient o*. Let us, for emphasis, restate this:

From here and to the end of this chapter the bilinear form (-|-) is
defined by equation (4.21) and the corresponding edge weights by

— T
ks s = 2cos )

One immediate consequence of this assumption is that the W-action on V
preserves the bilinear form:

(w(B) [w(v)) = (B]7) (4.23)
for all w € W and 3,7 € V. It suffices to check this for generators s € S:

(s(8) [s(7)) = (B = 2(as [ B)as |7 = 2(as [ )as) = (B]7),

using that (as|8) = (8| as) and (o, |as) = 1.
We now make the following important definition of a certain distin-
guished subset of V =2 RS,

Definition 4.4.1 The root system of (W,S) is ® e {w(as) }wew,ses- Its

elements are called roots. The elements of 11 def {as}tses are the simple
roots.

Let ®* (respectively, ®~) consist of those roots that have non-negative
(respectively, nonpositive) coefficients when expressed in the basis II of
simple roots. They are called positive roots and negative roots, respectively.
Proposition 4.2.5 shows that ® decomposes into a disjoint union

=0T |Ho, (4.24)
and implies the following characterization of positive roots:
w(as) € 2T & L(ws) > L(w). (4.25)
Furthermore, since s(as) = —a;, we obtain
O = Pt (4.26)

and since all roots are unit vectors (due to equation (4.23)), we have that

if 3,7 € ® and v = rf for some r € R, then r € {+1,—1}. (4.27)
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Example 4.4.2 Tt is instructive to visualize the W-action on V and its
induced root system, and to compare it to the geometry of the W-action
on V*, in the accessible case of rank 2.

Figure 4.2 shows the case of the Weyl group G = I2(6) = ﬁ , for
which (aq|ap) = —cos §. The picture of the space V' indicates the six
positive roots and how they are generated by simple reflections from the
two simple roots a, and «;. The view of V* shows the arrangement of six
reflecting lines, dual to the positive roots via H, def {peV*:(p|a)=0}
a€ dt. B

Figure 4.3 shows the the affine group 4; = Ix(c0) = Zi% , for which
(g | ) = —1. The picture of V' here shows the positive roots and how
they are generated by simple reflections from the two simple roots a, and
ap, whereas that of V* shows the arrangement of reflecting lines H,,, dual
to the positive roots.

Notice the differences between the two cases. In the finite case, one can,
without much danger, blur the distinction between V' and its dual. However,
this is not so in the infinite case, where the geometry of the W-action is
quite different for the two spaces. For instance, observe in Figure 4.3 how
both simple reflections o, and o}, share the same fixed line in V', namely
the dashed diagonal. In V*, on the other hand, o and o} have different
fixed lines H,, and H,,.

In the finite case, the W-action on V* preserves every circle of fixed
radius centered at the origin, whereas in the infinite case, the W-action on
V* preserves any line L of the form = + y = const. > 0. The analysis of the
numbers game in the preceding section shows how to interpret the game
geometrically in V*-space. Namely, the starting position 1 (indicated in
Figures 4.2 and 4.3) is moved along the circle in the finite case, and along
the line L in the infinite case, according to the W-action on V*, and the
positions in the game are its images. O

Lemma 4.4.3 The mapping s permutes the set ®T ~ {as}.

Proof. Let v € &7 \ {a,}. From statement (4.27) follows that ~ is not
a scalar multiple of as. Thus, (a% |v) is positive for some s’ # s. Since
(af | s(v)) = (s(ak) | v) = (o | 7) is positive, we conclude that s(y) € ®7.
Also, s(y) # as since s(—a;) = ag. O

To each group element w we associate a set of positive roots as follows:
Nw) € {Bedt: wpB)ed}. (4.28)
Proposition 4.4.4 For allw e W,
(w) = card N (w).

Proof. The formula holds for ¢(w) < 1 by Lemma 4.4.3. We continue by
induction on ¢(w).
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Figure 4.2. Finite case: I2(6).

Figure 4.3. Infinite case: I5(c0).
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Suppose that w = us > u, s € S. Equation (4.25) and Lemma 4.4.3 show
for 3 € ®T that

w(f) e~ &  [F=as or s(f) € N(u).
Hence, by the induction assumption there are £(u)+1 = ¢(w) such elements
Bedt. O
For every v € ® we define an element t, € GL(V) by

ty(B8) = B =2(v[B)v, (4.29)
for all 8 € V. This extends definition (4.14) (the case of simple roots), and,
clearly, t?y =ecandt_, =t,.

Let T = {wsw™! : w € W,s € S} be the set of reflections of (W, S).
Letting v = w(as) € ® and § € V, we compute
wsw™ ! (B) = w(w™(B) - 2(as|wT(B))as)
=pB- 2(7"0(0‘5) ‘ﬂ)w(as)
= t4(8).
Hence, in the geometric representation o(W), we have that
t, =wsw !, (4.30)
for any w € W and s € S such that v = w(as). Since o is injective,
p: 7 — ty defines a mapping
p:®" =T, (4.31)
which is clearly surjective.
If v and +/ are distinct positive roots, then (since, by statement (4.27),

one is not a scalar multiple of the other) ¢, # ¢,,. Hence, p is also injective,
so we may conclude the following.

Proposition 4.4.5 The mapping p : v — t, is a bijective correspondence
between positive roots and reflections. O

The mapping p immediately extends to a bijection between roots and
signed reflections, which connects the material of this section with that of
Section 1.3; see Exercise 7.

It follows readily from our earlier computations that

w) =4 = wtyw ' =tg, (4.32)
for all w € W and 3,y € ®*. Namely, letting v = u(as), we have
wtyw™ ! = wusutwt = (wu)s(wu) Tt = tg,

since wu(ag) = w(y) = S.
We know from Proposition 4.4.4 and Corollary 1.4.5 that

card{y € ®" 1 w(y) € 7} = L(w) = card{t € T : {(wt) < L(w)}.
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Thus, it is natural to expect that the two equicardinal sets are related
via the bijection p. The following proposition establishes this link, thus
generalizing equation (4.25).

Proposition 4.4.6 For allw € W and v € T,
wy) € P & Lwt,) < l(w).

Proof. Suppose that {(wty) < £(w), and let w = s1s2...5s; be a reduced
expression. Then, by Corollary 1.4.4, t, = sp55—1...5;...5,—15) for some
i € [k] and, hence, v = 81 ... Si+1(as, ). We deduce that

w(y) =(81...8k)(Sk .- Sit1)(as;) = 81...8i—1(—as,) <0,
since, by Proposition 4.2.5, s1...s;-1(as,) > 0. Hence,
{yedt lwt,) <l(w)} C{yedt:w(y)ed },

and since the two sets are of equal finite cardinality, they are in fact
identical. O

4.5 Roots and subgroups

This section is devoted to proving some algebraic and geometric re-
sults about subgroups in a Coxeter group that will later be needed for
combinatorial purposes. We begin with a couple of lemmas.

For p € V*, let

def

M(p) = {pedt: (p|p)<0}

and

CcYpevr: Mp) =0}
Note that if p € C, then (p | @7 ) CR>p and (p | 2~ ) C R<y.

Recall that we have an action of W on V* such that

(wl(p) [ B) = (p|w@))
forallwe W, €V, and p € V*.
Lemma 4.5.1 Let p € C. Then,

Stab (p) = Wy,
whereJdéf{seSz (p| as) =0}
Proof. If s € J, then
(sp) [ B)=(|s(8)=(p|B—2(s|Bas)=(p|B)

for all B € V and, hence, s € Stab(p). This shows that W; C Stab(p).
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Conversely, let w € Stab(p). We will show, by induction on ¢(w), that
w € Wy. This is clear if {(w) = 0. So, suppose that ¢(w) > 0 and let
s € Dr(w). Then, by relation (4.25), w(as) < 0 and, hence,

0<(p]as)=(w ()| as) = (p|wa)) <0,

which implies that s € J. Since we have already shown that W; C Stab(p),
we conclude that ws € Stab(p). Since ¢(ws) < ¢(w), we have from our
induction hypothesis that ws € Wy, and this concludes the proof. O

Lemma 4.5.2 Let p € V* be such that M(p) is finite. Then, there exists
aw €W such that w(p) € C.

Proof. Let p € V*\ C be such that 0 < |M(p)| < co. Then, there exists
s € S such that a; € M(p). However, it is clear from our definitions that

s(M(s(p))) € M(p) \ {as}
(note that as & M(s(p))). Hence, |M(s(p))| < |M(p)|. Continuing in this
way, we conclude that there exists a w € W such that |M(w(p))| =0. O

The next theorem is the main result of this section. It has the interest-
ing consequence that up to conjugacy there are only finitely many finite
subgroups of an infinite Coxeter group.

Theorem 4.5.3 Let H be a finite subgroup of W. Then, there exists w €
W and J C S such that Wy is finite and wHw™ C Wj.

Proof. We proceed by induction on |S|, the result being clear if |S| = 1.
We may assume that |WW| = oo, otherwise there is nothing to prove.
Let

def * def
p = o and q = Z h(p).
seS heH
Now, if 3 € ®*\ U,y N(h), then h(3) > 0 for all h € H and, hence,

(@1 B)y=>Y (W' [8) = | h(B) >0 (4.33)

heH heH

This shows that M(q) € U,cy N(h) and, hence, that |[M(q)| < oo. By
Lemma 4.5.2, we conclude that there exists w € W such that w(q) € C.
However,

wHw™' C Stab(w(q))
(since h(q) = g for all h € H). Hence, by Lemma 4.5.1,
wHw™ C Wy,

where J = {s € S : (w(q) | as) = 0}. However, J # S (or else w(q) = 0
and therefore ¢ = 0, which contradicts equation (4.33)). Therefore, wHw ™
is a finite subgroup of a parabolic subgroup of rank < |S|, and this, by the
induction hypothesis, concludes the proof. O
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The next two results are of a technical nature. They serve to shorten
several proofs later.

Proposition 4.5.4 Let o, 3 € ®T.

(i) If |(a | B)| < 1, then the subgroup generated by to and tg is a finite
dihedral group.

1) If (a | B) < —1, then the subgroup generated by t, andtg is an infinite
B

dihedral group. Furthermore, the roots (totg)™(«), forn =0,1,2,...,

are all positive linear combinations of o and (3, and are all distinct.

Proof. Assume that |(a | 8)] < 1. Let w € W be such that w(8) € IL
Since (a | B) = (w(@) | w(B)), tww) = wtaw™L, tw(g) = wtgw™!, and
t_w(a) = bw(a), We may assume that § = a, for some s € S, and o € ®.

Let V4 be the subspace of V' spanned by a and ;. Write oo = Zres Aty
and let v def a — asas. Then, v # 0, and
My +pas: peR, Ap<0}nN® =0, (4.34)

because of the decomposition (4.24). Since |(a | a5)| < 1, a simple compu-
tation shows that the restriction of the bilinear form (4.21) to V; is positive
definite. Hence, V; is a Euclidean plane, and we are in the situation dis-
cussed in Example 1.2.7. Namely, t,s acts on V{, as a rotation through the
origin of 2z radians, where 0 < x < 7 is such that cos(z) = (a | as). If ©
is not a rational multiple of 7, then the roots (tos)"(a) for n =0,1,2,...
are dense in the unit circle, and this contradicts equation (4.34). Hence,
x = g for some ¢ € Q, and the subgroup D generated by t, and s acts on
Vo in the same way as a finite dihedral group.

Since Vp is Euclidean, we have that V = V- @ Vj. Furthermore, D fixes
Vg- pointwise. By Theorem 4.2.7 the geometric representation of W on V
is faithful (in other words, the only element of W that acts on V as the
identity is e). It follows that also the action of D on V; is faithful and,
therefore, D is isomorphic to a finite dihedral group. This proves part (i).

Next, put = def —(a | B) and assume that z > 1. Direct computation

shows that for any A, u € R,

tatgMa + pufB) = ta(Aa+ uB —2Aa+ puB| B) B)

= ((42® — DX —2zp) a + 22\ — p) B.
Thus, putting (t4t3)"(a) A e + in 3, we have that

Ant1 = (422 — D)\, — 224y,
Hn41 = 22N, — Hn -



108 4. Roots, games, and automata

We now prove for all n that

An > fin > 0. (4.35)
This is true for n = 0, since \yp = 1 and pg = 0. We continue by induction
onn. Let A% 422 — 27 — 1 and B 24 — 1. Then,
Ant1 = pnt1 = ANy — By, (4.36)
and
A>B>1,sincex>land A—B=(2z—1)>—-1>0. (4.37)

The induction assumption (4.35) together with relations (4.36) and (4.37)
imply that A\,+1 > ppy1. That g1 > 0 is seen directly from relation
(4.35) and iy 41 = 22\, — . This finishes the induction step.

Equation (4.35) also implies that 41 — i, = 2(2An — ptn) > 0. Hence,

> g1 > i > > i > i = 0,
and the proof is complete. O
Proposition 4.5.5 The set
{la|las): a€e®T, se8, |[(a|as)] <1} (4.38)
is finite.
Proof. Let
Pon 2 {JC S Wy < oo},

Asn & {(aﬁ): a,BED tatge | WJ}.

JE€Prin

Clearly, Ag, is a finite set. We claim that
{la]as): ae®T, se€8, [(a]as)] <1} C Agy.

Indeed, let « € &+ and s € S be such that |(«a | as)| < 1. By Proposition
4.5.4, the subgroup D generated by t,, and s is finite. Therefore, by Theorem
4.5.3, there exists a w € W and a J € Pgp such that wDw™' C Wj.
However, (o | o) = (w(a) | w(a)) and tya) = wtaw™, tya,) = wsw™'.
Hence, (a | as) € Agy. O

4.6 The root poset

A certain interesting partial order on the set ® of positive roots plays
an important role in the sequel. In this section, we study some of its basic
properties and show that it is related to a “numbers game” dual to that of
Section 4.3.
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Definition 4.6.1 The depth of 3 € ®T is
dp () =min{k: w(B) € @ for some w € W with {(w) = k}.

Since tg(8) € @, the concept of depth is well defined, and by Lemma
4.4.3, the roots of depth 1 are precisely the simple roots.

It is important to know how the depth changes when acting on a positive
root by a simple reflection. The answer is very elegant.

Lemma 4.6.2 Let s € S and f € @7 — {a,}. Then,

dp (B8) =1, if (Blews) >0,
dp (5(6)) = dp (ﬂ)a if (ﬂ|as) =0,
dp (B) +1, if (Bles) <O.

Proof. If (B|as) =0, then s(8) = 3, so trivially dp (s(3)) = dp (3).
Suppose that (f|as) > 0. Clearly, dp (s(8)) > dp (8) — 1. Hence, it will
suffice to show that dp (s(5)) < dp (B). For this, choose w € W such that
w(f) € = and ¢(w) = dp (F). Now, consider the two possibilities: ws < w
and ws > w.
If ws < w, we are done, since ws(s(8)) = w(B) € & shows that
ap (5(8)) < (ws) < dp ()

Assume that ws > w. Consider the root
v =ws(B) = w(B - 2(Blas)as) = w(B) — 2(Blas)w(as).

By assumption, w(f) € ®~ and (flas) > 0, and (by Proposition 4.2.5)
w(as) € ®T. Hence, v € ®~. Furthermore, v # —ay for all ' € S, since
—ay can never be the sum of two negative roots. Now, choose s’ € S such
that s'w < w. Then, s'w(s(B)) = s'(y), and s'(y) € &~ by Lemma 4.4.3,
since v € @~ \ {—ay }. Therefore, dp (s(8)) < 4(s'w) < £(w) = dp (F), as
desired.

Finally, suppose that (8|as) < 0. Then, (s(8)|as) = (6—2(8|as)as|as) =
—(Blas) > 0, so by the previous case dp (8) = dp (s(s(8))) = dp (s(8)) —
1.0

Using the concept of depth we can now define the root poset.

Definition 4.6.3 For 8,y € ®*, let 3 <+ if there exist s1,82,...,5, € S
such that

(i) v = spSk—1...51(0),
(i) dp (s;si—1...51(8)) =dp(8) +1, for all 1 <i <k.

What we have proved so far shows that the root poset (@1, <) has the
following structure. The minimal elements are the simple roots. All maxi-
mal chains in an interval [3,+] have the same length dp (y) — dp (), and
all maximal chains in {3|8 < 7} have the same length dp (v) — 1. Hence,
depth is a rank function. See Figures 4.4 and 4.5 for two examples of root
posets.
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Figure 4.4. Root poset of Ay4.

s1 | S2 s3
| |
[ 122] [ 212] 221
52 S3 S3 52
| 112] B [ 121] B [ 211
S3 S2 S1
| 110] | 101 ] [o11
52 s1 s1 52
S3 S3
| 100 ] | 010 | 001

Figure 4.5. Root poset of gg.

Root posets have a natural edge labeling by elements of S. Namely, for
every covering 3 <1+, there is a unique s € S such that s(8) = ~, which
provides the label A\(3,7) = s. The labels are indicated in the figures.

Let s € S and suppose that 8 = ), by ay. We have from equations
(4.10) and (4.14) that

S(ﬁ) = ﬁ + (Z ks,s’bs’> Us,

s'esS
which if we define

def

B, & (4.39)

—bst+ Y ks wbs

s'is'—s
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can be written
S(ﬁ) =p+ (Bs - bs)as~ (440)

The sum in the definition of By is over all neighbors s’ of s in the Coxeter
diagram. We then get the following criterion for moving up or down along
an s-labeled edge in the root poset.

Lemma 4.6.4 s(3) > 3 < Bs > bs.

Proof. It is clear from our definitions that Bs; — by = —2(as|3). Now use
Lemma 4.6.2. O

This lemma has the following useful consequence.

Corollary 4.6.5 Let f = ) by and v = ) g cso, B,y € @ If
8 <~, then bs < cs for all s € S. O

Note, for example, from Figure 4.5, that the converse of this corollary is
not true.

Lemma 4.6.4 gives a simple algorithmic procedure for generating the
edge-labeled root poset. Namely, start with the roots of depth 1, (i.e., the
unit basis vectors {as|s € S}). Recursively, assume that we have con-
structed the edge-labeled root poset up to (and including) the roots of
depth j. Then, for each root 3 of depth j and each s € S such that no s-
labeled edge leads down from 3, compute the quantity B, defined by (4.39);
that is, compute the k; s-weighted sum of 3’s coordinates at all neighbors
of s in the Coxeter diagram minus its coordinate by at s. If By > by, let ~y
be the vector that you get by replacing bs by Bs as the s-coordinate of (.
Then, 7 is a root of depth 7+ 1 and (3,7) is an s-labeled edge. If By = bs,
then do nothing (Bs < bs cannot occur, since then an s-labeled edge would
lead down from f to a root of depth j — 1). After performing this for all
pairs 3 and s (of the specified kinds), the root poset up to depth j + 1 will
be constructed.

The algorithm described in the preceding paragraph can be thought of
as a “dual numbers game.” Namely, positive roots 3 = ) g bsas are as-
signments of numbers by to the nodes s of the Coxeter diagram, or “dual
positions.” It is allowed to move from one such position to another by “fir-
ing” the node s, which replaces the number b attached to s by the number
B,. By only allowing firings that increase the number at the fired node we
create the “legal” games. These correspond to unrefinable ascending chains
in the root poset. Playing legal games from the starting positions with “1”
on one node and “0” on all the others, all positive roots will be generated.

Thus, an appealing picture emerges. The dual numbers game — mod-
eling the root poset (®+,<) — takes place in the space V, whereas the
numbers game — a combinatorial model of the Coxeter group W and its
right weak order — lives in the dual space V*. See Figures 4.2 and 4.3 for
an illustration. The Coxeter graph itself is the game board for both games,
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the positions are assignments of numbers to its vertices, and the moves in
both cases are certain firings of the vertices involving only numbers at the
fired node and its neighbors in the diagram. The two kinds of firing, both
given by simple combinatorial rules, are dual in the sense of Proposition
4.2.3.

Every position p* of the numbers game (i.e., each group element w € W)
assigns a number (p™|5) to each root B € ®. (Note that if p¥ = > psa’
and 8 = bsas, then (p*|3) = > psbs.) We know from Proposition 4.4.6
that the negative such numbers occurring at positive roots indicate the
reflection descent set Tr(w). What happens with the distribution of such
numbers when we pass from w to ws? Since

P**18) = (s(p)1B) = (p“[s(B)), (4.41)

we see that ws assigns to 3 the same number that w assigns to s(3). Recall
that s permutes the set ®* \ {a;s}. More precisely, it switches the positive
roots connected by s-labeled edges in the root poset, and the remaining
ones are fixed points. In summary, we have proved the following.

Proposition 4.6.6 Define oy, : @7 — R by 0, (3) = (p*|3) and let s € S.
Then, the distribution p.s of values to the positive roots differs from the
distribution @, as follows:

(i) The value al s changes sign.

(it) The values are interchanged between pairs B —s(B) connected by
s-labeled edges in the root poset.

(#ii) The values of all remaining roots are unchanged.

Example 4.6.7 Let w = 52314 and ws = 53214. The corresponding po-
sitions are (by the rule of successive differences explained at the end of
Section 4.3): p* = (=3,1,—-2,3) and p*¥* = (—=2,—1,—1, 3). The values as-
signed to the positive roots (see Figure 4.4) are shown in Figure 4.6, where
the s-labeled edges are solid and all other root poset edges are dashed. O

=4 =4
308 0 &6 5 0

Figure 4.6. Illustration for Example 4.6.7.
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4.7 Small roots

The crucial tool for the construction of finite state automata in the next
section is a remarkable subset of the positive roots of W, which includes
the simple roots. In this section, we define and study this subset.

Let ¥ be the smallest subset of ®* such that the following hold:
(i) T={as: s€ S} CX.
(i) fa €3, s € S and —1 < (a]as) < 0, then s(a) € .

We call ¥ the set of small roots of (W, S).

Note that o and s(«) are equal except in the s-th coordinate where they
differ by —2(«|as). Thus, the definition of small roots can be rephrased:

All simple roots are small, and if o is small and the difference
in the s-th coordinate between o and s(a) is positive and < 2,
then s(a) is also small.

This is the reason for the terminology “small.” In other words, the small
roots are the ones that can be reached from the simple roots by successive
“small changes,” moving up along saturated chains in the root poset.

Let us call a covering edge 3 <1+ in the root poset short if |(B|as)| < 1,
where s € S is such that s(8) = ~, and long otherwise. Since (y|as) =
—(Blas), the characterization of a short edge takes the same form in terms
of the pair (v, s). Small roots are then characterized by the property:

A root is small if and only if it is reachable from a simple root
along an up-directed path of short edges.

Referring to Figures 4.4 and 4.5, we see that all positive roots of the
finite group A4 are small and that if (W, S) is a Coxeter system of type As,
then ¥ = {a1, ag, as, a1 + a2, ag + oz, a1 + as}. It is a general property of
finite groups that all positive roots are small; see Exercise 19.

Figure 4.7 shows the root poset up to depth 3 of the infinite group
%—%ﬁ% , previously discussed in Example 1.2.9. Long edges are dashed.
The separating set of long edges above the bottom four roots shows that
Y= {Ozl, g, 3,01 + Ozg}.

We have seen two examples of infinite groups for which the set of small
roots is finite. It is a surprising fact that this is always the case, as we now
proceed to prove.

The following lemma tells us that all edges down from a small root are
necessarily short.

Lemma 4.7.1 Let « € ¥ and s € S, o # as. Then, (a|as) < 1.

Proof. We proceed by induction on dp («), the result being clear if dp («)
=1.
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032 | | 221 | 023
1‘10 | 012 | | 021 i
AN o
100 | 0:10 | | 0(:)1 |

Figure 4.7. Bottom part of root poset of the group %—%ﬁ% .

Suppose dp () > 2. Since « € ¥, there is € ¥ and r € S such that
B<a,a=r(B) and —1 < (B | ;) < 0. If s = r, we are done, so suppose
that s # r. If 8 = a, then the result is easy to check. If 5 # a; then, using
our induction hypothesis, we have that

r(B) | as)

B— Q(ﬁ | 017«)047« ‘ as)

Bl as) =28 | ar)(ar | as)
O as) <1,

(a]as) =

<

~ I~ —~

as desired. O
Given « € X, we let
N(e) ¥ {se S |(aas)| < 11}

Lemma 4.7.2 Let 8,y € ¥ be such that 5<1y in the root poset, dp () > 2.
Then, N'(8) 2 N(7).

Proof. Let s € S\ N(5). Then, we have from Lemma 4.7.1 that (3|as) <
—1. On the other hand, since v = r(3) for some r € S and v > 3, we
conclude from Lemma 4.7.1 (applied to v) and Lemma 4.6.2 that —1 <
(Blar) < 0. Hence, 7 # s, and

(r(B)las)

(8 = 2(Blo)orr|exs)
(Blexs) = 2(Ble ) (ar|as)
(Blavs).

Therefore, (y|as) < —1 and, hence, s € N'(v). O

(7‘048)

IN

We can now prove the main result of this section. It is a fundamental
fact.

Theorem 4.7.3 || < 0.
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Proof. Suppose that |3| = co. Since there are only finitely many elements
in the root poset of any given depth, we conclude that there are small
roots of arbitrarily large depth. For each small root «, we have (by the
definition of ¥) a saturated chain in the root poset, entirely contained in
%, from some simple root to «. Hence, there are saturated chains (in the
root poset) consisting entirely of small roots, of arbitrarily great length.

By Proposition 4.5.5, there are only finitely many pairs (J, v), with J C S
and v € R/, such that there exists a v € ¥ with N(y) = J and ((7 |
as))ses = v. Let C be a saturated chain in 3\ IT of length greater than the
number of such pairs. Taking a suitable segment of C', we conclude that
there exists a saturated chain v; <v;j41 <1 - - <k, such that N(y;) = N ()
and

(vjlas) = (velas) (4.42)

for all s € (), with dp (v;) =i fori =j,..., k.

Let, for brevity, N’ Lef N (7). Let s; € S be such that s;(y;) = i1 for
i=7,...,k— 1. It follows from Lemma 4.7.2 that s;,sj41,...,5,-1 € N.

Let vj_1 def sk—1(74)- By equation (4.42), we have that

(Vi—1las) = (sk—1(75) | as)
= (75 | sk-1(as))
= (75 | as = 2(as,_y |as)as, )
= (k| s = 2(as,_, as)as, )
= (V| sk-1(as))
= (sk—1(7k) | o)
= (M-1]as) (4.43)
for all s € N. In particular, since y,_1 < vk, equation (4.43) implies by
Lemma 4.6.2 that v;_1 <07;.
Hence, we have obtained a saturated chain of roots v;_1 <1y; <« - - <yp—1
such that
(’Yj—l | as) = (’Yk—l | Oés)
for all s € N, and sp—1(vj—1) = 7j, (%) = Yig1 for i = j,....k — 2.
Continuing in this way, we construct a saturated chain
VD V—1 B DY By B B2 bm

in the root poset, with 7 a simple root, and

(m | as) = ('Yk—j-&-l | as) (4.44)

for all s € N.
Let r € S be such that v1 = a,. If 7 € N, then from equation (4.44) we
have that

(Vh—jt1 | ar) = (1 | ) =1,
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whereas, on the other hand,

|(Yh—j1 [ )] <1
since N (vk—j+1) = N. A contradiction!
Thus, assume that r» ¢ N. Let j < i < k — 1 be such that s;(y,—;) =
Yk—j+1. Then, r # s; and we conclude from equation (4.44) that

0> (71 | O‘Si,) = (ryk—]'-‘rl | O‘Si,) >0,
thus again reaching a contradiction. O

We close this section by giving a useful and interesting characterization of
small roots. Let 8,7 € ®T. We say that 3 dominates -y, denoted 3 dom -+,
if w(B) < 0 implies w(y) < 0 for all w € W. This relation is clearly
transitive. Note that if § dom ~, then dp () > dp (7). Also, if 5 dom +~,
then w(3) dom w(vy) for all w € W such that w(y) € ®*.

Lemma 4.7.4 Let 3 € ®T and s € S. Then, 3 dominates o if and only
if (B ‘ as) > 1.

Proof. We may clearly assume that 3 # «s and, hence, that s(3) € ®¥.
Suppose that § dominates a and that (8 | as) < 1. Since 5 dominates a
and tg(8) = —B < 0, there follows that tg(as) = as — 2(as | B)3 € ©~
and, therefore,

(as | B) > 0. (4.45)

So we conclude that |(as | §)| < 1. By Proposition 4.5.4, this implies that

the subgroup D generated by s and ¢g is a finite dihedral group and that

t3s acts as a rotation of finite order on the subspace of V' spanned by 3 and

as. However, it is not hard to see that this implies that there exists w € D

such that w(8) < 0 but w(as) > 0, and this contradicts our hypothesis.
Conversely, suppose that (8 | as) > 1. Then,

(s(B) | B) = (B —2(as | Bas | B) =1=2(cs | B)° < 1.

By Proposition 4.5.4, this implies that there are infinitely many positive
roots of the form

AB + us(B) (4.46)

with A, 1 > 0. Now, let w € W be such that w(8) < 0. If w(as) > 0, then
we conclude that

w(s(B)) = w(B = 2(as | Bas) = w(B) — 2(as | Blw(as) <0,

and, hence, that all the positive roots of the form (4.46) are also in N(w),
which contradicts Proposition 4.4.4. Hence, w(as) < 0, showing that 3
dominates ag, as desired. O

A positive root a € ®* is said to be humble if o dominates no positive
root except itself. All simple roots are clearly humble. The preceding lemma
has the following useful consequence.
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Lemma 4.7.5 Let 8, € ®T be such that 3 < a in the root poset. Then,
we have that the following hold:

(i) If B <« is long, then « is not humble.
(i1) If B <« is short, then o is humble if and only if B is humble.

Proof. Let s € S be such that o = s(3).

Assume that (i) holds. Then, (@ | as) > 1 and, hence, a dominates o
by Lemma 4.7.4. So « is not humble.

Assume now that (ii) holds. Then, 0 > (3| as) > —1. Let v € ®T\ {8} be
such that § dom ~. Then, by Lemma 4.7.4 , v # «5. Hence, s(3) dom s(7)
and s(y) € @1\ {s(8)}. So B is humble if « is humble. For the converse
statement a similar argument holds. O

We can now prove the promised characterization of small roots.
Theorem 4.7.6 Let o € . Then, a € ¥ if and only if a is humble.

Proof. Assume that a € . Then, by definition, there is a saturated chain
in the root poset, consisting entirely of short edges, from some simple root
to a. However, simple roots are humble, so « is humble by part (ii) of
Lemma 4.7.5.

Conversely, suppose that « is humble and let oy < g <1--- < ap = a be
a saturated chain in the root poset from some simple root a; to a. By part
(i) of Lemma 4.7.5, the edge a,—1 < @, is short and, hence, by part (ii),
oyp—1 is humble. Continuing in this way, we conclude that all edges oy <z,
s <das, ..., 01 <y are short and, hence, that oy, = o € X, as desired. O

As an immediate consequence, we obtain the following fact.
Corollary 4.7.7 ¥ is an order ideal in the root poset.

Proof. Let a € ¥ and 3 € ®* be such that 3 <t . By Theorem 4.7.6, o
is humble, and, hence, by Lemma 4.7.5, 8 < « is short and (§ is humble.
Hence, by Theorem 4.7.6, 5 € 3. O

4.8 The language of reduced words is regular

Consider the set R(ﬁl) of all reduced words of the infinite group Ay If the
two Coxeter generators are a and b, then

R(A,) = {ababa ... babab...}

(i.e., the set of alternating words of all lengths, including the empty word).
A compact way of describing this set is via the labeled directed graph in
Figure 4.8.



118 4. Roots, games, and automata

START a b

Figure 4.8. An automaton for R(A;).

Namely, the words in R(Al) correspond to the finite directed paths ema-
nating from the start node, for which the edge labels are read in sequence
as we travel along the path (see Figure 4.9).

START

Figure 4.9. An automaton for R(gg).

Is there such a finite representation for the set R(W,.S) of reduced words
for every infinite Coxeter group? The surprising answer is yes, as will be
shown in this section. (Remember our standing assumption in this chapter
that S is finite.) The general idea should be clear from this example. Here
is a quick review of some definitions.

A formal language (or just language) L is a subset of the set A* of words
in a given finite alphabet A. A finite state automaton (or just autornaton)
is a finite directed graph, with one distinguished node labeled “start” and
every edge labeled by an element of A. We say that a word w € L is accepted
by the automaton A if the sequence of edge labels along some directed path
from the start node equals w, otherwise w is rejected.

The language L is recognized by the automaton A if the words of £
are precisely those that are accepted by A. A language is regular if it is
recognized by some finite state automaton. An example of a language that
is not regular is {a"d" : n > 0}.
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In this section, we reach one of the main goals of this chapter. Namely,
we construct, for each Coxeter system (W, .S), a finite state automaton that
recognizes the language R(W, S) of reduced words, thus showing that this
language is regular.

Notice that if the group W is finite, then such an automaton is given by
the order diagram of the right weak order of W. In fact, for any Coxeter
group (W,.S) (finite or infinite), we may take W as the set of nodes of an
automaton, with e as the start node. For each w € W and s € S, we then
put a directed edge labeled by s from w to ws if s ¢ Dg(w). It is clear
that this automaton (the right weak order diagram) recognizes the reduced
expressions of W — this bijection between reduced words and chains in
weak order was already used several times in Chapter 3. If the group is
infinite, however, this automaton is also infinite.

We begin the general construction with a technical lemma.

Lemma 4.8.1 Let « € X, s € S and w € W be such that s(a) € DT\ B
and s € Dr(w). Then, ws(a) > 0.

Proof. Since ws > w, we have that w(as) > 0 and, hence, ws(as) < 0.
Suppose that ws(a) < 0. Since o € ¥ but s(o) ¢ X, and ¥ is an order
ideal in the root poset, we have that (a|as) < —1. Hence, by Proposition
4.5.4, the roots (tns)"(«), for n = 0,1,2,..., are all non-negative linear
combinations of o and « and are all distinct. Hence, ws((tos)™(a)) < 0
for all n = 0,1, 2, ..., which contradicts Proposition 4.4.4. O

Define the small descent set of w € W by
Ds(w) € {aex: w@) <0}

These sets have two crucial properties: (1) There are finitely many of them
(by Theorem 4.7.3) and (2) if w < ws and we know Dx(w), then with no
further information we can compute Ds;(ws), as we now show.

Proposition 4.8.2 Let w € W and s ¢ Dr(w). Then,
Dy (ws) = {as} U ({s(B) : B € Dx(w)} NY).

Proof. Let a € Dx(ws). Then, ws(a) < 0 and, hence, by Lemma 4.8.1,
s(a) ¢ ®* \ X. Therefore, either s(o) € ®~, which implies & = ay, or
s(a) € X, which implies that s(a) € Dx(w). This shows that Dx(ws) C
{as} U (s(Dx(w)) N'X). The opposite inclusion is obvious. O

It is now easy to deduce the main result of this section.
Theorem 4.8.3 The language of reduced expressions is regular.

Proof. We construct a finite state automaton for the language of reduced
expressions as follows. Take

S Y (Dg(w): we W}
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as the set of nodes of the automaton, with Dx(e) (= 0)) as the start node.
The set S is finite by Theorem 4.7.3.

For each D € S and s € S such that as € D, we put a labeled directed
edge

D = {as} U (s(D)NX).

Note that {as} U (s(D)NX) € Sif D € S and a5 ¢ D, by Proposition
4.8.2. It is clear from Proposition 4.8.2 that this automaton recognizes the
language of reduced expressions of (W, S). O

The finite state automaton for the language of reduced words of (W, S)
constructed in the proof of Theorem 4.8.3 will henceforth be referred to as
the canonical automaton. It is by no means necessarily optimal in terms of
size, although it turns out to have minimal size, for example, for the A,
groups.

Note that using Tr(w) in place of Dx(w) in the proof of Theorem 4.8.3
also yields an automaton recognizing the language of reduced expressions,
since Tr(ws) = {s} U s(Tr(w))s if w € W and s ¢ Dr(w). However, this
automaton is finite if and only if W is finite. In fact, this is precisely the
“weak order automaton” already considered earlier in this section.

On the other hand, using Dg(w) in place of Dx(w) does give a finite
number of nodes, but the same construction would have been impossible
since Dgr(ws) does not depend only on Di(w) and s (if w € W and s ¢

Dr(w)).

Example 4.8.4 To illustrate the general construction of a finite state au-
tomaton in the proof, we end this section with an example. Namely, we
construct the canonical automaton for the group %—%ﬁ% .

The first step is to determine the set of small roots and the edge-labeled
order ideal of the root poset that they determine. This task was achieved
in Figure 4.7, from which we extract the simplified picture (Figure 4.10) of
the edge-labeled order ideal.

Figure 4.10. Edge-labeled order ideal of small roots in oo .

a b ¢
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Figure 4.10 contains all the information we need for the construction of the
automaton. The nodes of the automaton will be denoted by symbols such
as

+ -+

Referring to the relative positions of the four small roots in Figure 4.10,
this symbolizes the node Dy (w) = {110, 010}, or, equivalently, the node
Dy (w) for any w € W such that

w(110) <0, w(100) >0, w(010) <0, w(001) > 0.

Of the 16 possible symbols, the ones that actually occur as nodes in the
automaton (there are 8 of them) can be generated from the start node
(the one with four 4), in parallel with generating the labeled edges of the
automaton. Namely, from a given node Dy (w), there is one outgoing edge
for each s € S such that w(as) > 0 (i.e., for each position marked with
+ in the bottom row of our symbol). Such an s-marked edge leads to the
node Dy (ws), the distribution of + and - signs in whose symbol can be
determined by Proposition 4.8.2.

At this point, it is convenient to keep the rule given in Proposition 4.6.6
in mind. It says that the distribution of 4+ and - signs in the node symbol
will change only (1) by switching from + to - at the simple root as and
(2) by exchanging the values at the two ends of each s-labeled edge in
the root poset. There is only one catch: What if such an edge is a long
edge leading from an element u € ¥ to some v ¢ X7 Then, from knowing
Dy (w) we do not know the sign at v that will be traded to become the sign
at u. However, actually we do! Lemma 4.8.1 comes to our rescue. It says
that in this situation, the value at v is necessarily a 4. The following edge
illustrates this combinatorial rule:

+ b -

-+ - + -+

The automaton is constructed from Figure 4.10 by repeated application
of this edge- and node-forming rule. Figure 4.11 shows the result. O

4.9 Complement: Counting reduced words and
small roots

Theorem 4.8.3 has a purely enumerative corollary. For a Coxeter system
(W, S), let ry denote the number of reduced words of length &, for k > 0.
Equivalently, 7 is the number of weak order saturated chains of length k&
starting from e. So, for example, ro = 1, 1 = |S|, and ro = [S|(|S] — 1).
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+ b - a
-+ v o- o+
c c
b
a
+ c + + c -
START
o+ o+ + o+ - a -+ - - - 1
b b c c
+ -
+ - + a - + + b
Figure 4.11. Canonical automaton for 0—%4.00 .
a c
Let

def
Row,s)(@) = Y rrd”.
k>0

Theorem 4.9.1 The formal power series Rw,s)(q) is rational.

Proof. We have that r; equals the number of directed paths of length &
in the automaton from the start node to any node in S. Since |S| < oo the
result follows via the well-known “Transfer Matrix Method”; see Corollary
A4.1.3.0

The following are some examples of initial segments of such formal power
series (where (3,00) = ; =5 ):
a C

Rz, (@) = 14+2¢+2¢° +2¢° +2¢" +2¢° +2¢° +2¢" +2¢° + - -,
R,(q) = 14 3¢+ 6¢” +12¢° + 18¢" + 30¢° + 42¢° + 66¢" + 90¢° + - - - ,
Rs.00)(q) = 14 3¢+ 6¢° +10¢° + 16¢* + 24¢° + 38¢° + 60¢" +92¢° + - -,

and here are the rational expressions:

14+¢
RA“I(Q) = Tq’
oy~ A+20(0+467)
Ra@ = Tpa—2g)
1+ ¢)(1+2q+3¢% +2¢° + 2¢* + ¢°
R, ooy (q) = LT ).

1_q2_2q3_q6
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Not much is known about the enumeration of reduced words. In the case
of finite Coxeter groups, this topic has been studied mainly for the sym-
metric groups; see Section 7.4. For infinite groups, we know of no general
results beyond Theorem 4.9.1. Rational expressions for the series R,y (q),
in the case of infinite groups of rank 3, have been computed by Avasjo [15].
Unfortunately, the results do not seem to suggest any general pattern.

As has been shown, the counting of reduced words in (W, S) has close ties
to the structure of the recognizing finite state automaton. Thus, it becomes
of interest to adress the question: How large is the canonical automaton?
This means to try to determine or estimate the number || of small roots
and then to try to determine or estimate how many of the 2/*! potential
nodes actually occur in the canonical automaton.

Surprisingly, these questions have exact answers for the class of affine
Coxeter groups. The explanation goes via details of the geometric repre-
sentation that lie just a bit beyond the scope of this book. We will sketch
the connection and state the results. For more details about the geometric
picture, see, for example, [306, Section 5.13].

Let (W, S) be a Coxeter group. To each positive root 3 € ®T is associated
a hyperplane

Hy Y {pev*: (p|B) =0}

in V*, with its two half-spaces Hgf ={peV*: (p]| B) > 0} and
H; = —H;{. The closure C of the open simplicial cone C' = Nyecg H;‘ is a

fundamental domain for the action of W on the Tits cone U = Uyew w(C).
If all the hyperplanes Hg (3 € ®*) are removed from U, what remains is a
collection of pairwise disjoint open simplicial cones w(C'), called chambers
(or Weyl chambers), in bijection with W via w +— w(C).

We say that a chamber w(C') is beneath the hyperplane Hg if it is con-
tained in H; (i.e., it lies on the same side of Hg as the fundamental chamber
C), otherwise it is beyond Hg. A crucial observation is that w(C') is beneath
Hp if and only if w(5) > 0.

Interpreting positive roots 3 as hyperplanes Hg, we may consider the
arrangement of small hyperplanes

As Y H, g e ).

In terms of this arrangement, the geometric meaning of the small descent
set of w is this: Dx(w) is the set of small hyperplanes separating w(C')
from C. Hence, Dx(w) = Dx(w') if and only if w(C) and w'(C) are con-
tained in the same connected component of U \ Ay, (the complement of the
arrangement Ay, in the Tits cone U). From this, we get the following.
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Lemma 4.9.2 The number of nodes of the canonical automaton equals the
number of connected regions of U \ As.

What is the geometric meaning of saying that a hyperplane Hpg is small?
By Theorem 4.7.6, we know that this means that § dominates no positive
root a other than itself; that is, for all « € &1\ {3}, there is some w € W
such that w(«) > 0 and w(B) < 0. In other words, we have the following.

Lemma 4.9.3 A hyperplane Hp is small if and only if for every other
hyperplane Hy,, there is some chamber w(C') that is beneath H, and beyond
Hpg.

Informally speaking, the lemma says that a hyperplane is small if it
lies “close” to the fundamental chamber, so that it has sufficiently many
chambers on the “beyond” side.

Now, we specialize the discussion to the case of an affine group (W, 5),
where it is possible to be much more precise. In this case, we pass from the
geometric description used so far to the realization as an affine reflection
group of a crystallographic root system in a space of dimension |S|— 1, ob-
tained by intersecting with an affine hyperplane E in V*. See [306, Chapter
4] for details about such affine reflection groups and [306, Section 6.5] for
the transition.

After the transition, the arrangement A = {HgNE : f € L} of affine
hyperplanes decomposes into parallelism classes, one for each positive root
of the associated finite Weyl group W. For each such class, consider the
two adjacent hyperplanes between which the fundamental chamber C N E
is sandwiched. It is geometrically clear from Lemma 4.9.3 that these two
hyperplanes are small and that no other hyperplane in the class is small.
Hence, we have proved the first part of the following theorem.

Theorem 4.9.4 Lel (W, S) be an affine Weyl group, with corresponding
finite Weyl group W. Let t be the number of reflections of W. Then, we
have the following:

(i) || = 2.

-1

(i) The number of connected regions of U \ Ay, is (|ST*1 + 1)‘5\ .
The second part of the theorem is due to Shi [456], who introduced and
studied arrangements of small hyperplanes in the affine case. In fact, in
that case, these arrangements are usually known as Shi arrangements.

Since the number ¢ of reflections is known for all finite Weyl groups (see
Appendix Al) we can deduce from Theorem 4.9.4 and Lemma 4.9.2 the
following explicit information in the case of affine irreducible groups. Here,
N stands for the number of nodes of the canonical automaton.
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Group |2 N
A, n(n+1) (n+2)"
B, C,, 2n? (2n+1)"
D, onn—1) | 2n—1)"
Es 72 136
E; 126 197
Es 240 318
Fy 48 134
Gs 12 72

As was mentioned, the canonical automaton is not necessarily minimal.
Eriksson [223] shows that for type A,,, it is minimal, but for type C,, it is
not. In any case, the gathered information gives the following upper bound
in the affine case, for fixed d = |S]:

bl
N < —
= (d—1)d-1
What about the general case? We do not know of any estimates of the

number of small roots, but in terms of this number |X|, there is the following
bound:

+0(2*7?). (4.47)

Zd_l
N<2|‘

< 200 +0o(3|7?). (4.48)

This follows from the formula 2 Z?:_Ol (hzl) for the number of connected
components in the complement of a generic arrangement of h hyperplanes
in R, together with the fact that the number of components is maximized
by the generic case.

Exercises

1. The following problem was given at the International Olympiad of
Mathematics in 1986:
Five integers with positive sum are arranged on a circle. The following
game is played. If there is at least one negative number, the player
may pick one of them, add it to its neighbors, and reverse its sign.
The game terminates when all the numbers are nonnegative. Prove
that this game must always terminate.

(a) Find an elementary proof.
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(b) Analyze the situation in terms of the numbers game and prove
the following stronger conclusion: The game will terminate in the
same number of steps and in the same final position no matter
how it is played.

. Prove that the group A,,_; is finite and isomorphic to .S, using the

numbers game.

Let z = [z1,...,7,], #; € [£n], be an element of the group SZ in
window notation; see Section 8.1 for the definitions. Show that

d(z) = (1,29 — 1,23 — Tay ..., Ty — Tp_1)

is the position corresponding to x in the numbers game played from
the unit position 1 on the type B, Coxeter graph (with a suitable
choice of edge weights).

Let p € P be a position in the numbers game (played from a positive
starting position). Show that all entries of p are nonzero.

Show that for an affine Coxeter group there exists a vector v =
> esag, with ¢; > 0 for all s € S, such that (p*|y) takes the same
value for all positions p* of the numbers game.

[Hint: See [306, Section 6.5].]

In the situation of Lemma 4.2.4, what are the precise conditions for
which ¢ > 07 Same question for d > 0.

Define R =T x {+1,—1} and m, : R — R as in Section 1.3, and let
® be the root system of (W, .S). Define a map ¢ : R — ® by

(t,+1) +— ~€®" suchthat t, =t,

(t,—1) — ~ € ® suchthatt, =t

(a) Show that ¢ is bijective.
(b) Show that

P(mw (t,)) = w(o(t,€))

for all (t,e) € R and w e W.

(¢) Using this, show that Propositions 4.4.4 and 4.4.6 can be de-
duced from the results of Section 1.4 (assuming that these
propositions were not used for part (b)).

8. Let (-] - ) be the standard symmetric bilinear form (4.21).

(a) Show that for rank 2 Coxeter groups ( - | - ) is either positive
definite or positive semidefinite.

For a rank 3 Coxeter system having S = {s1, s2, s3} and

(p,q,7) = (m(s1, 52),m(s1, 83), m(s2, 83)),



9.

10.

11.
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let d be the quantity

def 1

1 1
a4
p q

r
(b) Show that (-] -)

e is positive definite if and only if d > 1,

e is positive semidefinite but degenerate if and only if d = 1,

e has signature (2,1) (i.e., its associated symmetric matrix
has one negative eigenvalue and two positive eigenvalues) if
d<1.

[Hint: It helps to break up the analysis into two cases: the case
where one of p, ¢, and r is 2, so that the Coxeter diagram con-
tains no cycle, and the other case where the Coxeter diagram is
a triangle.]

(c¢) Explictly write down all the possible values (p,q,r) in the
positive definite and semidefinite (d > 1) cases.

(d) Show that in the cases with d > 1, one has [W| = -2;.

The reason for specializing to the case of a symmetric bilinear form
in Section 4.4 is that important properties of root systems would
otherwise not be true. For example, consider the Coxeter system As
on generators s and s’ and with edge weights ks o = 2 and kg s = %
Extending the definitions of Section 4.4, show that this example has
siz “positive roots,” namely a; = (1,0), s'(as) = (1, %), ss'(as) =
(0,3), oy = (0,1), s(ay) = (2,1), and s's(ay) = (2,0). Then, find
counterexamples showing that the generalizations of equation (4.27),
Lemma 4.4.3, and Proposition 4.4.4 are false.

Let (W, S) be finite and irreducible. Consider the standard geometric
representation o : W — R and let a(y) = —y be the antipodal map
on RY. Show that the following are equivalent:

(a) wozwy =z for all z € W.
(b) ow, = .

(c) o€ a(W).

(d) All exponents of W are odd.

Conclude that z +— wozwg is not the identity mapping if and only if
W is one of 4,, (n > 2), D,, (n odd), Eg, or I2(m) (m odd).

[Hint: The implications (b) < (c) and (b) = (a) are easy to see,
but (a) = (b) requires a small geometric argument. For (c¢) < (d),
see “Corollaire 3” on p. 123 of [79]. The argument is concluded by
referring to a table of exponents; see, for example, Appendix Al.]

(a) Prove the statements made about rank 2 groups in Example
4.4.2.
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(b) Show that in the standard geometric representation of AyinV =
R3 there are only three planes left fixed by its reflections, with
infinitely many roots (pointing in different directions) associated
with each such plane.

12. Let (W, S) be a finite Coxeter system and & C V its root system. Let
I'2(V') be the set of 2-dimensional subspaces of V' and define

9(®) LU eTy(V): [UN®|>5)].

Show the following:

(a) If W is of type A, then g(®) = (";1)

(b) If W is of type B, (n > 2), then g(®) = “r=10n=5),
(c) If W is of type D,, (n > 4), then g(®) =4 (%).

13. Let (W,S) be a finite Coxeter system, and consider the geometric
def

representation of (W, .S). For a € ®,let H, = {p e V*: (p|a) =0}
be the hyperplane orthogonal to «. Clearly, the complement in V*
of the hyperplane arrangement |J . Hao has 21 connected com-
ponents. Each such connected component C' is a union of a finite
number (call it s(C)) of Weyl chambers (i.e., connected components
of V*\ (Uneco Ha)). The Springer number of (W, S) is

Spr(W, S) % maxc{s(C)},

where C' runs over all the connected components of V*\ (U, Ha)-
Show that

Spr(VV, S) = maxjgs{ﬂ)ﬂ}.
In particular, show the following:

(a) If (W, S) is a dihedral group, then Spr(W,S) = % —1.

(b) If (W, S) has rank 3, then Spr(W,S) = ‘4&' -1

(c) If (W,9) is of type A,, then Spr(W,S) equals the number of
alternating permutations of S,y1 (ie., [{o € Spy1 : o(1) <
o(2) >0(3) <---}).

(d) If (W, S) is of type By, then

Spr(W,8)=|{c €SB : 0<o(l)>0(2) <o(3)> -}

(notation as in Section 8.1).

(e) If (W,S) is of type D,,, then

Spr(W,S) = |{oc € SP: —6(2) <o(1) <o(2) >0(3) <---}|

(notation as in Section 8.2).

14. Construct the root posets of By and Bs.
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15. Ts the root poset (&1, <), with a bottom element appended, a meet-
semilattice?

16. Show that the set
{(@]B): o, [(a] B)| <1}

is finite.

17. Let u € W, u? = e. Show that there exists J C S and w € W such
that u = wwo(J)w™!.
[Hint: Use Theorem 4.5.3 together with [79, Exc. 17b, p. 225].]

18. Can Lemma 4.7.2 be extended to dp () =1 7

19. Let (W, S) be a finite Coxeter system. Show that all positive roots
are small.

20. Let (W, S) be a universal Coxeter system (see Example 1.2.2).
(a) Show that ¥ ={as: s € S}.
(b) Construct a finite state automaton for reduced words in this
group.
21. Given (i1,...,%p) € NP, let

def . ) )
{z1,.. ., 2t} < = {jel2,p—1]: ijo1 =441}

(a) Show that (i1,...,4p) € [3]P, with iy # iry1, is a reduced de-
composition of some element of A, if and only if z; — zj_1 is
even for j =2,...,t. B

(b) Show that the statement in part (a) is false for A,, n > 3.

(c¢) Use part (a) to construct a finite state automaton that recognizes
the language of reduced expressions of Avg, and compare it with
the canonical automaton.

(d) Deduce the rational expression for Ri, (¢) given on page 122.

22. Deduce the rational expression for R s «)(¢) given on page 122.
[Hint: Use Fact A4.1.2 together with Figure 4.11.]

23. (a) Show the following:
Rz, (0) = 1+4q+12¢° + 32¢° + 80¢" + 1844°
+ 4164° + 864¢" + - - -,
Rz,(q) = 1+5¢+20¢> + 70¢° + 230¢* + 7004
+2080¢° + 591047 + - - - .
(b)* Determine the rational expressions for R (¢), n > 3.

24. Let (W, S) be a Coxeter group with S finite.
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(a) Construct a finite state automaton that recognizes the language
of lexicographically minimal reduced words with respect to some
total ordering of S (or, equivalently, the set of normal forms).

(b) Deduce that the formal power series W(q) = >, oy ‘™) is
rational.

Notes

Basic references for the geometric representation are the books by Bourbaki
[79, Ch. 5] and Humphreys [306, Ch. 5]; for root systems, see also Deodhar’s
paper [179].

As is shown in the proof of Theorem 4.3.1, the numbers game is mathe-
matically just a particular choice of a generic orbit for the contragredient
of the geometric representation of a Coxeter group. From this point of
view, the content of Section 4.3 is quite special. The point is, however, the
recognition that “playing” in this simple way with numbers on the nodes
of a Coxeter graph can be a useful way to perform computations. The
numbers game first appeared, in a somewhat restricted version related to
Kac-Moody Lie algebras, in the work of Mozes [400]. The general version
given here is due to Eriksson [227].

Theorem 4.5.3 appears as an exercise in Bourbaki [79], and Proposition
4.5.4 appears in Dyer’s paper [200] (see also [104]).

The root poset was introduced independently by Brink and Howlett [104]
and by H. and K. Eriksson [223, 227]. Most of the results in Section 4.6
appear in these sources. Small roots were introduced in [223] and humble
roots (not by this name) in [104]. Our treatment in Section 4.7 borrows
ideas from both [104] and [223] in about equal measure.

The existence of a finite state automaton that recognizes the language
of normal forms is an important problem in the computational theory of
finitely generated groups. In the case of Coxeter groups, the first complete
proof was given by Brink and Howlett [104]. Via an earlier paper of Davis
and Shapiro [171], the result of [104] implies regularity also for the language
of reduced words. Other sources for this result include the theses of Eriksson
[223] and Headley [290]. Various aspects of automata for Coxeter group
computations are discussed in [103, 117, 118, 119].

Sections 4.8 and 4.9 are based mainly on [223].

Exercises 8 and 17. See Bourbaki [79].

Exercise 12. See Shi [463].

Exercise 13. See Arnol’d [11].

Exercises 16 and 24(a). See Brink and Howlett [104].
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Kazhdan-Lusztig and R-polynomials

In their fundamental paper [322], Kazhdan and Lusztig defined, for every
Coxeter group W, a family of polynomials with integer coefficients, indexed
by pairs of elements of W. These polynomials, which have become known
as the Kazhdan-Lusztig polynomials of W, are intimately related to the
Bruhat order of W and to the algebraic geometry and topology of Schu-
bert varieties. They have also proven to be of fundamental importance in
representation theory. In order to prove the existence of these polynomi-
als, Kazhdan and Lusztig used another family of polynomials that arises
from the multiplicative structure of the Hecke algebra associated to W.
These auxiliary polynomials are known as the R-polynomials of W. Their
importance stems mainly from the fact that knowing them is equivalent to
knowing the Kazhdan-Lusztig polynomials.

In this chapter, we examine, from a combinatorial point of view, the
R-polynomials and Kazhdan-Lusztig polynomials of a Coxeter group. We
describe two combinatorial interpretations of the R-polynomials (one in
terms of subexpressions of reduced decompositions and one in terms of cer-
tain paths in the Bruhat graph) and a nonrecursive combinatorial formula
for the Kazhdan-Lusztig polynomials.

5.1 Introduction and review

In this section, we review a few basic facts about Kazhdan-Lusztig and R-
polynomials that we need as a starting point. Their proofs can all be found
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in Chapter 7 of [306], and more precise references are given after each one
of them. Throughout this chapter, let (W, S) be a Coxeter system.

Kazhdan-Lusztig and R-polynomials can be defined in several equivalent
ways. We choose here the one that is best suited for our purposes. This
involves defining first the R-polynomials and then using these to define
the Kazhdan-Lusztig polynomials. In both cases, we have a “Theorem-
Definition.”

Theorem 5.1.1 There is a unique family of polynomials { Ry (q) buvew C
Z[q] satisfying the following conditions:

(i) Ruw(q) =0, ifugov.
(“) Ru,v(Q) =1, qu = .
(iii) If s € Dr(v), then

| Rusws(9), if s € Dgr(u),
Fas@ ={ g s DRt o g Dae, D

The uniqueness part of this theorem is trivial. What is not obvious is
the existence. This follows from the invertibility of certain basis elements
of the Hecke algebra H of W and is proved in §§7.4 and 7.5 of [306]. The
polynomials whose existence and uniqueness are guaranteed by Theorem
5.1.1 are called the R-polynomials of (W, S).

Theorem 5.1.1 can be used to compute the polynomials { Ry, +(q) }uvew
by induction on £(v). In fact, if v # e, it is possible to find some s € Dr(v),
and then since £(vs) < £(v) , we may assume by induction that we have
already computed all of the R-polynomials appearing on the right-hand
side of equation (5.1). Thus, we may use part (iii) of Theorem 5.1.1 as a
recurrence relation for the computation of the R-polynomials, using parts
(i) and (ii) as “initial conditions.”

Example 5.1.2 Suppose that we want to compute Rjsgs321(q) in Ss.
Choosing s = (1,2) € Dg(321), we have from part (iii) of Theorem 5.1.1
that

R193,321(q) = q R213,231(q) + (¢ — 1) R123,231(q)-
Now, choosing s = (2,3) € Dgr(231), we obtain that
R213,231(¢) = q Ro31,213(¢) + (¢ — 1) Ra13.213(¢) = ¢ — 1,
and

R123,231(¢) = qRis2,213(¢) + (¢ — 1) R123,213(q)
= (¢ —1) Ri23,213(q),

by Theorem 5.1.1. Finally, choosing s = (1,2) € Dg(213), we get that

Ri123213(q) = q R213,123(¢) + (¢ — 1) Ri23,123(q) = ¢ — 1,
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again by Theorem 5.1.1. Therefore, we conclude that

Rizsaoi(q) =q(g—1)+ (g —1)° =¢* —2¢° + 2¢ — 1.
O

In the same way, the reader is encouraged to compute as an exercise that

R123,132(¢) = Ri23213(¢) = ¢ —1

and

Ri23.312(q) = Ri23.231(q) = ¢* — 2q + 1.

It may then come as a relief to learn that there are simpler and faster ways
to compute the R-polynomials of a Coxeter group.

Theorem 5.1.1 can also be used to prove, by induction on £(v), some
simple basic properties of the R-polynomials.

Proposition 5.1.3 Let u,v € W, u < v. Then, Ry.,(q) is a monic
polynomial of degree {(u,v) and with constant term (—1){(%v),

Proof. All three statements are true if {(v) = 0 (i.e., if v =€) by part (ii)
of Theorem 5.1.1. So let £(v) > 0 and assume by induction that they hold
whenever the second indexing element has length < ¢(v). Let s € Dr(v).
If s € Dr(u), then by part (iii) of Theorem 5.1.1, we have that

Ru,v (q) - Rus,vs (Q),

and the result holds by induction since ¢(us,vs) = ¢(u,v) in this case. If
s € Dg(u), then we have that

Ru,v(Q) = qRuys s (Q) + (q - 1)Ru,vs(q)7

and the result again holds since ((us,vs) = l(u,v) — 2 and £(u,vs) =
l(u,v) — 1 (note that it could happen that us € wvs and, hence, that
Rysus(q) = 0, but this does not affect our conclusion). Thus, the result
holds for Ry ,(q) in either case, and this concludes the induction step. O

In a similar way, other basic properties of the R-polynomials can be
proved; see Exercises 1, 2, and 3.

We now come to the definition of the Kazhdan-Lusztig polynomials. As
mentioned above, this is again a “Theorem-Definition.”

Theorem 5.1.4 There is a unique family of polynomials { Py, (q) }u,vew C
Z[q] satisfying the following conditions:

(i) Puu(q) =0, ifutw.
(”) Pu,v(Q) =1, ifu:v.

(iti) deg(Puv(q)) < 3(0(u,v) — 1), ifu<vw.
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(iv)
qZ(u,v) Pu,v <3> - Z R“aa(q) Paw(‘])v ifu<w.

a€lu,v]

Once again, the uniqueness part is easy. A proof of Theorem 5.1.4 appears
in §§7.9, 7.10, and 7.11 of [306]. The polynomials {P, ,(q)}uvew whose
existence and uniqueness are guaranteed by the previous theorem are called
the Kazhdan-Lusztig polynomials of (W, S).

Theorem 5.1.4 can be used to prove some simple basic properties of the
Kazhdan-Lusztig polynomials.

Proposition 5.1.5 Let u,v € W, u <wv. Then, P, ,(0) = 1.

Proof. We proceed by induction on ¢(u,v), the result being true by part
(ii) of Theorem 5.1.4 if ¢(u,v) = 0. So let £(u,v) > 0. Then, we conclude
from parts (iii) and (iv) of Theorem 5.1.4 that

0= Y Rua(0)Puy(0).

a€lu,v]

Using Proposition 5.1.3 and the induction hypothesis, we may rewrite this
as

Pu,y(()) = — Z (71)€(u,a).

u<a<v

Now, using Corollary 2.7.10, we conclude from this that

Pu,v(o) = - Z ,u(u,a) = /L(uau) =1,

u<a<v

as desired. O

The preceding proof already shows that the Kazhdan-Lusztig polynomi-
als are considerably more subtle than the R-polynomials. In fact, whereas
for the latter ones we have been able to deduce in a fairly straightforward
way their degree, leading term, and constant term, for the Kazhdan-Lusztig
polynomials we have had to use a more substantial result (the computa-
tion of the Mobius function of Bruhat order) just to compute their constant
term. In fact, at present, there are no simple formulas known for computing
the leading term and degree of Kazhdan-Lusztig polynomials.

Once the R-polynomials have been computed, then Theorem 5.1.4 can
be used to recursively compute the polynomials {P, ,(¢)}uvew, by induc-
tion on £(u,v). In fact, by induction we may assume that we have already
computed the polynomials P, ,(q) for all a € [u,v], a # w. This, by part
(iv) of Theorem 5.1.4, means that we can compute

1
qz(u’v) Py <6> — Py (q) (5.2)
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(recall that R, . (q) = 1 by part (ii) of Theorem 5.1.1). However, by part
(iii) of Theorem 5.1.4, the coefficient of ¢* in the polynomial (5.2) is the

same as the coefficient of ¢* in —P, ,(q) for all i = 0,..., L%(Z(u,v) - I)J

(we assume that u < v for otherwise we already know P, ,(q) by parts
(i) and (ii) of Theorem 5.1.4) and thus we can compute P, ,(¢) from the
polynomial (5.2). (The reader will notice that the reasoning that we have
just explained proves the uniqueness part of Theorem 5.1.4).

Example 5.1.6 Let us compute Pia3321(¢) in Ss. From part (iv), we
deduce that

q° Pi23,321(¢7") — Pi23321(q) = Ri23.213(q) P213,321(q)
+ R123,132(q) P132,321(q)
+ Ri23,231(q) P231,321(q)
+ Ri23,312(q) P312,321(q)
+ R123,321(q) Ps21,321(q).-
However, by parts (ii) and (iii) of Theorem 5.1.4 and Proposition 5.1.5, we
know that P, 321(¢q) =1 for all v € S5\ {123}. Hence, we obtain that
q° Pi23,321(q7") — Pi23,321(q) = Ri23213(q) + Ri2s,132(q) + Ri23,231(q)
+ Ri23,312(q) + R123,321(q)-
Assuming, as we are, that we have already computed the R-polynomials,
we then get
¢® Pia3s21(q7") — Piassoi(q) = (q— 1)+ (¢ —1) + (¢ —1)°
+(g-1)°+ (" —2¢* +2¢ - 1)
=q¢ -1
Now, since £ (£(321) — £(123) — 1) = 1, we deduce from this, by part (iii) of
Theorem 5.1.4, that
Piag301(q) = 1.
O
As a further (although quite a bit longer) example, the reader may want
to verify that
P2134,4231(Q) = P1324,3412(Q) =1+gq.

We conclude this review section by recalling a few more fundamental
properties of the Kazhdan-Lusztig polynomials. Although they are not
needed in the text of this chapter, they are used in some of the exercises,
as well as in Chapter 6.

For u,w € W, u < w, we let

Alu, w) = { (g )=} (Pyu(g)), i Llu,w) is odd,

piu, 0, otherwise. (5-3)
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U= w,

We use here “i” to distinguish this function from the Mobius function “u
encountered in Section 2.7 and elsewhere.

Theorem 5.1.7 Let u,v € W, u < v, and s € Dr(v). Then,

—c ¢ ()
Pu,v(‘]) = ql PuS,US(Q) +q Pu,US(Q) - Z q 2 u(z,vs)Pu,Z(q)
{z: s€eDr(z)}

(5.4)
where ¢ =1 if s € Dr(u), and ¢ =0 otherwise.

A proof of this result can be found in [306, §7.11]. Two simple but important
consequences of Theorem 5.1.7 are the following (see [306, Theorem 7.9,
part (b), and Corollary 7.14]).

Proposition 5.1.8 Let u,v € W, u <w. If s € Dg(v), then
Py (Q) = Pusyw (Q)

Proof. Applying Theorem 5.1.7 first to the pair (u,v), and then to (us,v),
one sees that the right-hand side of equation (5.4) does not change, except
that P, .(q) gets replaced by P, .(q). However, these two polynomials are
by induction equal, since s € Dg(z) and £(z) < £(vs) < £(v). The result
follows. O

So, for example, Pa147563,6157243(q) = P1245736,6157243(¢). It also follows
that

Pu,wo (q) = ]‘?
for all w € W, if W is finite and wy is its longest element.
Proposition 5.1.9 Let z,w € W, z < w, be such that i(z,w) # 0 and
l(z,w) > 1. Then, Dr(z) 2 Dr(w).

Proof. Let s € Dgr(w) and suppose that s ¢ Dpg(z). Then, from
Proposition 5.1.8 we conclude that P, ,,(¢) = P.s.,(q). Hence,

fi(z,w) = [qFCEODYP, ) = [qF DR, ,) =0

)]
by part (iii) of Theorem 5.1.4, since deg(P.sw) < 1({(zs,w) — 1) =

1(¢(z,w) — 2). This contradiction shows that s € Dg(z). O

5.2 Reflection orderings

Reflection orderings play an important role in the combinatorics of the
Kazhdan-Lusztig and R-polynomials, as well as in other parts of the the-
ory of Coxeter groups. Although many of the results in this chapter depend
on reflection orderings, not all do (for example, Theorems 5.3.7 and 5.5.2
do not). In this section, we define reflection orderings and derive those



5.2. Reflection orderings 137

properties that we need. We refer the reader to Sections 4.2 and 4.4 for
the notation that we use for root systems and the standard geometric
representation.

A total ordering < on ®* is a reflection ordering if for all , 3 € ®T and
A\, it € Ry, such that Ao+ uB € ®, we have that either

a<a + pp<p
or
O<Aa+ uf<a.

For example, if W = S, with its standard root system, then it is easy to
check that

a1<a) + aa<ay + ag + az<as<ag + az<as (55)

is a reflection ordering.
It is not obvious that reflection orderings always exist.

Proposition 5.2.1 There exists a reflection ordering on ®*.

Proof. Fix an indexing (i.e., a total ordering) of the elements of S, say
S ={s1,...,8.}. Let

n n
def
U= chiozsi : chi =1,.
i=1 i=1

Note that if & € ®T, then there is a unique A\, € R such that
Ao € U. For a, € ®T, define a<fB to mean that Moo <jex Agf.
Here, <jc, denotes the total ordering of V' obtained by comparing coor-
dinates lexicographically; that is, Y | ¢, a5, < D1 bs, g, if and only if
(CsyyevsCs,) < (bsy,...,bs, ) lexicographically.

Now, if a, 3 € ®* and a,b € R are such that a<3 and aa + b3 € ®T,
then A\gatis(aa+b8) = c(Aga)+(1—c)(AgPB) for some 0 < ¢ < 1. However,
this, since Aq <jex Agf, implies that A <iex Aqatb(aa+b8) <iex A0,
as desired. O

There is one property of reflection orderings that is crucial for our
purposes. To state and prove it, we need first the following preliminary
observation.

Proposition 5.2.2 Let < be a reflection ordering, s € S, and 3 € ®*\
{as}. Then, B<as if and only if s(B)<as.

Proof. We may assume that s(3) # ( and, hence, that (|as) # 0. If
(as|B) < 0, then since s(8) = f — 2(as|B)as, there follows from the
definition of reflection ordering that s(3) lies between a, and (3, and the
result follows in this case.

Similarly, if (as | 8) > 0, then § lies between s() and «s, and the result
again follows. O
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Let < be a reflection ordering, and s € S. We define a total ordering <*
on &% as follows. For 3,7 € ®T, we set 3<®v if and only if either one of
the following (mutually exclusive) conditions apply:

(i) B,7<as and <y,

(i) B,y > o and s(8)<s(7),
(iil) B < as <7,
(iv) v = as.

We call <® the upper s-conjugate of <. Note that the definition of < is
consistent by Proposition 5.2.2.

Similarly, we define the lower s-conjugate of <, denoted <, by letting
[<s7v if and only if either one of the following conditions is satisfied:

(") B,v<as and s(B8)<s(y),
(ii") 3,7 > as and <7,
(iii’) B < as <7,
(iv’') 6= as.

For example, if < is the reflection ordering of Sy given in (5.5), and s =
(2,3), then

a1 <’a; +as<’a; +ag + a3<sa3<sa2 + a3<sa2.

Note that «; is the maximum (respectively, minimum) element of <*
(respectively, <;). If we think of the elements of ®T as arranged on an
infinite line so that a<g if and only if « is to the left of 8, then <* is
obtained from < by applying s to the roots to the right of a,, and then
moving ag to “400.” Similarly, < is obtained from < by applying s to the
roots to the left of oz and then moving as to “—o00.” Note that

(<) =< (5.6)

for any s € S and reflection ordering <.
We can now state and prove the main result of this section.

Proposition 5.2.3 Let < be a reflection ordering, and s € S. Then, <s
and <* are also reflection orderings.

Proof. We show that <* is a reflection ordering, the proof for <, being
entirely similar.

Let a, 8 € ®* and a,b € R+ be such that aa + b3 € &T. Suppose that
a</3. Then,

a<ao + bB<p. (5.7)
‘We will show that either
a<’ac +bp<p (5.8)



5.2. Reflection orderings 139

or
O<’acq + bB<’a. (5.9)
Note first that if = a; then, by relation (5.7) and the definition of <*,

relation (5.8) follows immediately. If & = a, then we have that

5(0) = 3 (aas +bs(0)) + o

and —aas +bs(8) = s(aas +b3) € P, Since < is a reflection ordering, this
implies, by relation (5.7) and Proposition 5.2.2, that as<s(8)<s(aas+b03),
which in turn implies relation (5.9). We may therefore assume that o, 8 #
Q.

We now have four cases to consider:

(1) B<as: Then the result follows immediately from relation (5.7) and
the definition of <*.

(2) ac + bB<as<fB: Then, by relation (5.7), a<aa + bf<as,<f and
relation (5.8) follows.

(3) a<as<aa+ bB: Then, from Proposition 5.2.2, relation (5.7), and the
definition of reflection ordering, there follows that

s(a)<as(a) + bs(B)<s(B)

(note that s(a), s(B), s(ac + bB) € ®T). On the other hand,
as<as(a) + bs() by Proposition 5.2.2, so

a<as<s(aa + bB)<s(f),
and relation (5.8) again follows.

(4) as<a: Then, by the definition of reflection ordering, we have that
either

s(a)<s(aa + bB)<s(B)
or
s(8)<s(aa +bB)<s(a),
so again either relation (5.8) or (5.9) follows. O

Let < be a reflection ordering on ®*. Since there is a canonical bijection
between @ and T (see Proposition 4.4.5), we will from now on equivalently
consider < as a total ordering on T'.
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5.3 R-polynomials

In this section, we give two combinatorial interpretations for the R-
polynomials of a Coxeter system: one in terms of certain paths in the Bruhat
graph, and one in terms of reduced decompositions and subexpressions.

The reader may be surprised at the term “combinatorial interpretation”
since even the simplest examples computed in Section 5.1 show that the
R-polynomials do not have non-negative coefficients. The explanation lies
in the following consequence of Theorem 5.1.1.

Proposition 5.3.1 Let u,v € W. Then, there exists a unique polynomial
R..»(q) € N[q] such that

Llu,v) ~ 1 _1
Ruo(@) =q¢ 2 Ruw(q? —q ?). (5.10)

Proof. The result is trivially true if u € v, so we may assume that u < v.
If f,g € R|g] are such that

fle* —q )

for all ¢ € R, then, since limq_,+oo(q% —q_%) = 400, limq_,o+(q% —q_%) =
—o00, and q% - q*% is a continuous function for ¢ > 0, we conclude that f
and g are identical as polynomials. This proves the uniqueness statement.
To prove the existence, we proceed by induction on £(v), the existence
being clear if v = e by Theorem 5.1.1. So, let u,v € W, u < v, be such that

£(v) > 0 and choose s € Dgr(v). If s € Dg(u), then by Theorem 5.1.1 and
our induction hypothesis, we conclude that

[N
[N

)=g(q® —q

L(us,vs) ~ 1 _1
Ru,v(q) - Rus,vs (Q) =4q 2 Rus,vs(q2 —q 2)
and the result follows since £(us,vs) = f(u,v) in this case. If s € Dr(u),
then we conclude in a similar way that

Ruw(q) = qRusws(q) + (¢ — 1) Ru,vs(q)
= T F Y Rueoa(at )+ (0 DT Rl — %)
= ¢ % Russ (7 — 07 3) + (@* — ¢ H)Rualg? — g7 %))
since £(us,vs) = l(u,v) —2 = f(u,vs) — 1 in this case, and the result again
follows. O

For example, from the computations done in connection with Example
5.1.2, we conclude that

Ri23,123(¢

(
(g
(
(

E123,213(¢]) = §123,132
Ri23312(q) = Ri23231(¢q

Ri23,321(¢

)
)
)
)

I
QR R
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The crucial advantage of the E—polynomials over the R-polynomials is
that they have non-negative integer coefficients. The combinatorial inter-
pretations that we derive in this section are all for the coefficients of the
R-polynomials.

From Proposition 5.3.1, Theorem 5.1.1, and Proposition 5.1.3, we
conclude the following.

Proposition 5.3.2 Let u,v € W, u < wv. Then, Euﬂ,(q) 18 a monic
polynomial of degree {(u,v). Furthermore, if s € Dg(v), then

E (q) _ Eus,vs(Q)v ZfS € DR(U),
U, = =~ = .
Rus,’us(q) + qRu,vs (Q)a if s € DR(U)‘ U
Note that R, ,(0) = (—1)“*") is automatically encoded in formula

(5.10), by the preceding proposition. Some other basic properties of the
R-polynomials are given in Exercises 5 and 6.
The following property of the Bruhat graph is used repeatedly in what

follows.

Lemma 5.3.3 Let u,v € W be such that u — v, and s € S\ {u"'v}.
Then, us — vs.

Proof. Since vs = us(sts) (if v = ut, t € T), it suffices to show that
l(us) < l(vs). This is clear if £(u,v) > 3. If {(u,v) = 1, it follows from
Proposition 2.2.7. O

We begin with the interpretation of E—polynomials in terms of Bruhat
paths. For this, we need to introduce some notation. Given a path A =

(ag,- .., a,) in the Bruhat graph and a reflection ordering < on ®* (hence,
on T), we let

E(A) déf {a'illai: i:17...’r} gT

i
and

D(A;<) def {iclr—1: a Y ya; > a; a1}

We call E(A) the edge set of A, and D(A; <) its descent set with respect
to < . For convenience, we define an element R. in the incidence algebra
I(W, <) of W, partially ordered by Bruhat order, by letting

def
R.(u,v) = Z ¢'®) (5.11)
{AeB(u,v): D(A,<)=0}

for all u,v € W, u < v. Here, B(u,v) denotes the set of all the directed
paths, in the Bruhat graph of W, from u to v.

Theorem 5.3.4 Let < be a reflection ordering, and u,v € W, u < v.
Then,

ﬁu,v(q) = R.(u,v).
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Proof. We proceed by induction on £(v), the result being clearly true if
¢(v) = 0. Let v € W be such that ¢(v) > 0 and choose s € Dr(v). Let

def
fla,y) = " (5.12)
A€eB,(z,y)

and

def
gz y) = > "

AeB!(x,y)

for all x,y € W, where
By(z,y) € {A € B(z,y) : D(A, <) =0, s < E(A)} (5.13)
and
Bl(z,y) = {A € B(z,y) : D(A, <*) =0, s < E(A)}.

(Note that f and g depend on s and on <, although, for simplicity, we omit
this dependence from the notation.)

We claim that

| g(xs,vs), if s € Dr(x),
flz,v) = { g(xs,vs) + qg(z,vs), if s¢& Dg(x) (5.14)

and

| f(zs,vs) +q(g(x,vs) — f(x,vs)), if s € Dr(x),
g(w,v) = { f(zs,vs) + qg(z,vs), if s € Dr(x) (5.15)

for all z € W. We prove two of these equations (namely equations (5.15)),
the proof of the other two (equations (5.14)) being entirely similar (in fact,
slightly simpler).

Suppose that s € Dg(z). Let A = (ag,...,a,) € Bl(z,v). If s €
E(A), then necessarily s = a, ' a, (since D(A,<*) = (). Hence, A’ def
(ag,-..,ar—1) is a Bruhat path from x to vs such that s < E(A’), and
D(A',<®) =0, so A’ € Bl(z,vs). Furthermore, every path in B(z,vs)
does not contain s in its edge set and, hence, arises in this way from a path
A € Bl(x,v) such that s € E(A). Hence,

{AeB!(z,v): s€E(A)}

If A € Bl(x,v) is such that s ¢ E(A), then, by Lemma 5.3.3 and the

definition of <*, As ef (ap$,...,ars) € Bg(xs,vs). Furthermore, every

path in Bg(xs,vs) that does not contain s in its edge set arises in this way
from a path A € Bl(z,v) such that s € E(A). Therefore,

Z '@ = f(xs,vs) — Z ¢ (5.17)

{AeB/(z,v): s¢E(A)} {A€B,(zs,vs): sEE(A)}
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Moreover, if A = (bg,...,b;) € Bs(xs,vs) is such that s € E(A), then nec-

essarily s = balb1. Hence, A" def (b1,...,b;) is a Bruhat path in Bs(z,vs).
Furthermore, every path in B(x, vs) does not contain s in its edge set (since
s € Dg(x)) and therefore arises in this way from a path A € Bg(xs,vs)
such that s € E(A). This shows that

> ¢"® = qf (z,vs),
{A€B,(zs,vs): sEE(A)}
and this, together with equations (5.16) and (5.17), gives the first equation
in (5.15).

Suppose now that s ¢ Dr(x). Let A = (ag,...,ar) € Bi(z,v). If s €
E(A), then necessarily s = a, ' a, and, hence, A’ def (agy...,ar—1) €
Bl (z,vs) and s ¢ E(A’). Furthermore, every path I' € B.(x,vs) does not
contain s in its edge set (because s € Dg(vs)) and so arises in this way.
Therefore,

> ¢"®) = qg(x,vs). (5.18)
{AeB!(z,v): s€E(A)}

If A € Bl(x,v) is such that s ¢ E(A), then, by Lemma 5.3.3 and the
definition of <*, As € By(xs,vs). Furthermore, every path in Bg(zs,vs)
does not contain s in its edge set (since s € D (xs)) and, hence, arises in
this way. Therefore,

SO e,
{AEB! (z,v): sg E(A)}

and this, together with equation (5.18), implies the second equation in
(5.15).

Now, let
def
hiz,y) = > g™
{A€B(z,y): D(A,<)=0, E(A)<s}
for all x,y € W. Then, we clearly have that
R.=hf and R.s = hg (5.19)

in the incidence algebra I(W,<), since {A € B(z,y) : D(A, <) =
0, E(A)<s} ={A € B(z,y) : D(A,<®) =0, E(A)<s}.
We now claim that f(z,v) = g(x,v) for all x < v. In fact, by equations
(5.19) and our induction hypothesis,
F(a,05) = (7 Ro)(a,08) = (b~ Re)(a,08) = glayus)  (5.20)

for all a < vs, and the claim follows from equations (5.14) and (5.15).
Therefore, by equations (5.19),

R (u,v) = Res(u,v). (5.21)
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However, equation (5.21) holds for any reflection ordering <. Hence, in
particular, we obtain from equations (5.21) and (5.6) that

R. (u,v) = Res(u,v) = Re(u,v). (5.22)

Now notice that by equations (5.12) and (5.13) and definition (5.11), for
the reflection ordering <,

f(xay) = R<s (:an)

for all x,y € W, x <y (recall that f depends on the choice of a reflection
ordering). Hence, by equations (5.14) and (5.20),

R (1» U) — R<S($S,US), ifse DR(x),
<0 = U R (as.v8) + gRe (2, 05), i 5 ¢ Dilr)

for all z € W. However this, by Proposition 5.3.2 and our induction hypoth-
esis, implies that R« (u,v) = Ry (q) which, by equation (5.22), concludes
the induction step and, hence, the proof. O

Example 5.3.5 Consider the two permutations v = 1234 and 4312 of Sy,
and choose the reflection ordering

(1,2) <(1,3) < (1,4) <(2,3) < (2,4) < (3,4).
Then, B(u,v) is the labeled directed graph depicted in Figure 5.1, and

{A € B(u,v): D(A, <) =0} = {(1234,2134,4132, 4312),
(1234, 3214, 4213, 4312),
(1234,2134,3124, 4123, 4213, 4312)}.

Therefore, ]:Euﬂ,(q) =¢°+2¢°. O

__Note that it is a consequence of Theorem 5.3.4 that the polynomial
R, »(q) contains only odd powers of g or only even powers of ¢, depending
on the parity of £(u,v).

We now study the second combinatorial interpretation for the R-
polynomials, which is in terms of reduced decompositions and certain
subexpressions. Although it can be deduced from Theorem 5.3.4, we present
here a self-contained proof, both because it is interesting in its own right
and because it does not require reflection orderings. The remainder of this
section is not needed in the rest of this chapter, except in some of the
exercises.

Let & def (81,...,87) € S". A subexpression of £ is a sequence (ay, ..., a,)
€ (SuU{e})" such that a; € {s;,e} for i = 1,...,r (clearly, there are 2"
such subexpressions). We let

I (ar, . ar) |€ [{i€ 1] : a5 = si}.
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1432

1234

Figure 5.1. The directed graph B(1234, 4312).

A subexpression (aq,...,a,) is distinguished if

sj € Dr(ai---a;j-1)

for all 2 < j < r such that a; = e. In particular, (e,...,e,s;, ...,
always a distinguished subexpression of (s1,...,s,), for i = 1,...

We denote by
D(s1,. -y 8r)

the set of all distinguished subexpressions of (s1,...,s,) € S".

4123

145

sp) is

7+ 1.

For example, let W = S5, s; = (i,i + 1) for i = 1,...,4, and § =

(83, $2,81, 52, 84). Then,

D(f) = {(3’_’_’_’_)’(_’_’17_7_)7(_ - _727_) (_7_’_’_74)3
(3,— 1,— —),(3,—,—,2,—),(3 ,4),(3,2,1,—,—),
( ’ )’(3a*a1’237)a(3 )a( 2’1’2?7),
( 34)’(*’237a2’4) ( 1 2 4)3( 2 1 2 4)3
(3,—,1,2 4),(3,2,—,2,4),(3,2,1,—,4),(3,2,1,2,-),
(372 172’4) (_ _7_7_7_)7( 2 1 )7( ’ 7_’27_)a
( *)a(*a*al’*’ll)a(* ™ ,4)3( 34)}3
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“_»

where, for notational simplicity, we identify “s;” with “” and write
instead of “e.”

The combinatorics of distinguished subexpressions is important for the
understanding of the R-polynomials. The following result lists two simple
properties of distinguished subexpressions. They both follow trivially from
the definitions. Given v € W and £ € S”, we let

D) ¥ {(ar,...,ar) €DE) : ar--a, = u}.

Proposition 5.3.6 Let & def (s1,-..,8-) € S". Then, we have the
following:

(i) If (a1,...,a,) € D(&)y, then (ar,...,ar—1) € D(S1,. -, Sr—1)uay,.-

(i) If (a1,...,ar—1) € D(s1,...,8—1)u, then (a1,...,ar-1,8.) €
D(&)us,- O

We are now ready to state and prove the second main result of this
section.

Theorem 5.3.7 Let u,v € W, u < v, and (s1,...,8.) € S” be a reduced
decomposition of v. Then,

Ew(q) _ Z qf(v)—l\fl\.
EED(S1,.-,57)u

Proof. We proceed by induction on £(v), the result being clear if ¢(v) = 0.

. def def
So assume r > 1 and let, for convenience, s = s, and p = (s1,...,8.). We
distinguish two cases.

Case 1: s € Dg(u). Define a map

(2 D(p)u - D(Sla ) Srfl)us
by letting

o((ar, .. ar) ¥ (ar, ... ar_1)

for (a1,...,ar) € D(p)y. We claim that ¢ is a bijection and that

@) 1=l =1

for all ¢ € D(p)y. In fact, if (ay,...,a,) € D(p)y, then a, = s, (forif a, = e,
then v = ay...a,—1 and s, € Dg(ay...ar—1), which is a contradiction)
and, hence, (ay,...,a,—1) € D(s1,...,8r—1)us- This shows that p(D(p),) C
D(s1,. .+, 8r—1)us, that ¢ is injective, and that || ¢(&) ||=|| £ || =1 for all £ €
D(p)u. Also, if (a1,...,ar-1) € D(S1,...,5-—1)us, then (a1,...,a,_1,5) €
D(p). and, hence, ¢ is surjective.



5.3. R-polynomials 147

Therefore, by Proposition 5.3.2 and our induction hypothesis,
Z gt -liEl = Z gt —lnli—1
£ED(p)u NED (51,87 —1)us
= Russ(q)
= Ru.(q),
as desired.

Case 2: s ¢ Dr(u). Let

def
D(p)s = {(ar,....ar) €D(p)u : ar = 5.}
and
_ def
D(p)u = {(ala B ~7a7’) € D(p)u Dy = 6} .
Define a map
@:D(P)u = D(s1, -, Sr—1)u UD(S1, .+, Sr—1)us

by letting

o((a,...,ar)) def (a1y...,ar-1)

for (a1,...,a,) € D(p)y. We claim that ¢ is a bijection, ¢(D(p);) =
D(s1,.-osr-1)us $D(P)E) = Do 50-1)us, and || 9(€) =] € | if
¢ € D(p), , whereas || ¢(&) ||=]| € || =1 if £ € D(p);7. All of these properties
are obvious (by Proposition 5.3.6), except for the surjectivity of ¢. How-
ever, if (a1,...,a,-1) € D(S1,...,8—1)u, then (a1,...,ar_1,€) € D(p),
(because s, € Dg(u)), whereas if (a1,...,a,-1) € D(s1,...,8--1)us, then
(a1,...,a,-1,8) € D(p); . This proves the surjectivity.
Therefore, by Proposition 5.3.2 and our induction hypothesis,

Z gt -liElh = Z gt =lnll Z gtws)=lmli
EED(P)u NED(s1,..,8r—1)u NED(51,--:8r—1)us
= qRuvs() + Rus s ()
= Ru.(q),
as desired. O

Example 5.3.8 Let W = Sy, u = 1234, v = 4321 and take (1,2,1,3,2,1)
as a reduced decomposition for v. Then,

D((172a173a271))u = {(_7_7_7_7_7_)7(1a_a17_7_7_)7
(_a27_7_72a_)a(_a_a17_7_71)a
(1>2373732>1)}
and, hence,

§1234,4321(Q) =¢%+3¢" + ¢*
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Consequently,
Rissaas(q) = ¢° — 3¢° + 4¢" — 4¢° + 44 = 3¢ + 1.
O

Since distinguished subexpressions play such a fundamental role in
the combinatorics of the R-polynomials, it is useful to have a different
characterization of this concept.

Proposition 5.3.9 Let (s1,...,8,) € S” be a reduced decomposition and
(a1,...,a,) be a subexpression of (s1,...,sr). Then, the following are
equivalent:

(2) (ala- . ~aar) € D(Sla .. -asr)‘

(Zl) al...aj_lsj...sr Z al"'aj3j+1"'3r, fo'r‘j :27...”[“,
Proof. Let (a1,...,a,;) € D(s1,...,8,) and 2 < j < r. If a; = s; ,then
(ii) clearly holds, so assume that a; = e. Then, since (a1,...,a,) €

D(s1,...,5r), we have that s; ¢ Dpg(ai---a;—1). On the other hand,
sj & Dr(sjq1---5r) (since s;---s, is a reduced expression). Therefore,
by Lemma 2.2.10, (a1 L aj_1)(8]'+1 tee Sr) S (a1 te aj_l)sj(st st 81»),
which proves (ii).

Conversely, suppose that (ai,...,a,) satisfies (ii) and 2 < j < r is
such that a; = e. We claim that then s; € Dg(a1---aj—1). In fact,
if s; ¢ Dgr(a1---aj—15;), then, since s; & Dr(sjt1---sr), we conclude
from Lemma 2.2.10 that (a1 te aj_lsj)(st L 81») S (a1 tee aj_lsj)sj
(Sj+1---Sp) = a1---a;Sj+1---Sp, and this, by (ii), implies that s; = e,
which is a contradiction. O

Intuitively, Proposition 5.3.9 states that we obtain all possible distin-
guished subexpressions of a reduced expression by deleting elements in
it, from left to right, so that each deletion moves the resulting prod-
uct down in Bruhat order. For example, the distinguished subexpression
(1,2,—,3,—,—, —,3,2,1) of (1,2,1,3,2,1,4,3,2,1) in S5 corresponds to
the sequence of deletions

(1,2,1,3,2,1,4,3,2,1)
(1> 2a ) 3> 23 1743 37 23 1)

(1727_737_7174737271)
(1,2,—,3,—,—,4,3,2,1)
(1723733777777733271)

In Section 2.7, we associated with every maximal chainm : v = xg>z1>
-+« >z = u in Bruhat order a string of integers A(m) = (A1, A2, ..., Ag).
The \;’s are induced from a given reduced expression for v; namely they
record the positions of successively deleted generators. The labeling rule
given in Section 2.7 can be directly generalized from maximal chains in
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Bruhat order to paths v = x¢ < 21 < --- < x; = u in the Bruhat graph.
By the preceding paragraph, distinguished subexpressions correspond to
increasingly labeled such paths.

Both Theorems 5.3.4 and 5.3.7 can be used to obtain some rather non-
trivial properties of the R-polynomials. See, for example, Exercises 4, 5, 6,
10, 18, 35, and 36.

5.4 Lattice paths

In this section, we define and study a family of polynomials, indexed
by sequences of positive integers, which plays an important role in the
combinatorics of the Kazhdan-Lusztig polynomials. These polynomials are
independent of W and are defined in terms of lattice paths.

Recall that a composition of n (n € P) is a sequence (o,...,a;) (for
some s € P) of positive integers such that a; + - - - + as = n. When writing
compositions, we will sometimes omit the parentheses (i.e., we will write
aq,...,05 instead of (aq,...,as)). For n € P, we let C,, be the set of all
compositions of n and C def U,,>1 Cn. Given 8 € C, we denote by ¢(3) the
number of parts of 3, and by f3;, for i = 1,...,¢(f3), the i-th part of 3 (so
that 8 = (81, B2, ..., Bep))). Furthermore, we let

dof £(8)
i=1
E déf (ﬁ?aﬁ37"'7ﬁf(ﬂ)) (lf E(/B) > 2)a
ﬁ* déf (ﬁf(ﬂ)w'wﬁ?aﬁl%

TB) “ {8y, Br+ Br_ty s Br+ -+ Bo}, where r % ¢(3).

Given (a1,...,as5),(81,....,0:) € C,, we say that (aq,..,qas) refines

(B, ..., B¢) if there exist 1 < i3 < i < -+ < 44—1 < s such that
Z;‘k:z‘k,l-s-l aj = f for k = 1,...,t (where i L, i & s). We then

write (a1, ...,as) < (B1,..., 0t). It is easy to see that the map a — T'(«) is
an isomorphism from (C),, <) to the Boolean algebra of subsets of [n — 1],
ordered by reverse inclusion.

Let a,b € Z, a < b. By a lattice path on [a,b] we mean a function
I': [a,b] — Z such that I'(a) = 0 and

ID(i+1) — T(i)| = 1
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for all i € [a,b — 1]. Given such a lattice path I, we let

NT) € {icla+1,b-1]:T() <0},
do(T) © |{iela,b—1]:T(+1)—T() =1},
o)y ¥ op—aq,

Iso & om)—1-|ND).

We call N(T') the negative set of T' and ¢(T") the length of T'. Note that
b ¢ N(T') and that

I'(b)+b—a
—

For example, if T is the lattice path illustrated in Figure 5.2, then N(T") =
{3’47 5}’ d+(F) = 27 E(F) = 67 and FZO =2

dy () = (5.23)

Figure 5.2. A lattice path on [0, 6].

For n € P, we denote by L(n) the set of all the lattice paths on [0,n].
Given S C [n — 1], we let

H(S,n) ¥ {TeL(n): NT)DS}

and

B(S,n) ¥ {T'e L£(n): NI)=S5}.

For example, the four lattice paths in E({5},6) are illustrated in Figure
5.3.

For a € C, we define two polynomials ¥, (q), Yo (q) € Z|[g] by letting
Uo(g)= (=D > (—g=® (5.24)
reH(T(a),lal)
and

Talq) = (_1)|a\—t’(a) Z (_q)d_,_(l").

FeE(T(a),lal)



5.4. Lattice paths 151

For example, let « = (1,5). Then, E({5},6) consists of the four lattice
paths illustrated in Figure 5.3 and, hence, Y1 5(—¢q) = 2¢* + 2¢>.

Figure 5.3. The four lattice paths in E({5},6).

Note that the definitions imply that
Us(g) = > (1) Tu(q).
azxp
Hence, by the Principle of Inclusion-Exclusion,
Ts(g) = Y (1) D a(q). (5.25)
a=p

For j € Q, we define an operator L; : R[¢] — R]g] by letting

Li | Y aid | € Y aid.

i>0 0<i<j

Note that L; is linear and idempotent, and that L; = L;, for all j € Q.

Although the polynomials W (q) have several interesting properties (see,
for example, Exercises 28 through 34), we only need here the following
recurrence relation.

Proposition 5.4.1 Let a € C. Then,
Valg) = (¢ = D" Lz (Valg)) (5.26)
if (o) > 2, and
Va(q) = (¢ — 1) (5.27)
if U(a) = 1.

Proof. If {(«) = 1, then T'(«v) = 0 and equation (5.27) follows immediately
from equation (5.24). So assume £(«) > 2 and let I' € H(T (), |cr|). Then,



152 5. Kazhdan-Lusztig and R-polynomials

Loy € H(T'(@), [@]) and I'([ar]) < 0. Conversely, if I'" € H(T'(@), [a]) and
I(Ja|) < 0, then extending I to [0, |«|] by adding any oy steps yields 2
different lattice paths in H(T'(«), |a|). Therefore,

S = g > g
reH(T(a),lal) {IrreH(T(@),|al): I' (Ja]) <0}

_ e} - d4(T)
= (1+ )" L > g™ ;
FeH(T(x),|al)

by equation (5.23), and equation (5.26) follows immediately from equation
(5.24). O

The preceding result makes it easy to compute the polynomials ¥, (q)
(a similar recursion exists also for the polynomials Y 3(q); see Exercise 28).
For example,

Vis(q) = (@—1) Lea(¥s(g))

= (¢—1)La((qg—1)°)
= —10¢> + 15¢*> — 6q + 1.

5.5 Kazhdan-Lusztig polynomials

As we have seen in Section 5.1, once the R-polynomials have been com-
puted, then one can use Theorem 5.1.4 to compute the Kazhdan-Lusztig
polynomials. This, however, is a recursive procedure, as is the one based
on Theorem 5.1.7. In this section, we derive a nonrecursive formula for the
computation of the Kazhdan-Lusztig polynomials.

Our first step is that of “solving” the recurrence relation given in part (iv)
of Theorem 5.1.4. More precisely, we wish to find a nonrecursive formula
for P, ,(q) in terms of the R-polynomials. To do this, it is convenient to
introduce the following concept. Given a chain ag < a1 < --- < a; in W,
we define

Rag,.a.(@) = Ragar (@)L o (R0, (a)) (5.28)

(where d def (a1, a;)) if ¢ > 2, and

def
Ra07“*7ai (Q) = Rao,m (Q) (5.29)

ifi=1.
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Example 5.5.1 In W = Sy, we have that

R2134.2431,4321(¢) = Ro2134,2431(q) L2;21(Rz431,4321(Q))
= (¢ —2¢*+29 - 1) L1((g — 1)*)
=¢ —2¢°+2¢—1

and, hence,

R1234,2134,2431,4321(q) = R1234,2134(¢])L%(R2134,2431,4321(Q))
= (q—1)La(¢® — 2¢° +2¢ — 1)
= —2¢°+4¢*> — 3¢+ 1.

O

The polynomial Rg,,. . q;(¢) just defined is called the R-polynomial of
the chain ap < a3 < --- < a;. This terminology is consistent with the one
introduced in Section 5.1 since the R-polynomial of a chain of size two
coincides with the usual R-polynomial of the two elements in increasing
order. Note that although definition (5.28) is recursive, it can be formulated
in an entirely explicit way (see Exercises 21 and 22) so that one can compute
the R-polynomial of a given chain without having to compute that of any
other chain.

The R-polynomial of a chain is important in the nonrecursive computa-
tion of the Kazhdan-Lusztig polynomials. Recall that a chain from u to v
is a chain whose first element is u and whose last element is v.

Theorem 5.5.2 Let u,v € W, u <wv. Then,

1
Punla) — '™ P, (E) = Y (1) Re(g),

ceC(u,v)
where C(u,v) is the set of all the chains from u to v.

Proof. We prove the result by induction on £(u,v). If £(u,v) = 1, then

S (D) ORe(q) = ~Runla) =1~ ¢ = Pula) — ¢Pus (3) |

ceC(u,v)

Now, let u < v be such that ¢(u,v) > 2. Then, from Theorem 5.1.4,
definitions (5.28) and (5.29), and our induction hypothesis, we have that
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1
qé(u’v)Pu,v (E) _ Pu,'u(q)

= Ru,v(Q)+ Z Ru,a(Q)LZ(a,;)*l Z (_1)Z(C)RC(Q)

u<a<v ceCl(a,v)

= Ruo(@+ Y, D (D ORua(@)Luwn(Re()

u<a<v CeC(a,v)

= Ruo(@)+ > Y. (-D"“9Ryc(q)

u<a<v CeC(a,v)

= Ru.(q) + > (=1)“€)=1Re(q)
{C'eC(uwv): £(C")>2}

- Y () Req),

Cc'eC(u,v)

as desired. O
As an immediate consequence, we derive the following.

Corollary 5.5.3 Let u,v € W, u < v. Then,

Pu7ru(q):LZ(u,;;)—1 Z (—1)£(C)Rc(q) . O
ceC(u,v)

Now that we have a nonrecursive formula for the Kazhdan-Lusztig poly-
nomials in terms of the R-polynomials, the strategy is that of using one of
the combinatorial interpretations obtained in Section 5.3 and “transfering”
it to the Kazhdan-Lusztig polynomials using Theorem 5.5.2. We will do
this using the one in terms of Bruhat paths (Theorem 5.3.4). Another non-
recursive formula (involving multichains, instead of chains) for computing
the Kazhdan-Lusztig polynomials in terms of the R-polynomials is given
in Exercise 25.

To state and prove the results that follow, it is convenient to introduce
some notation. Given u,v € W, and k € N, we denote by By (u, v) the set of
all Bruhat paths from u to v of length k, so that B(u,v) = U~ Bk(u,v).

Let A be a Bruhat path and < be a reflection ordering. We define the
descent composition of A with respect to < to be the unique composition
C(A, <) € C such that |C(A, <)| = £(A) and

T(C(A, <)*) = D(A, <).

In other words, if A has length i (say) and C(A, <) = (b1,...,b;), then by +
---+b; = i and the descent set of A with respect to <is {b,b1+ba,..., b1+
---+b;_1}. For example, if A = (2147563, 2147653, 6147253, 6157243) and
< is the reflection ordering used in Figure 5.1, then C(A; <) = (1,2).
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For u,v € W, and a € C, we let

Ca(,v) €A € Bio(u,0) : C(A,<) = a}| (5.30)
and
ba(,v) € {A € Bjaj(u,v) : C(A, <) = a}|. (5.31)
Note that these definitions imply that
Colu,v) = Z bg(u,v) (5.32)
Bra
for all u,v € W and « € C, and that
Ca(u,v) = ba(u,v) = {A € Bjq|(u,v) : D(A,<) =0} (5.33)

if l(a) = 1.
From now on and until the end of this section, we fix once and for all a
reflection ordering <.

Proposition 5.5.4 Letu,v € W, u <w, and ay,...,a, € P, r > 2. Then,

o 0) = 3 s (1 @), (0,0).
u<a<v
Proof. Let A % (ao,-.-,a8,) € B(u,v) be such that D(A, <) C {p,...,
Br-1}, where §; of et oy, for 1 = 1,...,r. Then, clearly, u <

ag, , < v, A def (ag,...,ap,_,) € B(u,ag,_,), A f (ag,_1s---500) €
B(ag, ,,v), D(A', <) C {B1,...,Br—2}, and D(A”,<) = 0. It is easy to
see that this correspondence A « (A’; A”) is a bijection, and the result
follows from definition (5.30). O

The following result is crucial for the proof of the main theorem of this
section.

Proposition 5.5.5 Let u,v € W, u <wv, and a € C. Then,
r ~
ca(u,v) = Z H[qaj](Raj_haj),
(ao’...,ar)GC,.(u,’U) Jj=1

where C.(u,v) denotes the set of all chains of length r from w to v and

r ).

Proof. We proceed by induction on r € P. If » = 1 then, by equation (5.33)
and Theorem 5.3.4, we have that

Cay (1,0) = [ (Ruw), (5.34)
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as desired. If r > 2, then we have from Proposition 5.5.4, equation (5.34),
and our induction hypothesis that

Cah“"aT(’U,,U) = Z car(a’7v)ca17<~707‘—1(u?a)

u<a<v
= Z [q*"](Raw) Z H[qaj](Raj—lsaj)
u<a<v (ag;--yar—1)€Cr—1(u,a) j=1

S Y e [Je )

u<a<v (ag,...,ar—1)€Cr_1(u,a)

and the thesis follows. O
The next result extends Proposition 5.3.1 to the R-polynomial of a chain.

Proposition 5.5.6 Let ag < a1 < --- < a; be a chain in W. Then,
i

Ragar@) = 3 a7 0ale) [[l6)(Ra,ra).  (5.35)

a€cP? r=1

Proof. If i = 1, then equation (5.35) follows from equations (5.27), (5.29)
and (5.10). We now proceed by induction on i € P. Since ¢ > 2, we have
from definition (5.28) and our induction hypothesis that

Ra07<~7ai (Q)

= Rag,a: (Q)L% (Ra17<~7ai (2))

£(ag,a1)—ag o ~
= Z q 2 Wa,(q) g }(Raom)L%(Rahm,ai(Q))

ap>0
o ) = d—|a|
l(ag,a1)—ag o ~ —|a
= > > a e (Rara)Vao (@ Las (g2 ala))
ap>0 qepi—1 r=0
i
£(ag,a;)—og—|al o ~
= Z Z q B H[q 771](Ra7»71,a7»)\1/ozo(Q)LWT—l(\I]a(Q))a
ap>0 qePi—1 r=1

where d %' {(a1,a;). Hence, equation (5.35) follows from equations (5.26)
and (5.27). O

We can now state and prove the main result of this section, namely a
nonrecursive combinatorial formula for the Kazhdan-Lusztig polynomials.

Theorem 5.5.7 Let < be a reflection ordering, u,v € W, u < v. Then,

w 1 £(u,v)—€(A)
Punlq) - ¢ P,., (—)— S T (). (5.36)

A€B(u,v)
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Proof. From Theorem 5.5.2 and Propositions 5.5.5 and 5.5.6 we have that

Pool@) = ") Py (é) = Y () ORe(g)

ceC(u,v)

L(u,v)— ||
=D (1) g T Walg) calu,v).

aeC

On the other hand, from equations (5.32) and (5.25), we have that

S D) O W) ealmn) = 3 (D Wa(g) 3 bs(u)

aeCy, aeCy, Bra
= Z bﬁ(uav) Z(il)Z(Q)\Pa(q)
BECH azp
= ) bs(u,v) Tp(q)
BeCy,

for all n € P. Therefore we conclude that

1 Luv)=|8]
Pu,v(Q) - qé(u,v)Puw (E) = Z q 2 Tﬁ(q) bﬁ(uv ’U),

BeC
which, by definition (5.31), is equivalent to equation (5.36). O

The preceding result shows that the Kazhdan-Lusztig polynomials can
be computed in a way similar to that given in Theorem 5.3.4 for the
R-polynomials, and it also makes clear why they are considerably more
difficult to compute. In fact, by Theorem 5.3.4, to compute R, ,(q), we
just have to consider the Bruhat paths from u to v that have an empty
descent set with respect to a given reflection order. To compute P, ,(q),
by Theorem 5.5.7, we have to consider all of the Bruhat paths from u to
v, and for each such path, we have to know the descent set with respect
to the given reflection order. In Theorem 5.5.7, we also have to know the
polynomials Y5(q) studied in the previous section. This, however, is not a
big problem since these polynomials are defined explicitly as counting cer-
tain lattice paths, can be computed through simple recursions, and admit
explicit formulas in terms of Catalan numbers (see Exercises 28, 30, and
31).

Example 5.5.8 Let u = 2147563 and v = 6157243. Considering all of the
directed paths from 2147563 to 6157243 in Figure 5.1 (there are 62 of them)
and computing the descent composition of each one, we obtain that
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Po147563,6157243(q) — ¢° Pa147563 6157243(q ")

= q(2Y3+3Y21+3Y12+2Y11,1)
+q°(T5+2Yy1 +4 30 +4 23 +2Y1 4+ 3511
+4Y131+3Y113+6T2214+4T212+6Y122+2Y2111
+4Y1211+4T 1121 +2Y 1002+ Yi110,1)

= q[2(=¢* +2¢* — q) + 3(—=¢* + ¢) + 3(0) + 2(1 — g)]
+°[(=¢" +4q" = 5¢° + 2¢%) + 2(=¢"* + 2¢° — ¢*) + 4(0)
+4(¢> — ¢%) +2(0) + 3(0) + 4(0) + 3(¢° — q) + 6(—¢" + ¢*) + 4(0)
+6(0) +2(¢° — ¢*) +4(0) +4(—¢* + q) +2(0) + (2¢° — 3¢ +1)]

=1- q5.

O

Theorem 5.5.7 has the following immediate consequence. Given n € Z
and A C Z, Weletn—Adéf{n—a: a€ A}

Corollary 5.5.9 Let < be a reflection ordering, u,v € W, u < v. Then,

Punlg) = 3 (1) 0g 500,
T,4)

where the sum is over all pairs (I';A) such that T is a lattice path, A €
B(u,v), £I) =¢(A), NT') =¢4(A) — D(A, <), and T({(T)) < 0.0

Theorems 5.5.2 and 5.5.7 can be used to deduce some rather nontrivial

properties of the Kazhdan-Lusztig polynomials; see Exercises 12, 13, and
9.

5.6 Complement: Special matchings

Recall that a matching of a graph G = (V, E) is an involution M : V — V
such that {v,M(v)} € E for all v € V. (Here we assume that G has no
loops or multiple edges.)

Let P be a graded partially ordered set. A matching M of the Hasse
diagram of P is a special matching if, for all z,y € P such that M (x) # y,
we have that

z<dy = M(z) < M(y).

Note that this implies, in particular, that if z <y and M(z) > z, then
M(y) >y and M(y) > M(z) and, dually, that if <y and M(y) <y, then
M(z) <x and M(x) < M(y).

The motivation for this definition is given by the next result.
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Proposition 5.6.1 Let (W,S) be a Cozeter system, u,v € W, u <wv, and
s € D)\ D(u). Let

for all € [u,v]. Then, M is a special matching of [u,v].

Proof. This follows immediately from the definition of a special matching
and the Lifting Property. O

Corollary 5.6.2 Every lower Bruhat interval [e,v] has a special matching.

There is, of course, a left version of Proposition 5.6.1. Note that the
converse is not true. Namely there are special matchings of Bruhat in-
tervals which are not given by right or left multiplication by a simple
reflection. For example, let (W, S) be a Coxeter system such that |S| > 3
and there are a,b,¢ € S such that m(a,b),m(b,c¢) > 3. Then, M =
{{e, b}, {a,ab},{c, bc}, {ac,abc}} is a special matching of [e, abe].

It is a surprising fact that Kazhdan-Lusztig and R-polynomials can be
computed using only special matchings. This can be done by a recursive
procedure based on the following result, which was first proved in [99] for
the symmetric group and then in [100] for the general case.

Theorem 5.6.3 Let (W, S) be a Coxeter system, v € W, and let M be a
special matching of [e,v]. Then,

Ruw(q) = ¢“Rareuy,m(0) (@) + (¢° = 1) Ry ar(0) ()
for all u < v, where ¢ def g if M(u)>u and ¢ 10 otherwise.

Thus, despite the fact that by definition the R-polynomials, and hence
the Kazhdan-Lusztig polynomials, depend heavily on descent sets, they can
in fact be computed only in terms of the abstract poset structure of a lower
interval. We illustrate this process on an example.

Example 5.6.4 Let P = [e,v] be the lower Bruhat interval whose Hasse
diagram is depicted in Figure 5.4. The elements of P are labeled with the
integers from 1 to 18. In order to use Theorem 5.6.3, we need to find a
special matching M of P.

Suppose M (1) = 2. We have two possible choices for M (3), namely 7
and 8, and two for M (4), namely 5 and 6. Suppose we choose M(3) =7
and M (4) = 5. These choices force

M = {{L 2}a {3a 7}a {4a 5}v {Ga 11}’ {8’ 10}a
{97 12}, {137 15}, {14, 16}7 {177 18}}.
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Figure 5.4. A lower Bruhat interval.

Applying Theorem 5.6.3, we obtain that!

Ri18 = q Ry, mas) + (@ — DRy vy = qR2,17 + (@ — 1) Ry 7.

We therefore need to compute the polynomials R, ;7 for all u <
17. Since M does not restrict to a special matching of [1,17] (=
{1,2,3,4,5,6,7,8,9,10,11,13,14,17}), we need to repeat the above pro-
cedure to find a special matching, N, of [1,17].

Suppose that N (1) = 2. This forces N(3) € {7,8} and N(4) € {5,6}.
Suppose we choose N (3) =7 and N(4) = 6. Then, our choices force

N = {{1,2},{3,7},{4,6},{5,11},{8,10},{9, 14}, {13, 17} }.
Applying Theorem 5.6.3, we get?

Rii7 = qR213+ (¢ — 1)Ri 13,
Roi7 = Ryjs.

LAswell as Ro18 = R1,17, R3,18 = ¢R7,17+(g—1)R3,17, Ra.18 = qRs,17+(q—1)Ra,17,
Rs,18 = Ra17, Re,18 = qR11,17 + (¢ — 1)R6,17, R7,18 = R3,17, Rs,18 = qR10,17 + (q
—1)Rg,17, Ro,18 = qR12,17 + (¢ — 1)R9,17 = (¢ — 1) Ro,17, and similarly Ri0,18 = Rs,17,
Ri1,18 = Re,17, Ri2,18 = Ro,17, Ri3;18 = (¢ — 1)R13,17, Ria,18 = (¢ — 1)Rua17,
Ri5,18 = R13,17, Ri6,18 = Ri4,17, R17,18 = (¢ — 1)R17,17-

2As well as Rs,17 = (g — 1)R3,13, Ra,17 = (¢ — 1)Ra,13, Rs,17 = (¢ — 1)R5,13, Re,17
= R4,13, R717 = R3,13, Rs,17 = (¢ — 1)Rg,13, Ro,17 = (¢ — 1)Ro,13, R10,17 = Rs,13,
R11,17 = Rs,13, R13,17 = (¢ — 1)R13,13, R14,17 = Ro,13.
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We now need to compute the polynomials R, 13 for all u € [1,13] (=
{1,2,3,4,5,8,9,13}). The poset [1,13] is a 3-crown, so R, 13 = (¢—1)"%13)
for all u < 13 (see Exercise 5). However, since no outside result is needed
by the procedure suggested by Theorem 5.6.3, and for completeness, we
conclude the example using only special matchings.

We now need a special matching, L, of [1,13]. If L(1) = 4, then this
forces L = {{1,4},{2,5},{3,9},{8,13}}. So by Theorem 5.6.3, we get?

Ri13 = (¢ —1)Rugs,

Ry13 = (¢ —1)Ras.
A special matching of [1,8] (= {1,2,3,8}) is given by {{1,2},{3,8}}, and
from Theorem 5.6.3 we get*

Ris = (¢—1)R3,

Rog = Ry3.
Finally, {{1,3}} is a special matching of [1,3] (= {1,3}) and so, again by
Theorem 5.6.3, we obtain Ry 3 = (¢ — 1)Ry 1.

Putting all these relations together, we get

Riis = qRo17+ (¢ —1)Ri17

= qRi13+ (¢ —1)(qR213+ (¢ — 1)R113)
q(g = DR +q(g —1)*Rag + (g — 1) Ri g
qlg—1)*Ris+q(g—1)*Ris+ (¢ —1)"Ris
=2¢(q—1)° + (g —1)°,

and similarly for all the other polynomials R, ;3. Clearly, in the same way
(and in fact without much additional effort since we already have a special
matching of [e, w] for all w € P) we may compute all the polynomials R, ,
forz,y e P,z <y.

The computation of the Kazhdan-Lusztig polynomials P, , for z,y € P,
x < y, now proceeds using Theorem 5.1.4 and induction on f(x,y), as
explained in Section 5.1. O

As a matter of fact, essentially all of the results presented in this chapter
can be generalized using special matchings, as shown in [100].

Surprising as this result is, even more may be true. In fact, there is
a tantalizing conjecture regarding the Kazhdan-Lusztig polynomials, the
so-called combinatorial invariance conjecture. This conjecture, made by
Lusztig [364] and independently by Dyer [200], states that if W7 and Wa
are two Coxeter groups, u,v € Wi, x,y € Wy, and the two Bruhat intervals

3As well as R3,13 = (¢ — 1)Ra,8, Ra,13 = R1,8, Rs13 = Ras, Rs.13 = (g — 1)Rss,
Rg,13 = R3 3.
4As well as R3s = (q—1)R33.
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[u,v] and [z,y] are isomorphic as posets, then P, ,(q) = Py 4(q). In other
words, the Kazhdan-Lusztig polynomial of u,v supposedly depends only
on the unlabeled abstract poset [u,v]. This conjecture is known to be true
if [u, v] is a lattice (see Exercise 36) and holds for intervals of rank < 4 (see
Exercises 5 and 6).

Note that, by Theorem 5.1.4, the combinatorial invariance conjecture is
equivalent to the analogous statement for the R-polynomials. Thus, The-
orem 5.6.3 implies that the conjecture holds also for the case that both u
and x are the identity.

In connection with the combinatorial invariance conjecture, it is worth
noting that the relation u — v is known to depend only on the poset [u, v],
as shown by Dyer [203]. Regarding single coefficients, the combinatorial
invariance conjecture is open even for the coefficient of ¢q. Some further
special cases are treated in Exercises 9, 23, and 35.

Exercises

In Exercises 1-14, let u,v € W and u < v.

1. Show that

(_q)é(u,v)Rum (

[\

. Suppose u < v. Show that R, ,(1) =

w

. Suppose £(u,v) < 2. Show that R, (q) = (¢ — 1)/ ).

N

. Suppose that ¢(u,v) = 3. Show that

Ruu(q) = @ —2¢%+2q—1, if [u,v] is a 2-crown,
uold) = (g —1)3, otherwise.

5. (a) Show that if u < v, then ]?iu’v(()) = 0.
(b) Show that if £(u,v) < 3, then

3 . .
o [ @ +q, if[u,v]is a 2-crown,
Ruo(a) = { ¢"wv)  otherwise.

6. Show that if ¢(u,v) = 4, then we have the following:

(a)

~ Bo(u,v
Ru,’u(q) = q4 + % q2 )

where By (u,v) is the number of paths of length 2 from u to v in
the Bruhat graph of W.
(b) Ba(u,v) < 4.
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(¢) Bz(u,v) equals the number of subintervals of [u,v] isomorphic
to 2-crowns.

7. (a) Show that if {(u,v) < 2, then P, ,(¢q) = 1.
(b) Show that if £(u,v) = 3, then

Puulq) = 1, if [u,v] is a 2-crown,
uoid 1+ (a(u,v) — 3)g, otherwise,

where a(u,v) denotes the number of atoms of [u, v].
8. Suppose that ¢(u,v) = 4. Show that

B (u,v)
2

where ¢(u, v) is the number of coatoms in [u, v] and Ba(u,v) is as in
Exercise 6.

Puw(q) =14 (c(u,v) + —4)q,

9. Let a(u,v), ¢(u,v) have the same meaning as in Exercises 7 and 8.
(a) Show that (—1)“™~1¢](Re.) = al(e,v).
(b) Show that [g|(Pe..) = c(e,v) — a(e,v).
(¢) Show that

(d) Show that

{z,y€lu,v]: £(x,v)>3}

(e) Show that
[4*)(Puw) = = > ([9*)(Ra.y) + [a)(Ra.)[a) (Py.0))-

{z.y€lu,v]: £(z,v) 25}

(f) Show that

[q] Z Ryy | = (71)Z(u’v)71[q}(Ru,v)~

z,y€[u,v]

Conclude from this that [¢](>" > 0.

z,y€ [u,v] R%y) =

10. (a) Prove that R, ,(q) = Ry-1,,-1(q)-
(b) Show, using Theorem 5.1.1, that if W is finite and wy is its
longest element, then Ry, 4 (q) = Rugv,wou(q) = Ruowo,uw, (¢) for
all u,v e W.
(¢) Give a direct proof of (b) using the combinatorial interpretations
for the R-polynomials described in Theorems 5.3.4 and 5.3.7.
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11. Show that
Z (_1)e(u7w)Ru,w(Q)Rw,v(Q) = 6u,v-
wE [u,v]
12. Show that P, (q) = P,-1 ,-1(q).
13. Let W be a finite Coxeter group with longest element wy.
(a) Show that
Z (*1)Z(u’a)Pu,a(Q)Pwov,woa(Q) = Oup-
a€lu,v]
(b) Deduce from part (a) that f(u,v) = a(wev, wou).
(¢) Show that P, (q) = Puguwoe,wovws (4)-

14. (a) Show that }_ (., Rya2(q) = q"@) for all y € [u,v] if and only
if Py,(¢q) =1forally € [u,v].
(b) Show that if P, ,(q) = 1 for all z,y € [u,v], * < y, then
Ry y(q) = (—1)1@w) Zae[z’y](,q)é(%a) for all z,y € [u,v].
(¢) Use part (a) to show that the converse of the statement in part
(b) also holds.

15. Compute Ri24356564312(¢). Conclude that it is not true that the
coefficients of the R-polynomials alternate in sign.

16. For v € W let
def u
Fo(g) = ) ¢" ™ Puu(9).

u<v
Show that ¢‘("F, (%) = F,(q).
17. Show that Zugv(—l)e(“)Pu,v(q) =0 for all v e W\ {e}.
18. Let u € W. Show that if R, .,(q) = (¢—1)“™), then [e, u] is isomorphic
to a Boolean algebra.

19. Let (W, S) be a Coxeter system of rank n, S = {s1,...,s,}, and
o € S,,. Show that there exists a reflection order < on T such that

So(1) < Sg(2) < < Sp(n)-

20. Let W be a finite Coxeter group and let wy be its longest element.
Let < be a total order on T'. Suppose that T = {t1,...,tx} with
t1 < tg < --- < ty.Show that the following conditions are equivalent:

(i) < is a reflection order.
(ii) There exists a reduced decomposition s; ...sy = wp such that

ti = SN ...8i4+15;Si+1---SN
fori=1,...,N.
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22.

23.

24.

25.
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Let k € Z and ag < a1 < --- < a; be a chain in W. Show that

[qk](Rao,m,ai) = Z H[qm}(Rarq,ar)

a r=1
where the sum is over all a« = (aq,...,q;) € N? such that ag 4+ --- +
a; =k, ap < lar—1,a.) for r = 1,...,4, and app1 + -+ + a; <
L(llar,a;) —1) forr=1,...,i—1.

Let ag < a1 < --- < a; be a chain in W and k € Z. Show that

[4"](Rag,....ar) = (1)) TTla*" (R, - .a0,) (5.37)

a r=1
where the sum is over all & = (a1,...,q;) € N* such that oy + -+ +
a; = l(ag,a;) — k, o < l(ar—1,a,) forr=1,...,4, and a1+ -+

a; > 2(l(ar,a;) +1) forr=1,...,i— 1.
Note that this formula is simpler than the one in Exercise 21 if k& >
%E(ao, a;).

Let u,v € Sy, u <w.

(a) Show that if u — v, then Ry (q) = (¢—1)(¢2 — g+ 1)z (“(w)=1),

(b) Is the statement in part (a) true if W # S,?

(¢) Show that if Dr(v), Dr(u) 2 [2,n — 2|, then there exists a € N
such that

Ruo(a) = (g —1)"(¢” — g +1)2(0 7,
(d) Is the converse of the statement in part (a) true?
Let u,v € S,,, u < v, be such that Dr(v) 2 [2,n — 2]. Show that

Py = [ 1O, ) > 0(1) 2 () > u()
uold) = 1, otherwise.

For j € Q, define an operator U; : R[g] — R[q] by letting
i | def i
U | 2w | = D e’
i>0 i>j

Given a multichain ap < a1 < -+ < @41 (r € N) in W, define a
polynomial Rag.a;,....a,+, (¢) inductively as follows:

def 1
Ra07a17<~7a7‘+1(q) = Rag,ax (q)U% (qdRa17<~7ar+1 (a))

(where d def l(ay,ary1)) if r € P, and

def
Ragaeearis (@) = (1) R, 0, ()
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if r = 0. Rag,a1,...,a,11 (q) is called the R-polynomial of the multichain
ap <ayp <o <y
(a) Show that ifr € Pandap < a; < -+ < a,41 is a multichain in W
such that Ra,,....a,,, 7# 0, then £(a,,a,41) > 1, and £(a;, aip1) >
2fori=1,...,7r — 1. In particular, £(ay,a,+1) > 2r — 1.
(b) Prove that if u,v € W, then

Puo(q) = Z Re(a),
CeM (u,v)
where M (u,v) denotes the set of all multichains from u to v.

26. For n € P, consider the g-analog F),(q) of the Fibonacci number F,
defined by

def
Fo(q) = Fa-1(q) + qFn—2(q),
def

where F,(¢) = 0if n < 0 and Fy(q) ©f Tt is easy to verify that for
n >0,

DN
r@=3 (")
(a) Let n > 3. Show that P 34..n12(q) = Fr_2(q).

(b) Let n > 5. Show that Pe 34..n—2nn-112(q) = Fr—3(q)-

27. (a) Let 3<e; <ex < -+ < e, <n—1be integers (so, n > 4 and
a € [n — 3]). Furthermore, define u,v € S,, in complete notation

by
def
u=1ler...eqf1---fn_z—a2n,
v(iéfel...eanfl...fn,;;,al?
def
where {fn737aa~'~af2>f1}< = [n73]\{61,...76a}.
Show that

a
Pu,v(q) =1+ qui—i—ll
i=1
(b) Conclude from part (a) that given P € N[g] such that P(0) = 1,
there exist n € P and u,v € S, such that P(q) = Py (q).

28. Let 8 € C (in this and the following exercises, we use the notation
introduced in Section 5.4). Show that

Ts(a) = (¢ = DV (Tp00 (9)
if /1 > 2,
Ys(q) = (1 = q)L1s2 (T5(q))
if /1 =1 and £(3) > 2, and T1(q) =1—¢q..
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29. Let g € C and B € C be the unique composition such that |§| =g
and T(B) = [|8| — 1]\ T(8). Show that

1
*qlmTB (6> = T(B,l)(‘])-

In particular, —¢"Y,,(1/q) = T (1nt+1y(q) for n € P.
30. (a) Let 8 € C, £(B) > 2. Show that there exist A, B € Z such that

181— 51+1
Aq Tﬂ1 1(q)a if ﬂl > 2,
Ys(q) = { 181-B1

Bq =z T(lgl)( q), ifp =1L
(b) Compute A and B explicitly as a product of Catalan numbers.

31. Exercises 29 and 30 reduce the problem of computing any Y-
polynomial to that of computing T, (q) for n € P. These polynomials,
in turn, can be computed in a completely explicit way. For n € P, let

def w— [ 2n 2+ 1 ,
B < n+z.
n(4) z%<ni>l+n+iq

1=

Show that

Ton(q) = =Bn(—q)

and

Yont+1(q) = (1 — q)Bn(—q).
32. Characterize the 8 € C such that Yz(g) # 0.

33. A polynomial Z?:o a; 2* is called log-concave if af a;—1a;4+1 for

>
i =1,...,d — 1. Let 8 € C be such that Tg(g) # 0. Show the
following:

(a) (—=1)IBI=4B) 1 5(—q) is a log-concave polynomial.
(b) The maximum power of ¢ that divides Y(q) is
(c) deg(Tg) =i+ max({lmz_lJ ,0).

34. Let 8 € C be such that £(3), E(B) > 2 (where B has the same meaning
as in Exercise 29) and Y3 # 0. Show that T5 = 0. Show that the
converse statement does not hold.

{IB\ 51+1J

35. (a) Show that if u,v € W, u < v, then

d 1, ifu—w,
d_q (Ru,v(qmq:l - { 0, otherwise.
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(b) Use part (a) to show that if u,v € W, u < v, then
d £(u,v) 1
- ’ Pu v | o - P:L’ v 1).
a7 (q v\ > w(1)

q=1 {z€[u,v]: u—z}
(¢) For u,v € W, u < v, define the defect of the interval [u,v] by

df (u,v) ef Hz € [u,v]: u— x}| — L(u,v).

Use part (b) to show that if P, ,(¢) = 1 for all x € [u,v], then
df (z,v) = 0 for all x € [u,v].
(d) Does the converse of the statement in part (c¢) also hold?

36. Let u,v e W, u <w.
(a) Show that if [¢/](Ru.,) # 0O for some i < £(u,v), then

[¢""?])(Ru,v) # 0.

(b) Use part (a) to show that R, ,(q) = (¢ — 1)*®") if and only if
(9] (Ruw) = (=1)) (—L(u, v)).

(¢) Show that if (u,v) = 3, then u — v if and only if [u,v] is a
2-crown.

(d) Use parts (a) and (c) to show that R, (q) = (¢ — 1)*®*) if and
only if [u,v] does not contain any 2-crown as a subinterval.

(e) Deduce from part (d) that if [u,v] is isomorphic to a Boolean
algebra, then P, ,(¢) = 1.

37. Let (W, S) be a universal Coxeter system (see Example 1.2.2). Show
that P, ,(q) € N[g] for all u,v € W.

38. Show that [¢](P,,») > 0 for all u,v € W.

39. A permutation u € S, is said to be 3412-avoiding if there are no
1<y <ig <ig <iq <nsuch that u(isz) < u(iqg) < u(iy) < uliz). A
permutation v € S,, is called bigrassmannian if |Dg(v)| = |Dr(v)| =
1. It is easy to see that v is bigrassmannian if and only if there exist
0<a<b<c<nsuch that

v=1...ab+1...ca+1...bec+1...n.

For u € S, let

bg (u) def {v € Sy : v is bigrassmannian, v < u}.

Forv € bg(u),v=1...ab+1...ca+1...bc+1...n for some
0 <a<b<c<n, define the distance, denoted d(v,u), from v to u
to be

max{i e N: 1...a—ib+1...c+ia—i+1...bc+i+1...n<u}

Suppose u avoids 3412, u # wy. Associate a tree to uwg as follows.
Let I = (i1,...,i,) be the inversion table of uwy and let A(u) be its
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nondecreasing rearrangement. Associate to A(u) a word in the two-
letter alphabet {(,)} by associating a “(” (respectively, “)”) to each
vertical step (respectively, horizontal step) as you follow the boundary
of the diagram of A\(u) from southwest to northeast. Then, associate
to this word a rooted tree T'(u) by “matching the parentheses” in this
word (i.e., each vertex of the tree, except the root, corresponds to a
matching pair (...) and a vertex is a descendant of another if and
only if its pair is enclosed by the other pair). Note that the leaves of
the tree correspond to the corners of the partition and, therefore, to
the nonzero values of I(uwyp).

For example, if uwy = 15764238 then I = (0,3,4,3,2,0,0,0) and
hence A(u) = (2,3,3,4). The word associated to A(u) is therefore
(00)() and the rooted tree associated to this word is

A

(a) Show that the map z — z(i) — i, where 7 is the unique (right)
descent of z, is a bijection between the maximal elements z of
bg (uwp) and the nonzero values of I(uwy) and, hence, the leafs
of T'(u).

(b) Given v € S,,, v < u, label each leaf of T'(u) by d(z,vwy), where
z is the maximal element of bg (uwg) corresponding to the leaf
under the bijection in part (a). Let F(u) be the set of edges of
T(u) and call a map f: E(u) — N v-admissible if the following
hold:

(i) f weakly increases along any path from the root.

(ii) The value of f at any leaf edge does not exceed the label of
the leaf.
def

Given such an f let [f| = 3, cp(,) f(2). Show that
Pou(g) = d"),
f

where f : E(u) — N runs over all v-admissible functions.

(¢) Deduce from part (b) that if u € S, is 3412-avoiding and 4231-
avoiding, then P, ,(q) =1 for all v < u.

(d) Show that the converse of the statement in part (c) also holds.

(e) Let u € S, be such that Dg(u) C {1,n — 1}. Use part (b) to
show that, for any v < u,

Pou(g)=(1+4q)",

where r & H] € [u(n) +1,u(l) —2]: ST, v(i) = (J;I)H

1=
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(f) Deduce from part (e) that P, (1,,,)(q) = (14 ¢)" 2 for all n > 3.
(g) LetV,, be the number of 3412-avoiding permutations of .S,,. Show
that lim,, % = 0.

Notes

The R-polynomials and Kazhdan-Lusztig polynomials were introduced by
Kazhdan and Lusztig in [322] and all the results in Section 5.1 appear there,
although some of them not explicitly. Reflection orderings appear in Bour-
baki [79] for finite Coxeter systems (under the name of normal orderings)
and were first introduced by Dyer [205] for general Coxeter systems. All
of the results in Section 5.2 are due to Dyer and appear in [205], although
usually with different proofs.

Theorem 5.3.4 appeared in Dyer [200] and then in [205], whereas The-
orem 5.3.7 is due to Deodhar [180]. The polynomials in Section 5.4 were
introduced by Brenti [92] and Proposition 5.4.1 appears there. The R-
polynomial of a chain was also introduced in [92], and all of the results in
Section 5.5 appear there, except for Proposition 5.5.5, which is from Brenti
[89].

Exercises 9, 21, 22, 30, and 31. See Brenti [92]. The polynomials B, (q)
in Exercise 31 are closely related to ballot problems (see, e.g., [9], [237,
SIIL1, p. 21], [268, §5.3)]).

Exercises 11 and 13. See Kazhdan and Lusztig [322].

Exercise 14. See Kazhdan and Lusztig [322] and Brenti [87].

Exercise 15. See Boe [69].

Exercise 20. See Dyer [205].

Exercise 23. See Brenti [88] and Shapiro, Shapiro, and Vainshtein [454].

Exercise 24. See Shapiro, Shapiro, and Vainshtein [454].

Exercises 25 and 36. See Brenti [87].

Exercise 26. See Brenti and Simion [102].

Exercise 27. See Polo [421] and Caselli [113].

Exercise 37. See Dyer [201].

Exercise 38. See Dyer [210] and Tagawa [523].

Exercise 16. See Kazhdan and Lusztig [322]. It can be shown [323] that if
W is a Weyl group, the polynomial F;,(q) is the Poincaré polynomial for
the intersection homology of the Schubert variety X, associated to v. So
the result stated in Exercise 16 is, for Weyl groups, a special case of the
general topological fact that (middle perversity) intersection homology
satisfies Poincaré duality.
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Exercises 35 and 39. See Carrell [109] for Exercise 35, and for Exercise 39
see Lakshmibai and Sandhya [337], Lascoux [341], and Shapiro, Shapiro,
and Vainshtein [454]. These two exercises have strong connections to the
geometry of Schubert varieties. In fact, the equivalent conditions in parts
(c) and (d) of Exercise 39 are themselves equivalent to the smoothness of
X, [337]. Similarly, if W is a Weyl group, then the conditions in part (c)
of Exercise 35 are equivalent and are themselves equivalent, in the case
that u = e, to the statement that the Schubert variety X, is rationally
smooth [109]. For Schubert varieties in type A, smoothness and rational
smoothness are equivalent (see Deodhar [181]), so all of the preceding
conditions are equivalent. In general, however, rational smoothness is a
weaker statement than smoothness. For a comprehensive discussion of
these issues, see Billey and Lakshmibai [47].

In addition to their connection to the geometry of Schubert varieties,
the Kazhdan-Lusztig polynomials also encode a good deal of topological
information. In fact, it is known (see [323]) that if W is a Weyl group,
then the coefficients of the Kazhdan-Lusztig polynomial P, ,(q) equal the
dimensions of the local intersection homology spaces of the Schubert vari-
ety X, at a point lying on the Schubert cell indexed by w. Thus, Theorem
5.6.3 has the surprising geometrical consequence that these dimensions de-
pend only on the inclusion relation between the Schubert subvarieties of
X,. The Kazhdan-Lusztig polynomials also play an important role in the
representation theory of semisimple algebraic groups (see, e.g., Andersen
[8] and the references cited there) and Hecke algebras, which is also the
original reason for their introduction in [322].

Aside from their importance in the fields just mentioned, there are
purely combinatorial reasons that make the Kazhdan-Lusztig polynomi-
als interesting objects to study. Perhaps the main one is the non-negativity
conjecture [322], which simply says that all Kazhdan-Lusztig polynomials
have non-negative coefficients. This conjecture has been proved in the case
that W is a finite or affine Weyl group using the topological interpretation
of the polynomials and also for the other finite Coxeter groups by computer
verification. It has also been proved for the universal Coxeter systems (see
Exercise 37). Since the constant term of the Kazhdan-Lusztig polynomials
is 1, the first nontrivial coefficient is the one of the g-term, and this has
been proved to be indeed always non-negative (see Exercise 38).

In fact, much more than non-negativity could conceivably be true since
for the finite and affine Weyl groups, a monotonicity result holds that
trivially implies the non-negativity. Namely Braden and MacPherson [83]
have shown that for these groups it is true that if u,v,w € W and u <
v < w, then P, (q) — Pow(q) € N[g]. In other words, if the second index
of a Kazhdan-Lusztig polynomial is fixed, and the first one moves down in
Bruhat order, then all the coefficients of the polynomial weakly increase.
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It is worth noting that this monotonicity property always holds for the
R-polynomials [89].

If the coefficients of Kazhdan-Lusztig polynomials are indeed always
non-negative, then a natural problem is that of finding a combinatorial
interpretation for them, meaning a set of combinatorial objects whose num-
ber equals the given coefficient. Even in the simplest nontrivial case, that
of the symmetric group, this seems to be an extremely hard problem, and
only some partial results are known (see Exercises 24, 26, 27, and 39).

It is known that any polynomial with non-negative integer coefficients
and constant term equal to 1 is the Kazhdan-Lusztig polynomial of some
pair of permutations. This has been proved geometrically by Polo [421] and

combinatorially by Caselli [113] (see Exercise 27).



6

Kazhdan-Lusztig representations

This chapter concerns the so-called “left cell” representations of Coxeter
groups, introduced by Kazhdan and Lusztig in [322]. (Actually, what they
constructed are representations of Hecke algebras, and we are here talk-
ing of the ¢ = 1 specializations.) This class of representations admits an
encoding into the language of labeled graphs, and the whole theory has a
strongly combinatorial flavor. For example, the “Kazhdan-Lusztig graph”

24

14 2

13

encodes the irreducible representation of the symmetric group Ss indexed
by the partition (3,2). From the information given by this graph, there is
an algorithm for writing down the integral matrix representing any given
element of Sf5.

One of the most remarkable features of Kazhdan and Lusztig’s construc-
tion, from a combinatorial point of view, is that for symmetric groups, it
produces the irreducible representations. This fact is treated rather briefly
in their article, and it is one of the main purposes of this chapter to work it
out in detail. It will appear that this construction of the irreducible repre-
sentations of .S, is in very close contact with the combinatorics of tableaux,
in fact more so than the classical approaches. In particular, it fits hand-
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in-glove with the Robinson-Schensted correspondence and gives a more
general meaning to the related tableau combinatorics. The combinatorial
background is reviewed in Appendix A3.

6.1 Review of background material

To get started, we need to summarize some algebraic background material.
A thorough account of this is given in Chapter 7 of Humphreys’ book [306].

Let H = H(W,S) be the Hecke algebra of a Coxeter group (W,S)
over the ring Z[q%,q*%]. This algebra has a linear basis {T, }wew and
its multiplication is determined by

TTw = qTsw + (g — )Ty, if sw<w,se€S,
TwTy = T, if {(w) + £(u) = L(wu).

In particular, if w = s185...5s; is a reduced decomposition, then T,, =
T, T, ... T, . Note that if q% =1, as will be assumed from Section 6.3 on,
then H specializes to the group algebra Z[W].

The multiplication rule shows that the special basis elements T, for
s € S, are invertible: T, ! = (¢7! — 1)T. + ¢~ 'T%. Consequently, all basis
elements T, are invertible in H, namely

Tz;}l =g Z(_l)e(y’w)Ry,w(q) Ty,
y<w

where Ry .,(¢) € Z|[q] are the R-polynomials treated in Chapter 5.
There is an involution (ring homomorphism of order 2) of H defined by

1 def _1 _
Z pw(qz)Tw = Z pw(q Q)Tw—llv

weWw weWw
where p,, (q%) are Laurent polynomials in q%. Furthermore, there is a basis
{Cw}wew for H defined by

L(w) w) — -
Co=q 7 Y (D)W *WPp, (¢ T, (6.1)

y<w

where P, ., € Z[q] are the Kazhdan-Lusztig polynomials discussed in the
previous chapter. This basis satisfies

Cp=0Cyp, foralweWw (6.2)

and this relation is, in fact, equivalent to the recursion in part (iv) of
Theorem-Definition 5.1.4.

Recall definition (5.3): f(y, w) = [q%(z(y’“’)*l)]Py,w for y < w. If y > w,
let 7i(y, w) = B(w,y), and let

B {{z,y} € (‘3’) t o <yorz>yand f(z,y) #0}. (6.3)
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The following multiplication rule in H (see [322, p. 171], or [306, p. 166])
is basic to this chapter:

—Cu, if sw < w,

4
qCy + q%C’Sw + q% Si(x,w)Cy,  if sw > w, (6.4)

Tst = {
where the sum is taken over all # < w such that {x,w} € E and sz < z. It
implies [306, p. 167] the following useful fact, already stated in Proposition
5.1.8 (x,y € W and s € S):

r<yand sy<y = Ppy=Py,. (6.5)

In this chapter, we use some basic facts and concepts from the repre-
sentation theory of finite groups. This material will not be summarized,
we refer to the texts of Lederman [358] or Sagan [450] (or any other book
on the elements of representation theory). All representations will be over
the complex numbers C, and we do not distinguish notationally between
representations and their characters.

6.2 Kazhdan-Lusztig graphs and cells

Let (W, S) be a Coxeter system. We define a graph with vertices labeled
by subsets of S and edges labeled by nonzero integers as follows.

Definition 6.2.1 The (left) Kazhdan-Lusztig graph Iy, ) = (W, E) (or
K-L graph, for short) has for nodes the elements w € W, labeled by Dy (w),
and for edges, it has the pairs {x,y} € E defined in definition (6.3), labeled
by 1z, y).

Figure 6.1 shows to the left the Bruhat order on Ss (left descents are
underlined), and to the right its K-L graph. All -labels are here equal to

1 and not marked in the picture, and in the vertex labels, we abbreviate
1=(1,2),2=1(2,3).

321 12

123 0
Figure 6.1. Bruhat order and K-L graph of Ss.
The K-L graph of Sy (without labels) is the Hasse diagram of Bruhat

order (see Figure 2.4) with two additional edges: 1324 — 3412 and 2143 —
4231, corresponding to the two length 3 intervals with P, .,(¢) = 1+ g.



176 6. Kazhdan-Lusztig representations

Here are a few immediate observations.

Lemma 6.2.2 Let x,y € W, x <y. Then, the following hold:
(i) If {z,y} € E, then l(x,y) = L(y) — {(x) is odd.
(i1) If (z,y) =1, then {z,y} € E and f(x,y) = 1.

(iii) If (x,y) > 1 and there exists s € S such that sy < y and sx > x,
then {x,y} ¢ E.

Proof. The first two statements follow directly from the definitions. For
the third, note that P, , = Ps, , by implication (6.5), so the degree of P, ,
is too small. [Remark: This is a restatement of Proposition 5.1.9.] O

Part (ii) of the lemma shows that all Bruhat edges (by which we mean
coverings in Bruhat order) are edges of the K-L graph with label = 1. The
remaining “non-Bruhat edges” of the K-L graph and their labels are con-
siderably more difficult to determine. Finding them requires computation
of the degree, and if maximal also of the leading coefficient, of the Kazhdan-
Lusztig polynomials of all odd-length Bruhat intervals. (This task is not
known to be computationally easier than the computation of the full K-L
polynomials of all intervals of the group.)

It is useful for later developments to introduce a directed version of the
K-L graph, with unlabeled vertices but with doubly-labeled edges. Thus,
there will be two labels s € S and 77 € Z \ {0} on each edge, and we can
think of s as a “color” and & as a “weight.”

Definition 6.2.3 The (left) colored Kazhdan-Lusztig graph is the directed
graph f(W,S) = (W, A) whose set A of labeled edges xLy are of the
following two types (x,y € W):

(Z) T #y, {xvy} €E, se DL(x)\DL(y)f and E:ﬁ(x7y)'

(ii) =y, s€ S, and ﬁ:{ 1!1, Zzig%’

Hence, there are two kinds of edge; the first type are directed versions of
some of the edges of I'(yy,s) and the second type are loops (one for each
s € S) attached to every node.

As an example, we show in Figure 6.2 the colored K-L graph of Sj3. It
should be compared to Figure 6.1. The color of edges are indicated by solid
or dashed lines, and only edge weights i # 1 are marked.

It is clear that I'(yy,s) determines I'(y, gy, but not conversely. Some edges
(those with Dy (x) = Dy (y)) are irretrievably lost. The K-L graph I‘(W 3)
is a more compact way to encode the information, but the colored version
F(W s) is more useful for our developments. Note that F(W s) can have
multiple (parallel or antiparallel) edges between a given pair of nodes. In
such cases, these edges always have distinct labels. The down-directed edges
in I'(y, 5y are easy to characterize — they are the left weak order coverings:
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Figure 6.2. The colored K-L graph of Ss.

Lemma 6.2.4 Suppose that £(x) > L(y). Then, x — y is an edge in f(W,S)
if and only if x> y.

Proof. If x = sy, then clearly © — y is an s-labeled edge in I:(W’S). The
converse follows from Lemma 6.2.2(iii). O

The following concepts are basic to this chapter.
Definition 6.2.5 Let x,y € W. We say the following:
(i) x 2L y if there exists a directed path in I:(W’S) from x to y.
(it) The relation “<r” is called the left preorder on W.
(i) © ~py if x <p y and y =3, .
(iv) The relation “~p” is called the left equivalence relation on W.
(v) An equivalence class of (W, S) under ~, is called a left cell.

We can consider the induced subgraphs of I' 1y, sy and l:(W7 5) on each left
cell C, and in fact from now on, we will usually think of left cells as the
induced graphs I'c and T'c. [Remark: In graph-theoretic terminology, the
left cells are the strongly connected components of l:(W7 S).]

For example, C = {24135,25134,34125,35124,45123} is a left cell in S
(the reason for this will be easily understood from the results in Section
6.5). Figure 6.3(a) shows Bruhat order of this set and Figure 6.3(b) shows
the graph I'¢ (there is a non-Bruhat edge because Pas13545123(q) = 1 + ¢;
the edge labels T = 1 are not marked).

Figure 6.4 shows the colored K-L graph fc, with all loops removed and
edge weights 7w = 1 not marked.

Definition 6.2.6 Given two left cells C and C', we say that C <p C’ if
x Xp y for some (equivalently, all) x € C, y € C'.
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45123 3
35124 24
25134 34125 14 2
24135 13
(a) (b)

Figure 6.3. A left cell and its K-L graph T'c.

Figure 6.4. The colored K-L graph I'¢ (without loops).

Note that this is a partial order on the set of all left cells of W

For example, the left cells of S5 are {123}, {321}, {132,231}, {312, 213}.
One sees from Figure 6.1 or Figure 6.2 that their left partial order is given
by

{321} =1, {132,231} <, {123},
{321} =, {312,213} =, {123}.

There is, of course, a “right” version of everything that we have done so
far, and we will use it in the sequel. From now on, we drop the word “left”
everywhere, unless there is risk of confusion.

Proposition 6.2.7 If © <; y, then Dr(x) O Dgr(y). Consequently, if
x ~r y, then Dr(z) = Dr(y).
Proof. We may assume that z %y is an edge in f(w,sy There are two
cases to consider:
(i) y < z. Then, x = sy, by Lemma 6.2.4, and hence Dg(y) C Dg(z).
(ii) y > x. Assume that there exists an s’ € Dgr(y) \ Dg(x). Then,

x Ly would be an edge in the right colored K-L graph for some
s’
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k, which implies by the “right” version of the above that y = xs and,
hence, Dy, (z) C Dy, (y). However, this contradicts our hypothesis that
x — 1y is an edge in the left colored K-L graph. O

S

As a consequence, we conclude that the (right) descent set Dr(C) of a
left cell C is well defined by

Dr(C) o Dpg(z), for any x € C.

Now, suppose that (W, S) is finite. Then, translation by the top element
wp induces various symmetries of K-L graphs and of the left partial order
on cells.

I3 [z
Proposition 6.2.8 Ifz — y is an edge in 'y, s), then also woxr — woy,

Twy S ywo, and worw e woywo are edges (all with the same label).
Proof. This follows from Corollary 2.3.3 and Exercise 5.13. O

Although the labels of edges of I'(yy,5) are preserved under these maps,
the labels of vertices, of course, change.

Proposition 6.2.9 Ifx Ly, T # vy, is a directed edge in I:(WS), then so
S :

also are the following:
: 0
(i) woy — wozx.
woswo
g 7
(i) ywo — zwy.
S
i
(i) worwy — woywy.
woswo

. I3 . . —
Furthermore, if x — x is a loop, then so is xwy — Twq.
S S

Proof. Immediate from Exercise 2.10 and the preceding proposition. O

It follows from these facts that for each left cell C also woC, Cwgy and
woCwy are left cells and that they all are isomorphic as edge-labeled graphs.

Corollary 6.2.10 FC = FwoC = cho = Fwono- O

The vertex labels, however, change according to Exercise 2.10. Similarly,
the colored graphs I'c, I'yycy I'cwes Twocw, are isomorphic as edge-labeled
directed graphs, except for a permutation of the set S of “edge colors.”

It also follows that the z — wpx and = — xwy maps induce fixed-
point-free involutions on the set of left cells, which reverse the <y and <p
orders. Similarly, x — wgzwy induces an involution on the left cells, which
preserves these orders.



180 6. Kazhdan-Lusztig representations

6.3 Left cell representations

It is now necessary to briefly return to the Hecke algebra setup reviewed
in Section 6.1, but we immediately specialize the discussion, namely

Assume from now on that q% =1 and that (W, S) is finite.

The first assumption implies that the Hecke algebra specializes to the group
algebra of W : H(W,S) = Z[W]. Also, the involution on H becomes the
identity, since T;1 = T,-1 in Z[W]. Finally, the multiplication formula
(6.4) can now be more succinctly written as

T.Cyp = Zﬁ(m,w)Cﬁ, (6.6)

with summation over all x € W having an s-colored arrow to w in F(W s)-
The simple form of this rule is the motivation behind the definition of the
colored graph F(W7 s)-

The (left) regular representation of W is the mapping Regy, : W —
Endz(H) defined by

Regy (w) : D +— Ty D

for all D € H. Our first goal is to express the regular representation in the
Kazhdan-Lusztig basis {Cy zew .

Let A(w) = (az,y(w))z,yew be the matrix of Regy, (w) with respect to
the Kazhdan-Lusztig basis (so that T,,Cy = > oy @z (0)Cy).

Lemma 6.3.1 If w=sy...8; (with s; €S), then
g y(w) =Y Tilwo, 21) Filx1, 72) . (Tp—1, Tk,

where the sum is over all paths x = xq —>x1 — —>xk =y in F(W s)-
s2
Proof. Equation (6.6) can be restated as

ao () = { Alz,y), if (2 —y) € A, 6.7)

0, otherwise.

Now use the fact that A(w) = A(s1) -+ A(sg). O

Lemma 6.3.2 LetC',...,C* be the left cells of W, labeled so that if C* <,
C7, theni < j. Arrange the columns and rows of A(w) cellwise in this order.
Then, A(w) has upper-triangular block form.

Proof. This is clear from Lemma 6.3.1, the definition of left cells, and the
definition of <y, for left cells. O

The block form of A(w) is indicated in the following diagram:
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ct C? c3 ck
c | A (w) | s . } .
2| 0 |Aw@)]| ’ .
c? 0 0 Aes(w) * *

0 0 0 *
ck 0 0 0 0 Ack(w)

For each left cell C and w € W, let

Ac (w) = (aac,y(w))x,yec

be the diagonal-block submatrix. It is clear from the form of the A(w)
matrices that Ae¢(u) Ac(v) = Ac(uwv) for all u,v € W; hence, they give a
representation.

Definition 6.3.3 The representation of W given by (Ac(w))wew s the
Kazhdan-Lusztig representation K L¢ determined by the left cell C.

From now on, we consider all representations to be over the field C of
complex numbers.

Proposition 6.3.4 Let (W, S) be a finite Coxeter system. Then,

Regy, = (P K Le,
c

where C runs over all the left cells of W.

Proof. This is an immediate consequence of Lemma 6.3.2 and Maschke’s
theorem (see, e.g., [358, p. 21]). O

The Kazhdan-Lusztig representations are, in general, reducible. For ex-
ample, let W = By (the dihedral group of order 8) and S = {a,b}. Then,
the left cells are {a,ba, aba}, {b, ab,bab}, {abab}, and {e}; but By has five
irreducible representations, four of degree 1 and one of degree 2. Hence,
the K-L representations corresponding to the two left cells of size 3 must
be reducible.

The same pattern holds for all dihedral groups; namely Is(m) has two
irreducible representations of degree 1 if m is odd and four such if m is even,
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and all remaining irreducibles are of degree 2 (see, e.g.,[358, pp. 65-66]).
However, I5(m) always has exactly four left cells, see Exercise 1.

Tt is easy to see that {e} and {wo} are left (and right) cells and that they
give the trivial representation

KLy =1 (6.8)
and the alternating representation
KL{wo} =&, (6.9)

defined by e(w) = (=1)“®) (cf. Lemma 1.4.1). We will frequently write &,
instead of e(w).

The wo-induced symmetries have the following effect on Kazhdan-Lusztig
representations.

Proposition 6.3.5 Let C be a left cell. Then, the following hold:
(i) KLcy, ZeKLc.
(1)) KLy, 2 eKLe.

(i4i) K Lyycw, = KLc.

Proof. We begin with part (i). The key fact is that ¢y, is obtained from I'c
by reversing the direction of all arrows, keeping their color s and weight 7z,
except that the £1 weights on loops are switched (cf. Proposition 6.2.9(ii)).
This implies on the character level that

KLcy,(z) =es KLc(xfl),

for all x € W; namely the trace of Acy,(x) is the sum of the weights of all
directed circuits in wao beginning and ending in some y € Cwy and whose
color sequence is (s1, $2,...,Sk) for some fixed expression = s189. .. Sk.
Similarly, K Lc(x~1) is the sum of the weights of directed circuits in Te
whose color sequence is (sg, Sk—1,...,51). By the previous remark, these
quantities are equal, except possibly for the sign. Whether the sign will
change depends on the distribution of the number of (41)-labeled and
(—1)-labeled loops traversed. However, since I:(W’ 5) without its loops is a
bipartite graph (edges connect elements of even length with elements of odd
length), and hence every circuit with its loops removed is of even length,
a change of sign will take place for each individual path if and only if £ is
odd (i.e., if g, = —1).
Now use that

KLc(z™') = KLe(z) = KLe(x),
where the last equality is true because the matrices, and hence character
values, are real. Consequently, the characters agree, and part (i) is proved.
For part (iii), one observes (using Proposition 6.2.9(iii)) that I'y,cuw,
is obtained from I'c by applying the operator z — wyzwy to all nodes
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and all edge colors, keeping the edge weights 7i. Therefore, the directed
(s1,82,...,8k)-colored circuits based at y € C are in bijection with the
(wos1wo, WoSaWo, - . . , WoSkwo )-colored circuits based at woywy € woCwo,
and this bijection preserves weight. Hence, the trace of Ac(x) equals that
of Awcw, (Wozwp), implying (since characters are class functions)

KLC(x) = KL’woC’wo (woxwo) = KL’wono (l’)

Part (ii) is implied by parts (i) and (iii) jointly, since woC = wo(Cwo)wo.
O

In the sequel, for any representation x of a parabolic subgroup W; we
introduce the following simplified notation for the induced representation
of W:

def
Ind5[x] = Indy, [x]-
We need only the most basic facts about induced representations, as can
be found, for example, in [358, Section 3.1]. In particular, the character
formula

Ind$[y] (w) = ﬁ ZW Xy wy) (6.10)

is useful. Here, w € W, and x(u) is declared equal to x(u) if v € W; and
equal to zero otherwise.

For any subset A C W, define two elements T4 and T 4 of H = Z[W] by

Ta= Y T, and Ta=> ewTlu (6.11)
weA wEA

Let Ay, Ag, ..., A be the left cosets of W (for some J C S). Then, W
acts via left multiplication « : T4 + T4 on the submodule (Ty,,...,T4,),
permuting its basis elements. This representation, the “left coset action,”
coincides with the induced representation Indjy [1].

Similarly, W acts via & : T4 +— ez2T4 on the submodule H; =
(TAI,...,TAk> by permuting and sign-changing its basis elements. This
“signed left coset action” is in the same way identified with the rep-
resentation Indj[e] = eIndj[1]. This is all easily seen from formula
(6.10).

For example, let W = S3, S = {a,b} and J = {b}. Then, Ta, = T. — T,
TA2 =Tu — Ty, and TAS = Tpa — Tapa.- Two examples of the action of W
on H; expressed in this basis are

ab —

o= o
- o o
oo
Q
S
S
o
\
—
o
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The remainder of this section is devoted to showing how the in-
duced representations Ind5[1] and Ind5[e] are related to Kazhdan-Lusztig
representations. We first need some preparatory lemmas.

Lemma 6.3.6 Let y € D5 and z <y. Then, the following hold:

(i) a <y, for all a € xWy. In particular, [e,y] is a union of left cosets
Of WJ.

(11) Pay(q) = Py y(q), for all a € zWj.

Proof. Use that the upper projection P’ W — D§ is order-preserving
(Exercise 2.16). Then, a < ?J(a) = ﬁJ(x) < ﬁJ(y) =y, for all a € zW.

For part (ii), let z = FJ(x) = FJ(a). Then z < xs1 < xs152 < -+ <
x8182...5; = z with all s; € J, and J C Dg(z). Hence, P, ,(q) = P. 4(q)
follows by repeated use of property (6.5). Similarly, P, ,(q) = P ,(¢g). O
Lemma 6.3.7 (i) Ify € D5, then Cy € H,.

(i) {Cy}yeps is a basis for Hy.

Proof. Since ¢ = 1, we have from equation (6.1) that C,, = Zre[e’y] €5€yPuy(1) Ty

Now, [e,y] is a (disjoint) union of left cosets of Wy, say Ai,...,A,.
Therefore, by Lemma 6.3.6,

.
Cy=¢yY Pay(1) e,
i=1

TEA;

r
€y ZPAuy(l)TA@ € ﬁJ7 (612)
i=1

where Py, ,(1) denotes the common value of P, ,(1) for z € A;.

For part (ii), the relation (6.12) is invertible over Z, since it is triangular
with 1s on the diagonal with respect to any ordering {y1, ..., ¥y} of D3 such
that if y; < y;, then ¢ < j. (Note here that the index sets can be considered
to be the same, since D§ consists precisely of the maximal elements of
Aq,... A O

We are now ready to state the promised result on induced characters.
The two sums run over left cells C.

Theorem 6.3.8 Let J C S. Then,

mdjl]= @ eKLe= & KL
Dr(€)27 Dr(C)CS\J

Proof. The map C — wgC is a bijection between those left cells whose
right descent set contains J and those whose right descent set is contained
in S\ J. Hence, the second equivalence is directly implied by Proposition

6.3.5(ii).
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We will prove the first equivalence, namely

mdje]= @ KL,
Dr(C)2J

by expressing the action of W on H s in the {C’y}yep§ basis. The argument
runs parallel to that by which Proposition 6.3.4 is obtained from Lemma
6.3.2. Therefore, we will only sketch it, leaving the details to the reader.

Order the cells C satisfying Dr(C) 2 J by a linear extension of the left
order <y, of cells. Write the matrices of the Ind[e] representation in the
{C’y}yep§ basis with rows and columns ordered cellwise, according to the
chosen linear ordering of cells. Then, as in the proof of Proposition 6.3.4, the
matrices assume upper-triangular block form. Thus, Ind$[e] decomposes as
claimed. O

Note that for J = (), the theorem specializes to Proposition 6.3.4, and
for J =S, it specializes to formulas (6.8) and (6.9). [Remark: The smaller
sums @ p, )= K Lc arise as homology representations from W’s action on
the type-selected subcomplexes of its Coxeter complex; see Exercise 12(c).]

6.4 Knuth paths

Here and in the next two sections, the discussion is specialized to the sym-
metric groups. The main goal is the proof in the following section that the
Kazhdan-Lusztig construction gives the irreducible representations for .S,,.
In preparation for that, we need to work out some of the connections be-
tween edges in K-L graphs and (dual) Knuth equivalence. We will assume
familiarity with the material on tableaux reviewed in Appendix A3.

Let W = S,, with the standard Coxeter generators s; = (i,4 + 1), i =
1,...,n—=1.Let z,y € S,, and 1 < i < n. The following defines a refinement
of elementary Knuth equivalence:

xéy PN T~y and x; =y; if |j —i| > 2. (6.13)

This means that x and y differ by a Knuth relation, bac = bca or achb = cab
for a < b < ¢, occurring in positions ¢ — 1, ¢ and ¢ + 1. We call this a Knuth

step of type i. For example, 4735162 % 4731562.

Lemma 6.4.1 Let z,y € Sp, £(z) < L(y), and 1 < i < n. Then, the
following are equivalent:

, i
(i) x =~y
(11) zs <x <zs' =y <ys, with {s,s'} = {si—1,s:i}; see Figure 6.5(a).

(iii) There exist antiparallel edges between x and y, colored by s;—1 and
Si, in the right colored K-L graph of S, ; see Figure 6.5(b).
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Figure 6.5. Illustration for Lemma 6.4.1.

Proof. We leave the verification to the reader. Lemma 6.2.4 is of use for
showing (iii) = (ii). O

Dualizing by the left-right symmetry and dropping the reference to
position ¢ we deduce the following.

Lemma 6.4.2 Let z,y € S,, ¢(x) < £(y). Then, the following are
equivalent:

(i) x ~y.
(ii) sx <z < s’z =y < sy, for some s,s' €S.

(iii) There exist antiparallel edges between x and y in the left colored K-L
graph I's, . O

In particular, it follows that dual Knuth equivalence implies left equivalence
in the sense of Kazhdan and Lusztig.

Coroll 6.4.3 x ~ y impli ~y. O
orollary  ~y implies T~y

The relation =z % y has the following influence on the right tableaux

(recording tableaux) under the Robinson-Schensted correspondence.
Lemma 6.4.4 Let x,y € S, and suppose that x % y. Then, the following
hold:

(i) Q(z) and Q(y) differ by a transposition s;—1 or s;.

(ii) Q(x) uniquely determines Q(y).

Before embarking on the proof, let us have a look at a small example.
Let x = 4735162 and y = 4731562. Then, = % y and

26\ 112]6
Q(z) =13 |4 Qy)=|3
507 417
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These tableaux differ by the transposition s4 = (4, 5). Note that s3 = (3,4)
is illegal in both tableaux, so knowing that ¢ = 4, one sees that either
tableau uniquely determines the other.

Proof. Since z % y and using that 2 and Q(z) have the same descent sets,

we see that [D(Q(x)) N {i—1,i}| = 1, and similarly for y. This shows that
(i) implies (ii).

To prove (i), we have to distinguish two cases.
Case 1: y = xs;. This means that we have a Knuth relation of the form
bac = bea. Let P(x1z2...x;) denote the left tableau obtained after in-
sertion of the first j entries. Then, P(x1...2;) = P(y1...y;) for j =
1,...,i—1, and also (since x 2y implies P(x) = P(y)) forj =i+1,...,n.
Hence, by the formation rule for right tableaux, Q(x) and Q(y) differ by
the transposition s;.
Case 2: y = xs;—1. Then, the Knuth relation is acb = cab. If the “bumping
paths” of the insertion of @ in P(x;...x;—2) and of the insertion of ¢ in
P(xq...x;_2) intersect in some row, then clearly i—1 is in the same position
in Q(x) as in Q(y). So reasoning as in Case 1, we conclude that Q(x) and
Q(y) differ by the transposition s;. If the “bumping paths” of a and ¢ do
not intersect, then the insertions of ¢ and ¢ commute and, hence, Q(z) and
Q(y) differ by the transposition s;_1. O

Corollary 6.4.5 Let x,y € S,. If there exists a labeled Knuth path

i1 i2 i3 ik
TR RI R - R"T =
K K K ¥

then Q(x) uniquely determines Q(y). O

For 1 < i < n, define

DESR(i) ¥ {x €S, : [Dp(z) N {i—1,i}| =1} (6.14)

Note the following equivalent characterizations:

DESR(i) = {x €S, x % y for some y € S, }
= {x €S, 1 xi—12;x;41 is not monotone}.

Definition 6.4.6 If x € DESR(i), then we denote by x* (or by x*) the

. . 2
unique permutation such that x* ? x.

This defines an involution of the set DES r(i) with the following important
property for the K-L graph.

Lemma 6.4.7 (Edge Transport) Suppose x,y € DESR(1) and {x,y} is
an edge in T's,. Then, {z*,y*} is also an edge in U's, and mu(x*,y*) =
iz, y).
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Proof. We omit the proof, which amounts to somewhat tedious case-by-
case checking. See Exercise 5 or [322, pp. 175-176]. O

Corollary 6.4.8 If © € DESR(i) and Ty, then y € DESR(i) and

* *
T~ .
T Yy

Proof. Since Ty, we have that Dr(x) = Dgr(y) by Proposition 6.2.7
and, hence, that y € DESR(7). Also, we have a circular path

r—xy — =Y =Y — =T

in fs All elements of this path are left equivalent and, hence, by what we
have just shown, all of these elements are in DESR(i). Hence, by Lemma
6.4.7, there is a corresponding circular path z*—azj—- - — y*— yi—

-+ — " in the (undirected) K-L graph I's . However, z % a* implies that

P(z) = P(z*), and hence Dy (x) = D(P(z)) = D(P(z*)) = Dp(z*), and
similarly for all z; and y;. So there is also a directed path

in I'g,,. Hence, 2" ~y*. O
L

6.5 Kazhdan-Lusztig representations for S,

Let us begin by summarizing some basic facts about the irreducible rep-
resentations of the symmetric group S,,. As earlier all representations are
over C. Proofs and further discussion of the classical theory can be found
in the books by James [314], James and Kerber [315], or Sagan [450].

The following is a list of the facts that we need:

(1) The irreducible representations py are naturally indexed by partitions
A n.

(2) The dimension of py is fA ef #SYTy.
(3) Young’s rule: Ind5[1] = @,, #{T € SYTr: D(T) C S\ J} px.

The word “natural” is used in fact (1) for the following reason. Since the
conjugacy classes of S, are in bijection with the partitions of n via cycle
decomposition, it is a consequence of general theory that the irreducible
representations are equinumerous with the partitions of n. However, this
does not lead to any particular favored way of matching these objects.
There are several classical constructions of irreducible representations of
Sn, due to Frobenius, Schur, Young, Specht, and others, and they all turn
out to produce the same matching of representations to partitions. Thus,
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it seems motivated to talk about the existence of a canonical “natural”
indexing of these representations by partitions.

The key fact of the three mentioned ones is Young’s rule; namely, setting
J =0, it specializes to Regg = @, f*px, which implies fact (2). The
numbers K j = #{T € SYT) : D(T) C S—J} are called Kostka numbers.
Subsets J corresponding to partitions can be chosen so that the Kostka
matrix (K s) is upper-triangular with ones on the diagonal. Hence, the
relation stated in fact (3) is invertible and determines py as a function of
the characters Ind5[1]. This can be taken as a definition of the “natural”
labeling of irreducible representations by partitions.

We now return to Kazhdan-Lusztig representations and show that for
S, each left cell can be associated with a partition in such a way that
the corresponding representation is the irreducible one belonging to that
partition. The construction proceeds in close contact with the Robinson-
Schensted correspondence.

Theorem 6.5.1 For each left cell C in S, there exists a tableau T such
that C = {x € S, : Q(z) =T}.

Proof. The theorem says that the left cells are the dual Knuth classes. We
already know from Corollary 6.4.3 that Q(x) = Q(y) implies that = Y, SO

it remains to prove the converse. In graph-theoretic language, it is to be
shown that a strongly connected component of I'g, is actually connected
already by sequences of antiparallel edges. To have some idea of what kind
of situation we must deal with, we suggest taking a look at Figure 6.4.
Suppose that = Y- The first observation to be made is that the Knuth

classes of x and of y produce the same collections of right descent sets:

{DRr(z) : z~z} ={Dgr(z2) : z~y}. (6.15)
K K
This is seen as follows. Let = 2%1 T % To g R x; be a Knuth path. Since
K K K K

x € DESR(i1) and Ty, then (by Corollary 6.4.8) y € DESR(i1) and
rp =i ~ y*i1. Continuing in this way, we see that there exists a unique

i1 ia i3 i
Knuthpathy=yo R y1 R g = --- =
nuth path y yoKy1Ky2K P>

T Yl for alll € [j]. Hence, by Proposition 6.2.7, Dr(z;) = Dr(y;), which

def *;
y;, where y; = ;- Furthermore,

proves the claim.
Let A be the lexicographically last set of {Dg(z) : z ~ x}, and choose x4

such that x4 ~a and Dg(z4) = A. We claim that

Q(xza) is a row superstandard tableau and xa is uniquely
determined.
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To prove this, let A = shape(P(z)). We have, using Fact A3.4.1, that
{Dg(2) : z;x} = {D(T) : T € SYT,}. Clearly, the lexicographically

last set in the family {D(T") : T € SY Ty} is that of the row superstandard
tableau of shape A, and having lexicographically last descent set within
SYT) characterizes this tableau.
Now, let
xgxlgxggno%xA (6.16)
K K 'K K
be a Knuth path. Arguing as in the proof of equation (6.15), we see that
there is a unique Knuth path
i1 i2 i3 1k
N ) 1
YRR Y2 X Ry, (6.17)
with Dg(ya) = Dr(xa) = A. Then, equation (6.15) and the claim imply
that Q(ya) = Q(z4) is the same superstandard tableau. Hence, Corollary
6.4.5 applied to paths (6.16) and (6.17) shows that Q(z) = Q(y). O

The preceding result implies that we can associate a partition called
shape with each left cell by setting

shape(C) def shape(Q(z)), for any x € C. (6.18)

Theorem 6.5.2 If C; and Cy are left cells of the same shape, then I'c, =
Tc, (as labeled graphs).

Proof. Suppose that C; = {z € S,, : Q(z) = Q;}, for i = 1,2, where
@1 and Q5 are two tableaux of equal shape. We will show that the map
(P,Q1) — (P,Q2) induces an isomorphism I'¢c, = I'¢,. Permutations are
here denoted by the corresponding pair of tableaux under the Robinson-
Schensted correspondence z < (P,Q). It is immediately clear that the
map is a bijection of the vertices, and vertex labels are preserved since
Dr(z) = D(P(z)). We must show that also edges and their labels are
preserved.

Suppose that (P1, Q1) — (P2, Q1) is an edge in T'¢, with label fi. Since
(P1, Q1) and (P1, Q2) have the same left tableau, we can connect them with
a Knuth path:

23 1y 2 CINE
(P1,Q1);(P1aQ );(Pl,Q ) K(Plan)-

Since (P, Q1) and (P2, Q1) have the same right descent set and (P, Q1) €
DESR(i1), it follows from the Edge Transport Lemma 6.4.7 that (P, Q™))
— (Py,@Qq)*1 is an edge in I'g, with label . However, (P2, Q1)*1 =
(Po, Q(l)), as can be seen from Lemma 6.4.4. The argument can now be re-
peated, and after k steps, we reach the conclusion that (P, Q2) — (P2, Q2)
is an edge in I'c, with label 1z. O
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By the preceding, it is well defined to associate K-L graphs I') and fA
to a partition A and, hence, also to associate a K-L representation KLy,
by taking any left cell C of shape A and defining

e, T Y7, Koy K. (6.19)

We have finally reached the main conclusion: that the Kazhdan-Lusztig
representations for S, are the irreducible ones and that the supporting
combinatorics induces the correct labeling by partitions.

Theorem 6.5.3 KLy = py, for all \Fn.
Proof. It follows from Theorems 6.3.8, 6.5.1, and 6.5.2 that

mdj[1] = P #{Q € SYTy: D(Q) € S\ J} KLx.

AFn

Hence, Young’s rule implies the conclusion. O

6.6 Left cells for S,

The Kazhdan-Lusztig cells provide a very compact graphical language for
writing down the irreducible representations of S,,. Integer matrices rep-
resenting the adjacent transpositions are read off directly from the graph,
and matrices for general group elements are obtained from them via multi-
plication, using reduced decompositions. The rule for producing the matrix
A(s;) representing the adjacent transposition s; = (4,4+1) is given by equa-

tion (6.7), which can be restated as follows. Let z1, ..., 24 be the nodes of
the K-L graph. Then, the (j, k)-entry of A(s;) is
+1, if j=kandi¢ Dr(xy),
o) -1 if j=kand i€ Dr(zy),
Gr) =N s, i {zja} € B, i € Di(e;)\ Do), (020
0, otherwise.

For instance, take the K-L graph of shape (3,2), obtained from Figure
6.3; it is also displayed in the introduction to this chapter. With rows and
columns ordered (in terms of the labels of the nodes) 24, 14, 3, 2, 13, we
obtain

1 0 0 0 O
1 -1 0 0 O
si;— | 0 0 1 0 O
0 0 01 0
0 0 1 1 -1

To construct the K-L graph of shape A, we know from the previous section
that we can take as vertex set {x € S, : Q(x) = T}, for any tableau
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T of shape A. However, there is a canonical choice, namely the reading
tableau T (defined in Appendix A3.5). With this choice, the vertices of 'y
become the reading words wr, that is, in essence the tableaux T of shape
A themselves.

For instance, we can now think of the K-L graph I'(3 ) constructed in
Figure 6.3 entirely in terms of tableaux; see Figure 6.6.

1]2]3]
15
124
3]s
13[4 125
2 |5 3|4
135
2|4

Figure 6.6. The K-L graph I'(3 9).

The vertex labels are easily read off from the tableaux, since Dy, (wr) =
D(T); these elements are in shaded cells in Figure 6.6. So, a partial con-
struction of I'y can, in general, readily be done by purely combinatorial
means, giving the labeled vertices (tableaux of shape A and their descent
sets) and the labeled Bruhat edges (with labels equal to 1). The non-Bruhat
edges of length 3 (labeled by 1) can also be given a combinatorial descrip-
tion; see Exercise 2.29. The problem with the whole construction, from a
practical point of view, is how to decide the general non-Bruhat edges
and their labels. For this — at the present state of knowledge — the
Kazhdan-Lusztig polynomials (or at least their leading coefficient) have
to be computed. It is an open problem to describe the non-Bruhat edges
(of length > 5) and their labels in terms of tableaux.

A combinatorial description s possible for the special case of hook shapes
(i.e., partitions A\ = (n — k,1%)). This is because such graphs I'y have no
non-Bruhat edges. Recall from Section 2.4 that we denote by L(k,m — k)
the poset of k-element subsets of [m] ordered componentwise; see, e.g.,
Figure 2.7.

Proposition 6.6.1 Suppose A = (n—k, 1%). Then, T'y is isomorphic (as a
labeled graph) to the Hasse diagram of the poset L(k,n — 1 — k). The label
of a node equals the corresponding set.
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Proof. The reading words of hook shape tableaux are {z € S,, : Dr(z) =
[k]}. These words are determined by the initial substring z; > zg > --- >
xp > xp+1 = 1. Hence, we get an identification = «— {xp — 1,241 —
1,...,x1 — 1} between nodes of I'(,,_j, 1) and k-element subsets of [n — 1],
and one easily sees that Dy (z) = {zr—1,2,-1—1,...,21 —1}. The Bruhat
order relations are, because of Proposition 2.4.8, the same as the ordering
of k-sets in L(k,n —1— k).

It remains only to prove that there are no non-Bruhat edges. Let x = wr,
and y = wr, be the reading words of two tableaux 77 and T» of shape A,
and assume that x < y. Let j be the largest entry which is differently placed
in T} and in T5. Then, because of the interpretation of x < y given earlier,
we have that y=1(j) < k+ 1 < 271(j) and also that z71(j — 1) < 27 1(j),
and y~1(j) <y~ 1(j —1). Hence, s;j_; has the property that s;_1y < y and
sj—1z > x, and it follows from Lemma 6.2.2(iii) that {x, y} is an edge only
if l(z,y)=1.0

For example, Figure 2.7 can now, via the isomorphism, be interpreted as
showing the K-L graph I'(4,1,11).

A combinatorial description of K-L graphs is also known for two-row
or two-column shapes; see [325] and [347]. These, together with the hook
shapes, are, as far as we know, the only classes of partitions for which an
entirely combinatorial construction of K-L graphs is known.

The K-L graphs I'y are easy to construct by hand calculation for A\
n < 6. For example, the graphs I'y for all non-hook partitions A F 6 are
shown in Figure 6.7 (for each pair of conjugate shapes A and X', only one
is displayed — for reasons that will be explained by the next theorem). An
alternative rendition of the graph in Figure 6.7(c), viewing it embedded in
Bruhat order, is shown in Figure 6.8.

A glance at these small examples suggests that each K-L graph has a
nontrivial symmetry of order 2. (Also, Proposition 6.6.1 supports this ob-
servation.) The vertex labels change according to a rule that is easy to guess
from the examples. It is a remarkable fact that this symmetry of K-L graphs
is induced by the tableau operation of evacuation (explained in Appendix
A3.8). The graphs in Figure 6.7 are drawn so that the evacuation-induced
involution coincides with the obvious reflection symmetry in a vertical axis.
Furthermore, the tableau operation of transposition (Appendix A3.9) also
has meaning for K-Li graphs, as we now show.

Theorem 6.6.2 Fix A F n and identify the nodes of I'x with SYT).

(i) Evacuation P e(P) induces an order 2 automorphism of T'x as an
edge-labeled graph. The change of vertex labels is D(e(P)) ={n—1i:
i€ D(P)}.

(i) Transposition P — P’ induces an isomorphism T'y = Ty as edge-
labeled graphs. The wvertex labels are related by D(P') = [n — 1]\
D(P).



194 6. Kazhdan-Lusztig representations

(a) A = L] (b) A =
14 15 25 135
@] 14 25
A
G O O
13 3 35 24
(© A =
24 24
124 23 34 245
134 235
14 25
145 35 13 125
135 135

Figure 6.7. The K-L graphs I'y for non-hook shapes A I 6.

Proof. Part (i): Fix a right tableau @ so that our left cell C of shape A
is realized as C = {x € S, : ¥ < (P,Q), P € SYT\}. Let C¥ = {z €
Sp iz < (Pe(Q)), P € SYTy\}. The mapping « : © — woxwp, or in
terms of Robinson-Schensted (Fact A3.9.1) a : (P,Q) — (e(P),e(Q)),
induces an isomorphism « : I'c — T'¢e as edge-labeled graphs (Corollary
6.2.10). On the other hand, we know from the proof of Theorem 6.5.2 that
B (R,e(Q)) —— (R,Q) induces isomorphism [ : I'ce — T'¢c. Hence,
Boa: (P,Q)r— (e(P),Q) gives an isomorphism I'c — T'¢ as claimed.
Finally, D(e(P)) = Dy (wozwy) = wo D (x)wo.

Part (ii): The mapping v : © —— zwy, or equivalently (by Fact A3.9.1)
v: (P,Q) — (P',e(Q")), gives an isomorphism of left cells by Corollary
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Figure 6.8. Bruhat order version of graph in Figure 6.7(c).

6.2.10. Since shape(e(Q’)) = X, this is an isomorphism v : T'y — Ty
given by P +— P’, as claimed. That D(P) and D(P’) are complementary
sets is immediately clear. O

As one more illustration, we show in Figure 6.9 the evacuation-induced
involution on the K-L graph of Figure 6.6.

Figure 6.9. Involution on I'(3 2.

We have seen that, on the one hand, there is a partial order “<p” of
left cells (Definition 6.2.6) and, on the other hand, there is a bijective
correspondence between left cells and standard Young tableaux. Hence,
there is an induced partial order on SYT,,, the set of all standard Young
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tableaux of order n. We call this the K-L order of SYT,,. Figure 6.10 shows
SY T4 under K-L order.

Figure 6.10. The K-L order of SYT4.

It follows from the remarks made after Corollary 6.2.10 and the discus-
sion in this section that mapping each tableau to its transpose (x — wox)
will give an antiautomorphism of the K-L order on SYT,,. It also follows
that evacuation of tableaux (z — wozwy) will give an automorphism of or-
der 2. Another combinatorial property is that tableaux of the same shape
form an antichain; see Exercise 10.

6.7 Complement: W-graphs

We now return to the setting of a general Coxeter group (W, S) for one final
remark. Namely we want to point out that from a combinatorial point of
view, Kazhdan-Lusztig representations can be thought of as sophisticated
“number-firing games.” To see this, we will introduce the general notion of
a W-graph with its induced representation, of which both K-L represen-
tations and the numbers game of Section 4.3 are special cases. What we
present is the ¢ = 1 version of a construction for Hecke algebras of Kazhdan
and Lusztig [322].
Let (W, S) be a Coxeter system and R a commutative ring.

Definition 6.7.1 A W-graph I' = (V, E) is an undirected graph such that
the following hold:
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(i) The nodes are labeled by subsets of S (denote the label of © € V by
I, C S), and the edges {x,y} have two labels ky ., ky» € R — {0},
one for each direction.

(it) If y € V and s & I, then there are at most finitely many neighbors
x of y such that s € I,.

(iii) Let M be the free R-module generated by V. For each s € S, define
Ts : M — M by

T(y) _ -Y, ZfS € Iy,
) y+ Z:{GE,y}GE,selw kyyx, ifs &Iy,

for ally € V', and extend linearly to all of M. We demand that

TsTs! T+ = Tg/TsTs! * "
—_——— —_———

m(s,s’) factors m(s,s’) factors
for all (s,s') € S2..

Note that 72 is the identity mapping for all s € S (this is immediate from
the definition). Hence, s — 7, € Endr(M) extends to a homomorphism
W — Endg(M). In particular, we see that every W-graph with C-labeled
edges determines a complex representation of W.

The action of a W-graph representation can be thought of combinatori-
ally as a number-firing game as follows. Call a vertex y s-labeled if s € I,,.
The elements of M are distributions of ring elements to the nodes of T,
and a “firing of type s” changes the sign at all s-labeled nodes, whereas at
all other nodes y, we add the k, ,-weighted sum of all s-labeled neighbors
x.

We have encountered two examples of W-graphs:

1. K-L graphs of left cells. Here, a vertex « € C is labeled by Dy (x)
and an edge {z,y}, & < y, by kay = kyo = [¢z @D, ). Tt
was shown in Section 6.3 via a suitable interpretation in the Hecke
algebra that this is a W-graph.

2. Edge-weighted Coxeter diagrams. Let I' = (S, E) be the Coxeter
diagram of (W,S). Let I; = {s} for all nodes s € S, and for each
edge {s,s'} € E, let ks o and ky 5 be positive real numbers satisfying
conditions (4.3). Then, as shown by Proposition 4.1.2, T is a W-graph.
The induced representation is that of the numbers game (i.e., the
contragredient of the geometric representation), discussed in Sections
4.1 and 4.2.
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Exercises

1. Show that the dihedral group Iz(m) has four left cells if m # oo and
three left cells if m = co.

2. Prove statements (6.8) and (6.9).
3. Prove Lemma 6.4.1.

4. (a) Inverting the relationship (6.13), describe combinatorially what
is a “dual Knuth step of type j.”
(b) For 1 < j < n, define DESL(j) = {z € S, : |Dp(x) N {i—
1,i}| = 1} and show that for x € DESL(H), there is a unique

J
permutation *sx such that *iz ﬁ( x.

(¢) Show that if x € DESR(:) N DESL()), then *i(z*) = (*ix)*
(Knuth steps and dual Knuth steps commute).

5. Prove the Edge Transport Lemma 6.4.7.
[Hint: The case that 2=y € (s;_1,s;) is easy to handle. The case
v 1y ¢ (s;_1,si) requires more work. Divide it into two subcases
depending on whether 7 'z* = y~!y* or not. Both subcases re-
quire some special properties of Kazhdan-Lusztig polynomials, such

as equation (6.5) and Theorem 5.1.7.]

6. Show that every left cell in S;, contains a unique involution.

7% Given z,y € S,, characterize x <y y combinatorially in terms
of Q(x) and Q(y) (so that Ty = Q(z) = Q(y) is a direct
consequence).

8.* Characterize combinatorially the K-L order of standard Young

tableaux of order m. [Remark: Another partial order on SYT, is
defined in Exercise 2.36.]

9. Show that the Coxeter diagram of .S,,, viewed as a W-graph (Example
2 of Section 6.7 with all ks s = 1), is isomorphic to the K-L graph
I'y for a certain shape A = n. Which shape?

10. Lusztig shows in [367] and [370] that for finite and affine Weyl groups
there exists a function a : W — N, defined in terms of multiplication
in the Hecke algebra, with the following properties (among others):

(i) z = y = a(z) > a(y).

z < yand a(z) = (y):>xfzy.

(i)
(iii) a(z) =a(z™).
)

(iv) a(z) = min{l(y) — 2degP:. ,(q) : yrE:r}, and this minimum

is achieved at a unique involution yg in the left cell.
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(a) Deduce the following combinatorial description of a(x) for
the case W = S, from these properties: If shape(Q(x)") =

(s, Ae), then a() = X, ().

(b) Show that all tableaux of the same shape form an antichain in
the K-L order of SYT,,.

(¢)* Deduce properties (i)-(iv) for Sy, taking the formula for a in
part (a) as a definition.

11. The notions of right (colored) K-L graph and right preorder “<g” can
be defined as in Section 6.2 by switching left to right wherever it mat-
ters. Superimposing the left and right colored K-L graphs of (W, S),
we get a directed graph [LR WS whose strongly connected components
are called the two-sided cells of W.

(a) Show that the a-function is constant on every two-sided cell of
a Weyl group (using the facts quoted in Exercise 10).

(b) Show that the two-sided cells in S,, are of the form G\ {x €
Sy : shape(P(x)) = A}. Thus, two-sided cells are matched to
partitions A F n by the Robinson-Schensted correspondence.

(¢) A partial order is induced on the set of two-sided cells by the
directed graph f%v}; 5y just as f(W7 5) induces an ordering of left
cells (cf. Definitions 6.2.5 and 6.2.6). Show that for the case of
SYM

Grn <G, ifandonlyif A +---+X>pi 4+,
foralli=1,...,n

12. Let (W, S) be a finite Coxeter system and denote by A its Coxeter
complex A(W, S) (cf. Exercise 3.16). The group W acts on the type-
selected subcomplex A, for each J C S, and this induces an action
on the simplicial homology group H|;_1(As; C). (Recall from Exer-
cise 3.16(j) that all other homology groups of A; vanish.) Call this
complex representation (3.

Prove the following about such homology representations:

(a) B, is a character of degree |Dy|.

(b) By =3 c, (=DM Ind?\z[ﬂ
[Hint: Identify Indg\ ;1] as the permutation character of W’s
action on the set {F € A : 7(F) = I'}. Then use the Hopf trace
formula.

(c) By = ZDR(C):J Klc.

(d) Bs equals the alternating character e.

(e) There is a duality 85 = €8\ ;.

(f) For I,J C S,

(Br,Bs) = card{w € W : Dy (w) = I, Dr(w) = J}.
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(g) For the symmetric group S,, the multiplicity of the irreducible
character p) in (; equals the number of standard Young
tableaux of shape \ and with descent set J;

(h)* Can every homology representation (3; be realized by matrices
with {0, 41, —1}-entries?

Notes

This chapter is rather narrowly focused on the symmetric group. The gen-
eral theory is developed only as far as needed for understanding the case of
Sp. All of the main results are due to Kazhdan and Lusztig [322], although
few of the combinatorial details concerning .S,, are explicitly stated in their
article.

The chapter is a slightly expanded version of lectures given by one of
us in 1985 [57], a summary of which appeared in Garsia and McLarnan’s
article [254]. Other articles contributing to a combinatorial understanding
of Kazhdan-Lusztig representations for S,, are those of Kerov [325] and
Lascoux and Schiitzenberger [347].

The reader unfamiliar with the basics of Hecke algebras is advised to
study Chapter 7 of Humphreys’ book [306]. See also the articles of Curtis
[168] and Lehrer [362] for more information about Hecke algebras.

There is a huge literature on left cells and W-graphs containing many
results of combinatorial interest. Section 7.15 of Humphreys’ book [306]
gives some references; additional ones can be found in our Bibliography.
Let us just mention the work of Shi [455] on left cells in the affine group
Zn, which has similarities with the case of A,, treated here.

Exercise 5. See Kazhdan and Lusztig [322, pp. 175-176].

Exercises 10 and 11. See Lusztig [367, 370].

Exercise 12. See Bjorner [56], Bromwich [105], Solomon [481], and Stan-
ley [492]. The decomposition of the homology representation into K-L
representations in part (c¢) has been generalized and further studied by
Mathas [389, 390, 391].
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Enumeration

Enumeration is an important part of combinatorics, so it should not come
as a surprise that a book on combinatorics of Coxeter groups gives special
attention to such questions. In this chapter, we look at some of the basic
enumerative aspects of Coxeter groups.

We begin by considering the natural problems of enumerating a Cox-
eter group by length, and jointly by length and descent number. We then
treat the problem of counting the number of reduced decompositions of an
element of a Coxeter group. This turns out to be a difficult and deep prob-
lem. We treat only type A and let this case illustrate the basic ideas and
methods. This requires a detailed analysis of the combinatorics of tableaux,
beyond that reviewed in Appendix A3, and leads to the main results that re-
duced decompositions of a permutation can be encoded by pairs of tableaux
and can be enumerated by certain symmetric functions.

7.1 Poincaré series

In this section, we look at the oldest and most basic enumerative problem
concerning a Coxeter group, namely that of enumerating it by length.
For A C W, we let

def w
Alg) = ) ¢"™,
weA

and call A(q) the Poincaré series (or Poincaré polynomial, if |A| < co0) of

A.
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Our aim in this section is to compute W(q) for any Coxeter group W.
First, notice that it is enough to do this for irreducible Coxeter systems.
In fact, we have the following result, which is a simple consequence of the
definitions.

Lemma 7.1.1 Suppose that W = Wy x Wa X -+ - x Wy, where Wy, ..., Wy
are irreducible Coxeter systems. Then,

k
W(a) = [T Wila).
- O

Therefore, for the rest of this section we assume that (W, S) is an irreducible
Coxeter system.

Lemma 7.1.1 shows that W(q) factors if (W,S) is reducible. However,
there are many nontrivial factorizations of W(q) also if W is irreducible.

Lemma 7.1.2 Let J C S. Then,
W(q) = W (@)W(q).
Proof. This is an immediate consequence of Proposition 2.4.4. O

Lemma 7.1.2 reduces the problem of computing W(q) to that of com-
puting W;(q) and W (q) for some proper subset .J of S. However, whereas
W is again a Coxeter system (and we can therefore assume that we have
already computed W (q) by induction), W+ is not. We are therefore faced
with the problem of computing W (q) for some J C S (J # )). This prob-
lem (in fact, a slightly more general one) can be solved inductively by using
one of the cornerstones of enumerative combinatorics, namely the Principle
of Inclusion-Exclusion.

Recall that we use the notation

D} Y iwew: 1< Drw)CJ}
for I,.J C S. Furthermore, we write D; = D! and have that
w =Dy, (7.1)
Proposition 7.1.3 Let I C J C S. Then,
Di(q)= > (-)\EIwSH\E ().
J\ICKCJ
Proof. It is clear from the definitions and equation (7.1) that
WK () = 3" Di(q)
LCK
for all K C S. Hence,
S )M = YD) Y ()L (1)

J\ICKCJ LCJ (J\I)ULCKCJ
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However, by the Principle of Inclusion-Exclusion,

S (K= { L, i (J\NUL=J,
(J\I)ULCKCJ 0, otherwise.

Therefore, we conclude from equation (7.2) that

> ()IEIWSE(g) = Y Di(q) =Di(g)

JNICKCJ ICLCJ
O
It is now easy to obtain the first main result of this section.
Corollary 7.1.4 We have the following:
(i) If W is finite, then
—1)IE £(wo)
> Wew = W@ (73)
Kkcs VK q q
(i) If W is infinite, then
(1%
> =0. (7.4)
s Wk (a)

Proof. Part (i) follows immediately by taking I = J = S in Proposition
7.1.3 and using Lemma 7.1.2. Part (ii) follows similarly using Proposition
2.3.1. 0

Corollary 7.1.4 allows the recursive computation of W(q) for any Coxeter
system (W, S). In fact, both equations (7.3) and (7.4) express W(q) in terms
of Wi (q) for K C S.

For example, suppose that (W, .S) is the Coxeter system having Coxeter
matrix

=~ w =
W = W
— W

Then, we have that

1 1 1 1 1 1 1
Wilg)  Wale) Ws(g)  Wis(g)  Was(e)  Wia(q)  W(q)
(where we use the shorthand notation Wy, ...(q) instead of Wy, . 1 (q))-
It is obvious that W;(q) = 14 ¢ for i = 1, 2,3 and that Wia(q) = Was(q) =

1+ 2q + 2¢* + ¢ (this can also be computed by applying Corollary 7.1.4,
of course). To compute Wi5(q), we may use Corollary 7.1.4 again to obtain

1—

gt -1 1 1 1 1 g—1

Wl - W@ Wa@ | 1tq 1+q¢ (19
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Hence, we conclude that
1 3 2 1
— =1- + +
W(q) 1+g (1+90+q+¢*) A+ +q+¢+4°)
B 1—q?—¢® —¢* + ¢
A+ +a+a>)1+a+¢+¢*)

Corollary 7.1.4 solves completely the problem that was posed at the
beginning of this section, and one might expect that nothing more could
possibly be said. This, however, is a superficial view. In fact, computing
W (q) for several finite Coxeter systems (W,.S), one sees that W (q) al-
ways factors into a product of polynomials whose coefficients are all equal
to 1. In looking for a general explanation to this phenomenon, one first
observes that this is always true if W is of type A. In fact, it follows eas-
ily from Propositions 1.5.2 and 1.5.4 and classical results of enumerative
combinatorics (see, e.g., [497, Corollary 1.3.10]) that

n

W) =[]0 +q+@+ - +d) (7.5)
i=1

if W is of type A4,
Is something similar to equation (7.5) true in general? Surprisingly, the
answer is yes. Define

s &

for 4 > 1. This is the g-analog of the number 1.

l+g+g*+-+q"

Theorem 7.1.5 Let (W,S) be a finite irreducible Coxeter system, and
n |S|. Then, there exist positive integers eq, ..., e, such that

n

W(q) = [le: + 1, (7.6)

i=1
In particular, |W| =TT, (e; +1) and |T| = l(wo) = D1, e;.

The integers eq, . .., e, appearing in equation (7.6) are called the exponents
of (W,S). A table of the exponents of all the finite irreducible Coxeter
systems is given in Appendix Al.

Theorem 7.1.5 can be proved in several ways. One way is to first prove
it for the infinite families of finite irreducible Coxeter systems (i.e., types
A, B, and D). This can be done in a way that is absolutely analogous to
the type A case discussed above. Namely one uses the combinatorial de-
scriptions of the Coxeter groups of types B and D as signed permutations
and even signed permutations and of their length functions as counting
certain inversions of these permutations (see Sections 8.1 and 8.2 for de-
tails). Then, formula (7.6) can be proved in essentially the same way as the
classical one (equation (7.5)). One then verifies Theorem 7.1.5 for the other
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finite irreducible Coxeter systems directly using Corollary 7.1.4, which can
be done even by hand. This proof is not entirely satisfactory because it
is a case-by-case proof. A more elegant and uniform proof can be given
algebraically using the invariant theory of finite reflection groups. For this
proof, we refer the reader to the excellent exposition in [306, §3.15].

There is, however, a third way of proving Theorem 7.1.5 that is both
combinatorial and (to a large extent) uniform. This is through the theory
of normal forms developed in Section 3.4. This theory allows, through the
use of a uniform algorithm (i.e., the same algorithm works for all finite
Coxeter groups), the construction of a rooted labeled tree that encodes the
normal forms of the elements of W, where .J is a maximal proper subset
of S. Namely each path from the root of the tree corresponds to a normal
form of an element of W+ and, hence, to a unique element of W*; see, for
instance, Example 3.4.4. Thus, W (q) is nothing but the rank generating
function of the corresponding tree (seen as a graded poset). This, as has
been remarked at the beginning of this section, is enough to compute W (q)
inductively.

Example 7.1.6 We illustrate this procedure with an example. Let (W, S)
be a Coxeter system of type Fj, and suppose that S = {s1,...,s4} and
the s;’s are numbered as in Figure 3.6 (i.e., so that (s1,s2)* = e and s3
commutes with s1). Let J = S\ {s4}. Then, the normal form algorithm
produces the labeled tree 74 in Figure 3.7. Thus,

W) =1+q+++2(¢" + -+ ")+ + ¢ + ¢ + 4.
We then have to compute W;(q). However,

Wy (Q) = W{Sl 52} (q)(WJ){Sl sz} (q)v

and the normal forms of the elements of (W;){*1:52} are encoded by the
tree 73 in Figure 3.7. Hence,

(W)brshg) =1+ q+---+
and, similarly,
Wiy B @) =140+ ¢° + ¢
Since, obviously, Wy, y(q) = 1+ ¢, we conclude that
W(q) = [2]4[4]4[6]4(1 + ¢")[12],
= [Q]q[G]q[S]q[lﬂq'
O

This example should be sufficient for the reader to carry out the compu-
tation of all the other cases by herself. Note that, for the infinite families,
one seemingly has to compute infinitely many trees of normal forms. This,
however, is only an optical illusion since the trees that encode the nor-
mal forms of (A,)3\s»} (B,)S\Msn—1} and (D,,)%\{5»-1} (indexing as in
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Appendix Al) are all extremely easy to describe for any n (in fact, even
without the normal form algorithm; see Sections 8.1 and 8.2).

We now have a completely explicit description of the Poincaré polyno-
mials of the finite Coxeter systems. Can something as explicit be said for
the infinite ones also? In general, this is too much to expect. However, it
is a remarkable fact that the Poincaré series of any Coxeter system can be
computed in a nonrecursive and explicit way in terms of those of the finite
ones.

For the remainder of this section, we assume that W is infinite. The
nerve of (W, S) is

N(W,8) € {JCS: Wy <o}

In other words, it is the collection of all the subsets of S whose correspond-
ing parabolic subgroup is finite. Note that A/ (W, S) is a simplicial complex.
Now, consider N (W, S)U{S} as a partially ordered set under set inclusion,
and let par denote the Mobius function of N (W, S) U {S}.

Proposition 7.1.7 Let (W, S) be an infinite Coxeter system. Then,
1 _ /U'N(Ka S)

W) Wi (q)

KeN

Proof. Let, for brevity, N/ def NW,S).Let I C S, I¢&N.Then, |W;|=o0c
and, hence, we conclude from Corollary 7.1.4 that

(=DIXT
2 Wik (q) =0

KCI
Therefore,
>3 G o
IgN KCI WK(
and, hence,

Z% S (K=o (7.7)

KCS x(a) IDK; IgN

However, it follows from the Principle of Inclusion-Exclusion and the
definition of the Mobius function that, if K C S,

pn (K, S), ifKeN,
DA DAL N o AP { i

IDK; IgN IDK; IEN 0, if K ¢N,
so the result follows from equation (7.7). O

Proposition 7.1.7 provides a usually much faster way of computing W (q)
than part (ii) of Corollary 7.1.4. For example, let U, be the universal
Coxeter group on n generators (see Example 1.2.2). Then, the nerve of
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(U, S) consists of just the subsets of S of size < 1 and we conclude from
Proposition 7.1.7 that
-1 _n-1 Jrn(fl) _ -1+ (n—1)q
Un(q) 1 l+gq l+gq
Although this result can be obtained also by a direct enumerative argument,
this is a particularly quick derivation of it.

Because the Poincaré polynomials of the finite Coxeter groups factor
nicely in terms of exponents as in Theorem 7.1.5, it is possible to rephrase
Proposition 7.1.7 in a somewhat more concise form. Let R(q) be the least
common multiple of the polynomials {W;(q)}sea. By Theorem 7.1.5, it is
clear that R(q) factors as a product of polynomials of the form [e 4 1],. In
fact, a polynomial [e 4 1], is a factor of R(q) if and only if e is an exponent
of some W for J € N'. We then have the following result.

Corollary 7.1.8 Let (W,S) be an infinite Cozeter system. Then,

B R(q)
Wi = —pn (0, S)R(q) + P(q)

for some P(q) € Z[q] such that deg(P) < deg(R). O

(7.8)

It should be noted that R(q) and P(q) may very well have common
factors, so that the expression in equation (7.8) is not, in general, in low-
est terms. However, Corollary 7.1.8 (and Proposition 7.1.7) do show that
one may write down exzplicitly W(q) in terms of the (known) exponents of
the finite parabolic subgroups of W, and the combinatorially computable
Mobius function.

Example 7.1.9 We illustrate the difference, from a computational point
of view, between Proposition 7.1.7 and Corollary 7.1.8 with an example. Let
W = Ay. Then, the nerve of (W, S) consists of all the proper subsets of S.
So, N U{S} is a Boolean algebra of rank 3 and we obtain from Proposition
7.1.7 that

S SRS NP U
Aaq) 1 TAlg) TAs(g)
1.3 3
T TRl RLB,
(-1 -4¢%
=R, (7.9)

On the other hand, R(q) = [2]4[3], and so from Corollary 7.1.8, we obtain
that
vy 214314
A = -
2(0) a+bq+ cq? + dg?
for some a,b,c,d € Z. It is therefore enough to compute four terms of
As(q). However, it is easy to see (using, e.g., the numbers game) that
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Zg(q) =1+43q¢+6¢%>+9¢>+ --- (see also Figure 8.8 in Section 8.3). So,
we obtain that a =1, 3a+b =2, 6a+3b+c=2,9a+6b+3c+d =1 and,
hence, that

a+bgtei? +diP =1-q—@+¢*=1-¢q)(1-¢*.
O

The elegant formula (7.9) is not a coincidence, but a general fact that
holds for all the affine Coxeter groups.

Theorem 7.1.10 Let (W, S) be an affine Cozeter system, and letes, ..., e,
be the exponents of the corresponding finite group. Then,

W) =] 7[?:16]?.

Theorem 7.1.10 is due to Bott and a proof of it can be found in [78] or
[295]. A combinatorial proof of Theorem 7.1.10 is possible for the excep-
tional groups by proceeding as we did for Ag in Example 7.1.9. This is not

very illuminating, but works. For the infinite families A, Bn, C’n, and Dm
one is reduced, by Lemma 7.1.2 and Theorem 7.1.5, to showing that

W) = [ —

— g%
i=1 1 q

for J C S such that W is the corresponding finite group. This has been
proved, using the combinatorial descriptions discussed in Chapter 8 and
bijections with appropriate sets of partitions in [224].

7.2 Descents and length generating functions

Without any doubt, the most fundamental statistic on an element v of a
Coxeter group, after its length £(v), is its descent number

d(v) ={t € S:L(vt) < L(v)}].

(Note that the length is also a kind of “descent number” since ¢(v) = [{t €
T : £(vt) < £(v)}|.) It is therefore natural to define, for any Coxeter system
(W, S), the bivariate generating function

W(t; q) 3 ),
veW
Note that W (t;q) is a well-defined formal power series in Z[[t, ¢]] since
Hv e W :d(v) =14, Lv) =3} <|{veW: lv)=j} < oo for any
i,7 € N. However, W(t;1) is not an element of Z[[t]] unless W is finite,
because d(v) < |S] for all v € W. We call W (t;1) (when W is finite) the
FEulerian polynomial of W.
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For example, it is easy to compute that
As(t;q) = 1+ 2tq + 2tq® + t2¢3,
Bo(t;q) = 1+ 2tq + 2tq® + 2tq® + t2¢*,
and similarly for the other dihedral groups.
Our main aim in this section is to obtain a simple recursive rule for

computing the generating function W (t; q) for any Coxeter group W. This
is surprisingly easy to do if one has the right idea.

Theorem 7.2.1

5w W)
Wavs(q)

Wi(tiq) =Y 7111

JCS

(7.10)

Proof. The key idea is to write the monomial t%(*) in a clever way, namely
1d) — Z tlJl(l _ t)\S\J\.
D(v)CJCS

The result now follows very easily. Indeed, we have that

Wita) = 3 1100

vEW

— Z qf(v) Z tlJI(l _ t)\S\J\
vEW D(v)CJCS

— Zt”‘(l—t)'s\‘” Z qf(v)
JCS {veW:D(v)CJ}

However, {v € W : D(v) C J} = W\ so equation (7.10) follows from
Lemma 7.1.2. O

The preceding theorem reduces the computation of W(t¢;¢q) to that of
W (q). This generating function, in turn, can be computed using any of the
techniques explained in the previous section.

We illustrate Theorem 7.2.1 with an example. Let (W, S) be the Coxeter

system considered after Corollary 7.1.4. Then, using Theorem 7.2.1 and the
computations already carried out, we get

1 t 1 1 1
Wi(t;q) = W(g)(1 —t)? {W(q) + (1—1) (W12(CI) " Wis(q) " W23(Q))

+t2<1+1+1)+t3]

(1—1)2 \Wi(q)  Walg) Ws(q)) (1—1t)

fq(3q5f3q375q276qf3)t
1_q2_q3_q4_|_q6

¢°(3¢° +3¢” +3¢+2) o

1_q2_q3_q4+q6 :
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The preceding example makes it clear that, in general, the following
holds.

Corollary 7.2.2 W(t;q) € Z(q)[t]. O

Although Theorem 7.2.1 gives a very explicit way of computing W (¢; q)
for any Coxeter group W, there are sometimes better ways of computing
W (t;q) if W is a member of certain infinite families of Coxeter groups.
For example, using Theorem 7.2.1 to compute S, (¢;q) yields explicit
polynomials but they do not factor in any nice way. However, an appro-
priate generating function for the S, (¢;¢) has a very elegant and simple
expression. In fact, it is a well-known result of Stanley [490] that

a1 —t)exp(xz(l —1);q)
nz;osn(t, Dol = 1= texp@(l=1):q) (7.11)

in (Z(g)[t])[[#]], where

(7.12)

[n]q!

def
exp (7;q) = Z
n>0

(and where we use the convention that So(t; q) O (t;q) e 1).

We now present a vast generalization of this result, which, as a special
case, allows us to derive the analogs of Stanley’s result for B, (t¢;¢q) and
D,,(t; q), among others.

def

Let (W, S) be a Coxeter system and r € S. Let B = {s € S: m(s,r) >
3} and choose (once and for all) a partition of B into two blocks, By
and By. For n € N, let (W™ (S\ {r}) U {so,...,5,}) be the Coxeter
system whose Coxeter graph is obtained from that of (W, S) in the following
way. We replace the vertex r by the path shown in Figure 7.1 and then
connect sg to all the vertices in By and s,, to all the vertices in By so that
m(so,b) = m(r,b) for all b € By and m(s,,b) = m(r,b) for all b € By (the

vertices s1,. .., $,—1 are, therefore, not connected to any vertices in S\ {r}.
OO0 - — OO0
S0 S1 S2 Sn—1 Sn

Figure 7.1. Replace r by this path.

For example, if the Coxeter graph of (W, .S) is the one shown in Figure
7.2 and By = {a1}, Ba = {as, a3}, then the Coxeter graph of (W™ (S\
{r})U{s0,...,84}) is the one shown in Figure 7.3. Note that W) =¥

The motivation for this construction is that many important infinite fam-
ilies of Coxeter groups are obtained in this way, starting from a very simple
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a1 az

Figure 7.2. The Coxeter graph of (W,S).

Figure 7.3. The Coxeter graph of (W® (S \ {r}) U {so,...,54}).

(W, S). For example, A,, = (A1)~ Y, B, = (By)"2 D, = (Dy)" 9,
A, = (43)("=2) etc. (for appropriate choices of r € S and blocks By, Bo).

Our aim is to compute a generating function for the rational functions
W (t;q), n € N, assuming that we know W (t;q) (= W©(t;q)). Since
[n]q! = Sn(g) for n > 1, Stanley’s result suggests that one should consider
the generating function

n

> Wi Q)W(xT(q)-

n>0
For J C S\ {r} and a,b,n € N, we let, for brevity,
n) def n

[WJ]( ) = (W( ))JU{so,m,sn} (713)

and
W)@ WD) 10 Sasarn) (7.14)
(sq omitted), and we write
def "
ex r;q) = _ 7.15

n>0
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and
anrb

dexWJ(x;q) = a’bzeNW. (716)

We adopt the convention that Wy = {e} (the Coxeter group with S = 0,
having empty Coxeter graph). Note that from definitions (7.13) and (7.14),
we deduce that

(W)™ = Ap iy (7.17)
and
(W)@ = A, x A, (7.18)

We can now state and prove the following far-reaching generalization of
(7.11).

Theorem 7.2.3

W™ (tq _
n>0 q JCS\{r}

(expWJ (z(1—1t);q) +

tdexy, (z(1 —t);q)
1 —texp(z(l —1);q)

) _(7.19)

Proof. Let, for brevity, S f (S\{r}) U{so,...,sn}. From Theorem
7.2.1, we obtain that

n . M
w:(l_t)an Z ( t )| \ 1 .
W (q) MeS™ -t (W) g ar(q)

Now, note that any M C S can be written uniquely as M = J U K,
where J C S\ {r}, K C {so,...,8,} and J N K = (). Therefore,

W (t; q)
ZT’x” — Z t“”(l—t)'sW
n>0 wi )(q) JCS\{r}
Kl gn(1 _ pyn—IK]
>y ! - (=1 . (7.20)
(W) s (qurk) (@)

n>0 Kg{SOanSn}

Observe that

(W) son (ur) = Wy ggugryp] @0 x Say X -+ x Sa,

where ag,ar € N, a1,...,ar_1 € P are uniquely determined by the condi-
tion that K = {Say, Sag-tars> Saotartass - - -»Sagttar_, ) and S a; = n.
It is clear that, for each k& > 1, this correspondence K — (ag,...,ax)
is a bijection between subsets of {sg,...,s,} of size k and sequences
(ag,...,ar) € N¥+1 such that ay,...,ax_1 > 0 and Zf:o a; = n. Hence,
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we may write

t \" @)
2 2 <1—t> D) =A+B,

W20 KC{s0rmssn} s\ (Juk) (@)

where
(z(1 =B)"
A = R —
Z:O (W(n))S(">\J( )
Z z(1—t)"
= WS\{Ju{r}}]( ()
= eXPWS\{JU{T”( z(1—1);q)
and

i 2(1 — 1)) im0 ai
3 3 (z(1 1)) _

k—1
a0 020 (ar...aryepr1 (Wasrugry] @) () TTiZ, Sa (9)

]
(a1, sap_1)EPE—T i=1 [ailq
t k
= deXWs\(JU{T})(:E(l — t); q) Z (1——t> (eXp(x(l _ t); l]) _ 1)](?71
E>1

tdexws, o (x(1—1t);q)
1 —texp(z(l —t);q)
The result then follows from equation (7.20). O

To appreciate the power and beauty of Theorem 7.2.3, it is useful to
consider some examples. Let W = A; (the simplest possible Coxeter group).
Then, S = {r} and, hence, there is only one summand appearing in the
right-hand side of equation (7.19), namely the one corresponding to J = ().
We therefore obtain that

(A1) ™ (t;q) 27— (1—1) [ex 21— 1) tdexw, (z(1 —1);q)
> Gy < = 0) (expue, (o1 = 1) + T rmel =),

(7.21)
Since Wy = {e}, we have from definition (7.15) and equation (7.17) that

) ;)7[ w Z%(eXp(x;q)—l—x),

eXpW@ ;5 q) Z An+1 n+2}q!
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and from equations (7.16) and (7.18) that

l,aer anrb

dexwy (@i0) = D == > G

| ]
a,b>0 a,b>0 7 7
2

(T ) - G- 1))2.

a>0

Substituting these into equation (7.21) we obtain, after routine algebra,

> Sutaltsq) " ! ((1 +tx)exp(z(1 —t);q) — (1+ x)) .

= Snt2(q) 2?2 1 —texp(z(l —1t);q)
(7.22)
However,
x" x"
D Saltig)g—==1+z+> Su(t:q)
= Sn(q) = Sn(q)

and comparing this with equation (7.22) yields equation (7.11).
In a similar way, one can compute analogs of equation (7.11) for the
series By, Dy, Apn, By, Cyn, and D,, (see Exercises 5, 6, 7, and 8).

7.3 Dual equivalence and promotion

In this and the next section, we tackle the problem of enumerating the
reduced decompositions of an element of a Coxeter group of type A. As
mentioned in the introduction to the chapter, this depends on a detailed
analysis of the combinatorics of tableaux. In this section, we carry out this
analysis. We assume that the reader is throughly familiar with the contents
of Appendix A3.

Let P and @ be two skew tableaux such that the shape of Q extends the
shape of P. Then, the cells of @, taken in the order given by the entries of
@, define a sequence of (forward) slides for P. We then denote by jo(P) the
tableau obtained by applying this sequence of slides to P, and by v (P), we
denote the tableau formed by the cells vacated during the construction of
Jjo(P), which records the order in which these cells were vacated. Similarly,
P determines a sequence of (backward) slides for @ and we denote by j¥(Q)
and v”(Q) the corresponding tableaux. It is immediate from the definitions
that

5P (jo(P)) = P
and

Jor @) (i7(Q)) = Q.
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Let T be a tableau, ¢ % |T|, and i € [t — 1]. We define a new tableau r;(T)
as follows. If ¢ and ¢ + 1 are in different rows and columns in 7', then r;(T")

is obtained from T by exchanging ¢ and ¢ + 1. Otherwise r;(T") e 7 We
also define T|_; to be the tableau obtained by adding 7 to all the entries of
T, and T'(7) to be the tableau consisting of the i smallest entries of T'. It is
clear from the definitions that if |: — j| > 1 (4,5 € [t — 1]), then

Ty (T) = TjTZ‘(T). (723)
The following identity is routine to check, but extremely useful.
Lemma 7.3.1 Let T be a tableau, t def |T|. Then,
riro. .. ’I“t_1(T) = ’UQ(T(t — 1)) UjQ(T(t — 1))‘+1,
where @Q is the tableau consisting of the (unique) cell of T having entry t. O

As a consequence of the previous lemma, we obtain the following important
fact.

Lemma 7.3.2 Let P and @Q be two tableaux such that sh(Q) extends sh(P).
Then,
i"(Q) = va(P) and v"(Q) = jo(P).

Proof. Let p = |P| and ¢ = |Q|. We may clearly assume (by adding p to
all the entries of Q) that P U Q is standard. By repeated application of
Lemma 7.3.1, we have that
Vo) (P) U jqu) (P) [+ V(@ \ Qi)

= (Ti'ri+1 N Tierfl)(riflTi . -ri+p72) R (7’17“2 [N Tp)(P @] Q)

fori=1,...,q. Hence,

(7.24)

vQ(P)U jQ(P) |+q = TqTq+1 - Tptq—1

Tqe1Tq - Tptq—2

rire ... ’I“p(P U Q)
Similarly,

jP(Q) |-p UUP(Q) l+q = TqTq—1...71
Tq+1Tq-- -T2

Tptq—1Tp+q—2 - Tp(P UQ),
so the result follows from equation (7.23). O

Recall (see Appendix A3.10) that given two skew tableaux S and T', we
write S & T to mean that S and T are dual equivalent.
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Proposition 7.3.3 Let S, T, and X be tableaux such that S ~ T and
sh(S) extends sh(X). Then,

js(X) = jr(X)
and

vg(X) =~ vp(X).

Proof. It follows imediately from the definition of dual equivalence that,
with our hypotheses,

v¥(S) = vX(T) and j¥(S) ~ j¥(T).
So, the result follows from Lemma 7.3.2. O

We now define the crucial concept of this section. Let T be a skew tableau
with n cells. We define a new tableau p(T') as follows. Delete entry n from
T and perform a forward slide into the cell that contained entry n. Now
put 0 in the cell vacated by this forward slide, and finally add 1 to all the
entries. We call p the promotion step. Note that, by Lemma 7.3.1, we have
that

p(T) =rirz...rp-1(T). (7.25)
For example, if
3]6 |
T=124|7 (7.26)
5
then
4|7
p(T) =
6

Note that T and p(T') have the same shape and that p is an invertible
operation. Given T as above, the tableau p™(T) is called the total promotion
of T. For example, if T' is the tableau (7.26), then its total promotion is

4

3
p(T)=[2]5]|6
7

We encourage the reader to verify, as a further example, that if

213

T =

‘CﬂﬂkH
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then pS(T') is the transpose of T.

We now come to another crucial definition. A skew shape A\ p is called a
brick if for all tableaux S and T of shape X\ p, we have that S ~ T implies
e*(S) ~ e*(T). (Recall that e* is the antievacuation operator defined in
Appendix A3.8). Otherwise, we call A\ p a stone. For example, the skew
shape in Figure 7.4 is a brick (since there is only one tableau of this shape).

L]

Figure 7.4. A brick.

Figure 7.5. A brick.

[ ]

[

Figure 7.6. A stone.

Less trivially, the skew shape in Figure 7.5 is also a brick. In fact, there
are only two possible tableaux S and T of this shape, namely

2 1
S = and T =
[1]3 [2]3

and, by Fact A3.10.3, they are dual equivalent. However, a simple
computation shows that

e*(S)=T and e*(T)=2S5,
so €*(S) ~ e*(T). As a final example, the skew shape in Figure 7.6 is a

stone. In fact, if
S = ! and T = 1
2] 2]

then S = T (by Fact A3.10.3), but

213 113
and e*(T) = .
2]
which are not dual equivalent, again by Fact A3.10.3.
Dually, we define a skew shape A\ p to be an antibrick if for all tableaux
S and T of shape A\ u we have that S ~ T implies e(S) = e(T). Clearly, a
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shape is an antibrick if and only if its dual shape is a brick. Note that, by
equation (7.25) and the definitions of e* and e,

e (T) = (rn—1)(rn—2rn—1) -~ (rers ... mp_1) (1172 . ..7n—1)(T)  (7.27)

and
e(T) = (r1)(rar1) - (rn—g...1m271)(Tn_1 ... 7211 )(T) (7.28)

for any tableau T having n cells.
It is easy to classify which miniature shapes are bricks.

Proposition 7.3.4 Let A\ p be a miniature shape. Then, A\ p is a brick
if and only if, as a partially ordered set, A\ p is isomorphic to one of the
posets in Figure 7.7. In particular, A\ p is a brick if and only if it is an
antibrick.

P1 P2 P3 P4

Figure 7.7. The poset isomorphism classes of miniature bricks.

Proof. We have already seen, in the examples following the definition of a
brick, that the result holds if A\ u is isomorphic to P, or P;. Similarly, one
can check it for P» and Ps. If A\ g is not isomorphic to one of the posets in
Figure 7.7, then it must necessarily be isomorphic to the disjoint union of
two chains. Hence, A\ u is equivalent (with respect to antievacuation) to
either (3,1)\ (1) or (3,2) \ (2) or their transposes. We have already shown
that (3,1) \ (1) is a stone, and the verification for the others is entirely
similar. O

We now come to the main result of this section. Recall that a staircase
is a partition of the form §,, def (n,n—1,...,3,2,1) for some n € P. Let A
be a staircase and S and T be two elementary dual equivalent tableaux of
shape A. For example, suppose

3]6] 2]6]

S = and T = (7.29)

‘U\l\D)—l

‘U\C»Jb—l
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Applying the promotion operator p to S and T', we then obtain
1]2]4] 1]2]3]
p(S)=3]5 and p(T)=|4]5 (7.30)
6 6

and these two tableaux are still elementary dual equivalent. Note, however,

that this does not go on forever. In fact, continuing, we obtain

1]3]5]| 134
p*(S)=1[216 . PP =216
4 5
1]2]6] 1 5 |
pP(S) =34 . P(0)=|3 (7.31)
15 ] 16 ]
1]2]3] 1]3]6]
pi(S) =145 , pHT)=|2|5
6 4

and these last two are not elementary dual equivalent. However, if we
continue again, we obtain that

1]3 4| 12 4\
S =216 ., pP(T)=|3 (7.32)
5 5

which are elementary dual equivalent.

Staircases are important exactly because they interact well with the pro-
motion operator and dual equivalence. The following shows that the above
example is typical and is the main result of this section.

Theorem 7.3.5 Let S and T be two elementary dual equivalent tableauz
of staircase shape, with n cells. Let {j, j+1, j+2} be the entries of S and T
involved in an elementary dual equivalence. Then, if —t # j,j+1 (mod n),
p'(S) is elementary dual equivalent to p'(T) and the entries involved in the
elementary dual equivalence are {j +t,7+t+ 1,7+t + 2} (mod n).

Proof.Ift =1and j+2 < n,orift = —1 and j > 1, then the result is clear
from the definitions of dual equivalence and elementary dual equivalence.
Thus, the result holds for any interval of allowed values of ¢ if it holds
for one element of the interval. However, the allowed values of ¢ fall into
intervals of size n—2 separated by “gaps” of size 2. So, we only have to show
that if the result holds for the values of ¢ in one of these intervals, then it
also holds for those in the next interval, and for those in the previous one.
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We will show this for the next interval, the reasoning for the previous one
being entirely analogous. Thus, what we have to show is that if j =n — 2,
then p3(9) is elementary dual equivalent to p®(T") and the entries involved
in the dual equivalence are {1,2,3}.

Let S = XUYg and T'= X UY7, where Yg and Y7 are the final segments
of S and T, respectively, that contain the entries {n —2,n — 1,n}. Let us
compute p3(S). From equations (7.25) and (7.23), we have that

pS(S) = (rire...tp_1)(rire .. orp_1)(rare o orp—1)(S)
= (rirer1)(rs ... rp—1)(re .. .tp—2)(r1 .. . Tn—3) (Tn—17n—2mn—1)(S).
However, it follows from equation (7.27) that
(rn—1Tn—2rn-1)(S) = (rn—1rn—2rn-1)(X UYs)
XU (rn—1mn—2rn—-1)(Ys)
= X Ue*(Ys).

Hence, from equation (7.24), we conclude that

PP (S) = (r1rar1) (Ves (vi) (X) U s (vi) (X))15)
= (r17271) (Ver (v) (X)) U Jer (vs) (X)) 45
e(Ver (vs) (X)) U Je (vi) (X) |45 (7.33)

by equation (7.28), and similarly for p3(7T).

Now, since Yg and Y are miniature final segments of S and T, which
are of staircase shape, their shape is a brick by Proposition 7.3.4. Hence,
by the definition of a brick, e*(Ys) ~ e*(Yr). This, by Proposition 7.3.3,
implies that je*(YS)(X) = je*(YT)(X) and Vex (YS)<X) K Ve (YT)(X) How-
ever, Ues(yg)(X) and ve- (v, (X) are miniature initial segments of tableaux
of staircase shape, and so, by Proposition 7.3.4, their shape is an antib-
rick. By the definition of an antibrick, this implies that e(ve«(y4) (X)) ~
e(Ver (v;) (X)) and this, by equation (7.33), implies that p3(9) and p*(T) are
elementary dual equivalent, and the entries involved in the dual equivalence
are {1,2,3}. O

We illustrate the construction used in the proof of Theorem 7.3.5 with
an example. Suppose T is the tableau given in (7.29). Then,

5]

Yr = 4

and, hence,

1]
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and the computation of j«(y,.)(X) gives the sequence of tableaux

1]2 1]2] 1]2 2
X = 3 — 3 — N 1
3 3
Therefore,

2]

. 113

Je*(YT)(X) = 1 and ve*(YT)(X) =
3] —

Computing e(ve-(y;) (X)), we get the sequence of tableaux

1]3] 23| 3| |
— —
2
and, therefore,
11{2
ey (0) = 2
Hence,
1125
e(Ver (vp) (X)) U Jer (vp) (X) |43 = 3 | 4
6

which agrees with our computations in (7.31).

Note that, in the statement of Theorem 7.3.5, j is not uniquely deter-
mined by S and T'. For example, if S and T are as in equation (7.29), then
there are two elementary dual equivalences relating S and 7', namely the
one involving entries {1,2,3} and the one involving {2,3,4}. In this case
we can apply Theorem 7.3.5 twice and obtain the stronger conclusion that
p'(S) = p'(T) for all t Z4 (mod 6).

We will use Theorem 7.3.5 over and over again. For the moment, here is
an interesting and useful immediate consequence of it.

Corollary 7.3.6 Let T be a tableau of staircase shape, with n cells. Then,
p(T)=T"

Proof. Let S be a tableau that is elementary dual equivalent to T'. Let
{j,5 + 1,7 + 2} be the entries involved in an elementary dual equivalence
of S and T. By Theorem 7.3.5 we then conclude that p™(T) is elementary
dual equivalent to p™(S) and {j,j + 1,j + 2} are the entries involved in
this elementary dual equivalence. Therefore, p™(S) = S’ if and only if
p"(T) = T'. However, all tableaux of staircase shape are dual equivalent
by Fact A3.10.1 and, hence, are connected by a chain of elementary dual
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equivalences by Fact A3.10.4. Therefore, the result will be proved if we can
find one tableau Ty of the same shape as T such that p™(7Ty) = T. This
is easy to accomplish, for example, taking Ty to be the row superstandard
tableau. O

7.4 Counting reduced decompositions in S,

Although the reader can hardly be expected to be aware of this at the
present point, the tableaux studied in the previous section are closely re-
lated to reduced decompositions of the Coxeter group of type A. This is
explained in the present section.

Let T be a tableau of shape &, \ u, with N cells. Assign label i to
the i-th lower right corner cell of §, (counting from the bottom), for
i =1,...,n. The promotion sequence of T is the doubly-infinite sequence
o(T) def (...,r—2,7_1,T0,71,T2,...), Where r is the label of the corner cell

occupied by the largest entry (namely N) of pN=*(T), for k € Z. We also

let p(T") def (r1,...,7n) and call this the short promotion sequence of T.

Note that if we perform promotion (and inverse promotion) on 7' without
adding (subtracting) 1, then every integer k € Z will at some point be the
greatest entry in the tableau and will then occupy a corner cell of sh(T),
and 7y, is then the label of this corner cell. Also note that if 4 = @, then, by
Corollary 7.3.6, p(T') = (...,7—1,70,71,...) is periodic of period 2N and
rvyk = N +1—rg for all k € Z. We let

P(6n) et {p(S): S is a tableau of shape d,}.

As an example, let us find the short promotion sequence of the tableau
S given in (7.29). Then, from (7.30), (7.31), and (7.32), we conclude that

AS) = (2.1,3,2,1,3) (7.34)
and, hence,
p(S)=(..2,3,1,2,3,1,2,1,3,2,1,3,2,3,1,2,3,1,.. ).

Another important property of the short promotion sequence that is
convenient to note right away is that if p(T') = (r1,...,rn), then for any
k € [N], (rk,...,rn) is the short promotion sequence of the final segment of
T containing the entries {k, ..., N}. Therefore, in particular, (rg,...,rn)
depends only on this final segment. For example, if

3]6]|
X= |4

5]
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then X is a final segment of S and
p(X)=(3,2,1,3).
Before we go on, we need to verify the following simple but crucial

property of the staircase shape.

Proposition 7.4.1 Let T be a tableau of staircase shape and U be a
miniature final segment of T. Then, U is uniquely determined by p(U).

Proof. Since U is a final segment of a tableau of staircase shape, its shape
must be isomorphic (as a poset) to either P» or Ps (see Figure 7.7). Suppose
it is P». Then, U is one of the two tableaux shown in Figure 7.8.

n—2n—1 n—2 n

n n—1

Figure 7.8. U is one of these two tableaux.

In the first case, we have that p(U) = (i, + 1,4) for some i € [n — 1],
whereas in the second, p(U) = (j +1,7,j + 1) for some j € [n — 1].
The case P is similar. O

For example, let T be a tableau of shape (4,3,2,1) and U be a final
segment of T such that p(U) = (2,1,4). Then, we can immediately conclude
that U is the final segment in Figure 7.9. On the other hand, if p(U) =
(3,2, 3), then U must necessarily be the final segment in Figure 7.10.

10

Figure 7.9. The only final segment of T such that p(U) = (2, 1,4).

The next result is “almost” a restatement of Theorem 7.3.5.

Theorem 7.4.2 Let S and T be two elementary dual equivalent tableaux
of staircase shape, and let {j,j+ 1,7+ 2} be the entries involved in an ele-
mentary dual equivalence. Then, p(S) and p(T') differ at most in positions
j, j+1, and j 4 2. Furthermore, given j, p(S) is uniquely determined by

p(T).
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Figure 7.10. The only final segment of T such that p(U) = (3,2, 3).

Proof. The statements before “Furthermore” follow directly from Theorem
7.3.5. Now, let S def pN=I72(S) and T} def pN=I=2(T). Then, by Theorem
7.3.5, 57 is elementary dual equivalent to 77, and the entries involved in
the elementary dual equivalence are {N —2, N —1, N}. Let U (respectively,
V) be the final segment containing these entries in Sy (respectively, T7).
Then, p(T') determines p(V') (the entries in positions j, j + 1, and j + 2
of p(T)), which determines V' (by Proposition 7.4.1), which determines U
(by Fact A3.10.3), which determines p(U), which determines the entries of
p(S) in positions j, j + 1, and j + 2, which determines p(S) since the rest
of it coincides with p(T"). O

For instance, let S and T be the tableaux given in (7.29), and j = 2.
Then, p(T) = (2,3,1,2,1,3),s0 p(V) = (3,1,2). As seen above, this implies
that V is the final segment in Figure 7.11; hence, U is the final segment in
Figure 7.12, and, therefore, p(U) = (1, 3,2). So, p(S) = (2,1,3,2,1,3), in
accordance with equation (7.34).

4]

5

Figure 7.11. The final segment V.

4

Figure 7.12. The final segment U.

We now come to the crucial definition of this section. Given X € [n]* for
some k € P, we denote by p~1(X) the set of all tableaux U such that sh(U)
is a final segment of §,,, and p(U) = X. So, for example, by Proposition
7.4.1,if X € [n)3, then [p~}(X)| < 1.
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Let k € P and X,Y € [n]*. The pair {X,Y} is called a staircase relation
(or an s-relation, for short) if the following two conditions are satisfied:

~1

(i) There is a shape-preserving bijection ¢ : p~1(X) — p~1(Y).

(ii) For any U € p—!(X) there exists a tableau T such that sh(U) extends
Sh(T), sh(T) C &, TUU ~ T U $(U), and

BTUU)=WX, PTUU))=WY
for some sequence W.

In part (i) of the definition, “shape-preserving” means that for U € p~1(X),
U and ¢(U) have the same shape (not just isomorphic as posets). So, for
example, the tableaux in Figure 7.13 do not have the same shape (in fact,
the first one has shape (4,3,2,1) \ (2,2,2, 1), whereas the second one has
shape (4,3,2,1)\ (4,3)).

Figure 7.13. These tableaux do not have the same shape.

We illustrate the definition with some examples. Let ¢ € [n — 1]; then,
{(i4+1,4,34+1), (¢,4+1,4)} is an s-relation. In fact, we know from Proposition
7.4.1 that p~1((i + 1,44 + 1)) equals

n—2 n
n—1
and p~1((i,i + 1,1)) equals
n—2|n—-1
n

(where both tableaux have shape 6, \ (n,n — 1,...,4 + 2,0 — 1,4 — 1,
i—1,...,2,1)), so part (i) of the definition is clearly satisfied. Part (ii)
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can be easily satisfied by taking T' = (), since

n—2|n-—1 n—2 n

Q

n n—1

As a further example, let i, € [n], i + 1 < j. Then, {(i,5), (j,4)} is an
s-relation. In fact, it is clear that p~1((4, j)) equals

and p~1((4,7)) equals

(where both tableaux have shape 0, \ (n,...,7+1,7—1,7—1,...,i+ 1,
i—1,i—1,...,2,1)), so part (i) of the definition is again clearly satisfied.
For part (ii), take T to be the tableau consisting of the corner cell of 4,
labeled by i + 1 filled by the entry N — 2. Then, if U € p~1((4,5)), sh(U)
extends sh(T), and T UU ~ T U ¢(U) by Fact A3.10.3. Furthermore, it is
clear that p(TUU) = (i+1,4,7) and p(TUP(U)) = (i + 1, 4,14), so part (ii)
of the definition is also satisfied.

The examples just given can be generalized, leading to the following
result.

Proposition 7.4.3 Let y be a miniature final segment of 6, and let U =~
V' be two tableauz of shape . Then, {p(U),p(V)} is an s-relation, and any
two elements of P(d,,) are related by a chain of s-relations of this form.

Proof. The fact that {p(U),p(V)} is an s-relation follows in exactly the
same way as in the next to last example. Now, if S and T are two elemen-
tary dual equivalent tableaux of shape J,, then by Theorem 7.4.2 (and its
proof), p(S) and p(T') differ by an s-relation of the form {p(U),p(V)}, as in
the statement of the proposition. However, by Facts A3.10.1 and A3.10.4,
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all tableaux of shape d,, are connected by a sequence of elementary dual
equivalences, so the proof is complete. O

It is natural and useful, at this point, to understand completely the s-
relations given by Proposition 7.4.3. A miniature final segment of 4,, is
either of the form

where the corner cells are labeled by ¢ and 7 4 1 for some i € [n — 1], or of

the form
]
(] (7.35)
]

where all of the cells are corner cells and are labeled by 4, j, and &k for
some 1 < i < j < k < n. In the first case, we have already seen that
{(i,i+1,4), (i + 1,4, 4+ 1)} is the corresponding s-relation. In the second
case, there are six possible final segments of shape (7.35) (one for each
permutation of { N, N—1, N —2}) and we know from Fact A3.10.3 that they
split into the four dual equivalence classes shown in Figure 7.14. The last
two classes give trivial s-relations. The first two classes give the s-relations
{(4,1,k), (4, k,9)} and {(k,1,7), (i,k, j)}. We may therefore restate the last
proposition in the following more explicit way.

Proposition 7.4.4 FEuvery two elements of P(6,) are related by a chain of
s-relations of the form {(a,a + 1,a),(a + 1,a,a + 1)}, {(4,k,19), (4,4, k)},
and {(k,i,7), (6, k, )} for1<i<j<k<nanda€[n—1]. O

The importance of s-relations comes from the following result.

Proposition 7.4.5 Let {X,Y} be an s-relation. Then, |p~'(AXB)| =
|p~1(AY B)| whenever AX B, AY B € [n|V. In particular, AXB € P(6,) if
and only if AY B € P(4,).

Proof. We may clearly assume that p~!(AXB) # 0 (say). We construct
amap ¢ : p-(AXB) — p Y (AY B) as follows. Let S € p~}(AXB), and
let U be the final segment of p!Bl(S) occupied by the entries {N — | X| +
1,...,N —1,N}. Then, U € p~'(X). Now, replace U in p!B!(S) by ¢(U)
(where ¢ is the bijection that exists by part (i) of the definition of s-relation)
and apply p~!Bl. This is 1(9).

By the definition of s-relation, we know that TUU ~ T U ¢(U) for some
tableau T and p(T UU) = WX, p(T U ¢(U)) = WY for some sequence
W. We may assume that sh(T U U) = d,. Let V be the initial segment of
p!PI(S) (and hence also of pl®l(1)(S))) consisting of the entries {1,2,...,
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n n—1
n—2 , n—2
n—1 n
n—2 n—1
n , n
n—1 n—2
n n—2
n—1 , n—1
n—2 n

Figure 7.14. Four dual equivalence classes.
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n — | X|}. By Facts A3.10.1 and A3.10.4, V and T are related by a chain
of elementary dual equivalences. This chain transforms pl? ‘(S) =VuU
into TU U, and p!Bl(y(S)) = V U ¢(U) into T U ¢(U). This, by Theorem
7.4.2, implies that p(VUU) and p(T'UU) (= WX) differ only in their first
n—|X| entries. Therefore, p(VUU) = ZX for some sequence Z, and (again
by Theorem 7.4.2) Z depends only on W (and the chain of elementary
dual equivalences). Since the same chain of elementary dual equivalences
transforms V U ¢(U) into T'U ¢(U), this shows that p(V U ¢(U)) = ZY.
Therefore,

PPl ((9)) = 2Y

and p(p!P!(S)) = ZX and this, since p(S) = AX B, implies that p(¢(S)) =
AY B by Corollary 7.3.6. This shows that ¢(p~1(AXB)) C p~1(AY B).
The fact that v is a bijection is clear, O

We are now in a position to prove the first main result of this section.

Theorem 7.4.6 Let T be a tableau of shape 6,. Then, T is uniquely
determined by p(T). Equivalently, |[p~Y(X)| = 1 for all X € P(d,).

Proof. It follows immediately from Propositions 7.4.4 and 7.4.5 that
X)) =[5 (V)]

for all X, Y € P(d,,). To conclude the proof, we therefore just have to show
that there is at least one element X, € P(4,,) such that [p~(Xo)| = 1, and
this is easy to do (take, e.g., Xo =(1,2,1,3,2,1,...,n,n—1,...,2,1)). O

The above result shows that the map p is a bijection from the set of
tableaux of shape d,, to P(d,). Note that, in principle, we know the set
P(0,,) explicitly because we know that we can generate it by starting with
a single element of it (say X() and applying recursively s-relations. Sounds
familiar? Yes, it is not a coincidence. Recall that for w € W, we denote by
R(w) the set of all the reduced decompositions of w.

Theorem 7.4.7 The map p is a bijection between the set of all tableaux
of shape 0y, and R(wy), where wy denotes the longest element of Sp41.

Proof. By the preceding remarks, it is enough to show that
P(0n) = R(wo)

(where we identify, as done in Section 3.4, a sequence (i1,...,ix) € [n]*
with (si,,...,si,) € S¥ and s; = (i,i + 1) for i = 1,...,n).

Let X € P(6,). Then, by Proposition 7.4.4, X is related to Xy by a
sequence of s-relations of the form given in the statement of Proposition
7.4.4. However, all of these relations are also Coxeter relations in Sy, ;1.
Hence, since Xy € R(wp), we conclude that X € R(wp). This shows that
P(0r) C R(wp).
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Conversely, let Y € R(wp). Then, by Theorem 3.3.1, Y is related to
Xo by a sequence of braid-moves. However, all of these braid-moves are
also s-relations, as we have seen in the examples preceding Proposition
7.4.3, so Y is connected to Xy by a sequence of s-relations and this, by
Proposition 7.4.5, implies that Y € P(4,,) since Xy € P(d,,). This proves
that R(wg) € P(d,) and concludes the proof. O

As an immediate consequence of the above theorem we obtain the follow-
ing result, which was, historically, the empirical observation that started
most of the enumerative research on reduced decompositions.

Corollary 7.4.8

("3)!
R = .
Rwo)l = frgeimna.. (2n —1)
Proof. This follows immediately from Theorem 7.4.7 and the well-known
“hook length formula” (see, e.g., [498, Corollary 7.21.6]). O

At this point, the reader may very well feel puzzled, or distressed. Have
we built a whole theory just to compute the number of reduced decompo-
sitions of one element (and a very special one, besides) of S,,+17 Indeed,
the answer is no. Using this theory, we can enumerate, with a little further
work, the reduced decompositions of any element of .S, 1.

Proposition 7.4.9 Let T be a tableau of shape 6., p(T) = (r1,...,TN),
and k € [N]. Then, the initial segment of T consisting of the cells of T
containing the entries {1,...,k} is uniquely determined by (r1,...,7%).

Proof. Let, for brevity, A wef (r1,...,r%), and write p(T) = AB. Let S
be a tableau of shape J, such that p(S) = AC for some C. We wish to
prove that the initial segments of S and T formed by the cells containing
the entries {1,..., k} coincide. By Theorem 7.4.7, AB and AC' are reduced
decompositions of wy. Hence, B and C' are reduced decompositions of some
element w € S),+1. Therefore, by Theorem 3.3.1, we may assume that B
and C' differ by a braid-move.

Suppose that B and C differ by a braid-move of the form (a,a+1,a) <
(a+1,a,a+1) for some a € [n—1]. Then, p(S) and p(T") differ by the same
relation, which is an s-relation. However, for an s-relation of this form, we
have (see the first example following the definition of an s-relation) that
U =~ ¢(U), where we use the same notation as in the proof of Proposition
7.4.5. This, by the proof of Proposition 7.4.5, implies that S and T differ
only by an elementary dual equivalence on the segment involving {k +
1,..., N}, so the result holds in this case.

Suppose that B and C' differ by a braid-move of the form (a,b) < (b,a)
for some a, b € [n] with |a — b| > 1. Then, reasoning as in the previous case
(namely keeping in mind the example given before Proposition 7.4.3 and
the proof of Proposition 7.4.5), we conclude that S is obtained from T' by
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applying p® for some ¢ (necessarily < n — k — 2), switching N and N — 1
(which will be in the corner cells labeled by a and b) and then applying
p~t. This whole process does not change the initial segment containing the
entries {1,...,k}, so we are done. O

The preceding result is the crucial step needed to extend Theorem 7.4.7
to other elements of S,,1. In fact, it allows us to define p~! in R(w) for
any w € Spy1.

Let w € Sp41, X € R(w), and E € R(w wp). Then, by Proposition
3.1.2, {(w) +£(w™ wp) = £(wp) and, hence, X E is a reduced decomposition
of wg. We then define 8(X) to be the initial segment, in p~! (X FE), con-
taining the entries {1,...,|X|}. This is well defined by Proposition 7.4.9.
Note that 6(X) is a tableau of normal shape, contained in &,,.

Proposition 7.4.10 Let w € Sy,+1 and let T be a tableauw with sh(T') C 4,,.
Then,

HX € R(w): 0(X)="T}|
depends only on sh(T).

Proof. Fix E € R(w twyp). Note that X € R(w) if and only if XE €
R(U}o)

Let X € R(w) be such that §(X) = T. Let U be the final segment
of p71(XE) containing the entries {|X| + 1,...,N}. Then, p(U) = E,
pY(XE)=TUU, and, therefore, sh(U) = 6,,\ sh(T).

Conversely, if U is a tableau of shape d,\ sh(T") such that p(U) = E,
then

p(T U U|+\T\) =XF

for some X € [n]I”!. Thus, by Theorem 7.4.7, X € R(w) and, by definition,
0(X)=T.
It is clear that this correspondence X < U is a bijection. Hence,
{X e R(w): 0(X) =T} =[{U: sh(U) =6, \sh(T) , p(U) = E}|,
(7.36)
which implies the result. O

Since the numbers in equation (7.36) do not depend on T and E but
only on sh(T") and w, we define, for any partition A, and any w € Sy, 41,

ax(w) € X e R(w) : 0(X) =T} (7.37)
where T is any tableau of shape \. Equivalently,
ax(w) ={U : sh(U) =d, \ A, p(U) = E}|,

where E is any reduced decomposition of w™lwy. (For an alternative com-
binatorial interpretation of ay(w), see Exercise 21.) Note that ax(w) = 0
unless |A| = £(w).
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The following is the promised generalization of Corollary 7.4.8, and the
main result of this section. Recall that f* denotes the number of standard
Young tableaux of shape \. As was mentioned in the proof of Corollary
7.4.8, there is an effective procedure for explicitly computing the numbers
1, known as the “hook length formula” (see [498, Corollary 7.21.6]).

Theorem 7.4.11 Let w € Sy,+1. Then,

[R(w)] = ax(w)f,
A

where \ runs over all partitions of £(w) contained in d,,.

Proof. By Proposition 7.4.10, we have that
[R(w)] = Y {X € R(w): 6(X) =T}
T

=Y Y X eRw):6(X) =T}

A AT: sh(T)=\}
= > ar(w)f?,
A

where T runs over all tableaux of normal shape contained in ¢,,, and the
result follows. O

An interesting and natural problem now is that of describing explicitly
the map p~! from reduced decompositions to tableaux. This turns out to be
related to some surprising variations of the Robinson-Schensted algorithm
(see Exercise 21).

Another (even more natural) problem is that of extending the main
results of this section to other Coxeter groups. This is a huge problem
that hides some deep combinatorics. Note that the mere statement that
IR(w)| =Y, axf? for some ay € N is certainly true for any w € W in any
group W, since any non-negative integer can be expressed in this format.
What one really wants is a combinatorial interpretation for the ay’s that
gives some insight. It turns out that what we have done in this section can
be carried over, with some technical complications but with essentially the
same ideas, concepts, and techniques, to the Coxeter groups of types B and
D (see [284] and [44]).

7.5 Stanley symmetric functions

As mentioned in Section 7.2, generating functions often provide an elegant
and compact way of encoding enumerative results. In this section, we con-
sider a multivariable generating function for the reduced decompositions of
the elements of the symmetric groups. We prove the remarkable fact that
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this generating function is always symmetric, and we compute its expan-
sion in terms of Schur functions. We assume that the reader is familiar with
the contents of Appendix A4.

Recall that we write S = {s1,...,8,}, where s, = (i,i+1),i=1,...,n,
and that

def | . L
D(siy,....85,) = {j€lp—1]: ij > ij}
for (ssy,...,si,) € SP.

Lemma 7.5.1 Let w € Sp41 and X € R(w). Then,

Proof. It is a routine case-by-case exercise to verify, using equation (7.25),
that if T is a tableau and k, k + 1 are entries of T, k + 1 < |T|, then
k € D(T) if and only if k € D(p(T)), where in the promotion tableau p(T')
we do not renormalize the entries.

Now, fix E € R(w™twy), so that XE € R(wp), and let T' def pHXE).
Then, by definition, §(X) is the initial segment of T' containing the entries
{1,2,...,|X|}. Therefore, if k& € [|X]| — 1], then k € D(6(X)) if and only
if k € D(p"~*~Y(T)). However, in pV~*=1(T) (recall that here we do not
renormalize the entries when performing p), the entry k + 1, and hence
necessarily also k, occupy corner cells of ¢,,. Furthermore, since p(T') = X E,
k + 1 occupies the corner cell labeled by X1 (the (k+ 1)-st entry of X),
and k occupies the one labeled by Xj. Hence, k € D(6(X)) if and only if
Xk > Xk, as desired. O

Let w € S,41, and p f l(w). Let x f (z1,22,...) be a sequence of
independent indeterminates. The Stanley symmetric function of w is

def
Fw(x) ; Z QD(E),p(X)-
EcR(w)

For example, if n = 2 and w = 321, then R(w) = {(s1, $2, 51), (2, $1,52)}
and, hence,

2 2 2 2 2 2
Fs1 (1, 22, 3) = 2102 + x7x3 + 53 + 2125 + 2012203 + Tox3 + T125

(where Fy(z1,...,2,) def Fy(z1,...,2,,0,0,...)).

Theorem 7.5.2 Let w € S, 1. Then, F,(x) is a symmetric function and

F,(x) = Z ax(w)sx(x), (7.38)

A-2(w)

where ax(w) has the same meaning as in Theorem 7.4.11.
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Proof. From our definitions and Lemma 7.5.1, we have that

> Qomypx)

EcR(w)

> > Qp()p(X)

T {E€R(w): 0(E)=T}

Z ash(r) (W)Qp(1),p(X)

Z ax(w) Z Qp(r), | (%),

AC6S, {T: sh(T)=\}

F,(x)

where p = ¢(w) and T runs over all tableaux of shape contained in §,,.
Thus, the result follows from Fact A4.2.2. O

The symmetric functions Fy, (x) were first defined by Stanley in [493] ex-
actly for the purpose of enumerating the reduced decompositions of the
elements of S,,4+1. In fact, it is possible to prove Corollary 7.4.8 using
just these symmetric functions (i.e., without using the theory developed
in Sections 7.3 and 7.4; see [493]).

Note that taking the coefficient of x1x5 ... 2, on both sides of equa-
tion (7.38) yields Theorem 7.4.11. However, it is not at all clear, from the
definition of Fi,(x), why the coefficients ay(w) are > 0. Once this fact
is known, then standard results from the theory of symmetric functions
(see, e.g., [498, §7.18]) imply that there exists a representation F,, of Sy
whose character corresponds to F,,(x) under the characteristic map and
that the integers ay(w) give the multiplicity of the irreducible representa-
tion of Sy, indexed by A in F,,. Such representations have been explicitly
constructed by Kraskiewicz, see [331].

The symmetric function F,(x) is also intimately related to the Schubert
polynomial of w. The topic of Schubert polynomials is vast and is not
treated here. We refer the reader to the excellent expositions in [381] and
[248] and the references cited there.

Exercises

1. Let J C S be such that |IWW;| = co. Show that
1)Kl

KCJ WS\K

2. Let, for w € W,

aﬂ(w)dﬁmln{kGN w =t ---t;, forsome &;,...,t; €T}
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We call al(w) the absolute length of w. Clearly, al(w) = 1 if and only
if w e T. For a finite Coxeter system (W, S), show that

n

>t =TT+ ent),

weWw i=1
where ey, ..., e, are the exponents of W.
. Let S = K1 UKy U---U K} be the partition of .S induced by the
conjugacy relation (see Exercise 1.16). Define ¢;(w), 1 <i <k, to be

the number of letters from K; in any reduced expression of w € W,
and define

W(xy,...,x5) = Z xfl(w) ~-~.’L‘£k(w).
weW

(a) Show that ¢;(w) is well defined.
(b) For W of type B, let K1 = {so} and Ko = {s1,...,8,-1}.
Show that

W(xy, x2) H1+x1x2 +x2+-~-—|—x§).
i=0

. In this and the next four exercises, we use the following notation. For

a sequence of Coxeter groups W def {W, }n:() 1,2,.., we let
def
expyy (z; q) Z
n>0 W ( )

This extends definition (7.12) of exp(z;q). Use the ¢-binomial
theorem (see Appendix A4.1) to show that

exp(w;q) = [J(1 =201 —g)g")"

i>0
expp(ziq) = [[(1—2(1 — q)g*)
i>0
wPexpp(w;q) = expplaiq) + [[(1 - 2(1 —g)g**) ' —2—a

i>0

_ _ I _ 21+1
wyeia) = exveleia) = g+ g + 11 (1 1= q)g )

[Q]q 1 —2(1—q)¢?

1l - Q)QZZH)
4
rrexpr(x;q) = -
D( ) Zl})( 1-1‘(1-6])6]21
1—2(1—-q)q 3
= I (i) - Lo

=

for some ¢;(q) € Z(q).
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Here, B = {Bn}n:O,l,Z,...a~D = {~Dn+2}n:0,1,2 C={Cpln=01.2,.

B ={Bu}n=01,2,.,and D = {Dn+4}n:071727 (We use the conven-
tions that By = <6>, B = 50 = E() = Ay, Cl = = By, B2 CQ,
D2 = A1 X Al, and Dg = Ad)

5. Let (W™, {s1, s2, s3}) be the Coxeter system having Coxeter matrix
1 r 2

(r,s > 3). Choose v = s2, By = {s1}, and Bz = {s3}.
(a) Use Theorem 7.2.3 to show that

r,s\(n—3) (4. o

n>0

ta(l —t) expyyr (2(1 — t); q) expyys (2(1 — 1); q)
1 —texp(z(l —1);q) ’

where Wrs & {(W“S)("*S)}nzo’l,gw and W™ = W"3 (we use
the conventions that (TW7*)(=3) def {e), (Wms)(=2) def A;, and
(W)= X Ly(r)).

(b) Deduce from part (a) that

5~ Bultia)s _ (1= expp(s(l—0):a),

= B, (q) 1 —texp(z(l —t);q)

(¢) Deduce from part (a) that

1 CN'n(t;q)x"_e (1 —$): texpg(z(1 —t);q)?
1—tnzz:0 5;((1) = expg(e(l t)’q)Jrl—teXp(x(l—t);q)'

6. Deduce from Theorem 7.2.3 that

2tx+z

2*(1 — t)%expp (x(1 — 1); q) + t(2 — tz)(exp(z(1 — t);q) — 1)
1 —texp(z(1 —t);q) '
7. (a) Use Theorem 7.2.3 to find a formula for

Z Enﬁt; Q)xn

=5 Bale)

in terms of expz(x(1—1);q), expp(x(1—1t);q), expp(z(1—1); q),
and exp(z(1 —t);q).
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(b) Use Theorem 7.2.3 to find a formula for the generating function

> D, (t; q)z"

nsa Dn(a)

in terms of expp(x(l — t);q), expp(z(l — t);q), and
exp(z(1 —1);q).
8. (a) Let

(where we use the convention that Ay = (¢)). Show that

0
expz(z;q) = fﬂ@log(exp(w; q))-

(b) Deduce from Theorem 7.2.3 and part (a) that

ot ovslote)
o 10T 1—texp (xﬁ;q)
9. Let (W, S) be an infinite Coxeter system of rank 3. (Equivalently, the
quantity d defined in Exercise 4.8 satisfies d < 1.) Show that
W(g) =W(g™),

as rational functions in Z(q).

10. Let (W, S) be a finite irreducible Coxeter system.

(a) Identify asubset J C {s1,..., S} with the sequence (n1, ..., ny)
such that S\ J = {Sn,, Sn14+nas-- s Sna+..4np_,y a0d 0y + -+ +
ng =n+1 (sok =n—|J|+1). Show that if (W, {s1,...,s,})is
of type A,,, with the generators indexed in the usual way, then

WJ(_l) = ( L%JL’”TH,J[%J )

i [252] = %] + oo+ [, and

W’ (=1)=0
otherwise.
(b) Show that if (W,S) is of type B, then W’(—1) = 0 for all
JcCS.
(¢) Show that if (W,S) is of type D, (S indexed as in Appendix
A1), then

2, ifnisodd and J =5\ {sn_1},
0, otherwise

w(-1) = {
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forall J C S.

(d) Deduce from the preceding parts that W7/ (—1) = 0 forall J C S
if and only if every exponent of W is odd.

(e) Is there a uniform (i.e., not case by case) proof of part (d)?

11. Given a finite Coxeter group W, let W(t;1) be the Eulerian
polynomial of W defined in Section 7.2.

(a) Show that

Su(t:1) = (L4 (n — DO)Su 1 (1) + (¢ — 12) 2

(S (t:1)

for n € P, where Sy(t;1) ey,
(b) Deduce from part (a) that
. i Sy(t;1)
>0
as a formal power series in Z][[t]].

(¢) Deduce from part (a) that S, (¢;1) has only real zeros.
(d) Show that

Bu(t:1) = (14 (20— 1)8) B (1) +2(t — 12) 2

E(Bn—l (t; 1))

for n € P, where By(t;1) defy,

(e) Deduce from part (d) that

. nsi B, (t;1
> (2i+1)mt —ﬁ

i>0

as a formal power series in Z][[t]].

(f) Deduce from part (d) that the polynomial B, (¢;1) has only real
ZE€T0S.

(g) For n € P, show that

Dy(t;1) = By, (t;1) —nt2" 1S, 1 (t;1).

(h) Show that the polynomial W (¢; 1) has only real zeros if W is of
type EGa E7a ESa F4a HSa and H4~
(i)* Is it true that the polynomial D, (¢;1) has only real zeros?

12. Consider the symmetric group S, .
(a) Show that

> (x+a1)(x+a2)..._(g>! [ Ztitici

(a1,a2,...)ER(wo)



13

14

15

16.

17

18

19
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(b) Deduce that

n
2

>

Exercises
a1a2...a(g) = < )'
(a1,a2,...)ER(wo)
[For instance (n=3), 1-2-14+2-1-2=06]
(¢) Deduce the formula for |R(wp)| in Corollary 7.4.8.

. Let S = {s1,82,...,8,—1} be the set of adjacent transpositions
s; = (iyi+ 1) in S,. Suppose I C J C S, and say that J =

{Silﬁsiza"'vsij}a where 1 <ip<tg <+ < ij <n-—1.
Show that
1 1 1 1
[ii]! [i%]! [i?]l [Ti]!
[iz—il]! [ig—h]! [n—h]!
L P =5
i3 —i2]! n—is]!
Pila) = ltdet| o 0 * =o
0 0 0 =h

where the subdiagonal element * in the p-th column equals 1if s;, € I,
and is 0 otherwise. Here, [n]! def [n][n —1]---[2][1] and [k] = [k]4 def

l+q+¢++¢

X Is it true for every finite irreducible Coxeter group (W, .S), and every
I C J C S, that the polynomial Df(q) is unimodal?
[Remark: This was proven for I = ) and essentially all cases in [491].]

. Let T be a tableau with n cells. Show that
p"(T) = e(e*(T)).

A (rookwise) connected skew partition is a generalized staircase if
every miniature final, and initial, segment of it is a brick. For example,
(3,1) is not a generalized staircase, whereas a staircase (as the name
implies) is also a generalized staircase.

Let A\ p be a (rookwise) connected skew partition. Show that A\ u
is a generalized staircase if and only if it is either a staircase, an
antistaircase, or a rectangle.

. Let T be a tableau of generalized staircase shape, with n cells. Show
that

T,
T/

if sh(T') is a rectangle,
otherwise.

p"(T) = {

. Let A\ p be a connected skew partition such that p*\#/(T") = T for
all tableaux T' of shape A\ p. Show that then A\ p is a rectangle.

. Show that Fy,(x) = F,-1(x), for all w € S,,.
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20. Let N, = Ho(Sn,S) be the generic Hecke algebra of the symmetric

group S, (as defined in [306, §7.1]), specialized by setting parameters

as =bs =0forall s € S = {s1....,8,-1}. Let {T\}wes, denote
def

its canonical basis, and write, for convenience, 7; = Tj,, for i =
1,...,n — 1. The algebra N, is called the NilCozeter algebra of S,,.
It has generators 71, ...,T,—1 and relations

T? =0, if i=1,...,n—1,

TiTj = TjTia if |’L —j‘ > 1,

TiTi+1Ti = Ti+1TiTi+17 if i= 1, ey — 2.
(a) Show that if 7,n € P and r > (), then

> Fular,...,20)Tw = Alar) -~ A(z,)

weSy,
in NV, ®7 Z[x1, ..., x|, where
Aw:) E (T + 2T1) -+ (Te + 2T ) (T + 2T 1)
fori=1,...,7r.
(b) Show that
Awi)Ax;) = Alz;) Alx:)
for 4,5 € [r].
(c) Deduce from parts (a) and (b) that Fy(zq1,...,2,) is a
symmetric polynomial in 1, ..., .

def

21. Let R = U, >, R(Sn). We say that a (not necessarily standard)

tableau T is an A-tableau if p(T') € R (where p(T') denotes the reading
word of T' (see Appendix A3.5) and we identify ¢ with (¢,7 + 1) for
i = 1,2,...). Let T be an A-tableau, Ry,..., Ry be its rows, and
1 € P. We define a new tableau, denoted “I" < i,” as follows. If Ry is
weakly increasing, then we add ¢ at the end of R; and the algorithm
stops. If R;i is not weakly increasing, then we proceed according to
the following steps:

(1) If Ry contains the subword ¢,¢+ 1, then we set by =i+ 1.
(2) If Ry does not contain ¢,i + 1, then we let by be the smallest
number (in R;) that is strictly larger than ¢, and we substitute
bl by 7.
At this point we repeat the above algorithm with “Ry” in place of
“Ry1,” and “by” in place of “i,” and so on until the algorithm stops.
The result is a tableau that we denote “I" «+— i.” For example, if

213
T=|3]|4
416
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and 7 = 1, then

1123
T - 214
316
4
Now, let w = (i1,...,ip) € R. Define a sequence of tableaux

T1,...,T, inductively by letting

=,

{ T} déij_l —1i5, forj=2,...,p.
We then define
Pa(w) €T,

and @ 4(w) to be the standard tableau corresponding to the sequence

sh(T1) C sh(Tz) C --- Csh(Tp).
For example, if w = (1, 2, 3, 1, 4, 3) € R(S5), then

paoy - L
and
Qa(w) = 1 3‘5|

We now define an equivalence relation on the set R as follows. Let
~ Ak be the equivalence relation generated by the relations

(Y, 7, 2) ~aK (Y,2,7)

forx <y <z,
(z,:my) ~AK (x,z,y)
for x <y < z, and
(z+1l,z,2+1) ~vax (z,z+ 1, x)

(note that these are exactly the s-relations of Proposition 7.4.4). In
other words, we say that u is elementary AK -equivalent to w if and
only if w can be obtained from u by changing a factor in u of length
3 according to one of the above rules. We then say that u is AK-
equivalent to w (written u ~ 4 w) if there is a sequence of elementary
AK-equivalences that transforms u to w. Note that if u ~ 45 w, then
u and w are reduced decompositions of the same element.

(a) Let T be a tableau. Show that P4(p(T)) =T.
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(b) Let w € R be an increasing word (so P4(w) has only one row)
and i € P be such that wi € R. Show that wi ~ax p (Pa(w) <

(¢) Deduce from part (b) that if w € R, then w ~ax p(Pa(w)).

(d) Use part (c) to show that if w € R, then P4(w) is an A-tableau.

(e) Show that if w,u € R, then w ~ax w if and only if Ps(w) =
PA(U).

(f) Show that the map w +— (Pa(w), Qa(w)) is a bijection between
R and pairs (P, Q) such that P is an A-tableau, and Q is a
standard tableau of the same shape as P. Deduce that for any
w and any partition A, a)(w) equals the number of tableaux P
of shape A such that p(P) is a reduced decomposition of w. (The
integer ay(w) is defined by (7.37).)

(g) Show that the map w — Qa(w) is a bijection between R (wp)
(where wy denotes the longest element of S,,11) and the set of
all standard tableaux of shape §,.

(h) Show that the map in part (g) is the inverse of the map p
considered in Theorem 7.4.7.

(i) Show that if w € R, then D(w) = D(Qa(w)).

Notes

Corollary 7.1.4 is due to Steinberg [501]. Theorem 7.1.5 was first proved
by Chevalley [133] for Weyl groups and then by Solomon [480] for finite
Coxeter groups. Proposition 7.1.7 appears in Charney and Davis’ article
[125).

As mentioned in the text, Theorem 7.1.10 is due to Bott [77]. Combi-
natorial proofs have been given by Bjorner and Brenti in type A [62], by
Bousquet-Mélou and Eriksson [80] in type C~', and by H. and K. Eriksson
for the other types [224].

All the results in Section 7.2 are due to Reiner and appear in [439]. The
material in Sections 7.3 and 7.4 appears in Haiman’s article [284]. The
symmetric functions of Section 7.5 were introduced by Stanley in [493];
again, our treatment follows [284].

Exercise 2. See Lehrer [361], Barcelo and Goupil [18], and Dyer [211].
Exercises 5, 6, and 7. See Reiner [439].

Exercise 9. See Charney and Davis [125], and Serre [453].

Exercise 10. See Tan [531].

Exercise 11. See Brenti [86].

Exercise 12. See Fomin and Kirillov [246] and Macdonald [381].
Exercise 13. See Bjorner and Wachs [67] and Stanley [490].

Exercises 15, 16, 17, and 18. See Haiman [284].

Exercise 20. See Fomin and Stanley [247].
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Exercise 21. See Edelman and Greene [218].

Except for the classical topic of Poincaré series, most other results on
Coxeter groups of an enumerative nature are very recent. The symmetric
group has many beautiful enumerative properties, some of which have been
known since the 1800s, and a recent trend has been to see to what extent
these carry over to other (especially finite) Coxeter groups. Sections 7.1 and
7.2 contain good examples of this concerning length and descent number.
Many other statistics on the symmetric group have been and are currently
investigated, such as the major index, excedances, and cycle number, to
cite only the most common ones. Analogs of these for other Coxeter groups
have been found in some cases and are being looked for in others. The
reader can see, for example, the articles of Adin, Brenti, and Roichman [1],
Billey and Lam [48], Brenti [86], Clarke and Foata [140, 141, 142], Foata
and Han [243], Ram [429], Reiner [433, 434, 435, 436, 437, 440], Reiner and
Ziegler [443], and Steingrimsson [502], for work of this nature, where also
other classical combinatorial concepts, such as partially ordered sets and
tableaux, are seen as the type A case of more general ones.

Exercise 11 has connections to the geometry of certain toric varieties. In
fact, it is known (see Exercise 3.16) that the Eulerian polynomial W (¢;1)
is also the generating function of the h-vector of the Coxeter complex asso-
ciated to (W, S). Since this Coxeter complex is isomorphic to the boundary
complex of a simplicial convex polytope (see, e.g., [64, Proposition 2.3.9]),
there follows from standard results in the theory of toric varieties (see, e.g.,
[404, Chapter 2]) that this h-vector equals the sequence of even-dimensional
Betti numbers of certain toric projective varieties associated to the poly-
tope and that W (¢2; 1) is the Poincaré polynomial of these varieties. It has
been conjectured [86, Conjecture 5.2] that W (t; 1) has only real zeros for
any finite Coxeter system, and this has been verified in almost all cases;
see Exercise 11. For more details on the toric varieties associated to the
Eulerian polynomials W (¢; 1), the reader can consult Stembridge [503, 504]
and Dolgachev and Lunts [191], and the references cited there.

Most of the studies on the enumeration of reduced decompositions in fi-
nite Coxeter groups have their origin in Stanley’s work [493]. In it, Stanley
introduced the generating functions F, (x), proved that they are symmetric,
and used them to prove Corollary 7.4.8 (which he had conjectured himself
in a previous unpublished note). This corollary had meanwhile been inde-
pendently proved by Lascoux and Schiitzenberger in [349] (in response to
Stanley’s conjecture) using totally different techniques. From these early
works, the subject has blossomed. In [349], and independently in articles
by Edelman and Greene [217, 218], bijective proofs are given for Corollary
7.4.8. These bijections (some of which are treated in Section 7.4 and in Ex-
ercise 21) give much greater insight into the original conjecture and enable
one to prove further results (such as Theorem 7.4.11), which Stanley had
been unable to obtain with his symmetric function techniques.
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In [493], Stanley also had some conjectures on the corresponding prob-
lems in type B, including an analog of Corollary 7.4.8. These conjectures
inspired more work, and the cited bijections were generalized to type B by
Kraskiewicz [330] and independently by Haiman [284], and then to type
D by Haiman [284], Lam [339], and Billey and Haiman [44]. In these last
two works, generalizations of the Stanley symmetric functions (sometimes
called “stable Schubert polynomials”) are defined and studied also for types
B and D. Another approach that has recently been followed is that of find-
ing special classes of elements whose number of reduced decompositions
admits a nice representation. We refer the reader to the articles of Fan and
Stembridge [235, 236, 505, 506, 508] for work in this direction.
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Combinatorial Descriptions

This chapter has a different flavor from the earlier ones and is intended more
as a source of reference than for sequential reading. We take a detailed look
at certain concrete combinatorial descriptions of the Coxeter groups of type
B, D, A, B, C, and D (as defined in Appendix Al). For each one of these
families, we describe in terms of permutations the group, a set of Coxeter
generators, length, descent sets, parabolic subgroups, quotients, minimal
coset representatives, reflections, Bruhat graph, and (in most cases) Bruhat
order. The corresponding descriptions for Coxeter groups of type A are
given in Sections 1.5, 2.1, 2.4, and 2.6. Some other cases appear among the
exercises.

Throughout this chapter, we use the notation for permutations intro-
duced in Appendix A3.1.

8.1 Type B

Let SB be the group of all bijections w of the set [+n] in itself such that
w(—a) = —w(a)

for all @ € [£n], with composition as group operation. If w € SZ, then we
write w = [a1, ..., a,] to mean that w(i) = a; for i = 1,...,n, and call this
the window notation of w. Because of this notation, the group SZ is often
called the group of all “signed permutations” of [n].

Since the elements of SZ are permutations of [£n], we can also write them
in disjoint cycle form and in complete notation (as elements of S([£n])).
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For example, if v =[-3,5,1,—7,2,8, —6, —4], then we also write
v=46 -8 —-27-1-53-351-728—-6—4

and v = (—3,—-1,3,1)(5,2)(8, —4,7, —6,—8,4, —7,6) (—5, —2). We multiply
elements of SZ “from the right.” For example, if w = [-2,1,4,5,—3,6]
and v = [3,-6,2,4,—5,—1], then w™! = [2,-1,-5,3,4,6], vw =
[6,3,4,—5,—-2,—1], and wv = [4,-6,1,5,3,2]. We identify S, as a
subgroup of SZ in the natural way.

As a set of generators for S2 we take Sp = {sP,...,s8_ |, s8}, where

sB=l,....i—li+1,4,i+2,...,n
for i € [n — 1], and
s8=1[-1,2,...,n].

Note that multiplying an element w € SZ on the right by s? (respectively,
s) has the effect of exchanging the values in position i and i + 1 (respec-
tively, changing the sign of the value in position 1) in the window notation
of w, for i = 1,...,n — 1. On the other hand, the same operation has the
effect of exchanging the values in positions 7 and 7 + 1 as well as those in
positions —i and —i — 1 (respectively, exchanging the values in positions
1 and —1) in the complete notation of w. This makes it clear that Sp
generates S5.

Figure 8.1 illustrates the action of s§*. Here and elsewhere in this chapter,
we write the minus sign under an integer, for ease of notation. For the rest
of this section, if there is no danger of confusion, we simply write “S”

instead of “Sp” and “s;” instead of “sZB,” fort=0,...,n—1.
5 X °
4 .
3 X °
2 L e
1 s
opg
- 1
2 o |
3 o
4 ° |
5 e !

Figure 8.1. Diagram of s € S£ and its action on SZ.
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As in the case of S5, the first step is that of obtaining an explicit combi-
natorial description of the length function ¢z of SZ with respect to S. For
v e SB welet

invp(v) Ciny (v(1),...,v(n)) + neg(v(l),...,v(n))
+ nsp (v(1),...,v(n)). (8.1)
For example, if v = [-3,2,7,—1,—6,5, —4], then invp(v) = 12+4+10 = 26.
Note that invg(v) can be interpreted combinatorially also as counting
certain inversions in the complete notation of v. More precisely, we have
that
invp(v) = [{(6,4) € [n] x [n] : i <j, v(i) > v(5)}|
+ H{(@,4) €n] x [n] = i <j, v(=i) >0()}.  (8.2)
For this reason, we call the inversions counted by the right-hand side of
equation (8.2) B-inversions. If v € SP. it is not hard to see that

neg (v(1),...,v(n)) +nsp (v(1),...,v(n)) = — Z (i) (8.3)
{i€nl: v(4)<0}
and that invg(v) = inv (v) if and only if v € S,,.
Proposition 8.1.1 Let v € SE. Then,

lp(v) =invp(v). (8.4)
Proof. We prove first that

invg (v) < lp(v) (8.5)
for all v € SE. Let v € SB. It is easy to see that inv ((vsg)(1), ..., (vso)(n))

= inv(v(1),...,v(n)) — v(1) + sgn(v(1)), and it therefore follows from
definition (8.1) that

invg (vsg) =invg (v) + sgn (v(1)). (8.6)
On the other hand, for i € [n — 1] we clearly have that

- (vs-)—{ invg (v) +1, ifv@E)<wv(i+1),
BATS invg (v) — 1, ifwv(i)>v(i+1).

Since invp (e) = £p(e) = 0, equations (8.6) and (8.7) prove inequality (8.5),
as claimed.

We now prove equation (8.4) by induction on invpg (v). If invg (v) = 0,
then v = [1,2,...,n] = e and equation (8.4) clearly holds. So, let t € N
and v € SP be such that invg (v) = ¢ + 1. Then, v # e and, hence, there
exists s € S such that invp (vs) = t (otherwise equations (8.6) and (8.7)
would imply that 0 < v(1) < v(2) < --+ < v(n) and hence that v = e).
This, by the induction hypothesis, implies that ¢g(vs) =t and hence that
¢p(v) < t+ 1. Therefore, {p(v) < invp (v) and this, by inequality (8.5),
concludes the induction step. O

(8.7)
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As a consequence of Proposition 8.1.1 we obtain the following simple
description of the (right) descent set of an element of SZ.

Proposition 8.1.2 Let v € SB. Then,
Dr(v) ={s; € S: v(i) >v(i + 1)}, (8.8)
where v(0) .
Proof. By Proposition 8.1.1, we have that
Dr(v)={s€ S: invg(vs) <invp (v)},

so equation (8.8) follows from equations (8.6) and (8.7). O

For example, if v = [-1, —3,4, —2,7, =5, —6], then Dg(v) = {so, s1, $3, S5,
S6}-
Proposition 8.1.3 (SZ,Sg) is a Coxeter system of type B,,.

Proof. We proceed exactly as in the proof of Proposition 1.5.4. Let
iy91, ..., ip € [0,n — 1] be such that

EB(Sil .. .sipsi) < 53(82'1 ~-~3ip)>

and w % 84y ... 8i,. If i € [n— 1], then, by Proposition 8.1.2, the reasoning
goes exactly as in the proof of Proposition 1.5.4, except that i; # 0 since a+
b # 0.If i = 0, then, by Proposition 8.1.2, a < 0, where a def w(1). Hence, a
appears in the left half of the complete notation of the identity, but in the
right half of the complete notation of w. Hence, there is a j € [p] such that
a is in the left half of the complete notation of s;, ...s;;_, but in the right
one of that of s;, ...s;;. Hence, the complete notations of s;, ...s;, and of
Siy -+ .84, ... 8i, are equal except that a and —a are interchanged and this,
by the definitions of w and a, implies that s;, ...s; 5; = 54, §ZJ S S0,
as desired. O

An alternative way of proving the above proposition is given in
Exercise 1.

As was done for S,,, we now give simple combinatorial descriptions of the
quotients and parabolic subgroups of SZ. Again, for notational simplicity,
we treat only the case when |J| = |S| — 1. The proof of the next result is
clear.

Proposition 8.1.4 Leti € [0,n — 1] and J g \ {s:}. Then,
(SB); = Stab ([i + 1,7n))
and

(SBY ={veSP:0<uv(l)<---<v(),v(i+1)< - <v(n)}.
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The reader should have no trouble formulating the preceding result in the
general case. For example, if n = 6 and J = {sq, s2, 83, 55}, then (SB)7 =
{fveSf: 0<v(l), v(2) <v(3) <v4), v(5) < v(6)}.

Also for SB. there is a simple combinatorial rule for computing u” given

u € SB and J C S, which, again, we describe only in the case that |J| =

|S| — 1. Namely, if ¢ € [0,n — 1] and J g \ {s:}, then the window

notation of u” is obtained from that of u by rearranging the elements of
{u(i+1),...,u(n)} in increasing order and then rearranging the elements
of {|u(1)|,...,|u(?)|} in increasing order. For example, suppose n = 9,
J = {51, 53, 84, 85, 8¢, 58 }, and u = [~9,3,1, -5, —6,8,2, —4, 7). Then, u” is
obtained by rearranging {—9, 3}, {1, =5, —6, 8,2}, and {—4, 7} in increasing
order; hence, u’ = [-9,3,—6,—5,1,2,8, —4,7]. On the other hand, if J =
{50, 51, S2, 54, 55, 56, Sg }, then v’/ =[1,3,9, -6, —5,2,8, —4,7].

It is easy to describe the set of reflections of SZ.

Proposition 8.1.5 The set of reflections of S5 is
{G,5) (=i, =)+ 1< < |j| <n} (G —i): i€ [n]}.
In particular, S5 has n? reflections.
Proof. Let w € SZ and i € [n — 1]. Then, one computes that
wsiw ™t = (w(d), w(i + 1)) (—w(i), —w(i + 1)). (8.9)
Similarly,
wsow ™ = (w(1), —w(1)).

Since w is an arbitrary element of SZ, there follows that w(i) and w(i + 1)
can be any two elements of [+n] that have different absolute value, whereas
w(1) can be any element of [+n]. O

Proposition 8.1.5 enables us to derive a description of the Bruhat graph
of SB.

Proposition 8.1.6 Let u,v € SZ. Then, the following are equivalent:
(i) u—wv.

(i) There exist i,j € [£n], i < j, such that u(i) < u(j) and either
v = (i, j)(—i,—j) (if il # |j]) or v =wu(i,j) (if [i| = |j]).
Proof. By the definition of the Bruhat graph and Proposition 8.1.5, we
only have to check that, given i, j, u, and v as in (ii), invg(v) > invg(u) if
and only if u(i) < u(y).

If j = —i (note that this implies that ¢ < 0), then the complete notation
of v is obtained from that of u by exchanging the values u(i) and u(—i). If
u(i) < 0, then u(i) < u(—i), and it is easy to see from equation (8.1) that
invp(u) < invg(v). If u(i) > 0, then, by the same reasoning (interchanging
the roles of w and v), we conclude that invg(u) > invg(v).



250 8. Combinatorial Descriptions

= DN W Ot

R N I -——

||Cﬂ I 0 IND - =
[ J

|§ 43 2 151 2 3 4 5|
W

Figure 8.2. Diagram of the reflection (—4,1)(—1,4) € S¥ and its action on SZ.

If j # —i then the complete notation of v is obtained from that of u
by exchanging u(i) and u(j) as well as u(—i) and u(—j). Suppose u(i) <
(7). The result is clear if ij > 0. If ij < 0, then, since (i, j)(—i,—j) =
(i, —i)(—7,1)(—1,4)(i, —1), the result follows from the two previous cases.
Similarly, invg(v) < invg(u) if u(i) > u(j). O

The preceding result implies, in particular, that if w,o € S, =
Stab([n]) € SZ, then u — v in S, if and only if u — v in SZ. Thus,
the Bruhat graph of S,, is the directed subgraph induced by that of SZ on
S,,. Figure 8.3 shows the Bruhat order and the Bruhat graph of S¥. The
reader should compare this picture to the diagram of Bruhat order of By
shown in Figure 2.1.

12 12
21 12 21 12
21 21 21 21
12 21 12 21
12 12

Figure 8.3. Bruhat order and Bruhat graph of S¥.
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Proposition 8.1.6 also gives a description of the Bruhat order on SZ and
shows, in particular, that if u,v € SZ and u < v in SZ, then u < v in (the
Bruhat order of) S([£n]). We now show that the converse is also true.

For v € S5, let

olij] € {a € [-n,n]: a <i, v(a) > j}| (8.10)

for i,5 € [—n,n], where v(0) 41 0. Note that identity (2.5) continues to
hold if # € SB and k,i,j,1 € [£n], k <i, j <.
The next simple identity will be used in the proof of Theorem 8.1.8.

Proposition 8.1.7 Let v € SE. Then,
forallie[-n,n—1], j € [-n+1,n].

Proof. There are several cases to consider. Since they are all similar, we
treat only one of them. Suppose that 4,7 > 0. Then we have that

vlmi—1,—j+ 1] = vfi,j] = {a< —i: —j < v(a) < j}]
—{a € [xi]: v(a) > j}
=j—1-|{ae][—i-1]: —j<v(a) <j}|
—(i—a €[] 0<uv(a) < j})
=j—i—1.
O
We can now prove the analog of Theorem 2.1.5 for the Bruhat order on

S5,
Theorem 8.1.8 Let u,v € SB. Then, the following are equivalent:
(i) u<w.
(ii) uli,j] <wli,j], for alli,j € [—n,n].
Proof. Suppose that (i) holds. We may assume that u — v in SZ. By
Proposition 8.1.6, this implies that there are a,b € [£n], a < b, such that

u(a) < u(b) and either v = u(a, —a) (it b = |a|) or v = u(a,b)(—a, —b) (if
b # |a]). Therefore, we conclude from (8.10) that
o i g1+ 1, i (4,7) € [a, —a — 1] x [u(a) + 1, —u(a)],
vli. gl = { ult, ], otherwise, (8.11)
if v =wu(a, —a), and
uli,j]+2, if (i,j) € ANB,

olingl = { ulinj)+1. it (i) € AAB, (8.12)
uli, 31, otherwise,

if v = u(a,b)(—a,—b), where A = [a,b — 1] x [u(a) + 1,u(b)] and B =
[—b, —a — 1] x [—u(b) + 1, —u(a)]. Thus, (ii) follows.
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Suppose now that (ii) holds. Let, for brevity,

M (i, 5) < oli, j] — uli, j] (8.13)

for i,j € [-n,n|. We may assume that M (i,7) > 0 for some 7, j. Reasoning
as in the proof of Theorem 2.1.5, we then conclude that there exist (ay, b1),
(ag,bo) € [£n]? such that a; < ag, v(a1) = by > by = v(ap), and

M ([ay, a0 — 1] % [bo + 1,b1]) > 0. (8.14)
From definition (8.13) and Proposition 8.1.7 we deduce that
M(i,§) = M(—i—1,—j + 1) (8.15)
for all i € [-n,n — 1], j € [-n + 1,n]. Hence, by inequality (8.14),
M([—ag, —a1 — 1] x [=b1 +1,—bg]) > 0. (8.16)

Also, since v € SP, we have that v(—ag) = —bg > —b; = v(—ay). If the
rectangles in inequalities (8.14) and (8.16) do not intersect then it follows
from equation (8.12) that v(a1,ap)(—a1, —ao)li,j] > ulé,j] for all i,j €
[—n, n] Hence, by induction we conclude that v < v(a1,ao)(—a1, —ag), and
(ii) follows since v(a1,ap)(—a1, —ag) — v. If the rectangles in (8.14) and

(8.16) do intersect, then a1 < 0 < ag and by > 0 > by and, hence,
M([a,—a —1] x [-v(a) + 1,v(a)]) > 0,

where a & max(ai, —ag). However, then, by (8.11), v(a, —a)[s, j] > u[i, j]
for all i,j € [—n,n], and we conclude again by induction. O

We illustrate the preceding theorem with an example. Let n = 4, v =
[—4,2,1,-3], and v = [—1,3,—4,—2]. Then, u[—4,3] =0 < 1 = v[—4, 3],
but u[—3,2] =2 > 1 =v[-3, 2], so v and u are incomparable in the Bruhat
order of SP.

Theorem 8.1.8 also shows that Bruhat order on SZ is an induced subposet
of Bruhat order on Sa,, (22 S([£n])).

Corollary 8.1.9 Let u,v € SB. Then, u < v in SB if and only if u < v
m Sgn.

Proof. This follows immediately from Theorems 2.1.5 and 8.1.8. O

As for S, it is possible to restate Theorem 8.1.8 in a form that is
sometimes known as the “tableau criterion” for SZ (see Exercise 6).

8.2 Type D

Let SP be the subgroup of SZ consisting of all of the signed permutations
having an even number of negative entries in their window notation. More
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precisely,

SP A ey € SB : neg (w(l),. .., w(n)) = 0 (mod 2)}.

D_ B
i — 5

As a set of generators for S2 we take Sp = {s0’,...,sD |}, where s i

for i € [n — 1], and

s =[-2,-1,3,...,n] = (1,-2)(2, -1).
Figure 8.4 illustrates the action of s§ on SP. It is clear that Sp generates
SD. Note that S, € SP C S5. For the rest of this section, if there is no

danger of confusion, we write simply “S” instead of “Sp” and “s;” instead
of “sP” fori=0,...,n—1.

= DN W s O
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Figure 8.4. Diagram of s§ € SP and its action on SP.

Again, we begin by obtaining an explicit combinatorial description of the
length function ¢p of ST’? with respect to S. Let

invp(v) e invp(v) — neg (v(1),...,v(n)) (8.17)

for all v € SB. Note that, as in the case of SZ, invp(v) counts certain inver-
sions in the complete notation of v. More precisely, it follows immediately
from definition (8.17) and equation (8.2) that

invp(v) = [{(i,4) € [n] x [n]: i <j, v(i) > v(j)}]
+{(i,5) € [n] x [n] : i <j, v(=1) >w(G)}. (8.18)

For this reason, we call the inversions counted by the right-hand side of
equation (8.18) D-inversions.

Proposition 8.2.1 Let v € SP. Then,
Ip(v) = invp(v). (8.19)
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Proof. We prove first that
invp(v) < {p(v) (8.20)

for all v € SP. Let v € SP. If i € [n — 1], then it follows from equation
(8.7) and definition (8.17) that

. N invp(v)+1, ifv(i) <v(i+1),
invp(vsi) = { invp(v) —1, ifv(i) > v(i+1). (8.21)
On the other hand, since s = sFsPsf, we obtain from equations (8.6)

and (8.7) (for ¢ = 1) that

invp(vs?) = { invp(v) + sgn(v(1)) +sgn(v(2)) + 1, if —v(1) < v(2),
invg(v) +sgn(v(l)) +sgn(v(2)) — 1, if —v(1) > v(2)

and, hence, we conclude from equation (8.17) that

Dy _ { invp(v) +1, ifo(l)4+0(2) >0,

v p (v 5 invp(v) — 1, ifov(l)4+v(2) <O0. (8.22)

Since invp(e) = £p(e) = 0, equations (8.21) and (8.22) imply inequality
(8.20), as claimed.

We now prove equation (8.19) by induction on invp(v). If invp(v) =
0, then, by equations (8.17) and (8.1), inv(v(1),...,v(n)) = 0 and
nsp (v(1),...,v(n)) = 0. Therefore, v(1) < --- < v(n) and neg (v(1),...,
v(n)) < 1 and this, since v € SP, implies that v = e and equation (8.19)
holds in this case. So, let t € N and v € S be such that invp(v) =t + 1.
Then, v # e and we claim that there exists s € S such that invp(vs) = t.
In fact, if invp(vs) = ¢+ 2 for all s € S, then equations (8.21) and (8.22)
would imply that v(1) < v(2) < --- < v(n) and v(1) + v(2) > 0. However,
this implies that v(1) > 0 and hence that v = e, which proves our claim. So,
let s € S be such that invp(vs) = t. Then, by our induction hypothesis,
{p(vs) =t and hence ¢p(v) < ¢+ 1. Therefore, {p(v) < invp(v) and this,
by inequality (8.20), concludes the induction step and, hence, the proof. O

The preceding result allows a simple description of the descent set of an
element of S2.

Proposition 8.2.2 Let v € SP. Then,
Dr(w)={s; € S: v(i) >v(i+1)}, (8.23)
where v(0) f —v(2) and v(n + 1) .
Proof. By Proposition 8.2.1, we have that
Dr(v)={s€ S: invp(vs) < invp(v)},
so the result follows from equations (8.21) and (8.22). O
For example, if v = [-2,1,5, —3, —4, —6] then Dg(v) = {so, s3, 54, S5}
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As in the previous section, the combinatorial description of S allows us
to give a simple combinatorial proof of the fact that it is indeed a Coxeter
group of type D,,. (Here, the definition of D,,, n > 4, from Appendix Al
is extended to include also Dy = Ay x A; and D3 = A3.)

Proposition 8.2.3 (SP Sp) is a Cozeter system of type D,,.

Proof. We follow the proof of Proposition 1.5.4. Let i, 41, . ..,i, € [0,n—1]
be such that

ED(Sil .. .sipsi) < ED(SZ'1 Co Sip)

def
and w = i ... S,

If i € [n — 1], then, by Proposition 8.2.2, b > a, where a def w(i + 1)

and b % w(i). The reasoning in this case then goes exactly as in the
proof of Proposition 8.1.3, except that now it is possible that ¢; = 0. How-
ever, if i; = 0, then either s;, ...s;,_,(=2) = a and s;, ...5;_,(1) = b,
or i, ...5,_,(—1) = a and s;, ...s;,_,(2) = b, and in either case it still
follows that the complete notations of s;, ...s;;_, and s; ...s;; are equal
except that a and b as well as —a and —b are interchanged, so the reasoning
goes through in the same way.

If i = 0, then, by Proposition 8.2.2, b > a, where a def w(1) and
b w(—2). Hence, there exists j € [p] such that a is to the left of b in
the complete notation of s;, ...s;;,_, but a is to the right of b in the com-
plete notation of s;, ...s;;. Hence, the complete notations of s;, ...s;;_,
and s;, ...s;; are equal except that a and b as well as —a and —b are in-
terchanged (this is obvious if i; € [n — 1], and it follows from the reasoning
done above in the case i; = 0) and we are done as before since multiplying
w on the right by sg has exactly the effect of interchanging a and b as well
as —a and —b in the complete notation of w. O

For a different proof of this proposition, see Exercise 7.

As done in the previous section, we now describe the parabolic subgroups
and the quotients of SP (again, for simplicity, we assume that |J| = [S|—1).
The proof of the next result is clear.

def

Proposition 8.2.4 Leti € [0,n— 1] and J = S\ {s;}. Then,
D Stab ([¢ + 1,n]), ifi#1,
(S = { Stab ({—1,2,3,...,n}), ifi=1
and
(SPY ={ve 8P v(-2) <wv(l) < - <v(i), v(ii+1) < - <wv(n)}

O

We illustrate the general case of the preceding proposition with some
examples. Let n = 9, and J = {so, 81, 82, 54, S5, 57, 83 }. Then (SP)/ = {v €
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SP o w(=2) < v(1) < v(2) < v(3), v(4) < v(5) < v(6), v(7T) < v(8) <
v(9)}. If J = {s2,53, 85, 56, 88}, then (SP)/ = {v e S : v(2) <v(3) <
v(4), v(5) < v(6) < v(7), v(8) < v(9)}.

Again, Proposition 8.2.4 implies a simple combinatorial rule for comput-
ing u’ given u € SP and J C S. As usual, we state it only in the case that
|J| = |S|— 1. Namely, if J = S\ {s;} and i # 1, the window notation of u”
is obtained by rearranging {|u(1)],...,|u(?)|} and {u(i + 1),...,u(n)} in
increasing order and then (possibly) changing the sign of the first entry so
that the resulting sequence has an even number of negative entries. On the
other hand, if i = 1, the window notation of u” is obtained from that of
u by rearranging the elements {—u(1),u(2),...,u(n)} in increasing order,
and then changing the sign to the smallest one.

We illustrate this (in the general case) with some examples. Let n =9,
J = {so, 81, 82, S4, S5, S7, 88}, and u = [—9,2,—7,—6,1,5,4,3,—8]. Then
the window notation of u” is obtained by rearranging

{2L1=7L1=9[}, {=6,1,5}, and {4,3,-8}

in increasing order and, hence, u’/ = [2,7,9,—6,1,5, —8, 3, 4]. On the other
hand, if J = {so, s2, 53, 54, S6, 57, 53}, then the window notation of u’ is
obtained from that of u by rearranging the elements {9,2,—7,—6,1} in
increasing order, then changing the sign to the smallest one (namely —7)
and then rearranging the elements {5, 4,3, —8} in increasing order; hence,
=[7,-6,1,2,9,-8,3,4,5].
We now describe the set of reflections of S2.

Proposition 8.2.5 The set of reflections of SP is
{0, 4)(—i, =) s 1< Jil < j <n}.
In particular, SP has n? — n reflections.
Proof. Let w € SP. Then,
wsgw™ ! = (w(1), —w(2))(—w(1), w(2))-

On the other hand, we have already computed ws;w~1!, for i € [n — 1], in
equation (8.9). Since w is an arbitrary element of S| there follows that w(i)
and w(i + 1) can be any two elements of [+n] such that w(i) # tw(i+ 1),
and the result follows. O

The preceding result yields the following description of the Bruhat graph
of SP.

Proposition 8.2.6 Let u,v € SP. Then, the following are equivalent:
(i) u—wv.

(i) There exist i,j € [£n], |i| < j, such that u(i) < u(j) and v =

u(i’ j)(_i’ _.7)
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Proof. By definition of the Bruhat graph and Proposition 8.2.5, we only
have to check that, given 4, j, u, and v as in (ii), invp(u) < invp(v) if

u(i) < u(y).
So, suppose that u(i) < u(j). Then, from Proposition 8.1.6 we know that
invg(v) > invp(u). However, neg (v(1),...,v(n)) = neg(u(l),...,u(n))

unless i < 0 < j and u(i) < 0 < u(j). But, if i < 0 < j and u(i) < 0 < u(j),
then neg (v(1),...,v(n)) = neg(u(l),...,u(n)) +2 and v — (i, —i) —
u(i, —i)(—4,4)(—i,j) — v in SZ. Hence, invp(v) > invg(u) + 3, and the
result follows from equation (8.17) also in this case. O

Proposition 8.2.6 shows that the Bruhat graph of S is the directed
subgraph induced by that of SZ on SP. For example, the Bruhat graph
of S is shown in Figure 8.5 (cf. Figure 8.3). The Bruhat order of SP is
isomorphic to that shown in Figure 2.4.

12

21

Do
=

12

Figure 8.5. The Bruhat graph of 2.

Proposition 8.2.6 also implies that if u,v € S and v < v in S2| then
u < v in SPZ. The converse is, however, not true. For example, [2,1] <
[—2,—1] in S (see Figure 8.3), but [2,1] and [~2, —1] are incomparable
in SP (see Figure 8.5). Therefore, Theorem 8.1.8 is not enough to describe
the Bruhat order on S2. However, a slight variation of it does work.

Let v € SP. Given a,b € [n], we say that [—a,a] x [~b,b] is an empty
rectangle (centered at the origin) for v if

{i € [*a] : |v(i)|] < b} =0.

The following simple observation is the crucial property of empty rectan-
gles. Its verification is left to the reader (the number w[i, j] is defined in
(8.10)).

Lemma 8.2.7 Let u € SP and [—a,a] x [~b,b] be an empty rectangle for
u. Then,

ula, b+ 1] —ul—a—1,b4+ 1] = a,

u[—a—1,-b] —u[-a—1,b4+1] = b,
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and
ula,=b] —u[—a—1,b+ 1] =a+b+1.
O

We can now prove the analog of Theorem 8.1.8 for the Bruhat order on

SD.

Theorem 8.2.8 Let v,u € SP. Then, v < u if and only if the following
hold:

(i) v[i, 5] < uli, ], for alli,j € [-n,n].

(ii) For all a,b € [n], if [—a,a] x [=b,b] is an empty rectangle for both
v and u and u[—a — 1,b+ 1] = v[—a — 1,b+ 1], then u[-1,b+ 1] =
v[—1,b+ 1] (mod 2).

Proof. Suppose that v < u. Then, as we have already observed, v < u in
S5 and, hence, by Theorem 8.1.8, (i) holds.

We now prove (ii). Suppose that [—a, a] x [=b, b] is empty for both v and
v and that

ul[—a—1,b+ 1] =v[—a—1,b+1]. (8.24)
Then, from Lemma 8.2.7, we conclude that
v[a,b+1] = ula, b+ 1],
v[—a —1,-b] = u[—a—1,-0],
v[a, —b] = ula, —b)]. (8.25)

Assume first that v — w. Then, v = u(i, j)(—i, —j) for some i,j € [£n],
li| < 7, such that u(i) > u(j) and it is is easy to verify that v[—1,b+ 1] =
u[—1,b+ 1] unless —a < i < —1, u(i) > b, 1 < j < a, and u(j) < —b, in
which case clearly v[—1,b+ 1] = u[—1,b+ 1] — 2. This proves (ii) if v — w.
Suppose now that v < u. Then, we have from the definition of Bruhat
order that there exist ug, u1,...,ux such that v = ug — u; — -+ > up =
u. Hence, by (i),

vli, j] S wali, j] < - < upafi §] < i, )

for all 4,j € [—n,n]. Therefore, by equations (8.25), (8.24), and (2.5),
[—a,a] x [=b,b] is empty for u, for all r = 0,...,k, and (ii) follows from
the v — u case.

Conversely, suppose that (i) and (ii) hold. Let, for brevity,

def
M(i, j) = uli, j] —[i, j]
for 4,j € [-n,n]. We may assume that M(i,j) > 0 for some 4, j. Call, for
brevity, a rectangle [a,b — 1] x [c+ 1,d] C [-n,n] x [-n,n] allowable if

u(a) = d, u(b) = ¢, and
M([a,b—1] x [e+ 1,d]) > 0.
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Reasoning as in the proof of Theorem 2.1.5, we then conclude that there
is at least one allowable rectangle. If there is an allowable rectangle, say
[a1, a0 — 1] X [bg + 1, b1], that does not contain the origin, then its “mirror
image” [—ag,—a1 — 1] x [=b1 + 1, —bo] is also an allowable rectangle (cf.

the proof of Theorem 8.1.8) and is disjoint from the first one. In this case,

w u(ay,ao)(—ar, —ag) — u in SP and, as the reader can check, (i) and

(ii) still hold with «’ in place of u. So, the result follows by induction as in
the proof of Theorem 8.1.8.

Therefore, we only have to consider the case when all allowable rectangles
contain the origin. Call, for convenience, a point (4, 5) € [£n]? a free point
of u (respectively, v) if u(i) = j # v(z) (respectively, v(i) = j # u(7)).
Reasoning as in the proof of Theorem 2.1.5, it is easy to see that every
free point of u is either the top left, or bottom right, corner of an allowable
rectangle. Since all allowable rectangles contain the origin, this implies that
ifag <+ <a <0< —ay <--- < —ay are the z-coordinates of the free
points of u (and hence of v), then 0 < u(a;) < --- < u(ag).

Notice that this implies that if a € [n], then u=1(a) < v=1(a) (or else
M (v=1(a),a) < 0). Hence,

M(i,j) > M(i,j+1) (8.26)

for all 4,7 € [£n], with j > 0, and M (0,0) > 0. Therefore, since u,v € S2,
M(0,0) > 2. Hence, there exists an r € [t — 1] such that v(a,y1) # u(a,)
(or else M(0,0) < 1). Choose r maximal with this property. So, v(ay4+1) #
u(ar), but v(ajy1) = u(a;) for j =r+1,...,t — 1. Note that this implies
that M(—1,1+ u(a,)) =1 and that, if a,41 < j < —a,41, then

MG, u(a,)) = 2. (8.27)

Let w & w(ar, —ar41)(ar41, —ay). Then, by Proposition 8.2.6, w — u in
SDand we leave it to the reader to verify, using relations (8.12), (8.26), and
(8.27), that (i) and (ii) still hold with w in place of w. This, by induction,
completes the proof of the theorem. O

We illustrate the preceding theorem with some examples. Let n = 4,
u=[4,-3,-2,1], and v = [4, 3,2, 1]. Then, one verifies easily that v[i, j] <
uli, 7] for all 4, j € [—4,4]. However, [—2,2] x [—2,2] is an empty rectangle
for both u and v, and v[—3,3] = 0 = u[-3,3], but v[-1,3] — u[-1,3] =
0—1= —1, 50 u and v are incomparable in the Bruhat order of SP. On
the other hand, if u = [1, -3, —-2,4] and v = [1, 3,2, 4], then v][i, j] < u[s, j]
for all i, j € [—4, 4], and there is no rectangle that is empty for v, so v <wu
in the Bruhat order of SP.

For a different reformulation of Theorem 8.2.8, similar to the tableau
criteria for types A and B, see Exercise 11.
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8.3 Type A

Let §n, n > 2, be the group of all bijections u of Z in itself such that
u(z+n)=u(zr)+n (8.28)

for all z € Z and

zn:u - (” * 1) , (8.29)

r=1

with composition as group operation. Clearly, such a u is uniquely deter-
mined by its values on [n], and we write u = [a1,...,a,] to mean that
u(i) = a; for i = 1,...,n. We call this the window notation of u. For
example, if n = 5, u = [2,1,-2,0,14], and v = [15,—-3,—2,4, 1], then
uv = [24,—4,—7,0,2]. The elements of §n are sometimes called affine per-
mutations . Note that if v € S, then there exists a unique v € S, such
that ©(i) = v(4) for ¢ € [n]. This map S, — S, is an injective group ho-
momorphism, and for this reason, we sometimes identify a permutation v
with the affine permutation v and consider S,, as a subgroup of Sy,.

As a set of generators for S, we take S4 = {35,553, ..., 54%, where
A2 i i L4042,
fori=1,...,n—1 and

©0,2,3,...,n—1,n+1].

The action of 5? on 55 is illustrated in Figure 8.6. Note that multiplying
an element u € S,, on the right by 32 (i € [n]) causes the interchange of

the entries of the complete notation of u in positions ¢ + kn and i + 1+ kn
for all k € Z. Hence,

[u(l),...;u(@ —1),u(@+ 1), u(i),u(i+2),...,u(n)],

usi = if i € [n—1],
[w(0),u(2),...,u(n —1),u(n+1)], if i =n.
This makes it clear that 57, ... 5 generate S,, and shows the symmetry of
=A

s, ..., 8 which is not 1mmed1ately apparent from their window notations.
For the rest of this section, if there is no danger of confusion, we write
simply “S” instead of “S4” and “s;” instead of “54,” fori=1,...,n.

Note that for all v € S,, and 1,] €7,

v(i) # v(j) (mod n)
if and only if 7 #Z j (mod n).
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Figure 8.6. Diagram of §g‘ S §5 and its action on §5.

We now obtain a combinatorial description of the length function /7 of
S, with respect to S. Given v € S,, let

v (o) ), o)+ Y {MJ

n

1<i<j<n

For example, if v = [15, -3, —2,4,1] € S5 then inv 7(v) = 5+12 = 17. Note
that inv ;(v) counts certain inversions in the complete notation of v. More
precisely,

inv3(0) = [{(5,7) € )] x P+ i < j, o)) > v()}.  (3.30)
In fact,

V(J‘) — (@)

- J =HkeP: v@@) >v(+kn)}+{k €P: v(j) >v(i+kn)}

(8.31)
for all 1 <4 < j < n. For this reason_we call the inversions counted by
the right-hand side of equation (8.30) A-inversions (sometimes also called
affine inversions).

Proposition 8.3.1 We have that
Lz(v) = inv 3(v) (8.32)
for allv € S,.
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Proof. We prove first that
inv 7(v) < £z(v) (8.33)

for all v € §n From the combinatorial interpretation of invy given in

equation (8.30) and the effect of multiplying an element of S,, on the right
by s;, it is clear that

v (vs;) = invy(v) +1, ifo(i) <o(i+1),
AL invy(v) -1, ifo(i)>ov(i+1),

for i € [n —1].

The situation is only slightly more complicated for s,, since the values
in the window notation for vs,, are not a permutation of those for v. Notice
first that a pair (¢,) with 2 < i <mn — 1 is an inversion for v if and only if
(4, 8n(7)) is for vs,,.

Assume now that v(n) < v(n + 1). Note that in this case if j > n+1
and a pair (n,j) is an inversion of v, then (n,s,(j)) is an inversion for
v$p. Furthermore, (n,s,(j)) is an inversion for vs, and (n,j) is not an
inversion of v if and only if v(n+1) > v(j) > v(n). Similarly, if j > 1 and a
pair (1, 7) is an inversion for vs,, then (1,s,(j)) is an inversion for v, and,
furthermore, (1,s,(j)) is an inversion for v and (1,7) is not an inversion
for ws,, if and only if v(1) > v(s,(j)) > v(0). However, by equation (8.28),
the cardinalities of these two sets are equal. Since (n,n + 1) is an inversion
of vs,, but not of v, we conclude that

(8.34)

inv y(vsy,) = inv 7(v) + L. (8.35)
Similarly,

inv y(vs,) =invz(v) — 1 (8.36)
if v(n) > v(n+1). Since inv ;(e) = £z(e) = 0, equations (8.34), (8.35), and
(8.36) prove inequality (8.33), as claimed.

We now prove equation (8.32) by induction on inv 3(v). If inv ;(v) = 0,
then {MJ =0forall 1 <i<j<nand, hence, v(1) <v(2) <--- <
v(n) and v(n)—v(1) < n. This implies that v(i) = v(1)+i—1fori=1,...,n
and, therefore, by equation (8.29), that v = e, so that equation (8.32) holds.
Now, let t € N and v € S, be such that inv ;(v) = ¢t 4+ 1. Then, v # e and
hence there exists s € S such that inv ;(v s) = t (otherwise equations (8.34),
(8.35) and (8.36) would imply that v(1) < v(2) < --- < v(n) < v(1) +n
and, hence, that v = e, as noted above). This, by the induction hypothesis,
implies that £ 3(vs) = ¢ and hence that £ ;(v) < ¢+ 1. Therefore, £;(v) <
inv 7(v) and this, by inequality (8.33), concludes the induction step and
hence the proof. O

As a consequence of Proposition 8.3.1, we obtain the following simple
description of the descent set of an element of .S,,.
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Proposition 8.3.2 Let v € gn Then,
Dr(v)={si€ S: v(i) >v(i +1)}.
Proof. By Proposition 8.3.1, we have that
Dgr(v) ={s; € S: invz(vs;) <invz(v)},
and the result follows from equations (8.34), (8.35), and (8.36). O

The proof of the following result is essentially identical to that of
Proposition 1.5.4 and is therefore omitted.

Proposition 8.3.3 (§n, §A) is a Cozeter system of type A,_q. O
Next, we describe combinatorially the maximal parabolic subgroups and
their quotients in the group S,,. Again, the proof is clear.

Proposition 8.3.4 Leti € [n], and J g \ {s:}. Then,

(Sn)s = Stab ([i + 1,n + i])
and
(Sn)’ ={vel,: v(l) < <v(@), vi+1)<- - <vm+1)}
O

Proposition 8.3.4 makes it very easy to describe explicitly the minimal
coset representatives of (5,,)7. Consider for notational simplicity only the
case J = S\{s;}. Then, the complete notation of u” is obtained from that of
u by rearranging the entries {u(kn+i+1),...,u(kn+n+1i)} in increasing
order, for all k € Z. For example, if n = 5, v = [-3,6,3,—5,14] and
J = {s1, 82,54,55}, then u’/ = [3,6,9,—5,2], whereas if J = {s1, 83,55},
then u’ = [6,9, -5, 3,2].

We now describe the set of reflections of S,,. It is convenient to introduce
the following notation. For a,b € Z, a Z b (mod n), let

tab def H(a +rn,b+rn). (8.37)
rez

Thus, s; = t; ;41 for i € [n]. Note that ¢, = tp.o = ta+kn,b+kn for all k € Z.
Proposition 8.3.5 The set of reflections of S, is

{tij4rn: 1 <i<j<nkel}l
Proof. Let u € S,, and i € [n]. Then, we have that

us;u~ = H(u(z) +rn,u(i 4+ 1) + rn).
reZ

Since u is any element of S,, we deduce that u(i), u(i + 1) can be any two
elements of Z that are not congruent modulo n, and the result follows. O
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For example, if u = [15,—3,—-2,4,1], then usju~! = [1,
usou™l = [1,3,2,4,5], uszu™! = [1,2,9,-2,5], usqu~! = [4,
ussu~! =[20,2,3,4,—14].

The preceding result enables us to obtain a description of the Bruhat
graph of S,,.

Proposition 8.3.6 Let u,v € S,,. Then, the following are equivalent:
(i) u—wv.
(ii) There existi,j € Z, i < j, i1 # j (mod n), such that u(i) < u(j) and
v = ’LLti’j .

Proof. By Proposition 8.3.5 and the definition of the Bruhat graph, the
equivalence of (i) and (ii) reduces to showing that if the complete notation
of v is obtained from that of u by interchanging u(i +rn) and u(j +rn) for
all r € Z, then inv 7(v) > inv 7(u) if u(i) < u(j). This can be established
in a way analogous to that used to prove equation (8.35). O

The description of the Bruhat graph of .S, in Section 2.1 and Proposition
8.3.6 show that if u,v € S,, (and we identify S,, with the subgroup Stab([n])
of S, as mentioned at the beginning of this section), then v — v in S, if
and only if v — v in S,,. Thus, the Bruhat graph of S, is the directed
subgraph induced by that of S,, on S,,.

__ We now obtain a combinatorial characterization of the Bruhat order on
S,. Given v € Sy, we let
olisj] < Ha <i: v(a) 2 4}

for all ¢,j € Z. For an illustration, see Figure 8.7. Note that vl[i, j] < +o0
and

v, j] = v[i + kn, j + kn] (8.38)
for all 7, j, k € Z. Also, note that for any a < ¢ and b > d, we have that
Hx €la+1,q: v(z) €ld,b— 1]} =vlc,d] —v[e, b] — v[a, d] + v]a, b].
Finally, observe that if v € S,, and a < b is such that v(a) < v(b), then

vii,j]+1, ifa<i<b via)<j<od),
vl 4], otherwise,

vla )i = {

for all ¢,5 € Z (note that v(a,b)[i,j] is well defined even though v(a,b)
& Sn).

Theorem 8.3.7 Let u,v € §n Then, the following are equivalent:

(8.39)

(i) v <u.

(i) v[i, j] < uli,j], for alli,j € Z.
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Figure 8.7. v[4,2] =3 if v = [1,2,9, —2,5].

Proof. Suppose that (i) holds. We may assume that v — u in S,,. This, by
Proposition 8.3.6, implies that there exist ¢,j € Z, i < j, i Z j (mod n),
such that v = vt; ; and u(i) < u(j). Then, i +rn < j+rn and u(i+rn) <
u(j +rn) for all r € Z and (ii) follows from definition (8.37) and equation
(8.39).

Assume now that (ii) holds. Let, for brevity,

oo def L .
M(Zaj) = U[Za]} - U[Zaj]
for 4,5 € Z. Then, reasoning exactly as in the proof of Theorem 2.1.5, we

deduce that there exist a1,b1,ap, by € Z such that a1 < ag, u(a;) = by >
bo = u(ayp), and

M([al,ao — 1] X [bo + 1,b1D > 0. (840)
If the rectangles
{[al +nk,ag — 1+ nk] X [b() + 14+ nk,b; + nk]}kez (841)

are all disjoint, let v’ = uty, 4, Then, by Proposition 8.3.6, v’ — u in S,
and '[i, 7] > v[i,j] for all 7,5 € Z by relations (8.39) and (8.40), so the
result follows by induction.

If the rectangles in (8.41) do intersect, then by +n < by and a1 +n < ag.

If so, let (a1, 1) f (ao+n,bo+n). Then, u(ay) = By and uli, j| > v[i, j] if

(1,7) € la1, a1 —1] x [B1+1, b1]. If the rectangles {[a1 +kn, a1 —1+kn] X [F1+
14+ kn, by +nk]}rez are all disjoint, then g def Utq, o, yields an element ug
such that ug — w in S, and usli, j] > vl[i, j] for all i, j € Z, and the result
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again follows by induction. Otherwise, define (ag, 32) = (a1 + n, 51 + n)
and continue as above. O

Note that, by equation (8.38), it is enough to compute v[i, j] for i € [n]
and j € Z. Furthermore, v[i, j] = 0 if ¢ € [n] and j > max(v(1),...,v(n)),
and v[i,j—1] = v[i,j]+1if i € [n] and j < min(v(1),...,v(n)). Therefore,
only finitely many values v[i, j] need to be computed. For example, if v =
[1,2,9,—-2,5] € Ss, then we have that

(v[1,-2],...,v[1,9]) = (4,4,3,2,1,1,1,0,0,0,0,0),
(w[2,-2],...,v[2,9]) = (5,5,4,3,2,1,1,0,0,0,0,0),
(v[3,-2],...,v[3,9]) = (6,6,5,4,3,2,2,1,1,1,1,1),
(v[4,-2],...,v[4,9]) = (7,6,5,4,3,2,2,1,1,1,1,1),
(v[5,-2],...,v[5,9]) = (8,7,6,5,4,3,3,2,1,1,1,1),

and all the other values can be readily computed from these. In particular,
this shows that only a finite number of comparisons are needed to check
condition (ii) in Theorem 8.3.7.

We illustrate the preceding theorem with an example. Let v be as above
and u = [5,4,3,2,1] € S5. Then, v[1,1] =2 > 1 =wu[l,1], but v[1,5] =0 <
1 =wll,5], so v and u are incomparable in Bruhat order.

Note that Theorems 2.1.5 and 8.3.7 imply that if u,v € Sy, then u < v
in S, if and only if u < v in S,,. The Hasse diagram of the Bruhat order
on the elements of S5 of rank < 3 is shown in Figure 8.8.

Ino
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w
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ot
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105 240 314 321 402

Figure 8.8. The Bruhat order on §3 for elements of length < 3.
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8.4 Type C

Let n > 2 and 55 be the group of all bijections u of Z in itself such that
ulx+2n+1)=u(z)+2n+1 (8.42)
and
u(—z) = —u(z), (8.43)

for all x € Z, with composition as group operation. Note that this implies
that

u(k(2n+1)) =k(2n+1)

for all k£ € Z. From now on, and for the rest of this chapter, we set N def
2n+ 1. B

Clearly, an element u € S¢ is uniquely determined by its values on [n],
and we write u = [a1,...,ay] to mean that u(i) = a; for i € [n]. We call
this the window notation of u. For example, if n = 5, u = [4,-3,16,2, —1]
and v = [2, —4,12, -5, 3], then uv = [-3,—2,15, 1, 16]. Note that it follows
easily from equations (8.42) and (8.43) that

Z“(i)ZNn-Hv: (N;—1>

i=1

for all u € §S Hence, 55 - §2n+1. Also, note that if v € ST’?, then there
is a unique element o € S such that ¥(i) = v(i) for i = 1,...,n. This is
an injective group homomorphism SZ — ES and, for this reason, we often
identify v with o and consider SP as a subgroup of §f3 .

As a set of generators for 5,? we take S¢ = {55,5¢,...,5¢}, where

¢ E TG +rN,i+1+rN)(~i+rN,—i —1+7rN)

i
reZ

fori=1,...,n—1,

$$E T+ rNon+1+7N),
reZ

and

5§ def H(l +7rN,—1+4+7rN).
re’Z
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The action of 58, §3C, and 5§ on 540 is illustrated in Figures 8.9, 8.10, and
8.11, respectively. Thus,

[w@),...,w(iE—1),w(iE+ 1),w(E),w( + 2),...,wn),

W30 ifi € [n— 1],
' [w(l),...,win —1),w(n +1)], if i = n,
[w(~1),w(2), ..., w(n)], if i =0,

for all w € S¢. Note that, by equations (8.43) and (8.42), w(—1) = —w(1)
and w(n + 1) = 2n + 1 — w(n), so that the window notation of ws¢ can
be computed directly from that of w. For the rest of this section, if there
is no danger of confusion, we write simply “S” instead of “Sc” and “s;”
instead of “s¢,)” for i = 0,...,n. Note that u(i) = u(j) (mod N) if and
only if i = j (mod N), for all u € S¢ and i, € Z.

Pu|

H
(=]
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' '
|E‘|\oa N o en e e |»-A|>-A [N S onl
' '

e

-
[

' ' '
le§ 7:6 5,4:3:2 lll 2:3:4,5:6:7 8|10111213:14151617l1920
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Figure 8.9. Diagram of 3§ € §f and its action on §f
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Figure 8.10. Diagram of 3§ € §40 and its action on §40

The above remarks make it clear that S generates §S , and our first goal
is that of determining the length function £z of S with respect to S.
Given v € S¢, we let

inve(v) € invg(u(), ..., 0(n))
N Z QIU(@‘)NU(J')J+V(i);v(j)lp. (8.44)

For example, invx([4, —3,16,2,—1]) = 10 + 10 = 20.
Note that, by equations (8.31) and (8.2), invs(v) counts certain
inversions in the complete notation of v.

Proposition 8.4.1 Let v € §f3 Then,

la(v) = invg(v) . (8.45)
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Figure 8.11. Diagram of 5 e §40 and its action on §40

Proof. We prove first that
invs(v) < l5(v) (8.46)
for all v € §g . It is clear from definition (8.44) that
invg(vs;) —invg(v) = sgn(v(i + 1) —v(i)) (8.47)
for i € [n — 1]. Furthermore, we have from equations (8.44) and (8.6) that
invs(vso) — invs(v) = sgn(v(1)). (8.48)

Finally, noting that

k| flal|_f ot ogeIE
k 17| = 0, iif0<a<k, (8.49)
1, if a <0,
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for a € Z and k € P, we conclude from equations (8.44) and (8.1) that

invg(vs,) —invg(v) = invg(v(l),...,v(n —1), N —v(n))
—invg(v(l),...,v(n))
+H{ien—1]: v(i) +v(n) <0}
i€ ln—1]: (i) +v(n) > N}
+H{ieln—1]: v(n) —v(i) <0}
—Hien—-1]: v(n) —v(i) > N}|

2N —2v(n)| [2v(n)|
[ - 5
2N — 2v(n) 2v(n)
- | -5
= sgn(N — 2v(n)). (8.50)

Since invz(e) = 0 = fz(e), equations (8.47), (8.48), and (8.50) prove
(8.46), as claimed.

We now prove equation (8.45) by induction on invg(v). If inv(v) = 0,
then 0 < v(1) < v(2) < --- < v(n) < mn+ 1 and, hence, v = e and
equation (8.45) clearly holds. So, let ¢ € N and v € S¢ be such that
invg(v) = ¢t + 1. Then, v # e and, hence, there exists s € S such that
invs(vs) = t (otherwise equations (8.47), (8.48), and (8.50) would imply
that 0 < v(1) < v(2) < -+ <w(n) <n+1 and hence that v = ). This, by
the induction hypothesis, implies that 5 (vs) = ¢, and the result follows as
in the proof of Proposition 8.1.1. O

The proof of the preceding result allows us to obtain a simple description
of the descent set of an element of S

Proposition 8.4.2 Letv € 5,? Then,
Dr(w)={s; € S: v(i) >v(i+1)}.

Proof. This follows immediately from equations (8.47), (8.48), and (8.50),
and the observation that v(0) =0 and v(n+1) = N —v(n). O

As in the previous sections, we can now give a simple combinatorial proof
of the fact that SS is a Coxeter group of type C,,.

Proposition 8.4.3 (§f5, S¢) is a Cozeter system of type C,,.

Proof. We proceed as in the proof of Proposition 1.5.4. Let 4,41,...,%, €

[0,n] be such that
65(81‘1 - sipsi) < 55(82-1 e Sip)

and w & Siy -..si,. If i € [n — 1], then, by Proposition 8.4.2, b > a,

where a w(i+ 1) and b def w(i), and the reasoning goes through as in
Proposition 8.1.3, except that i; # 0,n since a # +b (mod N).
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If 7 = 0, then, by Proposition 8.4.2, 0 > a, where a def w(1l). Hence, a
appears to the left of 0 in the complete notation of the identity, but to
the right of it in that of w. Hence, there exists a j € [p] such that a is
to the left of 0 in the complete notation of s;, ...s;;,_; but to the right
of it in that of s;, ...s;;. Hence, a = s, ...5;,_,(—=1) = 54, ...5;;(1) and
ij = 0, and, therefore, the complete notations of s;, ...s;;,_, and s;, ...s;;
are equal except that kN + a and kN — a are interchanged for each k € Z.

Hence, the same is true for the complete notations of s;, .. .@-j ...5q, and
Siy - - - 8i, and, therefore,
Siq ...sipsi = Siy ...Sij ...Sip, (851)

since ¢ = 0 and the effect of sy on w is exactly that of interchanging kN +a
and kN — a, for each k € Z.

If i = n, then, by Proposition 8.4.2, a > N —a, where a def w(n). Hence, a
is to the right of N —a in the complete notation of the identity but to the left
of it in that of w. Reasoning as above, we conclude that there exists j € [p]
such that ¢; = n and the complete notations of s;, o8, and s .8
are equal, except that kN + a and (k 4+ 1)N — a are interchanged for each
k € Z. Thus, the same is true for the complete notations of s;, ...5;, ...,
and s;, ...s;,, and this proves equation (8.51) since i = n and the effect of
$p on w is exactly that of interchanging kN + a and (k + 1)N — a, for each
keZ.O

We now describe combinatorially the parabolic subgroups and quotients
of S¢. As in the previous sections, we describe for notational convenience
only the case |S'\ J| = 1. The reader should be able to see the validity of
the following result “by inspection.”

Proposition 8.4.4 Leti € [0,n], and J g \ {s:}. Then,

(59, = Stab ([—i,i]) N Stab ([i + 1,2n — i])
and
(59) = {v € 89 : v(0) < v(1) <+ < v(i), v(i+1) < <v(n+1)}.
O

The preceding result yields a simple combinatorial rule to compute, given
u € S¢ and J C S, the minimal coset representative u”’. Namely, if J =
S\ {s;}, then the complete notation of u” is obtained from that of u by
rearranging in increasing order the elements of {u(—i+rN),...,u(i+rN)}
and {u(i +14+rN),...,u((r + 1)N —i — 1)} for all » € Z. Equivalently,
the window notation of u” is obtained from that of u by first writing the
elements of {|u(1),...,|u(?)|} in increasing order, and then writing the
n — i smallest elements of {u(i + 1),...,u(n),N —u(n),...,N — u(i +
1)} in increasing order. For example, if v = [4,-3,16,2,—1] € §5C and
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J = S\ {s3}, then u’ = [3,4,16, —1,2], whereas if J = S\ {so, 52}, then
u’ =[-3,4,-5,—1,2], and if J = S\ {s0, 55}, then v’/ = [-3, 1,2, 4, 16].

Next, we describe the set of reflections of §S For a,b € Z, a £ b
(mod N), let

tay & [J(a+7rN,b+7rN). (8.52)

reZ

Thus, s; = t; i41t—i,—i—1 fori € [n — 1], so = t1,-1, and &y nt1 = Sp.
Proposition 8.4.5 The set of reflections of §f3 15

{tijrunt_i—j_pn = 1 <i<|j|<m k€ Z}U{ti—itxn: i €[n], k € Z}.
Proof. Let u € §f3 Then, we have that

us;u~t = H(u(z’)—l—rN,u(i+1)+rN)(—u(z')+rN,—u(z’—l—l)—H"N), (8.53)

reZ
if i € [n— 1],
uspu~t = H(u(n) +rN,u(n+1)+rN)
reZ
(note that u(n 4+ 1) = N —u(n)), and
usou” ' = H(u(l) +7rN,—u(l) +rN). (8.54)
rEZL

Since u is an arbitrary element of S¢, we conclude that u(i) and u(i + 1)
can be any two elements of Z, not congruent to 0 modulo N, such that
tu(i) Z u(i+ 1) (mod N). Similarly, we conclude that u(1) (respectively,
u(n)) can be any element of Z not congruent to 0 modulo N. The result
follows. O

The preceding proposition makes it easy to describe the Bruhat graph
of S¢.
Proposition 8.4.6 Let u,v € 55 Then, the following are equivalent:

(i) u—v.

(i) There exist i,j € Z, j £ i (mod N), i,5 Z 0 (mod N), i < j, such
that u(i) < u(j) and either v = ut; jt_; _; (if i # —j (mod N)) or
v=ut;; (ifi =—j (mod N)).

Proof. By Proposition 8.4.5 and the definition of the Bruhat graph, it is
enough to show that if v, u, 7, and j are as in (ii), then invz(v) > invz(u) if
u(i) < u(j). However, this can be verified, using relations (8.44) and (8.1),
in a way similar to the proof of 8.50. O

Note that Propositions 8.1.6 and 8.4.6 imply that if u,v € SZ, then
u — v in S if and only if u — v in S¢.
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_ We now give a combinatorial characterization of the Bruhat order on
SC. For v € S¢, let

i, ] ¥ HaeZ: a<i, v(a) >}, (8.55)

for 4,j € Z. Note that v[i, j] < 400 and that v[i, j| = v[i + kN, j + kN]
for all 4,4,k € Z. The proof of the following result is identical to that of
Proposition 8.1.7 and is therefore omitted.

Proposition 8.4.7 Let v € 55’ Then,
v[—i—1,—j+1]—vli,j]=7—i—1,
foralli,jeZ. O
We then have the following characterization of Bruhat order on §5 .
Theorem 8.4.8 Let u,v € 57? Then, the following are equivalent:
(i) v <u.
(i) vli, j] < uli,j], for all i,j € Z.
Proof. Suppose that (i)~holds. Then, by Propositions 8.3.6 and 8.4.6, v < u
in the Bruhat order of Sy and, therefore, (ii) holds by Theorem 8.3.7.
Conversely, assume that (ii) holds. Let, as in the previous sections,
M(i,5) < uli, ) = oli. ] (8.56)

for i,j € Z. Reasoning as in the proof of Theorem 8.3.7 (recall that v, u €
SN ), we then conclude that there exist ay, b1, ag, by € Z such that a; < ag,
u(al) =by > by = u(ao),

M(Ja1, a0 — 1] X [bg + 1,b1]) > 0, (8.57)
and the rectangles
{[al—‘rk‘N,ao—l—l—kN]X[bo—l—l—‘rk‘N,bl—‘rk‘N]}keZ (8.58)

are all disjoint. Then, from definition (8.56) and Proposition 8.4.7, we
deduce that

M(i,j) =M(-i—1,-j+1)
for all i, j € Z. Hence, by inequality (8.57),
M([—ag,—a1 — 1] x [=by +1,—bg]) > 0. (8.59)

Also, since u € 59, we have that u(—ag) = —by > —by = u(—ay). If the
rectangles

{[—ao + kN, —a1 — 1+ kN] x [=b1 + 1+ kN, —by + kN]}eez  (8.60)

(which are themselves pairwise disjoint) are disjoint with the ones in (8.58),

; def

then v/ = wuty, apt—ar,—ao 18 such that v’ — u (by Proposition 8.4.6) and
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u'li, j] > v[i, j] (by relations (8.57), (8.59), and (8.39)), and (i) follows by
induction.

If the rectangles in (8.58) and (8.60) intersect, then there exists £ € Z
such that the rectangles [a1,a9 — 1] X [bg + 1,b1] and [—ag + ¢N, —a; —
1+ ¢N] x [=by + 14 ¢N,—by + {N] have nonempty intersection. Hence,
(N —ag < ag, a1 < LN —aq, by < £N — by, and ¢N — by < by. Note that
this implies that (¢ N — ag, ag) and (a1,¢/N — ay) are both inversions of u

and, hence, that ag,a; Z 0 (mod N). Let a def max(ar, N — ag) and

et fl;\([“)J )

Then, the rectangles
{la+kN,(l+r+E)N—a—1]x[l+7+Ek)N —u(a)+ 1,u(a) + kN]}rez
are all disjoint and, by inequalities (8.57) and (8.59),

M(la,(l+7r)N —a—1] x [({+r)N —u(a) + 1,u(a)]) > 0. (8.61)

Therefore, if u’ def ulq, (14r)N—q; then u' — u and, by relations (8.61) and
(8.39), w'[i, j] > v[i, j] for all 4, j € Z, so (i) again follows by induction. O

We illustrate the preceding theorem with an example. Let v = [4, —3, 16,
2,—1) and u = [-1,—2,—3, —4, —5]. Then, v[—4,4] = 1 < 2 = u[—4, 4] and
v[3,10] = 1 > 0 = u[3, 10], so v and u are incomparable in the Bruhat order
of §5C .

Note that, since 55 - §2n+1, the comments made after Theorem 8.3.7
apply to §S . In particular, only a finite number of comparisons is actually
needed to check condition (ii) of Theorem 8.4.8.

The last theorem can be restated in the following way, which is the “affine
analog” of Corollary 8.1.9.

Corollary 8.4.9 Let u,v € §f3 Then, v < u in §f3 if and only if v < u
in Sopyr1. O

Finally, note that Theorems 8.1.8 and 8.4.8 imply that if u,v € SZ (and
we identify SZ as a subgroup of 57? as explained at the beginning of this
section), then v < u in SP if and only if v < u in gg

The Hasse diagram of the Bruhat order on the elements of S$ of rank
< 3 is shown in Figure 8.12.

8.5 Type B

Let §f be the subgroup of gg consisting of all the elements of §5 that have,
in the complete notation, an even number of entries to the left of position
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Figure 8.12. The Bruhat order on §QC for the elements of length < 3.

n that are greater than n (note that this number cannot be infinite). More
precisely,

SE —{ueSC: un,n+1=0 (mod 2)}, (8.62)

where u[n, n+1] is defined by (8.55). So, for example, if u = [4, —3,16,2,1] €
SC . then u[5,6] = 1 and, hence, u ¢ SB. Thus, SP is a subgroup of S
of index 2. In fact, S¢ = S5 bj(gftn,nﬂ) (where t, n+1 has the same
meaning as in definition (8.52), 80 t;, 11 = 55 ).

Note that if u € §E, then u[n,n + 1] = 0 if and only if u € SZ (where
we identify SZ with a subgroup of gg , as done in the previous section).

Hence, in particular, SZ C §f

o S def ~p ~ ~ ~
As a set of generators for SP we take Sp = {55,358 ... 58 | 5B}
~pB def .
where 52 = 5 fori=0,...,n — 1,
~B
Sp = tnfl,nJrltfnJrl,fnfla (863)

and t, 5, is defined by (8.52). Figure 8.13 illustrates the action of 3¥ on SB.
From equation (8.63), we deduce that

ws? = [w(1),w(2),...,w(n —2),w(n+1),w(n +2)]
= [w(l),w(2),...,w(n —2),N —w(n), N —w(n —1)]

for all w € §,€ . For the rest of this section, if there is no danger of confusion,

“ ”

we write simply “S” instead of “Sp” and “s;” instead of “sB)” for i =
0,...,n.
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Figure 8.13. Diagram of 58 € gf and its action on §f.

It is, of course, useful to recognize, from the window notation, which
elements of S¢' are in SZ. To this end, note that if i € [n] and u € S¢ then

[u(7)] —I—nJ

{kEN:u(i—k:N)>n}+{k€N:u(—z’—kN)>n}|={ N

and, hence,

N

(3

:1 {WJ = ufn,n+1]. (8.64)

As in the previous sections, we first obtain a combinatorial description
of the length function /5 of S5 with respect to S. Given v € SZ| let
invg(v) = invg(v) —vn,n + 1]. (8.65)

For example, if v = [-1,-2,6,4,14] € 55’,3, then invz(v) = 14 — 2 = 12.
Note that, since {%J = L%J — {M%J for all @ € Z, we have from
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definition (8.44) and equation (8.64) that

inv(v) = invp(u(l), +i “(VZV |J
o3 Q =G| YGRS B

Proposition 8.5.1 Let v € gf Then,
lz(v) =invg(v). (8.67)

Proof. We proceed as in the proof of Proposition 8.4.1. It is clear from
equations (8.47) and (8.65) that

invz(vs;) —invg(v) = sgn(v(i + 1) — (7)), (8.68)

for all v € 5B and i € [n — 1]. Similarly, from equations (8.48) and (8.65),
we obtain that
invz(vso) —invg(v) = sgn(v(1)), (8.69)
for all v € SB. Finally, noting that 38 = 5¢5C 3¢,
equations (8.50) and (8.47) that
invg(vsh) — invg(v) = sgn(N — 2(v393C)(n)) 4 sgn(N — 2u(n))
+sgn((v57)(n) — (v57)(n — 1))
= sgn(N —2v(n — 1)) +sgn(v(n + 1) —v(n — 1))
+ sgn(N — 2v(n)). (8.70)

we conclude from

VS

Therefore, we have from equation (8.65) that

invg(vsh) — invg(v) = sgn(v(n + 1) — v(n — 1))
= sgn(N —ov(n) —v(n — 1)), (8.71)

for all v € SB. Since invz(e) = 0, equations (8.68), (8.69), and (8.71) imply
that

invz(v) < lz(v)

for all v € §f

We now prove equation (8.67) by induction on invz(v), in a way exactly
analog to the one used in the proof of Proposition 8.4.1. This works since
if v €SP and invz(v) = 0, then 0 < v(1) < v(2) < --- < v(n) and
v(n — 1) + v(n) < N. Hence, v(n) < n+ 1 (for if v(n) = n 4+ 1, then
v(n —1) = n — 1 and, hence, v(i) = ¢ for ¢ = 1,...,n — 1, which is
a contradiction since v € gf ), which implies that v = e. Similarly, if
v € §f is such that invz(vs) > invg(v) for all s € S, then equations
(8.68), (8.69), and (8.71) would imply that 0 < v(1) < v(2) < --- < v(n)
and v(n) +v(n — 1) < N. This, as just observed, implies that v =e. O
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As done in the previous sections, we can now easily obtain a description
of the descent set of an element of SZ and a combinatorial proof of the fact
that SZ is a Coxeter group of type B,.

Proposition 8.5.2 Let v € gf Then,
Dr(v) ={s; € S:ie€ D(0),v(l),...,v(n),v(n+2))}.

Proof. This follows immediately from equations (8.68), (8.69), and (8.71)
and the fact that v(0) =0 and v(n +2) =N —v(n—1). O

Proposition 8.5.3 (gf, §B) is a Cozeter system of type Bh.

Proof. We prove that the exchange condition holds, as in the proofs of the
corresponding results in the previous sections. Let 4,41,...,7, € [0,n] be
such that

Eg(sil .. .sipsi) < €§(si1 .. ~37Jp)

def
and w = i ... S,

If ¢ € [n — 1], then, by Proposition 8.5.2, b > a, where a def w(i + 1),
and b < w(i). Hence, there exists j € [p] such that a is to the left of b
in the complete notation of s;, ...s;;_, but is to the right of b in that of
Siy - 8i;. Since |a| Z [b] (mod N), this implies that i; € [n]. If i; € [n— 1],
then the reasoning goes through as in the proof of Proposition 8.4.3. If
i; = n, then reasoning as in the proof of the case i € [n —1], i, = 0
of Proposition 8.2.3, we conclude that the complete notations of s;, ...s;,
and s;, ...5;; ...s;, are equal, except that kN + a and kN + b as well
as kN — a and kN — b are interchanged for each k& € Z. This implies
that s;, ...s;,8; = 84 §1J ...5;, by the definitions of w, a, and b, since
i€n—1].

If © = 0, then the reasoning goes through exactly as in the proof of the
case i = 0 of Proposition 8.4.3.

If ¢ = n, then, by Proposition 8.5.2, b > a, where b def w(n — 1) and

a w(n + 1), and the reasoning goes through analogously to the case

i = 0 of the proof of Proposition 8.2.3, since i; # 0. O

We now describe combinatorially the (maximal, for notational simplicity)
parabolic subgroups and quotients of SZ. The reader should be able to
verify the following result “by inspection.”

Proposition 8.5.4 Leti € [0,n], and J g \ {s:}. Then,

(35) { Stab ([—4,i]) N Stab ([i + 1,2n —1i]), ifi#n—1,
n)J Stab ([-n — 1,n 4+ 1]\ {n, —n}), ifi=n—1

and
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(SEY ={ve 8P : v(0) < < (i), vii+1)<-- <v(n) <v(n+2)}
Od

The preceding proposition yields a simple combinatorial rule for com-
puting the minimal coset representatives of SZ. Namely, if u € SP and
J = S\ {s;}, with i # n — 1, then the complete notation of u” is ob-
tained from that of u by rearranging {u(rN —i),...,u(rN),...,u(rN +1)}
and {u(rN +i+1),...,u(rN + N —i — 1)} in increasing order, for all
r € Z, and then (possibly) switching the elements in positions 7N + n and
rN+n+1, for all r € Z, so that the resulting element is in 55 (see equation
(8.62)). Equivalently, the window notation of u” is obtained from that of
u by first writing {|u(1)[,...,|u(?)|} in increasing order, then writing the
n — i smallest elements of {u(i+1),...,u(n),N —u(n),...,N —u(i+ 1)}
in increasing order, and then (possibly) changing a to N — a, where a is
the rightmost element written down. On the other hand, if ¢ = n — 1, then
the complete notation of u” is obtained from that of u by rearranging the
elements {u(rN —n — 1),u(rN —n+1),...,u(rN — 1),u(rN),u(rN +
1),...,u(rN +n—1),u(rN +n + 1)} in increasing order, for all r € Z.
Equivalently, the window notation of u” is obtained from that of u by writ-
ing down the elements of {|u(1)|,...,|u(n — 1)|,|N — u(n)|} in increasing
order and then changing a to N —a, where a is the rightmost element writ-
ten down. For example, if v = [~1,-2,6,4,14] € SP and J = S\ {s2}, then

7 =11,2,-3,4,5], whereas if J = S\ {so}, then v/ = [-3, -2, 1,4, 5],
and if J = S\ {s4}, then v’/ = [1,2,3,4,5] (as was to be expected).

We now describe the set of reflections of SZ.

Proposition 8.5.5 The set of reflections of gf 1
{ti’jJrth,i’,j,kN c1<i< ‘]‘ <n, k€ Z} U {ti’QkN,i 11 E [TL}, ke Z} .

Proof. Let w € gf We have already computed ws;w™' for i = 0,1,...,
n — 1 in equations (8.53) and (8.54). Furthermore,

usput = I_I(TN—&—u(n)7 rN+N—-u(n—1))(rN+u(n—1),rN+ N —u(n)).
reZ

(8.72)

Since u is an arbitrary element of §f, we conclude that u(7) and u(i + 1)

can be any two elements of Z, not congruent to 0 modulo N, such that

u(i) # £u(i + 1) (mod N). Similarly, u(1) can be any element of Z such

that u(1) £ 0 (mod N). The result follows from equations (8.53), (8.54),
and (8.72). O

The proof of the following result is similar to that of Proposition 8.2.6
and is left to the reader.

Proposition 8.5.6 Letu,v € 57? Then, u — v in 57? if and only if u — v
m 55’ O
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Thus, the Bruhat graph of §f is the directed subgraph of that of 55
induced by §f , and hence a combinatorial description of it is given by
Proposition 8.4.6.

The preceding proposition implies, in particular, that if u,v € gf and
u<wvin gf, thenu < vin gff The converse, however, is false. For example,
if v=1[4,3,2,1] and v = [4,3,7,8], then v,u € gf and v < u in §40 (by
Proposition 8.4.6, since u = vt4 5t36), but v £ u in SB since invz(v) =6 =
invg(u).

A combinatorial characterization of Bruhat order in §f , similar to that
of Theorem 8.2.8, is not known at present.

The Hasse diagram of the Bruhat order on the elements of S£ of rank

< 3 is shown in Figure 8.14 (the reader should compare this with Figure
8.12).

12

Figure 8.14. The Bruhat order on §QB for the elements of length < 3.

8.6 Type D

Let gf be the subgroup of gf consisting of all the elements of 5{? that
have, in their complete notation, an even number of negative entries to the
right of 0 (note that this number cannot be infinite). More precisely,

SP = {u €SB u0,1]=0 (mod 2)}, (8.73)
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where ufa, b] is defined by (8.55). So, for example, if u = [5, —3,4,2,1] € gf,
then u[0,1] = 1 and, hence, u ¢ §5D Thus, §£ is a subgroup of gf of
index 2. In fact SB = SPW(SPt_, 1) (where t_;; has the same meaning
as in definition (8.52), so t_11 = 35). Note that we may identify S2 as a
subgroup of g,? in a natural way.

o S def ~p ~ ~ ~
As a set of generators for SP we take Sp = {P,5P,... 5P | 5P}
~p def ~ .
where siD = SZB fori=1,...,n, and
~D
S = tl’,gtfl’g. (874)

The action of 37 on gf is illustrated in Figure 8.15. From this, we deduce
that if w € S¢, then

w5y = [w(—2),w(—1),w(3),...,w(n).

For the rest of this section, if there is no danger of confusion, we write
simply “S” instead of “Sp” and “s;” instead of “5?,” fori=0,...,n.

-
[S)

TEC RGN (')

|>—Al\>w>l>
°
“r

e N e

-
5 |Ion N o o

-
-

NN NN N NN

Figure 8.15. Diagram of 35 € §4D and its action on §4D,
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It is, of course, useful to be able to recognize, from the window notation,
which elements of SZ are in SP. To this end, note that if i € [n] and

u € §S, then
uli)
N )

{%J ‘ - Zz:; {%J + neg (u(1),...,u(n)). (8.75)

As usual, we begin by obtaining a combinatorial description of the length
function £ of S with respect to S. Given v € S, we let

[{k€P: ui—kN) >0} + |[{k € N: u(~i—kN) > 0}] =

and, hence,

n

ul0,1] = Z

i=1

inv 5 (v) < inv 5 (v) — v[0, 1]. (8.76)

For example, if v = [-1,-2,6,4,—14] € 55?, then invy(v) =21 — 4 = 17.
Note that, from relations (8.75), (8.66), and (8.1), we deduce that

invy(v) = inv(v(1),...,v(n)) +nsp (v(1),...,v(n))

s (W)NW) J%vm;vw D -

1<i<j<n
Proposition 8.6.1 Let v € SP. Then,
l5(v) = invy(v). (8.78)
Proof. We prove first that
invy(v) < l5(v), (8.79)
for all v € SP. It is clear from definition (8.76) and equation (8.68) that
invy(vs;) = invy(v) + sgn(v(i + 1) —v(i)), (8.80)

for all v € §f and i € [n — 1]. Similarly, we conclude from relations (8.76)
and (8.71) that

invy(vs,) —invy(v) = sgn(N —v(n) —v(n — 1)), (8.81)

for all v € 57? . Now, using definition (8.76) and proceeding analogously to
the proof of equation (8.71) in Proposition 8.5.1 we conclude that

inv 5 (v3y) — invy(v) = sgn(v(1) + v(2)), (8.82)

for all v € SP. Since invy(e) = £5(e) = 0, equations (8.80), (8.81), and
(8.82) prove inequality (8.79), as desired. To prove equation (8.78), we
now proceed by induction on inv(v) in a way analogous to the proof of
Proposition 8.5.1. This works because if v(1) < --- < v(n), 0 < v(1)+v(2),
and v(n) +v(n—1) < N, then 0 < v(2) <--- <wv(n) < N and |[v(1)] < N,
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which implies that v[0, 1] = neg (v(1),...,v(n)) and, therefore, that v(1) >
0 since v € SP. O

As done in the previous sections, we deduce from the proof of the pre-
ceding result the following description of the descent set of an element of
Sb.

Proposition 8.6.2 Let v € g{? Then,
Dr(v) = {si € S : i € D(v(~2),0(1), .., v(n), v(n +2)}.
O

At this point in the chapter, the reader should have no trouble proving
the following result by herself.

Proposition 8.6.3 (5,’?, §D) is a Cozeter system of type D,. O

The next result describes combinatorially the (maximal, for notational

simplicity) parabolic subgroups and quotients of 55 . Its verification is left
to the reader.

Proposition 8.6.4 Leti € [0,n], and J g \ {si}. Then,

N Stab ([—4,4]) N Stab ([i + 1,2n —1d]), ifi#1,n—1,
(SPy; = Stab([-1,N + 1]\ {1, N —1}), ifi=1,
Stab ([-n — 1,n+ 1]\ {—n,n}), ifi=n-—1,

and

(SPY = {v e SP :v(-2) < v(1) < ... < v(i),

As in the preceding sections, Proposition 8.6.4 can be used to describe
combinatorially the minimal coset representatives of S2. Namely, if u €
SD and J = S\ {s;} with i # 1,n — 1, then the complete notation of
u”’ is obtained from that of u by rearranging the elements of {u(rN —
)y u(rN), oo u(rN +4)} and {u(rN+i+1),...,u(rN+ N —i—1)}
in increasing order and then (possibly) switching the elements in positions
rN +n and N +n + 1 for all » € Z, and (possibly) those in positions
rN + 1 and rN — 1 for all » € Z, so that the resulting element is in §f
Equivalently, the window notation of w” is obtained from that of u by
first writing {|u(1)],...,|u(?)|} in increasing order, then writing the n — 4
smallest elements of {u(i + 1),...,u(n),N —u(n),...,N —u(i + 1)} in
increasing order, and then (possibly) changing the sign of the leftmost
element written down and (possibly) changing a to N — a, where a is
the rightmost element written down so that the resulting window notation
represents an element of S2.
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On the other hand, if i = n — 1, then the complete notation of u”
is obtained from that of w by rearranging the elements of {u(rN —n —
1),u(rN—n+1),...,u(rN=1),u(rN+1),...,u(rN4+n—1),u(rN+n+1)}
in increasing order, for all 7 € Z, and then (possibly) switching the elements
in positions 7NV + 1 and N — 1, for all r € Z, so that the resulting element
is in SP. Equivalently, the window notation of u” is obtained from that
of u by writing down the elements of {|u(1)],...,|u(n — 1)|,|N —u(n)|} in
increasing order, then changing a to N —a, where a is the rightmost element
written down, and then (possibly) changing the sign of the leftmost element
written down so that the resulting window notation represents an element
of SP.

Finally, if ¢ = 1, then the complete notation of u” is obtained from that
of u by rearranging the elements of {u(rN —1),u(rN+2),...,u(rN+ N —
2),u(rN + N + 1)} in increasing order, for all r € Z, and then (possibly)
switching the elements in positions 7N +n and rN +n + 1, for all r € Z,
so that the resulting element is in S2. Equivalently, the window notation
of u” is obtained from that of u by writing down the n smallest elements
of {—u(1),u(2),...,u(n),N —u(n),...,N —u(2), N+ (1)} in increasing
order, then changing the sign of the leftmost element written down, and
then (possibly) changing a to N — a, where a is the rightmost element
written down, so that the resulting window notation represents an element
of SP.

For example, if v = [5,-3,-15,2,12] € SP and J = S\ {s3}, then
v/ = [3,5,15,—1,9], whereas if J = S\ {s4}, then v/ = [-1,2,3,5, 4],
and if J = S\ {s1}, then v’/ = [15, -5, -3, —~1,9].

We now describe the set of reflections of S2.

Proposition 8.6.5 The set of reflections of g;? 15
{ti,j+th—i,—j—kN 1<i< ‘j‘ <n, ke Z}.

Proof. The computations for s1,. .., s, are the same as in equations (8.53)
and (8.72). For sg, we now obtain that

usou” " = H(rN—I—u(l),rN —u(2))(rN —u(1),rN + u(2))
rez

for all u € 57? , and the result follows as in the proof of Proposition 8.5.5. O

The proof of the following result is similar to that of Proposition 8.2.6
and is left to the reader.

Proposition 8.6.6 Letu,v € §f Then, u — v in g,? if and only ifu — v
in SB. O

Thus, the Bruhat graph of §,[L) is the directed subgraph induced on 57?
by the Bruhat graph of SZ. Hence, a combinatorial criterion for deciding if
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U — vin g,’? is given by Proposition 8.5.6 (and hence by Proposition 8.4.6).
Note, however, that when Proposition 8.4.6 is applied to two elements
u,v € SP then in part (ii) necessarily i # —j (mod N).

From Proposition 8.6.6, there follows that if u,v € g;? and v < v in
gf , then v < v in gf . The converse, however, is false; for example, if
u = [5,3,—-15,2,—12] and v = [-5,—3,—15,2,—12], then u,v € 55? and
u < wvin 553 (by Proposition 8.5.6, since v = ut_g2t_1,1), but u € v in géj
since inv(v) = 25 = invy(u).

A result analogous to Theorem 8.2.8, allowing a direct comparison of any
two elements of S2 under Bruhat order is not known at present.

Exercises

1. For n > 2, let (B, {s0,51,...,8n—1}) be a Coxeter system of type
B,, (see Appendix Al), so Bs C Bs C

(a) Show that there is a unique group homomorphism g : B,, — SZ
such that g(s;) = sZ, fori = 0,...,n—1, and that g is surjective.

(b) For x € B, \ Bp_1, let p §f min{l(y) : y € B,_iz} and
Siy ... 8;, € By_1x. Show that

(i i) = (n—1,n—2,....,n—p), if p<n,
Lyeeo®p n—1,n—2,...,1,0,1,...,p—n), ifp>n.

(¢) Deduce from (b) that there are at most 2n right cosets of Bj,_1
in B,, and hence, by induction, that g is a bijection.

2. Prove that the length of o € SP is given by
invy (o) + neg(o)

EB(O') = 9 ,
where invy (o) is the length of o in the symmetric group S([£n]);
that is,
inve (o) = [{(i,) € [En]* 11 < j, o) > o (j)}]-
[For example, for ¢ = [-3,-2,1] € S¥  we have invy(c) = 8 and

neg(o) = 2, thus {p(o) = 5]
3. Let w=[-9,3,1,-5,-6,8,2,—4,7] € S¥ and J = S\ {sF,sF, sP}.
Compute w”’ and ‘w
4. Let k € [0,n — 1], and g Sg\ {sP}.
(a) For u,v € (SP)7 show that the following are equivalent:
(i) v <.
(ii) v(j) > u(y), forj=k+1,...,n
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(b) Prove (a) without using Theorem 8.1.8.
(¢) Deduce Theorem 8.1.8 from part (b) and Theorem 2.6.1.

5. A poset M(n) is defined as follows. The elements of M (n) are the
subsets of [n], and the partial order is so defined: If A, B C [n], with
A={ai,...,aq;}< and B = {b1,...,br}<, then A < B if and only if
j<kandaj_; <bg_;fori=0,...,5—1. The diagram of M(4) is
shown in Figure 8.16. Show the following;:

(a) M(n) is isomorphic to Bruhat order on the quotient (SZ)7,
where J = S\ {s’}.
(b) M(n) is a distributive lattice.

[Hint: Part (a) of Exercise 4 is useful.]

1234

234

134
124

123

Figure 8.16. The poset M(4).

6. Given w € SZ, define an array A(w) et (A(w)ij)1<i<ni1<j<n+1—i by

letting

{AW)i, . Aw)igsi—it< € {k € [£n] (k) > i} <,
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fori=1,...,n. For example, if w = [-7,2,6,—1,—4,5, —3], then

-7 -5 -4 -1 2 3 6

-7 =5 -1 2 3 6

-7 -5 -1 3 6
Aw)=| -5 -1 3 6

-1 3 6

-1 3

-1

Tt is easy to verify that A(w) is always weakly increasing down each
column. Show that for u,v € SZ, the following are equivalent:

(i) u<o.
(i) A(u)i; > A(v);y, forallie [n], j € [n+1—1].

For n > 3, let (Dy, {0, $1,...5n—1}) be a Coxeter system of type D,
(see Appendix Al), so A3 = D3 C Dy C

(a) Show that there is a unique group homomorphism h : D,, — SP
such that h(s;) = sP, fori =0,...n—1, and that h is surjective.

(b) For # € Dy, \ Dy,—1 let p & min{l(y) : y € D,_1z}, and
84y -8, € Dp_12. Show that either (iy,...,ip) = (n — 1,n —

,3,2,0) or (i1,...,17p) is the initial segment of length p of

the sequence (n —1,n—2,...,2,1,0,2,3,...,n—2,n — 1).

(¢) Deduce from (b) that there are at most 2n right cosets of D,,_1
in D,, and, hence, by induction, that h is a bijection.

(d) Show that h : D, — SP is an isomorphism directly as a con-
sequence of Exercise 1.

Prove that the length of o € SP is given by

invy (o) — neg(o)
2

ED(CT) =

(cf. Exercise 2).
[For example, for o = [~3,—2,1] € SP, we have ¢p(c) = 3]

Let w = [9,2,-7,—6,—1,5,4,3,—8] € 59. Compute w’ and w

when J = {53,56, Dy, {31,33,36, Dy, {sP,sP,sP, sP}, and
{s0, 5,58, 58, s7}.

Let u=[-6,2,1,-4,9,~7,3,8, —5].

(a) Compute uJ and Ju in SP, when J = {sP sP sP} and

{s1,55, 59,58}
(b) Do part (a) considering u as an element of S&.

Say that two vectors (a1,...,ax), (b,...,bx) € Z¥ are D-compatible
if the following condition is satisfied:
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If {lasl, ..., la;|} = {|bs],. .., |bj|} = [j — i+ 1] for some 1 < <
j < k, then neg (a;, ...,a;) =neg(b;,...,b;) (mod 2).
For u,v € SP, let A(u);; and A(v);; (i € [n], j € [n+1—1])
have the same meaning as in Exercise 6. Show that the following are
equivalent:
(i) u<w.
(i) A(w);; > A(v); , for all i € [n] and j € [n+ 1 —i], and the two
vectors (A(u)i1, ..., A(w)int1—i) and (A(w)i1,. .., A(W)in+1—:)
are D-compatible for all i € [n].

12. (a) Prove that the one-way infinite path in Example 1.2.6 is indeed
the Coxeter graph of Sy,
(b) Describe as a permutation group the Coxeter group given by the
two-way infinite path

--—0O O—---

(c¢) Describe as permutation groups the Coxeter groups given by the
one-way infinite graphs

4
o O—---
13. Let w = [ 5,4,2,8,6] € §5. Compute w’ and w when J =

{81 ’82 ’§4 )8 }
14. Let u,v € S,,. Show that the following are equivalent:

(i) u— .
(ii) There exist i,7 € [n], i # j, and k € N such that

v(a) = u(a), if a € [n]\{4,j},
i) = u(j) + kn,
v(j) = u(i) — kn,

and either [v(i) —v(j)| > [u(i) - U(J)\ or |v(i) —v(j)] = |u(i) -
u(j)| and (u(i) — u(j ))(Z—J)

15. Given u € S, and i € [n], 1
Invi(u) < [{jeP: i<j, u(i)>u(j)}
and
Inv(u) < (Invy (u), ..., Inv, (u)).

For example, if u = [5,3,—2] € Ss, then Inv(u) = (4,2,0). Inv(u) is
called the affine inversion table of u. Show that the map Inv: S,, —
N™\ P" is a bijection.
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Let (a1,...,an) € Z™. Show that the following conditions are
equivalent:

(i) There exists u € S¢ such that (u(1),...,u(n)) = (a1, ..., an).
(i) If 4,5 € [0,n] and ¢ # j, then +a; # a; (mod N), (where
def

apg = O)
Let w = [-5,7,2,—1,8] € S¢ and J = {5§,57,5¢,5¢}. Compute
w’ and w.
Let w = [-3,1,2,7,6] € 5;3 Compute w”’ and w when J equals

~B B =B =B =B =B =B =B
{81 »52,53, 55 } and {50 » 82,83, 84 }

Let w = [2,-7,-1,3,6] € SP. Compute w’ and 7w when J equals
=D =D\ fzD %D zD\ (=D =D =D =D <D <D <D <D

{30 ) S5 }v {81 5835 55 }a {30 )82 553,84 }v and {SO »81 553,84 }

Let eq,...,e¢ € P. Define

€ {ei: i€ [6]} U {% tig) e (Eﬂ)}

U {ei—gz 16[6]},

where 3 % e 4+ .+ e Suppose that |Eg| = 27 (this is easily
achieved; take, e.g., (e1,...,e5) = (3,6,11,13,19,20)). Let S¥ be
the subgroup of S(&) consisting of all the v € S(&) such that the
following hold:

(i) v (35 —ei—ej) = 330, vlen) — vles) — vley),
for all {4, 5} € (%),
(i) v (ei — 1%) = v(e;) — %23:1 v(ey), for all ¢ € [6].

It is clear that such a v € S¥ is uniquely determined by its values

on {e1,...,es}. We therefore write v = [ay,...,a6] to mean that
v(e;) = a; for i =1,...,6. So, for example, e = [e1, ea,...,eq]. Let
Si=1]€1y ., €im1,€it1, iy €it2y ..., €6

fori=1,...,5, and

1 1 1
50 = {52 — ey —e3, §2 —e1 —e3, 52 —e; — 62,64,65,66} .
(a) Show that S ef {s0,...,85} generates SE.

(b) Show that (S¥,S) is a Coxeter system of type Fg.

Let e1,...,e7 € P. Define

& Y ite; ie[TU {ﬁ: (%2 — e ej> . {i,j) e ([;])}
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where » % e1 +- - +er. Suppose that |€;7] = 56. Let S¥ be the sub-
group of S(&7) consisting of all the v € S(&7) such that the following
hold:
(i) v(—a) = —v(a), for all a € &,
(i) v(3Z —e; —e ) SZT Lu(er) —v(e;) —v(ey),
for all {i,5} € ('7)).

It is clear that such a v € S¥ is uniquely determined by its values
on {e1,...,er}. We therefore write v = [aq,...,a7] to mean that
v(e;) =a; fori=1,...,7. Let
S; — [61, ey €i—15,€i41,€4,€42,5 .. ., 67}
fori=1,...,6, and
1

1 1
S = 526263,526163,526162364a"'ae7:| .

(a) Show that S = {sq,...,s¢} generates S¥.
(b) Show that (S¥,S) is a Coxeter system of type .

Let eq,...,es € P. Define

oo ieiy e (B-eme): e (5))
u{i <e¢+6j+e’f_ %E> Flhdkhe (@)}
U{i( —ej): {H}E(H>}

where ¥ % 1 +. . +es. Suppose that |&| = 240. Let SE be the sub-
group of S(&s) consisting of all the v € S(Es) such that the following
hold:

(i) v(—a) = —v(a), for all a € &,
(i) v(3X —e; —¢;) =% 25:1 v(er) —v(e;) —v(ey)),
for all {i,5} € ([Z]),
(iii) v (3 —e;—ej —ex) = & Zle v(er) —v(e;) —v(ej) — vier),
for all {4, 7,k} € (),
(iv) v(e; —ej) =v(e;) —wv(ej), forall 1 <i<j<8.
It is clear that such a v € S¥ is uniquely determined by its values on

{e1,...,es}, so we write v = [ay,...,ag] to mean that v(e;) = a; for
i=1,...,8 Let

Si=1]€1,. -+, €i-1,€i41, €0, €it2, ..., €8]
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fori=1,...,7, and
1 1 1
S0 = 52762763,52761763,52761 —€3,€4,...,€8] .

(a) Show that S = {sq,...,s7} generates S¥.
(b) Show that (S¥,S) is a Coxeter system of type Es.

Let e1,...,e5 € P. Define

ef .. . . .
‘7:4 d_ {el ] 27.]6[5]7 Z#]}U{i(el—"_eZ_ej): ]:374’5}

U{te;: i€ B} U{£(2ei—e;): 1<i<3<j<5}

Suppose that |Fy| = 48 (take, e.g., (e1,...,e5) = (7,8,9,10,11)). Let
SE be the subgroup of S(F,) consisting of all the v € S(F;) such
that the following hold:

(i) v(ei —e;) = vle;) —wley), for 4,5 € [5], i # J,

(ii) v(—a) = —v(a), for all a € Fy,

(ill) v(er +e2 —e;) =v(er) +v(e2) — v(e;), for j =3,4,5,
(iv) v(2e; —e;) =2v(e;) —v(ej), for 1 <i<3<j<5h.

Such av € SI is uniquely determined by its values on {e1, ..., e5} and
we write v = [ay, ..., as] to mean that v(e;) = a; fori =1,...,5. Let
S§1 = [627 €1, €3, €4, 65]7 §3 = [ela €2, €4, €3, 65]7 S4 = [ela €2,€3, €5, 64]7

and sp = [e1 + €2 — €3, e2,2e3 — €3, €4, €5).

(a) Show that S = {s1, s, 53, 54} generates S
(b) Show that (S, 9) is a Coxeter system of type Fj.

Let « be the golden ratio, namely o = %(1 +/5), and ey, ez, e3 € P,
Define

s & et i€ B} U{E(ae;s — (a—1)D) : i€ [3]},
where ¥ & e1 + ea + es. Suppose that |Hs| = 12 (this is easily
achieved; take, e.g., (e1,e2,e3) = (2,1 + o, 2a)). Let SI be the sub-
group of S(H3) consisting of all the v € S(H3) such that the following
hold:

(i) v(—a) = —v(a), for all a € Hs,
(i) v(ae; — (@ — 1)) = av(e;) — (a — 1)(v(er) +v(e2) + v(es)), for
i=1,2,3.

It is clear that such a v € SI is uniquely determined by its values on
{e1, €2, e3}. We therefore write v = [a1, az, as] to mean that v(e;) = a;
for i = 1,2,3. So, for example, e = [e1, e2,e3]. Let s1 = [e2, e1, €3],
s2 = [e1,e3,ea], and s3 = [—e1 + (o — 1)(e2 + €3), €2, €3].

(a) Show that S = {sg, s1, 52} generates SI.
(b) Show that (S, S) is a Coxeter system of type Hs.
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25. Let a be the golden ratio, namely o = %(1+\/5), and ey, es,e3,e4 € P.
Define

def

{4e;: i€ M)}

U{t((a+1)e; — (a—1)X): i € [4]}

U{t(ae; — (a—1)X): i € [4]}

U{t(ae; —X): i€ [4]}

U{x(ei+ (a+1)e; —X): ¢,5 € [4],i # j}
U{E(ae; + (a+1)e; — %) : 0,5 € [4],i # 5}

U{e; —ej: i,5€[4],i#j}

U{x(e;—aej): i, €[], i#7j},

where ¥ = e; + -+ + e4. Suppose that |Hy| = 116 (take, e.g.,

(e1,e2,€3,e4) = (32,5,2 + 20,7 — a)). Let S be the subgroup of

S(H4) consisting of all the v € S(H4) such that the following hold:
(i) a) = —v(a), for all a € Hy,

(ii) v(ce; — (a - 1Y) = av(e;) — (a—1)v(B),

(a+1) —(a=1)%) = (a+1v(e;) — (@ = 1)v(3),

ae;

<

v(ae; — ) = av(e;) — v(X), for all i € [4],
(iii) v(e; + (a +1)e; — ) =v(e;) + (a+ Dv(e;) — v(E),
v(ae; <%+n?;2r??@>+m+¢><>fmm,

v

v(=
(
(
(
(
(
(e
(

ei —e;j) =wv(e;) —v(ey), for all 4,5 € [4], i # j,

where v(X) &f v(er) + v(e2) + v(es) + v(eq). It is clear that such
a v € S is uniquely determined by its values on {ey, e, e3,€4},

and we therefore write v = [aq,...,a4] to mean that v(e;) = a;
for i = 1,...,4. Let s1 = [ea,e1,e3,€e4], $S2 = [e1,e3,€2,€4], 53 =
[e1, €2, e4,e3], and sg = [—e1 + (o — 1)(e2 + e3 + e4), €2, €3, €4].

(a) Show that S = {so, 51, S2, 53} generates Si’.
(b) Show that (SI,S) is a Coxeter system of type Hy.

Notes

The fact that the groups SZ and SP of “signed permutations” and “even
signed permutations” are Coxeter systems of types B,, and D,, (with respect
to the generating sets Sp and Sp) is part of the folklore of the subject.
That the group Sn of affine permutations gives a realization of the Coxeter
system of type A, _1 was first explicitly mentioned by Lusztig [365]. This
realization was then further studied by Shi [455] and Bjérner and Brenti
[62]. Combinatorial descriptions of the groups of type CN'n appear in Bédard
[19] and Shi [467].
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A unified and comprehensive study of combinatorial descriptions of a
large class of Coxeter groups, which includes the affine Weyl groups of
types An, Cn, By, and D, is given in the thesis of H. Eriksson [223] (see
also H. and K. Eriksson [224]). The combinatorial descriptions given in
Sections 8.4, 8.5, and 8.6 are essentially equivalent to those given in [223].

Exercises 2 and 8 are due to Incitti [311].

Exercise 5. See Stanley [491].

Exercise 11. See Proctor [423].

Exercise 15. See Bjorner and Brenti [62].

Exercises 20, 21, 22, 23, 24, and 25. See Eriksson [223].
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Appendix A2

Graphs, posets, and complexes

Graphs, posets, and simplicial complexes are, together with permutations
and tableaux, the basic combinatorial notions used. They play an important
role throughout the book.

In this appendix, we define and recall some terminology, notation, and
results. More details, proofs and references for the first two sections can
be found, for example, in [497], and for the last three, for example, in [64,
Section 4.7].

A2.1 Graphs and Digraphs

By a graph we mean a pair G = (V, E), where V is a set and E C (‘2/) We
call V the set of nodes or vertices of G, and E the set of edges of G. A path
in G is a sequence I' = (xg, ..., 7x) € VFT! such that {z;, 7,41} € E for all
1=0,....,k—1.If zg =z and k£ > 1, then we call " a cycle. We also say
that the path I connects ¢ and xx. A graph is connected if for all z,y € V
there is a path I' that connects x and y.

A rooted graph is a pair (G, x), where G is a graph and z is a vertex of
G, called the root. A tree is a connected graph with no cycles. A vertex v
of a tree is a leaf if [{x € V : {z,v} € E}| = 1. Note that if (G,z) is a
rooted tree, then for every v € V there is a unique path I'(v) connecting
and v. Given two vertices u,v € V, we then say that u is a descendant of
vif v e I'(u).
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By a directed graph (or digraph, for short) we mean a pair D = (V, A),
where V is a set and A C V2. We call V the set of nodes or vertices of D and
A the set of directed edges of D. We write © — y to mean that (x,y) € A.
An edge © — x is called a loop. A directed path (or, path, for short) in D
is a sequence I' = (w9, 21, ...,2) € VFT! such that xg — z; — -+ — xy.
We say that I' goes from xg to xj, and we call k the length of T'. If ¢y = xy,
we call I' a directed cycle. The edges of a directed cycle of length k = 2
are sometimes referred to as a pair of antiparallel edges. If S C V', then
(S,AN S?) is also a digraph called the induced directed subgraph, induced
by D on S.

It is sometimes convenient to allow multiple edges in graphs and di-
graphs. This means that E is a multiset of elements from (‘2/) (resp., A
is a multiset of elements from V?2). Such graphs with multiple edges ap-
pear a few times in the book. We do not distinguish this more general case
terminologically or notationally.

A2.2 Posets

The word poset is an abbreviation of partially ordered set. Thus, a poset
P = (P, <) consists of a set P together with a partial order relation <.
The relation is suppressed from the notation when it is clear from context.
If Q@ C P, we may refer to @ also as a poset, having in mind the induced
subposet (Q, <), whose order relation is the restriction of P’s. Two elements
x,y € P aresaid to be comparable if either x < y or y < z, and incomparable
otherwise.

A sequence (xg, x1, ..., xp) of elements of P is called a chain (respectively
multichain) if zo < 1 < --- < xp, (respectively, zg < z7 < -+ < x3). We
then also say that the chain (respectively, multichain) goes from g to .
The integer h is called the length of the chain (respectively, multichain).
The supremum of this number over all chains of P is the rank (or length)
of P. A chain is maximal if its elements are not a proper subset of those of
any other chain. If all maximal chains are of the same finite length, then
P is pure. An element x € P is mazximal if there is no element y € P such
that x < y.

Suppose that P is pure of length k. Define the rank r(z) of x € P to be the
length of the subposet {y € P : y < z}. The rank function r : P — [0, k]
restricts to a bijection on each maximal chain, and decomposes P into rank
levels P, ={x € P : r(z) =i}, i €[0,k].

If 2 <y in P, we define the closed interval (or interval, for short) [z, y] =
{z € P : 2 <z <y}, the open interval (v,y) = {2 € P : x <z <y}, and
the half-open interval (z,y] = {z € P : x < z < y}. A bottom element 0
(resp. a top element 1) is an element satisfying 0<z (resp. x < 1) for all
z € P.If P has a bottom element 0 and every interval [O x] is pure, then
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P is graded. The rank function r : P — N is defined for a graded poset P
as for a pure one. If |P;| < co for all i > 0, then we call the formal power
series Y.~ |P;|¢" the rank generating function of P.

Suppose from now on that all intervals in P are finite (only such posets
appear in this book). A pair (z,y) such that z < y and no z € P satisfies
x < z < y is called a covering and is denoted by x <y (or y > ). Let
Cov(P) be the set of all coverings in P. This set of ordered pairs implies all
other order relations by transitivity, and Cov(P) is clearly minimal with
this property. A chain is saturated if all successive relations are coverings:
2o <1 < <ap. If Phasa0 (respectively, a /1\), then an element v € P
is an atom (respectively, coatom) of P if 0<z (respectively, x < /1\)

The standard way of depicting a poset P is to draw a digraph with
the elements of P as nodes and the elements of Cov(P) as upward-directed
edges. This graph is called the diagram of P (sometimes the Hasse diagram).
For instance, Figure 2.10 depicts a graded poset of length 3, with the rank
levels P, and P» both of cardinality k.

A map f : P — Q of posets is order-preserving if x < y implies f(z) <
fly), for all z,y € P. If, instead, x < y implies f(z) > f(y), the map
is order-reversing. Two posets P and Q) are isomorphic if there exists an
order-preserving bijection f : P — @ such that f~! is also order-preserving.
A poset P is a Boolean algebra if there is a set X such that P is isomorphic
to the set of all subsets of X, partially ordered by inclusion. A bijection
f : P — Pis an automorphism if f and f~! are order-preserving, and an
anticutomorphism if f and f~! are order-reversing.

A poset P is a lattice if for all z,y € P, the subposet {z € P : z <
x, z <y} has a top element, the meet z Ay, and — dually — the subposet
{z € P:z>a, z>y} has a bottom element, the join x V y. If only the
meet x A y is guaranteed to exist, P is a meet-semilattice. See Section 3.2
for a few more definitions pertaining to (semi)lattices.

The Mébius function of P assigns to each ordered pair x < y an integer
wu(z,y) according to the following recursion:

1, ifx =y,
pay) =1 Dow<aay M@, 2), Hfz <y

Let Int(P) e {(z,y) € P?: x < y}. Given a commutative ring R, the
incidence algebra of P with coefficients in R, denoted I(P; R), is the set of
all functions f : Int(P) — R with sum and product defined by

(A2.1)

(f +9)(z.y) € fla.y) +g(z,y)
and
(fo)x,y) = Y flz,2)9(2y), (A2.2)

for all f,g € I(P; R) and (z,y) € Int(P). For instance, u € I(P;Z).
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It is well known (see, e.g., [497, Section 3.6]) that I(P; R) is an associative

algebra having § as identity element (where 6(z,y) e it = y, and )

otherwise) and that an element f € I(P;R) is invertible if and only if
f(x,z) is invertible for all z € P. If f is invertible, then we denote by f~1
its (two-sided) inverse.

See [497, Chapter 3] for more about posets and the Mobius function.

A2.3 Simplicial complexes

By an (abstract simplicial) complex on vertex set V' is meant a nonempty
collection A of finite subsets of V, called faces, which is closed under con-
tainment: ' C F’ € A implies F' € A. Since we assume that A # 0, it
follows that 0 e A. If F C F' € A, let [F,F']={GeA: FCGCF'}.
The dimension of a face is defined by dimF = |F|—1, and the dimension of
A by dimA = suppea dimF' (which can be equal to 00). So, for example,
dim{0} = —1.

A complex A is pure d-dimensional if every face is contained in some
d-dimensional face. Almost all complexes dealt with in this book are pure.
In this case, the d-dimensional faces are called facets and the (d — 1)-
dimensional faces are called panels. The collection of all facets is denoted
by F(A). Two facets C and C’ are adjacent if dim(CNC’')=d — 1.

Let A C A’ be complexes and assume that z is a vertex of A’ but not
of A. Then, A’ is said to be a cone over A with cone point x if

CeF(A) & Cuiz}eF).

For any complex A, we let ||A]| denote its topological space, or geometric
realization. For this construction, as well as such notions as Euler charac-
teristic, simplicial homology and homotopy type, and their connections, see
any textbook on algebraic topology (e.g. [401]).

Let A be a finite d-dimensional simplicial complex, and let f; be the
number of i-dimensional faces of A. The sequence f = (fy,..., f4) is called
the f-vector of A. We put f_y = 1. The h-vector h = (ho,...,hq+1) of A
is defined by the equation

d+1 ) d+1 )
S fimaaT =3 b + 1) (A2.3)
=0 =0

Note that ho =1, hy =n—d — 1, and
havt = fa— fao1 + -+ (=) fo + (=) = (=1)X(Q),

where X(A) is the reduced Euler characteristic of A. In particular,

P 1, if ||AJ| is homeomorphic to a sphere,
1700, if ||A|| is homeomorphic to a ball.



A2.4. Shellability 303

An important way in which complexes arise in combinatorics is from
posets. If P is a poset, let A(P) be the collection of all finite chains xy <
r1 < -+ < xp in P. A subset of a chain is again a chain, so this is a
simplicial complex, called the order complex of P.

We make use of the following two facts. Let < y in P. Then, the
Mobius function p(x,y) is equal to the reduced Euler characteristic of the
order complex of the open interval (z,y):

See [497, Proposition 3.8.6] for a proof.

Fact A2.3.2 Let f : P — P be an order-preserving map such that x >
f(x) = f2(x) for all x € P. Then, the order complezes of P and of f(P)
are homotopy equivalent.

It is not hard to give a direct proof that A(f(P)) is a strong deforma-
tion retract of A(P) in this situation. For another simple proof, see [60,
Corollary 10.12].

A2.4  Shellability

Throughout this section, let A be a pure d-dimensional complex of at most
countable cardinality. We will be considering linear orderings C7, Cs, Cs,
... of F(A). Given such an ordering, let A, = [0, C1]U[D, Co]U---U[D, Ck],
for k > 1. Thus, Ay is the subcomplex generated by the k first facets.

Definition A2.4.1 The complex A is said to be shellable if its facets can
be arranged in linear order Cy, Ca, Cs, ... in such a way that Ag_q1 N[0, Ck]
is pure (d — 1)-dimensional, for k =2,3,.... Such an ordering of F(A) is
called a shelling.

In other words, a linear order Cy,C5,Cj5, ... is a shelling if and only if
whenever ¢ < k, there exists some j < k such that C; N C), C C; N Cy,
and |C; N Ck| = |Cy| — 1. Note that

if A" is a cone over A, then A is shellable if and only if A is. (A2.4)
Given a shelling, define the restriction of facet Cj by
R(Cx) ={x € Ck : Cr \ {z} € Ag_1}. (A2.5)

(Here, and whenever else needed, we let Ay = .) Shellings and their re-
striction maps have several useful characterizations, of which we mention
the following.

Fact A2.4.2 Given an ordering C1,C2,Cs,... of F(A) and a map R :
F(A) — A, the following are equivalent:
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(i) C1,C4,Cs, ... is a shelling and R its restriction map.
(ii) Ay =W [R(Cy),Ci, for all k> 1.

A pure complex A is said to be thin if every panel is contained in exactly
two facets. It is called subthin if every panel is contained in at most two
facets and it is not thin. It is locally finite if every vertex is contained in
only finitely many facets.

Let B? and S? denote the standard PL d-ball and d-sphere (i.e., a geomet-
ric d-simplex and the boundary of a geometric (d+1)-simplex, respectively).
Using some simple facts from PL (piecewise linear) topology, one derives
the following.

Fact A2.4.3 Let A be a shellable pure d-dimensional simplicial complex.
(i) If A is finite and subthin, then ||A|| is PL homeomorphic to B<.
(ii) If A is finite and thin, then | Al is PL homeomorphic to S¢.

(iii) If A is infinite and thin, then ||A|| is contractible.

(iv) If A is infinite, thin, and locally finite, then ||A|| is PL homeomorphic
to R?,

If A is finite and shellable, then the h-vector has the following
interpretation in terms of the restriction map:

hi = card {C € F(A) : |R(C)| = i}. (A2.6)

The definition of the h-vector can be extended to infinite shellable
complexes via equation (A2.6).

Fact A2.4.4 Let A be a shellable pure d-dimensional complex and let h def

ha+1. Then, ||A|l has the homotopy type of a wedge of h copies of the
d-sphere. Consequently,

- h L
= { 2 iz

0, ifid

Here, PNIZ-(A;Z) denotes reduced simplicial homology with integer coeffi-
cients.

The link of a face F' € A (including F' = 0) is the subcomplex lka (F) def
{GeA: GUF € Aand GNF = 0}. The complex A is said to be
Cohen-Macaulay if

Hi(lka(F);Z) =0, for all F' € A and ¢ < dimlka(F). (A2.8)

(A2.7)

By a theorem of Reisner, this property is (in the finite case) equivalent to
the Cohen-Macaulayness (in the sense of commutative algebra) of a certain
ring k[A], for every coefficient field k. The ring k[A] is the quotient of the
polynomial ring k[x1,...,x,], whose indeterminates are the vertices z; of

A, modulo the ideal generated by the square-free monomials x;, x;, - - - T;,
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corresponding to nonfaces {zi,, iy, ..., 2, } ¢ A. See [496] for a detailed
discussion of this connection to ring theory.

It is easy to see that shellability of A is inherited by all links lka (F).
Hence, from equation (A2.7) we get the following:

Fact A2.4.5 If A is shellable, then A is Cohen-Macaulay.

A colored complex A, on vertex set V' and with color set S, is by definition
a pure d-dimensional complex A with a partition V' = 4,4 Vi such that
|ICNVs| =1 for all C € F(A) and all s € S. It is convenient to think of
S as a set of colors, the condition being that every facet has exactly one
vertex of each color. Clearly, |S| = d+ 1. Examples of colored complexes are
provided by order complexes of pure posets P of length d, where S = [0, d]
and the color classes Vi are the rank levels P;.

Let A be a colored complex as above. Define the type of a face F' € A
as its set of colors: 7(F) = {s € S : FNV, # 0}. Then, for £ C S, let
A = {F € A : 7(F) C E}. The type-selected subcompler Ag is pure
(|E| — 1)-dimensional.

Fact A2.4.6 Suppose that A is colored and shellable. Fix E C S. Then,
AE is shellable and

hig(Ag) = card {C € F(A) : 7(R(C)) = E}.

A2.5 Regular CW complexes

By a ball in a topological space T we mean a subspace ¢ C T that is
homeomorphic to the ball B¢, for some d > 0. The (relative) interior & and
boundary do = o \ & are defined via transfer from B¢. If dimo = 0, then
o =0 = {point}.

Definition A2.5.1 A regular CW complex I' is a collection of balls in a
Hausdorff space ||T'|| = Uyero such that the following hold:

(i) The interiors o partition ||T|.

(i) The boundary Oo is a union of some members of I', for all 0 € T of
positive dimension.

This definition of a regular CW complex is not the standard one in the
topological literature, where an approach via attaching maps (applicable
also to general “non-regular” CW complexes) is more common. In that
setting, regularity means that the attaching map of each cell should be
a homeomorphism on the whole cell that is being attached, not only on
its interior. For detailed topological treatments of regular cell complexes,
see [158] or [363]. For a discussion of regular CW complexes from a com-



306 Appendix A2. Graphs, posets, and complexes

binatorial point of view, including motivation for the equality of the two
definitions, see [64, Section 4.7].

The balls o € T" are the closed cells of T'; their interiors o are the open
cells. If |T|| & T, then T is said to provide (via the homeomorphism)
a regular CW decomposition of the space T'. The geometric realizations of
abstract simplicial complexes are examples of regular CW complexes whose
cells are the geometric simplices representing the abstract faces.

The cell poset C(T') is the set of closed cells of T ordered by containment.
Now, it turns out that the order complex of C(I") is homeomorphic to || Tl
which has the following consequence.

Fact A2.5.2 The cell poset determines the topology of ||T|| and its cellular
structure up to cell-preserving homeomorphism.

For any CW complex I', there exists an algebraic chain complex, the
cellular chain complex,

dit1 d;
- —Cig A C; = Cj_qy — -+

with the following properties:

(i) C; is a free Abelian group with a basis indexed by the i-dimensional
cells of T'.

Furthermore, if T is regular, there exists a mapping from pairs of cells (o, 7)
such that ¢ C 7 and dimo + 1 = dim 7 (or, in other words, from coverings
o <7 in C(T)) to numbers [0 : 7] € {+1,—1} (called incidence numbers)
such that the boundary maps are given by

di(r) =) [o:7]o, (A2.9)

where we identify cells with the corresponding basis elements.
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Permutations and tableaux

Permutations play a central role throughout the book. They have close
connections with the combinatorics of tableaux, which is of importance in
Chapters 6 and 7.

Here, we first review the basic definitions and establish notation for per-
mutations and tableaux. Then, in Sections A3.3 — A3.9 we summarize those
properties of the Robinson-Schensted correspondence that are needed in
Chapter 6. The final section concerns properties of dual equivalence of
skew tableaux, needed in Chapter 7.

For a detailed treatment with proofs of this material, see [450]. Much of
the material can also be found in [248], [328], and [498].

A3.1 Permutations

Fix a set F, finite or infinite. Bijections = : E — FE are called permuta-
tions of E. They form a group under composition that we denote by S(E).
Subgroups of S(E) are called permutation groups. A permutation represen-
tation of a group W is a homomorphism f : W — S(E) for some set E.

If G C S(F) is a permutation group and A C F, let

Stab (A4) €' {z € G : 2(A) = A}.

The notation means that z maps A onto A as a set (not necessarily fixing
each of its elements). This defines a subgroup of G called the stabilizer of A.
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The finite groups Sy, g ([n]) are called the symmetric groups. Suppose
that E is a finite subset of Z, such as [n| or [+ n]. Then, permutations
x € S(F) can be denoted by listing all the values z(7) left to right in order
of increasing argument ¢. For instance, 74185236 denotes the permutation
1+— 7,2+ 4,3~ 1, etc., an element of Sg. We call this the complete
notation! for z. To keep notation simple, we omit commas in the complete
notation wherever, as in the given example, confusion cannot arise. So,
writing x = x129 ...z, for a permutation x of a finite set £ C Z, this means
that x; = x(e;) for all 7, where e; is the i-th element of F in increasing order.

At times, we also write permutations in disjoint cycle form, omitting to
write the 1-cycles. For instance, we have that

74185236 = (1,7,3)(2,4,8,6),

where the left-hand side uses complete notation and the right hand side
disjoint cycle form. Permutations of the form (i, j) are called transpositions.

Our convention for multiplying permutations is to read the product right
to left as composition of mappings. For instance, with permutations of [5]
expressed in complete notation, we have

31524 - 15243 = 34125.

This has the consequence for S, that multiplying z = z125 . . . ,, (complete
notation) on the right by a transposition ¢, ; = (i,j) has the effect of
transposing the values in positions i and j, whereas multiplying on the left
transposes the wvalues i and j. For example,

24531 - to5 = 21534 and t25 - 24531 = 54231.

Given a sequence (x1, 2, ...,2,) € Z", define

Q.
e}
n

{@@,j): 1<i<j<nanduz >z},
{i € [n] : = <0},
‘{{Z,j} S ([z]) Dty < O}

{ien—1]: x; > xi41}-

inv(zy,xo,...

IS
3

8

3
[N
e |l

~— — —
o)
e}
-

nsp (z1,z2,. ..

8
3

b

(
neg (1,2, ...
(

o
[}
-

D(z1,22,...,2n)

These definitions apply, in particular, to permutations x = z122...2z, €
S(E), where E C Z, |E| = n.

LOf course, listing only the first seven values (i.e., the images of 1,2,...,7, in this
order) uniquely identifies a permutation of Sg. Thus, the last entry of the complete
notation of a permutation is redundant and could be omitted. Although it would make
no sense to use this shorter notation for the elements of the symmetric group, such
“window notation” is extremely convenient for other permutation groups, including all
those discussed in Chapter 8.
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The functions “neg” and “nsp” (short for “number of negative entries”
and “number of negative sum pairs”) appear only in Chapter 8. For more
about the “descent set” D = Dpg, see Section A3.4.

A pair (i,7) € [n]? is an inversion of a permutation © = z122 ... 1, (or
of a sequence (z1,...,2,)) if i < j and z; > z;. The inversion table of x
(or of (x1,...,2,)) is the sequence

(I(z),..., I(z)),
where
Liz) € |{jen: i<j a>a}

In the rest of this appendix, all permutations will be elements of S,,.

A3.2 Tableaux

A partition A = (A1,..., ) of the integer n (written A F n or |\| = n)
is a weakly decreasing sequence of positive integers A\y > Ao > -+ > A
such that Ay + -+ A\x = n. The integers A1,..., \x are called the parts of
A, and k is called the length of A\. If k = 0, then A\ is the empty partition.
A partition is geometrically represented by its (Ferrers) diagram, a left-
justified arrangement of boxes (also called cells) having \; boxes in row i.
For instance, the following is the diagram of (5,3,2,2,1):

A partititon A = (A1,..., ;) is a hook if Ay = A3 = -+ = A\ = 1,
a rectangle if \y = Ao = -+ = A, a square if Ay = --- = Ay =k, and a
staircase if (A1,..., A\p) = (k,k—1,...,2,1). We let 4, def (n,mn—1,...,2,1)
for all n € P.

Given two partitions g = (1, ..., ), A = (A1,..., Ak), we write p C A
to mean that » < k and p; < A; for ¢ = 1,...,r. In this case, we call
A\ pa skew partition. Skew partitions are also represented geometrically
as diagrams. A skew partition of the form A\ d,, where A is a square of
length n, is called an antistaircase.

Given two skew partitions 6 and p, we say that 6 is an extension of (or
extends ) p if there exist three partitions A\, y, and v, with v C u C X such
that p = p\ v and 0 = X\ p. We then write A\ v = pU 0. We say that
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0 is a final segment (respectively, initial segment) of p if there exists three
partitions A, p, v with v C u C A such that p = A\ v and A\ p = 6 (respec-
tively, u \ v = 0). Flipping the diagram of a skew partition along the main
diagonal yields the diagram of another skew partition, called its conjugate.
For example, the conjugate of (5,3,2,2,1)\ (2,2,1) is (5,4,2,1,1)\ (3,2).
A skew partition is called self-conjugate (or symmetric) if it coincides with
its conjugate. For example, (4,2,1,1)\ (1) is self-conjugate.

By a connected skew partition we mean a skew partition whose diagram
is rookwise connected. The diagram of a partition (and hence of a skew
partition) can be naturally identified with a subset of N2. Giving N? its
natural partial order ((a,b) < (¢,d) if and only if a < ¢ and b < d) then
gives a partial order on the cells of the diagram. For this reason, we often
identify a diagram with its corresponding poset in this way.

A tableau is a filling of the boxes of a diagram by distinct integers so
that each row and each column is strictly increasing when read left to right
and top to bottom. We call these integers the entries of the tableau. A
tableau is called standard (or a standard Young tableau) if its entries are

the numbers 1,2, ..., n, for some n. For instance,
1125|811
316 |10
419
7 113
12

is a standard Young tableau.

If we reflect a tableau T across the main diagonal, then we get another
tableau, which we call the transpose of T', and denote by T”. Given a tableau
T and i € Z, we let T, be the tableau obtained by adding 7 to each entry
of T\ If T is standard, we sometimes abuse terminology and call T} , also
a standard tableau. Given a tableau 7', we denote by T, its b-th entry
(from the left) in its a-th row (from the top).

The (possibly skew) partition associated with the diagram of a tableau
T is called its shape , denoted sh(T'), so, for example, the shape of the
preceding tableau is (5,3,2,2,1). We say that a tableau T has normal
shape if sh((T') is a partition. If we wish to emphasize that there are no
restrictions on the shape of T, then we say that T is a skew tableau (or that
it has skew shape).

We let SYT,, denote the set of all standard Young tableaux with n boxes,

SY T the subset of those having shape A, and f* def |SYT|. The word
“tableau” in this book means (unless otherwise explicitly stated) standard
Young tableau.
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A3.3 The Robinson-Schensted correspondence

With each permutation @ € S, is associated a pair (P(z), Q(x)) of tableaux
of the same normal shape according to the following rule.

Let x = x1wy...1,. Starting with the pair of empty tableaux (0,0),
iterate the following procedure n times. Assume that (P;,Q;) has been
constructed after ¢ steps. Now, if x;4; is greater than all entries in the
first row of P;, then place it at the end of that row (adding a new box).
Otherwise, if, say, p1; < ®i+1 < p1,j+1, then replace (or “bump”) p1 ;41
by x;y1. Then, repeat the same operation on the second row with pq ;i1
playing the role of x;y;. This bumping process will continue row by row
until either a new box is created at the end of some existing row or a
new one-box row is created. With this algorithm, a new box is created
somewhere and the left tableau P; grows to P;+1. Let the right tableau
Qi grow to ;41 by placing ¢ + 1 in the correspondingly located new box.
Due to this formation algorithm, the left tableau P(x) is often called the
insertion tableau and the right tableau Q(z) is called the recording tableau.

The whole procedure is best explained by an example. Let x = 35214.
The various steps in the formation of P and @ are:

P Qi
Stepl :
Step2:  [3]5] [1]2]
Step3 : g | 2 |
: 5] .
1]5] 1]2]
Step4 : 2 3
El 4]
1 1
Step5 : 215 3
13 4

The last pair of tableaux is (P(x), Q(z)).

Fact A3.3.1 The mapping z +— (P(z),Q(x)) is a bijection between
permutations x € S,, and pairs of tableauz (P,Q) € Uy, SYT?.

This is called the Robinson-Schensted correspondence, and much of this
appendix is concerned with summarizing its key properties.
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A3.4 Descent sets

The right and left descent sets of x € S, are, by definition,
Dr(z)={ien—-1] : 2(4) >z(@+ 1)}
and D (x) = Dr(2x~!). For example,
Dr(41253) = {1,4}, Dy (41253) = {3}.

Note that the left descent set of a permutation = € S, consists of those
i € [n — 1] such that i + 1 appears to the left of 7 in the complete notation
of .

The descent set of a tableau T is the set D(T) consisting of those entries
i such that ¢ + 1 appears in a strictly lower row. This is related to the
previous definition via the Robinson-Schensted correspondence as follows.

Fact A3.4.1 Dy (x) = D(P(x)) and Dr(xz) = D(Q(x)).

For instance, for

1
Q(35214) =3 |5
4

computed earlier, both z and Q(z) have (right) descent set = {2, 3}.

A3.5 Special tableaux

A tableau is row superstandard if when reading its rows from left to right
and from top to bottom, we get the integers 1,2,...,n in their natural
order. For instance, the following is the row superstandard tableau of shape
(5,3,1):

3[4]5]

|©@H
[e9]

By symmetry there is a corresponding notion of column superstandard
tableaux.

The reading word p(T) of a tableau T is obtained by reading the rows
of T from left to right and from bottom to top. For instance, let T" be the
row superstandard tableau of shape (5,3,1). Then, p(T) = 967812345.We
will sometimes consider p(T') as an element of S, if T has n boxes (and is
standard). For a given partition A = (A1, ..., Ag), there is a unique tableau
T having descent set {Ak, A\ + Ag—1,..., Ak + -+ + Ao}. It is called the
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reading tableau of shape A, because of the bijection
p(T) «— (T, Ty),

which holds under Robinson-Schensted for all T € SYT). For example, the
reading tableau of shape (5,3,1) is

3[4]s8]9]
6|7

|U\I\DH

A3.6 Knuth equivalence

Let x,y € S,,. We write x%y if there exist 1 < 7 < n such that x125...2,

and Y1y ...y, differ only on the substrings z;_1z;x;4+1 and y;—1y;yi+1,
and these substrings are related to each other in either of the following two
ways:

bca < bac or cab < acbh,

where a < b < c¢. This is called elementary Knuth equivalence. It means
that a commutation ac < ca is allowed if and only if the commuted pair
has a neighbor b of intermediate value placed immediately to the left or
immediately to the right.

Let T2y be the equivalence relation (called Knuth equivalence) gener-

ated by x ~Y. For instance,

shows that 215436 ~ 256143.
The equivalence classes with respect to 7 are called Knuth classes. This

turns out to characterize the relation of having the same insertion tableau.

Fact A3.6.1 P(x) = P(y) if and only ifxr;;y, for all xz,y € S,,.

This result has a dual form characterizing equality of recording tableaux.
The dual form can be easily deduced using Fact A3.9.1 below. Because of
its importance in Chapter 6, we nevertheless give the explicit statement.

For xz,y € S,, we write xﬁ( y if x and y differ by transposition of two

values ¢ and ¢+ 1, and either ¢ —1 or 142 occurs in a position between those
of ¢ and ¢ + 1. This defines elementary dual Knuth equivalence, and dual
Knuth equivalence (written T~ y) is the transitive closure. For instance,

215436 ~ 315426 ~ 415326 ~ 425316

dK

S0

shows that 215436 %425316.
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Fact A3.6.2 Q(z) = Q(y) if and only z'f:rdm;( y, for all x,y € S,.

13 R

The equivalence classes under o~ are called dual Knuth classes.

A3.7 Jeu de taquin slides

Let T be a skew tableau and z € N? be such that sh(T) extends {z}. We
then define the backward jeu de taquin slide (or backward slide, for short)
of T into x to be the skew tableau, denoted j*(T'), obtained as follows. We
first fill cell « by “sliding” into it the smaller (or only one) of the entries
of T that occupy the cells immediately to the right and immediately below
cell z. This will vacate a new cell 2/, which we now fill by the same sliding
rule, and so on until we have vacated a cell y for which neither the cell
directly below it nor the one directly to its right are in sh(7T).
For example, if

e 1418
T=[2]5]6]O (A3.1)
3|7
and z is the cell marked by a e, then we obtain
o[1]4]8 [1]e[4]8 1]4]e[8] 1]4]6]8]
215|6 — 12|56 — 12516 — |25 ]|e
3 3 7 3
and so
4168 |
PFT)y=12]5
7

Similarly, if + € N? is such that {z} extends sh(7T'), then we define a
forward jeu de taquin slide (or forward slide, for short) of T' into = to be
the skew tableau, denoted j,(T'), defined as follows. We first fill cell « by
“sliding” into it the largest (or only one) of the entries of T' that occupy
the cells immediately to the left and immediately above cell x. This vacates
a new cell 2/, which we fill by the same rule until we have vacated a cell y
for which neither the cell immediately to its left nor the one immediately
above it are in sh(T).

For example, if T is the tableau in (A3.1) and «x is the cell marked by a
0O, then we obtain

1[4]8] 1[4]D (1] 04 4
25|60 —[2][5]6]s8] = |2][5]6]8]—|2]5]6]8
7 7
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SO
J(T)=12|5]|6|8
7
A slide sequence for T is a sequence of cells (z1,...,2,) such that it is
meaningful to form the tableaux T..,...,Ty, where, for each i = 1,...,7,

either T; = j, (Ti—1) or T; = j**(T;-1) (and where T af T).

A3.8 Evacuation and antievacuation

We describe two operations called evacuation and antievacuation that
transform a tableau T' to other tableaux e(T'), e*(T') of the same shape.
These operations turn out to be involutions.

Let T be a tableau with n cells. Delete entry “n” from 7" and perform a
forward slide into the cell that contained it. This will vacate a cell of T'. Now
do the same for entry “n — 1,” then for entry “n — 2,” etc., and finally for
entry “1.” You will now have the empty tableau. Then, the antievacuation
tableau of T, denoted e*(T'), is the tableau whose entries record the order
in which the cells of T" have been vacated.

For example, if

316
T=124|7
5
then we obtain from it the following sequence of tableaux:
113]6 113 113
T — 214 — 24 — 24
5 5
3 1 1
— 2 — 2 —
and, therefore,
257
e(T)=|1]4]6
3

Note that e*(T") has the same shape as T'. It is a fact that the mapping e*
is an involution on the set of tableaux of any given shape.
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Next, starting from T', we first delete the entry “1” and perform a back-
ward slide on the cell that contained it; then we do the same for the entry
“2) etc. .. . Then, the tableau that records (in reverse) the order in which
the cells of T have been vacated in this process is called the evacuation of
T and is denoted by e(T).

For example, if

314 314
T — 21516 — 516 — 516
7 7 7
6 6
— 5 — 7 — 7
7
and, hence,
215|7
e(T)=11 6
3

Again, e(T') has the same shape as T, and the mapping e is an involution.

A3.9 Symmetries of the R-S correspondence

Let wg be the reverse permutation wo =n...3 2 1. We summarize the re-
markable effects on tableaux that multiplication with wg and the operation
2 +— 2~ have under the Robinson-Schensted correspondence.

With our convention for multiplying permutations, we get the following
combinatorial meanings of the algebraic operations:

™1 «—  switch places and values,

Twy <«—  reverse the places,
wox <«  reverse the values,
worwoy <«—  reverse both.

For instance, if x = 24135, then 2~ ! = 31425, zw = 53142, wor = 42531,
and worwy = 13524.
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Recall that for a tableau P, we let P’ denote the transposed tableau (i.e.,
P mirrored in its main diagonal). This clearly commutes with evacuation:
e(P') =e(P)".

Fact A3.9.1 If x — (P,Q) are matched under the Robinson-Schensted
correspondence, then so are

171 —

(
zwy > (
wor ——
wozwy «—— (e(P),e(Q)).

Note that the last relation implies that evacuation is an involution on
SYTy.

We leave it to the reader to exemplify these relations; for instance,
starting from the pair

24135 +—— 135,125‘.
214 314

A3.10 Dual equivalence

In this section, we summarize the properties of an equivalence relation for
skew tableaux that is closely connected to the dual Knuth equivalence of
permutations, as discussed in Section A3.6.

Let P and @ be skew tableaux. We say that P is dual equivalent to @,
denoted P = (@, if whenever a slide sequence can be applied to both P and
Q, then the resulting tableaux are of the same shape.

Note that the sequence in the definition can be empty. Thus, two
dual equivalent tableaux necessarily have the same shape. The converse,
however, is not true in general. For example, if

_ |23 Y
S—E and TfIZ

then S and T are not dual equivalent. In fact, performing a backward slide
into the cell (1, 1) yields

(L) () — )y = L3
jOVE) =[1]2]3] and jOUT) =

which do not have the same shape. We do have, however, the following
remarkable result.

Fact A3.10.1 Let U and V be two tableaux of the same normal shape.
Then, U = V.
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Although the definition of dual equivalence is a global one, this concept
can be characterized locally, and this is one of the most important of its
many properties.

Fact A3.10.2 Let X, S, T, andY be four tableaux such that sh(Y) extends
sh(T), sh(T') extends sh(X), and S~T. Then, XUSUY ~ XUTUY.

Note that in this lemma we are writing, for simplicity, X USUY instead
of X U S\+|X| U Y\+|X|+|sw etc., thereby tacitly using the convention stated
in Section A3.2. We will do this routinely.

A skew partition A\ u is said to be miniature if |\ pu| = 3. A tableau T'
is said to be miniature if sh(T) is miniature.

Fact A3.10.3 FEach dual equivalence class of miniature tableauzr consists
of at most two tableauz. Furthermore, a miniature tableau T is in a two-
element dual equivalence class if and only if its reading word is either 132,
231, 213, or 312. In each case, the unique tableau S dual equivalent to T
is equal to T except that its reading word is the reverse of that of T'.

Two tableaux U and V are elementary dual equivalent if there exist four
tableaux X, S, T, and Y as in the hypotheses of Fact A3.10.2 such that .S
and T are miniature, S ~T,U=XUSUY,and V=XUTUY. So, for
example,

1][2]3] 1213
415 and 416

6] 5]
are elementary dual equivalent, but

123| 11216
415 and 415

6] 3]
are not.

It is clear from this definition and Fact A3.10.2 that two tableaux that
are related by a chain of elementary dual equivalences are dual equivalent.
Remarkably, the converse is also true.

Fact A3.10.4 Let U and V be two tableauz. Then, U =V if and only if
U can be obtained from V by a sequence of elementary dual equivalences.




Appendix A4

Enumeration and symmetric functions

In this appendix, we review some results, notation and terminology re-
garding formal power series and symmetric functions. These are needed in
connection with the enumerative theory of Coxeter groups. Further details,
including proofs, can be found in [450], [497], [498], and [258].

A4.1 Formal power series

Let x = (x1,x2,...) be a sequence of independent variables and R be a
commutative ring with identity. We denote by R[[x]] the ring of formal
power series in 1,2, .... Given (a1, as,...,a,) € NP and F € R[[x]], we
denote by [2" - --x,"](F) the coefficient of the monomial x{* - --zp” in F,

and we also write F'(0) def [2929---](F). If F € R[[x]] is invertible, we
write G = F~! (or G = 1/F) to mean that FG = GF = 1. An element
F € R[[x]] is rational if there exist polynomials P,Q € R[xi,zs,...] such
that Q(0) is invertible in R and
P
F=_.
Q
Recall that there is a notion of convergence in R][[x]]. Namely, if
F,Fy, Fy,... € R[[x]], then we write
lim F, = F

n—oo
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if for each monomial z{*z5?---, there is an integer N (depending on

ai,as,...) such that [z{'x9?---](F,) = [z{ 252 - - |(F) for all n > N. We
then say that the sequence {F), },=12 . converges to F. In particular, we

write
[[F.=F
n>1

to mean that
nh—{go lj[l F,=F.
Given F' € R[[x]] such that F'(0) = 1, we define
e F-1)"
tog (F) %< S (nyrt 21

n
n>1

Let now z, z, and g be three independent variables. The following result
is usually known as the ¢-Binomial Theorem, see, e.g., [258, Appendix II.3].

Fact A4.1.1 We have that
1—2q " (1 — zzq")
ZH( z+1) :H (1—xzq)
n>0 i=0 >0

in Q[[z,z,q]].
Let D be a directed graph on vertex set [n]. The adjacency matriz of D
is the matrix Z %' (Zu,w)uweln) defined by

7 1, ifu—w,
“Y 1 0, otherwise.

For u,v € [n], define a formal power series F, ., (q) € Z[[g]] by
def
Q) = Z Fu,v(n) qnz
n>0

where F,, ,(n) equals the number of paths of length n from u to v (so
Fu,v(l) = Zu,vv Fu,v(o) = 6u,v)~

The following basic result is sometimes known as the Transfer Matrix
Method. See Theorem 4.7.2 in [497] for a detailed discussion

Fact A4.1.2 Let u,v € [n]. Then,
(—=1)“*todet(I — qZ;v,u)
det(I — qZ) ’

where (I —qZ;v,u) denotes the matriz obtained from I — qZ by deleting its
v-th row and u-th column, and I is the n X n identity matriz.

Fu,v(Q) =

Corollary A4.1.3 The series Fy ,(q) is rational.
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A4.2  Symmetric functions

An element F' € R[[x]] is said to be symmetric if

F(l’1,$2, .. ) = F(xu(l),xu(g), .. )

for all bijections u : P — P, and it is said to be bounded if there is a constant
M such that all of the monomials appearing in F' have degree < M. F
is called a symmetric function if it is both symmetric and bounded. For
example, [[,~, (1 + x;) is symmetric but not a symmetric function.

Let A = (A1,...,Ax) be a partition. A column strict plane partition T of
shape X is a filling of the boxes of the diagram of A with positive integers
so that each row is weakly decreasing when read from left to right and each
column is strictly decreasing when read from top to bottom. The content
of T' is the vector

m(T) = (m1(T), ma(T),...),

where m;(T) equals the number of entries of T that are equal to i (i € P).
The Schur function associated to A is defined by

209 2 S e
T

where T runs over all the column strict plane partitions of shape A. It is a
remarkable fact that s)(x) is always a symmetric function.

Fact A4.2.1 Let A\ be a partition; then, s\(x) is a symmetric function,
homogeneous of degree |A|.

In fact, much more is true. It is clear that the symmetric functions that
are homogeneous of a given degree n form a vector space, and it turns out
that the set {sx(x)}arn is a basis for it.

Let p € Pand S C [p — 1]. A sequence (ay,...,a,) € PP is compatible
with §' if the following hold:

(i) a1 <ag < -+ < ap.
(ii) a; < Qi1 ifies.

Denote by Cg the set of all the sequences compatible with S. The
fundamental quasi-symmetric function Qg p(x) is

def
Qsp(x) = Y Tay T,
(alruvap)ecs
We then have the following result.
Fact A4.2.2 Let A be a partition. Then,

Y Qo) (x) = sx(x),

TESYTy
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where D(T) is the descent set of T' (see Section A3.4).

For example, if A = (2,1), then there are two tableaux of shape A, namely

12|and 1]3]
3 2

SO

52,1)(X) = Qq2y,3(%) + Qq1y,3(%).
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Index of notation

We collect here the main notation used in the book, with references to the
pages where definitions can be found. For general notational conventions,

see the beginning of the book.

the set of reflections of (W, S)

SNT(w), right descent set
SNTr(w), left descent set

Bruhat order of (W, .5)
right weak order of (W, S)
left weak order of (W, S)
covering in Bruhat order
covering in right weak order

(W, .S) Coxeter system

T

Tr(w) {teT: wt <w}
Tr(w) {teT: tw<w}
DR(w)

DL (w)

D}, D; = D! descent class

L(w) length of element w
<

<r

<L

<1y

r<RY

Wy parabolic subgroup
w, W quotient

canonical factorization

longest element in finite group
longest element in subgroup W
longest element in quotient W+

Mobius function of W7
free monoid generated by S

12
16
16

17, 312
17, 312

39,

39
15
27
65
65
35
65
39
41
40
36
39
43
53



Index of notation

(w)
F(w)
(W, 5)
SW,S) (61)

A=A

R

al(w)
ubw
Invol(W)
Fu,w
A(V, S)
N(W,S)

r<y
Cov(P)
(@, y)

set of reduced decompositions of w
normal form of w

UwEWR(w)

reduced word enumerator
projection map

absolute length of w

edge in Bruhat graph

poset of involutions

cell complex of Bruhat interval
Coxeter complex of (W, .S)
nerve of (W, S)

general linear group
Euclidean space
pairing

bilinear form

edge weights

W-action on V'

W-action on V*

positive vector

negative vector

position in numbers game

root system

simple roots

positive roots associated with w
reflection associated with root
depth of root 8

root poset

set of small roots

a set defined for small roots a
(8 dominates ~y

small descent set

hyperplane determined by root 3
arrangement of small h-planes
Springer number

closed and open interval in poset
length of interval [u, w]

bottom and top elements in poset
meet operation

join operation

x covered by y

set of covering pairs

Mobius function

7

79

118
122

42

61, 234

27
61
53
86
86, 206

89

93
93
91

94

94

96

96

99
101
101
102
104
109
109
113
114
116
119
123
123
128

300
48
300
70
71
301
301
301



F(A)
1A

Index of notation

set of intervals in poset P
incidence algebra

set of facets of complex A
geometric realization of A
order complex of poset P
reduced Euler characteristic
restriction map of shelling
type-selected subcomplex
cell poset of complex I’

R-polynomial

Kazhdan-Lusztig polynomial
reduced R-polynomial

descent set of Bruhat path
R-polynomial of reflection ordering
set of Bruhat paths from u to v
set of distinguished subexpressions
set of distinguished subexpressions
negative set of lattice path

lattice path polynomials
R-polynomial of a chain

Hecke algebra of (W, S)
canonical basis for H
Kazhdan-Lusztig basis for H

critical coeff. of K-L polynomial 135,
175, 177,

176, 177,

Kazhdan-Lusztig graph

colored Kazhdan-Lusztig graph
left preorder

left equivalence

descent set of left cell C

sign character

regular representation

Kazhdan-Lusztig representation 181,

induced representation
certain set of permutations
Lusztig’s a-function

skew partition

staircase partition

set of standard tableaux of size n
set of standard tableaux of shape \
A =|SYTy|

descent set of tableau

355

301
301

302
302
303
302
303
305
306

132
133
140
141
141
141
145
146
150
150
153

174
174
174
174
191

191
177
177
179

15
180
191
183
187
198

309
218
310
310
310
312



356 Index of notation

p(T) reading word of tableau 312
T’ transposed tableau 310
x é y Knuth step of type i 185
T~y elementary Knuth equivalence 313
Ty Knuth equivalence 313
T ﬁ( y elementary dual Knuth equivalence 313
T~y dual Knuth equivalence 313
J5(T) backward jeu de taquin slide 314
J=(T) forward jeu de taquin slide 314
e(T) evacuation of tableau 315
e*(T) antievacuation of tableau 315
p(T) promotion of tableau T' 216
P=qQ dual equivalence of tableaux 317
W (t;q) length-descent enumerator 208
(kg g-analog of the integer k 204
exp (x; q) g-analog of exponential series 210
expyy, (75 q) a special series 211
dexw, (z;q) a special series 211
sx(x) Schur function 321
Qs.p(x) fundamental quasi-symmetric function 321
ax(w) Stanley multiplicities 231
F,(x) Stanley symmetric function 233
S(E) group of all permutations of set 307
Stab(A) stabilizer of subset A 307
inv(x) inversion number 20
neg (z1,...,x,)  number of negative entries 308
nsp (1,...,2,)  number of negative sum pairs 308
D(z1,...,2zp) descent set of sequence 308
ST(Lk) special quotient in S, 41
L(k,n — k) special quotient in S, 42
M(n) special quotient in S5 287
(Sn,S) permutation group of type A, _1 21
S5 Sp) permutation group of type B, 248

(

(SP Sp) permutation group of type D,, 255
(SE,S) permutation group of type Fjg 290
( ) permutation group of type Er 290
(SE,S) permutation group of type Fg 291
( ) permutation group of type Fy 292
( ) permutation group of type Hg 292
(SH.S) permutation group of type Hy 293
(§n, §A) permutation group of type A,y 263



(Sv?v SC)
(*gvl?’ *SB)
(SanSD)

Index of notation

permutation group of type C~'n
permutation group of type B,
permutation group of type D,

357

271
279
284



Index

A-tableau, 240
absolute length, 235
adjacency matrix, 320
adjacent facets, 302
AK-equivalent, 241

antiautomorphism, 37, 69, 301

antibrick, 217
antievacuation, 315
antiparallel edges, 300
antipodal map, 127
antistaircase, 309
arrangement

Shi, 124

small hyperplanes, 123
atom, 301
automaton

canonical, 120

finite state, 118
automorphism, 37, 69, 301

balanced signature, 54

ball, 305

bilinear form, 93
symmetric, 97

BN-pair, 10

Boolean algebra, 301

Bott’s theorem, 208

bottom element, 300
brick, 217
Bruhat
cell, 29
decomposition, 11, 29
edge, 176
graph, 28
order, 28

cell
closed, 306
of diagram, 309
left, 177
open, 306
two-sided, 199
cell poset, 306
chain, 300
essential, 86
maximal, 300
saturated, 301
chain property, 35, 45
chamber, 123
Weyl, 123
coatom, 301
Cohen-Macaulay, 304
combinatorial invariance, 161
commutation class, 77



360 Index

comparable, 300
compatible, 321
complete notation
of permutation, 308
complex
Cohen-Macaulay, 304
colored, 305
Coxeter, 86
locally finite, 304
order, 74, 303
pure, 302
regular CW, 305
shellable, 303
simplicial, 302
subthin, 304

subword, 86

thin, 304
composition, 149
cone, 302

conjugate, 23
coset representative
maximal, 40
minimal, 40
covering, 301
Coxeter
diagram, 1
generators, 2
graph, 1
group, 2
matrix, 1
number, 86
system, 2
Coxeter group
affine, 8
hyperbolic, 8
universal, 4
crown, 52
CW complex, 305
CW decomposition, 306
cycle, 299

D-compatible, 288

defect, 168

deletion property, 17, 18

depth, 109

descendant, 299

descent, 17
composition, 154

descent class, 39

descent number, 208
descent set, 17

of Bruhat path, 141

of left cell, 179

of sequence, 308

small, 119

of tableau, 312
diagram

Ferrers, 309

Hasse, 301

of poset, 301
digraph, 300
dimension, 302
directed poset, 36
disjoint cycle form

of permutation, 308
distance

from bigrassmannian, 168

distinguished element, 79

distinguished subexpression, 145

dominate, 116
dual equivalence, 317
elementary, 318

edge

long, 113

short, 113
edge set

of Bruhat path, 141
Euclidean space, 9
Euler characteristic

reduced, 302
Eulerian polynomial, 208
evacuation, 315
exchange property, 18

strong, 15
exponents, 204
extension

of a skew partition, 309

f-vector, 302

face, 302

facet, 302

Ferrers diagram, 309

firing a node, 98

flag variety, 29

formal power series
rational, 319
symmetric, 321



free monoid, 3
free point, 259

game
negative, 98
positive, 98
generalized staircase, 239
geometric realization, 302
graph, 299
connected, 299
directed, 300
rooted, 299
group
dihedral, 6
general linear, 11
matrix, 10
reflection, 8
simple, 11
simply-laced, 4
symmetric, 20, 308
symmetry, 7
Weyl, 4

h-vector, 87, 302
Hecke algebra, 174
hook length formula, 232
hook shape, 309
hyperplane

small, 123

incidence algebra, 301
incidence numbers, 306
incomparable, 300
interval in poset, 300
inversion, 20, 309

A-, 261

affine, 261

B-, 247

D-, 253
inversion number, 20
inversion table, 309

affine, 289
involution, 61
irreducible, 2
isomorphic posets, 301

jeu de taquin, 314
join, 301

Index

K-L order of SYT,, 196
Kazhdan-Lusztig
basis, 174
colored graph, 176
graph, 175
polynomial, 134
representation, 181
Knuth class, 313
dual, 314
Knuth equivalence, 313
dual, 313
dual elementary, 313
elementary, 185, 313
Knuth step of type i, 185
Kostka number, 189

language
formal, 118
regular, 118
lattice, 301
lattice path, 149
lattice property, 70
leaf, 299
left
cell, 177
equivalence, 177
order, 65
preorder, 177
length, 15
absolute, 61, 235
of chain, 300
of lattice path, 150
of multichain, 300
of partition, 309
of path, 300
of poset, 300
lifting property, 35, 58
link, 304
log-concave polynomial, 167
loop, 300
lower s-conjugate, 138

Moébius function, 52, 301
matching, 158
maximal element, 300
meet, 301
meet-semilattice, 70, 301
miniature

skew partition, 318

361



362 Index

tableau, 318
move

braid-, 75

nil-, 75
multichain, 300

negative set

of lattice path, 150
nerve, 86, 206
NilCoxeter algebra, 240
normal form, 78
normal form forest, 80
normal shape, 310
numbers game, 97

order complex, 303
order dimension, 59, 84
order-preserving, 301
order-reversing, 301
ortholattice, 71

panel, 302
part, 309
partition, 309
plane column strict, 321
skew, 309
path, 299
directed, 300
permutation, 307
affine, 5, 260
alternating, 128
bigrassmannian, 168
group, 307
representation, 307
signed, 5
Poincaré polynomial, 201
Poincaré series, 201
poset, 300
graded, 301
pure, 300
presentation, 2
projection, 43, 58
promotion
sequence, 222
step, 216
total, 216
pure, 302

quasi-symmetric function

fundamental, 321
quotient, 39
generalized, 59

R-polynomial, 132
of a chain, 153
of a multichain, 166
rank, 2
of element in poset, 300
function, 301
generating function, 301
of poset, 300
rank level, 300
reading word of tableau, 312
rectangle, 309
allowable, 258
empty (for signed permutation),
257
reduced decomposition, 15
reduced expression, 15
reduced word, 15
lex. first, 78
refinement order, 149
reflection, 12
associated, 16, 67
simple, 12
reflection ordering, 137
regular polytope, 7
representation
alternating, 182
contragredient, 94
geometric, 97
homology, 199
induced, 183
Kazhdan-Lusztig, 181
linear, 89
permutation, 11, 307
regular, 180
standard geometric, 97
trivial, 182
restriction map, 303
right order, 65
Robinson-Schensted corresp., 311
root, 101
of graph, 299
humble, 116
negative, 101
positive, 101
simple, 101



small, 113

root poset, 109

root system, 101
crystallographic, 9

s-relation, 225
Schubert cell, 29
Schur function, 321
segment

final, 310

initial, 310
shape

of left cell, 190

skew, 310

of tableau, 310
shellable, 303
shelling, 303
skew partition

conjugate, 310

connected, 310

self-conjugate, 310

symmetric, 310
slide

backward, 314

forward, 314

sequence, 315
special matching, 158
Springer number, 128
square, 309
stabilizer, 307
staircase, 309
staircase relation, 225
standard Young tableau, 310
Stanley symmetric function, 233
stone, 217
subcomplex

type-selected, 305
subexpression, 144
subgraph, 300
subgroup

alternating, 15

commutator, 23

parabolic, 38

reflection, 24, 55

Index

rotation, 15
stabilizer, 307
Young, 41
subposet, 300
length-selected, 61
subthin, 304
subword, 33
subword property, 34
symmetric function, 321
symmetric group, 4, 308

tableau, 310
antievacuation, 315
evacuation, 316
insertion, 311
reading, 313
recording, 311
skew, 310
standard, 310
superstandard, 312
transpose, 310

tableau criterion, 47

thin, 304

Tits cone, 123

Tits system, 10

top element, 300

transfer matrix method, 320

transposition, 308

tree, 299

universality property, 3
upper s-conjugate, 138

W-graph, 196

weak order, 65

Weyl group, 9, 10

window notation
of affine permutation, 260
of signed permutation, 245

word problem, 75

word property, 76

Young’s rule, 188

363



