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Abstract

The goal of the course is the classification of semisimple Lie algebras over the complex
numbers and an introduction to their representation theory. The classification is essentially the
same as that for simply-connected compact Lie groups, which are central objects in mathematics
and physics. Topics covered include representations of sl(2), Jordan decomposition, structure the-
orems, Weyl groups, roots systems, Dynkin diagrams, complete reducibility, finite-dimensional
representations and their characters formulas.
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the lectures (I tend to leave out boring computations, streamline certain things, and use category
theory).

1 Lecture 1 (Sep 3)

We will be using the book by Humphreys in this course, but we will not be following the book too
closely. Homework will be approximately weekly, with the first due in two weeks.

1.1 Overview First we will discuss symmetry. Recall the platonic structures and their dual
structure. We can consider the finite reflection group that preserves the object, which leads us to
the following question:

Question 1. What are the finite reflection groups?

In the case of Lie Algebras, we will need our groups to preserve integer lattices (root systems), so
we specialize the question:

Question 2. What are the finite reflection groups that can be represented by integer matrices?

In two dimensions, only the dihedral group for the triangle, square, and hexagon are representable
by integer matrices. We will reduce the classification of semisimple Lie algebras to the above
question.

Intimately related to Lie algebras are Lie groups, which are just group objects in Diff. We will
not need Lie groups in this course. However, it is worth mentioning that Lie algebras arise as the
tangent space at the identity of a Lie group G. We can also pass to algebraic groups, which are
just group objects in a category of varieties. The advantage of this approach is that we can work
over arbitrary fields.

1.2 Basic Notions We will now define Lie algebras. First recall that a k-algebra A is a k-vector
space A with a bilinear map A ® A — A. If A is unital, we call it central. If A is associative, then
A is a monoid in Vecty.

Example 3. An example of an associative algebra is a matrix algebra M (k).
Definition 4. A Lie Algebra g is a k-algebra with a multiplication

[_I _} - g N g—9
satisfying the Jacobi identity:

x, [y, zll + [y, [z, x]] + [z, [x, y]] = 0.

Example 5. From any associative algebra A, we can build a Lie algebra using the commutator as
the Lie bracket. In particular, My, (k) can be turned into a Lie algebra gl,,.

The notion of a morphism of Lie algebras is entirely analogous to the case of rings, so we can
define Lie subalgebras.
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Example 6. Some subalgebras of gl,, are the set of diagonal matrices, which is abelian, the set of
strictly upper triangular matrices, and the set of upper triangular matrices b.!.

Definition 7. A Lie algebra is abelian if [, —] = 0.
Example 8. An important subalgbebra of gl,, is the set sl, of matrices of trace 0.

Remark 9. sl is what is called a simple Lie algebra whose Weyl group is Si.

2 LECTURE 2 (SEP 5)

2.1 Derivations First we discuss derivations.

Definition 10. Let A be a k-algebra. Then 6 € End A is a derivation if
d(ab) = 8(a)b+ ad(b)

forall a,b € A.

We will denote the derivations of g by Der g.

Remark 11. Der g is a Lie subalgebra of End g.

The Jacobi identity is related to derivations. Recall the adjoint representation of a Lie algebra g.

Definition 12. For x € g, write ady for the adjoint map

adyx :y — [x,yl.

Now observe that

x, ly,zll = —ly, [x,zll — [z, [x, Y]
=—[z,x,yll - ly, [z,x]]
=[x, yl, 2l + ly, [x, 2l],

so we see that ady is a derivation.

2.2 Basic Examples We will now expand our set of examples of Lie algebras.

Example 13. The orthogonal group O(n) is the set of matrices that preserve a Hermitian inner
product. Equivalently, O(n) is defined by the equation X'*X = 1.

Remark 14. On the Lie group side, we may define subgroups of GLy, via X*JX = J for invertible
matrices J. For Lie algebras, this differentiates to X'J +JX = 0.

Example 15. For k = C, the orthogonal Lie algebra is denoted by o(n) and is given by ] = 1. We
may also define the symplectic Lie algebra sp(2n) by

(%)

IFor Borel
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Remark 16. The orthogonal groups behave differently in even and ood dimension. In fact, they are
given by different classes of Dynkin diagrams.

Remark 17. The four infinite families of simple Lie algebras are sp,,,, 021, 021 41,5n. There are five
other exceptional simple Lie algebras.

2.3 More Basic Notions We will now consider the basic structure of a Lie algebra.
Definition 18. The derived subalgebra [g, g] of g is the span of all elements of the form [x, y].
This is clearly a subalgebra of g, but in fact it is an ideal.

Definition 19. An ideal I of g is a subalgebra satisfying [g,I] C L.

Example 20. The center of a Lie algebra is an ideal. To see this, note that [A,X] =0forall A € g
and X € Z(g). Also, it is easy to see that the derived subalgebra is an ideal.

Definition 21. A Lie algebra g is nilpotent if the lower central series
g (0,0llg,lg,0ll,...
eventually becomes 0.
Example 22. Clearly all abelian Lie algebras are nilpotent because [g, g] = 0.
Definition 23. A Lie algebra g is solvable if the upper central series
g,lo,0l, [lg, 0l lg,0ll,...
eventually becomes 0.

Example 24. We note that all nilpotent Lie algebras are solvable because the upper central series
is contained in the lower central series.

Example 25. The set of all upper triangular matrices is solvable, and the set of strictly upper
triangular matrices is nilpotent.

Definition 26. The radical Rad g is the maximal solvable ideal in g.

Definition 27. A Lie algebra g is semisimple if Rad g = 0.

Definition 28. A Lie algebra g is simple if it has no nontrivial ideals and dimy g # 1.
Example 29. The simplest example of a simple Lie algebra is sl,.

Homomorphisms and quotients are defined entirely analogously to the case of rings or groups.
Checking this is well-defined is left to the reader.

Remark 30. The first isomorphism theorem holds for Lie algebras.

Recall that a representation of a finite group G is a morphism G — GL(V) for some vector space
V. Alternately, this is a functor BG — Vecty.

Definition 31. A representation of a Lie algebra g is a morphism g — End V for some vector space
V. Alternatively, we can define this as a g-module.?

2Better, we can define this as a representation of the universal enveloping algebra, which allows us to define representa-
tions as functors Uy — Vecty.
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3 Lecture 3 (Sep 10)

Recall the adjoint representation of a Lie algebra g. This is a very important representation. For a
simple Lie algebra, ad is an isomorphism onto its image. In general, we will write ad g for the
image of the adjoint map. In general, the kernel of ad is the center.

Remark 32. When we define the Eg algebra, which has dimension 248, we will have a 248-
dimensional subalgebra of a 248?-dimensional Lie algebra.

Remark 33. From now on, we will only consider finite-dimensional Lie algebras.

3.1 Nilpotent Lie Algebras
Notation 34. We will denote the set of all strictly upper triangular matrices by ny (k).

Eric then proceeded to spend time computing products and Lie brackets of matrices of the form
eij.% It is then clear that n is nilpotent because bracketing shifts nonzero entries towards the top
right corner.

We now discuss some properties of nilpotent Lie algebras.

Proposition 35. The following hold for nonzero nilpotent Lie algebras:
1. Subalgebras and quotients of nilpotent Lie algebras are nilpotent.
2. If g/Z(g) is nilpotent, then so is g.
3. If g is nilpotent, it has nonzero center.

Proof of these is easy and is omitted.

Remark 36. The adjoint representation of a nilpotent Lie algebra consists entirely of nilpotent
matrices.

Theorem 37 (Engel). If ady is nilpotent for all x € g, then g is a nilpotent Lie algebra.
First, we need the following lemma:

Lemma 38. Suppose g C gl(V) consists of nilpotent endomorphisms. Then there exists v € V '\ 0 such
that zv =0 for all z € g.

Proof of Engel’s Theorem. Take the adjoint representation of g. By hypothesis, this consists of
nilpotent endomorphisms. By Lemma 38, then we have a common eigenvector, which is in the
center. Thus ad g has smaller dimension than g.

To complete the proof with induction, we need to show that nilpotent matrices are sent to milpotent
matrices by ad. However, this is clear from the definition of commutator and nilpotence of the
original matrix. Now, by induction, ad g is a nilpotent Lie algebra. Because ad g ~ g/Z(g), we use
part 2 of Proposition 35 to conclude that g is nilpotent. O

3This demonstrates the axiom that mathematicians are terrible at computing things.
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Proof of Lemma 38. 1f K C g is a proper maximal subalgebra, then the adjoint representation of K
descends to g/K. Then ad z is nilpotent for z € K. Therefore the image of K in gl(g/K) consists of
nilpotent endomorphisms. By induction on dimension, there is a common engenvector w for K.

Now consider w = 1+ K. Then K+ k-1 must generate all of g with K an ideal of g. Viewing
K C g C gl(V), induction gives us an eigenvector in V for K. Define W to be the subspace spanned
by the eigenvectors of K. Then it is easy to check that | preserves W. Now choose v € W an
eigenvector of 1, and then K + k - | annihlates v. Thus L annihlates v. O

4 LecTure 4 (Sep 12)

We began class ( 30 minutes) by finishing the class of Lemma 38 from last time.

41 More Nilpotent Lie Algebras
Corollary 39. Let L C gl(V) consist of nilpotent endomorphisms. Then there exists a basis of V such that

L is strictly upper triangular in this basis.*

Proof. By Lemma 38, there exists a nonzero v; € V such that L annihlates v;. Then L is nilpotent
on V/(v1). Now induct. O

Corollary 40. If L is a nilpotent Lie algebra, and 0 % K C L is an ideal, then KN Z(L) # 0.

4.2 Solvable and Semisimple Lie Algebras We now discuss solvable Lie algebras. We know
already that nilpotent implies solvable. Recall that Rad L is defined to be the maximal solvable
ideal of L. This is unique and contains all solvable ideals.

Definition 41. L is semisimple if Rad L = 0.
Proposition 42. Simple implies semisimple.

Proof. [L,L] = L because L is simple, so L cannot be solvable. Therefore there are no nonzero
solvable ideals. O

Now we will define a symmetric bilinear form « : S?(L) — k given by
kK(X,Y) = tr(adx ady)
known as the Killing form.
From now on, we will work in an algebraically closed field of characteristic 0.

Theorem 43 (Killing). L is semisimple if and only if  is non-degenerate.

Theorem 44 (Lie). If L C gl(V) is solvable, then there exists a common eigenvector for L.

4This is the same as L fixing a flag J. In fact, L.F; C Fi_1.
S5These are the main object of study in this course. Also, these will turn out to be sums of simple objects.
6This actually turns out to be a multiple of the normal trace form for the classical Lie algebras.
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We concluded class with a linear algebra review. Specifically, observe the following:
1. Diagonalizable is equivalent to semisimple;
2. If [x,y] =0, then:
* x,y nilpotent implies x +y nilpotent;
* %,y semisimple implies x 4y semisimple.
3. f WC Vand x(W) C W, then:
* x|y is semisimple if x is semisimple.

* x| is nilpotent if x is nilpotent.

5 Lecture 5 (Ser 17)

5.1 Jordan Decomposition Class began with a discussion of the Jordan canonical form. In
particular, recall:

Proposition 45. x € End V can be written x = x5 + xn where xs is semisimple and xr, is nilpotent, and
[xs,xn] = 0. In particular, they are both polynomials in x with constant term 0. Finally, x(B) C A if and
only if xs(B),xn(B) C A for subspaces A C B C V.

Proof of this can be found in any standard algebra text. In addition, the decomposition is unique.

Now we would like to have the notion of Jordan decomposition in an arbitrary Lie algebra. This
only has nice properties for semisimpe Lie algebras. In particular, we want:

1. If L C gl(V), then the Jordan decomposition agrees with that of gl(V).
2. The Jordan decomposition respects morphisms.

Definition 46. For a semisimple Lie algebra, an abstract Jordan decomposition is a Jordan decompo-
sition of ad x = ad x5 +ad xn,

Corollary 47. Let x € gl(V) with x = x5 +xn. Then (adx)s = ad x5 and (ad x)n = ad xn.
Proof. Note that if x is nilpotent, then ad x is also nilpotent. In addition, if x is semisimple, choose

a basis of V such that x is diagonal. Then it is easy to see that ad x is semisimple. Finally, note
that because x5, x, commute, so do their adjoint operators. O

Recall the symmetric bilinear form (—, —) : M, ® M, — IF given by A® B — tr(AB). We can
verify that this is associative with respect to the Lie bracket:

<[X-y]/ Z> = <Xr [U/ Z]>

Also, it is easy to verify that this bilinear form is nondegenerate. Now recall the Killing form on L
given by

Lol 229 i) egl) b F.

This is an associative symmetric bilinear form, but in general, it is degenerate.
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Next time, we will show that

Theorem 48. L is semisimple if and only if the Killing form is nondegenerate.

6 LECTURE 6 (SEP 19)

6.1 Proof of Theorem 48 Today we begin with the proof of Theorem 48.
Lemma 49. Let A C B be subspaces of gl(V). Define

M ={xegl(V)]|I[x,B] C AL

Suppose x € M satisfies tr(xy) = 0 for all y € M. Then x is nilpotent.

Proof of this fact is in Humphreys and uses the Jordan canonical form and the fact that our field
has characteristic 0.

Theorem 50 (Cartan’s Criterion). Let L C gl(V). Suppose tr(xy) =0 forall x € [L, L],y € L. Then L is
solvable.

Proof. Note that it is enough to show that x € [L, L] is nilpotent. We will apply Lemma 49 to
A =[L,L],B =L. Note that L C M. We know that [L, L] is generated by [y, z] for all y,z € L. Let
m € M. We know that

tr(ly, zlm) = tr(ylz, m]) = tr([z, mly) =0

by hypothesis. Because [y, z] is a generator of [L, L], we know that tr(xm) =0forall x € [[,L], m €
M. By Lemma 49, x is nilpotent. O
Corollary 51. Let L be a Lie algebra such that tr(ady ady) = 0 for all x € [L, L],y € L. Then L is solvable.
Proof. ad L is solvable by the theorem. Then L is solvable because L ~ L/Z(L). O

Lemma 52. Let I be an ideal of L and 1 be the Killing form for 1 as a Lie algebra. Then k1 = K|1g1.

Proof of this amounts to the fact that the product respects the block form. To review some linear
algebra, given a symmetric bilinear form 3 : V® V — [, the radical is the kernel of the induced
map x — f(x,—). Then 3 is nondegenerate if the radical is trivial. Then note that if $ is a
symmetric bilinear associative form on a Lie algbera, the radical is an ideal.

Proof of Theorem 48. Let S be the radical of k. Then it is easy to see that S is solvable by Corollary
51. Thus S C Rad L. Thus if L is semisimple, S = 0.

In the other direction, note that being semisimple is equivalent to having no nonzero abelian ideals.
ady L ad x I ady I ad x 0

Let I be a nonzero abelian ideal of L. Choose x € I,y € L. Then L
Thus ady ady is nilpotent, so it has trace 0. Thus x € S and thus I C S. In particular, if « is
nondegenerate, then S = 0, so every abelian ideal is zero. Therefore L is semisimple. O

Theorem 53. L is semisimple if and only if there exists Ly, ..., Ly ideals of L which are simple such that
L=1L; @ ®Ly. Here the direct sum is just the coproduct.
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Also, note that every simple ideal in L coincides with some L; and that the direct sum decomposi-
tion is unique.

Proof. Suppose L is semisimple. If L is simple, we are done. Otherwise, consider I C L a proper
nonzero ideal. Then it is easy to see that I is an ideal and that L = I I+, By induction, L is a
direct sum of simple Lie algebras.

In the other direction, Note that [L, L] = @I[L;, L;] = @ L; = L. Also note that RadL = Rad L; =
0. This gives semisimplicity. O

7 LECTURE 7 (SEP 24)

We began class by finishing the proof of Theorem 53. Everything is in the notes from last time.
Remark 54. If Tisanideal in Ly ® Ly, then I =11 & I,.

Remark 55. Let L be semisimple and I C L an ideal. Then I = L;, @ --- @ L;, . In particular, the L;
are the only simple ideals in L.

Thus our goal for this class is to classify the simple Lie algebras.

7.1 Some Classical Computations Now recall the definition of the orthogonal Lie algebra. We
will take ] to be the identity matrix. For n = 2, we have the set of matrices such that At+A =0,
which is one-dimensional. However, we will consider n = 4 with matrix

000 1
oo 1o
=10 1 0 0

1000

Proposition 56. sos4 >~ sl, @ slp.

Now we will compute the Killing form of sl; explicitly. We will use the standard basis e, h, f. By
the standard relations, we have:

0 -2 0 2 0 0 0 00
ade=|0 0 1|;adh=(0 0 O |;adf=[|—-1 0 O
0 0 O 0 0 -2 0 20
Now we can see that
0 0 4
k=0 8 0
4 0 0

Now recall that a bilinear form is nondegenerate if and only if its matrix is nonsingular. In
addition, a nondegenerate bilinear form gives an isomorphism to V*. Thus we can construct a
dual basis in V.
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To motivate the dual basis, we can define a Casimir operator as follows: Choose a basis {x;}
for L, and then choose a dual basis {y;}. Then in the universal enveloping algebra U}, consider
Q=) x4yi. Then Q € Z(Uy).

Now recall Schur’s Lemma:

Lemma 57 (Schur). If V is an irreducible representation, then any nonzero equivariant endomorphism of
V is a scalar.

8 LECTURE 8 (SEP 26)

8.1 Representations of Lie Algebras Recall the definition of a representation of a Lie algebra L.
Note that this is equivalent to the notion of a module over L. Then recall that a representation is
completely reducible (or semisimple) if it is a direct sum of irreducible representations.

Theorem 58 (Weyl). If L is semisimple, then any representation of V is semisimple.
For finite groups, we have the analogous statement:

Theorem 59 (Maschke). Let G be a finite group. If chark { |G|, then any k-representation of G is
semisimple.

Remark 60. The original proof of Weyl’s theorem was analytic and uses the unitary trick.

Note that if L is not semisimple, Weyl’s theorem can fail. For example, consider the standard
two-dimensional representation of the set of upper triangular matrices. Then the x-axis is a
subrepresentation, but there is no other common eigenvector.

Now we construct a representation structure on Hom(V, W) by (x.f)(v) = x.f(v) — f(x.v), so L —
mod is enriched over itself. In particular, the dual space of a representation is also a representation.
Finally, we may construct a tensor product representation by x.(v@w) = (wv) @ w+v ® (x.w).

Remark 61. The isomorphism V* @ W ~ Hom(V, W) holds in L-mod.

Remark 62. The tensor-hom adjunction holds for representations of Lie algebras, so L-mod is closed
monoidal.

Proof of Schur’s Lemma. Let 0 # 7t: V — W be a morphism of irreducible representations. Consider
the kernel. For a nonzero morphism, this must be the source. In addition, the image must be
nonzero, so it is the entire target.

To show any nonzero endomorphism is a scalar, use algebraic closure to find an eigenvalue. Then

the kernel of t— Al is nonzero, so it must be all of V. O

Remark 63. When we prove Weyl's theorem, we use 3(x,y) = tr($(x)$(y)). This is nondegenerate
when the kernel is nonzero.

8.2 Jordan decomposition for Semisimple Lie Algebras For an arbitrary Lie algebra L, call
x € L semisimple if ad x is semisimple, and nilpotent if ad x is nilpotent. Then we can decompose
adx = (ad x)s + (ad x)n. What we will show is that
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Lemma 64. If 5 € DerL, then 6s,6n, € DerL.
Lemma 65. If L is semisimple, then Der L = ad L.
Now we can form an abstract Jordan decomposition of any semisimple Lie algebra.

Theorem 66. Let ¢ be a representation of L and x = s+ be the Jordan decomposition in L. Then
d(x) = d(x) + d(n) is the Jordan decomposition in gl(V).

9 Lecture 9 (Oct 1)

9.1 Jordan Decomposition Continued

Proof of Lemma 65. Recall that if L is semisimple, then L ~ ad L. Then we know that k on ad L is
non-degenerate. Also, ad L C Der L is an ideal. Now take (ad L)+ and note thatad LN (ad L)+ = 0.
Thus Der L = ad L @ (ad L)*. Then, by perpendicularity, the direct sub holds as Lie algebras.

We now recall that [§,ad x] = ad 5(x). Now for & € (ad L)+, we have
0 =1[6,adx] = ad d(x).

However, L is semisimple, so 6(x) = 0 for all x. The desired result follows.. O

As a consequence, we can describe an abstract Jordan decomposition on a semisimple Lie algebra.

Corollary 67 (Jordan Decomposition). Given x € L, then the Jordan decomposition ad x = (ad x)s +
(ad x)y, restricts to

adx =adxs +adxn
for some xs,xn € L. In particular, x = xs + xn.

Now note that [xs, X;1] = 0 because
ad[xs, xn] = [adxs,ad xn] =0

by the usual Jordan decomposition and because L is semisimple.

Remark 68 (Eric’s Research). Consider the group G = SL(C) with Lie algebra g = sl;(C). Now G
acts on g by conjugation. We consider the following question:

What are the orbits of G on the set of nilpotent elements in g?
We find that there are two orbits of sl; and that the set of nilpotents is a closed subvariety of g.

Theorem 69. Let L C gl(V) be semisimple. Then the usual Jordan decomposition in gl(V) agrees with the
abstract Jordan decomposition in L.

Corollary 70. Let ¢ : L — gl(V) be any representation of L. Let x = xs + xn be the abstract Jordan
decomposition. Then ¢(x) = d(xs) + $(xn) is the usual Jordan decomposition in gl(V).

Page 12 of 32



MaTtH 718 LiE ALGEBRAS LECTURE NOTES

9.2 Representations of sl We will classify irreducible representations of sl,. 7 Let V be some
finite-dimensional representation of sl,. Recall that sl has standard basis e, h, f with the usual
relations.

Now we note that h is semisimple in sy, so ¢ (h) is semisimple for any representation ¢. Then we
can take the eigenspace decomposition

V=V

A€F
Lemma 71. If v € V;, then ev € V4o and fv € Vo_p.
Proof.
h.(ev) = [h.e].v+e.(hv) = (2e)v+e.(Av) = (A+2)(eV)

and
h.(fv) = [hflv+f.(hv) = 2fv+ f.(Av) = (A —2)fv.

O
Next, because V has finite dimension, then there is an eigenspace V5 that is killed by e. We will
call any vy € Vi a maximal vector. Now define v; = %fi .
We will study the span of {vi, ..., v1, v}, where fv,;y =0 but v, #0.

Example 72. Consider the usual 2-dimensional representation. Then e; has eigenvalue 1 and e;
has eigenvalue —1. In addition, f.e; = e and e.e; = e;.

For the adjoint representation, f, h, e have weights —2,0, 1.
We will show that (vi,...,vg) C V is a subrepresentation:
Proposition 73. The following are true:

1. hvi = (A—2i).vy;

2. fvi =1+ Dviey,

3. evi=A—1i+1)vi_1.

Proof. We only need to prove the third claim. Here, we note that
1
evi = —(e.(fviq))

(le, flvi_q +f.(eviq))

[ =] = e

= = (h.Vi,1 + f(?\ —i+ 2)\)1'_,2)

| ==

(A=214+2vi 1+ (-1 A—-14+2)vi_1)

i
=A—i4+1Dvig. =

7This was done in Ivan’s homework, and is an exercise in Etingof’s book.
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Corollary 74. If V is irreducible, then V) is one-dimensional. In particular, V = (vm, ..., Vo).

Now all we need to do is classify the highest weights and the dimensions for irreducible represen-
tations. Here we observe that

O=e(fvm)=eM+1Dvpi1=M+1A—-(Mm+1)+ vy = (M+1)A—m)vm.
Because m is nonnegative and vy, is nonzero, m = A. Thus we have proved:

Theorem 75. For an irreducible representation V, A is a nonnegative integer and V has weights A, A —
2,...,—\

Next time we will construct a representation with these weights.

10 Lecture 10 (OcTt 3)

10.1 Representation Theory of sl Continued Last time, we proved the following result:

Theorem 76. There is at most one irreducible representation of slp(C) of a given finite dimension. Further-
more, its weights are m, m —2,...,2 —m,—m where m = dim V — 1. In addition, all weight spaces are
1-dimensional and there is a unique maximal weight space.

This time, we will show:

Theorem 77. There exists a unique irreducible representation of each positive dimension.

Proof 1. We write down three matrices:

0n n 0
0 n—1 n—2 10
n—4 20
E= JH= . JF= .
02 .. .ot
01 2—m n—-10
0 -n n o0
Checking this is left to the reader. O

Proof 2. Let C? be the standard representation. Then note that (C?)* ~ C2. Thus we can consider
the infinite-dimensional representation S(V*) = S(C?).?

Now we can take our representations to be Sk—1(C?). Then we can check that

h.(xty* 17t = Z X Hhay T Z xHhy) [y 2 = (—k+ 1+ 2i)xy*
k—1-i

Therefore we have the correct weights, so we are done. O
Now, Weyl tells us that a general representation of sl is a sum of the form
V =®mezaiVi.

To find the multiplicities, just find the largest eigenvalue of h and take away weights of h.

8This is taken from Ivan’s homework. Eric normalized the e, so we have a different f.
9This was on Ivan’s homework, but for the group SL,.
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10.2 Maximal Tori Consider sl,, and denote the set of diagonal elements by §. This is an abelian
subalgebra, so we will find an analog for arbitrary semisimple Lie algebras.

Definition 78. A subalgebra of L consisting of semisimple elements is a toral subalgebra..

Theorem 79. Toral subalgebras are abelian.

Proof. Let T be a toral subalgebra and choose x € T. Because x is semisimple, ad x is semisimple
asamap T — T. Thus ad x|t is semisimple.

Choosing an eigenvector y € T, let y; be a basis of eigenvectors for ad y. Now we write x = }_ ciyi,
we have

yxl =) cilyyil = —ay,

which implies that [x,y] = 0. O

We consider the action of H on L. Because ad h are commuting semisimple operators, they are
simultaneously diagonalizable.

Definition 80. Define the root space
Lo={xeL|[hx] =ah)xforheH

where o € H*.

Note that H C L. In particular, Ly = Cp (H) and

L=CLH) & Pla
a#£0

Example 81. In sly, [h, ej5] = o5 (t; — tj)eq;. Thus

sly=Ho P Lay,-
i

We conclude that H is a maximal torus and that H = L.

11 Lecture 11 (Oct 08)

Recall our discussion of toral subalgebras from last time.

11.1 Tori in sl

Proposition 82. tr(adxady) = 2ntr(xy) for x,y € h.
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Proof. Note ad x has eigenvalues t; —t; and ady has eigenvalues u; —u;. Then

tr(adxady) = Z(ti —t)(ui — )

1)
= Z tiug + Z tju]- — Z tiu]- — Z tjui
=2n Z tiug

= 2ntr(xy).
O
Corollary 83. « is nondegenerate on H.
Proposition 84. H = Cy (H).
Proof. Let x = ) ajjeij. Then
[h,x] = Z aij(ti —tj)ey.
If x ¢ H, then ai; # 0 for some i # j. But then there exiss h € H such that oy;(h) = t; —t;. O
Theorem 85. In general, H = Cy (H) for any maximal torus H in a semisimple Lie algebra L.
11.2 The General Case Take H C L to be a maximal torus.
Proposition 86. 1. Forall «,3 € H*, [Ly, Lg]l C Loy .
2. For x € Ly with & # 0, ad x is nilpotent.
3. For «, 3 € H* with o+ #0, Lo L L.
Proof. 1. [h, [xa, xgll = [[h,xal, xg] + X, [h, X1l = (x(x) + B (%)) [xe, xp]-
2. This follows from finite dimensionality of L.
3. —a(h)k(x,y) = k(Ix, hl,y) = k(x, [h,yl) = B(h)k(x,y). [
Corollary 87. « is nondegenerate on Cp (H).
Proof. If k(x,y) =0 forally € C(H) = Ly, then k(x,z) =0 for all z € L. Thus x = 0. O

Lemma 88. If x is nilpotent and [x,y] = 0, then k(x,y) = 0.

Proof. ad x is nilpotent by definition, and because it commutes with ady, ad xad y must also be
nilpotent. O
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Proof of Theorem 85. If x € Cp(H), then adx(H) = 0. Therefore adxs(H) = adxn(H) = 0, so
Xs,Xn € C.

Now suppose x € C (H) is semisimple. Then H + [Fx is abelian and is toral because it consists of
commuting semisimple elements. Thus x € H.

Next we show «k is nondegenerate on H. Suppose k(h,h’) = 0 for all h’ € H. Then choose
z € CL(H). Because z, commutes with H, k(h,zn) = 0 by Lemma 88. Thus h = 0 by Corollary 87.

We now show Cy (H) is nilpotent. For z € C (H), zs € H, so ad zg = 0. On the other hand, ad z,,
is nilpotent. Thus ad z is nilpotent because zs, z, commute. By Engel, C (H) is nilpotent.

Next we show that HN [C (H), C (H)] = 0. Choosing [x,y] € [CL(H),CL(H)] and h € H, we
see k([x,yl,h) = k(x,[y,hl) = 0, so [CL(H),Cr(H)] L H. Because k is nondegenerate on H,
HN[C,C]=0.

Next note that Z(Cy (H)) N [Cy (H), Cp (H)] # 0. Choose a nonzero z € Z(Cy (H)) N [Cy (H), Cy (H)].
Thus zs,zn € Z(C1 (H)). However, [C (H), Cr(H)] is an ideal, so zs € [C1 (H), CL(H)]NH. Thus
zs = 0. Therefore k(z, Cy (H)) = 0. Thus z = 0. Therefore C; (H) is abelian.

Finally, we show that H = C (H). Choose z € Ci (H). Then z,, € C{(H), so k(zn, CL(H)) =0, so
zn = 0. Thus z = zg € H. O
Corollary 89. « is nondegenerate on H.

Now we may identify H with H* using «.!? In addition, we may write L = H & @ a0 Lo We
define the set of roots ® ={x € H* | Ly #0, x #0.}.

12 Lecture 12 (Ocrt 10)

Last time we proved that k is nondegenerate on H and that C; (H) = H. Thus we may associate
ty € Hto every o € H*.

Proposition 90. 1. O spans H*.
2. Ifax € H, then —x € ©.
3. Ifae ®,x €Llyyel_qy, then [x,y]l = k(x,y)tu.
4. If x € @, then [Ly, L—q] is 1-dimensional.
5. alty) =«k(tg, ta) 0 forall x € O.
6. The span of Ly, L_«, t« is a copy of sly.
7

 hg = K(fifxta) and hy = h_q.

Proof. 1. If not, then thee exists h € H such that «(h) = 0 for all « € ®. But this implies
h € Z(L), which is a contradiction for nonzero h.

2. Recall that Ly L Lg if x4+ # 0. Thus k(Ly, L&) # 0, so L« is nonempty.

10This will help us in our study of root systems.
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3. Just evaluate k(h, [x,y]). We have

4. Follows from the previous part.

5. The first part follows from the definition. Then if the inner product is zero, [ty,x] =0 =
ly,tal for all x € Ly,y € L_«. Choosing nonzero x,y such that «(x,y) # 0, rescale so
k(x,y) = 1. Then [x,y] = t«. Then the subalgebra S spanned by x, t,y is solvable. By Lie’s
theorem, [ad; S,ad S] consists of nilpotent matrices. Then t« is ad-nilpotent, so it must be
0, which is a contradiction.

6. Choose hy a multiple of ty such that [hy,x] = 2x. Now let ¢ be such that hy = cty and
choose y such that k(y«,y«) = c.

7. 2k(to, t) = K(ho, he) = ck(hg, to) = 2¢.

We will call the hy coroots and denote the set of coroots by V.
Example 91. In sl, (h) = t; —t;. Then hy = ej; — e55.

Now let S be the s, associated to «. Then we consider L as an Sy-module. In particular, consider
M =Ho P, Lc,. We can then write M = ker(x) @ S« & M’, where M’ has all of the odd weights.
Also, this shows that the L, are one-dimensional.

Now we can also observe that if o« € @, no other positive multiple of o is in ®.

13 Lecture 13 (Oct 17)

Recall our discussion of root systems from last time. We showed that all root spaces are one-
dimensional and that if « is a root, no other positive multiple of « is a root. It is easy to show
that:

Proposition 92. 1. [Ly, Lgl = L4« if x + 3 is a root.
2. Bhe) € Zand B —B(hy)ox € .
3. The Ly generate L.
4. Say B+qu € @ but B+q'o ¢ @ for q' > q. In addition, suppose p —roc € © but p—r'oc ¢ ©
forr’ >r. Then p +ix € @ forall —r < i< q.

Proof. Consider the space M = ©Lgi«. Then M is an Sy-module. Then note the eigenvalues of
hy are 3(hy) +2i. Thus f(hy) € Z. In addition, the eigenvalues of hy are distinct and have the
same parity. Thus the last part is true. To complete the second part, note that (f — f(h)a)(h«) =
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—B(hy). To do the first part, note that ad x is surjective if and only if § + « is a root (because M
is irreducible). Finally, the third part follows from the fact that the « span H*. O

13.1 An Example: The symplectic Lie algebra Use the standard symplectic form. Then a matrix
X = (é g) is symplectic if and only if AT = —D,BT = B,C" = C. Thus sp,,, has dimension

2n? +n. We can define H to be the set of diagonal matrices. Then everything simply restricts from
S [211-

Restricting to sp,, we have four roots: t; —tp, 2ty,2tp, t; + to. Note that H* is an F-vector space.
Now consider the Q-vector space Eg spanned by ©.

Proposition 93. dimg Eqg = dimg H*.

Proof. Choose an F-basis of H* from ®. Then for f € ®, we have § = } c;«;i. Then taking the
inner product with 3 and using that 3(hy) € Z, we are done. O

Remark 94. The inner product on Eq is positive-definite. Thus we can extend scalars to R to obtain
a Euclidean space.

14 Lecture 14 (Oct 22)

Last time, we defined the real Euclidean space associated to the root system ®. Now we define
the axioms of a root system.

14.1 Root Systems

Definition 95. A root system is a collection of finitely many nonzero vectors ® C E in a Euclidean
space that satisfies:

(R1): @ spans E;
R2): If x € ® and cx € @, then ¢ = +1.
(R3): For & € @, 04(P) = @, where o is the reflection through o.

(R4): Tf o, B € D, then (B, o) = 2B ¢ 7.

o,
Remark 96. If we relax (R2), then our definition is called “reduced.” If we relax (R4), then our
definition is called “crystallographic.”

Proposition 97. ® C E attached to L is a root system.

Proposition 98. We showed last time that (3, o) = B(he) € Z. Also we showed that the root strings are
unbroken and that 3 — p(ha) is a root. We already knew that the inner product was positive-definite and
that (R1) and (R2) hold.

Example 99. In sl,, |1, the roots are simply the ¢; — ¢; and we use the usual Euclidean structure
on R™ induced from gl,,. Checking the axioms is easy.!!

11This was in Ivan’s homework.
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14.2 Classifying Root Systems Note that (R4) limits the possibilities for (3, «t). In addition, we

can analyze the Weyl group. We can also consider (B, «)(x, ) = 4cos? 04 . This constrains the
angles between the roots to be n/2,7/6,7/3, /4,3m/4,2n/3,57/6,0, 7.

Definition 100. A root system E, ® is reducible if E = E; @ E; and all roots are contained in either
Eq or E,.

Example 101. If dimE = 1, then we only have one root system, A;. If dimE = 2, then one
possibility is the root system A; @ A1, which is just an orthonormal basis. In addition, we have the
case where «, 3 have angle 27t/3, which is the A; root system. If &, 3 have angle 37t/4, then one
has length /2 and the other has length 1. This is the root system B,. Finally, if © = 57t/6, we have
Ga.

Definition 102. The Weyl group is the group generated by the 0.
It is easy to see that W C Sg. In particular, W is finite.

Example 103. The Weyl group of Ay is Sy 1.

15 Lecture 15 (OcT 24)

Recall that the group SL,, acts transitively on flags in C™. Then the stabilizer of any flag is the
group B of upper triangular matrices. Then the set of all flags can be identified with G/B. This
has a left action on G/B, so we have

Theorem 104 (Bruhat). The orbits of B on G/B are indexed by the Weyl group.

A standard fact is that the orbit X,, is an affine space of dimension {(w). Here {(w) is the smallest

number adjacent transpositions needed to write w. In addition, the closure of X,, is no longer

smooth, and we can study its singularities, where Kazhdan-Lusztig polynomials appear.'2.

151 Weyl Groups continued Recall that the Weyl group preserves the inner product. Today
we will discuss the analogue of the adjacent transpositions that allow us to define the length of an
element in the Weyl group.

Remark 105. Any irreducible root system has a corresponding semisimple Lie algebra.

Definition 106. A set of simple roots A C @ is a set of roots such that every root y € @ can be
written v = )5 cq, where all ¢y have the same sign. Also, A must span E.

Example 107. «, x + 3 form a set of simple roots in A,.

Proposition 108. W acts transitively on the set of bases.

Proposition 109. Every root system has a base.

Proof. Choose vy € E to not be orthogonal to any root. Now define ®*(y) to be the set of roots

with positive inner product with y. Now call B € ®* indecomposable if B cannot be written as
o + oy for positive roots ;. Now choose A(y) to be the set of indecomposable roots in @ (y).

12The Kazhdan-Lusztig conjectures relate these to representation theory, and were proven by Beilinson and Bernstein
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Now we show that A(y) is a base and every base is of this form. It is easy to see that any positive
root not in A is decomposable, so then it must be a sum of 31 + 32. Then using the inner product
and well-ordering, 3 must be a nonnegative sum.

Next we show that if « # B € A(y), then («, 3 < 0). This is because otherwise, « — 3 is a root.
Now either « — 3 or § — « is a positive root, which implies that either « or 3 is decomposible.

Next, we show that A(y) is linearly independent. If not, then we can take the inner product of
some vector T with itself to see that T = 0.

To show that every base is of this form, we can choose vy such that («,y) > 0 for all &« € A.
By construction, A C ®*(y). Now note that ®* is the set of nonnegative combinations of A,
so it is contained in ®*(y). Also ®~ C —® " (y). By uniqueness of B = ) cqx, A consists of
indecomposable elements. Because both A, A(y) are bases of E, they must be the same. O
Now denote o by Py. Then the connected components of E \ UP are called Weyl chambers.

Theorem 110. Let A be a base of ®. Then W acts transitively on the set of Weyl chambers and on the set
of bases. In addition, each base corresponds to a unique Weyl chamber. In fact, the action of W on the set of
Weyl chambers is faithful.

16 Lecture 16 (OcT 29)

Let A be a base of ®. Then define W/ C W to be the subgroup generated by the simple reflections.
Our goal is to show that W/ = W. Then for any w € W', we define £(w) to be the smallest t such
that w = 07 - - - O¢.

Lemma 111. For « € A, 0 permutes @ \ {ad.

Proof. Note that o only changes the « coefficient of any positive root 3. However, this coefficient
remains nonnegative. ]

Lemma112. Let § =1 Y | o+ o Then (5, ) = 1.
Proof. Write 6 = 1 (Zfbé « B+ oc), apply o4, and then use the previous lemma. O

Lemma 113. Suppose w = oy, - - - 0y, is reduced, then oy, --- 0y, (oct) is a negative root.

Now we define a partial order on Z[®] where « < p if p — « has positive coefficients in A. We
write & > 0 if « is a positive root.

Proposition 114. W acts transitively on bases.
Proof. First we show this for W’. Choose two bases A(y), A(y’). Then note that o(A(y)) = A(o(y)).
Also, o sends positive roots to positive roots.

Choose 0 € W’ such that (o(y), 8) is as large as possible. Then for « € A, (c40(y),8) < (o(y), ).
This implies that (o(y), ®) > 0. Because v is regular, so is o(y). Therefore o(y) is in the Weyl
chamber associated to A, as desired. O
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Next, any root 3 is part of some base, so it can be obtained from some simple root by a series
of simple reglections. Next, we want to show that W/ = W. This follows from the fact that
goyg L = Og4(v) for any g € O(E).

Finally, we will show that W acts simply transitively on bases. Choosing a reduced expression
for w, we have w(«;,) < 0if t > 1. However, w(A) = A, so w(«);, > 0. This is a contradiction, so
w=1

This discussion defines a length function W — Z > 0. Then for w € W, define ®*(w) = {« €
Ot | w(ex) < 0}. For example, @ (1) =0 and @ (0«) = {o).

Proposition 115. There exists a unique wy € W such that ®+(wg) = @+,
Proof. If A is a base, then so is —A. O

Lemma 116. {(w) = #O T (w).

17 Lecture 17 (Oct 31)

The projector is on and the screen is down over the board. I do not know what Eric plans to do
with the computer.

Recall that last time we defined the length function. We need to prove Lemma 116.
Proof of Lemma 116. We use induction. It is true for w = 1 and for w a simple reflection, so then
we use the fact that the expressions are reduced to write ®*(w’) = oy, (" (w) \{«;,). Checking
this simply follows from applying o3, to @ (w’). O
Lemma 117. Let C be a Weyl chamber for A. Then for A, € C, w(A) = ponly if A = .

Now given A, we may associate its Dynkin diagram. To each simple root, we associate a node.
There is no connection if two roots are orthogonal, one line if (3, &), (x, 3) are both —1, two lines
if one is —2, and three lines if one is —3. The arrow points to the shorter root.

Example 118. Some Dynkin diagrams:
[ An: *—eo— oo
(] BTL: o—o— -0 o9
[ ] Cn: *—o— —o—o0

[ ] Dn: *——o— 4—{

° Gy e

Now it is easy to see that if @ is irreducible, then A can not be decomposed in the same way. Thus
irreducibility is captured by the Dynkin diagram.

Proposition 119. If @ is irreducible, there are at most two lengths of roots.

Proposition 120. If @ is ireducible, there exists a maximal positive root and it is long.
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Next we will classify the irreducible Dynkin diagrams and then show the existence of each possible
Lie algebra. For now, we can assume that all roots have the same length (simply laced). We will
consider the affine Dynkin diagram, formed by adjoining —6 to the diagram. Finally, we can
decorate the affine diagram by the coefficients of @ = } .o Kax. Also, if B1,..., By are the
nodes connnected to o, we have 2Ky = ) Kg..

18 LEecture 18 (Nov 5)

Recall the construction of the Dynkin diagrams from last time. Note that @ is irreducible if and
only if the Dynkin diagram is connected. Our goal is to classify irreducible root systems, which is
equivalent to classifying connected Dynkin diagrams. Later, we will see that L is simple if and
only if @ is irreducible. Today, we will classify simply-laced (ADE) Dynkin diagrams.

Theorem 121. The simply-laced connected Dynkin diagrams are the ADE.

Proof. We will use the highest root 8, which is maximal in the partial order. We know that 0 is
unique, has positive inner product with all positive roots, and is long. We may adjoin —0 to the
Dynkin diagram to obtain the affine Dynkin diagram.

By definition, we will attach a coefficient of 1 on —0. For the extended diagram, we have
2ci — ) ;_j¢j = 0. We will use this fact to construct the decorated extended diagrams.

Starting from the coefficient of —0, note that we can either have a degree 2 vertex with label 1,
where the other vertices are also 1, or a vertex with 1 attached to a vertex with label 2.

In the first case, it is easy to see that all vertices we attach have label 1, so to have a finite diagram,
we must form a cycle. Then we have A4,.

In the second case, if we branch at the label 2 vertex, it is easy to see that we have Dy,. If we do
not branch, then we attach a vertex with label 3.

In this case, the next vertex can be either 2 or 4. If we have a 2, then we need a third vertex with
label 2 and to each vertex of label 2, we attach a 1. This gives us Eg. If the fourth vertex is a 4, then
the next vertex can be 2,3,5. In the case of either 2 or 3, we have E;. In the case of a 5, the next
vertex is forced to be 6, which gives us Es. O

For non-simply laced root systems, we can show existence by writing down the Dynkin diagrams,
writing down a list of vectors in an integral lattice of a given length, and showing that the inner
product is integral. Then reflecting keeps us in the lattice.

Alternatively, we could use the computer to generate all roots from the Cartan matrix. This gives
us a set of roots which is stable under simple reflections. Then this set is also stable under all
reflections, and the integrality follows from this.

Proposition 122. If L is simple, then ® is irreducible. In ddition, if L is semisimple, then the decomposition
into simples gives an orthogonal decomposition of @.

Proof. Suppose ® = ®©; x @; and that x € ©1, 3 € Oy. If x+  is a root, it is in either ©; or ©,.
However, o + 3 has nonzero inner product with both «, 3, so o, f commute. Thus the subalgebra

Page 23 of 32



PATrICK LEI UNIVERSITY OF MASSACHUSETTS, AMHERST FarL 2019

K generated by @ commutes with 3, so K is a proper subset of L. Then K must be an ideal, so L
is not simple.

For the second part, consider the decomposition into irreduciblesL;. Then the maximal torus H in

L is simply a direct sum of the H;. O

Corollary 123. @ is irreducible if and only if L is simple.

19 Lecture 19 (Nov 7)

We know that each semisimple Lie algebra gives us a Dynkin diagram, but we have not shown
whether each Dynkin diagram gives us a Lie algebra. Also, we need to show that all maximal tori
are conjugate and that two Lie algebras are isomorphic iff they have the same root system.

Lemma 124. All maximal Borels of L are conjugate via Aut(L).
We know this to be true for sl,, by Lie’s theorem.
Lemma 125. In a solvable subalgebra of L, all toral subalgebras are conjugate.

To generate automorphisms of L, we can take x € L nilpotent. Then take exp(adx), which is
an automorphism of L. Then we call the group Int(L) the group generated by exp(adx) for x
nilpotent.

Proposition 126. If o : L — L’ is an isomorphism that takes H to H', then it induces an isomorphism of
O,

Proof. Leth € H, x € L. Then [h,x] = x(h)x = a0 o~ !(c(h))o(x). Therefore o(x) € Lyog-1- Thus
oo~ ! € @’. Then note that ¢ takes root strings to root strings, so we must have (, «) = (B/, o').
Thus ¢* is an isomorphism of root systems. O
Definition 127. H C L is a Cartan subalgebra if H is nilpotent and Ny (H) = H.

Proposition 128. If L is semisimple and H is maximal toral, then H is a Cartan subalgebra.

Proof of this uses the decomposition of L into eigenspaces for H.

Theorem 129. If L is semisimple and H is a Cartan subalgebra, then H is maximal toral.

Define the group E(L) to be the collection of exp(ad x), where ad x is called strongly nilpotent.
Here, strongly nilpotent means that x € Ly (ady) for some y € L and nonzero a.

Theorem 130. If L is solvable, then all Cartans are conjugate under E(L).
Theorem 131. If L is a general Lie algebra, then all Borels are conjugate under E(L).
Corollary 132. If H is maximal toral, then H = Cy_(s) for some s € L semisimple.

Definition 133. s € L is called regular semisimple if Cy(s) has minimal dimension among all
semisimple elements.

Example 134. In sl,, the regular semisimple elements are the ones with all distinct eigenvalues.

Corollary 135. All Borels containing Harise from some choice of positive roots @ .
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Definition 136. A parabolic subalgebra is a subalgebra containing a Borel.

Theorem 137. All parabolic subalgebra is conjugate under E(L) to a standard parabolic (block upper-
triangular).

20 Lecture 20 (Nov 12)

From a Lie algebra L, we will construct its universal enveloping algebra U(L). This is the left adjoint
to the Lie functor from associative algebras to Lie algebras.!?

Definition 138. A pair (i, U) is a universal enveloping algebra for L if U is an associative algebra over
k with a representation i: L — U satisfying the following condition: for any associative algebra A,
if j : L — A preserves the Lie bracket, then j factors uniquely through i.

Proposition 139. The universal enveloping algebra is unique up to unique isomorphism.

This follows directly from the universal property (equivalently from being the adjoint of the Lie
functor).

Now we will show existence of the universal enveloping algebra. We will construct this by taking
the quotient of the tensor algebra T(V) by the relations [x,y] = x ® y —y ® x, recalling that the
tensor algebra is the left adjoint of the forgetful functor from associative algebras to vector spaces.
Note that the universal enveloping algebra is not graded.

Remark 140. Later, we will see that L is isomorphic to its image in U(L) (the unit of the adjunction).
It is easy to see that i([x,y]) = i(x)i(y) —i(y)i(x). This follows directly from the definition of U(L).

Now we will show that (i, U) is universal. Note that the map L — A factors uniquely through T(L).
Then the map from T(L) kills anything of the form x ® y —y ® x — [x,y], so it factors uniquely
through U(L).

Now given any left ideal of U(L), we may consider modules U(L)/I. There are also representations
of L. We will use this technique to construct representations of semisimple Lie algebras.

Example 141. Let L = sl. Then we can construct U(L), which is a filtered algebra.14. The filtration
is given by

Up=n(T@®-- - @Tm).
Then the associated graded algebra is G = Uy @ U; /Uy @ - - - with multiplication induced from

U(L). It is easy to see that G is commutative. In addition, it is easy to see that the Casimir element
is xy + %hz + yx, which is contained in the center of U(L).

Now we try to construct the two-dimensional representation as a quotient of U(L). Consider the
ideal I = (x, h— 1,y2>. Then U/I is spanned by 1, y.

13We can just show that the Lie functor preserves limits, but Eric turned down my shitposting request.
4The associated graded algebra is a symmetric algebra by the PBW theorem
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21 Lecture 21 (Nov 14)

Note that by the universal property of the universal enveloping algebra, a representation of L is
the same thing as a representation of U(L). In fact, once we see that L C U(L), then this gives an
equivalence of categories between the two notions.

Theorem 142 (Poincare-Birkhoff-Witt). Choose an ordered basis x; < xp < --- for L. Then the products
Xi(1)X4(2) " " Xi(m) Where 1 <i(1) < 1(2) < --- < i(m) form a basis for U(L).

Corollary 143. 1. L C U(L).
2. IfH C L, then U(H) C U(L). In addition, U(L) is a free U(H)-module.

Now recall that a semisimple Lie algebra can be decomposed as H@® N & N~, where N is the sum
of the weight spaces of the positive roots.

Also recall the symmetric and exterior algebras and their graded pieces. Next, if L is semisimple,
A\ L splits as an an L-module. We may ask in what degrees the trivial representation appears
because A™ L is an L-module. This allows us to construct a “Frobenius polynomial” by

dim L i
Y dim(Hom(k, /\ L))q".
i=1

By a result of Konstant, this polynomial is

dim H
H (1_’_q2mi+1)
i=1

where m; < - -+ < mp.

Example 144. A’ s, is the irreducible representation with highest weight 2, so the Frobenius
polynomial is 1+ q>.

Corollary 145. The PBW theorem is equivalent to the following: the associated graded algebra for U(L) is
isomorphic to S(L).

After this, we went into a discussion about the infinite-dimensional exercise from the last home-
work. Now consider the ideal I C U(sl,) generated by x, h —A. Then note U/I is generated by the
image of 1. By construction, x kills 1 and h.1 = A. Unfortunately, this is infinite-dimensional, so we
need to kill some power of y. By PBW, all powers of y are linearly independent, so U(L)/I) ~ Z(A).

Now let L be semisimple with Borel H& N. Then N has a basis {x«} given by the positive roots
®* and H has a basis given by h; for a; € A. Then for any A € H*, we can define

I = (xa [ € ®F} {hy —A(h)}).
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22 Lecture 22 (Nov 19)

Today we will begin the classification finite dimensional irreducible representations of L for L
semisimple. Let V be a finite dimensional representation of L. Then restricting to H, we obtain that

v= P L.

peH~

We denote the p-weight space of V by V..

Now recall that the Borel is associated to a set of simple roots. It is easy to see that B is solvable.
By Lie’s theorem, there exists v € V such that B.vt € Fvt. In particular, Nvt = 0 and
hv™ = A(h).vT for some A € H*,

We will call v a maximal vector and A is called the highest weight. Now we consider what weights
may occur as highest weights. If § € @, then a choice of nonzero xg € Lg we have a unique
hg € H/‘JBEL,ﬁ such that xg, hg,yp is the usual basis of sl,. Now let S; be the sl associated to
the simple root «;. Then because v is an eigenvector for hi, A(h;) must be a nonnegative integer.
In addition, v is maximal for S;.

Definition 146. 1. Any A € H* is called a weight.
2. If (A, &y) € Z for all i, then A is an integral weight.
3. If (A, 1) € Z>, then A is dominant integral. If (A, &;) € Z~, then A is strictly dominant.

We will call A the set of integral weights and A™ the set of dominant integral weights. We focus
on the integral weights, which must be rational combinations of the simple roots. We know that
amongst the roots of L there are at most two dominant integral weights: the highest long root ©
and the short dominant root ©;.

It is also easy to see that ® C A, so we have Z[®] C A C E ~ R™. We call Z[®] the root lattice
and A the weight lattice.

Example 147. In A;, the dominant region is 0 < 8 < 7/3. An example of a dominant weight is
1 2
3%1 + 300.

In addition, the dominant integral root is & 4+ xy. Therefore sl3 is a highest weight representation
for © = o1 + xp.

The standard representation has maximal vector (1,0,0) and highest weight %(ocz +20).
This suggests
Proposition 148. If V is a finite dimensional irreducible representation, then A € A

First recall that if R is a rint and L is some left ideal, then M ~ R/I is a left ideal. In adition, M is a
cyclic module (generated by one element).

Definition 149. V is a standard cyclic module if V is cyclic and B.vt = Fvt, where v is the
highest weight vector.

Note that any standard cyclic module is of the form U(L)/I, where I contains the span of
xi, hi —A(hy).
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Theorem 150 (Theorem on standard cyclic modules of highest weight A).  (a) Vis spanned by [[5cq+ yiﬁﬁ
and V is a direct sum of its weight spaces.

(b) The weights are of the form p=A—3Y 1 ; Kias.
(c) Forall € H*, V\ is finite dimensional and dim V,, = 1.

Proof. Write L =N~ @ B. Then if u € U(L), by PBW, we have } ; Hg};ul, where {3 runs over the

positive roots and uy € U(B). Then uvt =) | HB yiBICI.\PL. Because ¢ is a constant we have the
first part of (a).

Next note that v € V) implies that w has eigenfunctional A — }_ iy fx. This implies (a). For (b),
just write 3; as a sum of the o;.

Finally, fix p € H*. We need to solve p = A — Y i} 3y in nonnegative integers. This is the same as
writing A — = }_ 1) By. Because the positive roots are nonnegative combinations of simple roots,
there are a finite number of solutions. In addition, there is one solution for A — . O

Remark 151. The number of solutions of A —p = ) 1y By is called the Kostant partition function.
This is given by

[Ta—ef)

>0
We will prove additional parts of the theorem on standard cyclic modules.

Proposition 152. Each submodule of V is a direct sum of its weight spaces.

Proof. Let W C V be a submodule. Then w € W is given by w = v + - - - + v. Then acting by h
repeatedly, we obtain that v, € W. Then we use induction. O

Proposition 153. V is indecomposable with a unique proper maximal submodule.

Proof. Note that any proper submodule W C V lies in a sum of weight spaces not containing
V. Therefore V is indecomposable. In addition, the sum of all proper submodules is the unique
maximal submodule. O

Corollary 154. Standard cyclic modules have a unique irreducible quotient.

23 LEecTURE 23 (Nov 21)

Recall that V is standard cyclic if it has a maximal vector which generates V. Now let @ be an
irreducible root system. Then we define the fundamental weights to be the dual basis to %%oq, o).

We call the final weights A; (or @). Then the A; are a Z-basis of A and the Z3(-monoid spanned
by the A; is AT,

In general, the A; can be written as ) d;«;, where 0 < dj € Q. As a consequence, we have

Proposition 155. For A € A", the number of p € A+ with p < N is finite.
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Recall from last time that weight spaces in standard cyclic modules are finite-dimensional and
that V has a maximal proper submodule. Therefore it has a unique irreducible quotient.

It turns out that the standard cyclic module Z(A) is isomorphic to U(L) ®(g) Da, where xy.v =
0,h.v = A(h)v. This is called the Verma module of high weight A. By PBW, we know U(L) is free
over U(B).

It is easy to see that the map from Z(A) to the Verma module is an isomorphism. Then consider
the unique irreducible quotient V(A).

Theorem 156. If A € A", then V(A) is finite dimensional.

Lemma 157. Any V(A) has a unique maximal vector.

Proof. If there are two maximal vectors with weights A, 11, then it is easy to see that A = . We also
know that V; is one-dimensional. O

Lemma 158. 1. [x]-,y‘i‘ﬂ] -0

2. [y, y¥H) = —(k+ Do (hy )y

i j

3. i, yFt 1 = —(k+ Dyk(k—hy).

Proof of Theorem 156. Choose m; = (A, ;) € Z>¢. First set w = y{“iH. Then by Lemma 158, we
have xj.w = x{.w =0, so N.w = 0. Thus w is a maximal vector, but it has weight A — (m; + 1),
sow =0.

This implies that V(A) contains a nonzero finite-dimensional S;-module for each i = 1,...,n.
Next we observe that V is a sum of finite-dimensional Si-modules. Now let W C V(A) be
a finite dimensional S;j-submodule. Then consider the span of xoW for all « € ®. This is
finite-dimensional and is an S;-submodule because [xi, x4] is either h; or Xy ;-

Now let S’ be the sum of finite-dimensional S;-submodules. Then clearly S’ is L-stable. Therefore
because V(M) is irreducible, S’ = V(A). Therefore, for each i, V(A) is a sum of finite-dimensional
Si-submodules. However, each weight space is finite dimensional, so it is contained in some finite
sum of finite-dimensional S;-modules. Finaly, the sum

@ vu+ko¢~1

keZ

is a finite-dimensional S;-module. Thus we need to show that there are finitely many strings. By
the standard theory of slp, we know that the string runs between 1, s; (i), where s; is the reflection
across o. Also, dim Vs, (,,) = dim V|, Also, there exists w such that w(p) € AT. Therefore all
weights in V(A) are W-conjugate to a dominant weight p*, so there are only finitely many strings
of the form given above. O

24 Lecture 24 (DEc 3)

We begin by finishing the proof of Theorem 156. This is given at the end of the previous lecture.
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Corollary 159. Note that dim V(A), = dim V(A),, () for w € W.

Now it remains to compute the dimension of V(A),, and the dimension of V(A). We have formulas
of Weyl, Freudenthal, and Kostant.

Consider G = IntL the group of automorphisms of L generated by e?d* for x nilpotent. Then

construct the flag variety G/B and the line bundle £ = G xg C,, where C, is given by the

character xixj’l.

Then we have:
Theorem 160 (Borel-Weil-Bott). For any weight A, we have

0 A ¢ AT

0 _
H(G/B, La) = {V()\) Ae AT

In addition, if w(A + 8) is strictly dominant for some 5, w, then L has a unique nonzero cohomology group

HOW)(G/B, £3) =~ V(WA +8) —6).

Theorem 161 (Kostant’s Formula). For weights A, u, recall that dim Z(A),, is the number of ways to
write A — W as a nonnegative sum of positive roots. Write p(A — ) = dim Z(A),. We have

dimVA)u = Y (=D ™pw(d+8) — (n+0).
wew

25 LecTture 25 (DEc 5)

Note that V(A) is finite dimensional iff A is dominant integral. Today we will compute dim V/(A)
and dim V(A),,. First, we will capture the action of H on V. Assume that V is a direct sum of
weight spaces for H (this is always true if V is finite-dimensional). Consider the group ring Z[A]
where | € A is represented by e* (so we do not confuse multiplication and addition).

Definition 162. The character of V=D, c1y- Vi is
chy = Z (dim V. )e*.
HEAN

Then recall that dim Z(A), =p(A — ).

Example 163. The dominant weights (for Aj) less than 20; + 20ty are 2a + x2, 1 + 2012, 0t + .
Then we obtain p(2x; + 20tp) = 3. More generally, p(ac; +bxy) = min(a, b) + 1.

Example 164. Note that V(x1 4+ az) = L. In the Verma module, we see that o1 + o, 1, 6, o7 —
oy, ot — & have dimension 1, 0, —o;, —ap have dimension 2, and —x; — & has dimension 3.

Now consider V(21 + 20p). Applying s;, then we obtain —o; + 2ap, and applying sp, we
obtain 27 — . Then note that 207 + 20y, &1 + 20, 20¢1 + ot have dimension 1, and o7 + «; has
dimension 2, and 0 has dimension 3. Then we put this together to find that dim V(20 +20tp) = 27.
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Recall the notion of a composition series for a finite group. We apply the same notion here
for R-modules over any rings R. In addition, when composition series exist, a version of the
Jordan-Holder theorem holds.

Theorem 165. Every Verma module has a composition series. In addition, simple quotients are of the form
V(u), where w+ & is w-conjugate to A + 5.

Call u ~ A (linked) if there exists w such that w(A + 8) = p+ 6. Then define the set of u < A that
are linked to A by O(A). then we have

Corollary 166. chZ(A) = } |, co(a) cuch(V(n)), where ¢, € N.

This formula comes from analyzing a short exact sequence. By some Mdbius inversion-like process,
we obtain ch(V(A)) = Zue@()\) dﬁ ch(Z(w)).

26 LecTtURE 26 (DEC 10)
We can define a g-analog of the Konstant partition function:

Pq (H) _ Z q#{nonzero k(x}'
(ka€Sy)

Then we may deine a g-analog of multiplicity. Then for dominant integral A, p, m{}(q) has nonzero
coefficients and is a Kazhdan-Lusztig polynomial for the affine Weyl group of L.

Sketch of proof of Theorem 165. Consider Z = Z(U(L)). In addition, consider a maximal vector v
of weight A. Then h.zv™ = zhv" = A(h)zvT and xg.zvT = zxg. v =0, so zv' is a scalar

multiple of v. Then this scalar is x, : Z — F. In fact, z € Z acts by this scalar on all of Z(}).
Next choose o4 such that (A, ;) = m > 0. Then y‘g}iﬂ.v* is a maximal vector of weight
A—(m+1)o = su; (A+8) — 0. Then, after taking the quotient, we can obtain that xs,» = Xa.
Thus, x, is invariant under W.

Now using Harish-Chandra, if Z(A) is not irreducible, then we have a proper submodule V C Z(A).
Then choose v a maximal vector of some weight 1. Then we have a morphism Z(p) — U(L).v, so
Xu =X, and thus A ~ p. There are only finitely many p such that p ~ A, and each Z(A),, is finite
dimensional, so the process terminates with a composition series. O

Theorem 167 (Harish-Chandra). For A € H*, if xp = x, then A ~ L.

Remark 168. 2 = U(L)C. In addition, by PBW, 2 ~ S(L)€. Finally, S(L)¢ ~ S(H)W and is a
polynomial ring C[fy, ..., fn]. In addition, [W| =] [ deg f;. We may also define a g-analog

deg fi _ 1

q
IS e

wew

Theorem 169 (Weyl Character Formula). For A dominant integral, we have

Zwew(_l)ﬁ(w)ew(A+6)
Zwew(_l)ﬂ(Z)eW(é)

chV(A) =
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Example 170. For sl, the Weyl character is
em—o—l o e—m—l

- : :em+em—2+_”+e—m+2+e—m.
et —e

Theorem 171 (Weyl Dimension Formula). Choose an invariant inner product on H*. Then we have

_ [TasoA+0,x)

dim V(A) e
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