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AN INTRODUCTION TO LIE ALGEBRAS AND LIE GROUPS 2

1. LIE ALGEBRAS

1.1. General Algebras.

Definition 1.1. 1. An algebra over a field K is a K-vector space A equipped with a
bilinear map

AxA— A, (a,b) — a.b.
2. An associative algebra is an algebra (A, -) such that
a.(b.c) = (a.b).c, for all a,b,c € A.
3. A unital algebra is an algebra (A, -) containing an element 1 satisfying
la=al=a, for all a € A.
4. An algebra (A,.) is called commutative if
a.b=b.a, for all a,b € A.

5. A K-linear map f : A — B between two K-algebras is called an algebra homomor-
phism if

f(a.b) = f(a).f(b), for all a,b € A.

It is called an algebra isomorphism if f is bijective.
6. An algebra homomorphism f : A — B, between two unital algebras A, B, is said
to be unital if f(14) = 1p.

Example 1.2. The field of real numbers R is an algebra over itself. The field of complex
numbers C is an algebra over itself and over R. Both are commutative.

Example 1.3. The quaternions H form an algebra over both the real and the complex
numbers. Note that it is not a commutative algebra since, for example ij = —ji.

Example 1.4. For n > 2, the n x n-matrices M, (K), over a field K), are a noncommu-
tative algebra over K.

Example 1.5. The octonions O form a non-associative algebra over both the real and
the complex numbers.

1.2. Definitions and Examples of Lie Algebras. Lie algebras are a very important
family of nonassociative algebras. Before defining them we will recall how the motivating
example of a Lie algebra can be constructed from an associative algebra.

Definition 1.6. Let A be an associative algebra over a field K. Define the commutator

[—,—]: Ax A— A, (z,y) = zy — yx.
Lemma 1.7. This map satisfies
1. [—,—] is bilinear,
2. [z,2] =0, for all z € A,

3. |z, [y, 2]l + [y, [z, 2]] + |2, [z, y]] =0, forall z,y,z€ A.
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A very important point is that the bracket [—, —] is not associative. The following
definition (probably the most important in the course) axiomises the properties of the
commutator bracket.

Definition 1.8. A Lie algebra over a field K is a pair (L, [—, —]), where L is a K-vector
space, and [—, —] is a bilinear map
[, —]:LxL—L
called the Lie bracket, satisfying
1. [z,z] =0, for all x € L, (anti-commutativity),
2. [z, [y, 2]] + [y, [z, z]] + [2, [z,9]] = 0, for all z,y,z € L, (Jacobi identity).

Lemma 1.9. For any Lie algebra L, it holds that

[[L‘, y] = —[y,x]
Conwversely, for a vector space L over a field K of characteristic not equal to 2, a bilinear
map L x L — L satisfies [x,y] = —[y, x| only if it is anti-commutative.

Proof. The anti-commutativity axiom of the definition of a Lie algebra implies that

0=[z+y,z+y]=[z,z]+ [z,y] + [y, 2] + [y, 9] = [z,9] + [y, 7],

and so, we must have that [z,y] = —[y, z].
Conversely, if [z,y] = —[y, x|, for all z,y € L, then we have [x,z] = —[x, z], or equiva-
lently, we have 2[x,z] = 0. Since char(K) # 2, this implies that [z, z] = 0. O

Definition 1.10. Let L be a Lie algebra. A Lie subalgebra of L is a subspace M C L
such that [z,y] € M, for all z,y € M.

Note that M equipped with the restricted bracket operation is itself a Lie algebra. We
now consider a special case of the Lie algebra considered in Definition [1.6

Example 1.11. Let V be a K-vector space and Endg (V') denote the space of linear
endomorphisms of V' (i.e. K-linear maps from V to itself). This has an algebra structure,
given by composition o, and so, we can consider the commutator bracket

[A,B]=AoB—BoA, for A, B € Endg (V).
We call the pair (Endg(V),[—, —]) the general linear Lie algebra of V', and we usually
denote it by gl(V).

If V is finite-dimensional with dimension n, then choosing a basis of V' gives a K-linear
isomorphism between Endg (V') and M, (K), and the Lie bracket corresponds to the usual
commutator of matrices. We usually denote the concrete Lie algebra (M, (K, [—, —]) by

gl,,(K)).
Example 1.12. Consider the subspace
50, (K) := {A € gl,,(K) | tr(A) = 0} C gl,(K).
For any A, B € gl,,(K), we have that
tr([A,B]) =tr(AoB—-BoA)=tr(AoB) —tr(Bo A) =0.
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Therefore sl,(K) is closed under the Lie bracket, and hence it is a Lie subalgebra of
gl,,(K). We call it the special linear algebra of order n.

1.3. Derivations and homomorphisms. NOTE: The algebras in this subsection are
not necessarily associative nor Lie algebras.

Definition 1.13. Let A be a K-algebra. A linear map ¢ : A — A is called a derivation
if it satisfies the Leibniz rule

d(a.b) = d(a).b+ a.6(b), for all a,b € A.
The set of all derivations of A is denoted by Der(A).

Definition 1.14. An algebra homomorphism between Lie algebras is called a Lie algebra
homomorphism. Explicitly, a linear map f: L — L, for L a Lie algebra, is a Lie algebra
homomorphism if

flz,yl) = 1f (@), F(y)], for all z,y € L.
Lemma 1.15. Let A be an algebra over a field K. For 6,8 € Der(A), the commutator
(6,0 =608 —8§ 06
is again a derivation. In particular, Der(A) is a Lie subalgebra of gl(A).
Proof. Let 6,8 € Der(A). For any z,y € A, it is easily checked that
16,8 (y) = [6,8) @)y + =[5, 8)(x),
and so, [d, 0] € Der(A). Moreover, if 6, € Der(A) and ¢ € K, then evidently
§ + &' € Der(A), and cd € Der(A).

Thus we see that Der(A) is a Lie subalgebra of gl(A). O
Lemma 1.16. Let L be a Lie algebra. Then, for any x € L, the map

ad(z) =:ad, : L — L, y — [z, 9]
1s a derivation, called an inner derivation. The map

ad : L — Der(L) C gl(L), x — ady

18 a homomorphism of Lie algebras, called the adjoint representation of L.

Proof. The Leibniz rule for ad, can be written as
ad([y, z]) = [ad(y), 2] + [y, adz(2)], for all y,z € L.
Equivalently, this can be rewritten as
[z, [y, 2]] = [z, ], 2] + [y, [z, 2]].
Using anti-commutativity, this can in turn be rewritten as
[z, [y, 2] = =[2 [z, ] = [y, [2, 7]]

which is clearly equivalent to the Jacobi identity. This implies that ad, € Der(L). For
any 0 € Der(L), we have

[6,ady](2) = 6([y, 2]) — ady(8(2)) = [0(y), 2] + [y, 6(2)] = [y, 0(2)] = [0(y), 2] = adsy) (2)-
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Therefore [§, ad,] = ads(y). In particular, for the special case of § = ad,, we obtain
[adx, ady] = adadm (y) = ad[x,y].

Thus we see that ad : L — Der(L) is a Lie algebra homomorphism. (]

2. IDEALS, QUOTIENTS, AND REPRESENTATIONS OF LIE ALGEBRA

In this section we will assume that char(K) = 0 and that all our Lie algebras and vector
spaces are finite-dimensional.

2.1. Ideals.

Notation 2.1. Given a Lie algebra L and subspaces A, B C L, we denote
[A,B] C L :=spang {[z,y] |z € A, y € B}.

Definition 2.2. Let L be a Lie algebra.

1. A subspace I C L is called an ideal of L if for any x € L and y € I, we have
[x,y] € I, or equivalently [L,I] C I.
2. The center of L is

Z(L)={z € L|[z,y=0, forally € L} = {z € L|[z, L] = 0}.

3. The derived Lie algebra of L is [L, L].
4. A Lie algebra L is called abelian, or commutative, if [x,y] = 0, for all z,y € L, or
equivalently if [L, L] = 0.

Lemma 2.3.

1. Fvery ideal I C L is also a Lie subalgebra of L.
2. [L,I] C I implies also [I,L] C I.

3. The center Z(L) is an ideal of L.

4. The derived algebra [L, L] is an ideal of L.

Proof. This is left as a simple exercise. O

Note: It is important to note that point 2 of the lemma means that there is no
difference between right and left ideals.

Example 2.4. If f : L — L is a Lie algebra homomorphism, then ker(f) is an ideal of
L . Indeed, given any x € L and y € ker(f) , we have

f(,y]) = [f(2), f(y)] = [f(2),0] = 0.
Thus [z,y] € ker(f).
Example 2.5. If L is abelian then any subspace I C L is an ideal of L.

Definition 2.6. Given an ideal I C L, the quotient vector space L/I can be equipped
with a Lie algebra structure as follows: the bracket on L/I is defined by

[+ 1,y+1I] =[x,y + I, for all z,y € L.
This Lie algebra is called the quotient Lie algebra of L by I.
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For any such quotient, the map
proj: L — L/I, x — [z +I]
is clearly a Lie algebra homomorphism.

Note: The quotient as a vector space is just the usual quotient of vector spaces. You
should convince yourself that the Lie bracket is well-defined as a bilinear map.

L=0b,(K)= {(g Z) ya,b,deK}

be the Lie algebra of upper-triangular matrices and

1—{(8 g) !beK}.

Then I is an ideal of L and L/I is isomorphic to the abelian algebra K of diagonal
matrices.

Example 2.7. Let

Lemma 2.8. Let L be a Lie algebra, and let I and J be two ideals of L, then [I,J] is
also an ideal of L.

Proof. This follows directly from the Jacobi identity. O

2.2. Representations of Lie Algebras. In previous sections we have introduced the
definition of a Lie algebra as a generalisation of the properties of the commutator bracket
of the space of linear operators on a vector space. A very important part of Lie theory
is to find concrete realisations of Lie algebras as linear operators on some vector space,
this allows us to apply the tools of linear algebra to study an abstract Lie algebra. This
process is formalised in the notion of a representation, which we now present.

Definition 2.9. Let L be a Lie algebra, over a field K.

1. A representation of L is apair (V, p), where V is a K-vector space and p : L — gl(V)
is a Lie algebra homomorphism.
2. An L-module (or module over L) is a vector space V with a bilinear map

LxV =YV, (z,v) — 20,

such that [z,y|v = zyv — yav, for all z,y € L,v € V.
3. For a representation or a module we say that L acts on V.

Lemma 2.10. There is a bijective correspondence between representations of L and
L-modules. Given a representation (V,p), we can equip V' with an L-module structure
by setting

(z,v) — zv = p(x)v, forxe LiveV.
Proof. This map satisfies the axiom of an L-module, as is clear from

[z, y]v = p([z,y])v = [p(), p(y)]v = (p()p(y) — p(y)p(z))v = TYV — Y2V

The fact that this gives a bijective correspondence we leave as an exercise. ([
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Example 2.11. Any vector space V, so in particular K, can be equipped with the trivial
action of L defined by

zv =0, foralz e L,veV.

Example 2.12. For any vector space V, the general linear algebra gl(V') acts on V
in an obvious way. This representation is called the standard representation, or vector
representation, of gl(V).

Example 2.13. We have seen that the map
ad : L — gl(L), x +— ady,
is a Lie algebra homomorphism. We call it the adjoint representation of L. Note that
ker(ad) = {z € L|ad, =0} = {x € L|[z, L] =0} = Z(L)

is the center of L.

This is in fact a special example of the following general result.

Lemma 2.14. For (V,p) a representation of a Lie algebra L, the kernel
ker(p) = {z € L p() = 0}

is an ideal of L.

Proof. For x € ker(p), and y € L, we have that

plz,9]) = [p(x), p(y)](v) = 0.
Thus we see that [z, y] € ker(p), which is to say, ker(p) is an ideal of L. O

Definition 2.15. Let L be a Lie algebra.
1. A linear map f: V — W between L-representations is called a module map if
flaxv) = xf(v), forallz € L,ve V.

It is called a isomorphism of modules if it is an isomorphism of vector spaces, that
is, if it is bijective.

2. Given an L-module V , a subspace W C V is called a submodule of V if zv € W,
forallx € L,ve W.

3. Given an L-representation V', an element v € V' is called L-invariant if zv = 0, for
all z € L. The vector space of all L-invariant elements of V', which is a submodule
of V, is denoted by VL.

We can use submodules to construct new representations, as we see in the following
lemma.

Lemma 2.16. IfV is an L-module and W C V is a subrepresentation, then the quotient
space V/W can be equipped with the structure of an L-representation

z(v+W)=av+W, forze LiveV.

Proof. This is left as an easy exercise. O
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3. NILPOTENT AND SOLVABLE LIE ALGEBRAS

In this section we introduce nilpotent, and more generally solvable, Lie algebras. These
Lie algebras are, in some sense, at the opposite end of the spectrum from semisimple Lie
algebras that we will meet in the next section.

3.1. Basics of Nilpotent Lie Algebras. Recalling the derived subalgebra of a Lie
algebra considered in Lemma [2.3] we see that the process can be iterated to give a series
of ideals in L. This observation gives us the definition of nilpotent Lie algebras, which
comprise an extremely important class of Lie algebras.

Definition 3.1. Let L be a finite-dimensional Lie algebra.
1. Define the central series of ideals in L is given by
LY=L, L":=[L,L" Y, for n € Z>;.
2. L is called nilpotent if L™ = 0, for some m € Zx>.
Note that by Lemma the terms in the central series are ideals of L.
Example 3.2. The simplest example of a nilpotent Lie algebra is an abelian Lie algebra.

Lemma 3.3. Forn > 1, the following conditions are equivalent

1. L™ =0.
2. [x1, [T2, oy [Tn, Tng1]]] = 0, for all z1, ..., 241 € L.
3. adg, o---oady, =0, for all x1,--- ,x, € L. In particular, if L is nilpotent then

ady is a nilpotent operator, which is to say, ady =0, for all x € L.
Example 3.4. Let
L = {(ay) € gl,,(K) [ aij = 0 for i > j} € gl,,(K)

be the Lie algebra of upper-triangular matrices. Let us show that L is nilpotent. The first
term L° = L is spanned by matrices E;j with j > ¢ (where Ej; has 1 on the intersection
of i-th row and j-th column and zero otherwise). For any i < j, k < [, the second term
in the derived series L' = [L, L] is generated by

(Eij, B = Eij By — EnEij = 05E5 — 61 Ey;j.

Now we can assume, without loss of generality, that ¢ # [ (convince yourself that this is
true). Thus we see that [L, L] is spanned by elements of the form Ej;, such that [ —i > 2.
This means that F; lives at least two vertical positions above the diagonal. Continuing
this process we obtain that L* is spanned by the matrices E;j, with j —1 > k+ 1. This
implies that L"~! = 0 and hence that L is nilpotent.

3.2. Engel’s Theorems. We begin with two simple lemmas that will be used in the
proof of the main theorem of this section, that is, Engel’s theorem, one of the basic
results about nilpotent Lie algebras.

Lemma 3.5. Let L be a Lie subalgebra of Endg (V') consisting of nilpotent operators.
Then L acts nilpotently on itself, with respect to the adjoint representation.
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Proof. For any x € L, consider the operators
L,:gl(V)—gl(V), Yy TOoy
R, : gl(V) — gl(V), Y youmx.

Since each € L acts nilpotently on V' by assumption, there exists an n € Z~g such
that ™ = 0. Therefore we must have that L7 = R, = 0. Moreover, since

LyoRy(y) = La(yox) =xoyox = Ry(roy) = Ryo Ly(y),
we see that the two operators L, and R, commute. Note next that

adz(y) = vy — yz = La(y) — Ra(y)-
By the above properties of L, and R,, we have that

2n

2

ad2(y) = (—1)“< ZZ) L2 0 R%(y) =0, forallye L.
a=0

Thus L acts nilpotently on itself. U

Lemma 3.6. Fvery Lie algebra of dimension greater than 2 admits a proper Lie subal-
gebra.

Proof. Take any x € L. Since [z,z] = 0 the subspace Kz is a one-dimensional Lie
subalgebra of L. Moreover, since dim(L) > 2, it is a proper Lie subalgebra. U

Definition 3.7. For any Lie algebra L, and any Lie subalgebra S C L, the subspace
N(S)={zeL|[z,S]CS}CL
is called the normalizer of I.

Lemma 3.8. The normailser of a Lie subalgebra S C L is a Lie subalgebra of L.
Moreover, S is an ideal of N(S).

Proof. This is left as an exercise. O

Lemma 3.9. Let L be a Lie algebra and (V, p) a non-zero finite-dimensional represen-
tation of L such that p(z) € Endg(V) is nilpotent, for all x € L. Then there exists
a non-zero v € V such that p(xz)v = 0, for all x € L, that is, a non-zero L-invariant
element.

Proof. To ease notation, we will denote the Lie subalgebra p(L) C Endg(V) by K.
Moreover, we note that since any x € K is nilpotent by assumption, there must exist a
v € V such that zv = 0. (Thus every element of K has a non-trivial kernel, the thing
we need to prove is that the all the elements x have a common v in their kernels.)

We will prove the result by induction on the dimension of the Lie algebra K. Assume
first that dim(K) = 1, or equivalently that for any x € K, we have K = Cz. Then for
any v € ker(x), we have (Az)v = 0, which is to say Kv = 0.

Let us now assume that the result holds true for all K of dimension less than or equal to

n, for some n > 2. Let I C K be a maximal proper subalgebra (since dim(K) > 2, such
an I exists by Lemma . Let us show that I is an ideal of K: Take the normaliser

N({I)={x e K|[z,I] CI}.
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Just as for any normaliser, we have I C N C K. If we could establish that N = K,
then Lemma [3.§ would imply that I was an ideal of K. By maximality of I, it is enough
to show that [ is properly contained in N. To do so we use the inductive hypothesis:
It follows from Lemma that K acts on itself nilpotently, and so, the Lie subalgebra
I must act on K/I nilpotently (note that this action is well-defined since I is a Lie
subalgebra of L). Since dim(/) < dim(K), our inductive hypothesis implies that there
exists a non-zero element = + I € K/I such that

adm(z+1) =0, for all m € I.
This of course then implies that
[,]]C 1 = x¢€N(I).
Therefore, since x ¢ I (otherwise we would have x + I = 0) we must have that I is
properly contained in N. Thus we see that I is an ideal of K.
Consider next the vector subspace
W=VI={veV|lv=0}CV.

Since dim(/) < dim(K), our inductive hypothesis implies that W contains a non-zero
element. Moreover, W is a K-submodule of V| as we see from

mav = xmv — [z, m|v = 0, forallmel, xe K,veW.
This means that W is a K-module satisfying
IW =0.
Thus we have a well-defined action of the quotient Lie algebra K/I on W:
K/I xW — W, (k+ I,w) — kw.

Since dim(K/I) < dim(K), our inductive hypothesis implies that there exists a v € W
such that (K/I)v = 0. Thus we see that Kv = 0, giving us the required vector v € W C
V. O

Theorem 3.10. Let L be a Lie algebra and (V,p) be a non-zero finite-dimensional
representation of L such that p(x) € End(V') is nilpotent, for all x € L.

1. There exists a basis of V such that each p(x) is strictly upper-triangular with
respect to this basis.
2. There exists a filtration by subrepresentations

0=VycWViC---CV,:=V
such that LV C Vi_1, or equivalently such that L acts trivially on the quotient
module Vi, /Vi,_1, for 1 <k <n. Moreover, dim(Vj/Vi_1) = 1.

Proof.

1. Recall from the theorem above, that we have a v in the common kernel of the
elements of p(L). Noting that Kv C V is a subrepresentation of V', we can apply our
inductive assumption to the quotient representation V' := V/Kuv. This gives a basis

V2,...,Up
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of V', with respect to which the elements of L act as strictly upper-triangular matrices.
Consider now a collection of elements vg,vs,...,v, € V satisfying n(v;) = v}, where
7 :V — V/Kv; where 7 is the canonical projection. The set

{v1 :==v,v9,...,00}

forms a basis of V. Now with respect to this basis, p(x) is strictly upper triangular (you
should think about this).

2. We define Vj, := spang{v1, ..., v}, for 1 <k <n. As the matrix of p(x) is strictly
upper-triangular, it maps vg to a linear combination of v1,...,vg;. This implies that
p(x)Vi C Vi—1. Moreover, we see that dim(Vy/Vi_1) = 1. O

Theorem 3.11 (Engel). A finite-dimensional Lie algebra L is nilpotent if and only if
ad, € gl(L) is a nilpotent operator for all x € L.

Proof. If L™ = 0 then ad], = 0, for all z € L. Conversely, assume that ad, is nilpotent
for every x € L. Applying Corollary to the adjoint representation ad : L — gl(L),
we can find a filtration by subspaces

0=V CViC---CV,=1L
such that ad, (V%) C Vi_1, for allx € L and k > 1. In other words, LVj C Vj_1, meaning
that the n-fold Lie bracket satisfies [L, [L,[---]---] = 0. O
3.3. Basics of Solvable Lie Algebras. In this subsection we introduce an important
generalisation of the definition of a nilpotent Lie algebra.
Definition 3.12. Let L be a Lie algebra.

1. The derived series of ideals in L is given by

LO =, LM = (=1 =1 for n > 1.
2. L is called solvable if L™ = 0, for some n € Zy,>1.

Note: We note that solvable implies nilpotent, but the other implication is not true in
general. In other words, solvable is a weaker requirement than nilpotent.

Lemma 3.13. Let L be a Lie algebra.

1. If I C L is an ideal and L is solvable then I, L/I are solvable.
2. If I C L is an ideal and I,L/I are solvable then L is solvable.
3. If 1,J C L are solvable ideals then I + J is solvable.

Proof.

1. Let L™ = 0. Then I™ C L™ = 0 and I is solvable. Let 7 : L — L/I be
the canonical projection, and let us prove by induction that w(L*)) = (L/I)(®): The
equality clearly holds for n = 0. Assuming that it holds for n = k, we see that

w(LO) = (1L, LO)) = [w(L®), w(L®)] = (/DD (L/)P) = (L/1) ¢+,

In particular (L/I) = x(L™) =0 and L/I is solvable.
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2. Assume that 1™ = 0 and (L/1)(™ = 0. Then 7(L™) = (L/I)™ =0 in L/I and
therefore (L)) C I. This implies that L™+ C (™) = 0 and hence that L is solvable.
3.  There is a natural isomorphism

I+ J)/I~J/(INJ).

If J is solvable then also the quotient J/(I N J) is solvable by (1). Therefore (I 4 J)/I
is solvable and if I is solvable then I 4 J is solvable by (2). O

3.4. Lie’s Theorem. In this subsection we prove Lie’s theorem. Note that we need to
assume that our field K has characteristic zero. For non-zero characteristic Lie’s theorem
fails in general.

Lemma 3.14. Let L be a Lie algebra over a field K of characteristic zero, I C L an
ideal, and V a finite-dimensional representation of L. For any linear map A : [ — K,
consider the space

Vi={v eV]zv=Az)v, foralxel}.
It holds that

1. [L, 1]V =0, 2. Vy is an L-submodule of V.

Proof. If V), = 0 then both claims holds trivially, so we will assume that V) is non-zero.

1. Choose some x € L, and note that since I is an ideal, [z,y] € I, for all y € I, and
so [z,y] acts on V) as A([z,y]). Thus we want to show that A\([z,y]) = 0, for all z € L,
and y € I. Let 0 # w € V) and denote wy, := 2* 1w, for k > 1. Let us show that

k—1
(1) ywi, = AMy)wg, + Zaiwi, for any y € I,
i=1

by induction, where a; € K are some constants which depend on y and k. Note first
that, for £k = 1, we have yw = A(y)w. Assuming that the identity holds for k, we see

ywnss = yatw = (ay = [2,))o" " w = (oy = [o,9] Jur = aywe — [,y
By the inductive hypothesis, it holds that

k-1 k-1
TYwp, = T (A(y)wk +) aﬂﬂi) = AW)wki1 + Y aiwiga,
i=1 =1

and moreover that
k
—[z, ylwp = = ajw;.
i=1

(We note that aj, = A([z,y]), although we will not need to use this fact). Collecting
these terms together we get that

k
Ywi1 = My)Wiq1 + Z bjwj.
i=1
Thus by induction the identity holds for all k. Let us now consider U, the vector space
spanned by the elements wy, for k € Z~g. Note that since V is finite-dimensional, U is
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necessarily also finite-dimensional, meaning in particular that there exists a maximal n
such that the set

B = {wi,we,...,wy}
is linearly independent. Clearly, by the construction of U it holds that zU C U.

Equation now implies that, with respect to the basis B, every y € I acts on U as
upper triangular matrices with the diagonal entries given by A(y). From this we see

tr(y) = nA(y), for all y € I.
Since I is an ideal, the previous identity can be applied to [z, y] € I, which is to say

0 = tr(fz, y]) = nA([z,v]),

where we have used the fact that the trace of the commutator of two operators is al-
ways zero. Since our field K is by assumption of characteristic zero, it must hold that
A[z,y]) = 0. Thus [I, L]V) = 0 as claimed.

2. Forany xz € L, y € I, we now know that [z,y]v = 0, for all v € V). This means
yzv = ryv — [2,y]v = TYU = A(Y)7V,
proving that xv € V). Thus we see that V) is an L-submodule of V. O

Theorem 3.15 (Lie’s Theorem). Let L be a solvable Lie algebra over an algebraically

closed field of characteristic 0, and let (p, V') be an n-dimensional non-zero representation
of L. Then

1. there exists a common eigenvector 0 # v € V' of L, that is, an eigenvalue of p(x),
for all x € L, which is to say, Kv is a subrepresentation of L,

2. there exists a basis of V' such that p(x) is upper-triangular in this basis, for all
r€eL,

3. there exists a chain of subrepresentations

0=WwWcWnc...cVv,=V,
such that dim(Vy/Vi_1) =1, for 1 <k <n.

Proof. 1. Since L is solvable, we have [L, L] # L. Indeed if
LW =[L,1]=L,
then we would have
L@ =MW W) =[L, L] =L,
and more generally L(¥) = L, contradicting our assumption that L is solvable.

This means that we can choose a codimension 1 subspace I satisfying
[L,L]CIC L.
Note that since [L, L] C I we must have that I is an ideal.

Let us now follow an inductive argument on the dimension of L. Note first that 1. is
trivially true for L = 0. Assume next that 1. holds for all Lie algebras of dimension
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less than that of L. This means, in particular, that there exists a common eigenvector
v eV, for all y € I. Or equivalently, there exists a linear function A : I — K such that

yv = A\(y)v, for all y € I.
From this we see that the space
W ={veV|yv= Ay, forallyel}
is non-zero. Note that by the previous lemma, W is necessarily an L-submodule of V.
Given an x € L, such that x ¢ I, the map
z: W =W, w — TW

has a non-zero eigenvector v € W (since we are assuming that K is algebraically closed).
In fact, the definition of W implies that v is a common eigenvector of Kz + I = L.

(1 = 2) We will use an inductive argument on the dimension of V. Clearly, the
result holds when dim(V') = 1. Let us now assume that it holds for all representations of
dimension less than n. Denoting v; := v (the common eigenvector of L), we can consider
the (n — 1)-dimensional quotient representation

V/ = V/KUl.
!

By the inductive hypothesis V' admits a basis (v}, ..., v]) with respect to which z is an
upper triangular matrix, for all z € L. Lifting this basis to some vectors vo, ..., v, in V,
we see that (vi,ve,...,v,) is a basis of V' with respect to which p(x) is upper triangular.

(2 = 3) Choose a basis as above and define

Vi := spang{vi,..., v}
The fact that each matrix p(x) is upper triangular implies that each Vj is a subrepre-
sentation of V. Moreover, by construction the dimension condition is satisfied. U

Corollary 3.16. Let L be a Lie algebra over an algebraically closed field of characteristic
zero. Then L is solvable if and only if [L, L] is nilpotent.

Proof. Let us first assume that L is solvable. Consider the adjoint representation ad :
L — gl(L). It follows from Lie’s theorem that we can find a basis of L such that
all operators ad, are upper triangular. Recall that the commutator of any two upper
triangular matrices is strictly upper triangular (you should prove this if you didn’t know
it already). From this we see that

ady = [adz, ad,]

is a strictly upper triangular matrix. Hence, for every z € [L, L] the operator ad,
is strictly upper triangular, and so a nilpotent operator. It now follows from Engel’s
second theorem that [L, L] is a nilpotent Lie algebra.

Conversely, if [L, L] is a nilpotent Lie algebra then it is solvable. Hence
L(n+1) = ([L7L])(n) =0,

for some n > 1, hence L is solvable. O
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4. SIMPLE, SEMISIMPLE AND REDUCTIVE LIE ALGEBRAS

In this section we consider a new family of Lie algebras, namely simple, semisimple,
and reductive Lie algebras. These Lie algebras are characterised by having far fewer
ideals than solvable or nilpotent Lie algebras, and in a sense explained below, form a
complementary class of Lie algebras, at the opposite extreme to solvable Lie algebras.

Throughout this section, all Lie algebras will be assumed to be finite-dimensional.

4.1. Basic Definitions. We start with the definition of the radical of a finite-dimensional
Lie algebra L, the maximal solvable ideal of L.

Definition 4.1. For a finite-dimensional Lie algebra L, it follows from Lemma that
a maximal solvable ideal of L is given by

rad(L):= Y 1,
I€Solv(L)
where Solv(L) denotes the set of solvable ideals of L. We call rad(L) the radical of L.

As an immediate consequence of the definition we get the following lemma.

Lemma 4.2. Let L be a Lie algebra.

1. Since the center Z(L) is abelian, it is solvable and hence Z(L) C rad(L).
2. Ifrad(L) = L, then L must be a solvable Lie algebra.

Definition 4.3. Let L be a Lie algebra

1. L is simple if it is not abelian and it does not contain ideals except 0 and L,
2. L is semisimple if it does not contain any non-zero abelian ideals,
3. L is called reductive if Z(L) = rad(L).

Remark 4.4. Let L be an abelian Lie algebra L of dimension strictly greater than 1,
then for any x € L, the proper subspace Kz is an ideal of L. Hence L cannot be simple.
Thus we see that the requirement that a simple Lie algebra be non-abelian is equivalent
to requiring that L is not equal to the unique one-dimensional (necessarily abelian) Lie
algebra gl;.

Lemma 4.5. If a Lie algebra L contains a non-zero solvable ideal I, then L contains an
abelian idea J such that J C I C L. In particular, every solvable Lie algebra contains a
non-trivial abelian ideal.

Proof. Let I C L be a non-zero solvable ideal. Then there exists an n > 1 such that
I =0 and I £ 0. We have
[[(n—l)J(n—l)] -7 =

hence I (™1 is a non-zero abelian ideal of L. [l
Lemma 4.6. Let L be a Lie algebra. The following conditions are equivalent:

1. L is semisimple,
2. L does not contain any non-zero solvable ideals,
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3. rad(L) = 0.

Proof.
(1 = 2): By the above lemma, if L contained a non-zero solvable ideal, then it would
contain a non-zero abelian ideal, contradicting our assumption that L is semisimple.

(2 = 1): Since any abelian ideal is automatically solvable, if L does not contain any
non-zero solvable ideals, then it cannot contain any non-trivial abelian ideals.
(3 < 1) This is now clear from the equivalence of 1 and 2. O

Lemma 4.7. It holds that simple — semisimple —> reductive.

Proof. The first implication is clear. The second implication follows from the fact that
Z(L) is contained in the radical, and so, if we have zero radical, then clearly the center
and the radical coincide. O

Corollary 4.8. If L is abelian, then it is reductive. Hence abelian Lie algebras are both
solvable and reductive.

Proof. If L is abelian then L = Z(L) = rad(L), which is to say, L is reductive. O

Let us now summarise these facts in the following table:

Ideal Description | Implication | Lie algebra Property
0CZ(L)Crad(L)C L

Z(L)=rad(L) =L & abelian

rad(L) =L & solvable

0=Z(L) =rad(L) = simple
0=Z(L)=rad(L) & semisimple
Z(L) =rad(L) & reductive

Remark 4.9. Thus we see that the radical gives us a way of thinking about the semisim-
ple and solvable Lie algebras as being at either end of the spectrum of Lie algebras. At
one extreme we have that the radical is trivial, which is to say L is semisimple. At the
other end we have that the radical everything, that is rad(L) = L, that is, L is solvable.
In the middle we have all those Lie algebra for which the radical is a proper ideal of L.
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4.2. Reductivity Criterion. In this subsection we produce criteria for demonstrating
that Lie algebras are reductive or semisimple.

Corresponding to the idea of simplicity for a Lie algebra, we have the notion of simplicity
for a Lie algebra representation.

Definition 4.10. A representation (V,p) of a Lie algebra L is said to be simple, or
irreducible, if the only L-submodules of V' ore 0 and V itself.

A representation (V, p) of a Lie algebra L is said to be faithful if p: L — End(V) is an
injective map.

Lemma 4.11. Let (V,p) be an irreducible L-representation, then there exists a linear
map A : rad(L) — K such that zv = X(z)v, for all x € rad(L).

Proof. Since the radical is by construction solvable, Lie’s theorem tells us that there exists
a vg € V which is a common eigenvector of all the elements of rad(L). Equivalently,
this means that we have a linear map A : rad(L) — K such that xvg = A(x)vg, for all
x € rad(L). Let us denote

Wy ={veV|zv=Az)v, forall ze€lL}.

It follows from Lemma[3.14] that W), is necessarily an L-submodule of V. However, since
V is irreducible, and Wy # 0, we must have that V = W). O

Theorem 4.12. Let L be a Lie algebra, over a field of characteristic zero, admitting a
faithful irreducible representation (V, p).

1. Then L is reductive and dim(Z (L)) < 1.
2. If p(L) Csl(V), then L is semisimple.

Proof. Since the representation is faithful, we can identify L with its image in gl(V'). By
the above lemma, there exists a A : rad(L) — K every = € rad(L) acts on V as A\(x)idy .
Hence

rad(L) € Kidy C Z(L),
which since the opposite inclusion is clear, means that L is reductive.
Moreover, since rad(L) = Z(L) is contained in a 1-dimensional space, it has at most
dimension 1.
Assume now that L C sl(V). If rad(L) # 0, then it would be equal to Kidy. But this
would imply

idy € rad(L) C sl(V),
which is of course a contradiction. Thus we must conclude that rad(L) = 0 and hence
that L is semisimple. O

Example 4.13. The Lie algebras gl,,(K) and u,, are reductive, and the Lie algebras
s, (K) and su,, are semisimple.

Now we move onto a different approach to establishing reductivity for a Lie algebra.
This time we will use bilinear forms to verify the property.

Definition 4.14. Let 0 : L x L — K be a bilinear form. Then
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1. o is called symmetric if o(z,y) = o(y, ), for all z,y € L,

2. o is called invariant if o([z,y], z) = o(x, [y, 2]), for all z,y € L,

3. if o is symmetric, the we say that it is non-degenerate if for any x € L, we have
o(x,L) =0 if and only if x = 0.

Lemma 4.15. Let 0 : L x L — K be a bilinear L-invariant form. Then for every ideal
I C L, an ideal is given by
It ={zeL|o(x,y) =0, foralyecI}.

Proof. Exercise. O

Lemma 4.16. Let (V,p) be an L-representation. Then the bilinear form
ov:LxL—K, (z,y) = tr(p(z) o p(y))

18 symmetric and L-invariant.

Proof. Exercise. O

Definition 4.17. We call the symmetric L-invariant bilinear form associated to the
adjoint representation, which is to say the bilinear form

k=kr:LxL—>K, (x,y) — tr(ad, o ady),
the Killing form of L.

Exercise 4.18. For (V, p) an L-representation, let U be a L-submodule. We can consider
the sub-representation (U, py), and the quotient representation (V/U, py ;). Show that

oy =0y + oy/u-
(Hint: Take the linear isomorphism
VeUaU/V
and show that try is given on the direct sum by try @ tryy.)

Theorem 4.19. Let L be a Lie algebra over a field K of characteristic zero and let (V, p)
be a finite-dimensional L-representation such that oy : L x L — K is non-degenerate.
Then L is reductive.

Proof. Assume that V is not irreducible, and let us try to produce from V an irreducible
representation for which the associated bilinear form is non-degenerate: Let U be a
subrepresentation of V. From the exercise above we know that oy = oy + oyy. Now
oy can be non-degenerate if and only if oy and oy, is non-degenerate (Note that it is
an orthogonal decomposition.)

If the representation U is irreducible then we are done. If it is reducible, then we repeat
the process. Since V' is by assumption finite-dimensional, we will eventually arrive at an
irreducible representation with non-degenerate associated bilinear form. Thus we can
assume without loss of generality that (V, p) is non-degenerate.

It follows from Lemma that there exists a A : rad(L) — K such that, for any
xerad(L),y € L, v € V, we have

[, y]v = xyv — yaxv = A(z)yv — y(A(x)v) = 0.
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Thus we see that
ov ([2.4],2) = tr (p(fz,y])p(2) = 0, forall = €rad(L), y,2 € L.

In other words
JV([rad(L)7 L]a L) = 0.

But by assumption oy is non-degenerate, so we must have that
[radL, L] = 0.

This identity in turn shows us that rad(L) C Z(L), which since the opposite inclusion
is always true, tells us that rad(L) = Z(L). Thus L is indeed reductive. O

4.3. Cartan’s Criterion. In this section, we will work over the complex numbers C so
that we can take advantage of the following result:

Theorem 4.20 (Jordan decomposition). Any linear transformation x of a complex vec-
tor space V' has a unique decomposition

r=d+n

where d is a diagonalisable linear operator, and n is a nilpotent linear operator, and d
and n commute. We call this decomposition the Jordan decomposition of x.

Corollary 4.21. Let x have Jordan decomposition x = d + n.

1. there exists a polynomial p € C[X], such that p(z) = d,

2. Fiz a basis of V with respect to which d is diagonalisable. Let d denote the linear
map whose matriz (with respect to this choice of basis) is the complex conjugate
of the matriz of d. There is a polynomial ¢ € C[X] such that q(x) = d.

Exercise 4.22. Let V be a complex vector space and let L C gl(V') be a Lie subalgebra.
Use Lie’s theorem to show that there exists a basis of V' such that [L, L] can be written
as strictly upper triangular matrices. Then conclude that tr(xy) = 0, for all z € L, and
y €L, L]

Proposition 4.23. Let V' be a complex vector space and let L be a Lie subalgebra of
gl(V). If tr(xy) =0, for all x,y € L, then L is solvable.

Proof. We shall show that every x € [L, L] is a nilpotent linear map. It will then follow
from Engel’s theorem that every element of [L, L] can be written as a strictly upper
triangular matrix, and hence [L, L] is a nilpotent Lie algebra. We can then conclude
that L is solvable.

Let « € [L, L] have Jordan decomposition z = d + n, where d is diagonalisable, n is
nilpotent, and d and n commute. We can fix a basis of V' in which d is diagonal and n
is strictly upper triangular. Since our aim is to show that d = 0, it will suffice to show
that

where \; are the diagonal entries of d.
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The matrix d is diagonal, with diagonal entries \;, for i = 1,...,m. A simple computa-
tion shows that

=1

Now as = € [L, L], we may express x as a linear combination of elements of the form

[y, 2], for y,z € L. Thus it suffices to show that tr(d[y, z]) = 0. But this is equivalent to
showing B

w([d, %) = 0.
Thus by our hypothesis it suffices to show that [d,y] € L. In other words that ad; maps
L into L.

Exercise: Show that the Jordan decomposition of the linear operator ad, is in fact
given by
ad,; = adg + ad,,.

From this exercise, and the above corollary to the Jordan decomposition theorem, it
follows that there exist a polynomial ¢ € C[X] such that

gq(ad,) = adq = adj.

Now ad, maps L into itself, hence any polynomial in ad, maps L into itself, hence ad;
maps L into itself. O

Theorem 4.24. A Lie algebra L is solvable if and only if k(L,[L, L]) = 0.

Proof. Assume that x(L,[L, L]) = 0. Consider the adjoint map ad : L — gl(L) and its

image ad(L) C gl(L), which is of course again a Lie algebra. For any x,y, z € L, we have
tr(ad,[ady, ad.]) = tr(ad,, ady, .1) = r(z, [y, z]) = 0.

This implies that the conditions of the proposition above are satisfied, and hence that
[ad(L),ad(L)] is solvable, and hence that ad(L) is solvable. Recalling that ker(ad) =
Z(L), we see that ker(ad) is abelian and hence solvable. Thus since we just showed that
L/Z(L) ~ ad(L) is solvable, it must hold that L is solvable.

Conversely, assume that L is solvable. Then
ad(L) ~ L/Z(L)
is solvable (since Z(L) and L are). It now follows from Exercise that
0 = tr(adg[ady, ad.]) = tr(ad.[ad}, .|]) = x(, [y, 2]),
and hence that x(L,[L, L]) = 0 as claimed. O

Lemma 4.25. Let I be an ideal of a Lie algebra. Then the Killing form k1 of I coincides
with the restriction of the Killing form kp, to I.

Proof. If A € End(L) satisfies A(L) C I, then tr(A) = tr(A|r). (You should convince
yourself that this is true if it is not clear.) In particular, for any x,y € I the operators
adg, ady map L to I. Applying the first observation to A = ad,ad,, we obtain

ki(z,y) = tr(adgady) = tr(A4) = tr(Alr) = kr(z,y).
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Definition 4.26. For two Lie algebras (L, [—, —]1) and (K, [—, —| k) over K, their direct
sum is (L ® K,[—,—]), where L @ K is the direct sum of the vector spaces L and K,
and [—, —] is defined by

[, -]: K& LK, (I @k, lo @ ko) = [l lo]r + [k1, ko] k-
Note that by construction, L and K are ideals of L & K.

Theorem 4.27. Let L be a Lie algebra. The following are equivalent

1. L is semisimple,

2. the Killing form is non-degenerate (Cartan’s criterion),

3. L is isomorphic to a direct sum 11 @ - - - & I, of simple ideals,

4. L is isomorphic to a direct sum L1 @ --- @ Ly, of simple Lie algebras.

Proof.
(1) — (2) Let L be a semisimple Lie algebra. Consider
I:=L"={zeL|k(z,L) =0},

which is an ideal by L-invariance of £. By the lemma above, we have that k; = k| = 0.
By Cartan’s criterion for solvability, this means that I is solvable. But L is semisimple
by assumption, so we must have that I = 0. Hence « is non-degenerate.

(2) — (1) We saw earlier that if x is non-degenerate, then L is reductive, hence rad(L) =
Z(L). But if z € Z(L), then ad, = 0, hence
k(z,y) = tr(ad,, ady) =0, for all y € L.
This implies that z = 0, as k is nondegenerate. We conclude that
Z(L) =rad(L) =0,
which is to say, L is semisimple.

(1) — (3) If L is simple then we are done. Assume that I C L is a non-trivial ideal.
Then

It = {z e L|k(x,I) = 0},
is an ideal (check that this follows from L-invariance of the Killing form). The Killing
form is zero on the ideal I N I', meaning that it is a solvable ideal.

Since L is semisimple by assumption, it has no non-zero solvable ideals, hence INI+ = 0.
This implies that we have a vector space direct sum

L=IaI"
In fact, [I,I+] C I NI+ =0, meaning that we have a direct sum of Lie algebras.

Exercise: Prove that any ideal I of a semisimple Lie algebra is again semisimple.

From this exercise we see that I and I+ are semisimple. Following an inductive argument
we can now decompose I and I into a direct sum of simple ideals.

(4) > (1) Let L=Ly @ --- @ Ly, be a direct sum of simple Lie algebras. Let I C L be
an abelian ideal. The projection

g o L — Ly, (ll,,ln)*%ln
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is clearly a surjective Lie algebra map. Hence the the image of I under 75 is an abelian
ideal. However, the only abelian ideal of Ly is zero. This implies that 7, (1) = 0, for all
1 <k <n. Thus I =0, implying that L is semisimple. ([

Theorem 4.28. Let L be a semisimple Lie algebra. Then the adjoint map ad : L —
Der(L) is an isomorphism.

Proof. We know that ker(ad) = Z(L) (if you don’t recall the proof, you should try to

prove it again). This is an abelian ideal, so since L is by assumption semisimple,
ker(ad) = Z(L) =0

and hence that ad is an injective map.

Recall that ad maps L into the derivations of L. For any § € Der(L), and for any = € L,
we have
[0, ad,] = ads(,) € ad(L).
Thus we see that ad(L) is an ideal of Der(L).
The subspace
I:=ad(L)" = {z € Der(L) | per(r)(z,ad(L)) = 0}
is also an ideal. Since ad(L) ~ L, it is semisimple, we know that
KRad(L) = HDer(L)’ad(L)
is non-degenerate, and therefore I Nad(L) = 0. This implies that Der(L) = ad(L) @ I.
Let 0 € I, and x € L, then we have

ads(z) = [0,ad,] € [[,ad(L)] € I Nad(L) = 0.

But ad is an injective map, hence we must have §(z) = 0, for all € L, which is to say
6 = 0. Thus, since § was an arbitrary element of I, we must have that I = 0, meaning
that ad(L) = Der(L). O

Finally, we finish with an alternative characterisation of reductivity similar to the char-
acterisation of semisimplicity given above. We omit the proof which is similar.

Theorem 4.29. A finite-dimensional complex Lie algebra is reducitive if and only if it

s a direct sum of semisimple Lie algebra and an abelian Lie algebra.

5. SOME MORE ADVANCED RESULTS

5.1. Semi-Direct Products and Levi Decomposition.

Proposition 5.1. Let a and b be two Lie algebras, and p : a — Der(b) a Lie algebra
homomorphism to the derivations on b. The vector space a & b admits a unique Lie
bracket restricting to the Lie brackets on a and b and such that

[a,b] = p(a)(b), foralla € a, beb.
Proof. Exercise. U

Definition 5.2. This is called the semidirect product of g and a and we denote it by
gD, a.
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Theorem 5.3 (Levi Decomposition). Let L be a finite-dimensional Lie algebra over a
field K of characteristic zero. Then there exists a semisimple subalgebra s C g such that
g is the semidirect product

g~ s @, rad(g),
for a suitable homomorphism m : s — Derg(rad(g)).

5.2. Ado’s Theorem.

Theorem 5.4 (Ado’s Theorem). Every finite-dimensional Lie algebra g over a field of
characteristic zero admits a faithful representation representation p : g — gl(V), for
some finite-dimensional V.

6. THE RoOT SPACE DECOMPOSITION OF A COMPLEX SEMISIMPLE LIE ALGEBRA

6.1. The Root System of sl3. For sl3, denote by §h C sl3 the 2-dimensional Lie subal-
gebra of diagonal metrices. Suppose that h € b, and denote

aq 0 0
h:= 0 a9 0
0 0 as

Then we see that, for i # j,
adp(eij) = (a; — aj)ei;,

which is to say, e;;, for ¢ # j, is a common eigenvector of ady, for all h € h. Moreover,
since b is abelian, h C ker(ady,), for all h € b.

We can write this more formally in terms of weights. Defining a function
g :h—C, h — a;, h— a;,
we have
adp(eij) = (gi — &) (h)ei;.

We call the linear functionals &; — e; € b*, where h* is the C-linear dual of b, weights.

In fact, denoting
Lij := Le;—c; = {x € s3(C) |ady(x) = (e; — gj)(h)x, for all h € b},
we have that
L;j = Ceyj, for i # j.
Thus we see that

i#j
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6.2. General Weight Space Decompositions.

Lemma 6.1. Let H be an abelian sub-algebra of a Lie algebra L, consisting of semisimple
elements, then L admits a common eigenbasis for the operators

{ady |h € H}.
Given a common eigenvector z € L, the eigenvalues can be encoded by the weight
functional
a, : H—C,
determined by
adp(z) = a(h)x, for all h € b.
Definition 6.2. For each a € bh*, we call
L, :={z € L|adp(x) = a(h)(z), forall hebh},

the weight space of a.

Note that since
Ly ={x € L|adp(xz) =0, for all h € h}

is the centraliser of h in L. Since b is abelian, we have that h C Lg. In fact, this inclusion
is an equality, even though we will not have time to prove it in this course.

Definition 6.3. We denote by A the set of non-zero a € h*, for which L, # 0.
Lemma 6.4. The set A is finite.

Proof. Note that we have the decomposition
L~Ly® P L.
aEA

Since each L, has dimension at least one, it is clear that A must be a finite set. O

Lemma 6.5. For any «, B € b*, it holds that

1. [La, Lg) € Loy g,
2. if o # —f, then k(Lq, Lg) =0,
3. the restriction k : Ly x Ly — C of the Killing form to Ly is non-degenerate.

Proof. 1. Take x € Ly, y € Lg, we need to show that if [x,y| is non-zero, then it is an
eigenvector of ady, for all h € b, with eigenvalue «(h) 4+ 5(h). From the Jacobi identity,
we have

ady([z,y]) = [h, [z,9]] = [[h, 2], 9] + [z, [h, Y]]
[a(h), 5] + [z, B(h)y)
= (a+ B)(h)[z,y].
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2. Since a+ f # 0, there exists a h € b such that (a+ 5)(h) # 0. Now, for any = € L,
and y € Lg, we have
o)z, y) = 5((, 2], )

= —#([z,hl,y)

= — B(h)k(z,y).
Hence

(a+ B)(h)k(z,y) = 0.

Since by assumption (a + 3)(h) # 0, we must have that x(z,y) = 0.

3. Consider some z € Ly and k(z,x) = 0, for all z € Ly. By 2, we know that Ly is
perpendicular to L, (with respect to the Killing form), for all a # 0. If a € L, then we
can write x as

x:mo—i—Zaja, for o € L.
aEA
By linearity k(z,z) = 0, for all x € L. Since s in non-degenerate, it follows that
z=0. U

6.3. Cartan Subalgebras.

Definition 6.6. An element h of a Lie algebra L is called semisimple if ady, is diago-
nalisable, that is to say, if L admits an eigenbasis for the operator ady,.

Definition 6.7. A Lie subalgebra b of a Lie algebra L is said to be a Cartan subalgebra
if b is abelian, every element of § is semisimple, and § is maximal with respect to these
properties.

Since the Killing form & : Ly x Ly — C is non-degenerate, and Ly is finite-dimensional,
we have an induced isomorphism

b:bh—b*, h i k(h,—).
We denote the inverse to b by
£ih b,
By abuse of notation, we denote the induced bilinear form on h* by (—.—). Explicitly
(a, B) = (o, B%), for o, 3 € .

Lemma 6.8. Let a € A.

1. Ifx € Ly, and y € L_,, then

[z, y] = K(z,y)a’,

2. (o, o) #0,
3. Let xo € Ly, and yo, € L_q, chosen such that

/i(xonyoz) = (oz,a)'
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Then, denoting
2a°
(,a)’
it holds that a(hy) = 2, and the elements
{xon Yo, ha}

form a Lie subalgebra of g isomorphic to sly. We denote this copy of sly by (sl2)q-

he =

Proof. 1. For any h € b, it holds that
k([z, yl, h) = k(2 [y, h])
= —#(z, [h,y])
= a(h)k(z,y)
=r(a”, h)r(z,y)
= r(k(z,y)a’, h).
Since [z,7] € b, and k(z,y)a’ € b, it follows from non-degeneracy of the Killing form
that [z,y] = (z,9)a”
2. Assume that
Ko, a) = a’(a) = 0.

Let 0 # x € L. Since the Killing form is non-degenerate on L, X L_,, there exists a
y € L_,, such that k(z,y) # 0. Then

[z, y] = K(x,y)a’ # 0.
Consider now the subspace
V :=spanc{z, ,y, [z,y]}.
We have
[h,2] = a(h)z = (e, k(2 y)a")e = Kz, y)r(a, ) = 0.

Similarly, [h,y] = 0. This implies that V is a solvable Lie algebra. By Lie’s theorem,
there exists a basis of L such that V' acts as upper-triangular matrices. This implies that

ady, = ad[, ) = [adg, ad,]

acts as a strictly upper triangular matrix, hence it is a nilpotent operator. However,
since h € b, it is a semisimple operator, implying that h = 0. To avoid contradiction, we
must conclude that (o, ) = 0.

3. We have that

Moreover, we have
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Finally, we see that
20 2(a,
[haa-ra] = a(ha)xa =« <(a7a)) Lo = (L’a))wa = 2z4.
Thus we see that we do indeed have a Lie subalgebra isomorphic to sls. U
Theorem 6.9. It holds that
1. A spans b*,
2. the vector space
Vo :=Che P Kpa
keZ\{0}
is an irreducible representation of (sl2)q.
3. For all a € A, the weight space Ly is one-dimensional.
4. For any a € A, the reflection
A
So i B = %, Ao A -l
(a, )
leaves the hyperplane
ot ={A€h[(a,)) =0}
invariant, and maps o to —a. Hence so(A) C A.
5. If a, B € A, then it holds that
2(av, B)
hy) = ————= € Z.
) = a)
6. For any o € A, and c € C, we have that ca € A if and only if c = +1.
7. For any o, B € A, such that § # +a, we have that
@ Lﬁa—i—ka
keZ
is an irreducible (slz)q-submodule of g.
For any two roots o, B € A, such that a+ 5 € A, we have
Lo, Lg] = Lo+p-
7. RooT SYSTEMS
7.1. Definition of a Root System.
Definition 7.1. Let E be a real vector space endowed with an inner product (—,—). A

root system is a finite subset A C E\{0}, whose elements are called roots, such that

1. A spans E as a real vector space,

2. for any «a, 8 € A, the real number 2(a,f)

(a,@)

is an integer,
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3. for any a € A, the associated reflection

S$a: E— E, AHA—M7
a, a

satisfies s (A) C A,
4. for any o € A, the only multiples of a which are also roots are +a.

Remark 7.2. Note first that s,(a) = —a. Moreover, if a and A are orthogonal, that
is if (@, A) = 0, then we have s,(\) = A. Thus we can interpret s, as reflection with
respect to the hyperplane

H,:=at={\€ E|(a,\) =0}.
We also note that

2 .
55, = id.

Definition 7.3. The Weyl group W of the root system R C F is the subgroup of GL(E)
generated by reflections s, for a € R.

Lemma 7.4. The Weyl group is a finite subgroup of O(E), the orthogonal linear maps
on E. Moreover, W maps R to itself.

Proof. Every s, is orthogonal linear map since
2(a, \) 2(a, p)
a(A y Sa =|A- y T
(ool = (A= T8 -

O p) — 4(@@)&@)@#) n 4(04(70?)0(4;);#)

(v, @)

= (A p).
This we see that W C O(E).

Since we already know that so(R) = R, it is clear that W maps R to R. Now if some
w € W acts trivially on R, then w acts trivially on E since R spans . Thus the mapping
from W to Aut(R), the group of permutations of R, has trivial kernel, which is to say,
it is an injective map. Since R is a finite set, Aut(R) is also finite, and so, W must be
finite. (]

Example 7.5. Let E be the vector space {z € R""1| > x; = 0}, endowed with the
restriction of the usual inner product of R*! to E. As a root space we propose
A= {Ckij :ei—ej]zﬁéj}.
This set spans E. Moreover, 1, j, k distinct,
(aij,aij) =2, (aig a5) = =1, (aij, ap) = =1

we see that 2((556)) is an integer.

Finally, we see that

Saj (A)=A—



AN INTRODUCTION TO LIE ALGEBRAS AND LIE GROUPS 29
Explicitly this means that
Saij (A1 5 Ay Ay Ang1) = (A1, Ay Ay Ann)
This implies that s,(A) C A. We denote this root system by A,,.
7.2. Some Basic Results.

Theorem 7.6. Let o, € A be two roots such that o # +5 and, without loss of
generality, let us assume that ||| < ||c||. Let 6 be the angle between o and 3. Then we
have only the following possibilities:

(8,0) | (o, B) 0
1 0 0] x/2
2 1 1| /3
g -1 -—1|2x/3
4 1 2| n/4
5/ -1 —2|3x/4
6 1 3| n/6
7| —1| —3|57/6

Proof. Consider the two integers m = 228 and n = 228 gince (o, B) = ||]|]| B]| cos(),

()
we have that
2
mn = 4M = 4cos*(h).

118112
Since by assumption [ # +a, we have cos(f) # +1. Hence mn € {0, 1,2, 3}, and

m_ (6.8 _ I8l _,

no (aa) ol T

hence |m| < |n|. If m = 0, then n = 0. If m = £1, then n = +1,£2,4+3. The angle 6 is
determined from the identity 4 cos?(#) = mn. O

Corollary 7.7. Let o, € A. Then
1. if (o, B) > 0, then o — 8 € A,
2. if (a,8) <0, then a+ f € A.

Proof. Denote m := {a, 8Y) >0, n:= (B,a"). Then m =1orn=1. If m =1, then
sgla) =a—(a,f)f=a—BeA.

It m = 1, then
sa(B) =B~ (B,a")a=B—acA,

hence o — § € A. Finally, we observe that the second implication follows from the
first. O
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7.3. Bases of Root Systems.
Definition 7.8. A subset II C A is called a base of A if

1. IT is a basis of F,
2. for any root 3 = > iy Nac, ecither

{na]ael_[} QZZO, or {na|OéEH} QZSO,
We call the elements of a base simple roots.
Definition 7.9. The positive root system is the set

Ay ={p= ZnaaeAMLa >0, for all a € IT}.
a€cll
The negative root system is the set —A.

We note that we have A = AL UA,.

One can construct bases of A as follows. Let
Hy,:={\A€ E|(a,\) =0},
for any root a. We call any element
v € E\ Ugen Ha,
a reqular vector. Define
Ar(y) i={a e Al(a,y) >0}, A-(y) ={aeAf(a,y) <0}

Then A_(y) = —A4(y) and A = A (y) UA_(7). The sets A4 (y) and A_(7) are called
the sets of positive and negative roots respectively.

Definition 7.10. We say that an element o € Ay (7) is a simple root if it cannot be
written as a sum of two positive roots. Denote the set of all simple roots by II(7).

Lemma 7.11. Any positive root can be written as a sum of simple roots.

Proof. If @ € A4 () is not simple, then o = o’ 4+ &” for some o/, " € Ay(y). This
implies that (¢/,7) < (a,7) and (a”.7) < (a,7). Applying an inductive argument on
(ar,7y), we obtain representations of o’ and o’ as sums of simple roots. Thus we can
represent o as a sum of simple roots. O

Theorem 7.12. For any regular v € E, the set of simple roots 11(vy) is a base of A.
Any base of the root system A has this form.

Example 7.13. Returning to the root system A,,, we choose
v:=(nn—1,..1) € R"
Then we see that
(v, aij) = (y,€)) = (v,65) = (n+1—i)=(n+1—j)=j—i>0
if and only if ¢ < j. Therefore
Ay ={ej—ejli<j}.
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For any ¢ < j, we can write
ei —ej = (e —eip1) + -+ (ej_1 —¢€j).
Therefore the simple roots are
O = €, — €41, for1<i<n-—1
and
I=A{ay,...,an-1}

is a base of A. Note that II is a vector space basis of E.

8. LINEAR GROUPS
Consider the group of invertible n x n matrices over R: where the group operation is
given by the product of matrices. We call it the general linear group of order n.

Definition 8.1. A linear group is a closed subgroup of GL,(R) endowed with its oper-
ator topology.

Definition 8.2. The exponential map is the function
oo An
exp : gl,, = GL,(R), AHZH
n=0

Definition 8.3. Given a linear group G C GL,(R), define
L(G)={Acgl,(R|e e @, forallt € R}.
We call L(G) the Lie algebra of G.
Theorem 8.4. For any Linear group G, it holds that L(G) is a Lie subalgebra of gl,,(R).
Example 8.5. The group
SL,(R) := {A € GL,(R) | det(A) = 1}
is called the special linear group of order n
Example 8.6. The group
O(n) := {A € GL,(R) | A'A =1}

is called the orthogonal group of order n. The special orthogonal group of order n is the
subgroup of O(n) whose determinant is 1.

Example 8.7. The unitary group is the group
U(n) := {A € GL,(C)| A*A = 1}, where A* = 4.
The special unitary group is
SU(n):={A € GL,(C)|A*A =1, det(A) = 1}.
For example
Ul)={z€C"|2z2=1}={2€C||z|] =1} = S,

where St is the circle in the R?. Moreover, we see that SU(1) = {1}, that is to say the
group with the single element 1.
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Exercise: Show that the Lie algebra of GL,(R) is gl,,(R).

32
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