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ABSTRACT

Let GG be a simple linear algebraic group over the algebraically closed field k. Assume
p = chark > 0 is good for G and that G is defined and split over the prime field F,. For
a power ¢ of p, we write G(gq) for the Chevalley group consisting of the F -rational points
of G. Let F : G — G be the standard Frobenius morphism such that G = G(q). Let B
be an F-stable Borel subgroup of G; write U for the unipotent radical of B and u for its
Lie algebra. We note that U and u are F-stable and that U(q) is a Sylow p-subgroup of
G(q).

We study the adjoint orbits of U and show that the conjugacy classes of U(q) are in
correspondence with the F-stable adjoint orbits of U. This allows us to deduce results
about the conjugacy classes of U(q). We are also interested in the adjoint orbits of B in u
and the B(q)-conjugacy classes in U(q). In particular, we consider the question of when
B acts on a B-submodule of u with a Zariski dense orbit.

For our study of the adjoint orbits of U we require the existence of B-equivariant
isomorphisms of varieties U/M — u/m, where M is a unipotent normal subgroup of B
and m = Lie M. We define relative Springer isomorphisms which are certain maps of the

above form and prove that they exist for all M.
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INTRODUCTION

Let G be a reductive algebraic group over the algebraically closed field k. We write g for
the Lie algebra of G and N for the nilpotent variety of g.

There has been a lot of interest in the nilpotent orbits of (G, i.e. the adjoint orbits of
G in N. One of the first results in this direction says that if char k is zero or good for G,
then there are only finitely many orbits of G in N — this was proved by R.W. Richardson
in [56]. This finiteness result was generalized to arbitrary characteristic by D. Holt and
N. Spaltenstein, see [36].

There has also been interest in classifying the nilpotent G-orbits. The Dynkin—-Kostant
classification which is based on the Jacobson-Morozov theory is valid for char k zero or
“sufficiently large” and associates to each nilpotent orbit a weighted Dynkin diagram.
This classification was proved for chark = 0 by B. Kostant in [48] using work of E.B.
Dynkin from [21]. The classification was shown to be valid for char k& “sufficiently large”
by T.A. Springer and R. Steinberg in [67] (see also [17, 5.6]).

The more well-known classification of the nilpotent GG-orbits is the Bala—Carter theory.
This says that the nilpotent orbits correspond to G-conjugacy classes of distinguished
parabolic subgroups of Levi subgroups of G. It was proved for char k zero or “sufficiently
large” by P. Bala and R.W. Carter in [9]. K. Pommerening extended the classification to
char k good for G, see [51] and [52]. Recently, A. Premet gave a more conceptual proof
of the Bala—Carter theory, see [54].

The adjoint orbits of a parabolic subgroup P of GG in the Lie algebra of its unipotent
radical, which we denote by p,,, are also of interest. One of the first papers about these
orbits, considered the case where p,, is abelian; R. Richardson, G. Réhrle and R. Steinberg
showed that in this case P acts on p, with finitely many orbits, see [58]. In [60] this result
was generalized by Rohrle, where he proves that, for P arbitrary, P acts on an abelian
P-submodule of p, with finitely many orbits.

There has been recent interest in the question of when P acts on p,, with finitely many
orbits. In [43] V.V. Kashin classified all instances when a Borel subgroup B of G acts on

the Lie algebra of its unipotent radical with finitely many orbits. This classification was
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extended to minimal parabolic subgroups by V. Popov and G. Roéhrle in [53]. Then in
[33] and [34] L. Hille and G. Rohrle classified all instances when P acts on p,, with finitely
many orbits, for G of classical type. By computer calculations U. Jiirgens and G. Rohrle
extended this classification to the exceptional groups in [42].

The question of when P acts on terms pg) of the descending central series of p, with
finitely many orbits has also been considered. There is a classification of all such instances
for G of classical type due to T. Briistle, L. Hille and G. Réhrle, see [14] and [15]. This
classification was extended to G of type Fy and Eg by G. Rohrle and the author in [28].
The case G of type Gy is straightforward and follows from work of V. Popov and G.
Rohrle in [53].

Part of Richardson’s dense orbit theorem ([57]) implies that P always acts on p,, with a
dense orbit. There has also been interest in the question of when pg Visa prehomogeneous
space for P, for [ > 1. This question was first considered by L. Hille and G. Rohrle in
[35]. For certain parabolic subgroups (including Borel subgroups) of GL,, (k) they showed
this is true for all [ > 0. However, it is possible to find parabolic subgroups P of GL, (k)
such that P fails to admit a dense orbit in pq(}) (see [31] or [35]). Hille considered the case
G = GL, (k) further in [32].

There has been particular interest in the special case when P = B is a Borel subgroup
of G. In [16] H. Biirgstein and W.H. Hesselink considered the adjoint orbits of B in
u = b,; they were motivated by the problem of describing the component configuration of
the variety Bx = {B’ € B: X € Lie B'}, where B denotes the variety of Borel subgroups
of G and X € g is nilpotent. This variety seems important for the representation theory

of the Weyl group of G and its associated Hecke algebra, see [45, 6.3].

There has been a lot of interest in the conjugacy classes of the unitriangular group
U,(q) = {(zs;) € GL,(q) : & = 0 for i > j and x;; = 1}, ¢ = p° for some s € Zs,. Both
G. Higman and J. Thompson have been interested in the number k(U,(q)) of conjugacy
classes of U,(q). For instance, see the paper of Higman [30] and the preprint of Thompson
[71]. In particular, it is conjectured that k(U,(q)) is a polynomial in ¢ with integer
coefficients.

The conjugacy classes of U, (q) have also been considered by A. Vera-Lépez and J.M.
Arregi, see [72]-[79]. In particular, in [78], they showed that k£(U,(q)) is a polynomial in
q with integer coefficients for n < 13 by computer calculation.

G.R. Robinson also considered the conjugacy classes of U, (¢q) and certain subgroups



of Uy(q) in [59]. The main result in loc. cit. implies that the zeta function

Cu, (t) = exp <Z wﬁ)

s=1

(in C[[t]]) is a rational function in ¢ whose numerator and denominator may be assumed
to be elements of 1+ tZ[t]. This implies that once k(U,(p®)) is known for a certain finite
number of values of s, it can be calculated for all s.

Further, I.M. Isaacs and D. Karagueuzian considered the conjugacy classes and irre-
ducible complex characters of U, (¢q). In [39] they showed that not all elements of U, (2)
are conjugate to their inverses, implying that not all characters of U, (2) are real valued.

They also discussed analogous phenomena for odd primes.

Assume that p is good for G and G is defined and split over the prime field IF,. For a
power ¢ of p, we write G(q) for the Chevalley group consisting of I ,-rational points of G.
Let ' : G — G be the Frobenius morphism such that G(q) = GF = {g € G : F(g) = g}.
Let B be an F-stable Borel subgroup of G and U the unipotent radical of B. Then U is
F-stable and U(q) is a Sylow p-subgroup of G(q).

In the special case G = GL,(k), we may take B to be the group of upper triangu-
lar matrices, then U = U, (k). Therefore, the study of the conjugacy classes of U(q)

generalizes the study of the conjugacy classes of U, (q).

In Chapter 3 of this thesis we show that we have the correspondence
F-stable adjoint orbits of U «— conjugacy classes of U(q).
Therefore, one can study the conjugacy classes of U(q) through the adjoint orbits of U in
u, and vice-versa.

Consider the commuting variety of u

Clu) ={(z,y) euxu:lz,y] =0}

The geometry of this variety is closely linked to the adjoint orbits of U in u — we choose
not to discuss this relationship here. For G of small rank C(u) has been studied by A.G.
Keeton in his PhD thesis [46]. In [55], A. Premet proved that the commuting variety
C(N) of NV is equidimensional.

There has also been interest in the coadjoint orbits of B in u*. For example, C. André
has considered the coadjoint orbits of U,(q) and their relationship with the complex

characters of U,(q), see [1]-][7]. It is known that, for chark “sufficiently large”, the
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irreducible characters of U are in correspondence with the coadjoint orbits of U in u* and
there is a method for calculating a character from a given coadjoint orbit, see [47] and
[44]. In [23] the author considered the coadjoint action of B on u* and showed that B
always acts on u* with a dense orbit. This generalized a result of A. Joseph ([41]) from

characteristic zero to arbitrary characteristic.

We now give an outline of the structure of this thesis. In this outline, G is a simple
algebraic group defined and split over F(q), F' : G — G the Frobenius morphism such
that G(¢) = G¥', B a Borel subgroup of G, U the unipotent radical of B and u the Lie
algebra of U. In Chapter 1 we give a brief introduction to the theory of algebraic groups,
then in Chapter 2 we consider Springer isomorphisms and relative Springer isomorphisms.
We discuss Springer isomorphisms in §2.1 and then in §2.2 we define and prove existence
of relative Springer isomorphisms. In Chapter 3 we study the adjoint orbits of U in u.
In particular, we show that any U-orbit in u contains a so-called minimal representative
and present an algorithm for calculating all such representatives. Next in Chapter 4 we
consider the adjoint orbits of B in u. In §4.1 and §4.2 we prove analogues of the results in
Chapter 3 for the adjoint action of B on u. We describe an algorithm which determines
whether B acts on a B-submodule of u with a dense orbit in §4.3, then in §4.4 we give a
classification of all instances when B acts on a term of the descending central series of u
with a dense orbit. In the final chapter we use our results for the adjoint actions of U and
B, from Chapters 3 and 4, to consider the conjugacy classes of U(q) and the conjugacy
classes of B(q) in U(q). Lastly in §5.3 we generalize a result of G.R. Robinson mentioned

above.

Some of the results of this thesis are contained in the four articles [27], [24], [25] and
[26]. More specifically, the results of §2.2 are contained in [25] and [26]. Chapter 3 contains
results from [25]. In §4.1 and §4.2, we present some further results from [25]. The results
in §4.3 are contained in [24] and the results of §4.4 are from [27]. Finally, §5.1 and §5.2

contain further results from [25].



NOTATION

We make the following conventions in this thesis.

e An algebraic group means a linear algebraic group.
e By a subgroup of an algebraic group we mean a closed subgroup.
e An action of an algebraic group means a morphic action.

e A representation of an algebraic group means a rational representation.

We fix some notation which we use in Chapters 2 to 5.

Let G be a simple algebraic group over the algebraically closed field k. Assume char k =
p > 0 is good for G and that G is defined and split over the prime field F,. We denote
the Lie algebra of G by g = Lie G; likewise for closed subgroups of G. Lower case Roman
letters are used to denote elements of G and upper case Roman letters are used to denote
elements of g. We write r = rank G for the rank of G and h for the Coxeter number of
G. The unipotent variety of G is denoted by U and the nilpotent variety of g is denoted
by N.

Let g be a power of p. We denote by G(q) the group of F -rational points in G and
write F' for the Frobenius morphism such that G¥ = G(q). By an abuse of notation we
also write F' for the map induced on g by F'. Let B be an F-stable Borel subgroup of G
and let 7' C B be an F-stable maximal torus of G. We write U for the unipotent radical
of B and u for the Lie algebra of U. Let ¥ be the root system of G with respect to T,
U+ the system of positive roots determined by B, II the corresponding set of simple roots
and N = |¥*| =dimU. For aroot # € ¥ we choose a parametrization ug : k — Uy of the

root subgroup Ug, then ez = dug(1l) is a generator for the corresponding root subspace
gg of g.

We make the assumptions that chark > 0 and that G is simple for convenience.
We note that our results are true for char k = 0 whenever they make sense, i.e. do not
involve the Frobenius morphism. Further, our results remain true for reductive G with

an appropriate restatement; they can be proved by a reduction to the simple components

of GG.

Let R be an algebraic group and let V' be an R-variety. For r € R and v € V we write
r - v for the image of v under r, R-v = {r-v : r € R} for the R-orbit of v in V' and
Cr(v) ={r € R:r-v =wv} for the stabilizer of v in R.



Now let V be an R-module. Then V is also a module for v+ = LieR. For Y ¢ ¢
and v € V, we write Y - v for the image of v under Y, v-v ={Y -v : Y € t} and
c(v)={Y er:Y v=0}



CHAPTER 1
PRELIMINARIES

In this chapter we give a brief introduction to the theory of linear algebraic groups and
prove some general results on algebraic groups. We assume the reader is familiar with
elementary group theory, algebraic geometry, Lie algebras and root systems; we give [8],
[29], [37] and [13] as respective references. As a general reference for the theory of algebraic
groups we refer the reader to the books of Borel [11] and Springer [66]. The material in

§1.1- 1.6 is standard so we do not include references for the results we state.

We now give two pieces of terminology from algebraic geometry which we use in the
sequel. Given an algebraically closed field k, we write A™ for affine n-space over k and for

a variety V over k we write k[V] for its ring of regular functions.

1.1 LINEAR ALGEBRAIC GROUPS

Let k be an algebraically closed field. A linear algebraic group over k is an affine algebraic
variety G over k which is simultaneously an abstract group such that the maps defining
the group structure, p : G x G — G with u(z,y) = zy and ¢ : G — G with «(z) = 271,
are morphisms of algebraic varieties. In the sequel we refer to linear algebraic groups over
k simply as algebraic groups.

A homomorphism of algebraic groups is a map from one algebraic group to another
which is both a morphism of algebraic varieties and a homomorphism of abstract groups.
One can easily define the notions of isomorphism, automorphism, etc. In the sequel
a homomorphism means a homomorphism of algebraic groups unless otherwise stated.
Given two algebraic groups G and H we write Hom(G, H) for the set of homomorphisms
G — H.

A closed subgroup of G is a subgroup of GG which is closed in the Zariski topology. The
algebraic group structure on G induces a structure of an algebraic group on H so that the
inclusion H — (' is a homomorphism of algebraic groups. When we talk about subgroups

of algebraic groups in the sequel we always mean closed subgroups.



Given algebraic groups G and H, we can form their direct product G x H — this is an
algebraic group.

Let G be an algebraic group. As an affine variety G can be decomposed into its
irreducible components. There is a unique irreducible component G° of G that contains
the identity element 1 called the identity component of GG. It is a normal subgroup of
G with finite index. The cosets of GY in G are the other irreducible components of G.
Therefore, the irreducible components of G coincide with the connected components of G.
So when working with algebraic groups, we may use the words irreducible and connected
interchangeably, we choose to use connected.

Perhaps the most important example of an algebraic group is the general linear group
GL, (k) of invertible n x n matrices over k. This may be considered as an affine variety
by identifying it with the closed subset of k™1 defined by the vanishing of det(7;;)S — 1,
where we write the polynomials in n? + 1 variables as k[T;;,S] (1 < 4,7 < n). In the
special case n = 1, we have GL;(k) = G,, is the multiplicative group of the field k.

We now give some important subgroups of GL,(k). We have the group of upper
triangular matrices B, (k) = {(z;; € GL,(k) : x;; = 0if ¢ > j} which has the group of
unitriangular matrices U, (k) = {(x;; € GL, (k) : z;; =0if ¢ > j and x;; = 1} as a normal
subgroup. The field k is an algebraic group under addition, we denote this group by G,
and have an isomorphism Uy (k) = G,.

It may seem more natural for linear algebraic groups to be called “affine algebraic

groups”. The chosen adjective “linear” is justified by the following standard proposition.

Proposition 1.1.1 A linear algebraic group is isomorphic to a subgroup of GL, (k) for

some n € L.

Let GG be an algebraic group and V' an algebraic variety. We say that G acts morphically
on V if G acts on V as an abstract group and the map v : G xV — V with v(g,v) = g-v
is a morphism of varieties. In the sequel when we consider an action of an algebraic group
we always mean a morphic action. A variety on which G acts morphically is called a
G-variety. Let V and W be G-varieties. A map ¢ : V — W is a morphism of G-varieties
if it is a morphism of algebraic varieties and ¢(g-v) = g - ¢(v) for all g € G and v € V.
We sometimes call a morphism of G-varieties, a G-equivariant morphism. Given v € V
we write Cg(v) = {g € G : g-v = v} for the stabilizer of vin G and G-v = {g-v: g € G}
for the G-orbit of v.

Now suppose V' is a vector space over k of dimension n < co. The group GL(V') can be
given the structure of an algebraic group by fixing a basis of V' and identifying GL(V') with
GL, (k). A homomorphism p : G — GL(V) is called a rational representation of G. In

8



the sequel we refer to rational representations simply as representations. A representation
p: G — GL(V) gives rise to an action of G on V defined by ¢ - v = p(g)v. The notion
of a representation of GG is equivalent to that of a G-module. A G-module is a finite
dimensional vector space V over k on which GG acts as linear transformations.

Let G be an algebraic group and H a subgroup of G. The coset space G/H can be
given the structure of an algebraic variety so that the natural map 7 : G — G/H is a
surjective morphism of varieties. If H is a normal subgroup of G, then G/H is an affine
variety and the structure of G/H as an abstract group gives G/H the structure of an
algebraic group.

Let G be an algebraic group, H a subgroup of G and V' a G-module. Then V has a
natural structure of an H-module. A G-submodule of V is a G-stable vector subspace of
V. Given a submodule W of V', the quotient space V/W has a natural structure of a G-
module. Suppose H is a normal subgroup of G, W is a submodule of V and h-v—v € W
for all h € H and v € V. Then the action of G on V/W factors through G/H, giving
V/W the structure of a G/ H-module.

1.2 THE LIE ALGEBRA OF AN ALGEBRAIC GROUP

Let G be an algebraic group. We may associate to G a Lie algebra g = Lie(G); we explain
this briefly below.

We recall that a k-derivation of a k-algebra A is a k-linear map 6 : A — A such
that 6(ab) = d(a)b + ad(b) and we write Der(A) for the space of all k-derivations of A.
We recall that G acts on k[G] as k-algebra isomorphisms by (g - f)(z) = f(g 'z). We
define g to be the subspace of Der(k[G]) consisting of k-derivations 6 of k[G] such that
g-(0(f)) =d(g- f) for all g € G. The space Der(k[G]) has a natural structure as a Lie
algebra and g is a Lie subalgebra.

One can show that there is a vector space isomorphism from g to 71(G) (the tangent
space of G at the identity), obtained by evaluation at the identity. Therefore, we may
identify g with 77 (G).

Let ¢ : G — H be a homomorphism of algebraic groups and let g and h be the Lie
algebras of G and H respectively. Then ¢ is a morphism of algebraic varieties so, by
identifying g and h with 71 (G) and T1(H), we can take the derivative of ¢ at the identity
to get a linear map d¢; : g — h. We write d¢ = d¢, and call it the derivative of ¢. The
derivative of ¢ is a homomorphism of Lie algebras.

Let G be an algebraic group and let H be a subgroup of GG. Then b is a Lie subalgebra
of g and if H is a normal subgroup of G, then b is an ideal of g and Lie(G/H) = g/b.

We note that the Lie algebra of GL,, (k) is gl,,(k) so if G is a subgroup of GL,,(k), then



g is a Lie subalgebra of gl, (k). Also for a finite dimensional vector space V over k, we
may identify Lie GL(V') with gl(V).

Let p: G — GL(V) be a representation of G. Then dp : g — gl(V') is a representation
of the Lie algebra g. In particular, the action of G on V induces an action of g on V.
Suppose V' is a G-module so that it is also a g-module. For X € g and v € V we write
X - v for the image of v under X, ¢y(v) ={X €g: X -v=0}andg-v={X-v: X € g}

1.3 THE CONJUGATION AND ADJOINT ACTIONS

Let G be an algebraic group and let g be the Lie algebra of G. We recall that G acts

I and we

on itself by conjugation; for © € G we define Intx : G — G by Int z(y) = zyz~
write x - y for Int z(y). The derivative of Inty is denoted by Adz : g — g. We can define
a map Ad : G — GL(g); this is a representation of G called the adjoint representation
and we call the associated action of G the adjoint action. We note that if G is a subgroup
of GL, (k) (so g is a Lie subalgebra of gl,(k)), then the adjoint action of G is given by
Adz(Y) = Yz~ !, where the product on the right hand side is matrix multiplication. We
can take the derivative of Ad and we get the adjoint representation ad : g — gl(g).

Let M and N be normal subgroups of G and write m = Lie M and n = Lie N. The
conjugation action of G on itself induces an action of G on G/M. Suppose this action
factors through G/N. The adjoint action of G on g induces an action of G on g/m and
this action factors through G/N. Further, the action of G/N on g/m induces an action of
g/n on g/m — this action is the one induced by the adjoint action of g on itself. Therefore,
objects such as (G/N) - (X +m), ¢g/n(X +m) (for X € g) are defined as in §1.1 and §1.2.

Let z € G and let ¢, : G — G - x be the orbit map in the conjugation action.
The map y — ©.(y)y ' = (z,y) = zyz~'y~! from G to itself has derivative given by
Adz —id: g — g. Therefore, its kernel is ¢y(z) ={Y € g: - Y =Y }. Since translation
is an isomorphism, we conclude that ker(dy,); = ¢4(z).

Let X € gand let px : G — G - X be the orbit map in the adjoint action. The
derivative of px at the identity is given by (dpx)1(Y) = [V, X]. Therefore, ker(dpx); =
cq(X).

Now let m be a G-submodule of g and consider the action of G on g/m induced by
the adjoint action of G on g. Let m : g — g/m be the natural map. For any Y € g we can
identify Ty (g) = g and Ty ;n(g/m) = g/m. Then we have dmy = 7. Let X € g and let
Yx+m: G — G- (X +m) be the orbit map of X +m € g/m. We have the factorization
Yx+m = Tpx, which gives rise to the factorization (dyxim)1 = m(dex)1. Therefore, we
have (dpxim)1(Y) = [Y, X] + m and ker(dpxim)1 = ¢g(X +m).

10



1.4 MORE ON ALGEBRAIC GROUPS

Let V be a finite dimensional vector space over k and let f : V' — V be an endomorphism
of V. We recall that f is said to be semisimple if V has a basis of eigenvectors of f.
We say f is nilpotent if f™ = 0 for some m € Z>; and we say f is unipotent if f —1 is
nilpotent.

Let G be an algebraic group. An element = € G is said to be semisimple if p(z) is
semisimple for any representation p : G — GL(V'). Similarly, z is said to be unipotent if
p(x) is unipotent for any representation p : G — GL(V).

An element X of the Lie algebra of G is said to be semisimple if dp(X) is semisimple
for any representation p : G — GL(V). Similarly, X is said to be nilpotent if dp(X) is
nilpotent for any representation p : G — GL(V).

We say that G is a torus if it is isomorphic to a direct product of copies of G,,. If
G =Gy, x---x G, =G, is a torus, then the rank of G is defined to be r. We note that
all elements of a torus are semisimple. Let V' be a module for a torus G. Then we have

a decomposition V' = @_ _ V,, where I is a finite subset of Hom(G, G,,,) whose elements

er
are called the weights ofVG onVand V,={veV:g-v=n(g)vforall g € G}.

Now let GG be any algebraic group. A mazimal torus of G is a subgroup of G which is
maximal subject to being a torus. All maximal tori of G are conjugate in G. The rank of
GG, denoted by rank GG, is the rank of a maximal torus of G.

Given subgroups H and K of G the commutator subgroup (H, K) is the subgroup of
G generated by commutators (h, k) = hkh™'k™!, where h € H and k € K. The derived
series of GG is defined as usual and we say G is solvable if the derived series terminates.

The descending central series of GG is defined by
G® =G and GY = (GD, @) fori >0

and we say G is nilpotent if G™ = {1} for some m € Z>,.
Let g be the Lie algebra of G. The descending central series of g is defined by

g =g and g/ = [g® g] fori >0

and we say g is nilpotent if g™ = {0} for some m € Z>;. We note that if G is nilpotent,
then g is nilpotent.

A Borel subgroup of G is a maximal connected solvable subgroup of G. All Borel
subgroups of G are conjugate in G. A parabolic subgroup of G is a subgroup which

contains a Borel subgroup.
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We say that G is unipotent if every element of G is unipotent. It is known that if G is
unipotent, then G is nilpotent. The unipotent radical R, (G) of G is the maximal normal
connected unipotent subgroup of G. We say that G is reductive if R,(G) = {1}. We note
that G/R,(G) is reductive for any G.

We say that G is simple if it has no non-trivial proper connected normal subgroups.

1.5 THE CLASSIFICATION OF SIMPLE ALGEBRAIC GROUPS

In this section, we give a brief outline of the classification of the simple algebraic groups.
They are classified by their root system and fundamental group; we discuss this below.

Let G be a simple algebraic group and T a maximal torus of G. The set = =
Hom(T,G,,) has the structure of an abelian group, where addition is defined by (x +
X)(t) = x(t)x'(t); it is called the character group of T and is isomorphic to Z", where r
is the rank of G. We may therefore consider the real vector space £ = = ®z R.

The adjoint action of G on its Lie algebra g induces an action of 7" on g. Since T is
a torus we get a decomposition g = ¢5(T) & Dy 95, Where ¢o(T) = {X € g:t- X =
Xforallte T}, WCEandgs={X €g:t-X = ()X for all t € T'}. It turns out that
¢g(1') = t = LieT" and that ¥ C = is a root system, which we call the root system of G
with respect to T'. We note that ¥ depends on the choice of T'; however, this dependence
does not effect the isomorphism class of ¥ because all maximal tori of G' are conjugate in
G.

We denote the weight lattice of ¥ by A and the root lattice of ¥ by A,. We have the
inclusions A, € = C A and A/A, is a finite abelian group. The fundamental group of G is
defined to be 7(G) = A/Z. There are only finitely many possibilities for the fundamental
group of G.

Now we may state the classification of simple algebraic groups.

Theorem 1.5.1 Let G and G’ be simple algebraic groups having isomorphic root systems
and isomorphic fundamental groups. Then G and G’ are isomorphic, unless the root
system is of type D, and the fundamental group has order 2, in which case there may be
two isomorphism types.

Further, given an irreducible root system V and a quotient m of A/A,, there exists a

simple algebraic group G with root system V and fundamental group .

Let G be a simple algebraic group, 7" a maximal torus of G and ¥ the root system
of G with respect to T'. Let B 2 T be a Borel subgroup of G. The Lie algebra b of B
is a Borel subalgebra of g and we have b = t&® @ﬁeq,+ g3, where U C U is a system of
positive roots of W. Let II be the corresponding set of simple roots.
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We recall the height of a root =3 ;bacx € ¥ is given by ht(5) = >° .y ba- The
standard (strict) partial order < on W is defined by: o < 3 if § — «v is a sum of positive
roots. Write o = >
bad for G if p divides ¢, for some o € II. We say that p is good for G if it is not bad for
G. The Cozxeter number of G is h = ht(p) + 1.

Let G be a simple algebraic group, the isomorphism class of its root system is called

acti Cae for the highest root of W. Then we say that p = chark > 0 is

the type of G. Therefore, the simple algebraic groups G and G’ are said to be of the same
type if they have isomorphic root systems. An isogeny o : G — G’ is an epimorphism
with finite kernel. If o : G — G’ is an isogeny, then G and G’ have the same type and
ker o is contained in the centre Z(G) of G.

If G is a simple algebraic group and the fundamental group of G is trivial, then G is
said to be simply connected. If G and G’ are simple algebraic groups of the same type
with G’ simply connected, then there is an isogeny o : G’ — G called the covering map
of G'. If the fundamental group of G is A/A,, then G is called adjoint.

We now describe the various possibilities for a simple algebraic group G, when p is
zero or good for G. If G is of type A, B, C' or D, then we say G is classical and if G is
of type E, F or GG, then we say G is exceptional. We note that if G is not of type A and
G’ is a simply connected simple algebraic group of the same type as G, then the covering
map G’ — @ is separable, so that g’ = g.

For G of type A,, the fundamental group is Z,,; — the cyclic group of order r + 1.
The simply connected group is the special linear group SL,;(k) and the adjoint group
is PGL,;1(k). There may be other possibilities for G which are neither simply connected
nor adjoint. We recall that the Lie algebra of SL, (k) is given by sl, (k) = {X € gl,(k) :
tr X = 0}, where tr X denotes the trace of X. Let G be a simple group of type A,. We
note that if p does not divide r + 1, then the covering map SL, (k) — G is separable so
that g = sl,,(k). If p divides r + 1, then the covering map may not be separable and g
may be different from s, (k).

If G is of type B,, then p is good unless p = 2 and the fundamental group of G is Zs.
If G is simply connected, then it is the spin group Spin,, (k) and if G is adjoint, then
it is the special orthogonal group SOg,.11(k). For n € Zs; we consider the orthogonal
group O, (k) = {z € GL,(k) : zJa" = J}, where 2' denotes the transpose of z, and J
is the matrix whose (7,j)th entry is 1 if i + j = n + 1 and 0 otherwise. We consider
SO, (k) = O,(k) N SL, (k). The Lie algebra of SO,,(k) is given by so, (k) = {X € gl,(k) :
xJ = —Jz'}.

When G is of type C,., p = 2 is the only bad prime for G and the fundamental group
of G is Zy. The symplectic group Sp,,. (k) is the simply connected possibility for G and
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the projective symplectic group PSp,,.(k) is the adjoint possibility for G. For n € Z>; we
consider the symplectic group Sp,,, (k) = {x € GLa, (k) : xJx! = J}, where J is the matrix
whose (i, 7)th entryis 1ifi+j=2n+1andi <n, —1ifi+j=2n+1and ¢ >n+1, and
0 otherwise. The Lie algebra of Sp,, (k) is given by sp,, (k) = {X € gly, (k) : 2J = —Jz'}.

If G is of type D,, then p is good for G unless p = 2. The fundamental group of G is
of order 4; if r is odd, then it is isomorphic to Z4 and if r is even, then it is isomorphic
to Zy X Zy. If r is odd there are three possibilities for G. If GG is simply connected, then
it is the spin group Spin,,(k), if G is neither simply connected nor adjoint, then it is
the special orthogonal group SO., (k) and if G is adjoint, then it is the projective special
orthogonal group PSOs,.(k). If r is even the there is one further possibility for G which
is neither simply connected nor adjoint — namely the half spin group HSpin,, (k).

Now consider GG of exceptional type. If G is of type Eg, then 2 and 3 are the bad
primes for G' and the fundamental group of G is Z3 so G is either simply connected or
adjoint. If G is of type E;, then 2 and 3 are the bad primes for G' and the fundamental
group of G is Z, so (G is either simply connected or adjoint. If G is of type Eg, then 2, 3
and 5 are the bad primes for G and the fundamental group of G is trivial so there is only
one possibility for G. If G is of type Fy or G, then 2 and 3 are the bad primes for G and

the fundamental group of G is trivial so there is only one possibility for G.

1.6 MORE ON SIMPLE ALGEBRAIC GROUPS

Let G be a simple algebraic group, let T be a maximal torus of G and let ¥ be the root
system of G' with respect to T

Let H be a subgroup of G. We say H is (T-)regular if it is normalized by 7. In
this case the adjoint action of G on g induces an action of 7" on h. Then we have
b= (tNh) & Dscym) 95 where V(H) C ¥. We call U(H) the set of roots of H with
respect to T'. Similarly, a subalgebra of g is called regular if it is normalized by T. If §
is a regular subalgebra of g, then we have h = (tNh) & Pgeyp 95, Where ¥(h) C W is
called the set of roots of b with respect to T'. Clearly, if H is a regular subgroup of G,
then h = Lie H is a regular subalgebra of g and W(H) = ¥(h). In fact, if char k is zero or
good for GG, then any regular subalgebra of g is the Lie algebra of a regular subgroup of
G.

Let B O T be a Borel subgroup of G and write U for the unipotent radical of B. We
have that UF = ¥(B) = U(U) is a set of positive roots of U. Also we have a semidirect
product decomposition B = UT'.

For g € ¥ we have the root subgroup Ug of (; this is a one dimensional subgroup of
G with an isomorphism ug : G, — Us such that tug(s)t™ = ug(B(t)s) for all t € T. We
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recall the Chevalley commutator relations in G. For 8 # +7:

(us(s),u, () = I us(conags'®) (1.6.1)

iB+jy €W, >0

where cg.,;; € k. For each 8 € ¥ we choose a generator eg for the root subspace gg. We
recall the following relations for the adjoint action. For 3 # +7:

Ug<t> cey =€yt Z bﬁmitie,}%iﬁ (1.6.2)
~+ifB:i>0

where bg; € k. Finally, we recall the Chevalley commutator relations in g. For 3 # £+,
if 3+~ € ¥, then

eg: €] = apep1y, (1.6.3)
where ag, € k and if 3+ ¢ U, then [eg, e,] = 0. Further, if v —af,..., v+ b5 is the 8
string through ~, then we can choose the eg so that ag, = £(a + 1).

The Chevalley commutator relations imply that if char k is zero or good for GG, then
vY= 11 Us
ht(8)>1

so that, for [ < m, we may identify U®) /U™ as a variety with

IT v

I<ht(8)<m

The terms of the descending central series of u have an analogous description.

Now let G be a connected reductive algebraic group. Then G can be decomposed as
a commuting product G = Z(G)G - - - G such that each G; is simple and G; N H#i G,
is finite for each i, and Z(G) is the centre of G. The G, are the minimal non-trivial
connected normal subgroups of (G, G) so the above decomposition of G is unique and we
call the G; the simple components of G. Given a maximal torus 7' of G we may form the
root system W of GG as in the case where G is simple. The irreducible components W; of
U are the root systems of G; with respect to T'N G;.

In the sequel we consider a simple algebraic group G. We note here that all our
results could be given an appropriate restatement with G reductive; they can be proved
by a reduction to the simple components.

Let P be a parabolic subgroup of G containing the Borel subgroup B of G. Let U+ be
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the system of positive roots of ¥ determined by B and II the corresponding set of simple
roots. We write P, for the unipotent radical of P. Let J = {a € II: —a € U(P)} and let
V; =ZJNWY. Then ¥, is the root system of the reductive group P/P,. In particular,

the rank of each of the simple components of P/P, is less than rank G.

1.7 SOME GENERAL RESULTS ON ACTIONS OF ALGEBRAIC GROUPS

In this section we give some general results that we shall require later in the thesis.
Let G be an algebraic group G, suppose G acts on the variety V and let v € V. The

following formula is a consequence of [11, Thm. AG.10.1].
dim G - v + dim Cg(v) = dim G. (1.7.1)
The proposition below follows easily from [11, Prop. 6.7].

Proposition 1.7.1 Let v € V and let v, : G — G - v be the orbit map. The following

are equivalent:
(i) o is separable, i.e. (dp,)1 1 g — T,(G - v) is surjective.
(ii) The kernel of (dp,)1 is contained the Lie algebra of Cg(v).

Further, the latter condition holds if and only if dim ker(dy,); = dim Cg(v).

Proof: The equivalence follows immediately from [11, Prop. 6.7]. The final statement in

the proposition is true, because the kernel of (dy,); always contains Lie Cg(v). O

Now we apply Proposition 1.7.1 to the action of G on itself by conjugation. Let
x € G, and let ¢, : G — G - x be the orbit map. We recall from §1.3 that we have
ker(dp, )1 = cq(2).

Proposition 1.7.2 Let x € GG. The following are equivalent:
(i) @u is separable.
(ii) cg(x) = Lie Ce(x).
Further, the latter condition holds if and only if dim ¢g(x) = dim Cg(x).

Next we apply Proposition 1.7.1 to the action of G on g/m, where m is a G-submodule
of g. Let X € g, and let ox 1 : G — G - (X +m) be the orbit map. We recall from §1.3
that we have (dyx)1(g) = [g, X] +m and ker(dy,); = ¢g(X + m). Therefore, we have
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Proposition 1.7.3 Let m be a G-submodule of g and let X € g. The following are

equivalent:
(1) @xim is separable, i.e. [g, X]+m =Tx(G - (X +m)).
(i) cg(X +m) =LieCe(X +m).
Further, the latter condition holds if and only if dim ¢g(X +m) = dim Cg(X + m).

The following lemma about a module for a torus is easy to prove.

Lemma 1.7.4 Suppose GG is a torus and let V be a module for G. Let \, ..., \; be linearly
independent weights of G on V. Let vq,...,v; be eigenvectors of G with weights A1, ..., \
respectively and let t = vy + -4+ v,. Then G-x = {tjv1+-- -+t : t1,..., t, € k*}. In

particular, dimG - z = [.

Let G be an algebraic group and V' a variety on which G acts. The subvarieties V;
(i € Z>o) of V are defined by V; = {v € V : dim G -v = i}. The irreducible components of
the V; are called the sheets of G on V. There are finitely many sheets of G on V' and if G
acts on V with finitely many orbits, then the sheets coincide with the orbits. The reader
is referred to [12] for more information on sheets. We can prove the following rigidity

result about the sheets of G on V. This result generalizes the lemma in [62].

Proposition 1.7.5 Let G be a connected algebraic group and let V and W be G-varieties.
Let Z be an wrreducible algebraic variety and ® : Z x V. — W a morphism such that for
every z € Z, the map v — ®(z,v) is an isomorphism of G-varieties. Then for every sheet
S of V' the image ®(z,S) is independent of z € Z.

Proof: Tt is clear that for every z € Z the isomorphism @, : v — ®(z,v) maps V; to W,.
Therefore, we may assume that V' = V; and W = W,. Moreover, the irreducibility of Z
implies that the ®,s map a given irreducible component of V' into the same irreducible
component of W. Therefore, we may assume that V and W are irreducible. The result

now follows. O

1.8 ALGEBRAIC GROUPS OVER FINITE FIELDS

In this section we assume char k = p > 0 and recall some results about algebraic groups
defined over finite fields. We refer the reader to [19, §3] as a general reference for algebraic
groups defined over finite fields and to [11, 18.6 and 18.7] for information about split

groups.
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Let G be an algebraic group over k and assume that G is defined and split over the
finite field of p elements F,. We recall that G being split over F, means that there exists
a maximal torus 7" of G defined over F,, and such that isomorphism 7" = G, (r = rank G)
is defined over IF,. Let ¢ be a power of p and denote by G(q) the finite group consisting of
[F-rational points of G. The groups constructed by Chevalley in [18], known as Chevalley
groups are of this form; for this reason G(q) is also called a Chevalley group. We write F
for the Frobenius morphism such that G(¢) = G = {g € G : F(g) = g}. The Frobenius
morphism induces a map on g, which by an abuse of notation we also denote by F'.

By Proposition 1.1.1 we may assume G is a closed subgroup of GL, (k). Then we may
further assume that I is given by F'(z;;) = (f;) so that G(g) consists of the matrices in
G with entries in F,.

We recall that a subvariety S of G or g is F-stable if and only if it is defined over [F,
[19, Prop. 3.3]. If S is F-stable we write S = {s € S : F(s) = s} this is equal to the
[F-rational points of S, which we denote by S(q).

Let B be an F-stable Borel subgroup of G — such B exists by [19, 3.15]. Then the
unipotent radical U of B and its Lie algebra u are F-stable and U(q) is a Sylow p-subgroup
of G(q).

Let T C B be an F-stable maximal torus of G and write ¥ for the root system of
G with respect to T'. Since T is split (as it is contained in an F-stable Borel subgroup),
we may choose the isomorphisms ug : k& — Ugs so that the action of F' is given by
F(ug(t)) = ug(t?), for each § € W. Then F acts on gz and this action is given by
F(aeg) = aleg.

Let H be an F-stable subgroup of G and M an F-stable normal subgroup of H. Then
F acts on both H/M and h/m in a natural way. Let X € h. We recall that the set
H'(F,Cy(X +m)) is defined to be the set of equivalence classes of Cy(X +m) under the
relation ~, where z ~ y if there exists 2 € Cy(X + m) such that z = 2yF(z)~'. The
following proposition combines parts of [67, I, 2.7 and 2.8].

Proposition 1.8.1

(i) The orbits of H(q) in (H - (X +m))¥ are in correspondence with the elements of the
set HY(F,Cy(X +m)).

(ii) There is a bijection between H' (F, Cyr(X +m)) and H' (F,Cx(X+m)/Cgx(X +m)°).

In particular, if Cy(X +m) is connected, then (H - (X +m))¥ is a single H(q)-orbit.
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1.9 'THE UNIPOTENT AND NILPOTENT VARIETIES

Let G be a simple algebraic group with » = rank G and let g be the Lie algebra of G.
Assume that char k is zero or good for G. The unipotent variety U of G is defined to be
the variety of all unipotent elements of G' and the nilpotent variety N of g is defined to
be the variety of all nilpotent elements of g. Both &/ and N are irreducible varieties.

R.W. Richardson proved in [56] that U splits up into finitely many G-orbits. Since
U is irreducible, it follows from the general theory of algebraic groups that one of the
G-orbits is open in U. This open orbit U" is called the reqular unipotent orbit and x € U"
is called regular unipotent.

Similarly, G' acts on N with finitely many orbits ([56]) and therefore, with an open
orbit N". We call N the reqular nilpotent orbit and X € N7 is called reqular nilpotent.

Let B be a Borel subgroup of G with unipotent radical U. We write u for the Lie
algebra of U. Let U be the system of positive roots determined by B and II the corre-
sponding set of simple roots.

It follows from the results in [57] that U" N U is a single B-orbit which is open in
U. For z € U" NU we have that dimCg(z) = r and dimCpg(x) = r. An element
= = [[sep+ us(As) € U is regular unipotent if and only if A, # 0 for all a € II, see [68] or
(67, I11, 1.13].

We also have that N™ Nu is a single B-orbit which is open in u. If X € u is regular
nilpotent, then dim Cg(X) = dimCp(X) = r. Further, by [70, 3.7] B is the unique
Borel subgroup of G with X € b. Finally, we note that X = Zﬁe\w ages € u is regular
nilpotent if and only if a, # 0 for all a € II see [64] or [67, III, 3.5].

1.10 UNIPOTENT NORMAL SUBGROUPS OF B

Let G be a simple algebraic group, let B be a Borel subgroup of G and T' C B a maximal
torus of G. Let U be the unipotent radical of B and u its Lie algebra. Write W for the
root system of G with respect to T and ¥UT for the system of positive roots determined
by B. We recall Ut is partially ordered by < as defined in §1.5.

A subset I of Ut is called an idealif o € I, 3 € T and o+ 3 € U implies a+ 3 € 1.
Given an ideal I of U an element « € I is called a generator if it is a minimal element of
I with respect to <. We write I'(I) for the set of generators of I; I'(/) forms an anti-chain
in U, that is a« £ § for all o, 3 € T'(I). Further, the map I — I'(I) is a bijection between
the set of all ideals of U and the set of anti-chains in U. We refer the reader to [50, §1
and §2| for a more detailed account of ideals, anti-chains, etc.

Let N be a unipotent normal subgroup of B. Then N is determined by the ideal
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U(N) of U, The set of generators of W(N) is given by I'(U(N)) = ¥(N) \ ¥((U, N)).
Conversely, an ideal I of U* gives rise to the unipotent normal subgroup Ny = [[5¢; Us
of B. Therefore, the sets of unipotent normal subgroups of B, ideals of ¥ and antichains
in ' are in bijective correspondence.

Any B-submodule of u is the Lie algebra of a unipotent normal subgroup of B. There-
fore, we have a correspondence between B-submodules of u, ideals of U+ and antichains

in U given by the maps
n— ¥(n) — L(¥(n) = ¥(n)\ ¥(u,n]).

1.11 CALCULATING dim ¢, (X + m)

Let G be a simple algebraic group, B a Borel subgroup of GG, U the unipotent radical of
B and u the Lie algebra of U. In this section we discuss a method for calculating the
dimension of the centralizer ¢,(X + m) where X € u and m is a B-submodule of wu.

Let T'C B be a maximal torus of G, let ¥ be the root system of G with respect to T’
and let U* be the system of positive roots determined by B. We choose generators eg of
the root spaces gg so that if 3,y € ¥ with 8 # +v, 5+~v € ¥V and v —af,...,v+ b3
is the (-string through ~, then [eg, e,] = £(a + 1)egi, (see the discussion after (1.6.3)).
By using these relations we reduce the calculation of dim ¢, (X + m) to linear algebra, as
explained below.

Let m be a B-submodule of u and let X € u. An arbitrary element Y € u can be
written as Y =5 . ygeg. Write X +m =35 4\ y(m) Ts€s + m. Using the Chevalley
commutator relations (1.6.3), we may calculate [Y, X] +m = 35 4\ y(m 26(Yy)es + m,
where z3 is linear in the y.,. Therefore, we see that dim ¢, (X +m) is equal to the dimension
of the solution space of the system of linear equations zg = 0, for 3 € U\ U(m). Let E
be the (dimu — dimm) x dimu matrix corresponding to this system of equations. Then
dim ¢, (X 4+ m) is equal to the rank of E; this rank is easily calculated by row reducing E.

Now suppose we have a sequence u = my 2 --- O my = {0} of B-submodules of u
with dimm;,; = dimm; — 1 and we want to calculate dim ¢, (X +m;) for each i = 1,..., N.
For each i we can find the matrix F; = E as above. To reduce the amount of computation
one can row reduce each E; in turn, using the row reduced matrix obtained from E;_; to
calculate a row reduced matrix from F;.

Now suppose X = ;.1 €5 (A C ¥F) is a sum of root vectors. Then we can consider
X € ufor any field k. It is clear from the discussion above that the dimension of ¢, (X +m)
depends only on the characteristic of k£ and not on the specific field k. We use the notation
dim,, ¢,(X + m) to denote the dimension of ¢, (X + m) if char k = p. We now explain how
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one can try to work out dim, ¢,(X + m) for p > 0 from dimg ¢, (X + m). It is clear that
we have dim,, ¢,(X + m) < dimg ¢, (X + m) and we have equality if we do not “divide”
by p when row reducing the matrix £ (as above) in characteristic zero. Therefore, by
row reducing E in characteristic zero and keeping track of which primes we “divide” by
during this reduction, we can deduce dim,, ¢, (X +m) = dimg ¢, (X 4+ m) for all but finitely

many values of p.

1.12 SEMISIMPLE AUTOMORPHISMS

Let G be an algebraic group. In this section, we define what it means for an automorphism
of G to be semisimple. We also give some examples which will be important in §4.4.

Let © be an automorphism of G. We write 6 for the derivative of © at the identity. For
a ©-stable subset S of G, we denote the fixed points of © in S by S® = {zr € S : O(z) = x}.
Similarly, for f-stable S C g, we write S = {X € S: (X) = X}.

Let © be an automorphism of G. We say © is a semisimple automorphism if there is
an embedding G — GL, (k) (for some n) such that © is induced from conjugation by a
diagonal matrix in GL, (k).

We note that if © is a semisimple automorphism of G with finite order |G|, then char k
does not divide |O].

In the following paragraph we assume that chark # 2 and give three semisimple
automorphisms that we shall require in §4.4. We refer the reader to [69, §11, pp. 169] for
more details. For the reader’s convenience we give explicit descriptions of the derivatives
of these automorphisms.

There exists a semisimple automorphism © of GL, (k) with GL,(k)® = O,(k), its
derivative 6 is given by 0(x;;) = (—Zp+1—jn+1-:). There is a semisimple automorphism
© of GLy,(k) such that GLa,(k)® = Sp,,(k), its derivative 6 is given by 0(z;;) =
(€Xpt1—jnt1-i) Where e = (—1) L5 ]+ Further there exists a semisimple automorphism
® of Og,(k) such that Og,(k)® = Og,-1(k), its derivative ¢ is given by é(z;) = (i),

where Yij = Tin lf] =n+ 1, Yij = Tin+1 lfj =N, Yij = Tnj ifi=mn + ]., Yij = Tn+1,j if

Jj = n and y;; = x;; otherwise.

1.13 PREHOMOGENEOUS SPACES

Let GG be an algebraic group and V' a G-module. We say V' is a prehomogeneous space for
G provided G acts on V' with a dense orbit.
We now give two results about prehomogeneous spaces. The first is elementary and

sometimes used without reference.
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Lemma 1.13.1 Let G be an algebraic group and H a normal subgroup of G. Let V' be
a G-module and W a G-submodule of V. Suppose h-v —v € W for allh € Hv €V
(so that the action of G on V/W factors through G/H ). Suppose V' is a prehomogeneous
space for G. Then V/W is a prehomogeneous space for G/H.

Proof: 1f v € V is a representative of a dense G-orbit in V, then v + W € V/W is a
representative of a dense G-orbit in V/W and thus a representative of a dense (G/H)-
orbit in V/W. O

We use the following result in §4.4.

Theorem 1.13.2 Let G be an algebraic group, © a semisimple automorphism of G with
finite order and n a O-stable G-submodule of g. Suppose there exists X € n’ such that
G - X is dense in n and the orbit map G — G - X is separable. Then G® - X is dense in
n’ and the orbit map G° — G® - X is separable.

Proof: Tt follows from Proposition 1.7.3 that the separability of the orbit map G — G- X
implies that T'x (G - X) = [g, X|. We prove the following series of inclusions

Tx(GO- X) C Tx((G - X)) € (Tx (G- X))’ = 3. X]° C [¢, X] € T (G® - X).

The last inclusion is clear. To show [g, X]? C [g%, X] we let [V, X] € [g,X]?. One
easily checks that if Z = ﬁzglo_lé’i(}/)? then (Z) = Z and [Y, X] = [Z, X] € [¢’, X].
From Tx(G - X) = [g, X] it follows immediately that (Tx(G - X))? = [g, X]’. Since
(G-X)? C G- X we get that Tx ((G-X)?) C Tx(G-X). Therefore, to show Tx((G-X)?) C
(Tx (G - X))? it suffices to show that Tx((G - X)?) is fixed by 6. But (G- X)? C n’ so
Tx((G-X)?) C Tx(n’) =n’. Since n? is G®-stable, we have that G®- X C (G- X)? which
implies the first inclusion.

Since G - X is dense in n we have Tx (G - X)) = n. The series of inclusions above then
implies that T (G® - X) = n? and thus that G®- X is dense in n’. The series of inclusions
also implies that Tx (G® - X) = [g%, X] which by Proposition 1.7.3 implies the orbit map
G® — G® - X is separable. ([l

Let G be an algebraic group, g the Lie algebra of G and n a G-submodule of g. Below
we give a basic strategy for showing that n is a prehomogeneous space for G.

Using (1.7.1), we see that it suffices to show that dim Cg(X) = dim G — dimn for
some X € n. Since Lie Ce(X) C ¢4(X), it suffices to show dim ¢y(X) = dim g — dimn for
some X € n.
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Remark 1.13.3 We make the observation that if we can find such an X, then we have
dim ¢g(X) = dim Cg(X). Then by Proposition 1.7.3, the orbit map g +— ¢ - X from G to
G - X is separable.

Choose a faithful representation g — gl, (k) for some n. We choose this representation
so that we have natural vector space isomorphisms g = k4™9; so there is some A C
{1,...,n} x {1,...,n} such that the map (y;;) — (yo : @ € A) is an isomorphism. Then
we consider g C gl,(k). Let X € n, to find ¢g(X) we need to look at those Y € g for
which [Y, X] = 0. Let Y = (y;;) € g C gl,(k) and consider the y;; (for (7,j) € A) as
variables. We see that the condition [Y, X] = 0 is equivalent to a system of dimn linear
equations in the dim g variables y;;. The dimension of their solution space is dim ¢4(X).
To prove that G admits a dense orbit in n, it therefore suffices to find X for which these

equations are independent.
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CHAPTER 2
RELATIVE SPRINGER ISOMORPHISMS

In this chapter we define and prove the existence of relative Springer isomorphisms; this
is done in §2.2. First in §2.1 we discuss Springer isomorphisms. We remind the reader

that in this chapter we use the notation given in the introduction.

2.1 SPRINGER ISOMORPHISMS

For char k > 2h — 2 we have a logarithm map from U to N, i.e. we may identify & and N
with their images under the respective adjoint representations of G and g and log : U — N
can be defined formally by its power series expansion, see for example [49, §5.7]. This
logarithm map and its inverse exp : N' — U are inverse G-equivariant isomorphisms of
varieties.

For char £ < 2h—2 the situation is not so straightforward. For char k > h a “logarithm
map” still exists. A statement of this result can be found in [61, Prop. 5.2], the proof is
attributed to J.-P. Serre. In [65] T.A. Springer proved that if G is simply connected, then
there exists a G-equivariant morphism of varieties &/ — N which is a homeomorphism
on the underlying topological spaces. This has subsequently been strengthened to the
following result (see [10, Cor. 9.5.4] or [38, 6.20]).

Theorem 2.1.1 If G is of type A assume the covering map SL, (k) — G is separable.
(i) There exists a G-equivariant isomorphism of varieties ¢ : U — N
(ii) ¢ can be chosen to commute with F.

An isomorphism as in Theorem 2.1.1 is called a Springer isomorphism and gives a
good substitute for the logarithm map for small p.

We now give a brief discussion of how one can prove Springer isomorphisms exist. We
note that the proof given by P. Bardsley and R.W. Richardson in [10] uses a different

argument. Assume for now that G is not of type A — we note that for Propositions 2.1.2
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and 2.1.3, we can drop this assumption. Let G be an adjoint group of the same type as GG
and let o : G — G be the covering map. One can check that ¢ induces an isomorphism
of varieties from the unipotent variety U of G to the unipotent variety U of G. Since G
is not of type A, o is separable, so do : g — @ is an isomorphism of Lie algebras and
therefore induces an isomorphism of varieties from the nilpotent variety N of G to the
nilpotent variety N of §. It is therefore easy to see that there exists a G-equivariant
isomorphism of varieties i/ — N if and only if there exists a G—equivariant isomorphism
of varieties Y — N. So we may assume that G is adjoint. We now have the following

result of Springer from [63].

Proposition 2.1.2 Assume G is adjoint.
(i) Let x € U be reqular unipotent. Then Cg(x) = Cy(z) is connected.
(i) Let X € u be regular nilpotent. Then Cq(X) = Cy(X) is connected.

One can use this to prove the following, see [63].

Proposition 2.1.3 Assume G is adjoint. Let x € U be reqular unipotent. There exists

a regular nilpotent element X € LieCg(x) and for any such X we have that Cg(x) =
Ca(X).

Therefore, given x and X as in Proposition 2.1.3 we may define an isomorphism of
varieties. ¢ : G-x — G - X. It is known that the codimension of the complement of G - x
in U is 2 see [68]; similarly the codimension of the complement of G - X in N is 2 ([63]
and [68]). It is known that U is a normal variety, see [67, III, 2.7]. It is also known that,
under our assumptions, N is a normal variety, see [40, 8.5] — this was proved for char 0 by
B. Kostant, then extended to most p by F.D. Veldkamp and these restrictions on p were
removed by M. Demazure. Therefore, the isomorphism ¢ : G- x — G - X extends to an
isomorphism ¢ : U — N, see for example [40, Corollary 8.3].

For G of type A, if the covering map SL,(k) — G is separable, then we may assume
that G = SL, (k). One can easily check that the map y — y—1 is a Springer isomorphism.

Recall that U is the unipotent radical of an F-stable Borel subgroup B of GG. Suppose
x € U is regular nilpotent and let ¢ be a Springer isomorphism. By G-equivariance of ¢
we have that ¢(x) is regular nilpotent. Now Cg(x)? C B, therefore, by G-equivariance
of ¢, we have that Cq(¢(z))? C B. Therefore, by the discussion at the end of §1.9 we
see that ¢(z) € u and thus B - ¢(z) is dense in u. Thus, we have the following standard

corollary of Theorem 2.1.1.
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Corollary 2.1.4
(i) There exists a B-equivariant isomorphism ¢ : U — u.

(ii) ¢ can be taken to commute with F.

Proof: The above discussion implies that a Springer isomorphism ¢ : i/ — N induces a
B-equivariant isomorphism ¢ : U — .
We can remove the assumption on G of type A because the covering map SL, (k) — G

induces an isomorphism from U, (k) onto its image. O

Let x € U be regular. Then any B-equivariant isomorphism ¢ : U — u is determined
by ¢(x). One can check that ¢(z) must be a regular nilpotent element of Lie Cp(x) =
Lie Cg(x). Therefore, we see that ¢ is the restriction of a Springer isomorphism ¢ : U —
N. In light of the above discussion, an isomorphism as in Corollary 2.1.4 is also called a

Springer isomorphism.

The proof of the existence of Springer isomorphisms shows that they are not unique.
We now discuss a parametrization of Springer isomorphisms due to J.-P. Serre. Given
a subvariety V' of G (respectively g) we write V" for the variety of regular unipotent
clements (respectively regular nilpotent elements) in V.

Let z € U and fix X € (LieCg(x))". It is clear from the proof of the existence of
Springer isomorphisms that for each y € Cy(x)" there is a unique Springer isomorphism
¢y x U — u with ¢, x(y) = X. Moreover, every Springer isomorphism is of the form
¢y, x for some y € Cg(x)". Therefore, the Springer isomorphisms are parameterized by
Ce(z)". In [62] J.-P. Serre proved that this parametrization is algebraic in the following

sense.

Proposition 2.1.5 There exists an algebraic morphism ® : Ca(z)” x U — N such that
Py, 2) = ¢y x(2) for ally € Ca(z)" and z € Y.

Serre then uses a lemma less general than Proposition 1.7.5 to deduce.
Corollary 2.1.6 The bijection
G-classes of U — G-classes of N
gien by a Springer isomorphism ¢ is independent of the choice of ¢.

In the two examples below we describe all Springer isomorphisms when G is of classical

type.
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Example 2.1.7 Consider the case G = SL,(k). Let a = (ay,...,a,_1) € k"' with
a; # 0 and define amap ¥ : N — U by ¥(Y) =1+ a;Y +...a,_1Y"'. One can check

that ¢)~! is a Springer isomorphism and that any Springer isomorphism is of this form.

Example 2.1.8 Let G = {z € SL,(k) : Jx' = J} be a simple group of type B, C or
D as described in §1.5. Let G = SL,(k) and let ¢ and A denote the unipotent variety
of G and nilpotent variety of § respectively. We consider which Springer isomorphisms
U — N restrict to a Springer isomorphism U — N.

Let ¢ : N — U, defined by ¥(Y) = 1+ a,Y +...a,1Y" ! where a = (ay,...,a,_1) €
k"1 with a; # 0, (as in the previous example). For 1 to induce a G-equivariant isomor-
phism N — U we require that:

ifYJ=—JY' then (Y)J(Y) =.J. (2.1.1)

Now we see that if Y.J = —JY* then Y'J = (—1)"J(Y"*)" for any i. Therefore, (2.1.1) is
equivalent to
N-1 N-1
(1 +> aﬁ”) <1 + Z(—niaiyi) =1 (2.1.2)
i=1 i=1
We see that the conditions imposed by (2.1.2) allow a free choice for a; if i is odd and,
for 7 even, determine the value of a; from the values of a; for j <.
One can check that if a satisfies (2.1.2), then ¢)~! does restrict to a Springer isomor-
phism &/ — N and also that all Springer isomorphisms are of this form.

As a concrete example of such 1 we may take the Cayley map which is defined by
P(Y)=(1-Y)1+Y)!, see [67, ITI, 3.14].

2.2 RELATIVE SPRINGER ISOMORPHISMS

The principal result of this section is

Theorem 2.2.1 Let ¢ : U — u be a Springer isomorphism and let M be a unipotent
normal subgroup of B. Then there exists a B-equivariant isomorphism gz~5 :U/M — u/m

such that the diagram
¢

U —— u

U/M —2— u/m

commutes, where wy;, Ty denote the natural maps.
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We call a map & as in Theorem 2.2.1 a relative Springer isomorphism. This terminology
is justified by the commutative diagram above. We note that if ¢ : U/M — u/m is an
isomorphism such that the above diagram commutes, then qg is B-equivariant so we could
drop this requirement in the statement. The existence of relative Springer isomorphisms
is crucial for Chapters 3 and 4 where we consider the adjoint orbits of U and B in u.

We now present some results which we require to prove Theorem 2.2.1. Some of our
results concern the action of U on itself by conjugation and have natural analogues for
the adjoint action of U on u. We do not state (or prove) these analogous results but do
refer to them later in this section. We refer to these results by adding a " after the number
— so for example, the analogous result to Proposition 2.2.5 is referred to as Proposition
2.2.5.

We begin with the following lemma.

Lemma 2.2.2 Let M, N be unipotent normal subgroups of B and suppose the action of
U on U/M factors through U/N. Then fory € U, Cy(yM) is connected if and only if
Cu/n(yM) is connected.

Proof: Let my : U — U/N be the natural map. It is clear that mn (Cy (yM)) = Cun(yM).
Therefore, 7wy induces a bijection between the subgroups of Cy(yM) containing N and
the subgroups of Cy/n(yM). It follows that

|Cu(yM) : Cy(yM)°| = [Cun(yM) : Cun(yM)°|
and the result follows. O

We now consider the centralizer in U and B of a regular unipotent element. The

following two easy lemmas are used to prove Proposition 2.2.5.

Lemma 2.2.3 Let x =[], qua(l) € U and let M be a unipotent normal subgroup of B.

Then we have the factorization
Cp(zM) = Cp(zM)Cy(zM).

Proof: Let b € Cg(xzM) and write b = tu with ¢ € T and u € U. The Chevalley

commutator relations (1.6.1) imply that

u-xzM =z H Uy (Ay) M

ht(y)>2
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where A\, € k. Then
boaM = (t-z) [] u,(v(t)Ay)M.
ht(y)>2
Since b € Cp(zM), we have y(t)\, = 0 for all v € UT with ht(y) > 2, which implies
Ay =0, so that v € Cy(xM). O

Lemma 2.2.4 Assume G is adjoint. Let x =[],y ua(1) € U and let M be a unipotent
normal subgroup of B. Then Cyp(xM) is connected.

Proof: 'We work by induction on dim M. If W(M) NIl = @, then one can see that
Cr(zM) = Cr(z) = {1}, the latter equality holds, because x € U is regular unipotent
so Cg(x) C U (by 2.1.2). So suppose |U(M)NTI| > 1. Let N C M be a unipotent
normal subgroup of B with codimension 1 in M. If |¥(M) NIl = [¥(N) NI, then
we see that Cr(zM) = Cr(zN). So suppose |[¥(M)NII| = |¥(N) NI + 1 and let
B e (Y(M)\¥Y(N))NIIL Consider the subgroup S ={y € T : y-uy(1) = uu(1) for all a €
IT\{A}}. One can check that S is a torus of rank 1 and that Cr(zM) = Cr(xN)S. Hence
Cr(xM) is connected. O

It follows from the discussion in §1.9 that + € U as in Lemmas 2.2.3 and 2.2.4 is

regular unipotent. Therefore, we get

Proposition 2.2.5 Assume G is adjoint. Let x € U be reqular unipotent and let M be a
unipotent normal subgroup of B. If Cy(xzM) is connected, then Cg(xM) is connected.

Lemma 2.2.6 below says that the existence of relative Springer isomorphisms is in-
dependent of the isogeny class of G. We now introduce the notation required for its
statement.

Let o : G — G be an isogeny. We write do : g — ¢ for the derivative of o at the
identity. For a subgroup H of G we write H for the image of H under o; likewise we
write 6 = do(h). We note that for a unipotent normal subgroup M of B, ¢ induces an
isomorphism between M and M. Similarly, do induces an isomorphism between m and

m.
Let ¢ : U — u be a Springer isomorphism and define

¢ = (do)po™ " : U — 1.
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Then one can see ¢ is a Springer isomorphism. Assume we have a relative Springer

isomorphism ¢ : U/M — u/m. Then we may define

¢ = (do)po™ ' : U/M — i/

where by an abuse of notation o : U/M — U /M is the isomorphism induced from ¢. One
can check that ngS is a relative Springer isomorphism.

We have proved one direction of the following lemma and the converse is similar.

Lemma 2.2.6 Let ¢ : U — u be a Springer isomorphism and let M be a unipotent normal
subgroup of B. Then ¢ induces a relative Springer isomorphism b U/M — u/m if and

only if ¢ induces a relative Springer isomorphism ¢ : 0/M — u/m.

We show in Corollary 2.2.13 that for a unipotent normal subgroup M of B, the ex-
istence of a relative Springer isomorphism U/M — u/m is equivalent to Cy(zM) and
Cy(X + m) being connected, where z € U is regular unipotent and X € u is regular

nilpotent. We require the following two propositions.

Proposition 2.2.7 Let M be a unipotent normal subgroup of B and let y € B. Then

Cp/m(yM) contains an abelian subgroup of dimension r = rank(G).

Proof: Since G is simple, Cq(T) = T, thus Cg(T) = T. Therefore, by [11, 11.10],
Upep 0Tb7 ! is dense in B, i.e. the semisimple elements of B are dense in B.

Consider the natural map 7y : B — B/M. 1t is clear that, if z € B is semisimple,
then zM € B/M is semisimple. It follows that the semisimple elements of B/M are dense
in B/M.

Any semisimple element zM € B/M lies in some maximal torus S of B/M. Therefore,
Cp/m(2M) contains an abelian subgroup of dimension 7 — namely S.

Now we adapt Springer’s proof that C(y) contains an abelian subgroup of dimension
r from [63] (see also [38, Thm. 1.14]) to give the result.

Put R = B/M and let S be a maximal torus of R. Set V,, = R/S x S™ and define a
morphism f, : V,, — R" by

fo(@S,81,...,80) = (wsyz™h, ... xs,x ).

The image Y, of f, consists of n-tuples of elements belonging to a common maximal
torus. Since these elements commute pairwise the same is seen to be true of any n-tuple
belonging to the closure Z,, of Y,,. Since R and S are irreducible so is V,, and therefore so
are Y, and Z,.
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In the case n = 1, we have that Y] is the just the set of semisimple elements of R. We
said above that the semisimple elements of R are dense in R so we have that Z; = R.

Now define a projection p, : R* — R" ! by p,(x1,...,2,) = (21,...,7,_1) and a
section s, : R ' — R" by s,(x1,...,%n_1) = (21,...,%,_1,1), where 1 denotes the
identity of R. Clearly s,(Y,—1) C Y,, which forces s,(Z,-1) C Z,. It is also clear that
pn(Yn) C Y,y forcing p,(Z,) € Z,_1. In fact we have equality here because Z, | =
Pn($n(Zn-1)) € Pu(Zn).

Therefore, we have constructed irreducible varieties Z,, together with surjective mor-
phisms p,, : Z, — Z,_1. If (21,...,2,_1) € Y,,_1 these elements lie in a common maximal
torus S, so we see that the variety of n-tuples of the form (xq,..., 2, 1,2) with z € S’
are in the fibre p, !(x1,..., 2, 1). It now follows from [11, AG Thm. 10.1] that each fibre
of p,, has dimension at least r.

Now let € R be arbitrary and consider all possible n-tuples (z1,...,z,) (n > 0) for
which (z,x1,...,2,) € Z,4+1. Such n-tuples exist: for n = 0 we can take the empty tuple
and use the fact that Z; = R. Choose such an n-tuple with the centralizer C' in Cg(z) of
the set {x1,...,2,} minimal. Now we let z be such that (z,x1,...,2,,2) € Z,,2. Clearly,
C D Cq(z,x1,...,2,,7) This means z € C' and C centralizes z. The variety of all such z
corresponds to the fibre pg}rl(x, x1,...,%,) which has dimension at least r and is included
in the abelian subgroup Z(C) of Cg(x). O

Corollary 2.2.8 Let M be a unipotent normal subgroup of B and let x € U be regular
unipotent. Then Cgn(xM)° is abelian and dim Cp/p(xM) = r.

Proof: The action of B on U/M factors through B/M and if x € U is regular, then
B-(xM) = (B/M)-(xM) is dense in U/M. Therefore, using (1.7.1) we see that Cg/p(x M)
has dimension 7. By Proposition 2.2.7, Cg/pn(2M) has an abelian subgroup of dimension
r. It follows that Cgp(2M)? is abelian. O

Proposition 2.2.9 Assume G is adjoint. Let x € U be reqular unipotent, let X €
Lie Cg(z) be regular nilpotent and let M be a unipotent normal subgroup of B. Assume
Cy(zM) and Cy(X +m) are connected. Then Cp(zM) = Cp(X +m).

Proof: Since Cp/p(xM) is abelian, by Corollary 2.2.8, Lemma 2.2.2, Proposition 2.2.5
and the assumption that Cy(zM) is connected, the adjoint action of B/M on its Lie
algebra is trivial. Since X € Lie Cp(x), which implies X +m € Lie Cp/p, we get

CB/M(QSM) - OB/M(X —I—m).
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Now Cp (X 4+ m) is connected by assumption, so Cz(X + m) is connected by Proposition
2.2.5. Thus Cp/m (X 4+ m) is also connected by Lemma 2.2.2". Also

dim Cp/p (e M) = dim Cp/p (X +m) =7
(by Corollaries 2.2.8 and 2.2.8'), so we have that
Cpm(xM) = Cpju(X +m).
Hence, we get Cp(zM) = Cp(X + m). O
We now prove

Proposition 2.2.10 Let ¢ : U — u be a Springer isomorphism, let x € U be requ-
lar unipotent, let M be a unipotent normal subgroup of B and set X = ¢(x). Assume
Cp(zM) = Cz(X +m). Then there exists a relative Springer isomorphism ¢ : U/M —
u/m.

Proof: We have Cg(z) = Cp(X) and our sketch of a proof of Theorem 2.1.1 implies that
the isomorphism ¢ : B-x — B - X extends to an isomorphism ¢ : U — u. By assumption
Cp(zM) = Cx(X +m), so we have an isomorphism ¢ : B - (xM) — B - (X + m).

We write

A=Kk[U] = k[Ts: B € U]

for the ring of regular functions of U. By an abuse of notation we also write A = k[u] for

the ring of regular functions of u. Then we have
N =Fk[B-2]=A[T,' :a el

and by another abuse of notation we write A’ = k[B - X].
The isomorphism ¢ : B-x — B- X induces an isomorphism of k-algebras ¢* : A’ — A’.
The fact that ¢ extends to ¢ : U — u means that ¢* sends A onto A.
We also have
Ay = k[U/M] = k[T : B € U\ T(m)]

and Ay = k[u/m]. Then

Ny =k[B-(zM)] = Ay[T, " :a € T\ ¥(m)]
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and A}, = k[B - (X +m)]. The isomorphism ¢ : B - (ztM) — B - (X + m) induces an

isomorphism of k-algebras ¢* : Ay, — A, We get the commutative diagram

*

AN — N

[
Ny =2 A,
where i denotes the natural inclusion. Therefore, as ¢* sends A onto A, it follows that ¢*

sends Aj; onto Ay; and thus induces an isomorphism Ay, — Ajs. Hence, we see that gg

extends to an isomorphism ¢ : U/M — u/m. O

We need the notation introduced in Definition 2.2.11 below for the proof of Proposition
2.2.12.

Definition 2.2.11 Let ¢ : U — u be a Springer isomorphism. For y € U and t € k we
define

ys = o7 (to(y)).

Let M be a unipotent normal subgroup of B and suppose ¢ : U /M — u/mis a relative
Springer isomorphism. For y € U and t € k we define

(yM)5 = o7 (td(yM)).
We note that in the notation of Definition 2.2.11 we have (yM); =y, M.

Proposition 2.2.12 Let M be a unipotent normal subgroup of B and let ¢ : U — u be a
Springer isomorphism. Assume there exists a relative Springer isomorphism qg :U/M —
u/m. Then, Cyy(yM) is connected for ally € U and Cy (Y +m) is connected for allY € u.

Proof: For zM € U/M and t € k, if zM € Cyu(yM), then the B-equivariance (and
therefore U/M-equivariance) of ¢ implies that (zM ); € Cym(yM) for any t € k. For
t = 0 we have (ZM)% = M and for t = 1 we have (2’]\4);3 =2zM. So M, zM € {(ZM)’;; e
k}, also {(zM ); .t € k} is isomorphic to Al as an algebraic variety. Therefore, as A! is
connected, we see that zM € Cpy/p(yM)? and hence that Cpjp(yM) is connected. Thus
by Lemma 2.2.2 we see that Cy(yM) is connected and we have proved the first part.
The second part of the proposition now follows from the first applied to ggfl(Y +m),
noting that Cyy (Y 4+ m) = Cy (¢~ (Y + m)) by B-equivariance of ¢. O

Using Propositions 2.2.9, 2.2.10 and 2.2.12 we can now easily deduce
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Corollary 2.2.13 Let x € U be regular unipotent, X € u be reqular nilpotent, M a
unipotent normal subgroup of B and ¢ : U — u a Springer isomorphism. There exists a
relative Springer isomorphism ¢ : U/M — w/m if and only if Cy(xM) and Cy(X + m)

are connected.

We now introduce a class of unipotent normal subgroups M of B, called QNT-
subgroups, for which we can show that Cy(zM) and Cy(X + m) are connected for z

regular unipotent and X regular nilpotent.
Definition 2.2.14 An enumeration 3, ..., 8y of U, such that
(i) B; A B; for i < j,
(ii) {f1,...,0,} = and
(ili) ht(8;) <2ht(f;) —1forr <i <y

is called a QNT-enumeration.

Given a QNT-enumeration [, ..., Sy of ¥ we may form a sequence of subgroups
N
M= ] Us,-
J=i+1

Property (i) of Definition 2.2.14 ensures that M; is a unipotent normal subgroup of B
for all <. The importance of property (ii) will become apparent in the proof of Theorem
2.2.18. We have

N
m; = Lle]\4Z = @ gﬁj'

j=i+1

Definition 2.2.15 Given a QNT-enumeration of ' the sequence of subgroup M; as
defined above is called a QNT-sequence of subgroups. A subgroup M of U is called a
QN T-subgroup if it lies in a QNT-sequence of subgroups.

Remark 2.2.16 We give an explanation of the terminology QNT-subgroup. In [25, Defn.
4.1] NT-subgroups were defined. An enumeration f,...,03y of UT is called an NT-
enumeration if ht(5;) < ht(8;41) for ¢ = 1,..., N — 1. The sequence of subgroups M;
as defined above is then called an NT-sequence. A subgroup M of U is called an NT-
subgroup if it lies in some NT-sequence of subgroups. One easily sees that if M is an

NT-subgroup, then M is a QNT-subgroup. The terminology NT-subgroup introduced in
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[25] was chosen, because in the case G = SL, (k) and U = U, (k), NT-subgroups look

“Near Triangular”. The “Q” in QNT was chosen to mean “Quite”.

In Theorem 2.2.18 we prove that Cy(zM) is connected for x € U regular unipotent if
M is a QNT-subgroup of U. Our starting point is Proposition 2.1.2. First we prove the

following technical lemma.

Lemma 2.2.17 Let x € U be regular unipotent. Then
dim Cy (z) = |{y € " : ht(y) =1+ 1}].
Proof: Using Corollary 2.1.4 we note that it suffices to show that
dim Cpyo(X) = {y € ¥ : ht(y) =1 + 1}
for X € u regular nilpotent. We note that
UD.XC{Yeu:Y —Xeul*Vy,

The variety on the right hand side of the above expression has dimension |[{y € ¥* :
ht(y) > 142} and dim U® = |{y € U+ : ht() > [ + 1}|. Therefore, using (1.7.1) we see
that

dim Cyo (X) = [{y € U7 tht(y) =1+ 1}].

It follows from 1.7.3 that dim ¢,o) (X) > dim Cyay (X). Therefore, it suffices to show that
dim e,y (X) = [{y € T : ht(y) =1+ 1}|.
This is contained in [64, §2]. O

Theorem 2.2.18 Let x € U be reqular unipotent and let M be a QNT-subgroup of U.
Then Cy(xM) is connected.

Proof: We may assume © = [, cqua(l). Let U = My 2 --- 2 My = {1} be a QNT-
sequence of subgroups of U and suppose that M = M;. We work by (reverse) induction
on i to show that Cg(xM;) is connected, the base case i = N being Proposition 2.1.2.
So suppose 0 < ¢ < N and Cy(xM;41) is connected, let § = ;11 and suppose
ht(3) = [. If I = 1, then one can see that Cy(zM;) = Cy(xM;11), so assume that [ > 2.
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By considering the Chevalley commutator relations (see [66, Prop. 8.2.3]) and condi-
tion (i) for a QNT-enumeration we see that the action of U on U/M; factors through
U/U@=. Then by Lemma 2.2.2 we have that Cpgei-s) (#M;41) is connected.

The Chevalley commutator relations imply that

Ul .2 ClyclU:y=x H uy(Ay) , Ay €k

ht(y)>1

We denote the variety on the right hand side of the above expression by A;; it is a closed,

irreducible subset of U. Clearly we have
dim A, = [{y € ¥" : ht(y) > 1}
and we also have
dim U2 = |{y € U : ht(y) > 1 - 1}].

Therefore, by Lemma 2.2.17 and (1.7.1) we see that
dim U2 -z = dim 4.

Since U!=?) is a unipotent group U2 -z is closed in A; by [11, Prop. 4.10]. Thus, the
irreducibility of 4; implies that
U(Z_2) T = Al.

Therefore, we may find
v=" I  w()ev®?

1—1<ht()<21-3

such that
v-2UPY = gug(1) U2,

For t € k define
u(t) = H Uy (fty1).
I-1<ht(y)<2l—3
Since U2 /U3 is abelian,

V ={v) U3 :t ek}

is a subgroup of U~ /U®=3) isomorphic to G,. We note that the action of U2
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on U/U®=2 factors through U2 /U3 By considering the Chevalley commutator

relations we see that
VoaxUP2 = {yUP2 1y = zug(N), A € k).
Let yU®=3) ¢ Cyjye-s (xM;). Then
Y- oMy = vug(p) M
for some p € k. There exists w € V such that
w - xug(p) My = x M.

So that
wyU(Ql_g) S CU/U(QZ—B) (xMi—i—l)-

Therefore,
OU/U(2I—3) (ZUMwL) g VOU/U(QZ—B) (JfMi+1).

Hence, as V, CU/U(H)(:UMZ-H) C CU/U(Z—l)(xMi) are connected, we see that
CU/U(Ql—?,) (ZL'MZ) = VCU/U(ZZ—S) (SCMZ‘+1>
is connected. Thus, by Lemma 2.2.2 Cy(zM;) is connected. O

Using Theorems 2.2.18 and 2.2.18', and Corollary 2.2.13 we can easily deduce

Corollary 2.2.19 Let ¢ : U — u be a Springer isomorphism and let M be a QNT-
subgroup of U. There exists a relative Springer isomorphism ¢ : U/M — u/m.

In Remark 2.2.20 and Proposition 2.2.21 we give methods for deducing the existence
of a relative Springer isomorphism from the existence of other relative Springer isomor-

phisms.

Remark 2.2.20 Let P be a parabolic subgroup of GG containing B. We denote the
unipotent radical of P by P, and write p,, for the Lie algebra of P,. We writen : P — P/P,
for the natural map and dr : p — p/p,, for its derivative. The image B = m(B) is a Borel
subgroup of the reductive group P = 7(P) and U = 7(U) is the unipotent radical of

B. For a unipotent normal subgroup M of B containing P, we write M = 7(M) and
m = dr(m).
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Let ¢ : U — i be a Springer isomorphism, let M be a unipotent normal subgroup of
B and suppose there exists a relative Springer isomorphism v : U / M — u/m. We have

isomorphisms

U/M=U/M and i/ u/m.

So we get a B-equivariant isomorphism of varieties U/M — u/m. Now one can deduce
(using a strengthened version of Proposition 2.2.12, which can be proved in the same way)
that Cy(zM) and Cy (X +m) are connected. Hence, by Corollary 2.2.13 given a Springer
isomorphism ¢ : U — u we get a relative Springer isomorphism U/M — u/m.

Since the rank of each of the simple components P is less than the rank of G, the above
discussion leads to an inductive method for proving the existence of relative Springer

isomorphisms.

Proposition 2.2.21 Let ¢ : U — u be a Springer isomorphism and let My, M, be
unipotent normal subgroups of B. Suppose there exist relative Springer isomorphisms
¢i - U/M; — w/m; (for i = 1,2). Then there exists a relative Springer isomorphism
¢ U/(My N M) — u/(my Nmy).

Proof: Let x € U be regular unipotent. It is easy to see that Cp(x(M; N My)) =
Cp(xMy) N Cp(xM;). Similarly, Cp(X + (m; Nmy)) = Cp(X +my) NCp(X +my), where
X = ¢(x). Since, b; : U/M; — u/m; are relative Springer isomorphisms, for ¢ = 1,2, we
have Cg(zM;) = Cp(X +m;), for i = 1,2. Hence, Cg(x(M;NM;)) = Cp(X + (m; Nmy)).
Therefore, there exists a relative Springer isomorphism ¢ : U J/(My N M) — u/(my Nmy),
by Proposition 2.2.10. 0]

We are now in a position to prove Theorem 2.2.1.

Proof of Theorem 2.2.1: First suppose G is of type A and let M be a unipotent normal
subgroup of B. By Lemma 2.2.6 we may assume that G = SL, (k) for some n. Then we
may assume U = U, (k). The map x — = — 1 from U to u is a Springer isomorphism
which induces a relative Springer isomorphism for any unipotent normal subgroup of B.
Therefore, by Corollary 2.2.13 we see that Cy(zM) and Cy (X +m) are connected, where
x € U is regular unipotent, X € u is regular nilpotent and M is a unipotent normal
subgroup of B. Thus, given any Springer isomorphism ¢ : U — u, we may use Corollary
2.2.13 to deduce that there exists a relative Springer isomorphism d; :U/M — u/m.

Now suppose G is a classical group not of type A. By Lemma 2.2.6 we may assume
G = Sp, (k) or G = SO, (k) for some n. Then we may consider G C H = SL, (k) and
U=GNV where V =U,(k). The Cayley map X — (1 — X)(1+ X)~! from u to U is a
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B-equivariant isomorphism of varieties (see [67, I11, 3.14] or Example 2.1.8). Therefore, its
inverse is a Springer isomorphism ¢ : U — u. Also the inverse of the Cayley map defines
a Springer isomorphism ¥ : V' — v such that ¢ = ¥|y. Now let M be any unipotent
normal subgroup of B. Then M be can written as U N N for some unipotent normal
subgroup N of B, (k) — this can be checked using [69, §11]. By the first part of this proof,
we have a relative Springer isomorphism 1; : V/N — v/n. Also we have isomorphisms
U/M — UN/N and u/m — (u+n)/n. Then we get the following commutative diagram

UN/N —*— (utn)/n

I I

U/M ¢ u/m

where ¢ is induced from . It is straightforward to check that ¢ is a relative Springer
isomorphism. As in the type A case we may deduce that given any Springer isomorphism
we get relative Springer isomorphisms for all unipotent normal subgroups M of B.

For G of exceptional type we made an (inductive) check that relative Springer isomor-
phisms U/M — u/m exist as described below.

Suppose P is a parabolic subgroup of G. Then P/ P, is a reductive group each of whose
simple components has rank less than that of G. Therefore, the discussion in Remark
2.2.20 implies that we may inductively assume relative Springer isomorphisms exist if M
contains P,. By Corollary 2.2.19 we also have that relative Springer isomorphisms exist
if M is a QNT-subgroup. This gives us a set of subgroups § for which relative Springer
isomorphisms exist. Using Proposition 2.2.21, we may take intersections of subgroups in
S to get subgroups for which relative Springer isomorphisms exist. By writing a procedure
in the computer algebra language GAP4 [22] we checked that for G of exceptional type
we get all unipotent normal subgroups of B in this way. Although this check was done by
computer we demonstrate in Example 2.2.22 below that it would be possible to do this
by hand. 0

Example 2.2.22 In this example we demonstrate how one can show relative Springer
isomorphisms exist. We consider an example in the case G is of type Eg. We use the
notation from [13, Planche V] for the roots of the root system of type Es. We recall
the terminology of ideals of ¥ and generators from §1.10. Given a unipotent normal
subgroup M of B we recall that W(M) is an ideal of ¥ and we write ['(W(M)) for its set
of generators.

We consider the unipotent normal subgroup M of B where I'(¥(M)) = {00110,11100},
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Clearly, M cannot be dealt with using Remark 2.2.20 and one sees that 11111 ¢ W(M) so
that M is not a QNT-subgroup. However, one can check that M = M; N M, where M;
has one generator, namely 00000 and M5 has generators 90110 and 1100. We can use Remark
2.2.20 to deduce that (for a Springer isomorphism ¢ : U — u) we have a relative Springer
isomorphism ¢ : U/M; — u/my. We can check that M, is a QNT-subgroup so that
we have a relative Springer isomorphism ¢s : U /My — u/my, by Corollary 2.2.19. Then
we may use Proposition 2.2.21 to deduce that there is a relative Springer isomorphism
¢:U/M — u/m.

By considering the commutative diagram in the statement of Theorem 2.2.1 we get

the following corollary.

Corollary 2.2.23 Let ¢ : U — u be a Springer isomorphism and let M be a unipotent
normal subgroup of B. Then ¢(M) = m.

One can easily see that if ¢ : U — u is a Springer isomorphism which commutes with
F and M is a unipotent normal subgroup of B, then the relative Springer isomorphism
¢ : U/M — u/m commutes with F. So we have:

Proposition 2.2.24 Let M be a unipotent normal subgroup of B. There exist relative
Springer isomorphisms ¢ : U/M — u/m which commute with F.

Corollary 2.1.6 states the bijection between the G-orbits in ¢ and N induced by a
Springer isomorphism is independent of the choice of Springer isomorphism. We now
consider the analogous question for the bijection between the B-orbits in U/M and u/m
induced by a relative Springer isomorphism. In Theorem 2.2.26 below we show that
the bijection between the sheets of B on U/M and u/m induced by a relative Springer
isomorphism is independent of the choice of relative Springer isomorphism. In particular,
this applies to the case M = {1}.

Let x € U" and fix X € (LieCg(z))". We recall that for each y € Cy(x)" there
is a unique Springer isomorphism ¢, x : U — u with ¢, x(y) = X and every Springer
isomorphism is of the form ¢, x for some y € Cg(z)". Given a Springer isomorphism
¢y,x and a unipotent normal subgroup M of U, we write gz~5y, x : U/M — u/m for the

corresponding relative Springer isomorphism.

Proposition 2.2.25 There exists a morphism of algebraic varieties ® : Cy ()" x U/M —
u/m such that d(y, zM) = ¢~5y7x(zM) for every y € Cy(x)" and z € U.
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Proof: The proof that ® (in Proposition 2.1.5) exists given in [62] shows that the map
(y,2) — ¢y x(2) from Ce(2)" X G-x to G- X extends to @ : Ce(x)" xU — N. This means
that the map (y, 2) — ¢, x(2) from Cy(z)" x B-x to B- X extends to ® : Cy(z)" xU — u.
Now we may apply arguments similar to those in the proof of Theorem 2.2.1 to show
that the map (y,2) — ¢, x(2M) from Cy(x)" x B - (M) to B - (X + m) extends to
d: Cy(x) x UM — u/m. O

We now easily deduce Theorem 2.2.26 from Propositions 2.2.25 and 1.7.5.

Theorem 2.2.26 The bijection between the sheets of B on U/M and u/m given by a
relative Springer isomorphism ¢ is independent of the choice of ¢. In particular, if B acts
on U/M with finitely many orbits, then the bijection between the orbits of B in U/M and
u/m induced by <;~5 18 independent 0f<z~5.

Remark 2.2.27 We do not know an example of two relative Springer isomorphism which
induce different bijections on the B-orbits in U/M and u/m. Some calculations for small
rank type A cases (where B acts with infinitely many orbits) show that the bijection of

B-orbits is independent in these cases.
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CHAPTER 3
THE ADJOINT ACTION OF U ON u

In this chapter we study the adjoint orbits of U in u. We show that any such orbit contains
a unique so-called minimal representative and we present an algorithm for calculating all
minimal representatives, which only requires linear algebra. We require the existence of
relative Springer isomorphisms for Proposition 3.1.2, which is crucial in this chapter. We
remind the reader that in this chapter we use the notation given in the introduction.

3.1 ORBIT MAPS AND CENTRALIZERS

In this section we consider orbits and centralizers in the action of U on a quotient U/M
of U and a quotient u/m of u, where M is a unipotent normal subgroup of B.

We begin by giving the following immediate consequence of [11, Prop. 4.10).

Lemma 3.1.1 Let M be a unipotent normal subgroup of B.
(i) Fory e U, the orbit U - (yM) is closed.
(ii) ForY €u, the orbit U - (Y +m) is closed.

The following proposition strengthens Proposition 2.2.12; it follows from Corollary
2.2.13 and Theorem 2.2.1.

Proposition 3.1.2 Let M be a unipotent normal subgroup of B.

(i) Fory e U, the centralizer Cyy(yM) is connected.

(ii) ForY € u, the centralizer Cy(Y + m) is connected.

In Proposition 3.1.4 below we show that the orbit map U — U - (X + m) is separable
for any X € u. We require Proposition 3.1.3 to prove Proposition 3.1.4. In the proofs
of these two propositions we frequently use the equivalent conditions for the separability
of an orbit map given in Propositions 1.7.2 and 1.7.3; this reference is not made in the

proofs.
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Proposition 3.1.3 Let M be a unipotent normal subgroup of B and let x € U. The orbit
map U/M — (U/M) - xM is separable.

Proof: Let ¢ : U — u be a Springer isomorphism and let ¢ : U/M — u/m be the
corresponding relative Springer isomorphism. We begin by showing that ¢~ (cym(zM)) =
Cum(xM). Let Y +m € ¢ym(@M). Then M € Cy(Y +m) = C’U/M(é_l(Y +m))
by U/M-equivariance of é. Therefore, é‘l(Y +m) € Cym(xM), which implies the
inclusion gz;_l(cu/m(xM )) € Cyym(xM). A similar argument gives the reverse inclusion.
In particular, we have dim ¢,/w(xM) = dim Cy/p(xM) so that the orbit map U/M —
(U/M) - xM is separable. O

Proposition 3.1.4 Let M be a unipotent normal subgroup of B.
(i) Let x € U. The orbit map U — U - (M) is separable.

(ii) Let X € u. The orbit map U — U - (X +m) is separable.

Proof: Let x € U. By Proposition 3.1.3, dim Cy/p (zM) = dim ¢yym(2M). Tt is clear that
dim Cy(xM) = dim Cy/p(x M) +dim M and dim ¢, (zM) = dim ¢,m(xM)+dim M. Thus
dim Cy(xM) = dim ¢, (zM) and the orbit map U — U - (xM) is separable, which proves
part (i).

Let ¢ : U — u be a Springer isomorphism and let ¢ : U /M — u/m be the correspond-
ing relative Springer isomorphism. Let X € u. The isomorphism ¢ transforms the orbit
map U — U - ¢~'(X +m) to the orbit map U — U - (X 4+ m). Since the former map is

separable, so is the latter map. O

The following corollary is proved using arguments from the proof of Proposition 3.1.3.

Corollary 3.1.5 Let ¢ : U — u be a Springer isomorphism and M a unipotent normal

subgroup of B.
(i) Let x € U. Then ¢(Cy(zM)) = cy(xM).

(ii) Let X € u. Then ¢(Cy(X +m)) = ¢, (X +m).

Proof: Part (i) follows from arguments in the proof of Proposition 3.1.3.
For part (ii) set = ¢~1(X). Proposition 3.1.4 implies Lie Cyy(z M) = ¢, (zM) and
Lie Cy(X +m) = ¢, (X + m). Hence,

H(Cy(X +m)) = p(Cy(xM)) = ¢y(xM) = Lie Cy (M) = Lie Cy (X +m) = ¢ (X +m),

the first and fourth equalities holding by U-equivariance of ¢ and the second from part
(). O
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3.2 MINIMAL REPRESENTATIVES

In this section we show that each U-orbit in u contains a minimal representative. We
note that some of the results in this section generalize results of A. Vera-Lépez and J.M.
Arregi from [74].

Fix an enumeration f,...,0y of UT such that 5; £ f; for i < j and define B-
submodules of u by

N
m; = @ ggj.

j=it1
for i =0,..., N. Then we define u; = u/m;.

We study the orbits of U in u by considering the action of U on successive ;.

Remark 3.2.1 We note that we could consider the U-orbits in any B-submodule n of u
in a similar way. One just chooses an enumeration of ¥(n) rather than an enumeration
of U,

Suppose X € u and consider the variety
X +keg, +m; ={X 4+ Xeg, +m; : A € k} Cu,.

We consider which elements of X + keg, +m; are U-conjugate in u;. We have the following
lemma, the existence of relative Springer isomorphisms and therefore Proposition 3.1.2

are crucial to its proof.

Lemma 3.2.2 Let X +m;_1 € u;_1. Fither
(i) all elements of X + keg, +m; are U-conjugate or
(ii) no two elements of X + keg, +m; are U-conjugate.

Proof: Let \ € k, and consider the orbit map
’lﬂ)\ : CU(X + mi,1> — CU(X -+ mi,l) . (X -+ )\652. -+ ml) - X + k@gi +m,;.

By Proposition 3.1.2, Cy(X + m;_1) is connected, thus the image of 1 is connected.
Further, the image of ¢, is closed by Lemma 3.1.1. Therefore, since X + keg, + m; is
isomorphic to A! as an algebraic variety, we have that im ¢, is equal to either {X + \eg, +
m;}oor X + keg, +m;. O

Lemma 3.2.2 allows us to make the following definition.
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Definition 3.2.3 Let X € u.
(i) If Lemma 3.2.2(i) holds, then we say ¢ is an inert point of X.
(ii) If Lemma 3.2.2(ii) holds, then we say i is a ramification point of X.
We now define a partial order <; (i =0,1,...,N) on u,.

Definition 3.2.4 Let X,Y € wand let X + m; = }'_ ajes + m; and ¥ + m; =
22:1 bjes, +m;. Then X +m; <; Y +m; provided there exists [ < i such that a; = b; for
j<land a =0, b #0.

The partial order <; induces a reflexive, transitive relation on u; we also write <; for
this relation. If S is any subset of u;, one can see that S contains <;-minimal elements. A
minimal element >, ;ajes, +m; € S (J C{1,...,i}, a; # 0 for all j € J) has as few as
possible non-zero a;, in the sense that there isno Y +m; € S,4 <iand J' G JN{1,...,4'}
such that Y + my = ZjeJ, ajep; + my. Similarly, a subset S of u contains <;-minimal
elements, which have a description similar to the above.

We note that for X, Y € u,if j <7and X <; Y, then X <; Y. In particular, if S is a
subset of u (respectively u;) and X (respectively X + m;) is a <;,-minimal element of S,
then X (respectively X + m;) is a <;-minimal element of S.

The next proposition implies that each U-orbit in u contains a unique minimal element

(with respect to the enumeration (i, ..., By of ¥).

Proposition 3.2.5 Let U - (Z + m;) be an orbit of U in u;. There exists a unique <;-
minimal element of U - (Z + m;).

Proof: We work by induction on i. If ¢ = 0, then the result is trivial. So assume ¢ > 0
and U - (Z + m;_1) contains a unique <; j;-minimal element. Let X = Z;Zl ajes, and
Y = Z;:l bjes, be such that X +m; and Y +m; are <;-minimal elements of U - (Z +m,).
Then X +m;_; and Y +m;_; are <, _;-minimal elements of U - (Z +m;_;). Therefore, by
induction X +m;_; = Y +m;_; is the unique <;_;-minimal representative of U - (Z +m;_;)
and so a; = b; for 5 < i —1. Now if a; # b;, then ¢ is an inert point of X so that
X'4m; =" ajeq, +m; € U-(Z+m;). Now X' +m; <; X +m; and X' +m; <; Y +m;.
Therefore, <;-minimality of X +m; and Y +m; forces X +m; = X' +m; =Y +m;. O

We note that the minimal representatives of the U-orbits in u; do depend on the chosen
order of ¥, Also we note that, if X + m; is the minimal representative of its U-orbit in
u;, then X 4+ m;_; is the minimal representative of its U-orbit in u;_;.

We now describe when an element of u; is the <;-minimal element of its U-orbit.
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Lemma 3.2.6 Let X € u. Then X +m; = 23:1 ajes, + m; is the unique <;-minimal

element of its U-orbit in u; if and only if a; = 0 whenever j is an inert point of X.

Proof: We work by induction on 7 to show that, if X +m; = Zézl ajes, +m; is the unique
<;-minimal element of its U-orbit in u;, then a; = 0 whenever j is an inert point of X.
The case ¢ = 0 is trivial.

Let i > 0 and let X +m,; = Z;zl ajes, +m; € u; be the unique <;-minimal element of
its U-orbit in u;. Then X 4+ m;_; is the <;_;-minimal representative of its U-orbit, so by
induction, a; = 0 whenever j <14 — 1 is an inert point of X. If ¢ is a ramification point of
X, then trivially a; = 0 whenever j < ¢ is an inert point of X. If 7 is an inert point of X,
then X 4 m; is in the same U-orbit as 23;11 ajep, +m; and thus <;-minimality of X +m;
implies that a; = 0.

We now work by induction on ¢ to show that, if X +m; = 23:1 ajes, +m; € u; satisfies
a; = 0 whenever j < i is an inert point of X, then X 4+m, is the <;-minimal representative
of its U-orbit. The base case ¢ = 0 is trivial.

Let 7 > 0 and suppose X +m; = Z;Zl ajes, +m; € u; satisfies a; = 0 whenever j <14
is an inert point of X. Let Y +m; = 23:1 bjes, + m; € u; be the <;-minimal element
of U+ (X +m;). Then Y + m;_ ; is <; ;-minimal in U - (X + m;_1), so by induction
Y +m;_ 1 =X +m;_1. If a; # b;, then ¢ must be an inert point of X and therefore a; = 0
by assumption. Thus <;-minimality of Y + m; implies b; = 0 so X +m; = Y +m; is

<;-minimal. [

In Proposition 3.2.8 we describe the variety U - (X + m;); in particular, we give its

dimension. We use the following notation in the Proposition 3.2.8.

Definition 3.2.7 Let X € u. The number of inert points of X less than or equal to 7 is
denoted by in;(X).

Proposition 3.2.8 Let X € u. Then U - (X +m;) is isomorphic as a variety to A%,
In particular, dim U - (X 4+ m;) = in;(X) and dim Cy(X +m;) = N —in;(X).

Proof: We work by induction on i. If ¢ = 0, then the result is trivial. Let ¢ > 0 and let
T :u; — Uu;_1 be the natural map. We recall from the discussion at the end of §1.7 that
for any Y + m; € u; we can identify Ty . (4;) = u; and then we have dry 4y, = 7.

First suppose ¢ is a ramification point of X. Then we see that the restriction 7 :
U-(X+m) — U- (X +m_q) is a bijective morphism. It follows from Proposition 3.1.4
that Txym, (U - (X +m;)) = [u, X] +m; (for j =i — 1,4) and therefore that drx m, =
7 u, X +m; — [u, X] + m;_ is surjective. Hence, 7: U - (X +m;) —» U - (X +m;_;)
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is separable and thus an isomorphism, (this can be proved in the same way as [66, Thm.
5.3.2(iii)]) so that U - (X +m;) = Aini(X),

So suppose ¢ is an inert point of X. Then we can define a map

9U(X+mz)—>U(X—|—mZ_1)><A1

1—1 i—1
0 (Z bj@/g]. + ceg, + m,) = (Z bjegj + m;_q, C) .
j=1

j=1
We can see that 6 is an isomorphism and it follows that U - (X 4+ m;) = Ani(X),

We now trivially have the equality dimU - (X + m;) = in;(X) and the equality
dim Cy (X +m;) = N — in;(X) follows from (1.7.1). O

3.3 AN ALGORITHM FOR CALCULATING MINIMAL REPRESENTATIVES

We retain the notation from the previous section. Our results of the previous section lead
to an algorithm for determining the U-orbits in u, by finding all minimal representatives

of the U-orbits in u. We outline this algorithm below.
Oth step: There is one U-orbit in ug, its <g-minimal representative is 0 + my.
1th step: Suppose we know the <;_;-minimal representatives of all the U-orbits in u;_;. We

wish to determine the <;-minimal representatives of all the U-orbits in u;.

By Lemma 3.2.6, X +m,; = Z;Zl ajes, +m; is the <;-minimal representative of its
U-orbit, if X +m,;_; is the <;_;-minimal representative of its U-orbit and a; = 0 in
case 7 is an inert point of X. Using Proposition 3.1.4 we see that we can determine
whether ¢ is an inert or ramification point of X by calculating dim ¢, (X +m;) — this

can be reduced to linear algebra, as explained in §1.11.

Therefore, we can determine all the <;-minimal representatives of U-orbits in u;
by calculating dim ¢, (X 4+ m;) for each X such that X 4+ m;_; is a <; ; minimal

representative of its U-orbit in u;_.

After the Nth step we will have calculated all the orbits of U in u.

We illustrate this algorithm when G is of type By and Aj in the examples below.

Example 3.3.1 We illustrate the calculation of the U-orbits in u when G is of type Bs.
We note that this example was given in [16, p. 29]. Since the structure of the U-orbits
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is quite simple in this case, the algorithm of Biirgstein and Hesellink (presented in [16])
gives the same result as our algorithm, see Remark 3.3.3. We consider G = Sp,(k) =
{x € GLy(k) : 2'Jx = J}, where

_ o O O
o~ O O
OO = O
o O O

We take the upper triangular matrices in G' to be the Borel subgroup B and T to be
the diagonal matrices in G. Then u consists of the strictly upper triangular matrices in

g, i.e. matrices of the form

oo oo

o oo

= S
|

o8 oo

Using the notation of [13, Planche II] the positive roots of G are

61 = 01,62 = 10763 = 11aﬁ4 = 12.

We use the above enumeration of ¥*. Then the m; are as depicted below where we only
show the (1,2)th, (1,3)th, (1,4)th and the (2, 3)th entries.

k k k 0k k 0k k
my = L , Mp = 2 , Mo = 0 )
00k 000
ms = 0 , My = 0

So for example, my consists of matrices of the form

c
b
0
0

o O OO
o O OO
o O oo

Figure 3.1 is a tree which illustrates the calculation of the U-orbits in u, using the al-

gorithm described above. The ith row (i = 0,1, 2, 3,4) shows the minimal representatives
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of the U-orbits in u;. We only show the (1,2)th, (1,3)th, (1,4)th and the (2, 3)th entries
of these minimal representatives. The entry £* means that one can take any non-zero
element of k£ and the entry % means that the entry is factored out. An edge is drawn
between minimal representatives of the form X + m;_; and X + m;. So there are two
edges coming from a minimal representative X + m;_; if ¢ is a ramification point of X
and one edge if 7 is an inert point of X.

The most interesting feature of the tree is that there are two edges coming from

0 0 =
k* 7

meaning that 4 is a ramification point of

000
A

for any A € £*. This is because “Up, has been used to make the coefficient of eg, zero so

it cannot also be used to make the coefficient of eg, zero”.
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0

0
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Example 3.3.2 We now give an example of part of the calculation of the U-orbits in u
in case G is of type A3. We take G = SLy(k), U = Uy(k) and T to consist of the diagonal
matrices in G. Then u consists of strictly upper triangular matrices in gl,(k). Using the

notation from [13, Planche I] the positive roots of G are
B = 100, By = 010, B5 = 001, B, = 110, B = 011, 35 = 111.

We use the above enumeration of . The submodules m; are then as depicted below

where we show only the entries above the diagonal:

k k k
my = k k , My = k
k

Due to space restrictions we only show, in Figure 3.2 the branch of the tree illustrating
the calculation of the U-orbits (as explained in the previous example) from the 2nd row

of the tree beginning with

k* % %
0 *.
*
The most interesting point in the tree is at
E* 0 x
0 *
k.)(

where there are two edges, meaning that 5 is a ramification point of

A0
0

= O %

for any A, u € k. This is because “Upg, has been used to make the coefficient of eg, zero

so it cannot also be used to make the coefficient of eg, zero”.
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Remark 3.3.3 We note that the orbits of U on u are more complicated when the rank of

G is large. There exist instances where there is a subset J C {1,...,i—1} and a;,b; € k*
(7 € J) such that 7 is an inert point of Z]EJ ajes; and a ramification point of ZJEJ bjes;
see [74, §3 Ex. 1].
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CHAPTER 4
THE ADJOINT ACTION OF B ON u

In this chapter we discuss the adjoint B-orbits in u. We show as in the previous chapter,
that each B-orbit contains a unique minimal representative and give an algorithm for
calculating all such representatives. We also describe the geometry of a B-orbit in 1.
Further, we discuss an algorithm which determines whether B acts on a B-submodule
of u with a dense orbit. We also consider the question of when u® is a prehomogeneous
space for B. We remind the reader that in this chapter we use the notation given in the

introduction.

4.1 MINIMAL REPRESENTATIVES

We choose an enumeration 3y, ..., Oy of Ut and define m; and u; as in §3.2. We study

the B-orbits in u by considering the B-orbits in successive u;s.

Remark 4.1.1 As in Remark 3.2.1 we note that we could consider the B-orbits in any

B-submodule n of u in a similar way.

We define a partial order <P on u; as follows.

Definition 4.1.2 Let X,Y € u and let X + m; = 23:1 ajeg, + m; and Y +m; =
> -1 bjes; +m;. Then X + m; <B'Y +m; provided there exists [ < i such that a; = b;
for j < I, and a; = 0, b # 0, or @ = 1, by # 0,1 and (3 is linearly independent of
{B; : j <land a; # 0}.

This partial order is defined so that X +m; = 2321 ajes, + m; is SZB—minimal in
its B-orbit in u; if it is <;-minimal in its U-orbit and “as many as possible coefficients
are normalized to 1”7. This means that if a; # 0, and [ is linearly independent of
{B; : j <land a; # 0} (so that a; can be normalized to 1), then ¢; = 1.

We can now prove the following analogue of Proposition 3.2.5.
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Proposition 4.1.3 Let B - (Z +w;) be an orbit of B in u;. There exists a unique <5-
minimal element of B - (Z +m;).

Proof: This can be proved by induction as for Proposition 3.2.5. We only need to note
that if, in the induction step, 7 is a ramification point of X and X +m; = 22:1 ajes, +m;
is in the same B-orbit as X + Aeg, +m; (for some A # 0), then f; is linearly independent
of {f; :j <iand a; # 0} and so we may assume a; = 1, by Lemma 1.7.4. 0

In the next two results we consider the centralizer of a minimal representative of a

B-orbit in u;. We require the following definition.

Definition 4.1.4 Let X = > 5+ ages. The support of X is defined to be supp(X) =
{6 € ¥ : ag # 0} and we write supp,;(X) = supp(X) N {f1,...,0:;}. We denote by
lir;(X) the maximal size of a linearly independent subset of supp,(X).

Proposition 4.1.5 Let X +m; € u; be the <P-minimal representative of its B-orbit.
Then we have the factorization Cg(X + m;) = Cy(X + m;)Cr(X + m;).

Proof: Let J = {j : B; € supp,(X)} and write X +m; = >, a;es, + m;. Let b €
Cp(X +m;). We may write b = ut where u € U and t € T. We have t - (X +m;) =
> jes Bi(t)ajes, + m;. Suppose ¢t ¢ Cr(X + m;) and let j € J be minimal such that
B;(t) # 1. Since a; # 0, j is a ramification point of X by Lemma 3.2.6. But

u - (X + (6](75) — l)ajegj + mj) =X +mj

which implies that j is an inert point of X. This contradiction means that ¢t € Cp(X +m;).
Therefore, we also have u € Cy(X + m;) and hence b € Cy(X 4+ m;)Cr(X + m;). O

Proposition 4.1.6 Let X + m; € u be the minimal representative of its B-orbit. Then
dim Cp(X 4+ m;) = N +r —in;(X) — lir;(X) and dim B - (X +m;) = in;(X) + lir;(X).

Proof: Given the factorization Cp(X + m;) = Cy(X + m;)Cpr(X + my), the equality
dimCp(X +m;) = N + r —in;(X) — lir;(X) follows from Lemma 1.7.4 and Proposition
3.2.8. Then (1.7.1) implies that dim B - (X +m;) = in;(X) + lir;(X). O

In Proposition 4.1.10 we describe the geometry of B - (X 4+ m;) for X € u. We require

a separability condition which we get from the next two lemmas.
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Lemma 4.1.7 Suppose for any linearly independent subset A of U we have [t,Y] =
Dpen 95, where Y = 3 5 \eg. Then for any X € wand i = 1,..., N, the orbit map
B — B - (X +m;) is separable.

Proof: Suppose the condition in the statement of the proposition holds and let X €
u. We may assume X + m; is the <P-minimal representative of its B-orbit. Using
Proposition 1.7.3 it suffices to prove that dim([b, X] + m;) = dim B - (X + m;). It is
straightforward to prove the above equality of dimensions, using Proposition 4.1.6 and
the proof of Proposition 3.2.8. U

We recall that the weight lattice of ¥ is denoted by A and the root lattice of W is
denoted by A,. We refer the reader to [37, 13.1] for the cardinality of |A/A,|.

Lemma 4.1.8 Suppose p does not divide |A/A,|. Let A be a linearly independent subset
of WandY =} s res. Then [t,Y] =Dy 85-

Proof: The condition on p means that we may choose a basis {Z,, : @ € 11} of t such that
[Za, e5] = bapep for a, § € 11. It follows that the dimension of [t,Y] is the dimension of

the [F)-vector space

> 7B @, F,.

BeEA

Since A is a linearly independent subset of W and p is good for G, [67, 4.3] implies that the

dimension of the above space is [A[. The result now follows, because [t,Y] C Pscn 95-
U

Remark 4.1.9 We note that under the assumption that p is good for GG, the only cases
where p divides |A/A,| are when G is of type A, and p divides » + 1. In this case
we may replace G by GL, (k) and B by B, (k) without affecting u or B - X. With
B = B,41(k), X € uand m a B-submodule of u, we see that Cg(X + m) consists of the
invertible elements of ¢,(X + m). It follows from Proposition 1.7.3 that the orbit map
B — B - (X + m) is separable.

In the statement of Proposition 4.1.10 we also use the notation Aj = A\ {0} and A}

is the direct product of n copies of A.

Proposition 4.1.10 Let X +m,; = 23:1 ajes, €U be the §?-mmimal representative in
it B-orbit. Then B - (X +m;) is isomorphic as a variety to A x AT,
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Proof: As discussed in Remark 4.1.9 if G is of type A, and p divides r + 1 we may replace
B by B,11(k). Therefore, by Lemmas 4.1.7 and 4.1.8 and Remark 4.1.9, we may assume
that the orbit maps B — B-(X +m;) are separable for j = 1,...,i. We work by induction
on i. The base case i = 0 is trivial so assume 7 > 1 and the result holds for i — 1. Let
T :Uu; — u;_1 be the natural map.

If 7 is an inert point of X or 7 is a ramification point of X and [; is linearly dependent
on supp,_(X), then the separability of the orbit maps B — B - (X + m;) means we may
argue as in Proposition 3.2.8. Further, if 7 is a ramification point of X, and f; is linearly
independent of supp,_;(X) and a; = 0, then we can argue as in Proposition 3.2.8.

So suppose i is a ramification point of X, f; is linearly independent of supp,_,(X) and
a;=1. LetY = Z;;ll ajeg;. A consequence of the above discussion is that the restriction
of 7 to B (Y +m;) is an isomorphism. This implies that there exists f € k[B- (X +m;_1)]
such that for any Z;‘:l bjeg; +m; € B - (Y +m;) we have f(zz;ll bjes; +m;_1) = b;. We
can define a map

0:B-(X+m) — B-(X+m_) xAj

b
Y i—1 i—1 i—1
0 (Z bjeﬁj + cegs; + ml> = (Z bjeﬁj +m;,c— f(z bjegj + mll)) .
j=1 j=1 j=1

One can check that this is an isomorphism so that B - (X +m;) & Am() x Al O

4.2 AN ALGORITHM FOR CALCULATING MINIMAL REPRESENTATIVES

The algorithm given in Section §3.2, to determine the adjoint U-orbits in u, has a natural
modification to give an algorithm that calculates the minimal representatives of the B-

orbits in u. We outline this algorithm below.
Oth step: There is one B-orbit in ug, its <F-minimal representative is 0 + my.

ith step: Suppose we know the <P -minimal representatives of all the B-orbits in u;_;. We

wish to determine the Sf—minimal representatives of all the B-orbits in u;.

By Lemma 3.2.6, X +m; = 22:1 ajes, +m; is the Sf—minimal representative of
its B-orbit, if X +m;_; is the <P ,-minimal representative of its B-orbit, a; = 0 in
case 7 is an inert point of X, and a; = 0,1 in case i is an ramification point of X
and f3; is linearly independent of supp;_,(X). Using Proposition 3.1.4 we see that
we can determine whether 7 is an inert or ramification point of X by calculating

dim ¢, (X 4 m;) — this can be reduced to linear algebra, as explained in §1.11. We
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can determine whether f3; is linearly independent of supp,_,(X) by calculating the

rank of the matrix whose rows correspond to the elements of supp,_;(X) U {f;}.

Therefore, we can determine all the <P-minimal representatives of U-orbits in u;
by calculating dim ¢, (X + m;) and possibly the rank of the matrix whose rows
correspond to a set of roots, for each X such that X + m;_; is a <2, minimal

representative of its B-orbit in u;_;.

After the Nth step we will have calculated all the orbits of B in u.

Remark 4.2.1 It is easy to see how one can determine the minimal representatives of
the U-orbits in u from the minimal representatives of the B-orbits in u. It is therefore
more efficient to calculate the minimal representatives of the B-orbits then determine the

minimal representatives of the U-orbits, than to calculate the U-orbits directly.

In Example 3.3.1 we get the following minimal representatives of the 7 B-orbits. We

use the same notation as in the example.

4.3 ALGORITHMIC TESTING FOR DENSE ORBITS

In this section we describe an algorithm, called DOOBS (Dense Orbits of Borel Subgroups),
which determines whether B acts on a B-submodule n of u with a dense orbit. We begin

by introducing some notation.

Let n be a B-submodule of u and choose an enumeration fi,..., 3, of ¥(n) (m =
dimn) so that 3; £ §; for i < j. We define B-submodules m; of n by m; = @;n:iﬂ gg, for
i =0,...,m. Then we define the quotients n; = n/m;.

DOOBS considers the action of B on successive n;s; at each stage it finds a represen-
tative X; +m; (with supp(X;) linearly independent) of a dense B-orbit in n; or decides
that n; is not a prehomogeneous space for B.

We note that Remarks 3.2.1 and 4.1.1 mean that we can apply the results of §3.2 and
§4.1 in this setting.

We now give an outline of how DOOBS works. In this outline we do not justify why

the algorithm makes the decisions it does; this is covered in Theorem 4.3.1 below.

0th step: DOOBS considers the action of B on ng = {0}. Trivially B acts on ny with a dense
orbit, the algorithm chooses 0+mg as a representative of a dense orbit and therefore
sets Xo = 0.

29



1th step: DOOBS has chosen the representative X;_; + m;_; of a dense B-orbit in n;_; with
supp(X;_1) linearly independent. The algorithm considers the action of B on n;.

o First DOOBS considers the U-orbit of X;_; +m,. It determines whether 7 is an
inert point of X;_; by calculating dim ¢,(X;_; +m;). If this is the case, then it
decides B - (X;_1 +m;) is dense in n; and so sets X; = X;_;.

e If ¢ is a ramification point of X;_;, then DOOBS determines whether (; is
linearly independent of supp(X;_;). If this is the case, then it decides that
Xi—1+ ep, +m; is a representative of a dense B-orbit in n; and so sets X; =
Xi1+eg,.

e If DOOBS decides that neither B-(X;_; +m;) nor B-(X;_1+ e, +m;) is dense
in n;, then it decides that B does not act on n; (and therefore on n) with a

dense orbit and stops.

(m + 1)th step: DOOBS has chosen a representative of a dense orbit in n,, = n so it concludes that

B does act on n with a dense orbit and finishes.

In Theorem 4.3.1 below we justify that DOOBS does correctly decide whether B acts

on n with a dense orbit.

Theorem 4.3.1 DOOBS correctly decides whether B acts on n with a dense orbit. More-
over, if B does act on n with a dense orbit, then DOOBS find a representative of this orbit.

Proof: We prove, by induction on 4, that if B acts on n; with a dense orbit, then DOOBS
finds a representative X; of this dense orbit.

The base case © = 0 is trivial so assume that ¢ > 1 and the induction hypothesis holds
for i — 1. If B does not act on n;_; with a dense orbit, then clearly B does not act on n;
with a dense orbit. Therefore, we may assume that DOOBS has found the representative
X;_1 of a dense B-orbit in n;,_;. We note that if B does act on n; with a dense orbit, then
there must be a representative of the form X;_; 4+ Aeg, + m; for some A € k.

If 7 is an inert point of X; 1, then by Proposition 4.1.6 we have that
dlIIl(B . (Xi,1 + mz)) = dlIIl(B . (Xz;l + mi,l)) + 1.

So the B-orbit of X; + m; = X,;_; + m; is dense in n;.
If 7 is a ramification point of X;_; and f; is linearly independent of supp(X;_;), then
by Proposition 4.1.6 we have that
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Therefore, X; = X,;_1 + eg, is a representative of a dense B-orbit in n,.

Finally, suppose 7 is an ramification point of X; ; and ; is not linearly independent
of supp(X;_1). Then X;_; + Aeg, +m; is the <P-minimal representative of its B-orbit for
any A € k. Also, by Proposition 4.1.6 we have that

for any A € k. Hence, n; is not a prehomogeneous space for B. O

We now give the following corollary of Theorem 4.3.1.

Corollary 4.3.2 Suppose n is a prehomogeneous space for B. Then there is a linearly
independent subset A C W(n) such that X = ), . es is a representative of the dense

B-orbit in n. Moreover we have
(i) dimU - X =dimn — |A[;
(ii)) dimT - X =|A|;

(ii)) |U-XNnT-X|=1.

Proof: Parts (i) and (ii) follow directly from the proof of Theorem 4.3.1. We see that the
X found by DOOBS is the minimal representative of its B-orbit so that (iii) follows from
Proposition 4.1.5. ([l

We have programmed DOOBS in the computer algebra language GAP4 ([22]). We
briefly explain how this was achieved. The program is available on the author’s website
http://web.mat.bham.ac.uk/S.M.Goodwin/DOOBS.html.

The functions for Lie algebras in GAP4 are used to define the required mathematical
objects. Checking if a set of roots is linearly independent is easily achieved by calculating
the rank of the matrix whose rows correspond to these roots. The method for calculating
the dimension of centralizers in u is that described in §1.11. Using the language of §1.11,
DOOBS calculates dimg ¢, (X) and keeps track of the values of p > 0 for which we know
dim,, ¢, (X) = dimg ¢,(X). The values of p for which dim,, ¢,(X) < dimg ¢,(X) are output
at the end of the calculation as characteristic restrictions. Further, the algorithm was

programmed to try to keep the entries in the matrices E; (see §1.11) small.

We have used the version of DOOBS programmed in GAP4 to classify all instances

when n is a prehomogeneous space for B when rank(G) < 8. The results are available
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at http://web.mat.bham.ac.uk/S.M.Goodwin/DO0OBS.html. We explain how this was
achieved and the format of the results obtained below.

We wrote a program in GAP4 which computes, for a given G, all B-submodules of u,
then runs DOOBS on each submodule in turn. Our program outputs two files: the first
is a IXTEX file which can be used to create a dvi or pdf file that can be read easily; the
second is a text file which one can read into GAP4 and is then easy to search through.
In all cases the only characteristic restrictions given by the program were a subset of the

bad primes for G.

4.4 WHEN u) 1S A PREHOMOGENEOUS SPACE FOR B

In this section we consider the question of when a term ul®) of the descending central series
of u is a prehomogeneous space for B. A classification of all instances when B acts on
u® with a dense orbit is given in Theorem 4.4.7 below. We note that in this section we
sometimes relax our assumption that G is simple by allowing G = GL,,(k) or O, (k).

We begin by considering the case where GG is of classical type; in Theorem 4.4.6 we
show that in this case B always acts on u) with a dense orbit. We begin by introducing
some notation that we require to prove a technical lemma, which we use to prove Theorem
4.4.6.

Let G = GLg,(k), T the maximal torus of diagonal matrices and B = By, (k) the
Borel subgroup of upper triangular matrices. Let ¥ be the root system of G with respect
to T" and II the base of W corresponding to B. Write II = {a4,...,a9,-1}. For i < j,
we denote oy + --- + «a; by 5. We describe B-submodules n of u by giving the set of
generators I'(¥(n)), see §1.10. For example u is described by {11,...,(2n —1)(2n — 1)}
and ul) is described by {1(I+1),...,(2n —1—10)(2n —1)}.

For each [ > 0, we define a B-submodule n; of u. For [ even n; has generators

(Gi+):1<i<n—1-1}
Ui +1+1):n—1<i<n-—1}
U{i(i+1):n+1<i<2n-—1-1}.
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For example, for n = 5 and [ = 2, n; consists of matrices of the form

x ok X
* X

* X X

* X X X

* X X X X X
¥ K X X X X X

For [ odd n; has generators.
{ii+1]):1<i<n—-101-1}

z
u{z(¢+z+1):n—zggn—%‘o’}

[—1
U{i(i—l—l—i—l):n—TSign—l}
U{i(i+10):n+1<i<2n-—1-1}.
For example, for n = 7 and [ = 3, n; consists of matrices of the form

X ook
*

* Xk X

* X X

* X X X

* % X *x

* ¥ % X X ¥

* XK X X X K K X

A SR O R SR R R
* X X X K K K K X X

Lemma 4.4.1 Assume chark # 2. Let © be the semisimple automorphism of G such
that G® = Oy, (k). For each | > 0, there exists X € n! such that B - X = n; and the orbit
map B — B - X 1s separable.
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143

Proof: Let [ > 0. To simplify notation in this proof we write a =n —1—1,b=n + ==,

c=n— Lf, and d =n — ”71 We use the strategy described at the end of §4.4.
First we consider the case when [ is even. We define X = (z;;) € n; as follows:
i =1 if1<i<a
Ttz =1 fa<i<n
Tijipir =1 fn+1<i<2n—-10-1
2 =0 otherwise.
For example, for n = 5 and | = 2 we have

1

We let Y = (y;;) € b be arbitrary and consider the equations for the y;; in [Y, X] = 0.
We show that these equations are independent by induction on n the base case n = 0
being trivial.

First we consider the case where n <[4 1. We consider the occurrences of the y;;s in
the equations in [Y, X] = 0. They occur only in the top row and each entry of the top row
of [Y, X]| = 0 contains a distinct y;;. Therefore, these equations must be independent of
the other equations, so we may neglect the equations in the top row. By symmetry we may
also neglect the equations in the rightmost column of [Y, X] = 0. The remaining equations
are equivalent to the analogous equations we get when considering the corresponding case
for GLg,,_2(k) which are independent by induction.

Now suppose n > [+ 2. Again we consider the equations of the top row of [V, X]| = 0.
Each such equation contains a y;; but y1, occurs twice. Further, the only occurrences of
the yy;s are in the top row. Now the occurrences of vy, are as yi, — Y142, = 0 in the
(1,n)th entry of [Y, X] =0 and y14 — Yi+2.n+1 = 0 in the (1,n + 1)th entry of [Y, X] = 0.
The only other occurrence of Y12, and Y241 is in the (I + 2,n + [ + 2)th entry of
Y, X] = 0 where we have yj12, + Yiy2nt1 — * = 0 where * does not involve 42, or
Yiton+1- As chark # 2, it follows that the equations on the top row of [Y, X| = 0 must
be independent of the other equations and so we may neglect them. We may now apply

induction as in the previous case.
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Therefore, by induction the equations in [Y, X] = 0 are independent.

Next we consider the case where [ is odd. We define X = (z;;) € n; as follows:
Tiiti1 = 1 fl1<i<a
Tijyive = 1 ifagign—”T?’
Tiitire = 1 ifn—l_TlgiSn
Tiitir1 = 1 fn+l1<i<2n-—-1-1
Tap =1
:Ij'd7n+3,zT+5 =1
x5 =0 otherwise.

For example, for n = 7 and | = 3 we have

1 - - - 1

We let Y = (y;;) € b be arbitrary and consider the equations for the y;; in [Y, X] = 0.
As in the [ even case, we show that these equations are independent by induction on n,
the base case n = 0 being trivial.

First we consider the case where n < [+ 1. We look at the top row of [V, X] = 0.
Apart from the (1, b)th entry each equation in the top row contains a y;;. Moreover, there
is only one occurrence of each y;;. The (1,b)th entry is y;13, = 0 and this is the only
occurrence of y;3p in [Y, X] = 0. Therefore, we may neglect the equations in the top
row and by symmetry those in the rightmost column of [Y, X] = 0. Thus we may apply
induction as in the proof of the [ even case.

Now we consider the case [ +2 < n < %

. As in the previous case each equation in
the top row of [Y, X] = 0 contains a y;; apart from the one in the (1,b)th entry. Again
this entry is ;125 = 0 and this is the only occurrence of y;125,. We see that y;, occurs

twice in the top row and each other y;; occurs once. We may deal with the y;, as in the
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proof of the [ even case. Therefore, we may neglect the equations in the top row and
rightmost column and apply induction.

Now we consider the case n > 31%5 We look at the equations in the top row of
Y, X] = 0, we see that each of these contains a y;;. Both v, and y;. occur twice. The
Y1. can be dealt with as in the proof of the [ even case. We see that y;. occurs in the
(1,d)th entry of [Y, X] =0 as y1. — Y1424 = 0 and in the (1, b)th entry as yi. — Y425 = 0.
Now there is only one other occurrence of y;424 and y;42, in the (I 42,1+ z]’IT“’)th entry
of [Y, X] = 0 where they occur as yi124 + Yir2p — * = 0 where * does not involve y;49 4
or yi42,5- As chark # 2 it follows that the equations on the top row of [Y, X] = 0 must
be independent of the other equations and so we may neglect them. We may now apply
induction.

Therefore, by induction the equations in [Y, X] = 0 are independent.

In both cases these arguments show that B - X = n; by the strategy described at the
end of §4.4. We note that using the action of the maximal torus of diagonal matrices, we

may assume X € n!. The separability of the orbit map follows from Remark 1.13.3. [

Remark 4.4.2 Let ® be the semisimple automorphism of O, (k) such that O, (k)® =
Os,_1(k). We note the X € n? we get from the proof of Lemma 4.4.1 are elements of
(nf)".

We also require the following easy lemma.

Lemma 4.4.3 Let G = GL, (k) and let B be a Borel subgroup of G. For each l > 0 there
exists X € u) with B- X = u® and such that the orbit map B — B - X is separable.

Proof: We take B to consist of the upper triangular matrices in G. From [35, Prop. 2.1],
we know we can take X = (z;;) € u¥) defined by ;441 = 1for 1 <i <n—1—1 and
x;; = 0 otherwise. The separability of the orbit map follows from considering ¢,(X) and
Remark 1.13.3. O

The following remarks are required in the proof of Theorem 4.4.6, X is as in the proof
of Lemma 4.4.3.

Remark 4.4.4 We use the notation of the proof of Lemma 4.4.3. Assume n = 2m is
even and © is such that G® = Sp,,,(k). Then we may assume that X € (u®)?.

Remark 4.4.5 Let H = O,(k), G = SO, (k) and let C' be a Borel subgroup of H, and
B = C' NG a Borel subgroup of G. Write U for the unipotent radical of B and V for the
unipotent radical of C. We have u = v® for each [, and B has index 2 in C. It follows
that B acts on u) with a dense orbit if and only if C' acts on v¥) with a dense orbit.
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Theorem 4.4.6 Let G be a simple classical group. Then B admits a dense orbit in each

member ul) of the descending central series of u.

Proof: The type A case follows from Lemma 4.4.3 and the fact that k is algebraically
closed.

Next we consider the type C case. Let G = Sp,,,(k), H = GLg,,(k) and let © be
the semisimple automorphism of H such that H® = G. Let C be a Borel subgroup of
H consisting of the upper triangular matrices in H and B = C® a Borel subgroup of G.
We note that (0))? = ul® for each I. We may now use Theorem 1.13.2 and Lemma 4.4.3
with Remark 4.4.4 to deduce that for each [ there exists X € u¥ such that B - X = u(®,

Now we consider the type D case. Let G = Oq,,(k), H = GLg,,(k) and let © be the
semisimple automorphism of H such that H® = G. Let C be a Borel subgroup of H
consisting of the upper triangular matrices in H and B = C'® a Borel subgroup of G. We
now require the technical Lemma 4.4.1. We emphasize that the C-submodules n; of ¢,
from Lemma 4.4.1 are such that nf = u® for each I. Therefore, using Lemma 4.4.1 and
Theorem 1.13.2, we deduce that for each [ there exists X € u® such that B- X = u®.
Now using Remark 4.4.5 we pass from Osgy, (k) to SOgp, (k).

Finally, we consider the type B case. Let G = Ogp11(k), H = Ogpyi2(k) and let &
be the semisimple automorphism of H such that H®* = G. Let C be a Borel subgroup of
H consisting of the upper triangular matrices in H and B = C'® a Borel subgroup of G.
We note that we have (v))? = u® for each I. From the proof of the type D case above
and Remark 4.4.2 we see there is X € u® such that C - X = v®. Further using Theorem
1.13.2 we see that the orbit map C' — C' - X is separable so we apply Theorem 1.13.2 to
get B- X = u® as required. As in the type D case we pass from Ogpy1(k) to SOgpi1 (k)
using Remark 4.4.5. U

The computer calculations explained in §4.3 give five instances where u¥) is a not a
prehomogeneous space for B for G of exceptional type, see also [35, Prop. 2.6] and |28,
Thm. 8.1]. Therefore, we get

Theorem 4.4.7 u®) is a prehomogeneous space for B unless G is of type Fy, Eg or E;
and l =2 or G is of type Es and | = 2 or 4.
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CHAPTER 5
CONJUGACY CLASSES IN U(q)

In this chapter we use the results of Chapter 3 and 4 along with Proposition 1.8.1 to
deduce results about the conjugacy classes of U(q) and the conjugacy classes of B(q) in
U(q). Also in §5.3 we prove a result about the number of conjugacy classes in a unipotent
normal subgroup of B. We remind the reader that in this chapter we use the notation

given in the introduction.

5.1 THE U(q)-CONJUGACY CLASSES

Using Propositions 1.8.1 and 3.1.2 we get

Proposition 5.1.1 Let M be a unipotent normal subgroup of B. The orbits of U(q) in
U(q)/M(q) are in correspondence with the F-stable orbits of U in u/m.
In particular, the conjugacy classes of U(q) are in correspondence with the F-stable

adjoint orbits of U in u.

Proof: By Proposition 2.2.24 the U(q)-orbits in U(q)/M (q) correspond to the orbits of
U(q) in u(q)/m(q). Then, by Propositions 1.8.1 and 3.1.2, we see that the orbits of U(q)
in u(q)/m(q) are in correspondence with the F-stable orbits of U in u/m.

The second part of the statement is the case where M is the trivial group. 0J

As in §3.2, we choose an enumeration [y, ...,y of ¥t such that 5; £ f; for i < j,
we define B-submodules m; of u by

N
m; = @ gﬁj'

j=i+1

and set u; = u/m;, fori =0,..., N.
We now consider the F-stable orbits of U in u;.
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Lemma 5.1.2 Let X +m; € u; be the <;-minimal representative of its U-orbit in u;. The
orbit U - (X +wy) is F-stable if and only if X +m; € u;(q).

Proof: 1t is clear that if X +m; € u;(q), then U - (X + m;) is F-stable.

If X+m; is <;-minimal in U- (X 4+m;), then F'(X+m;) is <,-minimal in F(U-(X+m,)).
Therefore, if U - (X + m;) is F-stable, then the uniqueness in Proposition 3.2.5 implies
that X +m; € u;(q). O

By Lemma 5.1.2, the conjugacy classes of U(q) correspond to the minimal represen-

tatives of the U-orbits in u of the form ;g ages with ag € F, for all 8 € U*. For

q

instance, in Example 3.3.1 (with F'(z;;) = (7;)) we have

I+ (q—D4+@-1)+@@-D+@-1)2+@@-1)+(q-1)>=2¢ -1

U(q)-conjugacy classes.

Our next proposition gives the size of a U(g)-orbit in u(q).

Proposition 5.1.3 Let X +m; € u;(q). Then we have |U(q) - (X +my)| = ¢™X) and
|Cu)(X +my)| = ¢V 0.

Proof: We work by induction on ¢, the base case ¢ = 0 being trivial.

Assume by induction that |U(q) - (X 4+ m;_1)| = ¢™X). Consider the natural map
7:(U-(X+m)F - U-(X+m_)" Let Y +m;_; € (U- (X +m;_;))" and consider
its preimage 7 (Y +m;_1) C (U - (X +m;))". One can see that |77 (Y +m;_1)| = qif
is an inert point of X and |7~ !(Y +m;_;)| = 1 if 7 is a ramification point of X. It follows
that [U(g) - (X + m;)| = g™,

An application of the formula |Cy)(X)| = |U(q)|/|U(q) - X| then gives the equality
|Curi (X +my)| = ¢V, O

5.2 THE B(q)-CONJUGACY CLASSES IN U(q)

We choose an enumeration (3, ...,y and define m; and u; as in the previous section.
We have the following analogue of Lemma 5.1.2 which can be proved in exactly the

same way.

Lemma 5.2.1 Let X +m; € u; be the gf—mimmal representative of its U-orbit in u;.
The orbit U - (X +m;) is F-stable if and only if X +m; € u;(q).
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It is not always the case that C'z(X+m;) is connected for X € uso it is not the case that
the B(g)-conjugacy classes in U(q) correspond to the F-stable B-orbits in u. However,
the following proposition implies that, if X +m; € u; is the <P-minimal representative of
its B-orbit, then to decide how (B - (X +m;))¥ splits into B(g)-orbits one only needs to
consider Cr(X + m;).

Proposition 5.2.2 Let X +m; € u;(q) be the <P-minimal representative of its B-orbit.
Then the orbits of B(q) in (B - (X +m;)) are in correspondence with the elements of
Hl(F, CT(X + mz)/CT(X + ml)o)

Proof: By Propositions 4.1.5 and 3.1.2, we see that

Therefore, we have an isomorphism Cz(X +m;)/Cp(X +m;)? = Op(X +m;)/Cr(X +m;)°.
The result now follows from Proposition 1.8.1. 0

We give an example of when the F-stable points of the B-orbit of X € u do not form
a single B(q)-orbit.

Example 5.2.3 Let G = SLy(k) and assume char k # 2. Let F' be defined by F(z;;) =
(x‘fj), let B be the subgroup of upper triangular matrices in G' and let 7" be the subgroup

01
X = ( - ) |
The B-orbit of X is {A\X : A € £} and the centralizer of X in T is Cp(X) = {£1}.

We also have C7(X)? = {1}, so that C'r(X) is disconnected.
One can see that (B - X)* splits into two B(g)-orbits, namely

of diagonal matrices. Let

B(q) - X ={\X : A =y for some p € F)}

and
B(q) - vX = {AwX : X = pi? for some p € F}

where v € F, is not a square.

We can also give the sizes of the B(g)-orbits in u(q).
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Proposition 5.2.4 Let X +m; € w;(q) be the <P-minimal representative of its B-orbit.
Then
(B (X +m)F| = (g — )0

and
1B(q) - (X +my)| = (¢ = )" O™/ |[H (F, Cr(X +my))].

Proof: We begin by proving the first equality by induction on ¢. The case i = 0 is trivial
so assume ¢ > 1 and the equality holds for ¢ — 1.

If 7 is an inert point of X, or ¢ is a ramification point of X and [; is linearly dependent
on supp;_; (X), then we can argue as in Proposition 5.1.3. So suppose 7 is a ramification
point of X and lir;(X) = lir;_1(X) + 1. We may assume the coefficient of es, is non-
zero otherwise we may again argue as in Proposition 5.1.3. Consider the natural map
7:(B-(X+m) - (B- (X +m_y))" Tt follows from Lemma 1.7.4 and Lemma
5.2.1 that the fibre of X + m;_; has size ¢ — 1. Therefore, the fibre of Y 4+ m;_; has
size ¢ — 1 for any Y with Y + m; in the same B(q)-orbit as X + m;. Now suppose
Y+m € (B-(X+m)"\ (Blg) - (X +my)). Then there exists ¢ € T such that
t-(Y+m) €U- (X +my). The factorization of Cp(Y + m;) given in Proposition 4.1.5
implies that ¢ - (Y 4+ m;) is F-stable. It follows that ¢ induces a bijection between the
B(q)-orbits of X +m; and Y + m;. Therefore, we have |[771(Y +m;_;)| = ¢ — 1. Hence,

by induction, we have
(B (X m0)"| = (g = )",

The second equality in the statement of the proposition now follows from Proposition
5.2.2, and the argument above which said that if Y +m; € (B - (X +m;))¥ is not in the
B(q)-orbit of X + m;, then there is some t € T such that ¢ induces a bijection between
B(q) - (X +m;) and B(q) - (Y +m;). O

5.3 COUNTING CONJUGACY CLASSES IN U(q)

In this section we change notation by setting ¢y = ¢, i.e. under an identification G C
GL,(k), I is given by F(z;;) = (z{7). The reader should note that we will use ¢ in this
section to denote some power of ¢q.

We consider the number of conjugacy classes of N(¢q) where N is a subgroup of U
normalized by T'; by a mild abuse of notation we call such N a regular subgroup of U.

We recall from §1.6 that
= 11 Uﬁ

BEY(N
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We now introduce the notation we require. For each s € Z>; we note that F* : G — ¢
is a Frobenius morphism. Given a regular subgroup N of U and a power ¢ = ¢ of qo
we have N(q) = N and n(¢q) = n". Since N is a product of root subgroups (and n
is a direct sum of root subspaces), we note that |[N(q)| = [n(q)| = ¢@™¥. We denote by
k(N (q)) the number of conjugacy classes of N(q).

In [59] G.R. Robinson considered the number of conjugacy classes of algebra subgroups
of U,(g). The main result in loc. cit. implies that for any regular subgroup N of U, (k)
the zeta function

N TR
(1) p Séo .
(in C[[t]]) is a rational function in ¢ whose numerator and denominator may be assumed
to be elements of 1+ tZ[t]. The main result of this section is the following generalization

of Robinson’s result.

Theorem 5.3.1 Let N be a regular subgroup of U. The zeta function

(n(t) =exp Z Mts

S
SGZzo

(in Cl[t]]) is a rational function in t, whose numerator and denominator may be assumed
to be elements of 1 + tZ]t].

In particular, we can apply Theorem 5.3.1 in the case N = U.

Remark 5.3.2 As in the remark in [59] we note that (y(t) being a rational function
implies the existence of a recurrence relation for the values of k(N(q)). In particular,
once k(N(q)) is known for a certain finite number of values of ¢ it can be calculated for

all q.

Remark 5.3.3 We note that our proof of Theorem 5.3.1 applies in more general settings.
For example, if M and N are regular subgroups of U with N normalized by M, then we

can prove an analogous result to Theorem 5.3.1 for the number of M-orbits in N.

In the remainder of this section we present a proof of Theorem 5.3.1; we begin by
discussing a theorem of B. Dwork which we require for the proof.

Let V' be a variety over k that is defined over I, . For a power ¢ of gy, we write V(q)
for the [F,-rational points of V. In [20] Dwork proved

73



Theorem 5.3.4 The zeta function

(Vi) = exp (Z rv<sqs>rts)

1s a rational function of t.

We now give an elementary argument using Theorem 5.3.4 to show that (y() is a
rational function of t. Then we show that the numerator and denominator of {y(t) can
be assumed to be elements of 1 + tZ][t].

Consider the commuting variety of N
C(N) ={(z,y) € N x N : zy = yx};
it is defined over I, for any power ¢ = ¢ of gy and its F,-rational points are
C(N)(q) ={(z,y) € N(q) x N(q) : vy = yx}.
We have

CN @l = [Cnig(a)l.
)

€N (g

Also the Burnside formula gives

> [Cnv@)] |- (5.3.1)
z€N(q)

Therefore, writing c¢(q) = |C(N)(q)|, k(q) = k(N(q)) and m = dim N we have

We can apply Theorem 5.3.4 to the variety C(/V). Therefore,

45)
S

C(C(N);t) = exp (Z A ts)

is a rational function of ¢. We have

(n(t) = exp (2 k(gg)ts) = exp (i@ (%)) = <C(N); %) .

s=1
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It follows immediately that (x(t) is a rational function in t.

We now prove that we may assume the numerator and denominator of (y(t) are
elements of 1 + tZ]t].

We may write

C (-l_ 1— )\zt mi
H;—l( ) —, (5.3.2)
de:l(l — pyt)"

where ¢ and d are non-zero complex numbers, the \; and p; are uniquely determined,

Cn(t) =

pairwise distinct, complex numbers, and the m; and n; are positive integers. Evaluating
both sides of the above expression for (y(t) at ¢ = 0 gives ¢ = d, so we may suppose that
c=d=1.

Now

n(t) d -

d d (<
= (Z m;log(1 — /\Z-t)) b (Z n;log(l — ujt)>

i 1-— ,u]t
a 00 b 00
= Z mN\; (Z )\étl) + Z N1 (Z ,uétl)
i=1 =0 j=1 =0

I
8
A/~
NE
E
el
s
_l’_
M -
&
T
Jr
~
H:\.

This series of equalities implies that

a

E(N(g) =D —miXi + > . (5.3.3)

i=1 j=1

for each integer s.

The next lemma is well-known, see for example [59, Lem. 2.2].

Lemma 5.3.5 Let {ay,...,a;} be (distinct) elements of some Dedekind domain R, and
let ™ be any ideal of R. Suppose that there are non-zero elements mq, ..., m; of R such

that for each s € Z>; we have 25:1 m;a; =0 mod 7°. Then o; € T for each 1.

Now we prove:
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Lemma 5.3.6 Let my,msy,...,m, be non-zero integers, and let oy, ava, . .., v, be distinct

non-zero complex numbers. Suppose that for each positive integer s, we have

n
Z m;o; € Z.
i=1

Then the ;s are all algebraic integers, and m; = my whenever «; and oy are algebraically

conjugate.

Proof: We first prove that the «;s are algebraic numbers. Let V be the Van der Monde
matrix with (i, ) entry ozé»’l. Let D be the diagonal matrix with ith diagonal entry ;.
Let m be the n-long column vector with ith entry m;. For s > 0, let x, be the vector
V D*m, which is integral by hypothesis.

Since the m;s are non-zero (and the os are distinct), we see that {D*m : 0 < s < n—1}
is a basis for C", hence so is {z, : 0 < s < n — 1}. Since z,, is integral, and each z, is
integral, we see that z,, is a Q-combination of {z, : 0 < s <n—1}. Set T = VDV ™!, Then
{z,:0<s<n-—1}is a Q-basis for Q" with respect to which (the linear transformation
represented by) 7' has a rational matrix. Its eigenvalues are therefore algebraic numbers.
But the eigenvalues of T" are {«; : 1 < ¢ < n}, so the «; are algebraic numbers, and are
closed under algebraic conjugation.

Now there is a least positive integer h such that hq; is an algebraic integer for each .
We note that Y, m;(ha;)® is an integer multiple of h° for each integer s, so by Lemma
5.3.5, we deduce that ha; is an algebraic integer multiple of A for each i. Hence, each o
is already an algebraic integer.

The final claim follows by induction on the minimal value of |m;| since {o;} is closed

under algebraic conjugation. O

Lemma 5.3.6 implies that the \; and p; in (5.3.2) are algebraic integers. Elementary
Galois theory then implies that we may assume the numerator and denominator of (y(t)
are elements of 1 + tZ]t].
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