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2 MARTIN LIEBECK

INTRODUCTION

Recall that a field (F,+, x) satisfies

(F,+) abelian group,

(F™*, x) abelian group,

a(b+c¢) = ab+ ac.
For example, R, C, Q are fields.
Finite fields: F, = Z, (integers modulo p where p is a prime) and, more generally, for ¢ = p*
there exists a unique field F, of order q.

The characteristic of a field F' is the smallest n € N such that
I+1+---+1=0

n times

and is 0 if no such n exists.
For example, char(R) = 0, char(F,) = p.

Definition. An algebra over F' is a vector space over F', with a multiplication (vw € V for
all v, q € V') satisfying bilinearity rules:

(1) v(wy + we) = vwy + vws and (v + Vo)w = Viw + Vow
(2) Mow) = (Av)w = v(Aw)
for all vy, w;,v,w eV, A€ F.

Examples.

(1) V.= M,(F), n x n matrices over F' with matrix multiplication.
(2) V =R3, with the vector product vw = v x w.
(3) V any vector space, product vw = 0 for all v,w € V.

Definition. An algebra V' is associative if

(zy)z = x(yz)
forall z,y,z € V.

For example, M, (F) is associative, but (R?, x) is not.
Definition. A Lie algebra is an algebra V', with product [zy] (sometimes written [z, y] for

clarity), satisfying:

(1) [zz] =0 for all x € V' (skew-symmetric),
(2) [[xy]z] + [[yz]z] + [[zx]y] = 0 for all x,y,z € V (Jacobi identity).

Note. For z,y € V, (1) implies

0 =z+yx+y by (1)
= [zx] + [zy] + [yz] + [yy] Dy bilinearity
= [zy] + [yl by (1)
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and therefore [yx] = —[xy| (skew-symmetry). However, the converse implication does not
hold in general.

We call [vw] a Lie product or a Lie bracket.

Examples.

(1) Any V with the zero product [vw] = 0 is an abelian Lie algebra.
(2) We have that (R3, x) is a Lie algebra; indeed, recall that
(1) v x v =0 for all v € R3,

(2) since (u X v) X w = (u-w)v — (v - w)u, we have that
(uxv)xXw+(vxw)xXu+(wxu)xv = ((u-w)v—(v-w)u)+((vu)w—(w-u)v)+((wov)u—(wv)w) = 0.
(3) Let V' be an associative algebra with the product vw. We define a bracket on V' by

[vw] = vw — wv
for all v,w € V. Then:
(1) [vv] =vv —vv =0,
(2) [[uv]w] + [[vw]u] + [[wu]v] = (v —vu)w — w(ww —vu)) + ((vw — wv)u — u(vw —
wv)) + ((wu — uw)v — v(wu — uw)) = 0 as V is associative.
Hence [vw] is a Lie product on V.
(4) Apply example (3) to the associative algebra V- = M,,(F'), i.e. define [AB] = AB—BA
for all A, B € V. This makes V a Lie algebra, called the general linear Lie algebra,
denoted gl(n, F'). Note. dim gl(n, F') = n?

Definition. Let V' be an algebra with product vw. We say W C V' is a subalgebra if W is a
subspace and is closed under multiplication, i.e. x,y € W implies xy € W.

(5) Define
sl(n, F)={Aegl(n, F):Tr(A) =0}
where Tr(4) = > a; for A = (a;;). We claim that sl(n, F') is a subalgebra of

gl(n, ). It is clearly a subspace. We need to show that for A, B € sl(n, F), we have
that [AB] € sl(n, F), i.e. Tr(A) = Tr(B) = 0 implies that Tr(AB — BA) = 0. To see

this, note that
TI‘(AB) = Z Z aijbji7
i
TI'(BA) = Z Z bjiaij,
i
so Tr(AB) = Tr(BA). We call sl(n, F') the special linear Lie algebra.
Note. dimsl(n, F) = n? — 1.
(6) Suppose that char(F') # 2 (i.e. 1 # —1). Define
o(n, F) = {Acgln,F): AT = —A}.
We claim that this is a Lie subalgebra of gl(n, F'), called the orthogonal Lie algebra.
It is clear that o(n, F) is a subspace. For A, B € o(n, F'), we have that
[AB]" = (AB — BA)" = BTA" — A"B" = (-B)(-A) — (-A)(-B) = BA— AB = —[AB],

and so [AB] = —[AB].
Note. dimo(n, F) = 3(n* —n). (Exercise.)



4 MARTIN LIEBECK

(7) Define
t(n, F) = {A € gl(n, F) : A is upper triangular}.

It is easy to check this is a Lie subalgebra of gl(n, F).
(8) Define

u(n, F)={Aet(n, F)) :a; =0 for all i}.
It is easy to check this is a Lie subalgebra of t(n, F').
(9) Let V be a vector space of dimension n over F', and let

L =End(V),

the vector space of al linear transformations V' — V.
Then L is an associative algebra with product being composition of functions. The
corresponding Lie algebra with

[fgl=fg—gf (f,ge L)

is called gl(V).
Note. The Lie algebras gl(V') and gl(n, F') are isomorphic (the definition of an
isomorphism is below).

Similarly, we can define Lie subalgebras of gl(v) : sl(V), o(V), t(V), u(V).

Why study Lie algebras? We will see more later, but Lie algebras have fundamental connec-
tions with the following topics:

e Lie groups and differential geometry
e Finite simple groups

e Algebraic groups

e Root systems

e Reflection groups

1. BASIC THEORY

A. Homomorphisms and Ideals.

Definition. Let L be a Lie algebra. We say I C L is an ideal of L if

(1) I is a subspace of L
(2) [IL] C I, where [IL] = Span{[il] :i € I[,l € L} (ie. il € [ forallie I, € L).

Note. [li] = —[il], so also [IL] C I.
Examples.

(1) 0, L are ideals.
(2) sl(n) is an ideal of gl(n) as [AB] = AB — BA € sl(n) for all A € sl(n).!

Note. If [ is an ideal then [ is a subalgebra of L. Not conversely, for example t(2) is a
subalgebra of gl(2) which is not an ideal.

'We write gl(n), sl(n), ... for gl(n, F), sl(n, F), ..., if we do not wish to specify the underlying field F.
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Definition. Let L be a Lie algebra. The centre of L is

Z(Ly={x e L:[zl]=0forallle L}.
For example, Z(gl(n)) = {A : [AB] = 0forall B € gl(n)} = {A: AB = BAforall B €
gl(n)}. In fact, Z(gl(n)) = {\l, : A € F'} (which is an exercise on Sheet 1).
Note. Z(L) is an ideal of L.
]?eﬁnition. Let L, M be Lie algebras over F. We say ¢: L — M is a (Lie) homomorphism
i

(1) @ is linear,
(2) w([zy]) = [p(x), p(y)] for all z,y € L.

Moreover, ¢ is an isomorphism if it is a bijective homomorphism.
Example. If V' = " then gl(V) = gl(n, F'). Fix a basis B of V. Then for T" € gl(v)
§b3 T — [T]B

is a (Lie) isomorphism. (Exercise.)

The adjoint homomorphism. Let L be a Lie algebra. For x € L, define

adx: L — L
by
(ad z)(y) = [zy] for all y € L.
Then adz € gl(L).
Proposition 1.1. The map
ad: L — gl(L)

(sending x to ad x) is a Lie homomorphism.

Proof. Clearly, ad is linear, as
ad(r +y) =adz +ady, ad(A\z) = Aad z.
So we need to check that
ad[zy] = [adz,ad y] = (ad z)(ad y) — (ad y)(ad x).
To check this, let [ € L. Then

[adz, ad y|(l) = [2[yl]] — [y[=1]]
= [llyl] + [[1]y]
= —|[[yx]l] by the Jacobi identity
= ad[zy] (1)

U

Proposition 1.2. If o: L — M is a Lie homomorphism, then Ker ¢ is an ideal of L and
Im ¢ is a Lie subalgebra of M.
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Proof. We have that Ker ¢ is a subspace, and for = € Ker ¢, [ € L, we have that

plel] = [p(@)p(l)] = 0,
and hence [zl] € Ker¢. Thus Ker ¢ is an ideal of L.

Moreover, Im ¢ is a subspace, and for z,y € L

[o(@)e(y)] = elry] € Ime,
hence Im ¢ is a Lie subalgebra. 0

Note. Kerad = Z(L).

B. Derivations.
Definition. Let A be an algebra over F. We say a linear map D: A — A is a derivation if
D(xy) = 2D(y) + D(x)y

for all z,y € A.

Let Der A = {all derivations of A}.
Proposition 1.3. The set Der A is a Lie subalgebra of gl(A).
Proof. Clearly, Der A is a subspace: 0 € Der A, and if D, E € Der A, then D + A € Der A

and A\D € Der A for A € F. To show it is a subalgebra, for D, E € Der A, check that
[DE] = DE — ED € Der A. O

Examples.

(1) Let A = C*(R) be the vector space of infinitely differentiable functions R — R. This
is an algebra with product (fg)(x) = f(x)g(z). The map D: A — A, D(f) = f', is
a derivation.

(2) Let L be a Lie algebra. Let « € L. We claim that adx: L — L (sending y to [zy]) is
a derivation of L. Indeed, we know that ad z is linear, and

(adz)[yz] = x[[yz

= [[zylz] + [[z2]y] by the Jacobi identity
[

Therefore, we obtain the following result.
Proposition 1.4. If L is a Lie algebra, then
ad L C Der L C gl(L)
(where ad L = {adx : x € L}), are both Lie subalgebras of gl(L).
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C. Structure constants. Let L be a Lie algebra. Assume that zi,...,z, is a basis of L.
The brackets [z;x;] for all 4, j determine the Lie bracket on L. We write

n
[.%'il'j] = Zaijkxk (aijk € F)
k=1

Then the scalars a;j;, are the structure constants of L with respect to the basis z1, ..., z,.
Remarks.
(1) The fact that [zy] is a Lie bracket implies conditions on the a;;;,. For example,
[z;z;] = 0 implies that a;x = 0 for all k. (For more, see Sheet 1.)

(2) If Ly, Ly are Lie algebras over F', with bases By, Bs, having the same structure
constants, then Ly = L. (For details, see Sheet 1.)

Examples.

(1) Consider sl(2), the Lie algebra of 2 x 2 matrices of trace 0. It has dimension 3, and
standard basis

=(0o)=(0) =00 5)
It has structure constants:
ef]=ef — fe=h
[eh] = eh — he = —2¢
[fh]l = fh—hf=2f

(and [ee] =0, [fe] = —[ef]). We can get all the other structure constants from these.
(2) Consider (R3, x), a 3-dimensional Lie algebra over R. It has standard basis:

e = (1,0,0), ey = (O, 1,0), es = (O, 0, 1)
and structure constants
€1 X g = €3, €2 X €3 =61, €3 X €] = €g.

(3) Consider o(3), the orthogonal Lie algebra of 3 x 3 matrices A such that AT = —A
(assuming char F' # 2). It has dimension 3, and standard basis:

00 O 0 01 0 -1 0
S5=1 00 -1 |, 5= 0 00 ],85=|1 0 0
01 O -1 0 0 0 0 O

It has structure constants:
[S152] = 5153 — 5251 = S5,
[5253] = 51,
[S351] = Sa.

These are the same structure constants as for (R3, x). Hence

(R?, x) = 0(3,R).
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D. Quotient Algebras. Let be L a Lie algebra and I be an ideal of L (so I is a subspace
and [IL] CI).
We have the quotient vector space L/I:
vectors are cosets x + I (for x € L)

addition: (z+ 1)+ (y+1)=(x+y)+1
scalar multiplication: A\(x +I) = (Az) + I

Proposition 1.5. The vector space L/I is a Lie algebra with bracket
[+ 1Ly+I]=[zy|+1 forallzyelL.
Proof. We check that this bracket is well-defined. Suppose 1 +1 =22+ 1, y1 + 1,y + 1.
This implies that z; — x2,y1 — y2 € I, and hence
[(z1 — @2)y1] + [z2(y1 — y2)] € I (since [ is an ideal),
80 [z1y1] — [x2ys] € I, which means that [z1y1] + I = [z2y2] + 1.

Finally, we note that this bracket is bilinear, skew-symmetric, and satisfies the Jacobi identity,
since the original bracket had these properties. 0]

Proposition 1.6 (First Isomorphism Theorem). If ¢: L — M is a Lie homomorphism,
then Ker ¢ is an ideal of L, Im ¢ s a subalgebra of M, and there is a Lie isomorphism

Proof. Write I = Ker ¢ and define «: % — Imy by
alx+1)=p(x) forall xe L.
It is easy to check that « is well-defined, bijective, and a Lie homomorphism. 0

Example. Let L be a Lie algebra. We know ad: L — gl(L) is a Lie homomorphism, and
Ker(ad) = Z(L), so
L L

Z(L) ~ Ker(ad)
Definition. A Lie algebra L is simple if dim L > 1 and its only ideals are 0 and L.
Example. The Lie algebra sl(2, F') is simple, provided char(F") # 2. (See Coursework 1.)

=adlLl.

2. LIE ALGEBRAS OF SMALL DIMENSION

We classify Lie algebras of dimension less than or equal to 3.

Abelian Lie algebras ([xy] = 0 for all z,y) of same dimension over F' are isomorphic. So, up
to isomorphism, there exists a unique Lie algebra over any F' of dimension n for all n.

Thus we study non-abelian Lie algebras. We organise the study via two ideals: the centre
Z(L)={x€L|[zyl=0foralye L}

and the derived algebra
L' = Span{[zy| : x,y € L}.
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Also, if Ly, Lo are Lie algebras over I, their direct sum is
L1 @D L2 = {(ZEl,xg) X € Lz}
with bracket

[(1’17352), (91, 3/2)] = ([«’Elyl], [5752?/2])
which makes L; @& Ly a Lie algebra.

Dimension 1. Any Lie algebra of dimension 1 is abelian (as [zz] = 0).

Dimension 2. There is a unique abelian and a unique non-abelian Lie algebra of dimen-
sion 2.

Proposition 2.1. Up to isomorphism, there exists a unique non-abelian Lie algebra of di-
mension 2 over any F: it has a basis x, y with [vy] = x (which determines all the structure
constants).

Proof. If u, v is a basis of L, then [uv] # 0 (as L non-abelian), so L' = Span([uv]) is a
1-dimensional Lie algebra. Let x = [uv] so L' = Span(x). Extend to a basis x, y of L. Since
L’ is an ideal:

[ry] = Az for some \ € F™.
Replace y by A1y to get [zy] = .
Finally, we check that the axioms (skew-symmetry, Jacobi) hold for this Lie bracket. (See
Sheet 1, Question 2 (ii)) O

Dimension 3. Let L be non-abelian of dimension 3. Then Z(L) has dimension 0, 1 or 2,
and L’ has dimension 1, 2 or 3.

Organise the study by cases for dim L' and containment between L’ and Z(L).

(A) dim L' = 1. We consider two cases
(a) L' € Z(L),
(b) L' € Z(L).
Proposition 2.2. Up to isomorphism, there exists a unique 3-dimensional Lie alge-
bra L over F' such that dim L' =1 and L' C Z(L), namely

u(3,F) = C gl(3, F).

o OO
S O %
S *x %

Proof. Let L' = Span(z) where z = [fg]. We claim that f, g, z is a basis of L. Since L
is 3-dimensional, we only have to check that they are linearly independent. Suppose
that

af +Bg+vz=0.
By assumption, z € Z(L). Bracketing the equation with f, we obtain § = 0, and
bracketing the equation with g, we obtain a = 0. Thus also v = 0. Therefore, L has
a basis f, g,z with structure constants

[fg] =z, [fz] =[gz] = 0.
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Finally, u(3, F') is such a Lie algebra, taking

010 000 0 01
f=looo],9=loo0o1], 2=[000
0 00 0 00 000

(One can verify this by multiplying the matrices.) O

Definition. We call u(3, F') the Heisenberg Lie algbera over F.

Proposition 2.3. Up to isomorphism, there exists a unique 3-dimensional Lie alge-
bra L over F such thatdim L' =1 and L' € Z(L), namely L1 ® Lo, where dim L; = 1
and dim Ly = 2, Ly non-abelian (as in Proposition 2.1).
Proof. Let L' = Span(x). As x ¢ Z(L), there exists y € L such that
[zy] = ax, o # 0.
Replace y by a~ 'y to get [zy] = .
Extend z, y to a basis x, y, w of L. Let
[rw] = ax, [yw] = bz.

We claim that there exists z € Z(L) such that z, y, z is a basis of L. To show this,
observe that

[z, 0z + By + 72| = (B + ya)z,
ly, ax + By + vz] = (—a + yb)z.
Takev=1, a=0b, = —a. So if
z=br —ay+w
then z € Z(L) and x, y, z is a basis of L. Finally
L = Span(z,y) @ Span(z) = Ly & L,
as required. O

Xx ok

Note. L=+t(2,F) = {( 0 x )} C gl(2, F). (Exercise)
dim L/ = 2.
Lemma 2.4. Suppose dim L = 3, dim L' = 2. Then
(1) L' is abelian,
(2) forxz € L\ L' the map adz: L' — L' is an isomorphism.

Proof. For (1), let L' = Span(y, z) and extend to a basis x,y,z of L. Let [yz] =
ay + [z. The matrix

0
(ad ¥)py,. = «

* % O
o O O

B

Now, Tr(ady) = 0 (Sheet 1, Question 4). So § = 0. Similarly o = 0 by considering
ad z. Therefore, [yz] = 0 and L' is abelian.

For (2), note that as [yz] = 0, L' = Span([zy], [xz]). Hence adz: L' — L’ is
surjective, thus an isomorphism. O
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Assume now F' = C. Two cases:
(a) There exists x € L\ L' such that adz: L' — L' is diagonalisable.
(b) Not (a).

Proposition 2.5. Suppose dim L = 3, dim L' = 2 and (a) holds. Then there ezists
e F* and a basis x,y,z of L such that

[ry] =y, [wz] = pz, [yz] = 0.
These structure constants define a Lie algebra L, and L,, = L,, if and only if p = v*'.

Proof. By (a), there exist basis y, z of L’ such that

[zy] = Ay, [2z] = pz

and A\, # 0 by Lemma 2.4 (2). Rescale z to take A = 1. Also [yz] = 0 by
Lemma 2.4 (1). Finally, we need to check the last assertion. (Sheet 1, Questions 2
and 6). O

Proposition 2.6. Suppose F' = C, dim L = 3, dim L' = 2, and (b) holds. There is
a unique (up to isomorphism) Lie algebra L with basis x, y, z and
[zy] =y, [xz] =y +2z [yz] =0.
Proof. Let x € L\ L'. As F = C, adz: L' — L' has an eigenvector y # 0, and we
can rescale x to take [xy] = y. Let L' = Span(y, z) and
[zz] = Ay + pz.
By (b), A # 0. Scale z to take A = 1. So

By (b), u = 1. Hence
[zy] =y, [w2] =y + 2, [yz] = 0.
Finally, we check these define a Lie algebra. (Sheet 1, Question 2(ii)) O
dim L' = 3. Assume F = C.
Proposition 2.7. Assume F =C, dimL =3 and L' = L. Then L = sl(2,C).

Proof. (1) For 0 #z € L, adx: L — L has rank 2.
If x,y,z is a basis, then L' = Span([zy], [zz], [yz]), so [zy] and [zz] are linearly
independent.

(2) There exists h € L such that ad h has a nonzero eigenvalue.
Let 0 # = € L and assume ad z has only eigenvalue 0. As ad x has rank 2, by (1),
the Jordan Canonical Form of ad z is

010
0 01
000

So there exists a basis z, y, z such that [zy] = =z, [rz] = y. So ady has
eigenvalue —1.
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By (2), there exist h, z € L such that [hz] = ax for a # 0. As Tr(ad h) = 0 (Sheet 1,
Question 4), the eigenvalues of ad h are 0, ar, —«. So there exists a basis h, x,y with

[ha] = oz, [hy] = —ay.
To find [zy], note that
[hlzy]] = [[hz]y] + [x[hy]] by the Jacobi identity

= afzy] — afry]
-0

Therefore, [zy] € Ker(ad x) = Span(h), so [zy] = Ah for A # 0 (as L' = L). Rescale
h (h+— 2h) to take a = 2. Then rescale z (z — 1) to take A = 1. So now

[h] = 2z, [hy] = =2y, [zy] = h.

These are the structure constants for the basis e, f, h of sl(2,C). So L = sl(2,C), as
required. 0]

Note. Proposition 2.7 is not true over other fields F'.

3. SOLUBLE AND NILPOTENT LIE ALGEBRAS

Let L be a Lie algebra, I, J be ideals. Define:
I+J={i+j:iel,jeJ},
[IJ] = Span{[ij]:iel,je J}CINJ
Proposition 3.1. The sets INJ, I + J and [IJ] are ideals.

Proof. The fact that IN.J, I+ J are ideals is left as an exercise. Note that [I.]] is a subspace,
[[]7] — [[71]i] by the Jacobi idenitity

and for [ € L N
[i5)l] =
€ [1J] since [il] € I and [jl] € J ’
so [IJ] is an ideal. O
Proposition 3.2.

(1) There exists a Lie isomorphism
I+J _ 1
J InJ
(2) Ideals of quotient % are of the form % where I C K C L and K is an ideal.

(second isomorphism theorem,).

Proof. For (1), define a map ¢: I — £ by (i) =i+ J for i € I. This is a surjective Lie
homomorphism with kernel

Kerp={iel:i+J=J}=1INJ
Hence (1) follows from the first isomorphism theorem 1.6.
For (2), let M be an ideal of £ and define
K={zeL:xz+1eM}.
To finish the proof, check that [ C K, K is an ideal of L, and M = % O
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Solubility. Recall L’ = Span{[zy] : z,y € L} is an ideal.

Proposition 3.3. Let L be a Lie algebra. For an ideal I, the quotient L/1 is abelian if and
only if L' C I. In particular, L/L" is abelian.

Proof. We have that L/I is abelian if and only if [z + [,y + I] = I for all 2,y € L, i.e.
[zy] + 1 = I for all z,y € L. But this is equivalent to [zy| € I for all x,y € I, which means
L' C1I. [l

Define a series of ideals of L:
LW =1 =[LL),
L3 — [L(l),L(l)} :

LW — [L(i—l)’ L(i—l)} )

We have L DO LM D L® D ... the derived series of L, and L(i)/L(i“) is abelian by
Proposition 3.3.

Definition. A Lie algebra L is soluble if L™ = 0 for some m.

Examples.

(1) If dim L = 2, then by Proposition 2.1 we have dim L’ < 1, so L® = 0 and L is
soluble.

(2) If dim L = 3 and dim L’ < 2, then by (1) we have L® = 0, and hence L is soluble.
If dim L = 3 and dim L’ = 3, then LY = L, so LY = L for all 7, and L is not soluble.

(3) We have that t(n, F') and u(n, F') are soluble (Sheet 1).

Proposition 3.4. Let L be a Lie algebra.

(1) If L is soluble, then all subalgebras of L and quotient algebras L/I are soluble.
(2) If I is an ideal, and both I and L/I are soluble, then L is soluble.
(3) If I, J are soluble ideals of L, then I 4+ J is soluble.

Proof. For (1), suppose L™ = 0. For a subalgebra M, M(™) = 0, so M is soluble. Also, for
an ideal I,
INY L0 41
(7) -1

and hence (%)(m) =0, so L/I is soluble.

For (2), assume ™ = 0 and (%)(n) = 0. Then

so L™ C I. Hence

so L is soluble.
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Finally, to show (3), we assume [ and J are soluble. Then by the second isomorphism
theorem (Proposition 3.2 (1)), there exists a Lie isomorphism

I1+J R J
I InJg
Now, ﬁ is soluble by (1), and [ is soluble. Therefore, I + J is soluble by (2). |

Corollary 3.5. Let L be a finite-dimensional Lie algebra. Then L has a unique soluble ideal
which contains every soluble ideal of L.

Proof. Let R be a soluble ideal of L of maximal dimension. If I is any soluble ideal, then I+ R
is a soluble ideal by Proposition 3.4 (3). But by the choice of R, dim(/+ R) < dim R. Hence
I+R=R,s0ol CR. O

Definition. The unique maximal soluble ideal of L (finite-dimensional Lie algebra) is called
the radical of L, written Rad(L).

Examples.

(1) If L is soluble, then Rad(L) = L.
(2) Take L = sl(2,C). Here, L = L’ (by considering the structure constants [ef] = h,

leh] = —2e, [fh] = 2f, we note that any basis vector is contained in L'), so L is
not soluble. Also, L is simple (see Coursework 1), so Rad(L) is 0 or L. Therefore,
Rad(L) = 0.

(3) Take L = gl(2,C). Here Rad(L) = Z(L) = {\ : A\ € C} (exercise).
Definition. If Rad(L) = 0, we call L a semisimple Lie algebra.

Fact. If L is simple, then L is semisimple.

Note that we assume that simple Lie algebras have dimension greater than 1. Otherwise,
the abelian Lie algebra of dimension 1 would be a counterexample to this statement.

Proof. 1f L is simple, then L' = 0 or L. Hence L' = L (as abelian Lie algebras of dimension
greater than 1 are not simple). Thus L is not soluble. Also, Rad(L) = 0 or L, and is not L,
because L is not soluble. Therefore, Rad(L) = 0, and L is semisimple. O

Proposition 3.6. Let L be a finite-dimensional Lie algebra. Then E%(L) 15 semisimple.

Proof. Let R = Rad(L), and let I be a soluble ideal of %. Then I = %, where J is an ideal
of L containing I by Proposition 3.2. Now, [ is soluble, R is soluble, so J is soluble by

Proposition 3.4 (2). Hence J C Rad(L) = R, and so I = 0. Therefore, Rad (%) = 0. O
Nilpotence. We define another series of ideals of a Lie algebra L:
L'=1 = [LL],
L? = L, Ll],

L* =[L, L7,

L' =[L, L.
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We have L O L' D L2 D -- -, the lower central series series of L.

Note. That the series is central means % cZ (%) . Indeed:
[ L' L ] [L'L)

Litl Litt | — =0.

i+
Definition. A Lie algebra L is nilpotent if L™ = 0 for some m.

Clearly, if L is nilpotent then L is soluble.

Examples.

(1) Suppose dim L = 2, L is non-abelian. By Proposition 2.1, L has basis x, y with
[zy] = z. So L' = Span(x), L? = Span(zx), ..., L' = Span(z) for all . Hence L is
not nilpotent.

(2) The Lie algebra u(n, F') is nilpotent, but t(n, F') is not nilpotent (for n > 2). (Sheet 1).

The future. By Proposition 3.6, if L is a finite-dimensional Lie algebra, K%(L) is semisimple.
So we need to understand:

e soluble Lie algebras,
e semisimple Lie algebras.

Over C:

(A) Structure of soluble Lie algebras is given by Lie’s Theorem: every soluble Lie algebra
is isomorphic to a subalgebra of t(n, C) for some n. (Chapter 5)
(B) A theorem to come says that every semisimple Lie algebra is isomorphic to Ly & - -+ @ L,
a direct sum of simple Lie algebras L;.
We will classify the simple Lie algebras over C: they are
classical types: sl,, 0., 5Py, (Sheet 1)
5 exceptional types: gs, f1, ¢, €7, €3

4. ENGEL’'S THEOREM

The theorem is an important result about Lie subalgebras of gl(V).

Definition. A linear map T: V — V is nilpotent if T" = 0 for some r. An n X n matrix A
is nilpotent if A" = 0 for some 7.

Note. A nilpotent linear transformation 7: V' — V has only eigenvalue 0, so its charac-
teristic polynomial is ", where n = dim V. Hence T" = 0 by Cayley-Hamilton Theorem.
Also, the Jordan Canonical Form of T is of the form

0 *

0 0
strictly upper-triangular. Also, such a matrix is nilpotent (as its characteristic polynomial
is ™), and lies in u(n, F).
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Any Lie subalgebra of u(n, F) consists of nilpotent matrices. Engel’s theorem gives the
converse.

Theorem 4.1 (Engel’s Theorem). Let V' be n-dimensional over F. Suppose L is a Lie
subalgebra of gl(V') such that every element of L is nilpotent (i.e. T™ = 0 for all T € L).
Then there exists a basis B of V with respect to which every T' € L s represented by a strictly
upper-triangular matrix, 1.e.

L2{T)s:TeL)CunF).

In particular, L is a nilpotent Lie algebra.

Idea of the proof. Consider the case where L is 1-dimensional, so L = Span(7'), where
T:V — V is nilpotent. The conclusion is that there exists a basis B of V' such that

0 *

[T]B: )
0 0

(and the same for any AT). This is true by the Jordan Canonical Form theorem.

How do we prove the Jordan Canonical Form theorem for nilpotent 77

(a) There is an eigenvector 0 # u € V for T', so T'(u) = 0.
(b) Let U = Span(u). Then T induces a linear map T': - — ¢ by

T(w+U)=T(@w)+Uforallve V.

It is well-defined, since T(u) = 0 € U. Observe that since T is nilpotent, T is
nilpotent, and dim ¥ =n — 1.

U —_—
By induction (on n), there exists a basis B = {v; + U,..., v,y + U} of  such that
0 *
T]g = g
0 0
(an (n — 1) x (n — 1) matrix). Then B = {u,vy,...,v,_1} is a basis of V', and
0 x ... =*
0 0 *
Te=1. .
00 0

(the first row is T'(u)), which is strictly upper-triangular.

The proof of Engel’s theorem runs along the same lines, replacing Span(7’) by a whole Lie
algebra L. The hard step is (a): showing that there exists a common eigenvector for all
TelL.

We will now work towards proving this.

Lemma 4.2. Let L be a Lie subalgebra of gl(V'). Let x € L, and suppose x:V — V is
nilpotent. Then adx: L — L 1is also nilpotent.
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Proof. Let y € L. Then
(adz)(y) = [vy] = vy — yx
and hence
(ad2)*(y) = (ad2)(zy — yz) = [z, 2y — yz| = x(zy — yx) — (xy — ya)z = 2%y — 2yz + ya*.

Similarly, (adx)? is a linear combination of terms of the form z3y, z?yz, xyx?, ryz?, and in
general, (ad x)™(y) is a linear combination of terms of the form z/yz™~7 where 0 < j < m.?

By hypothesis, 2™ = 0 for some n. Then for m = 2n, either 27 or 2™ 7 is 0, for all 0 < j < m.
This shows that (ad z)?" = 0, hence ad z is nilpotent. O

Lemma 4.3. Let L be a Lie subalgebra of gl(V'), and I an ideal of L. Define
W={veV:Tww)=0 foralT € I}.
Then W is L-invariant, i.e. S(W) C W for all S € L.

Proof. Let S € L and w € W. For T € I, note [T'S] =TS — ST, so
TS(w) = ST(w)+ [TS|(w) =0+0
since both T" and [T'S] are in I. Therefore, S(w) € W. O

The following proposition is a key step in the proof of Engel’s Theorem 4.1.

Proposition 4.4. Let L be a Lie subalgebra of gl(V') consisting of nilpotent elements. Then
there exists 0 # v € V' such that T(v) =0 for all T € L.

Proof. We proceed by induction on dim L. The base case dim L = 1 is clear since then
L = Span(T') with T: V' — V nilpotent and T has an eigenvector v, so T'(v) = 0.

Now, let L be as in the statement. Let A be a maximal Lie subalgebra of L,i.e.if A < B < L
with B a subalgebra, then A = B.

We claim that A is an ideal of L; in fact, there exists y € L\ A such that
L = A ® Span(y)
and [A,y] € A. To show this, let L = % be the quotient vector space (not a Lie algebra).

Define ¢: A — gl(L) by
ola)(xr+ A) =lax]+ Afor alla € A,z € L.
We check that ¢(a) is well-defined: if x + A = 2’ + A then x — 2’ € A, so [a(z — 2')] € A, so
lax] + A = [ax'] + A.
We check that ¢ is a Lie homomorphism: ¢ is linear, and for a,b € A we have:

[p(a), p(B)](x + A) = (p(a)p(d) —@(b)p(a))(z + A)
= [a[bx]] — [blaz]] + A
= [[ab]z] + A by the Jacobi identity
= ¢([ab])(z + A)

2Formally, we can prove this by induction on m.
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Consider the image ¢(A), a Lie subalgebra of gl(L). For a € A, a: V — V is nilpotent, and

hence ad a is nilpotent by Lemma 4.2, and therefore ¢(a) € gl(L) is also nilpotent. Thus
©(A) is a Lie subalgebra of gl(L), of dimension less than dim L (as dim A < dim L), and
consisting of nilpotent elements. So we can apply the inductive hypothesis to ¢(A): there

exists a non-zero y + A € L such that
lay] + A=p(a)(y+A) =Aforallae A
ie.
[ay] € A for all a € A.
Let Ay = A @ Span(y). This is a subalgebra of L (as [4,y] C A), so as A is a maximal
subalgebra of L, L = A;. We have shown that
L = A @ Span(y).
Also, [A,y] € A implies that A is an ideal of L.

By the inductive hypothesis applied to A, there exists 0 # w € V such that a(w) = 0 for
all a € A. Let
W ={veV:alv)=0forall a € A}.
Then w € W, so W # 0. By Lemma 4.3, W is L-invariant. In particular, y(W) C W. Now,
y: V — V is nilpotent, and restricts to a nilpotent map W — W. Therefore, there exists
0 # v € W such that y(v) = 0. We can write any 7' € L as T = a + Ay for some a € A,
A€ F, and
T(v) = (a+ Ay)(v) = 0.

Hence T'(v) =0 for any 7" € L. O

Proof of Engel’s Theorem 4.1. Let L be a Lie subalgebra of gl(V') consisting of nilpotent
elements. We aim to show that there exists a basis B such that {[T]z : T € L} C u(n, F'). Let
n = dim V. We proceed by induction on n. For n = 1, the claim is clear. By Proposition 4.4,
there exists 0 # v € V such that T'(v) =0 for all T € L. Let U = Span(v) and V = ;. Any

T e Linduces T: V — V by
T(x+U)=T(x)+ U forall x € V.

Moreover, since T' is nilpotent, T is nilpotent. The map T' — T from L — gl(V) is a Lie

homomorphism, and its image is a Lie subalgebra of gl(V') consisting of nilpotent elements.
As dimV =n — 1, we can apply the inductive hypothesis to obtain a basis
EZ{Ul—i-U,...,Un,l—i-U}
of V such that
{[T]5:TeL}Culn—1,F).
Then
B ={v,v1,...,0,1}
is a basis of V', and
{[T]:T €L} Cu(n,F),
which completes the proof. O

Engel’s Theorem 4.1 is about subalgebras of gl(V'). There is a second version of Engel’s
theorem that is about abstract Lie algebras.
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Theorem 4.5 (Engel’s Theorem, version II). A (finite-dimensional) Lie algebra L is nilpo-
tent of and only if adx: L — L is nilpotent for all x € L.

Proof. For the only if implication, recall that L nilpotent means L™ = 0 for some m, so

[Zolz1[. . - [Tm—2, [Tm-1Zm]]] .. .]] =0

for all z; € L. Hencee (adz)™ = 0.

For the if implication, suppose that adz: L — L is nilpotent for all z € L. Recall that
ad: L — gl(L) is a Lie homomorphism, so its image L = ad(L) is a Lie subalgebra of
gl(L) consisting of nilpotent elements adz. By Engel’s Theorem 4.1, L is nilpotent. Also,
Ker(ad) = Z(L), so

~ L

- Z(L)
Suppose L = 0. Then 0 = L™ = Lmztf)(L), hence L™ < Z(L). So L™ = [L,L™] C
L, Z(L)] = 0. Hence L is nilpotent. O

5. LIE’S THEOREM

Recall that t(n, F) is the Lie algebra of upper-triangular matrices, and is a soluble Lie algebra
(Sheet 1, Question 14).

Theorem 5.1 (Lie’s Theorem). Let V' be an n-dimensional vector space over C and let L
be a soluble Lie subalgebra of gl(V'). Then there exists a basis B of V' such that

L={[T|g:T € L} Ct(n,C).

Notes.

(1) The theorem is false for fields of prime characteristic (Sheet 2).
(2) When dim L = 1, L = Span(7'), then the theorem says that there exists a basis B
such that [T]p is upper-triangular. This is easily proved by induction on dim V:

(a) There exists an eigenvector 0 # v € V for T (since the field is C).

(b) Let U = Span(v). Then T induces T: ; — ; by T(v+ U) = T(v) + U and by
the inductive hypothesis, there exists a basis B = (v; + U, ..., v, +U) of % such
that [T]E is upper-triangular. Then B = {v,vq,...,v,_1} is a basis of V', and
[T]p is upper-triangular.

As for the proof of Engel’s Theorem 4.1, the main part of the proof of Lie’s Theo-
rem 5.1 is Step (a): finding a common eigenvector for all T in the Lie algebra L.

Weight spaces. Let V' be a vector space over F. Let A be a Lie subalgebra of gl(V'), and
suppose there exists 0 # v € V such that v is a common eigenvector for all a € A. So

a(v) = AMa)v, for all a € A,
where A(a) € F. The function A\: A — F' is linear, since
Maa + Bb)v = (aa + pb)(v) = aa(v) + Bb(v) = (aX(a) + SA(D))v  for a,be A, o, € F.
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Definition. A weight for a Lie subalgebra A of gl(V') is a linear map A\: A — F such that
Vi={veV:aw) = Aa)v forall a € A} # 0.
Such a non-zero subspace V) is the weight space for the weight .

Example. Let L = d(n, F') be the set of diagonal matrices. Let ey, ..., e, be the standard

basis of F™. Then for
&3]

T = €L,
Qn
we have z(e;) = ae;. So Span(e;) is a weight space for L, with weight \;: L — F, where
aq
Ai =
Qn
Proposition 5.2. Let V' be a finite-dimensional vector space over F', where char(F') = 0.

Let L be a Lie subalgebra of gl(V') and A be an ideal of L. Suppose \: A — F' is a weight
for A, with weight space

Vi={veV:a(w)=Aa)v for alla € A} # 0.
Then Vy is L-invariant (i.e. [(Vy) C V) for alll € L).

Note. If )\ is the zero weight (A(a) = 0 for all a € A), Proposition 5.2 is just Lemma 4.3.

Proof of Proposition 5.2. Let y € L, w € V). We want to show that y(w) € V), i.e.
ay(w) = Ma)y(w).
Now, [ay] € A, since A is an ideal, and ay = ya + [ay], so
ay(w) = (ya + [ay])(w) = Ma)y(w) + [ay)(w) = Aa)y(w) + A([ay])w.
We need to prove
(1) A(lay]) = 0.
Let
U= Span(wa y(w)a y2(w)> . )

As U is finite-dimensional, we can choose the minimal m such that w, y(w), ..., y"(w) are
linearly dependent. Then

B ={w,y(w),...,y" "(w)}
is a basis of U. We claim that if 2 € A then

(i) z2(U) cU
(i) if p: U — U is the restriction of z to U then
A(2) *

[ZU]B = ..
0 A(z)
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We need to show that for 0 <r <m —1,

(2) 2y"(w) = A2)y"(w) + Z Yy (w) (for v, € F).

i<r—1

We prove this by induction on 7. This is true for r = 0, as z(w) = A\(z)w (because z € A).
For the inductive step, assume that the statement is true for r — 1. Observe

(3) 2y’ (w) = zyy"H(w) = (yz + [zy])y" ().
By the inductive hypothesis,

2y w) = M)y (w) + Yy (w),

(4) y2y' " (w) = A=)y (w) + 3 vy (w).

Also [zy] € A, as z € A (because A is an ideal), so by the inductive hypothesis
(5) 2yly™ " (w) = > by (w).
i<r—1

Since, by equation (3), we have 2y" = yzy" '(w) + [2y]y" ' (w), we add equations (4)
and (5) together to obtain the required equality (2). This completes the induction, and
hence proves (i) and (ii).

Let z = [ay] € A. By (i), 2(U) € (U), and by (ii)
Tr(zy) = mA(z)  (m=dimU).
Also,
2= lay] = ay — ya,

and a(U) C U by (i), y(U) € U by definition of U. Thus the restrictions a;y,yjy: U = U
exist, and

fu = quYu —Yuouau-
Hence
Tr(ziy) = Tr(apyw) — Tr(ywaw) = 0.
Therefore
mA(z) = 0.
Since char(F) =0, m # 0 in F, and hence
A(z) = A[ay]) = 0.
This proves equation (1), completing the proof. O

Proposition 5.3. Let V' be a finite-dimensional vector space over C. Let L be a soluble Lie
subalgebra of gl(V'). Then there exists 0 # v € V' such that v is a common eigenvector of all
x € L (i.e. x(v) € Span(v) for all x € L).
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Proof. We proceed by induction on dim L. The statement is true for dimL = 1, i.e. L =
Span(7T'), as T has an eigenvector (since the field is C).

Now, assume that dim L > 1. As L is soluble, L' C L. Choose a subspace A of L such that
L'C Aand dimA =dim L — 1.

Let z € L'\ A, so

L =A®Span(z) (as vector spaces).
Then [AA] C L' C A, and [A, 2] C L' C A, so Ais an ideal of L. By the inductive hypothesis,
there exists 0 # w € V such that w is a common eigenvector for all a € A. So

a(w) = AMa)w for all a € A.

Let
Vi={veV:aw)=Aa)v for all a € A}.
Then w € V), so V), # 0, and hence X is a weight of A. By Proposition 5.2, V) is L-invariant,
SO
Z(V)\) Q V)\.
Therefore, there exists 0 # v € V), such that v is an eigenvector for z; say z(v) = fv. Then
for any a + az € L where a € A, a € C, we have

(a+ az)(v) = Ma)v + afv.
Hence v is a common eigenvector for all x € L. O

The proof of Lie’s Theorem 5.1 is completed using Proposition 5.3 and induction on dim V/,
in the same way as the completion of Engel’s Theorem 4.1. (Sheet 2, Question 4)

6. REPRESENTATIONS

Definition. Let L be a Lie algebra over F. A finite-dimensional representation of L is a Lie
homomorphism

p: L —gl(V)
where V' is a finite-dimensional vector space over F.

A representation p is faithful if Kerp = 0, in which case L = Im(p), a Lie subalgebra of
gl(V).
If we fix a basis B of V| the map

x> p(x)ls (v el)

from L to gl(n, F') (where n = dim V') is a matriz representation of L.
Examples.
(1) If L is any Lie algebra, the map
ad: L — gl(L)

sending x to ad x is a representation, called the adjoint representation of L. Its kernel

is Z(L).
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(2) Let L = sl(2, F') with basis B

0 1 10 00
=(oo)=(o %) r=(10),

and structure constants [ef] = h, [eh] = —2e, [fh] = 2f. With respect to this basis,
the adjoint representation of L gives representation of L, sending

0 -2 0
e— (ade)p=| 0
0

0 1
0 0

2 0 0

hs (adh)p=[ 0 0 0
0

00 —2
0 0 0
fe@flg=| -1 0 0
0 20

Now, Z(L) = 0, provided char(F') # 2, so L is isomorphic to the Lie subalgebra of
gl(3, F'), spanned by these 3 matrices.

(3) Let L be the 2-dimensional non-abelian Lie algebra over F', with basis z, y and
structure constant [zy] = x. Define p: L — gl(2, F') by

o= o) o= o)

and extend it linearly to L, i.e. for all a, 5 € F

plax + By) = ( _Oﬁ “35)

One can easily check that p is a representation of L. (It suffices to check that
[p(x), p(y)] = plry] = p(x), which is clear when we multiply out the matrices.)
(4) If L is a Lie subalgebra of gl(V') for some vector space V', the inclusion map sending
I+~ [ for all [ € L is a representation of L, called the natural representation of L.
(5) For any Lie algebra L over F, the zero map L — F sending [ — 0 for all [ € L is the
trivial (1-dimensional) representation of L.

Modules. If p: L — gl(V) is a representation, it is notationally convenient to drop the p
and instead of p(l)v write (v. This defines a map L x V' — V sending (I, v) — lv(= p(l)(v)),
satisfying

1) (ll + ZQ)U = ll?] + lQU,
2) l(vl + UQ) = lUl + ZUQ,
3) Alv) = l(Mv) = (A)v,
4) [lllg]l) = ll(lgv) — lg(lﬂ]),

for all [;,l € L, v;,v € V, A € F. All these statements are clear. For example, for (1), we
check that

(li + l)v = p(li + 1) (v) = (p(lr) + p(l2))(v) = p(l1)(v) + p(l2)(v) = liv + Lo,

Py
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and for (4), we note that p[l;ls] = [p(l1), p(l2)] implies that
[Lilz]v = p([lila])(v) = p(l1)p(l2)(v) — p(l2)p(l) (v) = Li(lav) — la(liv).

Definition. Let L be a Lie algebra over F. A vector space V over F'is an L-module if there

exists a map L x V — V sending (I,v) — lv, satisfying (1)—(4) above.

As we have seen, any representation of L gives an L-module. In fact, L-modules and repre-
sentations of L are equivalenct concepts:

(a) Given a representation p: L — gl(V'), defining lv = p(I)(v) for [ € L, v € V makes V

an L-module.
(b) Given an L-module V| we can define p: L — gl(V') by

p(H(w) =l foralll e L, veV.
Then (1)—(4) imply that p is a Lie homomorphism, hence a representation of L.

Examples.

(1) Let L be a 2-dimensional Lie algebra, with basis =,y and [ry] = . We have a matrix
representation p: L — gl(2, F') sending

. 0 1 o -1 1
v 00) Y 0 0
The corresponding L-module is V = F? with standard basis e, e; and multiplication
rep =0, xes = eq,

yer = —€1, Yey = €1.

(2) Let L be any Lie algebra. We have the adjoint representation ad: L — gl(L). The
corresponding L-module, the adjoint module is L itself, with multiplication

lv=(adl)(v) = [lv] forall l € L,v € L.

Submodules.

Definition. Let L be a Lie algebra, V an L-module. A subspace W of V is a submodule if
W is L-invariant, i.e. W C W for all | € L (where IW = {lw: w € W}).

Examples.

(1) Let L be the 2-dimensional Lie algebra with basis z, y and module V = F? as above.
Since xe; = 0, ye; = —1, W = Span(e;) is a submodule.

(2) Let L be a Lie algebra. Then W is a submodule of the adjoint module L if and only
if LW C W, ie. [LW] C W, which is equivalent to W being an ideal of L.

Proposition 6.1. Let L be a soluble (finite-dimensional) Lie algebra over C, and let V' be
a (finite-dimensional) non-zero L-module. Then V has a 1-dimensional submodule.

In example (1) above, Span(e;) was such a submodule.
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Proof. Let p: L — gl(V) be the corresponding representation of L (so p(I)(v) = lv for all
le L,veV). Then

=i - .
korp - P S gl(V)

Now, Imp is a soluble Lie subalgebra of gl(V') by Proposition 3.4, so by Proposition 5.3,
there exists a common eigenvector 0 # v € V for all p(l) € Im p. So

lv=p(l)(v) € Span(v) for all I € L.

Hence Span(v) is a submodule of dimension 1. O

Irreducible modules.

Definition. An L-module is irreducible if it is nonzero, and the only submodules are 0
and V. We then also say that the corresponding representation p: L — gl(V') is irreducible.

Examples.

(1) Any 1-dimensional L-module is irreducible.

(2) If L is the adjoint module, we have seen that the submodules are the ideals of L. So the
adjoint L-module is irreducible if and only if L is a simple Lie algebra (or dim L = 1).
For example, the adjoint representation s[(2, C) — gl(3, C) is irreducible.

Proposition 6.2. Let L be a soluble Lie algebra over C. Then every irreducible L-module
15 1-dimensional.

Proof. This is immediate from Proposition 6.1. 0J

Quotient modules. Let L be a Lie algebra, V and L-module, and W a submodule. We

can make % into an L-module, called the quotient module, by defining

llo+W)=lw+WfiorleLvel.
We check that the multiplication is well-defined; indeed, if v1+W = vo+W then v; —vy, € W,

s0 lvy —lvg = I(v1 —vy) € W since W is a submodule, and hence (v; +W = lvg+W. Moreover,
it is easy to check that V/W satisfies properties (1)—(4), and hence is well-defined.

Composition series. Let L be a Lie algebra and V a (finite-dimensional) nonzero L-
module. Choose a non-zero submodule V; C V of minimal dimension. Then Vj is irre-

ducible. Form the quotient % #0. If % # 0, find a submodule % of minimal dimension,
where V5 C V' is a submodule V; C V5. Then % is irreducible. Continuing, the sequence

O=WcwvicWwc---CcV,=V,

Vi
i Vi1
series of V.

where

are irreducible, terminates, because V' is finite-dimensional. This is a composition
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Direct sums. Let V be an L-module. Suppose V=U,®---®dU,,ie. V=U +---+ U,
and U; N (Z#i Uj> = 0 for all 7, where each Uj; is a submodule. Then we say V' is the direct
sum of the submodules Uy,...,U,.. f V. =U; ®--- @ U, with every U, irreducible, we call V/
a completely reducible L-module.

Examples.

(1) Let L=d(2,F) = {( ca, € F}, an abelian Lie algebra. Let V = F2, the

a 0
0 B
natural L-module with standard basis e, e5. Then V; = Span(e;), Vo = Span(ey) are

submodules, as
a 0 _ a 0 _ 3
0 B e = aeq, 0 8 €y = Peg,

and V =V, @& V5. Each V; is irreducible, so V' is completely reducible.
(2) Let L = ¢(2,F), V = F? be the natural L-module. The only nontrivial (not 0 and
not V') submodule of V' is Span(e;), so V' is not completely reducible.

Homomorphisms.

Definition. Let L be a Lie algebra, V and W be L-modules. A linear map ¢: V — W is a
homomorphism if
o(lv) =lp(v) foralll € L,v e V.

An isomorphism is a bijective homomorphism.

We want to interpret the notion of homomorphism in terms of representations. Let py: L —
gl(V) and py: L — gl(V') be the corresponding representations of L. Then ¢ is a homo-
morphism if

p(pv (1) (v)) = pw(l)(p(v)) for all L € L,v € V

ie. popy(l) =pw(l) oy foralll € L. If ¢ is an isomorphism, this says
pw(l) = popy(L)oyp™.
So we can choose bases By of V and By, of W such that the corresponding matrices are
equal:
lov(D]s, = lpw ()]s, for all I € L,
i.e. the matrix representations

[ — [pV(l)]Bv

L= [pw(D]By
are identical.

This is a way to tell whether two L-modules are isomorphic.

Example. Let L = Span(z), a 1-dimensional Lie algebra. Then L has matrix representations

_ 1 0 ‘ 11
P1: T — 0 1 , P21 X — 0 1 .

The corresponding L-modules are isomorphic as the matrices pi(x), p2(x) are similar.
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7. REPRESENTATIONS OF 5l(2,C)

Let L = sl(2,C), with basis e, f, h and structure constants
[ef] - h’a [he] - 267 [hf] - _2f

We will classify all the irreducible L-modules (up to isomorphism), showing there is exactly
one of each dimension.

Construction. Let C[X, Y] be the vector space of all polynomials in X, Y. For each d > 0,
define

Vi = Span(X4, XY, ... XYl yd),
the subspace of all homogeneous polynomials of degree d. So dim V; = d + 1. Define
p: L — gl(Va)

by

0 0 0 0
p(e) = X8_Y’ o(f) = Ya_Xa o(h) _Xa_X _Ya_Y'

So, explicitly
ple): XY bXoHYP L (h > 1)
X410

o(f): XYWl aXe Y (a > 1)
Y40
oh): XY’ (a—b)X2Y"
and extend ¢ to a linear map L — gl(V).
Proposition 7.1. The map ¢ is a representation of L = sl(2,C). Hence Vy is an L-module
of dimension d + 1.

Proof. We need to check:

(1) [w(h)p(e)] = ¢([he]) = 2¢(e),
(2) [p(h)e(f)] = —2¢(f),
(3) [p(e)p(f)] = wle).

We check (1). For b > 1, we have

[p(R)p(@)](XY?) = p(R)(bX 1Y) — (e)((a — b) X V)
1 (a = b)bXx Y

and
[p(h)e(e)](X) = ¢(R)(0) — p(e)(dX?) = 0 = 2¢p(e)(X*).
Hence (1) is verified. Similarly, one can check (2) and (3). (Exercise.) O
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Matrix representations. Let B = {X¢ X971y ... Y4} The corresponding matrix rep-
resentation is

01
0 2
e [p(e)]p =
0 d
0
0
d 0
f=le(f)ls = d—1
1 0
d 0
d—2
he [p(h)]p =
—(d—2)
0 —d

Examples. The module V) is the trivial representation e, f, g — 0. The module V; is given

by
0 1 00 1 0
o (00) o (10) e (o)

and it is equal to the natural L-module. The module V5 is given by:

010
e — 0 0 2
0 00
2 0 0
h— 11 0 0 0
00 -2
000
f—12200
010

and is isomorphic to the adjoint L-module. (Exhibiting the isomorphism is an exercise:
Sheet 3, Question 6.)

Proposition 7.2. The module Vy is irreducible.

Proof. Recall that

—(d—2)
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Suppose U is a non-zero submodule of V;. Then ¢(e), ¢(f), ¢(h) send U to U. Since ¢(h) has
d+1 distinct eigenvalues, the eigenvalues of the restriction p(h);y: U — U are also distinct,
and U contains an eigenvector for ¢(h). The eigenspaces of p(h) are the 1-dimensional spaces
spanned by the basis vectors in B. Hence

XY e U for some a, b.
Apply ¢(e) to this successively to get

XaJrlybfl Xa+2yb72 o Xd cU
and apply ¢(f) to this successively to get
Xaflberl Xa72yb+2 o Yd cU.
Hence U = V. This shows V} is irreducible. O

Theorem 7.3. IfV is an irreducible finite-dimensional L-module, then V =2V, for some d.

We first prove a lemma.

k

Notation. For an L-module V, write e(ev) = e?v, e(e*v) = e*v, and so on, efv = e(e*1v).

Lemma 7.4. Let V be a finite-dimensional L-module.

(1) If v € V with hv = Av then
h(ev) = (A + 2)ev, h(fv) = (A—2)fv.
(2) The L-module V' contains an eigenvector w # 0 for h such that ew = 0.

Proof. For (1), observe that
h(ev) = e(hv) + [he]v = e(A\v) + 2ev = (XA + 2)ev,
and similarly for h(fv).

For (2), note that the linear map v — hv has an eigenvector (since the field is C). Say
hv = Av. Consider

v, ev, e, .. ..
If all of them are non-zero, by (1), these are eigenvectors for h with distinct eigenvalues,
hence they are linearly independent. Hence, as V' is finite-dimensional, there exists £ such
that efv #£ 0, but ey = 0. Put w = e*v to complete the proof. 0

Proof of Theorem 7.3. Let V be an irreducible finite-dimensional L-module. By Lemma 7.4 (2),
there exists w # 0 such that

hw = Aw, ew = 0.
By the proof of Lemma 7.4, there exists d such that

flw #0, flw =0.

(A) The elements w, fw, ..., féw form a basis of V, consisting of h-eigenvectors with
eigenvalues A\, \ — 2, ..., A\ — 2d.
Indeed, by Lemma 7.4, these are eigenvectors for h with the given eigenvalues,
hence they are linearly independent. To show they span V', we set

U = Span(w, fw, ..., fiw).
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We show U is a submodule. Well, clearly
fUcUu,

hU C U.

We will show that ef*w € Span(w, fw, ..., f*"'w) for all k¥ < d by induction on k.
This is clearly true for k£ = 0, as ew = 0. Assume this is true for k£ — 1. Then

effw =e(f(ff w))
= (fe+[efH(f* w)
= (fe+h)fF w.

By the inductive hypothesis, ef*'w € Span(w, ..., f¥2w), and hence
fef*w € Span(w, . .., f*1w),

and so is h f’“_lw. This completes the induction and shows that e/ C U. We have
hence shown that U is a submodule of V' and, as V' is irreducible, we have U = V.
(B) If B is the basis in (A), then

A
[h] =
A—2d
Also, h = [ef] € L', so Tr[h]g = 0 (by Sheet 1, Question 4). Hence
A+A=2+--+A=-2d=0.

Thus (d + 1)\ = d(d + 1), which shows that A\ = d.
(C) We have that V = V.
The L-module V has a basis w, fw,..., flw, and the L-module V,; has a basis
X4 fX ..., f1X< Both bases consist of h-eigenvectors with eigenvalues d,d —
2,...,—d. Define ¢: V — V; by

o(ffw) = fF X% for 0 < k < d.
We show that ¢ is an isomorphism of L-modules. We need to show that
o(lv) = lp(v) for all v € V
for [ =e, f,h. For f:
fo(ffw) = fF(fXY) = FFIXT = o(f ).
For h:
hep(ffw) = h(fEX") = (d = 2k) f* X" = (h(f*w)).
For e, we show that
ep(frw) = plef w)
by induction on k. For k£ = 0, we have

ep(w) = eX4 =0 = p(ew)



M4P46: LIE ALGEBRAS 31

as ew = 0. We assume the equation holds for £ — 1. Then

pleffw) = o((fe+ h)frw)
= folef " w) + ho(f*w)
= feo(f*1w) + ho(f*1w) by the inductive hypothesis

=efo(fF'w)
= ep(frw)

which completes the induction and shows that V' = V.

This completes the proof. 0

8. THE KILLING FORM

Let L be a Lie algebra over C and ad: L — gl(L) be the adjoint representation. The Killing
form is the map K: L x L. — C given by

(x,y) — Tr(ad(z) ad(y)).

Remark. This is a symmetric bilinear form. (Symmetric because Tr(AB) = Tr(BA), and
bilinear because ad is linear.)

Jordan decomposition. If f: V — V is a linear transformation of a complex vector
space V, then there is a basis B of V' in which f is given by the matrix [f]z which is a direct
sum of Jordan blocks:

Iy (A1) 0 0 0
0 Jry(A2) | O 0
0 0 . 0
0 0 0 | Jr,(Me)
where
A 10 0
A1 0
A1
T =

Rewrite this matrix as D + N where
D = diag()\l,...,)\1,)\2,...,/\k,...,/\k)

and

0 1
0

is strictly upper triangular. Clearly, N is a nilpotent matrix (N! = 0 for some [). We have
DN = ND.
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The Jordan normal form theorem says that any linear transformation f: V — V is uniquely
written as f = d + n (the Jordan decomposition), where d: V' — V' is a diagonalisable linear
transformation and n: V' — V is a nilpotent linear transformation and such that dn = nd.

A Jordan basis B of V is a basis in which [d]p = D and [n]p = N.

Lemma 8.1. Let x: V — V be a linear transformation with Jordan decomposition x = d+n.

(1) Then there is a polynomial p(X) € C[X] such that p(z) = d. o
(2) Define a linear transformation d: V.- — V by [dlg = D = @ NI, (the complex
conjugate of D). Then there is a polynomial ¢(X) € C[X] such that q(z) = d.
Proof. Let \q, ..., \; be eigenvalues of the linear transformation x. Let a; be the size of the

largest Jordan block with eigenvalue A;. Let V; C V be the subspace V; = Ker(z — \;1)™.
In terms of Jordan basis, V; is spanned by the basis elements associated to A;. Then V =

k
Vi@ -+ @V Then d acts on V; as \;I,,. Therefore, d = @ A\ 1,,.
=1

1=

Observe that (X — \;)%, for i = 1,...,k, are pairwise coprime. The Chinese Remainder
Theorem? says that the natural map

is surjective.
Hence, for A, ..., A, we can find a polynomial p(X) such that
p(X) =X\ mod (X — \)%, fori=1,2,... k.
Then we have that
p(X) =X + @i(X)(X = A)*, for some ¢;(X) € C[X],
and hence for v € V; we have p(z)v = \jv + p(z)(x — N\ I)%v = \jv. Therefore,

k
p(z) = @ Nily, = d.
i=1

This proves (1).

To prove (2), define ¢(X) to be the polynomial equivalent to ;i modulo (X — )\;)%, for
i=1,..., k. The same argument now shows that ¢(x) = d. O

Lemma 8.2. Suppose that x: V — V is a linear transformation with Jordan decomposition
x =d+n. Consider ad(z): gl(V) — gl(V) (recall that ad(x) sends y to [x,y] = xy — yz.)
Then ad(z) has Jordan decomposition ad(d) + ad(n).

3Recall the proof of the Chinese Remainder Theorem. For k = 2, if f (X), g(X) are coprime polynomials,
then there exist polynomials p(X) and ¢(X) such that 1 = p(X)f(X) + ¢(X)g(X). Then the polynomial
b(X)p(X) f(X)+a(X)q(X)g(X) is congruent to a(X) modulo f(X) to b(X) modulo g(X). The general case
k > 2 is done by induction.
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Proof. By linearity of ad, we have ad(z) = ad(d) + ad(n). Next, by Lemma 4.2, ad(n) is
nilpotent, because n is nilpotent. We claim that ad(d) is diagonalisable. Consider the basis
in which d is diagonal. Recall that E;; (the matrix with 1 in the 7j entry and 0 everywhere
else) is the standard basis of gl(V'). For this basis of gl(V'), ad(d) is diagonal. Finally,
lad(d),ad(n)] = ad([dn]) = 0. By the Jordan canonical form theorem, ad(d) and ad(n) are
the diagonalisable and the nilpotent parts of ad(x), respectively. 0

Recall that a Lie algebra L is soluble if L) = 0 for some N, where L") is the derived series
of Lyie. LO =L, LW =[L L], ..., L") = [L™ L[] and we have

LOILWD...oLM>...0 LW =y,

Remark. We have that ad(L) = L/Z(L), where Z(L) is the center of L. Since Z(L) is
abelian, it is always soluble, and hence L is soluble if and only if ad(L) is soluble.

Theorem 8.3 (Cartan’s first criterion). Let L be a Lie algebra over C. Then L is soluble if
and only if K(x,y) =0 foranyx € L, y € L.

We will work towards proving this theorem.

Proposition 8.4. Let V' be a finite-dimensional vector space over C, and let L C gl(V') be
a soluble Lie subalgebra. Then Tr(zy) =0 forx € L,y € L'.

Proof. By Lie’s Theorem 5.1, there is a basis B of V such that [z]|p is an upper-triangular ma-
trix for all z € L. Then [x1]p[z2] 5 — [x2] B[71] 5 is strictly upper-triangular for all x;, xo € L.
Hence for any y € L', [y|p is strictly upper-triangular, hence [z]g[y|p is strictly upper-
triangular. Therefore, Tr(zy) = Tr([z]s[y|s) = 0. O

This allows us to prove on implication of Theorem 8.3: if L is soluble then K(z,y) = 0 for
re L yel.

Proof of the “only if ” implication in Theorem 8.3. Consider ad: L — gl(L). Now, ad(L) is
a Lie subalgebra of gl(V). By the remark above, the solubility of L is equivalent to the
solubility of ad(L). We are given that L is soluble, hence ad(L) C gl(V') is soluble. Thus
Tr(ad(z)ad(y)) = 0 for any x € L and any y € L' by Proposition 8.4. O

To prove the other implication of the theorem, we first prove a lemma.
Lemma 8.5. Let V' be a finite-dimensional vector space over C. If x,y,z: V — V are linear
maps, then Tr([xy|z) = Tr(xz[yz]).

Note that this implies that K([zy], z) = K(z,[yz]), which will be useful later on.

Proof. We have that Tr([zy]z) = Tr(zyz — yzz) = Tr(zyz) — Tr(yxz) and Tr(z[yz]) =
Tr(xyz — zzy) = Tr(zyz) — Tr(zzy), so we only have to check that Tr(yzz) = Tr(zzy). But
this is clear, since Tr(AB) = Tr(BA):

Tr(yzz) = Tr(y(zz)) = Tr((zz)y) = Tr(zzy),
which completes the proof. 0]
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Proposition 8.6. Let V' be a finite-dimensional vector space over C. Let L be a Lie subal-
gebra of gl(V'). Suppose Tr(xy) =0 forx € L, y € L. Then L is soluble.

Proof. The idea is to show that every x € L’ is nilpotent. Then Engel’s Theorem 4.1 implies
that L’ is a nilpotent algebra. Hence L’ is soluble, therefore L is soluble.

Let x € L'. Consider the Jordan decomposition x = d + n. There exists a basis B of V
with respect to which d = diag(\,...,\,) and [n]p is strictly upper-triangular. We need to

prove that d = 0, i.e. A; = 0 for all 7. This will follow if we show that > \i\; = 0. Define
i=1

d: V — V by [d]p = diag(\1, ..., \,). Let us note that
Tr(dz) = Z i
i=1

It is enough to prove that

Tr(d[yz]) =0
for any y, z € L, because x € L' = Span{[yz| : y,z € L}. By Lemma 8.5,

Tr(d[yz]) = Tr([dy]z).
By Lemma 8.2, the Jordan decomposition of ad(z) is ad(d) +ad(n). By Lemma 8.1 (2), there

is a polynomial ¢(X) € C[X] such that ad(d) = ¢g(ad(x)). But it is clear that ad(d) = ad(d).

Therefore, ad(d) maps L to L (because this is a polynomial in ad(z) and ad(z): L — L).

In particular, ad(d)(y) = [dy] € L. Since Tr(zy) = 0 for any z,y € L, we conclude that

Tr([dy]z) = 0. We have seen above that this implies \; = --- = A\, = 0, so that z is
nilpotent. 0

Finally, we complete the proof of Theorem 8.3.

Proof of the “if” implication in Theorem 8.3. We are given that Tr(ad(x)ad(y)) = 0 for any
x € L,y € L'. By Proposition 8.6, we obtain that L®) is soluble. But this implies that L’ is
soluble so L is soluble. O

A digression into linear algebra. Let VV be a vector space over C of dimension dimV =n
(C can be replaced by any field). Define the dual vector space V* as the set of linear maps
a: V' — C. This a vector space over C. If vq,...,v, is a basis of V, then there is a natural
basis fi,..., f, of V* defined by the condition

1 ifi=9
fz’(%‘):@j:{o ifi;zé;”

the Kronecker delta. This basis { f1, ..., fu} is called the dual basis. In particular, dim V* =
dim V.

A bilinear form V x V' — C is a function (u,v) which is linear in each argument. A bilinear
form (, ): V xV — C is symmetric if (u,v) = (v,u) for all u,v € V. Let W C V be a
vector subspace. Then

WH={veV|(vz)=0foralzecW}
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Remark. The set W is a vector subspace.

Definition. A bilinear form (, ): V x V — C is called non-degenerate if V+ = 0.

If we choose a basis vy,...,v, of V, then (, ) is given by a n x n matrix A = (a;;), where
a;; = (v;,v;) for all 1 <4,j <n. Then for v =) \v;, w =) p;v5, we have

(’U, U)) = Z aij)\iuj.

Exercise. A bilinear form ( , ) is non-degenerate if and only if A is invertible.

Proposition 8.7. Let (, ) be a non-degenerate bilinear form V. Foru € V, define f, € V*
by the rule

fulz) = (u,z) for allx € V.

Then the map V — V* given by u — f, is an isomorphism of vector spaces.

Proof. Linearity follows from the linearity of ( , ) in the first argument. (That f, € V*
follows from the linearity of (, ) in the second argument.)

Since dim V* = dim V/, it is enough to show that the kernel is 0. But the kernel of this map
is V4, and this is 0 since (, ) is non-degenerate. O

Proposition 8.8. Let ( , ) be a non-degenerate bilinear form on V. Let W C V be a vector
subspace. Then

(1) dim W + dim W+ = dim V,
(2) if W WL ={0}, then V=W a W

Proof. For (1), choose a basis vy, ..., v, of W, and then extend it to a basis vy, ..., v, of V.
By definition, u € W+ means that f,(z) = (u,x) = 0 for all z € W, which is equivalent
to fu(v;) = 0 for i = 1,...,r. This happens if and only if f, € Span(f,i1,..., fn) (where
we recall that f;(v;) = &;;). Hence the image of W+ in V* has dimension n — r. But by
Proposition 8.7, the map V' — V* that sends u to f, is an isomorphism. Thus

dmW+t =n—r=dimV — dimW.
This proves (1).

If we have subspaces V; C V and V, C V such that dim V;+dim Vo = dim V and V1NV, = {0},
then V =V @ V5. We apply this to Vi = W and Vo, = W+ to get (2). O

Definition. If W N W+ = {0}, let us call W a non-degenerate subspace of V.

Let L be a Lie algebra over C. Recall that we defined the bilinear Killing form K: Lx L — C
by K(z,y) = Tr(ad(z) ad(y)).
We recall Theorem 8.3.

Theorem 8.9. A Lie algebra L over C is soluble if and only if then K(L,L") = 0.
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Example. Let L be a Lie algebra such that dim L = 2 and L has a vector space basis
B = {z,y} with [xy] = z. Recall that adz is a linear transformation L — L sending z to

(w2]. Then
wdrln = () g ) Bsla=( ' 0 ).

Let us write down the matrix of the Killing form of L. We have
K(z,z) = Tr(ad(z) ad(z)) = Tr0 = 0,
K(z,y) = Tr(ad(z)ad(y)) = Tr0 =0,

K () = Trad() () =T (g ) =1

Therefore, the matrix associated to K is
00
0 1)°

We have that K(z,z) = K(y,z) = 0, so K(L,L") = 0 (since L' = Span(zx)), and hence
Cartan’s criterion 8.3 says that the Lie algebra is soluble. This can be confirmed by noting
that L' = Span(z), so L?) = 0.

Ideals. Let L be a Lie algebra over F'. For an ideal L of L, let K; be the Killing form of I
(as a Lie algebra itself). For x,y € I, what is the relationship between K;(z,y) and K(x,y)?
Lemma 8.10. Let I be an ideal of L.

(1) FOTI‘,yEI, Kl(x7y):K(x7y)
(2) Define
I*={recL:K(zx,i)=0 for all i € I}.
Then I+ is an ideal of L.

Proof. For (1), let B be a basis of I, and =,y € I. Let

ladz|p = M,, [ady|p = M,,.
So Ki(x,y) = Tr(M,M,) by definition. Extend B to a basis B’ of L. As [ is an ideal, ad x

maps L — I, so
M S M, N,
[adx]B':< 0 0 )7 [ady]B/:( o )
[(adz)(ad y)]pr = ( MmoMy M%Ny )
and hence K(z,y) = Tr((ad z)(ady)) = Tr(M,M,) = K;(z,y).

For (2), let x € I'*+. Then
0= K(z,i) = Tr((ad z)(adi)) for all i € I.

So
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Let y e L, i € I. Then

K([zy],7) = Tr(ad[zy]adi)
= Tr([ad z, ad y] ad 7)
= Tr(ad z[ad y,ad i]) by Lemma 8.5
= Tr(ad x ad[yi])

= K(z, [yi])
=0 since [yi] € T

Hence [zy] € I+ for all z € I+, y € L. So I+ is an ideal. O

Semisimplicity. Recall that a Lie algebra L is semisimple if Rad(L) = 0, i.e. L has no
nonzero soluble ideals.

Theorem 8.11. A finite dimensional Lie algebra L over C is semisimple if and only if its
Killing form is non-degenerate.

Proof. Suppose L is semisimple. By Lemma 8.10, L= is an ideal of L. Also,
K(z,y) =0 for all 2,y € L*.

This implies that L+ is soluble by Theorem 8.9. Therefore, L+ = 0, which means that K is
non-degenerate.

For the converse implication, we show that if L is non-semisimple, then K is degenerate (i.e.
L+ #0). Suppose R = Rad(L) # 0. Let the derived series of R be

R>RY > R® 5...5RW =.
Then A = R is a nonzero abelian ideal of L. We will show that A C L*.

We claim that the map (ada)(adz): L — L is nilpotent for any a € A, z € L. Forl € L,
the composition (ada)(ad z)(ad a) sends

[— [al] — [z[al]] = 0
—~  ——
€A €A
as A is abelian. Therefore, (ad a)(ad z)(ada) = 0, so ((ad a)(ad x))* = 0.
Therefore, Tr((ada)(ad z)) = 0. Hence
K(a,z) =Tr((ada)(adz)) =0 foralla€ A, x € L,
which shows A C L+, hence L+ # 0. O

Example. The Lie algebra s((2,C) is semisimple (because it is simple), and the matrix of
its Killing form with respect to the basis e, h, f is

040
4 00
0 0 8

(Checking this is left as an exercise.)
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Structure of semisimple Lie algebras.

Theorem 8.12. Let L be a finite dimensional Lie algebra over C. Then L is semisimple if
and only if
L=L® ---®L,,

a direct sum of simple ideals L;.

Note. This means

(1) L=Ly&---® L, as vector spaces,

Note. For any finite dimensional Lie algebra L over C, this means

e Rad(L) is the maximal soluble ideal of L,
e [./Rad(L) is semisimple, so it is the direct sum of simple ideals.

Lemma 8.13. Let L be a semisimple Lie algebra over C. Suppose I is a non-zero ideal.
Then

L=1&1I" (perp. with respect to K)

and I is itself semisimple.

Proof. Since K(x,y) = 0 for any x,y € I NI+, Theorem 8.9 shows that I N I+ is soluble.
As L is semisimple, I NI+ = 0. Hence, as K is non-degenerate by Theorem 8.11, L = [ &I+
by Proposition 8.8.

As IN I+ =0, the restriction of K to I is non-degenerate. Hence so is K7, the Killing form
of I, by Lemma 8.10. Therefore, I is semisimple by Theorem 8.11. 0

Proof of Theorem 8.12. We first proceed by induction on dim L to show that if L is semisim-
ple, then L is a direct sum of simple ideals. The statement is trivial when L is simple (in
particular, when dim L = 1). Solet 0 # I C L be an ideal. Then by Lemma 8.13, L = I &+
and the ideals I, I+ are semisimple. By the inductive hypothesis:

I=0,® Ly, [T=M @M,
where L;, M; are simple ideals of I, I+, respectively. Then

[Li,L] = [Li, I + 1) = [Li, [+ [Li, [F) = [L, 1] C L,
since [L;, I*] C [I,1+] C INI+ = 0. Hence all L; are ideals of L, and similarly, M; are ideals
of L. Hence
L=0Li® - DL, &M D--- DM,
is a direct sum of simple ideals.
Conversely, let L =L, & --- & L,, where L; are simple ideals. Let I be a soluble ideal of L.
Then
[IL;]) CINL,

so [IL;] =0, since L; is simple and [ is soluble. Hence

L) =[[L)]|® - &[] =0
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and 1 C Z(L) = @ Z(L;) = 0. 0

9. JORDAN DECOMPOSITION IN SEMISIMPLE LIE ALGEBRAS

Let L be a Lie subalgebra of gl(V'). Each z € L has a Jordan decomposition x = d+n where
d: V — V is diagonalizable, n: V' — V is nilpotent, and dn = nd.

Note that d, n need not be in L.

Example. If L = Span(z), an abelian 1-dimensional Lie algebra (z € gl(V')), then d,n ¢ L
(unless z = d or z = n).

But: if L is semisimple, then d,n do lie in L.

Theorem 9.1. Let L be a finite dimensional semisimple Lie algebra over C. Then every
x € L can be expressed uniquely as

r=d+n
where
(1) d,n € L,
(2) add: L — L is diagonalizable, and adn: L — L is nilpotent,
(3) [dn] = 0.

Moreover, fory € L
[zy] = 0 implies that [dy] = [ny] = 0.

Definition. We call © = d + n the Jordan decomposition of x. We call d a semisimple
element of L and n a nilpotent element.

The next proposition shows that this agree with the old notion of Jordan decomposition
when L C gl(V).

Proposition 9.2. Let L C gl(V) be a semisimple Lie subalgebra over C. Then the Jordan
decomposition

r=d+n
in Theorem 9.1 1s the same as the Jordan decomposition of x as a linear map V — V.

Proof. Let

r=d+n
be the Jordan decomposition of x: V' — V. So d': V — V is diagonalizable, n': V' — V is
nilpotent, and d'n’ = n’d’. By Lemma 8.2,

ad(z) = ad(d') + ad(n')
is the Jordan decomposition of adx: L — L. If x = d+n as in Theorem 9.1, then by (1)-(3)
ad(x) = ad(d) + ad(n)
is also the Jordan decomposition of adz: L — L. By uniqueness of Jordan decomposition,
ad(d') = ad(d), ad(n') = ad(n).
As L is semisimple, Z(L) =0, so ad: L — gl(V') is injective. Therefore, d =d, n'=n. O
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Proposition 9.3. Let L be a semisimple Lie algebra over C, and let p: L — gl(V') be a
representation of L. Suppose x € L has Jordan decomposition
r=d+n
as in Theorem 9.1. Then

p(x) = p(d) + p(n)
is the Jordan decomposition of p(z): V — V.

Proof. Set as an exercise on Sheet 4. O

Derivations. Recall that for a Lie algebra L, a derivation of L is a linear map 6: L. — L
such that

Szy] = [z,0(y)] + [0(x),y] for all z,y € L.
The set Der L of all derivations of L is a Lie subalgebra of gl(L) by Proposition 1.3.

Also, ad x € Der L by Proposition 1.4.
Proposition 9.4. The set ad L = {adz : © € L} is an ideal of Der L.

Proof. Let 6 € Der L and x,y € L. Then
[0, ad z](y) = dlzy] — [z,8(y)] = [z,6(y)] + [6(2), y] — [z,6(y)] = [6(z), y] = (ad(0(x))(y).

Hence
[0,ad x] = ad §(x)
so ad L is an ideal. O

Proposition 9.5. If L is a semisimple Lie algebra over C, then

ad L = Der L.

Proof. Let M =ad L. As Z(L) =0, ad: L — M is an isomorphism, so M is also semisimple,
and M is an ideal of Der L.

Let K be the Killing form of Der L. We claim that M+ = 0. By Lemma 8.10, the Killing
form K, of M is the restriction of K to M. By Theorem 8.11, K}, is non-degenerate, so
M N M+ = 0. Note that
[M,M*)C MnM*+=0,
and hence for 6 € M+ and adz € M, we have [§,ad z] = 0. By the proof of Proposition 9.4,
ado(z) = [§,ad x] = 0,
so 6(z) =0 for all z € L, i.e. § = 0. Hence we have shown that M+ = 0.

This simplies that
(Der L)* € M+ =0,
and therefore K is non-degenerate, so by Proposition 8.8,
dim(Der L) = dim M + dim M=+ = dim M,
as dim M+ = 0, which implies that M = Der L. O
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Proposition 9.6. Let L be a Lie algebra over C. Let § € Der L have Jordan decomposition
(as a linear map L — L)

d=oc+v

where o: L — L is diagonal, v: L — L is nilpotent, and ov = vo. Then o,v € Der L.

Proof. Let A\q,..., )\, be distinct eigenvalues of 0: L — L, and m; be the size of the largest
A;-Jordan block. Then
=@,
i=1

where
Ly, = Ker(§d — \I)™.

On each Ly,, o acts as A\;/, and v as a strictly upper-triangular matrix. For each A € C,
define

Ly, if A=\,
Ly={x € L:(0—\)"x)=0 for some k} = { 0’\1 ;f)\#)\zw
We claim that
[L)\aLu] g L)\+M‘
We show that for any n € N,
n n -
) 6= O+ )] = 3 (1160 = ADF@), 0 - =)

k=0

by induction on n. The base case n = 1 is clear:

RHS = [2,(6 — p)(y)] + [(6 — A) (=), y]
[z, 6y] + [0z, y] — (A + p)[zy]

The inductive step is left as an exercise.
By equation (1), for x € Ly, y € L,
(6= (\+ ) I)"[ag] = 0
for sufficiently large n. Hence [zy] € Ly, which shows that [Ly, L,] C Ly;,.

Now, we use this to show that 0 € Der L. Recall that L is a A-eigenspace for 0. For x € Lj,
y € Ly, [xy] € L4y, so

o(r) = Az, o(y) = py and olzy] = (A + p)[2y).
Hence
[o(2),y] + [z,0(y)] = Alzy] + plzy] = (A + p)[zy] = ofzy],
showing that o € Der L. Hence v = 6§ — o € Der L. O

We can finally prove Theorem 9.1.
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Proof of Theorem 9.1. Let L be a semisimple Lie algebra over C and let x € L. Then
adz € Der L. Let the Jordan decomposition of adx: L — L be

adr =0+ p

(for o diagonalizable, v nilpotent, ov = vo). By Proposition 9.6, o, € Der L. By Proposi-
tion 9.5, Der L = ad L, so there exist d,n € L such that

o =ad(d), v =ad(n).
Hence
adz = ad(d) + ad(n) = ad(d + n).
As Z(L) =0, ad: L — ad L = Der L is an isomorphism, so
x=d+n.
As d,n € L, part (1) of Theorem 9.1 holds. As ¢ = add, v = adn, part (2) holds.

Also
ad[dn] = [ad(d), ad(n)] = [0, 1] = 0,
hence [dn] = 0, so part (3) holds.
As o and v are unique (by uniqueness of Jordan decomposition), so are d and n.

We finally prove the last part of Theorem 9.1. Let y € L with [xy] = 0. By Lemma 8.1, ¢
and v = 0 — ad x are polynomials in ad x. Say

v=c(adz) 4 -+ cradz + col.
As (ad(x))(y) = [zy] = 0, this means
v(y) = coy.
Since v is nilpotent, ¢y = 0, so v(y) = 0. Hence
0=r(y) = (adn)(y) = [nyl,
so [ny] = 0, and then [dy] = 0 as [xy] = 0. O

10. CARTAN SUBALGEBRAS AND ROOT SPACES
We now work towards the classification of simple Lie algebras over C.
We have seen one such: sl(2,C). Features: basis e, f, h with:

e ad h is diagonalizable — i.e. h is a semisimple element
e ¢, f, h are a basis of eigenvectors for ad h.

For sl(3,C), replace h by

aq 0 0
H = {diagonal matrices} =< h=| 0 ay 0 |: Z a; =05,
0 0 as

a 2-dimensional abelian subalgebra.
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Let E;; € s((2,C) be the matrix with 1 in the ¢j-entry and 0 elsewhere (¢ # j). Check that
(ad h)(Ei;) = [hEi] = (a; — a;) Eij.
Hence
s((3,C) = H @ @ Span(E;;)
i+j
a direct sum of weight spaces for ad H. The weights of H corresponding to each of these
weight spaces are

space ‘ weight

H1|0
Span(E;;) | €; — €;, where ¢;: H — C, h — a;.

Note also: H consists of semisimple? elements.

The general strategy to understand structure of a simple Lie algebra L is:

(1) find an abelian subalgebra H consisting of semisimple elements,
(2) decompose L into a direct sum of weight spaces for ad H,
(3) use decomposition to pin down structure constants.

First steps. Suppose L is a Lie algebra over C, and H is an abelian subalgebra of L
consisting of semisimple elements.

Lemma 10.1. The Lie algebra L has a basis of common eigenvectors for all adh, h € H.

Proof. Let hy,...,h, be a basis for H and a; = ad h;: L — L. Then
[, o] = ad[h;hj] =0

since H is abelian. So «q,...,a, are commuting, diagonalizable linear maps L — L. Such
maps have a basis of common eigenvectors. (Standard linear algebra fact, see Sheet 4,
Question 5). O

Let x € L be a common eigenvector for ad H. Define weight a: H — C (i.e. « € H*) by

(ad h)(z) = [hx] = a(h)z (he H).
The weight space of « is

Lo, ={x € L:[hz] =a(h)x for all h € H}

By Lemma 10.1, L is the direct sum of these weight spaces. One of them is the 0-weight
space

Lo={zx € L:[hx]=0forall h € H}.
Note that H C Ly. Define

® = set of nonzero weights o € H* for which L, # 0.

Then
(1) L=L oL,

4Recall that = € L is semisimple if ad z is diagonalizable
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Note: ® is a finite set, since L is finite dimensional.

Let K be the Killing form of L (i.e. K(z,y) = Tr((adx)(ady))).
Proposition 10.2. Let o, € H*.
(1) [Las L] © Lays
(2) If a+ B # 0 then K(Lq, Lg) =0.
(3) Suppose L is semisimple. Then the restriction of K to Lg is non-degenerate (i.e.
LoNnLy=0).
Proof. For (1), let x € L,, y € Lg. For h € H,

hlzy] = [[hx]y] + [z[hy]] by the Jacobi identity
= a(h)lzy] + B(h)[xy]
= (a+ B)(h)]xy]

and hence [zy] € Lop.
For (2), let h € H with (o + f)(h) # 0. For xz € L,, y € Lg,

ah)K(z,y) = K([hz],y) as K is bilinear
= —K([zh],y) as K is bilinear
= —K(x,[hy]) by Lemma 8.5
= —fB(h)K(z,y) as K is bilinear

Hence (a + B)(h)K(z,y) =0, so K(z,y) = 0.

For (3), let y € Lo N Lg. Then K(Lg,y) = 0. For x € L, use the weight space decomposi-
tion (1), to write

xzazxﬁ—Zxa (o € Ly).

By (2), K(Lo,Lo) = 0if a # 0. So K(zs,y) = 0 for all « € ®. Also, K(xo,y) = 0 by
assumption. Hence
K(z,y) =0 for all x € L.

Soy € L*. As L is semisimple, K is non-degenerate, so L+ = 0. Hence y = 0. 0J
Corollary 10.3. If x € L, where a # 0, o € H*, then ad x is nilpotent.

Proof. For any weight 5 € ® U {0}, we have
(ad)(Lg) C Lats,
(ad2)*(Lg) C Laa+s,

(adz)"(Lg) € Lra+p

by Proposition 10.2 (1). But ® is finite, so for some r we will have ra+ 5 ¢ ®. This means
that (adz)"(Lg) = 0.
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Once again, since @ is finite and for each § € ®U{0}, we can find r such that (ad z)"(Lg) = 0,
we can take the maximum of these r to obtain one 7 such that

(ad )" (Ls) = 0
for any g € @ U {0}.

Since
L=L &L
acd
(equation (1)), we see that (adx)" is the zero transformation L — L. O

Cartan subalgebras. Each choice of an abelian subalgebra H C L gives rise to a direct
sum decomposition
L=Lo® L.

Definition. A subalgebra H of a Lie algebra L is called a Cartan subalgebra if

(1) H is abelian,
(2) every element h € H is semisimple,
(3) H is maximal among subalgebras H C L satisfying properties (1) and (2).

Proposition 10.4. Let L be a finite dimensional semisimple Lie algebra over C. Then L
has a Cartan subalgebra.

Proof. Recall that each x € L has a Jordan decomposition x = s + n where s is semisimple
and n is nilpotent, s,n € L and [s,n] = 0.

Suppose that the semisimple part of any x € L is zero. Then all elements of L are nilpotent.
Then ad x is nilpotent for any = € L. Engel’s Theorem 4.1 implies now that L is a nilpotent
Lie algebra. This contradicts the fact that L is semisimple.

Hence there exists x € L whose semisimple part is nonzero. So semisimple elements exist.
Let s € L be a semisimple element. Consider Span(s). It is an abelian subalgebra of L.
Hence subalgebras H C L satisfying properties (1) and (2) exist. A maximal dimensional
such subalgebra is a Cartan subalgebra. 0

Definition. For a subset X C L, define the centralizer of X in L by the formula
Cr(X)={leL|[lz] =0 for all z € X}.

Exercise. C(X) is a Lie subalgebra of L.
Lemma 10.5. Suppose H is a Lie subalgebra of L such that

(1) H consists of semisimple elements,

(2) CL(H) = H.

Then H 1is a Cartan subalgebra in L.
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Proof. Note that clearly H is abelian if and only if H C C(H). Thus H is abelian.

We claim that H is the maximal subalgebra with properties (1) and (2). Otherwise, there
exists subalgebra H; such that H ; Hy. Then Hy C Cp(H). But we are given that
CL(H)= H, so Hi = H, a contradiction. O

Example. Let L = sl(n,C) = {n x n matrices with trace 0}. Consider
H = {diagonal n x n matrices with trace 0}.
Then H C L is an abelian subalgebra. Then
sin,C)=Ho & CEj;
1<i,j<n
i#j
One can check that C(H) = H (Sheet 4). Hence H is a Cartan subalgebra.
On Sheet 4, we will find a Cartan subalgebra in so(n, C).

Theorem 10.6. Let L be a semisimple Lie algebra over C. Let H be a Cartan subalgebra
in L. Then C,(H) = H.

Consequence. In the decomposition

L="Lo® P Lo

acd

we know that
Lo={xe€L|[hz|=0forallhe H} =CL(H)=H
if H is a Cartan subalgebra.

The elements o € ® are called roots. It turns out that semisimple Lie algebras will be
classified according to so-called root systems.

Proof of Theorem 10.6. Let L be semisimple with Cartan subalgebra H.

Step 1. Choose h € H such that dim C(h) is minimal. We will show that
Cr(h) = CL(H).
Suppose this is false, i.e. C(h) # Cp(H) so there exists s € H such that C(h) € Cr(s). So
Cr(h)NCL(s) S CL(h).
(The aim is to find linear combinations of h, s with smaller centralizer than h.)

Choose basis ¢, ..., ¢, of Cr(h)NCL(s). Since s € H C C(H) and s is semisimple, we can
extend to a basis

Cly.evyCpy 1, ..., 2y of Cp(h)
consisting of eigenvectors for ad(s). Also, we can extend to a basis

Clyeey Cny Yty -y Yq Of Cp(s)

of eigenvectors for ad(h). So

Cl,...,Cn,l‘l,...,l’p,yl,...,yq



M4P46: LIE ALGEBRAS 47

is a basis of C(h) + CL(s). Also, ad h and ad s commute (since [hs] = 0), so we can extend
to a basis of L:

Clye e s Cny L1y o oy Tpy Y1y oo -5 Ygy 215 - - -5 2r
consisting of simultaneous ad(h) and ad(s) eigenvectors.
Note [sz;] # 0, since z; € Cp(s), and similarly [hy;] # 0. Let
[hzi] = iz, [s2] = Bizi

where «;, §; # 0.

We have the following table of eigenvalues.

G i Y i
ad(s) 0 #0 0 Bi
ad(h) 0 0 #0 Q;

ad(s)+Aad(h) |0 #0 #0 B+ A
(A#0)

Choose A € C such that 8; + Aa; # 0 for all i. Then CL(s + Ah) = C(s) N CL(h) which has
smaller dimension than Cp(h), a contradiction.

We have hence concluded Step 1, showing that
Cr(h) = CL(H).

Step 2. CL(h) is nilpotent.

Let x € Cp(h), with Jordan decomposition # = d + n. By Theorem 9.1,
[haz] = 0 implies that [hd] = [hn| = 0.

So d,n € Cp(h). Also, d € H: this is because by Step 1, [d, H] = 0, so H + Span(d)
is abelian and consists of semisimple elements, so d € H as H is a Cartan subalgebra
(maximality condition).

Now, the restriction add: Cr(h) — Cpr(h) is the zero map (as d € H), so the restriction
adx: Cp(h) — CL(h) is the restriction of adn to Cp(h), so is nilpotent. Hence ad Cp(h)
consists of nilpotent linear maps Cr(h) — Cp(h), hence by Engel’s Theorem 4.5, C(h) is
nilpotent. This completes Step 2.

Step 3. C(h) C H.

By Step 2, C(h) is nilpotent, hence soluble, so by Lie’s Theorem 5.1, there exists a basis B
of C(h) such that
{(adz)p : z € C(h)} C t(n,C)
(where n = dim C,(h)) consists of upper-triangular matrices. Let x € Cp(h), with Jordan
decomposition
r=d+n
where d € H (by proof of Step 2), and n € C(h) with ad n nilpotent. Then
(adn)p € u(n,C)

is strictly upper-triangular.
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Let K be the Killing form of L. For all y € C(h),
K(n,y) = Tr(ad(n) ad(y)) = 0.

By Proposition 10.2 (3), the restriction of K to Ly = C(H) is non-degenerate. Hence n = 0,
and so

r=deH.
Therefore, C(h) = H, finishing Step 3.
By Steps 1 and 3, C.(H) = H. O

11. sl(2)-SUBALGEBRAS

Let L be a semisimple Lie algebra over C and H be a Cartan subalgebra.

We have the root space decomposition

L=H&EP La

acd

where
L,={x € L:[hx]=a(h)x foral h e H}
and & C H*\ {0}, the set of roots of L (with respect to H).
Aim. To pin down the structure constants; so far we know that
[H, H] =0,
[H, L,|: structure constants a(h),
[Las Lg] € Lasts.
There is still a long way to go.
Proposition 11.1. Let « € . Then

(1) —a € P,
(2) Let 0 # x € L,. Then there ezists y € L_, such that
Span(z, y, [xy])
is a subalgebra of L isomorphic to sl(2,C).

Proof. For (1), let 0 # x € L,. As K is non-degenerate, there exists y € L such that
K(x,y) # 0. Write

y=vo+ Y ys (o€ H, ys€Ly).
ped

By Proposition 10.2 (2), K (L4, Lg) = 0, unless o + f = 0. Therefore, y_, # 0, and so
—a € .

For (2),let v € L,, y € L_, satisfy
K(z,y) #0.
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We claim that [zy] € H and [zy] # 0. First, [zy] € [La,L-o] € Ly = H by Proposi-
tion 10.2 (1). As a # 0, there exists u € H such that a(u) # 0. Then
K(u,[zy]) = K([uz],y) by Lemma 8.5
= a(u)K(z,y)
# 0
Therefore [zy] # 0.
Now, we claim that S = Span(x, y, [zy]) is a subalgebra of L. As [zy] € H, we have that
[zy]z] = a(lzy])z,
[zyly] = —a((zy])y,

and hence S is indeed a subalgebra.

Finally, we claim that S = s[(2,C). To show this, we will show that S’ = S, and refer to
the classification of Lie algebras of small dimension from Chapter 2. Let h = [zy] € H \ {0}.
Suppose for a contradiction that a(h) = 0, so [hz] = [hy] = 0. Then dim S’ = 1, so S is
soluble. By Lie’s Theorem 5.1, there exists a basis B of L such that

{(ad(s))p : s € S} C(3,C)
are upper-triangular matrices. Then
(ad h)p = (ad[zy])p € u(3,C),
so ad h is nilpotent. As h is semisimple, ad h is diagonalizable, hence h = 0, a contradiction.

Hence a(h) # 0, so [hz],[hy] # 0, and so S’ is 3-dimensional. Now, S = sl[(2,C) by
Proposition 2.7. U

Notation. Rescale x,y to take

S = Span(ey, €_q, hq)
where

o € Lo, -4 € L_,

ha = [eaa €,a}, [haea] = 26&7 [haefa] = _267(1

(i.e. a(hy) = 2). Define

S =sl(a) Zsl(2,C).
Example. Take L = sl(3,C). We have the root space decomposition

i#]
with roots €; — ¢; where
aq 0 0
€; 0 ay O — a;
0 0 as

For a = €; — €, we have that
5[(04) = Span(EZ-j, Ejia h”)
where hij = E“ — Ejj-
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We can regard L as an sl(«)-module with multiplication
sl = [sl] (se S,lel).
Proposition 11.2. Let a € ® and € ® U{0}. Define

M= > Lpia

cEZ
B+cacd

Then M is an sl(«)-submodule of L.

Proof. By Proposition 10.2 (1),
[Lgtcar Lta) € Lgt(ct1)a
and [Lgtca, H] € Lgica- O
Definition. We call the set of roots
{B4+ca:ceZ}nd
the a-string through (.
Example. Let L =sl(3,C). Let a = €3 — €3, f = €1 — €5. The a-string though £ is

8,6+ o
The corresponding submodule is
0 % =
M:SpaD(Elg,Elg): 0 0 0
000
and
000
sl(a) = 0 * x
0 * =

Proposition 11.3. For any a € ®:

(1) dim L, = 1,
(2) ifn € Z\ {0} and nav € O then n = £1.

Proof. Define
W = Span(e_q, H, Lo : 1 € N).

Then W is invariant under ade,, ade_,, and ad H. So it is an sl(«)-submodule. Write
(ad e, )w for the restriction of ad e, to W. Now

Tr([(ad eq)w, (ade_o)w]) =0

and is also equal to
Tr(ad[eqe—o])w = Tr(ad ha)w.
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Now
—a(h)

(ad ho))w = )

na(h)

writing h = h, so that «(h) = 2 (the first square, —a(h), coming from e_,, the second
square, 0, coming from H, and the third square, na(h)l, coming from L,,). Taking the
trace, we obtain

0=—a(h)+ > na(h)dim Ly,

n>1
Therefore,
Z ndim L,, = 1.
n>1
Hence dim L, =1 and L,, =0 for n > 1.
Similarly, dimL_, =1 and L_,, =0 for n > 1. [

The next aim towards studying the root system & C H* \ {0} is the following proposition.

Proposition 11.4. Let S = Span(e, f,h) = sl(2,C), and let V be a finite dimensional
S-module. Then every eigenvalue of the linear map

v hv (velV)

18 an integer.

Proof. Recall that the irreducible S-modules are Vy, and on V;, h has eigenvalues
d,d—2,...,—d € Z.
Now take a composition series
V=WyoW;D:---DW, =0

where W; are submodules and each quotient W; /W, is irreducible. So
d;, and with respect to a suitable basis of V', h acts as

do

Wi
Wit

=V, for some

0
—dy
dy

—d,

Hence the eigenvalues are integers. O
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We prove some more facts about ®.

Proposition 11.5. Let o, 8 € ® with § # +a.

(1) B(ha) € Z.
(2) The a-root string through 3 is

B—ra,f—(r—=1)05,....0,0+a,...,0+qu

where q,r > 0 and B(he) =1 — q.
(3) If a+ B € @, then

eaes] = Aears (A #0).
(4) 6 — B(ha)a € D.

Proof. Let

M= Lgic

This is a sl(«)-submodule by Proposition 11.2.
Part (1) is clear: since B(h,) is an eigenvalue of h, on Lg, 5(hy,) € Z by Proposition 11.4.

Then by Proposition 11.3, dim Lg,., is either 0 or 1 for all ¢ € Z. So the eigenspaces of
ad(h,) on M are all 1-dimensional. The eigenvalues are (5 + ca)(hy) = 5(ha) + 2¢, so they
are either all even or all odd. Therefore, M is an irreducible sl(«)-module (if not, then the
eigenvalue 0 or 1 has multiplicity greater than 1).

So M =V, for some d. Hence the eigenvalues are
{B(ha) +2¢:B+cae dt={dd-2,...,—d}.
Hence (2) holds, taking
d = B(ha) +2q, —d = B(ha) — 2r
(so, in particular, we obtain 5(h,) = r — ¢ by taking the sum of these equations).

For (3), we recall that the action of e, on M =V} is given by the matrix

01
0 2

0 d
0

So if [eqep] = 0 then [haeg] = deg, so B(h,) = d, hence ¢ = 0. But a+ 8 € ® by assumption,
and hence ¢ > 1, a contradiction. Therefore, [e,e5] # 0, showing (3).

Finally, (4) follows from (2). O
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12. CARTAN SUBALGEBRAS AS INNER PRODUCT SPACES

As in the previous chapters, we assume that L is semisimple and H is a Cartan subalgebra.

Proposition 12.1. For hy,hy € H,
K(hy ha) = a(hy)a(hy).

acd
Proof. Let B be a basis of L:
B = (basis of H) U {e, : a € d}.
For h € H,

(ad h)B = ; 0 s
a(h)

the first part, 0, corresponding to H, and the second part, a(h)I, corresponding to
{eq : a € D},

Hence
K(hy, hy) = Tr((ad hy)(ad hy)) = Y a(hy)a(hs),

acd
completing the proof. O

Proposition 12.2. We have that Span(®) = H*, the dual space of H.

Proof. Suppose for a contradiction that
Span(®) =W G H".

Then
Amy(W)={he€ H: f(h)=0for all f e W}

is nonzero (as it has dimension dim H* — dim ).
Hence there exists 0 # h € H such that
a(h) =0 for all o € P.

Then
K(h,H) = 0 by Proposition 12.1
K(h, L,) = 0 for all «, by Proposition 10.2 (2)
Hence h € L+ = 0, a contradiction. O

By Proposition 10.2 (3), the restriction Ky of K to H is non-degenerate. For h € H, define
0, € H* by

On(x) = K(h,z).
Now, Ky non-degenerate implies that the map h + 6} is an injective map H — H*. Since
dim H = dim H*, the map h — 6, is an isomorphism H — H*.
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We hence obtain the following result.

Proposition 12.3. For each o € ®, there exists a unique t, € H such that
a(r) = K(ty,x) for all z € H.

Recall that L, = Span(e,) and [ey, €_o] = ho € H.
Proposition 12.4. Leta € ® and x € L,, y € L_,. Then
[zy] = K(2,y)ta.

Proof. For h € H,

K(h,[zy]) = K([hz],y) by Lemma 8.5
= a(h)K(z,y)
= K(ta, h)K(z,y)
= K(h, K(2,y)ya)
Finally, Ky is non-degenerate, so [xy| = K(z,y)t,. O

Proposition 12.5.

ha _ 2tq
(1) to, = S Co) and h, = R

(2) K(ta,ta)K (hg,he) =4
Proof. For (1), note that [e,, e_o] = h, implies the formula for ¢, using Proposition 12.4.
Also, a(hy) = 2, so using the formula for ¢,
2=K(ta,ho) = K(eq,e_0)K(ta, ta).
Hence we get the formula for h,, using Proposition 12.4.

Finally, (2) follows from (1). O
Proposition 12.6. If a, 3 € ® then

(1) K(ha, hs) € Z,
(2) K(ta,ts) € Q.

Proof. For (1), recall that by Proposition 12.1,
K (ha, hﬂ) = Z '7<hoz)7<h,3>
yedD
which is an integer by Proposition 11.5.
To show (2), note that by Proposition 12.5,

K(tm ta) K(tﬁa tﬁ)
2 2
using part (1). O

K(tmiﬁ) = K(ha, hﬁ) . € Q,
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We define a bilinear form on H*: for 6,0, € H* we have 6; = 0, for some h; € H, and we
define

(01,02) = K(hy, hs).
As Ky is non-degenerate, so is (, ) on H*.
For a, 5 € @,
(@, f) = K(ta, tp).
By Proposition 12.2, Span(®) = H*, so there exists a basis a, ..., a; of H* with all o; € ®.

Proposition 12.7. If § € ® then

k
b= Zriai forr; € Q.
i=1

k
Proof. Let 5= > r;a; for r; € C. Then
i=1

ﬂ?aj = Zrz aha]
=1
In matrix form,
(5,041) (041,041) (Ch,Oék) r1
(B,Oék) (Oék,Oé1) (Cvk,Oék) Tk

[

A
As Ky is non-degenerate, A is invertible, and all entries of A are in Q by Proposition 12.6.
Hence all the entries of A~ are in Q. Also all (3, ;) € Q. Hence all r; € Q. O

Definition. Let F be the real span of ay,...,ap € H*, i.e
k

E = {ZTZ’CYZ'ZT'i ER}
i=1

By Proposition 12.7,

(1) E does not depend on the choice of basis ay, ..., ax,
(2) @ CE,
(3) E = Spang(®).

Proposition 12.8. The bilinear form ( , ) is a real-valued inner product on the vector
space E.

Proof. For a, 5 € @, (o, ) = K(ta,t3) € R. Hence (, ) is real-valued on E.
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Let 0 € E, so § = 6, for some h € H. Then
(0r,0r) = K(h,h)

= > y(h)? by Proposition 12.1
= A/S K(t,,h)* by definition of ¢,
= v§><% 0)? by definition of ( , )
V€D
As (v,0p) € R, this shows that (6,,6,) > 0.
If (05, 6,) = 0 then y(h) =0 for all v € ®. Hence h =0, so § = 0. O

13. ROOT SYSTEMS

Let E be a finite dimensional real vector space with an inner product ( , ). For 0 # v € E,
the reflection s,: ' — FE is defined by

2
sp(x) =2 — <U’x>v forall z € E.
(v, v)

Note that s, sends v — —v and fixes every vector in v'.

Note. The reflection s, preserves the inner product, i.e.

(sy(x),8,(y)) = (z,y) for all x,y € E.

(Showing this is left as an exercise.)
Notation. Write (z,v) = % (linear in z, not in v).
Definition. A subset R of E is a root system if

) R is finite, 0 ¢ R, and Span(R) = E,

) for o € R, the only scalar multiples of o in R are +a,

) for a € R, the reflection s, sends R to R, i.e. permutes the set R,
)

(
(
(
(4) for o, 5 € R,

1
2
3
4
2(8,a)

(@) e Z.

(8,a) =

We call the elements of R roots, and dim E the rank of R.
Example. The only root system of rank 1 is

Proposition 13.1. Let L be a semisimple Lie algebra over C, H a Cartan subalgebra, and
root decomposition
L=Ho L.
acd
Let E = Spang (®) C H*, with inner product (', ) as in Chapter 12. Then ® is a root system
n E.
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Proof. Axiom (1) is clear. Axiom (2) is Proposition 11.3 (2), and Sheet 5, Question 2.
To check axiom (3), let «, 5 € ®. Then

sa(B) = B — (B, v)a.
We claim that (§, a) = B(h,). Indeed:

B(ha) = K(ts, ha) by definition
=K <t5, %) by Proposition 12.5
= % by definition
= (6, ) by definition
Hence s,(8) = f — B(ha)ax € ® by Proposition 11.5 (4). Finally, (4) follows from (5, a) =
B(ha) € Z by Proposition 11.5 (1). O

Examples.

(1) Let L = sl(n,C). The Cartan subalgebra H consists of diagonal matrices in L, the
root spaces are

Span(FE;;) with roots ¢; —¢; (i # j),

where
ai

Here

of dimension n — 1. Inner product (rescaling) is the usual

(Z Ai€i, Z Mi€i> = Z Aifli-
(2) Some rank 2 root systems.
(a) Let L =5l(3,C). Let a = €; — €3, = €2 — €3. Then the root system

¢ = {aaﬁaa—i_ﬁa —Q, _B>_a_ﬁ}'
Also (a, 8) = —1, (a, ) = 2. So the angle between a and f3 is cos™* (%) = 2r

g a+8

—a—4 -8
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(b) Another rank 2 root system. Again, let ¢;, €5 be standard unit vectors in R?,

and let o = €5, B = €; — €5. The angle between o and 3 is cos™* <\’/—%) = ?jf.

B8 a+pB=e€; 2a+P=¢€1+e2
— e
—2a—4 B —B
(¢) Another one
B
—Q @ «
—p

Definition. We say that root systems R C F, R’ C E’ are isomorphic if there exists a
vector space isomorphism ¢: E — E’ such that

(1) 6(R) = R/
(2) (6(a), 6(8)) = (, B) for any a, 3 € R.

Definition. A root system R C E is reducible if R = Ry U Ry where R; # () and

(a, ) =0 for any o € Ry, 8 € Rs.
Otherwise, R is irreducible.
Example. In the examples above, (2)(c) is reducible, but (2)(a) and (2)(b) are irreducible.
Proposition 13.2. Let L be a semisimple Lie algebra over C with root system of ®. If ® is
wrreducible, then L s simple.
Proof. We have

L=H®EP L

Suppose L is not simple, so it has an ideal I # 0, L. Now, [HI] C I, and ad H is simultane-
ously diagonalizable on L, hence also on I.

Therefore, I has a basis of common eigenvectors for ad H, so

I=H &P L

aEd
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where Hy C H, ®; C ®. Similarly,
I'=Hy & P La.
aedy
AsL =11,
H=H ®Hy, =>,UDy, &N Dy = 0.
If &, = (), then ®; = ®, so I contains all L, (« € ®), so also all [L,L_,], which span H.
Hence I = L, a contradiction. Hence ®; # () for i = 1, 2.

Finally, for a € &, 8 € ®s,
[hgea) € INTH =0,
SO
0 = alhs) = (o, f)
by the proof of Proposition 13.1. Hence («, 8) = 0, showing that & is reducible. U

Classification theorems (Killing, Cartan). The root system ® depends on the choice
of Cartan subalgebra H. However, we have the following theorem.

Theorem 13.3. Let L be a semisimple Lie algebra over C with Cartan subalgebras Hy, Ho
and corresponding root systems Py, ®o. Then &1 = Py,

The proof is based on the fact that all Cartan subalgebras are conjugate, i.e. there exists
g € Aut(L) = {x € GL(L) : z([ab]) = [x(a), z(b)] for all a,b € L}
such that g(H;) = Ho.

So every semisimple Lie algebra over C has a unique unique root system. The converse also
holds.

Theorem 13.4. For any root system ®, there exists a unique (up to isomorphism) semisim-
ple Lie algebra L over C with root system ®.

Uniqueness. We can specify the structure constants of L in terms of root systems ®: there
exists a Chevalley basis of L with the following structure constants. Recall, for o, 5 € ®, the
a-string through f is
B—ra,...,B+ qao.
Then the Chevalley basis is h,’s, e,’s, and the structure constants are
[hahs) =0

[hoep] = B(ha)es and B(hy) =7 —q
[eat_a] = ha

_Jo0 ifa+ ¢ PU{0}
[Eaes] = +(qg+ Dears ifat+p5ed

Existence. Given an irreducible root system (these are classified), one can construct a
simple Lie algebra with that root system. The simple Lie algebras as

(classical) sl sp, so,
(exceptional) 92, f?? €6, €7, €3.
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Alternative approach to existence: use Serre relations.

Conclusion. Classification of simple Lie algebras is equivalent to classification of irreducible
root systems.

14. IRREDUCIBLE ROOT SYSTEMS

Let R C E be a root system for a real inner product space E. Recall that for o, f € R,

_2(B,qa)
(o) = 72
Also,
(o, @) = |||

(where |||| is the length of «), and
(a, B) = ||| B]| cos O

where 6 is the angle between « and /.

Proposition 14.1. If o, 5 € R and B # +a, then

_ Mo, B)?
<5,0é><0é,ﬁ> - (05704)(675)

Proof. If 0 is the angle between « and S,
(B, a){a, B) = 4cos® 6 < 4.

We only have to note that it is not equal to 4; otherwise, cos? = 1, and 6§ = nm, so
b = *a. O

Proposition 14.2. Let o, 5 € R, § # £a, and assume that (8, ) > (a, ). The possibilities
for {a, ), (B,a), 6 are as follows

€{0,1,2,3}.

(o, B) (B,a) cosB 0 Eggg = %

0 0 0 =

1 1Lz 1
e 1
1 2 5 3 2
-1 -2 -k 2
1 3 £ =z 3
-1 -3 ¥ & 3

The proof is an easy calculation.

Proposition 14.3. Let 0 be the angle between o, B € R.

(1) If 0 > %, then o+ B € R.
(2) If0 < 3, thena — 3 € R.
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Proof. By axiom (3),
sg=a— (o, ) € R.

From Proposition 14.2, § > 7 implies that (a, ) = —1, and 6 < 7 implies that (o, 5) = 1.
[

Example (Classification of root systems of rank 2). Let R C R? be a rank 2 root system.
Pick a, 8 € R with 8 # £a, and the angle 6 between o and 3 as large as possible (6 > 7).

By Proposition 14.2, the possibilities of § are 2%, 3T 5T op 5

307476

Take 6 = %’r Then «, 8 have the same length, and we have

i)

Apply reflections to get the root system

Take 0 = ?jf. Here, (8, 8) = 2(c, «), and we get

Take 6 = %’r. Here, (5, 3) = 3(a, «), and we get
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Take 0 = 7. Here, we get

This root system is reducible.

Weyl groups. Recall that for a root system R C E and a root a € R, we defined the
reflection s, by

2(a, )
(@, q)

Definition. The Weyl group W(R) of a root system R C F is

o forall x € F.

W(R) = (s : @ € R)
a subgroup of GL(E).
Proposition 14.4. The Weyl group W (R) is finite.

Proof. By axioms (3), each reflection s, gives a permutation of the finite set R. So we have
a homomorphism

¢: W(R) — Sym(R).

If g € Ker¢, then g(a) = « for all @ € R, hence as E = Span(R), g = 1. Therefore,
Ker¢p =1,s0 W(R) = Im¢ < Sym(R). O

Examples. R = A,
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B=e2—e3  oatf=€1—e€3

a=€1—€g

Here W(A3) = (54, S5, Sats). Action on basis €y, €, €3 of R?:
Sa = Sej—ey - €1 £ €2, €3 7 €3
Sp i€ <> €3, €1 > €]

Sa+8 1 €1 £ €3,€2 > €2
Hence W (Ay) = Ss.

R = A, 1 Roots ¢ —¢; (1 # j) ford,j € {1,...,n}. Reflection s, sends ¢ <> ¢;, and fixes
the other basis vectors. Hence W(A,_1) = S,.

Bases.
Definition. Let R C E be a root system. We say a subset B of R is a base of R if

(1) B is a basis of E (as a vector space)

(2) for any § € R,
£ = Z N

where n, € Z, and either n, > 0 for all a or n, < 0 for all a.

We say 5 € R is a positive root (with respect to base B) if all n, > 0. Similarly, define
negative roots.

Example. R = A,

B a+8

—a—p -8

A base is «, f (the positive roots are «, 3, o + ().

Another base is a, —a — 3 (the positive roots are a, —a — 3, —[3).

Note, there exists w € W(Ay) sending {a, 8} to {o, —a — }. (Exercise)
Theorem 14.5.
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(1) Every root system has a base.
(2) If B, B’ are bases of R, then there ezists a unique w € W(R) such that w(B) = B'.

Hence R has precisely |W(R)| different basis.
Example. The root system A, has 6 different bases, all of the form w({c, 8}) for w € W(As).

Proof of Theorem 14.5. Omitted. O

Dynkin diagrams. Let R be a root system with a base B. Define the Dynkin diagram
A = A(R) of R (with respect to B) to be the following graph®

vertices: elements of B
edges: join a, (8 in B by d,s edges, where d.5 = (5, a) € {0,1,2,3}

If dog > 1, then «, 8 have different lengths, and we draw an arrow from the longer to the
shorter root.

Note. By Theorem 14.5, the diagram A does not depend on the choice of the base B.

Examples.

(1) A,—1. Roots ¢, —¢; for i # j in {1,...,n}. Here is a base:

€1 — €2, €2 — €3, ..., €p_1 — €p
(&%} a2 p—1

This is a base, as for i < j,
€ — € =0 + Qi1+ Qg
So the positive roots are €; — ¢; for ¢ < j and the negative roots are ¢; — ¢; for ¢ > j.
Here,
Aoy, =1
dojo, =01f j A1+ 1.
So the Dynkin diagram is
*—0 *——o—0

(2) Bs.
B a+B=¢e1 20+ f=€1+¢€2
—Q (7
—2a— B -3

It has base «, £, and its Dynkin diagram is
—0

A graph where we allow multiple edges between vertices.
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It has base «, £, and its Dynkin diagram is
—

(4) Ay + Ay

—B
It has base «, (3, and its Dynkin diagram is
° °

Proposition 14.6. A root system R is irreducible if and only if its Dynkin diagram is
connected.

Proof. Sheet 5, Question 3. U

Simplicity of classical Lie algebras.

Theorem 14.7. Let n > 2. Then the classical Lie algebras, sl(n,C), so(n,C), sp(n,C) (n
even) are simple, apart from so(2,C) and so(4,C).

Idea.

(1) Use the next proposition to show L is semisimple.
(2) Use the root system and Proposition 14.6 to show L is simple.

Proposition 14.8. Let L be a finite-dimensional Lie algebra over C, with Z(L) = 0. As-
sume H is a Cartan subalgebra and

L=Ho®EPLa

where & C H*\ {0}. Suppose
(1) dim L, =1 for alla« € ®
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(2) if a € O then —a € O
(3) [[La, L_0a], La] # 0 for all a € ®.

Then L 1s semisimple.

Proof. Suppose for a contradiction that L is not semisimple. Then L has a soluble ideal, so
it has an abelian ideal I # 0. Now [HI] C I, and ad H acts diagonalizably on L, hence also
on [.

Hence [ is a sum of eigenspaces of ad H, so

I=(INH)®» (INLy).

acd

If I'N L, # 0 for some «, then L, C I by (1), so
Lo Lol L) C 1L o ] € [1,1] = 0,
a contradiction with (3).
Therefore, I = INH,i.e. I C H. As Z(L) = 0, there exists a € ® such that [IL,] # 0. But
[IL,) CIN[HL, CINL,=0,
a contradiction. O

Proof of Theorem 14.7. We just do the case L = sl(n,C). The other cases so, sp are Sheet 5,
Question 7.

We use Proposition 14.8. First, the case Z(L) = 0 was Sheet 3, Question 3. Otherwise, we
have a Cartan subalgebra H of diagonal matrices, and root space decomposition

L=HoEP L

We check assumptions (1)—(3) of Proposition 14.8:

(1) the root spaces L, are of the form Span(£;;), 1-dimensional,
(2) €, — €j € @ implies that €; —¢; € O
(3) for L, = Span(E;;), we have L_, = Span(£};), and check

([Eij, Eji], Eij] = 2E; # 0.
Hence L is semisimple by Proposition 14.8.

Finally, the Dynkin diagram of L is

which is connected, so L is simple by Propositions 13.2 and 14.6. 0
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Classification of irreducible root systems.

Theorem 14.9. Let R C E and R' C E’ be roots, and suppose R, R have the same Dynkin
diagram. Then R = R'.

So we just need to classify the possible Dynkin diagrams.

Theorem 14.10. The Dynkin diagrams of the irreducible root systems are

Dynkin diagram Notation  Corresponding simple Lie algebra
—9o o—0o o A, m>1) sl(n+1,C)
—=o o—— B, (n>2) s0(2n+1,C)
—o o— Cn (n>2) sp(2n,C)
—eo o—¢<:

D, (n>3) s50(2n,C)
G 92
—eo——o o
Fy f2
—eo I o—eo
Es €6
—eo I o—o—o
E7 (44

Eg ¢g

In particular, each of these Dynkin diagram shows the existence of the Lie algebra on the
right. However, these Lie algebras are actually not easy to construct.

We will prove Theorem 14.9. For that sake, we need the following proposition.
Proposition 14.11. Let R C E be a root system, with base B. Define

Wy = (sq :a € B) < W(R).
If B € R, then there exists a € B, w € Wy such that w(a) = 8 (i.e. Wo(B) = R).

Proof. Suppose § € R™ (positive root with respect to B), so
B = Zk’y’% k:'y > 0.

yeEB

ht(5) = Z Ky

yEB

Define
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We proceed by induction on ht(/3). If ht(8) = 1, then 8 € B and take a = 3, w = 1.
Now, assume ht(f) > 2, By axiom (2) of a root system, at least two k,’s are nonzero.

We first claim that there exists vy € B such that (5,7) > 0. Otherwise,
(ﬁ)ﬁ) = Zkv(ﬁf)/) S Oa

veEB

so (B,0) =0, hence = 0, contradicting 8 € R.
We now claim that s,,(8) € RT. Well,
$1(B8) = B = (8,770,

S0 s4,() has at least one coefficient k-, > 0, and hence s,,(5) € RT.

By the previous two claims,

ht(s,,(8)) = ht(8) — (8,70) < ht(3).
By the inductive hypothesis, there exists a € B, w € W, such that
w(ar) = s5,(6).
Then s,,w € Wy and it sends a to 3.

Proof of Theorem 14.9. We have R C E, R’ C E’ with bases

B=A{o,...,a,}, B ={aj,...,a}
such that

(i, o) = (o, o)) for all i, j
(same Dynkin diagram).
Define a linear map ¢: £ — E’ by
d(ay) = o for all 4.
We need to show that ¢(R) = R'. (This will show that R = R'.)
We use Proposition 14.11 to obtain
{wo(a) : @ € B,wy € Wy} = R.

Now

P50, () = Pl = (0, ai)en) = o — {0, ) = 501 (af) € R

by axiom (3). Hence for wy € Wy,
d(wo()) € R'.
So (R) C R..
The same argument for ¢! gives ¢~!(R’) C R. Hence ¢(R) = R/
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