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Preface

The object of this monograph is to document what is most interesting about
linear monoids. We show how these results fit together into a coherent blend
of semigroup theory, groups with BN-pair, representation theory, convex ge-
ometry and algebraic group theory. The intended reader is one who is familiar
with some of these topics, and is willing to learn about the others.

The intention of the author is to convince the reader that reductive
monoids are among the darlings of algebra. We do this by systematically
assembling many of the major known results with many proofs, examples and
explanations. To further entice the reader, we have included many exercises.

The theory of linear algebraic monoids is quite recent, originating around
1980. Both Mohan Putcha and the author began the systematic study inde-
pendently. But this development would not have been possible without the
pioneering work of Chevalley, Borel and Tits on algebraic groups. Also, there
is the related, but more general theory of spherical embeddings, developed
largely by Brion, Luna and Vust. These theories were developed somewhat
independently, but it is always a good idea to interpret monoid results in the
combinatorial apparatus of spherical embeddings.

Each chapter of this monograph is focussed on one or more of the major
themes of the subject. These are: classification, orbits, geometry, representa-
tions, universal constructions and combinatorics. There is an inherent diver-
sity and richness in the subject that usually rewards a stalwart investigation.

I would like to acknowledge some of those whose efforts or participation
have made this monograph possible. The late Roy R. Douglas, my Ph. D.
supervisor, whose boundless, open-minded enthusiasm got me started on the
study of algebraic monoids. Mohan S. Putcha, for often taking the next step
when I was stuck. My former students Wenxue Huang, Zhuo Li and Zhenheng
Li, for suggesting improvements and helping me not to forget how mathemat-
ical ideas move from one generation to the next. Lou Solomon, for finding
the fundamental links with combinatorics and Hecke-Iwahori algebra. Karl
Hofmann and Ernest Vinberg, for giving me the opportunity to assess and
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present my ideas in the broader context of Positivity in Lie Theory. Vladimir
Popov, who invited me into this exciting EMS project with Springer-Verlag.

London, Canada, Lex E. Renner
July, 2004
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1

Introduction

The theory of linear algebraic monoids has been developed significantly only
over the last twenty-five years, due largely to the efforts of Putcha and the
author. It culminates a natural blend of algebraic groups, torus embeddings
and semigroups. Unfortunately, this work had not been made as accessible
as it might have been. Many of the fundamental developments were obtained
after Putcha published his basic monograph “Linear algebraic monoids” in
1988. Solomon’s 1995 survey “An introduction to reductive monoids” provides
an engaging introduction to the theory of reductive monoids for a reader
with an interest in algebra and combinatorics, but without requiring a lot of
background from semigroups and algebraic group theory.

The purpose of this monograph is to update the literature with a detailed
survey of the latest developments, along with many proofs, examples and
explanations. At the same time, we hope to make the discussion reasonably self
contained, even though the prerequisites are quite high. Our hope is that we
can make this subject, and its methods, more accessible to a larger audience.

The systematic development of the theory of algebraic monoids began
around 1978. Both Putcha and the author independently saw the potential
in these monoids for a rich, and highly structured blend of group theory,
combinatorics and torus embeddings. Putcha began his investigation around
1978 by experimenting with some of the main ideas of semigroup theory:
Green’s relations, regularity, semilattices, and so on. His efforts yielded a lot
of technically useful information. In particular, he established control of the
idempotent set of an irreducible monoid.

About the same time I started writing my Ph.D. thesis armed with some
encouraging success in applications to rational homotopy theory. These appli-
cations inspired the hope that reductive monoids could be properly understood
as a geometric blend of the Zariski closure of a maximal, split torus, and the
unit group.

The first major result came around 1982. Reductive monoids are regular.
At this point we knew for certain that we were onto something special. Any
regular monoid is inevitably (somehow) determined by its unit group and its
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idempotent set. A major developmental theme from this point on was the role
of the idempotent set of any irreducible monoid. From there, Putcha found
his cross section lattice A, the most useful way to control the G x G-orbits
of M. Armed with A, and Grosshans’ codimension 2 condition, it was then
possible for me to develop the classification theory of reductive monoids in
a way that allowed a description of the set of morphisms from any reductive
normal monoid. About that time I started my investigation of the analogue
of the Bruhat decomposition for reductive monoids.

Around 1986, Putcha observed that each reductive monoid M has a type
map, A : A — 25, This is truly the monoid analogue of the Dynkin diagram: it
determines M up to a kind of central extension, it determines Nambooripad’s
biordered set of idempotents, and it determines the set of B x B-orbits of M.
This is just what Putcha needed to develop his abstract theory of Monoids of
Lie type, the monoid analogue of the theory of groups with BN pair. But it is
no soft excercise in generalization theory (see Chapter 10). In any case, the
type map is the exact, minimal, discrete entity that can be used to determine
the salient structure of a Monoid of Lie type.

In a joint effort, around 1988, we determined explicitly a large class of type
maps. These are the type maps of J-irreducible monoids. A reductive monoid
M is J-irreducible if it has exactly one, non zero, minimal G x G-orbit. This
leads to some speculation about what is possible in general. On the one hand,
it is impossible to list all type maps but, on the other hand, there are still
some interesting questions here. We have recently determined the type maps
of reductive monoids with exactly two minimal, non zero G x G-orbits.

In another joint effort, arround 1990, we investigated the irreducible, mod-
ular representations of a finite monoid of Lie type. By combining the results of
semigroup representations (Munn-Ponizovskii) with the results of Chevalley
group representations (Curtis-Richen) we obtained the surprising result that
irreducible modular representations of the monoid restrict to irreducible rep-
resentations of the unit group. It is as if the finite group is somehow “dense” in
the monoid, as in the geometric case. This led me, around 1998, to a complete
classification of irreducible, modular representations of finite monoids of Lie
type; along with an enumerative theory, relating these representations to the
WEeil zeta function of the adjoint quotient.

We mention here some related developments. Around 1990 Solomon began
a study of the monoid Hecke-Iwahori algebra, initially for M, (F,). These
algebras are semisimple, and they have very recently appeared (with Halverson
et al.) in a solution of the Schur-Weyl duality theorem for quantum gi,(q).

Around 1990, S. Doty proved that the coordinate algebra of a reductive
normal monoid M in characteristic p > 0 is a direct limit of generalized Schur
algebras in the sense of Donkin. In particular, Rep(M) is a highest weight
category in the sense of Cline, Parshall and Scott.

In 1994, E.B. Vinberg introduced some new ideas into the theory of alge-
braic monoids: abelianization, flat deformation, Env(Gp) and the asymptotic
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semigroup As(Gp). He also gave a new approach to the classification of re-
ductive monoids.

Also around 1994, Rittatore in his Grenoble thesis systematically identified
the entire theory of algebraic monoids as a part of the theory of spherical
embeddings. He also extended much of Vinberg’s work to characteristic p >
0, and later proved that any reductive, normal, algebraic monoid is Cohen-
Macaulay.

In writing this survey I have tried to assess every contribution that im-
pacts significantly on the theory of algebraic monoids. Hopefully, I have not
improperly stated the work of any author. There is some difficulty on this
point because there is a natural hierarchy of theories:

i) affine torus embeddings

ii) reductive algebraic monoids
ili) symmetric varieties
iv) spherical embeddings.

Indeed, this is obvious from the definitions (and a theorem of Vust, to get from
iii) to iv)). One should also mention horospherical varieties along with this
list. Each of these topics is a legitimate, well established discipline in its own
right, with its own methods and techniques. Furthermore, many results about
reductive monoids can be identified as the special case of some more general
results about symmetric varieties or spherical embeddings. As we have already
pointed out, this observation has led to some important work of Rittatore. He
systematically identifies the theory of algebraic monoids as a special case
within the theory of spherical embeddings. We describe his approach in § 5.3.
We also identify the key ideas of embedding theory as they pertain to reductive
monoids.

On the other hand, there are several features about algebraic monoids that
have yet to be worked out for general spherical varieties:

i) The possible G x G-orbits that could occur for some reductive monoid are
easy to construct in explicit detail. See § 5.3.3 for some detail here. One
can calculate the B x B-orbits, and the adherence ordering on the set R
of these orbits, in terms of the lattice of G x G-orbits and the Bruhat
ordering on the associated Weyl group, and certain of its subgroups.

ii) There is an abstract theory, due to Putcha, known as monoids of Lie type
in the spirit of Tits’ theory of BN-pairs.

These monoid constructions should ultimately work for more general
spherical vartieties, when more is known about the “global” structure of spher-
ical homogeneous spaces. It appears to be one of the wide open challenges to
describe explicitly (in terms of the dense orbit) the possible spherical homo-
geneous spaces that could occur on the boundary of a given spherical variety.

Some of our results in Chapter 11, on the cell decomposition of the “won-
derful” compactification X, have been obtained using other methods. Indeed,
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Brion has obtained a cell decomposition of X using the method of Birula-
Bialynicki.

This survey is organized as follows. Each of the next thirteen chapters is
devoted to some particular theme directly related to algebraic monoids. Chap-
ter 7, for example, is devoted to the problem of determining the orbit structure
of reductive monoids. There is also a fifteenth chapter where we discuss sev-
eral results that are directly related to the theory of algebraic monoids, but
which require techniques beyond the scope of this survey.

There is no need to summarize every chapter in this introduction. We have
already discussed the main results of the theory above. The reader should
consult the table of contents for a description of each chapter and a guide to
how the material is organized.
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Background

In this chapter we assemble some of the major ideas and results from algebraic
geometry, algebraic group theory and semigroup theory. This is intended to
set the tone for the reader. It is intended also to provide some convenient
references for the ensuing development. The theory of algebraic monoids is a
rich blend of these three influences.

2.1 Algebraic Geometry

Algebraic monoids are affine, algebraic varieties with other structures attached
to them. In this section, we introduce some basic concepts, such as varieties,
morphisms, dimension and divisors. We assume in this section that K is an
algebraically closed field.

2.1.1 Affine Varieties

We define affine n-space over K to be K™, the set of all n-tuples of elements
of K. An element P € K™ is called a point and, if P = (ay,...,a,), then q;
will be called the coordinates of P. Let A = K[X3, ..., X,] be the polynomial
ring in n variables over K. We think of the elements of A as functions on
K™ as follows: if f(X1,...,X,) € A, then we define f : K™ — K by the
rule f(P) = f(a1,...,a,). Thus we can talk about the zeros of f, namely
Z(f)={P e K"|f(P)=0}.1If E is any subset of A, we define

Z(E)={P € K"|f(P) =0 for all f € E}.

Definition 2.1. A subset X of K™ is called an algebraic set if X = Z(E) for
some subset E of A.

Notice that, if X = Z(FE) is an algebraic set, then X = Z(Ey) for
some finite subset Ey of E. Indeed, A is a Noetherian ring, and thus
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Z(E) = Z((F)), where (F) denotes the ideal generated by E. But then
(E) = (f1,..., fn) is finitely generated by the Noetherian condition and thus

Z((E) = Z({f1,-- - fm})-

Proposition 2.2. The union of two algebraic sets is algebraic. The intersec-
tion of any collection of algebraic sets is algebraic. The empty set is algebraic.
The whole space is algebraic.

Proof. It X = Z(E) and Y = Z(F), then X UY = Z(EF), where EF =
{fg|f € Eand g € F}. If X, = Z(E,), then NX,, = Z(UE,). ¢ = Z(1) and
K™= Z(0).

Definition 2.3. The Zariski topology on K™ is the topology on K™ defined
by taking as open sets the complements of algebraic sets. By Proposition 2.2
this is a topology on K™.

Ezample 2.4. Consider the Zariski topology on K. In this case, A = K[X],
and it is well known that every ideal of A is principal. Thus every algebraic
set Z is the zero locus of a single polynomial f € A. Furthermore, since
K is algebraically closed, f factors as f(X) = ¢(X —a1)...(X — a,) with
¢,a1,...,a, € K. Hence Z = {aq,...,a,}. Thus the Zariski topology on K is
the cofinite topology.

Definition 2.5. A nonempty subset of a topological space X is called irre-
ducible if it cannot be expressed as the union X = X1 U X5 of two, nonempty,
proper closed subsets of X .

Ezample 2.6. K is irreducible because any proper closed subset of K is finite,
while K is algebraically closed, and therefore infinite.

Theorem 2.7. (Hilbert’s Vanishing Theorem) Let K be an algebraically
closed field, let a be an ideal of A = K[X1,...,Xy], and let f € A be a
polynomial which vanishes at all points of Z(a). Then f" € a for some integer
r>0.

Proof. See Atiyah-Macdonald [2] page 85.

Thus, there is an inclusion-reversing correspondence between algebraic sets in
K™ and radical ideals of A = K[X3,...,X,]. It is easy to check that, under
this correspondence, prime ideals correspond to irreducible closed subsets.

Ezample 2.8. K" is irreducible, since it corresponds to the zero ideal in A.

Ezample 2.9. If f is an irreducible polynomial in A = K[X;,...,X,], then
Z(f) is an irreducible, algebraic subset of K™ of codimension one. Z(f) is
called a hypersurface.

If Y C K™ we define the ideal of Y by

IY)={fe€Alf(P)=0forall P € Y}.
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Definition 2.10. IfY is an affine, algebraic set, the affine coordinate ring of
Y is K[Y]=A/I(Y).

We now study the Zariski topology on affine varieties.

Definition 2.11. A topological space X is called noetherian if it satisfies the
descending chain condition on closed sets: for any sequence Y1 O Yo D ... of
closed sets, there exists an integer r > 0 such that Y, =Y,41 =....

It is easily checked that any affine algebraic set Y is a noetherian topolog-
ical space. Indeed, this follows directly from the fact that K[X5,...,X,] is a
noetherian ring which, by definition, is a ring which satisfies the ascend-
ing chain condition on ideals. Any descending chain of closed subsets of Y
determines an ascending chain of ideals of K[Y].

Noetherian topological spaces behave differently from Hausdorff topologi-
cal spaces.

Proposition 2.12. Let X be a noetherian topological space and let Y C X be
a closed subset of X. Then'Y can be expressed as a finite unionY = Y1U- - -UY,
of irreducible subsets. If we insist that Y; € Y; for i # j, then the Y; are
uniquely determined.

The Y; are called the irreducible components of Y.

Proof. To prove existence of such a decomposition of Y one uses Zorn’s lemma.
Let S be the set of nonempty closed subsets of X which cannot be written
as a finite union of irreducible, closed subsets. If § is nonempty, it must have
a minimal element, since X is a noetherian topological space. Let Y be such
a minimal element. Then Y must be reducible, and therefore we can write
Y = U UV where U and V are proper closed subsets of Y. By minimality
of Y, each of U and V can be written as a finite union of irreducible closed
subsets, and hence Y also: a contradiction. This establishes the first part of
the claim. We leave the rest of the proof to the reader.

Corollary 2.13. Any algebraic set in K™ can be expressed uniquely as a union
of irreducible closed subsets, no one containing the other.

2.1.2 Dimension Theory

We begin with a definition.

Definition 2.14. a) Let X be a topological space. The dimension of X is the
supremum of all integers n such that there exists a chain Zy C Z; C --- C
Zyn of distinct, irreducible closed subsets of X. We define the dimension
of an affine variety to be its dimension in this sense.

b) In a commutative ring A, the height of a prime ideal p is the supremum of
all integers n such that there is a chain p, C p, C -+ C py = p of distinct
prime ideals. The dimension or Krull dimension of A is the supremum of
the heights of all prime ideals of A.
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Proposition 2.15. If X is an affine algebraic set, then the dimension of X
is equal to the dimension of its affine coordinate ring K[X].

Proof. There is a one-to-one inclusion-reversing correspondence between the
prime ideals of K[X] and the irreducible closed subsets of X.

Remark 2.16. a) It follows from Chapter 11 of [2] that the dimension of K[X]
is equal to the transcendence degree of the fraction field K (X) of K[X]
over K.

b) It follows from a) above that the dimension of K™ is n.
c¢) If A is a noetherian ring and f € A is a regular element, then dim(A/(f))
= dim(A) — 1. See page 122 of [2].

2.1.3 Divisor Class Groups

The class group ultimately contains a subtle mixture of local and global infor-
mation about a normal, algebraic variety. In general, it is not easy to calculate
these class groups. But on the other hand, it is often possible to compute the
class group of a variety which can be expressed as the union of well-behaved
subvarieties.

Our general reference for this section is Fossum’s monograph [29]. Also,
Section 6 of Chapter II of [38] is a good introduction from a more geometric
point of view.

A commutative ring A is called an integral domain if, for any z,y €
A\{0}, zy # 0. It is easy to check that A is an integral domain if and only if the
zero ideal of A is a prime ideal. Let A be a noetherian integral domain. We say
that A is normal if it is integrally closed in its field K (A) of fractions. We call
an irreducible, algebraic variety X normal if its coordinate ring A = K[X] is
a normal integral domain. A minimal, nonzero prime ideal p of A is called a
height one prime ideal. If X is an algebraic variety over K then the height
one primes of A are in one-to-one correspondence with the closed irreducible
subvarieties Y of X of codimension one. We call these subvarieties prime
divisors. It follows from Theorem 38, page 124 of [57], that

A= ) A,.

ht(p)=1

Furthermore, each A, is a discrete valuation ring of A. We denote by

vy  K(A) = Z

the discrete valuation on K(A) determined by p and Y = Spec(A/p). If f €
K(A), it is easy to check that

vy(f)=0

for all but a finite number of prime divisors Y of X.
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Definition 2.17. If X is a normal, algebraic variety, let Div(X) be the free
abelian group with basis {Y |'Y is a prime divisor of X}. If f € K(X) we
define the divisor of f, denoted div(f), by

dio(f) = S vy (Y.

where the sum is taken over all prime divisors of X. We refer to div(f) as a
principal divisor, and denote by Prin(X) C Div(X) the subgroup of principal
divisors. Finally, we define the divisor class group of X :

Cl(X) = Div(X)/Prin(X).

Notice that we have an exact sequence of abelian groups:

0—- K*"— K(X)"— Prin(X) — Div(X) — Cl(X) — 0.

Ezample 2.18. Let X be a normal, irreducible, algebraic variety. Then the
following are equivalent:

a) Cl(X)=0.
b) Every height one prime p of K[X] is principal.
¢) K[X] is a unique factorization domain.

In particular, K™ has trivial divisor class group.

Proposition 2.19. Let X be irreducible and normal, and let Z be a proper,
closed subvariety of X. Let U = X\ Z.

a) There is a surjective morphism Cl(X) — CI(U) defined by Y — Y NU if
Y NU 1is nonempty, and zero otherwise.

b) If codimx (Z) > 2, then Cl(X) — CI(U) is an isomorphism.

c) If Z =U; Z; is a union of prime divisors, then there is an exact sequence

®,Z— Cl(X)—>Cl(U)—0

where the first map is defined by (ai,...,an) — Y. a;Z;. In particular, if
Cl(U) is trivial, then CI(X) is generated by {Z;}.

Proof. For a) notice that every prime divisor of U is the restriction of its
closure in X . The result in b) follows since Prin(U) = Prin(X) and Div(U) =
Div(X). For ¢), notice that the kernel of Div(X) — Div(U) is generated by

{Zi}.

Ezample 2.20. 1f X = P", then CI(X) = Z. Indeed, let H C X be a linear
hypersurface. Then by ¢) above, Cl(X) is generated by the class of H, since
X\H = K™. On the other hand, each divisor Y of X has a well defined degree
determined by the degree of its defining equation. But any rational function
on X has degree zero, being the the quotient of two homogeneous polynomials
of the same degree. Hence degree : C1(X) — Z is an isomorphism.
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2.1.4 Morphisms

In this section we acquaint the reader with some of the basic facts about mor-
phisms of algebraic varieties. Our discussion is mainly concerned with affine
varieties and affine morphisms. This simplifies the discussion significantly.

Definition 2.21. a) Let X be an affine variety with coordinate ring K[X].
A function f : X — K is regular at a point P € X if there is an open
subset U C X with P € U, and g,h € K[X] such that f = g/h on U.

b) We say that f is regular on X if it is regular at every point of X.

Definition 2.22. Let X and Y be irreducible affine varieties. A morphism
Y : X =Y is a continuous function such that, for every open subset U C'Y
and every regular function f : U — K, fo : »=YU) — K is a regular
function.

Proposition 2.23. Let X and Y be affine algebraic varieties with coordinate
rings K[X] and K[Y] respectively. Define

v:Hom(X,Y) — Hom(K|[Y], K[X])

by v(f) = f*, where f*(h) = ho f. Then 7 is an bijection. Here Hom on the
left means morphisms of varieties, and Hom on the right means morphisms
of K-algebras.

Proof. We give a sketch. See page 19 of [38] for more details. The map ~ is well
defined since K[X] is canonically identified with the ring of regular functions
on X. Furthermore, v is clearly one-to-one.

Conversely, given a homomorphism ¢ : K[Y] — K[X] of K-algebras,
define ¢¥* : X — Y as follows. For € X, define ¢, by €,(g9) = g(x). Then
define ¥*(x) = €, o ¥. One then checks that t* is a morphism, and that

Y(P*) = 9.

A version of the above result is true even if X is not affine. In that case,
let O(X) be the ring of regular functions on X. Then

v:Hom(X,Y) — Hom(K[Y],0(X))

is a bijection. See Proposition 3.5 of Chapter I of [38] for more details.
We now distinguish certain classes of morphisms that will be important in
our later discussions.

Definition 2.24. a) A morphism f: X — Y is finite if f* : K[Y] — K[X]
makes K[X] into a finitely generated module over K[Y].
b) A morphism f : X — Y is dominant if f(X) C Y is a dense subset. Notice
that this is equivalent to saying that f* : K[Y] — K[X] is injective.
¢) A dominant morphism f : X — Y, between irreducible varieties, is bi-
rational if f induces an isomorphism f* : K(Y) — K(X) of function
fields.
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d) A morphism f : X — Y is flat if the functor F(M) = M ®kqy) K[X],
from K[X]-modules to K[Y]-modules, is exact.

Remark 2.25. a) A finite morphism has finite fibres.

b) A finite dominant morphism f : X — Y induces a K-algebra homomor-
phism f* : K(Y) — K(X) of function fields. The typical fibre has s points
in it, where s is the separable degree of f.

¢)If f: X — Y is a birational morphism, then there are open subsets U of
X and V of Y such that f|U : U — V is an isomorphism.

d) Let X and Y be affine varieties with graded coordinate algebras K[X] =
Y onsoAn and K[Y] = 3 . By, respectively. Assume also that Ag =
By = K. Then each of X and Y has a cone point 0x € X and Oy € Y. Let
f: X — Y be a morphism of varieties such that f* is a homomorphism of
graded K-algebras. Then f is a finite morphism if and only if f~1(0y) =
Ox.

e) A flat surjective morphism is open, and has equidimensional fibres.

Given a normal, irreducible, affine variety X, it is sometimes possible to con-
struct a morphism f : U — Y from some open subset U of X to the affine
variety Y. On the other hand, we would then like to know whether f extends
to a morphism f : X — Y, without actually constructing this extension. The
following codimension two condition gives us a very useful criterion.

Theorem 2.26. Let X be a normal, irreducible, affine variety, and assume
that U C X is an open subset such that codimx(X\U) > 2. If f : U =Y is
a morphism to the affine variety Y, then f extends uniquely to a morphism
f:X Y.

Proof. Our assumptions give us a K-algebra homomorphism f* : K[Y] —
O(U). However, by a previous remark in this section

A= ) A4,

ht(p)=1

where A = K[X]. But O(U) = (;(y)=1 4p, since codimx(X\U) = 2. Thus
K[X]=0().

Example 2.27. Let Z = K2, and let U = Z\{0}. Then it is easy to check that
O(U) = K[X,Y, X" NK[X,Y,Y"!] = K[X,Y] = 0(2).

The codimension 2 condition has been used very effectively by Grosshans [34]
in his work on invariant theory.

It is useful in characteristic p > 0 to keep track of the separable degree of
a morphism. Our definition of separable is not the most general one, but it is
good enough for our purposes.
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Definition 2.28. Let f : X — Y be a dominant morphism of irreducible,
algebraic varieties. Assume that f is generically finite. This means that f* :
K(Y) — K(X) is a finite extension of fields. We say that f is separable if f*
is a separable extension of fields.

It turns out that, if f: X — Y is generically finite, then there is an open
subset U of Y such that | f~*(y)| is constant for y € U. If further f is separable
then the degree of K (X) over K(Y') is this common value.

Notice in particular that, if f is injective, dominant and separable, then it
is birational. Also notice that any generically finite morphism is separable in
characteristic zero.

Theorem 2.29. (Zariski’s Main Theorem) Let f : X — Y be a birational
morphism between irreducible varieties. Assume that [ is finite-to-one and
that Y is normal. Then f is an open embedding. In particular, if f is also
surjective, then it is an isomorphism of varieties.

For a development of this Theorem see Corollary 11.4, Chapter III of [38].

2.2 Algebraic Groups

In this section we (re)acquaint the reader with the fundamentals of algebraic
group theory. The reader who is unfamiliar with algebraic groups and their
finite dimensional representations should consult [7, 40, 69, 134]. Algebraic
group theory is the “generic point” of any theory of algebraic monoids.

Obviously, we cannot state or prove everything we need here. So we try
to assemble the main constructions and results that are particularly relevant
to the development of the theory of algebraic monoids. Notice, in particular,
that we are interested only in affine algebraic groups.

As usual we assume that our algebraic varieties are defined over the alge-
braically closed field K.

2.2.1 Algebraic Groups

Definition 2.30. Let G be an algebraic variety. Assume that we have mor-
phisms of algebraic varieties m : G x G — G, m(z,y) = zy, and i : G — G,
i(r) =271, such that G is a group with m as multiplication and i as inverse.
Then (G, m,1) is called an algebraic group.

Remark 2.31. Let G be an algebraic group.

a) There are obvious notions of morphism and isomorphism of algebraic
groups.

b) Any algebraic group is a smooth variety.

¢) The direct product of algebraic groups is an algebraic group.
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d) Any closed subgroup H of G is an algebraic group with the group structure
it inherits from G.

e) If p: G — H is a morphism of algebraic groups, then the kernel K and im-
age N of p are algebraic groups. Furthermore, dim(G)=dim(K)+dim(N).

f) If N is a closed, normal subgroup of G, then G/N has the unique structure
of an algebraic group such that the canonical morphism = : G — G/N is
a morphism of algebraic groups.

g) The irreducible components of G are in fact the connected components.
So there is a unique, connected component of the identity, denoted G°.
GV is normal in G and has finite index in G.

Ezample 2.32. a) K*, the multiplicative group of nonzero elements of K.
b) (K, +), the additive group.

¢) T, (K), the group of upper-triangular invertible n x n matrices.
d) D,,(K), the group of diagonal invertible n x n matrices.

e) Up(K), the group of unipotent upper-triangular n x n matrices.
f) Gl,,(K), the group of n x n invertible matrices.

Any algebraic group has certain distinguished subgroups associated with it,
suggested already by the above examples. We first define these different types
of groups.

Definition 2.33. Let G be a connected, algebraic group.

a) G is solvable if it is solvable as a group.

b) G is a D-group or a torus if its coordinate algebra is generated by char-
acters. A character is a morphism x : G — K*.

¢) G is nilpotent if it is nilpotent as a group.

d) G is unipotent if, for any morphism p : G — Gl,(K), there is a nonzero
vector v € K™ such that p(g)(v) = v for any g € G. Any unipotent
algebraic group is nilpotent.

T, (K) is solvable. By the Lie-Kolchin Theorem [40], any connected, solv-
able group is isomorphic to a closed subgoup of T,,(K) for some n.

D, (K) is a D-group. Any D-group is isomorphic to a closed subgroup of
D, (K) for some n.

U,(K) is unipotent. Any unipotent algebraic group is isomorphic to a
closed subgroup of U, (K) for some n.

Each of the groups mentioned above is a maximal subgroup, of the given
type, of Gl,,(K).

Definition 2.34. (The Radical) Let G be a connected algebraic group. G
has a mazimal, connected, unipotent, normal subgroup, denoted R, (G). R, (G)
s called the unipotent radical of G. G has a mazimal, connected, solvable
normal subgroup, denoted R(G). R(G) is called the radical of G.
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In each case, factoring out the radical yields a group with trivial radical of that
type. A group G is called reductive if the unipotent radical is trivial, and
semisimple if the radical is trivial. Reductive groups are the most important
class of algebraic groups.

Any algebraic group has maximal, connected, solvable (or unipotent or
diagonalizable) subgroups. This would be a minor issue if there was no way
to compare any two of these maximal subgroups. However, we have the fol-
lowing extremely useful conjugacy thereom. This allows one to associate with
each algebraic group, exactly one set of structure constants for each type of
subgroup. This, ultimately leads to a classification of semisimple algebraic
groups.

Theorem 2.35. (Conjugacy Theorems) Let G be a connected algebraic
group, and let H and K be two mazimal, connected, solvable (or diagonal-
izable, or unipotent) subgroups of G. Then there exists ¢ € G such that
gHg™! = K. Each mazimal, connected, solvable subgroup B is the semidi-
rect product of its unipotent radical and any of its mazimal tori. The maximal
tori of B continue to be maximal tori of G. The unipotent radical of B is a
maximal, unipotent subgroup of G.

Proof. See Theorem 21.3 and Corollary 21.3A of [40] .

The maximal solvable connected subgroups are called Borel subgroups.
Any solvable, connected group G is isomorphic to the semidirect product
G = TU of its unipotent radical U and any of its maximal tori 7.

One method of proof of the conjugacy of Borel subgroups is the Borel
Fixed Point Theorem.

Theorem 2.36. (Borel Fixed Point Theorem). Let G be a solvable, con-
nected algebraic group acting on the complete variety X. Then G has a fized
point.

Proof. Let H = (G, G). Since G is solvable, dim(H)<dim(G). Hence by in-
duction on the dimension of GG, H has a fixed point on X. If we let Y be the
set of fixed points of H on X, then the commutative algebraic group G/H
acts on the nonempty complete variety Y. We are thereby reduced to the case
of a commutative group A = G/H. But now the action of A on Y has orbits
of minimal dimension, which are closed and irreducible. On the other hand,
these orbits are affine. But any irreducible, complete, affine variety is a point.

Corollary 2.37. Let B and B’ be two Borel subgroups of the algebraic group
G. Then there exists g € G such that gBg~! = B'.

Proof. Let B’ be a Borel subgroup of G of maximal dimension, and let B
be any other Borel subgroup of G. Consider the action B’ x G/B — G/B
defined by (b, gB) — bgG. By the Borel Fixed Point Theorem, B’ has a fixed
point gB on G/ B, since G/B is a projective variety. So B'gB = ¢gB, and thus
B'gBg~! = gBg~'. Hence, B’ C gBg~! giving B’ = gBg~'.
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2.2.2 Root Systems, Weyl Groups and Dynkin Diagrams

There is a much-studied classification of semisimple groups that depends on
discrete data obtained from the maximal torus and how it acts on the maxi-
mal unipotent subgroup of its ambient Borel subgroup. This classification in-
evitably involves root sytems, Weyl groups and Dynkin diagrams. The reader
is advised to acquire familiarity with at least one of the many textbooks on
this much celebrated theory. Reference [69] contains many specific facts that
are useful in classification problems related to algebraic monoids, and [40]
develops the theory in detail from a modest background in linear algebra and
algebraic geometry. Our summary here is brief, and is intended only for con-
venient, quick reference. In particular, very little is said about Lie algebras.
For more details the reader should consult [7, 40, 69].

The list of simple, algebraic groups is amazingly short, and does not depend
on the (algebraically closed) field K. In fact, each group can be defined over
Z in such a way that it will specialize to yield the correct (split) group over
any ring. There are four infinite families of simple groups, and five exceptional
groups. Each group has a diagram associated with it, known as its Dynkin
diagram. The Dynkin diagram efficiently codes the structural information
needed to construct the group.

Let G be a semisimple, algebraic group. Let B be a Borel subgroup with
maximal torus 7' C B and unipotent radical U. T" acts on U by inner auto-
morphisms, v — tut~!. This action induces an action of 7" on the tangent
space u of U. Since T is a D-group, u decomposes into weight spaces indexed
by certain characters @+ C X (T'), known as (positive) roots:

U= Dyeco+ba

We let & = ¢+ U —PT.

Theorem 2.38. a) dim(g.)=1, for each o € &7

b) There is a unique, closed T-stable subgroup U, of U whose tangent space
at the identity of U is g4 .

¢) There is a unique, Borel subgroup B~ called the Borel subgroup opposite
to B (relative to T ), such that T C B~ and BN B~ =T.

d) If U~ is the unipotent radical of B™, the set of weights of T on u~ is
—oT,

e) G is generated as a group by the groups Uy, o € & and T.

e) @ generates a subgroup of finite index in X (T).

Ezample 2.39. Let G = Sl,(K), and let B = T,,(K) NG, U = U,(K) and
T = Dp(K)NG. Then B~ = LT,(K) N G, where LT,(K) is the group of
invertible lower-triangular matrices. One checks easily that & = {«; j|i > j}
and @~ = {a, j|i < j}. Here, o; ;(t1, ..., tn) = 1fitj_1 and U; ; = {In,+aFE; jla €
K}, where E; ; is the elementary matrix with one non zero entry in the (4, j)-
position.
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The above theorem ultimately leads to the following definition of a root
system. For convenience, these objects are usually defined over R.

Definition 2.40. A root system is a real vector space E together with a finite
subset @, called roots, satisfying:

a) @ spans E, and does not contain zero.

b) If a € @, the only other multiple of o in @ is —a.

¢) If a € @, there is a reflection o, : E — E such that 0,(a)) = —a, and o,
leaves @ stable.

d) If a, 8 € &, then 0,(8) — B is an integral multiple of .

Remark 2.41. a) The group W generated by {o,|a € @} is called the Weyl
group.

b) A subset A ={aq,...,qa,} is called a base if A is a basis of E, and each
a € @ has a unique expression of the form o = > ¢;;, where the ¢; are
integers, either all nonnegative or all nonpositive. Bases exist, every root
is in at least one base, and W permutes them simply transitively.

¢) The elements of A are called simple roots, and the corresponding reflec-
tioons are called simple reflections.

d) W is already generated by {on|a € A}, and as such it is a Coxeter
group.

e) There is an inner product («, 3) on E relative to which W is a group of
orthogonal transformations. For o, we obtain 0,(8) = — < f,a > «,
where < §,a >=2(0,a)/(a, a).

f) If G is a semisimple group with maximal torus T', let £ = X(T)®R. Then
(E, ®), as in the above theorem, is a root system. The Weyl group of this
root system is canonically isomorphic to Ng(T)/T. G is generated, as a
group, by B and Ng(T).

g) @ is called irreducible if it cannot be partitioned into a union of two,
mutually orthogonal, proper subsets.

Up to isomorphism, the irreducible root systems correspond to the Dynkin
diagrams, which are depicted in Figure 2.1. Each irreducible root system cor-
responds to a simple algebraic group.

The numbered nodes (circles) in each diagram correspond to the simple
roots. Nodes corresponding to a and ( are joined by < a, 8 >< (3, a > bonds.
There is an arrow pointing to the shorter of the two roots, if indeed the roots
are of different length. Notice that o and ( can be joined by 0, 1, 2, or 3
bonds, according to whether the order of 0,03 € W is 2, 3, 4, or 6.

For convenience and completeness, we have depicted the extended Dynkin
diagrams. The extra node (circle with a “x”) corresponds to the highest root,
which is also the highest weight of the adjoint representation.

It is easy to see that the information embodied in the Dynkin diagram is
equivalent to the information embodied in the Cartan matrix:

<a,B> a,pB €A
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Fig. 2.1. The extended Dynkin diagrams of the simple algebraic groups.
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The set of fundamental dominant weights {\;,..., .} is defined so that
< Ai,aj >=0;; (Kronecker delta). The dominant weights are the Z-linear
combinations A = > ¢; \; with each ¢; > 0. Each weight is conjugate under W
to exactly one dominant weight. X (7") has finite index in the set of weights.
The Cartan matrix is the coefficient matrix for expressing the fundamental
dominant weights in terms of the simple roots. It can also be used to define a
presentation of g via generators and relators.

2.2.3 Tits System and Bruhat Decomposition

Inspired by work of Chevalley [14], Tits [140] devised an efficient set of axioms
to describe the structure of the simple Chevalley groups and other simple
algebraic groups. The resulting theory, known as Tits systems or BN-pairs,
is extremely efficient and far-reaching. It is essential in the development of
Putcha’s theory of monoids of Lie type.

Definition 2.42. (Tits System) Let G be a group generated by two sub-
groups B and N, where T = BN N is a normal subgroup of N. Let W = N/T,
and assume that S C W is a set of elements of order two of W. By standard
abuse of language, we write wB for w € W. This is allowed since two repre-
sentatives of w in N differ by an element of T, which is contained in B. We
say that (G, B, N, S) is a Tits system if

a) for s€ S and w € W, sBw C BwB U BswDB;
b) for s € S, sBs # B.

W is the Weyl group of the system, and |S| is the rank. A subgroup of G
conjugate to B is called a Borel subgroup of G.

Ezample 2.43. Let G be a reductive group, and B a Borel subgroup of G
containing the maximal torus T. Let N = Ng(T') and let S be the set of
simple reflections corresponding to the base A determined by 7" and B. Then
(G,B,N,S) is a Tits system.

Theorem 2.44. Let (G, B, N, S) be a Tits system with Weyl group W. For
I C S let Wi be the subgroup of W generated by I, and let P = BWB.

a) Pr is a subgroup of G. In particular, Ps = G.
b) For vyw € W, BuB = BwB if and only if v = w. In particular, sBw C
BswB if and only if sBw N BwB = ¢.

The subgroups P; are called parabolic subgroups of G.

Definition 2.45. For w € W, define the length of w relative to S as l(w) =
min{k|w = sy ...sk, s; € S}.

Theorem 2.46. a) The only subgroups of G containing B are the Pj.
¢) If Pr is conjugate to Py, then I = J.
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¢) The following are equivalent.

i)I=J.

i) Wy =W,.

iii) Py = P;.
d) Ng(P) = P.

2.2.4 Representations

In this section, we describe the set of irreducible, rational representations of
a semisimple group G. The case of a reductive group is only slightly more
complicated. As usual, we let T be a maximal torus of G and B = T'U a Borel
subgoup of G containing 7. Let B~ = TU~ be the opposite Borel subgroup
containing 7', and A the the base of & determined by B. Let

p:G— GIV)

be a rational representation of G. The weights of p are the characters of T
associated with the eigenspaces of the action of T on V. Then V = &V,
where V\ = {v € V|p(t)(v) = A(t)v,t € T}. By the Lie-Kolchin theorem,
there is a one-dimensional subspace L of V' such that p(B)(L) = L. Then L
is pointwise fixed by the unipotent radical of B. A nonzero vector v in L is
called a highest weight vector.

Proposition 2.47. Let V be a nonzero, rational G-module, and let v be a
highest weight vector. Let V' be the submodule of V generated by v. Then the
weights of V' are of the form A\ — > coa where o € A and the ¢, are non-
negative integers. Furthermore, dim(Vy)=1, and V' has a unique, mazimal,
proper submodule M. Consequently, V' /M is an irreducible G-module.

Proof. Since p(U)(v) = {v}, V' is spanned by p(U~)(v). But U~ is a product
of U,’s with & € —®™, and so applying U~ to a vector of weight ) results in a
vector of the form v+ wu. But the components of u have weight A— > coa # A,
where o € —@" and the ¢, are non negative. In particular, dim(Vy)=1.

Any proper submodule of V; cannot contain v, and consequently it cannot
contain any vectors of weight A\. So take M to be the sum of all proper
submodules of V.

The weight X\ is called the highest weight of V’, and V' is called a
highest weight module. The above proposition shows that if we order the
weights of V' as follows:

A>p

whenever A — p is a sum of positive roots, then A is greater than all other
weights of V' for this partial ordering. It turns out that this weight A is
actually a dominant weight.
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Theorem 2.48. a) Let V' be an irreducible, rational G-module. There is a
unique B-stable one-dimensional subspace spanned by a highest weight
vector v with dominant weight \. All other weights of V' are of the form
A — 7y, where v is a sum of positive roots.

b) If V' is another irreducible rational G-module with highest weight X', then
V and V' are isomorphic if and only if A = X.

c) Let A € X(T) be a dominant weight. Then there exists an irreducible
G-module V) of highest weight \.

Proof. For a), we already have everything but the uniquness. But there cannot
be two different, highest weights. For b), if V' and V' are two irreducible G-
modules with highest weight A, let v € V and v € V' be the respective
highest weight vectors. It is easy to construct a highest weight module V"
inside V @V’ that projects onto both V' and V’. But it has a unique maximal
submodule, M C V”. Then both V and V' are isomorphic to V" /M.

To prove c), define

H°(X\) = {f € K[G]|f(zy) = A(z)f(y) for = € B~, y € G}.

One checks that H°()) is a subspace of K|[G] stable under right translation.
It is possible to find a function f € H()) such that f(zy) = A(y)f(z) for all
x € G and y € B. Here, we may think of A as a character on B by declaring
Awu) = 1 for uw € U. It turns out that the submodule of H°(\) generated
by this f is the sought after irreducible representation. In characteristic zero,
H°()) is actually irreducible.

Remark 2.49. (Borel-Weil-Bott Theory) The entity H°()) in the proof of
part c¢) above can be interpreted geometrically. If A is interpreted as above, as
a character A : B — K*, we can define a line bundle on G/B as follows. Let
B act on G x K* by the rule b* (g,t) = (b=, A\(b)t). Let L(\) = {[g,t]|g €
G, t € T} be the quotient space of this action. We then have a canonical
projection m : L(A) — G/B defined by setting 7([g,t]) = gB. Then 7 is a
principal G,-bundle over G/B. We let L(\) be the sheaf on G/B associated
with 7. Notice that A is not required to be dominant for this construction.
The Borel-Weil Theorem states that:

a) HO()) is the space of sheaf-theoretic global sections of L()).

b) HY()) is nonzero if and only if A is dominant; and irreducible if char(K)=0.

¢) The correspondence A — L()\) determines a one-to-one homomophism
BW : X(T) — Pic(G/B). The image has finite index, equal to the order
of the fundamental group of G.

In characteristic zero, a refinement of the above results leads to a decompo-
sition of K[G] as a sum of G x G-modules. Indeed, the action (GXxG)xG — G,
defined by ((g,h),z) — grh~!, defines a rational action of G x G on K|[G].
The resulting decomposition of K[G] into isotypic components leads to the
following description of K[G]:
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KiGl= @ H'(\)eH'(W.

AEX(T)+

The summands H°(A\*) ® H°()\) are the blocks of K[G] in the sense of Green
[33]. Notice also that K[G] has simple G x G-spectrum. This is in fact one
of the ways to define an affine spherical variety. See [76].

2.2.5 The Class Group of a Reductive Group

Let G be a connected, reductive group with coordinate algebra K[G]. In this
section we calculate the class group of GG in terms of certain extremal functions
on G (using Proposition 2.19 and the Bruhat-Tits decomposition of G). Many
of our results are contained explicitly or implicitly in [42], [75] and [137].

Let B and B~ C G be opposite Borel subgroups of G. Let

T=BNB".
Then there is a big cell

BB~ CG.

BB~ is open and dense in G, and is isomorphic to K™ x (K*)™ as varieties.
In particular, CI(BB~) = 0. On the other hand,

G\BB™ =UaecaBsaB~,
where A is the set of simple roots of T relative to B. Write
D, = Bs,B~.

We sometimes write D, (G) if there is possibility of confusion. By part c) of
Proposition 2.19, CI(G) is generated by {D, | a € A }. If f € K[G] and

Z(f) g UaGADm
it follows easily that
BfB™ = K*f.
Definition 2.50. Let L(G) ={ f € K|G] | V(f) CUD,, f(1)=1}.

We refer to L(G) as the augmented cone of G (although, strictly speak-
ing, L(G) is the set of lattice points of such a cone).
Define

¢: L(G) — Div(G)
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C(f) = Z Va(f)Da

acA

where v, is the valuation on K[G] associated with the prime divisor D, C G
of G. Notice that ¢ will not be injective unless G is a semisimple group.
Let

Divg(G) = @acaZD, C Div(G).

Proposition 2.51. CI(G) = Divy(G)/ < ¢(L(G) >, where < ¢(L(GQ)) > is
the subgroup of Divo(G) generated by c¢(L(G)). In particular, CI(G) = 0 if
and only if the ideal of each D is principal.

Proof. By part c) of Proposition 2.19, Cl(G) is generated by {D,}, while the
principal divisors in Divg(G) are exactly the ones comming from L(G).

Proposition 2.52. There is a canonical one-to-one correspondence between
L(G) and the set X(T)4+ of dominant weights of irreducible representations
of G.

Proof. By Theorem 31.4 of [40], if A € X (T)4 there is a function ¢y € L(G)
such that the right G-submodule V) of

H(\) ={ f € K[G]| [(xy) = M=) f(y) forallz € B~, y € G }

generated by ¢y, is irreducible. It then follows from part b) of Theorem 2.48
that this V) is unique.

Conversely, any ¢ € L(G) yields an irreducible representation V' of G by
considering the submodule of K [G] generated by this ¢ under right translation.
By part a) of Theorem 2.48, V = V), for some A € X (7).

The coefficients {v(f)} in the formula c(f) = > c A Va(f)Da have the
following interpretation for a semisimple group G. Let

v 2«
(@, @)

be the coroot associated with o € A. Then, by Theorem 5.3 of [42],

va(f) = (@', 0) =< a, A >

where A corresponds to f via Proposition 2.52. In particular, if A = A, is
fundamental and dominant, then v,(Ag) equals one if @« = [ and zero if

a # B.

Proposition 2.53. Let G be connected and reductive, and let G' = (G, G).
Then
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a) Cl(G) = Cl(G")
b) In particular, the following are equivalent:
i) Cl(G) = 0.
1) Cl(G") = 0.
Proof. Let Z be the connected center of G. The multiplication morphism
m: G’ x Z — G is a central isogeny, as in §2 of [42]. Hence, by Proposition
2.6 of [42], there is an exact sequence

0— X(G) = X(G' x Z) — X(ker(m)) — CI(G) — Cl(G' x Z) — 0.
But X(G)=X(G/G")=X(Z/(ZNG")) and X (G’ x Z) = X(Z). Hence
X(G" x Z) — X(ker(m)) is surjective, since ker(m) = ZNG'.

Proposition 2.54. Let G be a connected reductive group. Then there exists
a connected reductive group G1, with Cl(G1) = 0, and a finite dominant
morphism w : Gy — G with central kernel.

Proof. By Proposition 1 of [75] (reproved in Corollary 3.3 of [42]), this is true

for G’ = (G, G), which is semisimple. Say f : G’ — G’ is the universal cover
of G'. Let Z be the connected center of G. Then the desired morphism is
g:G' x Z — G, defined by g(z, z) = f(x)z.

Now let L C G be a Levi factor of G. Then there exist opposite parabolic
subgroups P, P~ of G such that L = PN P~. However,

PP =2UXxLxU",

where U = R,(P) and U~ = R, (P~). Since U and U~ are affine spaces,
CI(L) = CI(PP7).
We conclude this section with the following corollary.

Corollary 2.55. There exists a surjective morphism Cl(G) — CI(L). In par-
ticular, if CI(G) =0 then CI(L) =0

Proof. PP~ is open in G. Hence CI(G) — CI(PP~) is surjective from part
a) of Proposition 2.19.

2.2.6 Actions, Orbits, Invariants and Quotients

Let G be a reductive group, and let X be an irreducible variety. We assume
that X is affine unless otherwise stated. An action

,LL:GXX—>X

of G on X is a morphism of algebraic varieties such that:
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a) for all g,h € G and = € X, u(g, p(h, z)) = u(gh, x),
b) for all z € X, p(1,2) = x.

We denote p(g,z) by gz. The orbit of x € X is Gz = {y € X | y =
gz for some g € G, z € X}. The isotropy subgroup of z € X is G, =
{g € G| gx = x}. An orbit Gz € X is dense if it is a dense subset of X in
the Zariski topology. Any dense orbit is actually an open subset. The theory
of algebraic monoids provides us with many important examples where some
action G x X — X has a dense orbit.

An orbit Gx € X is closed if it is a closed subset of X in the Zariski
topology. Any orbit of minimal dimension is closed.

The action p induces a linear action p of G on K[X] as follows. For g € G
and f € K[X] define p,(f) € K[X] by py(f)(z) = f(¢~'z) for all z € X.
p is rational in the sense that K[X] is the union of its finite dimensional,
G-stable subspaces. The ring of invariants K[X]% of u (or p) is defined as
follows:

K[X]9 = {f € K[X]| py(f) = [ for all g € G}.

The following result summarizes some of the fundamental theorems of
Geometric Invariant Theory. The reader should consult [62, 65, 134] for
an appreciation of the scope and significance of this theory.

Theorem 2.56. Let 4 : G x X — X be an action of the reductive group G
on the affine variety X.

a) K[X]% is a finitely generated K -algebra.

b) If we define the quotient X/G to be the affine variety defined by K[X]Y,
then the canonical morphism 7 : X — X/G identifies X/G with the set of
closed orbits of G on X . In fact, the closure of any orbit Gx in X contains
ezactly one closed G-orbit.

Notice that this notion of quotient is not usually an orbit space in the usual
sense. But it has some categorical properties that are normally expected of
any orbit space.

Ezample 2.57. Let PGl (K) x M, (K) — M, (K) be the action defined by
(9, 4) — gAg™".

Then the quotient of this action can be identified as follows:
For A € M, (K),let det(tI—A) = t"—o1 (A)t" 1+ - 0,1 (A)t+(=1)"0,(A)
be the characteristic polynomial of A. Then define

Ad : M, (K) — K"

by Ad(A) = (01(A),...,0,(A)). This is our quotient in the sense of the above
theorem. It is well known that the closure of the conjugacy class of A contains
the semisimple part As of A. Furthermore, two semisimple endomorphisms
are conjugate if and only if they have the same characteristic polynomial.
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The following result is originally due to V. L. Popov [74].

Proposition 2.58. Let X be a normal, irreducible, affine variety with trivial
divisor class group. Assume the connected, semisimple, algebraic group G acts
on X. Let X/G be the geometric invariant theory quotient of this action (as in
Theorem 2.56). Then X/G is also a normal variety with trivial divisor class

group.

Proof. We let A = K[X], so that K[X/G] = K[X]“. We denote the action of
G on elements a € A by g(a). Let a € A% be a non-unit. Then a € A is also
a non-unit. Write @ = p1ps . ..pm, where p; € A is prime. Now for g € G we
obtain g(a) = g(p1) ... g(pm). Since G is connected, the action stabilizes each
irreducible component of Z({a}). Thus for each i, g(p;) = a;(g)p;, for some
unit «; : G — K* with o;(1) = 1. But «; must be constant since the unit
group of K[G] is K*. Thus {p;} C A®. These p; are easily seen to be prime
in A®. Thus A% is a unique factorization domain.

2.2.7 Cellular Decompositions of Algebraic Varieties

Y

Some of the well established ways to study the “topology” of an algebraic
variety is the use of comparison theorems or base change theorems, along
with results that tell us how to proceed when a variety can be broken up
into manageable peices. Roughly speaking, a comparison theorem states that
if an algebraic variety X is considered as a topological space Xy, then the
cohomology of X can be understood or calculated in terms of a more conve-
nient cohomology theory. One of the most well known comparison theorems
of this type states that, if H*(X, Q) is the l-adic cohomology of the smooth,
projective variety X, then

H*(X,Q) ®q, C= H*(X,C).

A base change theorem usually concerns the situation when a variety X
is subjected to some convenient base extension X — X. A lot of information
about [-adic cohomology of X can be calculated in terms of the Weil zeta
function of X. This method of counting the points of the appropriate reduction
mod p is particularly interesting in the theory of algebraic monoids. We are
often interested in counting the elements of certain finite monoids M (Fyn ) over
the finite field Fy» . Letting n — oo yields an interesting enumerative theory, as
well as useful topological information about certain related algebraic varieties.

There is another method that applies to varieties that can be broken up
into well-behaved peices, or cells. The most commonly studied cellular decom-
positions in algebraic geometry are those of Bialynicki-Birula [4]. If S = K*
acts on a smooth complete variety X with finite fixed point set FF C X, then
X = Jpep Xo where X, = {z € X | %g% tx = a}. Furthermore, X, is iso-

morphic to an affine space. We refer to X, as a BB-cell. If further, a reductive
group G acts on X extending the action of S, we may assume (replacing S' if
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necessary) that each X, is stable under the action of some Borel subgroup B
of G with S C B. In case X is a complete homogeneous space for G, each cell
X, turns out to consist of exactly one B-orbit.

But there are yet other types of cellular decompositions that do not arise
from the method of [4] (as we shall see in Theorem 10.15), and these can also
work out well homologically. In particular, let X be an irreducible algebraic
variety, and assume that X is a disjoint union

X=|]c

of cells, where each cell C; is isomorphic to the affine space K™i. Assume
further that Uy, <, C; is closed in X for each m > 0.

Theorem 2.59. The natural map
ex  Au(X) = H (X, Z)

Jrom the Chow ring of X to cellular homology, is an isomorphism. Further-
more, {C; | ni =m } is a Z-basis for Ap(X).

Proof. See Fulton [30] Example 1.9.1 and Example 19.1.11.

2.3 Semigroups

The purpose of this section is to assemble some of the basic ideas from semi-
group theory that are particularly relevant to the theory of algebraic monoids.
In each situation, we try to illustrate the material with relevant examples from
linear algebra.

2.3.1 Basic Semigroup Theory

A set S together with an associative operation m : S x S — S is called
a semigroup. If S has an element 1 € S such that 1s = sl = s for all
s € S, then S is called a monoid. If S is a semigroup, we define S!' = S
if S is a monoid, and S = S U {1} with the obvious multiplication, if S
is not a monoid. In either case S!' is a monoid. If X C S then E(X) =
{e € X|e? = e} is the set of idempotents of X. If S,T are semigroups,
then a map ¢ : S — T is a homomorphism if ¥(zy) = ()¢ (y) for all
z,y € S. The equivalence relation on S induced by a homomorphism is called
a congruence. A subsemigroup of S which is a group is called a subgroup of
S. Notice that the identity element of a subgroup of .S could be any idempotent
of S. If e € S is an idempotent, then the unit group of eSe is a maximal
subgroup of S. All maximal subgroups of S are obtained this way. An ideal
of S is a nonempty subset J of S such that if 2 € J then S'zS' C J. There
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is also the notion of one-sided ideal. If S has a minimum ideal K, it is called
the kernel of S. Any finite semigroup has a kernel.

An element a € S is regular if aza = a for some z € S. S is regular if
each of its elements is regular. Let M be a monoid with unit group G. We
say that M is unit regular if, for each a € M, there is a unit g € G such
that a = aga. Equivalently, M = GE(M) = E(M)G. The monoid M, (K) of
n X n matrices is unit regular, and the semigroup S of singular n x n matrices
is regular.

Let S be a semigroup, and let M = S'. It is useful to introduce
Green's relations [32].

Definition 2.60. Let a,b € M.

a) aRb if aM = bM.

b) alb if Ma = Mb.

c)adb if MaM = MbM.

d) ab if aRb and alb.

e) aDb if aRe and cLb for some c € M.

We denote by H, (or H if no confusion is possible) the H-class of x: and
similarily for R, L and J.

Ezample 2.61. Let M = M, (K). aLb if and only a and b are row equiva-
lent. aRb if and only if ¢ and b are column equivalent. adb if and only if
rank(a)=rank(b). In this example J = D.

Remark 2.62. Let S be a semigroup.

a)If a € S then a lies in a subgroup of S if and only if aHe for some
idempotent e € S.

b)Ifa €S, ee E(S), aRe and H is the H-class of e, then Ha is the H-class
of a.

c) For e, f € E(S), eRf if and only if ef = f and fe =e.

d) Let a € S be a regular element. Then a = axa for some z € S. Then
e =ax, f =xa € E(S), and eRal f. Thus a is regular if and only if eRa
for some e € E(S) if and only if al f for some f € E(S).

2.3.2 Strongly w-regular Semigroups

We begin this section with a definition.

Definition 2.63. Let S be a semigroup. We say that S is strongly m-regular
(swr) if for any x € S, 2™ € H, for some e € E(S) and some n > 0.

Remark 2.64. a) swr is the main notion that best captures the semigroup
theoretic essence of many linear semigroups. Indeed, if S = M,,(K), then
any x € S can be written uniquely as * = r 4+ n, where n is nilpotent,
rank(z™)=rank(z) for any m > 0, and rn = nr = 0 (Fitting decompo-
sition). Then ™ € H,. where e is the unique idempotent of S with the
same rank as r, such that er = re =r.



28 2 Background

b) More generally, let S be an smr subsemigroup of the semigroup T (for
example T'= M, (K)) with a € S and e € E(T). If aHe in T, then e € S
and aXHe in S.

¢) Any finite semigroup is smr.

The following elementary result is taken from [82]. We include the proof
for convenience. This should indicate the usefulness of the smr condition.

Theorem 2.65. Let S be an smr semigroup, a,b,c € S. Then

a) adab implies aRab, and aJba implies alba.

b) abdbdbc implies bdabc.

c) Ife € E(S), J is the d-class of e and H is the H-class of e, then JNeSe =
H.

d)J=D onS.

e) If ada® then the H-class of a is a group.

f) adabdb if and only if aLeRb for some e € E(S).

g) Any regular subsemigroup of S is an swr semigroup.

Proof. For a) suppose that ajab. Then zaby = a for some z,y € S'. Then
z'a(by)’ = a, for all 4,5 > 0. But there exists j > 0 such that (by)’He for
some e € E(S). Then a = ae € a(by)’S C abS. Hence aRab. For b) we
first get abLlb from a). Then abcLbcedb. For c) let a € eSe N J. Then by a),
eRea = a = eale. Then eHa. For d), let a,b € S be such that agb. Then
there exist x,y € S such that zay = b. So adzxadray = b. Then again by a),
alzaRb. Thus xDy. For e), let H denote the H-class of a. From a), we see
that a3{a?. Then a?x = a for some x € S*. Then a'T'a? = a for all i > 0.
Thus a’Ra for all i > 0. By a) again, a® € H for all ¢ > 0. But there exist
j > 0 and e € E(S) such that a’He. But then e € H and so H is a group.
For f), suppose that adabdb. Then by a), aRabLb. Hence there exist z,y € S*
such that abx = a and yab = b. Then ya = yabr = bx. Hence aya = a and
bxb = b. Thus ya € E(S) and alya = bxRb. Conversely, assume that there
exists e € E(S5) such that aLeRb. Thus xza = by = e for some z,y € S.
Hence ab|zaby = elalab. Thus adab. For g), Let a € S’. There exists ¢ > 0
and e € E(S) such that b = a'He in S. But there exists z € S’ such that
b2xb? = b%. Then bxb = e, and so e € E(S’) and bHe in S’

Definition 2.66. Let S be an swr semigroup. A J-class J of S is regular if
E(J) # 0. Equivalently, every element of J is reqular. Let U(S) denote the
partially ordered set of all regular J-classes of S. Let J € U(S), and define
JO = JU {0}, with multiplication

oy — 0 ,ife=0,y=0o0rayé¢J
y= xy,ifzy € J.

Definition 2.67. a) A completely simple semigroup is an swr semigroup
with no ideals other than S.
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b) A completely 0-simple semigroup is an swr semigroup with no ideals other
than {0} and S.

Remark 2.68. a) Definition 2.67 is not the standard definition of simple and
completely simple semigroups. However, by a theorem of Munn [63], our
definitions are equivalent to the standard ones.

b) Let S be an smr semigroup, J € U(S). If a,b € J, then there exist s,t,2 €
S1 such that sat = b and aza = a. Then b = (saz)a(xat) € JaJ. Thus J°
is completely O-simple semigroup.

c) Let S be str, J € U(S). If E(J)? C J, then by Theorem 2.65b) J? = J,
and hence J is completely simple.

d) A completely 0-simple semigroup has two J-classes, while a completely
simple semigroup has one J-class.

It turns out that there is a very satisfying structure theorem for completely
simple and completely 0-simple semigroups.

Definition 2.69. Let G be a group and let I') A be non-empty sets.

a) Let P : A x I' — G be any map of sets. Define S = I' x G x A, with
multiplication
(ia gaj)(ka h, l) - (ia gp(ja k)ha l)
One checks that S is a completely simple semigroup.
b) Let P : A xI' — G U{0} be any map of sets such that for all t € I’
there exists j € A with P(j,i) # 0. Define S = (I' x G x A) U {0} with
multiplication

o o if P(j,k) =0

One checks that S is a completely 0-simple semigroup.

In case a), S is called a Rees matrix semigroup without zero over G with
sandwich matrix P. In case b) S is called a Rees matrix semigroup with zero
over G with sandwich matrix P.

The following theorem is due to D. Rees [15].

Theorem 2.70. a) Any completely simple semigroup is isomorphic to a Rees
matrix semigroup without zero.
b) Any completely 0-simple semigroup is isomorphic to a Rees matriz semi-
group with zero.

Proof. We sketch the proof of b). Part a) follows from this, since we can con-
struct a completely 0-simple semigroup from a completely simple semigroup
by adjoining a superfluous zero element.

So let S be completely 0-simple semigroup. Thus S = JU{0}, where J C S
is a regular J-class of S. Choose e € E(S), and let H, L, R be the H-class,
L-class, R-class of e, respectively. Define
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I'=L/R=L/H, A=R/L=R/H.

For A € A choose ry € A, and for v € I" choose I, € 7. Define P: A x I' — S
by

P\, y) =1maly.

By part a) of Theorem 2.65 we see that, if r\l, # 0, then r\l, € H. Thus
we have a map P : A x I' — H U {0}. One can check, as in Theorem 1.9
of [82], that P is a sandwich matrix, and that S is isomorphic to the Rees
matrix semigroup S’ = (I" x H x A) U {0} with sandwich matrix P. In fact,
an isomorphism

S — S

is given by #(0) = 0 and ¢ (v, h, \) = ryhly. One must check that v is well
defined and bijective.

2.3.3 Special Types of Semigroups

In this section we introduce some of the different types of semigroups that
show up in the theory of algebraic semigroups. Certainly we are not intending
to be encyclopedic on this point.

Definition 2.71. A semilattice is a commutative semigroup consisting of
idempotents.

Definition 2.72. a) Let S be a semigroup, and assume that S = UnenSa 18
partitioned into a disjoint union of subsemigroups. Then we say that S is
a semilattice of the Sy if, for all a, B € §2, there exists § € 2 such that
SaS3USSa C Ss.
b) A semigroup S is completely regular if it is the union of its subgroups.
¢) A semigroup S is a semilattice of groups if, in addition to being completely
reqular, each of its J-classes is in fact an H-class.

It turns out that the semigroup S is completely regular if and only if it is a
semilattice of completely simple semigroups.

Ezample 2.73. a) Let S be the set of diagonal n x n matrices. Then S is a
semilattice of groups.

b) Let S be the set of upper-triangular n x n matrices A = (a; ;), of rank
n — 1, such that a, , = 0. Then S is completely simple.

Let S be a semigroup and a,b € S. Recall that a divides b, written a|b, if
zay = b for some z,y € St.

Definition 2.74. A semigroup S is archimedean if, for all a,b € S, a|b® for
some i > 0.
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Remark 2.75. a) A semigroup S is a semilattice of archimedean semigroups
if and only if, for all a,b € S, alb implies a?|b® for some i > 0. For such
a semigroup, define z ~ y in S if x|y’ for some i > 0 and y|z? for some
7 > 0. Then ~ is the desired semilattice decomposition. See Theorem 1.15
of [82] for more details.

b) T, (K), the monoid of upper-triangular matrices, is a semilattice of archimedean
semigroups. The corresponding semilattice in this case is canonically iso-
morphic to the semilattice of diagonal idempotents of T, (K).

¢) Any commutative semigroup is a semilattice of archimedean semigroups.

Definition 2.76. A semigroup S is called an inverse semigroup if for each
x € S there exists a unique x* € S such that

rzo¥*r =z, and v¥xx* = 2*
Ezxzample 2.77. Let N be the set of n x n matrices with at most one nonzero
entry in each row or column. Then N is an inverse semigroup.

Certain finite inverse semigroups will play the role of the Weyl group in
the theory of algebraic monoids. See Proposition 8.1 and Theorem 8.8.

2.4 Exercises

2.4.1 Abstract Semigroups

1. Check that the definitions of S in 2.69 in fact yield completely (0-)simple
semigroups.

2. Let S = I' Xx G x A be a completeley simple semigroup with sandwich

matrix P : A x I' — G. Identify the Green’s relations R, L and H on S in

terms of P.

Prove that T, (K) is a semilattice of archimedean semigroups.

Prove that M, (K) is s7r.

5. Prove that S = {z € M, (K) | rank(z) < 1} is a completely 0-simple
semigroup.

-
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Algebraic Monoids

The theory of algebraic monoids is built on the theory of algebraic groups, the
theory of torus embeddings, and related semigroup constructions. Indeed, if
M is an irreducible, algebraic monoid, then M = G where G is the algebraic
group of units of M. So we hope the reader can acquire some familiarity with
algebraic groups, Lie algebras, Tits buildings and torus embeddings [7, 40,
140, 31]. A brief summary of some of this essential background was assembled
in the previous chapter.

In this chapter we acquaint the reader with some of the basic results about
irreducible monoids. A significant number of these results amount to marrying
the semigroup concepts with the geometric concepts. Where appropriate, we
sketch some proofs. Nearly everything in this section is discussed in more
detail in Putcha’s monograph [82]. We reproduce some of Putcha’s results for
the convenience of the reader.

The reader might wish to begin with a more concrete and combinato-
rial approach, with many useful examples. In that case, he should consult
Solomon’s survey [128]. On the other hand, he might wish to start from the
point of view of linear semigroups, in which case he should consult Okninski’s
book [66].

3.1 Linear Algebraic Monoids

Definition 3.1. Let K be an algebraically closed field.

a) An linear algebraic monoid M is an affine, algebraic variety together with
an associative morphism p: M x M — M and an identity element 1 € M
for u.

b) M is irreducible if it cannot be expressed as the union of two, proper,
closed, non-empty subsets.

¢) The irreducible components of M are the mazimal, irreducible subsets of
M.
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We often write “algebraic monoid” when we mean “linear algebraic monoid”.
This abuse of language should not cause problems, since we are here concerned
only with linear monoids, and it is easily seen that these are all affine. The
problem of characterizing affine algebraic monoids among algebraic monoids
has been discussed in [101, 121].

If M is an algebraic monoid, there is a unique, irreducible component
M9 C M such that 1 € MO. Indeed, M° = GO where G° is the identity
component of the unit group G of M. G is an algebraic group, open in M.
Notice also that the monoid structure on an irreducible algebraic monoid
is uniquely determined by the group structure of its unit group. This is so
because the group is open and dense in the monoid. See Proposition 3.12
below.

An algebraic monoid M may be identified by its bialgebra A = K[M].

Definition 3.2. A bialgebra is a K-algebra A together with a coassociative
morphism /) : A — A®k A and counit e : A — K.

One obtains an algebraic monoid M = M(A) from the bialgebra A as
follows. Define

M = Homp_q4(A, K).
The multiplication * on M is defined via v/:
frg=(f®Kxg)oV.
For example consider the bialgebra A = K[T;; | 1 <4,j < n] with
vV:A— ARg A defined by
V (Ty) =Y Tin@Th;, and
h

€: A— K defined by

1,i=
E(T”):{o,z'#j

One easily checks that A is the coordinate ring of M,,(K) = Hom g _a14(4, K).
The bialgebra approach is useful technically in decomposing the coordinate
algebra into blocks. See § 9.4.

Definition 3.3. A morphism ¢ of algebraic monoids M and N is a morphism
v : M — N of algebraic varieties such that p(zy) = o(x)@(y) for x,y € M,
and (1) = 1.

For an interesting example, consider ¢ : Ma(K) — Ms(K) defined by

ub a® ab b?
<p( d) = | 2ac ad + bec 2bd
¢ 2 ced 2
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Definition 3.4. Let M be an algebraic monoid.

a) E(M) = {e € M| e®> = e} is the set of idempotents of M.

b) M is regular if for each a € M there exists x € M such that axa = a.

¢) M is unit regular if M = GE(M).

d) UW(M) is the set of subsets of M of the form GeG, where e € E(M). These
subsets are known as regular J-classes. This is not the usual definition,
but is equivalent for irreducible algebraic monoids.

It turns out that any regular, irreducible monoid is unit reqular. See [82].

Ezample 3.5. Let M = M, (K). This is one of the motivating examples for
much of the important structure theory of reductive monoids. Notice that
M, (K) is regular.

Ezample 3.6. (Finite monoids) Let M be a finite monoid, and let A =
Hom(M,K). Define v : A — A® A = Hom(M x M,K) by the rule
V(f)(s,t) = f(st). It is easy to check that (A, /) is a bialgebra and that the
associated algebraic monoid is canonically isomorphic to M.

Ezample 3.7. (Semidirect products) Let M and N be algebraic monoids
and suppose that we have a morphism v : M x N — N of algebraic varieties
such that

v(s,t1ta) = y(s,t1)y(s,t2) for s € M, t1,t0 € N
and
v(s182,t) = y(s1,t)y(s2,t) for 81,80 € M,t € N .

Write ¢® for (s, t). Then M x N is an algebraic monoid with (s1,¢1)(s2,t2) =
(8182, tiztg).

Any algebraic monoid M is strongly m-regular, as in § 2.3.2. Precisely, if v €
M then 2™ € H,, the unit group of eMe, for some e € E(M). Furthermore,
e € {z™ | n > 0 }. The integer n can be chosen independently of © € M. In any
case, there is always an abundance of idempotents. For example, if F(M) =
{1}, then M = G. One can easily check this condition for M = M, (K). In
general, one can use the following theorem.

Theorem 3.8. Let M be an algebraic monoid. Then for some n > 0, there
exists a morphism p : M — M, (K), of algebraic monoids, such that p is a
closed embedding of algebraic varieties.

The basic idea behind Theorem 3.8 is right translation of functions.
Define
v: M — End(K[M])

by the rule v5(f)(t) = f(ts), where s,t € M, and f € K[M]. Then ~ is
a morphism of monoids. To obtain the morphism p, one chooses a finite-
dimensional subspace V' C K[M] such that
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a) vs(V) CV for all s € M.
b) V generates K[M] as a K-algebra.

It then turns out that p : M — End(V), p(s)(v) = 7s(v), satisfies the
conclusion of Theorem 3.8.

Corollary 3.9. Let ¢ : M — N be a morphism of algebraic monoids. If
e € E(N)N@(M), then there exists f € E(M) such that o(f) = e.

Proof. By Theorem 3.8 we can think of M as a submonoid of some End(V).
But then ¢~ !(e) is a closed subsemigroup of End(V). By the comment just
preceding Theorem 3.8, any such semigroup has idempotents.

Let M be an algebraic monoid. Recall that an ideal I C M is a nonempty
subset such that MIM C I.

Theorem 3.10. Let M be an irreducible monoid. If P C M 1is a prime ideal
(so that M\ P is multiplicatively closed) then P is closed in M. Furthermore,
there exists a morphism x : M — K of algebraic monoids such that P =

x1(0).

Theorem 3.10 is proved in [101]. The strategy there is to first show that the
result is true for irreducible monoids Z with unit group a torus. The general
case then follows once it is shown that P is determined by PNT. See Exercises
8,9, 10 and 11 of § 3.5.3 for an outline of this proof.

It follows from Theorem 3.10 that any quasi-affine, irreducible monoid is
actually affine.

One should notice that the unit groups of irreducible algebraic monoids
are “big”. The next result records how this observation is reflected in Green’s
relations (Definition 2.60).

Proposition 3.11. Let M be an irreducible algebraic monoid. Let a,b € M,
e,f € E(M) and G =G(M).

a) aRb if and only if aG = bG.
b) aLlb if and only if Ga = Gb.
¢) adb if and only if GaG = GbG.

The main point behind the proofs of a), b) and c¢) is the following basic
fact from algebraic group theory: if G x X — X is a regular action then any
orbit is open in its closure.

If M is an algebraic monoid, then § = D. Indeed, by Theorem 1.4 of [82],
this is true for any s7r monoid.

Proposition 3.12. Let M be an algebraic monoid and let e € E(M). Then
H,, the unit group of eMe, is an algebraic group, open in eMe.

Proof. This follows from Theorem 3.8 applied to eMe. Indeed, p(M) N
Gl (K) = p(G(M)), which is closed in G¥,(K) and open in p(M).
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We end this section with a statement of the fundamental results about
idempotents. See Corollary 6.4 and Corollary 6.8 of [82] for proofs.

Proposition 3.13. Let M be an irreducible algebraic monoid, and let e €
E(M). Then

a)e €T for some mazimal torus T C G. So E(M) = U gE(T)g™ .
geG

b) edf if and only if g teg = f for some g € G.

c) eRf if and only if g~ leg = f = eg for some g € G.

d) eLf if and only if geg~' = f = ge for some g € G.

It is possible to characterize which irreducible algebraic groups G can occur
non trivially as the unit group of some algebraic monoid.

Theorem 3.14. Let G be an irreducible algebraic group. Then the following
are equivalent.

a) There exists an irreducible, algebraic monoid M with unit group G such
that G # M.

b) X(G) # {1}.

See Execise 6 of 3.5.1 for an outline of the proof.

3.2 Normal Monoids

Unlike the case of algebraic groups, not every irreducible algebraic monoid is
normal as an algebraic variety. This is mainly a technical nuisance, since any
algebraic monoid has a lot in commom with its normalization. On the other
hand, there are important advantages to normal monoids. This will become
apparent in the classification problem. See Theorem 5.2.

Let X be an irreducible, algebraic variety. Recall that the normalization
n: X' — X of X is the unique finite, birational morphism 7 from an irre-
ducible normal variety X’ to X. If X is affine, the coordinate algebra of K[X']
is the integral closure of K[X] in its field of fractions.

Luckily we have the following result for the normalization of an algebraic
monoid. This was first recorded in [100].

Proposition 3.15. Let M be an irreducible, algebraic monoid with unit group
G. Letp : M' — M be the normalization of M. Then M’ has the unique
structure of an algebraic monoid such that n is a finite, birational morphism
of algebraic monoids.

Proof. One must check that the multiplication morphism m : M x M — M
extends to a morphism m’ : M’ x M’ — M’. This extension is possible because
of the universal property of normalization.
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Remark 3.16. If M is an irreducible, algebraic monoid with unit group G,
and 7 : G’ — G is a finite dominant morphism, define M’ so that K[M'] is
the integral closure of K[M] in K[G’']. Then M’ is an irreducible algebraic
monoid with unit group G’. Furthermore, there is a unique (finite) morphism
0 : M — M such that 0|G' = .

Exvample 3.17. Let M = {(z,y) | 22 = y*}. Then M is an irreducible, algebraic
monoid with unit group isomorphic to K*, and pointwise multiplication. Here

K[M] = K[X,Y]/(X* - Y?),
which is not normal. The normalization of M is
n: K — M,
defined by n(t) = (¢3,?).

3.3 D-monoids

The closure of a maximal torus plays a special role in the theory of algebraic
monoids. For example, from Proposition 3.13, we see that any idempotent is
in the closure of a maximal torus. This is good news because such monoids
have been much studied as torus embeddings. In this section we give a
short description of this class of monoids.

Ezample 3.18. Let H be a closed, connected subgroup of D, (K)* = K* x
- x K*. Let M = H, the Zariski closure of H in D,,(K), the set of diagonal
matrices. Then M is a semilattice of groups in the sense of Definition 2.72 c).
Such monoids are called D-monoids. Furthermore, U(M) = {[z] € H | [z] =
[y] if there exists g € H such that y = ga}. This is just another way of talking
about affine torus embeddings. U(M) is isomorphic to the face lattice of a
rational polytope [31].

D-monoids are described axiomatically as follows.

Definition 3.19. A D-monoid is an irreducible, algebraic monoid M such
that K[M] is spanned over K by X(M) = {x € K[M] | v (x) = x ® x}-
X (M) is called the character monoid of M. Notice that we may regard X (M)
as a subset of X(G).

It is easy to see that M is a D-monoid if and only if M is isomorphic
to a closed submonoid of D, (K) for some n > 0. Indeed, choose characters
X1,---5Xn € X(M) that generate K[M] as an algebra, and define

Y : M — D,(K)
by ¥(2) = (x1(2); - -+ xn(2))-
If G is a D-group and p : G — D, (K) C M, (K) is a rational represen-
tation of G, the set of weights of p is the set @ = {x € X(G) | p(g)(v) =
x(g)v for all g € G and some nonzero v € K"}.
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Proposition 3.20. Let M be a D-monoid with unit group G. Let
p:G — Dyp(K)

be a representation of G with weights @ C X (G). Then p extends to a repre-
sentation p: M — D, (K) if and only if  C X (M).

Proof. Tt is easy to check that p*(K[D,(K)]) C K[G] is the subalgebra gen-
erated by .

Remark 3.21. As we have already mentioned, if Z is a D-monoid with unit
group T', then the set of T-orbits on Z is naturally the face lattice of a rational
polytope P(Z). But each T-orbit H of Z contains exactly one idempotent
e = e(H). So the face lattice of P(Z) is in one-to-one correspondence with
E(Z), the set of idempotents of Z. The order relation “e < f,if ef = fe =¢€”
on E(Z) corresponds to the lattice ordering on the face lattice of P(Z).

One can also identify the face lattice of P(Z) as the semilattice of
archimedean components of the commutative monoid X (7). See Remark 2.75
c).

Many useful properties of rational polytopes transfer over to the semilat-
tice E(Z). Recall that a ranked poset is a poset P with a rank function
r : P — N such that, if = covers y, then r(z) = r(y) + 1. This is another
way of saying that all the maximal chains of P have the same length. Some
authors refer to a ranked poset as a graded poset.

Proposition 3.22. Let Z be a D-monoid of dimension n.

a) E(Z) is a ranked poset. The rank function here is r(e) = dim(Te).
b)If fe E(Z), let EX(f)={e€ E(Z)|r(e)=n—1}. Then

f = HeeEl(f)e.

Proof. The proof amounts to a translation of well known properties of poly-
topes to the language of D-monoids.

It is of interest to know when a D-monoid Z is normal. Also it is of interest
to identify the coordinate ring of the normalization (Proposition 3.15) of Z.

Proposition 3.23. Let Z be an irreducible D-monoid with unit group G and
coordinate ring the monoid algebra K[X(Z)]. Observe that X (Z) C X(G).
The following are equivalent.

a) Z is normal.

b) If x € X(G) and x™ € X(Z) for some m > 0, then x € X(Z).
Let S = {x € X(GQ) | x™ € X(Z) for some m > 0}. Then, ifn: 2" — Z is
the normalization of Z, the coordinate ring of Z' is the semigroup algebra of

S.

We leave the proof to the reader.
See Example 3.17 for a simple example. Notice that the normalization
morphism induces a bijection on idempotents.
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3.4 Solvable Monoids

Definition 3.24. An irreducible monoid M is solvable if G(M) is a solvable,
algebraic group.

Remark 3.25. By Theorem 17.6 of [40] and Theorem 3.8 above, any solvable
monoid M is isomorphic to a closed submonoid of T,(K), the upper trian-
gular monoid, for some n > 0. Using this fact one can construct a universal
morphism 7 : M — Z, to a D-monoid, such that 7T|T : T — Z is an isomor-
phism for any maximal torus T C G = G(S). If M is irreducible and B C G
is a Borel subgroup, then B C M is solvable. Furthermore BB C B. Thus by
a Theorem of Steinberg [134] M = GB. Similarly, M = U gBg~ 1.
geG

The following result is due to Putcha; Corollary 6.32 of [82].

Theorem 3.26. Let M be an irreducible monoid with zero and unit group G.
Then the following are equivalent:

a) G is solvable.
b) M is a semilattice of archimedean semigroups.

We refer the reader to [82] for the proof. Notice however that, from Re-
mark 3.25 above, it suffices to prove that T,,(K) is a semilattice of archimedean
semigroups. See Excercise 3 of 2.4.1. Putcha obtains other interesting char-
acterizations of solvable monoids. See Theorem 6.35 of [82] for example.

3.5 Excercises

3.5.1 Linear Algebraic Groups

1. Let G be an algebraic group acting on a variety X. Suppose that Y C X
is closed and gY C Y for some g € G. Prove that gY = Y. Hint: Y D
gY D ¢?Y ..., yet each ¢°Y is closed in Y.

2. Let U C G be a closed subsemigroup, where G is an algebraic group.

a) Prove that 1 € U.
b) Prove that U is a subgroup of G.

3. Let G be a linear algebraic group and let z € G. Write x = su = us,
where v is unipotent and s is semisimple. Using Exercise 2 above, prove
that

a) u,s € {z"n > 1}
b) For any x € M, (k) there exists an idempotent in {z"|n > 1}.

4. Let M be an irreducible, algebraic monoid with unit group G, and suppose
that p : G’ — G is a finite dominant morphism of algebraic groups. Prove
that there exists an irreducible algebraic monoid M’ with unit group G’,
and a finite dominant morphism v : M’ — M, such that |G’ = p.
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Let G be a connected algebraic group with X (G) = {1}. Suppose that M
is an irreducible, algebraic monoid with unit group G. Prove that M = G.
Let G be a connected algebraic group with X (G) # {1}.

a) Let T C G be a maximal torus and let 1 # y € X(G) C X(T) (by
restriction). For a finite subset S C X (T), let < S >C X (T') denote
the submonoid generated by S. Prove that there exists n > 0 such
that C =< S +nx >C X(T) satisfies CN—C = {0}.

b) If p : G — GI(V) is a representation, show that p(T) has a zero
element (of its own) if and only if C =< ¢r(V) >C X (T') satisfies
C' N —C ={0}. Here, ¢ (V) is the set of weights of T on V via p.

c¢) Using a), show that there exists a representation p : G — GI(V') with
finite kernel such that the condition of b) is satisfied.

d) Using c) and Exercise 4 above, show that there exists an irreducible
algebraic monoid M with 0 and unit group G.

Let M be irreducible and suppose that z,y € T. Suppose that there exists

g € G(M) such that gzg~—! = y. Prove that there exists h € Ng(T) such

that hah=! =y

Suppose that G C GI(V) is a closed connected subgroup such that V is

an irreducible module for G. Prove that

a) G is reductive.

b) dimZ(G) < 1.

Let p : G — G’ be a finite dominant morphism of reductive alge-

braic groups. Prove that p : U — U is bijective. Here, U = {g €

G | g is unipotent }.

3.5.2 Linear Algebraic Semigroups

1.

Let S be an algebraic semigroup and let I C S be a two-sided ideal such
that S\I is multiplicatively closed. Prove that I is Zariski closed.

. Let A be a positively graded, finitely generated k-algebra with Ag = k. Let

M = End(A), the monoid of degree-preserving k-algebra endomorphisms.

a) Prove that M is an algebraic monoid with 0.

b) For e, f € E(M), define e ~ f if Image(e) = Image(f) as graded
k-algebras. Prove that E(S)/ ~ is a finite set.

Let A be a k-algebra, and assume that we have a rational action p : k* —

Aut(A). Prove that the following are equivalent.

a) p extends to a rational action p: k — End(A).

b) A = Bn>04n, where p(f)(t) =t"f, for all f € A,.

Let ¥ : S — T be a morphism of algebraic semigroups, and suppose that

e € E(T)N(S). Prove that 1~!(e) contains an idempotent.

Let M be an algebraic monoid and let z € M. Suppose that = has a right

inverse y € M such that zy = 1. Prove that y is also a left inverse of x.

Let M be an irreducible algebraic monoid, and let p : M — End(V) be

an irreducible representation. Let e € E(M). Prove that e(V) C V is an

irreducible representation of eMe.
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Let k be a field, and let E C M, (k) be an infinite set of idempotents of
rank r. Prove there exists e, f € E, e # f, such that rank(ef)=rank(fe).
With E as in Exercise 7 above, but Zariski closed, let X = {f €
E|rk(fe) < r or rk(ef) < r}. Prove that X is a closed, proper subset
of X.

Suppose that S C M, (k) is a closed subsemigroup, and let e, f € M, (k)
be such that rk(ef)=rk(fe)=rk(e)=rk(f). Show that eJf in S.

Let ~ be the equivalence relation on E(S) generated by e ~ f if
rk(ef)=rk(fe)=rk(e)=rk(f). Suppose that V' C E(S) is an irreducible
component, and S C M, (k) as in Exercise 9. Prove that e ~ f for all
e,feV.

Using Exercies 7-10 prove that any connected component of F(S) consists
of J-related idempotents. See [111] for more details and some applications
to rational homotopy theory. See also [99, 27] for some related applications.

3.5.3 Irreducible Algebraic Semigroups

1.

Let S be an irreducible algebraic semigroup, and suppose that E(S) = S.
Prove that S is a rectangular band (see [15]).

Let M be an irreducible algebraic monoid and let z € M. Prove that
{B € Bl|z € B} is closed in B. Here, B is the projective variety of Borel
subgroups of G.

Let M be an irreducible monoid with solvable unit group G, and 0 € M.
Prove that N = {z € M|z™ = 0 for some n > 0} is a two-sided ideal of
M

. Let M be irreducible. For x € M, prove that the following are equivalent:

a) x € H., the H-class of some idempotent, and z is a semisimple element
in H,.

b) For any representation p : M — End(V'), p(x) is diagonalizable.

let M be an algebraic monoid with 0. Prove that the following are equiv-

alent.

a) M is connected in the Zariski topology.

b) There exists a chain of idempotents 1 = ey > e; > -+ > ¢, = 0 such
that e; € H., ,, foreachi=1,2,...,n.
See [106].

Let M be an algebraic monoid with M = G. Prove that E(M) C GO.
Let M be an irreducible algebraic monoid with 0, such that rk(G)=1.
In particular, G is solvable. Prove that every irreducible component of
N = {z € M|z™ =0, for some n > 0} has codimension one in M.

Let M be an irreducible monoid with solvable unit group G, and let
X(M) = Hom(M,k) be the monoid of characters of M. Let T C G
be a maximal torus, and let Z = T. Prove that j* : X (M) — X (Z) is an
isomorphism, where j : Z — M is the inclusion. Conclude that, for any
such M, there exists a D-monoid Z and a morphism « : M — Z such
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that 7T|T : T — Z is an isomorphism. Furthermore, 7 is universal for maps
from M to D-monoids. (See [101].)
Let M be solvable and irreducible with 7 : M — Z as in Exercise 8 above.
An ideal of M is a subset I C M such that MIM C I. We write I < M.
a) Prove that the following are equivalent for I < M:

i) If 2™ € I for some n > 0, then = € I.

ii) I =7n"Y(x(I)).

Such ideals are called radical. Notice that any radical ideal of M is

closed.

b) Prove that there is one-to-one correspondence between radical ideals
of M and ideals of Z. Notice that any ideal of Z is radical.

Let M be irreducible and suppose that I < M. Let X = B C M, where

B C G is a Borel subgroup. Let I(B) = I N M. Suppose that I(B) is

radical. Prove that I is closed in M. Conclude that any prime ideal of M
is closed. (An ideal I < M is prime if M\I is multiplicatively closed.)
Let M be irreducible, and suppose that P,Q < M are prime ideals such
that PNT = Q NT. Prove that P = Q. Hint: use exercise 9 above.

Let M be an irreducible algebraic monoid, and suppose B C M is the
closure of a Borel subgroup of G. Suppose & € B is the zero element of
B. Prove that z is the zero element of M.

Let M be an irreducible monoid and let i : M’ — M be the normalization
of M. Prove that M has the unique structure of an algebraic monoid so
that 7 is a morphism of algebraic monoids.

Let M be irreducible. Suppose that V' C M\G is closed, and has codi-
mension one in M. Prove that V < M.

Let M be reductive, and let e € M. Let P = {g € G|ge = ege}. Prove
that R, (P)e = {e} (See [95]).

a) Let G be a connected, commutative algebraic group in characteristic
zero. Prove that, for alln > 0, ¢, : G — G, ¥, (x) = 2™, is a surjective
morphism of algebraic groups.

b) Let M be an irreducible, commutative monoid in characteristic zero.

i) Prove that E(M) is finite.
ii) Prove that .cp(as) He is a submonoid of M.
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Regularity Conditions

The major question underlying much of the structure theory of algebraic
monoids is the role of idempotents. Namely, “How is a monoid put together
from its unit group and its set of idempotents?”

To identify monoids with interesting structural properties, one needs to
assume some kind of reqularity condition either directly or indirectly. A reg-
ularity condition is some structural assumption that allows the idempotents
to play a decisive role.

4.1 Reductive Monoids

Definition 4.1. Let M be an irreducible algebraic monoid.

a) M is reductive if G(M) ={g € M | g=' € M} is a reductive group.
b) M is regular if M = G(IM)E(M) = E(M)G(M)

The next result is due to Putcha and the author. We sketch the proof from
Theorems 7.3 of [82].

Theorem 4.2. Let M be an irreducible monoid with unit group G and zero
element 0 € M. The following are equivalent.

a) G is reductive.
b) M s regular.
¢) M has no non-zero nilpotent ideals.

Proof. Assume a), and let S C M be an irreducible component of M\G. One
then checks that S = MeM for some e € E(S). But GeMeG is closed in
M since BieMeBs; = eMe for appropriate Borel subgroups B; and Bs of G.
On the other hand, GeMeG is dense in S = MeM. Thus S = GeMeG. But
inductively, eMe is regular, since G(eMe) is an image of the reductive group
Cg(e). Thus, S consists of regular elements, and so M is regular.
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If M is regular and @ € M then, by definition, ag = e = €2 for some
e € E(M) and g € G. So there can be no non-zero nilpotent ideals.

Assume that G is not reductive, and find a representation M C End(V)
of M as a closed submonoid. Assume that V; CVo C---CV,; C---CV, =V
is an M-stable filtration such that each V;/V;_; is irreducible over M. Let

M’ C ﬁEnd (Vi/Vi—1) be the semisimplification of M (as in [102]) and
notice ti}i‘;t we have an induced map

0: M — M.
Now ker(0|G) = R,(G), and so §~1(0') is a nilpotent ideal of M of dimension
greater than or equal to dim(R,(G)).

But what happens if M does not have a zero element? The following answer
is due to Putcha (see Theorem 7.4 of [82]). For e € E(M), let

Ge={9eG|ge=eg=c¢}.
Recall that a monoid M is completely regular if M = |_|e€E(M) H,. For
example, any commutative, regular monoid is completely regular.

Theorem 4.3. Suppose that M is irreducible with unit group G and minimal
idempotent e € E(M). Then the following are equivalent.

a) M is regular.
b) R(G) is completely regular.
¢) Ge:={g€G|ge=eg=e}" is reductive.

Proof. If M is regular and a € R(G) then axa = a for some z € M. But
M = UB where B is a Borel subgroup of G. Hence = € B for some B. But
also, a € R(G) C B.Thusa € Bisa regular element of B. But then a¥He for
some e € F(B) by 3.19 and 4.12 of [82]. Consequently e € R(G) by an easy
calculation.

If R(G) is completely regular, first notice that e € m, since all minimal
idempotents are conjugate. One then checks that R(Ge) C R(G)., while the
latter group is a torus. Thus G, is reductive.

If G, is reductive then, by Theorem 4.2, M, := G, is regular. But from
6.13 of [82] M = GM.G, since e € K = ker(M), the minimal, (regular)
J-class of M.

Further results have been obtained by Huang in [39]. In particular, he
obtains the following characterization of reductive monoids.

Theorem 4.4. Let M be an irreducible algebraic monoid. Then the following
are equivalent.

a) M is reductive.
b) M is reqular and the semigroup kernel of M is a reductive group.

A similar result was obtained by Rittatore in [121].
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4.2 Semigroup Structure of Reductive Monoids

Reductive monoids enjoy the richest and most interesting structural proper-
ties. Let M be reductive with unit group G and Borel subgroup B C G with
maximal torus T' C B. Let £ = E(M), and let P, @ denote parabolic sub-
groups of G. Clg(e) is the conjugacy class of e in M. The following result was
first observed by Putcha in [85].

Theorem 4.5. Let M be an irreducible algebraic monoid with reductive unit

group G.

a) Pe) ={x € G|xze=exe} and P~ (e) = {x € G | ex = exe} are opposite
parabolic subgroups such that eR,,(P~) = R,(P)e = {e}.

b) If e,f € E with eM = fM or Me = Mf, then x~tex = f for some
z €.

¢) A:={e€ E(T)|Be=eBe} = G\M/G. In particular,

M = |_| GeG
ec/A

d) Clg(e) =2 {(P,Q) | P and Q are opposite and there exists x € G such
that x=1Px = P(e)}.

4.2.1 The Type Map

Definition 4.6. a) A is the cross section lattice of M relative to T and B.
b) The type map A : A — 2% is defined as follows: \(e) C S is the unique
subset such that P(e) = Py

The type map is the most important single combinatorial invariant in
the structure theory of reductive monoids. It is in some sense, the monoid
analogue of the Coxeter-Dynkin graph. It also shows us which G x G-orbits
are involved in the monoid, as well as how the monoid structure is built up
from these orbits [85, 86]. See § 10.4 for more discussion on how this is done.

Ezample 4.7. The type map of M, 4+1(K). Let S = {s1,...,8,} be the simple
involutions of SI,,(K) ordered in the usual way. Let

1=1,....,n+1;

Then A ={0,ey1,...,ent1} and, for i > 2,

Aei) ={s1,...,8i-1} U{Siy1,...,5n}
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See Chapter 7 for more sample calculations of the type map along with
the corresponding lattice diagrams.

Putcha has used Theorem 4.5 as a basis for the “abstract” theory. Indeed,
let G be a group with BN pair and finite Weyl group. He then defines a
monoid of Lie type to be an abstract monoid M with unit group G satisfying
a) and b) above, as well as being generated by G and E(M). Properties c)
and d) then follow automatically. Such monoids are classified up to central
extension by the type map A: A — P, A(e) = P(e) where P={P <G| B C
P} =29 See Chapter 10 for the main details of this surprising development.
For example, to see how one constructs a monoid of Lie type from a type map
A:A— 29,

In § 5.3.3 the type map is described in terms of the standard classification
mechanism of spherical embeddings.

Theorem 4.8. Let M be an reductive algebraic monoid with unit group G,
and cross section lattice A. Let e € A.

a) Define
eMe={x € M|z = exe}.
Then eMe is a reductive algebraic monoid with unit group He, = eCq(e).

A cross section lattice of eMe ised={f € A| fe= f}.
b) Define

M, ={z € G|ex=xe=ce}O.

Then M. is a reductive monoid with zero e € M and unit group {x €
G | ex = ze = e}°. A cross section lattice for M, is Ae = {f € A| fe =
e}.

The reader is refered to [82] for the proof.

4.3 Solvable Regular Monoids

Let M be an irreducible normal monid with solvable unit group G. The as-
sumption that M is regular imposes decisive restrictions on the structure of
M. The results of this section were first recorded in [108]. Write

G=TU ="UT,

where U is the unipotent radical of G, and T € G is a maximal torus of G.
Consider X (T) C X(T), the set of characters of T. As indicated, X (T) can
be thought of as the set of characters of T that extend over T. Let e € E(T)
be the minimal idempotent. We assume, with little loss of generality, that e
is the zero element of T. Let

Uiy ={uelU|eu=e}
Up={ueU|eu=ue}
U_ ={uelU]|ue=e}.
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Theorem 4.9. a) m: Uy x Uy x U- — U is an isomorphism.

b) Up=Cuy(T) _

¢c) Tx Uy — Uy, (t,u) — tut™! extends to an action of T on U,.

d) TxU_ —U_, (t,u) — t~tut extends to an action of T on U_.

e) m: Uy x Mg x U_ — M is an isomorphism of varieties, where My =
WO = T X Uo.

f) @r(U)={a e X(T) | L(U)q # 0} is contained in X (T)U —X(T).

A special case of this was first considered on page 182 of [47], and some of
those embeddings were observed to be algebraic monoids.

The multiplication law on M can be defined in terms of the coordinates
of Theorem 4.9 e). First let

U=Us0U-=2U; xUyxU_.
Then U_Uy C U defines

C+ZU_XU+—>U+
CQZU_XU+—>U0
CU_xU, — U

so that for u € U_ and v € U,
ww = G (1, 0)Go (1, 0)C (1, 0)
Now recall from Theorem 4.9 c¢) and d) above, the actions

ay : TxU — Uy
a_ : TxU. —U_

extending the action of T' by inner automorphisms. Denote
ay(z,u) by u”
and
a_(y,u) by uY.
From formula (4) of [108], we obtain the following multiplication table.

Proposition 4.10. The morphism of 4.9 €) is an isomorphism of algebraic
monoids if we define the product on Uy x My x U_ by

(u, z,v)(a,y,b) = (uCt (v, a)", 2Co (v, a)y, ¢~ (v, a)7h) .
There are converses to Theorem 4.9 and Proposition 4.10.

Proposition 4.11. Let U be a connected, unipotent algebraic group and sup-
pose we are given the following data.
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a) A torus action p:T — Aut(U)_by algebraic group automorphisms.

b) A normal torus embedding T C T such that 0 € T" and ®7(U) C X(T) U
—-X(T).

Then there exists a unique structure of a regular algebraic monoid on M =

Uy X T x Cy(T) x U_ extending the group law on Uy x T x Cy(T) x U_ =

G=UT.

Proof. Since ®7(U) C X(T) U —X(T), the actions T' x Uy — Uy and T' x
U_ — U_ both extend over T'. Thus we can define a monoid structure on
M using the formula

(U’a x, U)(a/a Y, b) = (U’C-'r (U7 a/)ﬂ?, ICO(/U7 a/)ya C— (Ua a)yb) .
of 4.10.

4.4 Regular Algebraic Monoids

In this section we deal with the general case: the structure of any normal,
regular algebraic monoid M with arbitrary (connected) unit group G. These
results were first recorded in [117]. As in [117], we proceed in two steps. This
makes things easier to understand.

So let M be a normal, regular monoid with unit group G. By Theorem
4.3, G, is reductive for any minimal idempotent e of M.
Step 1: Assume that G, is a Levi factor of G. Thus G is the semidirect
product

G=G.xU

of G and U, where U = R, (G) < G is the unipotent radical of G.

Theorem 4.12. Let T C G be a mazimal torus and let T C M be the Zariski
closure of T in M. Let &0 (U) C X(T) be the weights of the action Ad: T —
Aut(L(U)) on the Lie algebra of U. Then ®7(U) C X(T)U —X(T).

Conversely, suppose that we are given an algebraic group G of the form
G = Gog x U, where Gy C G is a Levi factor, along with a normal algebraic
monoid My with zero and unit group Go and mazimal D-submonoid T C M.
Consider the action Ad: T — Aut(L(U)) and assume that &7 (U) C X (T).
Then there exists a unique, normal, algebraic monoid M with unit group G
and mazimal D-submonoid T C M.

Proof. Let N =TU C M and let e € E(T) be a minimal idempotent of M.
Since G. is a Levi factorof G, any maximal torus of Cg(e) is in Ge. Then e,
being the zero element of G, is the zero element of T. This is precisely the
point of the assumption in “Step 17.

Then (TU).NU C GeNU = {1}. Hence (TU), is a connected solvable
group with no unipotent elements other than 1. So (T'U). is a torus, and thus,

by 4.3, N is regular. Hence, by Theorem 4.9 f), ®7(U) C X(T) U —X(T).
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Conversely, assume that we have p : Go — Aut(U) such that ®7(U) C

X(T)U—=X(T). Then we can write

U=U,UyU_
where
acX(T)
L(Uo) = Cro)(T)
and

—acx(T)

One checks that U, Uy and U_ are normalized by Gy since we can define

them (as above) using a central one parameter subgroup of Gy. Therefore
define M by
M=U; xMyxUyxU-_.

Now the action p : Gg — Aut(Uy) extends to p : My — End(U;) and
p~t: Gy — Aut(U_) extends to p~! : My — End(U_) (using the opposite
monoid Mj” in the latter case).

Hence we can define the multiplication on M using the formula of Propo-
sition 4.10.

Step 2: Now let M be any normal, irreducible, regular algebraic monoid with
unit group G. Let e € E(M) be a minimal idempotent. Let

H=G.R,(G) <G,

and define .
N=HCM.

Theorem 4.13. a) N is a regular monoid of the type considered in Theorem
4.12. Furthermore, gNg~* = N for all g € G.

b) Define NxHG = {[x,g] | z € N,g € G} where [z, g] = [y, b] if there exists
k € H such thaty = zk~ " and h = kg. Then N x" G is a reqular algebraic
monoid with multiplication [z, ][y, h] = [xgyg~—', gh]. Furthermore,

o:NxHG—M
o([x,g]) = g

is an isomorphism of algebraic monoids.
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Proof. Let g € G. Then gG.g~ ! = Gyeg—1- But geg~' = heh™! for some
h € G.R,(G) by Theorem 6.30 of [82]. Thus gG.g~! = hG.h~! and so
9GeR.(G)g™! = G.R,(G). Hence gNg—! = N. To see that N is regular,
notice that G.R,(G))e = G. and so by Theorem 4.3 N is regular.

Now G, x R, (G) — G.R,(G) is bijective, and its kernel is G N R, (G),
which is an infinitesimal unipotent group scheme. One checks, as in Lemma
4.1 of [117], that G. N R, (G) is actually central in G, yet Z(G.) is a diago-
nalizable group scheme. Thus, N is a regular monoid of the type considered
in Theorem 4.12.

For b) one checks that ¢ is surjective and birational while M is normal.
Thus, ¢ is an isomorphism.

4.5 Regularity in Codimension One

It follows from Theorem 4.2 above that any normal, reductive monoid M is
determined by the diagram _
TOTCG.

Hence, if we know the closure of a maximal torus in M, we can identify M to
within isomorphism. Furthermore, any 7' 2 T C G, as above, for which

a) the Weyl group action on 7" extends over T,
b) T is a normal affine variety,

occurs for some M.

The main reason for this rigidity in the classification is the Extension
Principle (§ 5.1) enjoyed by all normal reductive monoids and which we now
state.

Any morphism a : G — N of algebraic monoids which extends over T
via

a|T
T —N

n/

can be extended to a unique morphism 3 : M — N of algebraic monoids.
This extension property (EP) results largely from the fact that reductive
monoids are regular. In fact, M = | GeG, a condition that should make
one suspect that M has the EP.

So what about nonreductive monoids? It is easy to see from simple exam-
ples that

ec/

(1) Not every M is regular.
(2) Not every M satisfies EP.



4.5 Regularity in Codimension One 53

(3) There exist morphisms (unlike the case of reductive monoids) of nonre-
ductive monoids ¢ : M’ — M such that
@ T/ T’ T s
¢:G" — G and
 is not a finite-to-one morphism.

To illustrate (3), define
M = {(s,t,u) | s,t,u €k}

with
(s, t,u)(k,l,v) = (sk,tl, lu + sv)
and
M ={(s,t,u) | s, t,u €k}
with

(s,t,u)(k, £,v) = (sk,tl, klu + s*v).
Finally, define ¢ : M’ — M by

o(s,t,u) = (s,t,su) .

So there are some very significant differences. However, there are some very
compelling open questions here, and they are all related.

Problem 4.14. Given an irreducible monoid M;, does there exist an irre-
ducible monoid M and a morphism ¢ : M — M; such that
a) p: G — G,

b)¢:T — T, and
¢) M satisfies EP relative to T D T C G?

Eroblem 4.15. Given T 2 T C G so that the W action on T extends over
T, does there exist an M realizing these data?

Problem 4.16. Are the following equivalent for M normal?
a)M has the EP relative to T 2 T C G.
b)M is regular in codimension one.
We say an irreducible monoid M is regular in codimension one if there
exists a closed two-sided ideal I C M such that

(i) dim(I) < dim(M) — 2
(i) M\T € U, piag, GeG.

Problem 4.17. If M has the EP, is M regular in codimension one?

Remark 4.18. Notice that it is not always possible to find a regular monoid
with given T O T C G. (See [103] for the precise restrictions when G is
solvable.) For example, no regular monoid shares D, (k) 2 D, (k)* C T,,(k)*
with T, (k). It is hoped that regularity in codimension one is the exact general
condition that allows us to extend known results about reductive monoids to
the general case.
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4.6 Exercises

4.6.1 D-monoids

1.

10.

Assume that M is reductive and let x € M. Prove that dim(Clg(z))<
dimM - dimT.
Let Z = {(a,b,c,d) € K*|ab = cd}. Find the lattice of idempotents of Z.
What is the polytope involved?
Let M be irreducible and consider X (M) C K[M], the monoid of charac-
ters of M. Prove that X (M) is a linearly independent subset of K[M].
Let Z be a D-monoid with zero, and assume that ¢ : 7 — Z is an
automorphism of Z such that o(e) = e for any e € E(Z). Prove that o is
the identity automorphism. Conclude that Aut(Z) is a finite group.
Let Z be a D-monoid with zero, and let E*(Z) = {e € E(Z)|1 covers e}.
a) Show that G, = K*.
b) Prove that, for each e € E'(Z), there exists an unique injective mor-
phism «. : K — Z such that a(K*) = G. and a(0) = e.
¢) Consider the morphism ¢ : K x---x K — Z defined by ¥(t1,...,ts) =
Qe (t1) ... e, (ts), where E*(Z) = {e1,...,es}. Prove that ¢ is sur-
jective, and that v induces a bijection on E!.
d) Using c), prove that the following are equivalent:
i) ¢ is a finite morphism.
ii) E(Z) is a Boolean lattice.
iii) For any e, f € EY(Z), e # f, ef € E?(2).
Let Z be a one-dimensional, normal D-monoid with zero. Prove that Z &
K.
Let Z be a normal D-monoid with zero. For e € E1(Z) define x. : Z —
eZ = K by xe(z) = ez. Define ¢ : Z — K™, m = |E1(Z)|, by ¥(z) =
(Xe(2))ecE, (z)- Prove that ¢ is a finite morphism.
Let M be reductive and let + € M. Assume that z € T. Prove that
Clg(xz) C M is closed.
Let Z be a three dimensional D-monoid with zero. Prove that |Eq(Z)] =
|EL(Z)]. Prove that any n > 3 can occur as |E1(Z)|.
Let Z be a D-monoid and let e € E(Z). Prove that Z, = {z € Z|exHe} is
the unique open submonoid of Z with e as minimal idempotent. Prove that
there exists a morphism x : Z — K such that Z, = {z € Z | x(z) # 0}.

4.6.2 Regular and Reductive monoids

1.

2.

Let M be regular, and assume that I C M is a two-sided ideal of M.
Prove that I = 1.

Let p: M — N be a morphism of algebraic monoids such that

a) p|T is bijective,

b) p(G(M)) = G(N),

¢) N is regular.
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Prove that p(M) = N.

Prove that for any irreducible monoid M there exists an irreducible

monoid N and a morphism p : M — N satisfting the three conditions

of Exercise 2 above.

Let M be reductive with zero. Suppose that o : M — M is an automor-

phim such that o(x)Jz for any z € M. Prove that o(z) = grg~! for some

g €q.

Let M be reductive with zero and dimZ(G)=1. Assume also that (G, Q)

is simple. Prove that there exist morphisms p; : M — M;,i = 1,...s,

such that

a) Each p; : G — G; is an isomorphism.

b) Each M; has a unique, nonzero, minimal J-class.

c) p: M — My x--x M, px) = (p1(x),...,ps(x)), induces a bijection
on minimal nonzero J-classes.

Let M be reductive and let x € M. Prove there exists a maximal torus

T, an idempotent e € E(T), and o € Ng(T) such that 23eo.

Let M be irreducible and reductive. Prove there exists a unique, minimal

idempotent of M which is central.

Let M be irreducible and normal. Prove that T is also normal.

4.6.3 Regularity in Codimension One

1.

Let A be a finite-dimensional K-algebra. Prove that the following are
equivalent.

a) A is regular in codimension one, as an algebraic monoid.

b) For any primitive idempotent e € E(A), dim(eAe)=1.

Let M be reductive, and let P be a parabolic subgroup of G(M). Prove
that P is regular in codimension one.
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Classification of Reductive Monoids

Associated with any reductive monoid M, are the unit group G of M, and
the maximal D-submonoid Z =T C M of M. Here, T C G is a maximal
torus of G. The classification of reductive groups follows the well-established
identification in terms of Dynkin diagrams and root systems [7]. On the other
hand Z is an affine torus embedding of T and, as such, it is classified by its
integral polyhedral cone X (Z) C X(T'). X(Z) is just the set of characters
of Z, as defined in the previous chapter. Integral polyhedral cones were first
discussed in [104], in the classification problem. G and Z are tied together by
the Weyl group W = N¢(T')/T. The natural action of W on T extends to an
action of W on Z.

Our approach to the classification of these monoids is straightforward.
Assume that M is normal and reductive. As above, we have the diagram,

ZD2TCG

where Z is a normal T-embedding with W-action extending the natural W-
action on T'. We explain in this chapter how M is uniquely determined by this
diagram.

Conversely, given such a diagram we show how to construct the monoid
M so that the Zariski closure T C M of T in M is T-isomorphic to Z. The
main ideas behind § 5.1 are taken from [104].

5.1 The Extension Principle

Let M be a normal, reductive monoid with unit group G and Borel subgroup
B C G. Let T C B be a maximal torus. Recall from Definition 4.6 that

A={e€ E(T) | Be = eBe},

the cross-section lattice of M associated with B and T. For example, let
M=M,(K), B=T,(K), T =D,(K). Then A ={e,,e1,...,e,} where ¢; is

the rank = 7 matrix
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The following result provides an analogue of the big cell for algebraic
monoids.

Lemma 5.1. Let B~ C G be the Borel subgroup opposite of B relative to T
Let e € A be such that dim(eT) = dim(T) — 1. Let

Zo={x €T |ex €el}
=TUel.

Definem : U™ X Ze x U — M by m(x,y,z) = zyz. Then m is an open
embedding.

Proof. Notice first from Corollary 4.3 of [104] that U~ — U~ e, u — ue, is
bijective; and similarly for U — eU, v — ev.

Now suppose that ui;z1v1 = uszovy, where u; € U—, v; € U and z; € Z..
Then uglulzl = xgvgvfl. But uglulzl € B~ while zgvgvfl € B. However,
BN B- =T, using Proposition 27.2 of [40], since in any representation p
of G we can put p(BT) and p(B~) in the upper and lower triangular form,
respectively, by choosing a suitable basis of weight vectors. Thus us Yy =
1'2”021)1_1 € T. It then follows easily that u;lul =1 and vgvl_l =1, and so
x1 = x2 as well. This proves that

m:U xZ,xU—M

is injective. But from Proposition 28.5 of [40] we know that m is also birational.
Hence, by Theorem 2.29, it is actually an open embedding since M is normal.

The following extension principle was first recorded in Corollary 4.5 of [104].

Theorem 5.2. (Extension Principle) Let M be normal and reductive,
and suppose M’ is any algebraic monoid. Suppose that o : G — M’ and
B:T — M’ are morphisms of algebraic monoids with o|T = B|T. Then there
exists a unique morphism o : M — M’ such that ¢|G = a and o|T = 3.

Proof. By the codimension two condition Theorem 2.26, it suffices to extend
a to a morphism v : U — M’ where U C M is any Zariski open set with
codimpr (M\U) > 2.

Therefore we let V be an irreducible component of M\G. By Thereom 4.5,
there exists e € ANV such that dim(eT") = dim(7") — 1. But then from
Lemma 5.1, U, 2 U~ x Z, x U is an open subset of M such that U. NV # ¢.



5.1 The Extension Principle 59

Thus, define U = < U Ue> U G. Here, A' C A is the subset of maximal

ecAl
idempotents of A\{1}. It suffices to define ¢, : U, — M’ by

pe(u,z,0) = a(u)f(z)a(v) .
Clearly the ¢.’s patch together to yield the desired morphism v : U — M’.

Remark 5.3. Theorem 5.2 has an appealing interpretation in terms of weights.
Let M be a normal, reductive monoid with diagram TDOTCQG. Suppose
that p : G — GY(V) is a rational representation of G. Then the following
are equivalent.

a) p extends over M to a representation p: M — End(V).

b) The set of weights of p|T, say &r(p), is contained in X (T).

As a simple example, consider the classical adjoint, p : G, (K) —
Gl (K), defined by p(A) = Adj(A). Now G¢,,(K) is the unit group of M,,(K).
If T C Gf,(K) is the maximal torus of diagonal matrices, then T = D,,(K) C
M, (K). Thus X(T) = (x1,- - -, Xn), where x;(t1,...,t,) = t; (the i-th projec-
tion). By the above criterion, p extends to p : M, (K) — M, (K) since

Pr(p)={x1- X xnli=1...,n} CX(T)=(x1,---, Xn)-

Of course, the perceptive reader already knows that the adjoint can be defined
directly on all of M,,(K) without appealing to weights.

Returning now to our classification problem, we state our main theorem.

Theorem 5.4. a) Let G be a reductive group with mazimal torusi: T C G
and let j: T C Z be a normal affine torus embedding such that the Weyl
group action on T extends over Z. Then there exists a normal monoid M
such that T C M is isomorphic to Z.

b) Let M be any normal reductive monoid with unit group G and mazimal
D-submonoid Z =T C M. Then Z is normal.

c) If My and My are such that Z1 O Ty C G1 and Zy O Ty C Gy are
isomorphic as diagrams of the algebraic monoids. Then this isomorphism
extends to an isomorphism My = M.

Proof. a) j* : X(Z) — X (T) identifies X (Z) with a “convex” subset of X (T).
By this, we mean that X (Z) is the intersection of a convex subset of X (T) @R
with X (7). For each dominant A € X(Z) there exists an irreducible repre-
sentation (px, V') of G such that A is the highest weight of py. It follows from
Proposition 3.5 of [104] that the weights of py, say ®(py), are contained in
X(Z) (proof: ®(pxr) C Conv(W - \), since A is the highest weight. But X (2)
is convex). Thus, py : G — G¥(Vy) has the property that px|T extends to
px © Z — End(Vy). Thus we choose {(px,, V;)}i_1, as above, such that
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U W -\ C X(Z) generates this monoid. Define My = p(G) C End(V') where
i=1
p =@ _1px and V = @7_,V,,. It follows easily that M is a reductive monoid
with unit group G, such that T C T is T-isomorphic to T' C Z. However, M;
may not be normal. Hence let M = M7, the normalization of Mj.

b) Let M be normal, and consider Z D T' C G where Z is the closure of
T in M. The issue here is the normality of Z. Hence let « : Z — Z be the
normalization. But then Z O T C G is as in a). Thus there exists a normal

monoid M with this Z 5 T C G. But now we have a morphism of diagrams

ZDTCG
SIRNT
Z2TCG

where § = idp, 3 = idg. N

_But by Theorem 5.2 we obtain a unique morphism ¢ : M — M such that
¢v|Z = o and ¢|G = (3. One checks that ¢ is finite and birational. But M is
normal, and so ¢ is an isomorphism by Zariski’s main theorem. In particular,
« : Z — Z is an isomorphism, and so Z is normal.

¢) follows directly from Theorem 5.2.

Theorem 5.2 has many interesting and useful consequenses. In Chapter 9 it
is used to obtain a concise understanding of the finite dimensional representa-
tions of reductive normal algebraic monoid. In [104] we obtained the following
theorem.

Theorem 5.5. Let M be a reductive algebraic monoid with one-dimensional
center and zero element 0 € M. If M is smooth as an algebraic variety, then
M = M, (K) as algebraic monoids.

Proof. We sketch the basic idea of the proof. We refer the reader to [104] for
the details. Let T C G(M) be a maximal torus of G(M). By Theorem 5.2
above, one is essentially reduced to showing that G(M) = Gi,(K) in such a
way that T is isomorphic to D, (K).

First notice that Z =T = {x € M | at = tz for all t € T}. For suppose
that € {x € M | 2t = tz for all t € T}. Then x is a semisimple element
of M, in the sense that its G-conjugacy class is closed in M. Also, x is in
the closure of some Borel subgroup B of G. The set of these subgroups can
be regarded as a closed subset of G/B. By the Borel Bixed Point Theorem
(Theorem 2.36), we may assume that 7' C B since T is solvable. From linear
algebra and the Lie-Kolchin theorem we may assume that B C T}, (K) (upper-
triangular monoid) for some n, and that {z}UT C D,,(K) (diagonal monoid).
The composite

{z}UT C D, (K) C T\ (K) — D,(K)
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is injective, where T,,(K) — D,,(K) is the projection to the diagonal. But the
image of B and the image of T are the same in D,,(K). Thus z € T.

Hence Z is the centralizer of T acting on the smooth variety M. By well
known results (see for example [42]) Z is a smooth variety. But Z is an affine
torus embedding with zero. It follows easily that Z = K™. Now Aut(K™)
Sy, and so the Weyl group W of T, is a subgroup of S,,. However, it must
be generated by reflections, and these are easily identified. In fact, if K[Z] =
K[x1,---,Xn], then the reflections of W are among those of S,,. Each of these
is of the form o; ;, which interchanges x; and x; and fixes all the other x;. An
interesting exercise then shows that W must be all of S,,, since otherwise Z"W
would be too large. The last step here involves identifying the roots. But these
must be of the form y;/x; since we know the reflections. But the Weyl group
acts transitively on the set {x;/x;}, and so ® = {x;/x; | ¢ # j }. The end
result here is that the triple (X (7T'), @, X (Z)) is what you get from M, (K). It
follows easily from this (using 5.2) that M = M, (K).

Remark 5.6. A reductive monoid M is called semisimple if it is normal, has
a one dimensional center and a zero element. Such a monoid is classified in
[104] by its polyhedral root system

M~ (X(T),®,X(%))

where T' is a maximal torus of G with roots & C X(T'), and Zariski closure
Z C M. It follows from Theorem 5.4, that all reductive, normal monoids are
classified by such triples.

Remark 5.7. One can characterize all smooth reductive algebraic monoids in
the spirit of Theorem 5.5. We refer the interested reader to the work of Tima-
shev [138].

5.2 Vinberg’s Approach

In this section we describe another approach, due to Vinberg [142], to the
classification of reductive monoids. In this approach, we assume that K is an
algebraically closed field of characteristic zero. This has some obvious advan-
tages which we exploit (following [142]). On the other hand, Rittatore [123]
has since proved that this assumption on K is not really necessary for many
of Vinberg’s results. For simplicity, we stick to Vinberg’s approach.

Let M be a reductive, normal monoid with unit group G. We obtain

K[M] C K[G] .

Now, it is well known that

K[Gl= P K[G

AEX
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where X ; is the set of dominant characters of T with respect to B. Here, each
K[G]y is an irreducible G x G-module with highest weight A ® X and G x G
acts on G via ((g,h),z) — gxh~!. This “multiplicity < 1”7 condition implies
that any G x G-stable subspace of K[G] is a sum of some of the K[G]y. In
particular,

KM= P KIGh
AEL(M)
where L(M) C X ;. We refer to L(M) as the augmented cone of M. It is
clear that distinguishing M from the other reductive monoids with unit group
G amounts to identifying L(M). Notice also that L(M) is not a cone in the
usual sense, rather it is the set of lattice points of such a cone.

Definition 5.8. a) For A\, u € Xy define X (\, u) as the set of highest weights
of the irreducible components of K[G|»K|[G],. Thus,

KIGhKIGl,= & KG..

veX(A,p)

It is known that A+ p € X (A, u) and also that, if v € X (A, pu), then

V:)\Jrukaiai

where k; > 0.
b) An additive submonoid L C X is called perfect if

A €L implies X(Au)CL.

Theorem 5.9. A submonoid L C X defines an algebraic monoid with unit
group G if and only if it is perfect, finitely generated, and it generates X (T')
as a group.

Proof. By definition, any subspace of K[G] of the form K[G]L = @ K[G]ax,
A€L

for L C X perfect, is a subalgebra of K[G]. On the other hand, one checks
that 7(K[G]x) C K[G]x ® K[G]y for any A € X,. Hence K[G]L defines a
monoid M. Now K|[G]y, is finitely generated by results of [76] and so M is
algebraic. To show that K[G]|y, = K[M] and K[G] have the same quotient
field one needs to know that the representations py : G — G{(V}), A € L,
separates the points of G (and conversely). See [142] for the details.

Vinberg goes on to characterize those monoids, as above, with unit group
G which are normal. This makes use of a result, due to Popov in [76], that
implies K[M] is normal if and only if K[M]Y *U is normal. This allows
a decisive characterization in terms of rational polyhedral cones related to
X(T) ® Q and its dual. We describe here Vinberg’s classification of normal
reductive monoids.
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Theorem 5.10. A subset L C X defines a normal algebraic monoid M (L)
with G as unit group if and only if L = X1 N K, where K C X(T)®Q is a
closed convex polyhedral cone such that

a) —A={-aq,...,—a,} CK.

b) KN C generates X (T) ® Q, where C is the Weyl chamber of T.

The reader is refered to Theorem 2 of [142] for many details. Rather than
reproducing those proofs here, we show how the invariant K can be obtained
from the results of § 5.1. Conversely, we also indicate how Theorem 5.4 of
§ 5.1 can be deduced from Theorem 5.10.

Notice that any cone L as in Theorem 5.10, automatically defines a re-
ductive monoid M = M (L) (using Theorem 5.9) since, if v € X (A, u), we
obtain

v=\+ nw— Z ki
where k; > 0, for all ;. Furthermore M (L) has a zero element if and only

a) K N X(T/Tp) is a pointed cone, and
b) K NCy = {0}, where €y is the Weyl chamber of Gy.
There is a unique largest such K with € N K = L. Notice however, that

Vinberg works over Q.
Given the augmented cone L = L(M), with M normal and reductive, one

can view L(M) C X(T) as a fundamental domain for the Weyl group action

on X(T). Since X (T) is an integral polyhedral cone, we obtain

X(T) = Nyevs X(T),
where

a) V! ={v.: X(T) — Z | v, is induced from A, : K* C T}. Here A, : K* C
T is the unique 1 — PSG that converges to the idempotent e € E*(T);
b) X(T), ={x € X(T) [ v(x) = 0}.

Now for each f € E'(T), there is a unique e € A' = AN EY(T) such that
e=wfw ! for some w € W. One observes that

€~ Vg

identifies A' with

N'={veV!'|v(-a)>0foralac A}.

Hence the set of integral points of the maximal K (for this L) is

K@) = () X@).,.
ecAl

We can now assess how the classification of normal monoids in [142] is related
to the classification theory of § 5.1. Let K(Q) denote Vinberg’s K.
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Corollary 5.11. Let M be normal. Let K(Q) and X(T) be as above. Then

a) X(T) = (mweWw(K)) n X(T);
b) K(Q) = Neear (X(T) @ Q). -

5.3 Algebraic Monoids as Spherical Varieties

The theory of reductive algebraic monoids can be thought of as a significant
special case within the theory of spherical embeddings [121]. Indeed, the action

L:GxGxG—G
(g, h), ) = gzh™!

proves that G is isomorphic to (G x G)/AG, which is homogeneous for G x G.
Furthermore, the Borel subgroup B x B~ C G x G has a dense orbit on G.
This is the key assumption that makes the theory of spherical varieties work.
Thus any algebraic monoid M with unit group G is a spherical embedding for

(G x G)/AG.

5.3.1 Spherical Varieties

Spherical embeddings are classified using a numerical set-up known as the
coloured cone. This theory was founded by Luna and Vust in their seminal
paper [56]. Rittatore [121] has identified how reductive monoids fit into this
more general general set-up, as we shall see in the next section.

We summarize briefly this beautiful theory. The reader who wants to pur-
sue this more general point of view in detail should consult [10, 11, 48, 56, 55,
139, 144].

Let G be reductive and let G/H be a spherical homogenous space for
G. Then by definition, a Borel subgroup B of G has a dense orbit on G/H.
Let G/H C X be a simple embedding of G/H. Then by definition, G acts
on X, X has a unique closed G-orbit Y C X, and X is normal.

Now let

Q{XGX(B)

g-f=x(g9)f for all g € B and
some f € K(G/H) with f #0

The key point here is that, if f;, fo are two nonzero rational functions on
G/H of weight x € £2, then f,/f, € K(G/H)? = K. Therefore any discrete
valuation v over K has the property v(f1) = v(f2). Hence

v(x) € Q is well defined for x € §2 .

In particular, we may think of G-invariant, discrete valuations on K(G/H) as
elements of
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Q(G/H) = Hom(2,Q) .

Let p, be the element of Q(G/H) associated with the G-invariant valuation
v of K[G/H]. It is a fundamental theorem of Brion and Vinberg [9, 141] that
B has only a finite number of orbits on any spherical embedding. The original
proof of this theorem applied only in characteristic zero as it relied heavily
on the results of Popov in [76]. However, Grosshans [35] has since extended
many of the results of [76] to arbitrary characteristic. Thus, the general proof
of this fundamental finiteness result in positive characteristic is similar to
Popov’s original proof.

Definition 5.12. Let G and G/H be as above, and let X be simple embedding
of G/H with unique closed orbit Y.

a) Denote by V(G/H) the set of G-invariant discrete valuations of K[G/H].
b) Denote by D(G/H) the (finite) set of B-stable prime divisors of G/H.
c)Let F(X)={DeD|Y C D}.

d) B(X)={D C X | D is an irreducible G-stable divisor of X} C Q(G/H).
The inclusion is obtained by first identifying D € B with its G-invariant,
discrete, normalized valuation on K[G/H], and then applying the above
remarks.

F(X) is called the set of colors of X.

Remark 5.18. a) The map v — p, is injective.
b) Each D € D(G/H) determines a valuation pp of K[G/H|. The map D —
pp may be noninjective in general. However, it is injective for reductive
monoids. See part b) of Proposition 5.15 below.

The basic theorem here ([48]) is as follows.

Theorem 5.14. Let G/H C X be a simple embedding with closed orbit Y C
X. Let F(X) and B(X) be as above. Let C(X) be the rational cone in Q(G/H)
generated by B(X) U p(F(X)). Then the correspondence

X — (€(X),3(X))

uniquely determines the simple normal G-embedding X of G/H to within G-
isomorphism.

The complete and correct formulation of Theorem 5.14 requires the defi-
nition of a colored cone [48]. That way one can characterize axiomatically
exactly which pairs (C,F) can arise from some spherical embedding X of
G/H. However, it is not our mission here to write the book on spherical em-
beddings. Theorem 5.14 implies, in particular, that X is determinied to within
isomorphism by

(B(X), F(X)).
This is sufficient for our purposes since, in the case of reductive normal

monoids, the exact classification has been made precise in Theorem 5.4. See
also Theorem 5.16 below.
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5.3.2 Rittatore’s Approach

Let G be a reductive group. We regard G as the homogeneous space for G x G
defined by the action

nw:GxGxG—G

u((g,h), ) = grh~t. As already mentioned, the Bruhat decomposition shows
us that G is spherical for G x G. Indeed, the Borel subgroup B x B~ of
G X G has a finite number of orbits on GG. Hence exactly one of them must
be dense in G. For convenience, we simply write G for (G x G)/A(G), where
A(G) ={(g9,h) € G| g =h}. Let B C G be a Borel subgroup of G, and let
B~ be the Borel subgroup of G opposite to B relative to the maximal torus
T of G. For convenience, we use the Borel subgroup B x B~ of G x GG as the
prefered Borel subgroup.

In order to describe Rittatore’s work on reductive monoids, it will be
necessary to identify the salient ingredients. These are:

a) the colors of G,
b) Q(G), and
c) V(G).

Let X (T') be the set of characters of T', and let S be the set of simple reflec-
tions (of the Weyl group W) relative to T and B. Denote by s, the simple
reflection associated with the simple root a. Let C(G) be the Weyl chamber
of G associated with 7" and B.

Proposition 5.15. a) Q(G) = X(T)* ® Q, the dual of X(T) ® Q.
b) The colors of G are the B x B~ -invariant divisors {D, = Bs,B~ } as «
ranges over the simple roots. The valuation pp (associated with D = D,, €
D) is determined in Q = X(T)* ® Q, by the rule pp = " € X(Tp)* @ Q.
¢) V(G) = —C(G) C AG)

Proof. The set of weights 2 of K(G)P*B") is canonically isomorphic to
X(T). Hence

Homy(2,7) = X(T)*.

It is well known that the codimension one orbits of the Bruhat decomposition
are as stated. See Proposition 9 of [121] for the calculation of pp.

The proof of ¢) is more complicated, and consequently we refer the reader
to [121] (especially Proposition 8 of [121]) for most of the details. However,
the basic idea is easy to describe, and we do that here. Associated with each
normalized G x G-valuation v € V(G) is an elementary embedding U of G (as
a G x G-variety). Choose a 1 — PSG A € X(T)* such that lim;_o\(t) =
exists and belongs to U\G. We can assume that A € —C(G), by conjugating
A if necessary. It then follows that BzB~ is open in U\G. It follows from this
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that v is equivalent to the valuation vy defined as follows.

K* acts on G via A through G x G. Denote the induced action on K[G] by
t-f = At)*(f). This determines a decomposition K [G] = @pezK[G]n, where

K[Gln ={f e K[G][t- f=1"f}.

For f € K[G], we can write f =Y f,, so we define v)(f) = inf{n | fn # 0}.
It is easy to check that vy extends to a valuation of K(G). One needs to check
that v is G x G-invariant. For those details we refer the reader to [121].

We now let M be a normal monoid with reductive unit group G. Assume
for simplicity that M has a zero element (The general case is only superficially
more complex.). Then

F(M) =D(G)

the set of all B x B~ -stable, irreducible divisors of G. Thus, all colors of G
are involved in M, and so not surprisingly they do not play much of a role
in the classification of reductive monoids with zero. Thus, we see that M is
determined by C(M), or what amounts to the same thing, B(M).

We can now paraphrase Rittatore’s identification (Theorem 4 of [121]) of
the theory of reductive monoids within the theory of spherical embeddings.

Theorem 5.16. Let G be a reductive group. The irreducible, normal algebraic
monoids M with unit group G are in bijective correspondence with the strictly
convex polyhedral cones in Q(G) generated by all of D(G) and a finite set of
elements of V(Q).

The following proposition (essentially a special case of Proposition 13 of
[121]) indicates how Rittatore’s cone is the dual of Vinberg’s cone.

If the solvable group B acts rationally on the K-algebra A, we denote by
AB) the subset of B-eigenvectors of the action.

Proposition 5.17. Let M be normal with group G, and zero element 0 € M.
Then - -
K[M]) BB = {fe K(G)P*B) | ype M)V} .

Thus if char(K) = 0 then
KM= € KI[G.
AeC(M)V

Hence
e(M)" = L(M)

where L(M) is the augmented cone used in § 5.2 by Vinberg.
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Proof. The first equality follows from Theorem 3.5 of [48]. Everthing else here
can be deduced from this. On the other hand, by part b) of Corollary 5.11,
K =Neent(X(T) ®Q),,, while X(T)1 ={x € X(T) | va(x) >0 for all a €
A}, and so L(M) = K(Z)N X(T)+. But K(Z) N X(T)4 = CV.

The results of Proposition 5.17 hold in arbitrary characteristic, since any
normal monoid has a good G x G-filtration. See Definition 9.7.

5.3.3 Type Maps and Colors
Let Y = GyG be a G x G-orbit of the reductive monoid M. Let
X ={reM|Y C GzG}.

A description of (B(X),F(X)) can be obtained directly from the theory of
spherical embeddings. However, there is also a monoid approach.

In this subsection, we take the following point of view in the study of the
orbit structure of a reductive monoid. On the one hand, as in the previous
subsection, we obtain,

a) D(G) = F(M), the colors of M, and
b) B(M), the set of G x G-invariant valuations of G associated with M
(identified with the appropriate 1-PSGs of G).

On the other hand, we obtain the type map, (see Definition 4.6).

A A—2°

which is the combinatorial invariant of M analagous to the Dynkin diagram.
A= {e € E(T) | eB = eBe}, the cross-section lattice (relative to B™), is a set
of idempotent representatives for the set of G x G-orbits of M. The type map
says a lot about how the G x G-orbits of M fit together to make the monoid
structure of M possible.

In this subsection, we continue our comparison of the two viewpoints, and
further assess how the type map approach can be described in terms of the
“divisors, colors, and cones” approach.

Let M be a reductive monoid with 0, and recall that

A' = {e € A\{1} ] e is maximal}.

Al s the algebraic monoid notion equivalent to B. Indeed, for each e €
AY C E(T), there is an essentially unique 1-PSG v : K* — T such that
limi—ov(t) = e. So we can make the identification of

B(M) = A

where it is understood that A! includes the set of 1-PSGs involved.
Notice that, for e € A,
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Ae) = AN(e) U Ai(e),
where M (e) = {s €S| se=es# e} and \(e) = {s € S | se = es = e}. See
Definition 7.11.

Theorem 5.18. Let ¢ € A and let s € S. Then s € A.(e) if and only if
GeG C BsB—.

Proof. Now BeB~ is dense in GeG (since BB~ C G is dense), and so GeG C
BsB~ if and only if BeB~ C BsB~, and this happens if and only if e €
BsB~. Equivalently, e € eBsB~e. But eBsB~e = eBeseB~e. But H, is
a reductive group with opposite Borel subgroups eBe and eB~e, and Weyl
group W*(e) = eCyw (e)e. Furthermore, eBeB~ e is the dense eBe x eB~e-
orbit of H.. Thus, e € eBeseB~e is equivalent to saying that e = ese. This is
equivalent to es = se = e for, if e and s do not commute, ese must be strictly
less than e in the J-order.

For an algebraic monoid M we make the following definition.
Definition 5.19. For e € A define
Me)={feA | fe=ef =c¢}.

The following result helps to illustrate how the Luna-Vust approach to
spherical varieties applies to the case of reductive monoids. We give an alge-
braic monoid style proof.

Proposition 5.20. Let M be reductive, and let e € A. Then e is uniquely
determined by

(Al(e), Au(e)) € 24 x 25,
Furthermore, e < f if and only if A«(e) C A\(f) and A(e) C AL(f).

Proof. Consider e as an element of E(T), and let A = {f € EX(T) | fe =
ef = e}, where E*(T) is the set of maximal idempotents of E(T)\{1}. Then

GZHfGAf.
But it is easy to see that
{feEXT)| fe=ef =e} ={wfw™'| feX(e)and w € W.(e)}.

Thus e is determined by (A!(e), A« (e)) since W (e) is the Coxeter group gen-
erated by A.(e). The claim is clear from this.
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For the reductive monoid M, consider the G x G-orbit Y = GeG, where
e € A, and define
X={zeM|Y C GzG}.

X is the unique open G x G-subvariety of M with Y as its only closed orbit.
As in Theorem 5.14, X is determined up to isomorphism by (B(X), F(X)).
Proposition 5.20 above allows the following identification:

(B(X),F(X)) 2= (A (e); Au(e)

where, as above, it is understood that each element of A\!(e) “remembers” its
associated G x G-invariant valuation of K|[G].

It is desirable to have an identification of the colors of the spherical G x G-
homogeneous spaces GeG, e € A. Indeed, in many cases, the boundary of
GeG has codimension greater than one in GeG. Hence in those cases, GeG is
determined as a G x G-variety, by its colors.

Theorem 5.21. Let M be reductive, and let e € A. Then

a) GeG = Urewew BrB.
b) The codimension one B x B~ -orbits of GeG are as follows. There are
three types.
i) BesB~ = BseB~, where s € S and es = se # e.
it) BesB~, where s € S and es # se.
iii) BseB~, where s € S and se # es.
In each case, the B x B~ -orbit in question is contained in BsB~.

Proof. a) follows from Theorem 8.8. The list of codimension one B x B~ -orbits
in b) follows from Theorem 14.1, taking into account that B~ = woBwg L
where wy is the longest element in the Weyl group.

BsB~ is stable under the action of T' (on the left or the right). Thus, by
continuity, eBsB~ C BsB~. Similarily, BsB~e C BsB~. The last claim in
b) follows easily from this.

Ezample 5.22. Let M = M,,(K). Then M is reductive with unit group G =
Gl,(K). Let B C G be the Borel subgroup of invertible lower-triangular
matrices. Let B~ be the invertible upper-triangular matrices. For e € E(M)
define (as in [83])

Ye(z) = det(ere +1 —e)

for x € M. Let
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01
10

S; —

and

so that rank (e;) = i. Then D(G) = {Bs;B~ |i=1,..,n—1} and Bs;B~ =

(O
Let X; = {z € M | rank(z) > i}. Then

?(XL) = )\*(ei) = {3i+17 .. -;Sn—l}-
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Universal Constructions

Every branch of algebra has universal constructions of interest. If reductive
monoids are involved, there are some pleasant surprises.

6.1 Quotients

Theorem 6.1. Let M be an irreducible, algebraic monoid with unit group G,
and let R, (G) C G be the unipotent radical of G. Then there exists a unique
algebraic monoid N, and a surjective morphism m: M — N such that

a) the unit group of N is G/R,(G);
b) |G is the usual quotient morphism from G to G/R,(G);
¢) 7 is universal for morphisms from M with kernel containing R, (G).

Furthermore, if Z C M is a mazimal D-submonoid of G, then Z' = n(Z) is
a mazximal D-submonoid of N, and 7 : Z — Z' is an isomorphism.

Proof. By Theorem 3.8 we can assume that M C End(V) is a closed sub-
monoid. There exists a filtration

0=Nclrh,c---CV,

of M-modules such that V;/V;_; is a simple M-module. Hence there is a
canonical (induced) morphism

p: M — I 5 End(V;/Vi_1).

Let Ny = ¢(M). Then Nj is an irreducible algebraic monoid with unit group
G(N) abstractly isomorphic to G/R,(G). Furthermore, ¢ induces an isomor-
phism ¢ : Z — Z' on maximal D-submonoids, since we are just passing to
the associated graded object. By part ¢) of Theorem 4.5, Ny = G(N)Z'G(N),
and so ¢ : M — Nj is surjective. However, N; may not be quite right. So
define
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N = M/U = the normalization of Ny along G/R,(G) — G(Ny).

Corollary 6.2. Let M be an irreducible, algebraic monoid with solvable unit
group G = TU. Then the coordinate ring O[M/U] C O[M] of M/U s
K[X(M)], the semigroup algebra of the set of characters of M.

Proof. In this case, N = M/U is a D-monoid. Hence 7 : Z — N is an
isomorphism by Theorem 6.1, and O(M/U) = K[X (M)], the monoid algebra,
since M /U is a D-monoid.

In group theory, the abelization is already available abstractly. There-
fore the corresponding results for algebraic groups are not so surprising. For
monoids, the situation is somewhat different. The following result is mostly
due to Vinberg [142].

Theorem 6.3. Let M be a normal reductive algebraic monoid with unit group
G. Let G be the semisimple part of the unit group of G. Let A be the geometric
invariant theory quotient of M by the action (g, h,z) — grh™! of Go x Gy on
M. Let m: M — A be the quotient morphism. Then

a) the coordinate algebra of A is K[X(M)], the monoid algebra of the char-
acter monoid of M ;

b) if Z is the connected center of G, then w: Z — A is the finite dominant
quotient morphism obtained from the action of Z N Z(Go) on Z;

¢) the Go x Go-orbit GoxGo C M is closed if and only if it intersects Z.

Proof. Assume that M has a zero element. The general case is only su-
perficially more complicated. Now the semisimple part Gy of any reductive
monoid is closed in M (proof: Go = Nyex(arker(x)). Thus, for any e € E(Z)
eGo C eM is closed, since eGGq is the semisimple part of the reductive monoid
eM. But eGy = GopeGy = Gpe. Hence by the basic theorem of geometric

invariant theory,

727 — A

separates the idempotents of Z. Let Zy = ZNZ(Gy). It follows that 7(Z) C A
is open and G(A)-invariant. Since M has a zero element, so too does A, and

m(0ar) = 04. Thus, 7(Z) = A. In any case,

77 — A

is finite, dominant and birational. Hence by Zariski’s main thereom (Theo-
rem 2.29), Z/Zy — A is an isomorphism. But then Z must meet every closed
GO X Go—OI‘bit.
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6.2 Class Groups of Reductive Monoids

Definition 6.4. Let M be reductive. We say that M is locally simply con-
nected (Isc) if H(e) has trivial divisor class group for each e € A.

We are here using the word “locally” in the sense of semigroup theory,
rather than in the sense of geometry. The property P of a semigroup S is called
a local property if, for any idempotent e € S, P holds for the semigroup eSe.
Notice also that, strictly speaking, any simply connected group is semisimple.

Remark 6.5. The following results are discussed in detail in § 2.2.5. We state
them here for convenience. Let G be a connected reductive group with com-
mutator subgroup G'.

a) A connected, semisimple group G is simply connected if and only if
CIl(G) =0.

b) Suppose that G is a connected, reductive group whose commutator sub-
group G’ = (G, G) has trivial divisor class group. Then the same property
holds for any Levi subgroup L of G. (This also follows from Remark 2.13
and Lemma 2.17 of [137].)

¢) For any connected reductive group G, there exists a connected reductive
group G7 with CI(G1) = 0, and a finite dominant morphism ¢ : G; — G.

d) If G is connected and reductive, then CI(G) = 0 if and only if CI(G") = 0.

Definition 6.6. M is J-coirreducible if A is a singleton.

Recall that A1 C A is the subset of A that represents the codimension one
G x G-orbits of M. See part a) of Definition 4.6 and §5.3.3.

Theorem 6.7. Let M be reductive.

(a) If CI(M) = (0) then M is locally simply connected.
(b) If M is J-coirreducible then there exits M’ — M, finite and dominant,
such that Cl(M') = (0). Furthermore, Cl(M) is finite.
(¢) For any such M there exists m: M' — M such that
(1) Cl(M') = (0) and
(ii) m induces a bijection of U'(M') — U (M), where U' (M) denotes the
set of mazimal J-classes of M\G.

Proof. Notice first that, given X such that CI(X) = (0), then CI(U) = (0) for
any open set U C X. Thus, to prove (a) it suffices to show that Cl(eMe) = (0)
for any e € E(M). We apply Theorem 10.6 of [29]. This theorem says that
if the K-algebra A = @®;>0A4; is a graded, noetherian, and factorial then Ag
is also factorial. To do this we must show that A = K[M] = &,>04, with
Ao = KleMe]. But we know from Corollary 6.10(ii) of [82] that there exists
a one parameter subgroup A : K* — G such that iz‘_@%)\(t) = e. Consider the

action p : K* x M — M given by u(t,z) = A(t)xA(t). p induces a rational
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action p : K* — Aut(K[M]). If we let A,, = {f € K[M]|p(t)(f) = t"f} then
K[M] = ®,>04, is the desired &-decomposition.

To prove (b) we may assume without loss of generality that 0 € M. Notice
that this implies that dim Z(G) = 1. Now M\G is irreducible of codimen-
sion one in M. So it determines a divisor class D € CI(M). Since M\G is
irreducible, we have by part c¢) of Proposition 2.19 an exact sequence

0—7Z- D — CI(M) — CI(G) — 0. (1)

By Theorem 3.4 of [101], there exists x : M — k such that x~1(0) = M\G.
Hence, in CI(M), D has finite order. We conclude that CI(M) is finite since,
from Corollary 2.8 of [42], CI(G) is finite. To find M’ we first assume that
Cl(G) = (0). For if C1(G) # 0, we first consider ¢ : G; — G, a finite dominant
morphism with C1(G1) = (0). We then apply Lemma 7.1.1 of [104] to obtain
a reductive monoid M7 with unit group G; and a finite dominant morphism
M; — M extending ¢. With another application of Lemma 7.1.1 of [104] we
may assume that G = Gy x K* where G is semisimple and simply connected.
From the exact sequence in (1) we obtain CI(M) = Z - D, a finite cyclic
group. Before we construct M’ we need to determine exactly what controls
the order of D in CI(M). Let e € A\{1} be the unique maximal element, and
let T. =T Uel =T. Then T, C T is an open submonoid. Furthermore, by
Lemma 5.1 there exist opposite Borel subgroups B, B~ containing 7" such
that m : B, x T. x B, — M, m(z,y,z) = wzyz, is an open embedding.
Letting R = K[M] and S = K[B, x T. x B,], we obtain R C S. Since
T, = (K*)"~! x K as varieties, we see from Corollary 7.2 and Theorem 8.1
of [29] that S is a UFD. Let u = {f € R|f|M\G = 0}. Clearly |CI(M)| =
inf{n|u™) is a principal ideal} where u(™) denotes the n** symbolic power of
the ideal p1 ([29]). So write u(™ = () where n = |CI(M)|. We may assume that
X : M — K is a morphism of algebraic monoids, adjusting the initial x with a
non-zero scalar if necessary. Consider y om € S. From our remarks above we
see that (xYom) = p™ where p = p-S. Using the isomorphism T, = (K*)" "1 x K
and the fact that x om factors through ps : B, x T X By, — T, (2,9, 2) — v,
we obtain the following diagram:

K T, B, xT, x By — K.
j i xom

j is the unique inclusion with the property j(0) = e. It follows that n =
degree (y om oio j). Now let (X, ¢,C) be the polyhedral root system of M
(Definition 3.6 of [104]) and let v : C' — N be the “valuation” determined
by j (notice that v=1(0) C C is the facet of C' determined by ¢). Let x € C
denote the restriction of y to T. We can construct a new polyhedral root
system (X', ¢', C") as follows:

Since G = Gy x K*, X = X & Z. Furthermore, C C Xy ® N and x =
(0,1) € C. We define
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1
X' =Xo®-Z
n

¢ =9
C' = {¢ € X'/m¢ € C for some m > 0}.

It is easily checked that (X', ¢',C”) is the polyhedral root system of the
reductive monoid M’ obtained via Lemma 7.1.1 of [104] from the map
¢: G — G C M given by ((g,a) = (g,a™). Furthermore, v : C' — N extends
uniquely to v' : ¢! — N via v/(a,b/n) = v(a,0) + b = v(a,0) + (1/n)v(0,d).
Notice that if x’ = (0, 1/n) then v'(x’) = 1. But from our above calculation
applied to M’, |CI(M")| =v'(x’). Hence CI(M') = (0).

For (c¢) we may assume M has a zero element. The general case is not
essentially different. Let e € A! be a maximal idempotent of A\{1}. As above,
there exists v : C' — N which extends to v: X — Z. Let

H ={x € X|v(x) = 0}
and let
Ce = Nueww™(H) C X.

It is easily checked that (X,¢,C.) is a polyhedral root system with j :
(X,0,C) — (X,¢,C.). Let M, be the associated reductive monoid, where
a = GeG € U (M). By construction M, is J-coirreducible. Now from Theo-
rem 8.1(a) of [104] there exists a birational morphism (o : M, — M inducing
J above. Applying part (b) above we can modify M, slightly, if necessary, and
assume that C1(M,) = (0). The unique maximal J-class of M, gets mapped
to a. After ordering U (M), define

¢: I Ma—M

acU (Ma)
by ((z1,...,Zm) = Cay (@1) - -+ * Loy (Tm ). Consider the action of H = Gy x
x Gog on N =[] M, given by
(m—1)
(gla s 7gm*1)(x1a s 7xm) = (xlgl_lagleQQ_la s 7gmf2mmflg;7,171agmflxm)'

Define M’ = N/H, the geometric invariant theory quotient of N by H, and
let g : N — M’ be the canonical quotient morphism.

By standard results of geometric invariant theory (Theorem 1.10 of [62])
there exists a unique morphism 7 : M’ — M such that m o ¢ = m, where
m : N — M is the multiplication morphism. Based on Proposition 3.3 of [109]

we see that M’ is a reductive algebraic monoid with unit group Go x K* x ( . ) X
m

K*. Furthermore, by Proposition 2.58, CI(M) = (0) since CI(N) = (0) and
Gy X - -+ x Gy is a semisimple group. To complete the proof we must show that
7 identifies the maximal J-classes of M’ with those of M. But 7 is surjective
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by construction, and so for each a € U'(M) there exists J € U'(M’) such
that 7(J) = J,. But also, CI(M’) = (0), and so |[U*(M")| < dim(Z(G")) = m.
Thus U (M) — U (M) is bijective.

Remark 6.8. The above theorem was first recorded in [114]. Part ¢) leads di-
rectly to the construction of a “total coordinate ring” or “Cox ring” for the
reductive monoid M. This generalizes some of the main results of [17]. See
[28] for a general approach to this problem.

6.3 Flat Monoids

Vinberg [142] discovered a universal construction involving reductive monoids
that has some remarkable properties. Let K be an algebraically closed field
of characteristic zero. Associated with each semisimple group Gy is a certain
reductive monoid Env(Gyp) which is the universal flat deformation of Gy.

Recall from § 5.2, the augmented cone L(M) of a reductive monoid M.
Let Z C M be the closure in M of the connected center Z of G. It is easy to
check that there is a natural partial order on L(M) defined as follows.

A1 > A if A = x Ao

for some x € X(Z). Notice that this makes sense even though X (Z) ¢ L(M).
Indeed, X(Z) @ Qt = X(M)® Qt C L(M) ® Q*. Notice also that there
may be a decomposition in L(M) of the form \; = x\o, with x € X(Z) but
X € X(M). The point here is that T' = Ty Xz, Z, where Zy = Z N Ty. Thus

X(T) ={(\x) € X(To) x X(2) | A|Zo = x|Zo}. We let
M C L(M)

denote the set of minimal elements of L(M) with respect to the above partial
order.

Before stating the main result, we need one more notion. As before, we let
X (To)+ denote the monoid of dominant weights of Tp. If A € X (Tp) 4, we can
write

A= caa,
a€cA

where {A,} is the set of fundamental dominant weights of Go. Define

¢t X(Tp)4 — CLM)

by c¢(A) = > ca Ca[BsaB~]. As in § 2.2.5, we write D, = Bs,B~. The main
ideas behind the theorem below are due to Vinberg [142]. Our approach is a
little different, in that we emphasise the role of the D,,.
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ab
cd
{(6%, f1) | k > 0,1 > 0 }, relative to U and U~, the upper-unitriangular and
lower-unitringular groups of Gly(K). Here §(A) = ad — be, and fr(A) = d.
Furthermore, A is the fundamental dominant weight for Gy = Sl3(K). Now

Ezample 6.9. Let M = M(K) and let A = ( ) € M. Then L(M) =

m:Z X Gqg— M

induces j : L(M) C L(Z x Go) = Zx ® Nf(0), with j(§) = x? and j(f») =
(x> /2(0)). Hence

L(M) ={(x* fr(0)") | s—t >0, s—tis even }.
Then

M={(x", f2(0)) [t=0}.
Notice that any f € L(M) can be written uniquely as

F=08"fl =0, D, £(0)h.

Theorem 6.10. Let M be a reductive monoid with unit group G, and let Gy
be the semisimple part of G. Assume (for convenience) that M has a zero
element. The following are equivalent:

a) The abelization m: M — A is flat, with reduced and irreducible fibres.

b) The following two conditions hold:

i) If xidi = x2da (\i €M, xi € X(Z)) then x1 = x2 and A1 = Mo.
i) M is a subsemigroup of L(M).

¢) The canonical map ¢ : X (Tp)+ — CU(M) is trivial.

d) For any irreducible representation p : M — End(V) there is a character
X : Z — K of Z, and an irreducible representation o : M — End(V),
such that a(e) # 0 for any e € A and p = x @ 0.

e) Any f € L(M) factors as f = xg where x € X(Z) and g € L(M) with
zero set Z(g) C UaeaBsaB~.

Proof. a) implies b). We sketch the proof from [142]. According to Proposition
3 of [142], if 7 : M — A is flat, then b)i) above holds. Now consider the
inclusion i ~1(0) C M. Since 7 is flat, the induced map i* : K[M] — K[r—1(0)]
induces an inclusion i* : M — K[r~(0)]\{0}. But K[7~!(0)] is an integral
domain. Then M is multiplicatively closed and thus b)ii) holds.

b) implies a). By Proposition 3 of [142], condition b)i) implies that 7 is
flat. If also b)ii) holds, then K[7~1(0)]Y*V" = K[M] (semigroup algebra) via
i* : K[M] — K[r~1(0)]. Then K[7=1(0)]Y*Y" has no zero divisors. Thus, by
the results of [76], K[r~1(0)] has no zero divisors. This proves that 7=1(0) is
reduced and irreducible. But Y = {a € A | 77!(a) is reduced and irreducible}
is open and G-invariant, by well known properties of morphisms [38]. Thus
Y = A.
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b) implies e). If b) holds, then we have already observed above that
i*(M) C K[x~(0)]\{0}. Furthermore, K* - i*(M) = {f € K[r—1(0)] | f #
0and BfB~ = K*f }. We then let f € L(M). By our assumption, we have
a unique factorization

f=x9
where Y € X(Z) and g € (M). We must show that Z(g) C UaeaD,, where
D, = Bs,B~. Recall from the proof of Theorem 5.2 that

M\G = Ueepr De,

where D, = GeG and A' is the set of maximal idempotents of A\{1}.
Furthermore, if x € X(M)\{1}, then Z(x) C UceprD.. But 7#=1(0) =
meX(M)\{l}Z(X)- Thus

771(0) = Nec a1 De.

On the other hand, if g € M, we have observed above that g|t=1(0) # 0.
Hence, for any e € A', D.  Z(g). But for any f € L(M),

Z(f) = (YaecDa) U (Ueen De)

(where C C A and B C /11) since any B x B~ -invariant prime divisor D of
M is either a D, or else a D.. We conclude that

Z(g) c UaGADa~

e) implies b). If we have such a factorization f = xg, for any f € L(M),
we need to show two things:

i) M={geL(M)|Z(g) CUDa };
ii) the factorization f = xg, with x € X(Z) and g € M, is unique.

Clearly, {g € L(M) | Z(g) C UD, } C M, since if Z(g) C UD,, and g = xh,
with x € X(Z), then y € K[M] is a unit (since otherwise, D, C Z(g) for
some e € A'). Hence y = 1, since M has a zero element. Conversely, if
f¢{g9| Z(g) € UD,}, then by assumption we can write f = xg, where
X € X(Z) and Z(g) C UD,. Clearly, f > g, so that f is not a minimal
element of L(M). This proves i). To prove ii), assume that y191 = x292, with
Xi € X(Z) and ¢g; € M. Then Z(x;) C UD,, while Z(g;) C UD,. Hence
Z(x1) = Z(x2) and Z(g1) = Z(g2). All the zeros and poles of x1x5 ' are in
{D.}, while all the zeros and poles of gog; ' are in {D,}. Yet x1x3 ' = gag7 "
Thus, X1X2—1 has neither zeros nor poles. Hence x1 = xa2.

e) implies c). Given A = > . 1 cada € X(Tp)+, we have the irreducible
representation p : Go — GI(V) with highest weight . Furthermore, by The-
orem 5.3 of [42], there is a unique gx € L(Gy) (see Definition 2.50) such that
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Va(gr) = cq for each a € A, where v, is the valuation of K[Gp] associated
with D,. On the other hand, there is a character x : Z — K™ such that

X®p:ZxGy— GIV)
factors through

ZXGOHGQM

Here, Z x Gy — G is the multiplication map. Thus f = xgx € L(M). By
assumption, f factors as f = ug, where Z(g) C UpenD, and p € X (Z). But
Vo (g) = cq for all a € A. Hence c¢(\) = [Z(g)] =0 € CI(M).

c¢) implies e). Let f € L(M). Then there is a representation p : M —
End(V') such that p|Gy has highest weight A = 3 _ \ caAa, Where v, (f) = cq
for each o € A. By the assumption of ¢), we can find g € L(M) such that
Vo (g) = cq for each «a, and vp(g) = 0 for all prime divisors D C M\G. Hence
we let x = fg~!. Then v,(x) = 0 for all @ € A, while vp(x) = vp(f) > 0 for
any D C M\G. Thus x € X(Z), and f = xg is the desired factorization.

The proof that d) and e) are equivalent is left to the reader.

Definition 6.11. A reductive monoid M is called flat if the conditions of
Theorem 6.10 are satisfied.

Corollary 6.12. Let M be flat. Then
M=A{feL(M)|Z(f) CUscaBsaB~}.
Corollary 6.13. If CI(M) = {0} then M is flat.

Ezample 6.14. M, (K) is flat. One can use Corollary 6.13 above. But one can
also show this directly using the calculations of Example 5.22. Recall from
that example the “determinant functions”

we(x) = det(exe + 1 —e).

Then M =< @e,, ..., Pe,_, >, the submonoid of K[M,(K)] generated by the
Pe; -

Let M be a reductive normal monoid with abelization 7 : M — A. The
following theorem was also obtained by Vinberg in [142].

Theorem 6.15. The following are equivalent.

a) M s flat.

b) There exists a morphism 6 : Z — Ty of algebraic groups such that
i) 0| Zy is the identity;
ii) L(M) = {(x; fx(0)) € L(Z x Go) | x0* (M)~ € X(4) }.
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Proof. Assume that M is flat, and let f € M C L(M). Then we can write
f = fx, where A € L(Gy) = X (Tp)+. Indeed, M is identified with X (Tp) via

M C L(M) C L(Z x Go) — L(Go) = X(T)+.

Hence we define 0*(\) = f1|Z € X (Z). Notice that 6*(\)|Zy = f1|Zo for all
X € L(Go). Now fr = 0*(N)fr(0) € L(Z x Go), where f5(0) = fr|Go. Notice
also that 6* extends uniquely to a homomorphism 6 : X(Ty) — L(Z) = X (Z).

Suppose that xg,(0) € L(Zy x Go) is such that x0*(u)~!' € X(A).
Then xg,(0) = (x0*(1)~") (0" (1) f(0)) € L(M), since x0*(u)~' € X(A)
and 0*(u)f,.(0) € M. Conversely, if xf,(0) € L(M) C L(Z x Gy), then by
our assumption xf,(0) = 6f,, where § € X(A) and f, € M. Furthermore,
the decomposition is unique. But f,, = 9*(u)fu(0), and so xf,(0) = df, =
86" () f.(0). Thus x = 66*(u). Hence x0*(n)~! =8 € X(A).

We have shown that, if M is flat, then L(M) = {(x, /x(0)) € L(Z x
Go) | x0*(\) "t € X(A) }. Furthermore 0* satisfies property b)i).

Now assume b), so that there exists 6* : X(Tp (Z) such that
PO = (0120 tor all o amd L) = {00,501 & L(ZRCay | X8 O €
X (A) }. Then for (x, fA(0)) € L(M), we can write

06 £2(0)) = (8" (V)7 1O (V), £2(0))

so that

M =A{(07(N), fx(0)) € L(Z x Go) | fA(0) € L(Go)}-
Thus, condition b) of Theorem 6.10 is satisfied and, consequently, M is flat.

It turns out that that there is a universal, flat monoid Env(Gy), associated
with each semisimple group Gyp. This amazing monoid was originally discov-
ered and constructed by Vinberg in [142]. He refers to it as the enveloping
semigroup of Gy. It has the following universal property:

Let M be any flat monoid with zero. Assume that the semisimple part of
the unit group of M is Go. Let A(M) denote the abelization of M, as in
Theorem 6.3, and let was : M — A(M) be the abelization morphism. (We
make one exception with this notation. We let A denote the abelization of
Env(Gyp). Let m : Env(Gy) — A be the abelization morphism.)

Given any isomorphism g from the semisimple part of G(M) to the
semisimple part of Env(Gy), there are unique morphisms

a:AM)— A
and

©: M — Env(Gy)
such that
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) ¢lGo = ¢o;
il) aompy =mo
ili) ¢ : M = E(a,n), via ¢(x) = (mpm(x), p(x)), where E(a,7m) = {(z,y
A(M) x Env(Gyo) | a(x) = w(y)}, is the fibred product of A(M )
Env(Gy) over A.

There are several ways to construct this monoid Env(Gp), and there are al-
ready hints in Theorem 6.10. However, we use the construction in Theorem
17 of Rittatore’s thesis [120]. The reader should also see Vinberg’s construc-
tion in [142]. Notice that we are using multiplicative notation. In particular,
X(Tv/Zp)+ is the the subgroup of X (Tp) generated by the positive roots.

Theorem 6.16. Let Gy be a semisimple group and let
L(Go) = {(x,N) € L(Tv x Go) | xA™" € X (To/Zo)+ }-
Define

K[Env(Go)l= @ eV ex CK[Gox T
(A €L(Go)

Then K[Env(Gyo)] is the coordinate algebra of the normal, reductive algebraic
monoid Env(Gg) with the above-mentioned universal property. In particular,

L(Env(Go)) = L(Go).

Proof. Tt follows from Vinberg’s criterion in Theorem 5.10 that K[Env(Gp)]
is the coordinate algebra of a normal, reductive monoid. Indeed, this follows
directly from the defining conditions of L(Gy), taking into account the fact
that, for all A\, u € X, any v € X (A, u) has the form

v=A+pu— Z ki
where k; > 0. Also,
G(A) 2 Ty/Zy
via K[A] = @, 1, )ex(a) VA ® VY @ X, where

X(A) = {(x, f)ldim(Vy) = 1} = X (To/Zo) +-

Env(Gyp) is flat by the criterion of Theorem 6.15. Indeed, if (x, f\) €
L(Env(Gy)), we can write

( (X)‘_la 1)()‘7f/\)
with (xA™1,1) € X(4) C L(M) and (X, fo) € L(M). Hence

M={(\fa) | A€ X(Th) = X(Z}.
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With these identifications, 0* : X (Ty)+ — X (Z) = X (1)) is just the inclusion.
In particular, 8* extends to an isomorphism 6* : X (Ty) — X (Z).

Now let M be any flat reductive monoid with semisimple part Gy and zero
element 0 € M. We assume that the semisimple part Gy of the unit group of
M has been identified with Gy C Env(G)).

So L(M) = {(x, f(0)) € L(Z x Go) | x03;(N\)~' € X(A) }, where 0%, :
X (To) — X(Z). Define a* : X(Z(Env(Gy))) — X(Z(M)) by

a”(x) = 0 (v(x));
where v is the inverse of *, and define ¢* : L(Env(Gy)) — L(Z x Gp) by

?* (% f2(0)) = (03, (v(x)), £2(0))-

It can be checked, as in the proof of Theorem 5 of [142], that ¢* (L(Env(Gy)) C
L(M) C L(Z x Gy), and consequently ¢ : G — Env(Gy) extends to
a morphism ¢ : M — Env(Go). It then follows from the definition of
L(M), along with a diagram chase, that L(M) is the result of a pushout of
a*: X(A) — X(A(M)) and 7* : X(A) — L(Env(Gy)). This kind of pushout
turns into a tensor product over K[A] on the level of coordinate algebras.
Thus,
KIM] = K[AQM)] @4 K[Env(Go),

which is the coordinate ring of the sought-after fibred product. The morphisms
¢ and a are unique because Z - G is dense in M.

Example 6.17. Let M = {(z,y, 2) € Ma(K) x K? | det(z) = yz}. In this case,
Go = Sla(K), and so Env(Go) = Ma(K). Also A(M) = {(d,y,z) € K3 |d =
yz} = K?. Thus,

M = E(a, )

where 7 : M3(K) — K is the determinant, and a : A(M) — K is given by
a(d,y,z) =d=vyz

It is useful to know the type map of Env(Gy) (see Definition 4.6). Recall
that this is essentially a description of the G x G-orbits of Env(Gp), along
with enough information to build the monoid from these orbits. The lattice
of orbits was calculated by Vinberg in [142]. We describe his results in a way
that allows us to relate Env(Gy) to certain other monoids associated with Gy.
Our proof here is somewhat sketchy. See [142] for more details.

Theorem 6.18. Let A denote the cross section lattice of Env(Go). Then A =
{er,x | I,X C S, and no component of X is contained in S\I}. A is ordered
as follows:

er,x > ey ifand only if I C Jand X CY.

Furthermore, the type map of Env(Gy) is given as follows:
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M(er,x)={se€ S\I|sz=uxs foralzreX},
)\*(617)() =X.

Furthermore, M (er x) = {ea | @ € I}, where e, is short for eq 4.

Proof. Notice that Cl(Env(Gy)) is a finite group. Then for each e € A! there
is a x € X(A) such that y=1(0) = MeM. Thus, A' = {e,, | a € S}, since 4 is
a simplicial, affine torus embedding with zero element. Then each convergent
1— PSG, A : K* — A, has limit f = f; = lim;_oA\(t) € E(A). Also I C S
equals {a € S | (eq) > f}. Now C = A(K) C A is one-dimensional, so the
inverse image

M =)2"10)

is a semisimple flat monoid. Thus, M;\G(M) is an irreducible, algebraic
variety (such monoids are called J-coirreducible since [A!| = 1). It is known
[97] that the cross section lattice of My is

A ={X C S| no component of X is contained in S\I} U {1}.

Furthermore, for ex € A7, A(ex) = X. Hence X\ (ex) = {s € S\I | sx =
xs for all x € X}.
If we denote ex € A; by ey x, we see that

A= {1} Ues A}
where A7 = A;\{1}. Putting these all together yields the desired results.

A peculiar yet intriguing by-product of Env(Gp) is the irreducible alge-
braic semigroup, 7 1(0) C Env(Gyp). Vinberg [143] calls it the asymptotic
semigroup of Gy since, like the asymptotic cone of a hyperboloid, it canon-
ically reflects the behaviour of Gy at infinity. He denotes this semigroup by
As(Gy). His construction also depicts G as a flat deformation of As(Gp).

See Theorem 10.19 for more information about J-irreducible monoids.

From the proof of Theorem 6.18 we see that As(Gy) = Ms\G(Mg), where
Mg is any J-coirreducible monoid of type S. This means that if A1 = {es},
then \*(ey) = ¢ = S\S. Thus if e, € T, then eyT is a simplicial affine
torus embedding with zero. Furthermore, the distinct idempotents of e¢T are
contained in distinct G x G-orbits of As(Gy). Hence there are exactly 2" such
orbits, where r is the semisimple rank of G. The cross section lattice of any
MS is

A={1}U{e; | I C S}.

The type map A of Mg is determined by .. Furthermore
)\* (6]) =1.

It is likely that all the results of this section could be extended to the case of
positive characteristics. Rittatore has already made an important contribution
in this direction in [123].
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6.4 Multilined Closure

Let M be a reductive monoid with zero. Associated with each minimal nonzero
J-class J € U(M), there is an irreducible representation p : M — End(V') such
that p(e) # 0 for any e € E(J). So let {.J1,..., i} be the minimal nonzero
J-classes of M, and let p;, ¢« = 1,...,m, be the corresponding irreducible
reresentations of M such that p;(J;) # 0. Assume that M; = p;(M) is a J-
irreducible monoid of type I;. By this we mean that M; is J-irreducible
and, for any minimal nonzero idempotent e of M;, Py(e) is a parabolic sub-
group of G(M;) of type I;. See § 7.3 for a detailed discussion of J-irreducible
monoids. In particular, notice that the cross section lattice of a J-irreducible
monoid may be identified with a subset of P(S), the set of subsets of the set of
simple roots. In fact, the cross section lattice A; of the J-irreducible monoid
M7y of type I is

Ay ={ea | ACS, and no component of A is contained in I } U {0}.

Then if e € Ay, we have either ¢ = ey for some A C S, or else e = ¢g = 0.
But the “zero” here is not a subset of S. Let

Definition 6.19. We define a multilined closure of type I=(I1,...,I,) to
be the closure M(I1,...,In) of p(M)(K* X .... x K*) in IIEnd(V;). Then
M(IL,...,I,) is called the multilined closure associated with M.

The multilined closure was first discussed in [52]. The following structure
theorem was obtained.

Theorem 6.20. Let A; (respectively, \;) be the cross section lattice (respec-
tively, type map) of M;. Define the following subset of Ay X -++ X Ap,:

Ay = {(evy, ..., ev,)|Ys € Aj(ey;), wheneverY; # 0}.

Define
)\I(eyl, ceey eym) = m?;1)\i(eYi)-
If A is the cross section lattice of M (I) and X is its type map, then
A=Ay, and
A =g

The natural map M — M(I) induces a bijection on minimal nonzero J-classes.
In particular, it is a finite morphism.
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Proof. By the results of § 7.3, A C Ay x -+- X Ap,. Let (e1,...,em) € A,
e; =ey, t =1,...,m. We claim that e € A;. Otherwise, for some nonempty
sets Y;and Y;, we would obtain Y; € Y;. Then for some simple root a € A,
s = 5o € Y; while s ¢ \;(Y;). Let P = P(e) and P~ = P~ (e). Then the root
subgroup of «,

Ua C Ru(Py,) C Ru(P),
since P C Py,. Hence Uye = e. Since s € Cw (e;), Uy € Cg(e;). Let

H={geG|ge;=e;g=-e;} CCqle).

Since H C Cg(e;) is a normal subgroup with X, C H, s € W(H), the Weyl
group of H. Now ) = Cp(e;)H is a parabolic subgroup of Cg(e;), and thus
Q = Cp(e;)WkCp(e;). Since H is normal in Cg(e;), the component A C S
of s in Y; is contained in K. Let {f;} be the set of minimal elements of A;.
Then e; > f;, and

QfiCHBfi=H[f;Bf; = fiBf.
Hence @ C P(f;) = Pr,,and so A C I;, a contradiction. Hence e € Ajy. Clearly,
Ae) = Ai(e).
We now prove the converse, namely that A\f(e) C A\ For Y C S, let
ey = (eyl,...,eym)
where Y; is the union of the components of Y not contained in I;. Then for
all 4, 7,
Y; CY C Aj(e)).
Hence ey € Ay. Clearly, eyez = eyngz, forall Y, Z C S. Let

~

Y ={(ez,...,ez,) | Zi=0o0rY;}.
We claim that

AI:Uygsi}.
Let 0 £e=(e1,...,em) € AL, Y = A(e). If e; = ez # 0, then

Hence, Y; = Z, and so e € Y. This proves the claim.

To finish the proof, we need to show that Ay C A, and we do this by
induction on m. If m = 1, this is just the J-irreducible case. So assume that
m > 1. By the above discussion, if (e1,...,e,) € A and e; = 1, then
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ej=1lorOforallj=1,...,m. (%)

Let P be a standard maximal parabolic subgroup of G. Let P~ be its opposite,
and let L = PN P~. Let Ty be the identity component of the center of L.
Then dim(7p)=1. For i = 1,...,m, let

E({api(t) |t € To}) = {1,¢e; f:,0}

with P(e;) = P~(f;) = P. By the above discussion (concerning Y), it
suffices to show that (ei,...,e;) € A. But, by the induction hypothesis,
(e1y...,em—1,0) € E(Ty), where

T = {(Oélpl(t),.. ,Oémpm(t)) | o; € I(*7 1=1,.. .,m}
Clearly,

E(Tl) g @;11{1) €, fia O}'

By (%), 1= (1,...,1) covers (1,...,1,0),and (1,...,1,0) covers (e1, ..., em—1,0)
in E(Ty). But E(T}) is a relatively complemented lattice. Hence there exists
e € E(T1) such that e # (1,1,...,1,0), and such that

(e1,...,em—1,0) <e<1
So again by (%), either e = (e1,...,€m—1,€m), or else e = (e1,...,em—_1, fm)-
However, P(e1,...,€m—1, fm) is not parabolic. Hence e = (e1,...,€m—1,€m),

completing the proof.

Remark 6.21. This multilined closure construction behaves as if it is, in some
sense, dual to the construction in Theorem 6.7. In the construction of M’
in Theorem 6.7 the maximal idempotents have a special property, while in
the multilined closure construction the minimal idempotents have a special

property.

Ezample 6.22. Let Go = Sl3(K) so that S = {s1,s2}. Let p; = id : Gy —
Gl3(K), and let ps : Sl3(K) — Gl3(K) be defined by pa(z) = (z71)%. Define

M1 = K*pl(Go), and M2 = K*pQ(GQ) Thus
M is of type J; = {s1},

My is of type Ja = {s2}.

By Theorem 6.20, M (Jy, J2) has cross section lattice as depicted in the dia-
gram below.
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(0,1) (s2,9) (¢, 1) (0,1)
NN SN S
(52,0) (¢, 9) (0, 51)

(¢,0) (0,9)

(0,0)

6.5 Normalization and Representations

As we have pointed out in § 3.2, any irreducible algebraic monoid M has a
normalization n: M’ — M. Here M’ has the unique structure of a normal,
algebraic monoid such that n is a finite, birational morphism of algebraic
monoids. Furthermore, i has the appropriate universal property.

Let K be an algebraically closed field of characteristic zero and let G' be
a semisimple group, defined over K. In §3 of [20], DeConcini provides a very
revealing construction of the normalization of My, where My is the lined
closure of the rational representation p : G — End(V) of the semisimple
group G. A lined closure is the special case of the mutiltilined closure (see
Definition 6.19), with m = 1. So, in our case,

My = p(G)K* C End(V)
where K* C End(V) is the set of nonzero homotheties.
Let V) be the irreducible representation of G with highest weight A. Let
2\ be the saturation of \. Thus
2y ={p| p is dominant and p < A}
Along with DeConcini [20], we set

My = M,

where

W =®ues, Vi

An irreducible representation V) is called miniscule if X'y = {A}. In this case
A is called a miniscule weight.
The following result is obtained in [20] (see his Theorem 3.1).
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Theorem 6.23. 1. My is a normal variety with rational singularities.
2. My is the normalization of M.
8. My and My are equal if and only if X is a miniscule weight.

His proof requires an application of the results of [21]. The proof also
requires the result [45] of Kannan on the projective normality of the wonderful
compactification.

Miniscule weights are the role models for the standard monomial theory. If
A is miniscule, the calculation of V,,x = H°(G/P, L,,) involves a striking blend
of combinatorics and intersection theory. Hodge worked this out for Si,,(K),
and then Seshadri extended Hodge’s work to the case of any miniscule weight.
See [37] for a good introduction.

6.6 Exercises

6.6.1 Flat Monoids

1. Let f € L(M). Prove that Z(f) C (UpeaDa) U (Ueear De).

2. Let M be reductive. Show that L(M) is a commutative, totally cancella-
tive semigroup that embeds in a free abelian group of rank less than or
equal to [A] + A

3. Prove the equivalence of d) and e) in Theorem 6.10.
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Orbit Structure of Reductive Monoids

Let M be a reductive monoid with unit group GG. We assume that M has
a zero element 0 € M. The general case is not interestingly different (see
Proposition 8 of [121]). From Theorem 4.2, M is regular, so that

M=GEM)=EM)G .
But we can do much better than this. Indeed, from Theorem 4.5,

M = |_| GeG
ec/A

where A = {e € E(T) | Be C eB}.

In this chapter we want to explain how M is “stuck together” using G, A
and P(e) = {g € G | ge = ege}. Since P(e) is a parabolic subgroup containing
B, the reader should take note of the key objective here: to obtain control of
the structure of M in terms of something easily described in terms of the
Coxeter-Dynkin complex of G, and the set of standard parabolic subgroups
of G.

Our second objective here is to identify and record a large number of
examples where we can determine A and A — P, e ~ P(e), explicitly.
Notice that there is a canonical identification P = 2%, where S is the set of

simple reflections. See Theorem 2.46. Thus we usually write the type map as
A:Ad— 25

7.1 The System of Idempotents and the Type Map

In this section we describe the orbit structure of a reductive monoid, assuming
there is only one minimal, nonzero orbit. The results of this section are taken
from [95].

Let M be reductive with unit group G, Borel subgroup B C G and max-
imal torus T' C B. W = N¢(T)/T. From Definition 4.6 we obtain the type
map



92 7 Orbit Structure of Reductive Monoids
A:A— 25

Recall that A(e) = {s € S | se = es}, where S C W is the set of simple
reflections of W relative to B, and A is the cross section lattice of M relative
to B and T.

Notice that A(e) determines P(e) = {g € G | ge = ege} since P(e) is
generated by B and A(e). Note also that P(e) and P~ (e) = {g € G | eg = ege}
are opposite parabolic subgroups.

Definition 7.1. Let

J e G\M/G, P and Q are opposite parabolics,
EX) = { (%, P Q)‘ = gP(e)g! for some g € G, where JNA={e} [ °

A quasi-ordering on a set E is a relation < on E that is transitive and
reflexive.

Theorem 7.2. Both E(M) and E()\) have canonically defined quasi-orderings
<y and <,.. Define
v E(M) — E())
by ¥(e) = (GeG, P(e), P~(e)). Then v is an isomorphism of biordered sets.
<, and <; are defined as follows.
On E(M) define
e<, fif fe=e.
e<¢ fifef=e.
e<f ifef=fe=e.
On E(\) define

(J1, P,Q)R(J2, P, Q") if J1 = Jo and P = P’.

(JlaPaQ)L(JQaplaQ) ZfJI Ja (I’IldQ—Q/.

(J1,P,Q) < (Jo, P',Q") if J1 < Ja and there exist opposite Borel sub-
groups B and B~, such that BC PN P and B~ CQNQ’.

Then define on E(\)
<r=Ro<
and
— Lo<.

Proof. Assume that GeG = GfG. Then one checks, as in Lemma 3.4 of [95],
that

eM = fM if and only if P(e) = P(f) and
Me=Mf if and only if P~ (e) = P~ (f) .
Next we check that 9 is bijective. Let (J, P,Q) € E(\). Then P = P(e)

for some e € E(J). Further, by the results of [83], P is opposite to P~ (e).
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So by standard results there exists g € P such that g=1P~(e)g = Q. Thus,
(J,P,Q) = (g9 teg). Conversely, if 1(e) = (f), then by ® above that
eM = fM and Me = M f. But then e = f, by an elementary semigroup
calculation.

For the remainder of the proof we refer the reader to Theorem 3.5 of [95].
Notice that, in view of ® above, all that remains here is to check that e < f

if and only if ¢(e) < ¥(f).

The moral of the story is that, once we know A\, we obtain E automati-
cally. If we also know G, then we can reconstruct M up to a kind of “central
extension” abstractly. It can be seen direcly that E(M) is a biordered set
in the sense of Nambooripad [64].

7.2 The Cross Section Lattice and the Weyl Chamber

Let M be a reductive algebraic monoid. For the results of this section, it
is not necessary to impose any other restrictions. We need to show how the
cross-section lattice /A can be described in terms relating X (T') and the set of
dominant weights

X(T)y ={xeX(T)| Au(x) >0 foralla € A}

where A, : X(T') — Z is defined by the equation

X — Sa(X) = Aa(X).

Let e € E(T). Then €T is also a D-monoid with unit group e7'. So let
X (eT') denote the monoid of characters of eT'. Consider

x # 0 and }

we={xexem cxm| 200,
XeT\eT_

where X (eT) C X(T) via the map T — €T, z — ez. One can easily check
that

XONO}= ] pe

ecE(T)
Let A be the set of simple roots of G relative to B and T'. For a« € A let

U, be the one dimensional, unipotent subgroup of B, normalized by T with
weight a.

Lemma 7.3. Let « € A and e € E(T). The following are equivalent:

a) Uye = eUye; L
b) either Uye = eU,, or else Uy f = f for all f € Ey(eT).
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Proof. In case eU, # e and Uye # e, one obtains that Uye = eUye. Otherwise,
if Uy f = f for all f € Ey(eT) yet Uye # eUgqe (ie. Uye # eU, and Uye # €),
then eU, = e # Uye is the only other possibility. Hence o,e0,, # e and thus,
0afoa # f for some f € Ei(eT). But then fU, = feU, = fe = f. Hence
Unf # f, since fo, # 04 f. Contradiction.

Lemma 7.4. a) The following are equivalent:
i) Uye = eU, (equivalently, sae = €S4);
i) Aa(x) =0 for some x € pe.
b ) The following are equivalent (assuming Uye # eU, ).
i) Unf = f for all f € Ey(eT);
i) Aa(x) > 0 for some x € pe.

Proof. For a), first note that, for x € p., Aa(x) = 0 iff s4(x) = x. But
Sa(te) = ler where €/ = syes,. Hence so(pe) N pe # ¢ iff sqpesq = €. Ac-
cordingly, if x € pe and so(x) = X, then x € sa(pe) N pe. Conversely, if

X1 € Sa(pe) N pte # ¢, then x15a(x1) € pre and Ag(x) = 0. _
For b), assume first that U, f = f for all f € FEy(eT). Now fT = K as

algebraic varieties. Hence there is a unique character x; € X (7') such that
O(fT) = K[xy]. But from Lemma 3.6 of [109], As(xs) > 0. Now

KleT]|=K[x| X" € (Xfs---,Xf,) for some n > 0] (%)

where {f;}_; = Ei(eT). Now if A,(xy) = 0 for all f € Ei(eT), then
sa(xy) = xs for all f € Ey(eT). Hence by (x), so(K[eT]) = KleT] and
S0 Sq€ = €8q. Thus Uye = eU,, a contradiction. Thus A, (xs) > 0 for some
f € Ei(eT). Hence A,(x) > 0 for all x € p.. Conversely, suppose that
A (xf) > 0 for some f € E1(eT). Consider

X=XFXf2 © oo o Xfo € e
where N > 0 and Ey(eT) = {f, fo,..., fs}. Then A,(x) < 0 if N >> 0. This

is a contradiction.

Theorem 7.5. The following are equivalent for e € E(T)\{0}.

a) e € A\{0};
b) there exists x € pe such that Ay(x) >0 for all a € A.

Proof. Now e € A’ := A\{0} if and only if for all o € A either Uye = eU,
or else Uye # eU, and U, f = f for all f € Ey(eT). By Lemma 7.4 this is
equivalent to:

For each o € A, either

Ay (x) = 0 for some x € pe

or else
An(x) >0 for all x € pe .

Thus, e € A\{0} if and only if for all a € A either
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1) Aq(x) =0 for some x € pe, or else
ii) Aa(x) >0 for all x € pe.

Hence b) implies a).
Conversely, if e € A\{0} then A = Ay U Ay, where

Ay ={a€ Al sqe=e€sq}
and
Ay ={a € Al sqe # esal-

Let xo € pte and define

x= [ wxo)€ne.

weWa,
Then Ay(x) =0 for all @ € A. But A, (x) > 0 for all a € As.

Theorem 7.5 has a very appealing geometric interpretation.

One can identify E(T) with the face lattice F of the rational polyhedral
cone X (T)®Q* C X (T)®Q. Furthermore, X (T)®Q™ is W-invariant. We can
think of . ® Q% as the topological interior of X (eT) ® Q* € F. Theorem 7.5
says that

B = | the interior of X (eT)® QT meets
A—{eeE(T) (T), ® Q* }
Clearly, |Cly (e) N A] =1 for all e € E(T).

Recall that a reductive monoid M is semisimple if the center of G is
one-dimensional and M has a zero element. In this case the zero element
of M is in the closure Z of Z the one-dimensional connected center of M.
As Z is contained in any maximal torus T of GG, we have in particular that
Z C T. Thus we obtain the induced (dual) map on the corresponding character
monoids:

~v: X(T) — X(Z) =N.
This «v determines, on the associated rational polyhedral cones, a homomor-
phism
¢(:X(T)®Q" - X(Z2)®Q" =Q,
by setting ( = v ® 1. For M semisimple we make the following definition.

Definition 7.6. Let
P=C1).

P is the polytope of M.
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From the above results, P is W-invariant, and the face lattice F of P is canon-

ically identified with E(T). Furthermore, we can identify A as a subset of F
using Theorem 7.5.

Ezample 7.7. Let M = M,,(K), the semisimple monoid of n X n matrices over
K. In this case Z = {al, | « € K* }, where I, is the identity n x n matrix. If
T is the D-group of invertible diagonal matrices then T is the set of diagonal
matrices and ¢ : X(T) ® Qt — X(Z) ® QT is easily identified with the map

p: (@) —QF
defined by p(s1,...,sn) = >, si- The polytope here is

P= {(517 75n) € (@Jr)n | ZS’L =1 }

The face lattice of P is easily identified with E(T)\{0}. Notice that characters
are written additively in this setup.

7.3 J-irreducible Monoids

We start with a simple lemma to focus our discussion.

Lemma 7.8. Let M be a reductive monoid with zero 0 € M. Let A C E(T)
be a cross section lattice. The following are equivalent.

a) A\{0} has a unique minimal element eq (so that eof = eq for all f € A\0);
b) there exists a rational representation p: M — End(V') such that

i) V is irreducible over M.

i) p is a finite morphism.

Proof. Assume that p: M — End(V) is as in b). Suppose that e, es € A\0
are minimal elements yet e; # es. Then egMes = 0. But p(Me;)V and
p(Meg)V are M-submodules of V. Thus, p(Me1)V = p(Mez)V = V. But
then p(e1)V = p(e1)p(Mea)V = p(esMes)V = 0, so that p(e;) = 0. But this
is impossible since p is a finite morphism.

Now assume that A\{0} has a unique minimal element e. Let p : M —
End(W) be a finite morphism of algebraic monoids [82]. If we replace W by

n
W = @Wi/Wifl, where Wy C W7 C -+ C W,, = W is a composition
i=1

series of W, then gr(p) : M — End(W) is also a finite morphism since, by
regularity of M, gr(p)~1(0) = {0}. So assume that W = @ Vi where each V;

=1
is irreducible. Now p(e) # 0, since p is finite. Say p(e)(V1) # 0. Thus we let
p1 = p|Vi. Then p: M — End(V7) is the desired irreducible representation.
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Definition 7.9. Let M be as in Lemma 7.8. We say that M is J-irreducible.

The major purpose of this chapter is to determine the cross section lattices
and the type maps of J-irreducible reductive moniods. But first, let us notice
what determines the cross section lattice A and the type map X : A — 2.

Given M as in Lemma 7.8, we observe several discrete invariants.

i) the type of the representation p: M — End(V)
ii) Aeg)=Jo={s€S|seg=-eps} CS
iii) {g€ G| gey=eges} = Pley) < G.

To define the type of p, let B C G be a Borel subgroup and let L C V be the
line such that p(B)L = L. Then the type of p is the parabolic subgroup

P={geG|plg)L=L}.

These invariants all amount to the same thing. Indeed, P = P(eg) =
|_| BwB and L = eg(V). So our mission here is as follows.

weWy,

Determine the type map A : A4 — 2% in terms of A(eg) = Jo C S where
eo € A\{0} is the minimal element.

For the remainder of this section we assume that M is a J-irreducible monoid.

Lemma 7.10. Let e, f € E(M) be nonzero idempotents. Then P(e) = P(f)
if and only if eRf.

Proof. If eRf, then f = eg for some g € G. Hence fe = e. If x € R(e),
then ze = exe and so xf = xeg = exeg = fexeg = fexf. Hence f(xf) =
f(fexf) = fexf = xf. Thus, P(e) C P(f). By symmetry, P(f) C P(e).

Conversely, assume that P(e) = P(f). Assume that e € T C P(e). Now
there exists g € P(f) such that f' = gfg~* € T. Then fRf' and P(f) =
P(f"). So without loss of generality, f = f’. Now let h € E;(T) be such that
he = eh = h. Then there exists a cross section lattice A such that e,h € A.
Then

B ={g€ G| gh=hghforall h e A}
C P(e)

since e € A. But B C P(e) = P(f). Hence by definition,

fe{he E(T)|gh=hghtforallge B} =A.

Since h € A is the unique, nonzero, minimal element of A, we have fh = h.
But this is true for any h € E1(eT’) = {ha, ..., hs}, the set of minimal, nonzero
idempotents of eT'. Thus f = e since e = hy V - -- V h,. Similarly, f = fe. So

e=f.
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Lemma 7.10 is the crux of the matter. Indeed, let
A A0} — 29,

where M(e) = {s € S| se = es}, be the type map. Then P(e) = Py(). Hence
by Lemma 7.10, ) is injective. Thus it remains to find A(A\{0}) C 2° and to
recover the J-ordering on A from this image.

Definition 7.11. For e € A define

A(e) ={se S |se=es+#e}
Ae) ={s€ S |se=es=ce}.

It is easy to check that e > f implies that both A*(f) C A\*(e) and A.(e) C
A« (f). In particular, A (e) C Ai(eg) = Jp. But we can do much more here. It
turns out that we can characterize {I € 2° | I = \*(e) for some e € A\0} and
that A*(e) determines A, (e) C Jo.

First recall the graph structure on S:

s and t are joined by an edge if st # ts.

Therefore we can talk about the connected components of any subset of
S. The following theorem is the main result of [95].

Theorem 7.12. a) The following are equivalent for I C S.
i) I = X*(e) for some e € A\{0}.
ii) No connected component of I lies entirely in Jy.
Furthermore, if e > f then X\*(e) 2 A*(f)
b) For any e € A\{0}, A\i(e) = {s € Jo\N\*(e) | st =ts for all t € X*(e)}.

Proof. For b) we refer the reader to the straightforward calculation of Lemma
4.10 of [95]. For a), first notice that e — A\*(e) is an injection A\{0} — 29
since A\ is injective and it is determined by A*. Furthermore, if e > f then
eMe D fMf, while A\*(e) is canonically identified with the simple reflections
of eMe (and similarly for f). Hence A\*(e) D A*(f).

To see why i) and ii) are equivalent, we start with ey and notice that
A*(eg) = ¢; and then work our way “up”. The key step is Theorem 4.13 of
[95].

For e € A\{0} there is a canonical bijection between {f € A\{0} | f covers
e} and

{s € S| se+#es}. (%)

Hence f corresponds to the unique s with A*(f) = A*(e) U {s}.

To find f given s, consider Wi where I = A*(e) U {s}. Then it is eas-
ily checked that there is a minimal element ¢/ € AT = {e € A | we =
ew for all w € Wi} such that e'e = ee’ = e and e’ # e. This gives us “a foot
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in the doorway” since A*(e’) D u(e) U {s}. We can now find f by induction
on dim M using the J-irreducible monoid e’ Me'.
Now, given I C S as in a) ii), let

K, =S\Jo
Ky =KyU{se€I\K; | st#ts, somet € Ky}

K=K, 1U{seI\K;_1|st#ts, somete K, 1}

By definition I = K for some s > 0. But from (%) applied repeatedly, there
exists e; € A\{0} such that A*(e;) = K.

Remark 7.13. a) Theorem 7.12 provides an algorithm for calculating A and
X : A — 29 for any J-irreducible monoid M in terms of Jy = Aeg) =
A«(e0). In each case, S\ Jy corresponds to the set of fundamental dominant
weights involved in the associated irreducible representation of M.

b) One defines a reductive monoid M, with zero, to be J;-irreducible if |4;| =
1 for all j < 4. The reader can check that
i) M is Jo-irreducible if and only if Jy = S\{s} for some s € S,
ii) M is Js-irreducible if and only if Jy = S\{s} where s corresponds to
an end node on the Dynkin diagram of G. See Figure 7.1 below.
¢) One can use Theorem 7.12 to characterize other classes of J-irreducible
monoids.
i) We say that a semisimple monoid M is J-simple if each H-class of
M has at most one simple component. It turns out that M is J-
simple if and only if S is connected and M is either Js-irreducible or
S\Jo = {s,t} where st # ts. See Figure 7.2 below and Exercise 3 of
7.7.1.
ii) A(M) is a distributive lattice if and only if S\Jy is connected.

7.4 Explicit Calculations of the Type Map

In this section we illustrate Theorem 7.12 by using it to calculate the type
maps of several interesting classes of J-irreducible monoids. In our first exam-
ple we calculate the type maps associated with the adjoint representation.

7.4.1 The Type Map for the Adjoint Representations

In this subsection we illustrate Theorem 7.12 by calculating the type maps
for the monoids associated with the adjoint representations of simple groups.
Here M = K*Ad(G) C End(g) where g is the Lie algebra of G. Also, by b)
of Theorem 7.12, it suffices to calculate
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{A*(e) | e € A\{0}}

in each case. We also include the Hasse diagram of A in each case, along with
an illustration of the corresponding extended Dynkin diagram. The reader
can use the extended Dynkin diagram to “see” how Theorem 7.12 is used to
calculate A.

a) Type Ag:

52{51,...,$g}
SiSj 7& Sj8i if |Z*j| =1
‘]0 = {527" '75271}

A(AO}) = {S\{sis si15- -85} | L <0< j < LFUL{ST

—0—0 00—

52{51,...,56}
SiSj 7& S8 if |Z*j| =1

Jo=1{s1,83,...,8¢}

)

b) Type By:

A (A\O) = {¢; {s2}; {51, 82}, {52, 83}; - -
i fs1,82, 00,8, {82, 83, .., Sit1 )

co sty s {2,y 8ot {s1, -0, S0t}

000 - —0—0=0
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c) Type Cy:
S:{Sla"'asl}
SiSj#SjSi if |Z*j|:1
Jo = {s2,83,54,..., 50}

AT(AN0) = { s {s1}; {s1, 82} -5 {s1, - osiks o {sn, o sed )

foo -
%

d) Type Dy:
S ={s1,...,502,50-1,50}
sis; #s;8; if|i—jl=1landi,j<{f—1lor{ij}={0—2,(}.
Jo = {s1,53,84,...,50}

)‘*(A\O) = {¢§ {82}3 {517 52}, {82, 83}; {517 S2, 83}7 {52, 53, 54}; cee3

{s1,82,-..,80-3},{52,83,...,S0—2};
{s1,82,...,80-2},{82,83,...,80—2,80},{82,83,...,80-1};
{s1,82,...,80—-2,80},{s1,82, .-, Se—1},{S2,83,...,8¢};
{s1,82,...,8¢}}.

es) Type FEg:
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S = {51532753534755536}
SiSj 7é S5Si if {Za.]} € {{17 2}; {27 3}; {374}a {37 5}7 {57 6}}

J() = {51; 52,583, S5, SG}

N (ANO) = {5 {sa}; {53, 54}; {52, 83, 54}, {53, 54,55 };
{31) 52,53, 84}7 {52) 53, 54, 85}7 {537 54, S5, 56}7

{Sla 52, 83, 5S4, 85}7 {827 53, 54, S5, 56}; {817 52,83, 84, S5, 86}}

—og oo

e7) Type E7:

S = {81582753584755586757}
$iS; 7é 558 if {Z,j} € {{1, 2}, {2, 3}, {3,4}, {4, 5}, {4, 6}, {6, 7}}

J() = {52; 53, 54, S5, S6, 57}

A" (A\O) = {(;Sa {51}; {51; 52}7 {817 S2, 53}7 {81; S2, 53, 54}7 {817 52,83, 85}5
{31) 52,53, 54, 55}) {317 52,583, S5, 86}; ) {31) 52,53, 54, S5, 86}7

{31) 52,53, S5, S6, 87}; {31) 52,83, 54, S5, S6, 57}}

Bobgo

eg) Type Ejs:

S = {51;52753554785786557788}
5i8j # 5j8i if {ZJ} € {{15 2}’7 {253}’7 {354}5 {455}a {576}7 {577}7 {778}}’

JO = {52; S3, 54, S5, S6, S7, 88}
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A (ANO) = {o; {s1}; {51, 82}; {51, 52, 83}; {51, 52, 83}; {51, 52, 83, 54},
{Sla 52, 83, 54, 85}; {Sla 52, 83, 54, S5, 56}7 {817 52,83, 54, S5, 57};
{Sla 52, 83, 54, S5, 56, S7}ﬂ {Sla 52, 83, 54, S5, 57, 88};

{51) 52,53, 54,55, 56,57, 88}}'

T S

f) Type Fy:

S = {51552753554}
SiSj#SjSi if |Z*j|:1

JO = {327 53, 84}

X (A\O) = {¢; {s1}; {s1,52}; {51, 52, 53}; {51,582, 83,84} } .

O—o=0—-o

g) Type Gq:
S = {817 52}
5152 75 S951
Jo = {51}

AT(AN0) = {¢; {s1}; {s1, 52} } -
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=0

In each of these examples one may also interpret A\{0} as the lattice of
centers of unipotent radicals of standard parabolic subgroups.

7.4.2 Further Examples of the Type Map

In this subsection we illustrate Theorem 7.12 with two classes of pictorial
diagrams, Figure 7.1 and Figure 7.2.

In Figure 7.1 we calculate (A, A) for all J-irreducible monoids with Jo =
S\{s}. These cross section lattices correspond to J-irreducible monoids that
arise from dominant weights p of the form p = aw, where w is a fundamental
dominant weight.

In Figure 7.2 we calculate (A, A) for all J-irreducible monoids with Jo =
S\{s,t} and st # ts. These cross section lattices correspond to J-irreducible
monoids that arise from dominant weights p of the form p = aw; + bws where
w1 and wo are adjacent fundamental dominant weights. See Exercise 3 of 7.7.1
for another characterization of this class of J-irreducible monoids.

The structure of J-irreducible monoids has a peculiar, but interesting rela-
tionship with irreducible representations. The following result is originally due
to S. Smith [126]. It becomes useful in the development of Putcha’s abstract
theory of monoids of Lie type. See Chapter 10.

Proposition 7.14. Let p : G — GL(V) be an irreducible representation and

let P < G be parabolic with U = R,,(P) such that B C P. Let M = K*p(Q)
be the associated J-irreducible monoid, with A, T and B as usual. Then

a) VY is an irreducible P/ R, (P)-module
b) e s VEPE) s g 1-1 correspondence between A\{0} and {VF«() | P D
B}.

Proof. Assume first that P = P(e) for some e € A\{0}. Let W = VY. Since
V is irreducible, we have that W5+/U = VBu is one-dimensional. Hence W
is an indecomposable P/U-module. Now e € Cg(e) and so e : W — W is a
C¢(e)-module homomorphism. Hence

W =e(W) & ker(e)

as Cg(e)-modules. But, as already mentioned, W is indecomposable. Hence
ker(e) = 0 and W = e(W) = ¢(V). But ¢(V) is irreducible over eMe by an
easy calculation as in Proposition 5.1 of [95]. Thus, e(V) = V'V is irreducible
over P.
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Ap,Bpn,Crn, F4,Go :

[ <$> "
A*fﬁ@?§f

ek 997

60000

Fig. 7.1. A\{0} for Ja-irreducible monoids. This is the case where Jo = S\{s}.
Each lattice is labeled by S\Jo.
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An,Bn,Cn, Fy,Gs :

1,2 2,3 n—3,n—2 n—2,n

4

E6;~—0—I—o—c

1 2 3 5 6

1,2 2,3 3,4 3,5 5,6
5

E7;~—0—0—I—0—c

1 2 3 4 6 7

1,2 2,3 3,4 4,5 4,6 6,7

7,8

Fig. 7.2. A\{0} for J-irreducible monoids with Jo = S\{s,t} and st # ts. Again
each lattice is labeled by S\Jo.
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Now assume that P < G is any standard parabolic subgroup. We can then
find e € A\{0} such that eCg(e) = eCp(e) and P C P(e). Indeed, let P = P,
and write I = \* U A\, where A, C Jy consists of all connected components
of I lying in Jy. Then e € A\{0} is the unique idempotent with A*(e) = A*.
Hence

e(V) — Y Ru(P(e) D v Ru(P)

But R,(P)e = {e} and so e(V) C V() also. This completes the proof.

It turns out that any subspace of V, of the form VU (where U is the
unipotent radical of some standard parabolic subgroup @ = Py), is already
of the form VY = e(V) where e € A\{0}. In fact, e € A\{0} is the unique
minimal element of {e € A\{0}|se = es for all s € I'}. For more detail, see
Corollary 5.4 of [95].

7.5 2-reducible Reductive Monoids

In this section we study the orbit structure of semisimple algebraic monoids
with exactly two nonzero minimal orbits. These results were first obtained in
a joint paper with Putcha [98].

The case of one minimal orbit was diccussed in the previous section. The
present situation is more complicated, but our results are still very precise and
revealing. We associate with each 2-reducible monoid M, certain invariants
(I4,1-) and (A4, A_). These invariants are not entirely independent, but
should be regarded as the minimal information needed to determine the much
sought after type map of M. We end the discussion with two carefully chosen
examples. The first one illustrates how the Cartan matrix is used in calculating
(Ay, A_) from (I4,I_) and the polytope of M.

Vinberg obtained a similar description of the G x G-orbits of his universal,
flat deformation monoid Env(Gyp) of the semisimple group Gg. See § 6.3 for
a summary of these results.

A reductive monoid M is 2-reducible if M\ {0} has exactly two minimal
G x G-orbits. Given a 2-reducible monoid M, we obtain certain invariants
(I4,1-) and (A4, A_). From these, we calculate the cross section lattice A,
and the type map of M. But (I_,I;) and (A4, A_) are not entirely inde-
pendent; and it appears that the final answer depends on the “shape” of the
inverse of the Cartan matrix; and not just the shape of the Dynkin diagram.

7.5.1 Reductive Monoids and Type Maps

Let M be reductive with unit group G, and let A be the cross-section lattice
of M, relative to T and B. Then

A={e€ E(T) | Be = eBe}.
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We let
A" = A\{0},
so that by Theorem 4.5 ¢)
M =| | GeG.
ec/

Since A is a lattice, it has two operations, the meet A, and the join V. The
meet of e, f € A is just there product ef in M. The join of e and f is the
smallest idempotent h € A with he = e and hf = f.

In this section, we regard the type map

A:A— 248

as taking values in the set of subsets of A, the set of simple roots. This slight
change of notation should not cause difficulties.

Lemma 7.15. Let W(e) = Wy) = {w € W | we = ew}, the associated
parabolic subgroup of W. Let W, (e) = {w € W | we = ew = e}, and W*(e) =
{we W | we =ew # e}. Then

a) Au(e) = ﬂfge A(f) and Wi(e) = ﬂfge W(f);
b) A*(e) = Mgz AS) and W*(e) = (N>, W(S)-
It follows from Lemma 7.15 that
i) for e € A, A(e) = M (e) U A (e);
ii) for e, f € A, Me) NA(f) S AeV f)NnA(eA f);
iii) for e € A, W(e) = W*(e) x Wy (e);
iv) ife > f then A.(e) C A\ (f) and A*(f) C A*(e). Furthermore, A* restricted
to eMe is the \* of eMe, and A, restricted to M, is the A\, of M.

Here, eMe is the reductive monoid with unit group eCg(e), and M, = G,
where G. = {g € G | ge = eg = e} M, is also a reductive monoid.

Definition 7.16. Let M, A and )\ be as above. Let A1 C A be the subset of
nonzero minimal elements.

a) The core C of A is

C={ecA|le=e1V---Veg, forsomee; € A1}.
b) Define 0 : A" — C' by

Oe) =V{fe A [ f<e}

so that, if e1 < eq, then 0(e1) < 0(e2).
¢) Write A" = | |, cc An, where Ay = 071(h)
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Recall that a reductive monoid M with zero is semisimple if dim(Z(G)) =
1. For any semisimple monoid M, there is a special relationship between A’
and S C X(T). If o € A then by Theorem 10.20 of [82] there exists e, € A’
such that P(eq) = Pa\{a}- Morover, e, is unique. See Lemma 7.22 below.

Definition 7.17. Let C C A’ be the core.

a) Define m: A — C by w(a) = 0(eq).
b) Write A = UpecAn, where Ay = 7~ 1(h).

Proposition 7.18. a) Ife € Ay, then
Ae(e) = {a € Mi(h) | sasg = sgsa forall B € X*(e)}.
b) If e € Ay, and f € Ay, then
e < fif and only if h < k and X*(e) C N*(f).

Proof. Consider a). Since e > h, A(e) C A.(h). Let a € A*. Then since
Wi(e) = W*(e) x Wi(e), sasg = $3Sq for all § € X*(e).

So it remains to prove the reverse inclusion. Now E(eT) is the face lattice
of a polytope (see Section 4). Therefore e is the join of the nonzero minimal
idempotents of F(eT). Hence

e=V{zdz e € Ay, e>e, x € WH(e)}).

Let oo € A(h) be such that sos3 = sgsq for all 8 € A*(e). Then sz = x5,
for all x € W*(e). Let ¢ € Ay be such that e > €’. Since e € Ay, h > €'. Let
x € W*(e). However, o € \*(h). Hence

1 1 1 1 1

sere’x ™t =xsqerT =zl = xe’sqrT! = 2’ sy,
By the above join formula for e, and Proposition 7.5 of [82], sq& = #8,. Thus,
sa € W(e). Now s, commutes with all the nonzero minimal idempotents in
E(eT), and thus, esq has the same property. Thus, es, commutes with all
idempotents of of €T'. Since eW (e) acts faithfully on E(eT), it follows from
Chapter 10 of [82] that es, = e. Hence s, € W, (e) and « € A, (e).

For b), let h < k and A*(e) C A*(f). Let €’ € A; be such that e > e’. Then
e <h<k<f. Letx € W*(e) C W*(f). Then,

fee'z™t =afe’a™! = xelxL.

Hence ze’z~! < f. Therefore by the above join formula for e, e < f. The
converse is clear.
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7.5.2 The Type Map of a 2-reducible Monoid

Let M be a 2-reducible, semisimple monoid. Our terminology is well chosen
because of the following proposition.

Proposition 7.19. Let M be a semisimple monoid. The following are equiv-
alent.

a) M is 2-reducible;
b) i) there is a rational representation p : M — End(V & W) so that p is
finite as a morphism, and V and W are irreducible M -summands;
1) M is not J-irreducible.

Proof. If M is 2-reducible, let A; = {e, f}. There exist irreducible represen-
tations p1 : M — End(V) and py : M — End(W) such that pi(e) # 0 and
p2(f) # 0. It is easy to check that p = p; @ pa does the job. Conversely, if
the conditions of b) are satisfied, let A1 = {es,...,e,}, where r > 2. We can
assume that e; (V) # 0. But then e; (V) generates V as an M-module, and
so e2(V) = 0 since e;Ges = 0. Thus ea(W) # 0. But now for any ¢ > 2,
e;(VeW)=0. Thus r = 2.

In this section, we determine A and A : A — 24 in terms of certain
invariants (I;,1-) and (A4, A_).
Write
/11 = {€+, 6_}.
Then
C= {eJra €—, 60}7

where eg = e; Ve_. Let
I, = Xieq), I- = Ai(e—) and Iy = Ai(ep).
Then
lIy=1.Nn1I_.

By 7.16 c),
A=A, UA_ LA

and by 7.17 b)
A=A, UA_UA,
where Ay =77 ey ), A =7"Ye_), and Ag = 7 1(eg). Hence

i) ae Ay ife, > ey and ey 2 e_;

ii) ae A_if e, > e_ and e, 2 ey;
iii) o € Agifeq > e and e, > e_.

See the paragraph preceding Definition 7.17 the definition of e,. By Proposi-
tion 7.18, our problem is reduced to determining A*(A4), A*(A_) and A*(Ap).
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Remark 7.20. If M is 2-reducible but not semisimple, then dim(Z(G)) = 2.
One can then show that, in this situation,

a) M* (A1) = {X C A| no component of X isin Iy}
b) A*(A_) = {X C A| no component of X is in I_}
¢) A*(Ap) = {X C A| no component of X is in Ip}.

In this case, M is a special case of the multilined closure with n = 2. Here n
is the number of minimal G x G orbits of M\{0}. The multilined closure is
an appealing situation where the lattice of orbits and the type map can be
written down directly in terms of the types of the minimal orbits. This has
been described in generality in Chapter 6. See also Remark 7.21 below for the
case n = 1. In any case, the semisimple case is more complicated. It is also
more interesting.

Remark 7.21. We shall freely use the results from § 7.3 about J-irreducible
monoids in the proof of Theorem 7.23 below. Notice that Proposition 7.18
includes Theorem 7.12 as a special case.

We now return to the 2-reducible case.
Lemma 7.22. Ay # ¢ and A_ # ¢.

Proof. Choose a maximal e € Ay. Then e is covered by some f € Ay. Fur-
thermore, f is unique, since if e is also covered by h € Ay, and f # h, then
e = fh > ep, a contradiction. Thus, both fM f and My are J-irreducible,
and hence semisimple. Hence A(e) = A\{«a} for some o« € A. This e € A is
actually unique with A(e) = A\{a}. (The connnected center Z of Cg(e) is
two dimensional. So Z has exactly four idempotents {e, f,0,1}. P(f) is the
opposite parabolic of P(e). But then B € P(f), so that f ¢ A.) In any case,
a € Ay, Similarly, A_ # ¢.

As we already mentioned, we want to determine A : A — 24 in terms
of I, _,A; and A_. By Proposition 2.5, it suffices to determine the sets
A (A4), A*(A-) and A*(Ap). Let

A+ ={X C A| no component of X is contained in I, Ay € X}

A_ ={X C A | no component of X is contained in I_, A_ Z X}

Ao = {X C A | no component of X is contained in Iy, and either A, €
Xand A_ € Xorelse AfUA_ C X},

Theorem 7.23.
a) \"(Ay) = Ay;
b) N (A)=A_;
C) )\*(/10) = .Ao.
In all cases, \* is injective.
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Proof. Suppose first that X € A;. Then a ¢ X for some o ¢ A, . By Theorem
10.20 of [82], there exists e € A4 such that A(e) = A\{a}. Hence X C A(e).
By Proposition 7.18 a), X C A*(e). Now eMe is a J-irreducible monoid of
type Iy N A*(e). Since no component of X is contained in I, there exists
f < e such that \*(f) = X. Clearly, f € A,.

Conversely, let f € A;. Let e € Ay be maximal such that f < e. By
the proof of Lemma 7.22, |A(e)| = |A| — 1. Hence A(e) = A\{a} for some
a € Ay, Also, M.(f) C Ai(e) € A\{a} by iv) following Definition 7.16. Hence
M*(f) € Ay, by Proposition 7.18 a).

Similarly, A*(A_) = A_.

To prove ¢), we proceed by induction on dim(M). Let f € Ag. Then f <e
for some maximal e # 1. So eMe is a 2-reducible monoid. First, suppose that
eMe is not semisimple. Then by Remark 7.20, A(e) = A\*(e) = A\{aq, a2}
By Proposition 7.18, ay, as € Ag. Suppose that a1, as € Sy. Then there exist
e1,ez € Ay such that M(ey) = A\{a1} and A(ez) = A\{az}. By Remark 7.20,
there exists h € Ay such that e covers h and A(h) C A\{a1, az}. By Proposi-
tion 7.18 b), h < e; and f < ea. But {1, s, h} is a maximal chain in E(T}).
So dim(T},) = 2, while {1,e1,e2,e,h} € E(T}). This is a contradiction since
|E(T}1)| = 4 for such D-monoids. Similarly, a1, as € A_ leads to a contradic-
tion. So assume that a3 € Ay and ay € A_. Then by Proposition 7.18 b),
A (f) € M (e) = A\{a1,az}. Hence M (f) € Ap.

Next assume that eMe is semisimple. Then A(e) = A*(e) = A\{S} for
some (8 € Ay. Correspondingly, in eMe, let

A\{B} = AL UA LA

Let Ay denote X in eMe. We claim that A, = A/, . Let o € A,. Since eMe
is a semisimple monoid, there exists e; < e such that A\j(e1) = A\{«, 5}. If
Aer) = A\{a}, then e; € A4, and hence a € A!_. So assume that A(e;) =
A\{a, 8}. Now A(ez) = A\{a} for some es € A;. However,

BEN(e2) = A(e2) CA\{f} = ez <e.

But
e2<e = M(e2) =A\{o, 8} = e1=e; = ac A,

Therefore let § € A*(e2). Since ex € Ay, eaMes is J-irreducible, and hence
semisimple. Let Ao denote A\ for esMes. There exists es < e such that

Aa(e3) = Aa(e2)\{B}. hence
A\{e, B} = Ai(e2) U (A" (e2)\{B}) € Az(es) U Au(ez) © Ales).

If A(eg) = A\{B}, then e3 = e € Ap, a contradiction. Hence A(es) = A\{«, 8}.
By Proposition 7.18 b), ez < e and so o € A’,. Thus, A, C A’,. Similarly,
A_CAL.

Suppose that o € A’ , o ¢ A,. Then o ¢ A_ since A_ C A’ . Hence
a € Ag. There exists e; € Ay with e; < e such that A\j(e;) = A\{«, 5}. Since
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a g Ay, Mep) # A\{a}. Hence A(e1) = A\{«q, 8}. Now A(e2) = A\{a} for
some ey € Ay, since o € Ap. By Proposition 7.18 b), e; < es. Hence e1 < ees.
By ii) of § 7.5.1

A\{a, B} = (A\{a}) N (A\{5}) € Alees).

By Proposition 7.18 b), A(eez) # A\{a} or A\{G}. Hence A(eez) = A\{«, 8}.
Hence Ai(e1) = Mi(eez) = A\{w, 8}. Since eMe is semisimple, e; = eez € Ao,
a contradiction. Hence A’ C A, and so A/, = A, Similarly, A” = A_. By
the induction hypothesis, \*(f) € Ag. Thus, A*(Ag) C Ap.

Conversely, let X € Ag. Suppose first that Ay UA_ C X, X # A. Then
X C A\{S} for some 8 € Ag. There exists f € Ap such that A(f) = A\{5}.
If fMf is semisimple, then A, = A, and A’ = A_ as above; and by the
induction hypothesis, A*(f') = X for some [’ € Ao, f' < f. If fMf is not
semisimple, then the same is true by Remark 7.21.

Suppose next that AL ¢ X and A_- € X. Let « € A, € A_ be
such that X C A\{«, 8}. We first show that there exists f € Ay such that
A f) = A\{e, 8}. Now there exists e € Ay such that A(e) = A\{a}. Then
M, and eMe are both semisimple. Suppose that 3 € A.(e). Then there exists
f > e such that A\ (f) = A*(e)\{B}, where Ay is A for M,. So in M (using iv)
following Lemma 7.15),

A\{a, B} = (A (e)\{B}) U (e) € A(S).

Since f > e > ey, f & A_. Hence, A\(f) # A\{B} and so A(f) = A\{«, 5}.
So e is central in fM f, and thus fM f is not J-irreducible. Hence, f & A,.

Thus f € Ap.
Assume next that 8 € A\*(e). Then there exists e; < e such that A\ (e1) =
A« (€e)\{B}, where A1 is A for eMe. So by iv) just following Lemma 7.15,

A\{a, B} = (A" (e)\{B}) U Ax(e) € Aler).

Since e1 < e,e; € A_. Hence A(e1) # A\{3} and so A(e1) = A\{«, 5}. Hence
e is central in M., . Thus M., has at least four central idempotents. So let f be
a central idempotent of M., such that f & {1,e,e1}. Then A\{a, B} C A(f)
by iv) again. Since f > e1, f € A_ and so A(f) # A\{B}. Since [ # e,
A(f) # A\{a}. Thus A(f) = A\{«, 8}. If f € A4, then fM f is J-irreducible,
and e is a central idempotent: a contradiction. Hence f € Aj.

There exists f € Ao such that A(f) = A\{«, 8}. Hence either My is not
semisimple, or fM f is not semisimple. Suppose that M; is not semisimple.
There exists f* > f, f # 1, such that f’ is central in Mj. By iv) just after
Lemma 7.15, A\{«, 3} C A(f'). Since f' € Ag, a € Ay, f € A_, A(f') #
A\{a} and A(f") # A\{B}. Hence A(f’) = A\{a, §}. Thus by iv) again, and
Proposition 7.18 b), f = f’: a contradiction. Consequently M/ is semisimple.
But then fMf is not semisimple. Since X C A\{a,(}, X C A.(f). By
Remark 7.21, \*(f') = X for some f’ € Ay, f' < f. Thus A C \*(Ap). This
concludes the proof.
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Corollary 7.24. The partial order on A is determined as follows. Let e, f €
A. Then the following are equivalent:

a)e< f;
b)) A\ (e) CX(F), and
e felA;e,feA ;e feAy;e€e Ay, feNy;orec A, feE A.

Proof. This is straightforward using Proposition 7.18 and Theorem 7.23.

7.5.3 Calculating the Type Map Geometrically
In the previous section we found the exact description of the type map
A:A— 24

of a 2-reducible monoid by first identifying the necessary combinatorial invari-
ants (I+,71-) and (A4, A_, Ap). In this section we determine some geometric
refinements of that situation by calculating the decomposition

A=A, UA_UA,

in terms of the coordinates of A1 = {e;,e_}, thought of as vertices of the
polytope P of M. The problem here is to determine which decompositions of
A are possible for a 2-reducible monoid M of type (I, I_). This is no longer
a purely combinatorial problem.

Let M be a 2-reducible, semisimple monoid, and let T', T, A, etc. have the
usual meanings. As above, let P be the polytope of M. By Theorem 7.5, we
have a canonical bijection

v: Ay — {x,y}.
We write ¢(e4) =« and t(e—) = y where {z, y} is the set of vertices of P that
are contained in X (7)* @ QT. Let Bd(?P) be the boundry of P. For a € A let

i) Ho = Spang(A\{a})
ii) HI = Coneg+(A\{a}).

For a € A, let wy € X(T)T ® Q* be the fundamental dominant weight that
is orthogonal to H,.

Lemma 7.25. For any o € A there is a unique zo € QT w, such that
(za + Ho) NP = (24 + Hy) N Bd(P) # ¢.

Furthermore,

1) 2o € Bd(P)
1) (zo + Hy) NP is the face F of P corresponding to e,.
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Proof. Let e = e, be the unique idempotent such that A(eq) = A\{a} (see
Lemma 7.22). Let F' € F be the face of P corresponding to e € A. Then
QFwa C fe,

and thus QTw, N F = {z,} (since F is a subset of z, + H,, it must be
orthogonal to Qu,). Clearly, F' C Bd(P).

Let I = A\{a}. Then F is Wi-invariant. Thus F — z,, is also Wj-invariant.
But Qua N (F — z4) = {0}, and so (F — 2,)"" = {0}. Thus F — z, C H,.
Hence F' C H, + z,.

The author would like to thank Hugh Thomas for the proof of the following
Lemma.

Lemma 7.26. The following are equivalent:

a)x € zo + Hy
b)x € zo+HY
c) et < eq.

The corresponding result holds with x replaced by y and e replaced by e_.

Proof. For a € A, let C1 = Cone({wq}) and Cy = Cone((A\{a}) U {wa}).
We claim that C7 C Cs. It suffices to show that wg € Cs for any 5 € A\{a}.
Now

X(T)®Q: H, @@Waa

an orthogonal decomposition. So let
w3 =T+ Cwq.

It suffice to show that

i) ¢> 0, and
ii) z € Cone(A\{a}).

To get 1), we use the inner product. Since wg = = + cwy, we obtain
<Wgy,Wa >=< T,Wa > +C < Wq,Wo > .
But < x,w, >= 0, so that
c=<wg,Wq > [ < Wa,Wa >,

and it is well known that this is non-negative.
To get ii), first notice that

< B, >=< fwg — cwy >=< B,wg >=1.

But if v # 3, a, we obtain
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<7, T >=<1,wg — cwy >= 0.

So x is the dual of 8 in the root system (H, A\{a}). But it is well known
that, for any root system, the cone generated by the fundamental weights is
contained in the cone generated by the positive roots, since the inverse of the
Cartan matrix has positive entries. This proves the claim.

Now let € = Cone({wq|ar € A}). We claim now that

(20 + Ho) NC) = (2 + HY)NE.
From our first claim,

C= U(rzaJrH;')ﬁG:G: U(rzaJrHa)ﬁG.
>0 >0

But (rzo + Ha) N (826 + Ha) = ¢ if r # s. Hence
(20 + Ha) NC) C (2o + HN) NEC,

and this establishes the second claim.

Now assume that © € z, + H,. Then since x € P N C, we get from the
claim that = € z, + HJ. So clearly, a) and b) are equivalent. Also a) and
c) are equivalent since, from Lemma 7.25, (zo + H,) N P is the face of P
corresponding to e, € A; while x € P is the vertex of P corresponding to e.
This completes the proof.

Corollary 7.27. For each a € A, either x € zo + H,, or else y € zo + H,.
Proof. {eq,eq,e_} C A", while Ay ={ej,e_}. Thus e, > ey orelseey > e_.

Theorem 7.28. Write x —y = roa, where ro € Q.

acA

a) The following are equivalent:
i)re >0
i) eq € At
W) x €20 + HY, y & 20+ H.
b) The following are equivalent:
i)re <0
i) eq € A_
W)y € za+ Hf, o & 20+ HI.
¢) The following are equivalent:
i)re =0
ZZ) eq € Ay
i) r € 2o+ HY, y € 2o + HT.

Proof. In each case, it suffices to show that i) and ii) are equivalent since, by
Lemma 7.26, ii) and iii) are equivalent. By Corollary 7.27, exactly one of a)
ili), b) iii) or ¢) iii) occurs.
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In case a), v € 2o + H} and y & 2 + H. Then

T =Zo+ Z agf
BF#o
and
Y =2zo+ Z bgp.
peA

But b, < 0, since y lies in the bounded part of €\ (z, + Hy), and thus “below”
the hyperplane z, + H,. Hence

T—y= Zagﬁ— Zbgﬁ: Z(ag—bg)ﬁ — by
B#a BeA B#«

Hence 7o = —by > 0 here. Case b) is similar to case a).
In case c) we can write

T = 2o+ Z agf
Bra
and
T =Zo + Z bgp.
BFa
Hence

z—y=Y (ag—1bp)B
Ba

and thus, r, = 0 in this case.

7.5.4 Monoids with I, = A\{a} and I_ = A\{3}

In this section we exhibit some explicit calculations of the type maps of 2-
reducible monoids. We restrict our attention to certain monoids with group
G = Gly41(K). The general problem here is to determine all possible
(4, —, 0)-decompositions of A that can actually occur for the given Iy and I_.
We do not yet have a general solution to this intriguing problem. However,
our calculations indicate that it has something to do with linear programming
problems involving the inverse of the Cartan matrix.

So let G = Gl,,11(K), and let us consider 2-reducible, semisimple monoids
M with unit group G. Let A = {aq,...,a,} be the set of simple roots of G,
and {wi,...,w,} the set of fumdamental, dominant weights. Then it is well
known that, for s =0,...,n —1,

m+Dwit1 = (n—Dar+2(n—i)as+--+(i+1)(n—i)aip1+- -+ (i + 1)a,.

For convenience, we let
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Tiy1 = (’I’L + 1)wi+1.

Let M be a 2-reducible, semisimple monoid with unit group G and assume
that I; = A\{a1}, I- = A\{«@;+1}. The polytope P of M is the convex hull
of the W-orbit of {z,y} C X(Tp) ® Qt. Hence z is a rational multiple of
x1, and y is a rational multiple of x;41. Without loss of generality, x = x;
and y = rx;41 for some r > 0. By the results of Theorem 7.28, we need to

calculate .
r—1Yy= Z T,
i=1

But that is elementary, and we obtain
)rij=n—j+1—j(rn—1)ifj<i
i) ry=01-@GC+1)r)(n—g5+1)if j > i.

By Corollary 7.27, we must have
i) n—r(n—14) >0, and
i) (1—-(G+1r)<0.

Hence
1/(i4+1) < r < n/(n—1).

For certain special values of r, r; can be zero. These values are

r=(n=35/0+1n—10.

In any case, it is an elementary calculation. We summarize our results as
follows.

Theorem 7.29. Let M be a 2-reducible, semisimple monoid with unit group
Gloy1(K), and assume that I, = A\{a1}, I = A\{ait1}. Write x = 24,
y =r1xi11 as above. Then

a)1/i+1) <r<1/(l—1);
b)if1<j<i—1landr=(n—7)/G+1)(n—1) then

AJr :{ala"'aaj}

A= {aj+2,...,an};
c) i]}‘LOgjgi—l and (n—7—1)/(G+2)(n—i) <r<(n—3)/G—i)(n—1)

then
Ay ={oa,... 0541}
A= {aj+27"'a05n}‘

It is now possible to calculate A and A in each case using Theorem 7.23. The
details are left to the reader.
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7.5.5 Monoids with I = ¢ and I_ = ¢

It is easy to characterize the pairs (I;,]-) that can actually occur as
(Me(eq), Ai(e—)) for some 2-reducible semisimple monoid M with A; =
{e4+,e_}. Indeed, let A, B C A be any two proper subsets. Then (4, B) =
(I4,I_) for some semisimple, 2-reducible monoid M if and only if either

i) A # B, or else
ii) A= B and |[A\A| > 2.

In particular, I, = I_ = ¢ is possible; in fact generic. Notice that this is
equivalent to {z,y} being a subset of C°, the interior of €.

Theorem 7.30. The following are equivalent:

a) there exists a 2-reducible, semisimple monoid M with I, = I_ = ¢ and
(AJra A*) = (Uv V)7
b)U £, VA£PandUNV = ¢.

Proof. Obviously, a) implies b). So assume that U,V C A satisfy b). Define

5:204726.

aelU peV

It is then easy to find 2,y € €° so that x — y = 6. Then apply Theorem 7.28.

7.5.6 (J,0)-irreducible Monoids Revisited

In this section we use the results of Theorems 7.23 and 7.28 to study the
orbit structure of certain reductive monoids M with involution o : M — M.

Definition 7.31. Let M be an reductive monoid with zero, and suppose that
o: M — M is a bijective morphism of algebraic monoids. We say that (M, o)
is (J,0)-irreducible if the map induced by o is transitive on the set of minimal
G x G-orbits of M\{0}.

(d,0)-irreducible monoids were studied systematically by Z. Li and the
other authors of [51, 52, 53]. In all cases, except those that contain D4 as a
component, o2 induces the identity morphism on the set of G' x G-orbits of M.
In such cases, M is a 2-reducible monoid precisely when M\{0} has exactly
two minimal G x G-orbits and o exchanges these orbits. In this section, we
discuss several examples where M is 2-reducible and semisimple, and o is
actually an automorphism of M of order two. The purpose of Theorems 7.23
and 7.28 is to identify the minimal information (i.e. AL and A_) needed to
get the type map of M.
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Erxample 7.32. Let M be a 2-reducible, semisimple monoid with unit group
Glg(K). Assume that there is an automorphism o : M — M such that 02 = id
and o|Glg(K) is transpose-inverse.

Let I = {A1,...,)As} be the set of fundamental dominant weights of
Sls(K). Then o induces the following involution ¢* on F:

0'*()\1') = )\G—i-
From Table 2 on page 295 of [69] we obtain

1
A — A5 = 6(4041 + 209 — 2004 — 4045),

and 1
Ay — M\ = 6(2041 + 4o — day — 2a5).

Now any 2-reducible, semisimple monoid M has a representaion p : M —
End(V @ W), as in Proposition 7.19. If V' is the irreducible M-module with
highest weight A € X (T')4, then W is the irreducible M-module with highest
weight o*(\) # A. Write

A = a1 + ag g + azA3 + asd s + as s

where a; > 0, and either a; # as or else az # a4 (so that o*(A\) # ). In any
case,

A—0"(A\) = =([4(a1 — a5) + 2(a2 — a4)]a1 + [2(a1 — a5) + 4(az — aq)]as)

D] = | =

— —([2(@1 — a5) + 4(@2 — a4)]a4 + [4(@1 — a5) + 2(&2 — a4)]a5).

Now

Iy = {a;|a; # 0}
I_ = {Oéi | ag—; 7é 0}

Notice that in all cases A_ = {ag_; | a; € Ay}, while az € Ay UA_. So it
suffices to calculate the possibilities for Ay in terms of A.

1. Ay ={a1, s} if 2(ag —as) + (a2 —aq) > 0 and (a1 —as) +2(az —aq) > 0.
2. Ay ={ay,a4} if 2(a1 —as) + (a2 —aq) > 0 and (a1 —as)+2(az—aq) < 0.
3. A ={aa}if 2(a1 — as) + (a2 — aq) > 0 and (a1 — as) + 2(az — aq) = 0.
4. Ay ={ag} if 2(a1 — as) + (a2 — ag) = 0 and (a1 — as) + 2(az — aq) > 0.

All other feasible data are obtained by reversing the roles of A and o*()).
But we obtain no new monoids. The potential cases with Ay = {1, a5} or
{aa, a4} are not possible. Also, any situation where |A| > 3 is not possible.

We see from Theorems 7.23 and 7.28 that the type map of M is now
determined in each case.
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Erxample 7.33. Let M be a 2-reducible, semisimple monoid with unit group
K*SO2,(K) C Glan(K). Assume that there is an automorphism o : M — M
such that 02 = id and ¢|SO3, (K) is transpose-inverse.

Let FF = {A1,..., -2, \n—1,An} be the set of fundamental dominant
weights of SOg, (K). Then o induces the following involution ¢* on F:

0'*()\1') = )\Z if ¢ S n — 2,
and
0" (A1) = An, 05 (An) = Ana.
From Table 2 on page 296 of [69] we obtain
1
Am = An—1 = 5(_an—1 + o).

As in the previous example, any 2-reducible, semisimple monoid M has a
representaion p : M — End(V @ W), according to Proposition 7.19. If V' is

the irreducible M-module with highest weight A € X (T);, then W is the
irreducible M-module with highest weight o*(\) # A. Write

A=ai A+ a2+ -+ an_2An_2 + Gn_1An—1 + anA,

where a,, # an—1, (so that c*(A) # \). Then

Gp — Ap—1

A—o*(\) = ?(—an_l + ).
Now
I = {a; | a; # 0}
I Z{Oéi |a_17é0}
where @, = an_1, Gn_1 = an, and a; = a; if i < n— 1. Notice again that, in all
cases, A_ = {@ | o € A} }, and so we only need to consider the possibilities

for Ay in terms of A. There are just two cases:

1. Ay ={an_1} if an_1 > ap;
2. Ay ={aptifay, > an_1.

Again we see from Theorems 7.23 and 7.28 how the type map of M is
completely determined in each case. The details are left to the reader. Notice
that the two cases yield the same monoid M, since ¢* exchanges a,,_1 and
Q-
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7.6 Type Maps in General

It is certain that the combinatorial classification of type maps of all semisimple
monoids M is a “dead end” problem. Indeed, it appears to include the com-
binatorial classification of all rational polytopes as a proper subproblem. But
there are still some interesting questions here. It is clear that the type map is
the combinatorial glue that makes the monoid structure possible. But it may
also be (as it is for the case of two 0-minimal J-classes in Theorem 7.28) an
important combinatorial manifestation of the classification data of reductive
monoids.

In this section, we speculate on the likelihood that the set of isomorphism
classes of reductive monoids may have the structure of a union of rational
polyhedral cones, similar to the data one obtains from a non affine torus em-
bedding. Each face appears to represent the set of isomorphism classes of
monoids with the same (fixed) type map. The order relation between these
faces should represent a particular combinatorial degeneracy of that type map.
This speculation leads us to a number of interesting results about the geo-
metric underpinnings of type maps.

Let G be a semisimple algebraic group with maximal torus T'. Let X (7))
be the set of characters of T' and let A C X (T') be the set of simple roots. As
usual, let

C={zeXT)®Q| <ayz>>0forallac A}
be the Weyl chamber of £ = X (T) ® Q associated with A.
Definition 7.34. If z1,...,x, € C, we say that {x1,...,z,} is stable if, for

each i # j,
T; — X5 = E Tal

acA

has the property that ro <0 for some o € A, and rg > 0 for some f € A.

Congecture 7.35. The following are equivalent for {z1,...,2,} C C:

a) {x1,...,2,} is stable,
b) Each z; is an extreme point of the convex hull of {w(z;) | w € W, i =
1,...,n }.

Question 7.36. Write A1 = {x1,...,2,} C C. Define, for a € A,
Ta * Al X /11 — Q

by the rule
r—y=Y ralz,ya

acA
Then
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a) 7o (2, y) + ra(y, 2) = ra(w, 2);
b) ra(2,y) = =raly, z);
c) if & # y then there exists «, § € A such that 7 (x,y) > 0 and rg(z,y) < 0.

Does any collection {r, : A; x A; — Q} satisfyting a), b) and ¢) come
from a subset A; C C7 If not, is there an interpretation?

Given A;,A] C € as in Definition 7.34 we say that A; and A} have the
same shape if there is a bijection p : A; — A} such that

a) Wy = W, for each x € Ay
b) ro(z,y) = 0 if and only if ra(p(z), p(y)) =0
¢) rol(z,y) > 0 if and only if 7, (p(z), p(y)) > 0.

We do not claim here that, if A; and A} have the same shape, then they
come from monoids with the same type map. This does not seem to be true,
although we do not yet have any revealing examples.

Proposition 7.37. Assuming the above conjecture is true, the bijection p :
Ay — Al is unique if it exists.

Proof. Suppose that there there are two, say p: Ay — A} and 0 : A1 — A].
Then let » = p~t oo : Ay — A;. Notice that v satisfies a), b) and c¢) above.
By Conjecture 7.35, there exists a € A such that

ro(x,(x) > 0.

Thus,
ra(¥(z), ¥*(x)) > 0,

ra(Y"7 (@), ¢" (@)

Also, where we assume that ¢"(z) = z. In any case,

Zra(wifl(w),wi(x)) > 0.

However,

0= (z = () + (@) = ¥*(@)) + - + (" (z) = ¥"(2))
=Y ralw,@)a+ -+ Y ra(@" (@), 9" (@)

acA a€A
=Y O ra@ @), ' (@)a
acA i=1

Thus, Y1, ra (¥ (z), ¥ (z)) = 0, since A C E is a Q-basis. This contradic-
tion finishes the proof.
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We conclude that, if A; and A} have the same shape, then we can add
them as follows.
Let p : Ay — A be the unique bijection that evidences A; and A] of the same
shape. Then define the sum of A; and A as

A ={x+p(x) |z € &1},
Proposition 7.38. A has the same shape as A;.
Proof. Define ¢ : Ay — AY by ¢¥(z) =z + p(z). Now for x € Ay,
z,p(z) € (B" ne)’,

which is closed under addition. Hence x+ p(z) € (EW+= N€)? as well, and thus
Wy = Way (), since

(EM=ne)°l ={ycC|W,=W,}.

To finish the proof, notice that

2+ p(x) = (W +pW) = Y (ra(@,y) +ralp(@), py))e.
acA

Hence rq(z,y) = 0 implies that ro(p(x), p(y)) = 0, which implies that rq(z +
p(x),y + p(y)) = 0. Similarly for > and <. Thus A; and A} have the same
shape.

One can pose the dual problem using A! and \,. One can determine the
type map in terms of colors (\.) and divisors (A!) (see § 5.3.3). One might
then be able to define the addition of polytopes and cross section lattices (in
that setup) in terms of the associated valuations comming from A*.

7.7 Exercises

7.7.1 The Cross Section Lattice

1. Let M be reductive, and let A C E(T') be a cross section lattice. Prove
that the number of maximal chains in F(T) is equal to the number of
maximal chains of A times the order of the Weyl group.

2. One defines a reductive monoid M, with zero, to be J;-irreducible if |A;| =
1 for all j <. Prove that

i) M is Jo-irreducible if and only if Jy = S\{s} for some s € S
il) M is Js-irreducible if and only if Jy = S\{s} where s corresponds to
an end node on the Dynkin diagram of G.

3. One can use Theorem 7.12 also to characterize other classes of J-irreducible

monoids.
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i) M is J-simple if and only if S is connected and M is either Jo-
irreducible or S\Jo = {s,t} where st # ts. Here, we say a J-irreducible
monoid is J-simple if \*(e) is a connected subset of the Dynkin dia-
gram for each e € A.

i) A(M) is a distributive lattice if and only if S\ Jy is connected.

4. Let M be reductive, and let A be a cross section lattice of M. Prove that

there is a one-to-one correspondence between the set of two-sided ideals
of M and the set of poset ideals of A.

7.7.2 Idempotents

1.

Let ¢ : M — N be a finite dominant morphism of irreducible algebraic
monoids.

a) Prove that U(y) : W(M) — U(N) is bijective.

b) Prove that E(¢) : E(M) — E(N) is bijective.

. Let M be irreducible with unit group G and maximal torus 7. Let B be

a Borel subgroup containing 7. Let « be a positive root, and consider
Uo C B,e € E(T).
a) Prove the following are equivalent:

i) eU, = Ugye,

ii) sqe = esq.
b) Prove the following are equivalent:

i) eUy = Uye # {e},

ii) sqpe =es, # e.
Let M be reductive with e < f < g. Assume that e, f,g € FE(T). As
usual, let S = {s, € W | @ € A}, and identify S with the set of nodes
on the Dynkin diagram. Prove that each connected component of A*(f)
is contained in either A*(e) or A\*(g).
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The Analogue of the Bruhat Decomposition

Recall from § 2.2.3 that any reductive group G has a Bruhat decomposition:

G= || BuB
weWw

where W = Ng(T)/T. In this chapter we extend this result to reductive
monoids. Instead of W we use

R = Nqg(T)/T

where Ng(T) C M is the Zariski closure of Ng(T') in M. Since 2T = Tx for
each © € Ng(T), R is a monoid, but much more is true. It turns out that the
following are true (and will be explained in this chapter).

a) R is a finite inverse semigroup with unit group W.
b) M = |_| Bz B, a disjoint union.
TER

c) sBx C BxB U BszB if s is a simple involution and = € R (Tits’ axiom).

d) There is a canonical length function ¢ : R — N.

e) If we define z < y to mean BxB C ByB, we can determine (R, <) in
terms of (W, <) and the cross section lattice.

f) If x <yand {(z) = (y) — 1, then either z € RTyR™ or else y is obtained
from x by an elementary “interchange” exactly as in the case of a Coxeter
group (Pennell’s Theorem).

vii) There is a combinatorial description of (R, <) in the case of M = M, (K).

8.1 The Renner Monoid R

A monoid S is called inverse if for each z € S there exists a unique x* € S
such that
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¥ rxt =z,
T A
and
(") ==x.
The standard example here is

a;; =0orl
R,=<Ac Mn(K) Eiaij <1 for allj
Yjai; <1 for all ¢

where A* = A!. R, is isomorphic to the semigroup of partial one-to-one
functions on a set of n elements.

Proposition 8.1. Let R = Ng(T)/T. Then R is a finite inverse monoid with
unit group W = Ng(T)/T and idempotent set E(R) = E(T).

Proof. Note that Ng(T) = Ng(T)T since the latter is closed in Ng(7T'). Thus
R = WE where E C R is the image of E(T) in R.

Now assume that xT2T = 2T. Then 2T = 2?T so that 2?> = tx for
some t € T. Thus, 2" = "'z for all n > 0. But 2™ € T for m = |[W]|.
Hence z = t1=™2™ € T and so t~'z € T, while 7(t"'z) = n(z) where
7 : No(T) — R is the quotient map. But (t712)? = ¢t =222 = t %tz = t '
Hence E(R) = E(T).

Now W C R*, the unit group of R. If x € R then z = we for some w € W
and e € E(T). If e # 1 then E(Z) — E(Z), f — ef is not 1-1. Hence
cannot be a unit.

But now R is a regular monoid with commutative idempotent set. Thus
R is an inverse semigroup by Theorem 1.17 of [15].

Any reductive group G has an involution 7 : G — G such that

T(xy) = 7(y)7(x) for all z,y € G,

and
r(z) =xforallzeT.

Using Theorem 5.2, we can extend 7 to an involution 7 : M — M for any
normal, reductive monoid M with unit group G. It then follows easily that 7
induces a map

T:R—R.

One checks that 7(x) = 2* for all z € R, since T(e) = e for all e € E(R),
while 7(w) = w™! for all w € W.
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8.2 The Analogue of the Tits System

In this section we establish the fundamental results about the B x B orbits
of M. We start with a special case, and then use it to build the general case.

Proposition 8.2. Let M be a reductive monoid with unit group G = Slox K*,
Gty or PGl x K*, and zero element 0 € M.

a) R={1,s,e1,e2,n1,n2,0}.
b) M = | | BrB.

re€R
¢) In the case M = Ms(K),

wer={(o1) (Vo) (00)- (07)- (50) (26)- (55)) -

d) In all cases, R = Ry as semigroups, with the orders given.

Proof. The proof of c) is a straightforward calculation. Also b) holds for
M5(K) by a simple calculation. So let M be as assumed. By Section 6 of
[103], there exists a diagram

M —2— My(K)

d

where o and (8 are finite and dominant morphisms of algebraic monoids. It is
then easily checked that o and 8 both induce isomorphisms

o]

R ——

5=

Ry

IR

This concludes the proof.

Proposition 8.3. Suppose that M is reductive with unit group G = Slo x K*,
Gla(K) or PGla x K*, but M does not have a zero. Assume also that G is
not equal to M. Then R = {s,1,e,x = se = es}. R is isomorphic (with the
ordering given) to

) )(G) 1) (o)) () )

Proof. There exists a finite dominant morphism 7 : Slo(K) x K — M. Then
the result follows for M as in Proposition 8.2.
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Proposition 8.4. Let M be any reductive monoid such that G = G(M) has
semisimple rank one. Let T', R and B have the usual meanings, so that W =
{1,s} C R. Then for any x € R

sBx C BxB U BsxB .

Proof. Now R = WE = E U sFE by Proposition 8.1. So let x = se € R. Let
G' = (G,G) and choose K* C T such that e € K*. Then M’ = K*G is of
the form discussed in 8.2 or 8.3. But also € R’. Then the result follows for
M’ by a simple calculation with My(K) and Sl(K) x K. To get the result
for M notice that, if B C G’ is a Borel subgroup, then B = B'Z(G)° is a
Borel subgroup of G. Hence

sBx = sB'Sx = sB'xs
C (B'xB'UB'szB")S
= B'2B'SUB’'szB'S
= BxB U BsxB.

We now explain the general case. So let M be reductive with 7', T', R, B,
& etc. asusual. Fora € let s=s, € Sandlet T° ={t € T | st =ts }. Let

Ta _ (TS)O,
Za = CG(Ta)
and
Go = (Zoy Zyo).

Then G, = Sl2(K) or PGl (K).
Lemma 8.5. Let a € ¢, x € R. Then

ZoxrB =Uy,xBUUysxB
where s = s, € W.

Proof. One can check that either (i) UyzB = xB, or else (ii) U_oxB = xB.
See Lemma 5.2 of [105]. If (i) holds, then

ZoxB =T,GyxB
= To(Boy U BysB,)xB, where B, = BN G,,
=TU,xBUTU,sB,xB
= U,xBUU,sTzB, by (i),
=Uy,xzBUU,sxB,

using standard properties relating R, T' and B. If (ii) holds, then we obtain
in the same way
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ZoxB=U_,xBUU_,sxB .
But s(ZaxB) = Z,xB since s € Z,. Hence

ZoxB = sU_,xB UsU_,sxB
=U,szBUU,xB.

Theorem 8.6. Let x € R and s € S, where s = s, a € A, the set of simple
roots relative to B. Then

sBx C BxB U BsxB .
Proof. Let V = B, NsBys. Then VU, = U,V = B,, and sV = V's. Hence

sBx C sBxB =sVU, TxzB
=sVU,xB
CVZ,xB, since sU, C Z,,
=V (UpxBUU,sxB)
= BxB U BsxB .

One could deduce also that
xBs C BxB U BxsB .

We could do this directly, or we could use the involution of § 8.1 applied to
the result of Theorem 8.6.

Proposition 8.7. a) Let e € E(R), * € R and suppose that BeB = BxB.
Then e = x.
b) Let x,y € R and BxB = ByB. Then x = y.

Proof. We start with a). Write x = e;w = wey where w € W and ej,eq €
E(R). Now eBxzBe = eBeBe and so exe = ue = eu for some u € B. Thus,
eep = eey = e. But also Cp(e1)xCp(e2) = ey BxBes = e;BeBes. Hence
erees = ujzug for some u; € Cp(e;). Thus ee; = e; and ees = ea. One
concludes that

T = ew = we, for some w € W

= eu = ue, for some u € B .
But then z,e € R(eMe) while
eBe eeBe =eBe x eBe .

So by induction (on dimM), x = e in R since eMe is a reductive monoid with
unit group eCg(e).

For b), recall first that W is generated by S = {s € W | s =
Sq for some « € A}. Define for x € R
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Lxy=min{l|z=py---- pee, for some e € ER, s; € S}.

This is not the usual length function on R (as in Definition 8.17 below), but it
is useful in this situation. Our proof, imitating Theorem 29.2 of [40], proceeds
by induction on m = ¢(z) < £(y); the case m = 0 being part (a) above. So
assume that 1 < ¢(z) < {(y) and BxB = ByB. Write x = sz*, s € S and
£(z*) = 4(x) — 1. Then
xB =sxz*B C ByB .
But then
x*B C sByB C ByBU BsyB by 8.6.

Hence, either z* B C ByB or else z* B C BsyB.

The former case is not possible by the induction hypothesis since £(z*) <
£(z) < {(y). But in the latter case, we must have z* = sy, again by induction.
But then z = sz* = s2y = y.

Theorem 8.8. M = |_| BxB a disjont union.
TER

Proof. We know that the union is disjoint from Proposition 8.7. Let L =

|_| BxB. We show that GLG = L. Now G = |_| BwB, and so it suffices

TER weWw
to show that BwBL C L, for each w € W. Write w = vs where s € S and

L(w) = £(v) + 1. £(-) is the usual length function on W. Now

BwBL = BwB(UBzB)
= BuB(UsBxB)
C BvB(U(BxB U BszB)), by Theorem 8.6,
= BvBL
C L by induction on length.

Similarly, LG = L by the comment following Theorem 8.6. But GE(R)G = M
and so L = M.

8.3 Row Reduced Echelon Form

The most important technique in linear algebra is the Gauss-Jordan algo-
rithm: given any m x n matrix A we obtain a matrix GJ(A), in row reduced
echelon form, by a procedure known as row-reduction. In the case m = n, the
procedure solves the orbit classification problem for the action

Glp(K) x Mp(K) — M,(K),

(9,A) — gA.
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In this section we discuss this problem in general. Let M be reductive with
unit group G, and consider the action

GxM— M,
(9,%) — gz .
We want to define a nice subset X C M such that for all x € M,

Gz N X contains exactly one element.

In this section we omit some details of the proofs. Those details can be found
in Section 9 of [105].

So let M,G,B,T,S,W, R and A be as usual, with A = {e € E(T) | Be C
eB}. We first solve the problem in R.

Proposition 8.9. Let f € E(T). Choose w € W, of minimal length, such
that wfw™! = e € A. Then Bwf C wfB. Furthermore, ew = wf € Wf is
the unique element of W f with this property.

Proof. By Lemma 9.2 of [105], Bew C ewB iff U, C wBw~" whenever a € A
and Uye = eU, # {e}. Suppose this criterion does not hold: say U, Q wBw™!
with Uye = eU, # {e}. Then l(sqw) < £(w) and yet (sqw) te(sqw) =
w™lew = f: a contradiction.

Now suppose that vf, wf € Wf, and both satisfy the property. Then
vfr™! = wfw! = e € A. Hence vw™'e = evw™!. One then checks as in

Theorem 9.6 of [105] that vw™le = e.

Definition 8.10. Let §J = {x € R | Bz C xB} be the set of Gauss-Jordan
elements of R.

By Proposition 8.9,

a) W-GJ =R and
b) For each z € R, Wz N 3GJ| = 1.

It follows easily, also from Proposition 8.9 that, for any x € M, GxNrB # ¢
for some unique r € GJ. This is roughly equivalent to saying that x can be
put into row echelon form.

Ezample 8.11. Let M = M,(K) with T diagonal and B upper triangular.
Then R is identified with the set of 0—1 matrices x = (z;;) such that Z zij <

?

1 for all j and inj <1 forall i. For z € R we obtain that z € 7 iff »

J
is in row-reduced echelon form. For example,

1000
0010
r= 10001 | €9

0000
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We can identify §J with E(T) using Proposition 8.9.

Given f € E(T) there is a unique r € W f N Gg. In the above example, =
1000
0000
0010
0001

corresponds to € E(Dy) .

We return to our task.

Definition 8.12. Let M be reductive with B, T, R as usual. An element x €
M s in reduced form if

(a) x € rB for some r € B;
(b) xr* € A where r* € R is the inverse of .

Said differently, if r = wf € §J and x = wfu with u € B, then fuf = f.
In the classical situation, (a) says that x is in row echelon form and (b)
says (roughly) that it is reduced.

Theorem 8.13. Let © € M. Then Gx NrB # ¢ for some unique v € GJ.
Furthermore, there is a unique T-orbit in Gx NrB consisting of elements in
reduced form.

Proof. (Sketch) The first part has already been proved. So assume that « €
rB. Then we can write

x=wfy, wherer =wf, and y € U.

But we can write

U=U1Us
where
U = HUO“ A={a €@t |Uye =elU, # ¢}
acA
Uy = HUa, B={acdt|eUye=e}.
aEeB
Hence
r=wfy
= wfuv, where u € Uy, v € Us,
=u"fv.

One checks that u* € U and also that wfv = (u*)~ 'z is reduced.

To show uniqueness of wfv up to T-orbit, assume that x1,x2 € B are
both in reduced form with gz; = x5. One then shows that gz = bx; = x5 for
some b =tu € B =TU. It then follows that uz; = x1. Hence x2 = tz;. See
Lemma 9.9 of [105].
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Corollary 8.14. Let x € M. Then

a) there is a unique e € E(R) such that GxB = GeB;
b) |Gz N E(eB)| = 1.

Proof. Let z € Gx NrB be in reduced form, as guaranteed by Theorem 8.13.
We can write z = wfb where r = wf and b € B. One then checks that
{fb} = Gz N E(eB). See Lemma 4.1 of [112].

8.4 The Length Function on R

To define the length function on R, we first need to identify the elements of
length zero.
Now R = |_| WeW. It turns out that each WeW has a unique minimal

ecA
element.

Proposition 8.15. There is a unique element v € WeW such that Bv = vB.

Proof. Let w € W be the longest element and let f = wew™'. By Propo-
sition 8.9, there is a unique v € W f such that By C vB. One checks that
vB C Bv also. See Proposition 1.2 of [112].

1
Ezample 8.16. Let M = M, (K). If e = 1 0 has rank = 4, then
0
0 1 0
v = . .1 |, also of rank = .
0 .0
Definition 8.17. Define
{:R— N
by £(r) = dim(BrB) — dim(BvB)
where v e WrW is such that Bv =vB .
Theorem 8.18. Let s€¢ S CW and r € R. Then
BrB if L(sr) =L(r)
BsBrB = BsrB if L(sr)=4L(r)+1
BsrBUBrB if {(sr)=£(r) — 1.
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Proof. By Theorem 8.6 there are the three possibilities. If BsBrB = BrB
then, by Proposition 8.7, sr = r. Thus ¢(sr) = £(r).

Suppose BsBrB = BsrB. So sBrB C BsrB and thus £(sr) > £(r).
But BsBrB = U,sBrB for some unique a € A. Thus £(sr) < £(r) + 1. If
£(sr) = £(r) then we obtain sBrB = BsrB, and so sr = r. If BsBrB = BsrB
and sr # r then we obtain £(sr) = £(r) + 1.

Suppose that BsBvB = BrBUBsrB and sr # r. Then BsBrB = (BsBU
B)rB = P,rB. One then gets that

BrB = Bs(B\V)rB

where V' = R, (P,). Hence V' C B is the unique closed, normal unipotent
subgroup of B such that sV = Vs and VU, = U,V = B. Hence BsrB C BrB
and thus £(sr) < £(r). One then gets £(sr) = £(r) — 1. See Theorem 1.4 [112]
for more details.

Ezample 8.19. Let M = M,(K), where K is a finite field. Then M =

|_| BxB where R, is the standard example of § 8.1. In [127], Solomon proves

zER,
8.15 and 8.18 for this M. He also defines a length function that agrees with

the one in Definition 8.17. He then defines the analogue of Iwahori’s Hecke
algebra as follows:

HM,B)= P z-T,

TER,
with multiplication defined by
(T, U(sz) = €(a)
TT, =} Tss L(sx) =L(x) +1
T + (¢ — )T, , £(sz) = 4(x) — 1
qT , l(zs) = L(x)
Tsz = Ta;s ) E(xs) = E(x) +1
qus + (q - 1)T:E ) E(xs) = E(x) -1

T, = ql(z)il(DI)Tu;c
1,7, = ql(z)il(zy)Txu

where
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He then proves in Theorem 4.12 of [127] that H (M, B) is a ring, with this
definition. The delicate part here is obtaining integral structure constants.
One suspects that his approach works in general. Putcha approached this
problem systematically in [87].

In [129], Solomon has revisited the representation theory of R,, bringing
out a rich blend of combinatorics and algebra.

8.5 Order-Preserving Elements of R

In this section we assess the relationship of elements of R to B, and obtain
the subset of order preserving elements. The standard example here is M =
M, (K), where R is identified with the set of 01 matrices with at most one
nonzero entry in each row or column. An element r € R is order preserving
if the matrix obtained from r by deleting all the zero rows and all the zero
columns is an identity matrix. The general definition is as follows.

Definition 8.20. Let O C R be the subset of elements r € R with the property
rBr* C Brr*

where * € R is the unique element satisfying rr*r = r and r*rr* = r*. Any
element with this property is called order preserving.

Lemma 8.21. a) Ifr,s € O thenrs € 0.
b)) Wno={1}.
¢) E(R) CO.
d) If r € O then rBr* C rr*Brr*.

Proof. a) Suppose that rBr* C Brr* and sBs* C Bss*. Consider ss*r* €
R. Write ss* = e and r* = fo~!. Then ss*r* = efo™! = feo™! =
fo~loeo™t = r*(ss*)?. Now compute:

rsB(rs)* = rsBs*r* C rBss*r*
= rBr*(ss*)? C Brr*(ss*)?
= Brss*r* = B(rs)(rs)".

b) Suppose that » € W N O. Then r* = r~!, and rBr* C Brr* implies
rBr~! = B.

c) If e € E(R) then, by Theorems 6.16 and 6.30 of [82], eBe* = eBe =
eCp(e)e C Be = Bee*.

d) Write r = eo so that r* = o~ te and rr* = e. Then rBr* C eM N Be. But
if be € eM N Be then be = ex, and so ebe = ex = be. Hence be € eBe. We
conclude finally that rBr* C eM N Be C eBe = rr* Brr*.

Corollary 8.22. The following are equivalent.
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a) rBr* C Brr*.
b) rBr* C rr*B.
¢) rBr* Crr*Brr*.

Proof. rr*Brr* C Brr* Nrr*B.

Recall now the involution 7 : M — M. It has the following properties:

7|T = id,
7(B) = B,
™ =id,

T(zy) = 7(y)7 (@),
and
7(r) =r*, for allr € R.
Recall also w € W, the longest element. It satisfies wBw™! = B~.

Proposition 8.23. Let O~ = {r € R|rB~r* C B~ rr*} and let O¥ =
{wrw=! € Rlr € O}. Then O = O~ = Ov.

Proof. Let » € R. Then r € O iff rBr* C Brr* iff 7(rBr*) C
T(Brr*) iff rB=r* C rr*B~ iff rBr* C B~ rr* (by Corollary 8.22)
iff € O~. Hence O = 0.

Againifr € R, r € 0¥ iff wrwB(wrw)* C Bwrw(wrw)* iff wrB~r*w C
Bwrr*w iff rB™r* C B rr* iff r € O™. Hence O¥ = O~.

Proposition 8.24. Let O* = {r*|r € O}. Then O = O*. In particular, O is
an inverse monoid.

Proof. r € O iff rBr* = rr*Brr* iff r*rBr*r =r*rr*Brr*r =r*Br iff r €
0*. Hence O = 0*.

Lemma 8.25. Let ec € R. Then there exists ¢ € Cyw (e) such that ceo € 0.
In particular, ceaHeo.

Proof. eB%e and eBe are Borel subgroups of H, containing eT". Thus, there
exists ¢ € Cy(e) such that c(eB7¢)c™! = eBe. But c(eB%€¢)c ! = eB“e and
so ceo = eco € 0.

Proposition 8.26. Let e, f € E(R), edf. Choose o0 € W of minimal length
such that o~ 'eoc = f, and let r = ec. Then r € O.

Proof. We proceed by induction on this minimal length [. If [ = 0 then e = f
and the result follows from Lemma 8.21(c). So assume that [ = n+ 1. We can
write ec = eTp where [(T) = n = [(0) — 1. Now eT € O since, if ("le = 77 ter

with [(¢) < I(7), then (¢p)~te((p) = o~ teo with [((p) < I(c), a contradiction.
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1 1 1

Also 7 terp # pr~ler since otherwise 77 ler = 0~ leo which contradicts the
minimality of /(). So we show that 7=ter - p € O. Then by Lemma 8.21(a)
er -7 lerp = ec € O. Hence let f = 7 'er. Then we have fp # pf. Now
p = 0, for some unique o € A and there exists a closed subgroup V' C B such
that B=VU, =U,V and B* =VU_, = U_,V. By Lemma 5.1 of [105] we
have that either fU, = {f} and U_,f = {f} or Uof = {f} and fU_, = {f}.
In either case fBf = fV f = fB”f. Hence fp € O.

Theorem 8.27. Suppose that r,s € R, rHs, and r,s € O. Then r = s.

Proof. Let r = eo and s = ceo where ce = ec. Then eB%¢ = eBe = eB“e =
c(eB¢)c™t. But then ce € Ny, (eT) NeBe and hence ce = e.

There are other ways to characterize the elements of O.

Proposition 8.28. Let r = ec = of € R. The following are equivalent:

a)r €0,

b) BrNrB = eBr,
¢) BrnrB =rBf,
d)eBr =rBf.

Proof. r € O iff eBr C rB iff eBr C rB N Br (since alwayseBr C
Br) iff eBr = rB N Br (by an easy calculation). Similarily, (a) iff (c¢). But
BrnrB =eBrNrBf for any r € R. Hence (b) iff (c).

Corollary 8.29. Let r € O. Then l(r) = dim(Br) + dim(rB) — 2dim(eBr).

Proof. Recall that I(r) = dim(BrB)—dim(BvB). But dim(BrB) = dim(Br)+
dim(rB) — dim(Br N rB) while, by Proposition 8.28, dim(Br N rB) =
dim(BvB).

Remark 8.30. Write r = eoc = of € R. Then
BrNnrB =eBrNrBf

=eBecNofBf
= (eBeNeB%€)o.

This pictures the elements of O as those for which dim(Br NrB) is maximal.

As usual we fix B C G a Borel subgroup and T' C B a maximal torus.
Recall from Proposition 8.15 that for each W x W orbit J of R there exists a
unique v € J such that By = vB. We now study the Green’s relations on R
and O. Let r, s € R.

Theorem 8.31. Let v € R. Then there exist unique elements ry,r_,rg € R
such that

a)r=ryiror_
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b) roHv, where vyr and Bv = vB
c) ryRr and r_Lr
d)ry,r—€0.

Proof. First suppose that, for r € R, we have r = ryror_ satisfying a)-(d). If
also r = sy sgs— then a), b) and ¢) imply that r;Hs; and r_Hs_. But then,
by Theorem 8.27, r; = s4 and r— = s_. Hence 74 and r_ are unique. But
then ro = r rr* and so 7o is also unique.

To establish existence, we count. Let v = eqgo = o fy € J = WrW and let

A={z € OlzLeg},

B = {1’ € O|l‘fRf0}

and
C = {z € R|zHv}.

By the above, the product map
AxCxB—WrW =WuvW

is injective.

By Proposition 8.26 and Theorem 8.27 |A| = |E(J)| and |B| = |E(J)],
while |C| = |H,|, where H, = C is the H-class of v. Thus |A x C x B| =
|E(J)|?|H,|. To count up J we consider the map

C:WvW — E(J) x E(J)

C(ovt™t) = (oego™t, Tfor71). It is easy to check that ¢ is well defined and
surjective, and all fibres have the same cardinality. But (~*(eo, fo) = H,.
Thus, |J| = |E(J)|?|H,|.

8.6 The Adherence Order on R

Definition 8.32. Let x,y € R. We say that x > y if BxB O ByB. Clearly,
(R, <) is a poset.

This is the obvious generalization of the Bruhat-Chevalley order from
group theory to the case of reductive monoids. The main result of this section
is the description of (R, <) in terms of (A, <) and (W, <). Here,

e<finA if ef=fe=e,

and
r<yinW if BxBC ByB.

In section § 8.8 we go on to obtain a precise description of (R, <) for M =
M, (K).
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So, back to work: for e € A, let

W(e) = Cw(e)

Wile) ={zx e W(e) | ze =€} < W (e)

D(e) = {z € W |  has minimal length in 2W(e)}
(e) =

D.(e) = {x € W | z has minimal length in 2W,}.

Now if v € R we can write

V= :Eeyfl
where z,y € W. But we can also assume that y € D(e). (by writing y = yow,
where w € W (e) and yo € D(e), so that v = zey~! = ze(yow) ™' = zweyy *.)
The following result is recorded in detail, in [73]. We indicate here the
main points of the proof.

Theorem 8.33. Let e, f € A, x,s € W, y € D(e) and t € D(f). Then the
following are equivalent.

a) rey=t < sftL.
b) ef = e and there exist w € W(f)Wi(e) and z € W, (e) such that tw <y
and r < swz.

Proof. Assume that b) holds with w and z as indicated. Now twey € B by
(7) of [73]. Hence sfwey™! = sft 'twey™' € sft~'B. Thus sfwey ! <
sft~l. By assumption w = wiwy with w1 € W(f) and ws € Wi(e).
Hence sfwey™' = sfunwgey ™ = sfwiey™! = swifey™' = swiey ' =
swiwgey 1 = swey~1. But from (6) of [73], xey ! < swzey~!. Hence

zey ! < swzey ! = swey ! = sfwey ! < sft7l.

Conversely, assume that zey™! < sft~!. Clearly e < f, and zey™! €
Bsft—1B. Hence e € x=1Bsft—1By. Now there exists a unique w € W such
that

A, =B @BNz 'BsCaz 'Bs

is open and dense. Thus,
ec€ Ay ft~1By.

From here we can get wfw ‘e = e, and finally
w = wiwe where wy € W, (e) and wa € W(f) .
But we are not not quite there. There exists a unique u € W such that
C, =B uBn wgt_lBy C wgt_lBy

is open and dense.
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It turns out that condition b) is satisfied with
w = wy'u € W(HW(e),

and
z=u"twt € Wie) .

We can simplify the statement in the above theorem by using the following
definition.

Definition 8.34. Let a € R. Then

a= xey_l
where e € A, x € Dy(e) and y € D(e). We call this the normal form of a.

It easy easy to check that this expression for a is unique. For example, let
M = M3(K). Then

1 1 1 0
A= 1 ’ 1 ) 0 ) 0 = {63;62761;6()}
1 0 0 0
and
W =83
Let
010
a=1000
100
Then

a = (132)62(1)

This is the normal form since

D.(e2) =W and D(es) ={1,(23),(123)} .

1

Corollary 8.35. Let a = zey™! and b = sft™! be in normal form. Then the

following are equivalent:

a)a<b
b) e < f and there exists w € W(f)W.(e) such that v < sw and tw < y.

Proof. If b) is satisfied then so too is Theorem 8.33 b) with z = 1. Conversely,
given Theorem 8.33 b), we have w € W(f)W.(e) and z € W, with tw < y
and z < swz. But if 2y € W, (e) is the element of minimal length then

xo < swy forall & Wy(e). (1)
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On the other hand, W(f) = W*(f)xW.(f) where W*(f) = (s € S| sf = [s),
while W.(f) C Wi(e). Hence w € W(f)W.(e) implies that w = uv where
u € W*(f) and v € Wi(e). Let so € zW.(f) be the element of minimal
length. Then
sw = sopw , for some u € W, (f)
= Souuv
= soupv , since Wy C Cw (W*(f)) .

Hence sw € sowW,(e) since pv € Wi (e). Thus from (1) z¢ < sow. Thus, b)
is satisfied since wgey~! (respectively, soft~!) is the normal form for xrey~!
(resp. sft™1).

A special case of Corollary 8.35 has been obtained by Brion [12], Kato [46]
and Springer [130], for the canonical monoid.

8.7 The j-order, RT and Pennell’s Theorem

In this section we describe Pennell’s theorem. This is a decomposition the-
orem for the adherence order on R. Unlike the situation of the Weyl group,
we now have a principle of two types. The basic idea is easily described:
we start with z,y € R and assume x < y. We then see that there exists
X0, X2, ..., Ty € Rsuchthat x =z < 22 <,..., < x, =y and {(y)—L(z) = n.
Then £(xz;41) = £(x;) + 1. (That part is easy.) Pennell’s idea is to establish
the following dichotomy.

For each x; < x;41 we have either

a) r; € Bxiy1B, or else
b) x;41 is obtained from z; via a “Bruhat interchange” (see Definition 8.41.

The key here is that, for each i, only one of a) and b) is true. The exact
definition of b) will be given below. For M, (K) it implies that z; and ;41
have the same nonzero rows and columns. It is the natural generalization of
the situation encountered in the Bruhat-Chevalley order on a Coxeter group
[41]. The order relation of a) has no analogue in group theory. It was first
studied by Pennell [72].

Definition 8.36. a) Let z,y € R. We write x <; y if BaB C ByB. We
refer to <; as the j-order on R.
b) Define
Rt ={z € R|BxB C B}
={zreR|xz<1}.

Lemma 8.37. Let r = zey~ ' € R be in normal form. Then r € RY if and
only if ¢ < y.
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Proof. If r € Rt then r < 1. Then by Corollary 8.35 there exists w € W such
that < w < y. Conversely, if z < y then Corollary 8.35 b) is satisfied with
a =1 and b =1, by choosing w = 1.

We now find a discrete characterization of the j-order. Recall from Theo-
rem 8.6 that for x € R and s € §

sBr C BrB U BsrB

and
rBs C BrB U BrsB.

Lemma 8.38. a)Ifr € R and ©x € W then rBx C U rBy and
{yeW|y<z}
xzBr C U yBr .
{yeW|y<z}
b) If r,m1 € R then rBr; C U BrryB.
ro<r1
c) If r,m € R then r1Br C U BrorB.

ro<r1

Proof. For a) we proceed by induction on ¢(x). The case of ¢(z) = 1 follows
from 8.6 since S = {zx € W | {(z) = 1}. So assume & = s152-- - - S§, has length

k. Then rBx = (rBsy----- Sk—1)8k C (Uy<q BryB)s, where &’ = s;-...85_1.
But BryBs; C BryB U BrysgB. Thus rBx C U (BryB U BrysiB). The
y<z’

other case is similar.

For b) write 11 = xzey™ ' in normal form. Then by a) we have rBry =
rBrey™ C Uy, <. BrziBey~!. But recall that e € A, so that B = eBe =
Cp(e)e. Hence

BrxziBey™' = Brz;0g(e)ey™! = BrzieCple)y™" .
But y € D(e) so that yCp(e)y~! C B. Thus
Brz1Cp(e)e = Bmvley_lyC’B(e)y_1 C Brziey 'B.

1

But recall that 1 < 2z and y € D(e), so that ro = acley_l < xey‘l = rq.

Finally, rBry C lengmleey_l - lengmvley_lB C Upy<p BrroB.
For ¢) we can use the involution.

Theorem 8.39. Let z,y € R. Then x <, y if and only if t € RTyR*.

Proof. If z € RYyR"™ then z = ryre for r1,70 € RT. Thus BxB =
BriyroB C Bry y roB C ByB. Conversely, if BxB C ByB, then there exist
r1,79 € RT such that BxB C BryByBryB. But it is easy, using Lemma, 8.38
b) and c), to see that

BriByBrsB C U BryyryB .

r3<ri
ra<ra
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We now describe where this dichotomy comes from. Define

Ref(W)= | J wSw™".

weW

Lemma 8.40. Let 5 € Ref(W), z,y € W and e € A. Assume that x < x.
Then the following are equivalent.

a) Brey !B C BzfBey ' B and xey~! # xfey~!

b) B & W(e).
Proof. Assume b). If 8 ¢ W(e) then e # e. Then wey~! # xBey~!. After

some calculation (as in Theorem 2.8 of [73]) we find that zeSz~! € R, using
Lemma 8.37. Hence

Bzey 'B C Brey 'B
= BzefBz lzfey 'B
C Bzefz 'Bxfey 'B
C Bzfey 'B

Conversely, assume that § € W (e). Then one obtains after some elementary
calculation that either zey™ = zfBey~! or else Brey™' ¢ Bxfey 'B.

Definition 8.41. Let zey™!, set™! be in normal form with xey™' # set™!.
We say set™! is obtained from xey~' via a Bruhat interchange if there exists
B € Ref(W)NW(e) such that x < z3 and zBey~! = set™!.

We see from Lemma 8.40 that this is the case where zey™ £; set™'.

Ezample 8.42. In M3(K) consider

100 100 100 100
zey 1=1010 010 001|=(001
001 000 010 000

and
100 010 100 100

zBey t=1010 100 010 001
001 001 000 010

Theorem 8.43. (Pennell’s Theorem) Let a,b € R. Then a < b if and only
if there exist 0y,01,...,0, € R such that a = 0y < 01 < --- < 0, = b and,
for each £, either 8y <; 0p or else 0y is obtained from 0,_1 by a Bruhat
interchange.

Proof. Plainly, the condition is sufficient. Assume therefore that a < b. Write
a = xey ! and b = sft~! in normal form. Then from Theorem 8.43 there
exists w = wiwy € W(f)W, such that x < sw and tw < y. Now
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sfwey ™t = sfwiwgey !

= swy fewsy "
= S'LU1€'LU2y71
= swey‘l .
Hence

ft=Ytwey 'B

Bswey_1 -
C Bsft™'B

Bs
Bs
since twey~! € RT .

But also zey ™! < swey™!

since x < sw. We therefore obtain
zey ! < swey ! < sft™t,

and we are reduced to finding the chain of 6;’s from xey~! to swey~!. Since
z < sw we can find (as in Proposition 5.11 of [41]) ¥1, ..., € Ref(W) such
that

T<ryr <axyrvye < - <Xyt Yr = SW

and, for each i = 1,...,r, there exists §; € W, such that xy; - --- - Y:0; € De.
Since x € D, we obtain

< ay101 Lay1y202 < - <y Yl

If £ =xvy1y2 -+ -+ - 76, then

1 1

=swi tey P =ay - eyt

1

swey =xey

and so we are done.

If @ # a7y, - -+ - -0, then let

O =ay1 - vibiey "

If v; € Ref(W)\W (e) then by Lemma 8.40 Bf#; B C B6;B while, if ; €
Ref(W)N W (e), 0; is obtained from 6;_; via a Bruhat interchange.

Ezample 8.44. With M = My(K) let

0010 0001
0001 0000
“=10000|=|o0100]="
0000 0000
Then
0010 0100 0100 0001
0001 0001 0000 0000
%o="10000|=%"=10000|=%2=|0001|=%=]0100

0000 0000 0000 0000
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One can easily see that
b <j 01 <5 02,

while 65 < 03 via a Bruhat interchange. The reader is encouraged to observe
how each 6; is obtained from 6;_; by way of an “elementary” move. This
example is developed in complete detail in the next section.

8.8 The Adherence Order on M, (K)

In this section we use Pennell’s Theorem to determine (R, <) for M = M, (K).
The calculation is straightforward. We simply calculate <; combinatorially,
and then characterize the Bruhat interchange for R,, = R(M,(K)).

Let E;; be the n x n matrix (as;) such that

a. :{1a(57t)(iaj)
0, (s,8) # (6,5)

We refer to E;; as an elementary matriz.

Proposition 8.45. a) E;; < Ey,, if and only if i <k and m < j.
b) Let A,C € R, and write
A= Z Ay
=1

and

C=> C
=1
where {Ae} and {Cy} are elementary matrices. Define Sy = {A1,..., As}
and S¢ = {C4,...,Ct}. Then the following are equivalent:
Z) A < C
it) There exists an injection 0 : Sa — Sc such that Ay <; 6(As) for
each { =1,...,s.

Proof. If E;; < Eyy, then there exist upper triangular matrices X and Y such
that X Eg,,Y = E;;. But this implies (X EgmY)se = 0if s > kor t < m.
Conversely, if ¢ < k and m < j then X = E;;, and Y = E,,; are both upper
triangular. But then X Fy Y = E;;.

For b) first assume that A <; C. Notice that s = rank(A4) and t =

rank(C). Write

and
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I; 0
C=w3(0t0)w4,

where wy,ws, ws, wy € Sy, the unit group of R,. Let z = wlwgl and Y =

w;l (és 8) wy. Then XCY = A, and one checks that, for each kK =1,...,¢,

XCLY <5 Cy,
and
XCLY e Sy U {0}

Then define 6(A;) = Cj, such that XCY = A,.
Conversely, given an injection 6 : S4 — S¢ such that A, <; 0(A) for
i=1,...,8, then from a) there exist elementary upper triangular matrices

X, and Yy such that X,0(A¢)Y; = Ap. Let X =Y Ay and Y = ¥;. Then
=1 =1

XCY = A.
Proposition 8.46. Let A= E; ;, +---+ E;_ ;. € R,, and suppose
C= Ei1j1 +eee Eih,—li)z—l + Eiejz + Eih+1jh+1 +eee Eil—ljl—l
TEijn + Biggrjess + 0+ B,

so that C is obtained from A by interchanging two nonzero rows. Relabel the
two altered positions of A by E;; and Eye. Then A < C if and only if i < k
and j < € ori>kandj>{.

Proof. First assume that s = 2. Then
A=(l—1i)--(12)(k—1h)-----(34)(23)E(23) ... ({=1 £)(12)--- - (j—1j) .
This is the normal form for A. One checks that
C=[(—1i) - (12)(k —1h) - (34)(23)(12)]
.. E(23)---- (0 —10)(12)----- (G—17).

But (i —14)-----(23) < (i —14)-----(23)(12) and so A < C. Conversely,
ifi<kandj >/ ori>kandj < {then the same argument shows that
C < A.

The proof of the general case (s > 2) is similar.

Proposition 8.46 describes the situation of a Bruhat interchange for
M, (K). It says that A < C via a Bruhat interchange if and ouly if

a) C is obtained from A by interchanging two non-zero rows of A.

b) In the process of a), a 2 x 2 submatrix <(1) (1)) of A ends up as <(1) (1))
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Theorem 8.47. Let x,y € R,, and assume that x < y with ¢(x) = £(y) — 1.
Then one of the following holds.

a) x is obtained from y by setting some nonzero entry of y to zero.

b) x is obtained from y by moving a nonzero entry either upward or to the
right.

¢) y is obtained from z via a Bruhat interchange.

Proof. Assume that c) is not the case and rank(x) < rank(y). Then by The-
orem 8.43 and Proposition 8.45 there is an injection 6 : S; — S, such that
z; < 0(x;) for each x; € S;. So define 0(x) € R, by Sp) = 0(Sz). Then
x < 6(z) <y. Thus z = 0(x), and so a) holds.

Now assume that c) is not the case, and rank(z) = rank(y). By Pennell’s
Theorem = <; y, and so there exist a,b € RT such that = ayb. Then
x = ayb < yb < b. Hence, either x = yb or else yb = b. In the first case x = yb,
and in the second case x = ay. Assume without loss of generality that x = yb
(z and y have the same nonzero rows). An elementary argument shows that
x is obtained from y by moving some nonzero entry of y to the right. Thus b)
holds.

Theorem 8.47 allows us to give a combinatorial description of the adher-
ence order on R,,. First we represent the elements of R,, by sequences of non-
negative integers. Given x € R,, we associate with = a sequence (€1, €a, ..., €,)
where for each i, 1 <i < n,

P =

{ 0 if z has all zeros in the it column

0000
0001 .

For example, 1000 corresponds to (3042). Notice that a sequence
0010

(€1,€2,...,€,) occurs this way for some x € R, if and only if 0 < ¢ < n

for each i; and whenever €; = ¢;, either ¢ = j or else ¢; = ¢; = 0.

Theorem 8.48. Let x = (d1,...,0p), ¥y = (€1,...,€,) € Ry,. Then < is the
smallest partial order on R,, generated by declaring x <y if either
a) 0; =€ for j #i and 6; < €, or
b) i)or=er if k&{ij}
ZZZ) 0; = €5, (Sj =¢€; and €; > €j.

From Theorem 8.47 we have three possibilities. We indicate how each one
fits into the different possibilities of Theorem 8.48.

Proof. Theorem 8.47 a) falls under part a), since we can take §; = 0.
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Theorem 8.47 b) falls under part b) if z and y have the same nonzero rows;
and under part a) if they have the same nonzero columns.

Theorem 8.47 c) is the special case of part b) where both ¢; and €, are
nonzero.

Ezample 8.49. Let x = (21403) and y = (35201) in Rs. Then z < y since

(21403) < (31402) , by 8.48b)
< (34102) , by 8.48)
< (35102) , by 8.48q)
< (35201) , by 8.48b) .

8.9 Exercises

1. Give an explicit description, for M, (K), of each of the following objects:
AR E(T),®?,B,T, Pr.
2. Let M be reductive with zero, and let x € M,z # 0. Prove there exist

e, f € E1(T) such that exf # 0.
3. Let M be reductive. Prove that

M = |_| GeB.
e€E(T)

4. For the inverse semigroup S recall the natural order < on S: we say that
x < y if there exist e, f € E(S) such that ey = yf = z. Let M be
reductive, and let N = Ng(T). Prove that < y in N, for the natural
order, if and only if 2 € yT.

5. Let R be the image of BN Ng(T) in R. Prove that R* is J-trivial. i.e.
for z,y € R', 2Jy if and only if z = y.

6. Assume that M is reductive, and let A : K* — M be a morphism. Define
w: M — Aut(M) by w(t)(z) = tat~t. Let My = {z € M|w(t)(z) = =z}
and let
My ={z e M |limi_ow(t)(z) exists in M}.

a) Find an example where Mj is not irreducible.
) Prove that M contains a Borel subgroup of M.

¢) Prove that My and M, are submonoids of M.

d) Prove that ¢ : My — My, ¥(z) = limi_ow(t)(x) is a surjective
morphism of algebraic monoids.

e) Let By C Cg()\) be a Borel subgroup. Prove that Bo\My/By is finite.
Can you identify the orbits?

7. Let M be semisimple, and let H C G be a torus. Let Z C G be the
connected center of G. Let M* = {z € M | xH C Zz }. Notice that M*
is closed in M.

=)
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a) Let e € E(M*) = E(M) N M*. Prove that there exists f € E(M™*),
fLe, such that sf = fs for all s € H. Hint: H C C}(e).

b) Let A C E(T) C Cg(H) be a cross section lattice. Prove that M* =

Ufea- GfCG(H), where A* = AN M*. Hint: use Exercise 6 above.
Let M be a reductive monoid with zero and assume that M has the
property that

A(B,T) = {e€ E(T) | Be CeB} = {f € BT) | f > ey } U{0}
for some eq € F;(T). Prove that R has the following property: for any
x € R, either 22 = 0 or else zHe for some idempotent e € E(R).
Let M be reductive, and let x € M be an element of some minimal J-class
of M. Prove that, for some maximal torus 7" of M, T = Tz.
Let M be reductive, and let * € M be such that 2T = Tz for some
maximal torus T of M. Prove that x € Ng(T).
Let M = M, (K). Prove that R has the following property: if e < f < 1
are idempotents of R, then there exists » € R such that r°* = e for some
s> 0, and r is R-related to f.
Let GG be a connected, solvable group acting on an irreducible, affine va-
riety X. Suppose that there are a finite number of orbits. Let O be the
set of G-orbits on X. Define x < y, if x C y. Prove that O is a ranked
poset; i.e. any two maximal chains from x to y have the same length. This
applies, in particular, to the Bruhat decomposition of a reductive monoid.
Let e € E(T), T € B. Prove that BeB N H, = Cg(e)e, where H, is the
H-class of e in M.
Let M be irreducible with unit group G, e € E(T), T € B. Let U be the
unipotent radical of Cg(e). Define Uy = < U, | eU, = Uqse # {e} >
and Us = < U, | eU, = Uype = {e} >. Define ¢ : Uy x Uy — U, by
¥(a,b) = ab. Prove that ¢ is an isomorphism of groups.
Let M be reductive, and let B C G be a Borel subgroup of G. Let J be a
regular J-class of B. Define J* = {a € M | a¥z for some = € J }. Prove
that J* = BH.B, where H, is the H-class of e in M.

Let M be reductive and let e € E(T). Prove that

dim(GeG) = |P| — {a € P | sae = esq = € }| + dim(eT).

Hint: BeB~ C Ge( is open for appropriate, opposite Borel subgroups
containing 7'. So compute dim(BeB™).

Let M be reductive with zero. Define rank(z)=dim(zT") for T € R. For
e € B1(T), define x. : T — eT = K by x.(z) = ez. Assume that M has a
unique minimal nonzero J-class. Define a bijection between the rank-one

elements of R and {s(xe) — xe | e € E1(T), s € W}\{0}.
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Representations and Blocks of Algebraic
Monoids

The ultimate mathematical dictionary might define the theory of algebraic
monoids as a branch of algebra that determines the content of mathematical
problems relating convexity and positivity to representation theory. We can
regard this imaginary definition as the major theme of this chapter. What I
want to do here is provide the reader with a self-contained overview of what
is known about algebraic monoids and their finite dimensional representa-
tions. In the first section we discuss normal, reductive monoids. Here we find
that there is a perfect analogue of many results about reductive groups. In
particular, we obtain the desired relationship between the set of irreducible
representations of M and the adjoint quotient of M.

In the next section we focus on the special properties of a normal, reductive
monoid M in characteristic p > 0. The results here are largely due to S.
Doty. We find that K[M] has a good filtration in the sense of Donkin [24].
Furthermore, the category of rational M-monoids is a highest weight category
in the sense of Cline, Parshall and Scott [16].

In the last two sections we study the blocks of an algebraic monoid. Blocks
are often better behaved for monoids than they are for groups. We discuss the
blocks of monoids in two contrasting situations; solvable monoids with zero,
and M = M,(K) when char(K) = p > 0. The blocks of a solvable monoid
were studied by the author in [113]. The blocks of M, (K) were calculated by
S. Donkin in [25].

9.1 Conjugacy Classes and Adjoint Quotient

Semisimple elements play an important role in the representation theory of
reductive groups. The most fundamental results relate the conjugacy classes
of semisimple elements to the characters of irreducible representations, via the
ring of class functions on the adjoint quotient. In this section we discuss the
analgous results for normal reductive monoids.
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Let M be an irreducible normal, algebraic monoid. An element x € M is
semisimple if p(z) € M, (K) is diagonalizable for any rational representation
p: M — M,(K) of M.

Proposition 9.1. Let M be irreducible. The following are equivalent.

a) x € M is semisimple.
b) x €T for some maximal torus T C G.

Proof. b) clearly implies a). So assume a). Assume that M C M,(K) as a
closed submonoid. Then z € M, (K) is diagonalizable, and it follows easily
that x € H,, the unit group of eMe, for some idempotent e € M. But z is
semisimple in this reductive group and so = € S where S C H,. is a maximal
torus. However, any maximal torus S of H. is of the form S = €T for some
maximal torus T C Cg(e). But eI’ CT. Thenz € S =eT CT.

Theorem 9.2. Suppose that M is reductive and x € M. Then the following
are equivalent.

a) x is semisimple.
b)x €T for some mazimal torus T of G.
¢) Cl(x), the conjugacy class of x, is closed in M.

Proof. Suppose x € T. Then txt~! = z for t € T. Thus, by 2.13, Corollary 1
of [134], C¢(xz) C M is closed.

Conversely, assume that C¢(z) C M is closed. We assume also that M
has a zero element. The general case follows easily from this. By [62] the
categorical quotient 7 : M — X of M by G x M — M, (g,x) — gxg™ 1,
exists and induces a one-to-one correspondence between the closed orbits of
M and the points of X. Consider

7|T : T— X.
If 7(z) = w(y) then gyg=' = 2 for some g. But g~ 'Tg and T are both
contained in Cg(y)?. Hence there exists h € Cg(y)° such that hg~'Tgh™! =
T. But then hg=t' € Ng(T) while (hg=1)"'g hg™! = gyg~! = 2. Thus =|T
induces an injective map

0 : T/W—)X

where W = Ng(T)/T. On the other hand 6 is known to be birational by
Corollary 2 of [134]. Hence 6 is an open embedding, topologically. Since M has
a zero, T/W and X are cones. It follows that 6 is a finite bijective morphism.
If M is normal then so is X, and thus # is an isomorphism by Theorem 2.29.

Recall now the element © € M with C¢(z) C M closed. By the above,
7(x) = 7(y) for some y € T. But 7 separates closed orbits and so C¢(z) =

Cl(y).
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Corollary 9.3. Suppose that M is reductive and let T C G be a mazimal
torus. Then

Cuy(T)={xe M| azt=tx forallt € T}
=T.
Proof. If x € Cpy(T) then Cl(x) C M is closed and so, by Theorem 9.2,
is semisimple. It is then possible to find a Borel subgroup B C G such that
T U {z} C B. From there we embed B in T,(K) as a closed submonoid. It

follows from Proposition 15.4 [40] that T'U {z} is contained in a maximal
torus of T,,(K). Hence T'U {z} C T,,(K) — D, (K) is injective, where 7 is

the projection to the diagonal. But from Theorem 6.1,_7T|§ factors through
the universal morphism of B to a D-monoid 6 : B — T and thus x € T.

Corollary 9.4. Let 1 : M — X be the categorical quotient induced by con-
jugation of G on M. Then in the following diagram 6 is an isomorphism:

T — M
I

Proof. This is included in the proof of Theorem 9.2.

Ezample 9.5. Let M be a normal monoid with 0 and unit groups G¢»(K). By
[103], M = M,., r € QT, where M, is the unique semisimple monoid with

X(T) = {(a,b) € 22

b—a
— < .
el <o)
Assume further that r = 1/n with (2,n) = 1. Then

K[T| = K[z, u,v]/(z" — uv)

and the non-trivial element o of the Weyl group W = {1,0} acts by

o(z) =z,

olu)=wv
and

o(v) =u

Hence, the ring of invariants is
K[X] = K[z,u,v)"V = K[z, u+v] .

Thus
T M, — X2K?

is a flat morphism.
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The irreducible representations of a normal monoid can be calculated using
Theorem 9.2. Let M be normal and reductive. We obtain

X(T) C X(T), the set of characters of T,
and

X(T)y € X(T), the set of dominant weights of T

X(T)+ is obtained by intersecting the set X (7'). of dominant weights of X (7")
with X (T'). As expected, X(T)+ is a fundamental domain for the action of

W on X(T).

Theorem 9.6. Let M be reductive cmi normal. Then there is a canonical

one-to-one correspondence between X (T)4 and the set of irreducible repre-
sentations of M.

Proof. Assume that p : M — End(V) is irreducible. Then p|G is irreducible
since G C M is dense. Thus p|G is identified by its highest weight A € X (T') 4.

But p|G came from p, and so A € X(T). Hence A € X(T)4. Conversely,
given A € X(T), we start with py : G — G¢(V4), the unique irreducible
representation with highest weight A. But all the other weights of p) are in
the convex hull of W -\, which is contained in X (T'). Hence py|T extends over

T. Thus, by Theorem 5.2, py extends to py : M — End(Vy).

The reader who wants more detailed information about rational represen-
tations should consult [26, 107].

9.2 Rep(M) according to Doty

In this section we discuss some results of S. Doty [26] concerning the structure
of K[M] as a G x G-module. This is not much of an issue if char(K) = 0
since, in that case, K[M] = @,cp ) K[M]x, and each K[M]y is G x G-
irreducible. Furthermore, L(M) is canonically identified with the set of high
weights of G that come from representations of M. If M is normal, we see
that L(M) = X(T),, as in Theorem 9.6.

On the other hand, if char(K) = p > 0, then the situation is more complex.
First of all, it is no longer sufficient to consider just the simple G x G-modules.
This leads us naturally to the theory of highest weight categories. From there
we can better understand K[M] in terms of filtrations.

Let A : B — K™ be a character of the Borel subgroup B of GG. Define

HOO) = ind(K)) = {f e (] {49) = A0t foral } |

H°()) is naturally a G-module via g - f(z) = f(zg) for 2,9 € G. It is well
known, from Borel-Weil theory (see Remark 2.49), that H°()\) is nonzero



9.2 Rep(M) according to Doty 157

if and only if A\ is dominant. In this case, the unique, maximal completely
reducible submodule of H%()) is

Va C HO()N),

the irreducible G-module with highest weight A. V is the socle of H()).
Now let M be normal and reductive. Define

f(zy) = AMz)f(y) for all } .

indg(KA){feK[M] veB.yeM

It follows from Theorem 9.6 that ind%% (K) # (0) if and only if A € X (7).,
the set of dominant weights of X (7).

Definition 9.7. a) A good filtration (0) = Vo C V3 C Vo C ... of the
rational G-module V' = J,~, Vi is one for which Vi+1/Vi =~ HO(\;) for
each i, where \; is a dominant weight.

b) Let X (T')4 be the set of dominant weights of T. If 1 C X(T)4+ and V is
a rational G-module, we say V belongs to w if any G-module Vy of the
Jordan-Hélder series of V has A\ € w. In any case we let

O=(V)CV
be the maximal submodule of V belonging to 7.

Proposition 9.8. Let 7 = X(T).
HO(\) if\en
0(y) —
@) O=H*(A) = {(0) ifaér.
b) Let I(X\) (resp. Q(X)) be the injective hull of Vy in the category of rational
G-modules (resp. M-modules). Then

O(I(N) = {%()A) A gn.

Furthermore, Q(X) has a good filtration with all factors V,, having > X.
¢) 0. K[G) = K[M]. Furthermore, K[M] has a good filtration as a left G-
module. Each H(u), 1 € m, occurs ezactly dim HO(p) times.

Proof. For a), notice that any submodule of H°()\) contains Vy, and so, if
A ¢ 7, then O, H°()\) = (0). Now suppose that A € m. Then H°()\) lifts (by
Theorem 5.2) to become an M-module. Hence O, H°(\) = HO()).

For b), first notice that Or(—) takes injectives to injectives by (1.1d) of
[24]. Then the formula for O, (I())) follows, and Q(A) has a good filtration
by Theorem 8 of [24].

¢) is proved by “Frobenius” reciprocity. See Theorem 4.4 of [26].

Corollary 9.9. K[M] as an M x M-module has a good filtration with com-
position factors of the form H°(\) @ HO(\*).
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Proof. This follows from c) using (2.2a) of [24].

We now explain the key features of the category Rep(M) of rational M-
modules.

a) X(T)+ = X(T)+ N X(T') the poset of dominant weights of M.
b) {Va | A€ X(T)} the simple objects of Rep(M).
c) {H°(\) | A € X(T),} the standard objects of Rep(M).

The following theorem is recorded in [26].

Theorem 9.10. a) The socle of (H°(\)) is V) and the composition series of
H(X\)/Vy has only factors of the form V,, with u < \.
b) Each V) has an injective hull Vs C Q(X) so that Q(\) has a good filtration
(0) = Q(No € QN1 C ... with QN1 = H(A) and Q(N)i+1/Q(N)i =
HO(u;) with p; > X for i > 0.

Proof. a) is well known, and b) follows from Proposition 9.8.

We have thus identified a key result about reductive normal monoids.
Rep(M) is a highest weight category in the sense of Cline, Parshall and Scott
[16]. We cannot pursue all the important consequences of this result, but
we shall give one striking illustration. Let M be reductive and normal, and
suppose M has a zero element. Then we can write uniquely

K[M] = P K[M],
X€Y

where Y = X (ZG?), and each K[M], is the subcoalgebra of K[M] defined

by
K[M]y = {feK[M]‘g(ngZ)GO?céizifixémﬂj } |

It follows that each K[M], is finite dimensional. Thus, for each x € Y,
S(M), = Homy (K[M],. K)
is a finite dimensional K-algebra. It follows from Theorem 9.10 that
S(M), is quasihereditary.

One could also prove this using Donkin’s work since, in Donkin’s notation,
S(M),, is the generalized Schur algebra S(m,) where

=" ) N X (T4

and i : Z(G)° — T is the inclusion. Notice that m, € X (T)); is a saturated
subset of X (T") with the given ordering.
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9.3 The Blocks of M,,(K) when char(K)=p >0

A block can be thought of as an equivalence class of irreducible representa-
tions. The equivalence relation in this setup is generated by declaring irre-
ducible representations (p,U) and (¢, W) to be in the same block if there
exists an indecomposable representation (1, V') such that (p,U) and (p, W)
occur as factors in a composition series of (¢, V). In this section we describe
Donkin’s calculation [25] of the blocks of M, (K). We end this section with a
related, general conjecture about the blocks of irreducible, reductive monoids
in characteristic p > 0.

Let M = M, (K), and let T C G¢,(K) be the maximal torus of diagonal
matrices. Then

X(T)=7Z" ={(\,...,\) | \s € Z},
X(T) = {1, \) | N >0}
and
X(T)4 = {1, A) [ A > A > > A}
Thus

XMy ={1, - ) [ A > A > >\, >0},

and from Theorem 9.6 we can identify the set of irreducible representations

of M with X (T)4 via the usual identification using highest weights (V, p) =

(Va,pa). Solet A= (Aq,...,A,) € X(T)4. Define

Z Ai =1, the degree of A,

i=1

and
d(N) maz{dz 0

Ai — Aiy1 = —1 mod(p?) for
alli=1,2,...n—1 ’

Assume that char(K) =p > 0.

Theorem 9.11 (Donkin’s Theorem). Let (px,Vy) and (pu,V,) be irre-
ducible representations of M, (K), where A = (A1,..., \p) and p = (p1, ..., tin)-
Then the following are equivalent.

a) X and p are in the same block.
b) i) X and p have the same degree.
i6) d(\) = d(p).
iii) There exists m € Sy, such that A\i—i = iy —m(i)mod(p™) for all i =
1,...,n.
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The basic idea of the proof parallels that used earlier by Donkin in [23]
for his classification of blocks of a semisimple algebraic group. Indeed, the
first step is to reduce the problem to finding the blocks of the Schur algebra
S(n,r). The blocks of S(n,r) are then just what one might suspect from
knowing the blocks of GL,(K). But the latter may involve arbitrary r, and
it is a delicate matter to compare the two situations.

There is a more conceptual way to state Donkin’s Theorem that leads to
an interesting conjecture. Let A and p be as above. By the results of [23], A
and p are in the same block for Gi,, (K) if and only if the three conditions of
Theorem 9.11 b) above are satisfied. Furthermore, the blocks of any reductive
group can be determined in the spirit of the above result for Gi, (K) using
Theorem 5.8 of [23].

Let M be a reductive, normal monoid and let A,z € X (T), represent
irreducible representations of M (as in Theorem 9.6). Let

Blg(\) ={v € X(T)+ | A and v are in the same G-block}
and let
Blyr(\) = {v € X(T)4 | A and v are in the same M-block}.

Congjecture 9.12. Blpr(\) = Blg(A) () X(T)+. In particular, A and u are in
the same M-block if and only if they are in the same G-block.

9.4 The Blocks of Solvable Algebraic Monoids

It turns out that there is a striking description of the blocks of certain solv-
able algebraic monoids. While this is a special case, our basic idea here is
expected to yield some decisive results for a large class of (nonsolvable) alge-
braic monoids in characteristic zero.

Let M be an irreducible, algebraic monoid with unit group G and zero
element 0 € M.

Definition 9.13. a) M is solvable if G is a solvable algebraic group (see
Definition 2.33). L
b) M is polarizable if 0 € Z(G).
¢) M is polarized if we are given 6 : K* — Z(G) such that 6 extends to
0: K — M with 6(0) = 0. Then 6 is called the polarization, and (M, 6)
is a polarized monoid.

It is easy to check that M is polarizable if and only if there exists a polarization
0: K* — Z(G).

Let (M,0) be polarized and solvable. Then K* x M — M, (a,z) —
f(a)x, induces a direct sum decomposition
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where
0.0 = { 7 c001)

fB(a)x) = o™ f(x) for all
ae K" xeM '

It follows easily that
A0,(M)) € 0,(M) © 0, (M)

where A is the coalgebra structure on O(M).

Let (M, 0) and (N, ¢) be polarized monoids. A 6-morphism between (M, 6)
and (N,¢) is a morphism ¢ : M — N of algebraic monoids such that
©(0) = 0 and ¢( Image (0)) C Image (¢). The O-degree of ¢ is the degree of
plimage(#). Then p(f(a)) = ¢(a™) if ¢ is of H-degree n.

Let A be a finite-dimensional associative K-algebra. The blocks of A are
the obvious summands in the decomposition

A:@eAe

ecZ

where Z is the set of primitive, central idempotents of A. We denote the blocks
of A by B{(A) and identify them with Z.
If (M, 0) is a polarized monoid we define the blocks of M to be

BU(M) = | | B(Sn(M))

n>0

where S, (M) := Homg(0,(M), K) has the algebra structure induced from
the canonical coalgebra structure of O, (M).

It is easy to check that this definition agrees with the one given by Green
in 1.6b) of [33]. Indeed, he proves that any coalgebra (R, A) has a unique
expression R = GBpEE R, such that

i) A(R,) C R, ® R, for all p € B,
ii) for any other direct sum decomposition R =
A, ® A,, each A, is a sum of some R,’s.

Lea Ay with A(4,) C

Proposition 9.14. Let (M,0) and (N, ¢) be polarized monoids and let ¢ :
M — N be a dominant 8-morphism. Then ¢ induces a map of sets Bl(yp) :
BU(N) — BU(M). This is a contravariant functor.

Proof. If ¢ has 0-degree k then the induced morphism ¢* : 0,(N) —
Ogn (M) dualizes to obtain a surjective morphism of K-algebras

©n : Skn (M) — Sp(N) .

For each primitive, central idempotent e of S, (N) there is a unique prim-
itive, central idempotent f € Sin(M) such that ¢, (f)e = e. Hence define

Bi(p)(e) = f.
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We now describe B4(M) for a polarized monoid (M, #) with solvable unit
group. As it turns out, there is a straightforward description of B¢(M) in terms
of weight spaces. As above we have S,,(M) = Homg (0, (M), K). Define

pn: M — S, (M)

by pn(z)(f) = f(x). Then p, is the universal §-morphism of #-degree n to a K-
algebra. It follows easily that p, (M) C S, (M) spans, and S, (M) is a solvable
K-algebra. If T C G is a maximal torus one checks that D,, = span(p,(T'))
is a maximal toral subalgebra of S, (M).

Proposition 9.15. Let T' C G be a mazximal torus and define pu, : T x T X
Sp(M) — Sp(M) by pn(s,t,x2) = pn(s)zpn(t). Then there is a bijective
correspondence between the nonzero weight spaces

“SP = {x € Sp(M) | pu(s)zpn(t) = a(s)B(t)x for all s,t € T}

and the pairs of primitive idempotents (e, f) € E(Dy)X E(D,,) with eSy, (M) f #
(0). Also, (e, f) corresponds to the unique “SP? with S, (M)f = *SB.

Proof. We leave the details to the reader. The proof hinges on identifying the
set of primitive idempotents of D,, with characters of T. See Proposition 2.3
of [113].

Thus we define
S ={(a,8) € X(T)x X(T)| “SE #0 for some n >0}

AT) ={(e,p) € X(T) x X(T) | a = 5} .

One checks that _ _ _
AT)CSCX(T)x X(T).

We use S to define an equivalence relation on X (T). For o, € X(T) we

define
a— Bif (a,0) € S, and
a+— fBif (B,a) € S.

Lemma 9.16. a) The equivalence relation on X (T) generated by — is the
same as the equivalence relation generated by «——. It can be described as
follows:

a ~ B3 if there exist y1,...,Y2m—1 € X(T)

such that

Q=" — Y2 — .. — Yom—1 = P

b) Suppose that o ~ 3 and X\ ~ 6. Then a ~ (6.
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Proof. a) is a straightforward calculation. For b) one uses the fact that S is
a semigroup, together with the fact that the “m” for a ~ 3 can be chosen
equal to the “m” for A ~ 4.

Theorem 9.17. (X (T)/ ~ ) = B¢(M) via o — [a]. Then X(T) — BU(M)
s a surjective morphism of monoids.

Proof. BU(M) = |, Bl(Sn(M)). Hence let D,, = Span(p,(T)) be the max-
imal toral subalgebra as discussed above. Using standard facts about associa-
tive algebras we see that

BU(Sn(M)) = E1(Dn)/ ~o
where ~, is the equivalence relation on E;(D,,) generated by declaring
e~ f i eS(M)f#0 or fS,(M)e#0.

But Ei(D,) is identified, via Proposition 9.15, with S, = {(o,8) € S |
@S, (M)? # 0}. Thus the two equivalence relations correspond. We conclude

that X(T)/ ~ 2= (LLzo E1(Dn)) / ~e.
Now X (T) — X (T)/ ~ determines a subscheme Y C T via
Y = Spec(K[X(T)/ ~]) (monoid algebra)

and one obtains, from 3.2 of [113], that Y C Z(M), the center of M. Fur-
thermore, the surjection, K[M] — K[Y], identifies S, (Y") with the maximal
toral subalgebra of Z(S,(M)). In particular,

Y = ﬂ gTg™t.
geG

From these comments, and a little more calculation (3.5 of [113]), we obtain
the following theorem.

Theorem 9.18. There is a canonical bijection
Bl,(M,0) = X,(Y)
where X, (Y) ={x:Y — K | x has 0-degree n}.
We conclude the chapter with three examples and a conjecture.
Ezample 9.19. We define polarizable, solvable monoids M and M’ as follows:
M ={(u,(r,s))|u,rs €K}

with multiplication
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(u, (r,5)) (v, (k, 0)) = (klu + 1%, (rk, st)),

and
M = {(U,(T,8)|U,T’,S€K}

with multiplication
(ua (Ta 5))(”7 (ka 6)) - (ﬁu +rv, (Tkv 86))

Define ¢ : M — M by ¢(u,(r,s)) = (ru, (r,s)). One checks that ¢ is a
birational #-morphism of degree one. Furthermore, ¢ induces an isomorphism

o T —T.

We now compute the center of each monoid. Clearly,
Z(M) = {(0, (r,r))|r € K}

since M is the algebra of 2 x 2 upper triangular matrices. As for M’, one needs
a little more calculation, and we obtain

Z(M') ={(0, (r,r)) | r € K}U{(0,(0,5)) | s € K} .

In particular, the inclusion Z(M) C Z(M') is proper, so that M and M’ have
different block structure even though ¢ : M’ — M is a birational equivalence
with 7' — T.

Ezample 9.20. Define a polarizable solvable monoid N as follows:
N ={(u,(r,s)) | u,r,s € K}
with multiplication
(u, (r, 8))(v, (k, £)) = (K*0u + 13v, (rk, st)).

One checks that T = {(0, (o, 8))|ev, 3 € K} is the closure in N of the maximal
torus T' = {(0, (o, B)) | a8 # 0}. Hence assume (0, (r, s)) € T is central. Then
we must have

(Oa (Ta 5))(”7 (kag)) - (Ua (kvg))(ov (Ta 8)) for all v, k, £ .

3

Thus 73v = sr?v for all v and so 3 = sr2. By the comment preceding Theo-

rem 9.18
K[Y] = K[U,R, S|/ (U, R* — SR?)
~ K[R,S]/(R* — SR?) .

Let =R,y =S5 ¢€ K[y]. Then f = x(x —y) # 0, and yet
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fP=a*(z—y)? = (2" —2Py)(x —y) =0.

Thus K[Y] is not reduced. We can also calculate the number of blocks of N
of each 6-degree, using this presentation of K[Y]. In fact,

|Blo(N)| =1
|BOL(N)| =2
IBO(N)| =3 ifn>2.

It appears that there may be an important structural relationship between
the blocks of solvable monoids, and the blocks of arbitrary irreducible monoids
(at least in characteristic zero).

Ezample 9.21. We start with M = G, a semisimple, simply connected alge-
braic group of rank r in characteristic zero. Here we find that

BI(G) = IR(G),

and this is a monoid under the “Cartan product”. Let T C B C G be a
maximal torus of the Borel subgroup B of G. Let {p1,...,p,} be the set of
fundamental, dominant representations of G, so that p; : G — GI(V;). Let
L; C V; be the unique, one-dimensional subspace stabilized by B. Let D,,(K)
be the monoid of diagonal n x n matrices. Define

p: T — D,(K)

by o(t) = (p1(t)|L1,...,pr(t)|Lr). Then ¢ is the restriction of a U x U~ -
equivariant morphism ¢ : G — D,(K), which is defined on UTU~ by
Y(utv) = ¢(t). Somehow, the U x U~ -morphism % might be thought of as a
kind of “basic monoid” associated with G. In particular,

a) D, (K) is solvable,
b) BI(G) = BI(D,(K)),
¢) G and D, (K) are (somehow) Morita equivalent via 1.

Notice that even though G is a group, this “basic” object D, (K) is a
monoid.

The above example leads us to an interesting conjecture about the blocks of
algebraic monoids.

Conjecture 9.22. Let M be an irreducible, algebraic monoid. There exists an
irreducible, algebraic monoid B(M), and a certain dominant morphism ¢ :
M — B(M) of algebraic varieties, such that

a) B(M) is solvable,
b) M and B(M) are (somehow) Morita equivalent via
¢) in particular, BI(M) = BI(B(M)).
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The reader might wonder what it means for algebraic monoids M and N
to be Morita equivalent. Unfortunately, this has yet to be formulated precisely.
Obviously, it will involve a bijection between BI(M) and BI(N), as well as
a diagram of Morita equivalences between the corresponding (block) algebras
one obtains from the “coordinate coalgebras” of M and N. In any case, there
should be enough clues in the above example to find the “correct” definition,
at least in the case of polarized monoids.
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Monoids of Lie Type

Algebraic monoids are rich in structure, mainly because they are algebraic
varieties with much symmetry. In this chapter we focus on those properties
that allow us to identify what makes the theory “tick” from an abstract semi-
group point of view. The reader should think of this development as a natural
extension of Tits’ viewpoint (in [140]) to the case of monoids. One might even
hope that the theory of spherical embeddings is the undisputed clue that
will someday lead us to the ultimate formulation of abstract, combinatorial
diagram geometry.

10.1 Finite Groups of Lie Type

The classification of reductive, normal monoids is independent of the (al-
gebraically closed) ground field (see Theorem 5.4). Thus it can be applied
uniformly to the algebraic closure of finite fields. This allows us to define a
class of finite monoids in the spirit of Steinberg’s theory of Chevalley groups
and their twisted analogues [133]. Such finite monoids are useful in counting
problems related to the Weil zeta function.

Let G be a simple, algebraic group defined over a field of characteristic
p > 0. Chevalley classified all endomorphisms ¢ : G — G with the property
that

Gy ={x€G|o(x)=xa}

is a finite group. There are essentially two types.

10.1.1 o Preserves Root Length

Then o induces an automorphism p of the root system of G so that o(t) =
Frq(p(t)), where Fry(t) = t9 for all ¢t € T, an appropriately chosen maximal
torus of G. The root systems with automorphisms are A,, D,, and Eg. It
turns out that Aut(A,) = Z/2Z, Aut(Dy,) = Z/2Z (n > 4), Aut(D4) = S3
and Aut(Eg) = Z/2Z.
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10.1.2 o Exchanges Root Length

Then G is of the type Co, Fy or Ga, and char(K) = 2 or 3. See Chapter II of
[133] for more details.

Chevalley (p = id) and Steinberg (p # id) studied the groups of type
10.1.1, and Suzuki (C3) and Ree (Fy, G3) studied the groups of type 10.1.2.
Later Tits [140] found the method (BN pairs) that accommodates the struc-
ture theory of all sixteen families.

Altogether, there are sixteen different families. In addition to those families
where p is the identity, there are seven other families:

pasin 10.1.1: A2, D? D3 E?;
pasin 10.1.2: C2, F% G3.

These sixteen families, together with the prime cyclic groups and the alter-
nating groups for n > 5, account for all but twenty six of the finite simple
groups.

We are interested in identifying the endomorphisms that yield finite fixed
point monoids with good behaviour. The following result does the job.

Let G be a connected algebraic group, and let o be an algebraic group
endomorphism of G. Denote by 1 — ¢ : G — G, the morphism of varieties
1—o0(g) = go(g)~!. As above, let

Gy ={x€G|o(x)=ux}.

Theorem 10.1. (Lang’s Theorem) Let G and o be as above, and assume
that o is surjective. If G, is finite then (1 — 0)(G) = G. If G is semisimple,
then G, is finite if and only if the differential do of o is nilpotent.

See Theorems 10.1 and 10.5 of [133].

10.2 Endomorphisms of Linear Algebraic Monoids

Theorem 10.2. Let ¢ : M — M be an endomorphism of the reductive
monoid M. The following are equivalent:

a) o is a finite morphism and G, = {x € G | o(x) = z} is a finite group;
b) The morphism 1 —o : G — G, (1 — 0)(z) = zo(x)~ ", is surjective, and

there exists a mazimal torus T C G so that o(T) =T.

The keys to Theorem 10.2 are Lang’s Theorem ( 10.1 above), to getl—o
surjective when G, is finite; and Theorem 4.2, to get o finite when o(T) =T.
The importance of Theorem 10.2 will become apparent in Theorem 10.4.

We define, for ¢ and M as in 10.2,

My,={zeM|o(zx)=x}.
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To obtain the structure of M, we need to know a little more about the ho-
mogeneity properties of this o-process. The following result is due to Springer
and Steinberg (Section E of [131]).

Proposition 10.3. Let Gx X — X be a homogeneous space for the connected
group G. Assume that o0 : G — G is such that G, is finite. Suppose that T :
X — X is a morphism compatible with o : G — G (so that T(gx) = o(g)7(x)).
Then X; = {z € X | 7(z) = z} # ¢. If G is connected for v € X, then
G, x X, — X, is transitive.

The proof of Proposition 10.3 is a straightforward application of Lang’s
Theorem.

Applying Proposition 10.3 to the appropriate orbits of G or G x G on the
reductive monoid M yields the following result. See Theorem 4.3 of [96] for
the details.

Theorem 10.4. Let M be reductive with o : M — M as in Theorem 10.2.

a) M, is finite.

b) My is unit reqular; My = E(M,)G,.

¢) If T C B satisfies o(T) = T and o(B) = B, then M, = U GoeG,

ec,

where A, = {e € E(T) | Be = eBe and o(e) = e}. Such T and B exist by
the results of [133].

d) If e € E, then P,(e) and P, (e) are opposite parabolic subgroups of G .

e)Ife, f € E; and eM, = fM, or Mye = M, f, then there ezists g € G,
such that geg™ = f.

f)Ife € Ay and U < P,(e) is the unipotent radical, then Ue = {e}. Similarly
forU— < P (e), eU™ ={e}.

Putcha calls such monoids, satisfying a) - f), monoids of Lie type. He uses
this as the starting point for his theory of “monoids on groups with BN
pairs”. See § 10.4 for the details of this surprising development, including a
classification theory based on type maps.

10.3 A Detailed Example

The purpose of this example is to illustrate the two significant features while
comparing M and M, .

a) The BN pair structure of G and G, can be different, i.e. G and G, can
be associated with different Dynkin diagrams.
b) It can happen that 4, S A.
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Actually a) and b) are equivalent for semisimple monoids.
Let K =F, and let G = S¥4(K) x K*. Define 0 : G — G by

o(z,a) = (Fry(w T(z~1w), a?)

0001
0010
0100
1000

where Fry((zij)) = (acfj) and w = , and T is the transpose opera-

tor.

The group G, here is a central extension of a unitary group over F,. See
[135] for those details. The diagonal maximal torus 7' of G has character group
X (T') with presentation

X(T): <$1,$2,I37$475|$1 +$2+x3+x420>

where x; ((a1, a9, a3, aq, @) = «; and 6(aq, ag, as, as, ag, a) = a. One checks
that o* : X(T) — X(T) is given by

U*(x1) = —4X4
o*(x2) = —qxs3
o*(x3) = —qx2
o"(xa) = —qx1
o*(6) =qf .
Hence

o"(x1 — x2) = ¢(x3 — x4)

o (x2 — x3) = a(x2 — x3)

o (x3 —x4) = a(xa — x2) -

In the notation of 7.1, p* is given on the base A = {x1— X2, X2— X3, X3— X4}
via

P(X1 - Xz) = X3 — X4
px2 —X3) = X2 — X3
p(X3 —Xxa) = X1 — X2,

and 0 = Fry o p. Hence o is of type A%.

We now construct an interesting reductive monoid M with unit group G
so that o : G — G extends to an endomorphism o : M — M that satisfies
the conditions of Theorem 10.2. To construct M we use Theorem 5.4. Then
it suffices to find a finitely generated submonoid C' C X (T') such that

i) C generates X (T') as a group
ii) C is invariant under the Weyl group
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ili) C ={x € C|nx e for all n > 0}
iv) ¢C Co*(C) CC.

To do this we consider

Cr=xi—Xx;+0|i#7])

and we let
C={xeX(T)|nxeC}.

Then by Theorem 5.4 and Theorem 5.2 there is a unique, normal monoid M
such that

i) G=5l(R) x K*
ii) if T C G is a maximal torus then X (T) = C
iii) the morphism o : G — G extends to a finite, surjective morphism o :
M — M.

A more direct construction of M can be obtained as follows. Let g be the

Lie algebra of Sl (K), and let p : G — Aut(g) be defined by p(g,a) =

aAd(g), where Ad is the adjoint representation of S¢4(K). Then there is a

finite dominant morphism from M to the Zariski closure of the image of p.
The following properties of M are easily obtained.

a) M has a unique minimal, nonzero G x G-orbit corresponding to the Weyl
group orbit of x1 — x4 + ¢ (see § 7.2)

b) p(xa —xa+6)=x1—Xxa+9

¢) M is the J-irreducible monoid of type Jy = {5} where the Dynkin diagram
is

Thus, by Theorem 7.12 a), the cross-section lattice is as follows:
1

g1 gs
1 To

e

0
where A = {¢, g1, 92, g3, f1, f2,€,0}. The type map is given as follows:
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A0) ={a, 8,7}

Ale) = {8}
A(f1) ={a}
A(f2) = {7}
Ag1) = {e, 8}
Ag2) = {a.7}
Ags) = {B:7}

)

Also, from the above calculation of 0* we obtain o(e) = e, o(f1) = fa2, 0(f2) =

f1,0(g1) = g3, 0(g3) = g1 and 0(g2) = g2. By 10.4, M, = | | GofGo, where
feAs

AU = {0767927 1} :

The group G, is a finite group with BN-pair associated with the diagram
1 ¢

obtained by “folding” the diagram

a B v

at 3, thereby identifying o and ~. The type map of M, is given by

Ale) = {¢} — {8}
AMg2) = {¢} «——{a,7}.

10.4 Abstract Monoids of Lie Type

In this section, we describe Putcha’s theory of abstract monoids of Lie type.
This was developed by Putcha in [85, 86] as the method of understanding
many of the purely semigroup theoretic aspects of the theory of algebraic
monoids. The reader might consider this development as the natural monoid
analogue of Tits’ theory of groups with BN-pair.

In this section, we refer the reader to [85, 86, 97] for many of the proofs.

Definition 10.5. Let M be a regular monoid with unit group G and idempo-
tent set E(M). Assume that G is a group with BN-pair (B, N,S,W). We say
that M is a monoid of Lie type on G if
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a) M is generated by G and E(M)

b)Ifee E(M), then P(e) ={g € G|ge=-ege} and P~ (e) ={g € G |eg=
ege} are opposite parabolic subgroups of G, and eR, (P~ (e)) = {e} =
R, (P(e))e

c)If e,f € E(M), and eRf or eLf, then there exists g € G such that
geg~' = f.

It follows easily that if ef = fe = f then R,(P(e)) C P(f), and so
P(e, f) = P(e)N P(f) is a parabolic subgroup of G. Furthermore, P(e, f) and
P~ (e, f) are opposite parabolic subgroups.

The following basic result is obtained in [85]. Let B be a Borel subgroup
of G. We say that P and P~ are standard opposite parabolic subgroups if
BCP.

Theorem 10.6. Let M be a monoid of Lie type on G. Then

a) M =E(M)G = E(M)G

b) the partially ordered set U of J-classes of M is a lattice

¢) for each J € U there is a unique ey € E(J) such that P(e) and P~ (e) are
standard opposite Borel subgroups

d) if Ji,Jo C U then ey ey, = ey nt,, and hence A ={ey; | J € U} 2 U as
lattices.

Just as in the case of reductive monoids, we refer to A as the cross-section
lattice of M. Furthermore, we have the type map

A:Ad—25
defined by setting A(es) = Cg(es) = {s € S| se; = ess}.

Remark 10.7. There is a purely combinatorial characterization of the type
maps of monoids of Lie type. We refer the reader to [85].

It is useful to know how one constructs a monoid of Lie type directly from
a type map of the form mentioned in Remark 10.7 above. In the following
example, we describe how this is done for a canonical monoid. The details of
this construction are recorded in [66, 96].

Ezample 10.8. Let G be a group of Lie type with BN-pair structure (G, B, N, S).
If I C S let Pr be the standard parabolic subgroup of G of type I, and let
P, be the parabolic subgroup opposite to P relative to T'= N N B. It is well
known that

PI_P[gUI_XL]XUI.

where Py N P, = Ly is the Levi factor common to Pr and P; . Thus we have
a natural projection map
Or: Py Pr— Ly.
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Restricted to Pr or P, , f; is a homomorphism.
For each I C S, define an idempotent e; so that
A=A{er| I CS}uU{0}

and ey A exg = ejni if I N K # ¢, and zero otherwise. For e; € A, define

J] = Ge]G/ ~
where zejy ~ uepv if u=tz € Pr,vy~! € P and 6(u'z) = §(vy~!). Finally,
define
M= || Jru{o}.
ICS

We now define the multiplicative structure on M. Let a = ze;y and b =
sext. Then

ab — 0 ,if ys ¢ P/ Pk
| @lerngmt ,if ys € Uy lmUgk, 1 € Ly, m € L .
It turns out that M is a monoid of Lie type with type map

A:A— 28
defined by A(er) = I, A(0) = S. Hence M is a canonical monoid.

The next problem is to quantify the extent to which a monoid of Lie type
is determined by its unit group G, and its type map A : A — 2%, There is a
very satisfying answer ([85]), which we now describe.
Let M be a monoid of Lie type, and let J € U. Define
K;={9€Glge;=esg=es}.
Then K is a normal subgroup of L; = P(e) N P~ (e). Let

K={(J,Ky)|JelU}.
Let M7 and Ms be monoids of Lie type with unit group G, and the same type
map . If Ky = K(M7) and Ko = K(Ms), we say that
X1 > %Ko
if for all J € U, (K1); C (K2),.

Theorem 10.9. Let M be a monoid of Lie type with unit group G and type
map A: A — 25,

a) M is completely determinied by (A, K(M)).
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b) Let My and My be monoids of Lie type with the same unit group G and the
same type map A. There is a morphism of monoids My, — Ms, extending
the identity map on AU G, if and only if X1 > K.

¢) There is a largest monoid MT(X) of type A with Kg = {1}. K(M+()\)) =
{KT|J €U}, where K is the subgroup of Ly generated by all Uy and
Uy, where H € W and H > J. In particular, there is a unigue morphism
M™*(X) — M, extending the identity on AUG, for any monoid of Lie type
M with group G and type \.

d) There is a smallest monoid M = M~ (\) of type A with Kg = {1}.
K(M~-(N) ={K; | J € U} where

Ky= () ¢LunLypg™.
geLy,J>H

In particular, there is a unique morphism M — M~(X), extending the
identity on AU G, for any monoid of Lie type M with group G and type
A

Parts a), b) and d) of Theorem 10.9 are proved in [85], and part c) is
proved in [86]. The reader should think of the type map here as determining
M to within a kind of “central extension of monoids”. In the geometric case,
it is entirely likely that the isomorphism classes of monoids of fixed type could
be organized into families of commutative semigroups.

A more refined description of K j and K has since been given in Theorem
1.1 of [97]. In particular, both K} and K; have been identified in terms of
certain Levi subgroups of standard parabolics.

Let M be a finite monoid of Lie type. Let G be the group of units of
M, and let A be a cross-section lattice of M. Recall from § 2.3.1, the notion
of congruence on M. A congruence on M arising from a congruence on A is
called a discrete congruence. At the other extreme, a congruence on M that
arises from an idempotent separating homomorphism is called an idempotent
separating congruence. It is shown in [3] that any congruence on M, which is
the identity on G, factors as a discrete congruence followed by an idempotent
separating congruence.

10.5 Modular Representations of Finite Reductive
Monoids

In this section we consider reductive algebraic monoids M defined over a finite
field £ = IF,. We readily obtain finite reductive monoids M,, r > 1, as follows.

Let M, = M(F,) be the finite monoid of F,r-rational points of M. By
standard facts about finite fields and Galois groups (Chapter II, Section 4 of
[61]) there exists an Fg-automorphism o : M — M of algebraic monoids
such that
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M,={zeM|o"(z)=2x}.

Thus, M, is a monoid of Lie type in the sense of § 10.4. Such monoids enjoy
many special properties.

In this section we describe a useful formula for the number |IR(M,)| of
irreducible, modular representations of M,.. The basic problem here is to con-
sider the fomulas of the form

RO = (¢ = 1) aig”
=1

where a; € Z and is independent of r. Whenever this can be done, it is
particularly interesting to interpret the a;.

We now state the main result of [96]. This is the main reason we are able
to obtain so much information about irreducible modular representations of
finite monoids of Lie type. Let M be a finite monoid of Lie type with unit
group G of characteristic p.

Theorem 10.10. Suppose that p : M — End(V) is an irreducible represen-
tation of M over IF,,. Then p|G is irreducible.

Proof. First we consider the special case M = M(G), where M(G) is the
canonical monoid of Example 10.17 below. It is then possible to construct

3 2ls\ilg,

ICS

inequivalent, irreducible M (G)-modules, each of which restricts to an irre-
ducible representation of G. Here, ay = |[Hom(L,Fp)|, where L is a Levi
factor of P;. On the other hand, the number of irreducible representations of

M(G) is

S S

ICS KCI

Since the two numbers above are equal, the theorem is true for M(G).

To get the result for any finite monoid M of Lie type we start with an
irreducible representation p : M — End(V) over F,. It is then possible
to construct an irreducible representation, as in Corollary 2.7 of [96], 7 :
M(G) — End(V') such that p|G = p|G. Thus, the theorem is proved for M.

The reader is reminded here that there is rarely such a direct and appealing
relationship between the irreducible representations of a monoid and those of
its unit group.

Let M be a finite monoid of Lie type with unit group G. Let S be the
Coxeter-Dynkin diagram of G. Let U = U(M) be the set of regular J-classes
of M. It turns out that U is the set of two-sided G-orbits of M. Define GaG >
GbG if b € MaM. In this way, U becomes a lattice. There is a cross-section
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of idempotents A = {e;|J € U} C E(M), such that J = Ge;G and, for all
Ji,Jo € Uyegeq, = egeq, = egng,. Then Ais called a cross section lattice.
Furthermore, E(J) = {gesg~'|g € G}.

Recall from Definition 4.6 b), the type map:

A:Ad— 25
It is defined so that for all J € U
P(es) = Py

P(e) = Ci(e) =: {g € G|ge = ege}, and P C G denotes the parabolic
subgroup of type I as in Theorem 2.44.

Let M be a finite monoid of Lie type of characteristic p, and let p: M —
End(V') be an irreducible representation of M defined over Fp. By the theory
of Munn and Ponizovskii [15], p determines an apez, Apex(p) € U(M). By
definition Apex(p) is the unique smallest J-class J of M such that p(J) # 0.
But on the other hand, p|G is irreducible by Theorem 10.10 above, and so by
the theory of Richen [18] p|G is determined by its weight (I(p), x(p)). In any
case, p: M — End(V') determines the following data:

(i) J = Apex(p) € U(M)
(i) I =1I(p) €2’
(iil) x = x(p) : Pr — F,,.
We consider the following two questions.

(a) Is p uniquely determined up to equivalence of representations by (J, I, x)?
(b) What are the conditions on a triple (J, I, x) with x : P — F; and J €
U(M), so that there exists an irreducible representation p of M with
(i) plG of type (1,x)

(il) Apex(p) = J?

To answer these two questions we need some further notions about monoids
of Lie type. The reader should consult [84] for a detailed account of this theory
(notice however that in [84] monoids of Lie type are referred to as reqular split
monoids). Also, the reader needs some familiarity with the representation
theory of finite semigroups. For this, the reader is referred to [15] or [119].

We now introduce some notation. This is mainly for convenience, and to
reassert the distinction between an idempotent and the J-class it represents.
Let A be a cross-section lattice and let e € A. Then {e} = ANJ and C{(e) =
Py(yy, where A\(J) € S. If B C Cf(e) is a Borel subgroup and H = {g €
G|ge = e} then BH is a parabolic subgroup containing B.

Definition 10.11.
v(J) € 25 via BH = P,(j).
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Notice that v(J) = A« (e), where A, (e) is as defined in Definition 7.11. Notice
also that, if we let K; = {g € G|ge = eg = e}, then P,;y = BK;. We
can now state the main theorem (in particular, answering questions a) and b)
above).

Theorem 10.12. Let I € 2° and J € U(M). Assume that v(J) C I C \(J).
Define .,
arg ={x:Lr — Fylx(9) = x(h) if e;9 = esh}.

Then there is a one-to-one correspondence between the irreducible representa-
tions of M and the set
|_| gy Jj-

I1€25,JeU(M)

v(J)CICA(J)
Under this correspondence x € «y,j corresponds to the unique irreducible
representation p : M — End(M) such that

(i) Apex(p) = J
(i) there is a line Y C V such that {g € Glp(9)Y =Y} = P;
(iii) if g € Pr and y € Y then p(g)(y) = x(9)y-

Proof. Let p: M — End(V) be irreducible with apex J € U(M). Let J° =
J U {0}, with multiplication defined by

oy — 0 ,ifz=0,y=0o0razy ¢ J
y= xy,ifxy e J.

J% is a completely 0-simple semigroup (see Definition 2.67) So by Munn-
Ponizovskii [15], V is also an irreducible J°-module; and by Theorem 10.10
above, for e € E(J), e(V) is an irreducible H(e)-module, where H(e) is the
unit group of eMe. But H(e) = eCg(e), and so e(V) is also an irreducible
Cc(e)-module. Now Cg(e) C G is the Levi factor of Py(;) = Cf(e), and so it
is also a finite group of Lie type. Hence Richen’s theory applies to the Cg(e)-
module e(V). Thus, for any Borel subgroup By C Cg(e) there exists a unique
line Y C ¢(V) such that p(By)Y =Y.

Let H = {g € G|p(9)Y = Y}. One checks, as in [114], that H C C%(e)
and H contains a Borel subgroup of G.

Observe that K; C H, and so P,y = BK; € H C Py(y). So we can now
summarize the relevant properties of an irreducible representation p : M —
End(V') with apex J € U(M).

(a) Let H ={g € Glp(9)Y =Y}. Then H = Py is parabolic and v(J) C T C
A(J).
(b) If g € Ky then p(g)y =y forally € Y.

(¢) p|G is the irreducible representation of type (I, x), where y is defined via
p(9)(y) = x(g)y for g € L.
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On the other hand, suppose that p’ : M — End(V’') is an irreducible rep-
resentation with apex J and parabolic subgroup H' = P; with character Y.
Then by Richen’s results, (p'|Ca(e), p/'(e)(V)) = (p|Ca(e), p(e)(V)) since they
have the same (I, x). But then by Munn-Ponizovskii, p and p’ are equivalent
because they come from the same irreducible representation of eMe. Thus,
the correspondence

p~ (I, J,x)
is injective. To complete the proof, it remains only to be shown that all possible
invariants (I, .J, x) actually arise from irreducible representations of M. But
this is now a counting problem. It is easy to check, using Richen’s results,
that the number of irreducible representations of H(e) is

Yo lardl.

v(J)CICA(J)

Thus, by Munn-Ponizovskii, there are exactly

2. 2 el

JEW(M) v(J)CICA(J)

irreducible representations of M. Hence the above correspondence must be
surjective. This concludes the proof.

Let © € M,. We say that x is semisimple if

i) x is a unit in the monoid eM,e for some idempotent e of M,
ii) 2% = e for some k with (k,q) = 1.

Let M2 = {x € M?® | = is semisimple} and let M?*/ ~ denote the set of
conjugacy classes of semisimple elements of M,..

Lemma 10.13. |IR(M,)| = |M25/ ~ |.
Proof. By the theory of Munn and Ponizovskii [15],

ec/A
where H,(e) is the unit group of eM,e. But from Theorem 42 of [124],
|[TR(H,(e))| = Hy(e)®**/ ~. Hence it suffices to see that two elements of H,(e)
are H,(e)-conjugate if and only if they are G,-conjugate. But this is straight-
forward.

Let 7 : M — X be the adjoint quotient, as in Corollary 9.4. We need some
further assumptions to relate M5*/ ~ with X (Fy-).

Recall that a reductive monoid M is locally simply connected if, for
each e € E(M), H, has trivial divisor class group. See Definition 6.4.

We say that M is split over F, if its unit group G is split over [, in the
usual sense [133]. Recall that any M, defined over Fy, is split over Fg- for
some 7 > 0.
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Proposition 10.14. Let M be a Ilsc, reductive monoid defined over F,.

a) The canonical map M5*/ ~— X (Fyr) is bijective for each r > 0.

b) [IR(M;)| =3 cx q" | H(€)ap(Fyr)| where 7(e) is the semisimple rank of
H(e) and H(e)qp is the abelianization of H(e).

c) If M is split over Fy then |H(€e)as(Fqr)| = (¢" — 1)* for some a > 0.

Proof. From Corollary 9.4, X parametrizes G-conjugacy classes of semisim-
ple elements of M. But now we can apply Theorem 10.3 of [136]. This says
that, for each e € A, (H**(F,)/ ~) — X (F,) is bijective. Combined with
Theorem 10.10 we obtain our result.

To prove b) one needs a careful calculation combining a) above, Richen’s
theory [18], Munn-Ponizovskii theory [15], and some basic results from [131].
See Theorem 4.2 of [114] for more details.

For c), first notice that |H (e)qs(IFqr)| is a factor of det(c* —1) using 6.1(d)
of [110]. But M is split so that det(o* — 1) = (¢" — 1)™, where m is the rank
of G.

We can now obtain very precise information relating {IR(M,)} and X,
for 1sc monoids.

First, we recall a key definition (see Definition 7.9).

A reductive monoid M is J-irreducible if U(M) contains exactly one, min-
imal, nonzero J-class.

Theorem 10.15. Let M be Isc and split over Fq with adjoint quotient m :
M — X. Then

a) IR(M,)| =1 = (¢" = 1) Y ;50 big"" for some integers b; independent of
r>0; B
b) if M is J-irreducible then

TR(M,)| =1 =(¢" = 1)> ai(g" —1)"
i>0

where
a; = H(I,e) €29x A

v(e) CIC M) H
AN =i [

c) If M is J-irreducible then P(X) := (X\0)/K* = |_|66A\{0} C. where C. =
K. In particular, b; is the 2i-th Betti number of P(X).

Proof. For a) use Proposition 10.14 b) and c). For b) one needs Theorem 3.1 of
[114] which calculates |[IR(M)| in terms of {(I,e) € 2° x A | v(e) C I C A(e)}.
For c) notice that X = ||, H**(e)/ ~. But from Theorem 1.6 of [110],
(H*3(e)/ ~) = K% x K*. Now apply Theorem 2.59.

Notice that the cell decomposition in c¢) above can not be obtained by the
method of Birula-Bialynicki [4] and so one must use Theorem 2.59 to obtain
these Betti numbers.
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Ezample 10.16. Let M = M, (K) where K = F,. So M,, = M,(F,). Then,
by Munn-Ponizovskii [15],

IR(M,)| =) [IR(Glm(Fyr))|
m=0

while, by Richen [18],

[IR(Gln(Fyr))| = (¢ = 1)g" "V

Thus .
IR = (¢ - D) Y g
i=0
Hence

, _[1.i=0...n-1
10, otherwise .

Plainly, b; is the 2i-th Betti number of P(X) = P*~ 1.
But we can also write

Hence

IR(M;)| =1 =) [IR(Gln(F,))]

= n
— T 1 1+1 .
Z_O (z + 1) (@ =1
By 6.4b) we obtain the curious combinatorial formula

(1) foer asiee

IMe)\I] = i
Ezample 10.17. In [96] the author and M. Putcha construct, for each group G
of Lie type, a certain canonical monoid M (G) having the following properties.

(a) G is the unit group of M(G).
(b) The type map A : U(M(G)) — 2° of M(G) satisfies
(i) A UW(M(G)\{0} — 2% is bijective
(ii) A(Je A Jg) = A(Je) N A(Jf), where U(M (G)) has been identified with
a cross-section lattice A of M(G).
(c) For each e € A, {g € G|ge = eg = e} = {1}.
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By the results of [84], M (G) is determined up to isomorphism by these prop-
erties. This monoid also enjoys a number of other useful properties that were
important in the proof of Theorem 10.10. In any case, if J € U(M(G)) then
by (¢), v(J) = ¢. Furthermore, oy ;j = Hom(L[,F;) for any I C A(J). So
ag,7 is independent of J if it is non-empty.

Define, for any finite monoid M of Lie type,

IR(M)={p: M — End(V)|p is irreducible}/ ~

“ b
~

denotes equivalence of representations. Thus, by Theorem 10.10,

> arl

ICA(J)

D, 2 ol

ICS Jeu(s)

= 3 2ls\Vg,

ICS

where

[TR(M(G))|

where ag is the common value of |az ;| for I C A(J). This agrees with the
formula (1) in the proof of Theorem 2.2 of [96].
If G = Sl,+1(F,) then |S| =n and, for |I| =i,a(I) = (¢ — 1)"~%. Thus

IR(M(G))| =) 25V la(1)

ICS

Notice that this corrects the calculation error of Example 2.3 of [96].

The reader might wonder if, for any reductive monoid M, there is a finite,
dominant morphism

o:M — M

of reductive monoids with M’ a lsc monoid. In general this seems to be a
delicate problem. However, we do have some positive results.

If M is reductive and normal we denote by CI(M) the divisor class group
of M. See § 2.1.3 for a summary of some of the main properties relevant to
our discussion.

Recall the following results from Theorem 6.7.
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Theorem 10.18. Let M be reductive and normal.

a) If CL(M) = (0) then M is lsc.
b) If M\G is irreducible then CI(M) is finite and there exists w: M’ — M,
finite and dominant, such that ClI(M') = (0).

If M is a J-coirreducible monoid then the lattice of J-classes A = U(M),
and the type map A : A — 2% are both determined by A(J) where J €
U(M)\{1} is the unique maximal element. Indeed, if A(J) = I, then

no component of X is

_ s
A= {X €2 contained in [

}lJ{l}

where A\{1} is ordered by reverse inclusion and 1 € A is the largest element.
Here, X corresponds to ex € A. Furthermore, X : A — 29 is defined by

AX) = X UCr(X)

if X # ¢ orl, and A(¢) = I and A(1) = S. Here, C1(X) = {a € Iloq0os =
opog for all B € X}. It follows from Definition 7.11 and Lemma 7.15 that
Ae(ex) = X and M (ex) = Cr(X).

Theorem 10.19. Suppose that M is J-coirreducible of type I, split over I,
and with C1(M) = 0. Then

[TR(M)| = Y ql9(g — 1)l 4 ¢I8l(g 1),
XeA

Proof. First notice that |S\X|—|Cr(X)| = |S\MX)| since A(X) = XUC(X)
is a disjoint union whenever no component of X lies in /. But then for each
X € A, IR(H(e,)) = ¢!¢10N (g — 1)\ X gince H(e,) has rank |S\X| and
semisimple rank |C7(X)].

Theorem 10.20. Suppose that M is reductive, split over Fy and locally simply

connected. Then
|S]+1

IR(M)| = ai(g— 1)’

=0
where a; = |{(I,J) € 25 x W(M)|rank(J) — |I| + [v(J)| = i}]|.

Proof. Recalling Theorem 10.12 it suffices to prove that, given our assump-
tions on M, |ay | = (¢ —1)" where i = rank(J) — |I| + |v(J)|. But ay s is the
character group of Lp,(s)(H(e)), the Levi subgroup of H. of type I\v(J).
This has rank equal to rank(J) and semisimple rank |I| — |v(J)|. This yields
the formula for a;.
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10.6 Exercises
10.6.1 Weil Zeta Functions

Let X be a variety defined over the finite field IFy, and let

2(X) = eap(Y" 1)

r>1
be its Weil zeta function.
1. Suppose there exist complex numbers a4, ..., a5 and By, ..., 3¢ such that,
for all m > 1,
s t
D M2
i=1 j=1
Show that
N,, ITt_ (1 — B;t
cap(3 Ny — im0
m 75 (1 — at)
r>1
2. Show that if Z(X) = j20(1 - qjt)bj, then Z(X X Kn) = jZO(l -
@rrt)bi.
3. Show that
Z(X x K)
Z(X x K*)= ———=.

4. Letting Z(X) = Z(t), show that

Z(X x (K*)") = Iy Z(g*t) D" (),

5. Recall that, if M is reductive and split over & = Fg, then M = U, crBrB
in such a way that, if BrB = (K*)" x K', then (BrB)(k) = (k*)" x k!,
over k = F,. Show that

Z(M) = IjLo(1 — ¢"t)™
where m = dim(M) — rank(M), and

with
vey = |{r € R| BrB = (k*)" x k'}|.
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10.6.2 Counting Modular Representations

1. Let M be J-irreducible, split over Fy, and locally simply connected. Write

HR(M(Fy))| —1=(¢—1) Zai(q —1)

=(q—-1)) bid"

i>0

a) Show that a; = [{(I,e) € 25 x A| Ai(e) €T C Ae)}|.
b) Show that b; = |A4;|, the number of G x G-orbits of rank i.
¢) Show that a; = b; + (i + 1)bi1 + -+ + (7)by.

3
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Cellular Decomposition of Algebraic Monoids

The most commonly studied cell decompositions in algebraic geometry are
those of Bialynicki-Birula [4]. If S = K* acts on a smooth complete variety

X with finite fixed point set FF C X, then X = |_| Xo where X, = {z €
acF

X | thr% tr = a}. Furthermore, X, is isomorphic to an affine space. We refer
to X, as a BB-cell. If, further, a reductive group G acts on X extending the
action of S, we may assume (replacing S if necessary) that each X, is stable
under the action of some Borel subgroup B of G with S C B. In case X is
a complete homogeneous space for G, each cell X, turns out to consist of
exactly one B-orbit.

Let M be a semisimple monoid. That is, M is reductive, normal with zero
element and with one-dimensional center. Define

X = (M\{0})/ K" .

Then X is projective and G' x G acts on X by the rule (g, h) - [z] = [gzh™1].
Furthermore, any generic one-parameter subgroup S = K* C G x G has a
finite number of fixed points on X.

Each BB-cell on X is made up of a finite number of B x B-orbits. But
there is often no explicit algorithm for deciding how each B B-cell is made up
from the B x B-orbits. On the other hand, we have explicitly identified these
B x B-orbits on M (or X) in Chapter 8. So what we need here is a more
direct definition, guided by the BB-procedure, that simply tells us how each
cell is made up from B x B-orbits.

In this chapter, we define a notion that yields a decomposition of M\ {0}
into a disjoint union of “monoids cells”. These cells are defined directly in
terms of A, B and R. We then explain how to use these monoid cells to obtain
an explicit decomposition of the “wonderful compactification” into a disjoint
union of affine space.

In the case where X is the wonderful compactification of the adjoint,
semisimple group G, this “BB-procedure” has been carried out in [21]. In
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fact, they obtain results for a more general class of wonderful compactifica-
tions. Let G be a semisimple algebraic group, and suppose that ¢ : G — G
is an involution (so that 0 o 0 = idg) with H = {z € G | o(z) = x}. The
wonderful compactification of G/H (according to [21]) is the unique normal
G-equivariant compactification X of G/H obtained by considering an irre-
ducible representation p : G — G¢(V) of G with dim(V#) = 1 and with
highest weight in general position. Then let h € V# be nonzero and define

X = p(G)[n] CB(V),

the Zariski closure of the orbit of [h]. (See Section 2 of [21] for details.) In this
chapter we restrict our attention to the special case where the group is G x G
and 0 : G x G — G x G is given by o(g,h) = (h, g). It is easy to see that, in
this case, the G x G-variety (G x G)/H can be canonically identified with G
with its two-sided G-action.

Much important work has been accomplished since [21] appeared. In par-
ticular, Brion [12] obtains much information about the structure of X. Among

other things, he finds a BB-decomposition X = |_| C, from which he then
zeF

obtains a basis of the Chow ring of X of the form {By(z)B};cr. He also

identifies explicitly how each cell C, is made up from B x B-orbits. Since

then, Springer [130] and Kato [46] have uncovered more geometry related to

this problem.

It appears that my cell decomposition agrees with the one of [12] (al-
though we have not actually verified this). The interested reader should con-
sult Brion’s paper, as well as those of Kato and Springer, for more information
on the B x B-orbit closures and the Chow ring for X.

11.1 Monoid Cells

In this section we assume that M is a J-irreducible, reductive monoid as in
§ 7.3. Let B C G be a Borel subgroup with maximal torus T' C B. Define

Ry ={z € R| 2T = Tz is one-dimensional},

the set of rank one elements of the Renner monoid. Our cells are canonically
indexed by R;.
Let r € Ry. Then there exist unique rank one idempotents e, f € E;(T)
such that
r=erf.

We define the monoid cell C, as follows:
C, ={y € M |eBy=eBey C rB}.

The following results are easily obtained.
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a) M\{0}= | | C..
re€Ry
b) Any BB-decomposition of (M\0)/K* coming froma 1-PSG K* C GxG
with finite fixed point set has exactly |Ri| BB-cells.
So it is likely that these cells could be obtained from the BB-decomposition
of some regular 1 — PSG K* C G x G.

Ezample 11.1. Let M = M, (K) with B and T as usual. Then
Rlz{rij|1§i,j§n}

where r;; is the elementary matrix (as:) with a;; = 1 and as = 0 for (s,t) #
(7,7). Then

aij#O
(apq) € Myp(K) |apg =0 if p>1
apg =0 if p=i and ¢<i

C,

Tij =
~ Kn(i71)+(n7j) < K* .

Recall from Theorem 7.12, that the structure of any J-irreducible monoid
M is largely determined by Jy C S. Here

Jo = {36 S|56268(: e)},

where e € A\{0} is the unique minimal element of A\{0}. We say that M is
a canonical monoid if Jo = ¢. By 7.12 a),

p: MN[0} — {1 C S}
is an order-preserving bijection for any canonical monoid M. For I C S we
write ey = p~1(I).

Proposition 11.2. a) Let + € R. Then there exist unique u,v € W and
er € A such that
i) r = ueyv, and
W) I C{se S| Llus)>Lluw)}:=1,.
b) For r = uegv € Ry define

Gr{zuelveR

u,er and v as in a)
ICI, '

Then C, = |_| BzB.
zeC,

Proof. For a) we write x = weyy for some I C S and w,y € W. By Theo-
rem 4.5 ¢), €y is unique. But from well-known results from Coxeter groups we
can write w = uc where ¢ € Wy and £(us) > {(u) for any s € I. But ejc = cey.
So we write x = ueyv where v = cy.

We leave part b) to the reader, since it is not really needed in this survey.
Indeed, we can use C, to define C,..
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We refer to x = uejv as the normal form for x.
We now determine the structure of each C,.. But first we determine how
the B x B-orbits fit together.

Proposition 11.3. Let x € R and write x = ueyv in normal form. Then

BxB = (UunuU)(efT)(vUNU v)
>~ (UunulU) x efT x (vUNU " u)

Proof. Let e = er. Since eB € Be we get eB = Cp(e). Also we have vBv~! =
(vBv™t N B)(vBv~! NU™) (direct product). Then

evBv™! = e(vBv ' N B)(vBv ' NU")
=Ve(wBv 'nU™)

where V' C (Cy(e) is some connected subgroup with 77 C V. Then we get
evB=Ve(wBNU v). (%)

We now look at Bue. Recall first that ¢(us) < ¢(u) for any s € I. This is
the same as saying that Cz(e) C v~ ! Bu N B. Thus

u ' Bue = (u'Bun B)e
since (u'BuNU~)e = {e}. Thus
Bue = (BunNuB)e (5)
Combining (*) and (**) we obtain that

u 'BuevB = (u"'Bun B)e(VvBNU v)
= (u'Bun B)e(vBNU v)

since V C Cg(e) C u~'Bun B. Thus
BuevB = (UunuU)(eT)(vUNU ) .

A calculation similar to the proof of Lemma 5.1 shows that this product is
direct. In characteristic p > 0, the product morphism is seen to be separable
by a local analysis of the torus action at the fixed point.

Proposition 11.3 tells us exactly why we have found the “correct” definiton
of cells.

Proposition 11.4. Let r = ueyv € R;.

a) Cr =2 (Uunul) x Z, x (WU NU~v) where Z,, = |_| erT.
JCI,
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b) Z,)K* =K' where i(u) = |I,|.

Proof. For b) we may assume that v = 1, since any other Z, is a T-orbit

closure in Z; = |_| e;T. But one checks, as in Proposition 3.4 of [118], that
ICS
O(Z,/K*) = K[a;!,...,a;'] where S = {ay,..., a4}
For a), we have by definition

C, = |_| (UunulU)(e;T)(vUNUv)

uerveC,

(Uunul) < |_| €]T> (wUNU ).

uerveC,

Theorem 11.5. Let r = uegv € Ry. Then there is a bijective morphism

m: K" — C,./K*
where n, = L(wg) — £(u) +i(u) + (o). Here, wg € W is the longest element,
so that £(wo) = |DT|.

Proof. From 11.4 a), dim C, = dim(UuNuU) + dim(Z,) + dim(vU N U~ v).
One checks that dim(UuNulU) = ¢(wg) —£(u) and that dim(vUNU~v) = £(v).
From 11.4b) dim(Z,) = i(u) + 1.

We can also consider the cell decomposition for each orbit closure. Let
I C S and define

X1 = (GerG\{0}) /K~ .

By [21] X is a smooth spherical G x G-subvariety of X. We find a cell de-
composition of X; as follows.
Given r € R; and I C S define

CL,«:C,«QX].

Clearly X7 = |_| Cr,r. But we can say more.
reRy

Theorem 11.6. Let r = uegv € Ry. Then there is an isomorphism
m: K" — Cyr
where ny = £L(wo) — £(u) + |I N L] + £(v).

Proof. By inspection Cr, = |_| BuejvB, and so
JCINIy

Crr=UunulU)(Z;u)(vUNU )

where Z7 ,, = |_| ejT. Then the proof proceeds as in 11.4 and 11.5.
JCINI,
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If Y is a smooth projective algebraic variety with cell decomposition we
can calculate the Betti numbers of Y:

B2;(Y) = the number of cells of (complex) dimension i.

Let 4
P(X,t) =) Bai(X)t*

i>0

be the Poincaré polynomial of X.

Theorem 11.7.

P(X1,t) = <Z t2(l(wo)l(u)+luﬁl|)> (Z tzew) .

ueW veW

This result is also obtained by DeConcini and Procesi in [21].

It appears that Springer has obtained the same cell decomposition in [130],
in his detailed study of the geometry of the B x B-orbit closures of X.

Further results about X have been obtained by Kato [46]. In particular,
he obtains a kind of Borel-Weil theorem for X.

Since the appearance of [21], these same authors have continued the study
of these interesting spaces. In [22] they have described the rational cohomology
of X, as well the cohomology of many other spaces closely related to X. In [5]
(along with Bifet), they describe the rational cohomology ring of any complete
symmetric variety by generators and relators. See § 15.4 for a brief description
of these developments.

11.2 Exercises

Let W be a Weyl group with generating set S C W, the set of simple involu-
tions, and let A C @ be the set of positive, simple roots.

1. For x € W, define I, = {a € A | I(sozx) = l(z) — 1} and J, = {«a €
A | l(zse) =1l(x) — 1}. Show that, for allz € W, I, = J,-1.

2. For a subset § C S let w(#) be the longest element of Coxeter group Wp.
If x € W, let w, = w(l,). Show that, for all x € W, x = w,x_, where
Hz) =l wy) + U(z-).

3. For s € S,y € W, define

_Jy S ifl(sy) <ly)
S*Y= {sy,ifl(sy)>l(y).

Show that * defines on W the structure of a monoid with the following
properties:
a) w(f) xx =z if and only if  C I,
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b) z*v = if and only if  * w, = wy * T = w,.

. Let x € W and s € S. Prove the following:

a) If I(xs) = l(z) + 1 then I,s = I, U ({zsz~ 1} N S).
b) If I(zs) = I(x) — 1 then I, = I,s U ({zsz~ 1} N 9).
¢) Is = I, if and only if zsz= ¢ S.

. Let x € W. Prove that

Hoew |1 =1y =Y -y
ICJ |WJ|
. Show that, for I C S,
Z ) — Z(_l)lJ\thim(G/PJ)P(J’t)
TEW, I,=I ICJ

where P(J,t) = 3. dim(H*(G/Py))# is the Poincaré polynomial of
G/Pj. N
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Conjugacy Classes

In this chapter we describe Putcha’s theory of conjugacy classes in a reductive
monoid. We can not do justice here to this truly remarkable development. So
we shall refer the reader to Putcha’s work [88, 89, 90] for the details of many
proofs. Our purpose here is to explain Putcha’s main results while describing
some of the key ideas of his proofs.

The basic idea here is to define, for each (e,o) € E(T) x W, a subset
M., € M such that

a) any ¢ € M is conjugate to some y € M, , for some (e,0) € E(T) x W
b) there is an explicit equivalence relation ~ on M, , such that for a,b €
M. », a ~ b if and only if b = gag™" for some g € G.

On this basis we discuss some further refinement, especially the issue of
finding a minimal collection A = {(e,0)} so that M = U gM, ,g~*. The
(e,o)€A
key results here can be described using some finer structure theory of the
Renner monoid.

12.1 The Basic Conjugacy Theorem

Let M be a reductive monoid with zero element 0 € M and unit group G C M.

Let e € E(T) and 0 € W. For § € W write
e =0"'ed c E(T).

Define
M., =eCg(e’ |0 € (o).

Theorem 12.1. Let a € M. Then a is conjugate to an element of M., for
some e, 0.
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Proof. By the basic results of reductive monoids (Corollary 2.3 of [84]) there
is a maximal torus 7) C G and idempotents e, f € E(Ty) such that eRalf.
Hence there exists § = mT € W such that ¢/ = f. Hence emJa. Thus
a € eCg(e)ym = eCg(e)d. This is the beginning of an induction argument.
Inductively, assume that

aceCqe” |j=0,1,...,k)0

where k > 0. One can then find b € eCg(e” | j =0,1,...,k + 1)0 such that
a is conjugate to b, using Theorem 2.2 of [88].

Now we must determine the exact conditions for two elements of M, , to
be conjugate.

Fix e € E(T) and 0 =nT € W. Let
V =Cgqle? |6 (o).
Then V is reductive, T C V and V? =V (where X7 :=n~1Xn). Let
Vo={aeV |ae=ea=e}
=TV,

where T ={t € T |te = et = e }, and V, € V is the connected component of
the identity element of V.
Then V, is a closed normal subgroup of V. Finally, let

2= 1] v’
oc(o)
Then {2 is a closed, normal subgroup of V.

Definition 12.2. a) Ifx €V let 2* =na~n"t € V.
b) Let Ge,, = V/$2 and define ¢ : Me s — Ge s as follows: For a = evn €
Mo, veV, let
Cla) =v2 € Gey .

Since 176 C {2, ¢ is well-defined.

Theorem 12.3. Let a,b € M.,. Then a and b are conjugate in M if and
only if there exists © € Ge » such that z((a)x* = ((b).

Proof. We refer the reader to Theorem 2.4 of [88] for an amazing display.

Ezxample 12.4. If M = M,,(K) then the group G, is trivial if ec is nipotent.



12.2 Some Refinements 197

0 1
Example 12.5. Let r > 2 and define J, = N . Define for n > 2,
1 0
1 11 0
Gp=<K A€ S€2n+1(K) At A=
JQn 0 JQn

Then Gy is the special orthogonal group of type B,. Let G = GoK™ and
M=G g M2n+1(K). Then

00 0 000
e=|0L,0]|, f=|000 | eEWM).
00 0 001,

If o = ((1) JO ) € W then ¢’ = f and (ec)? = 0. One can check that
2n

Geo & PGU,(K) with * : Ge .y — G defined by A — J,, A'J,.
Remark 12.6. Three important questions cry out for an answer here.

a) When is gM, ,9~* N My . # ¢?
b) If gM, »g~'NMy ; # ¢, can we conclude that U gM. 97" = U gM; g7

geG geG
¢) If ec = er, how are M, , and M, , related?

12.2 Some Refinements

In this section we describe the results of [89]. We arrive at Putcha’s definitive
answers to the above three questions. Define

Neo C M, s
by

Neo =eCa(Two |0 € (0))o
= BCG(Gee | 0 e <U>)Tg
=eCq(Geo | 0 € (0))o .

Clearly, NI, = Neor for m € W(e). Let 7 € We. Then 7 = mT for some
M € GeNNg(T). Let a € N . Then a = egn for some g € Cq (Goo | 0 € (0)),
n € Ng(T) with ¢ = nT. So for all i > 0, n'gn~" € Cc(G.) and so nign~" is
centralized by m. By induction on 1,

(mn)'g(mn)~" = mn'gn"'m~! = n'gn™" € Cq(G.) .
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Hence g € Cg(Geo | 0 € (o)) and so
egn = emgn = egmn € Ne s .
We conclude that Ne , € N, ro. Similarly, Ne o € Ne . S0

Neo = Ne o forall me W, .

For this reason we write N, for N, ,. Hence N., depends only on the element

eo of R.
Ezample 12.7. Let M = M5(K), and let

10000 00100 00100
01000 00010 00010
e=|100000| ,0=110000}| ,-=]101000
00000 01000 00001
00000 00001 10000
Then

00ab0 00a00
00cdO 000b0
M., = 00000 ad # be vet M., = 00000
00000 00000
00000 00000

But also ec = et and M., = Ner = Neo.

Theorem 12.8. a) Ifr,s € R and N, N N, # ¢ then N, = Nj.

ab+# 0

b)If§ € Cw (e | 6 € (o)) then Nes, C M s and Neso = NI, for some

7€ Cw(el | 0€ (o).
¢) Any element of M., is conjugate to some element of Nes.

d) The map ¢ : Me o — Ge, o remains surjective when restricted to Neo C

M.
Proof. See Theorem 2.3 of [89].
Putcha goes on to obtain the following spectacular result.

Theorem 12.9. The following are equivalent.

a) Some element of M. , is conjugate to an element of Me g.

b) U gMe,Ug_l = U gMe,Hg_l-
Se g€G
c) There exists v € W, with ef conjugate to ey in R, such that

(Y W(e)o™ #¢.

i>0
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d) NT = Ny for some ™ € W(e).

This is nearly complete. The only thing remaining is to isolate the “best”
representative in each set

er€R||J gMeog™ = | 9Merg™
geG geG

This will be the main focus of the next section.

12.3 Putcha’s Decomposition and the Nilpotent Variety

In this section we determine a subset P C R such that

M=||X() (%)

reP

where X (r) = U gM, ,g~ " for r = ec € R. We shall refer to (*) as the

geqG
Putcha decomposition of M. We also describe the order relation on P that

corresponds to the condition X (r) C X(s). This stunning development has
no analogue in group theory.

Recall now the Weyl group W and its set of Coxeter group generators
S CW. For I C S define

Dr={ge W |{l(gw)=4£(g)+ {(w) for all w € W;}
D;t ={g e W | {(wg) = £(w) + £(g) for all w € W} .

Definition 12.10. Let x,y € W. We say that x =1 y if ﬂ e Wry™t # ¢.
i>0

Notice that =; is an equivalence relation on W. Also notice that
r=;wrs Lifwe Wi,
and

r=ruxifu € ﬂ o Wrz™".
i>0

Proposition 12.11. Let x € W. Then © =5 y for some unique y € D;l.
Furthermore, (y) < {(x).

Proof. Let
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T =T =Wy ,wleWI,yleDfl
Ty = yrwi = wayz , w2 € Wi,y € D!

Now zj41 = yjw; = w; (wjyi)w; = w;lscjwj. Hence by comments following

1210, 1 =1 X2 =713 =1 ... - AISO,
Uxj1) = Lyjw;) < Lyj) + L(w;) = Lwjy;) = () .
Hence, for some N, {(zn) = l(zn41) = ... . Since y; € Dl_l7 we see by the

exchange condition that for, j > N,
Yi+1 = Yjug, uj € Wi
E(yjr1) = Lyj) + L(uy) -
In particular, £(yn) < l(yn+1) < ... . Hence, there exists kK > N such that
Yk = Yhkt1 = -+ - -
Letting y = yi we obtain, after some scrutiny,
y=; T

and
Uy) < L(z) .
One then checks that this y is unique. See Proposition 1.1 of [90].
We now apply this to our situation. Let I C S. Then for any J C S
D' C (D' nDH)W, .
Thus, for any y € Dl_l, we obtain from standard results that
Wi NyWyy~!is a standard parabolic subgroup of (W, S).
Hence
WlmyWIyil = WI? ) Il - I

WrnyWny =Wy ,LCh
WrnyWry =Wy, , I3 C Iy

Then let K = Ky <1 I, so that K is a union of some connected components of
I. Then, as above,

Wrn yWKOy’l = VVK1 ,Ki< @y
Wrn yWKly’l = WK2 , Ko < Iy
Wrn yWK2y’1 = WK3 , K3 <13

We arrive at our key definition.
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Definition 12.12. Suppose that I C .S and K < I. Define
D}(K)={y e D;'|y€ Dk, for all j >0} .

Notice that D}(¢) = D; ' and D3(I) = D;n D; .
The following corollary follows from Proposition 12.11. See Corollary 1.2
of [90].

Corollary 12.13. Lety € Di(K), z € Wi and suppose that yz =1y € D;*.
Then £(y") > L(y). If further £(y') = (y), then y = y'.

We now return to conjugacy classes in M. Let e € A, the cross-section
lattice. Then

W(e) =Wy for I =MXe) CS
Wi(e) ={x e W |ze=ex=e} =Wk for some K < 1.

Define
D(e) = D[7
D*(e) = Di(K)
D, = Dg.

Notice that
D*(e) = D(e) N D(e)~ ! if e € A\{0} is minimal
and
D*(e) = D(e)~ ! if e € A\{1} is maximal .
Let y € D(e)~ !, e € A. Define, as before,
H = Calzes | 2 € (y)),

and let M., = eHy. Let

X(@y) = U gMe,crg_l .
geG

Theorem 12.14. Let e € A.
a) Ify € D(e)~! then
X(ey) = | J gBeyBg™" .

geqG

b) GeG = |_| X (ey).

yED*(e)
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Proof. For a) we refer the reader to Lemma 2.1 and Theorem 2.2 of [90]. For b)
let I = \(e). If x € W then, by Proposition 12.11, x =; y for some y € D(e)~!
with ¢(y) < €(x). Thus, by Theorem 12.3 and Theorem 12.9, every element of
GeG is conjugate to an element of M, , for some y € D(e)~!. Furthermore,
if y1,92 € D(e)™! then X(ey1) = X(eys) if and only if for some z € W
ey1 ~ ex in R and x =; y2. We write y; ~ y» in this case. If y; % yo then
by Theorem 12.9 X (ey1) N X (eyz2) = ¢. Assume that y is chosen so that ¢(y)
is minimal in the = class of y. It turns out that y € D*(e). One then checks
that such a y is unique. This proves b).

Definition 12.15. Let P = {ey | e € A, y € D*(e)}. Since P C R we define
a transitive relation < on R: < is generated by

a) r1 K o if 1 < ro in the adherence order (see Definition 8.52)
b)ifye€ D(e)™t and x € W then eyx < wey.

It follows from Theorem 12.16 a) below that (P, <) is a partially ordered
set. We refer to (P, %) as the Putcha poset of M.

Theorem 12.16. a) (P, <) is a poset.

b)M=| | X(r)

repP
c) Ifrl,rgePthenX(rl) X(re) iff r1
d) Ifr € P then X(r) = | | X(s).

ST

Proof. b) follows from Theorem 12.14 b). For ¢) and d), let € R and define

Y(r)= U gBrBg~1
geG

N

To.

It turns out that Y (r) = X(r) for any r € P. Now G acts on Y(r) by
conjugation, while B stabilizes BrB under this action. Thus,

Y(r)=JgBrBg' = |J V('

geqG r'<r

since G/B is a complete variety.

From here one checks that b) and c) hold. For a) it remains to show that
if 1 < ro < rq then 1 = rg. But if 1 < ro < 1 then X (r) = X(r2) by ¢)
above. Hence X (r1) N X (r2) # ¢. Thus, by 12.14 71 = rs.

Very little is known about the set
My ={z € M | 2™ =0 for some n},

of “nullforms” of M, except perhaps that M, C M is a closed subvariety of
M, invariant under the action of conjugation by G. However, by the results
above,
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Mnil = |_| X(T)7
reP,

where P, = {r € P | ™ = 0 for some n > 0}. Furthermore, the irreducible
components of M,;; are in one-to-one correspondence with the maximal ele-
ments of (P, <).

Ezxample 12.17. Let M be a J-irreducible monoid of type ¢ C S. Then by
Theorem 7.12,
A A\{0} — 25

is a bijection. Such monoids are called canonical monoids [96]. In any case,
we write

A={ex | X CS}U{0}.
The set of maximal elements of A! of A\{1} are indexed by S. Indeed,

A1:{fs|s€S}

where A(fs) = S\{s}. Ilf exy € P, then y = s1----- sy where s; € S and
s1 ¢ X. Hence exy < fs,s1 and thus exy < fs,51. So we see that the set of
maximal elements of P, is

{fss|s€s}.
Thus the irreducible components of M,;; are

X(fas) = U g]wfs,sg_1 .
geG

Ezample 12.18. Let M = M,,(K). In this example we calculate the Putcha
decomposition and the Putcha poset for M. Now

M= |_I|DX(7“)

as in Theorem 12.16. One checks that for r € P
X(r)={a € M| rank (a') = rank (%) for all i > 0} .

Furthermore, the following are equivalent for r, s € P:

r<s
i) X(r) C X(s)
iii) rank (r%) < rank (s*) for all i > 0.

For r € P we can write
I,

Ny

where I, is an identity matrix and N, is nilpotent. Thus,
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P |_| I,

m<n
where IT,,, is the set of partitions of m. Here, II,, corresponds to {r € P |

m =n —rank([,)} C P.
The order relation on P can be described as follows.

Let

(0&120&22 ..)inHm
(ﬁlzﬁgz...)inﬂg.

@
B
Then a < g if
n—m >n—/
n—m-+a >n—4~0+0
n—m+a+ay>n—~L+01+ [

Each of these inequalities is a direct translation of the corresponding condition

from iii) above.
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The Centralizer of a Semisimple Element

13.1 Introduction

Let G be a simply connected algebraic group and let s € G be a semisimple
element. It is well known that Cqo(s) = {g € G | gs = sg} is a connected
subgroup of GG which is uniquely determined up to conjugacy by a certain
subset of the extended Dynkin diagram of G.

If M is a reductive monoid with unit group G, the situation is more com-
plicated. Is Cp(s) = M, always irreducible? If not, can we still obtain some
numerical/combinatorial identification of these monoids? What sort of struc-
ture does the monoid Mg have?

The purpose of this chapter is to answer the above questions in detail, and
to supply some illustrative examples. The three main results are as follows.

Let B C G be a Borel subgroup with maximal torus 7' C B. Suppose that
s € T and M is a reductive algebraic monoid with unit group G. Let

Gs={9€G|gs=sg}
Bs={g€ B|gs=sg}

Ny ={z € Ng(T) | zs = sz}
and define
Ry =N/T={aT =Tz |z € Ny} .
In this chapter we obtain the following results.

) My =|l.cp, Bs7Ds.

) Mjs is a regular monoid.
)

)

52

Ry is a finite inverse monoid.

The following are equivalent:
i) M is irreducible

i) Ry is unit regular.
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13.2 Main Results

Let M be a reductive monoid with unit group G. We assume throughout that
G is simply connected. This ensures that, for any semisimple element s of G,
Ca(s) = {g € G | sg = gs} is connected. So let B C G be a Borel subgroup
with maximal torus 7' C B. We may assume that s € T

We now establish our notation and recall the relevant background results.
Let
N ={ze M |2T =Tz}.

Then N’ = N = Ng(T) C M (Zariski closure) and R = {zT =Tz |z € N}
is a finite inverse monoid with unit group W = Ng(T')/T, the Weyl group. If
z,y € N and x =y in R then BxB = ByB. Hence BxB C M is well-defined
for z € R.

Recall from Theorem 8.8 that

M = |_| BzB.
rER

Our purpose here is to find an analogue of this result for
Ms={x € M|xs=sz}.
So we let

Gs={xeM|xs=sx}=Cgqg(s)

By = Cp(s)

Ny =Cn(s)

R, ={aT =Tz € R| 2T NNy # ¢} .

Notice that if 7' N Ny # ¢ then saxt = ats for t € T. It follows easily that
T C N;. Indeed,
R, ={2T € R| 2T C N} .

Lemma 13.1. Let r € R. Then BrB =2 rT x K® for some a > 0.

Proof. Let V ={u € U | urB C rB} where U C B is the unipotent part of B.
Then it follows easily that V = {u € U | urB =B} = {u € U | urB = rB},
that V' C U is closed, and that T C Ng(V). By Proposition 28.1 of [40],
V= H Uy, where U, C U is a root subgroup, o € @. Let X = H U,.
UaCV UaCU
Then
XxV—U

(u,v) — v

is an isomorphism Proposition 28.1 of [40] Thus,
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BrB=UTrB
=UrTB
=UrB
= XVrB
=XrB.

Thus ¢ : X x rB — BrB is surjective. But ¢ is also injective. Indeed,
suppose that zrb; = yrbs. Then rb; = z~'yrby and we obtain rB = z~lyrB.
Hence 27 'y € V, and so z 'y = v € V. Thus 2V = 3V, and so = y since
x XV =2U. Hence BrB= X xrB.

Now let Z = {u € U | rTu = rT}. As for V, Z = [] Ua. Then let

UaCZ
Y = H U,. As above, it follows that
Ua@Z

rB=rTY ZrT xY .

We conclude that
BrBE2X xrBE2XxrT'xY.

But X xY = k° for some a > 0.

Lemma 13.2. There is a unique morphism of algebraic varieties
Y : BrB — rT such that i is the inclusion, « is defined by a(z) = sxs™t, 8
is induced from o and the following diagram commutes.

T —— BrB —Y T
| | |
T —— BrB —Y T

Furthermore, ¥ o i is an isomorphism.

Proof. Since BrB = X x rT x Y, define ¢(x,rt,y) = rt. Then ¢ is unique
since it is the quotient morphism for the action U x U x BrB — BrB,
(u,v,2) — urv~!. The diagram commutes as long as 3 exists. But, for any
teT,s(UrtU)s™! =UrtU.

Corollary 13.3. (BrB)s = {birby € BrB | sbirbas™ = byrby}. Then
(BrB)y £ 6 & (4T)s £ 6.

Proof. Assume that (BrB)s # ¢. Then ¢ ((BrB)s) # ¢. But then (rT)s # ¢
since ¢ o4 is an int(s)-equivariant isomorphism. Conversely, if (rT)s # ¢ then
(rT)s C (BrB)s, and so (BrB), # ¢.
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Proposition 13.4.

_Je ifr ¢ Ry
(BrB)s = {BSTBS ifr € R,.
Proof. If r ¢ R, then (rT)s = ¢ by definition, and so (BrB)s; = ¢ by
Corollary 13.3. Then let » € R,. We must show that (BrB), = ByrBs;.
Clearly, BsrBs C (BrB)s. In the proof of Lemma 13.1 we showed that
BrB =X xrT xY. Then

(BrB)s = (X xrT xXY)s
=X, xrT xY,, since sXs!=Xand sYs 1 =Y

C B,rB,.
Theorem 13.5. M, = |_| BsrBs, a disjoint union.
rERs
Proof.
M, = (|_| BrB),, by 88,
reER
= | | (BrB),
rERs
= |_| B,rB,, by 13.4.
rERS

13.3 The Structure of R, and M,

In this section we examine in more detail Ry and M. But first we recall three
definitions from § 2.3. A semigroup S is regular if for any x € S there exists
a € S such that zax = x. Also S is unit regular if for any = € S there exists
a unit a € S such that rax = z. A semigroup S is inverse if for any = € S
there is a unique z* € S such that zz*x = x and z*xx* = z*.

Proposition 13.6. R, is a finite inverse monoid.

Proof. Rs C R, which is finite. Hence R, is finite. Also, it is easily verified
that Ry is a semigroup of R. Therefore let x € Ry and let r* € R be the
unique inverse (in R) of 7. Now srts~! = rt for some t € T'. Thus st~ 'r*s™1 =
(srts™1)* = (rt)* =t~ 1r* and so (r*T)s = (Tr*)s # ¢, proving that r* € R,.

Proposition 13.7. M, is a reqular, algebraic monoid.

Proof. By Theorem 13.5 we have My = |_| BsrBs. Clearly, M, is a closed

rERs
submonoid of M. Now let x = byrby € My, where by,by € Bs; and R;. Define

a = by'r*b;' € My where r* € Ry is the unique inverse of r. A simple
calculation proves that rax = x and axa = a. Thus, My is regular.
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Theorem 13.8. The following are equivalent:

(a) My is irreducible;
(b) Ry is unit regular.

Proof. Recall that Ny = {z € Ng(T) | xs = sz}. A simple calculation verifies
that R is unit regular iff Ny is unit regular.

Assume that Mj is irreducible. Then M, = Cg(s) (Zariski closure). Now
let » € Rg, so that rs = sr and rT' = Tr. But also we have r € M,. Hence
7 € Neg(s)(T) and so Ry = N, (s)(T). The latter is unit regular by Theorem
13 of [81] and Theorem 7.3 of [82].

Conversely, assume that N is unit regular. Then if r € Ry there exist
0 € Negs)(T) and e € I(T) = {f € T | 2> = f} such that r = es. Now let
x € M. Then © = byrbs, for some r € N, and by,by € B,. But r = eo as
above, so that © = bieabs € BT Ney,(5)(T)Bs € Ca(s). Thus M, = Ca(s).

13.4 Examples

Ezample 13.9. Let M = M, (k) and let s € M be semisimple. Then s is
conjugate to a matrix of the form

M, 0
0 Ao I,

m
where \; # \; if i # j, ny > -+ > n,, and an = n. Then
=1

and
An, 0 Ay, is an n; x n; 0-1 matrix with
R, = . at most one nonzero entry in each
row or column.
0 An,,

For this M, any choice of s yields an irreducible M.
Ezample 13.10. Let p : Sly x Sla — Glg be defined by

_(A® Bt 0

Let Gy = p(S¢y x St3) and let G = {tg | t € ZGlg, g € G1}. Then
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M =G C Mg(k)
is a reductive algebraic monoid with unit group G and maximal torus closure

wz =Yy =718

T = { diag(w,x,y,2,7,8) r? =z

52 = wy

We can calculate E(T) to obtain
E(T)={0,1}U{e;|i=1,...,8}

where
e1 =(1,0,0,0,0,0) es = (1,1,0,0,0,0)
e2 =(0,1,0,0,0,0 es = (0,0,1,1,0,0)
es =(0,0,1,0,0,0) er =(1,0,1,0,0,1)
es =(0,0,0,1,0,0) es = (0,1,0,1,1,0).

It follows from Theorem 10.7 of [82] that the partially ordered set {GzG | z €
G} is {0, Jy, Jo, J3, G}, where

Jl = G(ilG, JQ = G€5G and J3 = G€7G .

Furthermore, J3 > J; and Jo > Ji.
The Weyl group of G is W = {wq, wa, ws, ws} where

1
1
o 1 o| (/1 0y (10
L= 1 —P\\o 1) \o 1
0 1
1
01
~10 0
01 /(10 0 1
w2 = ~10 P\ 1) \=1 o
01
0 ~10
0 1
~1
—1 0
. 0 B 01 0 1
371 PA\z1 o) \21 o
0 01
~10
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-1 0
0-1

S e e R R DA
s= 1 91 “P\\21 0)7\0 1))
10

01

Let s € T C G be semisimple. Then
5 = ap(u,v)
where u = diag(c,a™t) and v = diag(3, 3~1). Then

s =adiag(af™ " af, a7 a1 B,8,87h).

After straightforward but tedious calculations, for example,

0 a2ﬁ—2
_a252
70472672 0
swys t=| a"2p? 0 ,
62
0 —5?

we arrive at the following possibilities for R;.
Case 1: (0 =+a, a==+1.
Then R, = R.
Case 2: (= *+a, a = *i.
Then Ry = E(T)U {wse; | j=1,2,...,6}.
Case 3: 0=+« and o # £1, +1i.
Then Rz = E(T) U {wse, wsey} -

Case 3: (3 = +a~ !, a # *1, +i gives a set R, conjugate to the set R,
considered in Case 3.

Case 4: (0 # ta, a = +1.

Then Ry = E(T) Uws(E(T) .

Case 4': 8 # +a~ !, B = %1 gives a set R, conjugate to the set R, considered
in Case 4.
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Case 5: 3 # ta, B # +a™ !, a# +1, f # £1.
Then R, = E(T) .

In Case 1, My = M.

In Case 4 or Case 4', M is irreducible with unit group k*S¥¢s.
In Case 5, M, =T.

In Case 2, Case 3 and Case 3', M, is reducible.

Remark 13.11. The monoid M, is not necessarily of the type discussed in
[85, 86] or § 10.4, unless of course it is irreducible. This leads to a number of
basic questions about M.

a) Which spherical varieties (for C(s) x Cg(s)) can occur as an irreducible
component of My? Are there any “new” ones?

b) Does the inverse monoid R satisfy some analogue of Tits’ axiom “sBx C
BxBUBszBifse S, x € R’?

c) Is there an analogue of the type map \ : A — 25 for M,?
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Combinatorics Related to Algebraic Monoids

In this section, we discuss some of the more striking combinatorial problems
that arise naturally in the study of reductive, algebraic monoids.

14.1 The Adherence Order on WeW

From Corollary 8.35 we have a combinatorial description of the adherence
ordering on R:

xr <yif BeB C ByB.

In this section we describe a refinement of those results when we restrict our
attention to the smaller poset (WeW, <) for e € A. The results of this section
are due to Putcha [92, 93, 94].

The monoid R has a presentation given by:

re = ex, x € Wie)
re=e=ex,z € W.(e).

These relations are of course in addition to those for W and E(T).
If o0 € R, then o has a unique expression:

o =azwey,e € A,x € D(e),w € W*(e),y € D(e)™ L.

This is the normal form (Definition 8.34) of o. The length l(o) can be defined
(see [73], [105], [127]) as

o) =1(z) +l(w) +1(e) —I(y)

where [(e) is the length of the longest element in D(e). This notion of length
agrees with the earlier Definition 8.17. If vg and wqy are respectively the
longest elements in W(e) and W, then wpe and evpwy are respectively the
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maximum and minimum elements of WeW . Moreover the length function on
WeW agrees with the rank function on the graded poset WeW. Also by [73],
the length function is subadditive:

l(c0) <l(o)+1(0) forall o,0€R.
Let 0 = zwey, o’ = z'w'e’y’ € R be in standard form. Then by [73],
oc<o ee<e,rw < 2wu,uty <y for some wue W(e)Wi(e).

This description of the order on R is somewhat unwieldly. A much more
useful description has been obtained by the Putcha in [92, 93], which we now
describe.
We begin with a description of the order on WeW, where e € A. Let
I =M\(e) and K = A (e). For w € Wy, let @ = vowvy, where vy is the longest
element of W7. Let
W],K = D] X WI\K X Dl_l

Let 0 = (z,w,y),0’ = (@', w',y’,) € Wi k. Define o < o' if w = wiwaws
with I(w) = l(wy) + I(w2) + I(ws) such that
Twq S Z/;w2 < wlvay < y/'

Let W;,K = Wr i as sets but with the above order changed to

zwy < 2’ we < w'wsy <y

Note the subtle difference between these two orderings. The following result
is proved in [92].

Theorem 14.1. WeW 1is isomorphic to Wi k and the dual of WeW is iso-
morphic to WY .

We notice that, in many cases, the poset WeW is isomorphic to its dual.
This is however not true in general. For instance this is not true of the poset
of 4 x 4 rank 3 partial permutation matrices. In general WeW is isomorphic
to its dual if no component of W*(e) is of type A;(I > 1), D;(l odd) or Es.

The problem next is to extend the description of the order on the W x W-
orbits to all of R. Let e, f € A,e < f. Let z. denote the longest element in
W (e). Let 0 = zwey € WeW in standard form. Let

ZelY = UYL, U € W(f)ﬁl}l € D(f)_l
Define the projection,
pe,f(a) = x’f?h

where
' = min{zwu|u’ < u}.

Thus we have projection maps pe ¢ : WeW — W fW, whenever e < f.
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Ezample 14.2. Let M = Ms(k),

100 100
e=|000|, f=1|010
000 000

Then pe r: WeW — W fW is as in the Figure 14.1.

\
=

)
2

1T 1T 1T 1T 1T 1T 1T 1T 1
oo oo =0 o= = ) oo oo oo oo o= Q
oo —o0 oo e = wn) o e = w) oo oo oo
>—ODI .OCD‘ |OOD. .O—O‘ .OOD‘ |m. .OD—“ ICDC)I .OCD‘

r 1T 1T 1T 1T 1T 1T 1T 1T 1
oo oo oD e = wn) oo = ) oo oo ==
oo —oo oo oo oo e = w) oo e m oy coo O
>—ODI .OD—“ IOO—‘I .O—O‘ .OO—“ .w. .O—O‘ |O_O. ‘O—O

=

Fig. 14.1. The projection in M, rom rank one to rank two.

—

K)

The following result is proved in [92].
Theorem 14.3. (i) pe,; : WeW — W fW is order preserving.
(it) If c € WeW,0 € WfW, then 0 < 8 < pe ¢(o) < 6.
(i) pe,f is onto < A.(e) T A (f).
(1v) pe,s is one to one < A(f) C A(e).
Ezample 14.4. Let ¢ : My, (K) — My (K) be defined as
B(A) = A AN(A) @ A% @ A" (A),

where

215



216 14 Combinatorics Related to Algebraic Monoids

N=1m, (")
r

Let M denote the Zariski closure of ¢(M,,(K)) in My (K). In this case, W is
the symmetric group on n letters with S = {(12), (23),...,(n — 1n)}. Then

A={er|TC5)U{0}
with
ex <erifandonly if K C T
and
)\(6]) = )\*(e]) = I, )\*(61) = ¢

for all I C S. Then by Theorem 14.3, pey e, is onto for K C I.
Ezample 14.5. Let ¢ : M, (K) — My (K) be defined as

P(A) = A NA) &N ® A" (A)

where N = 2" — 1. Let M denote the Zariski closure of ¢(M,,(K) in My (K).
Again W is the symmetric group on n letters with S = {(12), (23),...,(n —
1n)}. Then

A=A{er | I CS}U{l}
with
ex <erifandonly if K C T
and
)\(6[) = )\*(61) = I, )\*(61) = gf)
for all I C S. Again by Theorem 14.3, pc, ., is one to one for K C I.

If M is a canonical monoid as in Example 10.17, then Theorem 14.3 can
be used to show that R* = R\{0} is an Eulerian poset. This means that
the Mobius function @ on R* is given by

p(z,y) = (1) R forg <y

Here rk is the rank function on the graded poset R*. The problem of deter-
mining the Mébius function on R in general, remains open.
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14.2 Shellability and Stanley-Reisner Rings

Let P be a finite graded partially ordered set with a maximum element 1
and a minimum element 0. This means that all maximal chains in P have the
same length. Let A denote the order complex of P. Thus A is the simplicial
complex whose faces are chains in P. Then A (or P) is said to be shellable
if the maximal faces can be ordered Fi,--- , F such that, for i < j, there is a
maximal face Fy, k < j, such that F;NF; C F,NF; = F;\{v} for some v € P.
This is a topological condition implying that A then has the homotopy type
of a wedge of spheres. Let 4 denote the commutative algebra (over a field)
generated by zq(a € P). For A ={a1, -+ ,am} C P,let x4 = 4, - - T4, . Let
T denote the ideal generated by x4, where A is not a face. Then F = A/7 is
called the Stanley-Reisner ring of A (or P). Note that F is spanned by the
faces of A. It is well known that, if A is shellable, then F is a Cohen-MacAulay
ring, cf. [132].

A very useful method for checking the shellability of P has been developed
by Bjorner and Wachs [6]. For a,b € P, write a — bif a covers b (i.e. ¢ > b and
there is no ¢ such that a > ¢ > b). The concept of lexicographic shellability,
introduced in [6], can be briefly described as follows. The edges of P are labeled
recursively starting from the top, whereby for a — b the label depends on the
choice of a maximal chain from 1 to a. Fix a > b and a maximal chain from 1
to a. The labeling must be such that there exists a unique maximal chain from
a to b with increasing labels and so that this chain is lexicographically less
than any other maximal chain from a to b. It is shown in [6] that lexicographic
shellability implies shellability.

Proctor [80] and Bjorner and Wachs [6] have shown that the Weyl group
W, with respect to the Bruhat-Chevalley order, is lexicographically shellable.
It is also shown in [6] that Dy is lexicographically shellable for any I C S.

The following result is due to Putcha [93, 94].

Theorem 14.6. Each W x W-orbit WeW s lexicographically shellable, and
hence its Stanley-Reisner ring is Cohen-Macaulay. A maximal W x W -orbit
is also Fulerian and hence its Stanley-Reisner ring is Gorenstein.

The problem of whether the Stanley-Reisner ring of R is always Cohen-
Macaulay, remains open.

14.3 Distribution of Products in Finite Monoids

In this section we consider the problem of distribution of products in a finite
monoid S. In our discussion we naturally arrive at formulas that are familiar
in enumerative combinatorics. This problem becomes particularly interesting
if S is a finite monoid of Lie type. We obtain explicit formulas for the monoid
M, (Fy).
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Let S be a finite monoid and let a € S. Consider,
Hy(a) ={(z1,...,2n) € S" |21 - ... - T = a}

for n > 0, and define
hn(a) = |Hn(a)| .

What can we say about the sequence {hy(a) | n > 0}? What special properties
does the power series

h(a) =Y hn(a)t"!

n>1

possess? If a = bz, how are h(a) and h(b) related?
In this section we treat the above questions (and some others) systemati-
cally from a combinatorial viewpoint.

14.3.1 Properties of h(a)
Let S be a finite monoid and let a € S. As above, we let
hn(a) = [{(z1,..., @) € S" |21+ ... @y = a}| .
For a,b € S we write b > a if a = bz for some x € S. We define
R(b/a)={z € S|a=bx}
and
r(b/a) = |R(b/a) .

Proposition 14.7. (i) hi(a) =1 for any a € S.
(i) hnt1(a) = Zr(b/a)hn(b) for any n > 1.

b>a

Proof. (i) is obvious.
For (ii) consider

{(x1,. ..y Tn, Tpy1 € gntl | T1 e Tyl = aj

_ n+1|L1 o " Tn4l = G

_blgl{(xl,...,xn,acnﬂ)es o1 = b }

= |_| ({(z1,...,2n) € S™ |21+ ... -2 =b} x R(b/a)) .
b>a

Hence Hy,11(a) = H,(b) x R(b/a), and thus
+

b>a

(@) = | Hoia(@)] = 32 [Ha(0)] [r(b/a)] = 3 ha(b)r(b/a)

b>a b>a
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Remark 14.8. One can deduce from this that

hnt1(a) = Z r(an/an-1) ... - r(a1/ag) foranya € S.

a=ag<-<an

For a,b € S we write a ~ b if aS = bS5, ie. if a < b and b < a. Then we
obtain from Proposition 14.7 that

hia) —1= Z hpt1(a)t™ = ZtZr(b/a)hn(b)t"_l = tZr(b/a)h(b) .

n>1 n>1 b>a b>a
Thus
ha) =t 32 r(bfa)h(b) = 143 r(b/a)h(t) ()
b~a b>a
Define
Co=1+tY r(b/a)h(b),
b>a

and let

R,={be S|a~b}.
If R, ={ai,...,as} write C; for Cy,. Then from (x) above

(1 —r(a1/a1)t)h(ar) — r(az/ar)th(as) —---— r(as/ar)th(as) = Cy
—r(ai/a2)th(a1) + (L —r(a1/az)t)h(az) —---— r(as/a2)th(as) = Co
,r(al/ds)th(al) - + (1 —r(as/as)t)h(as) _ C..

Hence

h(al) Cl
(Is — tR) = (%)
h(as) Cs

where

r(a1/a1) r(az/ai) ...
R = | rla1/a2) 7r(az/a2)

But (I, —tR)™! = m Adj(Is — tR) and so we obtain the following

result.

Theorem 14.9. For each a; € R, = {c|[c ~a} ={a1,...,as}.

1

hla:) = det(I, — tR)

Pa, 4+t P(b/a;)h(b)

b>a;

where
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r(ay/ar) r(az/az) ...
R=| r(ai/az) r(az/as)

Fa, 1
: = Adj(I, —tR) | :
P, 1
and
P(b/ar) r(b/ax)
: = Adj(Is — tR) :
P(b/ay) r(b/as)

Proof. From ()

L+t r(b/ar)h(b)

h(al) b>ay
(Is - tR) . =
h(as) 1+ Z r(b/as)h(b)
b>as
and so
L+t > r(b/ar)h(d)
h(al) b§1
: = (I, —tR)"! 5
h(as) L+t r(b/as)h(b)

b>as
The result follows from straightforward calculation.
Suppose now that S has the property “a ~ b = a = b”. We then refer to S

as an R-trivial monoid. In this case, s = 1 for each a, and Iy —tR =
Then we obtain the following special case.

1
1-r(a/a)t"

Corollary 14.10. Suppose that S is an R-trivial monoid. Then for any a € S

h(a) = m <1+t2r(b/a)h(b)> .

b>a

Ezample 14.11. Let S = JU{0} be a completely O-simple finite semigroup (not
usually a monoid, but h,, is still defined). Then by the Rees representation
theorem

J=IxGxA.

Here G is a finite group, and P : A x I — G U {0} is the sandwich matrix.
Assume that
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Il =k
[A] = ¢
|G| = m.

and suppose that
{(Adi) € AxT|p(Xi)=0}=a.
Then for any a € J
hn(a) = [g(kl — o))" 7"

Hence
1

hla) = 1—g(kt —a)t’

Ezample 14.12. Let F = F(X) be the free monoid on the set X. If a € F then
we can write
aQ=x1 " ... Ty

uniquely, with {z;} C X. Hence
{beF|b>a}={l,z1,2122,...,T; .- Tpn}

and
r(b/a)y=1 forany b>a.

So, inductively,

h(a)

n—1
1
1t< —|—1fi§;h(acZ x1)>

(e )
1—t 1—t (1=t
1

Remark 14.15. (i) Theorem 14.9 yields an upper bound to the poles of h(a)
in terms of the matrices

r(bl/bl T(bg/bl)...
R(b) = | 7(b1/b2) 7(b2/b2)

where {b1,...,bs} ={zx € S|z ~ b} and b > a. I am not aware of any
example where the poles of h(a) are not reciprocals of integers.

(ii) One could apply the ideas of this section almost verbatim to finite cate-
gories.

Definition 14.14. A finite monoid S is called R-homogeneous if
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(i) r(a1/az) = r(az/as) if ay ~ az ~ az ~ ay

(i1) r(b/a1) = r(b/az) if b > a1 ~ as.

Theorem 14.15. Let S be a finite R-homogeneous monoid. Then for a € S

h(a) = ﬁ <1 +tZr(b/a)h(b)>

b>a
where r =1, =r(a/a) and s, = |{x € S |z ~ a}|.
Proof. Let {x € S|z ~a} {a1,...,as} and define

r(a1/a1) r(az/ai) ...
R = | rla1/az) 7r(a1/a1)

Then rank (R) = 1 and R? = rsR (since r = r(a;/a;) for all i, j). Then R is
conjugate to

Thus, det(I —tR) = det(I —tA) =1 —rst. Also

(I —tR)y™' =TI +tR+1°R* + ...
=T +tR+t*rsR+t3(rs)’R+ ...

=T +tR(I + rst + (rst)> + (rst)® +...)
t
1—rst

Thus adj(I —tR) = (1 — rst)I + tR. Hence, by calculation,

— I+

1 1
Adj(I —tR) | @ | =
1 1
and
r(b/a1) 1
Adj(I —tR) : =r(b/a) | :
r(b/as) 1

since 7(b/a;) = r(b/a;). Thus, by Theorem 14.9,

h(a) = 1717,815 <1 +t2r(b/a)h(b)> .

b>a
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Ezample 14.16. Let S be a finite monoid such that if a ~ o/ then @’ = ag for
some invertible element g € S (say g € G(S)). Hence if a1 ~ az ~ ag ~ aq
then

(i) R(as/az) = k~'R(az/a1)h if az = a1h and ay = azk
(ﬁ) R(b/a/) = R(b/a)g if b>aand a’ = ag.

It follows that S is R-homogeneous.

The finite monoids of Lie type are a class of finite monoids which satisfy
the R-homogeneous property (because of the above property). It would be
interesting to obtain detailed information about h(a) in for such monoids. See
Example 14.3.2 below for a particular case.

Ezxample 14.17. A finite monoid S that is not R-homogeneous.
Let

100 100 110 100
i=(010], e=[000], f=(000], z=[000
001 000 000 010

Then S = {I,e, f,x} is a finite monoid with e ~ f < z. But

R(z/e) = {e,x}

and

R(z/f)={f}.
Thus, r(z/e) = 2 # r(z/f) = 1. So by (ii) of Definition 14.14, S is not
R-homogeneous.

14.3.2 Example

In this example we consider the example S = M, (F,) in detail, where F, is
the field with ¢ elements.
Let a € S. Then, for some g,h € G(S5),

for some 0 < i < a (where i = rank (e;)). It follows easily that
r(aja) =r(ei/e;) = [{z €5 |ei =e; X} .

An elementary calculation verifies that
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n(n—1) )

ri=r(ei/e;)) =q
Next we need to find
si=[{b€S|b~e}| =]|eiGlu(Fy)] .
Another simple calculation yields

si=(@" -1 —q) . ("=

Hence

siti = " (q" = 1)(¢" —q) - - (¢" —¢" 7).

Notice that s;r; # s;r; if ¢ # j. Thus by 3.4 above, « is semisimple, and so

n

min(a) = X H(X g (@ 1) (g7 — )

and

n
D=JJ—=q""¢" 1) ... (¢" — ¢")X).
i=0
Furthermore, by Theorem 14.15,
1
Y=—" |1 ) .
he) = 1= ( ry r(b/e»h(b))

We use this to find an explicit formula of the form

h(e;) = _r | +1YA; h(es)

1yt =
We first calculate
r(b/e;) = |{z €S| bz =e}].
Suppose that bx = e;. Then
{z|bzx=e}=2+{y]|by=0}.

Thus r(b/e;) = ¢% where d = dimg, ({y|by = 0}). An elementary calculation
shows that d = n(n—j), where j = rank(b). To find the sought after formulas,
it remains to find

foes

Thus we define

for each j > .

br = e; for some x
rank(b) = j



14.3 Distribution of Products in Finite Monoids

br = e; for some z and L.
Xj_{besrank(b)j } for each j > i .
Define
P,L:{QEG| gei:eigei}
where

G =Gl,(F,) .

Notice also that
PX;G=X; forallj>i.

After a little calculation we conclude the following.

Let
A is a 01 matrix with at most one
Rn =1 A€ M,(F,)|nonzero entry in each row or col-
umn
and let
Xj ={reR,|e €rRy, rank (r) =j}.
Then
X, =PX; G
Now
Xx=Jx;= |J ew
Jj>i ecE(X)

and after a little more calculation we obtain
X = Cw(e;) A(X)W
where W C R,, is the unit group and

A(:X:) = {ei+1ﬂei+27 ey = 1} .

Thus,
Xj:RGjG
and .
x=J x
j=it1
But '
X = (@ = 1) (¢ — 9] [”.‘Z}
wl=@ -0 e 5] 520
where

225
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Hence

h(e;) = 1%735175 (1 +1 Z T(b/(iz‘)h(b))

b>e;

= ; 1+t Z Z r(b/e;)h(b)

1-— ’I“,'Sit L
Jj=i+1 b>e;
rank (b)=j
1 " , br = e; for some x rank
- |14t n(n—j) |} p i h(b
1—r;s;t + Z ¢ { (b) =J }‘ ( )
Jj=i1+1
= ln—i) 3 ; 1y |1 n—1
1+t > "G =) (¢ = 1)[} {_] h(e;)
~ Jl Lli—i
Jj=1+1 q q

1—qr(r=d(gn —1)-...-(¢g— 1)t

14.4 Exercises

1. Let M = M,,(K), R, = N¢(T) C M and R,, = R/T. Let r,, = |Ry|-
a) Prove that 7o =1, r; = 2 and 7, = 2nr,,—1 — (n — 1)%r,,_o for n > 2.
b) Let r(z) = Y,~, & a". Prove that ’;((;”)) = _(12:;0)2.
c¢) Show that r(z) = eli(i;”
See [8].
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Survey of Related Developments

In this chapter we describe several results that are directly related to the
theory of algebraic monoids. In each case we find some other areas of algebra
coming into play. Although many of these technical issues are beyond the
scope of this survey, we hope to provide the reader with an overview of some
of the more striking related developments.

15.1 Complex Representation of Finite Reductive
Monoids

As is well known, a finite group G has the property that every finite dimen-
sional complex representation of G is completely reducible. The situation for
finite monoids is entirely different and not nearly so well understood. Indeed,
there is no effective characterization of finite monoids whose complex repre-
sentations are all completely reducible. Until recently, it was not known that
C[M,(Fy)] is a semisimple algebra.

The following result was made possible by the theory of reductive monoids.
It is due to Okninski and Putcha [67].

Theorem 15.1. Let M be a finite monoid of Lie type. Then the monoid al-
gebra C[M] is semisimple.

Recall that a monoid of Lie type is a regular monoid M generated by
idempotents and units, whose unit group is a group of Lie type. These monoids
are defined to satisfy a number of axioms relating to the BN-pair structure
of G to the idempotents of M. See Theorem 10.4. In particular, any finite
reductive monoid is a finite monoid of Lie type. The model example here is
M, (Fy).

Corollary 15.2. Let M be as in the theorem. Then C[M,(F,)] is a semisimple
algebra.
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This result was also obtained independently by Kovacs [49].
As a consequence of their approach to Theorem 15.1, the authors obtain
the following important corollary.

Corollary 15.3. Any complex irreducible representation of M is induced from
some irreducible representation p : P — G£,(C) of a parabolic subgroup P C
G with R, (P) C Ker(p).

The proof combines two opposing strategies.

a) Harish-Chandra’s theory of cuspidal representations,
b) reduction to certain monoids of the form M = G U GeG U {0}.

In a subsequent paper [68] the authors turn the tables. They assume that
M is a finite monoid with unit group G and zero element 0 € M, and semisim-
ple monoid algebra C[M]. From this, they obtain a relative notion of M-
cuspidal irreducible representations for GG. Harish-Chandra’s theory is then
recovered as the special case where G is a finite group of Lie type and M is a
canonical monoid [96]. See also §8.3 of [66].

15.2 Finite Semigroups and Highest Weight Categories

Recall from § 2.3.1 that a monoid S is regular if, for any x € S, there exists
a € S such that zaxz = x. For such a semigroup, it is easy to see that there is
an idempotent in each J-class of S. In fact, x is in the J-class of the idempotent
za. Thus,

S= || 7

JEU(S)
This may seem like a facile curiosity, imitating the much studied situation in
ring theory (the one attributed to von Neumann). However, there is some-
thing of greater significance here, which was first discovered by Putcha [91].
It turns out that the complex monoid algebra of a finite regular monoid is a
quasthereditary algebra.

Definition 15.4. Let A be a finite dimensional algebra over K. Then A is

quasihereditary if there is a chain of ideals (called a hereditary chain)
O=hLh<chLc---CI,=A

such that, for j=1,....r,

a) I;/I;_1 is a projective A/I; _1-module,
b) I7 = I,
c) I;RI; C I;_1, where R is the radical of A.
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It turns out that this is equivalent to the property that Rep(A) is a highest
weight category (see Theorem 9.10 for a good illustration, and [16] for the
seminal paper). In the remainder of this section we indicate how to construct a
hereditary chain of ideals for the monoid algebra of a finite regular semigroup.
We also show how this brings about the corresponding structure of a highest
weight category. To define a highest weight category one needs simple objects,
standard objects and a weight poset.

Then let M be a finite regular monoid, and let U denote the poset of (reg-
ular) J-classes of M. If e € E(J), we write H; for the H-class of e. By the
theory of Munn-Ponizovskii [15], the set Irr(M) of irreducible complex rep-
resentations of M is in one-to-one correspondence with the set of irreducible
representations of the various H ;:

Irr(M) = |_| Irr(Hy).
Jeu

This identification is obtained as follows. Let L = L(f#) be an irreducible
complex M-module. Then there exists a unique J-class J € U such that

a) J-L#0,
b) J - L=0foral J % J.

If e € E(J) is an idempotent, then e - L is an irreducible H j-module. We say
that
6<6¢

if J/  MJM. Then (Irr(M), <) is the weight poset of simple objects. Now

for each 6 € Irr(Hy) there is a primitive idempotent ey € C[M] such that

eg < ey and L(0) = C[M]ep/Reg, where R is the radical of C[M]. Define
A(0) = C[J]ey.

Here ({A(0)|0 € Irr(M)} is the set of standard objects. The following theorem
is due to Putcha (Theorem 2.1 of [91]).

Theorem 15.5. Let M be a finite regular monoid.

a) Then the category of finite-dimensional C[M]-modules is a highest weight
category.
b) C[M] is a quasihereditary algebra.

The proof of Theorem 15.5 amounts to constructing a hereditary chain as in
Definition 15.4. But it turns out that there is a canonical such chain. Let
U, = {J | the minimal J-class}, Uy = {J | J covers J; }, and so on, so that

Un ={J | J covers some K in Up,_1}.

Thus define
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Jl - UJEU1J
Jo = Ujer,J
J3 =Ujev,J

Let I; = C[J;], a two-sided ideal of C[M], so that I, = C[M] for some r > 0.
Consider
0ChLChLC---CI.

It turns out that this is the desired (canonical) hereditary chain.

15.3 Singularities of G-embeddings

It has been known for some time that any normal, spherical variety X has
rational singularities in characteristic zero. The essential idea here is contained
in [76], where the proof is given for the affine case. The result for general
spherical varieties then follows easily from the affine case using basic local-
global arguements from [13] or [36].

Furthermore, one can show that the reduction mod p of X is Frobenius
split for large p. This is the best known method for obtaining geometric results
about singularities in characteristic p > 0.

Definition 15.6. Assume that charK = p > 0. If X is an algebraic variety
over K, denote by F: Ox — F.Ox the absolute Frobenius morphism of X.
We say that X is Frobenius split if there is a map o € Homp, (FiOx,0x)
such that o o F is the identity on Ox.

Rittatore obtains the following result in [122].
Theorem 15.7. Any normal G-embedding X is Frobenius split.

By a G-embedding we mean a G x G-variety, (X, z) with dense orbit (G x
G) - x such that (G x G), = {(9,h) € G x G | g = h}.

Corollary 15.8. Any normal G-embedding X has rational singularities. In
particular, it is a Cohen-Macaulay variety.

Rittatore derives Theorem 15.7, first for the “wonderful” G-embedding
and then derives the general case by using resolution of singularities. Notice
that any reductive monoid is a G-embedding. Furthermore, the wonderful
G-embedding is directly related to the canonical monoids ([96]) with group
G.

In the other direction, Popov has shown in [77], that the Kraft-Procesi
conjecture (to the effect that the normalization of any reductive group orbit
closure has rational singularities, [50]) is false. He shows that such singularities
may even be non-Cohen-Macaulay.
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15.4 Cohomology of G-embeddings

Let X be a complete, nonsingular G-embedding over C. Assume also that there
is a birational G X G morphism from X to the canonical compactification of
G. Assume also that K = C, the complex numbers. Let K C G be a maximal,
compact subgroup in the classical topology, and let Z C X be the closure of
a maximal torus 7' C G. Assume that Tx € TN K C K is a maximal torus
of K. Since KTK = G and KZK is compact, we obtain

X=KZK.
Thus, we obtain a surjective, real analytic morphism
7 (KX K) Xpxri Z — X
since Z is Tk x Tk-stable. Let
U= (K x K) Xp,x1x Z -

The Weyl group W acts naturally on U, and 7 is constant on the W-orbits.
Thus, W acts on H*(U; Q) and we obtain a ring homomorphism

™ H*(X;Q) — H*(U,Q)".
See [22] for details.
Theorem 15.9. 7% : H*(X;Q) — H*(W; Q)Y is an isomorphism of rings.

Theorem 15.9 is due to DeConcini and Procesi [22]. They also compute
H*(U; Q) in [22] by extending some work of Danilov [19]. Notice that there is
a fibration

U — K/TK X K/TK

with fibre Z. Thus U may be regarded as a “relative” torus embedding.

In [5] these same authors (along with Bifet) describe the rational coho-
mology ring of any complete symmetric variety by generators and relators.
The authors first introduce a more general notion. A regular embedding
is a smooth algebraic variety X on which a connected affine algebraic group
G acts with finitely many orbits. Every orbit closure is smooth and is the
transverse intersection of the codimension one orbit closures which contain it.
Moreover, the isotropy group of any x € X must have a dense orbit in the nor-
mal space to the orbit G-z C X. Examples of projective regular embeddings
can often be obtained from semisimple algebraic monoids M with zero, such
that M\{0} is smooth. The authors then determine the G-equivariant rational
cohomology algebra H{(X) of any regular embedding X, by associating with
X a “Stanley-Reisner system” (a generalization of the Stanley-Reisner algebra
associated with a simplicial complex). Using this construction, they construct
an algebra which turns out to be H(X). If X is also compact, the coho-
mology ring H*(X) can be obtained as the quotient of H}(X) by a certain
regular sequence consisting of generators of H({*}), the one point G-space.
For X a torus embedding, one recovers the Jurkiewicz-Danilov presentation
of H*(X) as discussed by Danilov in [19].
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15.5 Horospherical Varieties

Definition 15.10. An embedding X of G/H is called horospherical if H con-
tains a mazimal unipotent subgroup of G.

Horospherical embeddings were first looked at systematically by Popov
and Vinberg in [79]. They obtained the fundamental correspondence between
the poset of orbits and the poset of faces of the corresponding polyhedral
cone. They also characterized normal and factorial horospherical embeddings.
The results of [78] and [79] were cited by Luna and Vust (in their seminal
paper [56]) as a major catalyst in the development of the theory of spherical
embeddings. A partial generalization to the nonaffine case was carried out by
Pauer in [70, 71].

The technique of “horospherical degeneration” [76] has since become an
important method in the study of spherical varieties [1, 142].

15.6 Monoids associated with Kac-Moody Groups

In [43] Kac and Peterson start with a Kac-Moody Lie algebra g and construct
a group G, the associated Kac-Moody group. In [50] they introduce an algebra,
the algebra of strongly regular functions on G.

Let F be an algebraically closed field of characteristic zero, and let g be
a Lie algebra defined over F. Assuming that g comes from a symmetrizable,
generalized Cartan matrix, they define (in [50]) the algebra F[G] of strongly
reqular functions on G. They show that

FIGl= € L*(\) @ L)

AepP+

where P is the set of dominant weights of the weight lattice P. Since each
L(A) is integrable they obtain

j: G C Speem(F[G]),

the space of codimension one ideals of F[G]. However, j is not surjective unless
g is finite dimensional.

About the same time (1983), Slodowy [125] suggested that there should ex-
ist a some kind of partial compactification G C Specm(F[G]) whose structure
might significantly help in the study of the deformation of certain singularities.
He conjectured that

G=GTG
and he also anticipated the structure of 7. Peterson suggested that G might
actually be a monoid.

Since then, Mokler [58, 59] approached these problems systematically. He
first constructs a monoid
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G C End < b L(A))

AepP+

directly, using the set of faces F = {R C X} of the Tits cone X, to define

projections
e(R): € L(A) — P L.

AeP+ AeP+

G is then the submonoid of End < @ L(A)) generated by GU{e(R) | R €

AePt
F}. He then proves [58] that

G =G C End(®L(A))

the closure being taken in the sense of elementary, infinite dimensional, al-
gebraic geometry (section 3 of [58]). He also obtains some decisive structural
information about G.

Induced by its action on X, the Weyl group W acts on the face lattice F
of X. A face R = R(O) of X is called special if the relative interior of R
meets the closed fundamental chamber C' of X. (The situation is similar to
what we encountered in § 7.2.) Let I be the set of vertices of the underlying
Dynkin diagam of G. Then each special face of X corresponds to a subset of
I for which the associated Dynkin subdiagram is either empty, or has only
components of infinite type.

Theorem 15.11. N
G= || Ge®G.

R special

For the proof see Proposition 2.26 of [58].

Mokler continues his work in [59] by further investigating the structure of
Specm(F[G]). In [60], he obtains results generalizing the work of [105, 112, 73].
In particular, he determines the generalized Bruhat decomposition on M and
the length function on W.
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