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Introduction

The topic of this thesis is the problem of classifying semisimple orbits of a particular class
of reductive algebraic groups, called #-groups. They were introduced by Vinberg in 1976,
and are defined in the following way. Let G be a reductive connected algebraic group, and
g its Lie algebra. For any automorphism 6 of g of finite order m, one can consider the
Z/mZ-grading of g,

9=000D91D...0gm-1

where g, is the eigenspace of § with eigenvalue w', being w a primitive m-th root of unity.
Let G be the connected subgroup of G with Lie algebra gg. The group Gg together with
its action on g1, is called a f-group. An important fact is that in this situation an orbit is
closed if and only if it consists of elements of g; that are semisimple (as elements of g).

Vinberg showed that all Cartan subspaces of g; (i.e., maximal subspaces consisting of
commuting semisimple elements) are conjugate under Gy. This implies that every closed,
or what is the same, semisimple orbit has a point in a fixed Cartan subspace ¢ C g;.
Furthermore, two elements of ¢ lie in the same Gp-orbit if and only if they are conjugate
under the little Weyl group Wy = Ng,(¢)/Za,(c). We can remark that all the Cartan
subspaces have the same dimension: it is called the rank of (Go, g1).

Vinberg also discovered that Wy is a complex refection group and moreover, by the
Chevalley-Shephard-Todd theorem, the ring of invariants C[¢]'V0 is freely generated by I
fundamental invariants. Furthermore different semisimple orbits are separated by the poly-
nomial invariants of Wy on ¢. This means that two elements of ¢ lie in different Wy-orbits
(and hence in different Go-orbits) if and only if there is at least one fundamental invariant
taking different values on these elements. For this reason we consider the classification
of the semisimple orbits to be complete if we have a Cartan subspace, generators of the
corresponding little Weyl group, and its fundamantal invariants.

For f-groups arising from the classical Lie algebras A,, B,,Cy,, D, Vinberg got the
little Weyl groups using theoretical considerations. For other ones arising from simple Lie
algebras of exceptional type also it is possible trying to solve the problem by means of ’ad-
hoc’ arguments, and this has been done in several cases (leading sometimes to wrong results
as I discovered); I refer to [24], [6], [18] for examples of this. In my approach, instead, I
have adopted a more systematic method using computational techniques. This consists of
the following steps:



v

e find a Cartan subspace ¢ of g1,

e find generators for the little Weyl group Wy = Ng,(¢)/Zg, (¢).

Being already available algorithms to compute the fundamental invariants of a complex
reflection groups given its generators (see [5], [21]), my work was reduced, essentially, to
the above points.

In order to represent Lie algebras I have considered a multiplication table relative to
a Chevalley basis, with respect to which all structure constants are integers. Algorithms
for getting such a representation for a given Lie algebra are available too (see [7]). The
conjugacy classes (in Aut(g)) of the finite order automorphisms of g have been classified
by Kac in terms of so-called Kac diagrams. From the Kac diagram of an automorphism
0 of order m working over the field Q(w), being w a primitive m-th root of unity, one can
easily compute the matrix of 6 relative to the given basis of g. Then by linear algebra we
can construct bases of gg and g;.

I have considered the problem for the inner automorphisms of simple Lie algebra of
exeptional type; i.e., Fg, E7, Eg, Fy, Go, and for the outer automorphisms of Eg.

The thesis is organised in this fashion.

In Chapter 1 I illustrate the class of complex reflection groups, to which the little Weyl
groups belong. After a general presentation of the subject I report the standard list, due
to Shephard and Todd, determining the complete classification of the objects.

In Chapter 2 I introduce general elements of complex Lie algebras, focussing the case of
semisimple Lie algebras. Subsequently I present the classification of the simple Lie algebras
arising from the one of the irreducible root systems. Finally I give some notions about
automorphisms and their representation by Kac diagrams.

In Chapter 3, after a preliminary introduction of the relative algebraic-geometrical con-
text, I give the basic definitions of algebraic groups over C, and then of the Lie algebra of
an algebraic group. The main results of the subject are presented with particular reference
to connected and reductive groups. Finally I introduce the 6-groups and the other notions
setting up the base for my research .

In Chapter 4 I present the computational methods, for computing generators of a little
Weyl group. The final tables conclude the thesis reporting the found results.
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Chapter 1

Complex reflection groups

The objects allowing to get the results of my research, belongs to a particular class of groups,
introduced by a work of Shephard and Todd started in 1951. I'm referring to the complex
reflection groups that arise from a generalisation of the classical concept of real reflection
in a euclidean space, by intoducing the new notion of complex reflection. In this chapter
I first introduce the preliminaries for getting the definition of complex reflection group and
its connected notions. Then I present in some detail a particular class of three parameters
groups, G(m, p,n). Subsequently I introduce the notion of polynomial invariant of a complex
reflection group, for getting to the theorem of Chevalley, Shephard and Todd that plays
an important role in the computational methods. Finally I show the standard list of the
irreducible complex reflection groups that determines, in fact, the complete classification of
the complex reflection groups. Most of the subject is taken from [14]. Also see [2].

1.1 Preliminars

Definition 1.1.1. Given a complex vector space V' of dimension n, a hermitian form on
V is a mapping
(—,—):VxV=>C

such that
L (01 + vz, w) = (v1,w) + (v2, w)
2. (av,w) = a(v,w)
3. (v,w) = (w,v)

for all v,w,v1,v2 € V and a € C. The hermitian form is said to be positive definite if
1. (v,v) >0 for all v € V, and

2. (v,v) =0 if and only if v = 0.
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A positive definite hermitian form is also called an inner product on V.

Fixed a basis e, ..., e, we may define an inner product on V in canonical form by

(u,v) = Zn: a;b;
=1

where a = > | a;e; and b = Z?Zl bje;. Conversely, given an inner product on V' there
exists a suitable basis with respect to which the form is described in the previous fashion.
So, we can say that two inner products (—, —) and [—, —] are equivalent, in the sense that
there is an invertible linear transformation ¢ : V' — V such that (u,v) = [¢(u), ¢(v)] for all
u,v € V.

Let GL(V') be the group of all invertible linear transformations of V. A subgroup G of
GL(V) is said to leave the form (—, —) invariant if

(gv, gw) = (v, w)

for all g € G and all v,w € V.
In this case we also say that (—, —) is a G-invariant form.

Lemma 1.1.2. If G is a finite subgroup of GL(V), there exists a G-invariant inner product
onV.

If (—, —) is any inner product on V, we say that x € GL(V) is unitary (or an isometry)
if (zv,zw) = (v,w) for all v,w € V; that is, (—, —) is (x)-invariant.
A basis eq,...,e, for V is orthogonal if (e;,ej) = 0 for all i # j; it is orthonormal

if in addition (e;,e;) = 1 for all 7. Let M be the matrix of x € GL(V') with respect to
an orthonormal basis of V. Then x is unitary if and only if M is a unitary matriz; i.e.,
MM =1 , where M’ denotes the transpose of the complex conjugate of M and [ is the
identity matrix.

The group of all isometries of V' is denoted by U(V') and called the unitary group of
the form. Its subgroup of transformations of determinant 1 is called the special unitary
group. The corresponding group of unitary matrices will be denoted by U, (C) and SU,,(C),
where n := dimV. The group U(V') depends on the form but, as any two inner product
are equivalent, U(V') is unique up to conjugacy in GL(V'). With this notation the previous
lemma says that any finite subgroup of GL(V') is a subgroup of U(V') for an appropriate
inner product.

Let V be a complex vector space of dimension n, equipped by an inner product (—, —).

Definition 1.1.3. If U is a subset of V' we call orthogonal complement of U the subspace
Ut :={veV|(uv)=0foraluecU}.
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If U and W are subspaces of V', we write V = U L W to indicate that V = U & W and
(u,w) =0 for all w € U and w € W. It is easy to check that V = U L W if and only if
W = U*t. Further, U+ = U and dimU + dimU~+ = dimV for any subspace U C V.

Definition 1.1.4. Let 1 be the identity element of GL(V'). For g € GL(V) and H C GL(V),
put

1. Fixg:=Ker(l—g) ={v eV |gv=uv},
2. VH .= Fixy(H) :={veV |h=vforalheH},

3. [V,g] :=Im(1 — g).

Remark 1.1.5. If g € U(V), then [V, g] = (Fix g)*.

Definition 1.1.6. A linear transformation ¢ is said to be a reflection if the order of g is
finite and dim[V, g] = 1.

If g is a reflection, the subspace Fix g is a hyperplane, called the reflecting hyperplane
of g. We call g a unitary reflection if it preserves the inner form (—.—). In this case Fix g
is orthogonal to [V, g] and V = [V, g] L Fix g.

Let g € GL((V) be a reflection of order m. Then the cyclic group (g) has order m and
so leaves invariant a suitable inner product. Thus every reflection ¢ is a unitary reflection
with respect to some form. If H = Fix g, then g leaves invariant the line (one-dimensional
subspace) H+. Hence, with respect to a basis adapted to the decomposition V = H+ 1 H,
¢ has matrix diag[¢, 1,...,1], where ( is a primitive m-th root of unity.

Definition 1.1.7. A root of a line | of V is any nonzero vector of [. If g is a unitary
reflection, a root of ¢ is a root of the line [V, g]. A root a is short, long or tall if (a,a) is 1,
2 or 3, respectively.

Any line in C" contains long, short and tall roots, each of which is unique up to multi-
plication by an element of S'! = {z € C | |z| = 1}

Definition 1.1.8. We call complex reflection group a finite subgroup of U(V') that is
generated by reflections.

Proposition 1.1.9. Every finite subgroup of GL(V') that is generated by reflections is a
complex reflection group with respect to some inner product on V.
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It is important to note that the concept ’complex reflection group’ includes the repre-
sentation as well as the group. A given group may act as a reflection group or otherwise.
For example, for ¢ := exp(27mi/m), the element diag[(,1,...,1] generates a cyclic reflec-
tion group of order m, but the (isomorphic) group generated by diag[¢,(,1,...,1] is not a
reflection group.

Definition 1.1.10. Given a nonzero vector a € V and a m-th root of unity a # 1, define
the map 744 : V — V by
(v, a)

(a,a)

Ta,a(v) =v—(1—a) a

Proposition 1.1.11. r,, is a unitary reflection of order m.

Proposition 1.1.12. If r is a unitary reflection of order m in U(V') and a is a root of r

of length 1, there exists a primitive m-th root of unity o such that for all v € V it is
Taa(v) =1

Proposition 1.1.13. Consider a root a of a unitary reflection r of order m, and let o, 8
be primitive m-th root of unity. Then

1. rqaTaB = Tanp
2. For g e U(V), grand™ = rgaa
3. For A € C such that A\ # 0, rxg,a = Ta,a-

Proposition 1.1.14. If g € U(V) and groag ' = r’tjﬂ for some k, then k = 1. In other
words, a reflection is not conjugate to any proper power.

Proposition 1.1.15. The unitary reflections rq o and ry g commute if and only if Ca = Cb
or (a,b) = 0.

Proposition 1.1.16. A subspace W of V is invariant with respect to the reflection r if and
only if W C Fix r or [V,r] C W.

Corollary 1.1.17. If r is a unitary reflection with root a, then the subspace W is invariant
with respect to v if and only if a € W or a € W+,
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I recall that if V' is a complex vector space of dimension n, a linear representation of
a group G on V' is a homomorphism p : G — GL(V). In this case we say that G acts on
V', and call V' a G-module. Usually we put g.v := p(g)(v) for all g € G and for all v € V.
The representation is said to be faithful if it is injective. A G-submodule of V' is a vector
subspace U such that g.u € U for all ¢ € G and all w € U. The G-module V is called
irreducible if 0 and V are its only G-submodules.

Let G be a complex reflection group. Then the G-module V is called the natural (or
reflection) representation of G. If V is an irreducible G-module, we say that G is an
irreducible complex reflection group.

Theorem 1.1.18. Suppose that G is a finite group generated by reflections on V', which
leaves the inner product (—,—) invariant. Then V is the direct sum of pairwise orthogonal
subspaces Vi,...,Vy, such that the restriction G; of G to Vi acts irreducibly on V; and
G=G1 %X - XGp. If W is an irreducible subspace of V' that is not fized pointwise by every
element of G, then W =V, for some 1.

Proposition 1.1.19. We have

V=VE1lWViL...LV,

where the V; are nontrivial irreducible G-modules.

Definition 1.1.20. We call support of a complex reflection group G C U(V') the subspace
M of V spanned by the roots of the reflections in G.

Definition 1.1.21. We call rank of a complex reflection group G the dimension of its
support, and reflection subgroup of G a subgroup H that is generated by reflections.

If G is generated by the reflections rq, ..., ri with roots aq, . .., ag, we can define a graph
I' with vertex set R := {a1,...,a;} by joining a; to a; whenever a; and a; are neither equal
nor orthogonal. We can observe that in this definition it is possible to have |R| < k.

Proposition 1.1.22. If G is a complex reflection group with support V. and graph I' then
V is an irreducible G-module if and only if T' is connected.

Corollary 1.1.23. Suppose that G is a complex reflection group and that H is a reflection
subgroup of G acting irreducibly on its support W. If r € G is a reflection with root a such
that a ¢ WU WL, then (H,r) acts irreducibly on W @ Ca.
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Corollary 1.1.24. Any irreducible reflection group of rank n has an irreducible reflection
subgroup of rank n with n generators.

Theorem 1.1.25. If G; and Gy are irreducible complex reflection groups, then G1 and Go
are conjugate in GL(V') if and only if they are conjugate in U(V').

Suppose that G is a complex reflection group and that dimV = n. Let ri,...,7; be
reflections in G with roots ai,...,a;. Then, for 1 <1 <[ there exist linear maps ¢; € V*
such that

ri(v) = v — ¢i(v)a;

for all v € V. The Cartan coefficient of the pair a;, a; of roots is defined as (a; | a;) := ¢;(a;).
Hence 7i(a;) = (1 — (a; | ai))a; and therefore 1 — (a; | a;) is a primitive m;-th root of unity,
where m; is the order of r;.

Definition 1.1.26. The Cartan matriz of the reflections ry,...,r; with respect to the
roots a; is the [ x [ matrix C := ((a; | a;)).
If G is a euclidean reflection group and if the a; are the simple roots (see §2.5), then C

is the usual Cartan matrix of G.

Definition 1.1.27. By analogy with the euclidean case, the group W (C') generated by the
reflections 71, ..., 7 is called the Weyl group of C.

Proposition 1.1.28. The following results hold:
1. W(C) is completely determined by the Cartan matriz C.

2. In general, W(C) is not finite.

Definition 1.1.29. Let G be a complex reflection group generated by reflections rq, ..., r,
with Cartan matrix C corresponding to a certain set of corresponding roots. If the entries
of C belong to a field F, then G is said to be definable over F.

Definition 1.1.30. Let G be a subgroup of GL(V) and g € G. Let then x(g) denote the
trace of the linear transformation g. The function y : G — C is called the character of the
representation of G in V', and Q(x) is the field generated by the values x(g), for all g € G.

Definition 1.1.31. We call the field of definition Q(G) of a complex reflection group G
the field Q(x), where x is the character of the natural representation.
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Theorem 1.1.32 (Benard, 1976). Every representation of a complex reflection group is
definable over its field of definition.

Corollary 1.1.33. If G is a complex reflection group generated by reflections rq,...,7,
then there is a Cartan matriz of these reflections with entries in Q(G).

For real reflection groups as Weyl groups (see §2.4, §2.5) it is always possible to choose
roots for the reflections so that the entries of the Cartan matrix are rational integers. In
complex reflection groups the best we can have is that the entries of a Cartan matrix belong
to the algebraic integers of the field Q(G).

Definition 1.1.34. We call the ring of definition Z(G) of G the ring of algebraic integers
in Q(G).

Theorem 1.1.35. Let G be an irreducible complex reflection group. Then there exists a
representation of G by matrices over Z(G).

Theorem 1.1.36. Every representation of a finite group G over the complex numbers (in
particular, for G being a complex reflection group) is definable over the field Q((y,), where
Cm 18 a primitive m-th root of unity such that g™ =1 for all g € G.

Suppose that F' is a finite abelian extension of Q, let A be the ring of integers of F' and
let (A) be the (finite cyclic) group of roots of unity in A. The field F' is fixed by complex
conjugation under any embedding of F' in C and since F' is abelian there is a well-defined
operation of complex conjugation on F which inverts every element of p(A). So, if V is a
vector space over F we may consider hermitian forms on V. In particular, if ej,... e, is a
basis for V', there is a well-defined hermitian forms on V expressed in canonical form with
respect to it. However, given a hermitian form (—, —), not necessarily we may choose an
orthonormal basis for V' with respect to (—, —).

Suppose that G is a complex reflection group preserving a free A-submodule L of V. If
v€L,gec G and g(v) = v, then §* = 1, where k is the order of g; that is, 6§ € pu(A). It
follows that we may choose roots for the reflections of G that satisfy the following definition.

Definition 1.1.37. We call a A-root system in a vector space V over F' with inner product
(=, —), a pair (X, f) where X is a finite subset of V and f : ¥ — u(A) is a function such
that:

1. ¥ spans V and 0 ¢ X,

2. for all @ € ¥ and A € F, we have Aa € ¥ if and only if A € u(A),
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3. for all a € ¥ and X € pu(A), we have f(Aa) = f(a) # 1,

4. for all a,b € X, the Cartan coefficient

(alb) = (1= f(b))

belongs to A,
5. for all a,b € 3, we have 74 5(4)(b) € ¥ and f(r4 (4 (b)) = f(b).

We say that (X, f) is a root system defined over A. If W := W(X, f) is the group
generated by the reflections r, r(,), then W is a complex reflection group, called the Weyl
group of the root system. It follows from 2. and 5. that pu(A)wX = ¥ and W is a group of
permutations of the finite set ¥. From 1. only the identity element fixes every element of X
and therefore W is finite. The order of 7, ¢(4) is two if and only if f(a) = —1 and therefore
every reflection of order two is uniquely determined by the line spanned by its root a. In
this case we denote 7 t(,) by 7a-

1.2 The groups G(m,p,n)

In order to illustrate this special class, we need some preliminary definitions.

Definition 1.2.1. The G-module V is called imprimitive if for some m > 1 it is a direct
sum V =V, @ --- @V, of nonzero subspaces V; (1 <1i < m) such that the action of G on
V permutes the subspaces Vi, ..., V,, among themselves; otherwise V is called primitive.
The set {V1,...,Vin} is called a system of imprimitivity for V.

Remark 1.2.2. According to this definition, if G is a primitive group, then V' is necessarily
an irreducible G-module.

Definition 1.2.3. Given an irreducible G-module I, we call the isotypic component Vi of
V corresponding to I the sum of all G-submodules of V' isomorphic to I.

Proposition 1.2.4. FEvery irreducible G-submodule of the isotypic component Vi is isomor-
phic to I and V is the direct sum of its distinct isotypic components.

Theorem 1.2.5. If G is a finite primitive subgroup of GL(V') and if A is an abelian normal
subgroup of G, then A is cyclic and contained in the centre Z(G) of G.
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Theorem 1.2.6. If G C U(V) is a primitive complex reflection group and if N is a normal
subgroup of G, then either V is an irreducible N-module or N C Z(G)

Let G be a group acting on the set Q := {1,...,n} and take any group H. Let then
B := H x --- x H be the direct product of n copies of H. We can define an action of G on
B by

g.h = (hg(1)7 ey hg(n))
for g € G and h := (hy,...,h,) € B.

Definition 1.2.7. We call wreath product H G of H by G the semidirect product of B
by G. Its elements will be written (h;g) and its multiplication is given by
(h;g)(W'5g') := (hg.h'; g9")
So, if H and G are finite, the order of H! G is |H|"|G]|.

Throughout we suppose H to be a finite subgroup of the multiplicative group C* of C.
This means that, for some m, H is the (cyclic) group u,,, of m-th roots of unity.

Let V be a vector space of dimension n over C with an inner product (-,-) and ey, ..., e,
an orthonormal basis. Then the elements of B can be represented by diagonal transforma-
tions of V. In other words, with h as above, we put

he; = h;e; for1<i<n

Since h;h; = 1 for all h; € H, B is a subgroup of U(V). The group G acts on V by

permuting the basis vectors:

gei == €g4(;) for1<i<n

and so it may also be regarded as a subgroup of U(V). The actions of B = u}', and G on
V' are compatible and determine an action of u,, ! G on V given by

(h;g)ei == hy@yegmy — for1<i<m.

The matrices of these linear transformations (with respect to ey,...,e,) have exactly
one nonzero entry in each row and column and are called monomial matrices. So, this
representation of p,, G is said to be the standard monomial representation. Thus pu,, G
is represented as a subgroup of U(V) and the subspaces Cey,...,Ce, form a system of
imprimitivity for u,, t G.

Definition 1.2.8. Let B := pu,. For each divisor p of m put

A(m,p,n) :={(01,...,0,) € B|(01,...,0,)"P =1}
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Clearly A(m,p,n) is a subgroup of index p in B and is invariant under the action of the
symmetric group Sym(n).

We write G(m, p, n) to indicate the semidirect product of A(m,p,n) by Sym(n) (notation
introduced by Shephard and Todd).

G(m,p,n) is a normal subgroup of index p in p,, ! Sym(n) and consequently we may
represent it as a group of linear transformations in the standard monomial representation,
having order m"n!/p.

Let regard G(m, p,n) as being defined with respect to the orthonormal basis e, ..., e,
for V. Then we have

Lemma 1.2.9. The element r € G(m,p,n) is a reflection if and only if r has one of the
following forms:

1. For some i and for some (m/p)-th root of unity 6 # 1, r =r¢, 9,

2. For some i # j and for some m-th root of unity 0,1 = re,_ge; 1. In this case the
order of r is two, re; = Oej, re; = 07 le; and re, = ey for all k # i, j.

Proposition 1.2.10. The group G(m,m,n) contains m(g) reflections of order 2. If n > 2
or if m is odd, the reflections form a single conjugacy class. If m is even, G(m,m,?2)
contains two conjugacy classes of reflections.

Proposition 1.2.11. If m > 1, then G(m,p,n) is an imprimitive complez reflection group.
It is irreducible except when (m,p,n) = (2,2,2).

What follows, instead, allows us to determine all imprimitive complex reflection groups.

Theorem 1.2.12. Let V' be a complex vector space of dimension n with inner product
(-,-), and G be an irreducible imprimitive finite subgroup of U(V'), which is generated by
reflections. Thenn > 1 and G is conjugate to G(m,p,n) for some m > 1 and some divisor
p of m.

Let e, ..., e, be an orthonormal basis for V' and suppose that the matrices of G(m, p,n)
with respect to this basis are monomial. Furthermore, we note that when G(m,p,n) is
irreducible, the system of imprimitivity {Cey,...,Ce,} consists of the distinct isotypic

components of the abelian normal subgroup A(m,p,n).

Theorem 1.2.13. Suppose that G := G(m,p,n) is irreducible and has more than one
system of imprimitivity. Then G is one of the following groups.
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1. G(2,1,2) ~ G(4,4,2) or G(4,2,2), each of which has the same three systems of im-
primitivity: {Ceq,Ces}, {C(e1 + e2),C(e1 — e2)} and {C(eq + iez), C(e; —iea)}.

2. G(3,3,3) with four systems of imprimitivity: 11y := {Cey, Ceq, Ces} and, for a fized
primitive cube root of unity w,
II; := {C(e1 + waea + wzes) | wo,wsz € {1,w,w?} and wawz = w'}
fori:=1,2 and 3.

3. G(2,2,4) with three systems of imprimitivity:
Ag := {Cey,Ceg,Cesz,Cey} and
A; = {(C(el + €2€e9 + €3€3 + 6464) ‘ €5 = +1 and egezeq = (—1)i}

fori:=1 and 2.

Corollary 1.2.14. Suppose that m > 2 and that G is a finite reflection subgroup of U, (C)
which contains G(m,p,n) as a normal subgroup.

1. If n > 3 and (m,p,n) is neither (3,3,3) nor (2,2,4), then for some divisor q of p we
have G = G(m,q,n),

2. If n =2 and (m,p,2) is not (4,2,2), then G is contained in G(2m,2,2).

Proposition 1.2.15. G(4,2,2),G(3,3,3) and G(2,2,4) occur as normal subgroups of prim-
itive reflection groups. On the other hand, for all divisors p of m we have G(m,p,n) <
G(m,1,n) and when n =2 we also have G(m,p,2) < G(2m,2,2).

Theorem 1.2.16. Suppose that G is a primitive complex reflection group in U(V') and that
W is a proper subspace of V' of dimension at least two. Suppose that H is a subgroup of G
that fires W+ pointwise and which acts on W as an irreducible imprimitive reflection group
not conjugate to G(2,1,2),G(3,3,2),G(4,4,2),G(4,2,2),G(2,2,3),G(3,3,3) nor G(2,2,4).
Then there is a reflection r € G with root a ¢ W such that the action of (H,r) on W & Ca
18 primitive.

In order to determine minimal sets of generating reflections for the groups G(m,p,n) we

can do as follows. For ¢ :=1,...,n —1let r; :=re,_¢,,, —1 be the reflection of order 2 that
interchanges the basis vectors e; and e; 1 and fixes e; for j # 4,7+ 1. Let t :== r,, ¢, be the
reflection of order m that fixes es, ..., e, and sends e; to (ne1 and let s := t~1rt be the

reflection of order 2 that interchanges e; and (e2. For m > 1, the groups G(m,m,n) and
G(m,1,n) can be generated by n reflections; however, the minimum number of reflections
required to generate G(m,p,n), for p # 1,m is n + 1. In particular, we have
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o G(1,1,n) = (r1,...,rn1) ~ Sym(n),

o G(m,m,n) = (s,r1,...,mn_1),

o G(m,1,n) = (t,r1,...,mn 1),
(

m,p,n) = (s,tP,r1,...,rp—1) for p # 1, m.

1.3 Polynomial invariants

Definition 1.3.1. For each r :=0,1,... we let T7"(V') denote the r-fold tensor power of V.
That is, T°(V) :=C, T*(V) := V, T?(V) := V ® V, and so on. The direct sum

(V) =17 (V)
r=0

is the called the tensor algebra of V. Multiplication is defined on T'(V') by declaring the
product of v;, ®- - -®v;, € TH(V) with vj, ®- - -®v;, € THV) to be v;, ®- - -Qv;, Qvj, ®- - - ®Vj, €
THH(V), and then extending this to all of T'(V) by linearity.

There is a natural embedding of V' in T'(V') that identifies v € V with the element
(0,v,0,...) € T(V). This makes T'(V) the free associative algebra on V in the sense that
if A is any associative C-algebra and if ¢ : V — A is a vector space homomorphism,
there is a unique algebra homomorphism ¢ : T'(V) — A such that ¢(v) = ®(v) for all
v € V. Given a linear transformation f : V — W there is a unique algebra homomorphism
T(f) : T(V) = T(W) such that T'(f)v = f(v) for all v € V. Thus T'(f)(v;;, ® - @ v;,) =
fvy) @ --- ® f(vy,). Moreover, T(ly) = lpyy and if g : W — U is another linear
transformation, then T'(gf) = T(g)T(f). These properties are usually expressed by saying
that T is a functor from vector spaces to associative algebras.

Definition 1.3.2. Let I be the two-sided ideal of (V') generated by the elements v@w—w®
v for all v,w € V. Define the symmetric algebra of V' to be the quotient S(V) :=T(V)/I.
It is the free commutative algebra on V. The product of { :=u+ I and n:=v+1 in S(V)
is én:=u® v+ I, where u ® v is the product of w and v in T'(V').

We have VNI = {0} and therefore V' may be identified with its image in S(V). If
V1,...,0y is a basis for V, then S(V') is isomorphic to the algebra of polynomials in the
symbols vy,...,v,. That is, S(V) ~ Clvy,...,v,]. We let Xi,...,X,, be the basis of V*
dual to the basis vy, ...,v, of V. The linear maps X1, ..., X,, are the coordinate functions
of Vand S := S(V*) ~ C[X}, ..., X,] is the coordinate ring of V. Thus S may be identified
with the ring of polynomial functions on V.

Lemma 1.3.3. Let wy,...,ws be distinct elements of V, and let aq,...,as be arbitrary
elements of C. Then there is a polynomial P € S such that P(w;) = a; fori=1,...,s.
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The degree of the monomial X{"'--- X is m; + -+ + m,. A polynomial P is
homogeneous of degree r, and we write deg P := r, if P is a linear combination of mono-
mials of degree r. The ring S has a natural grading by degree. That is, if S, denotes
the subspace of homogeneous polynomials of degree r, then S = ;2 S, and S,.S; C Sy14.
Note that there are (”Jr:*l) distinct monomials of degree r and therefore dim S, = (nJ””*l).

,
The above remarks about grading apply equally to the non-commutative tensor algebra

T(V)=E17(V)
r=0

and we clearly have dim 7, (V) = n". If I is any homogeneous ideal of T'(V'), i.e., if I is
an ideal which contains the homogeneous components of all its elements, then the quotient
algebra T, (V)/I inherits a grading, and the example S(V') above is a special case of this
construction.

The group GL(V) acts on V* and hence on S. That is, for ¢ € GL(V) and for a
polynomial function P € S we define gP by

9P(v) = P(g~"v)

forall v e V.

This is a linear action that preserves both the degree and algebra structure of S, i.e.
9S, = Sy and g(PQ) = (¢P)(gQ). If the matrix of g with respect to the basis vy, ..., v, is
A = (aij), where gv; = >, a;jv;, then the matrix of the action of g on V* with respect to the
basis X1,..., X, is A7 the inverse transpose of A. Thus for a polynomial P(X7,..., X,)
we have gP(Xq,... ,Xn):P(Xi, e X;Z), where

X X3
. _ 41 .

/

X

n

Xn
: . . (11 . .
For example, if n = 2 and the matrix of g is 0 1) then the action of g on S is given by

9(X1X3}) = (X1 — X2)' X}

From now on, let G be a subgroup of GL(V'). We say that P € S is G-invariant if
gP = P forall g € G. If M is a G-module, then M& denotes the isotypic component
corresponding to the trivial representation; in other words M := {m € M | gm = m for
all g € G} is the submodule of G-invariant elements, also known as the space of fixed points

of G.

Definition 1.3.4. The algebra of invariants of G is the algebra of G-invariant polynomial
functions J := S¢.



14 Complex reflection groups

If P € J, then P is constant on each G-orbit of V' and therefore J may be interpreted
as an algebra of polynomial functions on the set V/G of all G-orbits on V. A useful direct
connection between the action of G and the algebra of invariants is given in the next result,
which is due to E. Noether.

Theorem 1.3.5. Suppose that v,w € V. Then there exists g € G such that g(v) = w if
and only if P(v) = P(w) for all P € J.

Theorem 1.3.6 (Hilbert-Noether). Consider a finite dimensional vector space V' over C
and let G be a finite subgroup of GL(V). Then the algebra S(V*)& of invariants is finitely
generated.

Theorem 1.3.7 (Chevalley-Shephard-Todd). If G is a complex reflection group on the
vector space V of dimension n, then the ring J of G-invariant polynomials is a polyno-
mial algebra, i.e. it is generated by a collection of algebraically independent homogeneous
polynomials.

Theorem 1.3.8. Let G be a finite group acting on the complex vector space V' of dimension
n. Suppose that fi,..., fn are homogeneous algebraically independent elements of J =
S(V*C and set d; := deg f; fori:=1,...,n. Then

1. |G| < dy---dn;

2. if |G| =dy---dy then G is a reflection group in'V and J is generated by fi,--- fn as
an algebra;

3. if J is generated by fi,..., fn as an algebra, then equality holds in 1. and G is a
reflection group.

Definition 1.3.9. A set of algebraically independent homogeneous polynomials that gen-
erate the algebra J of G-invariant polynomials is called a set of fundamental (or basic)
invariants for G.

Theorem 1.3.10. A set of fundamental invariants of G is not unique, however their number
and their degrees are uniquely determined by G.

Definition 1.3.11. For / being the rank of G, the degrees dy < --- < dy of the generators
of the ring of invariants are called the degrees of G.
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Theorem 1.3.12. The following results hold.

o The centre of an irreducible reflection group is cyclic of order equal to the greatest
common divisor of the degrees.

o The order of a complex reflection group is the product of its degrees.
o The number of reflections is the sum of the degrees minus the rank.

o An irreducible complex reflection group comes from a real reflection group if and only
if it has an invariant of degree 2.

e The degrees di satisfy the formula Hézl(q +di—1) =3 cc qdim(V9),

Definition 1.3.13. For £ being the rank of the reflection group, the codegrees di > --- > d;
of G can be defined by [[{_;(q — d} — 1) = 3" det(g)gtim(V*).

1.4 Classification

Proposition 1.4.1. Any complex reflection group is a product of irreducible complex re-
flection groups, acting on the sum of the corresponding vector spaces.

The complete classification of complex reflection groups is then obtained once having
just classified the irreducible ones. This work was made in 1954 by G. C. Shephard and J.
A. Todd. I conclude the chapter by reporting their standard list. In that:

e ST is the Shephard-Todd number of the reflection group;

e Rank is the dimension of the complex vector space the group acts on;
e Structure describes the structure of the group;

e Order is the number of elements of the group;

e Reflections describes the number of reflections: 26412 means that there are 6 reflec-
tions of order 2 and 12 of order 4.

e Degrees gives the degrees of the fundamental invariants of the ring of polynomial
invariants. For example, the invariants of group number 4 form a polynomial ring
with 2 generators of degrees 4 and 6.



16 Complex reflection groups
Table 1.1: List of irreducible complex reflection groups.
ST Rank Structure and names Order Reflections Degrees Codegrees
_ Symmetric group | n(n—1)/2 —
1 n—1 G(1,1,n)=Sym(n) n! 2 2,3,...n 0,1,....n—2
0,m,....,(n—1)m
G(m,p,n) mn(n—1)/2 ne(d) _ . if p<my
2 n m>1, n>1, plm m"nl!/p 2 d )ddl m’2m”rl7'7,'T)L(/n Bm; 0,m,...,(n—2)m,
(G(2,2,2) is reducible) (dlm/p, d>1) p (n—1)m—n
if p=m
Cyclic group qe(d)
3 ! G(m,1,1)=Zm, m (dm,d>1) m 0
4 2 Zo. T=3[3]3 24 38 4,6 0,2
5 2 Ze.T=3[4]3 72 316 6,12 0,6
6 2 Z,.T=3[6]2 48 2638 4,12 0,8
7 2 Z12.T=(3,3,3)2 144 26316 12,12 0,12
8 2 Z4.0=4[3]4 96 26412 8,12 0,4
9 2 Zs.0=4[6]2 192 o18412 8,24 0,16
10 2 Z15.0=4[4]3 288 96316412 12,24 0,12
11 2 Z24.0=(4,3,2)12 576 218316412 24,24 0,24
12 2 Z3.0=GL(F3) 48 212 6,8 0,10
13 2 Z4.0=(4,3,2)2 96 218 8,12 0,16
14 2 Zs.0=3[8]2 144 212316 6,24 0,18
15 2 Z12.0=(4,3,2)6 288 218316 12,24 0,24
16 2 Z10.1=5[3]5 600 548 20,30 0,10
17 2 Z20.1=5[6]2 1200 230548 20,60 0,40
18 2 Zs30.1=5[4]3 1800 340548 30,60 0,30
19 2 Zso.1=(5,3,2)30 3600 230340548 60,60 0,60
20 2 Zs.1=3[5]3 360 340 12,30 0,18
21 2 Z12.1=3[10]2 720 230340 12,60 0,48
22 2 Z4.1=(5,3,2)2 240 230 12,20 0,28
23 3 W(Hs)=Z2xPSL2(5), 120 915 2,6,10 0,4,8
Coxeter
24 3 W(J5(4))=2Z2xPSL2(7) 336 921 4,6,14 0,8,10
Klein
— _ql42
25 3 W(L3)=W(P3)=3""".5L2(3) 648 324 6,9,12 0,36
Hessian
_ 142
26 3 W(M3)=22x3""%.5L2(3) 1296 99324 6,12,18 0,6,12
Hessian
27 3 W(J3(5))=22x(Z3.Alt(6)) 2160 945 6,12,30 0,18,24

Valentiner
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28 4 W(F4)=(SL2(3)"SL2(3)).(Z2xZ2) 1152 g12+12 2,6,8,12 0,4,6,10
Weyl
29 4 W(Ny)=(Z4*2'+).Sym(5) 7680 240 4,8,12,20 0,8,12,16
30 4 W (H4)=(SLy(5)*SL3(5)).Z2 14400 260 2,12,20,30 0,10,18,28
31 4 W(EN,)=W(04)=(Zs"2"+4).Sp,(2) 46080 260 8,12,20,24 0,12,16,28
32 4 W(L4)=Z3xSp,(3) 155520 380 12,18,24,30 0,6,12,18
W(K5)=Z2x25(3)= 45
33 5 2 X PSp(3)—Zs x PSU4 (2) 51840 2 4,6,10,12,18 0,6,8,12,14
W(Ke)=2Z3.Q (3).Z2, 126 6,12,18,24, 0,12,18,24,
3 6 Mitchell 39191040 2 30,43 30,36
W(E6)=S05(3)=0g4 (2)=
2 4
35 6 PSp,(3).Zo=PSU,(2).Z2 51840 936 »g:?,& 07’?:1 ,6,
Weyl
W(E7)=Z2%Spg(2) 63 2,6,8,10, 0,4,6,8,
36 7 Weyl 2903040 2 12,14,18 16,12/16
W(Eg)=Z5.07 (2) 120 2,8,12,14, 0,6,10,12,
37 8 Weyl 696729600 2 18,20,24,30 16,18,22,28

For more information, including diagrams, presentations, and codegrees of complex re-
flection groups, see the tables in [2].
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Chapter 2

Simple Lie algebras

In this chapter I introduce the general concept of complex Lie algebra, and then investigate
the specific properties of the semisimple Lie algebras. These include the simple Lie algebras
for which I show, in essential lines, the steps for getting their classification, following directly
from the one of the irreducible root systems. For references see [11], [12], [9] and [23].

Throughout, all vector spaces (so, in particular, Lie algebras) are always intended finite-
dimensional over C.

2.1 Basic concepts

Definition 2.1.1. A (complex) Lie algebra g is a vector space over C endowed with a
bilinear operation
[ lraxg—g
(2, y) — [z, Y]

called bracket or commutator, verifying the axioms:
(L1) [z,z] =0 for all z € g;
(L2) [z, [y, 2]l + [y, [z, 2]] + [2, [z, y]] = 0 for all x,y,z € g (Jacobi identity).
The equivalence of (L) and
(L) [z,y] = —ly,z] for all 2,y € g
immediately follows, from bilinearity, by
[z +y, 2 +y] = [z,2] + [2,9] + [y, 2] + [y, Y]

When [z,y] = 0 for all z,y € g, the structure is called abelian.
Throughout g will always denote a Lie algebra.
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Remark 2.1.2 (Structure constants). Let {z1,...,z,} be a basis of g and consider two

n n
elements a = Z a;r;, b= Z bjx;. From bilinearity of commutator it follows
i=1 j=1

n n
[a, b] = Z Z aibj [ﬂfi, CCj]
i=1 j=1
On the other hand "
[z, 25] = Zcfjxk
k=1
Then

[a,b] = i i aibjcfj:z:k

i=1 j=1

In other words, the commutator is defined when the n? structure constants cfj relative to
the basis {x1,...,z,} of g are given. By the axioms (L1), (L2), they satisfy the relations:

E_o_ k k
¢y =0=¢55 + ¢

n

k m k m k my\ __
E (cijcr + e + cicry) =0
k=1

Definition 2.1.3. A subspace A of g such that

[z,y] € A

for all z,y € A is called a subalgebra of g.

Definition 2.1.4. The smallest subalgebra including X C g is called the subalgebra
generated by X.

We can note that, owing to (Ly), every x € g defines a subalgebra with trivial commu-
tator.

Example 2.1.5. Let V be a vector space of dimension n, and consider the set End(V') of
linear trasformations V — V. End(V) is a vector space of dimension n?, and becomes a Lie
algebra with the new operation given by [a,b] = ab — ba for all a,b € End(V). It is called
the general linear algebra and denoted by gl(V'). Every subalgebra of gl(V') is called a
linear Lie algebra. An important example of linear Lie algebra is given by

sl(V):={ae€gl(V)|Tr(a) =0}

called the special linear algebra.
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Definition 2.1.6. Let g and g’ be Lie algebras. A linear transformation ¢ : g — g’ such
that

[0(x), ¢(y)] = ¢([2,y])

for all x,y € g is called a homomorphism.

The homomorphism ¢ is called a monomorphism if it is injective (or, what is the same,
Ker(¢) = 0), an epimorphism if its image is g’, an isomorphism if it is invertible. If there
exists an isomorphism between g and g’ the two Lie algebras are called isomorphic. An
isomorphism of a Lie algebra g onto itself is called an automorphism of g. The set of all
the automorphisms of g with respect to the function composition is a group, denoted by

Aut(g).

Example 2.1.7. Relatively to any fixed basis of V', gl(V') is canonically isomorphic to the
Lie algebra gl(n,C) consisting of the vector space M, (C) of the matrices n x n over C
endowed with the commutator given by

[a,b] := ab — ba
for all a,b € M, (C). In the same way, an isomorphism between s[(V') and a certain matrix
Lie algebra sl(n, C) follows.
Definition 2.1.8. A subspace I of a Lie algebra g such that
[z, 9l €1

for all x € g and for all y € I is called an ideal of g.

g and 0 are trivial examples of ideals of g. A less trivial example is given by the centre
Z(g) :={z€g]|zr,z] =0 for all z € g}.

Definition 2.1.9. Let I, J ideals of g.
I+J:={i+jegliel,jel}

is called the sum of I and J.

Definition 2.1.10. Let I, J ideals of g. The set [I, J] of all linear combinations of commu-
tators [i, 7] with ¢ € I and j € J is called the commutator of I and J. In particular, [g, g]
is called the derived algebra of g.

Remark 2.1.11. It is straightforward to see that [g, g] = 0 means g to be abelian.
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Proposition 2.1.12. [I,J] and I + J are ideals of g.

Definition 2.1.13. A Lie algebra g is called simple if [g, g] # 0 and its only ideals are the
trivial ones.

The introduction of ideals allows us to define direct sum and quotient structure for Lie
algebras.

Definition 2.1.14. A Lie algebra g is said to be direct sum of ideals I3, ..., I; when it is
g=1® - &I as direct sum of subspaces.

Remark 2.1.15. When g =11 & --- @ I, necessarily [I;,I;] C I; N I; if i # j.

Definition 2.1.16. Let I be an ideal of a Lie algebra g. The (partition) set
o/l:={z+1|zeg)
endowed with the (well defined) operations:
L (z+D)+(y+I1)=(@+y) +lforallz,yecgyg
2. alx+1I):=ax+forallz g, foralla € C

. [x+1Ly+1I]:=[x,y]+ [ forall x,y €g

is a Lie algebra, called the quotient algebra of g on 1.

To any ideal I of g the canonical map

mig— g/l
cr—ax+1

is associated. It is straightforward to see that 7 is an epimorphism.

Lemma 2.1.17. Let ¢ : g — g’ be a homomorphism. Then Ker(¢) is an ideal of g and
Im(¢) is a subalgebra of ¢’

Also for Lie algebras, standard results about homomorphisms hold.

Theorem 2.1.18. Let ¢ : g — g’ an homomorphism. Then
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(a) g/Ker(¢) ~ Im(¢). Moreover, if I is an ideal of g included in Ker(¢), there exists a
unique homomorphism v : g/I — ¢’ such that ¢ =) om.

(b) If I and J are ideals of g and I C J, then J/I is an ideal of g/I and (g/I)/(J/I) is
naturally isomorphic to g/J.

(c) If I,J are ideals of g, then (I +J)/J ~1/(INJ).
Now, another important notion.

Definition 2.1.19. Let g be a Lie algebra and V' a vector space. A homomorphism ¢ :
g — gl(V) is called a representation of g.

Let = € g and consider the map
adgr: g — g
y — [z, 9]
By the Jacoby identity, adgz € gl(g). Moreover, the consequent map

adg: g — gl(g)
T — adgw

is a homomorphism.

adg is called the adjoint representation of g, and it’s easy to check that Ker(adg) = Z(g).
From Theorem 2.1.18 (a), if Z(g) = 0 (as in simple Lie algebras) then g is isomorphic to a
linear algebra.

Actually we know that every complex Lie algebra is isomorphic to some linear algebras
(and then to some matrix Lie algebras) for a general theorem due to Ado and Iwasawa.

I conclude this section by giving two further notions.
Definition 2.1.20. Let g be a Lie algebra and K a subspace of g. The set
Ny(K) ={zreg]|[z,K] C K}
is called the normaliser of K in g.

By the Jacobi identity, Ng(K') is a subalgebra of g; it is the largest subalgebra of g
contained K as ideal when K is a subalgebra.

Every subspace (in particular, subalgebra) K = Z4(K) is called sel f-normalsing.

Definition 2.1.21. For any subset X of a Lie algebra g
Co(X) :={zreg]|[zr,X] =0}

is called the centraliser of X in g.
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Again by the Jacobi identity, Cy(X) is a subalgebra of g. It is straightforward to see
that Z(g) = Cy(a).

Definition 2.1.22. An element = of a Lie algebra g is called regular if the dimension of
Cy(z) := Cy({x}) is minimal among all centralisers of elements in g.

2.2 Semisimple Lie algebras

Let g be a Lie algebra and consider the sequence of ideals recursively defined by:
o gV =g;
o g = [g("_l),g("_l)] forn>1

and called the derived series of g.

Definition 2.2.1. g is said to be solvable if g™ = 0 for some n.

Proposition 2.2.2. The following statements hold.

(a) If g is solvable, then so are all subalgebras and homomorphic images of g.
(b) If I is a solvable ideal of g such that g/I is solvable, then g itself is solvable.
(¢) If I,J are solvable ideals of g, then so is I + J.

Corollary 2.2.3. There exists a unique maximal solvable ideal of g.

The above ideal is called the radical of g. It is denoted by Rad(g).

Definition 2.2.4. g is called a semisimple Lie algebra if Rad(g) =0

We can note that every simple Lie algebra g is semisimple. Indeed, the only ideals of g
are g itself and 0, while g is not solvable by definition (g! # 0 and then g™ = g for all n,
for g being the only non-zero ideal of g).

Definition 2.2.5. Let g be any Lie algebra. The map

k:gxg—C
(z,y) — Tr(adgx adgy)

is a symmetric bilinear form on g, called Killing form.
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Lemma 2.2.6. k is associative (i.e., k([z,y], z) = k(x, [y, 2]) ). Moreover, for any ideal I
of g it results K1 = K|rx1-

In general, a bilinear form B(z,y) on g is called nondegenerate if its radical S is 0,
where S :={zx € g| B(z,y) =0 for all y € g}.

Semisimple Lie algebras are related to the Killing form and to simple ideals by the
following results.

Theorem 2.2.7. A Lie algebra is semisimple if, and only if, its Killing form is nondegen-
erate.

Theorem 2.2.8. Let g be semisimple. Then there exist ideals I,...,1I; of g which are
simple (as Lie algebras), such that g =11 @ --- @ I;. Every simple ideal of g coincides with
one of the I;. Moreover, the Killing form of I; is the restriction of k to I; x I;.

Corollary 2.2.9. If g is semisimple, then g = [g, 9], and all ideals and homomorphic images
of g are semisimple. Moreover, each ideal of g is a sum of certain simple ideals of g.

2.3 Abstract Jordan decomposition

Definition 2.3.1. Let V be a finite dimensional vector space (over C), End(V') the vector
space of linear transformations V' — V', a € End(V'). Then a is said to be semisimple if it
is diagonalizable, i.e., g admits a basis of eigenvectors of a. g is instead said to be nilpotent
if a” = 0 for some n € N.

Consider now a semisimple Lie algebra g. I recall that adgz € gl(V) for all z € g.
The following result holds.

Proposition 2.3.2. Let x € g. There are unique s, x, € g satisfying the conditions:

e adyr = adgws + adgwy,

e adgxs semisimple,

e adgw, nilpotent,

o [z5,2,] =0.
s and x,, are respectively called the semisimple part and the nilpotent part of x.
Remark 2.3.3. When g is a linear Lie algebra, every = € g is semisimple (resp. nilpotent)

if, and only if, adgx is semisimple (resp. nilpotent) in the sense of a linear transformation.
So, in any case, the following definition doesn’t present ambiguity of interpretation.
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Definition 2.3.4. Let g be a Lie algebra and z € g. z is said to be semisimple (resp.
nilpotent) if adgz is semisimple (resp. nilpotent).

Remark 2.3.5 (Nilpotent Lie algebras). A particular class of solvable Lie algebras is given
by the nilpotent Lie algebras, characterised by having all the elements nilpotent.
2.4 Root spaces decomposition

In the sequel, except when explicitally declared, Lie algebras are always intended to be
semisimple.

Definition 2.4.1. A subalgebra of g, only consisting of semisimple elements, is called toral.

If g is non-nilpotent, then it admits an element x whose semisimple part x, is nonzero;
so, the subspace spanned by z; is a subalgebra (with trivial commutator) whose elements
are all semisimple. Therefore there is always at least one toral subalgebra of g.

An important fact is given by

Proposition 2.4.2. Fvery toral subalgebra is abelian.
Definition 2.4.3. A maximal toral subalgebra of g is called a Cartan subalgebra.

Remark 2.4.4. For any Lie algebra g (not necessarily semisimple) a Cartan subalgebra is
defined as a nilpotent, self-normalised subalgebra of g. However, in the case of semisimple
Lie algebras the two definitions are equivalent.

Proposition 2.4.5. Two Cartan subalgebras of the same Lie algebra are conjugated under
the automorphism group Aut(g).

Proposition 2.4.6. For any Cartan subalgebra b of g results Cyq(h) = b.

Let b be a Cartan subalgebra of g. As b is abelian, the set adgh consists of commuting
semisimple endomorphisms of g; so, according to a standard result in linear algebra, adgh
is simultaneously diagonalizable. In other words, g is the direct sum of the subspaces

9o ={z €9/ [h,z]=ah)x for all h € g}

where « ranges over h*. Every g, is called the root space of a.
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We can note that gy coincides with Cy(h) and then with b for the last proposition. The
set of all nonzero o € h* for which g, # 0 is denoted by ®; the elements of ¢ are called
the roots of g relative to b; they are finite in number. In this way, we have a root space
decomposition (or Cartan decomposition):

g= ho @ Ja
acd
Proposition 2.4.7. The restriction of the Killing form to b is nondegenerate.

The last proposition allows to identify h with h* by mapping p € b* to the unique
elements i € b satisfying k(h, 1) = p(h) for all b € h. Using this bijection, x induces a
non-degenerate bilinear form (, ) on h*. For p € h* we set

v 20
4y 1)

Before going on I recall some general notions that will be fundamental in the sequel.

Definition 2.4.8. We call euclidean vector space E a finite dimensional vector space over
R endowed with a positive definite symmetric bilinear form ( , ) called inner product.

Definition 2.4.9. a,b € FE are said to be ortogonal if (a,b) = 0.

Definition 2.4.10. An invertible linear transformation of a euclidean vector space F,
leaving pointwise fixed some hyperplane (subspace of codimension one) and sending any
vector orthogonal to that hyperplane into its negative, is called a reflection in E.

Evidently a reflection is ortogonal, i.e., preserves the inner product on E. Any nonzero
vector « determines a reflection o, with reflecting hyperplane P, := { € E | (8, «) = 0}.
Certainly, nonzero vectors proportional to « yield the same reflection. Finally, we have the
explicit formula:

_ 5 2B
O—CX(B)_ﬁ_ (Oé,a)a
for all 5 € E. In order to abbreviate we put
VN . 2(67 Oé)
<ﬁa « > T (Oé, Oé)

Definition 2.4.11. Let E be an euclidean vector space and ¥ C F, verifying the following
properties:

(a) W is finite, spans F, and does not contains 0.

(b) If & € ¥ the only multiples of @ in ¥ are +a.
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(c¢) If a € U, the reflection o, leaves ¥ invariant.

(d) If o, B € W, then (8,a") € Z

The pair (U, F) is called a root system.

Now, let’s turn to h and bh*.

Proposition 2.4.12. Let Eg be the Q-subspace of h* spanned by all the roots. Then

1. Eg has the same dimension of b* over C.
2. (o, B) € Q for all o, B € Eg. So ( ,) is also a form on Eg.
3. (,) on Eg is positive definite.

Now let E be the real vector space E obtained by extending the base field from Q to R,
ie., E:=R®qgEg. The form (, ) on Eg canonically extended to E is positive definite too.
We conclude that E is a euclidean vector space.

Theorem 2.4.13. Let g,h, UV, E be as above. Then (V,E) is a root system.

Theorem 2.4.14. The correspondence (g,h) — (V,E) is 1 - 1. Moreover, different choices
of Cartan subalgebras bring to root systems that are isomorphic (see next section).

Root systems (and then, as we will see, all simple Lie algebras) are completely classified
in next section.

2.5 Root systems

Let (U, E) (or simply @ if it is implicit the referred space E) be a root system (see Definition
2.4.11). We say that the rank of (¥, E) is [ if dim(E) = [.

Proposition 2.5.1. Let (U, E) be a root system and o« € V. Then the reflection s, is a
permutation of W.

Let (¥, FE) be a root system and suppose that ¥ = ¥y U ¥y with (g, a2) = 0 for all
a1 € Uy and ag € Vo, Let W; C E; be the subspace of E; spanned by ¥; (i = 1,2). It is
straightforward to verify that ¥; is a root system in W;. Then (¥, E) is called direct sum
of (\Ifl, Wl) and (\IJQ, WQ).
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Definition 2.5.2. A root system is said to be irreducible if it is not direct sum of two
other root systems.

Definition 2.5.3. The root systems (¥, E7) e (¥q, E9) are said to be isomorphic if there
exists a bijective linear map f : By — Fa with f(¥1) = Uy and (o, 8Y) = (f(), f(B)"), for
all a, f € Uy. In this case we write (U1, E1) ~ (Vg Eg) (or Uy ~ Wsy).

The following theorem is very important for allowing to classify all simple Lie algebras
from the classification of irreducible root system.

Theorem 2.5.4. The root system of any simple Lie algebra is irreducible. Conversely, for
any irreducible root system U there exist a simple Lie algebra having ¥ as own root system.

Let (U, E) be now a root system. Since ¥ spans E, we can select, in many ways, a
subset A € U that is a basis of . We focus our attention to so-called root bases, having
rather convenient properties.

Definition 2.5.5. Let < a partial order on E. We say that (F,<) is a root order if the
following properties hold:

1. every root a € ¥ is comparable to zero (i.e., either & < 0 or o > 0),
2. if v € F is such that v > 0, then for A € R then Av < 0if A <0 and Av > 0if A > 0,
3. ifu,v€ Fand u <wvthenu+w<v+wforallwe E.

Example 2.5.6. To give an example (and, contestually, to prove the existence) of a root
order in any given root system (E, V), let choose a basis {vi,...v,} of E. So, any v € E
can be written as a linear combination:

l
> A where Ao, Ay €R.
=1

We set v > 0 if the first non-zero \; is positive. Also, for v,w € E we set v > w if
v —w > 0. We have that > is a total order on F and it is clearly a root order. We call <
the lexicographical order relative to vy, ..., v,.

Let < be now a root order in (E, ¥). The root o € ¥ is said to be positive if « > 0, and
negative if « < 0. By U we denote the set of positive roots and by U~ the set of negative
roots. Since roots are either positive or negative, ¥ = ¥+ U ¥~. Note that U~ = —¥ T,

Definition 2.5.7. A root « is said to be simple if it is positive and it is not sum of other
two positive roots.
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Proposition 2.5.8. Let A = {ay,..., a1} be the set of simple roots. Let 5 be a root and
l

write 8 = Z kia;. Thet k; is an integer for 1 <11 <1 and either all k; > 0 or all k; < 0.
i=1

A is then a basis of F, called the root basis relative to < of the root system ¥. We can
note that W has no unique root basis, depending the simpleness of a roots on the choice of
the root order and, in general, two different root orders determine two different root bases.
However, the statement of the last proposition does characterises the root bases in the sense
of the following result.

Proposition 2.5.9. Let ay,...,a; € Y, where [ is the rank of ¥, be such that every element
of U can be written as a Z-linear combination of the ay; such that the coefficients are either
all non-negative or all non-positive. Then there exists a root order < such that {a1, ..., a;}
1s the root basis of U relative to <.

Definition 2.5.10. Let A = {a1,...,} be a root basis. An element A\ € E is called a
weight if (\,a)) € Z for all 1 <i <.

Definition 2.5.11. Let 8 be a positive root and write § as an integral linear combination
of simple roots,

l
>k
=1

!
where all k; > 0. Then the number ht(3) = Z k; is called the height of 5.
i=1
Definition 2.5.12. A [ x [ matrix C' with entries in Z is called a Cartan matriz if
1. C(i,i) =2for 1 <i <,
2. C(i,§) <0 for i+ j,

3. there is a matrix D = diag(dy,...,d;) with d; € Z~g, ged(dy,...,d;) = 1 such that
B = CD is a positive definite symmetric matrix.

Definition 2.5.13. Let C;,(Cs Cartan matrices. We say that the they are equivalent,
and write C; ~ Cy if there exists a permutation o of {1,...,l} such that Ci(i,j) =

Ca(o(i),0(5))-
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Proposition 2.5.14. Let (¥, E) a root system and A = {ai,...,aq} a root basis. The

matriz C = ((oy, o)) is a Cartan matriz, called the Cartan matriz of (¥, E) relative to
A.

Proposition 2.5.15. Let E a real euclidean space of dimension l, A = {ay, ..., o} a basis
of E and C a Cartan matriz. Then there exists an unique root system ¥ C E having A as

root basis and such that C' = ({a;, a))).

The following fundamental result holds:

Proposition 2.5.16. Let (¥, Ey), (Yo, Eq) be root system. Let Ay and Ag be root bases
of respectively W1 and Vo and let C1 and Co be their respective Cartan matrices. We have
(\Ill,El) ~ (\IIQ,EQ) Z'f, and only if, Cl ~ CQ.

Remark 2.5.17. Let ¥ = ¥y @ ¥y be the direct sum of root systems ¥; and ¥y, and
Ay ={a1,...,an}t, Ao ={B1,...,Bn} root bases of ¥; and Wy respectively. Then

A:{O{lj...,am,/ﬁlg-‘-MBTL}

is a root basis of ¥. Furthermore, the Cartan matrix of ¥ relative to A is
C: 0
0 (s

Cartan matrices can be conveniently displayed by so-called Dynkin diagrams. Actually
it is often much easier to work with these diagrams than with the corresponding matrices.

Lemma 2.5.18. Let C be an | x| Cartan matriz. Let i # j; then C(i,7)C(j,7) = 0,1,2,3.
Furthermore, if C(i,7)C(j,i) # 0 then at least one of C(i,7),C(j,7) is —1.

Let C' be a Cartan matrix. We define the Dynkin diagram of C' to be the graph on
[ points with labels 1,...,l.Two points i and j are connected by C(i,7)C(j,7) = 0,1,2,3
lines. If this number is > 0 then we put an arrow towards j if |C'(4,7)| > 1|, and we put an
arrow towards i if |C'(4,7)] > 1.

Example 2.5.19. Let

-1 2 =2 0
¢= o -1 2 -1
0o o0 -1 2
Then the Dynkin diagram of C is
Oo—O0=0—-=>0
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Let us show now that from the Dynkin diagram it can be recovered the Cartan matrix.
Let i # j € {1,...,1} and k be the numbers of lines connecting i and j in the Dynkin
diagram. If k = 0, then C(i,j) = C(j,7) = 0, and if k = 1, then C(i,j) = C(j,i) = —1. If
k > 2, then there is an arrow. Suppose that the arrow points towards j. Then C(i,j) = —k
and C(j,7) = —1. So, from the Dynkin diagram we can determine the off-diagonal elements
of the Cartan matrix. The conclusion is that the Dynkin diagrams determines the Cartan
matrix.

Lemma 2.5.20. Let ¥ be a root system with Dynkin diagram D. Then WV is the direct sum
of W1 and Vs if, and only if, D can be decomposed as the union of two components D1 and
Dy that are not connected and such that D; is the Dynkin diagram of V; fori=1,2.

The classification of all possible Dynkin diagrams, allows to classify all possible root
system. From the previous lemma it is clear that we may restrict our attention to connected
Dynkin diangrams. In this way we classify all the irreducible root systems. All other root
systems are direct sums of these.

Theorem 2.5.21. All connected Dynkin diagrams belong to the following list:

A o0—0O O—O
1 2 -1 1
Bl.’ O O e —(O=0
1 2 -1 1
Cl.‘ O O e — (OO
1 2 -1 1
T
Dy - o—O0 0 0—0
1 2 l—31—-21-1
20
Eg o—0—0 o
1 3 4 5 6
20
E7 - o—0—O0—0—0—20
1 3 4 5 6 7
20
Eg : o—0—0O0—0—0—0—0
1 3 4 5 6 7 8
Fy - O—CO=0—20
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Gy - =0
1 2

I conclude this section by giving a further notion.

Definition 2.5.22. The subgroup of Aut(E) generated by the set of reflections {s, : E —
E | a € ¥} is called the Weyl group of the root system (¥, E). It is usually denoted by
W (W), or simply W if it is clear the root system of reference.

Theorem 2.5.23. W(V¥) =¥

Corollary 2.5.24. W is a finite group.

2.6 Automorphisms

Let g be a Lie algebra, and = € g a nilpotent element. Said n € N such that (adgz)" = 0,
we can define the exponential of adgx as

exp(adyr) == 1+ adgr + (adgz)?/2! + ... + (adgx)™ ! /(n — 1)!
An important fact is that exp(adgz) € Aut(g). This allows the following

Definition 2.6.1. The elements of the subgroup of Aut(g) generated by the set of all the
exponentials of nilpotent maps adgz are called the inner automorphisms of g. The group
of the inner automorphisms of g is denoted by Int(g).

An automorphism that is not inner, is said to be an outer automorphism.

Proposition 2.6.2. Int(g) < Aut(g).

Let g be a semisimple Lie algebra and h a Cartan subalgebra. Consider then the root
system ® of h* and let A = {ay,...a,} be aroot basis. We call a canonical set of generators
of g corresponding to A, a set of the elements x1,...,Zn, Yy1,-. ., Yn, A1, .., hy, such that
Zi € 9a;s Yi € §—q,, the by € h form a basis of h and

° [hi,hj} =0

[z, y;] = 0ijhi

[hi, 5] = (o, 0 )

[hisyj] = —(aj, o )y;
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Lemma 2.6.3. Let {ai,...,q;} be a basis of ® and ; be a nonzero element of ga,. Then
there is a nonzero §; € g—a, such that, setting h; = [Zi, Ui], we have [h;, T;] = 2&;. Moreover,
the x;, y;, h; form a canonical set of generators of g.

An automorphism of g can be described by giving the images of the elements of a
canonical set of generators. Conversely, given any canonical set of generators x},y., h.
corresponding to A, the map sending x; to 5, y; to yi, h; to h} is an automorphism of g.

Remark 2.6.4. Let w € W; then

w(hs) = w(ay) = w(as)”

. Let 2 be a nonzero element of g,(q,), and let y; € g, (q,) be such that [[x7,yj], z]] = 2.
Set h; = [z},y!]. Then by Lemma 2.6.3 the =}, y}, h; form a canonical generating set of g.
Hence the map sending x; — , y; — Y}, hi — h} extends to an automorphism o, of g.
Moreover, h; = w(e) = w(h;). Hence o, is an automorphism of g, stabilising b, and such

that its restriction to h coincides with w.

Let D be the Dynkin diagram of ® with respect to A. We call diagram automorphism
a ¢ € Aut(g) inducing a permutation on A such that:

1. the number of lines connecting a; and «; in D is equal to the number of lines con-
necting ¢(c;) and ¢(«;),

2. if o; and o are connected in D by more than one line then there is an arrow pointing
from «a; to o if and only if the same is true for ¢(a;) and ¢(a; ), for 1 <i,5 <.

The conjugacy classes of the finite order automorphisms in Aut(g) have been classified
by Kac in terms of so-called Kac diagrams (see [13] [9]) which we are going to illustrate for
inner and outer automorphisms. In any case, a black node means that the corresponding
label (throughout denoted by s;) is 1; a non-black node means that the corresponding lable
is 0.

2.6.1 Kac diagrams of inner automorphisms

Let ag denote the lowest root of ®. Then, the Dynkin diagram of the roots ag, aq, ..., a, is
l

called the extended Dynkin diagram of ® (or of g). Let n; € Z be such that ag = — Z n; o
i=i
and set ng = 1. Let sg,...,s be non-negative integers with ged(sp,...,s) = 1, and set
l

m = ansl Let w € C be a primitive m-th root of unity. Let zg be a nonzero element
i=0
of gay- Then xzg,...,x; generate g. Moreover x; — w®x; (1 < i < l) defines an inner
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automorphism of g, of order m. The Kac diagram of this automorphism is then the
extended Dynkin diagram with labels sg, s1 ..., $;. In terms of canonical generating set, the
automorphism is given by z; — wiz;, y; — w %x;, hy — h; (1 < i <1). An example of
Kac diagram of (conjugacy class of) an inner automorphism of Eg of order 4 follows.

S1 83 54 S5

2.6.2 Kac diagrams of outer automorphisms

We restrict, for semplicity, to the simple Lie algebra of type Eg.

Let v : g — g a diagram automorphism (so, of order 2) and gf @ g7 the corresponding
grading. Let then § be a Cartan subalgebra of g fixed by v. Then:

bo ={h eb|v(h) =h}

is a Cartan subalgebra of gfj. Moreover gg is a simple Lie algebra (precisely, of type Fy). Let
U be a root system of gf corresponding to the Cartan subalgebra by and IT = {f,..., Bn}
a basis of simple roots. Let X;, Y;, H; (1 <7 <n) be a canonical generating set of gg.

gy acts on gf. Let By be the lowest weight of gi and let Xo € (g7)g,, Xo # 0. Let
(so,$1,---,5n) be integers with s; > 0 and ged(so, s1,...,8,) = 1. The roots By, 51, ..., Bn
have Dynkin diagram

oO—O0—C—=—0—-=0
0 4 3 2 1

With ap =1, a1 =2, a2 =3, a3 =2, ag = 1, we have > ja;3 = 0.

Set m =2)"" ja;s;, and let w € C be a primitive m-th root of unity. Then:

o Xy, X1,...,X, generate g and by o(X;) = w* X; we uniquely define an automorphism
of g of order m.

e Every outer automorphism of g of order m is obtained in this way (up to conjugation).

An example of Kac diagram of (conjugacy class of) an outer automorphism of Eg of
order 8 follows.

O—e—(CT—=®—O

S0 S4 S3 59 S1
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Chapter 3

Algebraic groups and
f-representations

In this chapter I introduce general notions of the theory of algebraic groups over C, once
presented the algebraic-geometrical context where these objects arise from. The notion of
Lie algebra associated to an algebraic group, finally, lead me to introduce the so called
f-groups, about which my research is concerned. For references see [4], [20], [15], [22]

3.1 Algebraic varieties

Let n be a positive integer, and consider the n-dimensional af fine space A" := C".
The polynomial ring Clxy,...,z,] is then called the coordinate ring of A", and is also
denoted by C[A"]. Every f € C[A"] can be obviously viewed as a function f : A™ — C by
fw) = f(vr,...,v,), where v = (v1,...,0p).

We say that a set X C A" is an algebraic variety over C if there exists a subset A of
C[A™] so that X ={v € A" | f(v) =0 for all f € A}.

The following results hold.

Proposition 3.1.1. The ideal generated by A defines the same algebraic variety defined by
A.

Theorem 3.1.2 (Hilbert’s basis theorem). Let k be a subfield of C (eventually, k = C).
Every ideal of k[z1,...,xy,)] is finite generated.

Corollary 3.1.3. There is no infinite series of strictly increasing ideals in klz1,. .., zy]

The set of algebraic varieties of A™ verifies the axioms of the closed sets of a topology
that is called the topology of Zariski on A™. So, throughout, we refer to algebraic varieties
as to closed sets.
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Hence, a subset of A™ is called open if it is the complement of a closed set. More
generally, if X C A™ is closed, then a Y C X is called open in X if X —Y is a closed set.

Definition 3.1.4. Let U € A™. The smallest closed containing U is called the closure of
U and is denoted by U. U C X is said to be dense in X if U = X.

Proposition 3.1.5. Any polynomial which is zero on a dense subset of X, must be zero on
X.

Now, let U C A™ and consider the set
ZWU)={fe€Clzy,...,zn) | flu)=0for allu e U}

Proposition 3.1.6. Z(U) is an ideal of Clx1,...,xy], called the vanishing ideal of U.

Conversely, given an ideal I C Cz1,...,z,], we can construct the closed set
V(I)={ve A" | f(v) =0 for all f e I}.

Proposition 3.1.7. For a given U C A" the set V(Z(U)) is the smallest closed set con-
taining U; i.e., the closure of U.

Definition 3.1.8. Let I C Clz1,...,z,] an ideal. We call the radical of I the ideal
VI={feClzy,....,zn] | IMm>0: f" eI}

As C is algebrically closed, the following famous result holds.

Theorem 3.1.9 (Hilbert’s Nullstellensatz). Let I C Clzy,...,x,] be an ideal. Then
V() = VI

Let X C A™ be closed. The ring

is called the coordinate ring of X. Its elements can be naturally identified by the restrictions
to X of all f € C[z1,...,2,]. The functions f : X — C associated to the elements of C[X]
are called regular functions. Now, let Y C A™ be closed, and hq,...,h, € C[X] be
such that (hi(v),...,hn(v)) € Y for all v € X. Then h : X — Y defined by h(v) =
(h1(v), ..., hp(v)) is called a regular map. If the h; have coefficients in a subfield k& C C,
then h is said to be defined over k.
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Let h: X — Y be a regular map. We define a corresponding map h* : C[Y] — C[X] by
h*(f)(v) = f(h(v))

This map is called the pullback, or comorphism of h.

Proposition 3.1.10. A* is a homomorphism of algebras. Moreover it is is injective if and
only if h(X) is dense in'Y'.

A regular map h: X — Y that has a regular inverse is called an isomorphism.

Definition 3.1.11 (Irreducible closed sets). A closed set X C A" is called irreducible if it
is not the union of two other closed sets.

Let X C A"™ be closed. If X is not irreducible, we can write X = X; U X2, where
X1,X9 C X are two proper nonempty closed sets. With X;, Xo we can continue this
process. It has to terminate, otherwise we can construct an infinite sequence of closed sets
X 2Y, 2Y, D ..., that is impossible because C[zq,...,z,] has no strictly increasing
sequence of ideals, as consequence of Hilbert’s basis theorem. It follows that X is a finite
union of irreducible closed subsets X = X7 U...UX,. If there are i # j such that X; C X},
then we discard X;. In this way we obtain a union X = X;U...UXj such that X; C X; for
i # j. It is not difficult to see that, up to order, these X; are uniquely determined. They
are called the irreducible components of X.

Theorem 3.1.12. Let X C A" be closed. X is irreducible if and only if T(X) is prime.

Proposition 3.1.13. Let f : A™ — A™ be a reqular map. Let X C A™ be an irreducible

closed set. Then f(X) is irreducible as well.

Proposition 3.1.14. Let X C A" be closed and irreducible. Let U C X be open in X.
Then U s dense in X.

Consider now the set of dual numbers
D = {a+be|a,becC, e =0}
that becomes a 2-dimensional associative algebra over C by putting

(a + be)(c + de) = ac+ (ad + be)e

Let X C A" a closed set and consider v € X. Let m, = {f € C[X] | f(v) = 0}. Then a
map ¢ : C[X]| — C of the form ¢(f) = f(v) + L(f)e is a C-homomorphism of algebras if
and only if
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1. ¢(a) = a for all o € C,

2. L:C[X] — C is a linear map whose kernel includes m? and C.

Definition 3.1.15. Every C-algebra homomorphism ¢ : C[X] — D of the form ¢(f) =
f(v) 4+ L(f)e is called a close point to v on X.

Proposition 3.1.16. If ¢ is a close point to v on X then
1. L(o) =0 for all a € C,
2. L(fg)=g(v)L(f)+f(v)L(g)-

Definition 3.1.17. A linear map L : C[X]| — C so that L(fg) = g(v)L(f) + f(v)L(g) is
called a tangent vector on X at v.

Proposition 3.1.18. The natural correspondence, between close points to v on X and
tangent vectors on X at v, is one to one.

The space of all tangent vectors on X at v is called the tangent space at v, and is
denoted by T, (X).
Remark 3.1.19. L € T,(X) is completely determined by the values L(x;) for 1 <1i < n.
n

Indeed, any f € C[X] can be written f = ag+ Z a;(r; —v;) + h, where a; € C and h € m?.

=

1

n
Furthermore, L(z; — v;) = L(x;). Hence L(f) = Z a;L(z;).

i=1

Let X C A" and Y C A™ be closed sets, and ¢ : X — Y a regular map. Let v € X,
and w = o(v) € Y. Let ¢ be a close point to v on X, and define ¢ : C[X] — C by
P(f) = ¢(c*(f)). Then ¢ is a close point to w on Y. Let Ly, Ly be the elements of
respectively T}, T,, corresponding to respectively ¢, . Then

Ly(f) = Lg(a™(f))

Definition 3.1.20. The linear map d,o : T,, — T, defined by d,o(f) = L(c*(f)) is called
the dif ferential of o at v.
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Lemma 3.1.21. Let X C A,,,Y C A™ be closed sets, and 0 : X — Y, 7w :Y — Z reqular
functions. Let u € X and v =o0(u) € Y. Then dyo : T, — T, is an isomorphism.

Corollary 3.1.22. Let X C A™Y C A™ be closed sets. Let 0 : X — Y be a reqular
function, and suppose that it has a regular inverse. Let v € X and w = o(v). Then
dyo : T, = Ty, is an isomorphism.

Now consider the closed set A", and let v € A™. Then the x; — v; mod m?) form a basis
of m,/m2. For (ay,...,a,) € C" there is a unique L € T,(A") with L(z;) = L(z; —v;) = a;.
This implies that T,(A™) ~ C".

Proposition 3.1.23. Let X C A™ be a closed set, and v € X. Let 0 : X — A" be the
identity map. Then dyo maps T,(X) injectively into T,,(A™). This identifies T,(X) with a
subspace of T,(A™). Moreover, for L € T,(A™) we have L € T,(X) if and only if L(f) =0
forall f € Z(X). In fact, it is enough to have this condition for a set of generators of T(X).

Proposition 3.1.24. Let X C A" be a closed set. Let Fy,...,F, € C[A"] be generators
of Z(X). Identify T,(A™) with C™. Then T,(X) corresponds to the subspace consisting of
n

(a1,...,an) such that Z(DiFj)(v)ai =0 for 1 < j <r, where D;Fj the partial derivative
i=1
of F} with respect to x;.

We can note that the last condition is also equivalent to Fj (v1 4+ a1€,...,v, + ane) =0
for1 <j3<r.

Let X C A™,Y C A™ two closed sets. We identify the product A™ x A™ with A"*™. We
write C[A" x A™| = Clz1,...,%n, Y1, - - -, Ym) and we have natural inclusions C[A"], C[A™] C
C[A™ x A™]. Moreover, if X is defined by the equations f;(v) = 0, and Y by g;(w) = 0,
then X x Y is defined by the equations f;(v, w) = ¢;(v,w) = 0 (where now f;, g; are viewed
as elements of C[A™ x A™]. It follows that X x Y is a closed set.

Lemma 3.1.25. We have C[A"™ x A™] ~ C[A"] @ C[A™].
Throughout we identify C[A™ x A™] and C[A"] ® C[A™].

Let 1 : X XY — X be the projection onto X; i.e, m1(v,w) = v. Similarly 7o will be
the projection onto Y. Then 77 (f) = f® 1, and 75(g9) = 1 ® g for f € C[X],g € C[Y].

Proposition 3.1.26. Let v € X and w € Y. Then L = (d(yu)m1(L), dww)m2(L)) is an
isomorphism T, ;) = Ty & Ty
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Theorem 3.1.27. Let X C A", Y C A™ be irreducible closed sets. Then X x Y in A"t™
1s irreducible as well.

Let X C A" be an irreducible closed set. Then Z(X) is a prime ideal, and therefore the
algebra C[X] = Clz1,...,z,]/Z(X) has no zero divisors. Hence, we can consider the field
of fraction

C(X)={f/glf,g€C[X],g#0}

that is called the field of rational function on X.
We can note that, by definition, taken f/g, f1/g1 € C(X), it is f/g = fi1/¢1 if and only

if fg1—9f1 =0

Definition 3.1.28 (Dimension of a closed set). Let X C A™ be an irreducible closed set.
Then the dimension of X is defined as the transcendence degree of C(X) over C.

Let X be as above and let s be the minimal dimension of a 7;,(X) as V ranges over X.
Then a point v is called singular if dimT,(X) > s, otherwise it is nonsingular. The set of
nonsingular points forms a nonempty open set in X. The set of singular points is therefore
a closed subset. Furthermore, the number s equals the dimension of X.

3.2 Linear algebraic groups and Lie algebras

Proposition 3.2.1. Let G C C" be a closed set endowed with a group structure. Then G
is called a (linear) algebraic group if the group operations - : G x G — G and v : G — G are
reqular maps. (here v denotes inversion).

Example 3.2.2. Let G = {z € G | 2 — 1 = 0}. Then the product and the inverse are
respectively given by (x,y) — zy and z — 2"~!. Both are clearly regular maps. Hence G
is algebraic.

Example 3.2.3. Let V be an n-dimensional vector space over C. Let GL(V') be the group
of invertible linear transformations of V. We denote an element of C"**! by (aij,b), where
1 <i,j < n. Correspondingly we consider the polynomial ring Clx;;,d]. We embed GL(V)
into C"**1 by g — (9ij,1/det(g)), where (gi;) is the matrix of g with respect to a fixed basis
of V. The image of this map is clearly a group. It consists of the zeros of the polynomial
ddet((xi;))—1. Hence it is a closed set. We have C[GL(V')] = Clx;;, d]/(ddet((x;;)) —1. The
multiplication map is clearly regular. Inversion is regular as well because d = 1/det((x;;))
on GL(V).

Proposition 3.2.4. An algebraic group G has no singular points.
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Lemma 3.2.5. Let G be an algebraic group, and A, B C G with A nonempty and open and
B dense. Then G = AB.

Lemma 3.2.6. Let G be an algebraic group. Let H be a subgroup (not necessarily closed).
Then the closure H is an algebraic subgroup of G.

Proposition 3.2.7. Let a : G — H be a morphism of algebraic groups. Then a(G) is an
algebraic subgroup of H. Moreover, if G and « are defined over k, so is a(QG).

Proposition 3.2.8. Let G; fori € I be connected algebraic subgroups of the algebraic group
G. Let G' C G be the subgroup generated by all the G;. Then G’ is a connected algebraic
group. Moreover, there is a finite subset J C I and a k > 0 such that every element of G’
can be written as a product of k elements, each from one of the G where j € J.

Theorem 3.2.9. Let G an algebraic group, and let X1, ..., X, be its irreducible components.
There is exactly one component containing e. This component is a normal subgroup of finite
index in G.

Definition 3.2.10. The irreducible component of G containing e is called the connected
component of the identity of G, and denoted by G°.

With an algebraic group G is associated a Lie algebra, that is, roughly speaking, the
tangent space at the identity e, witch we equip with a Lie algebra structure.

Definition 3.2.11. We call the Lie algebra of G the space

Lie(G) = {6 € C[G]" | 6(fg) = f(e)d(g) + g(e)d(f) for all f,g € C[G]}

where C[G]* is the dual space of C[G]; i.e, the space of linear maps C[G] — C.

Now we want to equip Lie(G) with a Lie algebra structure. In order to do it we first
define a multiplication on C[G]* with respect to which Lie(G) is an associative algebra. Then
we show that Lie(G) is closed under taking commutators, by identifying it with an algebra
of derivations. This then immediately implies that it is a Lie algebra. So, having identified
C[G x G] with C[G] @ C[G], we define a map A : C[G] — C[G]®C[G] by A(f)(a,b) = f(ab),
for a,b € G. This is the cohomomorphism of the multiplication map G x G — G. So if
A(f) =2, fi ® gi then f(ab) =", fi(a)g;(b) for all a,b € G.

We also define amap A®1: C[G] ® C[G] —» C|G] @ C[G] @ C[G] by (A®1)(f®g) =
A(f) ® g. Similarly we have a map 1 ® A.
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Lemma 3.2.12. (A®1)ocA=(1®A)oA.

The map A is called the comultiplication, while the property expressed by the previous
lemma is called coassociativity.

Now let 7,0 € C[G]*. We define their product by 7§ = (y® I ®€)o (A® 1) o A. In
other words, if A(f) = >, fi ® g; then v0(f) = >, v(fi)d(g:i). From the previous lemma
the associativity of this multiplication follows.

Now consider the function € : C[G] — C given by ¢(f) = f(e). Then € is identity
element for the multiplication on C[G|*. Indeed, for f € C[G] and g € G we have f(g) =
(I®e)oA(f)(g). So

de(f) =do(1®e) o A(f) =d(f)

and, similarly, ed(f) = o(f).

We now consider derivations of C[G]; i.e., linear maps D : C[G] — C[G] so that
D(fif2) = D(f1)f2+ fiD(f2). Given two derivations D;, Do we can form their commutator
by [D1, Ds] = D1Dy — D2 Dy, that is a derivation again, as one can see by executing of a
short calculation. Hence all derivations of C[G] form a Lie algebra.

Proposition 3.2.13. Let v, € Lie(G). Then it is |7y, 6] € Lie(G) too.

Last result implies that Lie(G) is a Lie algebra.

Example 3.2.14. Consider the Lie algebra GL(V'), where V is an n-dimensional complex

vector space. Then G can be viewed as a closed subset of C***! and we have ClG] =

Cld,xij | 1 < i,7,< n]/(ddet((x;;) — 1). Let § € Lie(G); then § has m? in its kernel.

Moreover, det((zij)) = 211" Tny, mod m? (as z;; € m2 if i # j). Also, by induction,
n

we have §(x11- - Znn) = > 0(z4). So we get 0 = d(det((z45)d — 1) = 6(z11 - Tppd) =
i=1

> 0(x4i) + 0(d). Hence 6(d) is determined once we know the d(x;;). There are no algebraic
i=1

relations between the x;;; so we can choose a;; € C and define § € Lie(G) by d(xi;) = asj.
Now, let 7,0 € Lie(G) be defined by v(zi;) = a;; and 6(x;;) = b;;. We want to compute
¢ij such that vd(z;;) = ¢;5. For this we need A(z;;). As element of C[G x G] we have
A(xi)(9,9') = xij(9,9') = > . gi9y,;- To this there corresponds a unique element of C[G]®
C[G]. Hence we get A(x;j) = Y ik ® xx;. Therefore ¢;; =), a;pbr;. We conclude that,
if we identify ,d with their matrices (a;;), (b;;), then the product vé corresponds to the
product of the matrices. Therefore, the Lie algebra of G is the Lie algebra of n x n matrices
with the commutator as bracket operation. This Lie algebra is denoted gl(n,C).

Theorem 3.2.15. Let G be an algebraic group with algebraic subgroups Hi, Ho. Then
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1. If Lie(H;) C Lie(H2) then Hy C Hs. In particular, if both Hy, Ha are connected then
Hy, = Hy if and only if Lie(H;) = Lie(Ha),

2. Lie(Hy N Hy) = Lie(Hy) N Lie(Hy).

Theorem 3.2.16. Let G, H and o : G — H a morphism, i.e a regular map and a group
homomorphism too. Then dea : Lie(G) — Lie(H) is a homomorphism of Lie algebras.

Throughout we indicate dea simply by da.

Definition 3.2.17. A morphism p: G — GL(V) is called a rational representation of G.

Theorem 3.2.18. Let G be a connected algebraic group, and p : G — GL(V) a rational
representation. Let U be a subspace of V. Then U is stable under p(G) if and only if U is
stable under dp(Lie(G)).

Definition 3.2.19. Let G be an algebraic group and write g = Lie(G). For g € G consider
the isomorphism ¢, : ¢’ € G +— gg’g~*. Then its differential in e Ad(g) : g — g is an auto-
morphism of g. The consequent map Ad : G — GL(g) is called the adjoint representation
of G.

Theorem 3.2.20. Let G be an algebraic group. Then the adjoint representation Ad is a
rational representation of G, and d Ad(0)(y) = [0,7] for 7,6 € Lie(QG).

I recall that a G-module is said to be simple, or irreducible, if its G-submodules are
just the trivial ones. It is said to be semisimple if it is direct sum of simple G-submodules.

Definition 3.2.21. An algebraic group G is called (linearly) reductive if every finite-
dimensional rational G-module is semisimple.

Theorem 3.2.22. Let V' be a complex vector space of finite dimension. An algebraic group
G C GL(V) s reductive if and only if Lie(G) = s @ t, where s is a semisimple ideal, and t
is an abelian ideal consisting of semisimple elements.

3.3 Reductive Lie algebras and their inner automorphisms

Definition 3.3.1. A complex Lie algebra g is said to be reductive if g = s ® ¢, where s is
semisimple and ¢ is the centre.
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Lemma 3.3.2. Let g be reductive. Then Int(g) is a connected algebraic subgroup of GL(g),
with Lie algebra adg.

Corollary 3.3.3. The Lie algebra adg C gl(g) is algebraic. Moreover, the unique connected
algebraic subgroup of GL(g) with Lie algebra adg is Int(g).

Proposition 3.3.4. If g is semisimple, then Int(g) is the connected component of the
identity of Aut(g).

3.4 The Weyl group

Let g be a semisimple Lie algebra and §h C g be a Cartan subalgebra, with corresponding
root system & C h*.

Consider then the Weyl group W of ® having A as its root basis. I recall that (see
§2.4), for being the Killing form s not degenerate, we get a natural bijective linear map
i€ b* — [ € h by means of which x induces a a scalar product (, ) on h* that is W-
invariant. Moreover, W acts on h*. We can use the bijection between h* and b to let W
also act on h. This means that w(i) = w(w). A short calculation shows that this implies
that sq(h) = h —a(h)a”.

In the sequel we identify W with its image in GL(b).

Lemma 3.4.1. Let w € W; then there is o € Int(g) such that o maps b onto itself, and
J|h =w.

Now let G be an algebraic group with Lie algebra g (for example, G = Int(g)) and let
N¢a(h) be the set of o € G that map h onto itself. Morever, let Zg(h) be the set of 0 € Ng(h)
that are the identity on h. Then we get a natural map ¢ : Ng(h)/Za(h) — GL(b).

Theorem 3.4.2. The image of ¢ is W.
Corollary 3.4.3. W ~ Nq(h)/Za(h).

Proposition 3.4.4. Two elements of b are G-conjugate if and only if they are W -conjugate.

Proof. One direction is obvious. For the other, suppose that o(h;) = hg, for some o € G,
hi,h2 € h. Then o(h) is also a Cartan subalgebra of g, which contains hy. Now h and o(h)
are Cartan subalgebras of Zj(hy). So there is a 6 € Int(Zy(hg)) with fo(h) = b. Note that
9(h2) = hy. So Od(hl) = hy and 6o € Ng(f]) O
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3.5 f-groups

Let g be a semisimple Lie algebra, and G = Adg. We consider Z/mZ-gradings of g:

9:@91‘

1€EZ/MZL

This means that [g;, g;] C git;. Also m =1 is allowed; then by convention, the grading is
a Z-grading.

A Z/mZ-grading, for m # oo, yields an automorphism of g of order m by setting
0(x) = w'z, for x € g;, where w is a primitive m-th root of unity. Conversely, if § € Aut(g)
has order m, then the eigenvalues of # are w’, and the decomposition of g into eigenspaces
of 0 gives a Z/mZ-grading. A Z-grading of g corresponds to a subgroup {6; | t € C} of
Aut(g), where ,(z) = t'z for x € g;.

Consider the group H = {g € GL(g) | g = gf}. Since the equations that define H are
linear, Lie(H) = {X € GL(g) | #X = X6}. Let Gy be the connected component of the
identity of H N G. Then by Theorem 3.2.15

Lie(Go) = Lie(H) N Lie(G) = {adgz | « € g and adyf(x) = adx}

(as f(adz)d~! = adf(z)). But the latter is isomorphic to go. It follows that adgg is
algebraic and Gg is the unique connected subgroup of G with Lie algebra adgy. Moreover,
adgo(g1) C g1. Therefore, by Theorem 3.2.18 Gy - g1 = g1. The group Gy, together with its
action on g is called a 6-group.

Remark 3.5.1 (Vinberg). It is also possible to consider the action of Gy on gg, for k # 1.
However this arises also in the above manner by considering the graded Lie algebra g with
components g; = g;x for 0 <1i <[, where | = m/ged(m, k).

Let x denote the Killing form of g. Let x € g;, y € g;, then (adz)(ady) maps g t0 griitj-
So if i + j # 0 then x(x,y) = 0. So since k is non-degenerate, its restrictions to g; X g—;
have to be non-degenerate as well. In particular, its restriction to go is non-degenerate. So
if go # 0, then it is reductive.

Lemma 3.5.2. Let hy be a Cartan subalgebra of go. Then the centraliser of by in g is a
Cartan subalgebra of g. In particular, go # 0.

Let h be a Cartan subalgebra of g with corresponding root system ®. Then we can
define a Z-grading of g by assigning a non-negative degree to the simple roots. Moreover,
by deg(a + ) = deg(a) + deg(f) and deg(—a) = —deg(a), every root gets a degree. Now
we let go be spanned by b, along with all g, where deg(«) = 0. Furthermore, g;, for ¢ # 0,
is spanned by all g, where deg(a) = i. Then g = @g; is a Z-grading of g. We call this a
standard Z-grading. Now consider a Z-grading of g. Let hy be a Cartan subalgebra of g,
and b its centraliser. Then by contains the homogeneous components of its elements. So
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since g; for i # 0 consists of nilpotent elements only, we infer that b’ C go (and h’ = ).
Let @ be the root system of g with respect to bhg. Let x, € g, and write z, = ZiEZ x; with
x; € g;. Then for h € by,

D i) = [haa] =Y a(h);

1E€EL €L
from which it follows that z, € g; for a certain . We say that ¢ is the degree of a. Now
write a > 0 if its degree if is positive. Then {« € ®' | a > 0} is a system of positive roots,
with corresponding root basis. Moreover, the degree of the simple roots determines the
degrees of the other roots. It follows that the given Z-grading can be mapped by an inner
automorphism to a standard Z-grading.

Consider a standard Z-grading of g. Let hg € h be defined by a(hg) = deg(«), where «
runs over the simple roots. Then g = {z € g | [ho, z] = kx}. This hyg is called the de fining
element of the Z-graded algebra g.

Now consider a Z/mZ-grading of g with corresponding automorphism 6 of order m.
Then 6 maps nilpotent (respectively semisimple) elements of g to nilpotent (respectively
semisimple) elements of g. (Indeed: the minimal polynomial of adz is the same as the
minimal polynomial of ad 6(z)). Let x € g;, and let © = x5+x,, be its Jordan decomposition.
Then 0(z) = O(xs) + 0(x,) is the Jordan decomposition of #(x). But §(x) = wiz, and
wir = wirs + wiz, is the Jordan decomposition of wiz. So O(zs) = wizs and O(x,) = wiz,.
We conclude that g; contains the nilpotent and semisimple parts of all of its elements.

3.6 Cartan subspaces

Let the notation be as in last section. We consider a Z/mZ-grading of g with corresponding
automorphism 6 of order m. A subspace ¢ C g; is said to be a Cartan subspace if it
consists of commuting semisimple elements, and it is maximal with that property. Cartan
subspaces obviously exist. In the first part of this section we show that all Cartan subspaces
are conjugate under Gg.

Let ¢ C g1 be a Cartan subspace. Let h D ¢ be a Cartan subagebra of g, with corre-
sponding root system ®. Then b C Zy(c). So

Zye)=he& P sa=tos
acd
a(c)=0

where t C h and s is semisimple. Since ¢ commutes with s, we see that ¢ C t. Now Z4(c)
is f-stable, so s is as well (as it is the derived subalgebra of the former), and therefore it is
graded (where the grading is inherited from g). As ¢ C t we get that 1 has no semisimple
elements. Let t € t, s € 5. As t and s are both #-stable, we get that t + s € g; if and only

ift € t and s € s51. So with U, = Zy(¢) N g1, we get U, = ¢ @ s1. Furthermore, if we write
u € U, according this decomposition, u = ¢ + s, then this is also the Jordan decomposition
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of u, i.e., the semisimple part is ¢ and the nilpotent part is s. Now decompose g into
simultaneous eigenspaces with respect to ¢, and let the set of nonzero weights be denoted
> C ¢*. Then for an = € ¢ the following statements are equivalent

1. o(x) #0 for all 0 € X,
2. Zy(z) = Zy(c).

Elements x € ¢ with these properties are said to be in general position. From 1. we see
that the set of elements in general position form a nonempty open subset of ¢. We let UEP
be the set of all ¢+ s, where ¢ € ¢ is in general position and s € s1. This then is a nonempty
open subset of U,.

Proposition 3.6.1. The set Go - UE® is open in g;.

Corollary 3.6.2. Let ¢,¢’ be two Cartan subspaces of g1. Then there is a g € G such that
g(e) =¢.

Now let ¢ C g1 be a Cartan subspace. Set

® Ng,(c) ={g € Go|g(c) =},

o Zag,(¢)={9 € Go|g(x)=uaforall z € c},

o Wo = Ng,(¢)/Zcy(c).

If ¢/ is a second Cartan subspace, then by the previous theorem, there is a g € G such
that Ng,(¢/) = gNg,(c)g~! and Zg,(¢) = 9Z¢,(c)g~ 1. So Wy, and its action on ¢, do not
depend on the choice of Cartan subspace. The group Wy is called the little Weyl group.

Proposition 3.6.3. Two elements of ¢ lie in the same Gg-orbit if and only if they lie in
the same Wy-orbit.

Let t be the unique minimal algebraic subalgebra of g containing ¢. Then t consists of
commuting semisimple elements. In the sequel we set s = Z(c) (the centraliser of ¢ in g).
Then s is a reductive subalgebra. Moreover, it is #-stable and hence graded, s = s N gg.

Lemma 3.6.4. Let t, be a Cartan subalgebra of sg. Then h = Zy(t,+1) is a 0-stable Cartan
subalgebra of g containing c.

Let b be as in the previous lemma. Let W = Ng(h)/Za(h) be the corresponding Weyl
group. Since b is -stable we can consider the centraliser W9 of § in W. Let w € W? and
x € ¢. Then w(z) € hNg; = ¢. So w stabilises ¢, and we get a map

7 W% = GL(c)

by restriction, m(w) = w.
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Proposition 3.6.5. W, C 7(W9).

Proof. Let a € Wy, and let g € Ng,(c) be a representative of it. Set L = Z(t), which is a
subgroup of G with Lie algebra [ = Z;(t). Now g(t) is an algebraic torus of g containing c;
hence g(t) = t. This implies that g~'Lg = L, and ¢(I) = .

Furthermore, [ is f-stable, hence it is graded, and [, contains t,. Hence t, is a Cartan
subalgebra of [,. Since g lies in Gy = G?, it leaves the grading invariant, and hence g(t,) is
a Cartan subalgebra of [,. So there is a h € Ly C Go with hg(t,) = (t,) (where Ly denotes
the connected subgroup of G with Lie algebra [,).

Since h € L also hg(t) = t. But b is the centraliser of t, + t. It follows that hg(h) = b.
Also hg € Gy C G?, hence (hg)l, € W?. Moreover, (hg)|c = g|c as h € L. So if we write
w = (hg)|y, then 7(w) = a. O

Corollary 3.6.6. Wy is finite.

Theorem 3.6.7 (Vinberg). Wy is a complez reflection group.
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Computing the little Weyl group

Finally, I consider the problem of classifying the semisimple orbits of a 6-group. The
computational approach consists of an algorithm to compute a Cartan subspace, and of
methods to determine the little Weyl group on the base of theoretical results.

4.1 Constructing a Cartan subspace

In this section g is a reductive Lie algebra with a Z,,-grading, g = EBQ_Ol gi. The algorithm
I’'m going to describe, computes a Cartan subspace of g;. This requires to compute the
Jordan decomposition of elements of semisimple Lie algebras. Let z € s, with s a semisimple
Lie algebra. Compute the Jordan decomposition of the adjoint map adsz = S + N, with S
semisimple and N nilpotent. As we know, there are unique g, z,, € s such that S = ad;z;
and N = ads;x, and we can find these elements by solving systems of linear equations.
Furthermore, the Jordan decomposition of = is = x5 + xy,.

In the algorithm a parameter R is used. It is a positive integer, fixed throughout. The
behaviour of the algorithm depends on it. The explanation of the algorithm is reported in
the proof of Proposition 4.1.1.

Algorithm 1.

Input: a reductive Z,,-graded Lie algebra g.
Output: a Cartan subspace of g;.

(1) Let s = [g, g] and let v be the centre of g. Let 51 = s N g;.

(2) If s; = 0 then return g;.

m
(3) Let 1,...,x, be a basis of s1, and set x = Z c;z; where the ¢; are drawn randomly
i=1
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uniformly and indipendently from the set Q@ = {0,..., R}.

(4) If  is not nilpotent, then execute Step 4(a). Otherwise execute Step 4(b).

(a) (z not nilpotent) Compute the Jordan decomposition x = x5 + x,. Let g be the
centraliser of zs in g. Return the output of the algorithm when applied recursively
to g, with the grading induced by the grading of g.

(b) (z is nilpotent) Set s9 = s N go. Compute [sp, x]; if the dimension of this space is
equal to the dimension of s; then return g; Nt. Otherwise return to Step 3.

Proposition 4.1.1. If Algorithm 1. terminates, then it returns a Cartan subspace of g1.
Moreover, the probability that the algorithm terminates tends to 1 as R tends to oco.

Proof. We note that since g is reductive, g = s @ t, with s semisimple. Let 6 be the
automorphism corresponding to the grading of g, i.e., 8(x) = w'z for = € g;, where w is a
primitive m-th root of unity. Then 6 stabilises s and v. Hence s is also graded, where the
grading is induced by the grading of g. Furthermore, g1 = g1 Ns @® g1 Nt. Note that gy Nt
is always contained in a Cartan subspace. So if gy Ns = 0 then g; C v and hence g; is a
Cartan subspace of g;.

If the x found in Step 3 is not nilpotent, then its semisimple part, x,, also lies in s.
Therefore, its centraliser, g, is strictly contained in g. Furthermore, it is reductive as x4 is
semisimple. Hence by induction the algorithm, with input g, computes a Cartan subspace,
¢ of g1. Then ¢ is a Cartan subspace of g. Indeed, x, is contained in a Cartan subspace
¢ of g. But ¢ is also contained in §. Now z, is an eigenvector of 6, so it is also an
eigenvector of #~'. This implies that g is 6-stable. Therefore, g = g1 N g. Now a y € g is
semisimple as element of g if and only if it is semisimple as element in g. It follows that ¢’ is
a maximal commutative subspace of g; consisting of semisimple elements. In other words,
it is a Cartan subspace of g1. So ¢’ is Gp-conjugate to ¢ (where Gy is the subgroup of G
corresponding to go). Hence ¢ is a Cartan subspace of g;.

If, on the other hand, x is nilpotent, then [sq, z] is the tangent space to the orbit Sy - x,
where Sy C Gy is the group corresponding to sg. If the dimension of this orbit equals the
dimension of s;, then s; contains an open nilpotent orbit (namely Sy - x). This implies
that s1 consists entirely of nilpotent elements. Indeed, the set of non-nilpotent elements in
51 is open. If it is non-empty then it has to have a non-empty intersection with the open
nilpotent orbit, which is not possible. Hence in this case g1 Nt is a Cartan subspace of g;.

If the algorithm does not terminate, then it enters an infinite loop in steps 3 to 5. This
means that the element found in Step 3 is always nilpotent. But for large R that means
that s; consists of nilpotent elements, as the set of non-nilpotent elements is open (and
therefore dense, when non-empty). By [22] this implies that s; has an open nilpotent orbit.
Again for large R that means that at some point a random z is found that lies in the open

nilpotent orbit. But that contradicts the assumption that we have an infinite loop.
O
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Remark 4.1.2. The previous proposition ensures that the algorithm works when R is
large enough. In practice however, it turns out that it is enough to take a small R. In
my implementation I have used R = 2, and hence Q = {0,1}. On some occasions this
makes it necessary to perform more iterations; but this is payed back by the fact that the
coefficients of the elements involved are much nicer. Of course, with such a small R it is not
guaranteed that the algorithm terminates. This can be remedied by increasing R if, after a
few rounds of the iteration, no ”good” element has been found (i.e., a semisimple element,
or a nilpotent element lying in a dense orbit).

4.2 Determination of W

We consider the case where g is a simple Lie algebra with a finite order automorphism
0. We let G be a connected and simply connected algebraic group with Lie algebra g.
Then there exists an automorphism 6 of G, with differential equal to 6. Also, Gy (which
is defined to be the connected algebraic subgroup of G with Lie algebra gg) is equal to
G% = {g € G| 0(g9) = g}. This follows from a theorem of Steinberg that says that the
centraliser of a semisimple element in a simply connected algebraic group is connected (see
[3], Theorem 3.5.6). Let ¢ be a Cartan subspace of g;. I recall that Wy = Ng,(¢)/Zg, (¢).
According to Theorem 3.6.7 this group is generated by complex refections that act on the
space ¢. We want to find a set of complex refections, given by their matrices with respect
to a fixed basis of ¢, that generate Wy. Here we focus on the Lie algebras g of exceptional
type; however, the same methods work when g is of classical type.

Let & be the root system of g with respect to a fixed Cartan subalgebra h. Let A =
{a1,...,q;} be a fixed basis of ®. I recall (see §3.4) that W is isomorphic to the Weyl group
of ®, which is generated by the simple refections s; = s,,. Such a reflections acts on h by
si(h) = h — a;(h)ay, where

o — 20;
(ai; i)

)

Now an element of W permutes the set {a" | a € ®}. This yields a faithful (i.e., injective)
permutation representation of W. So if € is an inner automorphism, then 8 € W and hence
we can compute a generating set of W9 by using permutation group algorithms ([10] [19]).
If 0 is an outer automorphism then it does not lie in W, but it still permutes the a". So
also in this case we can compute W by permutation group algorithms.

Set C = m(W?). Then we have the following scheme

Ne(h) 5w > wW? "¢ > W

(Here 9 : Ng(h) — Na(h)/Za(h) = W is the projection). Let a € C. Then a € Wy if and
only if there is a g € Ng(h) such that

o ¢(g9) € W and 7(4(g)) = a,
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e g € Gy or, equivalently, 0(g) = g.

So, in order to construct Wy, we need to decide whether, for a given a € C, there exists
a g € Ng(h) with the above properties. For this we need an explicit realisation of G. How
to obtain it depends on g. First we suppose that Int(g) = Aut(g)° is simply connected as,
for example, when g is of type Eg, Fy, Go. In these cases we take G = Aut(g) and identify g
and the Lie algebra of G' (which is ad(g)). The reason for taking this particular realisation
is that we know well how to work with automorphisms of g. In these cases 6 € G = Aut(g).
Hence we can define 6 by é(g) = fAgh~'. So it is easy to decide whether a given g € G lies
in Go.

Leta € C,and K, = 77 (a) = {w € WY | n(w) = a}. (Note that this is a finite set.) Let
w € K, and let 0, € G be an automorphism of g stabilising b, and such that its restriction
to b is equal to w. Then the set of g € Ng(h) such that ¢ (g) = w is equal to o, Zg(h).
Let’s see how Zg(h) can be described. Take go € Zg(h) and consider a set of canoincal
generators x;, y;, h; (1 < i <1) of g (see §2.6). Then go(h;) = h;. Morover, the go(z;),
90(yi), lie in go,,0—q, respectively. So go(x;) = Nixs, go(yi) = piys. Since [x;,y;] = h; we get
that A\;u; = 1. Conversely, if we take arbitrarily \; € C, A; # 0, and set p; = 1/A;, then the
hi, A\ix;, p;y; form a canonical set of generating set of g. In this way we get a corresponding
automorphism of g that is the identity on b, and so we have an explicit description of the
automorphisms that are the identity on h by means of 2] parameters Ay, ..., \;, p1, - 4.
On the other hand gq is represented by its matrix relative to a fixed basis of g, which in this
way becomes a matrix depending on the 2/ parameters above. Now set g = o0,90. Then
g € Gy if and only if g = ¢gf, and this is equivalent to a system of polynomial equations
in the A;, ;. Computing a Grobner basis we can check whether this system has a solution
over C. Here it is important to note that we do not need to solve the equations. If the
reduced Grébner basis is not {1}, then the system has a solution, and hence a € Wy. We
perform this for all w € Kj; if the resulting reduced Grébner basis is always equal to {1},
then a ¢ Wy.

Now suppose that Aut(g) is not simply connected, as for example for g of type Eg, F7.
Then we consider a finite dimensional irreducible representation p : g — gl(V'), and we let
G be the connected subgroup of GL(V') with Lie algebra o(g). We choose V such that G
is simply connected. For types Eg, E7 we can take the smallest dimensional representation,
where V is of dimension 27 and 56 respectively. Furthermore, as ¢ is irreducible, the
centraliser of o(g) in gl(V') is 1-dimensional, spanned by the identity transformation. In the
sequel we identify the Lie algebras g and o(g). Note that G acts on o(g) by automorphisms
Ad(g)(p(z)(x)) = gp(x)g~!. This yields a surjective map ¢ : G — Int(g) , with kernel equal
to the centre of G. (In type Eg, F7, with o as before, this is the group of scalar matrices,
with a third, respectively second, root of unity on the diagonal).

Now let o € Int(g). Let U, be the space of u € End (V') such that up(z) = p(o(x))u, for
x in a basis of g. We can compute a basis of U, by solving a set of linear equations.
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Consider the group

G = Nery(p(a)) = {g € GL(V) | gp(g)g™" = plg)}

Then G acts on g by automorphisms; we let ¢ : G — Int(g) be the corresponding map.
(Note that G C G). Then U, N GL(V) is equal to the fibre ¢(5). If we let o be the
identity, then this fibre is an algebraic subgroup whose Lie algebra is Zyy)(p(g)). Since p
is irreducible, this is 1-dimensional. Hence, since all fibres are of the same dimension, we
get that U, is a 1-dimensional space. However, also G has a nontrivial intersection with U,,.
Therefore, taking a basis vector u of U,, there is a nonzero A € C such that g = Au lies in
G. The conclusion is that, up to multiplication by nonzero scalars, we can find an element
of G that maps to a given o € Int(g). Now suppose that # is an inner automorphism.
Then by the above we can compute a § € GL(V) such that \@ € G, for some nonzero
scalar \, and Op(z)0~! = p(6((x)) for all € g. So we can define an automorphism 6 of
G by 6(g) = 0gf~'. The differential of § is equal to 6 (after identifying g and p(g)). So
Go={g€G|0g=gb}.

Let 0p be a generic automorphism of g, stabilising §, such that its restriction to b is
the identity. As seen before, o can be represented (with respect to a fixed basis of g) by a
matrix whose entries are polynomials in 21 parameters, A1, ..., A;, 1, .- ., pg, with A\ju; = 1.
Now we take the \; to be the generators of a rational function field F' in [ indeterminates,
and p; = A; ! Then we compute a basis vector of the space Us,, by solving a set of linear
equations over F'. Taking a basis vector of Uy,, we get (up to scalar multiples) a generic
element of Zg(h). We denote this element by go.

Again consider a € C, K, = 7 '(a) = {w € W? | n(w) = a}, and w € K,. Let
ow € Int(g) be such that it normalises h and its restriction to b coincides with w. We
can compute a g,, € GL(V), such that, after multiplication by a nonzero scalar, g, € G,
and g,p(7)g,t = p(ow(x)) for all z € g. Then g, Zg(h) is the set of elements of G that
map to w € W. We have a € Wy if and only if gZc(h) N Gy is not empty for at least
one w € K,. Consider g,go: we have that g,Zg(h) N Gy is not empty if and only if the
polynomial equations that correspond to égwgo = Guw goé have a solution over C. (Note that
we know g, go only up to multiplication by nonzero scalars. These, however, do not affect
the equations). Again by Grobner basis calculations we can check whether these equations
have a solution. Performing this for all w € K,, we can check whether a given a € C lies in
Wo.

Remark 4.2.1. In practice I compute gg slightly differently. Let §” be the standard Cartan
subalgebra (i.e., the Cartan subalgebra that is part of the Chevalley basis appearing in the
construction of g). We get a matrix ug depending on parameters, that is the general form
of an element in Zg(h'). Secondly, we construct an automorphism o of g, mapping b to b.
Then we get a g, € G such that g,p(x)g,;'. We do this because the equations for ug are
easier to solve than the ones that arise when computing a generic element of Zg(h) directly.
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I briefly summarise the procedure described in this section. Given a Cartan subspace
¢ C g1 we perform the following steps:

e Calculate (bases of) s = Zy(c), t = Dyequm=1 9 N Z(s), to (which is a Cartan
subalgebra of sg and h = Zy(t + to).

e Compute the root system ® of g with respect to h. And let W be the corresponding
Weyl group.

e Compute generators of W by permutation group algorithms. Set C = w(W?).

e For all a € C decide whether a lifts to an element of Gg. The elements that lift
generate Wy.

Remark 4.2.2. In the last step, of course, one may restrict to a that are complex reflections.
Also, once I find a set of a € C that do lift to Gg, and generate a subgroup of C of prime
index, and at the same time I have found a b € C that does not lift to G, then I can stop.

Remark 4.2.3. I remark that for the constructions described in this section it is necessary
to compute the root system of g with respect to . However, this Cartan subalgebra may
not be split over Q. In fact, that happens quite often. In these cases we have to work
over algebraic extensions of Q. Fortunately, MAGMA can handle these well. However, if
the degree of the extension increases, then the computations tend to become much more
difficult.

Remark 4.2.4. The automorphism 6 is said to be N-regular if g; contains a regular nilpo-
tent element. It is known that, up to conjugacy, there is exactly one N-regular inner
automorphism of any given order ([17]). Also, Panyushev proved ([17]) that for N-regular
6 we have that Wy coincides with C = 7(W?). Finally, I remark that for the exceptional
types the N-regular automorphisms have been determined in [8].

Remark 4.2.5. We can compute the degrees of the invariants that generate C[c]"0 directly.
Indeed, this last ring is isomorphic to C[¢]%° ([22]). The space of homogeneous elements
of degree k of C[g;]“° is isomorphic, as Go-module, to Sym”(g;). Now in MAGMA there
are algorithms implemented for computing the decomposition of this last module into irre-
ducibles, given such a decomposition of g;. Write gg = s @ t, where s is semisimple and t a
central torus. Then there is an invariant of degree k if and only if there is a 1-dimensional
submodule of Sym*(g;), on which t acts trivially.

Moreover, the product of the degrees of the generating invariants is equal to the order of
Wo (Theorem 1.3.8). So if this product equals the order of C, then we can conclude C = Wj.
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This approach works well if the degrees of the generating invariants are relatively small.
For higher degrees it becomes difficult to execute it, due to the complexity of the algorithm
for finding the decomposition of the module Sym*(g;). However it has been fruitful (except
in one case) for #-groups corresponding to automorphisms of rank 1.

I have implemented the algorithms described above in the language of the computer
algebra system MAGMA ([1]). With the help of these implementations I have computed
the little Weyl groups for 6-groups corresponding to inner automorphisms of the Lie algebras
of exceptional type. For the outer automorphisms of the Lie algebra of type Ejg, the little
Weyl group was in all cases proved to be equal to C, using the method of Remark 4.2.5. As
an example, I report the lines in MAGMA for getting Wy in a case of outer automorphism
of rank 1.

>R:= RootDatum( "A2A2” : Isogeny:= "SC” );

>d:= LieRepresentationDecomposition( R, [ [0, 1,1,0]],[1]);
> 0 in Weights(d);
false

> 52:= SymmetricPower( d, 2 ); > 0 in Weights(S2);
false

> S3:= SymmetricPower( d, 3 ); > 0 in Weights(S3);
true

In the tables I concentrate on the Lie algebras of type E because for the other types
the little Weyl groups have been determined by Vinberg([22], classic types) and Levy ([15],
classic types, also in characteristic p > 0, and [16], for Gy and F}, also in characteristic
p > 0. For g of type Fy and G2, my results agree with those of Levy ([16]). I would
like to stess, however, that I have obtained all little Weyl groups explicitly, not just their
isomorphism types.

In the sequel, I describe some examples. In the first one we see a case where Wy # C.
The second one illustrates the use of the method outlined in Remark 4.2.5. The third one
reports, at least in one case, the matrices representing the generating reflections of Wy with
respect to a certain basis.

Example 4.2.6. Let g be the Lie algebra of type Eg, and 6 the automorphism of order 4

with Kac diagram
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The following table contains eight roots of the root system of g, given by their coefficients
relative to a set of simple roots:

2 0 1 1

a1 2454321 | ap 0000001 | a3 1232110 | oy 1222210
2 1 1 0

B 2343211 | B, 1121000 | B3 1111100 | B4 0111111

A Cartan subspace of g; is spanned by x_o, + Tay, + Tas + Tay, T8, + g, +Tg, +Ta,.
Let ¢ € C be the usual imaginary unit. Then the little Weyl group Wy is generated by
the matrices (with respect to the above basis):

(10)-( V)

Here W) is strictly smaller than C; we have |Wy| = 32 and |C| = 96. The little Weyl
group Wy is isomorphic to the group G(4,1,2) in the list of Shephard-Todd.
The invariant ring C[c]V0 is generated by z} + 23, 2§ + 5.

Example 4.2.7. Let 0 be the automorphism of order 6 of the Lie algebra of type E7, with

Kac diagram

In this case the rank is 2, and C = 7(W?) is a complex reflection group isomorphic to
(G(6,2,2). The degrees of the generating invariants of this group are 6, 6.

Here gg is isomorphic to the Lie algebra of type A; + Ay + Az + 15, where T denotes
a 2-dimensional central torus. As go-module G; decomposes as a sum of three irreducible
modules with heighest weights

(0,1,0,0,1,-1,-1),(0,0,0,1,0,2,-2),(1,0,1,0,0,—1, 3)

(here the first two coordinates correspond to the two copies of Aj, the next three coordinates
to As and the last two coordinates to the torus). Now with MAGMA it is possible to
compute the decomposition of the modules Sym*(g;). Doing that I find that for k < 5
there are two of them. From this it follows that C[¢]""? is generated by two invariants of
degree 6. We conclude that Wy = C.

Example 4.2.8. Let 0 be the automorphism of order 4 of the Lie algebra of type Eg, with

Kac diagram
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0 is realised in MAGMA as a matrix group over the number field with defining polyno-
mial ¢ — 222 4+ 9 over Q.

In the basis

{va+vi76 +v187+v193, U7+ V155 — V16T + V209, V18 +V157 + V173 — V177, V21 + V164 + V166 + V169 }

the found generating reflections are given by the matrices:

(y* + 3y> — by — 3)
(> + 3y* — by — 3)

N

1
2

?(y + 3y*> — 5y — 3)
= +3y —5y—3)

1
24
1
24

M\H
DN =

%(yi—Sy — 5y +3) %(yz—?’y — 5y +3) 3
3(W* =3y" =5y +3) 33’ —3y* —5y+3) -

M\»—l

-1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
0 -1 0 0
-1 0 0 0
0 0 1 0
0 0 0 1
D i(=y’-y) 0 0
5" +y) 0 00
0 0 1 0
0 0 0 1
0 0 L(—v*+3y*+5y—3) 0
0 1 0 0
(é(y33y2+5y+3) 0 0 0
0 0 0 1

l
2

=

4.3 Tables

This section contains the tables of the little Weyl groups corresponding to the positive rank
automorphisms of the Lie algebras of exceptional type. They agree with the results already
determined by Vinberg [22], except for one case in each of the types Eg, E7 and Eg. In
those cases I find the group with number 8, wheras Vinberg found the group with number
13. In these cases the correct groups were also found by Panyushev ([17], Example 5.3,
together with the inclusions in [22], §9.3) and Pervushin ([18], for the one in type E7).
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Table 4.1: Inner automorphisms of Eg of positive rank.

order Kac diagram rank | N-reg Wo

2 N | G(21,2)

S,

25
3 2 N | G(3,1,2)
4 1 N Cy
4 1 N Cy
4 2 Y 8
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Inner automorphisms of Eg.

RSN EEEEE

G(4,1,2)

Cs

Cs

Ce

Ce

Ce

Cs
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Inner automorphisms of Eg.

12 1 Y Ci2

Table 4.2: Inner automorphisms of E7 of positive rank.

order Kac diagram rank | N-reg Wo

2.ooioo.3NG(2,1,3)

3.Ooio.02 N | G(6,2,2)
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Inner automorphisms of E~.

G(4,1,2)

Cy

G(4,1,2)

Cio

Cio

Cs

Cio

Cs

Cs
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Inner automorphisms of E~.

N Cs
N Cs
N Cs
N Cs
N Cs
N | G(6,2,2)
N )
Y 26
N Cs
N Cs
Y Cia
N Cs
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Inner automorphisms of E~.

0 oo b o e
1 P S
0 leeodon.

Cs

Cs

Cs

Cs

Cs

Cs

Cs

Cig

Co

Cio

Cio

Cio
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Inner automorphisms of E~.

12

12

12

14

18

N S

N S
ceul...

Ci2

Ci2

Ci2

Cia

Cig

Table 4.3: Inner automorphisms of Eg of positive rank.

order Kac diagram rank | N-reg Wo
2 o—o—i—o—o—o—o—o 8 Y 37
2 O0—O i O—O—0O—e—0O 4 N 28
3 | oo i o oo-o-e | 2 N | G(6,1,2)
3 o—o—l—o—o—o—o—o 4 Y 32
3 o—o—i—o—o—o—o—o 3 N 26
3 O0—O i oO—O—O—o—e 1 N Ce
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Inner automorphisms of Ejg.

31

G(4,1,2)

Cio

16

Cio

Cio

Cio

Cio

Ce
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Inner automorphisms of Ejg.

N Cs
N Cs
Y 32
N | ¢,1,2)
N 5)
N 5)
N Cs
N )
N Cs
N Cs
N Cua
N Cua
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Inner automorphisms of Ejg.

Cia

Cia

Cs

Cs

Cs

Cs

Cs

Cs

Cs

Cs

Cs
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Inner automorphisms of Ejg.

0 b o eoos
0 feod e
0 [ ood oo e
0 oed o e oas
T3 P S

N Cs
N Cig
N Cig
N Co
N Cig
Y Cig
N Cig
N Cio
N Cio
Y 16
N Cio
N Cio
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Inner automorphisms of Ejg.

T S

Cio

Ci2

Ci2

10

Ci2

Ci2

Ci2

Ci2

Ci2

Ci2

Ci2

Cua
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Inner automorphisms of Ejg.

2 P
1 D S
N S S
5 Joed o e
N S S
1 D S
3 P SR
3 P SR

N Cia
N Cia
Y Cia
Y C307
Y Cig
N Cig
N Cig
N Cig
N Cig
Y Cao
Y Co4
Y C30
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Table 4.4: Inner automorphisms of Fy of positive rank.

order Kac diagram rank | Wy

2 lo—o—co=>0—e| 1 | G
2 |lo—e—c=0——0| 4 | 4
3 le—o—o=0—e| 1 |GCs
3 |le—e—o>0——o0| I | GCs
3 |o—o—e=0—0| 2 5
4 lo—e—o>0—e| I |G
4 | e—0—e=0—0| 2 8
6 |o—e—c=e—o| I |GCs

6 loe—eo—eo>0—o0| 1 |G

12 oo -o>e—-eo| 1 |Ci2

Table 4.5: Inner automorphisms of G2 of positive rank.

order | Kac diagram | rank Wo
2 O— =0 2 G(6,6,2)
3 o e=0 1 Co
6 PREIPESS 1 Co
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Table 4.6: Outer automorphisms of Eg of positive rank.

order Kac diagram rank Wo
2 & O—O=0—0| 2 G(3,3,2)
) O—O0—C=—0—®| § 35
4 O—O0—C=—®—0| 2 8
4 O—e—C—=—0—20| 1 Cy
4 o——O0—C=—O0—e | Cy
6 o——O0—C=—®—O0| 3 25
6 O—e—CT=0—@| 2 G(3,1,2)
6 O—Oo0—C=eo—@| | Cs
6 O—O0—e——0—0| 1 Cs
6 o— (= 0—O0| 1 Cs
8 —O0—C=®—o | Cs
8 oO—e—C=®—0O| 1 Cs
10 o—O—e=0—e | Cs
10 o—e (" <9 —0O | Cs
10 oO—e—C=—®—® | Cs
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