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Notation

(ii)

(iii)

N: the natural numbers.

NX: if X C V is a subset of a vector space V then NX = {} ,_, n;x; : n; € N}, where I any
finite indexing set such that {x; : i € I} C X.

[.,.]: a Lie bracket, see Definition 2.1.2.

gl(V): for a vector space V, the Lie algebra which is End(V) as a vector space, equipped with
the commutator as its Lie bracket.

s[(V): the Lie subalgebra of gl(V) constisting of endomorphisms of trace 0.

An ideal in a Lie algebra g is a subspace a such that [a,x] € a for all x € g,a € a. See
Definition 2.2.1.

N, (a): the normalizer of a subalgebra a in a Lie algebra g. See Definition 2.2.6.
(Ck(g)) k>0 The lower central series of a Lie algebra, see Definition 5.3.2
(Dk(g))kzoz The derived series of a Lie algebra, see Definition 5.1.3

x = x9: The Killing form, an invariant symmetric bilinear form on a Lie algebra given by:
K(x,y) = trg(ad(x)ad(y)).
rad(B): If B is a symmetric bilinear form on a vector space V then

rad(B) ={v eV :B(v,w) =0,Vw € V}.

rad(g): If g is a Lie algebra, then rad(g) is the maximal solvable ideal in g.

(V,®): an abstract root system. See Definiton 7.3.2.

Modifications

Chapter 1: Added a few more details about the examples discussed in lecture 1, but this is
just for curiosity.

Chapter 2: Clarified the definition of a k-algebra to tidy up the unital and non-unital cases:
the current version gives a definition of a k-algebra structure on a k-vector space A with or
without a unit. In the case where A has a unit, then the definition becomes equivalent to the
existence of a homomorphism of rings kK — A whose image lies in the centre of A.

Chapter 5: corrected some typos in Section 5.1 and subsection 5.3.2 now matches the account
of representations of nilpotent Lie algebras give in lectures. (The original online notes had a
mistake here.)



Chapter 1

*Background

In this section I use some material, like multivariable analysis, which is not necessary for the main body
of the course, but if you know it, or are happy to rely on notions from Prelims multivariable calculus for
which you have not been given a rigorous definition, it will help to put the material of this course in a
broader context. For those worried about such things, fear not, it is non-examinable.

1.1 From group actions to group representations

In mathematics, group actions give a way of encoding the symmetries of a space or physical system.
Formally these are defined as follows: an action of a group G on a space! X isamapa: Gx X — X,
written (g.x) — a(g,x) or more commonly (g, x) — g.x which satisfies the properties

1. e.x = x, for all x € X, where ¢ € G is the identity;
2. (8182)x =g1.(g2.x) forall g, € G and x € X.

Natural examples of actions are that of the group of rigid motions SO5 on the unit sphere {x € R3:
|lx|]| = 1}, or the general linear group GL,(R) on R".

Whenever a group acts on a space X, there is a resulting linear action (a representation) on the
vector space of functions on X. Indeed if Fun(X) denotes the vector space of real-valued functions
on X, then the formula

g(f)(x) =f(@@ 'x), VgeG,feFun(X),x€X,

defines a representation of G on Fun(X). If X and G have more structure. e.g. that of a topological
space or smooth manifold, then this action may also preserve the subspaces of say continuous, or
differentiable functions. Lie algebras arise as the “infinitesimal version” of group actions, which
loosely speaking means they are what we get by trying to differentiate group actions.

Example 1.1.1. Take for example the natural action of the circle S! by rotations on the plane R?.
This action can be written explicitly using matrices:

_( cos(t) —sin(t)
g(t)—( sin(t)  cos(t) )

where we have smoothly parametrized the circle S! using the trigonometric functions. Note that
for this parametrization, ¢(#)~! = ¢(—t). The induced action on Fun(R?) restricts to an action on

'’m being deliberately vague here about what a “space” is, X could just be a set, but it could also have a more
geometric nature, such as a topological space or submanifold of R".
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C*(R?) the space of smooth (z.c. infinitely differentiable) functions on R2. Using our parametriza-
tion, it makes sense to differentiate this action at the identity element (i.c. at t = 0) to get an

operation v: C®(R2) » C*(R2), where if z = ( ; ) € R2, then v is given by

d
v(f) = E(f(g(_t)'z)>|t:o
= —sz og,(O).(Z)

B —sin(t) —cos(t) *
= ( dxf ayf )< cos(t) —sin(t) >|t:0( Y )
= Yy — x9y.

The operator we obtained in this example, v = yd, —xd, is a C* (R?)- linear combination of 9,
and dy. Such an operation is called a derivation, and we now discuss their structure. We will work
with the spaces R” for the rest of this section, but everything we say also applies, mutatis mutandis
to the context of smooth manifolds.

Definition 1.1.2. For any positive integer 1, an R-linear operator v: C*(R") - C*®(R") is said to
be a derivation if, for any f1,f, € C°(R") it satisfies

v(fifo) = v(fy) fo + frv(fa). (L.1)

The next Lemma shows that the previous, somewhat formal, definition, actually results in a
class of objects with a very concrete description. When working in R” we will denote the partial
derivative of f in the direction of the i-th standard basis vector by d,f (in preference to the notation
of /dx; you may have seen more often).

Lemma 1.1.3. /fv: C*(R") - C®(R") is a dertvation, then there exist unique smooth functions
ai, ..., a, € C*(R™) such that for all f € C*(R™) we have

v(f) = a;0;().
j:l

Proof. Let v be a derivation. Since 12 = 1 € R, we must have v(1) = v(1).1 + 1.v(1), that is,
2v(1) = v(1) so that v(1) = 0, and hence by linearity v(A) = 0 for all A € R, z.e. any derivation
vanishes on the subspace of constant functions R C C*(R").

Now suppose that f is an arbitrary smooth function, and fix a point ¢ € R”. For x € R", let
Yt [0,1]1 - R" be the line-segment path 7, (t) = ¢ + t(x — ¢) from c to x, and let I, (t) = f (7, (})).
Now by the fundamental theorem of calculus f (x) — f(c) = h(1) — h((0) = fol h'(t)dt and since by
chain rule we have I’ (t) = Df%(t) (x — ¢), we obtain

1 n
f)=f)+ fo Y O (v (xp —cpydt =f(e) + Y g;(x).(x; — ¢)
j=1 =1

]

where gj(x) = fol ajf(c + t(x — ¢))dt € C*°(R") and clearly gi(o) = ajf(c). Since the functions
(x; — ¢;) vanish at x = c for all j, it follows from the (1.1) that v(g-(xj — ) (c) = gj(e)v(x; —¢;).
Using this and the fact that v(R) = 0, it follows that if we set a; = v(x;) = v(x; —¢;) then

v(f)(©) = Y a;(©)df o).
j=1

Since ¢ € R" was arbitrary, it follows that v(f) = Z;lzl a;0;f as required. o



It follows that to give a derivation is the same as to give an n-tuple of functions (a, ...,a,), or in
other words a smooth function a: R" — R",

Definition 1.14. A vector field on X = R" (or, with a bit more work, any manifold) is a (smooth)
function v: R" - R", which one can think of as giving the infinitesimal direction of a flow (e.g. of
a fluid, or an electric field say). The set of vector fields forms a vector space which we denote by
Ox. Such fields can be made to act on functions f: X — R by differentiation. If v = (ay,a,, ...,4a,)
in standard coordinates (here 4; : R” — R), then set

n af
v(f) = a;=—.
z-; 0x;

By the previous Lemma, this yields a bijection between vector fields and derivations on C*(R").

Heuristically, we think of the infinitesimal version of a group action as the collection of deriva-
tions on smooth functions we obtain by “differentiating the group action at the identity element”.
(For the circle the collection of vector fields we get are just the scalar multiples of the vector field
v, but for actions of larger group this will yield a larger space of derivations). It turns out this set
of derivations forms a vector space, but it also has a kind of “product” which is a sort of infinites-
imal remnant of the group multiplication?. The next definition seeks to formalize the notion of an
“infinitesimal symmetry”.

Note that if we compose two derivations v; o 1, we again get an operator on functions, but it
is not given by a vector field, since it involves second order differential operators. However, it is
easy to check using the symmetry of mixed partial derivatives that if 11,1, are derivations, then
[Vq, V5] = V1 oVy — 1, o1y is again a derivation. Thus the space @ of vector fields on X is equipped
with a natural product?® [.,.] which is called a Zie bracket. The derivatives of a group action give
subalgebras of the algebra ©y.

Example 1.1.5. Consider the action of SO3(R) on R3. This is the group of orientation-preserving
linear isometries of R3. It is well-known that any element of ¢ € SO3(R) is a rotation about an
axis L through the origin by some angle, 8 let us say. Then there is a continuous path 7 in SO3(R)
from the identity to g which, for t € [0, 1] is the rotation by t.6 about that axis.

This path is smooth and extends to t in an open interval containing f = 0, so it makes sense to
associate to it the derivation f — %(f(’y(—t) (x)). Picking an orthonormal basis {ey, e,,e3} which is
positively oriented, with e; lying along the axis of rotation of ¢ and e; and e, on the plane perpen-
dicular to es, then a calculation almost identical to the one above in the case of the circle shows that
v is a scalar multiple of x,0; — x10,, where the scalar depends on the angle 6.

But since, for each ¢ € SO3(R), the derivation v, we obtain in this way, is determined up to
scaling by the axis of rotation, and if we conjugate g by an element of h € SO3(R), then hgh~! is a
rotation by the same angle around the axis (L) and hy(t)h=tis a path from the identity to hgh_l.
Applying the chain rule as for the case of a circle, noting that a linear map is its own derivative, it
follows that the derivation obtained from using the rotation hgh~! in place of g is obtained from that
for g simply by applying h. It follows from this that the linear span of all such derivations is in fact
a 3-dimensional vector space g = spang {xay — Y0y, Y0, — zay,zax — xd,}, and moreover it is then
not hard to check that g is closed under the bracket operations [-,-]. (This also gives a non-trivial
example of a 3-dimensional Lie algebra).

2To be a bit more precise, it comes from the conjugation action of the group on itself.
3This is in the weakest sense, in that it is a bilinear map @y x ®x — @y. It is not even associative — the axiom it
does satisfy is discussed shortly.



Chapter 2

Lie algebras: Definition and Basic
properties

2.1 Definitions and Examples

The definition of a Lie algebra is an abstraction of the above example of the product on vector fields.
It is purely algebraic, so it makes sense over any field k. We begin, however, with an even more
basic definition:

Definition 2.1.1. Let R be a commutative ringl. An R-algebra is a pair (A, x) consisting of an R-
module A and an R-bilinear map »: A x A — A, that is, for all a,,a,,b,,b, € A and r € R, the
operation « satisfies:

(r.ay +ap) * by =r.(ay xby) + (ay » by),

a; x (T.bl + bz) =r.a;* bl + (111 * bz)

We say that (A, x) is unital (or has a unit) if there is an element 1, € A such that 14 xa =
ax1, =aforalla e A. Note that if it exits, the multiplicative unit is unique. We say that (4, *)
is associative if a x (b xc¢) = (a «b) xc for alla,b,c € A. When A is associative, we will normally
suppress the operation * and so, for any a,b € A, write ab rather than a x b for the value of the
bilinear map on the pair (g, b).

Note that an associative Z-algebra (i.c. letting R = Z the integers) is just a ring. In this course
we will usually assume that R is a field, which we will denote by k.

Definition 2.1.2. A Lie algebra over a field K is a pair (g, [., ]g) consisting of a k-vector space g,
along with a bilinear operation [.,.]5: g x g — g taking values in g known as a Lie bracket, which
satisfies the following axioms:

L. [.,.]4 is alternating, z.c. [x,x]; = 0 for all x € g.

2. The Lie bracket satisfies the Jacobi Identity: that is, for all x,y,z € g we have:
[x, [y, zlg]g + [y, [2,x]g]q + [2,[%, ¥]g]; = 0.

Remark 2.1.3. It is straight-forward to check directly from the definition that the commutator
bracket [vy,1,] = v1 o vV, — V5 o v; which we put on the space of vector fields @ satisfies the
above conditions.

Note that by considering the bracket [x+y, x +y], it is easy to see that the alternating condition
implies that for all x,y € L we have [x, ylg = — [y, x]g, thatis[., g is skew-symmetric. If char(k) # 2,

YAll commutative rings in this course will have a multiplicative identity.



the alternating condition is equivalent to skew-symmetry. Note that a Lie algebra is a k-algebra in
the sense of Definition 2.1.1 where the product [.,.] is neither commutative nor associative, and
moreover it does not have a unit (7.e. a multiplicative identity)?. We will normally simply write
[.,.] and reserve use the decorated bracket only for emphasis or where there is the potential for
confusion.

Definition 2.14. Let (gy,[.,.]11) and (gy, [.,.]») be Lie algebras. A k-linear map ¢: g; — g, is said
to be a homomorphism of Lie algebras if it respects the Lie brackets, that is:

(P([arb]l) = [¢(a)/¢(b)]2 Varb € g1-

An isomorphism of Lie algebras is a bijective homomorphism, since, just as for group homomor-
phisms and linear maps, the (set-theoretic) inverse of a Lie algebra homomorphism is automatically
itself a Lie algebra homomorphism.

Example 2.1.5. 1. If V is any vector space then setting the Lie bracket [.,.] to be zero we get a
(not very interesting) Lie algebra. Such Lie algebras are called abelian Lie algebras.

2. If A is an (associative) k-algebra, then A can be given the structure of a k-Lie algebra, where
if a,b € A then we set [a,b] = a.b — b.a, the commutaror of a and b. The commutator bracket
is clearly alternating, and checking the Jacobi identity is a fundamental calculation. Indeed
we have

[x, [y, z]] = x(yz — zy) — (Yz — zZY)X = XYz — XZY — YZX + ZYx
= (xyz — yzx) + (2yx — yzx)
where,in the final expression, we have paired terms which can be obtained from each other

by cycling x,y and z. Since the terms in these pairs have opposite signs, it is then clear that
adding the three expressions obtained by cycling x,y and z gives zero.

3. For a more down-to-earth example, take g = gl,, the k-vector space of n x n matrices with
entries in K. It is easy to check that this is a Lie algebra for the commutator product:

X, Y]=XY-YX.

Slightly more abstractly, if V is a vector space, then we will write gl(V) for the Lie algebra
End(V) equipped with the commutator product as for matrices.

4. If g is a Lie algebra and N < g is a k-subspace of g on which the restriction of the Lie bracket
takes values in N, so that it induces a bilinear form [.,.]ny: N x N —» N, then (N, [.,.]y) is
clearly a Lie algebra, and we say N is a (Lie) subalgebra of g.

5. Let sl, = {X € gl,, : tr(X) = 0} be the space of n x n matrices with trace zero. It is easy to
check that sl,, is a Lie subalgebra of gl,, (even though it is 7oz a subalgebra of the associative
algebra End(V)). More generally we say any Lie subalgebra of gl(V) for a vector space V is
a linear Lie algebra.

6. Generalising the example of vector fields a bit, if A is a k-algebra and 6: A — A is a k-linear
map, then we say 0§ is a K-derivarion if it satisfies the Leibniz rule, that is, if:

6(a.b) = é(a).b+a.6(b), Va,beA.

It is easy to see by a direct calculation that if Der, (A) denotes the k-vector space of k-
derivations on A, then Der (A) is stable under taking commutators, that is, if

[51,52] = 51 o (52 - 52 o 51.

2This makes them sound awful. However, as we will see this is not the way to think about them!



then [0q,0,] € Dery (A). Indeed

(81 009 — 3y 0 81)(a.b) = 61 (05(a).b +a.0,(b)) — 65 (61(a).b+ ady (b))
= 0105(a).b + 65(a).6,(b) + 61 (a).05(b) + a.6,(51(b))
— 0561(a).b — 51 (a).05(b) — 65(a).61(b) — a.0,01(D))
= [01,0,1(a).b + a.[61,6,1(D).

7. If A is an associative k-algebra, then if 2 € A the operation of taking commutator with a is a
derivation. That is, if §,: A — A is given by 6,(b) = [a,b] for any b € A, then §, € Dery (A).
Indeed

0,(b).c +b.5,(c) = (ab— ba)c + b(ac — ca) = a.(bc) — (bc).a = 6,(b.c)

The map A: A — Der (A) given by a — ¢, is compatible with commutators:

6[&,5] = [(Sa, CSb]
In fact slightly more is true: if @ € Dery(A) and b € A then [0, 6] = 5. (Applying this to
0 = 4, gives the compatibility with commutators). Indeed for all ¢ € g we have
[9,6p](c) = d(bc — cb) — (bd(c) — d(c).b) = d(b).c —c.d(b) = 554 (C).

Thus in particular, the map A: A — Der, (A) is a homomorphism of Lie algebras (where A
and Der, (A) are equipped with the commutator bracket).

8. Given a Lie algebra g we let Der, (g) = {¢ € gl(g) : ¢([x,y]) = [¢(X),y] + [x,¢)]}. Ttis
a Lie subalgebra of gl(g) (indeed the proof above that Dery (A) is a Lie algebra only requires
the product on A to be bilinear).

9. One way of interpreting the Jacobi identity is that, assuming the alternating property, it
is equivalent to the condition that, for any x € g, the operation ad(x) € gl(g) given by
ad(x)(y) = [x,y] lies in Der (g). Indeed

ad(x)([y,z]) = [ad(x)(y), z] + [y, ad(x)(2)]
= [x[y,z]] = [[x,y],z] + [y, [x,2]]
=[x [y,z]] - [y, [x,z]] = [[x,y],2] =0
=[xy, 211+ [y, [z x]] + [z, [x,y]] =0

where the equivalence between the third and fourth equalities follows from the alternating
property of a Lie bracket.

10. The Jacobi identity is also equivalent, again assuming the alternating property, to the fact that
ad: g — gl(g) is a homomorphism of Lie algebras: Indeed, for all x,y,z € g we have

[ad(x), ad(1)1(z) = [x, [y, z]] = [y, [x, 2]]
=[x, [y, z]] + [y, [z, x]]
= —[z,[xyl]
= ad([x,y])(2).

where the second and fourth equality uses the alternating property, and the third the Jacobi
identity.

*Remark 2.1.6. Combining (8) and (9) in the above example we see that the adjoint representation
x — ad(x) is in fact a Lie algebra homomorphism from g to Dery(g). This is, in a sense, where
the Jacobi identity comes from: very roughly, the conjugation action of G on itself yields a group
homomorphism G — GL(g) (since conjugation preserves the identity ¢ € G) whose image lies
in Aut(g). The adjoint representation of g is then the derivative of this action yields the adjoint
representation ad which hence should have image in Dery (g).



2.2 Ideals and isomorphism theorems

As one might expect if a Lie algebra is suppose to be an “infinitesimal” version of a Lie group, most
notions for groups have analogues in the context of Lie algebras. It might be worth noting, however,
that the linear structure of a Lie algebra comes from the basic properties of the derivative: it is the
Lie bracket which reflects the “infinitesimal” versions of properties of a group. The existence of
both the linear structure and the Lie bracket means that many of the notions we consider for a Lie
algebra also have natural analogues for a ring (which is an algebra object equipped with an addition
and an (associative) multiplication.

Definition 2.2.1. An ideal/ in a Lie algebra (g, [.,.] g)isa subspace a such that forallx e ganda € a
we have [a,x]y € a. It is easy to check that if ¢: g; — g, is a homomorphism, then

ker(¢p) = {a € g; : ¢(a) =0}

is an ideal of g;.

Remark 2.2.2. Notice that because a Lie bracket is alternating, the condition that, for all x € g and
a € a one has [a4,x] € a, is equivalent to the condition that [x,a] € a for all x € g, a € a. Thus,
similarly to commutative rings, the notions of a left, right or two-sided ideal in a Lie algebra are all
the same.

Just as for rings, in fact any ideal is the kernel of a Lie algebra homomorphism:

Theorem 2.2.3. 7e first isomorphism theorem for Lie algebras:

1. Let a be an ideal in a Lie algebra g. Let g/a be the quotient space and let q: g — g/a be the quotient
map (of vector spaces). Then there is a unique Lie bracket on g/a with respect to which q is a
homomorphism of Lie algebras, that is, for all x,y € g

[q(x), g ] =q(x,y]), e [x+ay+a]l=I[xy]l+a.

Moreover, if ¢p: g — tis a Lie algebra homomorphism such that ¢(a) = 0, then ¢ induces a
homomorphism ¢: g/a — €such thar ¢ o q = ¢, so that ker(P) = ker(p)/a.

2. Let ¢: g1 — gy be a homomorphism of Lie algebras. The subspace ¢(g1) = im(P) is a subalgebra
of 9> and ¢ induces an isomorphism §: g/ker(p) — im(P).

Proof. The proof is almost identical to the proof in the case of rings. The key point is to see that
the coset [x,y] + a is independent of the choice of representative for the cosets x + a, y + a, and the
condition that a is an ideal ensures this. O

Definition 2.2.4. If V, W are subspaces of a Lie algebra g, then write [V, W] for the linear span of
the elements {[v,w] : v € V,w € W}. Notice that if I,] are ideals in g then so is [I,]]. Indeed to
check this, note that by part 8) of Example 2.1.5, if z € g, x € [,y € | then we have

[z, [x,y]] = ad(z)([x,y]) = [ad(2)(x),y] + [x,ad(2)(y)] € [,]]
since ad(z) (x) = [z,x] € I if x € g, and similarly ad(z)(y) = [z,y] € ].

Remark 2.2.5. If I and | are ideals in a Lie algebra g then it is easy to check that their intersection
I'NJ is again an ideal in g, and we have [I,]J] CIN]J. (Thus [I,]] is the Lie algebra analogue of the
product of ideals in a commutative ring.) Similarly, it is easy to see that the linear sum I +J of I and
] is also an ideal?.

3Note however that the linear sum of two subalgebras is 7o necessarily a subalgebra.
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Definition 2.2.6. Let g be a Lie algebra and let a < g be a subalgebra. If we let
Ny(a) ={xeg: ad(x)(a) Ca}={xeg:ad@)(x) €a,Va e a},

then Ng(a) D a is a subalgebra of g, as one can check using the formulation of the Jacobi identity
given in Definition 2.2.4. It is the largest subalgebra of g within which a is an ideal.

Remark 2.2.7. Note that because the Lie bracket is skew-symmetric, we do not need to consider
notions of left, right and two-sided ideals, as they will all coincide. If a nontrivial Lie algebra has no
nontrivial ideals we say that it is a/most simple. It it is in addition not Abelian, z.e. the Lie bracket
is not identically zero, then we say that it is simple.

Just as for groups and rings, one can deduce the usual stable of isomorphism theorems from the
first isomorphism theorem.

Theorem 2.2.8. 1 If'h is a subalgebra of g and I is an ideal in g then by + I is a subalgebra of g
(containing 1 as an ideal) b N I is an ideal in b, and

(h+D/I=bh/GNID).
2. If] C I C gareideals of g then we have:

(o/D/A/]) =g/l

Proof. The proofs are identical to the corresponding results for groups. We give a proof of (2) as an
example. Since | C I the quotient map g: g — g/I, which has kernel I, induces a map §: g/] — g/I.
The kernel of this map is by definition {x + J : x + I = I}, that is, I/]. The result follows. O
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Chapter 3

Representations of Lie algebras

3.1 Definition and examples

Just as for finite groups (or indeed groups in general) one way of studying Lie algebras is to try and
understand how they can act on other (usually more concrete) objects. For Lie algebras, since they
are already vector spaces over K, it is natural to study their action on linear spaces, or in other words,
“representations”. Formally we make the following definition.

Definition 3.1.1. A representation of a Lie algebra g is a vector space V equipped with a homomor-
phism of Lie algebras p: g — gl(V). In other words, p is a linear map such that

o([x,y]) = p(x) o p(y) — py) o p(x)

where o denotes composition of linear maps. We may also refer to a representation of g as a g-
module. A representation is faithful if ker(p) = 0. When there is no danger of confusion we will
normally suppress p in our notation, and write x(v) rather than p(x)(v), forx € g,v € V.

If (V,p) and (W, o) are g-representations, we say that ¢: V — W is a g-homomorphism (or
homomorphism of g-representations) if ¢ o p(x) = o (x) o ¢ for all x € g. We will sometimes write
Rep(g) for the collection! of representations of g.

We will study representation of various classes of Lie algebras in this course, but for the moment
we will just give some basic examples.

Example 3.1.2. 1. If g = gl(V) for V a vector space, then the identity map gl(V) — gl(V) is
a representation of gl(V) on V, which is known as the vector representation. Clearly any
subalgebra g of gl(V) also inherits V as a representation, where then the map p is just the
inclusion map.

2. Given an arbitrary Lie algebra g, there is a natural representation ad of g on g itself known as
the adjoint representation. The homomorphism from g to gl(g) is given by

ad(x)(y) = [x,y], VYx,yeg

Indeed, as noted in Example 2.1.5, the fact that this map is a homomorphism of Lie algebras
is just a rephrasing? of the Jacobi identity. Note that while the vector representation is clearly
faithful, in general the adjoint representation is not. Indeed the kernel is known as the cenzre
of g:

3@ ={xeg:xyl=0,Vyeg)
Note that if x € 3(g) then for any representation p: g — gl(V) the endomorphism p(x) com-
mutes with all the elements p(y) € End(V) for ally € g.

If you take the Category Theory course, Rep(g) is a category whose objects are representations of g and whose
morphisms are g-homomorphisms.
21t’s also (for some people) a useful way of remembering what the Jacobi identity says.
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3. If g is any Lie algebra, then the zero map g — gl; is a Lie algebra homomorphism. The
corresponding representation is called the z7ivial representation. It is the Lie algebra analogue
of the trivial representation for a group (which send every group element to the identity).

4. If (V,p) is a representation of g, we say that a subspace U < V is a subrepresentation if
$(x)(U) C U for all x € g. It follows immediately that ¢ restricts to give a homomorphism
from g to gl(U), hence (U, ¢;) is again a representation of g. Note also that if {V; : i € I} are
a collection of invariant subspaces, their sum ) ,_; V; is clearly also invariant, and so again a
subrepresentation.

5. If (V,p) is a g-representation, then it contains a natural subrepresentation
Vi={veV:pkx)(v) =0 Vx e g}
known as the g-Znvariants in V.

We now give a different kind of example, and consider the question of classifying all possible
representations of the simplest Lie algebra gl; (K).

Example 3.1.3. Giving a representation of gl; is equivalent to giving a vector space equipped with
a linear map. Indeed as a vector space gl; = K, hence if (V,p) is a representation of gl; we obtain
a linear endomorphism of V by taking p(1). Since every other element of gl; is a scalar multiple of
1 this completely determines the representation, and this correspondence is clearly reversible.

If we assume K is algebraically closed, then you know the classification of linear endomorphisms
is given by the Jordan canonical form. From this you can see that the only irreducible representations
of gl; are the one-dimensional ones, while indecomposable representations correspond to linear
maps with a single Jordan block.

Example 3.1.4. If L is a one-dimensional vector space and g a Lie algebra, a representation of g on L
is a homomorphism of Lie algebras A: g — gl(L) = k, where the isomorphism gl(L) = k is canonical
— it is given by the scalar multiplication map. We write gl; = gl; (k) for k viewed as an Abelian Lie
algebra, so that a one-dimensional representation of g on L is given by a Lie algebra homomorphism
A: g — gly (identifying gl; with gl(L) via the canonical isomorphism above).

Since gl; is abelian, the condition that A is a homomorphism of Lie algebras is precisely the
requirement that A(D(g)) = 0, thus the isomorphism classes of one-dimensional representations of
g are canonically identified with (g/D(g))* = D(g)? C g*. Here, D(g)° denotes the elements of g*
which vanish on D(g). It is canonically identified with (g/D(g))* by the transpose of the quotient
map g: g — g/D(g).). We will write k, for the g-representation (K, 1), where we view A as an element
of g* which vanishes on D(g)). In particular, if A = 0 € g* then K is the trivial representation of g.

We end this section with some terminology which will be useful later.

Definition 3.1.5. A representation is said to be #rreducible if it has no proper non-zero subrepre-
sentations, and it is said to be completely reducible if it is isomorphic to a direct sum of irreducible
representations. A representation V is said to be indecomposable if, whenever we have V = U; & U,
with Uy, U, subrepresentations, either U; = V or U, = V (and U, = 0, U; = 0 respectively).

3.2 Representations and constructions from linear algebra

There are a number of standard ways of constructing new representations from old, all of which
have their analogues in the context of group representations. For example,

1. Quotients: Recall that if V is a k-vector space, and U is a subspace, then we may form the
quotient vector space V/U. If ¢: V — V is an endomorphism of V which preserves U, that is
if (U) C U, then there is an induced map ¢: V/U — V/U. Applying this to representations
of a Lie algebra g we see that if V is a representation of g and U is a subrepresentation we
may always form the guotient representation V /U.

13



2. Direct sums: If (V,p) and (W, o) are representations of g, then clearly V & W, the direct sum
of V and W, becomes a g-representation via the obvious homomorphism p & .

3. Hom spaces: 1f (V,p) and (W, o) are representations of g, then the vector space Hom(V, W)
of linear maps from V to W also has the structure of a g-representation via

x(p) =0(x)op—¢pop(x), Vx€&g ¢ Hom(V,W). (3.1)

One can check that this gives Hom(V, W) the structure of a g-representations, z.e. that it gives
a Lie algebra homomorphism from 0: g —» gl(Hom(V, W)) by a direct calculation. Another,
slightly quicker way, goes as follows: as already noted, p @ o defines a homomorphism from
g to gl(V @ W). Now we may decompose gl(V & W) = Hom (V& W,V & W) into four
summands which we write in the format of 2 x 2 matrix:

Homy (V,V) = gl(V) Hom (W, V) ) 5 ( o(g) 0 )

gllVe W) = ( Homk(V, W) Homk(W,W) = gl(W) 0 o(g)

where the right-most containment shows the image of (o @ ) in terms of this decomposition:
since it preserves the summands V and W, it is contained in the diagonal “blocks”. Composing
(p ® o) with the adjoint representation of gl(V & W) yields a homomorphism

po(x) 0

9:g - glgl(VeW)), x'—>ad< 0 oo

) , (Vxeg),
giving gl(V @ W) the structure of a g-representation for which each direct of the four direct
summands is a subrepresentation. The action on Hom, (V, W) is given by

(787 o0 )(o 0 )05 0 ) (70" ot )= (oo popcn 0)
0 o) ¢ 0 ¢ 0 0 o)) \o@xop—popix) 0 )

It follows that the formula in (3.1) gives an action of g on Homy (V, W), that is, the structure
of a g-representation.

4. Duals: An important special case of this is where W = K is the trivial representation (as above,
so that the map ¢: g — gl(K) is the zero map). This allows us to give V* = Hom(V, k), the
dual space of V, a natural structure of g-representation where (since ¢ = 0) the action of x € g
onf € V*is given by p*: g — gl(V*) where

PX)(f) =—fopx) (fEV™).

If a: V - V is any linear map, recall that the transpose map a’: V* — V* is defined by
at (f) = f ow, thus our definition of the action of x € g on V* is just3 —p(x)!. This makes it clear
that the action of g on V* is compatible with the standard constructions on dual spaces, e.g. if
U is a subrepresentation of V, the U the annihilator of U will be a subrepresentation of V*,
and moreover, the natural isomorphism of V with V** is an isomorphism of g-representations.

3.3 Representations and multilinear algebra: tensor products

An important method for constructing representations of a finite group G arises from the fact that if
V and W are G-representations, then so is V®W. It turns out that the same is true for representations
of a Lie algebra.* In this section we show that the same is true for representations of Lie algebras.
First, however, let us review the group case:

3Note that the minus sign is crucial to ensure this is a Lie algebra homomorphism — concretely this amounts to
noticing that A — —A! preserves the commutator bracket on n x n matrices.

4 As an intuitive guide, if Lie algebras are supposed to be some kind of “infinitesimal” version of a group, then their
representations ought to have the same properties
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3.3.1 Tensor products and group representations In fact we will consider two related questions
one can consider:

(i) Suppose that G; and G, are groups, then we can form their product G; x G, (as a set, this
is the Cartesian product of G; and G,, and the group operation is given componentwise). If
we are given representations (Vy,p1) and (V5,p,) of G; and G, respectively, can we build a
representation of G; x G, from them?

(ii) If we take Gy = G, = G, can we build a new representation of G from V and W?

It is relatively easy to see that if the answer to the first question is positive then so is the answer
to the second, because of (W, ¢) is the representation produced by a solution to (i), then o o A give
a representation of G on W, where A: G — G x G given by A(g) = (g,9) (this map is usually called
the “diagonal” map or embedding of G into G x G).

One answer to the first question is given by the tensor product: the vector space V @ W is
naturally a representation of G; x G,. To see why, note that the homomorphisms p; and p, combine
to give a homomorphism (pq,0,): G x G, —» GL(V7) x GL(V5;), and so to obtain an action of
Gy x G, on V; ® V), it suffices to produce an action of GL(V{) x GL(V,) on V @ W.

To see what is required, one just needs to understand what data needs to be given in order to
define a group homomorphism from GL(V) x GL(W) —» GL(V ® W). The answer is given in the
following simple Lemma.

Lemma 3.3.1. Ler0: Gy xGy — H beagroup homomorphism and let 0, : Gy — H be given by 01(g,) =
0(81,ec,), and similarly for 05 : Gy — H. Then 6 is determined by the pair of homomorphisms 0,,0, and
any such pair yields a homomorphism of Gy x G, provided 01(g1)605(82) = 65(82)61(81) forallg, € Gy
and g, € Gy.

Proof. For simplicity of notation, we identify G; and G, with their images in G; x G, under the maps
g1~ (&1.ec,) and g, — (G, 82) respectively. To see that the pair (6;,6,) determine 6 uniquely,
note that

0(81,82) = 0(81,¢€5,)-0(eg,,82) = 61(81)62(82)-

On the other hand, provided 61, 6, satisfy 6;(g1).60,(g>) = 6,(82)61(g1), then it is easy to see that
0(31,82) = 01(81)0>(g») is a group homomorphism the the map 6: G; xG, — H given by 0(g1,9>) =
601(g1)6>(g) is a group homomorphism. Indeed if (g1, %), (k1, k) € G; x G, then

0((81,82)-(k1,k2)) = 0((g1k1,82k2)) 1= 01(g1k1)62(82k7)
= 01(81)61 (k1)05(82)602 (k5) = 01(81)05(82)61 (k1) (k)
= 0((81,82))-0(ky, kp).

O

Thus to give a homomorphism from GL(V{) x GL(V,) - GL(V; ® V,) we must give homo-
morphisms from GL(V;) - GL(V; ® V,) for i = 1,2 whose images centralise each other. But this
is easy to find using the basic compatibility between linear maps and the tensor product shown in
1.2.2: if q, 0y € Hom(Vy,V7) and B4, B, € Hom(V,.V,), then they induce linear maps a; ® f; and
ay ® By from V @ W to itself which satisfy the identity

(@1 ® B1) o (ap ® Bp) = (a1 0 ap) ® (B © Br).
In particular, for any « € Hom(V, V) and € Hom(W, W), we have
@RIpy)o(ly®B) =a®p= (1, 8B) 0 (@aly), (3.2)

and hence the map 7(«, ) = a ® B gives the required action of GL(V) x GL(W) on V @ W.
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3.3.2 Tensor products and Lie algebra representations Suppose now that g, g, are Lie alge-
bras and (Vq,p1) and (V,,p,) are representations of g; and g, respectively. We may consider
the corresponding pair of questions for Lie algebras that we considered for groups above: can we
build a representation of g; @ g, from V; and V,, and when g; = g, = g can we also obtain a
g-representation?

The map x » (x,0) + (0,x) = (x,x) is a homomorphism of Lie algebras g — g & g, thus
using this “diagonal” map, we can, as above, reduce the second question to the first, namely can
we build a representation of g; @ g, from V; and V,? Again, our candidate is V; ® V5, and since
(01,02): 81 ® 9o — gl(V7) & gl(V,) is a Lie algebra homomorphism, this question also reduces to
whether there is a natural Lie algebra homomorphism gl(V;) & gl(V,) — gl(V; ® V5).

As with the group case, we first consider what it means to give a representation of a direct sum
of Lie algebra g; & g,:

Lemma 3.3.2. Let g1, 9, be Lie algebras and suppose that a;: g; — gl(U) are Lie algebra homomor-
phisms. Then B: g1 @ g, — gl(U) given by B(x1,x) = ay(x1) +ay(Xy) is a Lie algebra homomorphism
if and only if [aq (x), a5 (y)] = 0 for all (x,y) € g1 X gp.

Proof. This is a direct calculation. For all (x1,x5), (¥1,Y2) € g1 ® g, we have

[B(x1,%x2), BY1,Yy2)] = [a1(x1) + ap(x2), 21 (Y1) + a2 (y2)]

= [ag (ep), a0 (1)1 + [ag (1), a0 (y2) ] + [ (x2), a1 (1) ] + [ (x2), a2 (y2) ]
= [ag (1), a1 (Y1) ] + [ (x2), a2 (y2) ]

= a1 ([x, 1] + ax([x2,¥2])

= ,B(([xlfyl],[xz,yz])

= B([(x1,%2), (Y1, Y2)])

where in passing from the second to the third equality we use the hypothesis applied to (x.y) =
(x1,Y2) and (Y1, %) € g1 X gp. The converse follows similarly. ]

Equipped with this observation, it follows that we again simply need, for « € gl(V) and g €
gl(W), to give action maps 7y, and Ty on V ® W which commute with each other. But by (3.2), we
have

@®Do(1®f)—(1®p)c(@®l)=(@®p)— (@®p) =0.

It therefore follows from LLemma 3.3.2 that 7y, (¢) = « ® 1 and 7y (B) = 1 ® B give representations
of gl(V) and gl(W) on V ® W which commute with each other, and hence induce a representation
of gl(V) & gl(W) on V @ W as required.

Now returning to the general setting.

Definition 3.3.3. If (V, p) and (W, ) are g-representations for an arbitrary Lie algebra g then VW
becomes a g representation via the composition

g2 g0 g 0 gl(V) @ glov) iV © W)
More explicitly (and this is the only formula you really need to remember from this section!) V@ W
becomes a g-representation via the map p® o: g - gl(V ® W) where

P®r)(xX)(vew) =px)(V)@w+vRc(x)(w), VveV,weW. (3.3)

Remark 3.34. The discussion in the section is an attempt to explain how one might discover the
action of a Lie algebra g on a tensor product. On the other hand, if one simply guessed the formula
in Equation (3.3), it is straight-forward to check directly that it does indeed give a Lie algebra
homomorphism from g to gl(V ® W). It is a good exercise to do this computation for oneself.
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Remark 3.3.5. In fact gl(V) @ gl(V,) =2 (Vi@ V) ® (V3@ V,) = (V3 V)" ® (V; ®V,),
so that gl(Vy) ® gl(V,) = gl(V; ® V,), it can be checked that this implies that the image of the
group homomorphism GL(V{) x GL(V,) - GL(V; ® V,) is equal to P(V{,V,), the elements of
GL(V; ® V,) which preserve “pure tensors”, that is, ¢ € P(V4,V,) if for all v; € Vy,0, € V, we
have ¢(v; ® v,) = wy ® w, for some wy € Vi, w, € V,.

3.3.3 Homomorphisms, g-homomorphism, and tensor products 7%eproperties asserted of the maps
described in this section are proved in detail in Appendix 1.2.

An immediate consequence of the above definition is that, just as for group representations, if
V and W are g-representations, then the isomorphism c: V@ W - W ® V given by c(v ® w) =
w®uv, (veEV,we W) is compatible with the action of g and hence induces an isomorphism of
g-representations.

Let V and W be k-vector spaces. There is a natural linear map 6: V* ® W — Hom(V, W),
given by 0(f ® w) = f.w where (f.w)(v) = f(v).w for all v € V,f € V* and w € W. This
map is injective, and its image is precisely the space of finite-rank linear maps® from V to W. In
particular, if dim(V) < oo then we have End(V) = V* ® V. Similarly, there is a natural map
m: V* @ W* - (V@ W)*, where

mfeg)(vew)=fw.gw), YveV,weW,feV',ge W

The map m is also injective and hence, by considering dimensions, it is an isomorphism when V
and W are finite-dimensional. This tensor product description of End(V) = Hom(V, V) gives a
natural description of the trace map: Notice that we have a natural bilinear map V* x V - k
given by (f,v) — f(v). By the universal property of the tensor product, this induces a linear map
1: V* ® V - k. Under the identification with Hom(V, V) this map is identified with the trace of a
linear map.

Remark 3.3.6. It is worth noticing that this gives a coordinate-free way of defining the trace, and also
some explanation for why one needs some finiteness condition in order for the trace to be defined.

Remark 3.3.7. If g is a Lie algebra and V and W are g-representations, then the maps defined above
— the trace map and the map identifying V* ® W with the finite rank linear maps from V to W, are
maps of g-representations.

Example 3.3.8. If g is a Lie algebra and (V, p) is a g-representation, then p induces a natural bilinear
map g x V — V, namely (x,v) — p(x)(v). By the universal property of tensor products this yields a
linear map p: g ® V — V. We claim this map is a homomorphism of g representations (where g is
viewed as the adjoint representation). To see this, a: g — gl(g ® V) denote the actionof gong® V.
Then we have, forx,g € g,v €V,

a(x)(g®v) =[x,8]®v+ g ® p(x)(v),
and under g this maps to
p([x,81) () + p(g) o p(x)(v) = [p(x),p(g)] + p(g)p(x) (V) = p(x) ° p(g) (V) = p(x)(P(g ® V))
and hence g oa = p o § as required.

It is also easy to check from the definitions that the natural map 6: V* @ W — Hom(V, W)
defined in Lemma 3.3 is also a map of g-representations, as is the contraction map 1: V* @ V — K,
where we view K as the trivial representation of g. For example, for : we have:

x(f®v) =1(x(f)@v+f@x(v)) = —f(x(®) +f(x(v)) =0, VxegoveV,feV*

Thus all the maps between tensor products of vector spaces discuss in Appendix 1.2 yield maps of
g-representations.

>That is, the linear maps from V to W which have finite-dimensional image.
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3.3.4 Tensoring with one-dimensional representations Let (L, p) be a one-dimensional represen-
tation of g, then gl(L) = k = gl; (k). It follows that p is identified with an element of (g/D(g))*,
and this clearly identifies (L, p) up to isomorphism. Conversely, if A € (g/D(g))*, we write K, for
the action of g on K given by A.

If (V, p) is any g-representation, then by Example 1.8, we have an isomorphism of vector spaces
V®k, — V given by the map v®A — A.v. Via this map, one can think of the g-representation V@K,
as the same vector space V but now equipped with a new action p, of g, where p, (x) = p(x)+A(x).Iy,
(where we write I, for the identity map.) Note that, in particular, if A, » € (g/D(g))* then this shows
that ky ® k, = k.
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Chapter 4

Classifying Lie algebras

The goal of this course is to study the structure of Lie algebras, and attempt to classify them. The
most ambitious “classification” result would be to give a description of all finite-dimensional Lie
algebras up to isomorphism. In very low dimensions this is actually possible: For dimension 1
clearly there is a unique (up to isomorphism) Lie algebra since the alternating condition demands
that the bracket is zero. In dimension two, one can again have an abelian Lie algebra, but there is
another possibility: if g has a basis {¢,f} then we may set [¢,f] = f, and this completely determines
the Lie algebra structure. All two-dimensional Lie algebras which are not abelian are isomorphic
to this one (check this). It is also possible to classify three-dimensional Lie algebras, but it becomes
rapidly intractable to do this in general as the dimension increases.

This reveals an essential tension in seeking any kind of classification result for mathematical
objects: a classification result should describe all such objects (or at least those in a natural, and
likely reasonably “large” class) up to some notion of equivalence. Clearly, using a stricter notion
of equivalence will mean any classification theorem you can prove will provide finer information
about the objects you are studying, but this must be balanced against the intrinsic complexity of the
objects which may make such a classification (even for quite small classes) extremely complicated.
Hence it is likely reasonable to accept a somewhat crude notion of equivalence in order to be have
any chance of obtaining a classification theorem which has a relatively simple statement.

4.1 Classification by composition factors

Our approach will follow the strategy often used in finite groups: In that context, the famous Jordan-
Holder theorem shows that any finite group can be given by gluing together finite simple groups, in
the sense that we may find an decreasing chain of subgroups

G= GO I>G1 > "'Gn—l DGn = {e},

where, for each i, (1 < i < n), the subgroup G; is a normal in G,_; and S; = G;_;/G; is simple. That
such a filtration of G exists is easy to prove by induction. The non-trivial part of the theorem is that,
for any fixed finite simple group H, the number of S; which are isomorphic to H is independent of
the choice filtration. This is usually phrased as saying that the multiplicity with which a composition
Jactor S; occurs in the sequence {G,;_1/G; : 1 <i < n} is well-defined.

One can thus give a somewhat crude classification of finite groups, where one considers two
finite groups to be equivalent if they have the same composition factors, by giving a classification of
finite simple groups. But even the question of classifying finite simple groups is not at all obviously
tractable, and answering it was one of the spectacular mathematical achievements of the second half
of the twentieth century.

For Lie algebras, we can attempt something similar. In fact, it turns out that, at least in char-
acteristic zero, we obtain a far more complete answer about the structure of an arbitrary finite-
dimensional Lie algebra than one could hope to obtain in a Part C course on finite group theory.
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One aspect of this finer information will reveal a sharp distinction between gl; and the non-abelian
Lie algebras which have no proper ideals, which is one reason for the following definition:

Definition 4.1.1. A non-zero Lie algebra g is said to be almost simple" if it has no proper ideals. If
g is almost simple and dim(g) > 1 then we say that g is simple. Equivalently, an almost simple Lie
algebra is simple if it is non-abelian. Thus the only almost simple Lie algebra which is not simple is

gly.

Here we give a proof of the Jordan-Holder theorem for finite dimensional Lie algebras over a
field of arbitrary characteristic. The proof mirrors the case of finite groups. As we will see later,
Cartan’s criteria will give stronger results (though only in when working over fields of characteristic
zero), so this result is only included for completeness.

Definition 4.1.2. A composition series for a finite dimensional Lie algbera g is a chain
C=(g=go>o>...09, =0)

of subalgebras such that, for 1 <i < r, the subalgebra g; is an ideal in g;_; and the quotient g;/g,_1
is almost simple. The quotients g;/g;_; are called the composition factors of the composition series.
(Note that the g, are 7oz necessarily ideals in g.)

It is straight-forward to check by induction on dim(g) that any finite-dimensional Lie algebra
has a composition series (one needs to use isomorphism theorems in the same manner as the proof in
the context of finite groups — see Sheet 0 for more details). The following Lemma shows moreover
that the property of possessing a composition series is inherited by ideals and quotients:

Lemma 4.1.3. Suppose that g has a composition series C = (g = go > g1 > ... > g, = 0) and let a be an
ideal of . Then C induces a composition series for a, and a composition series for the quotient g/a.

Proof. Consider the intersection of C N a of C with a, that is, C N a is the sequence (a = ag > a; >
... 2 a, =0), where a; = a N g;. Note that its terms, while nested, need not be strictly decreasing.
Since g; is an ideal in g;_q, it is clear that a; is an ideal in a;_;, and by the second isomorphism
theorem a;_1/a; = (a Ng;_1 + 9;)/9;. Since g;_1/g; is almost simple, it follows a;_; /a; is either zero
(that is a,_1 = a;) or a,_1/a; = g;_1/g;. It follows that if we let C, be the sequence of subalgebras
of a obtained by omitting repetitions from C N a, then C, is a composition series for a. When a
is an ideal, then we may consider the sequence C/a = ((g; + a)/a)]_, then the third isomorphism
theorem shows that

(g +a)/a)/((g; +a)/a) = (g;_1 +a)/(g; +a),

which is either zero or isomorphic to g;_;/g; (since it is the image of g;_; under p: g/g; — g/(g; +
a)) the quotient map. Thus we see that, again by removing repetitions from C/a, we obtain a
composition series C, for g/a. |

4.2 The Jordan-Holder Theorem for Lie algebras

The proofs in this subsection are not examinable.

Definition 4.2.1. If s is an almost simple Lie algebra and C = (g;)]_, is a composition series for a
finite-dimensional Lie algebra g, define the multiplicity of s in C to be [5,C] = #{i € {1,...7} : 5 =
9i-1/9i}

The Jordan-Holder Theorem shows that these multiplicities are in fact independent of C, so that

we may define the multiplicity [s, g] of s in g to be the number of times it occurs as a composition
factor in any composition series of g.

This is not standard terminology, but it is convenient to use here.
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Lemma 4.2.2. Let g be a Lie algebra and let &y and w be proper ideals such that h N m = {0} and
h, m, g/m,g/b are all almost simple. Then g = m @ b is a direct sum of almost simple ideals.

Proof. Consider the map q: g — g/bh. Since m N h = {0}, the restriction of q to m is injective. But
since g/b is almost simple it follows that m = g/h. Moreover, since [h, m] C h N m = {0}, it follows
thatg=hdg/h=hem. O

We can now prove the Jordan-Hélder Theorem:

Theorem 4.2.3. (Jordan-Holder Theorem) Ler g be a finite-dimensional Lie algebra. Then if s is an
almost simple Lie algebra and C; = (g;)]_y and Cy = (h]-)]s.:O are composition series for g, we have
[s,C1]1 = [s, ). In other words, the composition factors occuring in Cy are, up to isomorphism and
permutation, the same as those occuring in C,.

Proof. Let us prove this by induction on the dimension of g, the result being clear for dim(g) = 1.
Suppose therefore that g has two composition series

Ci=0=bhy<h<...<h,=9); CG=0=mg<m <...<my=g).

If m,_; = bs_1, then applying induction to this ideal and the two composition series of it given
by truncating the two series for g, thus it follows that r — 1 = s — 1, and the isomorphism classes
of composition factors {h;;1/h; : 0 < i < r—2} and {m;;/m; : 0 < j < s — 2} are equal up to
permutation and the remaining composition factors for the two series g/m,_;, and g/h,_; are equal
to each other, so we are done.

Now suppose that h,_; # my_, so that £ = h,_; Nm,_; is a proper ideal in h,_; and m,_;. Again
by induction, the theorem holds for each of ¢, h,_;, m,_;. In particular, all composition series for
b,_1 have length r — 1 and all composition series for m;_; have length s — 1. Now by Lemma 4.1.3,
the intersection

Cinmg_;=0< ho Nmg_q <..<bh_1Nmg_1 =8<mg_q).

yields, after removing repetitions where necessary, a composition series for ¢ and a composition
series for m,_; which is one term longer. It follows that all composition series for ¢ have length s — 2.
However if we similarly consider C, N h,_; we see that s — 2 = v — 2 so that s = r, and hence the
induced composition series of £ have no repetitions, and so the isomorphism classes of composition
factors of C; and C, coincide except perhaps those in g/¢. But these coincide by Lemma 4.2.2, so
the proof is complete.

O

As noted above, it will turn out that in characteristic zero, the simple Lie algebras will all occur
at “the top” of the composition series of a finite-dimensional Lie algebra, as a direct sum. The
almost simple Lie algebra gl;, however, can be glued to itself in non-trivial ways. Thus our study
of the structure of Lie algebras therefore begins by examining Lie algebras which have only one
isomorphism class of composition factor, namely gl;. Before we do that, however, it seems useful to
introduce the formalism of exact sequences:

4.3 Exact sequences of Lie algebras

Definition 4.3.1. We say that the sequence of Lie algebras and Lie algebra homomorphisms
j q
000
is exact at g if im(i) = ker(q). A sequence of maps

i q
0 g ——g o 0
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is called a short exact sequence if it is exact at each of g1, g and g5, so that i is injective, g is surjective
and im(i) = ker(q). In this case, we say that g is an exzension of g, by g;. The existence of a
composition series for a finite-dimensional Lie algebra shows that any such Lie algebra is constructed
through successive extensions by almost simple Lie algebras.

Two kinds of extensions of Lie algebras will arise naturally in this course:

4.3.1 Split extensions

Definition 4.3.2. An extension of Lie algebras

q
0 9119 92 0

is said to be sp/it if there is a homomorphism of Lie algebras s: g, — g such that gos = id,.

Notice that in this case the image s(g,) of the splitting map s is a subalgebra of g which is
isomorphic to g, and is complementary to i(g;), in the sense that g = i(g;) ®s(g,) as vector spaces.
Indeed the homomorphism s is determined by s(g,) its image, because it is the inverse of g5,
the restriction of g to that image. Moreover, since i(g;) is an ideal of g, the adjoint action of g
preserves i(g;), and so it restricts to give an action of s(g,) on i(g;). This completely describes
the Lie bracket on g: For any x,y € g, there are unique x{,); € g; and x,,y, € g, such that
x =1i(x1) +5(x2),y =i(yq) +5(y,). Then

[x,y] = [i(x1) +8(xp),i(y1) +512)]
=i([x1,x2]) +ad(s(x))(i(y1)) —ad(s(y2))(i(x1)) +s([x2,¥2]).

This motivates the following definition:

Definition 4.3.3. Suppose that g, h are Lie algebras, and we have a homomorphism ¢: g — Der, (h),
the Lie algebra of derivations® on h. Then it is straight-forward to check that we can form a new
Lie algebra b x g, the semi-direct product® of g and b by ¢ which as a vector space is just g ® b, and
where the Lie bracket is given by:

[(x1,¥1), (X0, ¥2) 1 = ([x1, %21 + P(y1) (x2) — P(Y2) (x1), [Y1,Y21),

where xq,x, € h,y1,¥, € g. The Lie algebra b, viewed as the subspace {(x,0) : x € h} of h x g, is
clearly an ideal of h x g. Since it does not intersect h, the quotient map g: h x g — (h x g)/h induces
an isomorphism g — (h x g)/h, hence h x g is a split extension of g by h. It is not difficult to check
that any split extension is of this form.

Remark 4.34. In general, there may be many ways to split an exact sequence of Lie algebras (see
Problem Sheet 1).

Example 4.3.5. Let s, be the 2-dimensional Lie algebra with basis {x, y} and Lie bracket given by
[x,y] = y. Then K.y is an ideal in s,, and s,/K.y is 1-dimensional, hence we have a short exact
sequence:
0 gl — s, —1 gl 0

where i(A) = Ay and g(ax + by) = a4, for all 4,b,A € k. Now the map s(A) = A.x is a Lie algebra
homomorphism, hence the extension is split.

Note that Der (a) = gl(a) for an Abelian Lie algebra a, and so Dery (gl;) = gl(gl;) = gl;, and
the map from gl; to Dery (gly) describing s, as a semi-direct product corresponds to the identity
map under this identification.

2Recall that the derivations of a Lie algebra are the linear maps a: h — b such that a([x, y]) = [a(x),y] + [x, a(y)].
3This is the Lie algebra analogue of the semidirect product of groups, where you build a group H x G via a map from
G to the automorphisms (rather than derivations) of H.
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Remark 4.3.6. A short exact sequence of the form

i q
0 g ——g aly 0

is automatically split. Indeed if we pick any x € g with q(x) = 1 € gl; (K) then setting s(A) = A.x it
is immediate that g o s = id. But since a Lie bracket is alternating, it always vanishes on any line,
and hence s is a Lie algebra homomorphism. It follows that g is a semidirect product g; x gl; (K).

Remark 4.3.7. If you took Part A Groups, you should note the analogy with the notion of a short
exact sequence of groups, which is a sequence

1 G, ——=G G, 1
where we write 1 for the trivial group (rather than 0 for the trivial Lie algebra). Exactness at G
means that im(i) = ker(q), and similarly at G; and G,, so that i is injective and g is surjective. In
Part A Groups you show that this sequence is split, that is, there exists a splitting map s: G, - G
such that g os = idg,, if and only if G = Gy x G,.

q

4.3.2 Central extensions Another type of extension which plays an important role in our study of
Lie algebras is a central extension. In this case, the Lie algebra g; in the sequence of Definition 4.3.1
is assumed to be central in g, that is g; C 3(g), and hence in particular g, is Abelian. Picking a /inear
splitting s: g, — g, we can write any x,y € g uniquely in the form x = i(x1) +5(x3),y = i(x3) +5(12),
respectively. Thus, as i(g;) is central, the Lie bracket on g is given by

[x,y] = [i(x1) +5(x2),i(x2) +5(y2)] = [s(x2),5(Y2)] = i(a(xz,¥2)) + s([x2,¥2]1)
where a(x,y) = ([x,y])1, that is, i(a(x5,1,)) is the component of [s(x,),s5(y»)] in i(gy).

Definition 4.3.8. Let g be a finite-dimensional Lie algebra and let 3 be a vector space. A Z~cocycle
on g taking values in the vector space 3 is a map a: g x g — ; satisfying the conditions:

i) a(x,x) =0, for all x € g, (i.e. ais alternating);
i) a(x, [y, z]) + a(y, [z,x]) + a(z, [x,y]) =0, Vxyz€Eqg.

Given such a cocycle, one can define a Lie algebra structure on the vector space 3 & g by setting

[(z1,%1), (22, %2)] = (&(xq,%2),[x1,%2]).

The resulting Lie algebra is a central extension of g. Picking a vector-space basis of 3, say {ey, ..., e;},
and writing « in terms of its components with respect to this basis, that is, a(x,y) = ijl aj(x,y)-¢;
one can immediately reduce the study of 2-cocycles to the study of k-valued 2-cocycles.

Example 4.3.9. It is straight-forward to understand central extensions of a Lie algebra g by gl; in
low dimensions. If g is 1-dimensional, then the fact that a is alternating forces it to vanish, and
hence the only central extension of gl; by gl is the abelian Lie algebra gl®?.

If dim(g) = 2, then if g is abelian then condition (ii) is automatically satisfied, and there is a
unique non-zero alternating bilinear form up to isomorphism: if g has basis {x,y}, then a(x,y) =
1 = —a(y, x), defines a central extension of g.

Remark 4.3.10. Split and central extensions are in a loose sense complementary to each other: An
extension of g, by g; which is both central and split is just the direct sum g; & g,, where g; = g[?k
and k = dim, (gq)
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Chapter 5

Something from nothing: Solvable and
nilpotent Lie algebras

Conventions: From this point onwards in these notes, we will assume that all Lie algebras and all rep-
resentations are finite-dimensional over K, unless the contrary is explicitly stated.

We now begin to study particular classes of Lie algebras. The first class we study, solvable Lie
algebras, in terms of the discussion on classification of Lie algebras in the previous section, can be
given as the class of Lie algebras which can be built using only gl;, the simplest Lie algebra' which
possesses only the structure of the base field k and the trivial Lie bracket.

5.1 Definition and basic properties

Definition 5.1.1. A Lie algebra g is so/vable if its only composition factor is gl; (k). This is equivalent
to the condition that g has a nested sequence of subalgebras

0=00201 22094 =10},

where gy, is an ideal in g; and g; /gy, is abelian for each k (0 < k < d — 1). Indeed if such a
sequence of subalgebras exists, any refinement of it to a composition series will have gl; (k) as its
only composition factor, and conversely, a composition series with gl; (K) as its only composition
factor is an example of such a sequence of subalgebras.

Ifg =99 D97y D..Dg, = {0} is a composition series for g with g,/gr,1 = gly for each
ke {0,1,...,n — 1}, so that dim(g) = n, then we have g,,_; = gly, and, for each k € {0,1,...,n — 1},
we have a short exact sequence

Le+1 9

0 Ok+1 Ok gl 0
where ¢ is the inclusion map and g; the quotient map. Thus g;_; is an extension of gl; by gy.
By Remark 4.3.7, this short exact sequence must split, and so g, is a semidirect product of g;_;
by gl; (K), and so solvable Lie algebras are precisely the Lie algebras one obtains from the zero Lie
algebra by taking iterated semidirect products with gl; (k).

Example 5.1.2. Example 4.3.5 shows that s,, the 2-dimensional non-abelian Lie algebra, is solvable.

Definition 5.1.3. We can rephrase the condition that a Lie algebra g is solvable in terms of a de-
creasing sequence of ideals in g: The derived subalgebra® D(g) of g is defined to be [g, g] (an ideal in
g since g is). Inductively we define D*(g) = D(D¥~1(g)) = [D*(g), D*~1(g)] for each k > 1. The
sequence of ideals (D*(g))sg is called the derived series of g. Note that, since g is an ideal in g, it
follows by induction on k that D¥(g) = [D¥"1(g), D*"1(g)] is an ideal in g.

IHence starting with nothing...
20ddly, it is not known as the derived ideal, even though it is indeed an ideal.
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Lemma 5.14. Ler g bea Lie algebra. Then D(g) is the smallest ideal in g such that g/ D(g)is abelian. In
particular, g is solvable precisely when the derived series (D¥(g) Vk>1 satisfies Dk(g) =0 for sufficiently
large k.

Proof. For the first claim, suppose that I is an ideal for which g/I is abelian. Then, for all x,y € g,
we must have [x,y] € I, and hence D(g) C I. Since this also shows g/D(g) is abelian, the claim
follows.

Next note that we have a short exact sequence

0 D(g) g a/Dg 0
that is, g is an extension of the abelian Lie algebra g/D(g) by D(g). It follows that if Dk(g) = {0}
for some k, then g has a filtration by ideals for which the subquotients are abelian, so it is certainly
solvable. Conversely, if g is solvable, so that we have a nested sequence of subalgebras g = gy D g; D
... D g, = {0}, where g,, is an ideal in g; and g;/g,,1 is abelian. But then D(g;) = [g;,9:] C 8i41>
and so since g = g, by induction it follows that Dk(g) C dx> and hence for k > n we have D¥(g) = 0.
O

Remark 5.1.5. Because the terms of the derived series are ideals in g, it follows that if g is solvable,
then there is a filtration of g by ideals not just subalgebras which are each an ideal in the previous
term of the filtration. In particular, if g is solvable, it follows g has an non-trivial abelian ideal, since
the last non-zero term of the derived series must be such an ideal.

We now give a fundamental family of solvable Lie algebras. To describe them we need the
following definition:

Definition 5.1.6. Let V be a vector space, and let J = (Fl-)i.‘zo be a flag in V, that is
F=0=FyCF,CF,C..CF.=V)

is a nested sequence of subspaces with dim(F;_;) < dim(F;) for 1 < i < k. If ! and F2 are flags
in V then we say that F2 is a refinement of J1 if every subspace in F! occurs in F2. If dim(F;) = i
for all i (so that dim(V) = k) then F is called a complere flag (as it cannot be refined any further). It
is clear (since any linearly independent set can be extended to a basis) that any flag can be refined
to a complete flag.

Example 5.1.7. Let V be a finite dimensional vector space and 7 = (0 =Fy < F; < ... < F, = V)
be a complete flag in V. Let, for 0 <k <n,

b{% ={xegl(V):x(F;) CF,_y, Vi,k<i<mnj},

Thus if we set by, = by, then by, is the associative subalgebra of End(V) consisting of the endomor-
phisms which preserve all of the subspaces in the complete flag F.

i) D(by) C bl

i) (65,601 C b5, VK I>1.

Given the claims, it follows by an easy induction that Dk(b;) - b%?_l, and hence, since b =0 for
m > dim(V), it follows that by is solvable.

For i), suppose first that x, iy € by and consider [x,y]. We need to show that [x,y](F;) C F;_;
for each i, 1 < i < n. Since x,y € by, certainly we have [x,y](F;) C F; for all i,1 < i < n, thus
it is enough to show that the map [x,y] induced by [x,y] on F;/F;_; is zero. But this map is the
commutator of the maps induced by x and y in End(F;/F,_;), which since F;/F;_; is one-dimensional,
is abelian, so that all commutators are zero.

For ii) note that if x € b, y € bl]: where k,I > 0, then the compositions xy and yx both lie in
b?l. It follows that [x,y] € b';;“l as required.

25



We will see shortly that, in characteristic zero, any solvable linear Lie algebra g C gl(V'), where
V is finite dimensional, is a subalgebra of by for some complete flag 7-. We next note some basic
properties of solvable Lie algebras.

Lemma 5.1.8. Ler g be a Lie algebra, ¢: g — b a homomorphism of Lie algebras.

1. We have gb(Dk g) = Dk(gb( 9)). In particular ¢(g) is solvable if g is, thus any quotient of a solvable
Lie algebra is solvable.

2. If g is solvable then so are all subalgebras of g.

3. Ifim(¢p) and ker($p) are solvable then so is . Thus if I is an ideal and 1 and g/1 are solvable, so is
g

Proof. The first two statements are immediate from the definitions. For the third, note that if im(¢)
is solvable, then for some N we have DNim(gb) = {0}, so that by part (1) we have DN(g) C ker(¢),
hence if DMker(¢) = {0} we must have DN*Mg = {0} as required. O

5.2 Representations of solvable Lie algebras

In this section we will assume that our field K is algebraically closed of characteristic zero.

5.2.1 Lie’s theorem Our first goal is the following theorem:

Theorem 5.2.1. (Lie’s theorem) Let g be a solvable Lie algebra and 'V is a g-representation. Then there is
a homomorphismA: g — gly (K) and a nonzero vectorv € V such that x(v) = A(x).vforallx € g. Equiv-
alently, any finite-dimensional irreducible representation of a solvable Lie algebra is one-dimensional.

Proof. We first explain the equivalence asserted in the last sentence of the statement. Note that the
existence of a non-zero v € V such that x(v) = A(x).v for all x € g is equivalent to the assertion that
the line K.v is a subrepresentation of V. Thus the statement of the theorem shows that any repre-
sentation contains a one-dimensional subrepresentation, and hence any irreducible representation
must itself be one-dimensional. Since any representation contains an irreducible representation, the
equivalence follows.

To establish the statement, we use induction on dim(g). If dim(g) = 1, then g = k.x for any
nonzero x € g, and since K is algebraically closed, x has an eigenvector in V and we are done. For
dim(g) > 1, since g is solvable, we may write it as an extension

0 I g gly 0
where I is an ideal of codimension® 1. Picking x ¢ I, we may thus write g = K.x ® I (a direct sum of
vector spaces, but a semi-direct product of I and gl (K) as Lie algebras).

Now by induction, V' contains a non-zero vector v € V with the property that K.v is preserved by
the action of I. Thus, for any h € I we have h(v) = v(h).v for some homomorphism of Lie algebras
v:l - gly.

LetU ={w €V : h(w) = v(h).w, Vh € I}, a non-zero subspace of V since by definition v € U.
Now recall g = k.x @ I. Provided the action of x preserves U, then any eigenvector for x in U satisfy
the conditions of the theorem. Indeed if u € U is such an eigenvector, so that x(u) = u.u for some
# € K then, for any a € k and h € I, we define A(a.x + h) = a.p + v(h).

To see if this is indeed the case, note that we have

h(x(w)) = [h,x](w) + xh(w)
= A([h,x]) (w) + A(h).x(w)

3Recall that a subspace U of a vector space V has codimension d if dim(V/U) = d.
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Thus if we are to conclude that the action of x preserves U, and thus complete the proof, it remains
to show that A([h, x]) = 0, that is, we must show that A vanishes on [g,I]. This is the content of the
next Lemma.

O

Remark 5.2.2. The following Lemma completes the proof of Lie’s theorem. It relies on a trick which
permeates the course, namely that one can often compute a trace in two different ways to obtain
important information. One way will be by observing that one is computing the trace of a commu-
tator, which is therefore zero. The other will, in one fashion or another, follow from consideration
of the generalised eigenspaces of the linear map in question.

Lemma 5.2.3. (Lie’s Lemma) Let g be a Lie algebra and let] C g be an ideal, and V a finite dimensional
representation. Suppose v € V is a vector such that x(v) = A(x).v for all x € I, where A: I — gly (K).
Then A vanishes on [g,1] C L.

Proof. Let x € g. For eachm € N, let W,, = span{v,x(v),...,x"(v)}. The W,, form a nested
sequence of subspaces of V. We claim that hx (v) € A(h)x"v + W,,,_; for all h € I and m > 0.
Using induction on m, the claim being immediate for m = 0, note that

ha™(v) = [h,x]x™L(v) + xha™ 1 (v)
€ A([h,xDx™ 1o+ W,,_p) + xA()x" 1 (v) + W,,_5)
eA)x™ () + W,,_1,

where in the second equality we use induction on m for both I, [k, x] € I.

Now since V is finite dimensional, there is a maximal 7 such that the vectors {v, x(v), ..., x"(v)}
are linearly independent, and so W,, = W, for all m > n. It then follows that W, is preserved by
x, and from the claim it follows that W,, is also preserved by every h € I. Moreover, the claim also
shows that for any /1 € I the matrix of [x, 1] with respect to the basis {v, x(v) ..., x" (v)} of W,, is upper
triangular with diagonal entries all equal to A([x,h]). It follows that tr([x, h]) = (n + 1)A([x, h]).
Since the trace of a commutator is zero?, it follows that (n1+1)A([x, h]) = 0, and so since char(k) = 0
we conclude that A([x,h]) = 0. O

Corollary 5.2.4. Ler g be a solvable Lie algebra and let (V, p) be a g-representation. Then there is a
complete flag F = (V = Fy D Fy D ... D Fy = {0}) where each F; is a g-subrepresentation. In
particular, if g is solvable, then it has a composition series each of whose terms is an ideal in all of g.

Proof. Take any composition series for V. Since Lie’s theorem shows that the irreducible represen-
tations of g are all one-dimensional, the resulting chain of subrepresentations will form a complete
flag. The final sentence follows by applying this to the adjoint representation (g, ad), since I < g is
an ideal in g is and only if it is a subrepresentation of the adjoint representation. o

Remark 5.2.5. Note that we can rephrase the statement of the Corollary in terms of Example 5.1.7:
If g is solvable and (V,p) is any g-representation, then by Lemma 5.1.8, the image g; = p(g) is
solvable. Then Corollary 5.2.4 shows that there is a complete flag F in V such that g; C by

Recall from Example 3.1.4 that the isomorphism classes of one-dimensional representations of
a Lie algebra g are given by the elements of (g/D(g))*: if A € (g/Dg)*, via the identification
(g/D(g))* = D(g)?, we may view A as a linear map A: g — K vanishing on D(g), and that van-
ishing precisely ensures it is a homomorphism from g to gl; (k). Recall that we write k, for the
representation (k,A).

41t is important here that p([x, i]) is the commutator of p(x) and p(h) both of which preserve W,, — by the claim in
the case of p(h), and by our choice of 7 in the case of p(x) — in order to conclude the trace is zero.
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Definition 5.2.6. We will refer to an element of (g/D(g))* (equivalently, an isomorphism class of
1-dimensional g-representations) as a weisg/ of g. In the case where g is solvable, Lie’s theorem
shows that the weights are exactly the isomorphism classes of irreducible g-representations. Note
that if A, u € (g/D(g))*, then the addition in the vector space (g/D(g))* makes it an abelian group.
This abelian group structure can also be seen from the point of view of one-dimensional representa-
tions: since the tensor product of 1-dimensional vector spaces is 1-dimensional, the tensor product
restricts to an operation on 1-dimensional vector spaces. This gives the set of one-dimensional rep-
resentations the structure of an abelian group: it is abelian because the map induced by interchange
factors gives an isomorphism of g-representations L; ® L, = L, ® L; and if L is any one-dimensional
representation then L ® L* = K, via the evaluation (or contraction) map induced by the natural
bilinear pairing L x L* — k.

Since a direct calculation shows that ky x k,, = k., this abelian group structure becomes the
vector addition under the identification of the set of isomorphism classes of 1-dimensional represen-
tations with (g/D(g))*.

5.3 Nilpotent Lie algebras

In this section we continue our study of Lie algebras which are built from gl;, but now by using
central extensions rather than arbitrary extensions.

Definition 5.3.1. A Lie algebra g is said to be ni/potent if it can be obtained from 0, the trivial Lie
algebra, by iterated central extensions. If g can be obtained by precisely k iterated extentions, we
say g is k-szep nilpotent. Thus, for example, a Lie algebra is 1-step nilpotent if and only if it is abelian.

To make this more concrete, suppose that g is a nilpotent Lie algebra. Then, for some k > 0
there are Abelian Lie algebras (ci)fzo and, for each i > 1 a short exact sequence

pi qi
0 ¢ 9 gi-1 0

where gy = ¢y and ¢; C 3(g;), that is, g, is a central extension of g;_; by ¢;. and g = g;. It follows
that g,: g = gx — gx_1, and if we set Q; = g; 04,41 ©... o gy, then Q;: g — g; exhibits g; as a quotient
of g. Set q; = ker(Q;), so that if we set gy = g, then (g;)%_, gives a descending sequence of ideals in
g, and q;/q;_1 = ¢; is central in g/q;_1. The sequence of central extensions constructing g can thus
be reconstructed from the sequence of ideals (q;)%_,.

Definition 5.3.2. For g a Lie algebra, let C°(g) = g, and Ci(g) = [g,C'1(g)] for i > 1. This
sequence of ideals of g is called the lower central series of g.

Remark 5.3.3. Notice that C1(g) = [g, g] is the derived subalgebra® of g and, as we have seen, this is
also denoted® D(g) and sometimes g'.

Proposition 5.3.4. Suppose that g is nilpotent and (q,)%_, the sequence of ideals associated to a realization
of g as an iterated sequence of central extensions. Then

1. Foreachi > 0we have C'(g) C q; and hence C*(g) = 0.
2. Conversely, if g is such that, for some N > 0 we have CN(g) = 0, then g is at most N-step nilpotent.

Proof. Suppose g is any Lie algebra, and b C a are ideals in g. If a/b is central in g/b, then for any
x € g and y € a we must have [x,y] € b and hence [g,a] C b. Since a/[g, a] is certainly central in
g/[g, a] it follows that [g,a] is the smallest ideal of g contained in a for which a becomes central in
the quotient algebra.

50ddly, not as the derived ideal even though it is an ideal.
®Partly just to cause confusion, but also because it comes up a lot, playing slightly different roles, which leads to the
different notation. We’ll see it again shortly in a slightly different guise.
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Applying this observation to C'(g) inductively yields 1). For the converse. observe that the
previous paragraph also shows that

0 —— CK(g)/CF*1(g) — g/C*1(g) —— g/Ck(g) —=0

shows that g/Ci*1(g) is a central extension of g/C!(g). It follows that if CN(g) = 0 for some N then
g is at most N-step nilpotent. m]

Lemma 5.3.5. Ler g be a Lie algebra. Then
1. If g is nilpotent, any subalgebra or quotient of g is nilpotent.

2. If g is nilpotent, then the centre 3(g) is non-zero if g is. Moreover, g/3(g) is nilpotent if and only if
g is.

Proof. For 1) we use induction on dim(g). If g is Abelian, the result is trivial, so we may suppose
that g is a central extension

0 ¢ g q 0
where ¢ is central. If b is a subalgebra, then we obtain an induced short exact sequence
0 cNh ) b+c)/e——=0

But since dim(q) < dim(g), by induction (h + ¢)/c) is nilpotent as it is a subalgebra of g/c = q.
Hence b is nilpotent also (as it is either isomorphic to (h + ¢)/c or it is a central extension of it).
Part (2) is trivial since a non-trivial central extension always has a non-trivial centre.
O

Remark 5.3.6. Notice that if a is an arbitrary ideal in g, and a and g/a are nilpotent it does 7oz follow
that g is nilpotent. Indeed recall from Example 4.3.5 the non-Abelian 2-dimensional Lie algebra
o, with basis {x,y} where [x,y] = y. Then K.y is a 1-dimensional ideal in s, but it is not central.
Indeed 3(s,) = 0 so s, is not nilpotent, even though the ideal K.y and the quotient s, /K.y are (since
they are both abelian). Note that this shows that s, cannot be written as a central extension of gl;

by itself.

Remark 5.3.7. The characterisation of the property of nilpotence in terms of the lower central series
is similar to the characterisation of solvable Lie algebras in terms of the derived series. This is one
reason it is commonly used. There is, however, another nature nested sequence of ideals which can
be used to characterize nilpotence: If g is any Lie algebra, set Z%(g) = g, and, assuming Z*(g) is
defined, let g;: g — a/Zk(g) be the quotient map, and set Zk1(g) = q;l (3(gx)). This process yields
an creasing sequence of ideals of g known as the upper central series. 1f it exhausts g, that is, if for
some 1 > 0 we have ZK(g) = g for all k large enough, the g is nilpotent. If g is not nilpotent, the
upper central series will stabilize at a maximal nilpotent ideal of g.)

We now wish to show that simple considerations from linear algebra give us a large supply of
nilpotent Lie algebras.

Definition 5.3.8. Let V be a vector space and suppose that F is a flag in V. We set
ny =bl = {xegl(V):x(F) CF_y,Vie(l1,2,..,k}.

It is easy to see that ny is an associative subalgebra of End(V'), and hence a Lie subalgebra of gl(V).
Moreover, if F' refines F, then ny < ny..

Lemma 5.3.9. Suppose that F is a flag in a finite-dimensional vector space V. Then the Lie algebra
ny C gl(V) is nilpotent.

Proof. For convenience, let us write n for the Lie algebra ny.. For each positive integer k, let n* be
the subspace
nk = {x e gl(V) : x(F;) C F;_;}
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(where we let 0 = F; for all I < 0). Then clearly n* C n, and n* = 0 for any k > n. Thus if we
can show CK(n) C n*+1 for each k > 0, it will follow that n is nilpotent. The claim is immediate
for k = 0, thus by induction we may assume that Ck(m) C nk*1, Butif x € n and yE nkt1l) we
have xy(F;) C x(F;_x_1) C F;_x_s, and similarly yx(F;) C F;_j_,, thus certainly [x,y] € n**? and
so Ckt1(n) C nk+2 a5 required. In fact you can check that Ck(n) = nk*1 so that nis (n — 1)-step
nilpotent z.e. C"~?(n) # 0, and C"~!(n) = 0. O

Example 5.3.10. When F is a complete flag, so that dim(V) = n, if we pick a basis {eq,e,, ..., ¢,}
of V such that F; = span(eq,ey,..., ¢}, then the matrix A representing an element x € n = ny
with respect to this basis is strictly upper triangular, that is, a; = 0 for all i > j. It follows that
dim(n) = (3). When n = 2 we just get the 1-dimensional Lie algebra gl;, thus the first nontrivial
case is when n = 3. In this case n is a 3-dimensional 2-step nilpotent Lie algebra.

If we pick a basis {e{,e,,...,e,} of V such that F; = span(eq, ..., ¢;), then gl(V) gets identified
with gl,, and by, corresponds to the subalgebra b, of upper triangular matrices. It is straight-forward
to show by considering the subalgebra t,, of diagonal matrices that b,, is not nilpotent.

Remark 5.3.11. Notice that in the previous example, unlike in Lemma 5.3.9, it is essential that F is
a complete flag. If F is not a complete flag the corresponding subalgebra by will not be solvable.

Remartk 5.3.12. Note that the subalgebra t C gl,, of diagonal matrices is nilpotent, since it is abelian,
but the only nilpotent endomorphism of V is t is 0. Thus a nilpotent linear Lie algebra need not
consist of nilpotent endomorphisms. It turns out that, in some sense, the example of t is the on/y
way in which a nilpotent Lie algebra n C gl(V') can fail to consist of nilpotent endomorphisms. We
will make this precise in 5.3.2.

5.3.1 Nilpotent representations

Definition 5.3.13. Let g be a Lie algebra and (V,p) a representation of g. We say that (V,p) is
nilpotent if, for all x € g, the endomorphism p(x) € gl(V) is a nilpotent linear map (that is, for some
n>1,px)"=0).

Lemma 5.3.14. Let A be an associative algebra, and suppose a,b € A are nilpotent i.e. for somen > 0,
we havea = b" = 0. Then if a and b commute, a + b is also nilpotent.

Proof. This follows from the binomial theorem: Indeed we have
N N
N _ kyn—k
(a+Db) —;<k>a bk,

But now if N > 2n, then we must have either k > n or N — k > 5, hence in either case, each of the
terms on the left-hand side vanishes, hence so does the right-hand side, and hence a + b is nilpotent
as required. o

Lemma 5.3.15. Suppose g is a Lie algebra and (V, p) and (W, o) are representation of g.

1. Ifx € gissuchthat both p(x) and o (x) are nilpotent, then the action of x on' V QW s also nilpotent.
Moreover, the action of x on V* is also nilpotent. Thus if V and W are nilpotent, so are V*, V@ W
and Hom(V, W) = V* @ W.

2. If'V is nilpotent, then any subrepresentation and any quotient representation of 'V is also nilpotent.

Proof. By definition, x on V ® W is by the endomorphsim p(x) ® 1)y + 1y ® o (x). Since the two
terms in this sum commute, the claim follows from Lemma 5.3.14 (taking A = End(V @ W).)
To see that x acts nilpotently on V*, note that if f € V*, then

x(f)(v) = (=D (p(x)")(v)) = +f(0) =0, VoeV,feV"
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Part (2) follows from the fact that if U < V and we write End;(V) = {« € End(V) : a(U) C U}
then the restriction map r: Endy;(V) — End(U) and the quotient map g: End;;(V) — End(V/U)
are both compatible with composition. o

The next proposition is the key result in this section. For the proof we will need the notion of
the normalizer Ny (a) of a subalgebra a of a Lie algebra g given in Definition 2.2.6. We have

Ny(a) ={x€g:[x,al Ea,VaEa},
so that Ny (h) is the largest subalgebra of g in which a is an ideal.
Proposition 5.3.16. Ler g be a Lie algebra, and let (V, p) be a nilpotent representation of g.

1. The invariant subspace
Vi={veV:pkx)(v)=0Vx € g}

s non-zero.

2. There is a complete flag J in V such that g C ny. In particular, the image p(g) is a nilpotent Lie
algebra.

Proof. We use induction on d = dim(g), the case d = 1 being clear. Now if p is not faithful, ze.
ker(p) # 0, then dim(p(g)) < dim(g), and we are done by induction applied to the image p(g),
hence we may assume p gives an embedding of g into gl(V) as a subalgebra, and we may thus
identify g with its image in the rest of this proof.

Now let 5 = {b C g : b is a proper subalgebra of g} denote the set of proper subalgebras of g,
and pick a € 5. Now by Lemma 5.3.15, a C g C gl(V) = V* ® V are all nilpotent representations
of a, since the restriction of (V,p) to a is. But then, by the same LLemma, g/a is also a nilpotent
representation, and since dim(a) < dim(g), it follows by induction that the a-invariants (g/a)® form
a non-zero subrepresentation. Let x € g be such that 0 # x + a € (g/a)?®. Then ad(a)(x) € a for
all 2 € a, or equivalently, since ad(a)(x) = —ad(x)(a), for all 2 € a, we have ad(x)(a) € a, that is,
x € Ny(a). Thus the normalizer of a is a subalgebra of g which is strictly larger than a.

Thus if we take a € 5 of maximal dimension, we must have N (a) = g, that is a is an ideal in g.
But then if z € g\a, it is easy to see that K.z @ a is a subalgebra’ of g, hence again by maximality,
we must have g = K.z ® a. By induction, we know that V*® = {v € V : a(v) = 0, Va € a} is a nonzero
subspace of V. We claim that z preserves V®. Indeed

a(z(v)) = [a,z](v) + z(a(v)) =0, Va€aveVs,

since [a,z] € a. But the restriction of z to V* is nilpotent, so the subspace U = {v € V* : z(v) = 0}
is nonzero. Since U = V¢ we are done.

For the second part, let C = (0 < F; < ... < F,, = V) be a composition series for V. It suffices to
show that each of the composition factors are trivial. But if 1 < k < m, then Fy is a subrepresentation
of V and hence it is nilpotent. Similarly Q, = F;/F;_q, as a quotient of F; must be nilpotent. But
then by part (1), its invariants Q} are a non-zero subrepresentation of Qy, and since Qy is simple it
follows that Qy is the trivial representation as required.

O

Corollary 5.3.17. (Engel’s theorem.) A Lie algebra g is nilpotent if and only if ad(x) is nilpotent for
every x € g, i.e the adjoint representation is nilpotent.

7One way to see this is to note that K.z @ a is a line— 7.e. one-dimensional subspace— of g/a and any such subspace is
a subalgebra, because, by the alternating property, the Lie bracket vanishes on lines. Note in particular that the direct
sum is one of vector spaces, not Lie algebras.
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Proof. First note that g% the invariants of g in its adjoint representation, is precisely the centre
3(g) of g, and if g is nilpotent, 3(g) is nontrivial whenever g is. In other words, if we let 3; = 3(g)
and inductively let 3, be the preimage in g of 3(g/3:_1), wWe obtain a strictly increasing sequence
of subalgebras of g for which ad(x)(3;) C 3¢_1. Since dim(g) < oo, this sequence terminates with
3, = ¢ for some n > 1, and hence it follows that ad(x) acts nilpotently on g as required.

To show the converse, first note that g is evidently a central extension of g/3(g), and 3(g) =
ker(ad) is the kernel of the adjoint representation, thus it suffices to show that the image of g in
gl(g) is nilpotent. But by assumption, ad(x) is nilpotent for every x € g, hence by part 2) of
Theorem 5.3.16, there is a flag J in g such that ad(g) < ny. But recalling that 3(g) = g? as above,
it then follows that g is nilpotent as required. O

5.3.2 Representations of nilpotent Lie algebras /7 this section we assume that K is an algebraically closed
[field of characteristic zero.

Definition 5.3.18. Let g be a Lie algebra and let § be a set of irreducible representation of g. Let

Rep;(g) ={V € Repg: [T : V] > 0if and only if 3S € 5, T = S}
Rep (g, V) ={W < V: W € Rep;(a)}.

If 5 = {S} then we will write Repg(g), Repg(g, V) rather than Rep{s} (), Rep{s} (g, V) respectively.

Proposition 5.3.19. Ler g be a Lie algebra and (V, p) a representation of g. If S is a set of irreducible g-
representation then ReP (g, V) has a unique element V s which is maximal with respect to containment,
that is Vs € Repé(g, V)andif U € Repé(g, V) then U < V5.

Proof. First note that if it exists, such a maximal element is automatically unique, since if Wy, W,
are both maximal with respect to containment we must have W; < W, < W, and hence W; = W,.

Next note that if V;,V, € Ug then V; + V, € Us. Indeed by the second isomorphism theorem,
(V1 + Vy)/Vy = V,/(Vy N V5y), so that any composition factor of V| + V, must be a composition
factor of V; or of V,/(V; N V,), and hence is a composition factor of V; or V,. Now pick W € Ug
with dim(W) > dim(U) for all U &[5] (such a W exists if V is finite-dimensional, as we always
assume). We claim that W is maximal for containment. Indeed if U € Ug then we have just shown
that W + U € Us, hence dim(W) < dim(W + U) < dim(W) by our choice of W, and hence
U < W and W is maximal for containment as required. Thus W = Vj is the unique maximal
subrepresentation in U;. O

Definition 5.3.20. Recall that the isomorphism classes of 1-dimensional representations of g can
be identified with D(g)? C g, and given A € D(g)?, we write k, for the 1-dimensional representa-
tion (k,A). Given a g-representation (V,p), we will write V, and Rep, (g, V) instead of VkA and
RepkA (g,V). When A € D(g)° we will refer to V,, as the A~generalised weight space of V8 IfVisa
finite-dimensional representation of a Lie algebra g, let

¥, = {A € D(g)? : A is a composition factor of V}

Thus ¥y, is the finite set of the one-dimensional representations of V which occur as composition
factors of V. If g is solvable and char(k) = 0 then by Lie’s Theorem ¥y, contains all the composition
factors of V.

If : g1 — g, and (V,p) is a representation of g,, then (V,¢*(p)) is a representation of g;,
where ¢*(p) = p o ¢. Since ¢(D(g1)) C D(g,), the transpose ¢ : g5 — g} restricts to give a map
P D(g,)° = D(g1)°, and T(p*(w =¢"(¥Yy). Now if x € g and i,: gll - g is the homomorphism
ir(t) = tx (Vt € k = gl1), and A € D(g)? then i} (A) = A(x). The weights of the gl1-representation
p o i, are just the eigenvalues of p(x), as in Example 3.1.3, it follows that the eigenvalues of p(x) are
{A(x) : A € ¥y}, and the p-generalised eigenspace of p(x) is @ ey 1 (x)=p Va-

81n lectures these were sometimes referred to as "weight spaces”, whereas it is more standard to reserve the term
“weight space” for a direct sum of copies of k, for some A € D(g)°.
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Lemma 5.3.21. Suppose that g is a Lie algebra and A,y € D(g)° are weights of 9. If'V and W are
Sinite-dimensional representations of g then

D) VAW, C (Ve W),
1) If ¢ V — W is a homomorphism of g-representation, then ¢p(V,) C W,.

Progf. For part (i), we may assume that V = V, and W = W,,, hence there are composition series
(Fi)i_o and (G));_,, where Fy/Fy 1 = Kk, for each k, and G;/G;,1 = ky, foralll € {0,1,...,7} and
k € {0,1...,s}. Pick bases {¢; : 0 < i <r—1} and {fi:0<j<s-1) of V and W respectively
such that Fy = ({¢; :i 2 k}) and G; = ({fj:j = D). I weset Hy = 3 F, ® G, then Hy is
a subrepresentation of V ® W and we have x(e;) ® f; = A(x)ex ® f; + Fip1 ® Gy and e ® x(f;) =
1(x).ex ® fi + Fr ® Gy,1 hence

x(ek ®f1) = x(ek) ®fl + e, ® X(fl) (S (A + ]/l)(ek ®fl) + Hk+l+1 (51)

and thus Hy/Hj,q = kii_in}fH”_dim(Hk“)
For part (i), since V), € Rep, (g), and ¢(V,) = V, /ker(¢y, ) is isomorphic to a quotient of V),

it lies in Rep, (g, W) and so by the maximality of W, it follows that ¢(V,) C W,. O

. It follows V@ W has k), ., as its unique composition factor.

The adjoint representation of a nilpotent Lie algebra g has the trivial representation as its only
composition factor, that is, g = go. This has the following important consequence:

Proposition 5.3.22. ZLer g be a nilpotent Lie algebra, Y C g be a subalgebra of g, and (V, p) a represen-
tation of . Then if u € (h/D(h))* = D(H)°/p° C g*/h0 = b* isa weight of b, and V., is the p-isotypic
subrepresentation of Resg (V), the restriction of V to Y, then V , is a g-subrepresentation of V. In partic-
ular, taking b = K.x for x € g\{0}, any generalised eigenspace V,, . of p(x) is a g-subrepresentation.

Proof. Since g is nilpotent, we have g = gy as an h-representation. But then by Lemma 5.3.21, we
have g®V, =go®V, C (@®V),, and since the map a,: g®V -V given bydp(x®v) =px)(v)isa
homomorphism of h-representations by Example 3.3.8, it follows that 4 »(g® Vﬂ) = p(g) (V}l) - Vy,
that is, V,, is a g-subrepresentation as required. o

Definition 5.3.23. Let g be a nilpotent Lie algebra and let (V, p) be a representation of g. Say x € g
is V-generic if, for all A, y € ¥, we have A(x) = p(x) if and only if A = p.

If Dy = {A —p: A, u € ¥y }\{0}, then x is V-generic if and only if x & UveDV ker(v). If k is
infinite,” it is an elementary exercise to show that a nonzero k-vector space cannot be written as the
union of finitely many hyperplanes, hence V-generic elements of g exist for any finite-dimensional
g-representation V.

Theorem 5.3.24. Let g be a nilpotent Lie algebra and (V, p) a finite-dimensional representation of g.
Foreach A € (g/Dg)*, let

Wi = [ Vawe Vi = {© €V :3n>0such that (p(x) — A(x))" (v) = 0}.

XEg

Ifxy € g s Vgeneric, then we have V) x, = Vo = Wy and hence V.= @, V, is the direct sum of its
(generalised) weight spaces.

Proof. Since g is nilpotent, it is solvable, hence for any g-representation (U,c) its composition
factors all lie in ¥{; and, as in Definition 5.3.20, if x € g then o (x) has spectrum {A(x) : A € ¥;}.
In particular, taking U = V, we see that Py, has A(x) as its sole eigenvalue, thatis, V) C V) x-
It follows that V, C W,.

% Any field k with char(k) = 0 contains a copy of Q and so is infinite. Alteratively, any algebraically closed field is
infinite — e.g. take the n-th roots of some y € k* where n is taken coprime to char(k).
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Now if x € g, we have V = Drvrev, Vaw),r» Moreover each summand V), , is a g-
representation by Proposition 5.3.22, hence taking U = V,,, , we see that if k,, is a composition
factor, then v(x) = A(x). It follows that if we take x to be V-generic, the generalised eigenspace
V) (xg),x, D28 A as its unique composition factor, so that V) € V. Hence V), ), = Vi = W,

5.3.3 Nilpotent Lie algebras as measurements: Cartan subalgebras

5.3.3.1 Cartan Subalgebras 7n this section we work over an algebraically closed field K. In particular,
K 2s infinite.

Let g be a Lie algebra. Recall that if b is a subalgebra of g then the normalizer N (h) of g is
Ny(h) ={x € g:[x,h] €h,Vh € bh)}.

It follows immediately from the Jacobi identity that Ny(h) is a subalgebra, and clearly Ny(h) is the
largest subalgebra of g in which b is an ideal.

Definition 5.3.25. A subalgebra b is said to be a Carran subalgebra if it is nilpotent and self-
normalizing, that is, Ny(h) = b.

It is not clear from this definition whether a Lie algebra necessarily has a Cartan subalgebra. To
show this, we need a few more definitions.

Definition 5.3.26. If x € g, let g0, be the generalized 0-eigenspace of ad(x), that is
go,x = {¥ € g: 3N > 0 such that ad(x)N (y) = 0}
Note that we always have x € gy ,. We say that x € g is 7ggular if g , is of minimal dimension.
Proposition 5.3.27. 1 Ifx € gisany element, then g . is a self-normalizing subalgebra of g.
2. If x € g is aregular element, then g , is a nilpotent and so a Cartan subalgebra of g.

Proof. Part (1) is straight-forward: It follows immediately from Lemma 5.3.22 applied to the adjoint
representation that b = gg , is a subalgebra of g. To see that b is a self-normalizing in g. Indeed if
z € Ny(h) then [x,z] € b (since certainly x € b), so that for some 1 we have ad(x)"([x,z]) = 0, and
hence ad(x)"*1(z) =0 and z € h as required.

To establish part (2), assume that x is regular, and let b = gy ,. To see that b is nilpotent, by
Engel’s theorem it suffices to show that, for each y € b, the map ad(y) is nilpotent as an endomor-
phism of . To see this, we consider the characteristic polynomials of ad(y) on g,h and g/h: Since
h is a subalgebra of g, the characteristic polynomial x¥ (t) € K[¢] of ad(y) on g is the product of the
characteristic polynomials of ad(y) on h and g/h, which we will write as )(i/ (t) and ;(g (t) respectively.

We may write ¥ (t) = ZZ:O Ck (y)tk, where n = dim(g). Pick {hy,h,, ..., h,} a basis of b (so that
dim(h) = r). Then if we write y = Z;l y;h;, the coefficients {c,(y)}}_, of x”(t) are polynomial
functions of the coordinates {y; : 1 <i < r}. Similarly we have

X6 =) dipt, Awm =) et
i=0 j=0

where the d;, ¢; € K[xq, ..., x,] are polynomials and d;(y) = d;(y1, ...,y,) where y = 2?21 y;h;. Since
ad(x)(x) = 0, we have x € g ,. But ad(x) is invertible on g/b, since all its eigenvalues are non-zero
on g/b, hence x3 (t) has ey(x) # 0, and thus the polynomial e is nonzero.

Now let s = min{i : d;(xq, ..., x,) # 0}. Then we may write )d/(t) =1 Z,:B d. ()5, and hence

XY =t5dy +dgqt+..)(eg + et +...) = t5dgeg + ...,
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For any endomorphism of a vector space, the dimension of its A-generalised eigenspace is the
largest power of (t —A) dividing its characteristic polynomial. In particular this implies that, for any
y € b, we have dim(goly) = min{i : ¢;(y) # 0}. But since ¢y.d; € K[xy,...,x,] is nonzero, there is
some z € h such that d.(z).eq(z) # 0, and hence dim(g .) = s. Now by definition s < r = dim(gg ),
hence since x is regular, we must have s = r, and hence )ﬁ (t) =", for all y € h. Hence every ad(y)
is nilpotent on b, so that h is a Cartan subalgebra as required.

O

In the course of the proof of the above Proposition we used the fact that the coefficients of the
characteristic polynomial were polynomial functions of the coordinates of y € h with respect to a
basis of . This was crucial because, whereas the product of two arbitrary nonzero functions may
well be zero, the product of two nonzero polynomials (over a field) is never zero. For completeness
we give a proofl’. (To apply it to the above, take V = g, A = h and ¢ = ad).

Lemma 5.3.28. Suppose that V and A are finite dimensional vector spaces, ¢p: A - End(V) is a linear
map, and {ay,a,, ..., a;} is a basis of A. Let

d
Xat) =) i@t € K[t]
i=0

be the characteristic polynomial of ¢(a) € A. Then if we write a = Z:.;l X;0; the coefficients c;(a)
(1 <i<d)arepolynomials in K[x1,xy, ..., x;].

Proof: Pick a basis of V so that we may identify End(V) with Mat,, (K) the space of n x n matrices.
Then each ¢(a;) is a matrix (“ék)lsj,kgns and if a = Zi;l x;4;, we have

k
Xa(t) = det(tl, — Y x;p(a;),
i=1

which from the formula for the determinant clearly expands to give a polynomial in the x; and ¢,
which yields the result. o

Remark 5.3.29. As an aside, there’s no reason one needs to pick a basis of a vector space V in order
to talk about the space K[V'] of k-valued polynomial functions on it. For example, one can define
K[V] to be the subalgebra of all k-valued functions on V which is generated by V* the space of
functionals on V. (This is fine if K is algebraically closed at least, if that is not the case then one
should be a bit more careful, e.g. recall if K is finite, then an element of K[#] is 7207 a function on K).

Remartk 5.3.30. Although we will not prove it in this course, any two Cartan subalgebras of g are
conjugate by an automorphism!! of g, that is, given any two Cartan subalgebras by, h, there is
an isomorphism a: g — g such that a(h;) = bh,. One difficulty here is that, while the proof of
Proposition 5.3.27 shows that, if x € g is regular, then g, ( is a Cartan subalgebra, it is not clear that
any Cartan subalgebra is of that form.

5.3.3.2 The Cartan Decomposition 77 this section we work over an algebraically closed field K of charac-
teristic zero.
Our study of the representation theory of nilpotent Lie algebras can now be used to study the
structure of an arbitrary Lie algebra. Indeed, if g is any Lie algebra, we have shown that it contains
a Cartan subalgebra h, and the restriction of the adjoint action makes g into an h-representation.
As such it decomposes into a direct sum

g= P g
A&(h/Dh)*

10Tf this all seems overly pedantic then feel free to ignore it.
UTn fact, they are even conjugate by what is known as an inner automorphism.
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Let ® = {A € (h/D(h))* : gy # 0} be the set of roots of g with respect to hh. The next Lemma
establishes some basic properties of this decomposition.

Lemma 5.3.31. ZLer g, be as above, and let V be a (finite-dimensional) g-representation. As an b-
representation, it decomposes
V=@V,

uey

into generalised W-weight spaces as in Theorem 5.3.24, where ¥ = {A € (g/D(g))* : V # 0} is a finite
subset of (g/D(9))*. Then for any a,u € (g/D(9))* we have

P8 (V) C Vi
In particular, taking (V,p) = (g,ad) we see that, for any a, p € (g/D(9))* we have (90,981 C Basp-

Progf. By Lemma 5.3.21, the h-representation gy ® V, has k., as its only composition factor. As
in Example 3.3.8, the map p: g® V — V given by g(y ® v) = p(y)(v) is a homomorphisms of
g-representations, and hence of h-representation, thus its image span{o(h)(v) : h € h,v € V} lies in
vV |

a+yu

Definition 5.3.32. By the previous Lemma, if h is a Cartan subalgebra of g then g decomposes into
a direct sum

g=bo P g

A#0

This is known as the Cartan decomposition of g. The set ® of non-zero A € (h/Dh)* for which the

12

subspace g, is non-zero is called the set of 70ozs of g, and the subspaces g, are known'* as the 700z

spaces of g. Thus finally the Cartan decomposition becomes

g=heo P g,

AeD

By Remark 5.3.30 above, the Cartan decomposition of g is unique up to automorphism.

12/.¢. in the terminology for representations of nilpotent Lie algebras discussed above, the roots of g are the weights

of g as an h-representation.
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Chapter 6

Trace forms and semisimple Lie algebras

6.1 Trace forms and the Killing form

In this section we introduce certain symmetric bilinear forms, which will play an important role in
the rest of the course. A brief review of the basic theory of symmetric bilinear forms! is given in
§1.3 in Appendix 1 of these notes.

6.1.1 Bilinear forms Let Bil(V) be the space of bilinear forms on V, that is,
Bil(V) = {B: V x V — k : B bilinear}.

From the definition of tensor products it follows that Bil(V) can be identified with (V ® V)*. We
say that a bilinear form is symmetric if B(v,w) = B(w,v). In terms of tensor products, notice that
the map 0: VxV — VxV given by (v,w) — (w,v) induces an involution (which we will also denote
by ¢ on V ® V and the condition that B is symmetric is just the condition that Bo ¢ = B.

If V is a g-representation, this means Bil(V) also has the structure of g-representation: explicitly,
if B € Bil(V), then it yields a linear map b: V ® V — K by the universal property of tensor products,
and if y € g, it acts on B as follows:

y(B)(v,w) =y(b)(v® w)
=-by(v®w))
=-by(v) @w+vy(w))
= —B(y(v),w) — B(v,y(w)).

That is, B is invariant if B(y(v),w) = —B(v,y(w)) for all v,w € V and y € g. Notice that the
involution ¢ € End(V ® V) commutes with the action of g (this is a special case of the fact that,
for any two g-representations, the map 7: V@ W - W® V given by 10 @ w) = w ® v is a g-
homomorphism). It follows that the action of g preserves the space SBil(V) of symmetric bilinear
forms?

If we apply this to (V,p) = (g,ad), then the condition that B € Bil(g)? is just that, for all
X, Y,z € g,

0 =y(B)(x,z) = —B(ad(y)(x),z) — B(x,ad(y)(2)) = B([x,y]1,2z) — B(x, [y, z]),

that is, B([x,y],z) = B(x, [y, z]).

Part A Algebra focused more on positive definite and Hermitian forms, but there is a perfectly good theory of
general symmetric bilinear forms.

2In Part B Representation Theory it was shown that if G is a group and (V, ) is a G-representation, then V® V =
Symz(V) @ Altz(V), where the two summands are the +1 and —1 eigenspaces for the involution 7: VQV - V@V
given by T(v, ® v,) = v, ® v (v1,v, € V). The analogous result also holds for representations of a Lie algebra.
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Definition 6.1.1. We say that a bilinear form B is invariant if it is an invariant vector for the action
of g on Bil(g) = (g ® g)*, that is, if

B([x,v],z) = B(x,[y,z]), Vxy,z€g.

If a: g1 — g, is a homomorphism of Lie algebras, and B is a bilinear form on g,, then we may
“pull-back” B using « to obtain a bilinear form on g;. Indeed viewing B as an element of (g, ® g,)*,
we obtain an element a*(B) of (g ® g1)* given by a*(B) (x,y) = B(a(x), a(y)). It is immediate from
the definitions that if B is an invariant form for g,, then a*(B) is an invariant form for g;.

It follows that if we can find an invariant form by, on a general linear Lie algebra gl(V), then any
representation p: g — gl(V) of a Lie algebra g on V will yield an invariant bilinear form ty, = p*(by,)
on g. The next Lemma shows that there is in fact a very natural invariant bilinear form, indeed an
invariant symmetric bilinear form, on a general linear Lie algebra gl(V):

Lemma 6.1.2. Zer V be a k-vector space. The trace form by, : gl(V) ® gl(V) — Kgiven by
by (a,b) = tr(a.b), Va,begl(V),
is an invariant symmetric bilinear form on gl(V).

Proof The invariance of the form by, is just the condition that the map by : gl(V) ® gl(V) — K is
a map of gl(V)-representations, where K is viewed as the trivial representation of gl(V). In fact
this follows from Example I.11. To see this we use the notation of Appendix I.2. Indeed, using the
notation of Remark I.12, the bilinear map is just the composition

gV @gl(V) —=V*'@Ve V' eV 2 -V'egkeV—= V'@V -k
where the first map is 6~! ® 671, and the third map is induced by the scalar multiplication isomor-
phism V ® k = V. Since this description of the trace form uses only the map ¢ and identity maps,
it is clearly a g-homomorphism, and hence an invariant bilinear form. o

Definition 6.1.3. If g is a Lie algebra, and let (V,p) be a representation of g. we may define a
bilinear form ty,: g x g —» K on g, known as a trace form of the representation (V, p), to be p*(by,).
Explicitly, we have

tv(x,y) = try (p()p(Y)), VYx,y € g
Definition 6.1.4. The Killing form k: gx g — K is the trace form given by the adjoint representation,

that is:
k(x,y) = tr(ad(x)ad(y)).

Note that if a C g is a subalgebra, the Killing form of a is not necessarily equal to the restriction
of that of g. We will write ¥ when it is not clear from context which Lie algebra is concerned.

If a is an ideal in g, then in fact the Killing form is unambiguous, as the following LLemma shows.

Lemma 6.1.5. Lez a be an ideal of g. The Killing form x® of a is given by the restriction of the Killing
Sorm k% on g, that is:
Ky = K°.

Moreover, the subspace orthogonal to a, that is, a*t = {x € g : k(x,y) = OVy € a} is also an ideal.

Proof. If a € a we have ad(a)(g) C a, thus the same will be true for the composition ad(a;)ad(a,)
for any ay,a, € a. Thus if we pick a vector space complement W to a in g, the matrix of ad(a;)ad(a,)
with respect to a basis compatible with the subspaces a and W will be of the form

(0 0)
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where A € End(a) and B € Homy (a, W). Then clearly tr(ad(a;)ad(a,)) = tr(A). Since A is clearly
given by ad(a;),ad(a;),,, we are done.

Since « is invariant, it corresponds to a g-homomorphism 6: g — g*, where 6(x)(y) = x(x,y).
An ideal is simply a subrepresentation of g (viewed as a representation under the adjoint action) and
al = 071(a0), where a° is the annihilator of a in a*. But if V is any representation and U < V is a
subrepresentation, then its annihilator U is a subrepresentation of V*, and clearly the preimage of
a subrepresentation under a homomorphism of g-representations is a subrepresentation, thus a* is
an ideal as required.

O

6.1.2 Cartan criteria for solvable Lie algebras /7 this section K is an algebraically closed field of charac-
teristic zero.
We now wish to show how the Killing form yields a criterion for determining whether a Lie
algebra is solvable or not. For this we need a couple of technical preliminaries.

Lemma 6.1.6. Lez g be a Lie algebra and let by be a Cartan subalgebra with associated Cartan decompo-
sitiong = h ® @ cq 91- Let (V,0) be a finite dimensional representation of g and let V- = EBye‘F V, be
the generalised weight-space decomposition of V as an h-representation, where ® U {0} denotes the set of
wrreducible representations of b which occur as composition factors of g and ¥ denotes the set which occur
as composition factors of V. Let A € Y and a« € ®. Then there is anr € Q such that the restriction of A

20 (94, 8_,] 15 equal to ra.

Proof. The set of weights V¥ is finite, thus there are positive integers p, g such that V, ., # 0 only
for integers t with —p < t < g¢; in particular, A — (p + 1)a ¢ Y and A + (g + D)a & ¥. Let
M = @B _p<i<g Vitiar If z € [g,,9_4] is of the form [x,y] where x € g,,y € g_, then, using also
Lemma 5.3.31, since

p(x)(V/\+qa) - V/\+(q+1)zx = {0}, p(y)(v/\—pzx) c V/\—(p+1)u¢ = {0}

we see that p(x) and p(y) preserve M. Thus the action of p(z) on M is the commutator of the action
of p(x) and p(y) on M, and so tr(p(z), M) = 0. On the other hand, we may also compute the trace
of p(z) on M directly:

0 =tr(p(z),M)
= ) (@), Vasra)

—p<t<q

= Z (AM(z) + ta(z))dim (V4 40)-

—-p<t<q

since any h € h acts on a generalised weight-space V,, with unique eigenvalue yi(h). Rearranging the
above equation gives A(z) = ra(z) for some r € Q as required (where the denominator is a sum of
dimensions of subspaces which are not all zero, and hence is nonzero, and clearly r does not depend
on z). mi

Definition 6.1.7. Let g be a Lie algebra over a field k. We say that g is perfecs if g = D(g) = [g, g]-
A perfect Lie algebra therefore has no nontrivial abelian quotients.

Proposition 6.1.8. Ler g be a Lie algebra and (V,p) a g-representation for which p(g) # 0. Suppose
that Dg = g. Then there is an x € g for which ty,(x,x) # 0.

Proof. Since p(Dg) = D(p(g)), by replacing g with its image in gl(V) we may assume that g is a
subalgebra of gl(V) (and hence we will suppress p the inclusion map). Suppose that b is a Cartan
subalgebra of g so that that g = ) cq0) 9 is the associated Cartan decomposition, where h = g,.
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If we let V = @,y V, be the decomposition of V' into generalised h-weight spaces as in Theorem
5.3.24, then since g C gl(V) = V* @ V, it follows that ® [ J{0} C {yq — po : py,4p € ¥}. In
particular, if V = V{, then gl(V) = gl(V), and hence g = gy = h. But b is nilpotent and hence
solvable, whereas Dg = g implies g is not solvable. It follows there must be some A € ¥\{0}.

Next observe that

g=Dg=I[g0l=[ D o B 0.]=) l[ar0,]
Ap

Aedu(0} nedu{0}

Since we know that [g,, g,,] C g1, and moreover h = g, it follows that we must have
b=10b]+) [80-al
44

where the sum runs over those roots a such that —« € ®. But by definition, A vanishes on Db, so
that there must be some &« € ® with A([g,,g9_,]1) # 0.
Picking x € [g,,9_,] such that A(x) # 0, we find that:

ty(x,x) = tr(x?) = ) dim(V))A(x)2.
reY

But now by Lemma 6.1.6 we know that for any y € ¥ thereisanr, , € Q such that p(x) =7, ,.a(x)
for all x € [g,,9_,]. In particular, 0 # A(x) = r, ,a(x) so that 7, , # 0 and a(x) # 0. Hence we see
that
ty(x,x) = ( Z dim(Vﬂ)rﬁ,y) a(x)?.
ue¥
Since the terms in the sum are nonnegative, and the term corresponding to A is positive, we conclude
ty (x,x) # 0 are required. O

Applying the previous Proposition to the Killing form we can give a criterion for a Lie algebra
to be solvable.

Theorem 6.1.9 (Cartan’s criterion for solvability). A Lie algebra g is solvable if and only if the Killing
Jorm restricted to Dy is identically zero.

Proof. First suppose that x vanishes on D(g). Consider the derived series {D¥(g)};so. If there
is some k > 1 with D¥(g) = D¥*1(g) = D(D¥g) # {0}, then Proposition 6.1.8 applied to D¥(g)
and (g, ad‘Dk(g)) the restriction to D¥(g) of the adjoint representation of g, shows that there is an
x € DFg with x9(x, x) # 0, and hence «9 is not identically zero on D¥(g), contradicting the fact that
D*(g) C D(g). Thus we conclude D¥*1g is a proper subspace of D¥g whenever D¥g is nonzero, and
hence since g is finite dimensional, it must be solvable as required.

For the converse, assume g is solvable. We may replace g by its image g; = ad(g) in gl(g)
since g is solvable if and only if g; = g/3(g) is. By Lie’s theorem, we can find a complete flag
F = (0 =Fy) <F <..<F, =g ingsuch that g; C by. But then by Example 5.1.7 we
have D(g;) C D(by) C ny. Since ny; is an associative subalgebra of End(g) consisting of nilpotent
endomorphisms, if x,y € D(g) then ad(x)ad(y) is nilpotent and hence x9(x,y) = tr(ad(x)ad(y)) =0
as required.

m|

6.2 The radical and semisimple Lie algebras

Suppose that g is a Lie algebra, and a and b are solvable Lie ideals of g. It is easy to see that a + b
is again solvable (for example, because 0 C a C a + b, and a and (a + b)/a = b/(a N b) are both
solvable). It follows that if g is finite dimensional, then it has a largest solvable ideal v. Note that this
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is in the strong sense: every solvable ideal of g is a subalgebra of t (c./ Definition 5.3.18 where the
same strategy was used to define the subrepresentation V5 of a g-representation given an irreducible
representation S of g).

Definition 6.2.1. Let g be a finite dimensional Lie algebra. The largest solvable ideal ¢ of g is known
as the (sofvabel) radical of g, and will be denoted rad(g). We say that g is semisimple if rad(g) = 0,
that is, if g contains no non-zero solvable ideals.

Lemma 6.2.2. 7he Lie algebra g/rad(g) is semisimple, that is, it has zero radical.

Proof. Suppose that s is a solvable ideal in g/rad(g). Then if s' denotes the preimage of s in g, we
see that s is an ideal of g, and moreover it is solvable since rad(g) and s = s’ /rad(g) as both solvable.
But then by definition we have s" C rad(g) so that s’ = rad(g) and s = 0 as required. O

Example 6.2.3. The Lemma shows that any Lie algebra g contains a canonical solvable ideal rad(g)
such that g/rad(g) is a semisimple Lie algebra. Thus we have a short exact sequence:

0 rad(g) g g/rad(g) —0,
so that any Lie algebra is an extension of the semisimple Lie algebra g/rad(g) by the solvable Lie
algebra rad(g).

In characteristic zero, every Lie algebra g is built out of rad(g) and g/rad(g) as a semidirect
product.

Theorem 6.24. (Levi’s theorem) Let g be a finite dimensional Lie algebra over a field K of characteristic
zero, and let v be its radical. Then there exists a subalgebra s of g such that g = vxs. Inparticulars = g/t
1s semisimple.

6.2.1 Cartan’s Criterion for semisimplicity The Killing form gives us a way of detecting when a
Lie algebra is semisimple. Recall that, given a symmetric bilinear form B: V x V' — K, the radical
of Bisrad(B) = {v € V : Yw € V,B(v,w) = 0} = VL. The form B said to be nondegenerate if
rad(B) = {0}. We first note the following simple result.

Lemma 6.2.5. A finite dimensional Lie algebra g is semisimple if and only if it does not contain any
non-zero abelian ideals.

Proof. Clearly if g contains an abelian ideal, it contains a solvable ideal, so that rad(g) # 0. Con-
versely, if s is a non-zero solvable ideal in g, then the last term in the derived series of s will be an
abelian ideal of g (c/eck this!). o

We have the following simple characterisation of semisimple Lie algebras.
Theorem 6.2.6. A Lie algebra g is semisimple if and only if the Killing form is nondegenerate.

Proof. Letgt ={x € g:x(x,y) =0,Vy € g}. Then by Lemma 6.1.5 g* is an ideal in g, and clearly
the restriction of x to g* is zero, so by Cartan’s Criterion, and Lemma 6.1.5 the ideal g* is solvable.
It follows that if g is semisimple we must have g* = {0} and hence « is non-degenerate.

Conversely, suppose that x is non-degenerate. To show that g is semisimple it is enough to
show that any abelian ideal of g is trivial, thus suppose that a is an abelian ideal, and pick W a
complementary subspace to a so that g = a & W. With respect to this decomposition, if x € g and
a € a, we have

_ X1 X _ 0 a, Homk(a, a) Homk(W,a)
ad(x) _< 0 x5 )' ad(@) _( 0 0 >€< Homy (a, W) Homy (W, W) )

But then we see that ad(x) o ad(a) = ( 8 xl(;zz ), and hence tr(ad(x)ad(a)) = 0. It follows that
a C gt = {0} as « is non-degenerate and hence a = {0} as required. |
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Remark 6.2.7. It is worth noting that the proof of the previous theorem establishes two facts: first,
that gt is a solvable ideal in g for any Lie algebra g, and secondly, that any abelian ideal of g is
contained in g*. Combined with the previous Lemma this shows that gt = {0} < rad(g) = {0},
but in general the containment gt C rad(g) need not be an equality.

6.2.2 Simple and semisimple Lie algebras Recall that we say that a Lie algebra is simple if it is
non-Abelian and has no nontrivial proper ideal. We now show that this notion is closed related to
our notion of a semisimple Lie algebra.

Proposition 6.2.8. Zet g be a semisimple Lie algebra, and let | be an ideal of 9. Then g =1 I+.

Proof. Since g is semisimple, the Killing form is nondegenerate, hence by Lemma 1.17 in Appendix
1, we have
dim(I) + dim(I+) = dim(g). (6.1)

Now consider I N I*. The Killing form of g vanishes identically on I N I+ by definition, and since it
is an ideal, the Killing form of I N I* is just the restriction of the Killing form of g. It follows from
Cartan’s Criterion that I N I+ is solvable, and hence since g is semisimple we must have I N [+ = 0.
But then by Equation (6.1) we must have g = [ & I as required (note that this is a direct sum of Lie
algebras, since [I,[t] Cc I NI4). ]

Proposition 6.2.9. Lez g be a semisimple Lie algebra.
1. Any ideal and any quotient of g is semisimple.

2. Then there exist ideals 91, 95, ... 9 C § which are simple Lie algebras and for which the natural
map:
0199:0...00 4

is an isomorphism. Moreover, any simple ideal a € g is equal to some g; (1 < i < k). In particular
the decomposition above is unique up to reordering, and g = Dag.

Proof. For the first part, if [ is an ideal of g, by the previous Proposition we have g = I @ I+, so
that the Killing form of g restricted to I is nondegenerate. Since this is just the Killing form of I,
Cartan’s criterion shows that I is semisimple. Moreover, clearly g/I = I so that any quotient of g
is isomorphic to an ideal of g and hence is also semisimple.

For the second part we use induction on the dimension of g. Let a be a minimal non-zero ideal in
g. If a = g then g is simple, so we are done. Otherwise, we have dim(a) < dim(g). Theng = a®at,
and by induction a? is a direct sum of simple ideals, and hence clearly g is also.

To show the moreover part, suppose that g = g; ® g, ® ... ® gy is a decomposition as above and
a is a simple ideal of g. Now as 3(g) = {0}, we must have 0 # [g, a] C a, and hence by simplicity of
a it follows that [g,a] = a. But then we have

k
a=[ga]l=[Po,al=[g1,0]®[gr,a] ®...® [g a],
i=1

(the ideals [g;, a] are contained in g; so the last sum remains direct). But a is simple, so direct
sum decomposition must have exactly one nonzero summand and we have a = [g;, a] for some i
(1 < i < k). Finally, using the simplicity of g; we see that a = [g;,a] = g; as required. To see that
g = Dg note that it is now enough to check it for simple Lie algebras, where it is clear®.

O

3This is one reason for insisting simple Lie algebras are nonabelian.
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6.3 Weyl’s theorem

In this section we assume that our field is algebraically closed of characteristic zero.

In this section we study the representations of a semisimple Lie algebra. eviews the other basic
representation theory that we will need in this section. Our goal is to show, just as for representations
of a finite group over C, that every representation is completely irreducible, that is, is a direct sum of
irreducible representations. Note that, as we check Lemma I1.13 in the Appendix 2, V is completely
reducible if and only if V' is the sum of its irreducible subrepresentations.

Definition 6.3.1. We say that a representation V of a Lie algebra is semisimple if any subrepresen-
tation has a complement, that is, for any subrepresentation U of V, there is a subrepresentation W
suchthat V=U® W.

Lemma 6.3.2. Lez g be a Lie algebra.

1) A representation'V is semisimple if and only if any short exact sequence

0—U—>v-—Tow_—>0

splits.
1) If the representations of g are semisimple then they are completely reducible.

Proof. For the first part, suppose that any short exact sequence with V as its middle term splits.
Then if U is a subrepresentation of V, then if i: U — V denotes the inclusion map and W = V/U
with g: V — W the quotient map, we obtain a short exact sequence. A splitting of this short exact
sequence s: W — V is determined by its image, because g restricts to an isomorphism on s(W).
Now if v € U N s(W) then v = s(w) for some w € W, then 0 = q(v) = g os(w) = w, and hence
s(w) = 0. It follows that V = U & s(W) and s(W) is a complement to U.

Conversely, if V is semisimple, then given any short exact sequence with V as its middle term,
the subrepresentation i(U) has a complement U'. Then q;;,: U’ - W is an isomorphism, hence we
may define s: W — V to be its inverse.

For the second part, use induction on dim(V). If V is irreducible then we are clearly done,
otherwise V has a proper subrepresentation U. But then U has a complementin V,say V=U®T.
But since dim(U), dim(T) < dim(V), they are completely reducible, hence V is completely reducible
as required. O

Remark 6.3.3. hows that if a g-representation is semisimple, then all of its subrepresentations and
quotients are also semisimple. Knowing this, the above proof shows that if a representation is
semisimple then it is completely reducible (whereas in the above we showed that if a// representations
of a Lie algebra g are semisimple, then they are all completely reducible.)

Theorem 6.34. (Weyl’s theorem.) If g is a semisimple Lie algebra, then any short exact sequence of
representations of g splits. Equivalently any surjective map of g-representations has a splitting. Conse-
quently, every representation of g is semisimple, and thus completely reducible.

Remark 6.3.5. We will establish this theorem by first showing that, for any representation of a
semisimple Lie algebra g, the invariants V9 form a direct summmand of V. Then, using this de-
composition and the fact that, if V and W are g-representations then Hom(V, W) is also, to deduce
the semisimplicity result. The argument is similar, but not identical, to the one used in proving
representations of a finite group over the complex numbers are semisimple.

6.3.1 Casimir operators

Lemma 6.3.6. Suppose that g is semisimple and (V, p) is a representation of . Then the radical of ty,
1s precisely the kernel of p. In particular if (V,p) is faithful then t\, is nondegenerate.
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Proof. The image g, = p(g) C gl(V) of g is a semisimple Lie algebra (since g is) and the statement
of the Lemma is exactly that ¢\, is nondegenerate on g;. But the radical v = rad(ty/) is an ideal of
0(g). Now Proposition 11.2 shows that if we let (Dkt)kZO be the derived series of t, we must have
Dk+1e C Dk whenever D¥t # {0}, thus v must be solvable. Since g1 is semisimple, this forces the
radical to be zero as required. o

This allows us to make the following definition:

Definition 6.3.7. Let g be a semisimple Lie algebra and (V, p) a representation of g with p(g) # 0.
Then we set g = p(g) C gl(V), and, as above, write 7: g; — g] for the isomorphism induced by
ty,. We have a sequence of g; (and g) -homomorphism

Hom(gy, g1) —>01® 91— 01 ® g1 — = gl(V)
where the first map is 6! (see Appendix 1.2) the second is 7~! ® 1 and the third is composition of
linear maps. These are all g-homomorphisms, and hence the image of Id; under their composition
is a g-endomorphism of V, which we denote by Cy,, the Casimir operator of V. Note also that the
composite map Hom(gq, g1) — gl(V) is compatible with the trace map, which implies that

trV(CV) = trgl (Idgl) = dlm(gl) # 0.

Remark 6.3.8. If g is simple, rather than just semisimple, then by Schur’s Lemma (which holds
for representations of Lie algebras just as it does for groups — see Lemma I1.2) Homy (g, g)? =
Hom, (g, g) is one-dimensional (the scalar multiples of the identity). Since Homy (g, g) = g ® g as
g-representations, the invariants (g ® g)? in g ® g must also be one-dimensional (the image of the
scalar multiples of the identity under any isomorphism). If we pick a non-zero element C € (g®g)¥,
then, for any representation on which g acts non-trivially, there is a non-zero scalar A, such that

Cy =Ay.mo (p® p)(C)
Thus the Casimir operators Cy,, up to scaling, all come from the same element of g ® g.

Example 6.3.9. Let us take g = sl,. Then the trace form t(x,y) = tr(x.y) is non-degenerate and
invariant, with

tle,f) =tle,h)y =1, thh) =2 tlee)=t{ff)=teh =tfh =0

Thus the corresponding isomorphism 7: sl, — s} gives

1
(T_1®1)9_1(id):f®€+§h®h+€®f.

For any sl,-representation (V, p) we thus get a g-endomorphism of V by applying m o (o ® p) to this
element, namely p(e)p(f) + %p(h)2 + p(f)p(e). This is exactly the operator used in Sheet 3 of the
problem set.

Definition 6.3.10. Recall that if (V,p) is a representation of g, then V¢ = {v € V : p(x)(v) =
0,Vx € g} is the subrepresentation of invariants in V. We also define g.V = span{p(x)(v) : x €
g,v € V}. One can check directly that g.V is a subrepresentation, or note that it is the image of the
g-homomorphism a: g® V — V given by a(x ® v) = p(x)(v). See Example 3.3.8 for more details.

The next Proposition shows that the invariants in a representation of semisimple Lie algebra
form a direct summand of V. This can be thought of as the analogue of Maschke’s theorem: The
key to that result of that, if G is a finite group, and (V, p) is any representation of G, then the operator
T =IGI7 Y 2cG P &) is a G-equivariant projection onto VC the invariants in V and hence its kernel

gives a complementary subrepresentation, so that V = V& @ ker (7).

Proposition 6.3.11. Lez (V, p) be representation of a semisimple Lie algebra g. Then V = V9 @ g.V.
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Proof. We prove the statement by induction on dim(V), the case dim(V) = 0 being trivial). If
V = V9 the certainly g.V = {0} and the statement holds. Thus we may assume that V' # V¥, so that
p(g) # {0}. Let Cy, be the Casimir operator of V. Since it is a g-endomorphism, if V = @ V), is the
decomposition of V into the generalised eigenspaces of Cy,, each V), is a subrepresentations of V.
Since if the statement of the Lemma holds for representations U and W it certainly holds for their
direct sum U @ W, we are done by induction unless Cy, has exactly one generalised eigenspace, z.e.
V = V,. But then dim(V).A = tr(Cy) = dim(p(g)), so that A # 0%, and hence Cy, is invertible.
Since it is clear from the definition of Cy, that V¢ C ker(Cy,) we see that V¢ = {0}, and moreover
V =Cy(V) Cp(g)(p(g)(V)), so that V = g.V, and we are done. O

Definition 6.3.12. If g is a semisimple Lie algebra and (V,p) is a representation of g, then let
ny : V — V9 be the projection to V¢ with kernel g.V. To avoid cluttered notation, we will sometimes
just write 71y. The following Corollary indicates shows this is unlikely to cause confusion:

Corollary 6.3.13. Let V and W be g-representations and let 0 € Homg(V, W). Then 7'((1)/" o =0o n(‘)/ .

Proof. From the definitions it is clear that (V%) C W9 and similarly 0(g.V) C g.W. The result
follows immediately. O

We now prove that g-representations are semisimple following the same strategy as in the case
of finite groups:

Theorem 6.3.14. Let V be a representation of a semisimple Lie algebra g. Then V is semisimple, that
is, any subrepresentation has a complement.

Proof. Leti: U — V denotes the inclusion map and q: V.- W = V/U the quotient map, so that
we have a short exact sequence:
0—>U—">V-Tow—>0

If s: W — Vis any linear map satisfying gos = 1yy, that is, a linear splitting of the quotient map g,
then im(s) is a complement to im(i) = ker(g). Thus if s is g-invariant for the g-action on Hom(W, V)
so that s € Homy(W, V), then im(s) is a complementary subrepresentation to im(i) = ker(q) as
required.

Now the map g,: Hom(W,V) - Hom(W, W) given by q,(¢) = q o ¢ is a g-homomorphism
because g is. Moreover, if s is any linear splitting map, and ¢ € Hom(W, W), we have g, (s o ¢p) =
(qos)o¢ =1y o ¢ = ¢, so that g, is surjective. But now note that 1, € Hom(W, W)9 and hence
by Corollary 6.3.13 we have

G, (719 (8)) = 113(q.(8)) = mg(g e s) = mu(1yy) = 1.

It follows that 77y (s) is the required splitting map, and V = U & im(71(s)) as required.

6.4 The Jordan Decomposition

Unless explicitly stated to the contrary, in this section we work over a field K which is algebraically closed
of characteristic zero.

Definition 6.4.1. Let V be a k-vector space and suppose that x € End(V). Then we say x € End(V)
is semisimple if V is a direct sum of eigenlines for x, that is, there are lines Ly,...,L, such that
V = @_,L; and x(L;) C L;,. We say that x is nilpotent if V = V,, that is x has 0 as its only
eigenvalue, and hence x" = 0 for sufficiently large n.

4This is where we use that the characteristic of the field is 0.
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By Proposition 1.1 for any x € End(V), then we may write

V=@ V,y, whereV,,={veV:3IN>0,(x-1N©) =0}
Aek

That is, V), , is the generalized A-eigenspace of x. This direct sum decomposition can be used to
give a decomposition of the endomorphism x in a semisimple (or diagonalisable) and nilpotent part:

Proposition 6.4.2. Let V be a finite dimensional vector space x € End(V). Then we may write x =
X5 + X,, Where xg 1s semisimple and x,, is nilpotent, and x; and x,, commaute, t.e. [xz,x,] = 0. Moreover,
if U is a subspace of 'V preserved by x, it is also preserved by x,, x,,.

A proofis given in Appendix I.1. In fact, given x = x, + x,,, the conditions that x; is semisimple
and x,, is nilpotent along with the fact that they commute, determines them uniquely. To see this
we use the following:

Lemma 6.4.3. Let V be a K-vector space and x,n € End(V') be such that [x,n] = 0 and n is nilpotent.
Then we have V), = V) v in-

Proof. 1t suffices to show that V, , C V, ..., for all such pairs (x,7) in End(V). Indeed the lemma
follows once one also knows the reverse inclusion, but this follows by considering the pair (x+n, —n).

To prove the claim, note that since [x,n] = 0, we have n(V, ,) C V, ,. But by definition (x —A)
is nilpotent on V), . and hence (x + 1) —A = (x —A) 4+ n, when restricted to V}, , is the sum of two
commuting nilpotent endomorphisms of V, ,. It follows from Lemma 5.3.14 that (x 4+ n) — A acts
nilpotently on V, ,, and hence V, . C V., , as required. m]

Corollary 6.4.4. The (naive or concrete) Jordan decomposition is unique, that is, given x € End(V),
there is a unique pair (X, X,,) with x; semisimple and x,, nilpotent, such that x = x;+x,, and [x,,x,,] = 0.

Proof. The previous Lemma shows that x; and x,; + x,, = x have the same generalised eigenspaces.
But as x, is semisimple, its generalized eigenspaces are precisely its eigenspaces and hence it is
completely determined by these. It follows x, is unique, and hence x,, = x — x, is also. o

Lemma 6.4.5. Let V be a vector space and x € End(V). If x is semisimple then
ad(x): End(V) - End(V)
is also semisimple, and similarly if x is nilpotent.

Proof. First note that the action of ad(x) on gl(V) is just the action of x on the tensor product
V* ® V. When x is nilpotent, the result is proved in Lemma 5.3.15.

If x is semisimple, then we may write V = @_; L, and V* = 69;;1 L;. But then

n n n
V'eV=@PL)ye@L)=PLelL,
i=1 j=1 ij=1

and since dim(L} ® Lj) = 1, it follows that the action of ad(x) on gl(V) is semisimple also. O

Corollary 64.6. Let x € End(V), and suppose x = x5 + x,, is the Jordan decomposition of x. Then
ad(x) = ad(x;) + ad(x,) is the Jordan decomposition of ad(x).

Proof. By the previous Lemma, ad(x,) and ad(x,,) are semisimple and nilpotent respectively, and
as ad is a representation, [ad(x,), ad(x,,)] = ad([x,, x,,]) = 0. O

We now return to Lie algebras. The above linear algebra allows us to define an “abstract” Jordan
decomposition for the elements of any Lie algebra (over an algebraically closed field).
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Definition 6.4.7. Suppose that g is a Lie algebra and x € g. The endomorphism ad(x) € gl(g)
has a unique Jordan decomposition ad(x) = ad(x)s + ad(x),, in gl(g). Then if s,n € g are such
that ad(s) = ad(x), and ad(n) = ad(x),,, we say the Lie algebra elements s, n are an abstract Jordan
decomposition of x. Note that if z € 3(g) # {0} then if (s,n) is a Jordan decomposition of x so is
(s + z,n — z), thus the Jordan decomposition is unique if and only if 3(g) = {0}.

Note that that if g = gl(V) for some vector space V, then Lemma 6.4.5 shows that the abstract
Jordan decomposition for an element x € gl(V) is just the naive one (i.c. the one for x thought of
as a linear map from V to itself).

For a Lie algebra g, the space Der) (g) of k-derivations of g is a Lie algebra, which we may view as
a subalgebra of the Lie algebra gl(g). The map ad: g — gl(g) is in fact a Lie algebra homomorphism
from g into Dery (g). Its image is denoted Inn,(g).

Lemma 6.4.8. Let a be a semisimple Lie algebra.
1. Suppose that o is an ideal of a Lie algebra g. Then g = a @ a™.
2. All dervvations of a are inner, that is, Dery (a) = Inn(a).

Proof. For the first part, let ¥ denote the Killing form for g so thatat = {x € g : x(x,y) = 0, Vy € a}
is an ideal in g. Now since a is an ideal in g, the restriction x;, of the Killing form of g to a is the
Killing form x® of a. Since a is semisimple, by Cartan’s Criterion x® is non-degenerate, hence x, is.
But then Lemma 1.17 shows that g = a @ a* as required.

For the second part, note that the Lie algebra of derivations D = Der) (a) is a subalgebra of gl(a)
containing the image I of ad as the subalgebra of “inner derivations” which, since it is isomorphic
to a, is semisimple. We first claim that this subalgebra is an ideal: indeed if ad(x) is any inner
derivation, and 6 € D, then

[6,ad(x)]1(y) = 0[x,y] — [x,0(y)] = [6(x),y] = ad(6(x))(y)

thus [J,ad(x)] € I, and hence [ is an ideal in D. Now since [ is semisimple, by the first part we see
that D = I @ I+, thus it is enough to prove that I* = {0}. Thus suppose that 6 € I*. Then since
[I,I*] Cc INI*+ = {0} we see that

[0,ad(x)] = ad(6(x)) =0,Vx € q,
so that, again by the injectivity of ad, we have § = 0 and so It = {0} as required. o

Lemma 64.9. Ler a be a Lie algebra and Der(a) C gl(a) the Lie algebra of K-derivations on a. Ler
0 € Dery(a). If 6 = s + n is the Jordan decomposition of § as an element of gl(a), then s,n € Dery(a).

Proof. We may decompose a = @, ay where a, is the generalized eigenspace of § with eigenvalue
A € k say. Now since J is a derivation the map a, ® a, — a given by x ® y ~ [x,y] is compatible
with the action of 6. But then by Lemma 5.3.22, if x € a) and y € a,, we have [x,y] € O pe It
follows immediately that s is a derivation on a, and since n = § — s we see that n is also. o

Theorem 6.4.10. Let g be a semisimple Lie algebra. Then given any x € g has an abstract Jordan
decomposition: that is, there exist unique elements s,n € g such that x = s + nand [s,n] = 0, and ad(s)
1s semisimple, while ad(n) is nilpotent.

Proof. As noted above, since g is semisimple, ad: g — gl(g) is an embedding, and the conditions
on s and n show that if they exist, they must satisfy ad(s) = ad(x); and ad(n) = ad(x),, where
ad(x) = ad(x), + ad(x),, is the Jordan decomposition of ad(x) € gl(g). Thus it remains to show
that ad(x), and ad(x),, lie in the image of ad. But ad(x) acts as a derivation on I = im(ad), so by
Lemma 6.4.9 so do ad(x); and ad(x),. But then by Lemma 6.4.8, we see that ad(x), = ad(s) for
some s € g and ad(x),, = ad(n) for some n € g. The conditions on s,n € g then follow from the
injectivity of ad, and we are done. |
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Remark 64.11. One can show that the Jordan decomposition is compatible with representations,
in the sense that if (V,p) is a representation of a semsimple Lie algebra g and x = s + n is the
Jordan decomposition of x € g, then p(x) = p(s) + p(n) is the (naive) Jordan decomposition of
p(x) € gl(V). The main point, of course, is to show that p(s) and p(n) are, respectively, semisimple
and nilpotent endomorphisms of V. The proof, which we shall not give here, is similar to the proof
of the existence of the abstract Jordan form, except that one also needs to use Weyl’s theorem.
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Chapter 7

Root systems and the classification of
semisimple Lie algebras

7.1 The Cartan decomposition of a semisimple Lie algebra

In this section we work over an algebraically closed field K of characteristic zero.

Although the Cartan decomposition makes sense in any Lie algebra, we will now restrict at-
tention to semisimple Lie algebras g, where we can give much more precise information about the
structure of the root spaces than in the general case.

Proposition 7.1.1. Suppose that g is a semisimple Lie algebra and b is a Cartan subalgebra, and g =
h & D ,cq 9a the associated Cartan decomposition.

1. Let x be the Killing form. Thenx(gy,8,) = 0 unless A + p = 0.
2. Ifa € @, then —a € .
3. The restriction xy, of x to b is nondegenerate.

Proof: For the first part, since [g),8,] C 014y if X € 91,4 € g,,, We see that ad(x)ad(y)(g,) C
9r+u+v- But then picking a basis of g compatible with the Cartan decomposition it is clear the
matrix of ad(x)ad(y) will have no non-zero diagonal entry unless A + ;1 = 0, hence x(x,y) = 0 unless
A+ p =0 as required.

For the second part, recall that if « is a root, then« # 0 and g, # 0. If —a & ® theng_, =0
and so g, C rad(x) = gt = {0}, which is impossible since g, is non-zero by assumption.

For the third part note that h* contains all the g, for « € ® by part (1). Since x is nondegenerate,
by dimension counting this must be equal to h*. It follows that x, must be nondegenerate as
claimed. O

Lemma 7.1.2. Let g be a semisimple Lie algebra and by a Cartan subalgebra. Then if x,y € b we have
K(xy) = ) dim(g)a(x)ay). (7.1)

aed
Mooreover, b is abelian.

Proof. The formula for x(x, y) follows immediately from the Cartan Decomposition and the fact that
g, has k,, as its only composition factor. We show that [h, h] = Dy = 0. By part (3) of Proposition
7.1.1 it is enough to show that D lies in the radical of x;. But for any & € ®, a is a one-dimensional
representation of b, so it vanishes on Dh. It is then immediate from Equation (7.1) that x(x,y) = 0
for any x € Db and all y € b, and so if x € Db then x € rad(x},) = {0} as claimed.

O
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Remark 7.1.3. Since the restriction of « to f is non-degenerate, it yields an isomorphism 7: h* — b.
Indeed if A € h* then there is a unique t, € b such that x(t,,y) = A(y) for all y € b, and the
assignment A — t, is clearly linear. (See the notes on bilinear forms for more details.)

In the next Proposition need to use Lemma 6.1.6, applied to the adjoint representation. This
shows that, if b, = [g,,9_,] then for each € P there is a rational number rg € Q such that
P, = 7%,

Proposition 7.1.4. Lez (g,Y) be a pair consisting of a semisimple Lie algebra g and a Cartan subalgebra

h C g andletg =b @B, cq 9, the associated Cartan decomposition. Write g, = {x € g, : ad(h)(x) =
a(h).x} C g, for the non-zero subrepresentation of g, on which b acts by «.

i) Ifx € g5,y € gand h € b then
x(h, [x,y]) = alh)x(x,y),
and hence [x,y] = k(x,Y)t,.
7i) The set of roots O spans bh*.
1i1) The subspace b, = [g5, 9_,] C b is one-dimensional, and is spanned by t,. Moreover a(h3) # 0.

w) If o € ®, we may finde, € g5, f, € 9_, and h, € b5, so that the map e — ey, f — f, and h — h,
gives an embedding sly — g, ® b, ® g_,-

Proof. Fori), let x,y,h be as in the statement of the Proposition. Then by invariance we have:

k(h, [x,y]) = x([h,x],y) = k(a(h)x,y) = a(h)x(x,y),

where the first equality uses the invariance of x, and the second follows from the fact that x € g5,.
The identity x(x,y)t, = [x,y] follows immediately from Proposition 7.1.1 the definitions.

For ii), suppose that u = span{®}. If u is a proper subspace of h*, then we may find a non-zero
h e ul C b = bh** such that a(h) = 0 for all « € ®. But then it follows from (7.1) that x(h, x) = 0 for
all x € b, which contradicts the nondegeneracy of the form x,.

For iii), as in Remark 7.1.3 above, since x;, is nondegenerate it yields an isomorphism 7: h* — b,
where if T(A) = t, then x(t),h) = A(h) for all h € h. Since we know that ® spans h*, it follows that
{t, : « € P} spans h. Suppose that x € g5, vy € g_,. Then by i) we see that [x,y] = x(x,y)t,, so
that b5 C span{t,}. Since x is nondegenerate on g, ® g_,, given x € g3, we may find y € g_, such
that x(x,y) # 0, hence b5 = span{t,} as required. Next we wish to show that a(h3) # 0. For this,
note that if we write b, = [g,,9_,], then by Lemma 6.1.6, if € ®, then we have ﬁ‘ha =Trgyp, for
some rg € Q. But then if a(h3) = 0 it follows B(b3) = rﬁ.zx(hfx) = 0 for all B € &, and hence by
Equation 7.1 we see that b5, C rad(x) = {0}, which is impossible, as t, € b5.

O

Lemma 7.1.5. Ler g be a semisimple Lie algebra and b a Cartan subalgebra with Cartan decomposition
0=bD,cop 94 Then

1) The root spaces g, are one-dimensional, in particular g, = g5, and thus b acts on g semisimply (i.e.

ad(h) acts diagonalisably on g for all h € b).
71) Wehave [g,,9_,] = b = Kty and thus s\, = g, ® b, ® 9_,, 1s a subalgebra isomorphic to sly (K).

i) Ifa € ® and ca € O for somec € Z then c = +1.
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Proof. Choose a nonzero vector ¢, € g5. Then as in the proof of Proposition 7.1.4 we may find an
element e_, € g_, such that [e,,e_,] = h, # 0 € h. Rescaling ¢, if necessary we may assume that
a(h,) = 2. Consider the subspace

M =ke, @ kh, & @ 9,
p<0

of g; this is a finite direct sum as g is finite-dimensional. Then since ad(e,)(e,) = 0, and by iii)
of Proposition 7.14 we know that [g5,9_,] = K.h,, and [h,,e,] = 2e,, it is easy to see that M is
stable under e,,e_, and h,. We compute the trace of &, on M in two ways: on the one hand, it
is a commutator and so has trace zero. On the other hand it acts on each of the direct summands
defining M so that we may compute

0=tr(hy) = ally) + Y dim(gya)paliy)
p<0

= wa(hy,) (1 - Z p.dim(g_m)) .

p>0

Since we know that a(h,) # 0, the only way the above equality can hold is if dim(g_pa) =0forp>1
and dim(g_,) = 1. Since —a € ® if and only if « € @, it follows that dim(g,) = 1 for all « € P,
so that in particular gj = g,. Since we already know b is abelian, it follows that ad(h) € gl(g) is a
semisimple (or diagonalisable) linear map for all i € g.

For ii), note that by part i) since g, and g_, are one-dimensional it is clear that s, is spanned
by {e,,e_y, h,}, and as these satisfy [h,,e,] = 2e,, [h,,e_,] = —2e_, and [e,,e_,] = h,, it follows
immediately that sl, = sl, (k).

Finally, for iii) note first that since & C V\{0}, if cax € ® then ¢ # 0. We have shown in the
proof of i) that if « € ® and p > 0 then —p.a € ® if and only if p = 1. Since # € P if and only if
—a € @, we may apply this to —a also, we find that if c € Z and ca € ® thenc = +1 as claimed. O

Remark7.1.6. A triple of elements {e, f, h} in a Lie algebra g which obey the relations of the standard
generators of sl, (that is, [e,f] = h,[h,e] = 2¢,[h,f] = 2f) is called an sly-z7iple. Specifying an sl,-
triple is equivalent to giving a homomorphism ¢: sl, — g. Note that since sl, is simple, such a
homomorphism is injective whenever it is non-zero, and is unique up to a scalar.

In fact the techniques we have already used can be refined somewhat to give a finer information
about the set of roots associated to the Cartan decomposition of a semisimple Lie algebra. For this
we need the some more terminology:

Definition 7.1.7. Suppose that a, B are two roots in g. Then we may consider the roots which
have the form B + ka. Clearly, since g is finite dimensional, there are integers p,q > 0 such that
B+ka € ®U{0} for each k with —p < k < g, but neither f— (p+ 1)a nor B+ (9 + 1)a are in ® U {0}.
This set of roots is called! the a-sz7ing through B.

Proposition 7.1.8. Lez a, p € @ and suppose that B — pu, ..., B + qu is the a-string through B. Then we
have

i)
21ty tg)

Bhy) = x(hy, tg) = Tty P

In particular B — B(hy).a € P.

1) Ifc € K, then ca € ® if and only if c = +1.

'Some references will impose the condition that « and B are linearly independent, in which case the a-string through
B will be a subset of ®.
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i) IfS={k€Z:p+ka€ ®PU{0}, thenS={ke€Z:—-p<k<qg}

Proof. We consider the subspace M = D _p<i<q 9p-+kas where if f + ka = 0, we take gg 1, to be b,
(rather than b). Let {e,, h,,e_,} be an sl,-triple corresponding to an isomorphism ¢: sl, — sl, as in
Remark 7.1.6. Using Lemma 7.1.5 we see that s, preserves M, hence

try(ad () ) = tryg([ad(e,) g, ad(e_y)pr]) = 0.

Thus, using the fact root spaces are 1-dimensional, we obtain the identity:

0= Y (B+ka)(hy),
—p<k<q
and so
0=(q(q+1)/2—pp+1)/2)ah,) + (p+q+ 1)Bh,).

Hence since p+q+1 # 0 and a(h,) = 2, it follows that S(h,) = p—q as required. Since B— (p—q)a =
(B—pu) + qu is the g-th term in a string containing p + g + 1 terms starting with g — p.«, it is certainly
in the a-string through g it follows that g — B(h, ).« € .

For ii), taking f = ca in part i) we find that 2c = p — g. If p — g € 27Z then we are done by part
iii) of Lemma 7.1.5. On the other hand, if p— g is odd, the a-string through = @a has the form:

-p+q -9 r+9
5 ..., 5 Q... 5

which clearly then contains %uc so that %a € ®. But then we get a contradiction as & = 2(%0&).

Finally, for iii), we may replace B by B+ma where m = min(S), so that S C Z, and in particular
p = 0 and B(h,) = —q for some integer g > 0. Let N = @z 0p+ka (Where again we take gg, to
be b, if B+ ka =0). If S # {0, 1, ..., q}, then there is some t > g+ 1 such that {t,f+1,...,t+r} CS
butt +r+1 & S (where r € Z(). But then considering the a-string through B; = B + ta we find
that B, (h,) = —r < 0. On the other hand B, (h,) = (B +ta)(h,) =2t —g >t+1 >0, which is a

contradiction. O

&,

7.2 b and inner product spaces

Recall that since x, is non-degenerate, it gives an isomorphism 0: h* — bh. For A € b*, we
write £, for 8(A), so that x(ty,h) = A(h), (VA € b*,h € h). Given a root & € ®, we have seen that
0, ® 9_n D[94, 9_,] span a subalgebra isomorphic to sl,. We will denote this subalgebra as sl,. We
note the following simple lemma.

Lemma 7.2.1. Zera € ® and lethy € [9,,0-4] = o = Kt be such that a(hy) = 2. Then

1) We have

2

h“ - K(tpé, ta)t’X’ K(ta/tlx).K(ha,ha) =14

i) Ifa, B € O then Kk(hy, hg) € Z and Kty tg) € Q.

Proof: For i) note that by ii) of Lemma 7.1.5 we have h, = c.t, for some ¢ € k, and 2 = a(h,) =
Kk(ty, hy), it follows readily that ¢ = 2/x(t,, t,). Next, note that

Kby, b)) (hy, hy) = 2x(t,, hy) = 2a(hy,) = 4.

For part ii), using the Cartan decomposition to compute x(x,y) for x,y € h we see that (since
we now know that root spaces are one-dimensional) by Proposition 7.1.8:

K(hy, hg) = Z v(hy)y(hg) € Z.
yed

It thus follows from the identity in part i) that x(t,,f,) € Q, and hence t, € Q.h,. Thus x(t,, tg) €
Q as required. O
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Let (—, —) denote the bilinear form on h* which is obtained by identifying h* with h: that is

(/\r ,u) = K(t/\r t‘u)

Clearly it is a nondegenerate symmetric bilinear form, and via the previous Lemma, for all o, 8 € ®
we have (a,B) = K(ta, tp) € Q.

Lemma 7.2.2. 7he Q-span of the roots ® is a Q-vector space of dimension dim (h*).

Proof. We know that @ spans h*, so we may pick a subset {a, a,, ..., a;} which forms a k-basis of h*.
To prove the Lemma it is enough to show that every § € ® lies in the Q-span of the {w; : 1 <i < [}.

But now if we write B = 211‘21 cj; for ¢ € K, then we see that (a;,8) = Zizl(ai, a;)cj. But the
matrix C = (a;, )i j is invertible since (—, —) is nondegenerate, and its entries are in Q hence so
are those of C~1. But then we have (c;) = C~! ((«;,B)), and the objects on the right-hand side all

have Q-entries, so we are done. O

Let by denote the Q-span of the roots. Although you are perhaps more used to inner product
spaces over R or C, the definition of a positive definite symmetric bilinear form makes perfectly
good sense over Q. We now show that (—, —) is such an inner product on f)b.

Proposition 7.2.3. 7he form (—, =) is positive definite on h,.

Proof. Using the root space decomposition to compute x we have

WA =xty,t) = Y at)? =) (@A)2>0,
aED aed
and since we may have equality if and only if (¢,A) = 0 for all « € ®, and the elements of ® span
h* it follows that the form is definite as required. o

7.3 Abstract root systems

In this section we study the geometry which we are led to by the configuration of roots associated
to a Cartan decomposition of a semisimple Lie algebra. These configurations will turn out to have
a very special, highly symmetric, form which allows them to be completely classified.

We will work with an inner product space, that is a vector space equipped with a positive
definite symmetric bilinear form (—, —). Such a form makes sense over any field which has a notion of
positive elements, and so in particular over R and Q, but 70z over arbitrary characteristic zero fields?.
Since the roots ® associated to a Cartan decomposition of a semisimple Lie algebra naturally live in
the Q-inner product space hg,, we will assume our field is Q unless otherwise stated. We let O(V)
denote the group of orthogonal linear transformations of V, that is the linear transformations which
preserve the inner product, so that g € O(V) precisely when v,w € V then (v,w) = (g(v), g(w))
forallv,we V.

Definition 7.3.1. A reflection is a nontrivial element of O(V) which fixes a subspace of codimension
1 (z.e. dimension dim(V) —1). If s € O(V) is a reflection and W < V is the +1-eigenspace, then
L = W1 is a line preserved by s, hence the restriction s of s to L is an element of O(L) = {+1},
which since s is nontrivial must be —1. In particular s has order 2. If v is any nonzero element of L
then it is easy to check that s is given by

Given v # 0 we will write s, for the reflection given by the above formula, and refer to it as the
“reflection in the hyperplane perpendicular to v”.

2Inner product spaces have, in addition to a notion of distance, a notion of angle. Their geometry is thus pretty much
that of Prelims Geometry I. Positive-definite forms do not make sense over characteristic zero fields such as C, although
in the case of C one can use Hermitian forms as a replacement.
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We now give the definition which captures the geometry of the root of a semisimple Lie algebra.

Definition 7.3.2. Let V be a Q-vector space equipped with an inner product (—, —). A finite subset
® C V\{0} is called a roor system if it satisfies the following properties:

i) @ spans V;

ii) If « € ® then ca € ® if and only if c = +1;

iii) If « € ® thens,: V — V preserves ®;

iv) If o, B € ® and we define )

wp =8,

then (a, B) € Z. We say («a, B) is a Cartan integer.

This definition is, unsurprisingly, motivated by the following result.

Lemma 7.3.3. Let (g,b) be a pair consisting of a semisimple Lie algebra g together with a Cartan sub-
algebra C g. Let g = b ® @ cq 94 be the associated Cartan decomposition and let ho be the Q-span
of ©inby*. Then (hf’Q, D) is an abstract root system.

Proof. Let (—,—) denotes the symmetric bilinear form on h* induced by the restriction of the Killing

form x|, as in §7.2. The results of that section show that (—, —) restricts to an inner product on F)TQ.

Property i) for an abstract root system follows immediately from the definitions, and the remain-

ing properties follow from Proposition 7.1.8: Property ii) of that Proposition establishes property
ii), while part i) establishes properties iii) and iv).

O

Remarkably, the finite set of vectors given by a root system has both a rich enough structure
that it captures the isomorphism type of a semisimple Lie algebra, but is also explicit enough that
we can completely classify them, and hence classify semisimple Lie algebras.

Definition 7.3.4. Let (V, ®) be a root system. Then the Wey/ group of the root system is the group
W = (s, : &« € ®). Since its generators preserve the finite set ® and these vectors span V, it follows
that it is a finite subgroup of O(V).

Example 7.3.5. Let g = sl,,, Then let 9,, denote the diagonal matrices in gl,, and b the (traceless)
diagonal matrices in sl,,. As you saw in the problem sets, h forms a Cartan subalgebra in sl,,. Let
{e; : 1 < i < n} be the basis of 9, dual to the basis {E;; : 1 < i < n} of d,, in gl;,. Then bg, is the
quotient space

by = {Z cig; i C; € Q} J{Q.(e1 + ... + €1},
i=1

the roots in h7, are the (images of the) vectors {e; —¢; : 1 <i,j < n,i # j}. The Weyl group W in this
case is the group generated by the reflections s, which, for = ¢; — ¢; interchange the basis vectors
¢; and ¢, so it is easy to see that W is just the symmetric group on n letters.

The first crucial point about the geometry of root systems is that the angles between roots are
highly constrained.

Lemma 7.3.6. Let (V, @) be a root system and let o, € O be such that « + +B. Then (a, B)(B,a) €
{0,1,2,3}. 1t follows that the angle between two such roots w, B lies in the set

{rt/2,m/3,27t/3, /4,3 /4, 7T/6,57T/6}.

Moreover, the ratios of root lengths which are not perpendicular must be 1,2,1/2,3 or1/3.
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Proof. By assumption, we know that both (&, 8) and (B, ) are integers. On the other hand, by the
cosine formula (z.e. by Cauchy-Schwarz) we see that if § denotes the angle between « and S, then:

(&, BY(B, ) = 4cos(0)? < 4. (7.3)

Since cos(6)? determines the angle between the two vectors (or rather the one which is less than
) and (B,a)/(a, B = llal®/1|BlI*> (where we write [[v]|> = (v,v)), the rest of the LLemma follows by a
case-by-case check as we see from the following table:

(a,B)y | By | 6 Nl /118112
0 0 71/2 | undetermined
1 1 /3 1
-1 -1 | 2m/3 1
1 2 /4 2
-1 -2 | 3m/4 2
1 3 7T/6 3
-1 -3 |5m1/6 3

O

7.3.1 Root systems and bases Since the set of roots ® spans V, it certainly contains (many) subsets
which form a basis of V. The key to the classification of root systems is to show that there is a special
class of such bases which capture enough of the geometry of the set of roots that the entire root
system can be recovered from the bases of this form. Although it is not immediate that this should
be the correct definition, the distinguishing property of these bases is a kind of positivity property:

Definition 7.3.7. Given a set of vectors X in a vector space V, we will write
N.X = {Z ¢..s: ] C X finite, c, € N}.
seJ
The set N.X is closed under vector addition and multiplication by elements of N.

Definition 7.3.8. Let (V,®) be a root system, and let A be a subset of ®. We say that A is a base
(or a set of simple roots) for @ if A is a basis of V and for each a € ®, exactly one of « or —a lies in
N.A.

Given a base of ® we may declare a root positive or negative according to the sign of the nonzero
coefficients which occur when we write it in terms of the base. We write @7 for the set of positive
roots and @~ for the set of negative roots.

The obvious drawback with the above definition at first sight, is that it is not at all obvious that
a root system necessarily contains a base. In order to show that this is indeed the case however, we
use the following:

Definition 7.3.9. Let V be a Q-vector space. A positive set 2 in V is a subset 2 C V\{0} such that
* For each v € V\{0}, exactly one of v or —v lies in P.
* ifvy,v, € Pthenvy + v, € P.
* If A € Q satisfies A > 0 and v € P then A.v € L.

If P is a positive set, then we define a total order < on V by v; < v, if and only if v, —v; € P.
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Example 7.3.10. If V is a Q-vector space and B = {eq, ..., ¢, } is an ordered basis of V, then it is easy
to check that
n
Py = {ZAiei ke {1,2,...,n} A > 0}
i=k

is a positive system. Note that, with respect to the total order £ defines, e; > e, > ... > ¢,.

Definition 7.3.11. Let (V, ®) be a root system, and fix a positive set £ in V. Let CD}L) =®dNPand
®, = & N (—P) (where the positive set 2 is understood from context, we will simply write ®7).
We say that o € &% is decomposable if « = B + v for some B,y € ®*. A root is indecomposable if it
is not decomposable. Let A = A C Ot be the set of indecomposable roots in ®*.

Remark7.3.12. 1f we assume that A C ® is a base, then picking an arbitrary ordering IT = {a1, ..., a;}
say, we obtain an ordered basis of V and hence a positive set P, as in Example 7.3.10. It is easy to
see that in this situation we must have A = Aj. Thus if bases exist, it must be the case that they
arise as the set of indecomposable roots corresponding to the choice of a positive set in V.

Lemma 7.3.13. Let A C O be the set of indecomposable roots as above. Then for all n, B € A we have
(a, ) < 0.

Proof. Suppose that («, ) > 0. Then («, f) > 0. Since a, B € @, they are not linearly dependent,
and hence (&, B).(B, a) € {1,2,3}. It follows one of («, B) or (B, «) = 1. By symmetry we may assume
(a, By = 1, and hence s,(B) = B —a € ®. But then one of &« — B or § — a lies in ®*. But as
a=(a—pB)+pand B = (B —a)+a, one of a or § is decomposable, which is a contradiction. O

Lemma 7.3.14. Suppose that V is an inner product space equipped with a positive set . If'S C P is
such that (sy,5,) < 0 forall sy # sy in S, then S is linearly independent.

Progf. Suppose that Y} _rc;s = 0 is a linear dependence between elements of S, where T C S is
some finite subset. Thenlet Q = {s € S :¢; > 0} and set z = } ¢S = X e glerlt. Now
as T C P, the sum ) cs equals zero if and only if all the coefficients ¢ vanish. Similarly
ZteT\Q Ic;/t = 0 if and only if all the c¢; vanish. Thus it suffices to show z = 0. But we have

0< (z,2) = (Z css, Z |ct|t) = Z cslesl(s, 1) < 0.

s€Q teT\Q sEQ
teT\Q
since each term clc;|(s, t) < 0. By positive definiteness, it follows z = 0 as required. O

Proposition 7.3.15. Ler (V,®) be a root system and suppose that P is a positive system. Then the
indecomposable roots A in ®F form a base of (V, ®). In particular, any root system has a base.

Proof. Lemma 7.3.13 and 7.3.14 show that A is linear independent, so it only remains to check that
®* C N.A (since @ spans V and ® = &+ | —P*, this clearly implies that A spans V). To see this,
suppose for the sake of a contradiction that it is not the case, and take « € ®* minimal with respect
to the total order defined by P such that « ¢ N.A. Since A clearly lies in N.A, it follows that « is
decomposable, and hence @ = B + . But then by the minimality of &, we must have B,y € NA,
and hence &« = B + ¢ € N.A, which is a contradiction. o

It turns out that we can recover the entire root system provided we know a base for it. Before
we can show this, we first show that any two bases of ® are conjugate under the action of W.

Lemma 7.3.16. Let A be a base of (V, @) and let D+ be the corresponding set of positive roots. Then if
x € Nand p € O where p + a, thens,(B) € d*.
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Proof. Let A = {aq,...,a;} where « = a;. Now if B = Zizl n,a, where n, > 0, and B # a4, hence
there must be some ¢t > 1 with n; > 0. But the

S“(ﬂ) = ;B - <lxr,3>“ = (nl - <Dél,ﬂ>)a1 + Z n,u,,

r>2
and since A is a base and n; > 0, it follows that s, (8) € ®* as required. O

With this Lemma in hand, we can now show that the Weyl group acts transitively on the set of
possible bases of the root system. In fact we will show more: Let us fix Ag = {7y, ..., 7} a particular
(ordered) base, let 2 be the corresponding positive set, and ® the associated set of positive roots.
Let Wy be the subgroup of the Weyl group W generated by the reflections {s,, : v € Ag}.

Proposition 7.3.17. Suppose that Ay is any base of (V, @) and let DT be the corresponding set of positive
roots (and Py the associated positive set). Then there is some w € W such that w(®T) = O, and hence
W(Al) = Ao.

Proof. We prove this by induction on d = |®} N ®7|. If this d = 0 then &7 = ®F and hence
Ay = Ay (hence we may take w = e the identity element of the Weyl group). Next suppose that
d > 1. Now if Ay € ®F = & N Py, then since any element of ® is a positive integer combination
of Ay, it follows ®F C P and hence & N &7 = @, which contradicts the assumption that d > 0.
Thus there is some a € Aj such that « € ®5. But then by the previous Lemma we have

52(PF) NPT = ({—a} U (PF\{a}) N DT = (PF\{a}) N DT,

which shows that s, (®#) N ® has d — 1 elements, and hence so does ®} N s, (P7) (as s, is an
involution). But then by induction there is a w € W with ws, (P1)* = ®F. Since ws, € W, we
are done. o

Proposition 7.3.18. Suppose that p € ®. Then there is aw € Wy and an o € Ny such that w(B) = a.

Proof. By Proposition 7.3.17, it suffices to show that there is a base of (V, ®) which contains B. Pick
a basis B C ® of V which contains 3, and then if we write B = {ay, a5, ...,4;} where B = &, and let
Py denote the positive set for V associated with it as in Example 7.3.10. Let ®* = & N Py and
Ag C ®* the set of indecomposable roots in ®*, a base of (V, ®).

We claim that § = a; € Ag. Indeed suppose that Ap = {7;: 1 <i <[} and leta = Zi:l ;Y15
where n; € Z5o. Then if 1 < k < n has n; > 0 we must have 7, < B = a;. Butif o, = Zizs C L,
for1 <s <1, since y € ®*, ¢; > 0, hence if a; —7; > 0 we must have s = [. But then v, = ¢a,
and as ¢;o; € @ if and only if ¢ = +1. Since 7, a; are both positive, it follows that ; = a; € Ap as
required. =

Corollary 7.3.19. 7he Weyl group W s generated by the reflections (s, : v € Do), that is W = Wi,

Proof. If B € ® then we have just shown in the previous proposition that there is a w € W; such
that w(p) = 7 for some y € Ag. But the clearly sg = w™!s, w € Wy, and so since W is generated by
the sgs we have W = W as required. O

Remark 7.3.20. In fact W acts simply transitively on the bases of (V, @), that is, the action is tran-
sitive and, if A is a base and w € W is such that w(A) = A, then w = 1. The proof (which we will
not give) consists of examining the minimal length expression for w in terms of these generators
{sy 1 € Ag}.
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7.3.2 Cartan matrices and Dynkin diagrams In this section we describe the data which is used
in the classification of semisimple Lie algebras.

Definition 7.3.21. Let (V, ®) be a root system. The Carzan matrizx associated to (V, @) is the matrix
C = ((D{i, [X]))f,]:1

where {aq, &y, ..., 4} = A is a base of (V,®). Since the elements of W are isometries, and W acts
transitively on bases of ®, the Cartan matrix is independent of the choice of base (though clearly
determined only up to reordering the base A).

Definition 7.3.22. The entries ¢;; of the Cartan matrix are all integer with diagonal entries equal to
2, and off-diagonal entries c;; € {0, —1, -2, =3} (where i # j) such that if ¢;; < —1 then¢; = —1s0
that the pair {c;;, ¢;;} is determined by the product c;;.c;; and the relative lengths of the two roots (c.g.

1 1
see the table in] the Lemma about angles between ]roots). As a result, the matrix can be recorded
as a kind of graph: the vertex set of the graph is labelled by the base {aq,...,4;}, and one puts
G R edges between a; and @, directing the edges so that they go from the larger root to
the smaller root. Thus for example if (o, 07) = —2 and (oj, ;) = —1 so that ||0c]-||2 > |la,|1?, that is, a;

is longer than a;, we record this in the graph as:
0‘1’. < .“7
The resulting graph is called the Dynkin diagram.

For the next theorem we need to formulate what it means to have an isomorphism of root systems.
This is given in the natural way: if (V, ®) and (V’, ") are root systems, a linear map ¢: V — V' is
an isomorphism of root systems if

1. The map ¢ is an isomorphism of vector spaces.

2. ¢p(P) =P, and (a, B) = (¢p(a), p(B)) for all a, § € .

Note that ¢ need not be an isometry (e.g. we could scale V by a nonzero constant ¢ € Q to obtain
(V,c®) a distinet, but isomorphic root system to (V, D).

Theorem 7.3.23. Let (V, D) be a root system. Then (V,®) is determined up to isomorphism by the
Cartan matrix, or Dynkin diagram associated to it.

Proof. Given root systems (V,®) and (V’, ") with the same Cartan matrix, we may certainly pick
a base A = {aq,...,ap} of (V,®) and a base A" = {B, ..., B¢} of (V', D) such that (o, ) = (ﬁi,ﬁj)
foralli,j, (1 <1i,j <0). We claim the map ¢: A —» A’ given by ¢(a;) = B, extends to an isomorphism
of root systems. Clearly, since A and A’ are bases of V and V' respectively, ¢ extends uniquely to
an isomorphism of vector spaces ¢: V — V', so we must show that ¢(P) = @', and (p(a), p(B)) =
(a,B) for each o, B € D.

Lets; = s, € O(V) and s; = sg, € O(V") be the reflections in the Weyl groups W and W'
respectively. Then from the formula for the action of s; it is clear that Psi(a)) = s;(ﬁj) =s;(¢p(a;)),
so since A is a basis it follows ¢(s;(v)) = s;(¢(v)) for allv € V. But then since the s;s and s}s generate
W and W' respectively, ¢ induces an isomorphism W — W', given by w — w’ = ¢ o w o ¢~ 1. But
then given any « € ® we know there is aw € W such thata = w(a;) for some j, (1 <j < €). Thus we
have ¢(a) = ¢(w(0cj)) = w’(gb(zxj)) =uw' (,Bj) € &', so that (D) C P'. Clearly the same argument
applied to ¢! shows that ¢~1(®’) C @ so that ¢(P) = @'.

Finally, note that it is clear from the linearity of ¢ and of («,7) in the second variable, that
(a, 7y = (p(a),p(y)) for all « € A, v € ®. In the same fashion as above however, if ¥ € P is
arbitrary, then we may find w € W such that « = w(a;) € A, and thus ¢(a) = v’ (,Bj), whence we
have

(P@), (1)) = @' (B)), p(1)) = (Bj, @) (7))
= (a;, w1 (7)) = (w(w),7) = (&,7).

as required. O
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Thus to classify root systems up to isomorphism it is enough to classify Cartan matrices (or
Dynkin diagrams).

Definition 7.3.24. We say that a root system (V, ®) is reducible if there is a partition of the roots
into two non-empty subsets ®; U P, such that («,8) = 0 for all « € ®{,8 € P,. Then if we set
V1 = span(®;) and V, = span(®,), clearly V = V| & V, and we say (V, ®) is the sum of the root
systems (V,®q) and (V,, ®,). This allows one to reduce the classification of root systems to the
classification of 7rreducible root systems, z,e. root systems which are not reducible. It is straight-
forward to check that a root system is irreducible if and only if its associated Dynkin diagram is
connected.

Definition 7.3.25. (Not examinable.) The notion of a root system makes sense over the real, as well
as rational, numbers. Let (V, ®) be a real root system, and let A = {a, &5, ..., 4;} be a base of ®. If
v; = a;/lla;ll (1 < i <) are the unit vectors in V corresponding to A, then they satisfy the conditions:

1. (v;,v;) =1 for all i and (v;,v) < 0ifi #7j,

2. If i # j then 4(v;, vj)z € {0,1,2,3}. (This is the reason we need to extend scalars to the real

numbers — if you want you could just extend scalars to Q( \/E, \/5), but it makes no difference
to the classification problem).

Such a set of vectors is called an admzussible set.

It is straightforward to see that classifying Q-vector spaces with a basis which forms an admis-
sible set is equivalent to classifying Cartan matrices, and using elementary techniques it is possible
to show that that the following are the only possibilities (we list the Dynkin diagram, a description
of the roots, and a choice of a base):

* Type Ay (£>1):

0
V={zz:ZcieieQ“:Zci=0},d>={ei—ej:1§i¢j§2}
i=1
A={g1—¢:1<i<l-1}

* Type By (£ > 2):

® - 0——>0

V=QL®={te+e:1<ij<Li#}Ule:1<i<,

A={e,e;1—€:1<i<l-1}

* Type Cy (¢ = 3):

° o---0<——eo
V=0Q,L®={t+e+6:1<ij<Li#jlU{2:1<i<0),
A:{2£1,€i+1—€i:1SiS€—1}

* Type Dy ({ > 4):

V:Q{cp:{J_rsiisjzlsi,jge,iq&j},
A={eg+epe—g:1<si<t-T1)
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* Type G,.
e<——oeo

Lete=¢; + ¢, + &3 € Q3, then:

V={0eQ: (v,e)=0},®={g—¢:i#j}U{+Be—e):1<i<3)

A={eg —¢&y,e—3eq}

* Type F4:

e —— 0

vV =Q4,
1
D ={4e¢:1 Si§4}U{i€ii6’jZiqﬁj}U{z(igli€2i€3i€4)}
1
A={e;—¢e3,63 —54154/5(81 —& —€3— €4}

* Type E, (n=6,7,8).

These can all be constructed inside Eg by taking the span of the appropriate subset of a base,
so we just give the root system for Eg.

' ' 1 8 8
V=0Q%®=(tete:i#j)Ulz) (“D%: ) 0, €22),
i=1 i=1
1
A={e+e¢64 —81-,5(81 +eg—(r+e3+...+¢€7)):1<i<6}.

Note that the Weyl groups of type By and C; are equal. The reason for the restriction on { in
the types B,C,D is to avoid repetition, e.g. B, and C, are the same up to relabelling the vertices.

Remark 7.3.26. 1 certainly don’t expect you to remember the root systems of the exceptional types,
but you should be familiar with the ones for type A, B, C and D. The ones of rank two (z.e. Ay, B,
and G,) are also worth knowing (because for example you can draw them!)

74 The Classification of Semisimple Lie algebras

Only the statements of the theorems in this section are examinable, but it is important to know these
Statements!

Remarkably, the classification of semisimple Lie algebras is identical to the classification of root
systems: each semisimple Lie algebra decomposes into a direct sum of simple Lie algebras, and it
is not hard to show that the root system of a simple Lie algebra is irreducible. Thus to any simple
Lie algebra we may attach an irreducible root system.
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A first problem with this as a classification strategy is that we don’t know our association of a
root system to a semisimple Lie algebra is canonical. The difficulty is that, because our procedure for
attaching a root system to a semisimple Lie algebra involves a choice of Cartan subalgebra, we don’t
currently know it is a bijective correspondence — possibly the same Lie algebra has two different
Cartan subalgebras which lead to different root systems. The theorem which ensures this is not the
case is the following, where the first part is the more substantial result (though both require some
work):

Theorem 7.4.1. Ler g be a Lie algebra over any algebraically closed field k.
1. Lethy, Y be Cartan subalgebras of 9. There is an automorphism ¢: g — g such that ¢(h) = b'.

2. Let g1, 9y be semisimple Lie algebras with Cartan subalgebras by, b, respectively, and suppose now
K is of characteristic zero. Then if the root systems attached to (g1, %1) and (g5, b,) are isomorphic,
there is an isomorphism ¢: g1 — 9, taking by to hy.

Once you know that the assignment of a Dynkin diagram captures a simple Lie algebra up to
isomorphism, we still need to show all the root systems we construct arise as the root system of a
simple Lie algebra. That is exactly the content of the next theorem.

Theorem 74.2. There exists a simple Lie algebra corresponding to each irreducible root system.

There are a number of approaches to this existence theorem. A concrete strategy goes as follows:
one can show that the first four infinite families A, B, C, D correspond to the classical Lie algebras,
slyg,1, S02¢41, SPogs 509, Whose root systems can be computed directly (indeed you did a number
of these calculations in the problem sets). This of course also requires checking that these Lie
algebras are simple (or at least semisimple) but this is also straight-forward with the theory we have
developed. It then only remains to construct the five “exceptional” simple Lie algebras. This can be
done in a variety of ways — given a root system where all the roots are of the same length there is an
explicit construction of the associated Lie algebra by forming a basis from the Cartan decomposition
(and a choice of base of the root system) and explicitly constructing the Lie bracket by giving the
structure constants with respect to this basis (which, remarkably, can be chosen for the basis vectors
corresponding to the root subspaces to lie in {0, +1}). This gives in particular a construction of
the Lie algebras of type Eg, E;, Eg (and also A; and D, though we already had a construction of
these). The remaining Lie algebras can be found by a technique called “folding” which studies
automorphisms of simple Lie algebras, and realises the Lie algebras G, and F, as fixed-points of an
automorphism of D, and Eg respectively.

There is also an alternative, more a posteriori approach to the uniqueness result which avoids
showing Cartan subalgebras are all conjugate for a general Lie algebra: one can check that for
a classical Lie algebra g C gl,, as above, the Cartan subalgebras are all conjugate by an element
of Aut(g) (in fact you can show the automorphism is induced by conjugating with a matrix in
GL,,(k)) using the fact that a Cartan subalgebra of a semisimple Lie algebra is abelian and consists
of semisimple elements. This then shows the assignment of a root system to a classical Lie algebra
is unique, so it only remains to check the exceptional Lie algebras. But these all have different
dimensions, and the dimension of the Lie algebra is captured by the root system, so we are done.”

We conclude by mentioning another, quite different, approach to the existence result, using
the Serre’s presentation: just as one can describe a group by generators and relations, one can also
describe Lie algebras in a similar fashion. If g is a semisimple Lie algebra and A = {aq,...,ay} is
a base of the corresponding root system with Cartan matrix C = (a;) then picking bases for the
sl,,-subalgebras corresponding to them, it is not too hard to show that g is generated by the set
{ex,furhy - 0 € A}

The Serre presentation gives an explicit realisation, given an arbitrary root system, of the rela-
tions which one needs to impose on a set of generators for a Lie algebra labelled {e,,f,, h, : « € ®}

3This is completely rigorous, but feels like cheating (to me).
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as above obtain a semisimple Lie algebra whose associated root system is the one we started with.
This approach has the advantage of giving a uniform approach, though it takes some time to develop
the required machinery.
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Appendices

I (Multi)-linear algebra

I.1 Primary Decomposition

Definition I.1. Let k be an algebraically closed field. If V is a k-vector space and x € End (V) and
A € K, the generalized eigenspace for x with eigenvalue A is

Vi={veV:In>0,x-A)"(v) =0},

Thus V, # {0} if and only if x has an eigenvector v € V\{0} with eigenvalue A. The subspace V,
are clearly invariant under the action of x, that is x(V,) C V.

We say that x is nilpotent is V = Vy, or equivalently, if x”* = 0 for some n > 0. We say that x is
semisimple (or sometimes diagonalisable if each V), is in fact an eigenspace, that is, for all v € V),
we have (x — A)(v) = 0.

The following basic result is proved in Part A Linear Algebra. We provide a proof for the sake
of convenience.

Proposition 1.2. Letx: V — V be a linear map. There is a canonical direct sum decomposition

V:@V/\,

Aek

of 'V into the generalized eigenspaces of x. Moreover, for each A, the projectiontoay : V — V, (with kernel
the remaining generalized eigenspace of x) can be written as a polynomial in x.

Proof Let m, € K[t] be the minimal polynomial of x. Then if ¢: k[t] - End(V) given by t — x
denotes the natural map, we have K[t]/(m,) = im(¢) C End(V). If m, = Hle(t —A;)™ where the
A; are the distinct eigenvalues of x, then the Chinese Remainder Theorem and the first isomorphism
theorem shows that

k
im(¢) = K[t]/(my) = @K1/t =AD",
i=1

It follows that we may write 1 € K[¢]/(m,) as 1 = e +... + ¢, according to the above decomposition.
Now clearly ¢;e; = 0if i # j and ¢? = e, so that if U; = im(e;), then we have V = D1<ick U
Moreover, each ¢; can be written as polynomials in x by picking any representative in K[¢] of e;
(thought of as an element of K[t]/(m,)). Note in particular this means that each U; is invariant
under im(¢).

It thus remains to check that U; = V, . Now the characteristic polynomial of x;,, is clearly
just (t— /\i)di where d; = dim(V/\l_), and evidently this divides x, () the characteristic polynomial of
x € End(V). But if n; = dim(U;) it is immediate from the definitions that x, () = H;{:l(t — A,
and hence d; < n;. Since U; C V), we also have n; < d;, and hence they must be equal, so V, = U;

as required.
O
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Corollary 1.3. Letx: V — V be a linear map. Then there exists a diagonalisable linear map x5 and a
nilpotent linear map x,, such that x = x; + x,, and [x,;,x,] = 0.

Proof. Let V =@, V) be the generalised eigenspace decomposition of V' given by the action of
x. Suppose that {Aq,...,A;} are the distinct eigenvalues of x, and let (el-)i.‘:l be the projection maps
to V.. Thenif x; = Zle A;.e;, clearly x; is semisimple, and [x, x;] = 0 (since this is evident on each
Vy,)- Setting x,, = x — x,, and noting that on each V, the map x — x, is equal to x — A;, which is
nilpotent, we conclude that x,, is nilpotent as required. o

1.2 Tensor Products

I.2.1 Definition and construction : Tensor products were studied in Part B, Introduction to Rep-
resentation Theory. We review their basic properties here.

Definition I4. If V;,V,,..., V; and U are vector spaces over a field k, let
MVy,... Vi, U) ={0: Vi x...x Vi = U : 0 is k-linear}

be the vector space of all k-(multi-)linear maps on V; x ... x V. taking values in a vector space U.
Here we say that a function 0: V; x V, x ... x Vi - U is a k-linear if it is linear in each component
separately, that is, if for any k-tuples of vectors (v;)1<j<k, (Uj)1<j<k € V1 X ... x Vi and any A € K,
we have for eachi € {1,2,...,k},

0(vq, .o , AU + Uy, 0) = AO(O, .0, 0;, 0 0p) + 0(01, . Uy, T,

Pick a basis B; of V; for each i (1 < i < k), and let B} denote the corresponding dual basis of V*.
If b € B, let §, denote the corresponding element of the dual basis B}, so that B} = {J, : b € B;}.
Let B=B; x By x ... x B

Proposition L.5. 772 the notarion given above, the restriction 1o B gives an isomorphism
rg: M(Vl,...,vk;u) — uB = {f: B - u}

Srom the space of all k-multilinear maps taking values in U to the space of all U-valued functions on B.
Indeed rg has inverse given explicitly by

Tg ()01, ..., V) = Yo 8y, (@) By (0)f (D).
b=(b,,....b;)EB

Progf. Note that if we pick b = (by, ..., br) € B then the product oy, = 8y, .8, ... 9p, is a k-linear map
(since multiplication distributes over addition). Since it is easy to see that (') = &y, 3, (that is, is
zero unless b = b’ in which case it is equal to 1), it is immediate that rg(Fg(f)) = f, so we must
show that Fg(rg(0)) = 6 for any 6 € M(V, ..., V}; U). Explicitly, we must show that

o= > o0 (L4)

beB; x...xBy

Indeed applying 6 to a k-tuple b € By x ... By, we see that the coefficients on the right-hand side are
uniquely determined, so it remains to show the products Jy, of dual basis vectors do indeed span.

The case k = 1 is simply the standard argument that the functions {J;, }; ep, are indeed a
basis of V;: if v; € V; then we may write v; = Zb] e, Mo, b1 for unique scalars A, € k. By the
definition of the functions ¢, , it then follows that &, (v1) = A4, so that v; = ZbleBl Op, (v1)-by.
Applying 0 gives 0(v1) = )., cp, O, (v1).0(by). But as this holds for all v; € V7, it follows that
0 =2p ep, (b1).0p,; as required.
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The general case then follows by an easy induction: Indeed for any k-tuple of vectors (v;)1<;<k
with v; € V;, using the case k = 1, we may write v; = ZbleBl Op, (01).by . But then if 6 is k-linear
we have

0(vq, ..., 0x) = 6( Z 5b](vl).b1,vz,...,vk) = Z 5b1 (v1).0(bq, 0y, ..., 0g).
b1€B; b1€B;

But for each by € By, the map (v;),<;< — 0(bq,v,,...,7;) is a (k — 1)-linear map from V; x ... Vi to
K, hence the result follows by induction. o

Remark 1.6. Note that, for k = 1, this says that a linear map is uniquely determined by its values
on a basis of V7, and the statement should be thought of as saying that a k-linear map is similarly
determined “by its values on bases” where the statement of the question gives the precise meaning
to the vague phrase in quotation marks.

The previous Proposition gives one way of constructing the tensor product: If V and W are
k-vector spaces and we pick bases By, and By, of V and W respectively, then by the Proposition, if
we set B = By, x Byy, then for any vector space U, we have

MV, W;U) = UB = Hom, (S(B), U), (L.5)

where S(B) is the vector space with basis B, that is, the space of finite formal linear combinations
of elements of B. The first isomorphism above is a direct consequence of the Proposition where
we take k = 2 and V; = V,V, = W, while the second is the case k = 1 of the proposition with
V1 = S(B). Now taking U = S(B) in (1.5), the identity linear map from S(B) to itself corresponds
to a bilinear map t: V x W — S(B). It is easy to see that if §: V x W — U is bilinear, then since
f5: B — U extends to a linear map 0: S(B) — U, and § = fcircidg g, so that 6 = § o t as required.

Remark 1.7. Note that there is a natural isomorphismo: V@ W =W ® V givenbyv®@w » w® v,
thus at least if V # W, we will normally abuse notation and identify these two spaces and thus write
VW =WeV. If V=W however,c: V®V — V@V is an involution on V®V, and more generally,
Ve =V @ ...® V, the tensor product of V with itself n times, has an action of S,, the symmetric
group, which permutes the tensor factors: if T € S, then 7(v; ® ... ® V) (= V(1) ® ... ® T ()-

Example 1.8. If V = k and W is an arbitrary k-vector space , then if s: K x W — W is scalar
multiplication map given by s(A, w) = A.w, it is clearly bilinear and it is straight-forward to check
that it has the universal property so that K@ W = W.

Lemma 1.9. Let V and W be vector spaces. There is a natural injective map 0: V* @ W — Homy (V, W)
which is an isomorphism when'V is finite-dimensional. Moreover; if1: V*®@V — Kis the contraction map
groen by f @ v — f(v), then if V is finite dimensional, and « € Hom (V,V), then (1o 0~ () = tr(a).

Proof. The map (a,w) — [v » a(v).w] is bilinear*, and so yields a linear map 6: V* @ W —
Hom, (V, W). To see that it is injective, let {§; : i € I} be a basis of V*, and {f; : k € K} be a basis
of W. Thenif v € V* ® W, by definition we may write 7y = }_ ; ;)5 i k6; ® fx, where the pairs (i, k)
run over a finite subset S of I x K. Now if we fix k € K we have

Z Aid; ® fi = ( Z Ai,k(si) ® frs
i€l:(ik)eS iel:(ik)eSs
thus setting ¢ = 31 pyes Aixdi it follows oy = ZkesK ¢ ®fr, where Sy ={keK:3iel, (ik)
S}. But then for anyv € V

0=0M@ =Y ¢ fi,

keSk

“There is a lot of linearity going on here! The map (a, w, v) = a(v).w is linear in all of &, v and w. For fixed &, w,
this shows that the map v — a(v).w is a linear map from V' to W, while the linearity in « and w show the map which
sends a pair («, w) to the corresponding map from V to W is bilinear in & and w.
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and so by the linear independence of the f;.s we must have ¢, (v) = 0 for each k. Since this is true
for all v € V, it follows that ¢, = 0, for each k, and hence 7y = 0 as required.

To see that 6 is an isomorphism when V is finite dimensional, note that in that case we can
assume our basis of V* is dual to a basis {¢; : i € I} of V. But then if « € Hom (V, W) it follows
that o = G(Ziel 0; ® a(e;)), as the two sides agree on the basis {e; : i € I}.

Finally we consider the contraction map 1: V* x V - K. Since the map V* x V — K given by
(f,v) — K is clearly bilinear, it induces the linear map 1, so ¢ is certainly well-defined. To compute
Lo 071, note that when V = W is finite dimensional, we can chose the basis {Jy,...,6,} of V* to
be dual to the basis {eq,...,e,} of V, and since, as before 671 (a) = Z?:l 0;.u(e;), it follows that
107N () = 2?21 0;i(a(e;)) = tr(a). as required. O

Remark 1.10. Since we only use the cases where V and W are finite dimensional, the reader is
welcome to ignore the generality the result is stated in and assume throughout that all vector spaces
are finite dimensional. Here one can be a bit more concrete: if {e,...,¢,} is a basis of V and
{f1,.--,fm} is a basis of W, then taking the dual basis {J;, ..., ,,} of V* it is easy to see that the images
of 6, ® f] under 6 correspond to the elementary matrices El-j under the identification of Hom, (V, W)
given by the choice of bases for V and W, hence 6 is an isomorphism. In general the image of 6 is
precisely the linear maps from V to W which have finite rank (as you can readily deduce from the
proof of Lemma 1.9). Indeed when V is infinite-dimensional, the trace map on Hom(V, V) is only
defined for linear maps of finite rank, thus in a sense, then contraction map : is more natural than
the trace map. (We will return to this point when discussing bilinear forms.)

I.2.2 Linear maps between tensor products. Leta: V; - V, and f: W; — W, be linear maps. If
v e Vi, w e Wy, the map (v,w) — a(v)  B(w) from V; x W, - V, ® W, is bilinear, and so induces
a linear map Hom(V; ® Wy, V, ® W,), which we denote by « ® 8. In fact, the map (a,8) » 2 ®
is itself bilinear, and so we even obtain a map

Hom(Vl, Wl) ® HOII](VZ, Wz) g Hom(V1 ® Vz, Wl ® Wz) (1.6)

Moreover, it follows immediately from the definitions that (1.6) also respects composition. In more
detail, if ,: V, - V3 and B,: W, — W3 are linear maps to any vector spaces V3 and Ws, then
(ﬂz ® le) o (061 ®ﬁ1) = (0(2 o 061) ® (,BZ o ﬁl)' Indeed, if v S Vl,w (S Wl’ then

(ty ® Br) o (a1 @ B1) (V@ W) = (& ® Br) (a1 (V) ® B1(w))
= (g 0a1)(0) ® (B 0 B1)(w)
= (apoa1) ® (Bpofr)(v@W).

When all the vector spaces Vy,V,, Wy, W, are finite dimensional, the map (1.6) is actually an
isomorphism, indeed using Lemma 1.9 you can check that

Hom(Vy, Wp) ® Hom(V,, W) = (Vi ® Wp) ® (V5 ® Wy)
= (Vi ®V3) ® (W, @ W,)
= (V1@ V)" ® (W) ® W;)
=~ Hom(V; ® V,, W; ® W,),

where the second isomorphism simply permutes the second and third tensor factors.

Example I.11. The map /: V* ® V — K also describes the composition of linear maps: Suppose we
have three vector spaces V, W and U. The composition gives a bilinear map from Hom(U, V) x
Hom(V, W) to Hom(U, W), thus it is equivalent to a linear map #: Hom(U, V) ® Hom(V, W) —
Hom(U, W).
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Hom(U,V) ® Hom(V,W) —— (U*® V) @ (V* @ W)

U VeV e W Urekeo W uew

where the first arrow is the induced by the isomorphism between Hom(U, V) (resp. Hom(V,W)) and
U* ® V (resp. V* ® W), the second from the associativity of tensor products, and the third arrow
is 1y ® 1 ® 1y.. By Example 1.8 scalar multiplication gives a natural isomorphisms: k@ W — W,
and the final arrow is just id;;- ® s. Identifying the term U* ® W with Hom(U, W) this becomes the
composition of linear maps.

Remark 1.12. 1t is sometimes useful to have the following notational convention: Given a tensor
product of more than two vector spaces, such as U* ® V ® V* ® W, then it can be convenient to
write i3, for the map which acts via ¢ on the third and second factors (that is swapping the second
and third factors, applying ¢ and the repeating the swap) and by the identity on the remaining tensor
factors.

1.2.3 Tensor products and duality Suppose that V and W are finite dimensional vector spaces.
‘We wish to understand the relationship between the tensor product of the dual spaces V* ® W* and
the dual space of the tensor product (V ® W)*. The map ! gives one way to do this: Let d be the
composition

VeoeW)(V*eWH=(VeVH e (W W) -kek-k (1.7)

where the first isomorphism permutes the middle two factors, the second is, in the notation of
Remark I.12, the map 1,7 ® 134 and the final isomorphism follows from the fact that the mapv®1 — v
gives a natural isomorphism from V ® K to V for any k-vector space V. Now the linear map d can
be views as a k-valued bilinear pairing between V ® W and V* ® W*, which in turn can be viewed
as a linear map fromd: V* @ W* — (V ® W)*. Viewed this way, d is just the multiplication map: if
0eV:,ne Wandv e V,w e W, we have

d(0®n)(v®w) = 6(v).n(w),

that is, d(6 ® 1) is the element of (V ® W)* which corresponds to the bilinear map V x W — k
given by the product J.77. Moreover, again by permuting the factors, one can view 4 as a map
Hom(V, W) ® Hom(W, V) — k. Viewed as a bilinear pairing, this is just the trace form.

(a,b) — tr(ab), Vae Hom(V,W),b e Hom(W,V)

This description of the trace form also makes the symmetry property tr(ab) = tr(ba) is evident.

Remark 1.13. Note that, if V is finite dimensional, then we have Hom(V,V) = V* @ V, and
Hom(V, V) = (V*@V)*=2V*@V*=2V ® V*= Hom(V,V),

so that Hom(V, V) is canonically isomorphic to its dual. This is equivalent to the fact that the trace
pairing by, : gl(V) ® gl(V) — gl(V) is non-degenerate. Viewed in this way it is easy to see that the
duality map interchanges the identity Iy, € gl(V') with the trace map tr € gl(V)*.

I.3 Symmetric bilinear forms In this section we review the basics of symmetric bilinear forms
over a field k. It is all material that is almost in Part A Algebra, but perhaps not quite phrased there
the way we use it. We shall work to begin with over an arbitrary field k.

Definition 1.14. Let V be a k-vector space. A function B: V x V — K is said to be bilinear if it is
linear in each factor, that is if

B(/\lvz +A2Uz,ﬂ)) = AlB(Ul,ZU) +/\zB(U2,ZU),
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and
B('U,/\lwl + /\sz) = )LlB('U, wl) + /\2B(U, wZ),

for all v,vy,v, w, w1, wy, € V, A;,A, € K. We say that it is symmerric if B(v,w) = B(w,v). Let
Bil(V) denote the vector space of bilinear forms on V, and® SBil(V) for the space of symmetric
bilinear forms on V.

Remark 1.15. If V is finite dimensional, then we have canonical isomorphisms
V*eV*= (Ve V)" =Bil(V).

Combining with the isomorphism 6: V*® V* = Hom(V, V*) from Lemma 1.9 we obtain an isomor-
phism ©: Bil(V) - Hom(V, V*). It follows that giving a bilinear form on V is equivalent to giving
a linear map from V to V*. Note that the map c: V* @ V* - V* @ V* given by f1 ® f» —» fo ® f;
gives a second isomorphism @1 : Bil(V) - Hom(V*, V), where ©®; = ® o ¢. For symmetric bilinear
forms the two maps agree, but for arbitrary bilinear forms they yield different isomorphisms.

Definition 1.16. Given a bilinear form B, we set
rad(B) =rad;(B) = {v eV :O(B)(v) =0} ={ve V:B(v,w) =0,Vw € V}
(here the subscript “L” denotes “left”). Similarly, we set
radg (B) = ker(®,(B)) ={v € V: B(w,v) =0,YVw € V}.

If B is symmetric rad; (B) = radg(B), but this need not be true otherwise. We say that B is non-
degenerate if rad; (B) = {0}. Note that, even though in general rad; (B) # radg (B), it is still the case
that rad; (B) = {0} if and only if radg (B) = {0}.

From now on we will only work with symmetric bilinear forms. Fix B € SBil(V). Then if U is
a subspace of V, we define

Ul={weV:Bww) =0,Ywel}={veV:0B) ) e U).

When B is nondegenerate, so that @(B) is an isomorphism, this shows that dim(U*) = dim(U°) =
dim(V) — dim(U). The next Lemma shows that this can be refined slightly.

Lemma 1.17. Ler V be a finite-dimensional K-vector space equipped with a symmetric bilinear form B.
Then for any subspace U of V we have the following:

i) dim(U) + dim(U*) > dim (V).

11) The restriction of B to U is nondegenerate if and only if V.= U & U~.

Proof. Let ¢: V — U* be given by ¢(v) (1) = B(v,u), that is ¢(v) = (O(B)(v)),;. Clearly ker(¢) =
U+, while im(¢) < U* and hence dim(im(¢)) < dim(U). The inequality in i) now follows from
rank-nullity.

For the second part, note that B is non-degenerate on U if and only if U N U+ = {0}. But then
the inequality in i) shows that we must have U & U* = V for dimension reasons. o

5This is not standard notation — it would be more normal to write something like Symz(V*) but then I’d have to
explain why...
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1.3.1 *Classification of symmetric bilinear forms This subsection is not needed for the course®

but might be clarifying. There is a natual linear action of GL(V') on the space Bil(V): if g € GL(V)
and B € Bil(V) then we set g(B) to be the bilinear form given by

¢(B)(v,w) = B(g™'(v),g" (w)), (v,weV),

where the inverses ensure that the above equation defines a left action. It is clear the action preserves
the subspace of symmetric bilinear forms.

Since we can find a invertible map taking any basis of a vector space to any other basis, the
next lemma says that over an algebraically closed field there is only one nondegenerate symmetric
bilinear form up to the action of GL(V), that is, when K is algebraically closed the nondegenerate
symmetric bilinear forms are a single orbit for the action of GL(V).

Lemma 1.18. Ler V be a K-vector space equipped with a nondegenerate symmetric bilinear form B. Then
if char(K) # 2, there is an orthonormal basis of 'V, i.e a basis {vy, ..., v,} of V such that B(v;, ;) = 517-.

Proof We use induction on dim(V). The identity’

B(v,w) = =(B(v +w,v +w) — B(v,v) — B(w,w)),

N —

shows that if B # 0 we may find a vector v € V such that B(v,v) # 0. Rescaling by a choice of square
root of B(v,v) (which is possible since K is algebraically closed) we may assume that B(v,v) = 1. But
if L = K.v then since B is nondegenerate, the previous lemma shows that V = L & L+, and if B
is nondegenerate on V it must also be so on L*+. But dim(Lt) = dim(V) — 1, and so L* has an
orthonormal basis {vy,...,v,_;. Setting v = v,, it then follows {vy,...,v,} is an orthonormal basis
of V as required. o

Remark 1.19. Over the real numbers, for example, there is more than one orbit of nondegenerate
symmetric bilinear form, but the above proof can be modified to give a classification and it turns
out that there are dim(V) + 1 orbits (“Sylvester’s law of inertia”).

%So in particular you don’t need to know it for any exam...

"Note that this identity holds unless char(k) = 2. It might be useful to remember this identity when understanding
the Proposition which is the key to the proof of the Cartan Criterion: it claims that if g = Dg then there is an element
x € g with x(x, x) # 0. Noting the above identity, we see this is equivalent to asserting that x is nonzero.
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IT Reminder on Representation theory

We recall here some basics of representation theory used in the course, all of which is covered (in
much more detail than we need) in the Part B course on Representation theory. Let g be a Lie alge-
bra. The main body of the notes proves all that is needed in the course, but the material here might
help clarify some arguments. We will always assume our representations are finite dimensional
unless we explicitly say otherwise.

I1.1 Basic notions

Definition II.1. A representation is ¢7reducible if it has no proper nonzero subrepresentations. A
representation (V,p) is said to be indecomposable if it cannot be written as a direct sum of two
proper subrepresentations. A representation is said to be completely reducible if is a direct sum of
irreducible representations.

Clearly an irreducible representation is indecomposable, but the converse is not in general true.
For example k? is naturally a representation for the nilpotent Lie algebra of strictly upper triangular
matrices n, C gl,(K) and it is not hard to see that it has a unique 1-dimensional sub representation,
hence it is indecomposable, but not irreducible.

A basic observation about irreducible representations is Schur’s Lemma:

Lemma I1.2. Let g be a Lie algebra and let (V,p), (W, ) be irreducible representations of g. Then any
g-homomorphism ¢: V. — W is either zero or an isomorphism. In particular, if K is algebraically closed,
then Homy(V, W) is one-dimensional.

Proof. The proof is exactly the same as the proof for finite groups. If ¢ is nonzero, then ker(¢) is a
proper subrepresentation of V, hence as V is irreducible it must be zero. It follows V is isomorphic
to ¢(V), which is thus a nonzero subrepresentation of W. But then since W is irreducible we must
have W = ¢(V) and ¢ is an isomorphism as claimed.

Thus if Homy (V, W) is nonzero, we may fix some ¢: V — W an isomorphism from V to W.
Then given any g-homomorphism a: V — W, composing with ¢~! gives a g-homomorphism from V
to V, thus it is enough to assume W = V. But thenif : V — V is a g-endomorphism of V, since K is
algebraically closed, it has an eigenvalue A and so ker(a — A) is a nonzero subrepresentation, which
must therefore be all of V, that is « = A.idy, so that Hom (V, V) is one-dimensional as claimed. O

I1.2 Exact sequences of representations Parallel to the notion for Lie algebras, there is also a
notion for representations. Let g be a Lie algebra.

Definition I1.3. A sequence of maps of g-representations
B

Uu—2s>v-—-sw

is said to be exact ar V if im(a) = ker(B). A sequence of maps

0 Uu——-v-Low_——-o

is called a short exact sequence if it is exact at each of U, V and W, so that « is injective and S is
surjective and im(a) = ker(p). If V is the middle term of such a short exact sequence, it contains a
subrepresentation isomorphic to U, such that the corresponding quotient representation is isomor-
phic to W, and hence, roughly speaking, V is built by gluing together U and W. Just as for Lie
algebras, an exact sequence

0 U—sv-ow_— o

is said to be sp/iz if B admits a right inverse s: W — V, that is, a g-homomorphism s such that
'B oS = ldw
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The next Lemma shows that the situation for representations is simpler than it is for Lie alge-
bras®:

Lemma I1.4. Suppose that g is a Lie algebra and

0 U—-v-ow_— o

1s a short exact sequence of g-representations. 1hen the sequence is split if and only if V is isomorphic to
Ue W.

Proof. fthe short exact sequence is split, then s(W) Nna(U) = {0}, since B is injective on im(s) and
im(a) = ker(B), as if v € V, then for any v € V we have v = (v — s 0 (v)) + s o B(v)), where
s o B(v) lies in the image of s, and since S os = idy, v — s o B(v) € ker(B) = im(a). It follows that
V =a(U) & s(W), and since a and s are injective, the result follows. O

The notion of a composition series has an analogue for representations of a given Lie algebra g.

Definition II.5. Let V be a g-representation. A nested sequence C = (V =Fy D> F; D...2F; =0)
is said to be a composition series for V if each F; is a subrepresentation, and the subquotients F;_4/F;
are irreducible (for each i € {1,...,d}). The isomorphism classes of irreducibles in which occur as
one off these irreducible subquotients are called the composition factors, and the multiplicity with
which such an irreducible, say S, occurs is known as its composition multiplicity. We write [S : V]
for the multiplicity of S as a composition factor of V.

Remark 11.6. A composition series can also be viewed as the vestige of how the representation V'
was built up from its composition factor S; = F;_; /F;. Indeed for each k € {1, ...,d} we have

0 F, —%>F,_4 P Sy 0

Thus starting with S; one constructs Fy/F, by extending it by S,. One obtains F/F3 by extending
Fy/F;, by S; and so on, until finally we get V by extending F,/F; by F; = S; to obtain V itself!

Example I1.7. To see a non-split extension, let g = n, be the one-dimensional Lie algebra, thought
of as the (nilpotent) Lie algebra of 2 x 2 strictly upper triangular matrices. Then its natural 2-
dimensional representation on k? given by the inclusion n, — gl, (k) gives a non-split extension
0 ko —— k2 Ko 0

where K, is the trivial representation, and i: ky — k2 is the inclusion t ~ (t,0). The extension can-
not be trivial, because the image of n, is non-zero. It is fact it’s easy to see using linear algebra that
for gly (K) = n,, an extension of one-dimensional representations Kk, and kg automatically splits if
a # B while there is, up to isomorphism, one non-split extension of k, with itself (x, 8 € (gl; (k))*).
The splitting statement is a special case of the following more general result, a special case of The-
orem 5.3.24.

Lemma I1.8. Lez g be a nilpotent Lie algebra, and let a, B € (9/Dg)* be distinct. Any exact sequence of
g-representations

0 Ke 14 ks 0

splits, that is, V = K, & k[;.

Thus non-isomorphic one-dimensional representations U and V of a nilpotent Lie algebra cannot
be “glued together” in any way other than by taking their direct sum.

The following result is shows that the composition factors are actually independent of the fil-
tration: If L is a simple representation then write [L, V] for the number of times L occurs in the
composition series (.. [L, V] =#{i:1<i<k,V;/V;_q =L}

Lemma I1.9. (Jordan-Holder). The numbers [L, V] are independent of the composition series.

81n the sense that there are no non-trivial semi-direct products.
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Proof. Use induction on the dimension of V. If dim(V) = 1, then V is irreducible and the result is
clear. Now suppose that (V;)%_, and (W;)!_, are two composition series for V. There is a smallest j
such that W; N V; is nonzero, and then since V; is irreducible we must have V; N W; = V7, that is,
Vi C W;. But then the induced map V; - W;/W;_; must be an isomorphism by Schur’s Lemma.
Thus setting

W= | Wievy/ vy ifi<y,
P Wi1/V ifj <i-—1.

we obtain a composition series of V/V;, whose composition factors are those of the composition
series (W)!_, for V, with one fewer copy of the isomorphism class of V; = W;/W;_y. By induction
it has the same composition factors as the filtration {V;/V; : 1 < i <k}, and we are done. O

Remark 11.10. Note that the proof of the Jordan-Ho6lder theorem in the case of representations is
a little easier than in the case of groups or Lie algebras. The reason is that, for representations,
you can quotient by any sub-representations, whereas for Lie algebras, a subalgebra which occurs
in a composition series is only necessarily an ideal in the smallest term of the series which strictly
contains it. Thus we cannot start “at the bottom” of the composition series as we do in the above
proof. Instead one must try to compare the terms “at the top” of the two composition series. The
resulting argument (described in Theorem 4.2.3) is similar, but somewhat more elaborate, hence it
seemed worthwhile to also give the simpler proof above for the case of representations.

I1.3 Semisimplicity and complete reducibility

Definition II.11. A representation (V, p) is said to be semisimple if any subrepresentation U has a
complement, that is, there is a subrepresentation W such that V = U @ W. A representation is said
to be completely reducible if it is a direct sum of irreducible representations. Note that Lemma I1.4
shows that V' is semisimple if and only if every short exact sequence

0 u |14 W 0
splits. Indeed this follows from Lemma II.4: the image of a splitting map s: W — V gives a
complement to the image of U, and s is determined by its image.

Lemma I1.12. /fV is a semisimple representation, then any subrepresentation or quotient representation
of V is semisimple.

Proof. Supose that g: V — W is a surjective map, and that V is semisimple. We claim that W is
semisimple. Indeed if Wy is a subrepresentation of W, the g=1(W;) = V; is a subrepresentation
of V, which has a complement V,. Then it follows easily that q(V,) is a complement to W; in W:
indeed it is clear that W = Wy + q(V5) since V = q_l(Vl) ® V,, and if w € q(V,) N Wy, we may
write w = q(v) for some v € V,, but then v € q_l(Wl), hence w € q_l(Vl) NV, ={0}.

Next, if U is a subrepresentation of V, then picking a complement U’ to U, so that V =U e U’,
the corresponding projection map 77: V — U with kernel U’ shows that U is isomorphic to a quotient
of V, and hence is also semisimple. o

Lemma I1.13. Zez (V,p) be a representation. Then the following are equivalent:
1) V is semisimple,
1) 'V is completely reducible,
1i1) 'V is the sum of its irreducible subrepresentations.

Proof. Once we know that any subrepresentation of a semisimple representation is again semisimple,
the proof of part ii) of Lemma 6.3.2 shows that i) implies ii). Certainly ii) implies iii) so it is enough
to show that 7i7) implies 7). For this, suppose that V is the sum of its irreducible subrepresentations
and that U is a subrepresentation of V. Let W be a subrepresentation of V which is maximal (with
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respect to containment) subject to the condition that U N W = {0}. We claim that V = U & W. To
see this, suppose that U @ W # V. Then by our assumption on V there must be some irreducible
subrepresentation X with X not contained in W & U, and hence X N (W @ U) = {0}. But then we
certainly have’ (X @ W) N U = {0}, which contradicts the maximality of W, so we are done. O

Remark 11.14. If We write g for the set of isomorphism classes of irreducible g-representations, then
any completely reducible representation can be written as

V=@V, where V; = )" S
XE9 s5<V
Sex

Note that V,, coincides with the isotypic subrepresentation of V defined in Definition 5.3.18, since if
V is completely reducible, so is any subrepresentation, thus V, is semisimple, which by LLemma I1.13
implies that it is the direct sum of its subrepresentations . This is called the zsozypic decomposition
of V, and any g-homomorphism 6: V — W between g-representations V and W is compatible with
this decomposition, in the sense that (V) CW,.

In particular, the isotypic summand of V corresponding to the trivial representation xq is V, =
V9, the invariants of V. A consequence of the complete reducibility is that V9 should be a direct
summand of V. In fact in the proof of Weyl’s theorem, we first established this by showing any
representation V of a semisimple Lie algebra g decomposes as V = V¥ @ g.V, and deduced semisim-
plicity from this.

9Since both are just expressing the fact that the sum X + W + U is direct.
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III  *On the construction of simple Lie algebras

The classification of semisimple Lie algebras, as discussed in §7.4, relies on two key results: an
Isomorphism theorem, and an Existence theorem: the former ensures that the root system captures
enough information to determine the Lie algebra up to isomorphism, while the latter ensures that
every abstract root system arises as the root system of some semisimple Lie algebra.

This section outlines one approach to the existence theorem. Clearly it is enough to construct a
simple Lie algebra for each indecomposable root system, so we will assume throughout the remainder
of this section that (V, ®) is indecomposable. We will establish the existence theorem in two steps.
In the first step we consider the case where all the roots in ® have the same length, and in the second
step deduce from this the general case. An alternative elementary approach is described in [Gecl7].

ITI.1 The simply-laced case

Definition ITI.1. Let (V, ®) be an (indecomposable) root system. We say that (V, ®) is simply-laced
if all the roots in ® have the same length.

If A is a set of simple roots for ®, since @ = W.A (where W is the Weyl group) it is equivalent
to the condition that all the roots in A have the same length. Since (V,®) is indecomposable, this
in turn is equivalent to the condition that («, B) = (B, a) for all a, B € A, that is, the Cartan matrix
is symmetric. By Lemma 7.3.6, this is equivalent to the condition that for all a, 8 € ® the Cartan
integer («, B) € {0, —1}. If we normalize the inner product on V so that the roots have length \/E,
then the Cartan integers are precisely the values of the inner product on pairs of simple roots.

From the classification of abstract root systems, one can check that the simply-laced indecom-
posable root systems are those of types A,D and E.

To construct a Lie algebra from such a root system, we need one additional ingredient: Let
€: Q x Q — {+1} be a bimultiplicative function, that is, for all o, B,y € Q,

ea+pB,7) =e@,y).eB,),
e(w,B+7) =e,p)ela,y).

and suppose also that it satisfies
e(a,a) = (1) @2, VaeQ (1.8)

(note that since (a,a) = 2 for all roots &« € ®, we must have (8,B) € 2Z for any B € Q). Such a
function is called an asymmetric function. Since (x, ) € Z for any a, B € Q we can replace a by
a + B in the second condition (I.8) for an asymmetric function to obtain:

e(w, Bre(B,a) = (=1)@P), (1.9)

Note that the bimultiplicativity property means it is determined by its values on a base A and more-
over the second condition (I.8) requires e(a;, a;) = —1 for any a; € A. To construct such a function
on the rest of A x A, orient the edges of the Dynkin diagram, whose vertices are labelled by the base
A = {aq,...,a;}, arbitrarily, and then define for a; # a;

—1  if there is an edge going from a; to 4;,
+1 otherwise.

e(a;, ;) = {

It the follows from this definition that Equation (I.9) holds for all roots in our base, and thus ex-
tending this € bimultiplicatively, we obtain an asymmetric function on all of Q.

We can now give a construction of the Lie algebra g, associated to our root system: Let h*
denote the extension of scalars from Q to our field k of V, and similarly we can extend our inner
product to a symmetric bilinear form on h*. Let ) be the dual of h.
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Definition ITL.2. Let g5 = b ® @, 4 K.e, as a vector space, and let /1, be the image of « under the
isomorphism between h and h* given by the nondegenerate symmetric bilinear form on bh* induced
from the inner product on V. We define

[h,W]1=0,YhN €b;
[h,e,] = a(h)e,;

—h,, ifa+p=0;
lexegl =1 €, B)esp ifat+peD;
0 otherwise.

We also extend the symmetric bilinear form on b (obtained by identifying it with h*) to all of gg
by setting (e,,eg) = —0, g, and making h orthogonal to @4 K¢, (Note the minus signs in the
definition of the invariant form and in the bracket [e,,e_,] are consistent.)

Proposition IIL.3. 7%e definition above gives a Lie algebra which has Y as a Cartan subalgebra and
root system @, and the form on g is invariant.

Proof. (Sketch): We must show that g, is a Lie algebra, that is, we must check that the bilinear map
[,] defined above is a Lie bracket. To see that it is alternating, note that if {a, 8, & + B} C & then,
since the root system is simply-laced, («, 8) = —1, and hence (I1.9) shows that e(a, B) = —€(B, a).
It remains to check that [.] satisfies the Jacobi identity. It is enough to check this on three basis
elements, x,y and z. If at least one of our basis elements is in § this is easy (the properties of the
bimultiplicative function beyond the one already used for the alternating property are not involved).
For example, if x = h € b, y = ¢, z = eg then (setting e,,5 = 0if a + B & P)

[h, [ea/eﬁ]] + [ea/ [eﬁ,h]] + [e‘BI [hrezx]]

= e, B) (@ + B)(M)eqsp — Bh)eqss — Bh)Cusp)
=0.

If x,y,z are of the form €s €8, Cy then there are a number of cases to check. Firstly, if none
of a + B,a + 7, + v lie in ® U {0}, then the Jacobi identity holds trivially. Thus let us suppose
that « + B € ® U {0}. Note that « + B € ® if and only if («, ) = F1. Moreover, it follows that
e(a, ) = —1 and e(w, B)e(B, o) = —1.

There are four cases: 1) a + ¢ & ® U {0}; 2) eithera + yora —y = 0;3) a +y € ® and; 4)
a —y € ®. Cases 1) and 2) are easy to check, case 3) follows from

e(y,m)e(y +a,—a) = (a,a).

In this fashion one can reduce to the case where & + 8, « +  and B + < all lie in ®. But then
(a,B) = (a,7) = (B,7) = —1landso (a + f+7,a + B+ ) = 0so that « + B+ ¢ = 0. In this case
the Jacobi identity

[en [eﬁ/ 67]] + [6‘5, [eyleu]] + [67/ [ea/eﬁ]] =0

reduces to

e(Bme@,p+7) +e(y,m)eB,a+7) + e ple(y,a+p) =0
which can be checked using the properties of e.

It is similar, though more straight-forward, to check that the symmetric bilinear form we have
defined is invariant. o
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IT1.2 The non-simply-laced cases One can also use the construction of the simply-laced Lie simple
Lie algebras to give a construction of @// simple Lie algebras: We do this as follows: Given a simply-
laced Dynkin diagram D, a admissible diagram automorphism is a graph automorphism o: D —» D
with the property that the orbit of a vertex is discrete, that is, there is no edge between a vertex i
and ok (i) for any k € Z.

Given such an automorphism, we claim that ¢ induces an automorphism of gg, the associated
simple Lie algebra. To see this, note that we can pick the orientation of our Dynkin diagram so that
it is invariant under the diagram automorphism (we will check this shortly for the automorphisms
we need). Clearly ¢ induced an isometry of V to itself preserving the roots @ (it clearly preserves Q
and hence @ since @ is the set of norm 2 vectors in Q). Moreover, it preserves the bimultiplicative
function € because it preserved the orientation of our Dynkin diagram (by our choice of orientation).

Defining o on gy by letting (e,) = e, and letting it act on h by extension of scalars of its
action on V, it is then clear that ¢ is a Lie algebra homomorphism. It follows that its fixed point set
is a sub-Lie algebra.

Theorem I1L4. 7he Lie algebra gf, is a simple Lie algebra with Dynkin diagram D given as follows:
the vertices of D7 are the orbits of o on the vertex set of D, and, for any two orbits, they are joined if there
were edges joining a vertex in one orbit to a vertex in the other, etc..
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