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Introduction

The main focus of this dissertation is to present an introduction to gradings
of Lie algebras. The aim is twofold: to lay the necessary foundations to
become (in the near future) an algebraist working in this area of research,
and to tackle the problem of finding and classifying the Lie algebras arising
as graded contractions of a specific Z3-grading of the Lie algebra go. As a
result, this dissertation consists of six chapters and four appendices which
might appear very different, at first glance, but they are indeed connected
since they are all very important tools for anyone interested in gradings of
Lie algebras.

The first chapter is devoted to introducing Lie algebras and the study of
semisimple Lie algebras. This chapter will place into context much of the
work of the second chapter. We begin by describing the basic notions of
Lie algebras and their representations, and continue with the study of the
Killing form of a Lie algebra, as well as, the root space decomposition. The
material in this chapter is based on [8, 6].

In the second chapter we study root systems and their bases. This leads
to an investigation of the Weyl group associated to a root system. This work
allows us to describe how one can uniquely extend isomorphisms between
root systems to isomorphisms between Lie algebras to which those root
systems correspond. We are then able to describe the special properties of
Chevalley bases. The work in this chapter is based on the text and exercises
from [8]

Gradings make their first appearance in Chapter three. We quickly shift
our focus to group gradings. We describe a process to obtain a universal
grading group amongst equivalent gradings. We spend some time preparing
and presenting an example of this process. The chapter ends with some
results relating to the automorphisms of a grading. Although most of this
chapter is based on the work in [4], some of the later results and examples
owe acknowledgement to [11].

We present the construction of the exceptional Lie algebra gs in the
fourth chapter. This chapter uses some definitions and results which are
presented in Appendix F. We start by looking at useful results relating to
alternative algebras. Then we introduce upper bounds to the dimension of
go. Finally we show that gs is 14-dimensional and we construct an important



Z3-grading of gz. Much of the work in this chapter is based on hand-written
notes sent in personal correspondence [3].

In the fifth and final chapter we study graded contractions. This work
continues into Appendix A, however this is the newest work and as such is
still under revision. It is worth mentioning here that the bulk of Chapter
5 and Appendix A is original work under construction. It is the result of
an ongoing collaboration with Dr Cristina Draper and Dr Juana Sanchez-
Ortega. Although some of the proofs may be shortened in the future, we
decided to include them as we are excited about the findings.

After introducing the notions for general Lie algebras and gradings we
look specifically at the grading on go which we constructed in the previous
chapter. We are now in a position to attack the problem of finding and
classifying the graded contractions relating to the Z3-grading of go presented
in Chapter 4. The definitions in the first section of this chapter come from
[2]. The rest of Chapter 6 and Appendix A consist of original work completed
for this dissertation.

Tensor products of modules over a commutative ring R are the sole
focus of Appendix B. We explicitly construct the tensor product of two R-
modules, and see how all multi-linear maps filter through tensor products.
This is followed by a collection of results chosen to help build intuition for
the structure and workings of the tensor product. Lastly, we examine how
tensor products interact with direct sums and how linear maps, between
modules, may induce maps between the tensor products of those modules.
This chapter is based on [1].

Appendix C is centred around affine group schemes. We introduce the
topic as familiarity with this area presents opportunities for future research
problems and investigations. Our main aim in this chapter is to describe
Hopf algebras. The work in this appendix is based on [10, 12].

Appendix D is focussed on presenting a proof of Weyl’s Theorem, used in
the third chapter. Such a proof requires results about the Jordan canonical
form of a matrix and the Casimir operator of a Lie algebra representation.
The work in this appendix is based on [8, 6, 13].

The main goal of Appendix E is to describe the differential of a Lie
group homomorphism. We make use of this work in chapter 3. Before we
can study the differential of a Lie group homomorphism we need to study
matrix Lie groups and the exponential map. The work in this appendix is
based on [7, 9].

The last appendix, Appendix F, is a brief summary of important defini-
tions and results related to the octonions. We need this work to accomplish
our goals in Chapter six. The material in this appendix is based on [3].
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Chapter 1

The Basics

In this chapter we introduce the fundamentals of Lie algebras and their
representations. Throughout the text we will assume that F denotes a field
with char(F) # 2. We assume, unless otherwise specified that all vector
spaces are finite-dimensional and defined over F.

1.1 What is a Lie algebra?

Definition 1.1: A Lie algebra L is a vector space endowed with a bilinear
map [—,—]|: L x L — L, called the Lie bracket, satisfying the following
two identities for all elements x,y,z € L :

(L1) [x,z] =0, and
(L2) [, [y, 2]] + [y, [z, 2] + [z, [, ]] = 0.

The identity (L2) is called the Jacobi Identity.
Remark 1.2: Notice that the linearity of the Lie bracket implies

(L1)
0= [z+yz+y]=[z,2]+ [z, 9] + [y, 2] + [y, 9]
(L1)
=" [z,y] + [y, ],
and so [x,y] = —[y,z], for all x,y € L. This property of the Lie bracket is

known as skew-symmetry.
We close this first section with some examples of Lie algebras.

Example 1.3: Let V' be any vector space (finite- or infinite-dimensional).
We may then define a Lie bracket for V' by [u,v] = 0, for all u,v € V. This
is called the abelian Lie algebra structure on the vector space V. The field
F as a vector space over itself may be regarded as a 1-dimensional abelian
Lie algebra.



Example 1.4: Every associative algebra A gives rise to a Lie algebra A~
with the same underlying vector space as A. The Lie bracket may be defined
as the commutator, that is, [a,b] = ab—ba for all elements a,b € A (where ab
denotes the product in A). This is bilinear because the associative algebra’s
product is bilinear. For a,b,c € A we have that [a,a] = aa —aa = 0, proving
(L1), and

[a, [b, c]] + [b, ¢, a]] + [e, [a, b]] = [a, be — ¢b] + [b, ca — ac] + [¢, ab — bal
= a(bc — ¢b) — (bc — ¢b)a + b(ca — ac)
— (ca — ac)b+ c(ab — ba) — (ab — ba)c
= (abc — abc) + (acb — acb) + (bca — bea)
+ (cba — cba) + (bac — bac) + (cab — cab) = 0.

Hence, A endowed with the commutator is a Lie algebra.
Example 1.5: Let V be a vector space of dimension n. We let End(V)

denote the vector space of all linear maps from V to V with the usual
addition of maps and the scalar multiplication

Af)(x) =Af(x), VAXETF, fe End(V), x€V.

We may then endow End(V') with an associative algebra structure, with the
product being composition of maps. Using the construction in Example 1.4,
End(V')~ is a Lie algebra with the Lie bracket defined as

[figl=fog—gof V figeEnd(V).

This is known as the general linear algebra of V. We will denote it by
gl(V) to distinguish the Lie algebra from the vector space.

Let gl(n,F) denote the vector space of n X m matrices with entries in
F. By fixing a basis for V. we may identify gl(V') with gl(n,F). We let e;;
denote the n X n matrix with the 1j-th entry 1 and the rest 0, and remark
that gl(n,F) has dimension n? with basis {e;; |1 <1,j < n}. Its Lie bracket
is given by

[z,y] =y —yx, VY z,y€ gl(n,TF).

Notice that
[eij ] = ke — Gien;, (1.1)
1, ifi=j

0, otherwise

where §;; = {

Subalgebras and Ideals

We now turn our attention to important vector subspaces of Lie algebras:
subalgebras and ideals.



Definition 1.6: Given a Lie algebra L, a vector subspace K of L is a Lie
subalgebra of L if it is closed under the Lie bracket, that is,

[,y € K, Vz,yeK.

Clearly a Lie subalgebra is also a Lie algebra in its own right. Properties
(L1) and (L2) are inherited from the original Lie algebra.

A subalgebra of gl(n, F') is called a linear Lie algebra. Our next two
examples will be linear Lie algebras.

Example 1.7: Let b(n,F) denote the vector subspace of gl(n,F) consisting
of upper-triangular matrices. It is straightforward to check that {e;; |1 < j}
is a basis for b(n,F). By (1.1) we have that [e;j,ey] = 0 if | < i, since
k <1l < i and so, j # k. Whereas, if j < k then i < j < k < [, thus
i # | which means that again [e;j,ey] = 0. This shows that b(n,F) is a
subalgebra of gl(n,F).

Definition 1.8: Given a Lie algebra L, a vector subspace K of L is an ideal
of L if [z,y] € K for allz € K andy € L.

Remark 1.9: When talking about ideals of associative rings one distin-
guishes between left and right ideals. This distinction is not needed in
the context of Lie algebras due to the skew-symmetric property of the Lie
bracket.

All ideals are subalgebras but subalgebras need not necessarily be ideals.
Example 1.7 provides an example of a subalgebra of gl(n,F) which is not an
ideal. To see why b(n,F) is not an ideal notice that

(€22, €21] = do2€21 — d21€22 = €21 & b(n,IF).

Example 1.10: Let sl(n,F) denote the vector subspace of gl(n,F) con-
sisting of all matrices having trace zero. This is an ideal of gl(n,[F) since
tr(zy) = tr(yz) and tr(x+y) = tr(xz) +tr(y). This is known as the special
linear algebra.

Example 1.11: The centre of a Lie algebra L is defined as
Z(L)={z€ L|[z,v]=0, Yvel}

The centre is clearly an ideal of L. We can also see that Z(L) = L if and
only if L is abelian, that is, [L, L] = 0.

Constructing New Lie Algebras

Let us look at two ways in which we may construct new ideals from existing
ones. Let L be a Lie algebra with ideals I and J. Then

I+J={z+ylxel,ye J}and [I,J] = Span{[z,y| |z € I,y € J}

10



are both ideals (and subspaces) of L. To see this, take z € I, y € J and
v € L, then
[x+y,v] =[x, 0]+ [y,v] e T+ J

and,
[z, 9], v] = =y, v], 2] = [[v, 2], 9] € [, J]

since [y,v] € J and [v,z] € I.

In particular, for I = J = L, we obtain that [L, L] is an ideal of L. The
ideal [L, L] is called the derived algebra of L and denoted L’. Notice that
L is abelian if and only if L' = 0.

Homomorphisms

The next basic concept we need is that of a map which preserves the Lie
algebra structure. As Lie algebras are also vector spaces we would naturally
like to work with linear maps but we would also like these maps to 'behave
well” with the Lie bracket.

Definition 1.12: A homomorphism between two Lie algebras L1 and Lo
is a linear map : Ly — Lo such that

U(lz,y]) = [W(2), ¥(y)l, Va,ye Ll

Monomorphisms, epimorphisms and isomorphisms are injective, sur-
jective and bijective homomorphisms, respectively.

Example 1.13: Let L be an arbitrary Lie algebra. The map
ad: L — gl(L),

given by ad(x) = ad,, where ad,: L — L is defined by ad,(y) = [z,y] for
all y € L, is a homomorphism of Lie algebras.
In fact, for x,y,z € L and o, € F, we have that

(aad, + Bady)(z) = afz, 2] + Bly, 2] = [ax + By, 2] = adar1py(2),

which shows that ad is linear. Furthermore:

ad[mvy](z) = [[m,y], Z] = _[[y7 Z]?'T] - sz x}vy]
= [z, [y, 2l] = [y, [z, 2]] = (ady 0 ady — ady © ad)(z)
= [adz, ady](2),

which shows that ad preserves the Lie bracket. This map is called the
adjoint homomorphism.

Proposition 1.14: Let ¢: L1 — Lo be a Lie algebra homomorphism. Then
Ker(1) is an ideal of Ly and Im(v)) is a subalgebra of L.

11



Proof. Since v is a linear map we know that Ker(¢)) and Im(t)) are vector
subspaces of L; and Lo, respectively. For z € Ker(¢) and y € L; we have

P(lz, y]) = W(x), v(y)] = [0,y] = 0,
which shows that [z,y] € Ker(v), as required. Now if ¢(a), 1 (b) € Im(z)),

[¥(a), ¥ (0)] = ¢([a, b]) € Im(¥)),
and so Im(v)) is a subalgebra of Ls. O
Proposition 1.15: Let ¢: Ly — Lo be a Lie algebra homomorphism.
(i) If 4 is an epimorphism, then (L) = L}.
(ii) If 4 is an isomorphism, then ¥(Z(L1)) = Z(Ls).
Proof. The proof of (i) follows directly from v being a Lie algebra epimor-
phism. To see that (ii) holds note that

x€Y(Z(L1)) < z =1(z) for some z € Z(L)
— (=), v@)] =¢(zy) =0, Vi(y) € La.

1.2 Quotient Lie Algebras

We can use ideals to define quotient algebras for Lie algebras. This will lead
us to the familiar Isomorphism Theorems and an important correspondence.
Let L be a Lie algebra and I an ideal of L. For x € L, we may then
consider the quotient vector space L/I = {x+1 |z € L} where the (additive)
coset x + I is defined as {z + u|u € I}. To define a Lie bracket for L/I we
set
[+ I,y+I] =[x,y +1, Vaz,yecl

To check that this is well-defined take x,2’,y,vy’ € L such that x+1 = 2’ +1
andy+ 1=y +1. Thistellsusthatz — 2’ =ue€landy—y =v el
Hence,

e+ Ly+I=[z,yl+1=[ut+a v+y]+1
= ([u,v] + [u7y/] + [xlvv] + [x,vy/]) +1
=[]+ 1=["+14vy +1.

Fix x € L, then for y,z € L and o, 5 € F:

[+ Taly+I)+ B(z+1)] = (afz,y] + )+ (B[z, 2] + I)

= (
=afz+Ly+ I+ pz+1,2z+1].

12



This proves that fixing the first argument induces a linear map. In much
the same way one can show that fixing the second argument induces a linear
map. This proves bilinearity.

Let us now prove identity (L1). For all z € L we have that

[+ I,x+1I=[zx]+1=1
Lastly, for x,y, z € L, we have that

[+ y+Lz4+ 1+ y+1L[z+Lz+I)]|+[z+1,[x+1,y+ 1]
= ([, [y, 2]] + [y, [z, 2] + [2, [z, 9]]) + T = 1,

which shows that identity (L2) holds. Hence, L/I is a Lie algebra over the
same field as L, called the quotient algebra of L by I.

Proposition 1.16: Let I an ideal of a Lie algebra L. There is a bijective
correspondence between the ideals of L/I and the ideals of L containing I.
In fact, an ideal K of L/I corresponds to K := {x € L|x+ I € K}. While
if J is an ideal of L which contains I, then it corresponds to J/I, which is
an ideal of L/I.

Proof. Let us map an ideal K of L/I to K := {z € L|z +1 € K}. We
must check that K is an ideal of L and that K contains I. Take x € K and
y € L, then [z,y] + I =[x+ I,y + I] € K, since K is an ideal of L/I. This
shows that K is an ideal of L. We can also see that for all x € I we have
that x + I = I € K, which shows that I is contained in J.

On the other hand, let us map an ideal J of L which contains I to J/I.
We need to show that J/I is an ideal of L/I. Take x € J, y € L then
[x,y] € J. Thus, [x+ I,y +I]=[z,y|+ I € J/I.

Lastly, notice that these maps are inverses of one another. O

1.3 Isomorphism Theorems

In this section we focus on the isomorphism theorems for Lie algebras. We
go on to introduce a new type of linear maps which will play an important
role as we continue our investigation of Lie algebras.

Theorem 1.17 (Isomorphism Theorems):

(i) If ¢: L1 — Lgy is a Lie algebra homomorphism, then
L/ Ker() = Tm (1),
(ii) For arbitrary ideals I and J of a Lie algebra
(I+J)/J=I/(INJ).

13



(iii) Let I and J be ideals of a Lie algebra L with I C J. Then J/I is an

ideal of L/I and
(L/D)/(J/T) = L} J.

Proof.

(i):

Let K := Ker(). By the isomorphism theorems for vector spaces we
have a vector space isomorphism L/K = Im(%)), given by

¢: L) K — Tm(q),
x4+ K — ¢(x),
for all z € L. To extend this to a Lie algebra isomorphism it suffices

to show that v preserves the Lie bracket. Taking x,y € L, we have
that

Uz + K,y + K]) = ¢([z, y]) = [¥(2), v ()] = (2 + K), ¢y + K],

as required. Thus, {/; is a Lie algebra homomorphism.

ii): Define¢: I+J — I/(INJ) by ¥(x+y) =x+INJ, forallz € I, y € J.

First, we show that this is a linear map. For z,2’ € I, y,9y' € J and
a, 8 € F, we have that

ap(z+y)+ Y’ +y) = (ax+ B2 )+ 1N J
= ¢(ax + B2’ + ay + By)
=vY(a(z+y)+ 62" +9)).

Now, we show that 1 is a Lie algebra homomorphism. For all z, 2’ €
and y,y’ € J, we have that

V([ +y, 2" +y']) = (2, 2]+ [z, 9] + [y, 2] + [y,9])
=[x, 2] +INJ

= [¥(z +y), P + 3.
Let us show that Ker(y) = J. If z € I and y € J then,
z+yeKer(¢p) < z+yecJ
Notice that 1) is surjective since if x + 1IN J € I/(INJ), then
z+INnJ=19(x+0).

An application of (i) gives the desired result.

14



(iii) From Proposition 1.16 we have that J/I is an ideal of L/I. Define a
map ¢: L/I — L/J by ¢p(x+I) = x+ J. This is well-defined because
z+I=2"+Tifandonlyifx —2' €I C J.

We first prove the linearity of . For z,2’ € L and «a, 8 € F, we have
that

Y+ 1) +pE +1)=alz+J)+ B +J)
= arp(z + 1) + By(a’ + I)

Next, we show that 1 is a Lie algebra homomorphism. To do so, take
z,x' € L

V(o + 1,2 + 1)) =[x, 2] +J =[x+ I),¢(" +I))].

Lastly, to see that Ker(¢)) = J/I, notice that
r+I1eKer(¢p) <= veJ < x+1ecJ/l
Since I C J, 1 must be surjective. Now (iii) follows from (i).
O

Example 1.18: We claim that gl(n,F)/sl(n,F) = F. In fact, consider the
map tr: gl(n,F) — F which sends a matrix to its trace. Well known prop-
erties of the trace of a matrix tell us that tr is linear. Furthermore,

tr([z,y]) = tr(zy — yz) = tr(zy) — tr(yz) = 0,

which shows that tr is a Lie algebra homomorphism. Clearly, tr is an epi-
morphism. Lastly, it is clear that Ker(tr) = sl(n,F). An application of
Theorem 1.17 gives that gl(n,F)/sl(n,F) = F, as we claimed.

Definition 1.19: Let L be a Lie algebra. A linear map D: L — L is called
a derivation of L if it has the property

D([a,b]) = [a, D(b)] + [D(a),b], VY a,be L.

The set of derivations of L is denoted by Der(L).
Proposition 1.20: Let L be a Lie algebra, then

(i) Der(L) is a subalgebra of gl(L).

(ii) ad(L) is an ideal of Der(L), whose elements are called inner derivations
of L.

(iii) L/Z(L) = ad(L).
Proof.

15



(i): Let D, E € Der(L) and «, 8 € F. Then

(aD + BE)([a,b]) = aD([a,b]) + BE([a, b))
= [CL, (OCD + B)(b)] + [(OéD + /BE)(G)7 b}

Hence, Der(L) is closed under linear combinations. The set Der(L) is
non-empty since the zero map is a derivation, so Der(L) is a vector
subspace of gl(L). To see that Der(L) is closed under the Lie bracket
take a,b € L and D, E € Der(L).

(D, El([a,b]) = (D o E)([a, b]) — (E o D)([a, ])

= D([a, E()] + [E(a),b]) — E([a, D(b)] + [D(a),b])

= D([a, E()]) + D([E(a),b]) — E([a, D(b)])

— E([D(a), b])

= [a,(D o E)(b)] + [D(a), E(b)] + [E(a), D(b)]

+[(D o E)(a),b] — [a, (E o D)(b)] — [E(a), D(b)]

— [D(a), E(b)] — [(E o D)(a),b]
=la,(DoE—-FEoD)b)]+[(DoFE—FEoD)(a),b
= la, [D, E](b)] + [[D, E](a), b].

So, [D, E] € Der(L), as required.
(ii): For z,a,b € L we have that

ady(la,b]) = [z, ]a,b]] = —la, [b,2]] = [b, [z, a]] = [a, [z, b] + [[x, a], ]
= [ ady (b)] [ad:c(a)ﬂbL

which shows that ad(L) C Der(L). Furthermore, for z,y € L and
D € Der(L) we have that

[D, ad.](y) = D([z,y]) — [z, D(y)]
= [z, D(y)] + [D(x),y] — [z, D(y)] = [D(x), y]
- adD(:r)( )

(iii) An application of (i) from Theorem 1.17 (the First Isomorphism The-
orem) to the adjoint homomorphism gives the desired result.

O]

1.4 Weights

In this section we generalise the notions of eigenvectors and eigenvalues of
a linear transformation to families of linear transformations.
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Definition 1.21: Let V be a vector space and L a subalgebra of the Lie
algebra gl(V). We say that v € V is an eigenvector for L if v is an
eigenvector for every element of L.

To generalise the notion of an eigenvalue we need to be a little careful,
since the eigenvector v of the subalgebra L of gl(V) may have different
eigenvalues corresponding to different elements of L. Thus, the generalisation
of the notion of an eigenvalue is a map A: L — I, and the corresponding
eigenspace is defined as

w={veV]z(v) = Az)v, for all x € L}.

We can see that V) is non-empty since 0 € V). Moreover, V) is a subspace
of V. In fact, for u,v € V), x € L, and «, 8 € F we have that

z(au + Bv) = ar(z)u + BA(z)v = A(z)(au + Bv),

which shows that V) is a vector subspace of V.
Assume V) is non-zero. For v € V), z,y € L, and «, 8 € F we have that

(ax + By)v = ar(@)v + BA(y)v = (eA(x) + BA(y))v,

which shows the linearity of A: L — F, and hence A belongs to the dual
space of L.

Definition 1.22: Let V be a vector space, and L a subalgebra of the Lie
algebra gl(V'). A linear map \: L — F, such that V) # 0, where

Vi={veV]z(w)=Aax)v, forallz e L},

is called a weight for L. We call V) the weight space corresponding to
the weight \.

Example 1.23: Consider L = b(n,F) as a subalgebra of gl(n,F). We will

denote by e the column vector with the first entry 1 and the rest 0. Then for

any x = (xl]) € L we have that xe; = x11e1, and so e; is an eigenvector for

L. The associated weight A: L — F is defined by \(x) = x11, for all x € L.

We claim that V) = Span(e1). To see this we first take 6 € F and x € L

and see that xde; = dxj1e; = A(x)de11, which shows that Span(e;) C V).
n

Now we take v € V) and notice that we may write v = ) (;e;, for some

B1,...,08n € F. We also have that xv = x11v for all x € ZL,1 which implies
that e;yv = v, and hence By = 83 = ... = 3, = 0. We then have that
v = pre1 € Span(ey). Thus, V\ = Span(ey).

Lemma 1.24 (Invariance Lemma): Let V' be a vectorspace over a field F
of characteristic 0, and L a subalgebra of the Lie algebra gl(V'). Let I be an
ideal of L, and A: I — T a weight for I. Then V) is an L-invariant vector
subspace of V'; that is, y(V\) C Vi, for all y € L.
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Proof. We need to prove that if we take y € L and v € V), then y(v) is an
eigenvector of I with z(y(v)) = A(x)y(v), for all z € I. For z € I, we have
that

[, y](v) = 2(y(v)) — y(2(v)) = 2(y(v)) — y(Ax)v) = 2(y(v)) — A@)y(v),

which implies that z(y(v)) = A(z)y(v) + [z,y](v). Since I is an ideal of L
we have that [x,y] € I, which yields that [x,y](v) = A([x,y])v. Hence, the
result will follow by showing that A([z,y]) = 0.

We now construct a y-invariant subspace of V' by considering

U = Span({y*(v) [k > 0}).

Let m be the smallest number such that the vectors v, y(v),...,y"™(v) are
linearly dependent. Then B = {v,y(v),...,y™ !(v)} is a basis for U. We
claim that U is z-invariant for all z € I. Furthermore, we will show that—
with respect to B—z acting on U is represented by an upper triangular matrix
with the diagonal entries all being A(z). We proceed by induction on the
column number. For the first column, z(v) = A\(z)v. Since [z,y] = zy — yz,
we can see that in column k + 1 we have

2(y"(v) = 2y (v) = ([, 9] + y2)y* ' (v).

From the inductive hypothesis we have that zy*~!(v) = X\(2)y*~!(v) +u, for
some u € Span({v,y(v),...,y*2(v)}). We then have that

2y (v) = A(2)y" (v) + y(u),

where y(u) € Span({v,y(v),...,y""1(v)}). We may also apply the induc-
tive hypothesis to [z,y] as [z,y] € I. From this we may conclude that
[z, yly* 1 (v) € Span({v,y(v),...,y* 1 (v)}). These last two results mean
that column k 4+ 1 indeed has the form we claimed.

Set z = [z, y], from our claim above we know that the trace of z acting
on U is mA(z). We also know that U is invariant under the actions of z (we
showed this above) and y (this is true because of how U was constructed).
Thus, the trace of z acting on U is the same as the trace of [z,y] = zy — yz
which is 0. So, mA([z, y]) = 0 and since F has characteristic 0, we must have
that A\([x,y]) = 0. This shows us that z(y(v)) = A(z)y(v) which proves the
result. O

1.5 Representations

Given that we have some specific knowledge about linear Lie algebras, it
would be nice if we could somehow use it when working with an abstract
Lie algebra.
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Definition 1.25: Let L be a Lie algebra. A representation of L is a Lie
algebra homomorphism ¢ : L — gl(V'), where V is some vector space. If 1
is a monomorphism, the representation is said to be faithful.

When referring to a representation we may at times refer to V rather
than to the Lie algebra homomorphism 1.

A representation of the form ¢ : L — gl(n,F) is called a matriz repre-
sentation.

Example 1.26: We have already encountered a representation for any Lie
algebra L. Namely, the adjoint homomorphism ad: L — gl(L) defined in
Example 1.13, is a representation of L. For this reason it may also be called
the adjoint representation.

Definition 1.27: A module for a Lie algebra L, or L-module, is a vector
space V' together with a map L x V' — V, denoted (z,v) — x - v, satisfying
the following identities for all x,y € L, v,w € V, and o, € F:

(M1) (x4 By) -v = alz-v)+ By - v),
(M2) z - (av + pw) = a(z-v) + Bz - w),

(M3) [z,y] v=2-(y-v)—y-(z-v).

A vector subspace W of V' is a submodule of V if W is L-invariant; that
is, v-w € W for all x € L, w € W. In the context of representations the
equivalent of a submodule is a subrepresentation.

Proposition 1.28: Representations of a Lie algebra L, and modules over
L are equivalent definitions.

Proof. Let ¢: L — gl(V) be a representation of L. Then we may make V'
an L-module by defining z-v = ¢(z)(v), for all z € L, v € V. To verify this,
take x,y € L, v,w € V, and «, 8 € F and have

(az + By) - v = a(z)(v) + B(y)(v) = alz-v) + By - v),
- (av + Bw) = arp(x)(v) + fi(z)(v) = afz - v) + Bz - w),

and
[z,y] v =[¢(2),W)]w) =z (y-v) =y (z-v),
as required.
Conversely, if we have an L-module V, then we may define a representa-
tion of L by ¢(x)(v) = x-v, for all x € L, v € V. This map is linear by (M1),

it is a Lie algebra homomorphism because of (M3), and it is a representation
since ¥ (z) € gl(V) for all x € L, by (M2). O

Example 1.29: Let L be a Lie algebra, and I an ideal of L. If we consider
L as an L-module via the adjoint representation, then I is a submodule of L.
Certainly, I is a vector subspace of L, and I is L-invariant exactly because
it is an ideal of L.
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Proposition 1.30: Let L be a Lie algebra, V' an L-module, and W a sub-
module of V. We may endow the quotient vector space V/W with the struc-
ture of an L-module by setting x-(v+W) = (x-v)+ W forallx € L, v € V.

Proof. We need to check that the action of L on V/W above is well-defined.
In fact, take * € L and v,v’ € V such that v — v’ € W, then we have
z-(v+W)—z-(V+W)=z-(v—0)+W =W, since z- (v—2") € W. We
should also check that the three identities (M1), (M2), and (M3) hold. To
do so we take x,y € L, u,v € V,and o, 5 € F

(az+By) (04 W) = a(w-v)+6(y-0) + W = ala- (04 W)+ 5w (v+ 7)),

z-(a(u+W)+Bo+W))=alz-(ut+W))+ Bz (v+ W)),

and
[z, y] - 0+ W) =(lz,y] - V)+ W=z (y-(0+W)) —y-(z-(v+W)).

This confirms that V/W is in fact an L-module. We call the L-module V/W
the quotient module of V by W. O

Example 1.31: Let L be a Lie algebra and I an ideal of L. We saw in
Example 1.29 that I is a submodule of L via the adjoint representation.
Thus, L/I is a quotient L-module with z - (y+ 1) = ad,(y) + I = [z,y] + I,
for all x,y € L.

Proposition 1.32: Let L be a Lie algebra, V an L-module, and W a sub-

module of V. There is a bijective correspondence between the submodules
of V' which contain W and the submodules of V//W.

Proof. If U is a submodule of V' which contains W, we map U to U/W. We
note that U/W is a vector subspace of V/W because U is a subspace of V,
and U/W is L-invariant since U is L-invariant. Thus, U/W is a submodule
of V/W. N
If U is a submodule of V/W, we map U to U = {u € V|u+ W € U}.
By construction W C U. Since 0 € U we know that U is non-empty. Take
z,y €U, a,f €F, then ax+ py+ W =a(z+ W)+ B(y + W) € U, which
implies that ax + By € U. Hence, U is a vector subspace of V. We need to
check that U is L-invariant. To do so take z € L, u € U, then (x-u)+W € U
means that z-u € U. Thus, U is a submodule of V' containing W, as required.
Lastly, notice that these two maps are inverses of one another. O

Definition 1.33: Let L be a Lie algebra and V' an L-module. We say V is
irreducible if V # 0 and its only submodules are V and 0. We say V is
completely reducible if it can be written as a direct sum of irreducible
L-modules.
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Example 1.34: Let L be a simple Lie algebra, that is a non-abelian Lie
algebra which has no proper, non-trivial ideals. Then L is an irreducible
L-module via the adjoint representation.

Example 1.35: Let L = 0(n,F) be the subalgebra of gl(n,F) consisting of
all diagonal matrices. To confirm that L is a linear Lie algebra notice that
the product of diagonal matrices is a diagonal matrix. The inclusion ho-
momorphism 1): L — gl(n,TF) is a matrix representation called the natural
representation of L. The natural L-module is then V = F". Let E; denote
Span(e;) for all 1 < i < n. Then E; is a submodule of V' and since it is

n
1-dimensional it must be irreducible. We may then write V. = @ E;, and
i=1
thus V' is completely reducible.

Lie Module Homomorphisms

Having introduced L-modules, we will now look at homomorphisms between
them. We will see the familiar Isomorphism theorems and the well-known
Schur’s lemma.

Definition 1.36: Let L be a Lie algebra with L-modules U and V. A linear
map ¢: U — V is called an L-module homomorphism if p(z-u) = z-p(u),
forallz € L and u € U.

In the equivalent language of representations let ¢yy: L — gl(U) and
¢v: L — gl(V) denote representations of L corresponding to the L-modules
U and V, respectively. Then the equivalent condition for ¢ to be a homo-
morphism between representations of L is that @ o ¢y = ¢y o .

Lemma 1.37: Let L be a Lie algebra, U and V two L-modules. For any
L-module homomorphism ¢: U — V, we have that Ker(y) is a submodule
of U while Im(yp) is a submodule of V.

Proof. Notice that Ker(p) and Im(p) are vector subspaces of U and V,
respectively. We need only show that they are L-invariant. To do so take
xz € L, u € Ker(p) and ¢(v) € Im(¢) Then

o(x-u)=z-¢(u) =0, and

z-p(v) = ¢z -v) € Im(p),
so both Ker(yp) and Im(p) are L-invariant, as required. O
Theorem 1.38 (Isomorphism Theorems):

(i) For an arbitrary L-module homomorphism ¢: U — V, we have that
U/ Ker(p) = Im(p).

(ii) Let U and W be submodules of an L-module V. Then U + W and
UNW are submodules of V, and (U +W)/W = U/UNW.
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(iii) Let U and W be submodules of an L-module V, with W C U. Then

U/W is a submodule of V/W and (V/W)/(U/W) = V/U.

Proof.

(i):

(iif)

By the Isomorphism Theorem for vector spaces we have that a vector
space isomorphism between U/ Ker(yp) and Im(y), given by

¢: U/ Ker(p) — Im(p)
u + Ker(p) — ¢(u),

for all w € U. To extend this to an L-module isomorphism it suffices
to prove that ¢ is a L-module homomorphism. To do so take x € L
and u e U

z - p(u+Ker(p)) =z - p(u) = p(z - u) = oz - u+ Ker(p)),

Thus, ¢ is an L-module homomorphism, as required.

: Notice that U + W and U N W are vector subspaces of V. For all

rel,uelU weW, wehave - (u+w) =z-u+z-welU+W,
which shows that U + W is L-invariant. Since both U and W are L-
invariant, UNW must be too. Thus, U+ W and UNW are submodules
of V.

Define ¢p: U+ W — U/UNW by ¢(u+w) = u+UnNW, for all
u € U, w € W. By the proof for Theorem 1.17 (ii) we know ¢ is linear,
Ker(¢) = W, and ¢ is a surjective. To see that ¢ is an L-module
homomorphism take x € L, u € U, w € W, we then have

z-dputw)=(z-u)+UNW =¢(z- (ut+w)).
An application of (i) gives the desired result.

From Proposition 1.32 we have that U/W is a submodule of V/W.
Define ¢: V/W — V/U by ¢(v+ W) = (v+ U), for all u € U. By the
proof of Theorem 1.17 (iii) we have that ¢ is linear, Ker(¢) = U/W,
and ¢ is surjective. To see that ¢ is an L-module homomorphism we
take x € L, v € V, we then have

- pv+W)=(z-v)+U =z (v+W)).
An application of (i) gives the desired result.

O

Lemma 1.39 (Schur’s Lemma): Let L be a Lie algebra - defined over an
algebraically closed field F of characteristic 0 - and V an irreducible L-
module. The only L-module endomorphisms of V are scalar multiples of
the identity.
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Proof. Let ¢: V — V be an L-module endomorphism. As ¢ is a linear
transformation of an F-vector space, it must have some A € F as an eigen-
value with corresponding eigenvector v € V. If we denote the identity linear
transformation of V by 1y, we can see that ¢ — A1y is a linear transformation
of V. For x € L, u € V we have that

- (p—=Aly)(u) =z p(u) —z- (M) = p(z-u) =AMz -u) = (p = Aly)(z - u),

which shows that ¢ — Aly is an L-module homomorphism. An application
of Lemma 1.37 yields that Ker(p — A1y ) is a submodule of V. We also know
that it contains the eigenvectors of ¢ corresponding to the eigenvalue A,
so it contains v and thus is non-zero. Since V is irreducible we have that
Ker(¢ — Aly) = V, which implies that ¢ = Aly. Lastly, notice that all the
scalar multiples of 1y, are L-module endomorphisms of V. O

1.6 Solvability, Nilpotency, and Semisimplicity

In this section we describe what it means for a Lie algebra to be solvable,
nilpotent, or semisimple. These notions will play an important roles in the
rest of this chapter where we lay out the basic theory of semisimple Lie
algebras over an algebraically closed field of characteristic zero.

Definition 1.40: A Lie algebra L is called simple if [L, L] # 0, and the
only ideals of L are itself and 0. For a simple Lie algebra L it is clear that
[L,L] =L and Z(L) = 0.

Example 1.41: Let L = s((2,F). Then L is simple if char(F) # 2.

Proof. Notice that {ej2, e21, h1 = e11 — ez} is a basis for L. We can then
see that [612,621] = hq, [612,}11] = —2eq9, [621,h1] = 2e91. Thus, L C L
and so L = L.

Suppose I # L is a non-trivial ideal of L. Then we must have that
dim(I) = 2 or dim(I) = 1. If dim(/) = 2, then L/I is 1-dimensional and
thus abelian. This implies that [z,y] € I, for all z,y € L, which implies
that L = L’ C I. This contradicts our assumption that I is a proper ideal
of L. If dim(I) = 1, then L/I is 2-dimensional. Fix a basis {x + I,y + I'}
for L/I and take any z € I. Then {z,y, 2} is a basis for L. This means that
L' = Span({[z,y], [y, 2], [z, 2]}). However, since I = Span({z}) and I is an
ideal of L, we have that [y, z] = az and [z, z] = Bz for some «, 5 € F. Hence
L' = Span({[z,y], z}), which contradicts the fact that L’ is 3-dimensional.

We have then shown that the only ideals of L are 0 and itself, as required.

O

Let L be a Lie algebra. The derived series of L is defined to be the
sequence of ideals with terms

L=rOcr®Wcr®c.. |
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where L(®) = I, and L*) = [L* =1 L#==D)] for all k > 1.

Definition 1.42: A Lie algebra L is called solvable if L) = 0 for some
keN.

Example 1.43: Let L = b(n,F). Then L is solvable.

Proof. We first claim that B, = {e;; |j —i > 2!} is a basis for L™, for
each m > 1. We proceed by induction on m.

In the case where m = 1 it suffices to show that for all e;j,ex; € L we

have [e;;, er] € Span(B1). We know that [e;;, en] = djxeq — diyer;, since
i <jand k <I[. If j # k and i # [ then [e;j,er] = 0. If j =k and ¢ # [
then I —i > k—j =0, so [ej,ex] = eq € Span(By). If j # k and ¢ = [,
then j —k >i—1=0 and so [e;;, ex)] = —e; € Span(By). Finally, if j =k
and i = [ then [e;j, exi] = ei; — ej; € Span(By).
Let m > 1. In this case it suffices to show that for all e;;,el; € B, we
have [e;j, ext] € Span(Bm+1). Now we have that (j —i),(I — k) > 2m~L.
If j # k and @ # [ then [e;5,er] = 0 € Span(Bp,4+1). If j = k then
[ —i>2m L4 2m=t 4 k5 =27 Similarly, if i = then j — k > 2™. This
proves the claim.

Using the claim we can see that L™ = 0 whenever 2! >n —1. O

Lemma 1.44: Let ¢): Ly — Lo be a Lie algebra homomorphism. Then
w(Lgn)) = T/J(Ll)("), for all m > 0.

Proof. We proceed by induction on n. The case n = 0 is trivial. Let n > 1,

then v € w(Lgn)) means that v = ¢ <§ ai[xi,yi]> = i a;[Y(x;), ¥ (yi)l,

i=1
for some «o; € F, x;,y; € Lgn_l). By the inductive hypothesis we have

that ¥ (z;), ¥ (y;) € ¥(L1)™™Y, which implies that [¢(z;),%(y;)] € ¥(L1)™.
Thus, v € ¥(L1)™. On the other hand, taking v € ¥(L1)"™ means that

m
v = > ajlzi,y), for some «; € F, z;,y; € w(Ll)(”_l). By the inductive
i=1

=1

hypothesis z;,y; € @ZJ(Lgn_l)), which implies that [z;,y;] € @D(Lgn)). Thus,
v E w(Lgn)). O

Proposition 1.45: Let L be a Lie algebra.

(i) If L is solvable, then all subalgebras and homomorphic images of L
are solvable.

(ii) If I is a solvable ideal of L such that L/I is solvable, then L is also
solvable.

(iii) If I and J are solvable ideals of L, then I + J is solvable.

Proof.
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(i) Since L is solvable there is a k > 1 such that L) = 0. Let A be
a subalgebra of L, B a Lie algebra, and ¢: L. — B a Lie algebra
homomorphism. Then A% C L(*) = (. Using Lemma 1.44, we have
that ¢(L)*) = ¢(L*) = 0.

(ii) We have that (L/I)*) = I for some k > 1. Applying Lemma 1.44 to
the canonical homomorphism 7: L — L/I we have that

(L/H® =W +1)/1=1,

so L®) C . Next, proceeding by induction on n we show that

(L#))() = [+ For n = 0 this is trivial. Let n > 1, then

L™ — (1) (pR)y=1)] _ [ (k+n=1) (k+n—1)] _ [ (k+n)
(L) (L) (L) 0] = | , ]

I is solvable so I(™) = ( for some m > 1. Putting this all together we
get Lktm) — (L(k))(m) C 10m) — 0,

(iii) Choose m,n > 1 such that 7™ =0 and J™ = 0. Applying Theorem
1.17 (the Isomorphism Theorems), Lemma 1.44 and the claim from
(i) we have that ((I+.J)™ +.J)/J = (I +1NnJ)/INJ = 0. Since
I is solvable an application of (ii) gives the desired result.

O]

Corollary 1.46: Let L be a Lie algebra. There is a unique solvable ideal
of L which contains every solvable ideal of L.

Proof. Let R be a maximal solvable ideal of L; that is, a solvable ideal of the
largest possible dimension. Let I be any solvable ideal of L. By Proposition
1.45 we have that R+ I is a solvable ideal of L. The maximality of R means
that R+ I = R and so [ is contained in R. 0

Definition 1.47: The unique largest solvable ideal of a Lie algebra L is
called the radical of L and is denoted by rad(L).

Definition 1.48: Let L be a non-trivial Lie algebra. If rad(L) = 0 then L
is said to be semisimple.

Notice that any simple Lie algebra is immediately semisimple. Without
the condition that a Lie algebra must be non-abelian to be simple, the 1-
dimensional abelian Lie algebra would be simple but not semisimple.

Let L be a Lie algebra. The lower central series of L is the sequence of
ideals with terms

L=1°crL'cr?>c...,
where L0 = L, and L¥F = [L, L¥!] for all k£ > 1.
Remark 1.49: Let L be a Lie algebra. Then L*/L*! is contained in the
centre of L/L*+! for all k € N.
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Proof. Take z € L, y € L. By definition of the lower central series of L we
have that [z,y] € L¥+1. Hence [x + LF*1 y + LF+1] = LF+L, O

Definition 1.50: A Lie algebra L is nilpotent if there is a k > 1 such that
LF = 0. We note that L) C L*¥, and so nilpotency implies solvability.

Example 1.51: Let n(n, F) denote the vector subspace of b(n, F') consisting
of all strictly upper triangular matrices. By the proof in Example 1.43 we
can see that n(n, F) = (b(n, F))(") which tells us that n(n, F) is a Lie algebra
in its own right. We claim that it is a nilpotent Lie algebra.

Proof. We will show that By, = {e;; | j—i > k} is a basis for L* for all k € N.
We proceed by induction on k. The case k£ = 0 has already been proved in
the proof of Claim 1.43

Let k > 0. Take e;; € L and e;1jr € L*. To prove our claim it suffices to show
that [e;j, ;1] € Span(B**1). Note that j—i > 0 and j'—4’ > k which tells us
that j—i > 1 and j'—i’ > k+1. We can see that [e;;, €] = djieijr —ijreq ;.
Ifi/ =jthenj —i>k+1+i—i=k+1+j—i>k+2andsoj —i > k+1,
whereas if ¢ = j' then j—i' > 1+i—4i = 1+ —¢' > k+2and so j—i > k+1.
Thus, [e;;, eij1] € Span(B**1), as required.

Now we can see that L™ = 0. ]

Lemma 1.52: Let ¢: L1 — Lo be a Lie algebra homomorphism. Then
(L") = Y (L1)", for all n > 0.

Proof. We proceed by induction on n. The case n = 0 is trivial. Let n > 1,

then v € (L") means that v = 1 (i ai[xi,yi]> = in: ai[t(z:), ¥ (yi)],

i=1 i=1
for some o; € F, x; € L1, y; € Lln_l. By the inductive hypothesis we
have that 1 (y;) € ¥(L1)" !, which implies that [v(x;),¥(y;)] € ¥(L1)™.
Thus, v € ¥(L1)"™ On the other hand, taking v € ¢(L1)" means that

m
v =Y as[z,yi], for some a; € F, z; € ¥(L1), y; € ¥(L1)""'. By the
i=1

inductive hypothesis y; € ¢(L,""'), which implies that [z;,4;] € ¥(L").
Thus, v € Y(L"). O

Proposition 1.53: Let L be a Lie algebra.

(i) If L is nilpotent, then all subalgebras and homomorphic images of L
are nilpotent.

(ii) If L/Z(L) is nilpotent, then L is nilpotent.
(iii) If L # 0 is nilpotent, then Z(L) # 0.

Proof.
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(i) Since L is nilpotent there is some n > 1 such that L™ = 0. Let A
be a subalgebra of L, and ¥: L — K a Lie algebra homomorphism.
Then A™ C L™ =0, so A is nilpotent. By Lemma 1.52 we have that
(L) = (L") =0, so Im(¢)) is nilpotent.

(i1) As L/Z(L) is nilpotent there is some n > 1 such that (L/Z (L))" = 0.
By Lemma 1.52 we have that 0 = (L/Z(L))" = (L™ + Z(L))/Z(L)
which means that L™ C Z(L). Thus, L"*! = 0 and so L is nilpotent.

(iii) Suppose, to the contrary, that Z(L) = 0. Then L' = L which implies
that L™ = L, for all n € N. This contradicts L being nilpotent.

O]

1.7 Engel’s Theorem

In prior sections we introduced the notions of nilpotency and solvability, as
well as representations. The adjoint representation will allow us to apply
some of this knowledge of representations to abstract Lie algebras. This sec-
tion and the next focus on Engel’s and Lie’s theorems, respectively. We begin
by studying results linking nilpotency for a Lie algebra and ad-nilpotency
of its elements.

Definition 1.54: Let L be a Lie algebra and K a subalgebra of L. The
normaliser of K in L is defined by

Np(K)={z e L|[z,y e K, Vye K}.

Proposition 1.55: Let L be a Lie algebra and K a subalgebra of L. Then
N1(K) is the largest subalgebra of L in which K is an ideal.

Proof. We first prove that Np(K) is a subalgebra of L. To do so we take
x,y € No(K), z€ L, a,3 € F, then we have

[ + By, 2] = afz, 2] + Bly, 2] € K,

which shows that N (K) is a vector subspace of L. Moreover, by the Jacobi
identity we have

[[z,9], 2] = =lly, 2}, 2] = [[2, 2], 9] € K,

which shows that [z,y] € N(K). Thus, Ni(K) is a subalgebra of L.

We note that K is an ideal of Ny (K) by construction. Suppose J is a
subalgebra of L in which K is an ideal. Then [z,y] € K forallz € J, y € L,
and so J C N (K), as required. O

Proposition 1.56: Let L be a subalgebra of gl(V') for some vector space
V. If x € L is nilpotent, then ad,: L — L is nilpotent.
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Proof. Let y € L and k > 1, then (ad,)*(y) = [z, [z,...,[z,y]...]] and
expanding this using the commutator we get a sum of expressions, all of
which we claim are of the form 27yz*~7 for some 0 < j < k. We proceed by
induction on k. The case where k = 1 is clear as [z,y] = vy —yz. Fix k > 1
and assume the result holds for k. We have that (ad,)**1(y) = [, (ad,)*(y)],
which tells us that each summand of (ad,)**!(y) is of the the form

[, 2l yah ) = it lyght1=GHD) _ giyaht1=i
as claimed.
Since x is nilpotent there is some n > 1 such that ™ = 0. From the
claim we can see that (ad,)?"(y) = 0, and so ad, is nilpotent. O

Lemma 1.57: Let L be a Lie subalgebra of gl(V'), where V' is a non-zero
vector space. If L consists of nilpotent linear transformations, then there is
some non-zero w € V such that L -w = 0.

Proof. We proceed by induction on dim(L). First, we cover the case where
dim(L) = 1. Suppose, to the contrary, that = -v = 0 only if v = 0, for all
x € L, v € V. Then Im(z) = V, which further implies that Im(z"™) = V for
all n > 1. This contradicts  being nilpotent.

Assume now that dim(L) > 1. Let K be a maximal proper subalgebra of
L. By Proposition 1.56 we have that the elements of K are ad-nilpotent on
L, so for u € L we have that ad,: L — L is nilpotent. We may the consider
the action of u + K on the quotient vector space L/K, that is,

(ut+K) (y+K)=adusk - (y+ K) = [u,y] + K.

Since ad, is nilpotent we have that ad,x is also nilpotent. Hence, the
elements of ad(L/K) are nilpotent. By the inductive hypothesis there is
some x € L — K such that [z,y] + K = K for all y € K. This implies that
[z,y] € K for all y € K. From the definition of Ny (K) we may conclude
that © € Np(K). However = ¢ K, so K is a proper subset of Ny (K). Since
K is a maximal proper subalgebra of L, we must have that Np(K) = L.
Hence, from Proposition 1.55 we have that K is an ideal of L.

Set K = K @ Span({z}). This is a Lie subalgebra of L which properly
contains K, so K = L. Thus, K has codimension 1. We now apply the
inductive hypothesis to K. This tells us that there is a non-zero v € V such
that y-v =0, for all y € K. Let W = {w € V]y(w) =0, Vy € K}.
Since v € W we know that W is non-zero. We apply Lemma 1.24 and
see that W is L-invariant, specifically (W) C W. We remark that in this
application of Lemma 1.24 we do not require that char(F) = 0 because the
associated weight is the zero map. Now, z is nilpotent so the action of z
on W is nilpotent. Thus, there is a non-zero w € W such that x - w = 0.
For any z € L we may write z = y + Sz for some y € K, § € F. So
z-w=y-w+Px-w=0,forall z€ L. O
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Let L be a nilpotent Lie algebra. Then L™ = 0 for some n > 1. We
can then conclude that (ad,;)™ = 0 for any x € L. So all elements of L are
ad-nilpotent. The following important theorem shows that the converse is
also true.

Theorem 1.58 (Engel’s Theorem): Let L be a Lie algebra. If every element
of L is ad-nilpotent, then L is nilpotent.

Proof. We proceed by induction on dim(L). In the case where dim(L) = 1,
L must be abelian and thus nilpotent.

Assume now that dim(L) > 1. We consider the image of L under the
adjoint representation, which is a linear Lie algebra. We know that each
element of ad(L) is a nilpotent linear transformation of L. An application of
Lemma 1.57 yields the existence of a non-zero v € L such that ad(L)-v = 0.
Thus, v € Z(L) which implies that Z(L) is non-zero. So the quotient Lie
algebra L/Z(L) = ad(L) has dimension strictly smaller than L. By the
inductive hypothesis we conclude that L/Z(L) is nilpotent and then an
application of Proposition 1.53 yields that L is nilpotent. ]

There is an equivalent statement of Engel’s Theorem which is often use-
ful. We will prove it as a corollary of Lemma 1.57.

Corollary 1.59: Let L be a subalgebra of gl(V'), where V' is a non-zero
vector space. If L consists of nilpotent linear transformations, then there is
a basis for V relative to which the matrices of L are all elements of n(n,IF).

Proof. We know that there is a non-zero v € V such that L -v = 0. We
proceed by induction on dim(V). If dim(V') = 1, then since L = Span({v})
we are done.

Assume now that dim(V) > 1. Then the L-module V = V/Span(v)
has dimension dim(V) — 1 = n. By the inductive hypothesis there is a
basis, {b1 + Span({v}),..., b, + Span({v})}, of V relative to which the

matrices representing the action of L on V are elements of n(n,F). We
claim that B = {v,b1,...,b,} is a basis for V. Clearly, Span(B) = V and

B —{v} is linearly independent. Suppose v = >, f3;b; for some 3; € F. Then
i=1

> Bibi + Span({v}) = Span({v}), which contradicts B — Span({v}) being
i=1

linearly independent. Since L -v = 0 we may conclude that, with respect to
B, the matrices of the elements of L are elements of n(n,F), as required. [

1.8 Lie’s Theorem

We will now study an analogous result to that of Engel’s Theorem in the
context of solvability. This will require working with an algebraically closed
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field of characteristic zero. For the rest of the chapter we will assume that
F denotes such a field.

Lemma 1.60: Let L be a Lie subalgebra of gl(V') where V is a non-zero
vector space. If L is solvable, then V contains an eigenvector for L.

Proof. We proceed by induction on dim(L). In the case where dim(L) = 1,
we note that since every y € L is a linear transformation and F is alge-
braically closed, x must have an eigenvector in V.

Assume now that dim(L) > 1. Since L is solvable we know that L’ is
a proper ideal of L. Take a subspace K of L/L', of codimension 1. Since
L/L' is abelian we must have that K is an ideal of L/L’. By Proposition
1.16 there is a corresponding ideal K of L which has codimension 1 and
contains L’. Thus, we may take z € L — K and write L = K & Span({z}).
Applying the inductive hypothesis we get an eigenvector v € V for K. This
also gives us a weight A\: K — I and a corresponding weight space V), which
is non-zero since v € V). An application of Lemma 1.24 tells us that V) is
L-invariant. Specifically, this means that z - V) C V). Thus, z restricted to
V) is a linear transformation and since F is algebraically closed there must
be a w € V) such that w is an eigenvector for z.

Taking y € L we may write y = x + 8z, for some x € K, 8 € F. Thus,

y(w) = z(w) + fz(w) = Mz)w + A(Bz)w
Hence, w is the required eigenvector for L. ]

Theorem 1.61 (Lie’s Theorem): Let L be a subalgebra of gl(V'), where V
is a non-zero vector space. If L is solvable, then there is a basis for V relative
to which the matrices of L are all elements of b(n,F).

Proof. From Lemma 1.60 we know that there is a v € V' which is an eigen-
vector for L. We proceed by induction on dim(V'). In the case where
dim(V) = 1 the existence of the eigenvector v makes the result clear.
Assume now that dim(V) > 1. Then the L-module V = V/Span({v})
has dimension dim (V') — 1 = n. By the inductive hypothesis there is a basis
{by + Span({v}), ..., bp + Span({v})} of V, relative to which the matrices
representing the action of L on V are elements of b(n,F). We claim that
B = {v,b1,...,b,} is a basis for V. Clearly, Span(B) = V and B — {v} is
n

linearly independent. Suppose v = Y (;b; for some §; € F. Thus implies
=1

that Z Bibi + Span({v}) = Span({v}), which contradicts B — Span({v})

belng hnearly independent. Since v is an eigenvector for L we may conclude
that, with respect to B, the matrices of the elements of L are elements of
b(n,F), as required. O
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1.9 Killing Form

In this section we look at an important bilinear form on Lie algebras over
F. We will later see that this form can give us important information about
whether a Lie algebra is solvable or semisimple.

Definition 1.62: Let L be a Lie algebra. Define k: L x L — F by
k(x,y) = tr(ady o ady),

for all x,y € L. Then k is a symmetric bilinear form on L, called the Killing
form.

We know that the adjoint representation is linear and we saw in Example
1.18 that tr is linear. To see that k is bilinear we take o, 8 € F, x,y,z € L,
and see that

k(ax + By, ad,) = tr(aday1gy © ad) = tr((aad, + Bady) o ad.)
= atr(ady o ad,) + ftr(ady o ad,) = ak(x, z) + By, 2),
which shows that one argument is linear. Similarly, one can see the other
argument is linear and so, & is bilinear. We note that x is symmetric because
tr(zy) = tr(yz) for linear maps. Another useful property of the Killing form
is its associativity, which is the property that x([z,y|,z) = k(z, [y, 2]), for
all x,y,z € L. To show that this property holds we need the property of

tr that tr((ab)c) = tr(c(ab)), for linear transformations a, b, ¢, which implies
that

tr(la,blc) = tr(abc) — tr(bac) = tr(abc) — tr(acb) = tr(alb, c]).
From Proposition 1.20, for x,y, z € L we have that

k([z,y], 2) = tr(ady yad,) = tr(([z, ady] + [ad., y])ad.)

= tr(adyadyad,) — tr(adyadyad,)
= tr(adyadyad,) — tr(adyad.ady) = tr(ad,(adyad, — ad,ad,))
— tr{ads([y. ad.] + [ady. 1)) = tr(adsady, ) = (z. . 2]).

which shows the k is associative.

rl(a

Proposition 1.63: Let L be a Lie algebra. Then L is solvable if and only
if L' is nilpotent.

Proof. Suppose L is solvable. Applying Proposition 1.45 we have that ad(L)
is solvable. By Theorem 1.61 (Lie’s Theorem) there is a basis for V, relative
to which every element of ad(L) is upper triangular. Then ad,(y) = [z, y] is
strictly upper triangular, and thus nilpotent, for all x,y € L. Thus, every
element of L' is ad-nilpotent. Applying Theorem 1.58 (Engel’s Theorem)
we have that L’ is nilpotent.
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On the other hand, suppose L’ is nilpotent. Then L’ is solvable and L/L’
is clearly solvable. We may then apply Proposition 1.45 and see that L is
solvable. O

Lemma 1.64: Let x,y € gl(V), where V is some vector space. If x and y
commute then for all k > 1 each summand of (x — y)* is of the form z'y’
for natural numbers i and j, where at least one of i or j is greater than k /2.

Proof. We proceed by induction on k. The case k = 1 is clear. Assume
k> 1. Then (z—y)* = (z—y)(xz—y)*'. Applying the inductive hypothesis
to (x — y)*~! and using the knowledge that z and y commute yields the
desired result. O

Lemma 1.65: Let L be a subalgebra of gl(V'), where V' is some vector space.
If tr(zy) = 0 for all x,y € L, then L is solvable.

Proof. We claim that L’ is nilpotent. Take x € L’ with Jordan decomposi-
tion x = d +n. We may choose a basis for V' relative to which d is diagonal
and n is strictly upper triangular. We would like to show that d = 0. Sup-

pose d has diagonal entries Ay,..., Ap. Let d be the diagonal matrix with
diagonal entries A1,..., A, (where @ denotes the conjugate of a). Then,
ML
Aohg 0
dr =d(d+n) = +n,
An—1An—1
0 Andn

_ no__
where n’ is some strictly upper triangular matrix. Thus, tr(dzx) = > A\iA;.
i=1

n

Since z € L' we may write = > «;[y;, zi] for a; € F, y;,2z; € L. We have
i=1

that

tr(dz) = Zaitr(a[yi, zi]) = Z aitr([d, vi)zi).
i=1 i=1

If we can show that [d,y;] € L we may conclude, by our hypothesis, that
tr([d,y;]z;) = 0 for all i € {1,...,n}. Then we would have tr(dz) = 0
which would imply that d = 0 and then we would be done. So let us show,
equivalently, that ad; maps L to L. By Corollary D.9 we have that the
Jordan decomposition of adz is adz = adj + adm. From Theorem D.7 we
know that there is a polynomial p € F[X] such that p(adz) = ad;. Since adz
maps L to L, p(adz) does too. Thus, [d,y;] € L, and so d = 0. This shows
that x is nilpotent. From Proposition 1.56 we have that x is ad-nilpotent,
which means that we may apply Engel’s Theorem (which states that if every
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element of a Lie algebra is ad-nilpotent, the algebra is nilpotent) and see
that L’ is nilpotent. Finally, since L is solvable if and only if L’ is nilpotent,
we are done. O

1.10 Cartan’s Criteria

We will now see some important application of the Killing form of a Lie
algebra.

Theorem 1.66 (Cartan’s First Criterion): Let L be a Lie algebra. Then L
is solvable if and only if k(x,y) =0 for allx € L, y € L'.

Proof. Suppose L is solvable. Then by Proposition 1.45 we have that ad(L)
is solvable. By Theorem 1.61 (Lie’s Theorem) there is a basis for V' relative
to which every element of ad(L) is represented by an upper triangular ma-
trix. Since the commutator of two diagonal matrices is zero, we conclude
that relative to this basis ad, ,) € ad(L') is represented by a strictly upper
triangular matrix for all u,v € L. Let x € L, y € L'. Then there is a basis
for V' relative to which ad, is upper triangular and ad, is strictly upper
triangular. Then tr(ad, o ad,) = 0.

On the other hand, suppose x(x,y) =0 for all x € L, y € L'. Applying
Lemma 1.65 we have that ad(L’) is solvable. By Proposition 1.20 we know
that ad(L') = L'/Z(L’) is solvable. Since L/Z(L') and Z(L') are solvable
Proposition 1.45 tells us that L’ is solvable. Finally, this means that L is
solvable. O

Proposition 1.67: Let L be a Lie algebra and I and ideal of L. Then
ki(z,y) = k(z,y) for all x,y € I.

Proof. Since xz € I and I is an ideal of L, we know that ad, maps L into I.
So if we take a basis for I and extend it to a basis for L, the matrix of ad,
with respect to this basis will be of the form

Xr X.

0o 0/’
where X is the matrix representing ad, restricted to I. We may follow
similar process for ad,. Then ad, o ad, is represented by a matrix of the

form
XY X1Ys
0 0 ’

We can then see that

k(z,y) = tr(X1Yr) +tr(0) = tr(X1Y7) = k1(x,y).
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Lemma 1.68: Let I be an ideal of a Lie algebra L. Then I+ is an ideal of
L, in particular L+ is an ideal of L.

Proof. We already know that I is a vector subspace of L. Foru € I+, v € L
and w € I we have

/@([U,U],’Uj) = ’%(uv [U7w]) =0,
since [v,w] € I. This shows that [u,v] € I+, as required. O

Lemma 1.69: Let L be a Lie algebra. Then L is semisimple if and only if
L has no non-zero abelian ideals.

Proof. Suppose L is semisimple. Let A be an abelian ideal of L, so clearly
A is solvable. Thus, A C rad(L) = 0.

On the other hand, suppose L has no non-zero abelian ideals. Let k > be
the smallest positive integer such that rad(L)*) = 0. Then rad(L)*~1) is an
abelian ideal of L, and thus rad(L)*~Y = 0. This implies that rad(L) = 0,
and so L is semisimple. O

Theorem 1.70 (Cartan’s Second Criterion): Let L be a Lie algebra. Then
L is semisimple if and only if the Killing form on L is non-degenerate.

Proof. Suppose L is semisimple. From Lemma 1.68 we know that L' is an
ideal of L. Let x € L+ and y € (L*)’, then it is also true that y € L. Thus,
k(z,y) = 0 and an application of Theorem 1.66 (Cartan’s First Criterion)
yields that L' is solvable. Since L is semisimple and L= is a solvable ideal
of L, we must have that L+ = 0, and so  is non-degenerate.

On the other hand, suppose that L+ = 0. Let A be an abelian ideal of
L. For x € A, y,z € L we have that

(ady 0 ady)(2) = [y, [, 2]] € A,

since [z, z] € A. This means that ad, oady,oad, = 0. Thus, (ad;oady)* =0,
and so the map ad, o ady is nilpotent and has trace zero. We may then
conclude that since s (z,y) = 0 that A is contained in L+ = 0. So the only
abelian ideal of L is 0. An application of Lemma 1.69 tells us that L is
semisimple. O

Direct Sums

In this section we will define direct sums of Lie algebras and show that
semisimple Lie algebras are direct sums of simple Lie algebras.

Let Ly and Ly be Lie algebras defined over the same field F. If we let
L := L1 ® Ly be the direct sum of their underlying vector spaces, we may
then endow L with a Lie bracket by applying the Lie brackets of L1 and Lo

34



component-wise. Bilinearity follows from the linearity of the brackets of L
and Lo, while properties (L1) and (L2) follow directly from L; and L being
Lie algebras.

Definition 1.71: Let L; and Lo be Lie algebras. Then the direct sum of
their underlying vector spaces L = L1 ® Lo endowed with Lie bracket defined
component-wise, that is, for x1,y1 € L1, x2,y2 € Lo

[(1:17 ‘/E2)7 (yl,yQ)] = ([l‘hyl]’ [l‘g,yg]),

forms a Lie algebra.

Lemma 1.72: Let L = Ly @ Lo be a Lie algebra. Then Z(L) = Z(L1) ®
Z(Lo).

Proof. Let z € Z(L), then z = (z1,22) for some 21 € Ly, 29 € Ly. For
x1 € Ly, we have

[(Z170)7 (1‘1,0)] = [(21722)7 (xlvo)] - [(0722)7 (.1'1,0)] = _([07'%'1}7 [Z270])
= (070)7

which implies that z; € Z(L;). Similarly, we find that zo € Z(Lg). Thus,
Z(L) C Z(Ly) & Z(La).
Let z1 € Z(L1) and 22 € Z(L3y). Then for (z1,x2) € L, we have

(21, 22), (21, 22)] = ([21, 21, [22, 22]) = (0,0),
which shows that Z(L) = Z(L1) ® Z(La). O

Lemma 1.73: Let L be a semisimple Lie algebra. If I # L is a non-zero
ideal of L, then L = I @ I+, and I is semisimple.

Proof. From Lemma 1.68 we know that I+ is an ideal of L and thus that
I NIt is also an ideal of L. Then by Proposition 1.67 we have that the
Killing form restricted to I NI is the zero map. An application of Theorem
1.66 (Cartan’s First Criterion) yields that I N I+ is solvable and since L is
semisimple we may conclude that I NI+ = 0.

Since L is semisimple we apply Theorem 1.70 (Cartan’s Second Crite-
rion) and get that the Killing form is non-degenerate. From Appendix D
(see Lemma D.13) we have that dim(I) + dim(/+) = dim(L), and then we
conclude that L = I @ I+ since L is finite-dimensional.

Suppose, to the contrary that I is not semisimple. Applying Theorem
1.70 we see that the Killing form on I must be degenerate. However, since
I is an ideal of L, we know from Proposition 1.67 that the Killing form on
I is same as the Killing form on L restricted to I. So then there is some
non-zero = € I such that k(z,z) = 0, for all z € I. By definition we then
also have that x(z,y) = 0, for all y € I'+. Since L = I @ I'*, this means that
the Killing form on L is degenerate, which contradicts our assumption that
L is semisimple. ]
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Theorem 1.74: Let L be a Lie algebra. Then L is semisimple if and only
if L is a direct sum of simple ideals of L.

Proof. Suppose L is semisimple, then dim(L) > 2 since a 1-dimensional Lie
algebra is abelian. We proceed by induction on dim(L). If dim(L) = 2,
then L has no non-zero abelian ideals by Lemma 1.69. Thus, ideals of L
can have dimension 0 or 2. So, the only ideals of L are 0 and L, and thus
L itself is simple (Notice that L’ # 0 because L is semisimple and therefore
non-abelian).

Assume now that dim(L) > 2. Let I be a non-zero ideal of L of the
smallest possible dimension. If I = L, then L is simple and we are done.
Otherwise, we apply Lemma 1.73 and we have that L = I @ I+, we also get
that I is semisimple. In fact, we claim that [ is a simple ideal of L. Since L
is semisimple, an application of Lemma 1.69 gives us that I is not abelian.
Let J be a non-zero ideal of I. Then [J,I+] C [I,I+] C I NI+ = 0. This
implies that [L,J] = [I® I+, J] = [I,J] = J. So, J is an ideal of L, and then
since I is a non-zero ideal of L of smallest possible dimension, we conclude
that J = I. Thus, I is simple.

By the inductive hypothesis we may write I+ = @ Ji, where each J; is

=1
a simple ideal of . Proceeding, as before, to show that each J; is a simple
ideal of L, notice that [I,.J;] C [[,I*] C INI+=0,so0

(L, Ji] = [T T+, Ji) C Ji.
k
Thus, each J; is a simple ideal of L. We then have L = & € J;, as required.
=1

On the other hand, suppose L = @ I;, where each I; is a simple ideal

of L. Then we have that [rad(L), I;] C rad(L) N 1;, for all i € {1,...,k}.
But rad(L) N 1; is a solvable ideal of I;, which is simple. So, rad(L)NI; =0
which implies that [rad(L), ;] = 0. Thus, [rad(L),L] = 0, Which tells us

that rad(L) € Z(L). From Lemma 1.72 we get that Z(L) = @ Z(I;).

The I; are simple, so each Z(I;) = 0. So, Z(L) = 0, which 1mphes that
rad(L) = 0, and thus L is semisimple. O

Corollary 1.75: Let L be a semisimple Lie algebra. Then the image of L
under any Lie algebra homomorphism is semisimple.

Proof. Let ¢: L — M be a Lie algebra homomorphism between two Lie
algebras L and M. From Theorem 1.17 (Isomorphism theorems) we know
that L/Ker(¢) = ¢(L). If ¢ is a monomorphism the result is clear, so we
assume that Ker(¢) is non-zero. Notice that L = Ker(¢) @ (Ker(¢))* by
Lemma 1.73, and (Ker(¢))* is semisimple. However, from this we can see
that L/Ker(¢) = (Ker(¢))*, and so we are done. O
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1.11 Root Space Decomposition

In this we introduce the root space decomposition of a semisimple Lie alge-
bra. We begin by defining maximal toral algebras and study some important
properties of these. For the rest of this chapter we assume that L denotes a
semisimple Lie algebra over F.

From Theorem 1.58 (Engel’s Theorem) we know that if all the elements
of L were ad-nilpotent, that L would be nilpotent. On the other hand,
suppose there is an element x € L, which is not ad-nilpotent. Let x = d+n,
be the abstract Jordan decompostion of . Then, d is a non-zero semisimple
element of L. Hence, Span({d}) is a non-zero subalgebra of L which consists
entirely of semisimple elements of L.

Definition 1.76: Let L be a Lie algebra, and T a non-zero subalgebra of
L which consists entirely of semisimple elements of L. Then, T is a toral
subalgebra of L. Moreover, if T is a toral subalgebra of L which is not
properly contained in any toral subalgebra of L, then T is a maximal toral
subalgebra of L.

Lemma 1.77: Let L be a Lie algebra, and T a toral subalgebra of L. Then
T is abelian.

Proof. Let x € T. Then the action of ad, on L is diagonalisable. Moreover,
ady(T) = [z, T) C T, since T is a subalgebra of L. Hence the action of ad,
on T is also diagonalisable. We claim ad, has no non-zero eigenvalues in
T. Suppose to the contrary, that 0 # A € F is an eigenvalue of ad,, with
corresponding eigenvector y € T. So, ad,(y) = [z,y] = Ay. This implies
that ady(z) = —[z,y] = —Ay. However, similarly to ad,, we know that
ad,, acts diagonalisably on T'. We may therefore find a basis of T, consisting
of eigenvectors for ad,, say {y,vs,...,v,}, with corresponding eigenvalues
{0, A2, ..., An}.We may then write

T =a1y+ Zakvk,
k=2
for some ay € F. And so,
ady(r) = a1ly,y] + Zak[y, V| = Z(th)\kvk # =y = ady(z).
k=2 k=2

This is a contradiction. Thus, the only eigenvalue of ad,, acting on T, is 0.
This shows that ad;(T") = 0, and hence T is abelian. O

We note that some texts define Cartan subalgebras as maximal abelian
toral subalgebras. The above lemma makes it clear that maximal toral
algebras are equivalent to Cartan subalgebras.
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Let H be a maximal toral subalgebra of a Lie algebra L. Then the el-
ements of ad(H) are commuting linear endomorphisms of L. Since these
elements are all semisimple, and F is algebraically closed, we may simul-
taneously diagonalise them. We therefore have a basis for L, consisting of
eigenvectors for ad(H ). By Theorem D.1 (the Primary Decomposition Theo-
rem), we find that L will decompose into the direct sum of the weight spaces
of ad(H). We have seen that weights are elements of the dual space (in this
case of H). We will denote the weight space corresponding to o € H* by

L, ={z € L|[h,z] = a(h)z, for all h € H}.

We may then write L = @ L,. When a = 0, the corresponding weight
acH*
space is, in fact, the centraliser of H; that is, Ly = C(H). We recall from

our definition of weight spaces that L, must be non-zero. We therefore,
need only work with a subset of H*; the non-zero o € H* for which the L,
are weight spaces, the roots of L with respect to H. We denote the set of
roots by ®. We call this decomposition of L,

L=CLH)®EP La, (1.2)

acd

the root space decompostion of L. As L is finite-dimensional, as a vector
space, we note that ® contains only finitely many elements.

Moving forward, our next goal is to show that maximal toral subalgebras
are self-centralising. To do so, we first need some preliminary results.

Proposition 1.78: Let L be a Lie algebra and H a maximal toral sub-
algebra of L. Let o, € H*, then [Lo,Lg] C Lotpg. If oo # —p3, then
k(Lqa, Lg) = 0, where & is the Killing form on L.

Proof. For v € Lo, y € Lg, and h € H, we have

[hy [, y]] = [, [y, h]] = [y, [h, 2]] = [z, [, Y]] + [[h, 2], 9]
= B(h)[z,y] + a(h)[z,y] = (a+ B)(h)[z,y],

since [h, z] = a(h)x and [h,y] = S(h)y. This implies that [x,y] is an eigen-
vector of H with weight a + §; that is, [,y] € Lo4. Assume now, that
a # —f. Then we may find h € H such that (o + 3)(h) # 0. Then, by the
associativity of the Killing form on L, we have

a(h)r(z,y) = r([h, 2], y) = —r([z, hl,y) = —k(z, [h,y]) = —B(h)k (2, y),
which implies that (a + 8)(h)x(x,y) = 0. Hence, k(z,y) = 0. O

Corollary 1.79: Let L be a Lie algebra and H a maximal toral subalgebra
of L. Then the Killing form on L restricted to Cr,(H) is non-degenerate.
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Proof. Suppose z € Cp(H) satisfies that k(z,z) = 0, for all z € Cp(H).
Since L is semisimple, Theorem 1.70 (Cartan’s Second Criterion) tells us that
K is non-degenerate. From the proposition above we know that Lo = Cp(H)
is orthogonal to Ly, for « € ®. If y € L, then from (1.2) we may write

Y =1Yo+ Y, Ya,where y, € L, and yo € Ly. Then, we have
acd

A(z,y) = (2 30) + 3 k(2 4a) = Alz,90) = 0,
acd

which implies that z = 0. 0

Theorem 1.80: Let L be a Lie algebra and H a maximal toral subalgebra
of L. Then H = Cp(H).

Proof. We will make several claims throughout the proof. We will denote

CrL(H) by C.
(1) We claim that for z € C, the components of the abstract Jordan
decomposition x = d + n, are contained in C; that is, d,n € C. Since

x = d+n is in the centraliser of H, we have that ad,(H) = 0. Let the Jordan
decomposition of ad, be ad, = ady + ad,. From Theorem D.7, we find
polynomials with no constant term, p, ¢ € F[X], such that p(ad,) = ady and
q(ady) = ad,s. This implies that ady (H) = ad,y(H) = 0. An application of
Corollary D.11 we see that d = d’ and n = n/. Thus, d,n € C.

(2) We claim that the semisimple elements of C' are exactly the elements
of H. Let x be a semisimple element of C. We consider S = H + Span({z}).
Clearly, S is a vector subspace of L. Furthermore, for h,h’ € H and o, 8 € F
we have

[h+ ax, b’ + z] = [h, W] + B[h, 2] + o[z, B'] + af|z,z] = 0,

which shows that S is a subalgebra of L. We also have that h and ax are
semisimple. Since we are working over an algebraically closed field, they
are diagonalisable. They also commute with one another since z € C, so
they may be simultaneously diagonalised, and their sum is still semisimple.
Hence, S is a toral subalgebra of L, by the maximality of H we have that
S = H. This implies that x € H.

(3) We claim that the restriction of the Killing form on L to H is non-
degenerate. Let h € H such that x(h,h') = 0, for all K’ € H. We want to
show that h = 0. Let x € C with abstract Jordan decomposition z = d + n.
Then ad,, is nilpotent and ad,, and ad, commute, for all y € H, because by
(1) n € C. We then have that ady o ad,, must be nilpotent. This means that
0 = tr(ady o ad,) = k(y,n), for all y € H. From (1) we know that d € C
and since d is semisimple (2) tells us that d € H. By hypothesis x(h,d) = 0.
Together, this means that x(h,z) = k(h,d) + x(h,n) = 0, for all z € C.
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From Corollary 1.79 we know that the Killing form on L is non-degenerate,
and so h = 0.

(4) We claim that C is nilpotent. Let x € C, with abstract Jordan
decomposition z = d +n. From (1) we know that d,n € C' and from (2) we
have that d € H. Thus,

adz|c = adglc + ady|c = ady|c,

where ad,|c denotes ad, restricted to C. So, each x € C is ad-nilpotent. An
application of Theorem 1.58 (Engel’s Theorem) yields that C' is nilpotent.

(5) We claim that H N (C')’ = 0. We have that [H,C] = 0, by definition
of the centraliser of H. By the associativity of the Killing form on L, we
have that 0 = x([H,C],C)) = k(H, (C)"). So, for h € H N C, we have that
k(h, H) = 0. From (3) we may conclude that h = 0.

(6) We claim that C'is abelian, suppose it is not. Then (C')" must be non-
zero. Since L is nilpotent Proposition 1.53 tells us that C' is also nilpotent.
Hence, the elements of C' are all ad-nilpotent. Since (C)’ is an ideal of C,
we may consider (C') a C-module via the representation ¢: C' — gl((C)’),
which we define by

¢(z) = ady: (C)" — (C),

for all z € C. We apply Lemma 1.57 to find a non-zero z € (C)’ such that
[C, z] = 0. This implies that z € Z(C) N (C)’. From (5), and since z is non-
zero, we know that z ¢ H. From (2) we conclude that z is not semisimple.
Let z = d+n be the abstract Jordan decomposition of z. We then have that
n # 0, and from (1) we have that n € C. Since the Jordan decomposition
coincides with the abstract Jordan decomposition (Corollary D.11) and from
Theorem D.7 we may find a polynomial, with no constant term, ¢ € F[X]
such that ¢(z) = n. We also have that ad, maps C to 0. Putting these facts
together, we conclude that ad,, maps C to 0, and so n € Z(C). For x € C,
we know that both ad, and ad,, are nilpotent and ad,, commutes with ad,.
Hence, ad, o ad,, is also nilpotent, and thus has trace zero. This contradicts
Corollary 1.79. So, C must be abelian.

Suppose C' # H. Then from (1) and (2) we see that there is an element
x € C with Jordan decomposition © = d+n, where n is non-zero. For y € C
we can see from (6) that ad, and ad, commute and thus that ad, o ad, is
nilpotent, since ad,, is nilpotent. This means that tr(ad, o ad,) = 0, which
contradicts Corollary 1.79. Hence, Cr(H) =C = H. O

Corollary 1.81: Let L be a Lie algebra and H a maximal toral subalgebra
of L. Then the restriction of the Killing form on L to H is non-degenerate.

Proof. See part (3) of the proof of the theorem above. O

The theorem above tells us more about the root space decomposition
(1.2) which we saw earlier. Let L be a Lie algebra and H a maximal toral
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subalgebra of L. We may now write

L=Ha&@P L, (1.3)
acd
where ® denotes the set of roots of L, with respect to H.

Lemma 1.82: Let L be a Lie algebra and H a maximal toral subalgebra of
L. Then the Killing form on L induces a vector space isomorphism between
H and H*. In particular, for every o € H* there is a unique t, € H such
that k(ta, k) = a(k), for all k € H.

Proof. Define 7: H — H* by 7(h) = 6, for all h € H, where 0, (k) = k(h, k),
for all k € H. To see that 7 is linear, take h,h',k € H and o, € F, we
then have

7(ah + BR) (k) = k(ah + SR, k) = ar(h, k) + Br(K, k)
— ar(h)() + Br(H)(k).

It is well-known that the restriction of x to H is non-degenerate. Thus,
Ker(7) = 0, and since dim(H) = dim(H*) we find that 7 is a vector space
isomorphism. ]

Lemma 1.83: If o« € &, © € L,, y € L_,, then [x,y] = k(x,y)ts (where
t follows the notation in Lemma 1.82).

Proof. Let o € ®. By the associative property of the Killing form on L, for
x € Ly, y € L_q, we have

w(h, [z,y]) = K([h, 2], y) = a(h)r(z,y) = K(ta, h)r(z, y)

= w(h, k(2,y)la),

for all h € H. This means that «(H,[z,y] — k(z,y)ta) = 0. So H is
orthogonal to [z,y] — k(z,y)t, and then the reuslt follows from the well-
known fact that the restriction of the Killing form to H is non-degenerate.

]

Proposition 1.84: For each o € ® there is a corresponding subalgebra
(which we denote by sl(«)) isomorphic to sl(2,F). Furthermore, there is a
basis By := {€q, fa, ha} for sl(a) with the following properties:

1. eq € Lq,

2. fa € L_q,

3. ho = [ea, fa] € H, and
4. a(hy) = 2.
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Proof. Let « € ® and 0 # = € L,. We claim there is some y € L_, such
that [x,y] # 0. By Lemma 1.83 we know that [z, y] = k(z,y)t,. Since o € &
we may conclude from Lemma 1.82 that ¢, # 0 (otherwise we would have
that a = 0). If k(z,y) =0, for all y € L_,, then we would have that

K(La, L) = K(La, H) + Y K(La, Lg) = 0.
Bed

This would contradict the non-degeneracy of k. So, we have y € L_, such
that[z, y] # 0.

We can see that [z,y] = h € H. We claim that a(h) # 0. Suppose, to
the contrary, that a(h) = 0, then [h,z] = [h,y] = 0. We can then see that
sl(a) = Span({x,y,h}) is a solvable subalgebra of L. Since L is semisimple
we know that Z(L) = 0, so ad(S) = S. Then, making use of the well-
known fact that a Lie algebra is solvable if and only if its derived algebra is
nilpotent, S’ is nilpotent. This implies that adj, is nilpotent. Since h € H
we know that h is semisimple. The only element of L which is semisimple
and nilpotent is 0, so h = 0, a contradiction. Thus, a(h) # 0.

Set e, =z and f, = ﬁy Then, since Span(B) = sl(«), is a subalgebra
of L. By definition [en, fo] = hq, while

o1l 2 22
[ha, €a] = [[ea, fa], €a] = m[[%y],x] = @[ x| = @0‘( )T = 2eq,
2 22
[has fa] = [[eas fals fo] = WH%QL?J] = WUMJ]
22 2
~ et =2 () =20

We may then construct a Lie algebra isomorphism 7: sl(a) — sl(2,F) by

T(eq) = €12, T(fo) = €21, T(ha) = h1 = e11 — e2.

By construction 7 is a vector space isomorphism. From our earlier calcula-
tions we can see that 7 agrees with the Lie bracket which extends 7 to a Lie
algebra isomorphism, as required. O
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Chapter 2

Further Structure

In this chapter we will familiarise ourselves with the structure of root sys-
tems. A euclidean space is a finite-dimensional real vector space with a
positive definite symmetric bilinear form denoted by (—,—). A root sys-
tem is a finite subset ® of a euclidean space E with the following properties:

1. The set ® spans the euclidean space E, and does not contain 0.

2. For a € &, the only scalar multiples of « contained in ¢ are +a.

3. For each a € ® the corresponding reflection o, in E (that is, the
invertible linear transformation which fixes pointwise the hyperplane

P, :={v € E|(a,v) = 0} and maps any vector orthogonal to P, to
its negative) leaves ® invariant.

4. If a, p € @, then (B,a) := 289 ¢ 7,

(a,@)

We let L be a semisimple Lie algebra over an algebraically closed field F of
characteristic 0, H a maximal toral subalgebra of L, and ® the corresponding
root system. In what follows, (—, —) denotes the symmetric bilinear form
dual to the Killing form on L.

Since ¢ spans H* we may find a basis Bg := {a;}]-; for H* consisting
of roots relative to L. We denote by Eg the space consisting of all linear
combinations, with rational coefficients, of elements of Bg. We note that we
may drop the ® subscript where there is no ambiguity. For each @ € H*
we denote the corresponding reflection by o,. Recall that for each o € H*
there is a unique t, € H such that k(t,k) = a(k), for all £ € H. This
correspondence arises as a result of the vector space isomorphism between
H and H* which the Killing form induces (see Lemma 1.82). Then the
following defines not only a non-degenerate symmetric bilinear form on H*
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but also an inner product on F.
(=, —): H"XH" =T
(97 ¢) = ﬁ(t97 t¢)

2
We will denote (8,2)

(a, )
we can then write 0,(5) = 8 — (5, @)a. We note that (3, «) is linear in only
the first argument.

The canonical example of a root system is the inner product endowed on
the dual space of a maximal toral subalgebra of a semisimple Lie algebra.
We study some properties of these roots systems and their roots.

The study of root systems is a key component in the classification of
semisimple Lie algebras (which we will not pursue in this text). Part of our
interest in root systems lies in their being foundational to the construction

of the Chewvalley Bases of semisimple Lie algebras. We will return these
in the next section.

by (3, «), as this comes up frequently. For instance,

2.1 Roots and Bases

This section will serve as an introduction to root systems. We consider the
structure of roots and show that any root system has a special type of basis,
called a base, with very useful properties

Remark 2.1: Let o, 5 € ®. Then (8, ) = 2M cos @, where 0 is the angle

e
between the vectors. Hence {«, 3)(B3,a) = 4cos? f, which is a non-negative
integer. Since 0 < cos?@ < 1, if we assume without loss of generality that
|BIl > ||e|| then for ov # £ we have the following possibilities:

(@, f) | {B,a) 6 117/ lledl”

0 0 | m/2 | Undetermined
1 1| =3 1

1| —1]2n/3 1
1 2| /4 2

1| -2 3r/4 2
1 3| 7/6 3

-1 -3 | 5m/6 3

Lemma 2.2: Let a and [ be non-proportional roots. If (o, 3) > 0, then
a—pBed. If (o, 8) <0, then a + 5 € P.

Proof. 1t suffices to prove the first assertion, because if we apply this to —f
the second will follow. We know that («, ) can only be positive if (a, ) is
positive. We then see that at least one of («, 38), (5, «) is 1. If the former is
positive, then og(a) = a— 3 € ®. If the latter is positive, a similar argument
yields that 8 — « is a root, whence o — 3 is a root. O
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Definition 2.3: A subset A of a root system ® (for a euclidean space E) is
called a base if the following conditions are satisfied:

1. A is a basis for E,

2. For each root § € ® there are k, € Z such that we may uniquely
express 3 as 3 = ) ca ko, where the k, are all non-negative or all
non-positive.

We call roots in A simple roots.

We define the height of a root, relative to A, as ht(8) := > ca Fa-
The height is well-defined since the expression for a root as the sum of
simple roots is unique because A is a basis for E. Roots whose expression as
a sum of simple roots include only non-negative (respectively non-positive)
coefficients are called positive (respectively negative) roots, denoted 3 - 0
(respectively f < 0). In fact, this defines a partial order on E : v < § iff
& — v is a sum of positive roots or § =y, for all 6,y € E.

Remark 2.4: Our goal now is to show that every root system has a base and
moreover, to outline a method with which we can construct every possible
base. To this end, we establish some notation. For each 6 € E we set
Ot (8) :={a € ®| (4, ) > 0}, that is, all the roots which lie on the ’positive’
side of the hyperplane Ps. We will call a vector § € E regular if we have
0 € E —Uyeco Pay and singular otherwise. If 6 € E is regular, then we
can see that ®*(§) U —®T(6) = ®. Relative to a regular vector 6, we call a
root a € ®*(§) decomposable if there are roots (31,32 € ®(8) such that
a = [1 + B2, and we call « indecomposable otherwise.

Lemma 2.5: Let E be a finite-dimensional vector space over an infinite
field. The union, D := |J;_, D;, of any finite number of distinct proper
subspaces of the same dimension is not a subspace.

Proof. We proceed by induction on n, the number of proper subspaces.
If n = 2, we may choose di € D; — Dy and dy € Dy — D;. We claim
d:=di+ds ¢ DiUDs. If d € Dy, then do = d—dy € Dy. Similarly, d ¢ Ds.

We now consider the case where n > 1 and assume the result holds for
n — 1. We must have the D; is not contained in [ J;" , D;, since this would
contradict the result holding for n— 1. Hence, there is some dy € Dy which is
not in any other D;. Similarly, we find do € Dy which is not in any other D;.
Choose n — 1 distinct non-zero scalars d1,d9,...,0,_1. Set ¢; := di + d;ds.
Each of the ¢; are elements of U, we claim they must all lie in pairwise
distinct subspaces D;. To see this, consider that if ¢; and ¢ were both
contained in D3, then their difference would also be an element of D3. This
would imply that dy € D3, a contradiction.

Keeping in mind that D; and Dy cannot contain any of the ¢;, an appli-
cation of the Pigeonhole Principle yields that the at least one of the n — 2
remaining subspaces must contain two of the ¢;. O
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Corollary 2.6: The union of finitely many hyperplanes |J P, is a proper
acd
subset of E.

Lemma 2.7: Suppose A is a base of ®. Then (o, ) < 0 for all distinct
a, B € A. Furthermore, o — 3 is not a root.

Proof. Suppose, to the contrary, that (a,3) > 0, then Lemma 2.2 yields
that o — (§ is a root. This contradicts every root being a linear combination
of simple roots, wherein the coefficients are all non-negative or all non-
positive. ]

Lemma 2.8: Let A be a set of vectors lying on one side of a hyperplane in
a euclidean space E. If («, ) < 0 for distinct o, 5 € A, then A is a linearly
independent set.

Proof. Suppose we have ds € R such that ) ;. dsd = 0. We may denote
the non-negative and negative ds as po(> 0) and ng(> 0), respectively. We
may then write > poa =) ngf. We set € := > poa and find that

« B o

(,) =Y pans(a, B) <0,
a,p

by hypothesis. This yields that e = 0.

By assumption all the vectors in A lie on one side of a hyperplane in E.
There is some vector v € E which is orthogonal to this hyperplane. We can
see that 0 = (v,€) = Y, pa(y,@). This forces that each p, = 0. Similarly,
the ng are all 0. O

Lemma 2.9: The intersection of the ’positive’ open half-spaces, correspond-
ing to some basis of F, is non-empty.

Proof. Fix a basis B := {;}]",. We let p; denote the projection of /3; onto
the orthogonal complement of the span of the basis elements other than ;.
We let 8 := """ | ¢ipi, where each ¢; > 0.

For each k € {1,...,n} we have (B, 8) = > iy ¢i(Bk, pi) = ck(Brs pi)-
Furthermore, we claim that (8, px) > 0. In general, for a subspace U of E
we have that (v,0) > 0, where v € E and § denotes the projection of v onto

U. This follows because, if {u1,. .., m} is an orthonormal basis for U, then
o~ (7, 14) S S
(1,0) = (%> 5w | = (% (v pam | =Y (v, ) > 0.
i=1 (i i) i=1 i=1

In this case, if (Bk, pr) = 0 then S is in the span of B — {fx}, which
contradicts B being a basis. Hence (S, pr) > 0 and so £ is in the intersection
of the ’positive’ open half spaces. O
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Theorem 2.10: Fix a regular vector v € E. The set A(y) consisting of all
indecomposable roots in ®*(v) is a base of ®.

Proof. We note that a regular v € F must exist as a result of Corollary 2.6.
We claim that each root in ®* () can be written as a linear combination
of the elements in A(7y) with each coefficient a non-negative integer. Since
® = dT(y) U —PT () this is sufficient to prove that A(y) has the second
property of a base. Moreover, this would also show that A(y) spans E.

Suppose there is some o € @ () which cannot be expressed as claimed.
We may choose a so as to make (y,«) minimal. As « cannot be in A(vy),
there must be 81,82 € ®T(y) such that a = 31 + B2. Both of the (v, ;)
must be positive and strictly less than (v, @) = (v, 51) + (7, f2). This means
that each of the §; must be expressible as a linear combination of A(y) with
non-negative integer coefficients because (v, &) is minimal. Since o = 81+ 32
we see that a must also be expressible as a linear combination of A(y) with
non-negative integer coefficients.

Non-proportional roots «, 5 € A(y) must have (a, ) < 0. If not, then
from Lemma 2.2 we find that o — 8 is a root. This means that one of o —
or B —«a must be in ®* (). Then, either « = B+ (a—f) or f=a+ (8—«a)
is decomposable, a contradiction.

An application of Lemma 2.8 yields that A(vy) is linearly independent
and therefore a base. O

Corollary 2.11: Every base A of ® arises in the form A(~y) for some regular
vyeE.

Proof. Suppose A is a base. Lemma 2.9 allows us to choose v € F such
that (y,a) > 0, for all @ € A. Since any root can be written as a linear
combination of elements from A with integer coefficients which are all non-
negative or all non-positive, we conclude that v is regular.

We denote by & and ®~ the positive and negative roots, respectively,
relative to A. For any o € ®T we may write a = Y 5. P50, where each pj
is a non-negative integer. Therefore,

(1.0) = 3 ps(3,6) > 0.

0EA
Thus, @ C ®T(v), and similarly we find that ®~ C —®*(y). We know that
(U@ () =0 =0T U,

which allows us to conclude that ®* = &*(y) and &~ = —& ().
Therefore A must consist enitirely of indecomposable elements, and so

A C A(y). Moreover, each of A and A(~) is a basis. Therefore, they have

the same cardinality and thus A = A(7y). O
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2.2 Weyl Group

This section is dedicated to the Weyl group of a root system. We derive some
useful results leading up to an important theorem about the Weyl group and
Weyl chambers which is key to the results in the following section. In what
follows, F denotes a euclidean space, ® a root system for E. We fix a base
A for .

Definition 2.12: The Weyl Group of ®, denoted by W(®) or simply W,
is the subgroup of GL(FE) generated by the reflections o, where a € ®. Since
such reflections leave ® invariant, YV may be identified with a subgroup of
the symmetric group on ®. In particular, YV is finite.

Lemma 2.13: Suppose D is a finite spanning subset of E such that all
reflections corresponding to elements of D permute D, that is 0.,(D) = D
for all v € D. If o € GL(E) permutes the elements of D, fixes each point of
a hyperplane P of F, and maps some 0 # o € D to —«, then ¢ = g, and
P=P,.

Proof. Set T := oo,. Then 7 leaves D invariant and 7(a) = a. Clearly,
7 acts as the identity on (a). Moreover, o fixes P pointwise and («a) is a
1-dimensional subspace whose intersection with P is trivial. Hence, 7 also
acts as the identity on the quotient space E/(«). Thus, only eigenvalue of
7 is 1. If E has dimension n, then the minimal polynomial of 7 must divide
the polynomial (X —1)™.

Since D is finite and 7 leaves D invariant we may choose k to be the
smallest integer such that 7% fixes each element of D. However, D spans F
and so 7% = 1. Therefore, the minimal polynomial of 7 divides X* — 1.

The minimal polynomial of 7 must be X — 1 = g.c.d((X — 1)", X*¥ —1).
This forces 7 = 1, and 0 = 0,, as required. ]

Lemma 2.14: Suppose that o € GL(E) permutes the elements of ®. Then
for a, B € ®, then

-1 _
1. 00007 = 05(a),

2. (B,a) = (a(B),o(e)).

Proof. We set 7 := 00,0 1. By hypothesis we have that ¢(3) € ® and
that each root may be uniquely expressed as o(f) for some § € ®. Since
T(0(B)) = o(0a(B)) € P, we can see that 7 permutes the elements of ®.
Moreover,

7(0(B)) = o(8 = (B, 0)a) = 0 () = (B, a)a(a),

and o(P,) = {o(B) € E|(B,a) = 0}. Hence, 7 acts as the identity on
the hyperplane o(P,). Finally 7(o(«)) = o(a — (o, a)a) = —o (), and (1)
follows.
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An application of Lemma 2.13 yields that 7 = 04(4) and o(Pa) = Py(q)-
The second assertion follows because

a(B) = (o(B), o(@)a(a) = 05a)(0(B)) = 7(0(8)) = a(B) — (B, a)o(e).
O

Lemma 2.15: If « is a positive root but not simple, then oo — 8 € ® for
some simple root 3. Moreover, a — 3 is a positive root.

Proof. We claim that there is some 8 € A such that («, 8) > 0. If not, then
Lemma 2.8 would apply and then A U {«a} would be linearly independent.
This would contradict A being a basis.

Since § is not proportional to @ Lemma 2.2 yields that o — § is a root.
We may write o as a linear combination of simple roots with non-negative
coefficients, at least one of which (other than f3) is positive. Writing o — /3
as a linear combination of simple roots leaves the corresponding coefficient
positive and so o — 3 is positive. ]

Corollary 2.16: Each positive root [ can be written as a sum of simple
m

roots = > «; (the a; are not necessarily distinct) such that each of the
i=1

partial sums is a root.

Proof. We proceed by induction on the height of 8. If ht(5) = 1, then 3 is
simple and we are done.

Let ht(8) = n > 2. Using Lemma 2.15 we can see that there is some
simple root « such that 5 — « is a positive root. Since ht(5—a) = ht(f8) —1
the hypothesis applies and we may write § —a = >_." | a; such that each
partial sum is a root. This allows us to write § = Y ", o + «, and we are
done. O

Lemma 2.17: If « is a simple root, then o, permutes the other positive
roots.

Proof. Let B be a positive root with 8 # a. We may write 8 = > 5.4 ¢56,
for some non-negative integers cs. Therefore,

0a(B)= D 0(6)+ (ca— (B))a

seA—{a}

There is at least one 6 € A — {a} such that ¢ > 0. Otherwise 8 = « or
B = —a, which contradicts the assumption that (3 is positive. Hence, o4(f)
must be a positive root. ]

Corollary 2.18: If § := % > B then 0,(0) = § — v, where « is any simple

Bed+
root.
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Proof. In fact,

Lemma 2.19: We let o; denote o,,. Suppose now, that there is some se-
quence of (not necessarily pair-wise distinct) simple roots aq, ..., o, such
that o1...0n-1(cty) < 0. Then, there is some 1 < m < n such that
01...0p =01...0m—10m+1---On—1-

Proof. We set 7; := 0j41...0p-1, for 0 < i < n—2. By hypothesis 7o(c,) is
negative and «,, is positive. Let k£ be the smallest non-negative integer such
that 75 (ay,) is positive. By construction o7 () is negative. Since 73 (o)
is positive Lemma 2.17 forces 7 (cv,) = ay.

Applying Lemma 2.14 we find that

-1
O = UTk(an) = TkOnTy, = O0k4+1:--0n—10n0n—1-..-0k41-

The result follows by multiplying both sides of the equation on the right by
7, and on the left by o1 ...05_1. O

Corollary 2.20: Suppose the following expression of ¢ = o1...0p € W
in terms of simple reflections has n as small as possible. Then o(ay,) is
negative.

Proof. If 0o, (cv,) were positive the lemma would apply, contradicting our
assumption that n is minimal. ]

Definition 2.21: The hyperplanes P, corresponding to roots a € ® par-
tition E into a finite number of regions. FEach connected component of
E —qyecq Pa is called a Weyl chamber of E.

Remark 2.22: Each regular vector will lie in exactly one Weyl chamber.
We will denote the Weyl chamber corresponding to a regular vector v € E
by C(v). For regular vectors v, € E we find C(y) = C(v’) if and only if
and ' lie on the same side of each hyperplane P,, corresponding to o € ®.
Furthermore, Corollary 2.11 shows us that Weyl chambers are in one-to-one
correspondence with bases.

If the base A = A(~y) for regular v € E, then we set C(A) := C(vy) and
call this the fundamental Weyl chamber relative to A. Since C(A) is, by
construction, the intersection of open ’positive’ half spaces relative to the
simple roots, it is an open convex set.

Lemma 2.23: The Weyl group permutes Weyl chambers and bases. More-
over, these actions of VW preserve the correspondence between Weyl cham-
bers and bases determined by the regular vectors.
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Proof. The result follows because W is generated by reflections; which are
orthogonal, linear, and bijective. O

Theorem 2.24:

1.

5.

The Weyl group acts transitively on the Weyl chambers.
The Weyl group acts transitively on bases.
For each root «, there is some o € W such that o(a) € A.

The Weyl group is generated by simple reflections (reflections corre-
sponding to simple roots).

The Weyl group acts simply transitively on bases.

Proof. We proceed by proving parts (1), (2), and (3) for the subgroup W' of
W which is generated by simple reflections. The full result for these parts
will then follow from part (4).

(1):

It suffices to show that for any regular v € E there is some o € W’ such
that o(y) lies in the fundamental Weyl chamber, since this shows that
any Weyl chamber can be mapped to the fundamental Weyl chamber
(and therefore to any other) by some element of W'.

Set § := 23" co+ a. Since W is finite (and therefore W’ also) we may
choose 0 € W’ such that (o(v),d) is maximal. Since reflections are
orthogonal and using Corollary 2.18 we find that

(0(7),0) 2 (0a0(7),6) = (0(7),04(0)) = (0(7),6) — (¢(7), @),

for any a € ®. From which we may conclude (o(7y),a) > 0. To see
that this inequality is strict we note that if there were some root « for
which equality held, then the regular vector v would be orthogonal to
the root o~ !(a).

: This follows from Lemma 2.23 and part (1).

: Let a be a root. We claim that o must belong to at least one base. We

set R:= ® — {*a}. For each € R, we have that P, N Ps is a proper
subspace of P,. Applying Lemma 2.5 to |J Be r(Pa N Pg) we find that
there is some v € F, which does not lie in any Pg, where 8 € R. We
may now choose 7/ which is near enough to v that (7', «) > 0 while
also (7, ) < |(7/,B)], for all B € R. It follows from the definition of
®" (') and being indecomposable that o € A(Y/).

The result follows from an appropriate application of part (2) to A(v/).
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(4): Since the Weyl group is generated by the reflections o, where a € @,
it suffices to show that each such reflection lies in W'. For any o € ®
part (3) allows us to find o € W’ such that o(a) € A. Since 0 € W
is generated by simple reflections we may apply Lemma 2.14 to find
that o5(q) = 00,0 L. Therefore, o, = O'_IO'U(Q)O'. Since o(a) € A we
conclude that o, € W and the result follows.

(5): Suppose we have o € W such that o(A) = A. Part (4) allows us
to express o as a product of simple reflections. If we do so with the
minimal necessary number of simple reflections, then Corollary 2.20
forces o to be the identity map. Otherwise some simple root would
be mapped to it’s negative and this would contradict the assumption
that A is invariant under o.

O

2.3 Isomorphism Theorem

Following our introduction to root systems and their bases, we now work
towards a result showing that Lie algebras with isomorphic root systems will
themselves be isomorphic. The structure of roots and bases will allow us to
come to a stronger conclusion.

Following from Theorem 2.10 we may fix a base A for ®.

Definition 2.25: A root system ® is said to be reducible if we are able to
express ® = 1 U @y as the disjoint union of two proper subsets such that
(@1, P2) = 0, that is, each root in one subset is orthogonal to every root in
the other. If ® cannot be partitioned in this way we say it is irreducible.

Lemma 2.26: The root system ¢ is irreducible if and only if its base A
cannot be partitioned into two disjoint orthogonal proper subsets.

Proof. We consider the direct case. Suppose & = &1 U @5 is reducible. We
set A1 := AN®; and Ay := AN Py. Clearly, A = Ay U As. It will suffice
to show that neither Ay nor Ay is empty. Let us suppose, without loss of
generality, that As is empty, then A = Ay C ®;. Thus, (A, $3) = 0, which
implies that (P2, P2) = 0 since A is a basis. Therefore, ®5 is empty, which
contradicts our assumption that ® is reducible.

Conversely, let us suppose that A = A1 UAy is reducible. If o, 8 € ® are
orthogonal, then their corresponding reflections, o, and og, commute. Part
(4) of Theorem 2.24 then yields that W = W; x W, (where W; is generated
by the simple reflections corresponding to simple roots in 4A;). From part
(3) of Theorem 2.24 we know that each root is conjugate to a simple root.

Now, the W; fix the orthogonal subspaces of the spans of the A;, respec-
tively. Therefore, the roots which are conjugate to simple roots in A cannot
be conjugate to those which are conjugate to the simple roots in As. This
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shows that ® is reducible as a partition into the subsets of roots conjugate
to A1 and As, respectively. O

Lemma 2.27: Suppose @ is irreducible. Relative to the partial order intro—
duced in Definition 2.3 there is a unique maximal root 3. If § =
then each b, > 0.

aEA

Proof. Let B = > ca ba be maximal. Set Ay := {a € A|b, > 0} and
Ag :={a € A|b, = 0}. Notice that A = AL U Ay is a partition. Suppose
there is some a € Ap. From Lemma 2.7 we find that (a, ) < 0. We may
assume w.l.o.g. that {a} is not orthogonal to A, since ® is irreducible.
Hence, there is some ay € A such that (a,ay) < 0, and so («, 8) < 0.
Lemma 2.2 yields that 5 + « is a root, contradicting the maximality of 5.
Hence Ay is empty.

The argument above also shows that (a,8) < 0 for all « € A and
maximal 3. Suppose 3’ is also a maximal root, then all the above also apply
to B'. Thus, it follows that (8,8’) > 0. Now, either 8 = 8 or 8 — /' is a
root. However, if 8 — (' is a root then either 8 < 3’ or 8 < 3, contradicting
their mutual maximality. O

Lemma 2.28: Let ® be a root system in E and E' a subspace of E. If
a reflection o, leaves E' invariant then oo € E' or E' is contained in the
hyperplane orthogonal to a.

Proof. Fix abasis {e;}¥_, for E'. Then o,(e;) = e;—(ei, a)a. If (e;, ) = 0 for
each i, then the reflection fixes E’ and thus E’ is orthogonal to o. Otherwise
there is some j € {1,...,k} for which (e;, ) is non-zero. Then there are
coefficients a; such that

k
ej — (ej, a)a = Zaiei.
i=1

Rearranging, we may write

O
Proposition 2.29: Let L be a simple Lie algebra. Then @ is irreducible.

Proof. Suppose that ® is reducible, then we may decompose ® = &1 U ®o,
such that ®; is orthogonal to ®5. Choose arbitrary a € ®; and 5 € P,.
Then (a + 3, ), (a+ 3,8) > 0, specifically both are non-zero. Therefore,
« + (B cannot be a root, since it would need to be in exactly one of the ®;.
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Morever, [Lo,Lg] = 0, keeping in mind that « and 3 are arbitrary. We
denote by K the subalgebra of L generated by the L, where o € ®1.

We claim that K is a proper ideal of L, which would contradict L being
simple. Notice that [K, Lg] = 0, for any § € ®3. K is a proper subalgebra
of L since Z(L) = 0. Moreover, the normaliser of K clearly contains all the
L and the Lg. Hence, K is a proper ideal of L. O

Corollary 2.30: Let {L;}%_, be simple Lie algebras and set L := @?:1 L;.
Let H be a maximal toral subalgebra of L and ® the associated root system.
Then H; := HNL; is a maximal toral subalgebra of L; and the corresponding
root system ®; is irreducible. Moreover, ® canonically decomposes into

H?:l D;.

Proof. Since L decomposes into the L;, we have that H = @le H;. Clearly
each H; is toral in each L;, respectively. We claim each H; is maximal toral
in each L;. Suppose H; is contained in some toral subalgebra T" of L;. Notice
that T'is also toral in L and [T, H;] = 0 (i # j). Then TUH generates a toral
subalgebra of L which properly contains H, contradicting the maximality of
H.

Now for each a € ®; we may view « as a root of L relative to H by
setting a(H;) = 0 for j # 4. Clearly, L, C L;. On the other hand, if o € ®,
then there must be some ¢ such that [L,, H;] is non-zero, otherwise o would
not be a root. Therefore, L, C L; and so «|g, (that is « restricted to H;)
is a root of L; relative to H;.

It now suffices to show that if E is the span of ®, then ® uniquely
decomposes as the union of irreducible root systems ®; in F; such that
E = @le E;. If W is the Weyl group of @, then the Weyl groups W;
corresponding to the ®; are, respectively, WNGL(E;). Since o, acts trivially
on E; when a € ®; where j # 7, we find that each E; is W-invariant. Lemma
2.28 then shows that each root lies in exactly one of the E; and therefore
that ® decomposes into the ®;. O

Proposition 2.31: The semisimple Lie algebra L is generated by the root
spaces Lo, L_, corresponding to simple roots (o € A).

Proof. Let 8 be some positive root. From the Corollary of Lemma 2.15 we
may write 8 = Zle «; as a sum of simple roots such that each partial sum is
aroot. Remembering that [L., L,] = L4, for roots v and ¢, we can see that
Lg is contained in the subalgebra of L which is generated by L, (1 < i < k).
Hence, Lg is certainly contained in the subalgebra of L which is generated by
the root spaces corresponding to all the simple roots L, (a € A). Similary,
if § is negative, then Lg is contained in the L_,(a € A).

The root space decomposition L := H @ @, e Lo yields the result,
since H = ) cp[Lla,L_o], and because all the roots may be written as
linear combinations of simple roots. ]
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Theorem 2.32: Let L and L’ be simple Lie algebras with respective max-
imal toral subalgebras H and H' and respective root systems ® and ®’.
Suppose that 7¢: ® — @' is an isomorphism (we will denote 1¢(a) = o),
which induces an isomorphism 7: H — H'. We fix a base A for ®, such
that A" := {a/ | € A} is a base for ®'. If, for each o € A, we choose some
non-zero xo € Lo and z, € L, (this is equivalent to choosing some iso-
morphism 7,: Lo — L), then there is a unique isomorphism 7r,: L — L'
which extends T and each T,(a € A).

Proof. We note that any isomorphism 7¢: ® — @’ uniquely induces an
isomorphism 7,: H* — H'™* since ® and ® span H* and H'*, respectively.
Furthermore, the identification between a maximal toral subalgebra and its
dual provided by the Killing form, means that 7, induces an isomorphism
7: H— H'.

We first prove the uniqueness of 7, before proving its existence. For
each simple root a the chosen z, uniquely determines y, € L_, such that
[ZasYa] = ha. Moreover L is generated by the L, and L_,(a € A) by
Proposition 2.31.

To prove the existence of 77, we construct a subalgebra D of L & L’ and
claim that D is isomorphic to L and L’ under the respective projections.
As above, for each simple root « the corresponding x, uniquely determines
Yo € L_q, such that [z4,ya] = he. Similarly in L', [2/,,y,] = hl,. We
set To 1= (Ta,2),) € L® L', and define §, and h, similarly. We then let
D := (fomgou ha>aEA-

We claim D is a proper subalgebra of L & L'. Since L and L' are simple,
Proposition 2.29 yields that ® and ®’ are irreducible. From Lemma 2.27 we
find that there are unique maximal roots (relative to A and A’) g and
in ® and @', respectively. These maximal roots correspond via 7¢ because
of the correspondence which 7 establishes between the simple roots in ®
and ®'. We now choose arbitrary non-zero elements zg € Lg and ‘T/B’ € LIB’
and set g = (z3, x/’B,) Let M be the subspace of L ® L’ spanned by all the
m = ady, ady,, ...ady, (Zg), where each a; € A (or equivalently, M is the

Yag *

submodule of (Ja)aeca generated by Zg). Since Yo, € L_q, @ L’_a;, we have
that each m € Lg_s- o, ® L 5~ /- Therefore M N (Lg ® L) = Fig is

e
1-dimensional. This makes M a proper subspace of L @ L’ since it contains
no elements of L @ L’ wherein the the first and second components of the

element do not correspond via 7.

We claim that [D,M] C M. By definition ady, (o € A) stabilizes M.
Since [h, 7] is a multiple of gy, for every h € H @ H', we may conclude that
ady, also stabilizes M. We know that the difference of simple roots is not a
root (Lemma 2.7). This means that adz, commutes with ady, for all simple
v # «. Hence, if a # «aq, then by an easy induction argument on k& we find
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that

Za [Hars - [ Tl - )] = (o [Bas [P - - - [ Tl - - 1]

lies in [§a,, M] C M. Whereas, if & = ay, then

[i'on [gav [ga27 s [gakvi‘ﬁ] . m = [gav [jow [gazv s [gaka jﬁ] .. H
+ [has [Fazs - - - [Gay-Tp] - ]

The first summand lies in M by induction and the second summand lies in
M because, as we have seen, ady, stabilizes M. This allows us to conclude
that D is a proper subalgebra, otherwise M would be a proper ideal of L& L’
but M is clearly distinct from both L and L’.

We claim that the projections of D onto L and L’ are isomorphisms. The
projections are of course Lie algebra homomorphisms. Moreover, by virtue
of their construction and Proposition 2.31 they are surjective. Noting that
L is the kernel of the projection of D onto L', suppose D N L # 0. Then
there is a non-zero (w,0) € D. Now Z, acts on (w,0) by

[ja’ (wv 0)] = ([.Ia, w]’ O),

and @, acts similarly on (w,0). An application of Proposition 2.31 yields
that [D, (w,0)] = ([L,w],0) = (L,0). This means that D includes L and by
symmetry D would also include L’. Altogether this implies that D = L& L/,
a contradiction. Therefore, the projections are also injective, and hence are
isomorphisms.

We now have that D is isomorphic (via projections) to both L and L.
This allows us to construct an explicit isomorphism L — L' by x4 +— 2,
(a € A) and hy — h.,. Cleary this coincides with 7 on H, and so the result
follows. O

Corollary 2.33: We may generalise the theorem to the case where L and
L' are semisimple.

Proof. Take L and L’ as in the hypothesis of the theorem except that they
are semisimple. We may decompose L and L’ as direct sums of ideals (which
are simple Lie algebras in their own right) as follows

k m
L=pL, =L
i=1 i=1
From Corollary 2.30 we have the canonical decomposition ® := Hle 0¥

and ® = [, ®, where the ®; and @/ are the (irreducible) root spaces
corresponding to their respective maximal toral subalgebras H; := H N L;
and H} := H' N L. Since decompositions of a semisimple Lie algebra into
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simple Lie algebras is unique (up to order), and also the decomposition of
their root systems into irreducible root systems is unique we note that the
indices £ and m in the decompositions are equal. We may also assume
w.l.o.g. that the order of the decomposition matches up isomorphic ideals,
i.e. that L; = L} for each i.

We may apply the theorem to each of the L; and L/ to get isomorphisms
1r,: Li — L} which fulfil the criteria in the hypothesis. We can then define
an isomorphism 77,: L — L’ by combining these 7z,. The result follows. [

Proposition 2.34: Let L be a semisimple Lie algebra. Fix an arbitrary
non-zero xo € Lo(a € A) and choose yo, € L_,, such that [z4,Ya] = ha.
There is an automorphism, o of L of order 2 which satisfies the following:

1. 0(zq) = —Ya,
2. U(ya) = —Za,
3. o(h) =—h

foralloo € A and h € H.

Proof. We have seen in Theorem 2.32 that each automorphism of ® induces
an automorphism of H which can be extended to L. We therefore begin by
defining an automorphism og which sends each root to its negative. This
clearly defines a vector space automorphism of H*. Moreover, for o, 3 € H*
we have that

— 2(*57 *O‘)

(_a’ _a)

(0(B),0(cx)) = (B, a),
and so this is an automorphism of ®. Since each root is sent to its negative,
it follows that the induced map on H sends each h € H to its negative. We
may label this induced automorphism o: H — H. One of the orthogonality
properties of roots states that —h, = h_, for each @ € ®. For each simple
root a we set 0(Za) = Yo ([Ta, Ya) = ha). We may now apply Theorem 2.32
(or its Corollary, whichever is appropriate) to extend o to L.

Finally, o has order 2 because o2 acts as the identity on a set of gener-
ators, the simple roots (see Proposition 2.31). O

2.4 Chevalley Bases

This section is devoted to proving the existence, and special properties, of
Chevalley bases. To this end, we will begin with some results concerning
representations of semisimple Lie algebras. Specifically, we will need to look
at modules of the special linear Lie algebra sl(2,F).
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Remark 2.35: For vectors o € ® and € ® U {0} we define the a-string
through § as
M,B,Oc = @Lﬁ+caa
ceF
noting that Lg. . is non-zero only if f+ca € ®. Mg 4, is an sl(a)-submodule
of L.

There exists integers r,q such that 8 — ca € ® if and only if ¢ is an
integer and —r < ¢ < q. Since reflections corresponding to roots (o, for
a € ®) leave ® invariant, and o, adds a multiple of « to roots, we find that
o, commutes the a-strings of 3. In fact, o, reverses the order of the strings,
and so 0,(B + qo) = B — ra. This yields that r — g = (8, ).

Now we can move forward in describing, and proving the existence of,
Chevalley bases.

Lemma 2.36: Let ® be a non-empty subset of ® and let E' denote the
subspace of E spanned by ®'. If ® satisfies the following conditions:

1. ® = —@', and
2. Ifa,f€® and a+ B € @, then a+ 5 € ¥,
then ® is a root system in E’.

Proof. 1t is clear that @’ is finite, and since E’ is the span of @' it is certainly
true that ® spans E’. Clearly 0 ¢ & C ®.

The condition that ® = —®’ implies that for any o € ® we have that
—a € ®'. Moreover, as & C ® the only multiples of o which could reside in
@’ are +a.

Let «, 8 € ®'. We may assume without loss of generality that ||3]| > ||«|| .
We divide the proof of the third axiom into cases based on the value of (53, «).
If (8,a) =0, then 0,(8) = 8 € ®'. If (B,a) =1, then o,(8) = § — a. Since
a, 8 € ® and o, leaves ® invariant, we have that 8 — a € ® by the second
hypothesis condition. The case for (3, ) = —1 is similar.

Now we consider the case (8,«) = 2 (for —2 the argument is similar).
Here 0,(8) = B — 2a € ®. Considering the a-string through g we can see
that 8 — a € @, therefore § + (—«) € ®' (by condition 2 in the hypothesis).
However, now S —a, —a € ® and so by condition 2 we find that 3 —2a € @'.
This same argument can be extended to cover the case where (8, a) = 3 and
the case for —3 is similar.

Finally, for o, € ® we have that (8,a) € Z because ® is a root
system. ]

Corollary 2.37: Take «, 3 € ® and let E’ denote their span as a subspace
of E. Then ® N (Za + ZB) is a root system in E'.

Proposition 2.38: Suppose « and 8 are non-proportional roots and let
B—ra,...,B,...,8 4+ qa be the a-string through (.
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1. At most two roots lengths occur in this string.
2. If o+ B is a root, then

(a+B,a+B)

q
N CENE)

Proof.
1. From Corollary 2.37 we have that ® := &N (Za+Zp3) is a root system
of rank 2 in E’ (using the notation in the corollary).

If &' is reducible, then it must be of type A; x A;. This would mean
that @ := {+a, £6}.

If @' is irreducible, we may use the fact that irreducible root systems
contain at most two different root lengths.

2. We note (see Remark 2.35) that (3, a) = r — ¢. This yields that

_28a)
" laa)
Therefore
_qla+Ba+pB) _ 208,a) o qla+B,a+p)
A V) B R ™ A N
_2(B,a) ~qla, ) 2¢(a, B)
“ww TVTEA T (@)

)
= ((8,e) +1) (1 _ Q((giagf;) |

noting that

o) 0.0 00
o (~G5557) = "twen G55y
We will use the labels X := (5,a)+1and Y :=1— q((;’;;). It suffices

to show that X or Y is 0. We split this into cases.

Case 1: (a,a) > (p, ). This implies that |(5,a)| < |{a, 5)|. Since
B # +a, the possible values for (8, a){«, 5) are 0, 1,2, and
3. We can also see that the possible values for (3,«a) are
—1,0, and 1.
If (8,a) = —1 then X = 0 and we are done. Otherwise, we
must have that (8, «) > 0, whence (8 + «, 8 + «) is strictly
larger than (3, 8) and (a, a). This follows as

(B+ao,f+a)=(8,8)+2(8,a)+ (o, ).
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Case 2:

We have that a + (3 is a root and so, using part (1), we
find that («,a) = (5,8). A similar argument yields that
(B4 2a,8+2a) > (B + «, 5+ «). Again using part (1) we
conclude that 8 4 2« is not a root, and hence ¢ = 1. This
means that Y = 0.

(o, ) < (B, B). Using part (1) we conclude that o 4 5 has
the same length as a or 3, since a+ (8 is a root. Either way
(ar, B) < 0 (this follows from a similar argument to that used
in the first case). Therefore (o, ) < 0. We find that

(B—a,f—a)>(B,8) > (a,a).

From which we conclude that 8 — « cannot be a root (again
using part (1)). Thus, » = 0. In this case, the possible
values for (a, B)(f,a) are 0,1,2, and 3. While the possible
values for («, 5) are —1,0, and 1. We have established that
(o, B) < 0 and so {(«, 8) = —1. Using (5, a) = r — ¢ we may
conclude that

(— —(fay = B) _28.0) (5.8) _ (5.)

(. B)  (0) 2(8,0) (o,0)
Thus, Y = 0.

O

We are nearly in a position to prove Chevalley’s Theorem, which de-
scribes and guarantees the existence of a Chevalley basis for L, first we will
state some well-known background results. We present these without proof
to avoid this dissertation becoming bloated with basic, well-known results.
Thereafter we will provide the final work needed for the theorem.

Remark 2.39:

We denote by Vy, := Span(X™, X"y, ..., XY™ 1Y),

the vector subspace of F| X, Y] consisting of all homogeneous polynomials of
degree m. Clearly, dim(V,,) = m + 1. We may define a representation

: sl(2,F) — gl(Vy)

0
Xi
c2 A5y

621}—)Y87X
o 0

— X -Y—.
€11 — €22 > X oYy

Proposition 2.40: The V,, are irreducible sl(2,F)-modules.
Theorem 2.41: Any (finite) irreducible s((2,F)-module is isomorphic to

one of the V,,
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Remark 2.42: Suppose V' is an irreducible sl(2,F)-module and v € V' an
(e11—ea2)-eigenvector such that ejo-v = 0 (such a vector is called a maximal
vector). There is a non-negative integer m such that (ej; — eg2) - v = mw,
and V =2 V,,. We call such a vector v, a highest weight vector for V
and m is the highest weight of V. A highest weight vector is unique up to
non-zero scalar multiples exactly because dim(V,,,) = m + 1.

Lemma 2.43: Let V' be an sl(2,F)-module, then V contains a maximal
vector.

Lemma 2.44: Let V be an irreducible sl(2,F)-module, and vy a maximal
vector of weight \. Set v_1 := 0 and v; := (1/i!)y" - v, when i > 0. Then for
i >0,

1. h- v; = ()\ — 21')1/2‘,
2.y v = (i+ 1)vigr,
3. x-vi=A—1i+ 1.

Proof. We have that V' decomposes as the direct sum of weight spaces as-
sociated to h, which we denote V) := {v € V| h-v = Av}. We note that for
v € V) we have

h.-(z-v)=[hz]-v+x-h-v=2z-v+Ar-v=(A+2)x- 0.

Therefore x - v € V19, while a similar argument yields that y - v € Vy_o.
Part (1) follows from repeatedly applying the latter of these conclusions.

Part (2) we prove by induction on k. If £ = 0, then y - vg = (0 + 1)vg41
by the definition of v1. Assuming the result holds for some k& > 0 we have
that

1 1
(20 = (2 gy ™ w0 =gyt = e

Part (3) we prove by induction on k. If £ = 0, then the result follows
trivially. Assuming the result holds for some & — 1 > 0 we have

kx-vp=x-y vp_1 =[x,y - vh—1+y-T g1 =h-vp_1+y- T vp
=A=2(k—1))vg—1+ (A= k+2)y-vp—2
=A=2k+2vp1+(k—1)(A—k+2)vp_1
=k(A—k+ 1)vg_1.
Divinding both sides by k we are done. O

Lemma 2.45: Suppose « and  are non-proportional roots. We choose
Zo € Lo and yo = x_o € L_ such that x4, Ya] = ha, and let zg € Lg. If
B—ra,...,B,...0 4 qu is the a-string through [, then

Yas [Tas 28] = q(r + 1)xg.
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Proof. If a4+ 3 is not a root, then ¢ = 0 and since [z, 28] € Lot = 0, both
sides of the equation are 0.

More generally, we will consider the sl(c)-submodule Mg of L generated
by . To be an sl(«)-module Mg must be invariant under the actions of
€as fa, and hy (see Proposition 1.84). The (repeatedly applied) action of A,
on xzg will give us scalar multiples of xg. The (repeatedly applied) action
of eq on xg will yield vectors in Lgyq, ..., Laiqge. Similarly, the (repeatedly
applied) action of f, on xg will yield vectors in Lg_,...,Lg—rq. Hence,
Mg has dimension (r + ¢ + 1) which is the numbers of roots in the a-string
through .

As My is generated by a single element, it must be irreducible. Moreover,
we have established that the highest weight of Mg is r + ¢. From Remark
2.42 we find that Mg is isomorphic to V;.1.

Take a maximal vector vg € L. Then zg is a non-zero scalar multiple
of vy, using the notation from Lemma 2.44. This follows because vg is a
hq-eigenvector such that x - vg = 0, s0 v4 € Lg4qa. Applying the action of
Yo q times leaves us with a vector in Lg which is 1-dimensional and hence
must be spanned by x5 € Lg.

Then using Lemma 2.44 we find that

Yo [Ta, 28]l = (r + ¢ — ¢+ Dya,z5] = (¢ — 1+ 1)(r + Dag = q(r + 1)xs.

O
Proposition 2.46: There are vectors o € Lo(a € A) such that
1. [Za,T—o] = ha.
2. Ifa,B,a+ B € ® and [zq, 8] = copra+ B, then cop = —C_q s
3. Moreover, for any such choice of root vectors if 8 — ra, ..., + qa is

the a-string through [, then

a+f,a+pB)

2
cap=q(r+1) )
Proof. We will use the automorphism o from Proposition 2.34. For a root
a € @, take an arbitrary non-zero x, € L, then x_, := —0(zq) € L_q
is non-zero. Since the Killing form on L is non-degenerate, we have that
K(Tq, T_q) is non-zero. We note that for ¢ € IF, replacing x,, by cz, results in
K(cTo, et o) = 2K(2q, T_o). Therefore, as T is algebraically closed, we can
choose to make k(xq, o) any non-zero value by scaling =, (and therefore
also z_,) appropriately. We may therefore choose to set

K(Ta,T—o) = @a)
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Using one of the orthogonality properties of roots, this means that

2ty

(o, )

[xa7x—a] = ha =

Part (1) follows.

Let o, B, a4 € @, then [z, 28] = cq gTa+p for some co g € F. We apply
o to this equation and find that [—x_,, —x_g] = —cq gx_o_p3. However, we
also have that [v_n,,2_g] = c_q,—p2x_a—p. Part (2) follows.

We may now choose {z,}ace which satisfy (1) and (2). Suppose that
a,B,a+ € . Then a and [ are linearly independent and hence t, and
tg are linearly independent. We recall that ¢, is defined by (ta, h) = a(h),
for all « € H*,h € H. This is the correspondence which the Killing form
establishes between H and H*. Therefore,

Kltars, h) = (a+ B)(h) = a(h) + B(h) = K(ta, h) + K(ts, h),

for all h € H, yields that {445 = to + tg. From (1) it now follows that

2 5h 205 (141
[Ca,ﬁl‘aJr,B»Ca,ﬁx—a—ﬁ] = Cq.plla+B = m( at 5)-
From (2) and the Jacobi identity we also find that
[¢a,8%a+85 Ca,8T—a—p) = [[Ta, 2], —[T—a, T—p]]
= —llzg, —[z-a,2pl], wal = [[=[7-a, 5], Zal, 23]

= —[za; [25, [2-as xp]l] + [2, [0, [2—as 4]
= [ta, [x8; [z-p, 2-oll] + [2, [Ta [T -0, 2 5]]]-

If the S-string through « is « — r'f3,..., @ + ¢'3, then (replacing o and 8
with their negatives does not change r,7’, ¢, ¢') applying Lemma 2.45 to both
terms yields

[Tas [28, [T—p, 2—a]]] + [z, [Ta, [T—a, T_g]]]

= q/(T/ + 1)[xa, 33704] + Q(T + 1)[:65’ x—ﬂ] = q,(rl + 1)ha + Q(T + 1)hﬁ
24/ (4 1) 2(r+1), 2¢2 3

=T TG P et Barp et

2 2
QCCM 20%5

“+tBarp) GrBatp

Part (3) follows from comparing these coefficients of ¢, and t3. O

)tg.

Proposition 2.47: We define the dual system of ® as ®V = {a*|a € D},

where oV 1= (363). ®V is a root system in E. Moreover, if A is a base for ®,

then AV is a base for ®V.
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Proof. Clearly, ®V is finite and does not contain 0. Since o is a non-zero
scalar multiple of «, for each a@ € ®, we find that ®" spans E. Suppose
aV, caV € ®V, for some ¢ € R. Then o, ca € ® which means that ¢ = +1.
Let a, 8 € ®. Then

% % VoV LV 2B 2(8,a) 2«
7 (F) =BT =5 = B8 T 16.8) (@ a)
_ 220 28— (B.o))
(8,8) T (B, 8) (B8, 8)
:2004(5)
(8,8)

We claim that (8,5) = (04(8),04(8)), from which it would follow that
oov(BY) = 04(B)Y € V. To this end, we note that

(0a(B), 7a(B)) = (8, 8) — 2(B,)(B, @) + (B, a)*(a, )

= 0.5) 4L B

It remains to show that o, 8 € ® implies that (3V,a") € Z. For a,3,€ ®

we have
vV a\/ _ 2(/6\/704\/) _ 2(6) Oé) Y

Therefore, ®V is a root system.

The Weyl chambers corresponding to ®" are determined by the hyper-
planes orthogonal to the roots . However, since

Vy 2 o
(’Y?O‘ )_ (Oé,Oé) (77 )’

we find that P, = P,v, for each a € ®. Hence, the Weyl chambers corre-
sponding to ® are the same as those corresponding to ®V. Therefore, if A
is a base for ®, then AV is a base for ®V. O

Definition 2.48: A basis {xq, h;|a € ®,1 < i <[} of L with the following
properties:

1. [ZayT—a] = ha.
2. Ifa,B,a+ f € ® and [z, 28] = copra+ [, then cop = —C_q 5.
3. h; = hq,, for some base A = {aq,...,a;} of ®,

is called a Chevalley basis.

Theorem 2.49 (Chevalley’s Theorem): Suppose we have a Chevalley basis
C:={xq, hila € ®, 1 <i <!} for L. Then
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N

(hi,hj] =0, for 1 <i,5 <.
[hi, zo] = (a, i)z, for 1 < i <1, a € .
[Ta,T—a| = ha, is a Z-linear combination of the h;, 1 <i <.

Let o and 8 be non-proportional roots, and 8 — ra, ..., + qa the
a-string through f. If ¢ = 0, then [z, 23] = 0; whereas if a + 3 € @,
then (x4, 23] = £(r + 1)xq4p.

Proof.

(1):
(2):
(3):

This is clear.
This follows from a(h;) = (o, o).

Applying Proposition 2.47, we may consider the dual root system &V
with base AY. We also make use of the Killing form identification of
H* with H, described in Lemma 1.82. Using this we find that, for
each ke H

=22k 2 =k <2t°‘)k> . (K(%)O .

(,a) (o, ) (o, to,ta

Furthermore, we claim that hy = 2t4/k(tq, t). From Proposition 1.84
and Lemma 1.83 we find that hy = [eq, fo] = k(eq, fa)ta- Now, Propo-
sition 1.84 and Lemma 1.82 yield that

2

a(ha) = H(tou hoz) - "i(tou [eom foc]) = /i(tom "i(eav foc)toc)
= K(ea, fa)’i(taa ta)~
Therefore, a¥ (k) = k(ha, k), for all k € H. We conclude that t,v = hq.

For any a € ® we know that " is a Z-linear combination of the
elements in AY. Thus, each h, is a Z-linear combination of the h;.

: This follows from part (3) of Proposition 2.46 combined with part (2)

of Proposition 2.38.
O
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Chapter 3

Gradings

The central focus of this chapter is gradings of Lie algebras. The chapter
begins with grading on algebras in general. We then narrow our view to the
study of gradings on Lie algebras and finally on simple Lie algebras. We
will encounter a result which yields the notion of a universal grading group
for gradings equivalent to group gradings. At the end of this chapter we
investigate automorphisms of gradings.

For the rest of the text we will assume, unless stated otherwise, that
all vector spaces are finite-dimensional and that we are working over an
algebraically closed field F of characteristic 0.

3.1 Basics of Gradings

This section starts with an introduction to the basic notions, notation, and
terminology around gradings. Thereafter we encounter some results on - and
examples of - equivalences of gradings and the connection between reductive
Lie algebras and gradings. The section closes out by showing that any
indexing group for a simple Lie algebra must be abelian.

Definition 3.1: Let A be an algebra and I a nonempty indexing set. A
vector space decomposition

r: A=A,
el
is called a grading of A if it satisfies the following:

i) Each A; is a non-zero subspace of A, called the homogeneous com-
g
ponent of degree i. Its elements are said to be homogeneous of
degree i.

(ii) For any i,j € I there is a k € I such that A;A; C Aj. We note that
such a k will be unique since I' is a vector space decomposition.
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Suppose we have another grading of A,

FX: A:@XJ

jedJ

If each X consists of a union of some of the A;’s we say that I'x is a
coarsening of I', or equivalently that I' is a refinement of ['x. We say
that I' is a proper refinement of I'x if at least one of the A; is a proper
subset of one of the X;. If I' has no proper refinement we say it is a fine
grading. In the case that A is a Lie algebra we shall call I'a Lie grading
of A.

Example 3.2: Let F[z1,z9,...,x,] be the polynomial ring over a field F.
Write F; to denote the subspace of F|x1, o, ..., x,| consisting of all homo-
geneous polynomials of degree i. Then:

T:Floy,2s,...,20] = PF, (3.1)
ieN

is a grading. In fact, I' is a vector space decomposition with F;F; C F;,;,
for any i,5 € N.

Definition 3.3: LetI': A = EBgeG Ay be a vector space decomposition of an
algebra A, where G is a semigroup. If the following conditions are satisfied:

(i) AygAp C Ay, for all g,h € G and,
(i) G=({g € G| Ay #0}),
then this decomposition is called a G-grading of A. The set
Supp(I') := {g € G| Ay # 0},

is said to be the support of I'. Notice that Supp(I") generates G.

Example 3.4: Suppose A is an associative algebra and A = @geG Ay a

G-grading with G abelian. Then the Lie algebra A~ has a G-grading via
the same vector space decomposition.

A~ =P A,

geG

This follows because for x € Ay and y € Ay, we have that xy € Ay, and
yxr € Apg = Agp and so

[z,y] = 2y — yx € Agp.

We now present an Ss-grading of a Lie algebra.
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Example 3.5: Let £ :=sl(2,F) @ sl(2,F). Let {e;, fi, h;} denote the stan-
dard basis for sl(2,F), that is [e;, fi] = hi, [hi,ei] = 2e;, [hi, fi] = —2f;.
Then £ has the following set as a basis {e1, ea, f1, f2, h1, ha}.

We denote the symmetric group on 3 elements by

2 2
Ss ={e,1,7%,0,0T,07°},

where 73 = 02 = e, 70 = o7%. We may then define an S3-grading on £ as

follows:
Le = (h1,h2), & ={e1), L2 =(f1), Lo = (€2, f2), Lor =0, £,2=0.
In fact, [h;, e;] = 2e; and [h;, f;] = —2f; yield that
[€e, £:] € &7, [Le, £72] € L1z, [Le, £6] C Lo
While [e;, fi] = h; gives us that
[€,,8,2] C L0, [€5.8,] C L0, [£12,8,] = L2, = Lo

These observations - along with the skew-symmetry of the Lie bracket - show
us that the decomposition, indexed by Ss3, agrees with the group operation.
Moreover, it is clear that Ss is generated by {7,0} C {e,7,7%,0}.

Definition 3.6: We say two gradings

A=Pxi=DPy;

i€l jeJ

of an algebra A are equivalent if there is a bijection 7: I — J and an
algebra automorphism f: A — A such that f(X;) =Y, for alli € I.

A G-gradingT¢ : A= @ e Yy and a gradingI' : A = ,; X; of A are
equivalent if the grading A = ®gESupp(Fg) Y, is equivalent to I.

A G-grading and a G'-grading

A=PXx,= P vy,

geG g'eG’

of A are isomorphic if there exist a group isomorphism 7: G — G’ and an
algebra automorphism f: A — A such that f(X,) = Y, for all g € G.
The following example will show that semisimple Lie algebras can be
graded by non-abelian groups and that an abelian group grading can be
equivalent to a non-abelian grading.
Example 3.7: We let £ = sl(2,F) @ sl(2,F), as in Example 3.5. We now
give a Zg-grading on £ and then see that this grading is equivalent to the
grading in that example.
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Note that we may decompose £ as
L=y ® My &Mz & My, (3.2)

where
Mo = (h1,ha), My = (e1), M3 = (e2, f2), My = (f1).

As [hl, 61'] = 261' and [hl, fz] = *2fi we have that

(D%, Ma] € Mo, [Mo, M3] C M3, [Mo, My] C Ny,
Since [h;, e;] = 2e;, [hi, fi] = —2fi, and [e;, fi] = h; we find that

(Do, My] C My, M3, W3] C Ny, Mg, My C M.

Furthermore, from the skew-symmetry of the Lie bracket, the fact that Zg
is abelian, and that Z¢ = (2,3) = (0,2,3,4) we conclude that (3.2) is a
Zg-grading of £.

We saw in Example 3.5 that {e,0} C {e, 7,72, 0} generates S3. We may
therefore define an bijection &: {e,7,7%,0} — {0,2,3,4} by

e 0,7 2,72 4,0 3.

Taking the identity automorphism on £ we see that the S3-grading of £
from Example 3.5 is equivalent to the Zg-grading in this example.

Definition 3.8: We say a Lie algebra £ is reductive if its adjoint repre-
sentation is completely reducible.

Remark 3.9: Any semisimple Lie algebra £ is reductive.

Proof. By Weyl’s Theorem D.21 we see that the adjoint representation of £
is completely reducible. O

The above remark shows that being reductive is a generalisation of
semisimplicity.
Definition 3.10: We say £ has a reductive decomposition if we may
express it as a direct sum of Lie algebras £ = R@ 9N, where R is a subalgebra
of £ and M is a K-module under the adjoint representation.

Example 3.11: We saw in Example 1.18 that gl(n,F)/sl(n,F) = F. We note
that F is isomorphic to s(n,F), that is, the subalgebra of 9(n,F) consisting
of scalar multiples of the identity matrix. Thus, gl(n,F) = sl(n,F) ®s(n,F).
We have seen that sl(n,F) is a subalgebra of gl(n,F), and that s(n,IF) is an
sl(n,F)-module (sl(n,F) acts trivially on s(n,F)). Hence, this is a reductive
decomposition of gl(n,F).
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Definition 3.12: Let £ be a Lie algebra, 9 an £-module and N a non-
empty subset of . We define the annihilator of 91 in £ as

AnngM) ={le £|l-n=0 VneMN}.

Proposition 3.13: Let £ be a Lie algebra, 9 an £-module and N a non-
empty subset of M.

(i) The annihilator of M in £, Anng(MN), is a subalgebra of £.
(ii) If 91 is a submodule of M then Anng(N) is an ideal of £.

Proof. We denote by A := Anng(MN). For x,y € A, n € N, and o, 8 € F we
have that (az + By)-n=azx-n+ By-n =0, and that 0 € A. Thus, A is a
vector subspace of £.

Moreover, for z,y € A and n € 91 we have that

[zyln=z-(y-n)—y-(x-n)=2-0+y-0=0,

which proves (i).
If M is a submodule of M then, for x € A, y € £, n € N, we have that
y-n €N, and so

[,y n=2-(y-n)—y-(x-n)=0-y-0=0,
which proves (ii). O
Lemma 3.14: Let £ be a Lie algebra graded by a group G.

(i) If £ = R$M is a reductive decomposition, then Anng(IN) is an ideal
of £. Hence, if £ is simple, then Anng(OM) = 0 if M is not the trivial
module.

(ii) Suppose G’ is a subgroup of G. Let & denote the direct sum of the
distinct homogeneous components of degree ¢ € G', and let 0 be the
direct sum of the remaining homogeneous components. If £ is simple,
then £ = R @ M is a reductive decomposition.

Proof.

(i): We will denote by A := Anng(9M). Now, for any | € £ we may write
[ =k + m for some k € R, m € M. Therefore, for [ € £ and a € A, we
have

[1,a]-9M = [k+m,a]- M = [k,a]-M+[m,a]- M = [k,a]-M € [], K] C R,

Furthermore, for m’ € 9 we have [[I, a], m] = [[I,m], a] + [I, [a, m]] but
[a, m] = 0. Therefore

Hl7a]7 ml] = _[a’7 [l7mlﬂ = _[a7 [k, mIH - [CL, [m7 m/]]

70



But [k,m'] € M and so —[a, [k, m']] = 0. Noting that
[a, [m, m/H = [[avm]vm/] + [m, [a, m/]] =0+0,
we see that [[[,a],m] = 0 and (7) follows.

(ii): If we have a G-grading £ = P, £y of £, we define & = P v £y
and I = @gerG/ £y. Clearly, £ = 8 @ M. Moreover, we claim this
is a reductive decomposition.

Since G’ is a group, we have that gh € G’ for all g, h € G'. Therefore,

2.8 =P Pe|=Ple,elc P Lo

geG’ heG’ g9,heG’ g,heG’

and so it follows R is a subalgebra of £. To see that 9 is a K-module,
it will suffice to show that [&,9] C 9. To do so we take g € G’
and h € G — G’ and show that [£4, £4] C £, € M. We have that
gh € G' or gh € G — G’. In the latter case we are done. In the former
case we would have that g~1(gh) = h € G/, which is a contradiction.
Therefore, [£4, £4] € L4, € M.

O]

Proposition 3.15: For any group grading I': £ =
algebra £, the group G is abelian.

sec g of a simple Lie

Proof. We know that the support of I' generates G. For every g; € Supp(I)
we may consider Cy, the centralizer of g1 in G. If we have C,, = G for every
g1 € Supp(T'), then we have a generating set for G whose elements commute
with all of G, which would make G abelian.

We suppose then that there is a g; € Supp(I') such that Cy, is a proper
subgroup of G. An application of Lemma 3.14 yields a reductive decompo-
sition £ = R @ M for £, where K = @gecgl £y and M = @geG—Cgl £Lg.
Again using Lemma 3.14 we find that Anng(9t) = 0. We note that for non-
commuting elements hi, hg € G we must have that [£p,, £p,] = 0. If not,
then skew-symmetry yields that [£5,, £n,] = [£hy, £r,]- From which follows
0# [Lhy, Lhy) € Lhyny N Lhony, = 0, a contradiction.

From there we find that [£,,,9] = 0, since g1 does not commute with
any element of G — Cy, # (). This means that £, C Anng(9M) = 0, which
contradicts the fact that g; € Supp(I'). Thus, Cy, = G for all g1 € Supp(T'),
and so G is abelian. O
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3.2 Universal Grading Group

In the previous section we saw that different groups may produce equivalent
gradings. We would like to have a procedure which would allow us to produce
a unique group among all those which are equivalent. We start this section
by describing a procedure from which one can find a universal grading group.
The rest of the section is used to provide an example this procedure.

From here onwards we use the convention that all gradings will be equiv-
alent to group gradings.

Remark 3.16: Let I be a finite set. We denote by Z(I) the free Z-module
generated by I, which is the free abelian group generated by I. Z(I) has
the following universal property. For any function f: I — G, where G is a
Z-module (an abelian group), there is a unique Z-module homomorphism
7: Z(I) — G such that the following diagram, where v: I — Z(I) denotes
the canonical injection, commutes.

Z(I)

I »»”J
7

— G

Proposition 3.17: LetI': £ = @, ; £1 be a grading of a simple Lie algebra
L. There is a finitely generated abelian group G; which satisfies the following
properties:

(i) I C Gy

(i) E=@ L = @ £, where £, =

£, foralljel
iel JEGT

0, forallje Gr—1

(iii) For any group grading I'*: £ = P gec Mg, which is a coarsening of
the Gr-grading on £, there is a unique group epimorphism 7: Gy — G
such that M, = @ £ for any g € G, where J := {j € G1|7(j) = g}
Jj€J

Proof. We will let Z(I) denote the free Z-module generated by I and define
N :={i1+ip—ig|i; €  and 0 # [£;,, £i,] C £, }. We then define M = (N),
that is, the Z-submodule of Z(I) generated by N. We then claim that the

Z-module G = Z(I)/M has the properties described in the hypothesis.
For any i € I, we have that ¢ ¢ N. This means that ¢« ¢ M. If i,j € N
such that i —j € M. then 0 # [£;, £9] C £;. Thus, £; C £; and so i = j.
Hence we may conclude that I C (. Since £ is finite-dimensional we find
that [ is finite, and so Gy is finitely generated. Moreover, as a Z-module G

is an abelian group. Parts (i) and (ii) thus follow.
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Suppose G is a finitely generated abelian group and I': £ = gec My
is a coarsening of the Gr-grading I'. We denote by S := Supp(I'¢). Then
there is a surjective map f: I — S, with £ C M) for each 7 € I. In fact,
for each g € S we may write M, = P, £, and then we define f(g;) = g
for each i € {1,2,...,ny}. We may also view f as having codomain G, and
so by Remark 3.16 there is a unique Z-module homomorphism ¢: Z(I) — G
such that ¢ o j = f, where j: I — Z(I) is the natural injection, ¢ — ¢ for
each ¢ € I. This gives us that (i) = f(i) for all ¢ € I.

We note that ¢ induces a unique group homomorphism ¢: Z(I) — G.
Moreover, if ¢: Z(I) — G is a group homomorphism such that 7o j = f,
then for z € Z and i € I we have 7(zi) = 7(i +i+ ...+ 1) = 27(¢). By
uniqueness we have that 7 = ¢ = ¢.

We claim that M C Ker(y). It suffices to show that N C Ker(y). For
i1+1i2 —i3 € N we have that 0 # [£;,, £;,] C £i5, and so 0 # [£] , €] ] C £} .
Hence, 0 # [, £i,] = [£],, £,] € £} ,,,, but this means that iy + i € I,
as otherwise £; |, = 0. Therefore,

@(i1 +12 — i3) = @(i1 +12) — @(i3) = f(i1 +i2) — f(i3).

Since [£],, £,] C £}, we have that £] ., C £} and so f(i1 +1i2) = f(i3). It
follows that (i1+i2—i3) = 0, and since M = (IN) we have that M C Ker(y).
We now find that ¢ induces a group homomorphism @: Gy — G defined

by Y zii+ M — > zip(i). Then (i + M) = f(i) for each i € I. As

i€l i€l
G = (S) and f is surjective, we find that @ is an epimorphism. Then 7 =%
and uniqueness follows since ¢ is unique. O

Before we give an example of finding the universal grading group of a
grading, we will need some definitions and results.

Remark 3.18: Let M = (my,...,ms) be a finitely generated module of a
principal ideal domain R. Then we may define an R-module epimorphism

0: R° > M

S
(riy...,7rs) — Zr@-mi.
=1

Conversely, if there is such an R-module epimorphism then M is finitely
generated.

If K is the kernel of 0, then M = R*/K. Moreover, for (ri,...,rs) € K
we find that Y ;| rym; = 0. So every element of K defines a relation on the
generators of M. We therefore call K the relation submodule of R* for
M relative to {mq,...,ms}. If K = (ky, ..., k;) is finitely generated, we call
the matrix whose rows consist of the generators of K the relation matrix
of R® for M relative to {m1,...,ms} and {ki,..., ki}.
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Lemma 3.19: Let M = (mq,...,ms) be a finitely generated module of a
principal ideal domain R. If K = (ki,...,k;) is the corresponding relation
module for M and we let A denote the relation matrix for M, that is, if each
k; = (kih e 7kz’s)> then

(i)

(ii)

(iii)

Proof.

ki1 k2 ... ks

kor koo ... ko
A= . ) )

ko Ko oo ks

If P is an invertible t x t matrix with entries in R, then the rows of PA
generate K. So PA is a relation matrix for M relative to {m1,...,ms}
and the rows of PA (the rows are taken as elements of R®).

Let Q be a s x s invertible matrix with entries in R. Foreach1 <i <s
we define m}; := Z;Zl(Q_l)jimj. Then M = (m/,...,m.) and AQ is
a relation matrix for M relative to {m/,...,m.}.

Let P and (Q bet x t and s X s invertible matrices, respectively, with
entries in R. For each 1 < i < s we define m{ := >=,((AQ)™")jim;.
Then PAQ is the relation matrix relative to {m/,...,m”} and the
rows of PAQ (the rows are taken as elements of R®).

(i): We find that

t

Zt:(P>1iki1 > (P)iikiz

t
> (P)rikis
=1 =1 =1
Yo (P)aikin Y (P)aikia ... D> (P)2ikis
PA=|i=1 i=1 i=1
¢ ! ¢
D(Pikin D (P)rikio > (P)ikis
i=1 i=1 i=1

74



From this we can see that for each 1 <[ <t the [-th row of PA is

t t t
ri=Y (Pliki + > (Plkia + ...+ Y _(Plikis
i=1 i=1 i=1
s t
= Z Z(P)llkz]
=1 i=1
=P)n > kij+ (P2 ) koj+ ..o+ (P Y ke
=1 =1 =1

As the k; are generators for K, we have that the r; are elements of K.
Moreover,

ST (PP | ke
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Therefore we may recover the k; from linear combinations of the r;.
This means that the r; also generate K and so PA is a relation matrix
for M relative to {m1,...,ms} and {rq,...,7}.

(ii): The m] are linear combinations of the m; and so it immediately follows

that M = (mj, ..., m}). From m} = >33 (Q~")im; and a calculation
similar to one in (i) we see that m; = > °°_,(Q)im/; for each 1 <i <'s.
Since A is a relation matrix for M relative to {mi,...,ms} we have
that
my 0
Al 1 | =
Mg 0
Therefore,
mi 0
(A~ : | = :
Mg 0

and so from m’ = ;(Q_l)zjmi we find that

4Q | ¢ | =

This shows that AQ is a relation matrix for M relative to the set
{mf,...,m.}.
(iii): This follows directly from (i) and (ii).
O
The above lemma shows us that elementary row operations performed on
a relation matrix A are akin to changing generators for the relation module

K, while elementary column operations correspond to changing generators
for the module M.

Example 3.20: Let M = (m1,m2) be a Z-module with relations
mi1+4me =0 and —3mq+5my =0.

1 4

T'his gives the relation matrix A = | 3 5

. Adding 3 times row 1 to row 2

5 17
4 times column 1 from column 2 leaves us with the matrix

=N NE -0
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and using our algorithm from the lemma we see that our generators for
M switch from {my,ma} to {m1,4m1 + ma}. Now, A’ is equivalent to A
and in Smith normal form. Using the new generators for K we see that

K = <<(1)>, (107)> =Z ® 17Z. Since M = 7Z?/K from Remark 3.18 we see

M = (Z)Z) ® (Z/17Z) = Ly

Proposition 3.21: Let M = (m4,...,ms) be a module of a principal ideal
domain R, and A a relation matrix for M. If there are invertible matrices P
and @ such that PAQ) is diagonal with non-zero diagonal entries dy, . .., dp,
then

M=R/(d)®...®R/(d,) & R°P.

Proof. We first note that by Lemma 3.19 we have that PAQ is the relation
matrix for M relative to the corresponding generators of M and the rows of
PAQ. As in Remark 3.18 we have a corresponding R-module homomorphism
0: R® — M with Ker(f) = K generated by the rows of A. Then we have
that

di 0
O .
mMe=pr/k=rl |, .|
: 0
0 dp

>~ R/(d1)®...® R/{dy) ® R/{0) @ ... ® R/{0)
~R/{d1)®...® R/{dy) ® R°P.

Example 3.22: Let £ = sl(3,F) with basis

B := {e12, €13, €21, €23, €31, €32, h1 = €11 — €22, hg = €22 — €33 }.

Then,
,Q:SiEBEjEBSk@,Qm@En,

where

Li = (h1,h2), £ = (ear,e32), Lk = (e31), Lm = (€12,€23), Ln = (e13),

is a grading on £. We note that £; is a maximal toral subalgebra of £.

We have that [h1,hs] = 0 so [£;, £;] = 0, whereas [h1,e21] = —2e21,
[h1,e32] = —esa, [ha, e21] = ea1, and [ha, e32] = —2e32 mean [£;, £;] C £;.
We find that [£;, L] C £k because [h1,e31] = —es1 = [he, e31]. Now, from
[h1,e12] = 2e12, [h1,e23] = —ea3. [ha,e12] = —e12, and [ha, ez3] = 2e23 we

get that [£;, £,] C £,,. Since [h1, e13] = e13 = [he, e13] we must have that
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(£, £,] C £,,. Noting that [e21, e13] = e23 and [e3a, €13] = —e12 we find that

[£5,Ln] C L.

Seeing that [ea1,e32] = —esz gives that [£;,£;] C £. Then, since
lea1,e31] = 0 = [e32,e31] we have that [£;, £;] = 0. We can also see that
[621,612] = —hl, [621,623] =0= [632,612], and [632,623] — hg and therefore
15, €] C .

We have that [es1,e12] = 0 and [es1,ea3] = —ea1 which shows that
[£k, £m] C £;. We can see that [e3i.e13] = —(h1 — ha) and so [£g, £,] C £;.

Since [e12,e23] = e13 we see that [£,,,£,,] C £,. Finally, seeing that

[e12, e13] = 0 = [eas, €13] we conclude that [£,,, £,] = 0.

From our conclusions above, and from the properties of the Lie bracket
we may summarize the Lie bracket relations on the gradings subspaces in
the following table:

L& £ & L. £,
S lo £ £ £, &
£ & 0 £ L
£k 0o £ &
Lm £, 0
£ 0

We need only consider the section above the main diagonal because the Lie
bracket is skew-symmetric.

To continue we would like to find the universal grading group Gy for
the set I = {i,j,k,l,m,n}. To do so we follow the process described in the
proof of Proposition 3.17. We must therefore consider the submodule M of
the free Z-module Z(I), where M = (N) and

N={a+y—=z|z,y,z€ I and 0 # [£,, L] C £.}.
By consulting the table of Lie bracket relations we find that
N={i+j—j42j—k,j+m—ij+n—mk+m—jk+n—i2m—n}

Next, we must find Z(I)/M. First, we note that we may identify Z(I) with
75 by mapping

, J— , k— m— n—

@
I

o ©O O O =

o O O = O

OOL—‘OO

O)—'\.DDO

HO\'OOO

and M = (i,2j — k,j+m—i,j+n—m,k+m—j,k+n—1i,2m—n) we

78



may identify with

1 0 1 0 0 1 0
0 1 1 -1 0 0
M ={lo|, =1, o], |o|, |2 ,l2] |0
0 1 -1 1 0 2
0 0 1 0 1 1

Therefore we conclude that G; = Z(I)/M = Z° /M'. We now represent the
generators of M’ as rows in a matrix

1 0 0 0 O
0o 2 -1 0 O
-1 1 0 1 0
A=10 1 0 -1 1
0o -1 1 1 0
-1 0 1 0 1
o o 0 2 -1

Elementary row operations correspond to multiplying A" on the left by in-
vertible 7 x 7 matrices, and elementary column operations correspond to
multiplying A" on the right by invertible 5 x 5 matrices. We denote ele-
mentary row operations as follows: R; — R; + kR; indicates replacement
of the i-th row by the i-th row added to k times the j-th row (where k is
a non-zero constant), and R; <+ R; means that we swap the i-th and j-th
rows. We denote elementary column operations similarly, replacing R by C.
We perform the following elementary row and column operations (ordered
left to right and top to bottom):

Rs— R3+ Ri | Rs+ Rs+ Re Ry —1Ry | Ra— Ri+ Ry | Ra— 2Ry

R — Rg + Ry Rs — 2R3 Rg — Rg + 2R4 Cs+— Cs —Cs Cy < Cs

Ry — %RQ R40—)R4—%R3 R7— R7 — 2Ry Cy — Cy —2C5
Rs+— Rs— Ry | Rs — Rs — $Rs | Rs — Rs — 2Ry Ry <> Ry
Rir>Ri—Ry | Re—>Rs—Rs | Rov> Ro+ 3Rs | Cars Cy—Ca

and get a row equivalent matrix

1000 0
01000
00100

rPAQ=]0 001 0],
00000
00000
00000

where P and @) are invertible matrices. From Proposition 3.21 we may
conclude that M' = Z*. Therefore Gy = Z(I)/M = 7Z5)7* = Z. In fact we
have that the grading of £ with indexing set I is a Z-grading for £

L£=L 0L 1P LD L P Ly,
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for
L o=8Ly £1=Ln, L0=45;, £1=5;, £2=4L.

Moreover, this grading may also be seen as a Z° grading. First we identify
75 with {w* = exp(2E*)? |z € Z}. Then,

is a Z°-grading for
K1 =4, Ro =24, R2=%, Rps=L, Ka=L,

By the universal property of G there is a unique epimorphism 7: 7 — 7°
such that £, = &, for each z € {-2,-1,0,1,2}. This epimorphism may
be defined by 7(1) := w.

3.3 Automorphisms

Automorphisms of Lie gradings of complex algebras are the focus of this
section. This will lead us to some important results concerning complex
Lie gradings. We will see an important connection between group gradings
and homomorphisms from the character group to the automorphism group.
Some knowledge of matrix Lie groups is necessary later in this section. Ap-
pendix E covers all that is required.

In this section any group is assumed to be finitely generated and abelian,
unless stated otherwise.

Definition 3.23: Suppose G is a group. The character group of G,
X(G) := Hom(G,C*), is the group of representations of G by complex-
valued functions. That is, f: G — C* is an element of X(G) if f is a group
homomorphism. The operation on X(G) is defined by

(fi- fi)(g) == fi(9) fi(9),

for all g € G. For the sake of convenience, when there is no ambiguity we
will denote this operation simply by juxtaposition. That is, we may write
fi- fj as fif; when it is clear what we mean. Extending this notation, as
clarity and convenience allow, we may write f; - ... f; = ff = fz.@k.
Proposition 3.24: Let S = Zy, X ... X Zyp, X Z™ be a finitely generated
abelian group. Then X(S) = Zp, X ... X Ly, x (C*)™.

Proof. We first show that X(Z) = C* and X(Z,,) = Z,. Define 0: X(Z) — C*
by 6(f) = f(1). Then, for f,g € X(Z) we have that

0(fg) = fg(1) = F(1)g(1) = 6(f)8(9),
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which shows that 6 is a group homomorphism. If f,g € X(Z) such that
0(f) = 0(g), then f(1) = g(1) which means that f = g. Moreover, for
¢ € C* we see that f: Z — C* defined by f(z) = ¢* is an element of X(Z).
Therefore 6 is an isomorphism.

We now define ¢: X(Z,) — U, where U := {w’ = exp(%%)/ | j € Z}. For

n
each f € X(Z,) we have that f(z) = f(1)?, for each z € Z,. In particular,
f(1)™ = 1. Therefore, we may define

o(f):=f(1) el

A similar argument to that of § above shows that ¢ is injective. For w/ € U
we may assume without loss of generality that 0 < j < n. We may induce
fi € X(Z,) by fj(1) = w’. Thus, ¢ is an isomorphism. We may identify U
with Z,, and so X(Zy,) = Zy,.

Now we may define ¢: X(S) = Zp, X ... X Zy, x (C*)™, by

o(f)=(f(1,0,...,0), f(0,1,0,...,0),..., f(0,...,0,1)).
The result then follows from X(Z) = C* and X(Z,,) = Zy,. O

Proposition 3.25: Let S be a finitely generated abelian group and A a
complex algebra.

(i) If 7: X(S) — Aut(A) is a homomorphism, then T induces an S-grading

of A
I A=P4,
€S

where A; = {a € A|7(f)(a) = f(i)a V f e X(S)}.

(i) If I'y: A = @,cq A is an S-grading of A, then it is induced by a
homomorphism

7: X(S) — Aut(A)
f=7(f): A—= A
oy — f(i)()é,;,

for o; € A;. That is, 7(f)(a;) = f(i)au, for a; € A;.
Proof.

(i): We note first that the A; are vector subspaces of A. To see this take
x,y € A;, a,p €C, feX(S) and we have that

7(f)(ax + By) = at(f)(x) + B7(f)(y) = af(i)z + Bf(i)y
= f(i)(ax + By).
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We claim that the A; are linearly independent. We remark that if
a € AjnNAj (for i # j) then f(i)a = f(j)a for all f € X(S). So
A;NA; =0 (for i # j). For a; € A;, oy € C suppose that  a;a; = 0.

€S
Then,

(o) = St = Soustom
i€S i€S i€S
for all f € X(S5). Therefore, > (a; — a; f(i))a; = 0 for all f € X(95).
€S
Considering only the i for which a; # 0, we see that a; = a; — a; f(7)
for all f € X(S). This tells us that either a; = 0 for all such i, or
f(i) =1 for all f € X(S) and for all such i. In the former case we are
done. The latter case implies that S = 0 and so A; = A.

Since the A; are linearly independent and A is finite-dimensional, we
find that I := Supp(I';) is finite. We proceed by induction on |I|. If
|I| =1 then A = A; and we are done.

Suppose now that [I| =n > 1. Fix j € I and set Q := A/A;, as a
vector space (the algebra structure is not important as we need only
demonstrate that A has a vector space decomposition). We define

7: X(S) — Aut(Q)
feT(f): Q—Q
z+ Aj = 7(f)(x) + A,
that is, 7(f)(x + A4;) = 7(f)(x) + A;. To see that 7 is well-defined we
note that if z,y € A such that z—y € A;, we have that f(j)(z—y) € A,

for all f € X(S) since A; is a vector subspace of A. For f, g € X(S5) we
have that

T(f9)(z + 4;) = 7(f9)(z + A;) = (7(f) o 7(9))(x + 4j)
= F(@)g(i)(x + Aj) = 7(f)(g(D)x + Aj)
= (7(f) o 7(9))(x + 4j),

which shows that 7 is a homomorphism. By the inductive hypothesis
we find that 7 induces an S-grading

A/4=Q= P Qi=Pa,
ie\{j} ies
where Q; = {z 4+ A; € Q| 7(f)(x+ Aj) = f()x + A;j, ¥V f € X(5)}.
Take v € A, then

U—i—Aj = Z aiai—l—Aj,
ieN\{j}
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for some a; € A;, a; € C. Therefore, v = Ziel\{j} a; + a; for some
a; € A;. This shows that

i€l\{7}
We now claim that @ @; = @ A;. We define a linear map
iel\{5} ie\{5}
o0 P ei- DA
iel\{7} i€l\{5}

Zai-i—Aj »—>Zai.
i i

To see that ¢ is well-defined we note that for >, a; +A; = >, b; + A;
we have that >, a; —b; € A;. If Y. a; = ), b; then we must also have
Yai+A;=>",bi+A; and so ¢ is injective. Take an element ), a; of
the codomain. Then ¢ (), a; + Aj) = ), a; and hence ¢ is surjective.
This gives us the desired vector space decomposition.

Moreover for a; € A;, aj € Aj;, and f € X(S) we have that
T(f(aia;) = 7(f)(ai)7(f)(a;) = f(D)aif (G)a; = f(i) f(j)aia;
= f(i+j)aia;
Which means that A;A4; C A;;;, and so the decomposition is an S-
grading, except that it remains to show that I generates S.

We let w: S — S1 := S/(I) be the canonical quotient epimorphism.
We may then define a monomorphism

v X(S1) = %(S)
fef S—>cC
s — f(s+ (1)),

that is, o(f)(s) = f(s+ (I)). To see that ¢ is a homomorphism we note
that

= u(f9)(s),
for all s € S, l,g € X(S1). To see that ¢ is injective we note that if
u(f) = u(g) for f,g € X(S1) then f(s+ (I)) = (s + (I)) for all s € 5,
and so f =g.

We then have the 71 := 7 0v: X(S1) — Aut(A) is a homomorphism.
This induces a decomposition

A= @at

IS
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(ii):

where A} := {a € A|7(f)(a) = f(i)a, Vf € X(S1)}. We now consider
the set I; := {i € Sy | A} # 0}. Take iy = s;+(I) € [; and 0 # a € A}.
Then

i(fa = (rou)(f)(a) = u(f)(i)a = u(f)(s1 + (I))a,
for all f € X(S1).

We set Sy := S1/(l1). Similar to the above, this defines a homomor-
phism 7 X(S2) — Aut(A) which induces a decomposition

A=Ep 4,
i€S2
where A? := {a € A|m(f)(a) = f(i)a, Vf € X(S2)}. We may now
consider the set Iy := {i € S| A? # 0}. Take iy = s2 + (I1) € I and
0+# a€ A2. Then

na(fa = (ri0u)(f)(a) = u(fliz)a = u(f)(s2 + (I))a,
for all f € X(S5).

Continuing in this fashion, if the process ever reaches an n € Z7T
such that s, must be in (I,_1) then S, = (I,—1) and so (cascading
backwards) we find that S; = (I). This means that S = (I), and so
we are done. However, if the process does not terminate, then we have
s1 ¢ (I), s2 ¢ (1), ..., and so we have that

(I) C (TU{s1}) C TU{s1} U{s2}) C...C (TU | {ss}) C S,

1<Y/an

where each is a proper subset of the next. This is true for arbitrary

S1, 82, . ... We can therefore choose a finite generating set J for .S and
choose the s; such that J C |J s;. But this contradicts J being a
1€Z+t

generating set for S.
For f1, fo € X(S) and «; € A; we have that
(7(f1) o 7(f2)) (i) = 7(f1)(f2(i) i) = fal(i)7(f1)(cw) = fali) f1(i)evi
= f1(0) f2(i)ei = fifa(i)a; = T(f1f2) ().

Thus, 7 is a homomorphism. By construction, 7 induces a S-grading of
A as in (7). The decomposition follows in the same way. The conditions
that A;A4; C A;4; and that S is generated by I := Supp(I';), follow
from the original grading.

O]

84



Lemma 3.26: Set ¢ := 0=, where 0: X(Z) — C* is the isomorphism from
Proposition 3.24. If 7: X(Z) — Aut(A) is a homomorphism arising from a
Z-grading of a complex algebra A, then v := 7T o ¢ is continuous.

Proof. We note that by Remark E.2 and Proposition E.22 we have that C*
and Aut(A) are matrix Lie groups. Let F' be an open set in Aut(A). We
claim that C := C*\¢p~}(F) is closed. Let (2,,) C C such that lim z,, = z.

m—0o0

Suppose ¥(z) € F. Then there is an open ball B around z contained in F.
Hence, there is some M such that M < m implies that 1(z,,) € F which
contradicts z,, € C. Thus, C is closed and ¢ is continuous. O

Proposition 3.27: IfT': A = @QGG A, is a G-grading of a complex algebra
A and G is a cyclic group, then I' is a decomposition of A into a direct sum
of eigenspaces of a diagonalisable automorphism of A.

Proof. There are two cases: G = Z or G = Z,, for some n.

Suppose G = Z,,. By Proposition 3.24 we have that X(Z,) = Z,, and so,
Proposition 3.25 yields a homomorphism 7: X(Z,,) — Aut(A) which induces
the grading

I': A= @ A,, where
2ELn
A, ={a€ A|7(f™)(a) = f"(2)a, VO <m <n—1},

(Here we have taken f as a generator for X(Z, ) whose existence is guaranteed
because X(Z,) = Z,). The homomorphism is completely determined by
7(1) € Aut(A) because 7(z) = 7(1 + ...+ 1) = 7(1)?. Therefore, we also
have that 7(n) = 7(1)" = 1y (a)- Let ¢: Z, — X(Zy) be an isomorphism.
Then, ¢ := 70¢: Z, — Aut(A) is a homomorphism. We may set f := ¢(1).
Let us show that ¢(1) is diagonalisable.

Set S := Supp(I"). We proceed by induction on |S|. If |S| = 1 then A = A,
for some i € I. Therefore every element of A is an eigenvector of ¥ (1), so
we can find a basis of eigenvectors of ¢(1). Thus, ¥ (1) is diagonalisable.

Assume now that |[S| =k+1> 1. Fix j € S and set  := A/A;. Then
7 induces a homomorphism

7: X(Zy) — Aut(Q)
f=7(f): Q—Q
a+Aj—7(f)(a) + Aj.

That is, 7(f)(a + A;) = 7(f)(a) + A;. To see that 7 is well-defined we note
that for z,y € A such that x —y € A;, we know that

()@ —y) = fU)(z —y) € 4;.

We may then set 1) := 7 o ¢. By the inductive hypothesis (1) is diagonalis-
able, and so there is a basis B = {ey,...,eq4} for @ consisting of eigenvectors
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of 9)(1). Choose 0 # a; € A;. Now we know that each e; is an eigenvector
for ¢(1). Furthermore, a; is also an eigenvector of ¢(1). We claim that
B’ := BU{a,} is a basis for A. Clearly B’ spans A, so it suffices to show
that B’ is linearly independent. Suppose then that Zle nie; = aj. Then
25:1 ne; + A; € A;. Since B is a basis for () this means that n; = 0 for
each 4. Thus, a; = 0, a contradiction. Hence, B’ is a basis for A consisting
of eigenvectors of ¥ (1)and so (1) is diagonalisable.
From 1 we get a grading

A= @ Al where
2ELn
AL ={a € Al¢(m)(a) = (f"(1))%a, YO <m <n—1},
and A, = A/, for each z € Z,,. We also have that

w(m) = (10 ¢)(m) =7(d(1)*") =7(f ... f)
=7(f)o...or(f) =[r(NH]" = @)™

Since (1) is diagonalisable its eigenspaces are exactly equal to its gen-
eralised eigenspaces. From here it follows that the Z,-grading of A is a
decomposition into the eigenspaces of 1(1).

Now we move to the case G = Z. The grading is induced by a homo-
morphism 7: X(Z) — Aut(A). Let ¢ := =1 where 0: X(Z) — C* is the
isomorphism from Proposition 3.24. Then we may define a homomorphism
Y :=71o0¢: C* — Aut(A), which induces a grading equivalent to the original
grading. For f € X(Z) we have f(m) = f(1)™ = 2™, where z := f(1). Since,
for each f € X(Z), this holds for some z € C* we have that the grading is

A=PA.,
2EZL

where A, = {a € A|¢Y(w)a = w?a, Yw € C*}.

From Lemma 3.26 we know that v is continuous and thus a matrix
Lie group homomorphism. An application of Theorem E.20 yields the dif-
ferential di(1): Lie(C*) — Lie(Aut(A)). By Remark E.16 and Proposi-
tion E.24 we have that Lie(C*) = C and Lie(Aut(A)) = Der(A). Hence,
di(1): C — Der(A). We then have that

edw(l)(tz) — w(etZ)7
for all t € R. Hence, for a € A,,;, we have that
IO (a) = (") (a) = ()" (a) = ™ (a).

We will denote D := diy(1). We know that D € Der(A) is linear, therefore
D(z) = zD(1) for all z € Z. Taking the derivative at ¢t = 0 we find that

D(z)(a) = mza,
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and taking this at z = 1 yields that a € A,, if and only if D(1)(a) = ma.
This means that the the grading is a decomposition of A into the eigenspaces
of D(1), which is then a diagonalizable derivation of A. Consider the map
n := eP). This is a diagonalizable automorphism of A. Moreover, € is an
eigenvalue of 7 if and only if m is an eigenvalue of D(1). Hence, we find that
the grading spaces are each of the form

A, ={a € A|n(a) = €e*a}.
O

Remark 3.28: Let G = [[;" | G; be the direct product of groups G;. Each
projection m: G — G; induces a monomorphism

f:Gi = C' v f: G — C,

r ’ if Gl

The m; are monomorphisms because if m;(f) = m;(f’') then f and f’ agree
on G; and so f = f'.

Therefore, any homomorphism ¢: X(G) — Aut(A) induces, not only a
G-grading of A but also, G;-gradings via the homomorphisms

¢ = pom;: X(Gi) — Aut(A).

Moreover, for any t; € X(G;) and t; € X(G;) we have that

@i(ti) 0 ¢;(t;) = (¢ omy)(t) o (b o my)(t;) = b(:) 0 G(t;) = B(ti - )
= o(t; - 1;) = 6;(t;) © ¢i(t:)-
That is, ¢;(t;) and ¢;(t;) commute.

Lemma 3.29: A family {«a1, ..., ax} of commuting diagonalizable automor-
phisms of a complex algebra, A, induces a grading A = @,_; Ai, where

(3.3)

i€l
(i) The A; are aj-invariant for alli € I, j € {1,...,k}.

(ii) For any i € I the restriction oj|a, acts as a scalar multiple of the
identity, for every j € {1,...,k}.

Moreover, every G-grading of A takes the form described above.

Proof. We first focus on the direct part of the lemma. Let L := {A1,..., A}
be the set of eigenvalues of oy, and A; := E,, (\;) the eigenspace of ay, for ;.
Since the o; commute we may find a basis for A consisting of simultaneous
eigenvectors for the ;. We then have that A decomposes into the direct
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sum of the A; and these eigenspaces agree with each of the a; because we
may simultaneously diagonalize them. For v € A; we find that

araj(v) = ajag(v) = Aiaj(v),

which shows that A; is oj-invariant. As the a; are simultaneously diagonal-
izable, (i) follows.

Now, (ii) follows because the A; are eigenspaces and the decomposition
into eigenspaces agrees with each «;. We note that for v; € A;, v; € A; we
have

ak(’l)ﬂ)j) = ak(vi)ak(vj) = /\Z‘)\j'l)i’l)j,

which shows that the decomposition of A into the A; is a grading.
Suppose now that I': A = EBgeG Ay is a G-grading of A, where

r+1
G=2Zp, x...x Ln, xZ" =[] Gi,
=1

for some r,m > 0. There is some homomorphism 7: X(G) — Aut(A) which
induces I'. As in Remark 3.28 7 induces G;-gradings via 7;: X(G;) — Aut(A).
An application of Proposition 3.27 yields that each grading, 7;, is a decom-
position of A into eigenspaces of a diagonalizable automorphism of A, say
a; := 7;(t;). From (3.3) we see that the a; commute. The result then follows
from the direct part of the lemma. O

Corollary 3.30: Let £ be a complex semisimple Lie algebra with a G := Z'
grading ¢¥: X(G) — Aut(L). Then dy(1): C* — Der(£) is a monomor-
phism.

Proof. Let £ = @geG £y be the grading and, applying Proposition 3.25,
let ¢: X(G) — Aut(£) be the homomorphism which induces the grading.
As in Remark 3.28 we may consider the gradings v;: X(Z) — Aut(£) for
1 < ¢ < n. The proof of Proposition 3.27 yields that each of the v; comes
from a diagonalizable derivation of £ with integer eigenvalues, we will denote
these as D; := di;(1)(1): £ — £. Since each of the D; are linear we have
that

=1

Therefore, to prove Ker(dy (1)) = 0 it suffices to show that the D; are
linearly independent.

Suppose that Y z;D; = 0. Now, for A = (A1,...,\,) € G wehavez € £,

1=

1
if and only if D;(x) = di;(1)(1)(x) = Az for each i. In such a case we have
that
0= ZzzDZ(iﬂ) = (Z Zl/\z> Z.
i=1 i=1
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We set g := (g1,...,9n) for each g € I := {g € G| £, # 0}. Hence, for
V=) eq Vg With vy € £5 we have

dp(1) (21,5 20)(0) = > dp(1) (21, .., 20) (0g) = DY 2Di(vg)

pre: 9eG i=1
n n
S PRI ) 3
i=1 geG i=1 geG

n
= § Zigiv.
i=1

Therefore, if A = (A1,...,\,) € I then

n

> zidi=0. (3.4)

=1

We will now show that z; = 0 but a similar argument holds for each 1.
Noting that G = (I), we choose integers m; and [ such that

l
(1,0,...,0) = Zmigi,
=1

n
where g; = (Ai1, ..., Ain) € I. Therefore by (3.4) we have that > zp\ix =0
k=1
l l
for each 7. Moreover, 1 = > m;A\;; and 0 = ) m; )\, for each k # 1. Hence,
i=1 i=1

l n l n l l n
21 =2 Zmi)\il + Z 2k Z My Nk = Z 2k Z My Nk = Zmz Z 2k Aik
i=1 =2 =1 =1 =1 =1 k=1
!
= Z my - 0=0.
i—1
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Chapter 4

Derivations of the Octonions

This chapter is devoted to constructing the Lie algebra go. We will construct
it as the algebra of derivations of the octonions. Some prerequisite definitions
and results relating to the octonions can be found in Appendix F. This
includes definitions of some maps we will use in this chapter. We begin by
looking at alternative algebras. We then shift our attention to go and look
at results bounding its dimension. Finally, we find its exact dimension and
define a specific grading on go. Throughout this chapter (unless otherwise
specified) all vector spaces are assumed to be finite-dimensional and defined
over the field of real numbers.

4.1 Alternative Algebras

Alternative algebras are the focus of this section. We also look at some
properties of maps which we will use frequently in later sections of this
chapter.

Remark 4.1: Suppose A is an algebra. We may define a tri-linear map,
called the associator, as follows

(=, — =) AxAxA—-A
(z,y,2) = (zy)z — z(y2),
for all x,y,z € A. We say A is alternative if the associator is an alternative
map. That is, if
(#,y,2) = =(y,2,2) = = (2, 2,9),
for all x,y,z € A.

Definition 4.2: We will now define the left and right multiplciation opera-
tors on an algebra A. Respectively, these are L,: A — A and R,: A — A.
We define them for x,y € A, as follows: L;(y) := zy and R.(y) := yz.
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Lemma 4.3: An algebra A is alternative if and only if the following equal-
ities hold for all x,z € A.

sz - Rsz = Rsz - Rzaz
= Lzz - LzLJ; = LxLZ - sz

Proof. Note that,

(Rez — R2R:)(y) = y(x2) — (yz)2z = —(y, 2, 2),

(ReR, — Rzm)(y) = (yz)x - y(zx) = (y,2,7),

(Lze — Lo Le)(y) = (22)y — 2(2y) = (2,2,9),

(LaLz = La2)(y) = 2(2y) — (22)y = — (7, 2,9),
[R:, Lo|(y) = R.La(y) — Lo R2(y) = (vy)z — 2(y2) = (2,9, 2),
(L2, Ro(y) = 2(yz) — (2y)z = —(2,9,2),

for any y € A. Now it follows that all of the above are equal if and only if
A is alternative. O

Lemma 4.4: Suppose A is an alternative algebra. For all x,z € A,
1. RyR. + R:Ry = Rz za,
2. [Ry, R.] = =Ry 2 — 2[Ls, R.], and
3. [La, L:] = Ly ») — 2[La, R2].
Proof.
(1): From Lemma 4.3 we have
Ry — R.Ry = Ry R, — Ry,
for all x, z € A. Therefore,

Rsz + Rsz = sz + sz = sz+z:c-

(2): For all z,z € A we have

[R:Ca Rz] + R[z,z} + 2[an Rz] = Rsz - Rsz + sz - Rz:c + Q[La:a Rz]
=|[R., L]+ [R., Ly] +2[L,, R,] = 0.

(3): This follows similarly to part (2).
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Lemma 4.5: If A is an alternative algebra, then for all x,y,z € A

[Rya [Rza Rz]] = R[y,[a:,z]]72(x,y,z)'

Proof. For all z,y,z € A we have

Ry, [Rs, R.]] = [Ry, Rz R. — R. R,

=R,R,R, - R,R.R, — R,R.R,+ R.R, R,

+ (R:RyR. — RyRyR.) + (R.RyR, — R.RyR,)

= (RyR; + R:Ry)R. + R.(R, Ry, + R R,)

— Ry (R.Ry + RyR.) — (RyR. + R.Ry)R,

= RygyayR: + R Royyyz — ReRoytye — Ryzi2yRa
= Ra(yatay)+(yaray)z — Bayztzy)+(zyty2)z-

Furthermore, we can see

z2(xy +yz) + (yx)z + (2y)z — z(yz + zy) — (2y + y2)x

= z(zy) + [2(yz) — (2y)2] + (y2)z + [(2y)2 — 2(y2)] — 2(2y) — (y2)z
[(z2)y — (2, 2,9)] + [(y, 2, 2) + y(22)] = (2,9,2) + (2,9, 2)
[(z,2,y) — (z2)y] + [-(y, 2, ¥) — y(22)]

—2(z,y,2) + (22)y + y(22) — (v2)y — y(22)

[(z2) = (z2)]y + y[zz — 23] — 2(z, 9, 2)

= [y, [z, 2]] — 2(z,y, 2).

=+

O]

Definition 4.6: We can now use the left and right multiplication operators
to define a new bilinear map D, ,: A — A, by

DI,y = [LIvLy] + [LwaRy] + [Rﬂvay]v
for z,y € A.

Lemma 4.7: Suppose A is an alternative algebra. For all x,y,z € A,
Dr,y(z) - ad[m,y}(z> - 3($, Y, z)
Proof. Using Lemma 4.4 for all z,y € A we have
Dyy = Ly, Ly] + [La, Ry] + [Ry, Ry

= Ligy — 2[La, Ry] + [La, Ry] — Ry y) — 2[La, Ry
= Lipy) = Bpay) = 3L, Byl. (4.1)
Therefore, for all z,y,z € A we have

Dyy(2) = [2,ylz — 2[z, y] — 3[La Rty — RyL,](2)
= [[iB,y], Z] - 3[.%‘(2:[/) - (SL‘Z)y] = Hxv y]a Z] - 3(1‘,:{/, Z).

92



Lemma 4.8: For any algebra A, the following are equivalent for d € gl(A)
and y € A.

1. d € Der(A),
2. [d, Ry] = Ry, and
3. [d, Ly] = Lgy)-

Proof. For x € A we note that Ry, = xd(y) and [d, Ry|(z) = d(zy) —d(x)y.
Hence, parts (1) and (2) are equivalent. It follows similarly that parts (1)
and (3) are equivalent. O

Proposition 4.9: Suppose A is an alternative algebra. If x,z € A, then
D, . € Der(A).

Proof. Lemma 4.4 part (2) implies that
R[x,z] = [RZ7 RLE] + 2[RZ7 Lm] - [RZ7 Ry, + 2L$]7 (42)
for all =, z € A. Therefore, we find that, for any z,y, 2z € A we have

2Rp, .(y) = Rofle.2] 5] 6(x,29) = 13(([2.2]9]-2(2,2.0)~[[2,2).9)
= 3R{2,2] y—2(,2y) ~ Bllaz)y) = =3[Ry, [Ray Be]] = Ripz 2y
= =3[Ry, [Rs, R.]] — [Ry, Ry o) + 2L ]
= _3[Ry> _R[x,z] — 2[R, L.]] — [Rya R[x,z] + 2L[x,z]]
= [Ry, 3R}y, + 6[Ro, L] — Riy ) — 2L, ]
= 2[Ry, Lz o) — Riz ] — 3[Lz, R.]]
= —2[R,, Dy.] = 2[D,.., R,).

Hence, Rp, .(y) = [Dzz, Ry]. The result follows from an application of
Lemma 4.8. O

Lemma 4.10: Suppose A is an alternative algebra. If d € Der(A) then
[d, Dw,y] = Dd(x),y + Da:,d(y): for all x,y € A.

Proof. From (4.1) we find that
[d? DI,?J] = [dv L[x,y] - R[x,y]] - 3[d’ [Lrv Ry“ (4'3)
Using the Jacobi identity and Lemma 4.8 we can see that
(d. (Lo RyJ) = [[d: Lo, Ry) + (Lo [d, RyJ) = [Lageys By) + (Lo, Ragy))- (44)
Moreover, we note that

[d, Lz y)] = L)) = Lid()p)+[z.dw)- (4.5)
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Furthermore, we have that

4, Rpw )] = Ra(ws)) = Bla@).u)+e.dw)] (4.6)
Now, applications of (4.3), (4.4), (4.5), (4.6), and Lemma 4.4 yield that
Daa)y + Draty) = [La)s Lyl + [Lag), Byl
+ [Ra(e), By] + [Las Lagy)] + [Lay Ragy)] + [Ray Ragy)
= Liaw)y) — 2[La@)> Byl + [Law), Byl — Ria@) ) — 2[La)> Ryl + Ligaw))
2[Ly, Ray)) + [Las Ragy)] — Rz aey) — 2[Las Ragy)
= [d, Lig ) — [d, Rz )] — 3[d, [Ls, Ry
= [d, Lig,y) — Rizy) — 3[La, Ryl] = [d, Dy

4.2 Dimension Bounds

In this section we look at the Lie algebra gs and specifically we introduce
upper bounds for its dimension. The results we cover will also be useful in
the next section when we look at a specific grading of go.

Remark 4.11: We know that gy is a subalgebra of gl(Q), which tells us
that dim(ge) < dim(gl(Q)) = 64.

Lemma 4.12: If d € go, then

1. d(1) = 0 and d(Qp) C Qy. Hence, g is a subalgebra of gl(Qg) and so
dim(gg) < dim(g[(@o) =49.

2. d|o, € 50(Qp,n). Therefore, gs is a subalgebra of so0(Qg,n) and so
dim(g2) < dim(so(7)) = 21.
Proof. d(1) = d(1?) = d(1)1 + 1d(1) = 2d(1). This implies that d(1) = 0.
Take x € Qp, then T = —z. Therefore, n(x) = —22. This means that
0 =d(—n(z)) = d(z?) = zd(z) + d(z)z = (z + d(x))? — 2° — d(z)°.
For any y € O we have
tr(y)y —n(y) = (y+9)y — vy = y* + 5y — 47 = v*,
since 7y = yy. Therefore, we find that
0=d(z*) = (z + d(2))* - 2 — d(2)* = tr(z + d(z))(z + d(z))
—n(x +d(z)) — tr(z)z + n(x) — tr(d(z))d(z) + n(d(z))
= tr(z)[x + d(x)] + tr(d(x))x + tr(d(z))d(x) — n(z + d(z))
—tr(z)x + n(z) — tr(d(z))d(z) + n(d(z))
=0+tr(d(z))xr —n(x +d(z)) — 0+ n(x) + n(d(x))
=tr(d(z))r —n(z +d(x)) +n(x) + n(d(x)) = tr(d(z))z — n(z,d(x)).
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Altogether, this yields that ¢r(d(x)) = 0 and n(z,d(x)) = 0 since x € Qg
and 1 are linearly independent. Hence, we find d(x) € Qy, for all x € Qy.
Finally, for all z,y € Qg we have

0=n(z+y,dz+y)) =n(z,d)) +n(z,dy)) + n(y,d(z)) + n(y,d(y))
n(z,d(y)) +n(y,d(z)).

The result follows. O

Lemma 4.13:
1. ad(Qp) C s0(0g, n)
2. ad(Qp)Nga =0
3. dim(gy) < 14
Proof.
(1): Take z € Qg and y, z € O. Then Proposition F.3 yields that
n(La(y), 2) = n(y, Lz(2)) = —n(y, L(2)).

Therefore, L, € s0(Q,n). A similar argument shows R, € so(O,n).
Since ad, = Ly — R, we may conclude ad, € so(Q,n). Moreover, for
z,y € Qg we find that

tr(ad:(y)) = tr(zy — yz) = n(zy — yx,1) = tr(zy) — tr(yz)
= TL(SE,@) - n(y7§) = —’I’L(SE, y) + n(y7x) =0.

From this and the fact that [0, 0] = Qy, (see the Fano plane in ap-
pendix F) we may conclude ad,(Qy) C Q. The result follows.

(2): Suppose x € Qp such that ad, € go. For y,z € O we have

z(yz) — (y2)r = ady(yz) = [z,y]z + y[z, 2]
= (zy)z — (yx)2 + y(x2) — y(22).

Therefore, we find that

0= (zy)z — (yz)z + y(xz) — y(2z) — 2(yz) + (y2)z
= ((zy)z — z(y2)) + (y(z2) — (yx)2) + ((yz)z — y(22))
= (.’L’, Y, Z) - (yv xz, Z) + (y7 Z, ‘T) = 3(:1:7 Y, Z)‘

This implies that (z,0, Q) = 0 which implies that z € R1N Qg = 0.
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(3): Using part (2) of Lemma 4.12 and parts (1) and (2) of this lemma we
find
ad(Qyp) @ g2 C s50(Og, n).

We know that dim(so(Qp,n)) = 21 from Example F.4. Furthermore,
we claim dim(ad(Qg)) = 7. It suffices to show that the homomorphism
0o — ad(Qyp) given by z — ad, is injective. To see this, we note that
if z € Oy commutes with O, then x = 0. Hence, dim(gs) < 14.

O

4.3 Z3-Grading

We will now build up to the construction of a fine Z3-grading of go. In fact,
this is the only fine grading of go which is not equivalent to the root space
decomposition. This grading will be induced by a grading on the octonions.
We will see how gradings on an algebra induce gradings on linear Lie algebras
over that algebra. We will also see that go is 14-dimensional.

Definition 4.14: We may define a bilinear map by

B: Oy x Qg — go
(557 y) = Dz,y,
for all x,y € Q. Since B is a bilinear map, the universal property of tensor

products yields a unique linear map 1: Qy ® Qg — go which makes the
following diagram commute.

@QX@()L@()@@Q

.

92
Lemma 4.15: Let V and W be L-modules, for some Lie algebra L. Then
V ® W is an L-module with the following action
l-(v@w):=(l-v)Qw+v® (I w).

This extends linearly to sums and so determines the action for any tensors.
To see this defines a module, take o, € R, l1,lo € L, v1,v2 € V, and
w1, ws € Qg and then we have the following.

(ali + Bla) - (v1 ® w1)

=aly-v)@uvy+ B(le-v1) @wy +v1 ®a(ly -wy) + v ®B(le - wy)
=ally-v)@w+v1@ally-y) + Ble-v1) @wy +v1 ® B(le - wy)
=aly - (v @ wy) + Pla - (v @ wy),
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and lq - (av) @ wi + Pre @wsy) = aly - (v1 @ w1 ) + Bl - (voa ® we). Furthermore,

I, le] - (1 ®@w1) = (1 -2 — 12+ 11) - (v1 @ wy)

=l -(la-v)@w +vi @1 - (la-wy) —la- (I -v1) @wy

— @b (Li-w)+l- v @b -w —l- 1@l -w +1 v @l wy
— -1 ®lp-w

=l-(la-(vi®@wy)) —la-(I1 - (v1 ®wr)).

Therefore, V @ W is an L-module.

Proposition 4.16: The linear map v: Qg ® Qy — go is a go-module homo-
morphism.

Proof. An application of Lemma 4.15 yields that Qy®Qy is a go-module with
the following action: for d € go and an elementary tensor x ® y € Oy ® Oy,

d-(z®y):=dz)@y+zdy).

This extends linearly to sums and so determines the action for any tensors.
Now, to see that ¢ is a homomorphism, take d € g2 and z,y € Oy then

P(d-(z®y) =) @y +x®d(y)) = Digw),y + Daagy)
=[d,Dyyl =d-Dyy=d-¢(z@y).

O]

Lemma 4.17: Suppose A is any algebra, then Der(A) is a subalgebra of
gl(A4).

Proof. 1f dy,dy € Der(A) and x,y € A, then

[d1,do](x) = dida(2)y + xdida(y) — dadi(x)y — xdadi(y)
= x(dida(y) — d2d1(y)) + (d1d2(z) — dadi(z))y
= zldy, d2|(y) + [d1, da2](v)y.

O]

Lemma 4.18: Suppose A is an algebra and I': @
some group G.

e Ay a G-grading for

1. Then gl(A) has a G-grading given by

@9[(14)97

geG

where gl(A), :={f € gl(A) | f(An) C Agyn, Yh € G}, for each g € G.
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2. Then Der(A) has a G-grading given by
P Der(4) ngi(4), = P D,
geG geqG
where D, := Der(A) Ngl(A), for each g € G.
3. Then s0(Qp, n) has a G-grading given by
D 50(00,n) Ngi(A)y = P Sy,
geG geqG
where S, := s0(Qg,n) N gl(A), for each g € G.
Proof.

1. Let us first show that this is, in fact, a vector space decomposition.
Take f € gl(A), we need to show that f € P, 8l(A)g. Consider the
product projection maps 7g: A — Ay for each k € G. For each g € G

we define
fg = Z T fTh.
k—h=g

We claim that f, € gl(A),, for each g € G. To see this, we take a; € A;.
Then we have

folai) = Z T fmh(ai) =
k—h=g

It follows that f =3 fy € D eq 81(A)g-

It remains for us to show [gl(A)g, gl(A)n] C gl(A)gqn, for all g,h € G.
In fact, for g,h,k € G, fy € gl(A)g, and fj, € gl(A), we have

[fg> frl(8W(A)k) = fofu(al(A)r) — frfe(8l(A)k) € Awgrn)+h

from which the result follows.

mif(a;) € Ay = Ap—pti, if i =h
0 € Agthi, ifi#h

2. We first note that

Der(A) = gl(A) N Der(A) = | @ al(A)g | N Der(A)

geG
= al(A),n Der(4) =P D,
geG geqG

To see that the penultimate equality holds we must show that when

we write d € Der(A) as a sum d =} . dg, where each dy € gl(A)g,
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we have the each d, € Der(A). We know that for x € Ay, and y € Ay,
we have

d(zy) = d(x)y + zd(y) = > _(dg(x)y + 2dg(y)) € Aginin,
geG

and also

d(xy) =) dg(wy) € Aginin.
geG

Thus, dy(z)y + xdy(y) = dy(zy) for each g € G. It follows that each
dg € Der(A).

Furthermore, if d; € Dy and dj, € Dy, we have that [dg, ds] € gl(A)g44
and [dg,dy] € Der(A). Hence, [dg, dp] € Dgyp.

3. This follows from a similar argument to that in part (2).

Example 4.19:

1. We may describe a Z3-grading of Q by setting:

01,00 = Ri Q0,100 =Rj
0,01 =Rl O@,10 =Rk
0q,0,1) = Ril 01,1y = Ril
@(17171) = Rk]. @(070’0) == Rl

It is clear to see that this decomposition is in fact a grading by consid-
ering the Fano plane description of the product on the octonions (see
F.1).

2. An application of Lemma 4.18 yields a Z3-grading of gs induced by
the grading of O described above. For the remainder of the text we
will denote this grading by I'g,.

Lemma 4.20: Consider the Z3 grading of O described in Example 4.19 and
the grading on gl(Q) which this induces by Lemma 4.18. Suppose x € Qg
and y € Qy, then

1. D,y € (gz)g+h, and
2. ¢:E,y = TL(iL‘, _>y - n(ya —)I’ € 50(@07 n)ngh'
Proof. For z € Oy we have

Dy y(2) = (Lo, Ly|(2) + [La, Byl (2) + [Ray Ryl(2)
= x(yz) — y(wz) + x(zy) — (v2)y + (2y)x — (22)y.
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Each of the summands is an element of Qg 4)1j. Hence, Dy, € (82)g4h-
For u,v € Qf we have

¢z y(w),v) = n(n(z, w)y — n(y, w)z,v) = n(z, u)n(y,v) — ny, un(z, v)
= —[n(z,v)n(u,y) — n(y,v)n(u, )] = —n(u, dzy(v)),

which shows that ¢, , € s0(Qg,n).

It remains to show that ¢, , € gl(Q)g44. Since {1,1,j,k, 1,il, jl,kl} is an
orthonormal basis for the octonions, we have that n(Qg4,Op) # 0 implies
that g +h = 0. Now for x € Oy,y € O, and z € O, we find the following.
If n(xz,z), n(y,2) #0 then g+ k =0and h+k =0 and so g = h = k.
Therefore, ¢, ,(2) € Q. If n(x,2) # 0 but n(y,z) = 0 then g = k and
S0 Puy(2) = n(z,2)y € Op. Similarly, if n(z,z) = 0 but n(y,z) # 0 then
¢z.y(2) € Q4. Finally, if n(z, z) = n(y, z) = 0 then ¢, ,(z) = 0. In each case
it follows that ¢z 4(2) € Ogtpik- O

Proposition 4.21: There are 14 linearly independent elements of go and so

Proof. An application of Lemma 4.20 part (1) allows us to conclude the
following.

D; 3, Dyxa € (82)(1,1,0) D1, Djxa € (82)(1,0,1)
D x; Dij1 € (92)(0,1,0) Diz1, Djq1 € (82)0,0,1)
Dix, Diji € (92)(1,1,1) D; xa, D1 € (92)0,1,1)
Djx; Drj1 € (82)(1,0,0)

Moreover, we have the following.

Di,j(l) = 4kl Diyj(i) = 4j
Dyja(l) = 4kl Dyja(i) = —2j,

which means that Djj and Dy are linearly independent;

Dj, (i) = 41 D;1(j) = 2kl
Dj (i) = 41 Djxa(j) = —10Kkl,

which means that Dj; and Djy are linearly independent;

D; (i) = 4k Dix(1) = —10jl
Dl,jl(i) =2k D]J](l) = 4jl,

which means that D;y and D are linearly independent;

Dia(i) = 4il Dia(k) = 4kl
D (i) = 4il Dj (k) = 2KI,
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which means that Dj; and Dj; are linearly independent;
Dx(i) = —2jl Dy x(j) = —10il
Dz (i) = 4jl Dij(j) = 2il,

which means that Dy and Djj are linearly independent;

Dja(i) = 4kl Ds1a(j) = —21
DjJ(i) = —2kl DjJ(j) = 41,

which means that Djiq and Dj; are linearly independent;

Djx(j) = 4k Djx(k) = —4j
Dia(j) = -2k Dyu(k) = —4j,
which means that Djy and Dyj are linearly independent.

The elements in the distinct homogeneous components of the Z3-grading
are linearly independent. Now we also see that the pairs of elements in each
homogeneous component are linearly dependent, we may conclude that the
14 elements of go which we have presented are linearly independent. ]

Corollary 4.22: Consider the grading I'y, from Example4.19. For any
g,h € Z3 such that e ¢ {g,h,g + h} we have

[(92)g> (82)n] = (82)g+n-

Proof. This follows from the Fano plane (see Appendix F) and the proposi-
tion above, since [(g2)q, (92)r) has dimension 2. O
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Chapter 5

Graded Contractions

Having constructed the Z3-grading I'y, in the previous chapter, we now look
at graded contractions in general before looking more specifically at graded
contractions relating to I'g,. We will introduce the problem of finding and
classifying all the Lie algebras arising as graded contractions of I'g,. These
algebras are not simple any more, and they seem to be a source for finding
new solvable and nilpotent graded Lie algebras. Although the solution to
this problem is not completely found here, we give some important steps to
solve the problem. Moreover, we have enough work to know a considerable
amount of interesting Lie algebras arise from modifying go.

Throughout this chapter (unless specified otherwise) all vector spaces are
assumed to be finite-dimensional and defined over the field of real numbers.

5.1 Introduction

We first introduce and become acquainted with the notion of a graded con-
traction, taken from [2]. These are essentially deformations of the Lie bracket
from which we may construct new Lie algebras. Throughout this section we
will (unless stated otherwise) denote by: £ a Lie algebra, G an abelian
group, and I' a G-grading of £.

Definition 5.1: Let I': £ = @geG £y be a G-grading of a Lie algebra £,
where G is some abelian group. A graded contraction of I' is a map
e: G x G — R such that (£,],]°) is a Lie algebra with Lie bracket

[z,y] :==e(g, h)[z, 9],

for all x € £, y € £,. We may also write €(g,h) = egn, = €41
Example 5.2: Let £ be a Lie algebra and I' any G-grading of £.

1. If we set e(g,h) := 1 for all g,h € G, then ¢ is a graded contraction of
I' with £¢ = £.
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2. If we set £(g, h) := 0 for all g,h € G, then ¢ is a graded contraction of
I" too, with £° an abelian Lie algebra.

Given an arbitrary map €: G x G — R, it is natural to ask under what
conditions € will be a graded contraction of I'. The answer is not trivial if
we do not know some properties of the grading under study. Some general
facts are the following.

Remark 5.3:

1. From the anti-commutativity of the Lie bracket, [,], we find that e
needs to be nearly symmetric. In fact, for x € £4, y € £5,, we have

[xvy]g = E(g,h)[m,y] = _8(97 h)[y,.fE],

which coincides with —[y, z|* if, and only if, e(g,h) = e(h,g) for all
g,h € G such that [£4, £4] # 0.

For £° to be a Lie algebra we also need the product [,|° to satisfy the
Jacobi identity, that is

[z, [y, 2I°]" + [y, [z, 2" + [z, [z, )] = O, (5.1)
forallx € £4, y € £4, z € L. This is equivalent to the following:

(g, h+ k)e(h, k)|, [y, 2]] + (b, k + g)e(k, 9)[y, [, 2]
+e(k, g+ h)e(g, h)[z, [z, y]] =0,

forallx € £4,y € £,z € L. By the Jacobi identity of [,], this holds
provided € satisfies the following identity:

e(g,h + k)e(h, k) =e(h,k+g)e(k,g), Vg,h k€ G, (5.2)

which a priori is a sufficient but not necessary condition to guarantee
(5.1). Define a ternary map e: G x G x G — R by

e(g,h, k) :=¢e(g,h+ k)e(h, k),

which we denote with the same letter because there is no confusion. So
we can simplify (5.2) to:

£(g,h, k) = e(h, k, g),
for all g,h,k € G.

2. Computations in part (1) yield that a map €: G x G — R is a graded
contraction of a grading U if, and only if, the following conditions hold

(a’l) (E(gvh) - E(hrg))[xay] =0,
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((],2) (e(g, h’ k) - €(kvg7 h)){l’, [yv ZH + (5(h’ kvg) - 6(]{1,9, h))[y7 [Z’ l‘]]
=0,

forallx € L4,y € L4,z € £, and for all g, h, k € G.

For some concrete gradings, the conditions in the above remark can
be improved. At the moment, we are using them for finding new graded
contractions starting from some others.

Example 5.4: Suppose ¢ is a graded contraction of I' which satisfies the
condition (5.2). Then any map ¢: G — R — {0} will give rise to a new
graded contraction £?: G x G — R — {0}, defined by

¢(9)0(h)

%(g,h) = ¢e(g, h) Gt

Yg,h € G.

Indeed, let us show that €? is a graded contraction. Take g,h € G such
that (£, L] # 0. As € is a graded contraction, we have

_ o(9)o(h) o(h)elg) _
Moreover, as € satisfies (5.2), then, for g, h,k € G, we have
99,1, k) = (g, h+ K)eP(h, ) = e(g, b, ) S R) R)OLR)
o ’ ’ T o(g+h+ k) o(h+ k)
B P(g)p(h)o(k) o(h)o(k + g) ¢(k)d(g)
B R B e T )
=e?(h, k, g).

Hence, € is a graded contraction by Remark 5.3.

Although €® # ¢, the induced Lie algebras are isomorphic (even more,
graded isomorphic):

Consider the bijective linear map 6: £° — £5¢’ defined by

[0(z), 0(y)*" = e(g,h) -2

= (g, h)rﬂg)’%(h)’l[x, y]
= (g, h)¢(g + h) ' [z,y] = e(g, 1)0([z,y]) = 0([x, y]°).

Hence, 0 is a Lie algebra isomorphism which preserves I
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The previous example shows that new graded contractions do not al-
ways give rise to new Lie algebras. The following definition is therefore
convenient.

Definition 5.5: Two graded contractions ¢ and €' are said to be equivalent
(and we write € ~ ¢') if the Lie algebras £° and 2" are isomorphic as graded
Lie algebras.

Graded contractions € and €' are said to be equivalent via normal-
ization (we write € ~,, ') if there is ¢: G — R — {0} such that &' = £?.

It is quite clear that both ~ and ~,, are equivalence relations. And, as
shown in the above example, if € ~,, €/, in particular & ~ ¢’.

5.2 Admissible Maps

Having gained some familiarity with graded contractions in the previous
section, we now narrow our focus. We look at graded contractions of the
grading I'y, and introduce the problem of finding and classifying its graded
contractions up to equivalence. Throughout this section we will denote by
G :=Z3 and by I'y, the Z3-grading defined in Example 4.19.

Definition 5.6: A map e: GxG — R is said to be I'y,-admissible, or simply
admissible if € satisfies

e(g,9) = ¢e(e,g) =e(g,e) =0,

where e € G is the identity and g € G is arbitrary.

Our idea is that, for each graded contraction there will exist another
graded contraction equivalent to the first one which is at the same time an
admissible map. For these admissible maps the conditions in Remark 5.3
can be improved.

Lemma 5.7: If € is a graded contraction of I'y,, there exists another graded
contraction, €', of 'y, which is an admissible map and equivalent to €.

Proof. For all g, h € G we set

(g,h) = (g, h), ifg# h and g, h # e,
0, otherwise.

By construction ¢’ is an admissible map. Now note that it is a graded con-
traction of I'y, equivalent to €, that is, (g2, |, J¢') is a Lie algebra isomorphic
to (g2, [,]°). In fact, both Lie algebras are equal (the identity is an isomor-
phism) since, for = € (g2)g, ¥ € (92)4,

e If g # h and g,h # e, then €'(g,h) = (g, h) and so
[, 9] = &'(g, )l y] = g, h)[w, y) = [z, y]";
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eIfg="h,(sog+h=ce)g=e, or h=e then [(g2)g, (g2)n] = 0 since
(g2)e = 0. Then we also have [z, y] = 0 and hence [z, y]* = 0 = [z, y]¢.

O]

The key fact on the grading I'y, which contributes to make things easier,
is that

[Sga 'Qh] = Sg-‘rh (53)

whenever e ¢ {g,h,g + h}. Thus, we have the following lemma.

Lemma 5.8: Take an admissible graded contractione of I'y, and g, h, k € G.
Then we have

1. e(g,h) = e(h,g);
2. e(e,—,—)=¢e(—,e,—) =¢e(—,—,e) =0;
3. e(g,k, k) =0;
4. (g, h, k) =¢e(g,k,h);
5. e(h+k,h, k) =0.
Proof.

1. We know that £(g,h) = e(h,g) if [£4, L] # 0, since € is a graded
contraction. But if [£4, £,] = 0, then either g =horg=eorh =e
by (5.3); so the admissibility of ¢ gives that both (g, h) and e(h, g)
are 0, in particular they are equal.

2. This follows from ¢ being admissible; any admissible map with one of
its arguments being e evaluates to 0.

3. e(g, k. k) =e(g,k +k)e(g, k) = e(g,e)e(g, k) = 0.
4. (g, h k) =e(g,h+ k)e(h, k) =e(g,k + h)e(k,h) = e(g, k, h).
5. e(h+k,h,k)=e(h+k,h+k)e(h, k) =0.
[

The next aim is to find conditions on admissible maps which guarantee
that they are graded contractions of I'y,. To achieve this we must first dive
into some specific properties of the grading I', .

Lemma 5.9: If we have three elements g, h, k € G that generate the whole
group, that is, (g, h,k) = G, then there exist x € (g2)4,y € (92)n,2 € (92)
such that [z, [y, z]] and [y, [z, z]] are linearly independent.
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Proof. For any triplet of elements with (g, h,k) = G, there is an algebra
automorphism f: @ — O such that

f(Oy) =Ri, f(Op)=Rj, f(O)=RL

The induced map f: go — go defined by f (d) := f~ldf for any derivation
d € go = Der(0) is an automorphism of the Lie algebra, which satisfies
f(Dx,y) = Dy(a),f(y) for any z,y € Q. Thus there is no loss of generality in
assuming that g = (1,1,0), £k = (0,1,0) and h = (0,1, 1), since there is an
automorphism of the graded Lie algebra go = £ which sends £4, £;, and £,
to £(1,1,0), £(0,1,0) and £(g1,1), respectively.

Under such assumptions, recall that i € Qgyy, j € O, and 1 € Oppp.
We note that Do, 0, € (g2)i, for any 4,5 € G. This allows us to take
x:= Di; € (92)g, ¥ := Dj1 € (92)n, and z := Djx € (82)g+k+g+ht+k = (82)k-
We will now directly compute [z, [y, z]] and [y, [z, z]] and show that they are
linearly independent. We will do these computations carefully.

Recall that [d, Dy p] = Dg(a)p + Da,ae) for any a,b € O and d € Der(0).
Therefore,

[2, 2] = [Dix, Dij] = Dp, i) + Dii (i)
As Dy y = adp, ) — 3(x,y, —), we find that
D; (i) = [[i,k],i] — 3(i, k,i) = [-2j,i] — 0 = 4k,
and
Dix(j) = [[1, K], j] = 3(i, k,j) = =2[j,j] = 0.

Here we are taking into account that any three elements in a quaternion
subalgebra associate with each other, as is the case for i, j, and k. Joining
the previous results,

[Z,l’] = 4Dk,j = _4Dj,k~

Hence,
1

— 1 [z.2ll = [Dj1, Dix] = Dy, + Djpj 1000

Now, since
D) = [[3,1,3] = 3G, 1,J) = [2L,j] = 0=2((GDj — j(1j)) = 41,
and
Dsa(k) = 2[jl k] = 3(j, 1 k) = 4(jDk — 3((jDk — j(Ik))
= —4il — 3(—il + j(kl)) = —4il — 3(—il — il) = 2il,

we can see that 1
——y, [2,7]] = Dy + Dj 211,
4
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thus getting our first expression
ly, [z, x]] = —16D1x — 8D; 41 (5.4)
Now we will compute [z, [y, z]]. We begin by computing
[y, 2] = [Dj1, Dix] = Dp; i)k + Di.p;y(0)-
Then, since
D;a(1) =[5, 1,1] = 30, Li) = 2[jL,i] — 3(()i — j(1i))
— 4(3D)i — 3(k1 + j(il)) = 4kl — 3(k1 + k1) = —2kI,
and, as we saw earlier, Dj (k) = 2il, we find that
[y, 2] = —2Dwx + 2D,
and hence,
[, [y, 2]] =[x, —2Dyax + 2Diu] = —2[Dsj, Dwax] + 2[Dsj, Dl
= —2(Dp, ;) .k + Dia.p; %) + 2(Dp;, ).0 + Di oy 5in))-
We also have that
D; 5(kl) = [[i, j], k1] — 3(i, j, k1) = 4k(kI) — 3((ij) (k1) —i(j(kl)))
= 41— 3(k(kl) — i(—il)) = —41 — 3(—1—1) = 21,

and D ;(k) = [2k, k] — 3(i, j, k) = 0. Moreover, D;;(i) = 4ki— 3(i,j,1) = 4j,
and

Dy (il) = 4k(il) — 3(3,§, 1) = —4j1 — 3(k(il) — i(j(i1)))
— 41— 3(—j1 — (kD)) = —4j1 — 3(—jl — jl) = 2jL.
Putting this all together, we find that
[, [y, 2]] = =2(Da1x + 0) + 2(Dajn + D 251)
= —4Dyx +8Dj 5 + 4D 1. (5.5)
Take into account that Dy, pe + Dy cq + Deap = 0 for all a,b,c € O, so
Dyx = Dyjj = —Dji — Diji = —Diji + Dja-
Now we can compare (5.4) with (5.5), since:
[y, [z, 7]] = =16Dy x — 8D;n = 8(—3Dj 1 + 2D j1),
[l’, [y, ZH = —4D1,k + 8Dj,11 + 4Di7j1 = 4(Dj7i1 + 2Di,j1)-

And now the independence is clear. If 0 = §[z, [y, z]] + g[y, [z, z]] for

some «, 8 € R, then
0= (a — 3,8)Dj711 =+ (2a =+ QB)Di,jl
what happens if, and only if, « — 36 =0 =2a+26; sothat a = 8 =0. O
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Proposition 5.10: An admissible map €: G x G — R is a graded contrac-
tion of Iy, if, and only if, the following conditions hold for all g,h,k € G:

(b1) (g, h) =e(h,g),

(b2) e(g,h, k) = e(k, g, h) if (g, h, k) = G.

Proof. Suppose conditions (b1) and (b2) hold for € an admissible map. We
are going to see that (al) and (a2) hold in order to use the characterization

of graded contractions in Remark 5.3 (2). Of course (al) is an immediate
consequence of (bl). Recall that (a2) says that

(5(97 h’v k) - 5(k7gv h))[l" [ya ZH + (€(h7 k’g) - E(kvg7 h))[yv [va]] =0,

for all g, h, k € G and all homogeneous elements € £4, y € £, and z € £;.
If g, h, and k generate G we are done by (b2). Otherwise we would have
ke (g,h)={g,h,g+h,e}:

o If k =e: then y € (g2)c = 0 and (a2) holds.

o If k =g : then [z,2] € (g2)g4+¢ = (92)e = 0, and
e(g,h,k) —e(k,g,h) = (g, h,9) —(g,9,h) = 0
by Lemma 5.8, part 4. Hence, (a2) holds.
o If k= h: then [y, z] € (g2)h+n = (g2)e = 0, and
e(h,k, g) —e(k,g,h) = e(h, h, g) — e(h,g,h) = 0,
again by Lemma 5.8, part (4).

o If k= g+ h: then we have [z, [y, z]] € (82)g+(ht(g+h)) = (92)e = 0 and
[y, [z, 2]] € (92)h+(g+n)+g = (82)e = 0.

In any case, (a2) holds.

Conversely, suppose that € is an admissible graded contraction, in which
case it satisfies (al) and (a2). We know that for g # h € G — {e} we have
[(92)g, (92)n] = (92)g+n # 0. Hence, there exist x € (g2)y and y € (g2)p such
that [z, y] # 0 and thus (g, h) = €(h, g). But in the remaining cases g = h
or g=-eor h=e, clearly ¢(g,h) = 0 = £(h, g), so that (bl) follows. If now
(g,h,k) = G, Lemma 5.9 provides elements = € (g2)g,y € (92)n,2 € (92)k
such that [z, [y, z]] and [y, [z, z]] are linearly independent. So (a2) implies
e(g,h, k) —e(k,g,h) =¢e(h,k,g) —e(k,g,h) = 0. O

Consequently we can forget about the Lie algebra and its specific grading
and deal only with admissible maps satisfying (b1) and (b2). We can further
simplify the situation. The rest of this work is original and still under
revision, we therefore continue this work in Appendix A.
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Appendix A

Graded Contractions of 'y,

This chapter is a direct continuation of the work from Chapter 5. We go on to
reduce the problem of classifying specific admissible maps to a combinatorial
problem and describe a classification. We then investigate the algebras, and
their properties, which arise from the graded contractions of I'y,.

A.1 Reducing the Problem

Throughout this section we will denote by G := Z3, © := go = Der(Q).
Our aim is to classify, up to equivalence, all graded contractions which
are also admissible maps. We will reduce this problem to a combinatorial
problem.
First we set the following notation for elements of G = Z3:

go ‘= (0;070)7 g1 = (17070)7 g2 ‘= (O? 170)’ 93 = (O’O’ 1)’
g4 ‘= (17 17 1)7 gs ‘= (17 170)7 g6 ‘= (1707 1)7 g7 = (O’ 1’ 1)

We will denote I := {1,2,...7} and Iy := IU{0}. The operation in the group
G allows us to define a binary operation x: Iy x Iy — Iy by (i,5) — i % j
such that g;«; = g; + g;, for any 4, j € Ip. This operation, when restricted to
different elements from I, can be summarized by the diagram below: The
operation applied to any two distinct elements in I yields the third element
in the same line and thus {4, j,i* j} is one of the lines of the so called Fano
plane (symbolizing P(Z3)) for each i # j € I.




We denote by
Xo={@j)]i,je{1,2,....,7}, i #j}.

Here we are using the notation (¢ j) for an unordered pair {i,j}. This
notation is unusual but it will allow us to avoid hundreds of braces when
dealing with subsets of X throughout rest of this chapter. We will relate to
each graded contraction a map from X to R.

Definition A.1: We will call pairwise distinct i, j, k € I, satisfying k # ixj,
a generating triplet or simply say they are generative. This is equivalent
to saying that (g, g, gx) = G. In particular this concept does not depend
on the order of the considered indices i, j, k.

For any map n: X — R, we can denote by

mij =nig=n((ij)) ifi#jel,

Nijk = M jk Mk if {i,7,k} is a generating triplet.
(Both expressions are well defined but observe that 7, is not defined if
{i,j, k} is not a generating triplet.) These maps give a first reduction of our
problem.

Lemma A.2: There is a bijection between the set of admissible graded
contractions of I' and the set of maps

A:={n: X = R|niji = njri, for all generating triplet i, j, k € I}.

Proof. Denote A’ := {e: GXG — R ¢ is an admissible graded contraction}.
If ¢ € A, let us check that n: X — R defined by n((i j)) = &(gi, g5)
belongs to A: first note that n is well defined since e(gs,9;) = (g5, )
if (i j) € X. Second, for a generating triplet i,j,k € I, we have that
Nijk = MijskMik = €(9i, Gi=k)E(95> gr) = €(9i, 95 + gr)e(95, 9x) = €(9i, 95> I)
coincides with €(g;, gk, 9i) = 1;ri by Proposition 5.10, so that n € A. Con-
versely, if n € A take e: G x G — R defined by

(g g7) = n((i 7)), ifi#j,
R 0, ifi=j,i=0,orj=0.

The map ¢ is admissible by definition, and clearly €(g;, g;) = €(gj, g;) for any
i,j € Iy. So € will be a graded contraction if we check that (g;,g5,9%) = G
implies

£(9i 95 9k) = €(9k 9i> 95)-
But in this case ¢,7,k € I is a generating triplet and we know ;5 = ;-
Now simply note that

(9, 95, 9r) = €(9i, 95 + 9r)e(95> gr) = €(Gi> Gjsi )€(9j5 Gk) = Wi jskMjke = Mijk-

Finally observe that the maps A" — A, e = n, and A — A, n — ¢, are

inverse one of each other.
O
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Now, as there is no ambiguity, we also refer to the elements in A as
e: X — R. The above lemma says that we only have to worry about the
(;) = 21 possible images ¢;; of the elements in X. We will observe that the

set of elements of X with nonzero image, cannot be an arbitrary subset of
X.

Definition A.3:

If £ € A we call the following set

T° ::{(ij)€I|€ij?éO}CX,

the support of e: X — R.

These subsets will be nice in a very concrete sense: in the sense that
they will have some properties related to the subsets of X.
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Definition A.4:

1. Ifi,j,k € I is a generating triplet, then we denote by
P(ijk):={(i7), (0 k), (i jxk),(jk),(Jixk),(kixj)}CX.

(Clearly P(i j k) does not depend on the order of the three elements
i, j and k.)

2. A subset T' C X is nice if for all generative i,j,k € I we have that
(i j),(i*j k) €T implies that P(i j k) C T.

Proposition A.5:
1. If e € A then the support T¢ is nice.

2. Suppose T is a nice subset of X. Consider the induced mape’: X — R

defined as
1, ifteT
Ty =40 MEED
0, iftegT.

Then we have that T € A and T = T°" .

Thus, classifying nice sets give us not only the possible supports but also
there is at least one graded contraction up to equivalence corresponding to
such support.

Proof. We begin with (1). Let ¢ € A, let i,5,k € I be generative and
suppose (i j),(k i * j) € T°. Since €;,4; # 0 # &;; we must have that
€kij = Ekixj€ij # 0. Since € € A, so g1 = €ki; what implies that e, # 0
too. But €1, = € jskejr # 0 means that (i j xk),(j k) € T°. Similarly,
€jki 7 0 and so (j kx1), (i k) € T°. Thus, P(i j k) C T¢, which allows us to
conclude that 7 is nice.

Now we move on to (2). Let T be nice. We aim to show that eg;k = efki
for all generative i,j,k € I. We consider the possible values of 5£k and
a;sz If P(i j k) C T, then (j k), (i j k) € T, so that 5Zj*k = EJT,C =1 and
hence Eg;k = szj*ka‘]rk = 1. But also (k 7),(j k*1i) € T, so that 5]Tkz' =1.In
particular 5£k = 5JTM = 1. Let us check that, if P(i j k) is not contained in
T, then sg;k, = fs]Tki =0. If Eg;k # 0, then both Egj*k and E]-Tk are nonzero,
so that both (i j x k) and (j k) belong to T. As we are assuming that 7" is
nice, then P(i j k) C T, a contradiction with the situation considered.

O

So, we have a first important problem to be solved: finding the nice
sets. Perhaps afterwards there will be (or not) two not equivalent admissi-
ble graded contractions with the same support, so that both classification
problems are not exactly equivalent ones. In any case it is clear that the
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classification of the admissible graded contractions has to begin by classi-
fying nice subsets of X. A first observation is that collineations of X give
equivalent graded contractions. We are going to make these concepts precise.

Definition A.6:

1. Aline in [ is a subset L C I of the form L = {i,j,i* j}, where i # j.
We denote by L;; the line containing i and j (if i # j). (This means
that Lij = Lj,i*j = ... and so OH.)

2. A collineation of I (also called collinear permutation) is a bijective
map o: I — I such that

o(i)xo(j) =o(ixj).

Observe that o(Lij) = Ly(i)o(j), S0 these maps are those ones sending

lines to lines. We will denote the set of collineations on I by S.(I).

Lemma A.7: The set of collinear permutations, S«(I), is a subgroup of the
symmetric group on I.

Proof. Clearly, the identity permutation is a collinear permutation. More-
over, if 0 € S.(I), then for i,j € I,

o i) x0T H(j) =0 a(o7 (i) x0T H(j) = 0 Moo T (i) x oo ()
= o i xj).
O

Remark A.8: If T is a nice set and o is a collineation, then o(T) is also
nice.

Proof. Let i,j,k € I be generative. Suppose (i j), (k ixj) € o(T). We know
that o71(i j),071(k i x j) € T implies that o~ '(P(i j k)) C T which is
equivalent to o(7") being nice. This follows because Si(I) is a subgroup of
the symmetric group. O

Lemma A.9: If o0 € S,(I) and ¢: X — R belongs to A, then ¢, € A for
the map e,: X — R defined by £,((i j)) =: e(o(i) 0(j)). The corresponding
graded contraction €, is equivalent to €. Furthermore, the support satisfies
Te = o(T°).

The proof is not difficult taking into account the following ideas. If o
is a collineation, the map : G — G defined by 7(gi) = go(;) if i € I and
a(g0) = go, is a group automorphism. Indeed, if i # j, then

G(gi + 95) = 0(Gixj) = Go(inj) = Goli)so() = Yo (i) T Jos) = 0(9i) + 7 (g;)-

Furthermore, if i = j, then 6(g; + ¢;) = (g0) = 9o = (gi) + 7(g;). Now we
consider the properties of the Weyl group of the Z3-grading on the octonions,
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studied in [5], according to which there is an automorphism f: Q@ — O with
f(OQg) = Qg for all g € G; which easily implies that the induced map
f:go — go given by f (d) = f~!df is also an automorphism of graded Lie
algebras with f((g2),) C (92)0(g) for all g € G.

What the above lemmas say is that we should try to classify nice sets
up to collinearity, since we are finally interested in the Lie algebra classifi-
cation. Another to note is that, if €,/ € A have different supports up to
collineations, that is 7¢ # ¢ (T¢') for all ¢ € S,(I), then € and €’ can not be
equivalent.

In continuing our task of finding the nice sets of X up to collineations,
let us consider some distinguished sets which will also prove to be nice sets.

Definition A.10: Suppose L is some line in I and m € 1.
1. X :={(j)|i,j € L}.
2. Xpo:={(ij)|i,je LY :=1~1L}.
3. Xy = {(m i) ]i#m}.
4. X(m) .— {(@ij)|ixj=m}.
5. Tjk)=Plijk)UPGjixk)UP(ikixj)UP(iixjixk).

For instance, let us describe them in concrete cases.
Example A.11:

1. XL12 = {(1 2)’ (1 5)7 (2 5)}
2. Xpo = {(34),(36),(37),(46),(47),(67)}.

4. XM ={(25),(36),(4 N}

5. T(123) ={(12),(13),(14),(15),(16),(17),(23),(26),(35),(56)}.
Remark A.12: Fori,j,k € I we have P(i j k) = P(i k j) = P(j i k). This
follows from the definition of P(i j k).

To handle these subsets, it is convenient to have a preliminary result.
Remark A.13: Suppose T is a nice set which does not contain any subset

of type P(I m n). Then, for each (i j) € T, if (k i*j) €T thenk € {i,j}.

Proof. If T is empty there is nothing to prove. Let (i j) € T. Suppose
(i 7 k) € T for some k € I (necessarily k # i * j). If 4, j, k are generative,
then (i j), (k ixj) € T implies that P(i j k) C T, a contradiction. Otherwise,
i, 7, k are not generative, so that k € {i,j,i* j}. But k # i x j, so that k is
either 7 or j. O
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As we previously indicated, there are many nice sets of importance.

Proposition A.14: Let 1, j, k € I and L be some line. The following subsets
of X are nice:

1. X,

O
e
h
&

S
<
=

X —XLC,
P(i j k),
T(ij k),

© o N >

Any subset of X1, X;c, X(i),X(i).
Proof.
1. It is clear that X is nice.

2. Suppose (i j), (ki j) € Xr. Then i, j, k,i* j € L, therefore, without
loss of generality, we may assume k = i. Therefore there are no gener-
ative triplets 4, j, k € I such that each (i j), (k i *j) € Xr. Thus, the
result holds vacuously.

3. Suppose (i j),(k i*j) € X;c. Then i,j,k,i * j € LC. Tt suffices to
show that jxk, ixk € L. If jxk € L then j, k € L, a contradiction.
Similarly, i x k € LC.

4. Let us show that X() is nice for any [ € I. Let us suppose that
(i 7),(kixj) € Xg. Then (i j) N (k ix*j) = {I}. Then we may
assume, without loss of generality, that k = ¢. Therefore there are no
generative triplets 4, j, k € I such that each (i j), (k i*j) € Xr. Thus,
the result holds vacuously.

5. Let us show that X® is nice for any I € I. Suppose (i j), (k ixj) € X©.
Then i % j =1 = k= (i*j). This implies that [ = k*[, a contradiction.

6. We note that X — X;c;= {(m n)|m € L orn € L}. Suppose that
(17),(kixj) € X—Xpc. Thisimplies that ¢ € L or j € L, and it implies
that £k € L or i x5 € L. We may assume, without loss of generality,
that ¢ € L. This immediately implies that (i k), (i j*x k) € X — X c.
Now we must consider two cases: k € L and ixj € L. If kK € L, then
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(j k) € X — X;c. Moreover, since both i, k € L we know that ixk € L
and so (j i x k) € X — Xyc. This covers the first case. On the other
hand, if i x j € L, then j € L and so (5 k),(jixk) € X — X;c.

. It will suffice to show that P(1 2 3) is nice. Let us suppose that
(i 4),(kixj) € P(1 2 3). The possible pairs of elements of X which
match up with (¢ j) and (k i*j) are: (12) and (3 5), (1 3) and (2 6),
or (2 3) and (1 7). In all of those possible cases P(i j k) = P(1 2 3)
means that P(1 2 3) is nice.

. We note that T'(i j k) :={(i j), (i k), (i j«k),(ii*7),(iixk),(i1x
jxk), (5 k),(jixk),(kixj),(i*jixk)}. Take generative z,y,z € I.
Suppose (z y), (z zxy) € T'(i j k). Since P(z y z) = {(z y), (z 2), (x yx*
2),(y 2),(y x * 2),(z = xy)}, we need to show that the remaining
elements are contained in 7'(¢ j k). We note that x is contained in
three elements of P(z y z). Since the only elements of I which appear
in at least three elements of T'(i j k) are {i,7,k} we conclude that
x € {i,7,k}. Similarly, we find y, 2z € {i,7,k}. From here we conclude
that

Pleyz)=P(o(i) o(j) o(k)) = P(i j k) CT(i j k),
where o is some permutation on {i, j, k}.

. For subsets of X o, X(;), and X () this follows from Remark A.13 be-
cause none of these sets contain elements of the form (i j) and (k i %),
where i, j, k € I are generative. Suppose T' C X. It suffices to prove
the result for T' C Xp,,. If T' is empty the result is clear. If T con-
tains exactly one element, then clearly T is nice. If T contains ex-
actly two elements we may assume, without loss of generality, that
T = {(12),(2 5)}. Since 1,2,5 is not a generative triplet the result
holds vacuously.

O]

Our purpose is to prove that Proposition A.14 contains the list of all

nice sets. This is a difficult proof so that we will divide in pieces. First we
consider the nice sets which are sufficiently big.

Proposition A.15: Suppose T is nice and there exist generative i, j, k € I,
such that P(i j k) C T. Then there is some collinear permutation o such

o(T) € {X, X = X0, P(123), T(123)}.

Proof. We divide the proof into six claims. Assume P(123) C T C X.
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Claim 1:

Claim 2:

Claim 3:

Claim 4:

If X — X;c CT,then T = X,
12

From the hypothesis, T" contains some element from X — X LS,

If (34) € T, then (3 4),(1 5) € T implies that P(3 4 1) C T. Specifi-
cally, (3 7),(4 6) € T. We also find that, (4 6), (7 2) € T implies that
P(4 6 7) C T. In particular, (4 7),(6 7) € T. Furthermore, we can
see that (6 7),(3 5) € T implies that P(6 7 3) C 7. This means that
(37) € T and we conclude T' = X.

If, instead of (3 4), we assumed that some other element of X — X ¢,
were in 7', then by a similar argument we would find T = X.

If P(123) CT C XandP(124) CT thnT =X~ X;c.
We have that (3 5),(1 4) € T implies that P(3 5 1) C T. Specifi-
cally, (1 5),(5 6) € T. We also find that (1 5),(7 2) € T implies that
P(157) CT. In particular, (5 7) € T. Finally, (5 7), (2 6) € T implies
that P(5 7 2) C T and this means that (2 5) € T. Altogether, we then
conclude that X — XLlc2 CT. Claim 1 now yields that T'= X — XLICQ.

If P(123)CTand P(126) CT,thenT(123)CT.
We note first that

T(123):={(12),(13),(17),(23),(26),(35), (16),(14),(56), (15)}.

Now, (3 5),(1 4) € T implies that P(3 51) C T, and so (1 5) € T
which allows us to conclude that 7'(1 2 3) C T

If T(l 2 3) CT, then T € {X — X;c |L € {ng, L3, ng}}.

From the hypothesis, 7' — T'(1 2 3) is non-empty. The following set
consists of all the elements which could be in T'— T'(1 2 3) :

{(24),(25),(27),(34),(36),(37),(45),(46),(47),(57),(67)}

If (24) € T, then (24), (1 6) € T implies that P(124) € T. Specifically,
(4 5) € T. Now, (4 5),(1 3) € T implies that P(1 4 5) C T. In
particular, (5 7) € T. This, in turn, means that (5 7),(1 6) € T
implies that P(1 5 7) C T which means that (2 7), (4 5) € T. Finally,
this means that (2 7), (5 3) € T implies that P(2 5 7) C T. We conclude
that (2 5) € T and therefore P(124) C T implies that X — X;c C T.

If (2 5) € T, then (2 5),(4 1) € T implies that P(2 4 5) C T.
Specifically, (2 4), (4 5) € T. Therefore, (2 4),(1 6) € T implies that
P(124)CT. Hence, X —Xpg €T
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Claim 5:

If (27) € T, then (2 7),(1 3) € T implies that P(127) C T. In
particular, (2 4) € T. Similar to previous case, we can now see that
X - X0 CT.

If (34) € T, then (34),(15) € T implies that P(1 34) C T This means
that (3 7),(4 6) € T. Now, (1 3),(2 6) € T implies that P(1 3 2) CT.
Furthermore, (1 6), ((7 3) € T implies that P(1 6 7) C T. Specifically,
(6 7) € T. Finally, (3 5),(4 6) € T implies that P(3 5 6) C T and so
(36) € T. We find that X — Xpe €T

If (3 6) € T, then (3 6),(2 1) € T implies that P(2 3 6) C T. Hence,
(3 4) € T. The previous case covers this.

If (37) €T, then (3 7),(12) €T implies that P(1 3 7) C T Therefore
(3 4) € T. We have covered this case.

If (45) € T, then (4 5), (1 3) € T implies that P(1 4 5) C T In partic-
ular, (24),(57) € T. Now, (24),(1 6) € T implies that P(124) CT.
This means that (2 7) € T. We have covered this case earlier.

If (4 6) € T, then (4 6),(1 2) € T implies that P(1 4 6) C T. Hence,
(34) € T and so we are in a previously covered case.

If (47) €T, then (4 7),(2 1) € T implies that P(2 4 7) € T. In
particular, (3 4) € T, which leaves us in a case we have already covered.

If (57) €T, then (57),(1 6) € T implies that P(1 5 7) C T. This
means that (2 7) € T and so we return to a case we have already
covered.

If (6 7) € T, then (6 7), (1 5) € T implies that P(1 6 7) C T. Therefore,
(4 7) € T and we have covered this case.

If P(123)UP(ijk)CT for some generative i, j, k different from
1,2, 3, then claim 2 or claim 3 applies.

If {1,2,3} N {4, 4, k} contains two elements, then (up to equivalence)
there are three cases. In the first case P(i j k) = P(1 2 4), and then
claim 2 is applicable. In the second case P(i j k) = P(1 2 6), and then
claim 3 is applicable. In the third case P(i j k) = P(1 2 7). Then we
have that P(217)UP(213) C T and since 7 = 2x* 3, claim 3 applies
(up to collinearity).

If {1,2,3} N {4,4,k} contains one element we may assume, without
loss of generality, that {7, j, k} is equal to one of {1,4,5} or {1,4,6}. If
{i,j,k} = {1,4,5}, then P(123)UP(145) C T and (12),(45) €T
implies that P(1 2 4) C T. Hence, claim 2 is applicable. If, instead,
{i,j,k} = {1,4,6}, then P(123)UP(146)C T and (26),(14) €T
implies that P(1 2 6) C T Thus, claim 3 would be applicable.

Finally, if {1,2,3} N {4, j,k} is empty, then we may assume, without
loss of generality, that {i,j,k} = {4,5,6}. We have that P(1 2 3) U
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Claim 6:

P(4 5 6) C T. Moreover, (1 2),(4 5) € T implies that P(1 2 4) C T,
and so claim 2 applies.

If P(123) C T, then there exist generative 4, j,k € I with {3, j,k} #
{1,2,3} such that P(i j k) C T.

We note that since P(1 2 3) C T there must be some element of
X —P(123)inT. If (i 5) € T for i # 3, then P(1 24) C T. If
(i 6) € T for i # 2, then P(1 34) C T. If (i 4) € T, then P(1 7 i) C T.
If (i 7)€ T, for i # 1, then P(234) C T.

The only element of X — P(1 2 3) not yet taken into account is (3 7).
If (37) € T, then (3 7), (1 2) € T implies that P(137) C T.

O]

And now we deal with the nice sets with few elements.
Proposition A.16: Suppose T' # () is nice and there is no P(i j k) C T.

1.
2.

If X;, C T for some line L, then X, =T.

If T ¢ Xy, for any line L and T' ¢ Xy for any | € I, then (i j) € T
implies that (i x j,m) € T for all m € I.

If T & Xy, for any line L and T' € Xy for any | € I, then T' C Xjc
for some line L or T C X for some | € 1.

Proof. We note that if there is no P(i j k) C T, then the following property,
denoted (V1), holds for T if there exist 4, j,m € I such that (i j), (m ixj) €
T, then m € {i,5}.

1.

We assume X, C T. Suppose there is some t = (k [) € TN (X — Xp),
with k € LC. First we consider the possibility that { € L. If | = i x j,
then (i j), (k ixj) € T implies that P(i j k) C T, a contradiction. If [ =
i, then (7 ix7), (i k) € T implies that P(j i*j k) C T, a contradiction.
If | = j, then (¢ i x j),(j k) € T implies that P(i ixj k) C T, a
contradiction. Therefore | € L°.

Since k,l € L€ we know that k+1 € L. If kx| = i, then (k 1), (j i) =
(j kxl) € T implies that P(k [ j) C T, a contradiction. If k+l = j, then
(k1),(ij)= (i kxl) € T implies that P(k [ i) C T, a contradiction. If
kxl=ixj, then (k1),(iixj) = (i k«l) € T implies that P(kli) C T,
a contradiction. Hence, we conclude T'= X7, ..

. It suffices to assume (1 2) € T" and to show that there is no m € I such

that (5 m) € T. Suppose (5 m) € T for some m € I. From Remark
A.13 we find that m € {1,2}. If (1 5),(2 5) € T then X, C T and
then part (1) yields that ' = X1,,,, a contradiction. Therefore we may
assume, without loss of generality, that (1 5) € T" and (2 5) ¢ T By
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hypothesis T Z Xp,,. Hence, there exists k € I and [ € L§, such that
(k 1) € T. We will now consider the possible cases for k.

If k € LY, then k x| € Ly2. Then since (k 1),(1 2),(1 5) € T and
kx1 € Lia means that P(k [ n) C T where n € {1,2,5} (depending
on whether k[ is 1,2, or 5).

If k € Lyg, then k* 1 € L%, In this case k =€ {1,2,5} If k = 2, then
(15),(21) = (k1) € T implies that P(1 51) C P, a contradiction.
If £k =5, then (1 2),(51) = (k1) € T implies that P(1 25) € T, a
contradiction.

If k=1, then (1 5),(1 2),(1 5) € T. By hypothesis, " ¢ X(;y. Thus
thereis (a b) € T, with a,b € I —{1}. If a = 2, then (20),(15) € T im-
plies that P(1 5 b) C T, a contradiction. If a =5, then (12),(5b) € T
implies P(1 2 b) C T, a contradiction. Therefore, the only remaining
possibility is that both a,b € L%. This means that a * b € Lio. More-
over, this means that P(a b n) C T, for some n € {1,2,5} depending
on exactly which values a and b take.

. We may assume, without loss of generality, that (1 2) € T. From (2)
we know that for all m € I, (5 m) ¢ T. By hypothesis, T' € X (1), X(9).
Therefore, there are j, k € I — {1,2} such that (j k) € T, with j < k.

If j # 2, then j € {3,4,6,7} and k € {4,6,7}. We may assume,
without loss of generality, that j = 3. Part (2) yields that we cannot
have 3%k =1 or 3 k = 2. Therefore, k ¢ {6,7}. Hence, k = 4. Now
we know that (1 2),(34) e T.

Since (1 2) € T, part (2) implies that (4 7), (3 6),(46),(37) ¢ T. Since
(3 4) € T, part (2) implies that (1 6),(2 7),(26),(1 7) € T. We also
know that (5 m) ¢ T for all m € I. This means that the following
elements could be in 7" (in addition to (1 2) and (3 4):

{(13),(14),(23),(24),(67)}

However, the following elements are the same up to collinearity: (1 3),
(1 4), (2 3), and (2 4). This means we need only consider two cases:
(13)eT,and (6 7) €T.

If (1 3) € T, then from part (2) we find that elements of the form
(6 m) cannot be in 7. Hence, T' = {(1 2),(1 3),(3 4)} € X/ ¢ .

If (6 7) € T, then part (2) implies that (2 3),(1 4),(1 3),(24) ¢ T.
Therefore, T = {(1 2), (3 4),(6 7)} € X©).

Now, let us consider the case where j = 2. This implies k € {3,4,6,7}.
We may assume, without loss of generality, that k& = 3. However since
(12),(23) € T, part (2) yields that (3 6), (4 6), (1 6) ¢ T. Furthermore,
this also implies that elements of the form (5 m) or (7 m) are not in

121



T'. By hypothesis " Z X(5), and so there exist x,y € [ —{2,5,7}, such
that (x y) € T. Keeping mind the restrictions we have seen on elements
of T, we are left with two cases: (z y) = (1 3) or (z y) = (1 4).

If (x y) = (1 3), then part (2) implies that elements of the form (6 m)
are not in 7T. Therefore, the following elements could also be in T :
(14),(24),(34). Thus, T C XLGC7'

If (z y) = (1 4), then part (2) implies that (2 6) ¢ T. The following
elements could also be in T : (1 3),(2 4),(3 4). Hence, we find that
T g XLg:?'

O]

A.2 Classifying Nice Sets

We are now in a position to achieve one of our main aims: classifying nice
sets.

Theorem A.17: Suppose T is a nice set. We can classify the possible values
for T, up to collineation, according to the cardinality of T.

|T|=0: Then T = (.
|T|=1: Then T = {(1 2)}.

|T| =2: Then T is one of the following sets:{(1 2),(1 5)}, {(3 4),(3 6)},
{34),(67)}.

|T| = 3: Then T is one of the following sets: Xp,,, X® {(34),(36),(37)},
{34),(36),(46)},{(34),(36),(47)},{(34),(35),(36).

|T'| =4: Then T is one of the following sets: {(3 4),(3 6),(3 7),(4 6)},
{34),(36),(47),(67)}, {(12),(13),(14),(15)}.

|T| =5: Then T is one of the following sets: {(3 4),(3 6),(3 7),(4 6),(4 7)},
{(12),(13),(14),(15),(16)}

|T| = 6: Then T is one of the following sets: Xre), P(123), Xq).
IT| =10: Then T = T(1 2 3).
|T|=15: Then T =X — X, c.
12
|T|=21: Then T = X.

Proof. We split the proof up by the cardinality of T If |T'| = 0 the result
is trivial. If |T'| = 1, then we can easily find o € S.(I) such that o(T") =

{1 2)}.
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We assume |T'| = 2. From Proposition A.16 we find that 7" is a sub-
set of X1, Xpo, X, or XW_ If T ¢ X, then, up to collineation, T' =
{(12),(15)} C X1,,. This is the unique possibility because this is collinear
to {(i j), (i i % j)} for any i # j € I. Let us consider nice subsets of X ¢ .

The two possible sets are {(3 4),(3 6)} C X(3) and {(3 4),(6 7)} C X0,
These are the only two options because the following three sets {(3 4), (3 7)},
{(34),(46)},{(34),(47)} are collinear to {(34), (3 6) }. Now we consider the
nice subsets of X(1). We may assume that (1 2) € 7' Then, up to collineation,
we find two nice subsets: {(1 2),(1 3)} and {(1 2), (1 5)}. Finally, from sub-
sets of X(1) we find {(2 5), (3 6)}, to which the remaining subsets of X (1)

are collinear.

We can also see that {(3 4),(36)} ~ {(12),(13)} and {(34),(67)} ~
{(25), (3 6)}. The result follows.

We assume now that |T'| = 3. From Proposition A.16 we find that T is a
subset of Xy, Xpo, X(;, or XU If T = X}, we may assume that T = Xy
Similarly, if 7= X®, we may assume T = X©).

We now consider possible subsets of X ¢ . The sets {(34),(36),(37)},
{(3 4),(3 6),(4 6)}, and {(3 4),(3 6),(4 7)} are not collinear. The set
{(34),(46),(47)} is collinear to {(34),(36),(37)}, while {(34),(46),(67)}
is collinear to {(3 4),(3 6),(4 7)} via (1 2 5)(3 7 6) € S«(I). Furthermore,
{(34),(47),(6 7)} is collinear to {(3 4),(36),(4 7)} via (1 5)(3674) €
Si(I).

Let us consider subsets of X(;). We may assume, up to collineation,
that (1 2),(1 3) € T. The sets {(1 2),(1 3),(1 4)} and {(1 2),(1 3),(1 5)}
are not collinear. {(1 2),(1 3),(1 6)} is collinear to {(1 2),(1 3),(1 5)} by
(23)(56) € S«(I). Noticing that 23 = 7, we can see that {(12),(13),(17)}
is not collinear to these sets.

Via (163)(274) € S.(I) wesee {(34),(36),(37)} ~{(12),(13),(14)}.
We use (136)(247) € S.(I) to write {(12),(13),(15)} in the equivalent
form {(3 4),(3 5),(3 6)}, for the sake of convenience. Similarly, we write
X©) rather than X, and X, rather than X ,.

This leaves us with six possibilities: Xz,,, X®), {(3 4),(3 6),(3 7)},
{34),(36),(46)},{(34),(36),(47)}, and {(34),(35),(36)}. The set Xz,
is not collinear to any of the others because it is the only one in the form X7.
Similarly, X(® is not collinear to the others. The sets {(3 4), (3 6), (3 7)}
and {(3 4),(3 5),(3 6) are the only options which contain some number
thrice, and so they could only possibly be collinear to each other. However,
3 x4 = 5, means that they are not collinear. The last two options are not
collinear because one contains exactly three numbers amongst its elements,
while the other contains exactly four.

We assume now that |T'| = 4. From Proposition A.16 we find that T is
a subset of X ¢, or X(;). We consider the subsets of X LS, We may assume,
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up to collineation, that (3 4), (3 6) This leaves the following six sets:

eT.
{(34),(36),(37),(46)},{(34),(36),(37),(47)},
{34),(36),(37),(67)},{(34),(36),(46),(47)},
{(34),(36),(46),(67)}, {(34),(36),(47),(67)}

We have the following equivalences:

{34),(36),(37),(46)} ~{(34),(36),(37),(47)} by (67)cS.(]),

{(34),(36),(37),(46)} ~{(34),(36),(37),(67)} via (467) e S.(I),

{(34),(36),(37),(46)} ~{(34),(36),(46),(47)} by (12)(34) € S.(I),

{(34),(36),(37),(46)} ~{(34),(36),(46),(67)} by (25)(36) € Si(I).
6),

We are left with only {(3 4),(36),(37),(46)}and {(34),(36),(47),(67)}.
These two sets cannot be collinear as the former contains 3 in three of
its elements while the latter does not contain any number in three of its
elements.

We now look at subsets of X(). We may assume, up to collineation, that
(1 2),(1 3) € T. This leaves the following sets: {(1 2),(1 3),(1 4),(1 5)},
[(12),(13), (14), (16)}, {(12), (13), (14), (1 7)}, {(1 2), (1 3),(15),(16)},
{(12),(13),(15),(17)} {(12),(13),(16),(L7)}. The collinear permu-
tations (5 6), (5 7), (4 6), (47), (265 3)(7 4) (e S«(I), respectively,
allow us to conclude that {(1 2),(1 3),(1 4),(1 5)} is collinear to each of
[(12),(13), (14),(16)}, {(12), (13), (14), (1 7)}, 1(1 2), (1 3),(15), (16)},
{(12),(13),(15),(17)}, and {(12),(13),(16),(17)}. This leaves us with
only {(12),(13),(14),(15)} which cannot be collinear to any of the subsets
of Xy since none of those sets are a subset of a set of the form X.

We assume now that |T'| = 5. From Proposition A.16 we find that T
is a subset of Xjc, or X(;). We first consider the subsets of X(;). They
are X {( N} Xay —{Q 6)}, Xy — {1 5)}, Xy — {1 9}, X -
{(1 3)} X —{(1 2)}. We can see that the first is collinear to the rest from,
respectively, the permutations (6 7), (57), (47), (37), (27) € S.(I).

We now consider the subsets of X;c . They are: X;c — {(6 7)}, Xpe —
{(4 7)}7 XLI% _{(4 6)}7 XL% _{(3 7)}7 *XPLIC2 _{(3 6)}7 XL% _{(3 4)} We can
see that the first is collinear to the rest from, respectively, the permutations
(15)(46), (476), (367), (376), (3647)¢€ S.(I).

This leaves us with X1y — {(1 7)} and Xpe — {(6 7)}. These cannot be
collinear as the first is a subset of X(;) but the second is not the subset of
any set of the form X(;).

We assume now that |T'| = 6. From Proposition A.15 and Proposition
A.16 we find that T' € {XL1c2, P(123), X}

From Proposition A.15 and Proposition A.16 we find that the remaining
nice sets are: 1'(1 2 3) (|7 = 10), X — Xre, (IT| = 15), and X (|T| = 21).
Their uniqueness, up to collineation, is a result of the following: if i, 5,k € I
are generative, then (1 ¢)(2 5)(3 k) € S«({). O

)

I

124



A.3 Algebra Properties

In the previous section we classified nice sets up to collineation. In this
section we explore some properties of the algebras, ©8T, which correspond
to each of our nice sets 7. For convenience’ sake we will denote D¢ by ©¢.
This covers graded contractions arising from admissible maps.

Lemma A.18: Set M := {i € I |Pt € T, i € t}. Then

Z(9°) = Z(9) + P 9.
ieM
Proof. It is immediately clear that Z(D), @,c,; Di € Z(D°).
Take x € Z(®%). We may write © = Y, ;x;, with z; € D;. For all
Y=7>_jcrYj>Yj €Dj, we have that

0= [z, = > eijlen )

i,j5€1

This means that, for each ¢,j € I, either €;5 = 0 or [z;,y;] = 0. Therefore,
v € Z(®)+Dicy Di- O

T = (): D¢ is abelian.
T={12)}:Z®)= @ ;. 9% =95 D°is2-step nilpotent and
- iel—{1,2}

solvable. As a Lie algebra

D°=(D1®D2®D5) B (D3 DDy ®Ds ® Dr).
T={12),15)}:Z2@)= @ D D =Dyd Ds. D° is not

iel—{1,2,5}
nilpotent but is 2-step solvable. As a Lie algebra

D°=Z(D°) D (D1 DD2d Ds5).

T={34),36)}:Z®°)= p ;. 99=2;DD;. D°is 2-step
iel—{3,4,6}
nilpotent and solvable. As a Lie algebra

D= (D19D30D45D5® D) B (D20 D7)

T={(34),067)}: Z(D°) = D1 ® Dy ® D5. D = D5. D° is 2-step
nilpotent and solvable. As a Lie algebra

D°=(D1DD2) D (D3DDy DD5 DD D D7).

T=2Xp,,:Z(0°)=D10D:0D60D7. D = D30 Dy & D5 = D =
0 D¢ ig neither nilpotent nor solvable. ©¢ is not simple or semisimple.

As Lie algebra
D = Z(D°) oD,

125



T=X0: Z(D°) = D5 = D. D° is 2-step nilpotent and solvable.

T={(34),(36),37)}: Z(D°) =D, DDy ® D5 = D D is 2-step
nilpotent and solvable.

T=1{(34),(36),(46)}:Z(D°)=D10D20D50D7. D =D HD2 P
D5. D is 2-step nilpotent and solvable. As a Lie algebra

D= (D1 0D D3P Dy D D5 D Dg) ©Dr.

T = {(3 4), (3 6), (4 7)} : Z(@E) =D DDy D Ds5. D = D1 P D5 DF is
2-step nilpotent and solvable. As a Lie algebra

D°=(D10D309D,DD5 DD ® D7) D Do.

T = {(3 4), (3 5), (3 6)} : Z(@E) =901 DDy D Dr. D =D, Dy ® Ds.
D2 = 93 = D, ® D5. D¢ is not nilpotent but is 2-step solvable. As a Lie
algebra

D°=(D1DD3DD,DD5DDg) D (D2 ® D7) .

T={(34),(36),(37),(46)}: Z(D°) = D1 & Dy & D5 = D. D° is
2-step solvable and nilpotent.

T={(34),(36),(47),(67)}:Z(D°)=D1D0Dy0D5. D =D ®Ds.
D° is 2-step nilpotent and solvable. As a Lie algebra

D°=(D10D309D,DD5 DD ® D7) D Do.

T={(12),(13),(14),(15)}:2(D°) =Ds®D7. 0% =DydD55DD
D7, D22 = D3 = Dy @ D5. D° is not nilpotent but is 2-step solvable.

T=1{(34),(36),(37),(46),(47)}:Z(D°) =D ®Dy PD5 =D. D°
is 2-step nilpotent and solvable.

{(12),(13),(14),(15),(16)}: Z(D°) = D7. D% = Dy ® D3 D D5 P
DB D7. D2 =03 = Dy D3 D D5 d Dg. D¢ is not nilpotent but is 2-step
solvable.

T =X : Z(D%) = D1 ® Dy ® D5 = D, |dae is 2-step nilpotent and
solvable.

T=P(123): Z(D°) =D4. D =Dy & D5 ® Dg D D7. D% = Dy. D°
is 3-step nilpotent and 2-step solvable.

T = X(l) : Z(@a) =0. 9 =92 = Do DD3 DL D D5 DD D D7. D
is not nilpotent but is 2-step solvable.

T=T(123):Z(D°)=0.9 =0 =000 D40 D5 D ®Dr.
9@ = D, @ D7. D¢ is not nilpotent but is 3-step solvable.

T=X-Xpc: Z(®°) = 0. D¢ = D°. D° is neither nilpotent nor
solvable. ¢ is neither simple nor semisimple. The only proper ideal of
®° which is a direct sum of homogeneous components of the grading is
D3P Dy D Dg D Dr.

Tr=X:9°=9.
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A.4 Scaling homogeneous Components

In the previous section we considered admissible maps whose image is {0, 1}.
In this section we consider admissible maps which have the same kernel as
the admissible graded contractions but for which the non-zero elements need
not necessarily have value 1. We may use the following notation to write
a graded contraction when its support is clear from context. We write
only the relevant parameters (those corresponding to an element in their
support). These relevant parameters are unambiguously totally ordered in
the following way: we consider the numbers in the pair from X to which
they correspond (e15 would correspond to the pari (1 5)) and we first com-
pare the smallest number from each parameter, and then the larger num-
ber from each pair. For instance, if € is a graded contraction with support
{(34),(36),(37),(46)} then we may write € := (€34 €36 €37 €46) = (a b c d).

Recall that for an admissible map e arising from the nice set T, then T’

is the support of c.
G for i, je I

Qx5

We define a matrix a;; =

T ={(12)}: If we set

. { if (i ) = (12),

0, otherwise,

where ¢ € C*. Then, setting a1 = a2 = 2, a5 = ¢, and a; = 0 for 7 €
I—{1,2,5} we have that cec =¢7.
T={(12),(15)}:If we set

e, if(ij)=(12)
Eij: d, if(ij)Z(l 5),

0, otherwise

where ¢, d € C*. Then, setting a; = as = \/%, a5 = é, and the other a; =1,

we have that c e e = 7.

T={(34),(36)}:If we set

¢, if (i j)=(34)
gij =qd, if (i j)=(36),
0, otherwise

where ¢,d € C*. Then, setting a1 =d, a5 =c,a3 =a4 =ag =1, and ay = 1,

we have aeec = 7.
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T={(34),(67)}:If we set

c, if(ij)=(34)
gj=9d, if(ij)=(36),
0, otherwise

where ¢,d € C*. Setting a3 = 1/¢, ag = 1/d, ay = a5
a1 =ao =1, we have vee = el
T = Xp,, :If we set

e, if(ij)=(34)
d, if (i 7)=(35)
f, (i) = (45)
0, otherwise

Eij =

)

where ¢,d, f € C*. Then, setting az = ——=

other a; = 1, we have that v ee = ¢

T = XO) . If we set

e, if(ij)=012)
d, if (i j)=(34)
foo i) =(67)

0, otherwise

El'j =

_ 1 _
Ved' T epr 95

1

Vdf’

and the

where ¢,d, f € C*. Then, setting a1 = 1/¢, a3 = 1/d, ag = 1/f, and the

other a; = 1, we have c e = &'
T={(34),(36),(37)}:1If we set

e, if(ij)=(34)
o d, if (i 7)=(36)
Tl G =37
0, otherwise

)

where ¢, d, f € C*. Then, setting a1 = d, as = f, a5 = ¢, and the other

a; =1, we have e e = ¢

T={(34),(36),(46)}:If we set

e, if(ij7)=(34)
. d, if (i 7)=(36)
YOS (i) =(46)
0, otherwise
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where ¢,d, f € C*. Then, setting a1 = d, as = f, a5 = ¢, and the other

a; =1, we have e e = ¢’

T={(34),(36),(47)}:If we set

e, if (ij)=(34)
d, if (i 7)=(36)
foiG])=(@T)
0, otherwise

)

where ¢, d, f € C*. Then, setting a5 = ¢, ag = 1/d, a7 = 1/ f, and the other
a; =1, we have c @ = ¢

T={(34),(35),(36)}:If we set

e, if(ij7)=(34)
. d, if (i j7)=(35)
TN i) =36
0, otherwise

where c,d, f € C*. Then, setting a; = f, a3 = \/%, ay = Vd, as = /e,

ag = Ved, and the other a; = 1, we have v e e = &7
T={(34),(36),(37),(46)}: If we set

¢, if(i5)=(34)
d, if(i5)=(36)

gij=Nf if@jH)=0B7,
g, if(ij)=(46)}
0, otherwise

where ¢, d, f,g € C*. Then, setting a1 = d, az = g, a3 = a4 = a5 = 1/c,
ag =cand ay = ¢ Wehaveaoe—eT
T={(34),(3 ),(4 7),(6 7)} : If we set

e, if(ij)=(34)
d, if(17)=(36)

e =S H@j)=047),
g, if(ij)=(67)}
0, otherwise

where c¢,d, f,g € C*. Then, setting a; = a4 = d, a3 = > a5 =

ag = \/gand a7 =1/f, we have c @ e = ¢7.
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T={(12),(13),(14),(15)}:If we set

e, if(ij)=(12)
d, if (i j)=(13)

cij = f, i (ij)=(14),
g, if (i j)=(15)
0, otherwise

where ¢, d, f,g € C*. Then, setting a; = \/%7 az = /g, a3 = aq4 = ,/cg,
as = /¢, ag = d, and a7 = f, we have v ee = ¢

T={(34),(36),(37),(46),(47)}:If we set

e, if(ij)=1(34)
, i (i) =(36)
__Jr =61
Y )e i) =(46)"
, A (ig)=(047)
\0, otherwise

where ¢, d, f,g,h € C*. Then, setting a1 = d\/gh, as = g\/fd, a3 = /gh,
ay = +\/fd, a5 = c\/dfgh, ag = 1, and a7 = %, we have a e =7
T={(12),(13),(14),(15),(16)}: If we fix a graded contraction &
with support T', we consider the graded contractions which are equivalent to
¢ by normalization. That is, we consider all graded contractions &’ = o e ¢,
where « is a normalization matrix. We may always normalize ], = /5 = 1.
To see this, we use the (proposed) equalities ajoe12 = 1 and ajse15 = 1.
We may therefore set a; := \/#75157 as := \/e15, a5 = /e15. This forces

a3€i13 a6E16 a4€14

ez = arass and €le = T s Finally, ey = arobass - Altogether, this
means that any graded contraction with support 7" is equivalent (via normal-
ization) to a graded contraction ¢ with €19 = 15 = 1, €13 = €16 = ¢, €14 = d,
where ¢, d € C*. We will specify the five relevant parameters of such a graded
contraction by e = (1 ¢ d 1 ¢).

Graded contractions € := (1 ¢d 1 ¢) and £ := (1 ¢ d 1 /) are equivalent
via normalization if, and only if, ¢ = =+c. To see this, we first note that

ae = ¢’ if, and only if, there exist ay,...,a7 € C such that the following
hold:
d d
aiz=1, oa3=—, ouu=—,
c d
/
c
ais =1, e = —.
c
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A 2
These conditions hold if, and only if, the following holds: a? = 1 = (C—> .

C
Our claim follows.

T = Xy : If we fix a graded contraction & with support 7', we consider
the graded contractions which are equivalent to € by normalization. That
is, we consider all graded contractions ¢’ = o e, where « is a normalization
matrix. We may always normalize ¢}, = )5 = 1. To see this, we use the
(proposed) equalities aj2e12 = 1 and ajse15 = 1. We may therefore set
ay = \/ﬁ, az := /€15, a5 = \/e15. This forces €}3 = %‘\1/3%, glg =

a6E16 — a4€14

=, ey = e and elr = M?}% Altogether, this means that
any graded contraction with support 7" is equivalent (via normalization) to
a graded contraction € with €10 = €15 = 1, €13 = €16 = ¢, €14 = €17 = d,
where ¢, d € C*. We will specify the six relevant parameters of such a graded
contraction by e = (1 ¢ d 1 ¢ d).

Graded contractions € := (1 ¢cd 1l ecd)and e := (1 d 1 d) are
equivalent via normalization if, and only if, ¢ = +¢ and d’ = +d. To see
this, we first note that ae = ¢’ if, and only if, there exist a1, ...,a7 € C such
that the following hold:

/

@

apg =1, a3=—, apu=

)

a5 =1, ag=—, a7 =

/
d
d/
d

oo

These conditions hold if, and only if, the following holds: a? = 1 = (

o

)2
a\? .
(3) . Our claim follows.
T = XLlc2 : Any graded contraction € := (€34 €3¢ €37 €46 €47 €67), With

support T is equivalent via normalization to the graded contraction &’ :
(1111111). To see this, set

1 1

ay = , A2 1= )
\ E34€37€46E67 V E34€36€47E67

1 1
asz = y Q4 1= )
\V E34€36E37 \ E34€46E47

1 1
as 1= , ag 1= )
\VE36E37E46E47 \VE36€46E67

1
ap = ————.
\VE37€47E67

Then, &’ = aec.

T = P(1 2 3): First we claim that any graded contraction of the form
e = (e12 €13 €17 €23 €26 €35), with support T', is equivalent via normalization
to a graded contraction, supported by T, of the foom &' = (111181 7),
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with 8,v € C*. To see this, set

1 1
ap =a4 =0ag := —, A2 = a5 ‘= —,
€12 €26
1 1
asz ‘= —, a7 ‘= —.
€13 €17
Then
’ _ E17€23 _ €12€35
= , Y= .
€13€26 €13€26

We now have ¢/ = « e . Further we claim that graded contractions, with
support T, e = (1118 15)and & = (1115 1+') are equivalent via
normalization if, and only if, 8 = 3’ and v = +/. To see this we note that
for us to have ¢/ = o e £ we need the following to hold:

a2 =1, a3 =1, aj7 =1,
! !
Q93 = —, g =1, ags = o

s
From these equalities we find that the following must hold:

as = a1az, ag = ajasz, a4 = a1a20a3—

B’

y
a4 = ajagza3, a7 = a20a3 = a1a2a3?.

@7 a4
Our second claim follows.

T=T(123): If € is a graded contraction with support 7' then ¢ is
equivalent via normalization to a graded contraction & defined as ¢/ =
(Ledlced fghk). To see this we set

1
e —— =4/ =4/ = 4/E
ai NGTErk 2 1= /€15, A3 1= 4/€16; A4 1= /€17,

as 1= /€12, Qg ‘= /€13, Q7 = +/E14.

This gives a2e12 = aise15 = 1, 13613 = 1616 = €, 1414 = Q7€17 = d,
[ = ao3e23, g = o€, h = ags5€35, k = a56E56.

We will now consider when graded contractions e := (1cd1cd f g h k)
ande’":=(1cdd 1dd f g hE), both with support T, are equivalent via
normalization. We therefore consider the conditions under which ¢/ = a ee¢.
This is equivalent to the following holding:

/ U
C
ap = a5 =1, a3 = ag = o =7 =,
f/ g/ h/ k/
Qo3 = —, Qg = —, Q35 = —, Q56 = ——
f7 g? h7 k
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These equalities yield the following: ajsais = 1 = a2, aiz/ag = 1 =
(as/ag)?, a14/a17 =1 = (as/a7)?. This means that ¢ = +¢, d' = +d, a5 =
+as, ag = taz, a7 = tay4. Substituting this all back into the original
equalities allows us to conclude that

asas as0as3
fzifM,dzigM,
asa asa
Wo=4+h23 ) = 122
ayq a4

In summary, € is equivalent to & if, and only if, the following conditions
hold: ¢ = +¢, d' = +d, and there exists 8 € C* such that f' = +8f, ¢ =
+8g, h' = £ph, k' = £Pk.

T=X- XLlc2 : Since X (1) C 7', we can use the argument from the Xy

case to see that any graded contraction with support T is equivalent via
normalization to a graded contraction of the form

e=(lciealercaescacscscrcgcyciocin)

We now consider when such a graded contraction is equivalent via normal-
ization to another graded contraction of this form:

=01 dh1dcydy ... ).

We therefore consider under what conditions we can find a4, ...,a7 € C such
that ¢’ = a e &’. From the equalities aj9 = 1 = aj5 we find that a? = 1.
This along with the equalities a13 = ¢} /c1 = a1 and a4 = h/ca = aig
we find that a5 = +aa, ag = +as, a; = £as. This means that ¢} = +¢;
and ¢, = £co. This also allows us to rewrite all the equalities Qi = cﬁg /ck
in a form using only as, ag, and as. Then ags = ¢k /c5 becomes +a3 = ¢} /cs.
Using all this we arrive at the following equalities:

as  cheq cheg a3 cher
+*— = 7 +1= 7 - = 7
a4 C3Cy C3Cq a4 C3Cr
/ / /
C3Cg as C3C9 C3C10
+1=22 +==3" 41=3",
6368 ayq 6309 63610
/
as C3C11
+ = = —,
a4 C3Cqq
and
/ / /
ia4 _ CyCg +1 = CyCr a4 . CyC8
— /) - R - = /0
as C4Cq C4Cr as C4Cg
/ / /
C4C9 a4 C4C10 C4C11
+l="2" +— =241 +1="2"1
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These allow us to write the following:

)
CaC
b = de5 22,
C3Cq
/ / /
c c c
cg = icG—ci, c'7 = iq—ci, 0’8 = ics—cz,
/ / /
c c c
/ 4 3 7 4
Cy = C9—, Cjg = Lc1o—~, 17 = Tci1—.
C4 C3 C4

Therefore, we conclude that ¢ is equivalent to ¢’ via normalization if, and
only if, the above holds and ¢} = +¢; and ¢, = +co.
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Appendix B

Tensor Product

This chapter is devoted to the tensor product of R-modules, for a commu-
tative unital ring R. Further study of graded contractions of Lie algebras
requires familiarity with this topic. Moreover, this knowledge is essential
is modern algebra research. The tensor product is an algebraic structure
which has the universal property that all multi-linear maps filter through it.
Throughout this chapter R will denote a commutative (unital) ring.

B.1 Definition and Construction

We begin with a definition of the tensor products for vector spaces and then
generalise this to a definition for R-modules. First we see a definition of the
tensor product in terms of a universal property. We end this section with
an explicit construction of the tensor product

Remark B.1: Let R be a commutative ring with R-modules M, N, P, and
Q. If B: M x N — P is a bilinear map and A: P — (@ a linear map, then
clearly Ao B is a bilinear map.

MxN—2 ,p

o A

Q

We will now define the tensor product of R-modules M and N by a
universal mapping property.

Definition B.2: Let M and N be R-modules, for a commutative ring R.
Then we define the tensor product M ®gr N as an R-module along with
a bilinear map ®: M x N — M ®gr N such that for any bilinear map
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B: M x N — P there is a unique R-linear map ¢ : M ® g N — P such that
the following diagram commutes.

MxN—2 3 Mer N

p°

Example B.3: Let G be a group, A an abelian group, and f: G — A a
homomorphism. Then there is a unique homomorphism f: G/[G,G] — A
such that the following diagram commutes.

G —" 4 GJ[G,G]

where 7 is the canonical homomorphism.

We define f(g|G,G]) := f(g). This is well defined because for g,h € G
such that gh~' € [G, G] we have that gh~! = [z,y] for some z,y € G and so

flg) = f(h) = f(gh™") = fa 'y tay) = — f(z) — f(y) + f(z) + fly) =0.

Moreover, if ¢: G/|G,G] — A is a homomorphism such that ¢ o m = f then
¢om = fom and since 7 is an epimorphism we have that ¢ = f.

This universal mapping property of the abelianization G/|G,G] of G is
analogous to that of the tensor product of R-modules.

Proposition B.4: The tensor product of R-modules M and N is unique
up to isomorphism.

Proof. We denote T := M ®pr N, and let 7" along with t: M x N — T
satisfy the universal mapping property of the tensor product. We then get
unique linear maps ¥: T — T" and ¢: T' — T such that the following two
diagrams commute.

MxN—25T MxN-—t T

T T"

We may combine these into the following commutative diagram.
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M x N porh

The linear map ¢ o1 is unique and since the identity map 17: T — T would
also fit, we find that ¢ o) = 1p. Therefore, T' is unique up to isomorphism.
O

Proposition B.5: For any R-modules M and N, where R is a commutative
ring, their tensor product exists.

Proof. We begin by looking at F = Fr(M x N) := b R(m,n),
(m,n)eM XN
the free R-module on M x N. We note that elements of F' take the form
Zle r;(ms,n;), where r; € R, m € M, n € N. Note also that the generat-
ing elements (m,n) € M x N are not elements of M @& N. Therefore, we see
(m,n)+(m',n) # (m+m',n) as the left hand side cannot be further simpli-
fied. Similarly, (rm,n) # r(m,n) # (rm,rn). We define D as the submodule
of R spanned by the following elements, where m,m’ € M, n,n’ € N,r € R

(m+m',n) — (m,n) — (m';n), (m,n+n')—(m,n)—(m,n),

(rm,n) — (m,rn), r(m,n)— (rm,n), r(m,n)— (m,rn).

We may then define the tensor product of M and N as M ®r N := F/D,
and we write the cosets as m ® n := (m,n) + D. We may also define the
map

X:MxN-—=-MerN
(m,n) — m®n.

The definition of D defines relations which mean that the map ® is bilinear.
We denote T':= M ®g N, and we will show that the pair (7', ®) satisfy the
universal mapping property of the tensor product. Let P be an R-module
and B: M x N — P a bilinear map. Looking at M x N as a set and B
simply as a function on the set, from the universal mapping property of free
modules we have a linear map ¢: F — P such that the following diagram
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commutes.

Where ¢v: M x N — F is the natural injection (m,n) — (m,n). We would
like to show that ¢ induces a linear map @: T' — P, such that the following
diagram commutes.

MXN—T}_T

BJ - g5 (B.2)

P

Where 7: M x N — T is given by (m,n) — (m,n) + D =m @ n.
From the bilinearity of the map B we have that the following relations
hold for all m,m' € M, n,n’ € N, r € R

B(m+m',n) = B(m,n) + B(m',n), B(m,n+n')=B(m,n)+ B(m,n'),
B(rm,n) = B(m,rn), rB(m,n)= B(rm,n), rB(m,n)= B(m,rn).
We also have that B = o, and so all the corresponding relations hold for ¢
on elements of M x N. Since ¢ is linear, for all m,m’ € M, n,n’ € N, r € R
we have
p(m+m',n) =p((m,n) +(m',n)), @(m,n+n)=e((mn)—(m,n)),
p(rm,n) = @(m,rn), re(m,n) = p(rm,n), re(m,n) = p(m,rn).
Hence, all the generators of D are elements of Ker(y), and so

o: T — P,

k
Z rimi @ n; — o(mi,n;),

i=1
is a well-defined map. Linearity of ¢ follows from the linearity of ¢ and sim-
ilarly the commutativity of (B.2) follows from the commutativity of (B.1).
It only remains to show that ¢ is the unique linear map which makes
(B.2) commute. This follows because the elements m ® n for m € M and
n € N span T. Therefore, linear maps on 1" are completely determined by
their values on these spanning elements. O

B.2 Building Intuition

We now consider some results which will help us to build some intuition for
working with tensor products and their elements. We will call elements of
M ® N tensors, and elements of the form m ® n elementary tensors.
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In the proof of Proposition B.5 we showed that that tensors are indeed
finite linear combinations of elementary tensors. Since r(m ®n) =rm ®n
forallr € R, m € M, n € N we see that tensors are in fact finite sums of
elementary tensors.

Remark B.6: Let M and N be R-modules. Then m®0=0=0Q n.

Proof. For any m € M we have that m®@0=m® (0+0) =m®0+m® 0.
Now 0 ® n = 0 follows similarly. O

Proposition B.7: Let M and N be R-modules, for a commutative ring R.
If {m;}icr and {n;};c; are spanning sets for M and N, respectively, then
M ® N is spanned by S :={m; @n;|iel, je J}.

Proof. Since tensors are sums of elementary tensors, we need only show that
all elementary tensors are spanned by S. Let m ®n be an elementary tensor

with m = ) a;m; and n = ) bjn;. Then by the bilinearity of ® we have
icl jed
that

me@n = (Z aimi> ® ijnj = Z Zaibjmi K n;.

el jeJ il jeJ
O

Example B.8: We have seen that linear maps from tensor products are
determined by their values on elementary tensors, since tensors are finite
sums of elementary tensors. We have to be careful in constructing linear
maps from tensor products. For example, if we hoped to construct a function
m®mn — m+n, then since —m®—n = m®n but (generally) m—+n # —m—n
we could run into trouble. To construct linear maps from tensor products
we should use the universal mapping property.

The 2-fold tensor product may be extended to a k-fold tensor product
(k € N) by the following diagram.

k
My x ... x My —E— ® M;
~1=1

B

K

P

k
Where @ M; and P are R-modules, B is a multi-linear map, and ¢ is the
i=1

unique linear map making the diagram commute.
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Example B.9: Let a,b € Z* and d = ged(a,b). Then Z, @ Zy = Zg, as
abelian groups.

We will denote T := Z, ® Zy. Since 1 spans Z, and Z; we find from
Proposition B.7 that 1 ® 1 spans T. The additive order of 1 ® 1 divides both
a and b, and therefore divides d. This follows as a result of the following
a(l®l)=a®1=0®1=0. Similarly b(1 ® 1) = 0. Therefore, |T'| < d.

We define B: Z, X Zy — Zq by (x mod a, y mod b) — xy mod d. This
is clearly a well-defined bilinear map. By the universal mapping property
there is a unique linear map ¢: T — Z4 such that ¢ o ® = B. Therefore, for
x € Zq we have that p(x ® 1) = x. Thus ¢ is an epimorphism, from which
we may conclude that |T| = d. As we are working with abelian groups we
are done.

Remark B.10: We have seen that tensors are finite sums of elementary
tensors. This may tempt us into thinking that we can prove that f(g(t)) =t
for all tensors t by showing that f(g(e)) = e for all elementary tensors (for
suitable additive maps f and g). It is however wrong to think that proving
injectivity on elementary tensors automatically translates to having shown
injectivity for all tensors. This comes from the fact that injectivity of a
linear map is not an additive identity.

We demonstrate this point with an example. Consider the additive map
f: CerC — C given by z@w +— zw. We can see that {zQ@w |z, w € {1,i}}
is a basis for C @ g C. We also have that f(1®1i) = f(i ® 1) but by linear
independence we have that 1 ® i —i® 1 # 0.

Proposition B.11: Let M and N be R-modules. Then

v M®pr N —- N®pM
men—ngm,

is an isomorphism, and v is unique.

Proof. We define S: M x N — N x M by (m,n) — (n,m). We denote the
tensor product maps ®1: M X N - M Qr N and ®9: N x M — N ®gr M.
We claim that ®9 o S is a bilinear map. Take m,m’ € M, n € N, r,€¢ R
and then

®20S(m+m',n) =n®@m+n@m = (®z08)(m,n)+ (@20 85)(m',n),

and

r(®208)(m,n) =rn® m =n g rm.

Thus, ®9 o S is bilinear. By the universal mapping property of the tensor
product there is a unique linear map ¢: M ® g N — N ®gr M such that the
following diagram commutes.
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M x N

. N)
N x M M ®r N

®2

Lo
N KRR M

Thus, for (m,n) € M x N we have that
p(m®1n) =(po®1)(m,n) = (®2085)(m,n) =@a(n,m) =n®zm.

Which describes the action of ¢ on elementary tensors, and therefore com-
pletely determines .

A similar argument yields a unique linear map 7: N g M — M ®r N
given by n ® m — m ®n. We claim these maps are inverses. To this end we
take r; € R, m; € M, n; € N and find that

k k
(o) (Z rim; ® nl) = Zri(T o p)(m; ®@ny;)

i=1 =1

k

= ZTZ‘T(TLZ' ® m;)
i=1
k
=1

k k

It follows similarly that (¢ o 7) (Z rin; @ m1> = Y min; ® n;. Hence, we
i=1 i=1

conclude 7 = 1. Uniqueness follows since both ¢ and 7 are unique. O

Proposition B.12: For R-modules M, N, and P,

p: (M®N)®P - M@ (N P)
(men)@p—me (nQp),

is an isomorphism, and it is unique.

Proof. We will denote S := (M@ N)®@P and T := M ® (N ® P). We define
D: MxNxP —T by (m,n,p) - m® (n®p). Since this is tri-linear, each
p € P induces a bilinear map B,: M x N — T given by (m,n) — m®(n®p).
By the universal mapping property of tensor products, for each B, there is
a unique linear map ¢,: M ® N — T such that the following diagram
commutes.
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Therefore, p,(m®@n) = (ppo®)(m,n) = By(m,n) = m® (n®p). This fully
describes ¢y, as it describes the action of ¢, on elementary tensors.

We now define ®: (M @ N) x P — T by ®(m ®n,p) := ¢gp(m@n). We
claim this is biliinear. Since ¢, is linear for each p € P we know that ® is
linear in the first argument. Taking m € M, n € N, p,p’ € P, r € R we
find that

op(m@n) +py(men)=me(nep)+me (nep)
=menep+n®p)
=m®ne@+p))=ppp(men),

and

rop(m@n) =rm® (n®p) =m®e (r(n®p)) =me (n®rp)
= orp(m @ n).

Thus, ® is also linear in the second argument and therefore bilinear. By the
universal mapping property of tensor products there is a unique linear map
7: 5 — T such that the following diagram commutes.

(M®N)x P —=— 8
e

Hence, we can see that the action of 7 on elementary tensors is
k k
T ((Z rim; ® m) ®p> =(To®) (Z rim; ® ni,p>
i=1 i=1
k
= (Z rim; & ni,p>

i=1
k k

= Zri@(mi ® N, p) = Z rip(m; ® n;)
i=1 i=1

k
= Z rimi @ (ni ® p).
i=1
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A similar argument yields a unique linear map : T' — S whose action
on elementary tensors is

k k
G (m® (Z""ini@pi)) = Zri(m@)ni) @ pi-

i=1 i=1

Since S and T are spanned by elementary tensors, and 7 and 1 are linear
and unique the result will follow if we can show that the actions of 7 o ¢
and 1 o 7 on elementary tensors are trivial. By taking r; € R, m; € M,
n; € N, p € P we can see

k k
(o) ((Zﬂ'mi ®ni> ®P> =9 (anz ® (g ®P)>

i=1 i=1

k
= rig(mi ® (n; ®p))
i=1
k
= Z'I"z(mz ®@ni) @p
i=1

k
= (Z Tim; & nz> X p.

i=1

A similar argument holds for 7 o 1), and so we are done. O

B.3 Direct Sums and Tensor Maps

Having built up an idea of tensors in the previous section we move onto their
interactions with direct sums. We will see that tensor products’ interactions
with direct sums of R-modules follow much as we would expect and hope.
Thereafter we will see how tensor products may induce R-linear maps from
existing R-linear maps between their ’component’ modules.

Proposition B.13: Let M, N, and P be R-modules. Then

o: M@ (N®P)— (Mo N)® (M P)
m® né&p)— (men)+ (mep)

is a unique isomorphism.

Proof. There is a bilinear map ¢): M X (N®&P) - (M®N)® (M ®N) which
endows the pair (M ®N)® (M ® P), 1) with the universal mapping property
of the tensor product. We define this map by )(m,n+p) := (m@n)+(mep).
To see that 1) is bilinear we take 7,7’ € R, m,m' € M, n,n’ € N, p,p’ € P

143



and note that

Yvirm+r'm/ ,n+p)=((rm+rm)@n)+ ((rm +1r'm") @ p)
=r((m®@n)+ (mep)) +7'((m @n)+ (m' @p))
=rp(m,n+p) +r'p(m’,n+p),

which shows that B is linear in the first argument. Moreover, we have that

P(m, (n+p)+ (' +p)) =¢(m,n+n" +p+p)
=meam+n)+me@+p)=men+men)+(mp+mep)
=((m®n)+(map))+(men)+ (mep))

= Y(m,n+p) +p(m,n +p’),

and,

Y(m,r(n+p)) =(m,rn+rp) = (m@rn) + (m @ rp)
=r((m®n)+ (m@p)) = ri(m,n+p),

which shows that ¢ is linear in the second argument, and therefore bilinear.

Now we would like to show that the universal mapping property holds.
Suppose B: M x (N @ P) — @ is a bilinear map. We need to construct a
linear map 7: (M @ N) @ (M ® P) — @ which makes the following diagram
commute.

Mx(NoP) —Y s (MeN)a (M P)

Since we are trying to construct a linear map, 7 would be determined by its
values on elements of the form m®n+0 and 0+m®p. By the commutativity
of the above diagram this forces 7(m®@n) = (701)(m,n+0) = B(m,n+0),
and 7(m ® p) = (7 o ¢)(m,0+ p) = B(m,0 + p). This induces two bilinear
maps

By: M x N —Q Bp: M x P —Q
(m,n) — B(m,n+0) (m,p) — B(m,0+ p).

Using the universal mapping property of tensor products twice, we find two
unique linear maps 7v: M ® N — @ and 7p: M ® P — (@ such that the
following diagrams commute.

MxN—2 s MeN MxP—2 s MeQP

BNJ BPJ
TN Tp

Q" Q"
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We then define

T(M@N)e(M®P)—Q
> mi@ni+ Y miep;— Yy Tn(mi@n)+ > mp(m] @ p;),
i J i J

that is, 7 = 7y + 7p. This shows that 7 is linear.
Now we can see that for (m,rn + sp) € M x (N & P) we have

(toyp)(m,rmn+sp) =7((M@1n)+ (M sp)) =Tn(Mm & rn) + 7p(m R sp)
= By(m,rn) + Bp(m, sp)
= B(m,rn) + B(m, sp) = B(m,rn + sp).

Uniqueness follows from 7y and 7p being unique. This shows that the pair
(M ®N)@ (M ® P),7) has the universal mapping property, and therefore
is isomorphic to M ® (N & P).

In the special case that Q = M ® (N @ P) and B = ® we see that the
universal mapping property guarantees the existence of a unique linear map
© which makes the following diagram commute.

Mx(Na&P) —2— M®(NaP)

¢ -
—

(M ®N)& (Mo P)

By uniqueness we may conclude that ¢ is an isomorphism and that ¢ = 771

Moreover, since ¢ o ® = 1), we can see that ¢ acts on elementary tensors as

p(m @ (rn+sp)) = (¢ o ®)(m,rn + sp) = ¢Y(m,rn + sp)
=(m®rn)+ (m® sp).

O

Proposition B.14: Let M and N;, for ¢ € I be R-modules, where I is an
arbitrary indexing set. Then,

p: Mo PN - PN
i€l i€l
m® (n;)ier = (M@ ni)ier,

is an isomorphism. We note that there are only finitely many non-zero
components of any element in the codomain of .
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Proof. We will construct a bilinear map ¢: M x @ N; — @ (M ® N;) which
icl icl
satisfies the universal mapping property of the tensor product. We define

v M x PN - PM e N)

iel icl
(m, (ni)ier) = (m ® niier.
Bilinearity follows from a similar argument to that in the proof of Propo-
sition B.13. We now like to show that ¢ satisfies the universal mapping
property, that is, for any bilinear map B: M x @,.; N; — Q we want to

show that there exists a unique linear map 7 which makes the following

diagram commute.
Mx@®N, —" 5 ®M e N;)
i€l icl

BJ /
~
Q
Since we need T to be a linear map, it would be determined by its action on
elements of the form (m ® n;). We require that
T(m @ ni) = (1 oY) (m,ni) = B(m,n),

for each ¢ € I. This leads to the construction of bilinear maps which, by a
slight abuse of notation, we will write as
B;: M x N; — Q
(m7 7’1,1) = B(mv ni)a

for each ¢ € I. The universal mapping property then gives a unique linear
map 7, for each ¢ € I, such that the following diagram commutes.

MxN, —2 5 Mo N;

Q"
That is, by a slight abuse of notation, 7;(m ® n;) = B;(m,n;). We can then
define
T: EB(M ® N;) — Q
i€l
(m @ ni)ier — Z 7i(m,n;).

il
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We note that since only finitely many of the n; are non-zero the sum makes
sense. By construction, 7 is linear. Now we can see that

(T o)(m, (ni)ier) = 7((Mm @ Ni)ier) = Zﬂ'(m ®@n;) = ZBz’(”%W)
el i€l
= B(m, (ni)icr)-

Uniqueness follows from the uniqueness of each of the 7;. Thus, 7 satisfies
the universal mapping property.

In the special case that Q@ = M ® @,.; N; and B = ® we see that the
universal mapping property guarantees the existence of a unique linear map
 which makes the following diagram commute.

Mx@PN, —2 Mo N;
el el

DM ® N;)
el

By uniqueness we may conclude that ¢ is an isomorphism and 7 = ¢~ 1.
Moreover, since ¢ o ® = 1) we can see that ¢ acts on elementary tensors as

p(m @ (ni)ier) = (p o ®)(m, (ni)ier) = Y(m, (ni)ier) = (M @ ni)ier-
]

Remark B.15: We note (without proof) that the analogue of ¢ in the

above proposition with direct products is a linear map but it may not be an

isomorphism.

Proposition B.16: Let (1;: M; — N;)*_, be a family of linear maps be-
k k k

tween modules. Then, there is a unique linear map Q 7,: @Q M; — @ N,

] i=1 i=1

=1
which makes the following diagram commute.

k
M1X...XM]CL> ®Mz
i=1

Ny x...X ka o
®0oT1 X ... X Tk l



k
Moreover, Q) 7; is completely determined by
i=1

E

k
®Ti: Mz_>®Nz

=1 7 =1

m® ... mg+— 1(Mm1) @ ... 1p(myg).

I
—

Proof. We note that the map

T1X...XTkiMlX...XMk—>N1X...XNk

(ml, .. .,mk) — (Tl(ml),. . .,Tk(mk)),

is multilinear by construction. Since ® is linear their composition is bilinear.
By the universal mapping property of the tensor product there is a unique

k k k
linear map @ 7;: M; — & N;, such that
‘ i=1 i=1

i=1 =

k
®TZ’O®:®OT1 X oo X Tk
i=1
k
Therefore, the action of @) 7; on elementary tensors is
i=1

k
®Ti(m1 ®...®mk) = (®Tio®)(m1,...,mk)
; =1

=1
:(®0T1 X...XTk)(ml,---;mk)

=71(m1) ®...® Tp(my).

Corollary B.17: Let M, N, and P be R-modules.

(i) If 7;: M; — N; and v;: N; — P; are linear maps for all 1 < i < k,
k

k k
then @% o @Ti = QWi o).

=1

k
(i) Qidy, = id ,

1= 7

=1

Proof.
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(i): It suffices to prove the result for elementary tensors. We have that

k k
<®¢$ O®Ti> (m1 X... ®mk)
=1 =1
k

= wi(ﬁ(m1)®...®7'k(mk))
=1

= (1 om)(m1) ® ... @ (g o 7 ) (my)

k

®1/)on1 m] & . ®mk)

k
(ii): Since @) idpy, fixes the elementary tensors, it fixes all tensors.
i=1

O

Corollary B.18: Let 7;: M; — N; be linear maps of modules for 1 <1 < k.

k
(i) If each 7; is an isomorphism, then Q) 7; is an isomorphism.
i=1
k
(ii) If each 7; is surjective, then ) 7; is surjective.
i=1
Proof.
k k -1
(i): We claim that @ (7; ') = <® TZ‘> . From the proposition we have
i=1 =1
that
k k k k
Qe @ =Qr " om) = Qidus, =idy -
i=1 i=1 i=1 i=1 zg M
Similarly we find that
@rio @) ity
=1 zg
k
(ii): It suffices to show that @) 7; is surjective on elementary tensors. Fix
i=1
k
n®...0ng € @ N;. Since each 7; is surjective, for each i there is an

i=1
m; € M; such that 7;(m;) = n;. Therefore,

k
®Tz m@...Q0mg) =n1®...Qn.
=1
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Appendix C

Affine Group Schemes

Affine group schemes and their associated Lie algebras (much like Lie groups
and their Lie algebras). Moreover, there is a strong connection between
affine group schemes and G-gradings of a Lie algebra. This also gives a con-
nection between Lie algebras and associative algebras. We will not pursue
these connections directly. Rather, present an introduction to affine group
schemes which serve as a base for future investigations.

In this chapter we will assume all vector spaces are defined over a field k&,
unless specified otherwise. We denote by Algy the category of commutative
unital k-algebras.

C.1 Representable Functor

We begin by looking at some results concerning representations of polyno-
mial functors.

Definition C.1: A functor F': € — Set is representable if there is an
object C € € such that there is a natural isomorphism

7: F 5 Homg(C, —).

In such a case we call C' a representation of F.

Remark C.2: We show here how a family of polynomials may define a
functor. Let S C k[Xy,...,X,]. We will use S to construct a functor
Fg: Alg, — Set.

Take R € Algy. We set

Fs(R) == {r=(r1,...,ra) €R"| f(r) =0 Vfe S},

which is called the zero-set of S in R". Now we take an algebra homomor-
phism f: R — R/, and define

Fs(f): Fs(R) — Fs(R')
r=(re, .. ) = (Fr), - fr)).
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Clearly Fs(1g) = 14 (r). Moreover, we can see that Fg preserves composi-
tion of algebra homomorphisms and hence Fg is a functor. We will call Fg
the polynomial functor relative to S.

Definition C.3: Let S be a finite subset of k[X,...,X,]|. We define the
polynomial algebra relative to S as

Ay = K[X1,.. ., X /(S),

where (S) = {D_,c;pisi|pi € k[X1,...,Xy], s; € S, |I| < oo} is the ideal
generated by S.

Definition C.4: An algebra A is finitely presented if A is isomorphic to
some algebra of the form k[Xy,...,X,]/(S), where S is a finite subset of
k[X1,. .., Xa].

Lemma C.5: Let 7: Hom(A, —) — Hom(B, —) be a natural transforma-
tion, for objects A and B in a category €. Then T14(14): B — A is the
unique arrow in € such that 7 = Hom(74(14), —).

Proof. For any X € € and f: A — X we have that the following diagram
commutes.

Hom(A4, A) ——= Hom(AJ) i

T{
Hom W HOH](B, X

Therefore we can see that

om(A, X)

7x(f) = 7x(f14) = 7x Hom(A, f)(14) = Hom(B, f)74(14)
= fra(la) = Hom(74(14), X)(f).

Since f and X are arbitrary we find that 7 = Hom(74(14), —).
To show uniqueness, suppose Hom(g, —) = Hom(h, —) for some % -arrows
g,h: B — A. Then

g = Hom(g, A)(14) = Hom(h, A)(14) = h.
L]

Lemma C.6: Let R and R’ be representations of a functor F': € — Set.
Then R = R'.

Proof. There is a natural isomorphism 7: Hom(R,—) — Hom(R',—). An
application of Lemma C.5 yields that 7 = Hom(7r(1g),—). The Yoneda
embedding % : € — Set? is fully faithful and dually its inverse is also fully
faithful (the fact that 2 ~! is faithful also follows from the uniqueness claim
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in Lemma C.5). Fully faithful functors reflect isomorphisms. Therefore,
since we have that 2 ~!(R) = Hom(R, —) and % ~!(R’) = Hom(R', —) and
a natural isomorphism 7, it follows that R = R/. O

Proposition C.7: Let S be a finite subset of k[X1,...,X,]|. Then Fs is
naturally isomorphic to Hom(Ag, —), where Fg and Ag are the polynomial-
functor and -algebra relative to S, respectively. Morover, each finitely pre-
sented algebra arises from such a family of polynomials.

Proof. We first consider the direct case. We define a natural transformation
n: Fg — Hom(Ag, —) where the R-component nr maps (z;)i<i<n € Fs(R)
to the homomorphism ¢: Ag — R such that ¢(X;) =z forall 1 <7 <n.It
is clear that ng is injective.

On the other hand we may also define a related natural transformation
7: Hom(Ag,—) — Fg by

Tr: Hom(Ag, R) — Fs(R)
¢: As = R (¢(X1)a st a¢(Xn))7

that is, Tr(¢) = (#(Xi))1<i<n € R". We remark that Fig (R) = Fs(R).
By construction each ng is the inverse of each 7. This also shows that the
image of 7 lies entirely in Fg(R).

Through diagram chasing we can see that the following diagram is com-
mutative, and thus we have a natural isomorphism.

Hom(Ag, R) Hom(4s,) Hom(Ag, R')

Fs(R) T e Fs(R')

We move our attention to the converse case. If A is a finitely presented
algebra, then A is isomorphic to an algebra of the form k[Xy,..., X,]/(S),
where S is a finite subset of k[X1,..., X,]. O

Definition C.8: Let G: Algy — Grp be a functor. If G composed with
the forgetful functor, Grp — Set, is representable by a finitely presented
algebra, then G is an affine group scheme or affine algebraic group.

Example C.9:
1. SL2 is represented by k[Xll,X12,X21,X22}/<X11X22 — X12X21 — 1>

2. GL; (the multiplicative group) is represented by k[X,Y]/(XY —1).
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3. G Lo is represented by
k[X11, Xi2, Xo1, X22, Y]/ ((X11 X022 — X12X01)Y — 1).

4. For any commutative unital ring we may consider the nth roots of unity
pn(R) ={x € R| 2™ = 1}. Then p, is represented by k[X]/(X™ — 1).

Remark C.10: The functor which assigns each R € Algy to a one-element
set (for example, R — {R}) is represented by k. This follows from k being
initial in Algy.

Remark C.11: Suppose the functors E, F: Algy — Set are represented
by A, B € Algy, respectively. The product of E and F' is the functor

E x F: Algy, — Set
R+— E(R) x F(R)
g: R— R — E(g) x F(g),

where (E(g) x F(g))(e, f) = (g(e),g(f)), for all e € E(R) and f € F(R).
We claim E x F' is represented by A ® B.

The assumption that E =~ Hom(A, —) and F = Hom(B, —) yields that
E x F = Hom(A,—) x Hom(B, —). Therefore, it suffices to show that
Hom(A, —) x Hom(B, —) = Hom(A®y B, —). For the sake of convenience we
will denote A’ := Hom(A—), B’ := Hom(B—), and P := Hom(A ®; B, —).

We define natural transformations v1: P — A’ and v2: P — B’ as fol-
lows: for (g: A®y B — R) € P we set

11,r(9)(a) = gla®1), 72,r(9)(b) =g(1®0D),

for alla € A, b € B. By the universal property of products there is a unique
natural transformation p: P — A’ x B’ such that the following diagram
commutes.

Hom(A, —) +——— Hom(A, —) x Hom -) —= - Hom(B, -)
Hom(A ®; B, —

We will now define a natural transformation v: A’ x B' — P which we claim
is the inverse of u. For R € Algy we define the R-component of v as follows:
for a pair of morphisms (f,g) € A'(R) x B'(R) we may consider the bilinear
map
fxgi:AxB—R
(a,b) = f(a)g(b).

The universal property of the tensor product yields the existence of a unique
k-linear map ¢ : A ®; B — R such that the following diagram commutes.
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AxBLA@kB

L

R

We define vgr(f, g) := . By uniqueness we have that uv = 1. For f € P(R)
we have that f = vg(v1f,v2f). Therefore, we find that

vrir(f) = veurvr(vif, 2 f) = vr(nf, v f) = f.

Hence p is a natural isomorphism.

C.2 Monoid and Group Objects

This section is centred around monoid and group objects in a category. We
will link this to the work on representations of polynomial functors from the
previous section.

Definition C.12: Let ¥ be a category with all finite limits, specifically €
has a terminal object, 1. A monoid in % is a triple (M, m,e) consisting of
an object M in ¢, and arrows m: M x M — M and e: 1 — M satisfying
the following conditions.

1. The following diagram commutes (associativity).

M x M x M —2X™ o rr < M

MxM——— M
2. The following diagram commutes (identity).

1x M —=2 M ™ M x 1

ex idj Jid lid xe

M x M M M x M

m m

Where 7o and w1 are product projections. It is clear to see that m; and
Ty are isomorphisms in this case due to the properties of the product.

Definition C.13: Let € be a category with all finite limits, specifically €
has a terminal object, 1. A group in € is a pair (G, m) consisting of an
object G in € and an arrow m: G X G — G such that there are arrows
e: 1 — G and i: G — G which make (G, m,e) a monoid in € and for which
the following diagram commutes.
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Definition C.14: A group functor is a functor G: Algy, — Grp.

Remark C.15: Suppose G: Algy — Grp is a group functor. For each
(f: R — R') € Algy the associated map G(f): G(R) — G(R') is a homo-
morphism. This is equivalent to the following diagram being commutative.

G(R) x G(R) XY q(r)y x G(R)
G(R) G(R)

G(f)

This shows that m: G x G — (G is a natural transformation. Similarly, we
find that e: 1a1g, — G and i: G — G are natural transformations. There-
fore a group functor is simply a set functor with natural transformations
m, e, and i which make G a group object.

Proposition C.16: Suppose E, F,G: Algxy — Grp are functors repre-
sented by A, B, and C, respectively. For natural transformations a.: £ — G
and B: F — G the pullback is

(E xg F)(R) = {(e, f)|e € E(R), f € F(R), ar(e) = Br(f)},
(E xa F)(g)(e, ) = (E(9)(e), F(9)(f)),

for each R € Algy and (9: R — R') € Algy.

Proof. We denote by P := E x¢ F. Take (e, f) € P(R) and a morphism
(9: R — R') € Algy, we claim that P(g)(e, f) € P(R'). Since a and 3 are
natural transformations we find that

ar E(g)(e) = G(g)ar(e) = G(9)Br(f) = Br F(9)(f)-

Now it follows that P is a functor exactly because E and F' are functors.
We denote by p1: P — FE and p2: P — F the obvious projections. To show
that P is a pullback we need to show that for any triple (Q, q1,q2), where
aqy = Bqo, there is a unique natural transformation u:  — P such that
following diagram commutes.
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q2

P2 F

|

— G

’ P

]
E

We define the R-component of u as

ur: Q(R) = P(R)
z— (q1,r(7), g2,r(T)).

Then, for g: R — R’ € Algy and = € Q(R) we have

P(g)ur(z) = P(9)(q1,r(2), q2,r(2)) = (E(9)q1,r(%), F(9)g2,r(T))
= (q1,rrQ(9) (), g2,rr Q(9) () = ur Q(g)(x),

where the penultimate equality follows from ¢; and g2 being natural trans-
formations. Hence, it follows that u is a natural transformation. By con-
struction we have that p;u = ¢;. It remains to show that u is unique in this
context. If 7: Q — P is a natural transformation which would also make
the above diagram commute, then 7p(z) = (¢1,r(2), ¢2,r(2)) = ur(z). O

Lemma C.17: Let A, B,C € Algy and let a: Hom(A,—) — Hom(C, —)
and : Hom(B,—) — Hom(C,—) be natural transformations. If we set
Q= {(aa(la)(c)®1—-1® Bp(1p)(c)) € A®k B|c e C} then,

(A®y B)
@

is the pushout of the morphisms a4(14) and Bp(1p).

Proof. An application of Lemma C.5 yields that a4(14) and Sg(1p) are the
unique arrows such that o = Hom(aa(14),—) and 8 = Hom(Bgp(1p), —).
We note here that A is a C-module via the following map

CxA— A
(c,a) — as(la)(c)a.
Similarly, B is a C-module.
We need to prove that given any triple (.5, s1, s2), for which it holds that

s1aa(la) = s98p(1B), there is a unique arrow u: A ®c B — S such that
the following diagram commutes.
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AopB 2 B

Llw\ Iﬁs(ls)
C
)

A+—m——
OcA(lA

We define u as follows

u: A®c B— S
(a ®b) — s1(a) + sa(b).

Since s1 and s9 are k-linear maps the map

m: Ax B— S
(a,b) — si(a)sa(b),

is bilinear. By the universal property of the tensor product there is a unique
k-linear map ¢: A®, B — S such that ¢® = d. Moreover, this induces a k-
linear map ¢, : A®c B defined as ¢4([a®b]) = p(a®b), which is well-defined
exactly because (S5, s1, s2) is a cocone.

AxB —% 5 Ao, B

Sy A®c B

We set u := ¢4 and the result follows. O

Proposition C.18: Suppose E, F,G: Algxy — Grp are functors repre-
sented by A, B, and C, respectively. Let a: E — G and 8: FF — G be
natural transformations corresponding to morphisms C — A and C' — B.
Then the pullback E xXg F' is represented by the pushout A ®¢ B.

Proof. Let e: Hom(A,—) — E, 6: Hom(B,—) — F, v: Hom(C,—-) — G
be isomorphisms. From Lemma C.5 we find that o and 3 correspond to the
arrows x := (7 tae)4(14) and y := (y"159)5(1R), respectively.

We know that £ xg F' = Hom(A, —) Xpom(c,—) Hom(B, —) =: P'. We
want to show that P’ is naturally isomorphic to P := Hom(A ®¢ B, —). We
construct a natural transformation 7: P’ — P. The R-component is defined

as follows

7r: Hom(A, R) Xtom(c,r) Hom(B, R) — Hom(A ®¢ B, R)
(CL, b) — 1/}%1,.
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For any pair of morphisms a: A — R and b: B — R, the morphism 1, is
the unique C-linear morphism which makes the following diagram commute.

AxBLA@cB

Moreover, if (v~ 'ae) Hom(:1,—) = (y~136) Hom(i2, —) the universal prop-
erty of pullbacks guarantees the existence of a unique map p such that the
following diagram commutes.

Hom(t2,—)

HOH].(A, —) ?) Hom(c, —)
v~ tae

For any R € Algy and morphism f: A ®c B — R we have that
(v 'ae)g Hom(uy, R)(f) = (v 'ae)r(fu) = (v ') rp1,r(fu1, fr2)
= (Y 'B8)rp2.r(fr1, fr2) = (V' BO)R(fr2)
— (v"136) r Hom(uz, R)(J)-

We claim that p and 7 are inverse natural transformations. For any mor-
phism f: A ®c B — R it follows that

TrR(f) = TR(P1,RIR(S), p2,RI(f)) = TR(HOm(e1, R)(f), Hom(ez, R)(f))
= TR(th fLQ) = wfb1,fb2'
However, the following diagram commutes.
AxB —2 5 A®cB

leXfLQJ

L

R

By the uniqueness of the arrow ¢, r,, we may conclude f =z, ,,.
For morphisms f: A - R and g: B — R we have

LRTR(f,9) = nr(Vsg) = (p1,RUR(Vf.g)s P2,RUR(VS.g))
= (Hom(t1, R)(1y4), Hom(eo, R)(¥r4)) = (Vg gt1,¥sgt2)-
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However, for a € A

brgri(a) = brgla®1) =gy @ (a,1) = (f x 9)(a,1) = f(a)g(1) = f(a).
Therefore, ¢ 401 = f and similarly ¥ 40 = g. O

C.3 Hopf Algebras

Hopf algebras are introduced in this section. These are associative unital
algebras with comultiplication, counit, and coinverse morphisms arising from
affine group schemes. We will see some basic constructions and examples.

Definition C.19: Let G be a representable group functor, then G is called
an affine group. Moreover, if G is representable by a finitely presented alge-
bra, then G is called an affine algebraic group or affine group scheme.

Remark C.20: Suppose G: Algy, — Set is represented by A. Then Remark
C.11 yields that G x G is represented by A ®i A. We may apply the Yoneda
Lemma to find that

Nat(Hom(A @k A, —),G) = G(A®; A).

Therefore, from Remark C.15 we find that G being a group functor is equiv-
alent to having k-algebra maps which correspond to the multiplication, unit,
and inverse natural transformations which make G a group functor. That is,
having a comultiplication morphism ¢, a counit morphism €, and a coinverse
morphism o, such that the following diagrams commute.

Ao Aoy A <920 Ao A

AQpA—F—— A

ko A 2 A —4 Ak

€®id1\ id] }’d@e

AR A A AR A

(0,id) A R0 A (id,o)
1)

> —
> —

A

€ €

Definition C.21: A k-algebra with comultiplication, counit, and coinverse
morphisms is a Hopf Algebra over k.
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Corollary C.22: Affine group schemes over k correspond to Hopf Algebras
over k.

Remark C.23: For a Hopf algebra C' we may use Sweedler notation which,
for any ¢ € C, expresses the comultiplicative image of ¢ as

o(e) = X e @ ca)-
@

Anywhere we see a parenthesised subscript we will know there is an implicit
summation. This allows us to write the properties as follows:

1. (Coassociativity):

(0 ®id)d(c) = (6 ®id) (Z c1) @ 0(2))

(c)

= Z (Z C(1)y ®Ca )(2)) ®c(2)
(

C(1))

= Z c1) ® (Z €(2)) ® C<2><2>)
()

(e2))

= (id®8)8(c) = Y _ ey ® ¢y D c(3).
(©)

2. (Counit): We note that A ®y k = A by the map a ® k +— ka.

(id®¢€)d(c) = (id®€) (Z c) ® 0(2)>

(©)

—Zc ®€(c (HZ )
_Z cny) ® ) (HZ e(er)e )

:led(c) =c®1l (—c
= wid(c) =1®c (— c).

~

We may express this as 3 €(c1))ca) = 2 €(c@))eq) = ¢
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3. (Coinverse):

(0,id)d(c) = (o, id) Z ®Rcp) | = ZO’ c(2)y ='ae(c)
() (

)
= () = 3 cyalew) = (id, 0)3(0)
(o)

Example C.24: Let G be the affine group scheme represented by A := k[X]
and g, h € Homag, (A, R). From Remark C.15 we have natural transforma-
tions m, e, and ¢ making G a group object. From the Yoneda Lemma we
find that

Nat(Hom(A ® A, —),Hom(A, —)) = Hom(A, A® A).

Thus, m corresponds to § := maga(laga): A — A® A.

We need to construct a map 6: A — A ® A such the the order of ’split-
ting’ does not matter, and which agrees with the Hopf algebra axioms. For
instance, if we set 0(X) := X ®1, then we would need ¢(X ) = X which does
not work as the codomain of € is k.

We set 0(X) := X ®1+4+1® X. We note that as A = k[X]| we need only
specify the image of X to construct a k-linear map. Furthermore, we may
identify A® A with k[X,Y], in which case we are mapping X to X +Y. This
satisfies the coassociativity axiom.

Now we need find e: A — k. We know that 13 0id(X) = 1 ® X and
identifying k ® A with A, we know that (e ®id)d(X) must be identified with
X. Thus, we have €(X) + X = X and so €(X) := 0.

Finally, the coinverse axioms require that (o,id)d(X) = ¢(X) = 0. Hence,
we must have that o(X)+ o0(1)X =0, and so o(X) := —X.
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Appendix D

Weyl’s Theorem

Throughout this chapter, unless otherwise specified, we will assume all vec-
tor spaces are finite-dimensional and defined over an algebraically closed
field, I, of characteristic O.

D.1 Jordan Canonical Form

Theorem D.1 (Primary Decomposition Theorem): Let 7: V. — V be a
linear transformation, for some vector space V. If \i,..., A\, € F are the
distinct eigenvalues of 7 and ki, ..., ky their indices, respectively, then

V = P Ker(r — A\ly)*

i=1

Theorem D.2 (Chinese Remainder Theorem): Let py,...,p, be nonzero
polynomials in F[X], for n > 2. If the polynomials are pairwise relatively
prime - that is, pairs of distinct polynomials share no polynomial factors -
then for any polynomials qi,...,q, € F[X] there is a polynomial f € F[X]
such that f(X) = ¢;(X)(mod p;(X)), for all i € {1,...,n}. Moreover, any
two such polynomials f, are congruent modulo pi(X))--- (pn(X).
Definition D.3: A matrix M is said to be in Jordan block form if it is of
the form

m 1 0

m 1

0 m

For a matrix to be in Jordan block form means that its diagonal entries are
all the same and its entries on the superdiagonal (those immediately above
the main diagonal) are all 1.
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Definition D.4: An n X n matrix M is in Jordan canonical form if it is
of the form

My
M 0
M = :
My
0 M,
where each M; is a Jordan block matrix for each i € {1,...,n}.

Definition D.5: Let 7: V — V be a linear transformation with correspond-
ing matrix T, where V' is an n-dimensional vector space. The characteristic
polynomial of T', or equivalently of T, is the polynomial of degree n defined
by c¢(x) = det(zl, —T).

Theorem D.6: Let 7: V — V be a linear transformation, T its correspond-
ing matrix, and c(z) = (x—A)*1 - - - (x — \,)* its characteristic polynomial.
Then there is a basis for V relative to which T is in Jordan canonical form
with Jordan block matrices 11, ...,T,. Fach block matrix T; has as its diag-
onal entries one of the \;. Moreover, for each i there are a total of k; entries
of \; across the whole of T, that is, the number of times \; appears as an
entry is equal to its multiplicity as a root of the characteristic polynomial.

Theorem D.7: Let L = gl(V'), for some vector space V, and x € L. There
exist unique xq,x, € gl(V') such that v = xzq + x,, xq is diagonalisable, x,,
is nilpotent, and x,, and x4 commute with one another. Furthermore, there
are polynomials p, q € F[X] with no constant term, such that p(x) = x4 and

q(x) = .

Proof. Let ¢(X) = (X —A1)" --- (X —\,)*» be the characteristic polynomial
of x, with the \; distinct. From Theorem D.1 (the Primary Decomposition
Theorem) we know that

V =P Ker(z — \ily)" = @ Vi, (M), (D.1)
=1 =1

where each Vi, ()\;) is a-invariant. We apply Theorem D.2 (the Chinese
Remainder Theorem) to find p € F[X] such that p(X) = \; (mod (X —X;)*),
for all i € {1,...,n} and p(X) = 0 (mod X). We remark that if 0 is an
eigenvalue of z the condition p(X) = 0 (mod X) is redundant, otherwise
X — \; shares no polynomial factors with X, for all i € {1,...,n}. Now, set
q(X) = X —p(X). We then have that ¢(X) =0 (mod X). Since both p and
q are congruent to 0 modulo X, their constant terms must be 0.

Now that we have polynomials p and g we set x4 := p(z), x, := q(z),
and we must now prove that the claimed properties hold. By our definition
of ¢ we have that x = p(x)+q(r) = z4+z,. Being elements of F[X], we know
that p(z) and ¢(z) (and thus z4 and z,,) commute with one another. Since
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the Vi, (\;) are z-invariant they must also be invariant under the actions of
zq and x,. Thus, x4 restricted to Vi, ()\;) is an element of gl(Vy, (A;)). We
also have that p(z) = \; (mod (x — \;)*). Thus, for any i € {1,...,n} we
have p(x)(v) = \i(v) +7(2)(z — \)¥ (v) = \;(v), for some r(X) € F[X] and
thus we can see

(xa — Ailv)(v) = p(x)(v) — v = (Niw + () (@ — X)" () = Ai(v)
= )\Z(U) — )\Z(U) = 0,

for all v € Vi, (\;). So zq(v) = A; for any v € Vi, (A\;). This means that the
action of x4 on Vj, (\;) is diagonalisable with the only eigenvalue being A;.
From (D.1) we conclude that =4 acting on V' is diagonalisable.

We know that z,, = z — x4. So, for v € Vi, (\;), we have

i (v) = (2 = 2" (v) = (z = Mily)™(v) = 0,

since Vi, (\i) = Ker(x — \;1y)%. Thus, z,, acting on V4, ()\;) is nilpotent and
by (D.1) we may conclude that x, acting on V' is nilpotent.

It remains to prove that this decomposition is unique. Let x = 2/, + ],
be another decomposition as described. Then, there must be polynomials
p',q € F[X] such that p/(z) = 2/, and ¢'(z) = 2;,. Since x4, zy, 2/, and z;,
may all be expressed as polynomials as above, they all commute with one
another. Thus, 2/, + 2], = v = x4 + z,, implies that 2/, — x4 = z,, — ;,. We
then have that x4 and ), are both diagonalisable and they commute with
one another, which means that there is a basis of simultaneous eigenvectors
for the linear transformations. Hence, z/; — x4 is diagonalisable. We know
that x,, and z/, are both nilpotent and commute with one another. Applying
Lemma 1.64 we have that x,,— 27, is nilpotent. A linear transformation which
is both diagonalisable and nilpotent must be the zero map. This means that
rq =z}, and x, = x,, which proves uniqueness. O

Definition D.8: Let x be a linear transformation of a vector space V. Fix a
basis relative to which x is in Jordan canonical form (see Appendix D). We
may then write x = x4+ x,, where x4 is diagonalisable, x,, is nilpotent, and
xq and x, commute with one another. This is the Jordan decomposition
of x.

Corollary D.9: Let x € gl(V), for some vector space V. If x has Jordan de-
composition x = d+n, then ady: gl(V') — gl(V') has Jordan decomposition
ad, = adg + ad,.
Proof. For any y € gl(V') we have

ada}(y) = add+n(y) = [da y] + [TL, y] = (a’dd + adn)(y)v
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and

adg o ad,(y) — ad, o adg(y) = [d, [n,y]] — [n, [d, y]]
[dv [ Y H + [da [y,n]] + [y, [n, d”
— [, [n, ] - [ds [, o] + [y, — ]
= [y,nd — dn] = 0.

So, ad, = ady+ad,, and ady and ad,, commute with one another. It remains
to show that ady and ad, are diagonalisable and nilpotent, respectively.
Applying Proposition 1.56 we have that ad, is nilpotent. Choose a basis
{b1,...,b;} for V| relative to which d is a diagonal matrix with diagonal
entries A1,...,A; € F. Notice that B = {e;;|1 < 4,5 < k} is a basis for
gl(V). From (1.1) we have

k k
adq(e;j) = [d, e;j] = Z ilen, eif] = Z)\l((slielj — dijein) = (N — Nj)eij,
=1 =1
which shows that ady acts diagonally on gl(V'). O

Theorem D.10: Let L C gl(V'), where V' is some vector space, be a Lie
algebra. For any x € L, with Jordan decomposition x = d +n, we have that
d,n € L.

Proof. Let x € L with Jordan decomposition x = d + n. Notice that
adz(L) C L. From Theorem D.7, we get polynomials (each with constant
term 0) p,q € F[X], such that p(z) = d and ¢(x) = n. This implies that
adq(L),ad,(L) C L. We now consider the normaliser of L in gl(V'), that is

Nay (L) ={y € gl(V) | [y, L] € L}.

For z € L, we have that [d,z] = ady(z) € L, and [n,z] = ady(z) € L.
Hence, d,n € Ny (L). From Proposition 1.55 we know that Ny (L) is
the largest subalgebra of gl(V'), in which L is an ideal.

Since the inclusion map ¢: L — gl(V), is a representation of L, we have
that V is an L-module. Let .% denote the set consisting of all L-submodules
of V. For each W € .Z, we set

Lw = {y € gl(V) |[y(W) € W, and tr(y|w) = 0},

where y|y denotes y restricted to W. Since W is an L-module, we know
that z(WW) C W. Moreover, since L is semisimple we have that L = L', so
x =Y fBilai, bi], for some 5; € F, a;,b; € L. For all a,b € L we have

i

tr(la, b]lw) = tr((ab — ba)|w) = tr((ab)lw — (ba)|lw)
= tr((ab)|w) — tr((ba)|w) = 0.
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This implies that ¢r(x|w) = 0, and so x € Lyy. This implies that L C Ly for
all W € #. We have that d(W),n(W) C W, since p(z) = d and ¢(z) = n.
The action of n on V is nilpotent, so it is also nilpotent on W, and thus
tr(n|w) = 0. Hence, we have that

0 =tr(zlw) =tr((d+n)|w) = tr{dlw) + tr(n|lw) = tr(d|w).

Therefore d,n € Ly for all W € .. We set Ln = (e Lw. Then clearly,
L C Ln. Moreover, since each Ly is a subalgebra of Ny (L), we get that
Lp is a subalgebra of Ny (L).

Since L C L, we know that

ady(Ln) = [z, Ln] € (L)' € L.
Hence, we may define a representation ¢: L — gl(Ln) of L, by
¢($) = CLda;I Lm — Lm.

This shows that L is an L-module. This allows us to apply Theorem D.21
(Weyl’s Theorem) and find that Ln is completely reducible as an L-module.
Since L is an L-submodule of LA, an application of Lemma D.18 tells us
that we may write Ln = L ® M, where M is some submodule of L. Notice
that d,n € Ln. Our goal is to show that M = 0, we will then be done.

We have that

[L,. L& M]=[L,Ln] C [L’Ng[(V)(L)] crL,

since L is a subalgebra of Ny (L), and L is an ideal of Ngyy(L). This
implies that [L, M] C LN M = 0.

n
By Theorem D.21 (Weyl’s Theorem), we may write V = @ Vi, where

k=1
each Vj is an irreducible submodule of V. Since Ln C gl(V), the inclusion
map ¢: Ln — gl(V), is a representation of L. Hence, for every k we have
that Vj is an irreducible Ln-module. Let y € M C L, we claim that y|y,
is a L-module homomorphism. Since y € Ln, we know that y(Vj) C Vj.
Moreover, we have that [L,y] =0,s00= [y, z]-v=y-(z-v) —x-(y-v), for
all x € L, v € Vj. This means that y(x -v) = x - y(v) for all z € L, v € V.
Therefore, we have that y|y, is an L-module homomorphism, and Vj an
irreducible L-module. An application of Lemma 1.39 (Schur’s Lemma) yields
that y|y, is a scalar multiple of the identity; that is, y|v, = aly,, for some
a € F. Furthermore, since tr(yly,) = 0, (because y € Ln) we have that
o = 0. So the action of y on each V} is trivial. This means that y = 0, and
thus that M = 0. Thus L = L. O

Corollary D.11: Let L C gl(V), where V is some vector space, be a
semisimple Lie algebra. Then for x € L, the usual Jordan decomposition of
x coincides with the abstract Jordan decomposition of x.
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Proof. Let x € L. Suppose we denote the usual Jordan decomposition of x
by x = d+ n. By the previous theorem we have that d,n € L. By Corollary
D.9 we know that ad, has Jordan decomposition ady+ ad,. Then, since the
abstract Jordan decomposition is unique we are done. ]

D.2 Casimir Operator

In this section we will introduce the Casimir operator of a Lie algebra repre-
sentation. To do so we will first need some further results on representations
and modules.

Definition D.12: Let L be a Lie algebra and ¢: L — gl(V') a representation
of L. Define the trace form on L by

By:LxL =T
(2, y) = tr(o(x)o(y)),

for all x,y € L.

The trace form is an associative, symmetric bilinear form on a Lie algebra
L. It is bilinear because tr is linear and representations are linear. The trace
form is linear for the same reason that the Killing form is symmetric, that
is, tr(zy) = tr(yx) for linear maps. We will denote the perpendicular space
to L, with respect to the trace form, by

LV ={z e L|By(z,y) =0, Vye L}

Then L is a vector subspace of L. Furthermore, for z € LAV, y, 2z € L we
have [[z,y], 2] = [0, 2] = 0, which shows that L’ is an ideal of L.

Lemma D.13: Suppose that U is a subspace of a vector space V and that
(—,—): V xV — F is a non-degenerate bilinear form on V. Then

dim(U) + dim(U~) = dim(V).

Proof. Define ¢: V. — U* (where U* denotes the dual space of U) by
p(v)(u) = (u,v) for all v € V, uw € U. To see that ¢ is linear, take
v, €V, ue U and «, 3 € F. We then have

¢law + pu)(u) = (u, av + Bv') = au,v) + Bu,v') = ag(v)(u) + Bo(v) (u).

Notice that v € Ker(¢) if and only if ¢(v)(u) = (u,v) =0, for all uw € U. So,
Ker(¢) = U+. We also know that dim(U) = dim(U*). By the Rank-Nullity
theorem we have that dim(U) 4+ dim(U*) = dim(V'). O

Proposition D.14: Let L be a semisimple Lie algebra and ¢: L — gl(V') a
faithful representation of L. Then the trace form on L is non-degenerate.
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Proof. Let x,y € LP, then since = € L we have that

Py (z,y) = tr(¢(z)¢(y)) = 0.

Since ¢(LPV) is a subalgebra of gl(V'), an application of Lemma 1.65 yields
that ¢(L°) is solvable. Since ¢ is faithful, an application of Theorem
1.17 (Isomorphism Theorems) yields that L = ¢(LAv) is solvable. By
hypothesis L is semisimple, so L?V = 0. Hence, the trace form on L is
non-degenerate. O

Corollary D.15: Let L be a semisimple Lie algebra and ¢: L — gl(V)
a faithful representation of L. If By, = {b1,...,b,} Is a basis for L, then
there are elements c1,...,c, € L such that the ¢; form a basis for L and

Bv (bi, cj) = 0ij.

Proof. We know that for any 6 € L* there is a unique y € L such that
Bv(z,y) = 0(x) for every x € L (see Lemma D.13). Now, By, induces a
basis Br« = {01,...,0,} for L* where each 0; is defined by

1, ifi=j
0;(b;) = {

0, otherwise

We may then find ci, ..., ¢, € L such that By (x,c;) = 0;(x) for every x € L.
Thus, we have that Bv(bi, Cj) = Qj(bz) = 5zg

Notice that mapping the 6; (which form a basis for L*) to the ¢;, respec-
tively, is a linear map from L* to L. We claim such a map is injective, which
would imply that the ¢; are linearly independent. Suppose ¢; = c¢;, then
Bv(z,c;) = Pv(x,cj) for all z € L. This means that 6;(x) = 6;(x) for all
x € L. This implies that ¢« = j. Hence, the ¢; are linearly independent. Since
dim(L) = dim(L*), the set {c1,...,¢,} is a maximal linearly independent
set and is thus a basis for L. O

Let L be a semisimple Lie algebra and ¢: L — gl(V') a faithful represen-
tation of L. Choose a basis {b1,...,b,} for L and apply Corollary D.15 to
find a basis {c1, ..., ¢, } for L such that 8y (b;, cj) = d;5. Then, for x € L we

n

may write [b;, z] = a;by, for some oy € F. For j € {1,...,n} we have
k=1

aij =Y b = Y By (i, ¢j) = By ([bi, 2], ¢j) = B (bi, [, ¢;)).
k=1 k=1

n

Since the ¢; form a basis for L, we may write [z,c;] = > Yrici, for some
i=1

Yi; € F. Then, we have

aij = By (bis [e,¢5]) = Y by (bi ex) = v
k=1
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Then we may conclude that for any j € {1,...,n} we have

n
[z, ¢5] = Z’yjzcZ Zaijci (D.2)
i=1

Definition D.16: Let L be a semisimple Lie algebra, ¢: L — gl(V) a
faithful representation of L, and B = {bi,...,b,} a basis for L. Let

= {c1,...,cn} be a basis for L such that Py (b;,cj) = 6;; (such a ba-
sis exists by Corollary D.15). We define a linear map c4: V — V, called the
Casimir operator of ¢, by

n

co(v) = o(bi)o(ci(v)),

i=1

in terms of the representation ¢ of L. In terms of the equivalent L-module,

that is,
= Zbl . (CZ' 'U).
=1

We note that cy is linear because the action of L on V is linear.

Lemma D.17: Let L be a semisimple Lie algebra and ¢: L — gl(V) a
faithful representation of L. Let B = {by,...,b,} and B’ = {c1,...,c,} be
bases for L as described in Corollary D.15. Then the Casimir operator of ¢
is an L-module homomorphism, and tr(cs) = dim(L).

Proof. To show that cy is an L-module homomorphism it suffices to prove

that cy(z -v) = o - ¢(v) for all x € L, v € V. For x € L, we may write
n n

[bi,z] = > aukbk, and [x,¢] = > vikck, for some ajx,vir, € C. Then for

k=1 k=1
v € V we have

=D b (e (x-v)
j=1
:ij'(Cj'(x'v)—x‘(cj'v)ﬂ'(cj'v))

—Zb lcj,x] - v+ (cj-v))

n n n

(D.2) ZZ —ajbj - C@"U)—szj'(x'(cj'v))
1

7j=11i=
n

= Z*aijbj : +Z b],ﬂj |+ b) (C]"U)
7=1

ji=1



n
:Z—Oéijbj . —I—Za]” (¢j-v)+x-cy(v)

ji—l 7yi=1

—Z —ajbj - (ci - v) + aijby - (ci - v)) + 2 - cp(v)
7ai=1

= -cy(v).

Furthermore, from Corollary D.15 we have

= tr (Z ¢(bi)¢(0i)> = tr(d(bi)d(ci)) =Y Br(biyi) = b
=1 i=1 i—1 =1

as required. O

Lemma D.18: Let L be a Lie algebra and V an L-module. Then V is com-
pletely reducible if and only if, every submodule W of V' has a complement.

That is to say, for each submodule W of V' there exists a submodule U of
V such that V=W @ U.

n
Proof. Suppose V.= @ Sk, for irreducible submodules Sy of V. Let W be
k=1
a non-zero submodule of V. Then we have

W=WwWnvV=Wwn (ésk) :é(WﬂSk).

k=1 k=1

From Theorem 1.38 we have that each W NSy is a submodule of V. But, the
Sy are irreducible, so for each k € {1,...,n} we have that either W NSy = 0,
or WNSy =Si. Fori# j we know that S; NS; = 0, so there is exactly
one i € {1,...,n} such that WnNS; =5, and so W = S;. Without loss of

generality let us say ¢ = 1. Then for U = @ Sk, we have V=W @ U.

On the other hand, suppose that every submodule W of V has a com-
plement. We proceed by induction on dim(V'). If dim(V) = 1, then V is
irreducible and we are done.

Assume now that dim(V’) > 1 and that the result holds for all L-modules
of dimension strictly less than dim(V). If V is irreducible we are done.
Otherwise, let W be a non-zero proper submodule of V. Then there is some
submodule U of V such that V=W @ U. Let M be a submodule of W, then
M is also a submodule of V. Hence, V = M & N, for some submodule N of
V. Then,

W=WnV=WnMeaN)=(WnM)®(WnN).
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Similarly, this holds for U. We may thus apply the inductive hypothesisA toU

and W. This yields that U and W are completely reducible, say W = @ Wy
k=1

and U = @ U}, where each of the W}, and U}, are irreducible submodules
of W and U respectively. This implies that each of the W) and Uj are
i J
irreducible submodules of V. We may then write V = (@ W) & (@ Ui),
k=1 k=1

and so we are done. O

D.3 Weyl’s Theorem

We now have the machinery we need to prove the important Weyl’s Theo-
rem, which asserts that all representations of a semisimple Lie algebra are
completely reducible. We will first prove a special case of Weyl’s Theorem
and then use this special case to prove the general version.

Theorem D.19: Let L be a semisimple Lie algebra, and ¢: L — gl(V) a
faithful representation of L. For any submodule W of V' of codimension 1,
there is a submodule U of V such that V =W & U.

Proof. Notice that the quotient module V/W has dimension 1. We claim that
L acts trivially on V/W. Since L is semisimple, we have that L = L. For
x € L =L" we may write z = > «;[y;, 2], for some «o; € F, y;, 2; € L. Since

V/W is 1-dimensional, for any v € V. — W we have V/W = Span(v + W).
Thus, for y, z € L we have that y-v+W =av+W and z-v+W = v+ W,
for some «, 8 € C. Therefore,

W,z - v+W=y-(z-v)—z-(y-v)+ W=abfv—Pav+W =W.

This implies that L -V C W. We proceed by induction on dim(V'). If
dim(V) =1, then V is irreducible and we are done.

Assume now that dim(V') > 1. If W is irreducible, then let c4: V = V
be the Casimir operator of ¢. By Lemma D.17, we know that c4 is a Lie
module homomorphism. An application of Lemma 1.37 yields that Ker(¢)
is a submodule of V. We have seen that L -V C W; from this we find that
cg -V C W from the definition of c4. This means that c, is not surjective.
The Rank-Nullity Theorem then tells us that dim(Ker(cg)) > 1. We conclude
that the restriction of ¢4 to W, which we will denote by cg|lw: W — W, is
a Lie module homomorphism. Since W is an irreducible L-module we may
apply Lemma 1.39 (Schur’s Lemma) to see that c4|w = A1y, for some A € C.
From Lemma D.17 we know that tr(cg) = dim(L), and since ¢, -V C W
and cy|lw = Alw we can see that tr(cy,) = Adim(W). We then conclude
that 0 # dim(L) = Adim(W), which implies that A # 0. This tells us that
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Ker(cg) "W = 0. Finally, dim(W) = dim(V) — 1 and dim(Ker(cy)) > 1,
allow us to conclude that V = W @ Ker(cy).

Assume now that W is reducible. Let W’ be a non-zero proper submod-
ule of W. Applying Theorem 1.38 we have

(V/W) [ (W/W') = V/W.
Since dim(V/W) < dim(V) (as dim(W) > 1) we apply the inductive hy-
pothesis to V/W’ to find a submodule M of V/W' such that
V/W =W/W' & M.
This implies that dim(ﬂ) = 1. By Proposition 1.32, there is a submodule
M of V, which contains W', such that M = M/W’. Therefore, we have
dim(M) = dim(W’) + 1. Moreover, dim(M) < dim(V') since
VW =W/W' e M/W'.
We apply the inductive hypothesis to M and find a submodule C', of M, such
that M = W& C. We note that dim(C') = 1. Since V/W' =W/ W& M /W',
we find that under the canonical homomorphism 7: V' — V/W' which maps
elements of V' to their cosets under W', we have m(W N M) = W'. This
implies that W N M C W'. Thus, we have
WnCCcwnWeael)=WnWHeWnC)=Wwnc =0.
This implies that V=W & C, and so we are done. ]
Lemma D.20: Let L be a Lie algebra with L-modules V' and W. If we
denote by Hom(V,W) the vector space of all linear maps from V to W,
then Hom(V, W) is an L-module with the action
(z-a)(v) = 2 a(v) - alz ),
forallx € L, « € Hom(V,W), v € V.
Proof. For z,y € L, 0,0 € Hom(V,W), \,u € F, v € V, we have

(A + py) - 0)(v) = Az + py) - 0(v) — O(A\z + py) - v)
= Az - 0(v)) + p(y - 0(v)) = O(A(z - v)) = O(p(y - v))
= Az - 0(v) = 0(z - v)) + u(y - 6(v) = 0(y - v))
= Az - 0)(v) + p(y - 0)(v),
which proves identity (M1), and
- (A + pp) (v) = - (A0 + pgp) (v) — (A0 + pep) (- v)
= - (M) + 2 - (up(v)) = A(z - v) — pp(z - v)
(@ - v)) + p((z - p(v) = p(z - v))

4
~
~

|
>



which proves identity (M2), and

([z,9] - 0)(v) = [z,y] - 0(v) — O([z,y] - v)

=z (y-0(v) —y-(z-0(v) = 0(x-(y-v)—y-(z-v))
=x-(y-0(v) —y-(x-0(v)) =0z (y-v)) +0(y - (z-v))
=[z-(y-0(v) =0z (y-v)] = ly-(x-0(v)) = 0(y- (z-v))]
=z-(y-0)(v) —y-(z-0)(v) = (z-(y-0) —y-(z-0))(v)
which proves identity (M3). O

Theorem D.21 (Weyl’s Theorem): Let L be a semisimple Lie algebra, and
¢: L — gl(V) a representation of L. Then V is completely reducible.

Proof. We claim that we may assume ¢ is faithful. If it is not, then we
consider the representation ¢: L/ Ker(¢) — gl(V') of L, defined by

é(z + Ker(9)) = o(x),

for all z € L. In the context of Lie modules, we claim that V is an L/ Ker(¢)-
module, with the action (x + Ker(¢)) -v = z - v, for all x € L, v € V.
We need to show that qg is a well-defined map. Let x,y € L such that
x + Ker(¢) = y + Ker(¢), then z —y € Ker(¢). So, for v € V, we have

oz + Ker(¢))(v) = ¢(2)(v) = ¢z + y — 2)(v) = $(y)(v)
= ¢(y + Ker(¢))(v).
In fact, V is an L/Ker(¢)-module because V is an L-module. Clearly,
Ker(¢) = 0. We may therefore assume, without loss of generality, that ¢ is
a faithful representation.
Let W be a submodule of V. We shall denote by H := Hom(V,W),

the vector space of all linear maps from V' to W. By Lemma D.20 H is an
L-module. Set

Hg ={a € H : aly = Alw, for some A € F}, and
Hy={a€H:alw =0}

where ay, denotes « restricted to W. Clearly, both are vector subspaces
of H, and Hy C Hg. We claim that Hg and Hy are L-invariant, and thus
submodules of H. In fact, for o« € Hg, © € L, w € W, we have

(z-a)(w) =z a(w)—alz-w) =z (M) = Az -w) = Az -w)— Az -w) =0,
and for a« € Hy, x € L, w € W, we have

(- a)(w) =z a(w) —alr-w) =0.
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We now consider the quotient module Hg/Hy. Let U = Span(V —W). Note
that U is a vector subspace of V' but it need not be a submodule of V. We

claim that V = W @ U, as vector spaces. Clearly V = W 4 U. It remains
k
to show that U NW = 0. Let w € U N W, then we may write u = Y a;v;,

(2
for some «o; € F, v; € V —W. Suppose that u is non-zero. If we consider the
quotient vector space V/W we have

k k
OZU+W:Zaivi+W:ZO€i(W+W}a
=1 =1

which implies that each v; € W, a contradiction. Hence, © = 0 and then
V =W @ U, as vector spaces. Let g: V — V be defined as g(w) = w, for
all w e W, and g(u) =0, for all u € U. Then, g + Hy is a non-zero element
of Hs/Hy, and thus Hg/Hy # Hy. Let a € Hg, then a|y = Aly, for some
A € F. Hence, o« — A\ly € Hy, so a + Hy = A1y + Hp). This implies that
dim(Hg/Hyp) = 1.

We may thus apply Theorem D.19, and conclude that Hg = Hy&® C, for
some submodule C of Hg. We have that dim(C') = 1. Since L is semisimple,
L = L' and C is a 1-dimensional L-module, we have that L-C = 0 (we have
proved this claim more carefully in the proof of Theorem D.19). This means
there is a non-zero a € C| such that x -« =0 for all x € L. Since x - o = 0,
we have that

0=(z-a)(v) =z al) —a(z-v),

which implies that a: V — W is a Lie module homomorphism.

We return our focus to the L-module V. From Lemma 1.37, we see that
Ker(«) is a submodule of V. Let v € Ker(a) N W, then a(v) = 0. However,
a € Hg — Hy implies that a|y = Ay, for some 0 # A € F. Since v € W,
this means that a(v) = Av. We conclude that v = 0, which implies that
Ker(a)NW = 0. We have that Im(«) C W, so by the Rank-Nullity Theorem,
we have that Null(a) = dim(V) —dim(W). Thus, we have V' = Ker(a) & W.
An application of Lemma D.18 yields that V' is completely reducible. O
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Appendix E

Matrix Lie Groups and the
Exponential Map

We use this chapter to provide some knowledge on the study of matrix Lie
groups. Specifically we describe the differential of a Lie group homomor-
phism and some properties thereof. This is essential for the work in Section
3.3.

E.1 Introduction

This section defines matrix Lie groups and gives an illustrative example.
We denote by GL,(R) the group of all invertible n x n matrices with real
entries, and M,(R) the algebra of all n x n matrices. This is a normed

algebra relative to the norm topology ||(a;)| = Za?j. We may then
]

give GL,(R) the induced topology. Then a sequence (A;,),>1 of matrices in
GL,(R) converges to A if and only if the sequence (A,);; consisting of the
ij-th entries of the matrices A,, converges to (A);; (the ij-th entry of A) as
n — 00.

Definition E.1: A matrix Lie group is a closed subgroup G (up to iso-
morphism) of GL,(R). That is equivalent to saying that G is closed under
nonsingular limits. So for any convergent sequence (A,) of matrices in G, if
A := lim A,, is invertible then A € G.

n—oo

Remark E.2: We note here that C* is a matrix Lie group. Let

b 0
Gc = —b a 0] :a,bz€eR, z(a>+b*) =13 C GL3(R).
0 0 =z
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We claim that

¢:(C*—>G(c
a b 0
at+ib— | b a 0 ,
1
0 0 o=

is an isomorphism. To see that ¢ is a homomorphism it suffices to note that
for a,b,c,d € R we have

(ac —bd)? + (ad + cb)?® = a®c® + b2d? + a®d® + b*c? + 2abed — 2abed
=a’® + d® + VA + *d? = (a2 + b2)(c2 + d2).

That ¢ is a bijection is clear. It remains to see that G is closed in GL3(R).
To do so we define a map f: M3(R) — R", by

ailp aiz a3
2 2
flaa azx a3 :(an—a22,a12—|—a21,a13,a23,a31,a32,a33(a11—|—a12)—1)-
a31 az2 ass

As f involves polynomials it is clearly continuous. Since G¢ = f~1(0) we
see that G is closed.

E.2 Exponential Map

Here we describe the important exponential map. This is essential in study-
ing matrix Lie group and their connection to Lie algebras. We go on to
show how Lie algebras arise from Lie groups. Finally we look at Lie group
homomorphisms.

Definition E.3: We define the expontential map as follows

exp: gl(n,R) - GL,(R)
M — Z; T

We will see below that this converges for all M € gl(n,R). Moreover, since
M° = T we have that exp(0) = I. When it is convenient to do so, we may

use the equivalent notation exp(X) = eX.

Proposition E.4: If M € gl(n,R), then exp(M) converges. In fact, exp(M)
converges absolutely and exp is continuous.

Proof. We will make use of the following two properties (the first is the trian-
gle inequality while the second follows from the Cauchy-Schwarz inequality)
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which hold for all A, B € gl(n,R),

A+ Bl <[lAll + 1B
[AB[ < [[Al[|BI] -

We have that
o0 o0

| MI*
S| <+ 30 <
i=0 i=1

Therefore exp(M) converges absolutely. Since M™ is a continuous function
of M, we can see that the partial sums of exp(M) are continuous and there-
fore we may apply the Weierstrass M-test. We find that exp(M) converges
uniformly on each set Ug := {X € gl(n,R) || X]| < S}. Thus, exp(M) is
continuous on each Ug and hence continuous on gl(n,R). O

Proposition E.5: If A, B € gl(n,R) commute, then etef = ¢A+5,

Proof. We note that since exp(A) and exp(B) both converge absolutely we
may multiply the series term by term. Hence, we have

A? B?
exp(A)exp(B) = (I, + A+ of +...)Un+ B+ or +...)
! P
= exp(B) + Aexp(B) + —exp(B) + ...

o1
B2
+ exp(A) + Bexp(A) + iea:p(A) +...
AJ BZ J =1 <
1=0 j=0 ! i=0 " j=0

= ZMTB = exp(A + B).

We remark that Z ( )AZBZ J = (A + B)" holds exactly because A and B

commute. O
Corollary E.6: If X € gl(n,R), then e¥ is invertible with (eX)~1 = e=X.
Proof. Using the proposition above we have that

exp(X)exp(—X) = exp(X — X) = exp(0) = I,,.

Proposition E.7: Let X € gl(n,R). Then det(exp(X)) = etrace(X),
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Proof. We may assume without loss of generality that X is in Jordan canon-
ical form, with eigenvalues E := {\1,..., A\, }. If v € Ker(\;I,, — X), then

o o0
Xy N
exp(X)v = Z e Z U=,
m=1 m=0
Hence e is an eigenvalue of exp(X) if and only if )\; is an eigenvalue of X.

Therefore,

“ 2 i
det(e:np(X)) = He)\i — ei=0 — etrace(X)‘
i=1

O
Definition E.8: Given a Lie group G, we define the Lie algebra of G as
Lie(G) :={X € gl(n,R) |exp(tX) € G, Vt € R}.

We will give an outline of the proof that Lie(G) is not only a vector space
but also a Lie algebra with Lie bracket the commutator.

Example E.9: We will calculate Lie(SLy(R)), where
SLy(R) :={X € gl(n,R)|trace(X) = 0}.
An application of Proposition E.7 yields that

Lie(SL,(R)) = {M € gl(n,R) | det(exp(tM)) =1, Vt € R}
= {M € gl(n,R) | oMt — 1 vt e R}.

If we take the derivative at t = 0 we find

_d,

d
t 0 _ trace(M)t _
race(M)e’ = —e g

7 =0.

t=0

t=0

Thus, trace(M) = 0. Conversely, suppose that trace(M) = 0. Then
det(exp(tM)) = efracet — 0t — 1

and hence M € Lie(SLy(R).
Lemma E.10: If U € GL,(R) and X € gl(n,R), then VXU ™" = UeXU—1,

Proof. We have that

_ 2 (UXUYyY K UuxiuTt ZXE L
capux =y U S UKV (52 X
i=0 ) i=0 ’ i=0
= Uexp(X)U L.
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The following theorem is important to prove that Lie(G) is a Lie algebra
but proving it involves defining a suitable matrix logarithm. We present the
result without proof.

Theorem E.11 (Lie Product Formula): For X,Y € gl(n,R), we have

o0 )= i oo (D) e (1))

We present the following useful result without proof.
Lemma E.12: Let G be a matrix Lie group and X € Lie(G). Then,

d
getX =X X,

Proposition E.13: Let G be a matrix Lie group. The following holds for
all X, Y € Lie(G).

(i) AXA™! € Lie(Q), for all A € G.
(ii) rX € Lie(G), for all r € R.
(iii) X +Y € Lie(G).
(iv) XY —Y X € Lie(Q).
Proof.
(i): An application of Lemma E.10 yields that
exp(tAXA™) = exp(AtXA™Y) = Aexp(tX)A™ ! € G,
for all t € R. Hence, AXA™! € Lie(G).
(ii): Note that exp(t(rX)) = exp((tr)X) € G, for all t € R.

(iii): Applying Theorem E.11 we may write
tX tY\1™
exp(t(X +Y)) = erp(tX +tY) = lim [eazp <> exp ()} .
m—o0 m m
For each m we have that

e () e ()] = oo (L) (7))

since each exp (%X ) € (. By Corollary E.6 the limit is invertible and

therefore, since G is closed, the limit is in G. Thus, X +Y € Lie(G).
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(iv): Using the product rule and Lemma E.12 we can see that
d
—(exp(tX)Yexp(—tX)) =XY-YX.
dt t=0
From (i) and Corollary E.6 we have that
exp(tX)Yexp(—tX) € Lie(G),

for all ¢t € R. Properties (i) and (ii2) show that Lie(G) is a real
subspace of gl(n,R). Considering also that exp(X) is continuous for
any X € gl(n,R) yields that Lie(G) is a closed subset of gl(n,R).
Therefore,
XYY VX — lim exp(hX)Yexp(—hX)-Y
h—0 h

€ Lie(G).

This proves (iv).
O

Corollary E.14: Let G be a matrix Lie group. Then g := Lie(G) equipped
with Lie bracket [X,Y]:= XY — Y X is a Lie algebra.

Proof. Properties (i) and (i7i) show that g is a real subspace of gl(n,R).
The bilinearity and skew-symmetry of the bracket both follow from basic
properties of matrix multiplication. To see that the Jacobi identity holds,
we note that for X,Y,Z € g

(X,[V, 2] + [V, |2, X])| + |2, |X,Y)| = X(YZ — ZY) — (YZ — ZY)X
Y(ZX -~ XZ)— (ZX — X2Z)Y
+Z(XY -YX)— (XY - YX)Z
=0.
The result then follows due to property (iv). O

Remark E.15: By definition Lie(GL,(R)) = gl(n,R). Moreover, the map
exp: gl(n,R) — GL,(R) can be restricted to exp: Lie(G) — G for any
matrix Lie group G.

Remark E.16: Let us consider the matrix Lie group C*. By Remark E.2
have an isomorphism ¢: C* — G¢. From the definition of ¢ we have that

Lie(6(C*)) = {X € gl(3,R) | exp(tX) € ¢(C*), V¢ € R}

ta tb 0
= {X cglB,R)|tX =|—th ta 0], t32(a®>+b*) =1Vt e R}
0 0 ¢tz
a b 0
- {XEg[(3,R) X=[-b a0 }%C.
0 00
Therefore, Lie(C*) = {z € C|e* € C*} = C.
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Definition E.17: A homomorphism of matrix Lie groups is a map ¢: G —
H, which is a group homomorphism which is continuous (for the induced
topologies).
Definition E.18: A function A: R — GL,(C) is called a one-parameter
subgroup of GL,(C) if

1. A is continuous,

2. A(0) = I,,, and

3. A(t+s) = A(t)A(s), for all t,s € R.

We present the following Lemma without proof.

Lemma E.19: If A is a one-parameter subgroup of GL,(C), then there
exists a unique X € M, (C) such that A(t) = exp(tX).

Theorem E.20: Let G and H be matrix Lie groups with Lie algebras g
and b, respectively. For a Lie group homomorphism ¢: G — H there exists
a unique real-linear map d¢(1): g — b such that d¢(1) has the following
properties

(i) p(eX) = M) for all X € g.
(i) dp(1)(AXA™Y) = ¢p(A)de(1)(X)p(A)™!, forall X € g, A€ G.
(iii) do(1)([X,Y]) = [dp(1)(X), dp(1)(Y)], for all X,Y € g.
(iv) dp(1)(X) = %(ﬁ(etx) forall X € g.
t=0

Proof. As ¢ is continuous, ¢(e'X) will be a one-parameter subgroup of H
for all X € g. An application of Lemma E.19 yields that there is a unique
Z € M,(C) such that ¢(e!*) = e'Z for all t € R. We define d¢(1)(X) := Z.
Property (i) follows by setting ¢ = 1. For s € R we have that ¢(e/*¥) = 5%,
and so d¢(1)(sX) = sdp(1)(X). Since ¢ is continuous, by an application of
the Lie Product Formula E.11 we have that

eldo(X+Y) _ ( lim [ef”p <t;§> “rp (i}n/)r)
-t o (2))o (o ()]

o () S0

m—r00 m
— tdo()(X)+tdp(1)(Y)

Using Lemma E.12 we differentiate at ¢ = 0 and find
dp(1)(X +Y) = do(1)(X) + do(1)(Y).
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Thus, d¢(1) is real-linear. Suppose 7 is another real-linear map which sat-
isfies (i). Then
X)Xy = (oY)

The uniqueness of d¢(1) follows by differentiating at ¢ = 0. We move onto
demonstrating that properties (ii)-(iv) also hold.

MOMAXATY) = G (AXATY) = (AN ATY) = g(A)p(e ™ )p(A) !
= ¢(A)e X p(4)71,

Differentiating at ¢ = 0 gives property (ii). Now, using the product rule and
Lemma E.12 we remark that

d
EJX Ye ™| =XY-YX=[X,Y].

t=0

Using the property that taking a derivative commutes with a linear trans-
formation and property (ii), we can then see that

o)XY = do) (e ¥ve ™| ) = Sasn)e e )
t=0 t=0
= Lo X)do(1)(¥ o)
t=0
= 4 o)) gy (1) () e~
dt t=0
= dp(1)(X)dg(1)(Y) — d(1)(Y)de(1)(X)
= [do(1)(X), dp(1)(Y)],
which proves (iii).
Lastly, we have that
¢(etX) _ etd¢(l)(X)’
and so (iv) follows using Lemma E.12 and differentiating at ¢t = 0. O

Remark E.21: Property (i) of the above theorem says that the following
diagram commutes

H

Texp .

b

_ ¢
exp

>

a —— Q)

de(1)
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E.3 Automorphism Group

In this section we see that the automorphism group of an algebra form a
matrix Lie group. We see the connection between the Lie algebra of this
group is this the derivations of the algebra. We explore some properties of
this connection.

In this section we denote by U an n-dimensional algebra over R.

Proposition E.22: The automorphisms of U, denoted Aut(U), form a ma-
trix Lie group.

Proof. We may identify the vector space U with R. Under this identification
Aut(U) is a subgroup of GL;,(R). Set a basis (u;)]; for U. Then for each
n

1 <i,j < n we then find that wyu; = > msjrug, for some m;;, € R. An
k=1
automorphism of U is an element f € GL,(R), such that for 1 <i,5 <n

flugug) = f(ug) f(uj).

n
For each 1 <i < n we may write f(u;) = . a;ru,. Then the following must
r=1

be satisfied
fuug) = fug) f(uy)

n
zmwkf (w) (z) (z )
t=1
n
Zmijk Zak’rur = Z AisQitUgUt
k=1 r=1

s,t=1
n
§ Myl Oy Uy = § AisQjt § Mestr Uy
k,or=1 s,t=1
n n
E Myl Oy Uy = E AisAjtMstr Uy,
k,or=1 s,t,r=1

and so f is an automorphism of U if and only if the following is satisfied

n n
Z MyjkQr = Z AisQitMosty- (El)

k,r=1 s,t,r=1

This is a system of second degree polynomial equations. To see that Aut(U)
is closed we may use the same trick as we did in Remark E.2. We may see
Aut(U) as the inverse image of a closed set under a continuous mapping
(continuous because (E.1) is a system of second degree polynomial equa-
tions). O

184



Lemma E.23: Let f € Der(U). Then for z,y € U

n

Fay) =" (Z) FE@) ),

k=0

for allm € N.

Proof. We proceed by induction on n. The case n = 1 is trivial.
Assume the result holds for n — 1 > 1. Then,

fiay) = 7 f@y) = 7 Haf @) + 27 (f(@)y).

Applying the inductive hypothesis twice we find

Proposition E.24: Lie(Aut(U)) = Der(U).

Proof. We have that f € Lie(Aut(U)) if and only if exp(tf) € Aut(U) for
any t € R. Equivalently the following must hold

exp(tf)(zy) = exp(tf)(@)exp(tf)(y)
2 2
= (o 1) + g @)+ )+ ) + o )+ )

x 2 2 x
= ayttlef )+ uf @) + 2P I
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where the last equality follows because we may multiply the series term by
term (exp(tf) converges absolutely). Since

t2 f2(zy)
2

exp(tf)(zy) = zy + tf(zy) + +...

and
exp(tf)(zy) = exp(tf)(@)exp(tf)(y),
we can subtract zy and divide by ¢t to find that the following must hold:

fla) + L =gyt W g )+

2! 2!
Letting t — 0 we find that
flxy) = 2f(y) + f(2)y,

and so f € Der(U).
Take f € Der(U) and z,y € U, then by Lemma E.23 we have that

exp(tf)(zy) Z f” (zy) Ztn (Z <Z>fk(x)f"_k(y)>

k=0

-3 (S o)

n=0 \k=0
X 2 2 X
= oy 4t f () + )] + 2 [ P8 )|+

2 2
= <:n+tf(x) + %fZ(x) + ) (y+tf(y) + %fQ(y) + )
= exp(tf)(zy) = exp(tf)(z)exp(tf)(y),
which shows that exp(tf) € Aut(U) and so f € Lie(Aut(U)). O
Remark E.25: If ) € Aut(U) and d € Der(U). Then vdyy~* € Der(U).

Proof. For z,y € U we have

by~ (wy) = Yd(p ™ (@)Y y)) = P (@)dp ™ (y) + dH @)y (y))
= aydy~ (y) + Yy (2)y.
O

Definition E.26: Let G := Aut(U) and g := Lie(Aut(U)) = Der(U). We
define

Ad: G — aut(g)
Y Ady: g — g
d — pdy,
that is, Ady(d) = pdyp~'.
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Proposition E.27: Let G := Aut(U) and g := Der(U). The map Ad: G —
Aut(g) is a matrix Lie group homomorphism.

Proof. For o, f € G and f € g we have

Adag(f) = aBfB o™ = aAds(f)a™! = Ad,Ads(f).
It remains to show that Ad is continuous. Let F' be an open set in Aut(g. We

claim that C := G\ Ad~!(F) is closed. Take (¢,,) C C such that h_I;(l YVm =

. Suppose Ady € F. Since F' is open there is an open ball B around Ad,,
such that B C F. This means that there must be an M such that M < m
implies that Ady,, € F but this contradicts v, € C. Thus, C is closed and
so Ad is continuous. O

Corollary E.28: There is a unique linear map

ad: Der(U) — Der(g)
rrady: g—g
Yy =Ty — Yy,

making the following diagram commute

Aut(U) —24 5 Aut(g)

e:va\ Texp

Der(U) - Der(g).

Note that Der(U) = g and Aut(U) = G. We will denote [z,y] := ady(y).

Proof. From the above proposition we may apply Theorem E.20 and set
ad := dAd(1). Proposition E.24 makes it clear that g = Der(U), while
Remark E.21 shows that the diagram commutes. Property (iv) of Theorem
E.20 yields that

ad, = dAd(1)(x) = %Ad(em) ,
t=0
and so p p
_ - - tx —tx —
ady(y) = — Adeta(y) Tal e [z, Y]

187



Appendix F

Octonions

This short section holds some important information about the octonions
which is necessary for the work in Chapter 4. We introduce some maps and
results which will also prove useful. All vector spaces in this chapter are
finite-dimensional and defined over the field of real numbers.

Definition F.1: The octonions are an alternative non-associative non-
commutative normed division algebra over the real numbers, denoted by Q.
They have a well-known vector space basis Bg := {1,1,j,k,1,il, jl, kl} and
their products are fully described by the following diagram.

To find the product of two elements we follow along the line on which they
appear, their product is the next element in the line. The direction of the
arrows indicates the product being the positive or negative of the third
element along a line. As examples we have ij = k and (—il)j = kl. Using
the Fano plane, we can see that [0, Q] = Q.

We can also obtain the octonions by applying the Cayley-Dickson dou-
bling process to the quaternions. Then O = H&HI with the product defined
as follows for q1,q2,q3,q4 € H.

(g1 + @2 (g3 + qal) = (193 — Qaqe) + (aq1 + @231

Let 0 := ZqEB@ agq € 0. We call 7 := a1 — quB@—{l} aq,q the conju-
gate of 0. The conjugate map is an involution. The trace of o is defined
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astr(oc) = o +7 € R1. We set Qg := {0 € O|tr(c) = 0}. We define an
inner product n: O x @ — R by n(o1,02) := tr(o102). The basis Bg is an
orthonormal basis relative to n. There is a norm n: O — R>q related to the
inner product which is defined by n(c) := in(o,0) = 0.

Remark F.2: To see that O is non-associative, we note that

((ij)1 = k1 # —kI = i(j1).

Moreover, the only elements which are associative (and commutative) with
all of Q are multiples of 1.

Proposition F.3: Suppose z,y, z,t € Q. Then

1. n(zy) = n(z)n(y),
2. n(x)n(y, z) = n(zy, xz),
3. n(z,t)n(y, z) = n(zy,tz) + n(ty, zz), and

4. n(Ly(y),z) = n(y, Lz(2)), where Ly, (v) := uv, for all u,v € O.
Proof.

(1): Using alternativity and the fact that the norm of any octonion is real,
we find

n(zy) = (xy)(Ty) = (2y)(y T) = n(y)T = 2Tn(y) = n(z)n(y).
(2): Using part (1), we note that

n(z(y+ z)) = n(z)n(y + 2) = n(x)%[n(y, y) +n(z,z) +2n(y, 2)]

= n(z)[n(y) +n(z) + nly, 2)] = n(zy) + n(zz) + n(z)n(y, 2).

Moreover, we also have

n(zx(y+ z)) = n(zy + z2) = %[n(xy, zy) + n(xz, zz) + 2n(zy, 2)]

= n(zy) + n(xz) + n(zy, zz).

Therefore, n(xy) + n(zz) + n(x)n(y, z) = n(zy) + n(xz) + n(zy, zz).
The result follows.
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(3):

Using part (2), we note that

n(z +t)n(y, z) = n((z + t)y, (z + t)2) = n(zy + ty, zz + t2)
= n(zy,zz) + n(zy, tz) + n(ty, xz) + n(ty, tz).

Moreover,

n(z +t)n(y, z) = [n(x) + n(t) + n(z, t)n(y, z)
= n(zy,zz) + n(ty, tz) + n(z, t)n(y, 2).

The result follows since the equations above are all equal.

: Using part (3) we find

n(xy, z) +n(y, zz) = n(x, 1)n(y, 2) = tr(x)n(y, z) = n(y, tr(z)2).

Therefore,

Example F.4: We consider some examples of Lie algebras arising from the
octonions.

1.

The algebra of all linear transformations of the octonions, gl(Q). Since
dim(0Q) = 8 we can see dim(gl(Q)) = 64. The following examples are
all subalgebras of gl(0).

We know that dim(Qy) = 7, therefore gl(Qp) = 49.
We consider the algebra of all derivations of the octonions

g2 := Der(0) :={d € gl(0) | d(zy) = zd(y) + d(z)y, Vz,y € O}.
We discuss this algebra further in Chapter 4.

We consider the special orthogonal algebra relative to the inner prod-
uct n

50(0o,n) := {f € gl(O) |n(=, f(y)) = —n(y, f(2)), Va,y € Op}.

This has the same dimension as s0(7) (dim(Qy) = 7) which has di-
mension 21.
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