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Definitions

Indecomposable: doesn’t decompose as A @ B. Weaker than irreducible.
Irreducible: simple, i.e. no nontrivial proper submodules. Implies indecomposable.
Completely reducible: Direct sum of irreducibles.

Solvable: Derived series terminates.

Borel: maximal solvable subalgebra.

Radical: Largest solvable ideal.
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Semisimple: Direct sum of simple modules.
— Acts in a diagonalizable way.
Antidominant weight: (A + p, o) ¢ Z”°, equivalently M()\) = L(\).

e Dominant weight: (A +p, o) ¢ Z<°.

Regular weight: A is regular iff the isotropy /stabilizer group Staby () == {w ew ’ wA = w} =

1, equivalently |[WA| = [W] so (A +p, o) #0 for all a € ®.

Singular weight: Not regular.

Linked: g~ A <= p € W - A, the orbit of A under W, a.k.a. the linkage class of A.

Socle: Direct sum of all simple submodules.

Radical: Intersection of all maximal submodules, smallest submodule such that quotient is
semisimple.

Head: M /rad(M).

List of Notation

M(X): Verma Modules
L(\): Unique simple quotient of M (\).
N(X) the maximal submodule of M(\)

The root system
¢ ={aep’ ‘ [ha] = a(h)z Vh € b}

containing roots «

— Abstractly: spans a Euclidean space, \a € ¢ = X\ = £1, and closed under reflections
about orthogonal hyperplanes.

®* the corresponding positive system (choose a hyperplane not containing any root), ® =

g i

o
sa()=()=2(+, a)—03
[lexll
the corresponding reflection about the hyperplane H,
o = {:c €g ’ [hz] = a(h)x Vh € b} the corresponding root space

The triangular decomposition

0= P .00 P ga=n"@hont

acdt acd—

A the corresponding simple system of size ¢, i.e o = Z 505 with ¢ € 220,
OLEA

A= {)\ ) ‘ (N, ') €ZVa e CIJ} the integral weight lattice

2 LIST OF NOTATION 6



AT = Z7Q the dominant integral weights
— Q= {wy, - ,w¢} the fundamental weights
[A : B] the composition factor multiplicity of B in a composition series for A.
(A : B) the composition factor multiplicity of B in a standard filtration for A.
Dy = {a cd ’ (A, oY) e Z} the integral root system of A
Ay the corresponding simple system
W\ the integral Weyl group of A
u T A: strong linkage of weights
O, the block corresponding to A.

char M = Z (dim My)e* the formal character.
AepY

3 Useful Facts

A dominant integral = wA < A for all W.

M () is simple <= X is antidominant.

The dot action is given by w - A = w(A + p) — p.

For any filtration 0 < M™ < M" 1 — ... — M! < M° = M, we have

char M = zn:char (M"/Mifl),
i=1

i.e. the character of M is the sum of the characters of its composition factors (with multiplicity).

e Head (M (X)) = L())
e rad(M(N)) = N(A)
e Soc (M(X)) =2 M(wo - A) = L(p) for p the unique antidominant highest weight in the block

determined by A (?)
Soc (M(w - \)) = L(wg - N).

[M(X): L(p)] > 1 <= pt A (strong linkage)

4 SL2 Theory

Definition The group and the algebra:

si(n,C) = { M € GL(n,C) ' det(M) = 1}

sl(n,C) = {M € GL(n, C) ( Tr(M) =0}

The usual representation on C%: h has eigenvalues +1, yields L(1).

4 SL2 THEORY 7



e The adjoint representation on C*: ad h = diag(2,0, —2) with eigenvalues 0, £2, yields L(2).

S S A

Generated by

with relations

[hx] = 2z
[hy] = —2y
[zy] = h
Some identifications:
D= A
dimh =1
A=27Z
A =27/27

AT =1{0,1,2,3,---}

W=1{l,5} X< -\
XA=Xu = p=A—-X—2 (linked)
OMN)={\A=2,--}

p=1
oa=2
So A= —\—2.

For A dominant integral

dimL(\) = A+ 1
(L) = {\A—2,---, —A}
dim (L(N)),, = Vi = \—2i.

e Simple modules are parameterized by dominant integral weights:

M()\) is simple <= A ¢ Z=" = AT <= dimL(\) = co

4 SL2 THEORY 8



1.l£—|. 1-11—2 1'11
u U y U u U
i1 h h

Figurg 2.2, The action of r and y on the eigenspaces of
an irreducible slz-module.

Finite-dimensional irreducible representations (i.e. simple modules) of s[(2,C) are in bijection
with dominant integral weights n € A, i.e. n € Z=°, are denoted M (n), and each admits a basis

{v,- 0<1< n} where

h-v; = (n—2i);
x-v;=Mn—1i+1)vi1

y-v; = (i + 1)vigq,

setting v_1 = v,41 = 0 and letting vy be the unique vector in L(n) annihilated by x.

e rad M(\) = N())
o hd M()\) = L(\).
o M(\) for A > 0 not integral is simple, however —A —2 ¢ W - A.
e A\ >0 = char L(\) = char M(\) — char M (s, - A) where so - A = —\ — 2.
e For A >0, dim L(A) = A+ 1 and so
A1 _ A1
char LA) =e* +e* 2 4. 4 e = T
el —e

For \ # p € Z, the composition factors of M () are M (\), L(—\ — 2).
There is an exact sequence

0 N\ M) —— L(\) —— 0

0 — L(-A—2) — M(\) —— L(A) —— 0
Characters:

char M () = char L(\) 4 char L(sq - A)
char M (sq - A) = char L(sq - A).

We can think of this pictorially as the ‘head’ on top of the socle:

4 SL2 THEORY 9



L(\)

MO = 705

We can invert the formula to get equation (2), which corresponds to inverting this matrix:

char L(A) = char M(\) — char M (s, - A)
char L(sq - A\) = char M(sq - A).
If A & AT, then char L(\) = char M ()\) and by 1 = 1,by s, = 0 are again independent of A € h* \ AT.

5 SL3

5[(3,C) has root system As:
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21/3

O = {+a, 6,47 = a+ §}
A = {a, B}
" = {a, 8,7}

W ={1,54, 58, 558, S85a, W0 = 505850 = SB5a S8} -

For A regular, integral, and antidominant:

o M(N\) =L\
e No other M (w - A) is simple

5 SL3
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Soc (M(w - X)) = L(\).

[M(w-A): LA)] =[M(w- ) : L(w-A)] =1 for all w.
char L(sq - A\) = char M(sq - A) — char M()).

char M(sq - A) = char L(sq - \) + char L(\).

The Jantzen filtration when w € {sqg, 5o, wo} is given by

6 Wednesday January 8

Reference: Humphrey’s “Representations of Semisimple Lie Algebras in the BGG Category O”.
Course Website: https://faculty.franklin.uga.edu/brian/math-8030-spring-2020

6.1 Chapter Zero: Review

Material can be found in Humphreys 1972. Assignment zero: practice writing lowercase
mathfrak characters!

In this course, we’ll take k = C.
Recall that a Lie Algebra is a vector space g with a bracket [-, -] : g ® g — g satisfying

o [zz]=0forallzeg
— Exercise: this implies [zy] = —[yx].
Hint: Consider [z + y,z + y]. Note that the converse holds iff char k # 2.
Exercise: This implies Lie Algebras never have an identity.
o [z[yz]] = [[zy]z] + [y[zz]] (The Jacobi identity)
— This says = acts as a derivation.

Definition 6.0.1 (Abelian).
g is abelian iff [xy] = 0 for all z,y € g.

There are also the usual notions (define for rings/algebras) of:

e Subalgebras,

— A vector subspace that is closed under brackets.
e Homomorphisms

— Le. a linear transformation ¢ that commutes with the bracket, i.e. ¢([zy]) = [¢(x)p(y)].
e Ideals

Exercise Given a vector space (possibly infinite-dimensional) over k, then (exercise) gl(V) :=
Endg (V) is a Lie algebra when equipped with [fg] = fog—go f.

Definition 6.0.2 (Representation).
A representation of g is a homomorphism ¢ : g — GL(V') for some V.

6 WEDNESDAY JANUARY 8 12
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6.2 Semisimple Lie Algebras

Example 6.1.
The adjoint representation is ad : g — gl(g), where ad (z)(y) = [zy].

Representations give g the structure of a module over V, where z - v := ¢(x)(v). All of the usual
module axioms hold, where now [zy]-v =z (-v) —y - (z-v).

Example 6.2.
The trivial representation V' = k where x - a = 0.

Definition 6.0.3 (Irreducible).
V' is irreducible (or simple) iff V' as exactly two g-invariant subspaces, namely 0, V.

Definition 6.0.4 (Completely Reducible).
V' is completely reducible iff V' is a direct sum of simple modules, and indecomposable iff V' can
not be written as V= M @ N, a direct sum of proper submodules.

There are several constructions for creating new modules from old ones:
e The contragradient/dual V" = homy(V, k) where (z- f) = —f(x-v) for fe VY, z € gve V.
e The direct sum V @& W where z - (v,w) = (z-v,z-w) and z - (v +w) =z - vy - w.
e The tensor product where z - (V@ w) =z -vQ@w +v® = - w.
e homy(V, W) where (z- f)(v) =z f(v) — f(z - v).

— Note that if we take W = k then the first term vanishes and this recovers the dual.

6.2 Semisimple Lie Algebras

Definition 6.0.5 (Derived Ideal).
The derived ideal is given by g\ = [gg] == spank({[a:y] ‘ x,y € g})

This is the analog of the commutator subgroup.

Lemma 6.1.

g is abelian iff g(l

) = {0}, and 1-dimensional algebras are always abelian.

This follows because if [zy] := 2y = yx then [zy] =0 < zy = yx.

Definition 6.1.1 (Simple).
A lie group g is simple iff the only ideals of g are 0,g and g(!) # {0}.

Note that thus rules out the zero modules, abelian lie algebras, and particularly 1-dimensional lie
algebras.

6 WEDNESDAY JANUARY 8 13



6.2 Semisimple Lie Algebras

Definition 6.1.2 (Derived Series).
The derived series is defined by 9(2) = [g(l) g(l)], continuing inductively. g is said to be solvable
if g™ = 0 for some n.

Lemma 6.2.
Abelian implies solvable.

Review definition of nilpotent algebras.

Definition 6.2.1 (Semisimple).
g is semisimple (s.s.) iff g has no nonzero solvable ideals.

Exercise Simple implies semisimple.
Some remarks:

1. Semisimple algebras g will usually have solvable subalgebras.
2. g is semisimple iff g has no nonzero abelian ideals.

Definition 6.2.2 (Killing Form).
The Killing form is given by k : g®g — k where x(x,y) = Tr(ad = ad y), which is a symmetric
bilinear form.

Lemma 6.3.
s([zy, 2) = s(z, [yz]).

Recall that if 8 : V®? — k is any symmetric bilinear form, then its radical is defined by

radﬁz{véV’B(v,w)zOVwEV}.

Definition 6.3.1 (Nondegenerate Bilinear Form).
A bilinear form £ is nondegenerate iff radg = 0.

Lemma 6.4.
rads < g is an ideal, which follows by the above associative property.

Theorem 6.5 (Characterization of Semisimplicity Using the Killing Form).
g is semisimple iff x is nondegenerate.

Example 6.3.
The standard example of a semisimple lie algebra is g = sl(n,C) = {x € gl(n,C) ‘ Tr(z) = 0}.

Note: from now on, g will denote a semisimple lie algebra over C.

6 WEDNESDAY JANUARY 8 14



Theorem 6.6 (Weyl’s Complete Reducibility Criterion).
Every finite dimensional representation of a semisimple g is completely reducible.

In other words, the category of finite-dimensional representations is relatively uninteresting — there
are no extensions, so everything is a direct sum. Thus once you classify the simple algebras (which
isn’t terribly difficult), you have complete information.

7 Friday January 10th

Let g be a finite dimensional semisimple lie algebra over C.
Recall that this means it has no proper solvable ideals.

A more useful characterization is that the Killing form x : g® g — g is a non-degenerate symmetric
(associative) bilinear form.

The running example we’ll use is g = sl(n, C), the trace zero n X n matrices.

Let h be a maximal toral subalgebra, where z € g is toral if x is semisimple, i.e. ad = is semisimple
(i.e. diagonalizable).

Example 7.1.
h is the diagonal matrices in sl(n, C).

Fact b is abelian, so ad b consists of commuting semisimple elements, which (theorem from linear
algebra) can be simultaneously diagonalized.

This leads to the root space decomposition,

Gzh@@%-

acd

where g, = {3: €g ‘ [hz] = a(h)x Vh € f)} where o € h¥ is a linear functional.

Here h = Cy(h), so [hx] = 0 corresponds to zero eigenvalues, and (fact) it turns out that b is its
own centralizer.

We then obtain a set of roots of b, g given by & = {a chY ’ a#0,9q # {0}}

Example 7.2.
go = CLEj; for some i # j, the matrix with a 1 in the 4, j position and zero elsewhere.

Fact The restriction Ii‘h is nondegenerate, so we can identify b, " via x (can always do this with
vector spaces with a nondegenerate bilinear form), where £ maps to another bilinear form

(7)
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7.1 Facts About ® and Root Spaces

hY 5\ < ty€h
A(h) = K(tx,h)  where (A, 1) = K(tx, ty).

7.1 Facts About ¢ and Root Spaces
Let a, 8 € ® be roots.
1. ® spans h” and does not contain zero.

2. If @ € ® then —a € @, but no other scalar multiple of « is in .

Aside:
o dimg, = 1.
o If 0 # x, € g, then there exists a unique y, € g_, such that z,, Yo, ha = [Ta,Ya] Spans a
3-dimensional subalgebra in sls, given by z, = [0,1;0,0], yo = [0,0; 1,0], he = [1,0;0, —1].
2
e Under the correspondence h <= h" induced by &, hy <= o = @ O;). Thus for all A € Y,
2(A, @)
Ahe) = (N, aY) = .
( a) ( ,Ol ) (0(70[)

o If o+ 3 #0, then £(ga,95) = 0.

3. (B,aY)eZ
4. 54(B) =B — (B,a")a € P.

If a+ 3 € @, then [gogs] = go+p. Example: If @« = E;;,f = Ej, where k # i, then
[Eij, Ejx] = Eg.
e g is generated as an algebra by the root spaces g,

e Root strings: If 8 # 4, then the roots of the form « + kB for k£ € Z form an unbroken string
a—rB,--,a—B,a,a+ B, ,a+ LB consisting of at most 4 roots where r — s = (a, BY).

Ezxample: The circled roots below form the root string for 3:
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7.1 Facts About ¢ and Root Spaces

»
/

(’/ 7 29 \3 \\
y i‘*} B /

N
/
/

In general, a subset ® of a real euclidean space E satisfying conditions (1) through (4) is an (abstract)
root system.

When ® comes from a g, F := R®.

7.1.1 The Root System
There exists a subset A C ® such that

e A is a C-basis for g”
e § € ® implies that § = Z cq With either
acA
— AHCQGZZO — ﬁ€<I>+ or 8 <0.
—Allcy €Z<y <= S €P or f>0.

A is called a simple system.

If A= {ai,---,a;} then ®Tare the positive roots, and ®* > 3 = Z cq, then the height of 8 is
aEA
defined as Z Ca € Zisg.

Note that Z® := A, is a lattice, and is referred to as the root lattice, and A, C E = R®. We also
have &+ = { BY ‘ RS <I>}, the dual root system, is a root system with simple system AY.

Important subalgebras of g:

e Upper triangular with zero diagonal n = n™ = Z 93
B8>0
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7.1 Facts About ¢ and Root Spaces

e Lower triangular with zero diagonal n~ = Z 9-3

8>0
e Upper triangular, b = h 4+ n a Borel subalgebra

e Lower triangular, b= =H+n".
There is thus a triangular (Cartan) decomposition, n~ @& b @ n.

Fact If 5 € @7\ A, and if a € A such that (3,a") > 0, then 8 — (8,a")a € ®T has height strictly
less than the height of 3.

By root strings, 3 — o € ®* is positive root of height one less than 3, yielding a way to induct on
heights (useful technique).

7.1.2 Weyl Groups

For a € ®, define

Sa:h’ — 1Y
A= A= (A a)a

This is reflection in the hyperplane in E perpendicular to a:

o

N\

2P
XA )
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Note that s? = id.

Define W as the subgroup of GL(E) generated by all s, for a € ®, this is the Weyl group of g or @,
which is finite and W = <sa ‘ o € A> is generated by simple reflections.

By (4), W leaves ® invariant. In fact W is a finite Coxeter group with generators S = {sa ’ o€ A}

and defining relations (SaSg)m(a’ﬁ) =1 for o, 8 € A where m(a, ) € {2,3,4,6} when o # 8 and
m(a,a) = 1.

Note that if this finiteness on numerical conditions are met, then this is referred to as a
Crystallographic group.

8 Monday January 13th

8.1 Lengths

Recall that we have a root space decomposition g = b & @ gp for finite dimensional semisimple lie
ped
algebras over C. We have sg(\) = A — (), 8Y)3, for A € " and the Weyl group

W:<35‘ﬁ€@>:<sa‘a€A>
where A = {a;} are the simple roots.

For w € W, we can take the reduced expression for w by writing w = s1 - - - s, with s; simple and n
minimal. The length is uniquely determined, but not the expression. So we define ¢(w) := n where
£(1) =0.

Facts:
1. £(w) is the size of the set {6 c ot ‘ wh < 0}
e The above set is equal to & ﬂw_1<1)_.

e In particular, for 8 € ®*, 3 is simple (i.e. B33 A iff £(sg) = 1).
e Note: a is the only root that s, sends to a negative root, so s4(3) > 0 for all 3 € &\ {a}.

2. L(w) = L(w™?) for all w € W, so £(w) is also the size of @ﬂu@ (replacing w™! with w)

3. There exists a unique wg € W with ¢(wp) maximal such that ¢(wp) = ‘<I>+‘ and wo(®T) = &~
e Also l(wow) = (wg) — £(w)
Note that the product of reduced expressions is not usually reduced, so the length isn’t additive.

4. For o € @, w € W, we have either
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8.2 Bruhat Order

Taking inverses yields £(sqw) > £(w) <= w 'a > 0.

8.2 Bruhat Order
Let S be the set of simple reflections, i.e. S = {sa ‘ a € A}. Then define
T = U wa_1:{55 ’ 5€<I>+}.
weW
This is the set of all reflections in W through hyperplanes in E.

We'll write w’ % w means w = tw’ and {(w") < £(w). Note that in the literature, it’s also often
assumed that that £(w') = ¢(w) — 1. In this case, we say w’ covers w, and refer to this as “the

covering relation”. So w’ — w means that w'’ L w for some t € T. We extend this to a partial
order: w’ < w means that there exists a w such that

w =wy — wy — - — W, = w.

This is called the Bruhat-Chevalley order on V.

Corollary 8.1.
w <w = l(w') < l(w), so 1€ W is the unique minimal element in W under this order.

It turns out that if we set w = w't instead, this results in the same partial order.

If you restrict T" to simple reflections, this yields the weak Bruhat order. In this case, the left and
right versions differ, yielding the left/right weak Bruhat orders respectively.

Note that this is because conjugating a simple reflection may not yield a simple reflection
again.

Recall that lie algebras yield finite crystallographic coxeter groups.
Properties For (W, S) a coxeter group,

/ . / . .
a. w < w iff w’ occurs as a subexpression/subword of every reduced expression sj - - - s, for
w, where a subexpression is any subcollection of s; in the same order.

Note that this implies that 1 is not only a minimal element in this order, but an infimum.

b. Adjacent elements w’, w (i.e. w’ < w and there does not exist a w” such that w' < w” < w)
in the Bruhat order differ in length by 1.

c. If w' < wand s €S, then w's < w or w's < ws (or both). i.e., if f(wy) = 2 = £(ws),
then the size of {w eWw ’ w] < w < wg} is either 0 or 2.
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8.3 Properties of Universal Enveloping Algebras

w1

8.3 Properties of Universal Enveloping Algebras

Let g be any lie algebra, and ¢ : g — A be any map into an associative algebra. Then there exists
an object U(g) and a map i such that the following diagram commutes:

Ulg)

Note that ¢ is a map in the category of associative algebras.

Moreover any lie algebra homomorphism g; — g; induces a morphism of associative algebras
U(g1) — U(g2), where g generates U(g) as an algebra.

U(g) can be constructed as

U(g) = T(9)/ {[z.y] 2@y —yoz|zycq).

Note that this ideal is not necessarily homogeneous.
Properties:

e Usually noncommutative

e Left and right Noetherian

e No zero divisors

e g~ U(g) by the extension of the adjoint action, (ad z)(u) = zu — ux for x € g,u € U(g).

Theorem 8.2 (Poincaré-Birkhoff- Witt (PBW)).
If {x1,---x,} is a basis for g, then {x?, R R < Z+} (noting that 2" =2z ®2 ®- -2 and

Z™ includes 0) is a basis for U(g).

Corollary 8.3.
i:g— U(g) is injective, so we can think of g C U(g).
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8.4 Integral Weights

If g is semisimple, then it admits a triangular decomposition g = n~ & h & n and choosing a

compatible basis for g yields U(g) =U(n") @ U(h) @ U(n).

If $: g — GL(V) is any Lie algebra representation, it induces an algebra representation U(g) of
U(g) on V and vice-versa. It satisfies

- (y-v)—y-(z-v)=[zy] v

forall z,y € gand v € V. Note that this lets us go back and forth between Lie algebra representations
and associative algebra representations, i.e. the theory of modules over rings.

A note on notation: Z(g) denotes the center of U(g).

8.4 Integral Weights

We have a Euclidean space E = R®™, the R-span of the roots.

Definition 8.3.1 (Integral Weight Lattice).
We also have the integral weight lattice

A={\eE ] (A aY) € Z Yo € ®(or @F or A)}.
There is a sublattice A, € A, which is an additive subgroup of finite index.

There is a partial order of A on E and Y. We write p < A <= A —pu € Zt*A =ZT®d". For a
basis A = {ay, -+, ay}, define a dual basis (w;, a}/) = 0;;. The fundamental weights are given by
a Z-basis for A. Then A is a free abelian group of rank ¢, and A* = ZTw; + - -- + ZTw, are the
dominant integral weights.

Note that in Jantzen’s book, X is used for A and X correspondingly.

9 Wednesday January 15th

9.1 Review
The Weyl vector is given by
p:w1+...+w£:1 Z B€A+.
2
BedT

Some properties:
e If a € A then (p,a”) =1
o salp) = p—a.

Let A € A™; a few facts:

1. The size of {,u €At ‘ < )\} (with the partial order from last time) is finite.
2. wA < Aforallwe W.
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9.2 Weight Representations

The Weyl chamber (for a fixed root, E = Euclidean space) is C' = {)\ ek ‘ (A a) >0Va e A} (Note

that the hyperplane splits E into connected components, we mark this component as distinguished.)

e A connected component of the union of hyperplanes is orthogonal to roots
e They're in bijection with A
e They’re permuted simply transitively by W.

And C denotes the fundamental domain.

9.2 Weight Representations

For A € hY, we let
M,\:{UEM‘h-v:)\(h)vVheb}

denote a weight space of M if My # 0. In this case, A is a weight of M. The dimension of M) is the
multiplicity of X\ in M, and we define the set of weights as

(M) = {x e | My #0}.

Example 9.1.
If M = g under the adjoint action, then II(M) = ® U {0}.

Remark The weight vectors for distinct weights are linearly independent. Thus there is a g-submodule
given by Z M, which is in fact a direct sum.
A

Note: It may not be the case that Z My = M, and can in fact be zero, although this is an

A
odd situation. See Humphreys #1, #20.2, p. 110.

In our case, we’ll have a weight module M = EB My, so h ~ M semisimply.
A

9.3 Finite Dimensional Modules

Recall Weyl’s complete reducibility theorem, which implies that any finite dimensional g-module is
a weight module. In fact, n,n™ ~ M nilpotently.

Some facts:

e II(M) C A is a subset of the integral lattice.
o II(M) is W-invariant.
e dim M) = dim M, for any A\ € [I(M),w € W.

9.4 Simple Finite Dimensional s((2, C)-modules

Fix the standard basis {x, h,y} of sl(2,C) with [hz] = 2z, [hy] = —2y, [zy] = h. Since dimh = 1,
there is a bijection h¥ <+ C, A <> Z, and A, < 2Z with o« — 2 and p — 1.
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9.4 Simple Finite Dimensional sl(2, C)-modules

There is a correspondence between weights and simple modules:

{Isomorphism classes of simple modules} — AT = {0, 1,2,3,-- }

L(\) <= A\
Moreover, L(A) has a 1-dimensional weight spaces with weights A, \—2,--- , —X and thus dim L()\) =
A+ 1
Examples:

e L(0) = C, the trivial representation,
o L(1)= C?, the natural representation where s[(2,C) acts by matrix multiplication,
e [(2) = g, the adjoint representation.

Choose a basis {vy, -+ ,vy} for L(\) so that Cvg = My, Cv; = My_o, ---CvyM_y. Then

o h-v;= (=2,
e z-v;=(AN—i+1)v_1, where v_; =0
e y-v; = (i+ 1)viy1 where vy4q :=0.

We then say L(\) is a highest weight module, since it is generated by a highest weight vector .
Then W = {1, so}, where s, is reflection through 0 by the identification a = 2.
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10 Chapter 1: Category O Basics

The category of U(g)-modules is too big. Motivated by work of Verma in 60s, started by Bernstein-

Gelfand-Gelfand in the 1970s. Used to solve the Kazhdan-Lusztig conjecture.

10.1 Axioms and Consequences

Definition 10.0.1 (Category O).
O is the full subcategory of U(g) modules consisting of M such that
1. M is finitely generated as a U(g)-module.
2. M is h-semisimple, i.e. M is a weight module M = @ M.
AehY
3. M is locally n-finite, i.e. the dimension of U(n)v < oo for all v € M.

Example 10.1.
If dim M < oo, then M is h-semisimple, and axioms 1, 3 are obvious.

Lemma 10.1.
Let M € O, then
4. dim M, < oo for all p € Y.

(N —Z1eT).

-

5. There exist Aq,--- A € h¥ such that II(M) C

=1

Proof .

By axiom 2, every v € M is a finite sum of weight vectors in M. We can thus assume that our
finite generating set consists of weight vectors. We can then reduce to the case where M is
generated by a single weight vector v. So consider U(g)v. By the PBW theorem, there is a

triangular decomposition U(g) = U(n")U(h)U(n).

By axiom 3, U(n)-wv is finite dimensional, so there are finitely many weights of finite multiplicity
in the image. Then U(h) acts by scalar multiplication, and U(n~) produces the “cones” that

result in the tree structure:
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10.1 Axioms and Consequences

N

\, N,

Figure 1: Image
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A weight of the form p = \; — an‘ai can arise from ypt - .

11 Friday January 17th

Let M

Be finitely generated,

Semisimple M = @yepv My,

Locally finite

dim M,, < oo for all u € h",

Satisfy the forest condition for weights.

U N

Theorem 11.1 (Properties of O).

a. O is Noetherian (ascending chain condition on submodules, i.e. no infinite filtrations by
submodules)

O is closed under quotients, submodules, finite direct sums

O is abelian (similar to a category of modules)

IfMeO,dimL < oo, then L ® M € O and the endofunctor M — L ® M is exact

If M € O, then M is locally Z(g)-finite (recall: this is the center of U(g)),
i.e. dimspan Z(g)v < oo for all v € M.

f. M € O is a finitely generated U(n™)-module.

e 0T

Proofs of a and b: See BA 1I, page 103.
Proof of c: Implied by (b), BA II Page 330.

Proof (of (d)).

Can check that L ® M satisfies 2 and 3 above. Need to check first condition. Take a basis {v;}
for L and {w;} a finite set of generators for M. The claim is that B = {v; ® w;} generates
L ® M. Let N be the submodule generated by B.

For any v € V, v ® w; € N. For arbitrary x € g, compute

z-(vQuw;j) =(z-v)Qw; +zQ (v-wj).

Since the LHS is in N and the first term on the RHS is in IV, the entire RHS is in N. By
iterating, we find that v ® (u - w;) € N for all PBW monomials u. So L@ M € O.
[ |

Proof (of (e)).
Since v € Mis a sum of weight vectors, wlog we can assume v € M, is a weight vector (where
A € hY). For any central element z € Z(g), we can compute

h-(z-v)=z-(h-v)=z-Xh)v=Ah)z-v.

Thus z - v € My. By (4), we know that dim M) < oo, so dimspan Z(g)v < oo as well.
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11.1 Highest Weight Modules

Proof (of (f))-

By 5, M is generated by a finite dimensional U(b) submodule N. Since we have a triangular
decomposition U(g) = U(n")U(b), there is a basis of weight vectors for N that generates M
as a U(n™) module.

|

11.1 Highest Weight Modules

Definition 11.1.1 (Maximal Vector).
A maximal vector v € M € O is a nonzero vector such that n-v™ = 0.

Note: By 2 and 3, every nonzero M € O has a maximal vector.

Definition 11.1.2 (Highest Weight Modules).
A highest weight module M of highest weight A is a module generated by a maximal vector
of weight A, i.e.

Theorem 11.2(Properties of Highest Weight Modules).
Let M = U(n")v" be a highest weight module, where v™ € M). Fix ®" = {3;,---, 8,} with
root vectors y; € gg, .

a. M is the C-span of PBW monomials <yi1 yﬁg> of weight A — thﬂi. Thus M is a
module.

b. All weights p of M satisfy u < A

c. dim M, < oo for all p € T(M), and dim M) = 1. In particular, property (3) holds and
M e O.

d. Every nonzero quotient of M is a highest-weight module of highest weight .

e. Every submodule of M is a weight module, and any submodule generated by a maximal
vector with pu < A is proper. If M is semisimple, then the set of maximal weight vectors
equals C*v™.

f. M has a unique maximal submodule N and a unique simple quotient L, thus M is
indecomposable.

g. All simple highest weight modules of highest weight A are isomorphic.

For such M, dim End(M) = 1. (Category O version of Schur’s Lemma, generalizes to
infinite dimensional case)

Proofs of a to e: Either obvious or follows from previous results. First few imply M is in O, and we

know the latter hold for such modules.

Proof (of (f)).
N is a sum of submodules, so N = Z M;, proper submodules of M. So take L = M/N. To

see indecomposability, there exists a better proof in section 1.3.
|
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Proof (of (9))-
Let M; = U(n")v{ and M; be define similarly, where the v; € (M;), have the same weight.

Then My := M;® M, implies that vt = (v{", v3) is a maximal vector for My. So N :== U(n™)v™
is a highest weight module of highest weight A.
We have the following diagram:

N

M & My

L T

M,y M,
and since e.g. N — M is not the zero map, it is a surjection.
By (f), N is a unique simple quotient, so this forces My = M. Since M is simple, any nonzero
g-endomorphism ¢ must be an isomorphism, and so we take v — cv™ for some ¢ # 0. Note
that since ¢ is also a h-morphism, we have dim M), = 1.

Since v generates M and ¢(u - v") = up(v"') = cu - v", ¢ is multiplication by a constant.
|

12 Wednesday January 22nd

Note: Try problems 1.1 and 1.3%*.

Recall: In category O, we have finite dimensional, semisimple modules over C with triangular
decompositions.

If M is any U(g) module than a vt € M) a weight vector (so A € h") is primitive iff n - v

+:

Note: it doesn’t have to be of maximal weight. M is a highest weight module of highest weight A
iff it’s generated over U(g) as an associative algebra by a maximal vector v of weight A\. Then
M="U(g) vt.

See structure of highest weight modules, and irreducibility.

-

Corollary 12.1.

If 0 £ M € O, then M has a finite filtration with quotients highest weight modules, i.e. My C
M, C--- C M, = M with M;/M;_, highest weight modules. Note that the quotients are not
necessarily simple, so this isn’t a composition series, although we’ll show such a series exists
later.

Theorem 12.2(Module Span of Weight Vectors is Finite Dimensional).

Let V be the n submodule of M generated by a finite set of weight vectors which generate M
as a U(g) module. (i.e. take the finite set of weight vectors and act on them by U(n).) Then
dimc V' < oo since M is locally n-finite.

Proof .
Induction on n =dim V. If n = 1, M itself is a highest weight module.
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12.1 Verma and Simple Modules

Note that n increases weights.
For n > 1, choose a weight vector v; € V' of weight A which is maximal among all weights of
V. Set My := U(g)v1; this is a highest weight submodule of M of highest weight . (n has to
kill v_1, otherwise it increases weight and v; wouldn’t be maximal.)
Let M = M/M; € O, this is generated by the image of V of V and thus dim V < dim V. By
the IH, M has the desired filtration, say

0OCMsCM, 1CM,=M.

Let m: M — M/Mj, then just take the preimages 7~ (M) to be the filtration on M.
|

Note: by isomorphism theorems, the quotients in the series for M are isomorphic to the quotients
for M.

12.1 Verma and Simple Modules

Constructing universal highest weight modules using “algebraic induction”. Start with a nice
subalgebra of g then “induce” via ® to a module for g.

Recall g=n" @& h @ n, here h @ n is the Borel subalgebra b, and n corresponds to a fixed choice of
positive roots in ®* with basis A. Then U(g) = U(n~) ®c U(b). Given any A € h", let C, be the
1-dimensional h-module (i.e. 1-dimensional C-vector space)on which h acts by A.

Let {1} be the basis for C, so h-1 = A(h)1 for all h € h. Then there is a map b — b/n = b, so
make C'y a b-module via this map. This “inflate” C' into a 1-dimensional b-module.

Note that b is solvable, and by Lie’s Theorem, every finite dimensional irreducible b-module is of
the form Cy for some X\ € b

Definition 12.2.1 (Verma Module).

M()\) = U(g) ®U(b) (C)\ = Indg C)\

is the Verma module of highest weight .
This process is called algebraic/tensor induction. This is a U(g) module via left multiplication,
i.e. acting on the first tensor factor.
Since U(g) = U(n") ®c U(h), we have M () = U(n™ ) ®c Cy, but at what level of structure?

e As a vector space (clear)
e As a n”-module via left multiplication
e As a b -module via the ® action.

In particular, M(X) is a free U(n™ )-module of rank 1.

Note: this always happens when tensoring with a vector space?

Consider v™ :=1® 1 € M()) (note that U(n™) is not homogeneous, so not graded, but does have a
filtration). Then v is nonzero, and freely generates M () as a U(n~)-module. Moreover n- vt =0
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12.1 Verma and Simple Modules

since for x € gg for 3 € ®*, we have

z(l®l)=z®1
=1®x-1 sincexe€b
=1®0 = z€n
:07

and for h € b,

h(lo1) =hle1l
=1®hl
=1® A(h)1
= Ah)v™.

So M () is a highest weight module of highest weight A, and thus M(X\) € O.

Observation Any weight A\ € b is the highest weight of some M € O. Let II(M) denote the set of
weights of a module, then II(M (X)) = A — ZT®™.

By PBW, we can obtain a basis for M()\) as {yil cqtmyt ‘ t; € Z+}. Taking a fixed ordering
{B1, -+ ,Bm} =®T, then 0 # y; € g_p,. Then every weight of this form is a weight of some
M(X), and every weight of M () is of this form: \ — thﬂi.

Remark: The functor Indg( ) =U(g) ®p - from the category of finite-dimensional g-semisimple
b-modules to O is an exact functor, since it is naturally isomorphic to U(n™) ®c - (which is clearly
exact since we are tensoring a vector space over its ground field).

Alternate construction of M ()): Let I by a left ideal of U(g) which annihilates v, so
I=(nh=Ah)-1|heb).

Since v generates M () as a U(g)-module, then (by a standard ring theory result) M (\) = U(g)/I,
since [ is the annihilator of M ().

Theorem 12.3 (Universal property of Verma Modules).

Let M be any highest weight module of highest weight A generated by v. Then I -v =0, so
is the annihilator of v and thus M is a quotient of M (\). Thus M () is universal in the sense
that every other highest weight module arises as a quotient of M ().

By theorem 1.2, M(A) has a unique maximal submodule N()) (nonstandard notation) and a unique
simple quotient L(A) (standard notation).

Theorem 12.4(Characterization of Simple Modules and Schur’s Lemma).
Every simple module in O is isomorphic to L(\) for some A € " and is determined uniquely
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up to isomorphism by its highest weight. Moreover, there is an analog of Schur’s lemma:
dim homo (L(p), L(X)) =

, e it’s 1 iff A = p and 0 otherwise.

Note: up to isomorphism, we’ve found all of the simple modules in O, and most are finite-dimensional.

Proof: Next class.

13 Friday January 24th
A standard theorem about classifying simple modules in category O:

Theorem 13.1(Classification of Simple Modules).
Every simple module in O is isomorphic to L()\) for some A € h¥, and is determined uniquely
up to isomorphism by its highest weight. Moreover, dim homo (L(u), L(\)) = dxu-

Proof .
Let L € O be irreducible. As observed in 1.2, L has a maximal vector v of some weight .
Recall: can increase weights and reach a maximal in a finite number of steps.
Since L is irreducible, L is generated by that weight vector, i.e. LU(g) - v™", so L must be a
highest weight module.
Standard argument: use triangular decomposition.

By the universal property, L is a quotient of M (\). But this means L = L(\), the unique
irreducible quotient of M (\).
By Theorem 1.2 part g (see last Friday), dim Endp(L()A)) = 1 and home(L(p), L(A)) = 0 since
both entries are irreducible.

|

Theorem 13.2(1.2 f, Highest Weight Modules are Indecomposable).
A highest weight module M is indecomposable, i.e. can’t be written as a direct sum of two
nontrivial proper submodules.

Proof (of Theorem 1.2 f).
Suppose M = M; & My where M is a highest weight module of highest weight A. Category O
is closed under submodules, so M; are weight modules and have weight-space decompositions.
But M), is 1-dimensional (triangular decomposition, only C acts), and thus M, C M;. Since
M) is a highest weight module, it generates the entire module, so M C M;. The reverse holds
as well, so M = M; and this forces My = 0.

|

13.1 1.4: Maximal Vectors in Verma Modules
1.5: Examples in the case s[(2), over C as usual.

First, some review from Lie algebras.
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13.1 1.4: Maximal Vectors in Verma Modules

Let g be any lie algebra, and take u,v € U(g). Recall that we have the formula
wv = [uv| + vu,

where we use the definition [uv] = uv — vu.

Let x,y1,y2 be in g, what is [z, y1y2]? Use the fact that ad z(y1,y2) acts as a derivation, and so
[, y192] = [zy1]y2 + y1[xye], which is a bracket entirely in the Lie algebra. This extends to an action
on U(g) by the product rule.

Recall that sl(2) is spanned by y = [0,0;1,0],h = [1,0;0,—1],2 = [0, 1;0, 0], where each basis vector
spans n”, b, n respectively. Then [zy| = h, [hx] = 2z, [hy] = =2y, so E;;jEy = 0, E; (should be able
to compute easily!).

Then h = C, so h¥ = C where A — A(h). So we identify A\ with a complex number, this is kind of
like a bundle of Verma modules over C.

Consider M (1), then A = 1 will denote A(h) = 1. As in any Verma module, M(\) Z U(n") ®c C,.
We can think of v1 as 1 ® 1, with the action yv™ = y1 ® 1. Note that y has weight —2.

Weight Basis

1 vt
-1 yuT
-3 Talinl
5 ot

Consider how = ~ y?vT. Note that = has weight +2. We have

x-y2v+:x-y2®1>\
= ([oy’] +y*2) @ 1
= ([zyly + ylzy])) ® 1 + y* @ -1 moving = across the tensor because ?
= ([ryly + ylry]) ® 1 +0 since x is maximal
=(hy+yh)®1
—hy@l+y®h-1
=hy®1+ Ah)1
=hy®1+1
=([zyl +yh)@1+y®1
=-2yQ1+y®1+yx1l
=0.

So y moves us downward through the table, and x moves upward, except when going from —3 — —1
in which case the result is zero.

Thus there exists a morphism ¢ : M (—3) — M (1), with image U(g)y*v™ = U(n™)y*v™". So the
image of ¢ is everything spanned by the bases in the rows —3, =5, - - -, which is exactly M(—3). So
M(—3) < M(1) as a submodule.
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13.2 Back to 1.4

Motivation for next section: we want to find Verma modules which are themselves submodules

of Verma modules.
It turns out that im ¢ = N(1). We should have M (1)/N(1) = L(1). What is the simple module
of weight 1 for s[(2)? The weights of L(n) are n,n —2,n —4,---,—n, so the representations
are parameterized by n € Z*. These are the Verma modules for s[(2). What happens is that
y N —n — —n — 2 gives a maximal vector, so the calculation above roughly goes through the
same way. So we’ll have a similar picture with L(n) at the top.

13.2 Back to 1.4
Question 1: What are the submodules of M (\)?

Question 2: What are the Verma submodules M (u) € M(\)? Equivalently, when do maximal
vectors of weight © < A (the interesting case) lie in M (\)?

Question 3: As a special case, when do maximal vectors of weight A — ka for o € A lie in M (\) for
keZt?

Fix a Chevalley basis for g (see section 0.1) hy,--- ,hy € h and x4 € go and y, € g_o for a € T,
Let A = {a, -+, a4} and let x; = x4, Yi = Yo, be chosen such that [z;y;] = h;.

Lemma 13.3.

For k>0 and 1 <i,5 </, then
a. [z, yi ) =0if j #14
b. [hj,ygﬂ] = —(k + L)oy(hy)yf .
c. [z, yi ) = —(k+ Dyi(k - 1 — hy).

Proof (sketch).
Both easy to prove by induction since [z}, y;] — a; — a; € ® is a difference of simple roots.
For k£ = 0, all identities are easy. For k > 0, an inductive formula that uses the derivation

property, which we’ll do next class.
[ |

14 Monday January 27th
14.1 Section 1.4

Fix A ={o1, - ,au}, T € go, and y; € g—q, with h; = [z;y;].

Lemma 14.1.

For k>0and 1 <i,j </,
a. [zjyPt =0if 5 #4
b [hyy ] = —(k + Dai(hy)yi ™
o [my ] = (k+ Dyf(k-1—hy).

Proof (Sketch for (c)).
By induction, where k& = 0 is clear.
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14.1 Section 1.4

[z +iyF ™) = [zayilyf + vilziy?]

= hiyf +yi(—kyf (k= 1)1 — h;)) Dby LH.
= (k+ 1)yfh; — (k* — k + 2k)y?
= —(k+1)yf(k-1—hy).

Proposition 14.2 (Existence of Morphisms of Verma Modules).
Suppose A € h¥,a € A, and n = (\,a") € ZT. Then in M()\), y?"'v" is a maximal weight
vector of weight p: =X — (n+ a < A

Note this is free as an U(n~)-module, so v # 0. Note that n = A(h,).
By the universal property, there is a nonzero homomorphism M (p) — M () with image
contained in N()), the unique maximal proper submodules of M (\).

\ J

Proof .
Say o = o;. Fix j #i.

ziypt' @1= [zt @1+t @z, - 1
= [xjylnﬂ] ®1+ y{‘“ ®0 bya
=0.

iyt @1 = [zt @ 1]

=—(n+y'(n-1—h)®1

=—(n+1)n—-XMh))l®1l

=—(n+1)(Ah;) = A(h))1®1

=0.
Since go; generate n as a Lie algebra, since [ga, 9s] = ga+s. This shows that n - Yty =0,
and the weight of y'™ v is A — (n 4 1)a;. So ™! is a maximal vector of weight . The
universal property implies there is a nonzero map M (u) — M (\) sending highest weight
vectors to highest weight vectors and preserving weights. The image is proper since all weights

of M, are less than or equal to p < A.
[ |

Consider sl(2), then M(1) D M(—3). Note that reflecting through 0 doesn’t send 1 to -3, but
shifting the origin to —1 and reflecting about that with s,- fixes this problem. Note that L(1) is
the quotient.
¢
For A € h¥ and a € A, we can compute s, - A == 54(A+ p) — p where p = Z e;. Then (wj, o)) = 4y
j=1
and (p,a)) = 1.
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14.2 Section 1.5

sa-A=3sa(A+p)—p
=A+p) —(A+pal)a—p
=A+p—-(A<a")+1Da—p
=A—(n+1a
= L.

So this gives a well-defined, nonzero map M (s, - \) — M () for s - A < A.

Cl - S

Rl

g 7
5 )

-

Corollary 14.3.
Let A\, o, n be as in the above proposition. Let 1 now be a maximal vector of weight A in

L()\). Then y" ™5+ = 0.

Proof .
If not, then this would be a maximal vector, since it’s the image of the vector y?+1v+ € M(X)
under the map M (\) — L(X) of weight u < A. Then it would generate a proper submodules

of L(\), but this is a contradiction since L(\) is irreducible.
|

14.2 Section 1.5
Example: s[(2). What do Verma modules M (\) and their simple quotients L(\) look like?
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Fix a Chevalley basis {y, h,z} and let A € h¥ = C.

Fact 1 For v = 1® 1, we have
M) =Um vt =C <yiv+ ‘ i€ Z+>

is a basis for M () with weights A — 2¢ where « corresponds to 2. So the weights of M(\) are
AMA—2,A—4,--- each with multiplicity 1.

1 .
Letting v; = _—'ylv+ for i € ZT; this is a basis for M()). Using the lemma, we have
il

h-Ui: ()\—22‘)1)@-
y-vi = (i+ i
X -v; = ()\ —1+ 1)2}1‘,1.

Note that these are the same for finite-dimensional sl(2)-modules, see section 0.9.

Fact (2) We know from the proposition that if A € Z*, i.e. (\,a") € Z", then M()\) has a maximal
vector of weight

A—(n+1Da=A—A+1)2=-A—2=s5,-A\

Exercise Check that this maximal vector generates the maximal proper submodule

N\ = M(-X\—2).

So the quotient L(A) = M(A)/N(X) = M(\)/M(—X — 2) has weights A, A\ —2,--- | =X+ 2, —\.
So when A € Z*, L()\) is the familiar simple s[(2)-module of highest weight \.

Fact (3) When \ ¢ Z™,

N(A) = {0},

M(X) = L(X),

M () is irreducible

L()) is infinite dimensional.

Proof .
Argue by contradiction. If not, M (\) D M # 0 is a proper submodule. So M € O, and thus
M has a maximal weight vector w™, and by the restriction of weights for modules in O, we
know w™ has height A — 2m for some m € Z". Then w™ = cv; where 0 # ¢ € C, and taking
vy =0andz-v;=A—i+1)y;_yfori>1,soA=i—1 = A€ Z .

|

15 Friday January 31st

Theorem 15.1(Duals of Simple Quotients of Vermas).
A useful formula: L(\)Y 2 L(—wyp).
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15.1 1.7: Action of Z(g)

Proof .

L()\)Y is a finite dimensional module, and (z - f)(v) = —f(x - v), so L(\)" = L(v) for some
v € AT, The weights of L()\)" are the negatives of the weight of L()). Thus the lowest weight
of L(\) is wo), since w, reverses the partial order on b, i.e we®t = &~

Then

€ I(L(p) = wop € II(L(N)) = wop < A

This shows that the lowest weight of L()) is wgA, thus the highest weight L()\)Y is —wo\ by
reversing this inequality.
The inner product is W invariant and is its own inverse, so we can move it to the other side.

15.1 1.7: Action of Z(g)

Next big goal: Every module in O has a finite composition series (Jordan-Holder series, the quotients
are simple). Leads to Kazhdan-Lustzig conjectures from 1979/1980, which were solved, but are still
open in characteristic p case.

The technique we’ll use the Harish-Chandra homomorphism, which identifies Z(g) explicitly.

It’s commutative, a subalgebra of a Noetherian algebra, no zero divisors — could be a quotient, but
then it’d have zero divisors, so this seems to force it to be a polynomial algebra on some unknown.

Also note that Z(g) = Z(U(g)).

Recall: Z(g) acts locally finitely on any M € O — this is by theorem 1.1e, i.e. v € M, and z € Z(g)
implies that zv € M,,. (The calculation just follows by computing the weight and commuting things
through.)

Let A € ¥ and M = U(g)v" a highest weight module of highest weight A\. Then for z € Z(g),
z-v" € My which is 1-dimensional. Thus z acts by scalar multiplication here, and z-v™ = y,(2)v™.
Now if w € U(u™), we have

) ) =uli(z)v’) = xa(2)u vt

z-(u-v")=u-(z-v

Thus z acts on all of M by the scalar x(z).

Exercise Show that x) is a nonzero additive and multiplicative function, so x) : Z(g) — C is
linear and thus a morphism of algebras. Conclude that ker x) is a maximal ideal of Z(g).

Note: this is called the infinitesimal character.

Note that y) doesn’t depend on which highest weight module M, was chosen, since they’re all
quotients of M (A). In fact, every submodule and subquotient of M () has the same infinitesimal
character.

Definition 15.1.1 (Central/Infinitesimal Character).

X» is called the central (or infinitesimal) character, and Z(g) denotes the set of all central
characters. More generally, any algebra morphism x : Z(g) — C is referred to as a central
character. Central characters are in one-to-one correspondence with maximal ideals of Z(g),
where
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15.1 1.7: Action of Z(g)

X < kery

(C[Sl?l,"‘ aﬁn] — <fL'1—CL1,"' ,xn—an>

where [a1,--- ,a,] € C".

Next goal: Describe x(z) more explicitly.
Using PBW, we can write z € Z(g) C U(g) = U(n")U(h)U(n). Some observations:

1. Any PBW monomial in z ending with a factor in n will kill ™, and hence can not contribute

to xa(2)-
2. Any PBW monomial in z beginning with a factor in n~ will send v™ to a lower weight space,
so it also can’t contribute.

So we only need to see what happens in the b part. A relevant decomposition here is

U(g) = U(h) ® (n~U(g) + Ulg)n™).
Exercise Why is this sum direct?

Let pr: U(g) — U(h) be the projection onto the first factor. Then y,(z) = A(prz) for all z € Z(g).
Then if pr(z) = h{" ---hy", we can extend the action on b to all polynomials in elements of h
(which is in fact evaluation on these monomials), and thus xx(z) = A(hy)™ -+ X(hg)™.

Note that for A € h", we've extended this to the “evaluation map” A : U(g) = S(h), the symmetric
algebra on b.

Why is this the correct identification? The RHS is T'(h)/ (r ® y — y ® = — [zy]), but notice that the
bracket vanishes since h is abelian, and this is the exact definition of the symmetric algebra.

Thus x\ = Ao pr.

Observation:

A(pr(z122)) = xa(2121)
= xa(z1)xa(22)

= A(pr(z1)pr(22))-

Exercise Show ﬂ ker A = {0}.
AepY

Definition 15.1.2 (Harish-Chandra Morphism).
Let £ = pr|z(, : Z(g) — U(bh).

Definition 15.1.3 (Twisted Harish-Chandra Morphism).
£ is an algebra morphism, and is referred to as the Harish-Chandra homomorphism.

See page 23 for interpretation of & without reference to representations.
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Questions:

1. Is £ injective?
2. What is im £ C U(h)?

When does x» = x,? Proved last time: we introduced the - action and proved that M (s, -\) C M(X)
where a € A. It’ll turn out that the statement holds for all A € W.

Wednesday: Section 1.8.

16 Wednesday February 5th
Recall the Harish-Chandra morphism ¢:

Z(g) — U(g)=U(h) ® (n"U(g) + U(g)n)

-2 pr

If M is a highest weight module of highest weight A then z € Z(g) acts on M by scalar multiplication.
Note that if we have x\(z) where z - v = xx(z)v for all v € M, we can identify A(pr(z)) = A(£(2)).

16.1 Central Characters and Linkage

The x are not all distinct — for example, if M () C M(X), then x,, = x. More generally, if L(u)
is a subquotient of M (A) then x, = xx. So when do we have equality x, = x\?

Given g D h with ® D & 5 A, then define
1 v
p= B} Z Bebh’.
Bed+

Note that « € A = sop=p — .

Definition 16.0.1 (Dot Action).
The dot action of W on h" is given by

4
which implies (p, ") =1 for all « € A. Then p = Zw.
i=1

Exercise Check that this gives a well-defined group action.

Definition 16.0.2 (Linkage Class).
w is linked to X iff p = w - A for some w € W. Note that this is an equivalence relation, with

equivalence classes/orbits where the orbit of \ is {w - A ’ w e W} is called the linkage class of
A
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16.1 Central Characters and Linkage

Note that this is a finite subset, since W is finite. Orbit-stabilizer applies here, so bigger stabilizers
yield smaller orbits and vice-versa.

Example 16.1.
w-(—p) =w(—p+p) —p=—p, so —p is in its own linkage class.

Definition 16.0.3 (Dot-Regular).
A € Y is dot-regular iff |[W - \| = |W]|, or equivalently if (A + p, 3") # 0 for all 3 € ®.
To think about: does this hold if ® is replaced by A?
We also say A is dot-singular if X is not dot-regular, or equivalently Stabyy. A # {1}.
L.e. lying on root hyperplanes.

Exercise If 0 € " is regular, then —p is singular.
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16.1 Central Characters and Linkage

Proposition 16.1(Weights in Weyl Orbit Yield Equal Characters).
If Xe Aand € W - A, then x, = xx.

Proof .
Start with o € A and consider 1 = s, - A. Since A € A, we have n := (), a") € Z by definition.
There are three cases:
1. n € Z*, then M (s, - ) C M()). By Proposition 1.4, we have x,, = x.
2. Forn=—-1,p=5,-A=A+p—A+pa)a—p=A+n+1=X+0. Sopu=\and
thus M, = M.
3. For n < =2,
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16.2 1.9: Extending the Harish-Chandra Morphism

(1, 0”) = (30 - A @)
= \i(n + 1)a, ")
=n—-2(n+1)
=-n-—2
> 0,

SO Xp = Xsapt = Xsa-(sa-n) = Xa- Since W is generated by simple reflections and the linkage
property is transitive, the result follows by induction on ¢(w).
|

Exercise (1.8) See book, show that certain properties of the dot action hold (namely nonlinearity).

16.2 1.9: Extending the Harish-Chandra Morphism

We want to extend the previous proposition from A € A to A € h¥. We’ll use a density argument
from affine algebraic geometry, and switch to the Zariski topology on h* C C".

Fix a basis A = {a1,---,a¢} and use the Killing form to identify these with a basis for h =
{h1,---,h¢}. Similarly, take {w1,--- ,w,} as a basis for h*, and we’ll use the identification

hY = Af
A <= (A(h1), -, A(he))-
We identify U(h) = S(h) = C[hq,--- , hg] with P(h") which are polynomial functions on h. Fix

X €Y, extended \ to be a multiplicative function on polynomials. For f € Clhi,- - , hg], we defined
A(f). Under the identification, we send this to f where f(\) = A(f).

Note: we’ll identify f and f notationally going forward and drop the tilde everywhere.
Then W acts on P(h") by the dot action: (w - f)(A\) = f(w™!-\).
Exercise Check that this is a well-defined action.

Under this identification, we have

hY — A’
A = 7L

Note that A is discrete in the analytic topology, but is dense in the Zariski topology.

Proposition 16.2(Polynomials Vanishing on a Lattice Are Zero).
A polynomial f on A’ vanishing on Z‘ must be identically zero.
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Proof .

For ¢ = 1: A nonzero polynomial in one variable has only finitely many zeros, but if f vanishes
on 7Z it has infinitely many zeros.

For ¢ > 1: View f € C[hy,- - , hy—1][h¢]. Substituting any fixed integers for the h; for i <¢—1
yields a polynomial in one variable which vanishes on Z. By the first case, f = 0, so the
coefficients must all be zero and the coefficient polynomials in Clhq,- - , hy_1] vanish on Zt,

By induction, these coefficient polynomials are identically zero.
|

Corollary 16.3 (Lattices Are Zariski-Dense in Affine Space). -
The only Zariski-closed subset of A* containing Z* is A’ itself, so the Zariski closure Z¢ = A*
and Z is dense in A’.

17 Friday February 7th

So far, we have ) = Xw.x if A € A and w € W. We have ¥ D A which is topologically equivalent
to A* D Z, where Z" is dense in the Zariski topology.

For z € Z(g), we have xx(2) = xw.a(2) and so A({(z)) = (w - X)(£{(2)) where £ : Z(g) — U(h) =
S(h) = P(hY) where we send A(f) to f(\).

Then £(2)(\) = &£(2)(w - \) for all A € A, and so &(z) = w '€(2) on A. But both sides here
are polynomials and thus continuous, and A C hY is dense, so &(z) = w™*£(2) on all of h¥. ILe.,
YA = XA for all A € hY.

This in fact shows that the image of Z(g) under £ consists of W-invariant polynomials.

It’s customary to state this in terms of the natural action of W on polynomials without the row-shift.
We do this by letting 7, : S(f) — S(h) be the algebra automorphism induced by f(\) — f(X — p).

This is clearly invertible by f(A) — f(A+ p). We then define
13 T,
W Z(g) = S(h) = S(b)
as this composition; this is referred to as the Harish-Chandra (HC) homomorphism.
Exercise Show xx(2) = (A + p)(¥(2)) and xw.a(w(A + p))(¢(2)), where w(-) is the usual w-action.
Replacing A by A+ p and w by w™}, we get

for all z € Z(g) and all w € W where (wi(2))(A) = 1 (2)(w™'N).
We’ve proved that

Theorem 17.1(Character Linkage and Image of the HC Morphism).

a. If A, u € h" that are linked, then y) = Xp-
b. The image of the twisted HC homomorphism ¢ : Z(g) — U(h) = S(h) lies in the
subalgebra S(h)".
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Example 17.1.

Let g = sls. Recall from finite-dimensional representations there is a canonical element
c € Z(g) called the Casimir element. For O, we need information about the full center Z(g)
(hence introducing infinitesimal characters).

Expressing ¢ in the PBW basis yields ¢ = h? + 2h + 4yz, where h% + 2h € U(h) and
dyx e n U(g) + U(g)n.

Enveloping algebra convention: xs, hs, ys

Then &(c) = p(c) = h% 4 2h, and under the identification h” <= C where A <= A(h), we
can identify p <= p(h) = 1. The row shift is given by ¥(c) = (h — 1) +2(h — 1) = h® — 1.
This is W-invariant, since s,, = —h. But W = (s, 1), so s, generates W.

We also have y»(c) = (A + p)(¥(c)) = (A +1)* — 1. Then

xa(e) = xule) &= A+1)? 1= (u+1)°

— p=Aoru=-XA—2
But A\=1-Xand —A —2 = s, A, so Z(g) = (¢) :== C[c] as an algebra. So these characters
are equal iff y =w - A for w € W.

18 Section 1.10: Harish-Chandra’s Theorem

Goal: prove the converse of the previous theorem.

Theorem 18.1(Harish-Chandra).

Let ¢ : Z(g) — S(b) be the twisted HC homomorphism. Then
a. 1) is an isomorphism of Z(g) onto S(h)".
b. For all \, € b, XA = Xp iff g =w- X\ for some w € W.
c. Every central character x : Z(g) — C is a x\.

Proof (of (a)).

Relies heavily on the Chevalley Restriction Theorem (which we won’t prove here).

Initially we have a restriction map on polynomial functions 0 : P(g) — P(fh). We identified
P(g) = S(g¥), the formal polynomials on g*. However, for g semisimple, we can identify
S(g¥) = S(g) via the Killing form.

By the Chinese Remainder Theorem, 6 : S(g) — S()" is an isomorphism, where the

subgroup G < Aut(g) is the adjoint group generated by {exp ad , | x is nilpotent}.

It turns out that S(g)® is very close to Z(g) — it is the associated graded of a natural filtration
on Z(g). This is enough to show that 1 is a bijection.
|

Proof (of (b)).
WEe’ll prove the contrapositive of the converse.
Suppose W -\ m W -u = () and both are in h". Since these are finite sets, Lagrange interpolation

1
yields a polynomial that is 1 on W - X and 0 on W - . Let g = — Z w- f.

|W| weWw
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Note: definitely the dot action here, may be a typo in the book.
Then g is a W- invariant polynomial with the same properties. By part (a), we can get rid of
the row shift to obtain an isomorphism ¢ : Z(g) — S(h)(W+), the W- invariant polynomials.
Choose z € Z(g) such that {(z) = g, then x\(2) = A(&(2)) = A(g) = g(A) = 1. So xu(2) =0
similarly, and x\ = x,.

|
Proof (of (c)).
This follows from some commutative algebra, we won’t say much here. Look at maximal ideals
in C[z,y, - -] which correspond to evaluating on points in Ct.
|
|

Remark Chevalley actually proved that S(§)" = C(py,---,ps) where the p; are homogeneous
polynomials of degrees d; < --- < dy. These numbers satisfy some remarkable properties:
H d; = |W| and d; = 2 (these are called the degrees of W)

19 Section 1.11

Theorem 19.1(Category O is Artinian).
Category O is artinian, i.e. every M € O is Artinian (DCC) and dimhomgy(M, N) < oo for
every M, N.

Recall that O is known to be Noetherian from an earlier theorem. This will imply that every M
has a composition/Jordan-Holder series, so we can take composition factors and multiplicities.

Most interesting question: what are the factors/multiplicities of the simple modules and Verma
modules?

20 Wednesday February 12th

20.1 Infinitesimal Blocks
We'll break up category O into smaller subcategories (blocks).

Recall theorem 1.1 (e): Z(g) acts locally finitely on M € O, and M has a finite filtration with
highest weight sections, so M should involve only a finite number of central characters x (where

AepY).

Note: an analog of Jordan decomposition works here because of this finiteness condition. This
discussion will parallel the JCF of a simple operator on a finite dimensional C-vector space.
However, this involves the entire center instead of just scalar matrices, so the analogy is
diagonalizing a family of operators simultaneously.

Let x € é(g) and M € O, and

MX = {’UEM‘ Vz € Z(g), In > 0 s.t. (Z—X(Z))n‘UZO}
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20.1 Infinitesimal Blocks

Idea: write

z=x(2) -1+ (z=x(2) - 1),

where the first is a scalar operator and the second is (locally) nilpotent on MX. Thus we can always
arrange for z to act by a sum of “Jordan blocks”:

X (2) ]

X(2)

Some observations:

e MX are U(g)-submodules of M.

e The subspaces MX are linearly independent

e Z(g) stabilizes each M, since Z(g) and U(h) are a commuting family of operators on M,.
o We can write

A4ﬂ:: 6{) (A4prﬁ]A{X%

x€Z(g)

and since M is generated by a finite sum of weight spaces, M = @ MX,

X€Z(g)
e By Harish-Chandra’s theorem, every y is x» for some A € h".

Let O, be the full subcategory of modules M such that M = M¥X; we refer to this as a block.

Note: full subcategory means keep all of the hom sets.

Proposition 20.1(O Factors into Blocks, Indecomposables/Highest Weight Mod-
ules Lie in a Single Block).
0= @ O,,. Each indecomposable module in O lies in a unique O,. In particular, any

Aehv
highest weight module of highest weight X lies in O, .
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20.2 Blocks

Thus we can reduce to studying O,, .

Remark: O,, has a finite number of simple modules {L(w - A) ‘ (S W} and a finite number of
Verma modules {M(w - A) ’ w € W}

20.2 Blocks

Let C be a category with is artinian and noetherian, with Li, Lo simple modules. We say L ~ Lo
if there exists a non-split extension

00— L — M — Ly — 0,

ie. Ext%,)(LQ, Ly) # 0. In particular, M equivalently needs to be indecomposable. We then extend
~ to be reflexive/symmetric/transitive to obtain an equivalence relation.

L1 ends up being the socle here.

This partitions the simple modules in C into blocks B. More generally, we say M € C belongs to B
iff all of the composition factors of M belong to B. Although not obvious, there are no nontrivial
extensions between modules in different blocks. Thus each simple module (generally, just an object)
M € C decomposes as a direct sum of submodules (subobjects) with each belonging to a single
block.

Question: Is O, a block of O7 The answer is not always. Because each indecomposable module in
O lives in a simple O, By the definition, it’s clear that each block is contained in a single simple
infinitesimal block O,,.

The block containing L, Lo will be contained in the same infinitesimal block, and continuing
the composition series puts all composition factors in a single block.

Proposition 20.2 (Integral Weights Yield Simple Blocks).
If X\ is an integral weight, so A € A, then O, is a (simple) block of O.

Proof .

It suffices to show that all L(w - \) for w € W lie in a single block. We’ll induct on the length
of w. Start with 2 = s, for some o € A. Let u = so - A. If = A, i.e. A is in the stabilizer,
then we're done.

Otherwise, assume WLOG p < A in the partial order, using the fact that A € A. (The difference
between these is just an integer multiple of «.)

By proposition 1.4, we have the following maps:

M(p) —220 s N s M(})

N(u) ————— N = ¢(N(n))

Then ¢ induces a map L(u) %M (A)/N, where the codomain here is a highest weight module
with quotient L(\). Since highest weight modules are indecomposable and thus lie in a single
bloc, L(p) and L(\) are in the same block.
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Note that if v* generates M(\), v™ + N generated the quotient.

Now inducting on ¢(w), iterating this argument yields all L(w - \) (as w varies) in the same
block.
|

Example 20.1.
This isn’t true for non-integral weights. Let g = s[(2,C) with A € R\ Z and A > —1. Then

= SaA
=—-A-2
<r —1

with the usual ordering on R, but p % A in the ordering on §": we have A — . = 2\ + 2, but

o = 2 and thus these don’t differ by an element of 2Z.

Thus p, A are in different cosets of Z® = A, in h”. However, M()), M (p) are simple since
A, o are not non-negative integers.

By exercise 1.13, there can be no nontrivial extension, so they’re in different homological
blocks but in the same O, since j1 = s, - A. So this infinitesimal block splits into multiple
homological blocks.

Friday: 1.14 and 1.15.

21 Friday February 14th

Recall that we have a decomposition

into infinitesimal blocks, where Oy := O, is the principal block. Since 0 € hY, we can associate
X0, Mo, L(0) = C the trivial module for g.

21.1 1.14 — 1.15: Formal Characters

Some background from finite dimensional representation theory of a finite group G over C. The
hope is to find matrices for each element of (&, but this isn’t basis invariant. Instead, we take traces
of these matrices, which is less data and basis-independent This is referred to as the character of
the representation, and in nice situations, the characters determine the irreducible representations.

For a semisimple lie algebra g and a finite dimensional representation M, it’s enough to keep track
of weight multiplicities when g is the lie algebra associated to a compact lie group G. From this
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21.1 1.14 — 1.15: Formal Characters

data, the characters can be recovered. So the data of all pairs (dim My, A € h) suffices. To track
this information, we introduce a formal character.

Remark: If G is a group and k is a commutative ring, kG is the group ring of G. This has the
following properties:

o > aigi+ Y bigi=Y (ai+bi)g;
. (Z aigi) (Z bigi) = aibigig;

Let ZA be the integral group ring of the lattice. Since A is an abelian group, and the additive
notation would be more difficult. So we write A multiplicatively and introduce e()) for A € ",
where e(N)e(u) = e(A+ p). For M a finite dimensional g-module, the formal character of M is given
by

char M = > (M(X))e(\) € ZA.
A€A

This satisfies

e char (M @& N) = char (M) + char (N)
e char (M ® N) = char (M)char (N)
e For char ( Za#e(u ) and char (N) = Zbye(v), we have

char (M)char (N) = Z ( Z aub,,> e(A)

A prrv=A>A

By Weyl’s complete reducibility theorem, any semisimple module decomposes into a sum of simple
modules. Thus it suffices to determine that characters of simple modules L()\) for A € AT,
corresponding to dominant integral weights. Then we can reconstruct char (M) from char L(\) for
M e O.

Specifying the weight spaces dimensions is equivalent to a function char »; : ¥ — ZT where
char p7(A) = dim M,. The analogy of e()) in this setting is the characteristic function ey where
ex(p) = 6y, for € hY. We can thus write the function

char j; = Z (dim M) )ex
AebhVv

When dim M < oo, char j; has finite support, although we generally don’t have this in O. In this
setting, multiplication of formal characters corresponds to convolution of functions, i.e.

(fxg)N) = > flu
urv=>A

Define

= {f:l‘)v — 7 ‘ supp(f) C U ()\i—Z+<I>+) for some Aq, - - - ,)\nebv}

i<n
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21.1 1.14 — 1.15: Formal Characters

Idea: this is a “cone” below some weights.
This makes X into a Z-module with a well-defined convolution, thus X is a commutative ring where

e ¢) € X for all \
e epg=1
® E)\*€y = Extp-
If M € O, then char j; € X by axiom O5 (local finiteness).
Ezample: char L(\) = e(\) + Z myge(pt), where my, = dim L(\), € Z*.

nu<A

Definition 21.0.1 (Principal Block).
Let X be the additive subgroup of X generated by all char M for M € O.

Proposition 21.1(Additivity of Characters, Correspondence with K(O).

)

a. f 0 — M’ — M — M"” — 0 is a SES in O, then char M = char M’ + char M".
b. There is a 1-to-1 correspondence

X <= K(O)
char M < [M],

where K is the Grothendieck group.
c. If M € O and dim L < oo, then char (L ® M) = char L % char M.

. J

Remark: (a) implies that char M is the sum of the formal characters of its composition factors with
multiplicities. Thus

char M = Z [M : L] char L.
L simple

Proof (of a).
Use the fact that dim M) = dim M} + dim My

[ |
Proof (of b).
Check that the obvious maps are well-defined and mutually inverse.

[ |
Proof (of ¢).
Because of the module structure we’ve put on the tensor product (L ® M)y = Z L,®M,.

prv=A>A
[ |

Remark: The natural action of W on A or on " extends to ZA and X if we define
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21.2 1.16: Formal Characters of Verma Modules

w-e(A) =e(w)) weW, XeAorh.

If A € AT, then w(char L(\)) = char L()\) since dim L(\),, = dim L()\)y,. Thus the characters of
simple finite-dimensional modules are W-invariant.

21.2 1.16: Formal Characters of Verma Modules

1: We have a similar formula

char M(X) = char L(X) + Y _ aychar L(y)

n<A
with ay, € Z* and ay, = [M(X) : L(p)].

This all happens in a single block of O, which has finitely many simple and Verma modules.
In fact, the sum will be over {u eW- A ‘ uw< )\}. But computing L(u) is difficult in general.

Since the set of weights W - A is finite, we can totally order it in a way that’s compatible with the
partial order on h* (so < in the partial order implies < in the total order). So if we order the
weights p; indexing the Verma modules in columns and indexing the simple modules in the rows,
this is an upper triangular matrix with 1s on the diagonal. This can inverted since it’s unipotent,
with the inverse of same upper triangular form.

2: We can write

char L(\) = char M (\) + Z bauchar M(u) by, € Z
p<X, peW-A

This expresses the character in terms of Verma modules, which are easier to compute.

Next time: formulas for the characters

22 Monday February 17th

22.1 Character Formulas

Last time: The second character formula (equation (2)),
char L(\) = char M () + Z bx,u char M ().
pu<X, peW-A

Note that by, € Z, and this formula comes from inverting the previous one.

Holy grail: characters of simple modules!
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22.1 Character Formulas

We can write M(\) = U(n~) ®c C, as a h-module. Define p : h¥ — Z where p(y) is the number of
tuples (tg)gcep+ Where tg € Zt and vy = — Z tsB. We have supp(p) = —Z*®", which gives us

peD+
something like a negative quadrant of the lattice.

The function p is essentially the Kostant partition function. The advantage here is that p € X
(defined last time, support is less than some finite weights?).

Observation: p = char p(g) since U(n™) ® Cy=o has PBW basis

{H ygﬁ®1,\:0‘t562+}.

ped+

Example: Let g = sl(3), then @ = {a1,a2,a1 + az}. Then v = —(ay + 2a3) corresponds to
(1,2,0),(0,1,1) so p(y) = 2. If v = —(2a1 + 2a2), this corresponds to (2,2,0),(1,1,1),(0,0,2) so
p(7) = 3.

Note: just the number of ways of obtaining —v as a linear combinations of roots.

In general, dim M (0), = p(y).

Proposition 22.1(Characters as Convolution Products).
For any A € ¥, we have char M, = P * ey, taking the convolution product.

In particular, char /() = p.

Proof (of Proposition).
We have the following computation:

im M (A)ayy  as a weight space .

Note that we can also write equation (2) as
char L(A) = Y bywchar M(w- \).
wASA

Here by, € Z and in fact by = 1.

Ezample: Let g = s1(2). We know

char M (\) = char L(\) + char L(sq - A)
char M (sq - A\) = char L(sq - A).
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22.2  Category O Methods

We can think of this pictorially as the ‘head’ on top of the socle:

The formula above corresponds to the matrix

N

We can invert the formula to get equation (2), which corresponds to inverting this matrix:

char L(\) = char M(\) — char M (sq - \)
char L(sq - A) = char M(sq - A).

Note that the coefficients by, » € {0,£1} in this equation are independent of A € A™.

If A ¢ A™, then char L()\) = char M(A) and by ; = 1,b) 5, = 0 are again independent of A € ' \ A™.

Question: To what extent to by ,, depend on A7 The answer is seemingly “not much”.

22.2 Category O Methods

Note: skipping chapter 2 since we’re focusing on infinite dimensional representations.

22.2.1 Hom and Ext

Recall that hom( -, -) is left exact but not exact, and is either covariant or contravariant depending
on which variable is fixed. So taking hom of a SES yields a LES involving the derived functors Ext”.
Convention: Ext? := hom and Ext! := Ext.

Let A, C be U(g)-modules. Consider two short exact sequences

0—A—B—C—0
0—A—B —C—0.

where B, B’ are extensions of C' by A.
We say two such sequences are equivalent iff there is an isomorphism making this diagram commute:

B

AN

A = C

N

B/
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22.2  Category O Methods

The set Extyr(g)(C, A) of equivalence classes of extensions is a group under an operation called “Baer
sum” (see Wikipedia) in which the identity is the class of the split SES

0—A—ApC —C —0.

It turns out that the first right-derived functor of hom defined using projective resolutions, namely
Extq, is isomorphic to Ext. In particular, each SES leads to a pair of LESs given by applying
hom( -, D) and hom(FE, -) for D, E € U(g)-mod.

Warning: Even if A,C € O, there’s no guarantee B € O for B an extension. In this case, we
define Extp(C, A) to be only those extensions lying in O.

Proposition 22.2(Homs and Exts for Vermas and Quotients).
Let A\, € bY.

a. If M is a highest weight module of highest weight p and A\ £ p, then Exto(M(\), M) = 0.
Contrapositive: nontrivial extensions force the strict inequality p < A. In particular,
Exto(M(X),X) =0 for X = L(\), M(X).

b. If 4 < A, then Exto(M (M), L(p)) = 0.

c. If u < A, then Exto(L(A), L)) = homp(N(N), L(u)).

(c) is useful, homs can be easier to compute. Can just look at radical structure of N, i.e. just
the head.

d. Exto(L(N), L(\)) = 0.

Proof (of (a)).

Given an extension 0 — M 5 B % M (A\) — 0 where M is a highest weight module of
highest weight © £ A. We want to show it splits.

Claim: Let v™ be a maximal vector of M (), let v be its preimage under g, then v is a maximal
vector of weight A\ in E. For x € n, we can think of the RHS as a quotient and identify

v+ M=z - (v+ M)
=z vt
=0

=0+ M,

and for these to be equal this implies x - v € M. But = - v has weight > \; since u # A\, M has
no such weights. So we must have z - v =0 € E, and v is a maximal vector.
It’s also the case that U(n™) acts freely on v, since it acts freely on its image in the quotient
M(X). So v generates a submodule (v) < E isomorphic to M(\). This defines a splitting
(because of the freeness of this action) given by h(v™) = v.

[

Proof (of (b)).

Follows from (a).
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Proof (of (c)).
Look at the SES 0 — N(\) — M (X) — L(\) — 0. Apply homop( -, L(u)) to get the LES

- —> homo (M (A), L(p)) — homo(N(X), L(k))
— Exto(L()), L(1) — Exto(M(X), L(1)) — - --

and since L(\) is the only simple quotient of M (\), so the first hom is zero. Similarly, the last
Exto is zero by (b), and the middle is an isomorphism.
|

Proof (of (d)).
Replace p by A in the LES, now term 2 above is zero since II(L(A)) < A. Term 4 is zero by
(b), and thus term 3 is zero.

|

Next section: duality in category O.

23 Monday February 24th

23.1 Antidominant Weights

Recall that for A € b, we can associate Py and Wy and consider Wiy - A. When A € A is integral
and g € WA ﬂ A", we have M () — L(u) its simple quotient, which is finite-dimensional.

Definition 23.0.1 (Antidominant).
A € bV is antidominant if (A + p,a¥) & 270 for all @ € ®. Dually, \ is dominant if
A+p,a”) € Z<0 for all a € ®.

Note that most weights are both dominant and antidominant. Example: take A = —p. We won’t
use the dominant condition often.

Remark For A € h¥, W -\ and Wiy - A contain at least one antidominant weight. Let 1 be minimal
in either set with respect to the usual ordering on hY. If (u + p,a") € 7”0 for some a > 0,
then s, - 1 < p, which is a contradiction. So any minimal weight will be antidominant.

Proposition 23.1 (Equivalent Definitions of Antidominant).
Fix A € b, as well as Wiy, @[y, Then define @5 = ®[y(1]&" D> A}y TFAE:
a. A is antidominant.
b. A+ p,a’) <0forall ac Apy-
c. A< sq-Aforalla € Apy.
d. A<w-Aforall we Wpy;.
In particular, there is a unique antidominant weight in Wy - A.

Proof (a implies b).
(A+p,a”) € Zfor all a € Apy or @F[A].
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23.2 Tensoring Verma and Finite Dimensional Modules

Proof (b implies a).
Suppose (b) and (A + p,a”) € Z for all a € ®*. Then o € &+ ﬂ @[y}, which is equal to CID[J;}

by the homework problem. So o € Z* Ay, and thus (claim) (A + p,a") < 0 by (b). Why?
Replace a¥ with a bunch of other o for which (A + p, ;) < 0 and sum.

|
Proof (b iff c).
Sa - A=A— (A +p,a’)a.

|
Proof (d implies c).
Trivial due to definitions.

|

Proof (c implies d).

Use induction on £(w) in Wyy. Assume (c), and hence (b), and consider f(w) =0 = w = 1.
For the inductive step, if £(w) > 0, write w = w's, in Wiy with o € Apy. Then Y(w') = b(w)—1,
and by Proposition 0.3.4, w(«a) < 0.

We can then write

A—w-A=A—w X))+ (W -A—w- ).

The first term is < 0 by hypothesis, so noting that the w action is not linear but still an action,
we have

W o A—w-A=w -Sg - A—w- A
= w(sqA —A) by 1.8b
=w(—(A+p,a’)a)
= —(A+p,a”)(wa)
=—-1(e Z7)(<0),

which is a product of three negatives and thus negative.
|

A remark from page 56: Even when A € A, we can decompose O, into subcategories O,. We then
recover O, as the sum over O, for antidominant A’s in the intersection of the linkage class with
cosets of A,. These are the homological blocks.

23.2 Tensoring Verma and Finite Dimensional Modules
First step toward understanding translation functors, which help with calculations.

By Corollary 1.2, we know that every N € O has a filtration with every section being a highest
weight module. We will improve this result to show that if M is finite-dimensional and V' is a Verma
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module, then V' ® M has a filtration whose sections are all Verma modules. This is important for
studying projectives in a couple of sections.

Theorem 23.2(Sections of Finite-Dimensional Tensor Verma are Verma).
Let M be a finite dimensional U(g)-module. Then T := M ()\) ® M has a finite filtration with
sections M (X + p) for p € II(M), occuring with the same multiplicities.

Proof .
Use the tensor identity

(U(G) Qv (b) L) ®c M 2 U(g) ®yp) (L &c M),

where
e L € U(b)-mod.
o M € U(g)-mod.
e L® M € U(b)-mod via the tensor action.

The LHS is a U(g)-module via the tensor action, and the RH S has an induced U (g)-action.
See proof in Knapp’s “Lie Groups, Lie Algebras, and Cohomology”. This is true more
generally if g is any lie algebra and b < g any lie-subalgebra.

Recall from page 18 that the functor Indg is exact on finite-dimensional b-modules. Assume

L, M are finite-dimensional, and set N = L ®c M. Take a basis vq,- - - , v, of weight vectors
for N of weights v1,--- ,15,. Order these such that v; <v; <= i <.
Set Ny, to be the U(b) (vg,- - ,v,) for 1 < k < n, which is a decreasing filtration since acting

by U(b) moves along this list of vectors/weights to the right. By induction on n, this filtration
induces a filtration on U(g) ®y(p) IV whose sections are Verma modules.
This yields

Indg Nk/Indg Niy1 = M(vg).

The intermediate quotients will be 1-dimensional submodules, which will induce up to highest
weight modules. We’ll finish the proof next time.
|

24 Wednesday February 26th

We want to show the following identity:

(U(G) @ (p) L) ®&c M = U(g) @y (L @c M).

Assume L and M are finite dimensional. Then for N = L ® M, there is a basis of weight vectors
Uyt Up, V1, Uy With v < vy <= 1@ < j. Moreover

Nip=C(vg, -+ ,vn) =U(b) (vg, -+ ,vn)
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24.1 Standard Filtrations

and we have a natural filtration

0OCN,C---CN;=N
with N;/N; 1 = C,, as b-modules.
We thus obtain
Indy N;/Indg Nit1 = Ind] C,, = M (v;)

by exactness of the Ind functor. Apply this to L = Cy,, then the LHS is M(\) ®c M, where M is
finite dimensional. On the RHS, N = C) ® M has the same dimension as M with weights A 4 p for
w € I(M). Thus M () ® M has filtration with quotients M (A + u) over p € II(M), which was the
theorem we had last time.

Remark The proof shows that M(\) ® M has a submodules M (X + p) for any maximal weight p
of M, and a quotient M (A 4+ v) where v is any minimal weight of M. We knew that every
M € O has a finite filtration, but here the quotients are now Verma modules. This will help
us study projectives later, which we need to study higher Exts.

24.1 Standard Filtrations
There are several main players in the theory of highest-weight categories, of which O,, is one:

Simple modules: L(A)

Standard modules M (\)
Costandard modules M ()Y
Indecomposable projectives P(\)
Tilting modules T'(\).

Definition 24.0.1 (Standard Filtration/Verma flag).
A standard filtration of M € O is a filtration with subquotients isomorphic to Verma modules.

Note that when M has a standard filtration, the submodules are not unique, but the length,
subquotients, and multiplicities are unique. We can thus use K(Q) or formal characters as an
invariant, since the multiplicities (M : M (\)) are well-defined.

If M, N have standard filtration, then so does M & N by concatenation. In this case, (M @& N :
MA) = (M : M)+ (N : M(N)).

Proposition 24.1(Submodules and Direct Summands Also Have Standard Filtra-
tions).
Let M € O have a standard filtration. Then
a. If X is maximal in II(M), then M has a submodule isomorphic to M (A) and M /M (X)
has a standard filtration

0=MyC---CM,=M.

b. If M = M’ @ M", then M’ and M" have standard filtrations.
c. M is free as a U(n™)-module.
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24.1 Standard Filtrations

Proof (of (a)).

By assumption on A\, M has a maximal vector of weight X\, and thus the universal property
yields a nonzero morphism ¢ : M (\) — M.

The claim is that ¢ is injective, from which the proof follows. Proof of claim: choose a minimal
index i such that ¢(M (X)) C M; in the filtration. Follow this with the subquotient map to
yield

¢M(A)—>Ml = Mi/Mi_lg (,u),

which is nonzero by minimality of 7.

Thus A < u, and by our assumption, this implies A = p. But then ¢ sends highest weight
vectors to highest weight vectors and is free, so ¢ is an isomorphism. Thus ¢ is injective and
M) C M.

We can now write M (A) ﬂMi_l = kery = 0, so we obtain a direct sum decomposition
M; = M;_1 & M(\). We thus obtain a SES

0 — M1 — M/M(\) — M/M; — 0.

We can easily construct standard filtrations for M;_; and M /M;, so the middle term also has a

standard filtration. Thus M /M (\) has a standard filtration of length one less than that of M.

Proof (of(b)).

By induction of the filtration length n of M. If n = 0, M is a Verma module and thus
indecomposable and there’s nothing to show.

For n > 1, let m € II(M) be maximal (which we can always find for M € 0)) and WLOG

M, #0.
By the universal property, we have a nonzero composition
M(N) M’ M
S />r
e A

Applying (a) to this composite map,
1. It must be injective, so M (\) — M’
2. M/M(X) = M'/M(\) & M" has a standard filtration of length n — 1.
By induction, M’/M()\) and M" have standard filtrations, and thus so does M.

Proof (of (c)).
By induction on n: if n = 1, then M = M(A) is U(n™ )-free. Otherwise, if n > 1, by (a)
M(X) C M and M/M () has a standard filtration of length n — 1. By induction, M /M () is
U(n™)-free, and hence so is M.

|

Theorem 24.2 (Multiplicities of Vermas).
If M has a standard filtration, then (M : M (X)) = dim home (M, M (X)Y).
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24.2  Projectives in O

Proof .
By induction on the filtration length n. If n = 1, M is a Verma module, and (M (u) : M(\)) =

8, = dimhome (M (), M (X)) by Theorem 3.3c.
|

For n > 1, consider

0— Myp—1 — M — M(u) — 0.

Apply the left-exact contravariant functor home( -, M(\)Y) to obtain

0 —— hom(M (n), M(N\)Y) —— hom(M, M(\)Y) —— hom(M,,_1, M(\)") —— Ext(M(u), M(\)Y) —— ---

(M : M(\) =
(Mp_1:M(N) +
S

(Mp_1:M(X))

by induction 0 by Thm 3.3d

dpux

24.2 Projectives in O

We want to show that O has enough projectives, i.e. every M € O is a quotient of a projective object.
We'll also want to show O has enough injectives, i.e. every modules embeds into an injective object.

Definition 24.2.1 (Projective Objects).
If A is an abelian category, an object P € A is projective iff the left-exact functor hom 4(P, -)

is exact, or equivalently

M N 0
In other words, there is a SES

hom(P, M) — hom(P,N) — 0,

which precisely says that every f in the latter has a lift f in the former by surjectivity.

Definition 24.2.2 (Injective Objects).
An object @Q € A is injective iff hom4( -, @) is exact, i.e.
0 N M

homA(M, Q) — homA(N, Q) — 0
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I so every ¢ in the latter has a lift to g in the former.
In O, having enough projectives is equivalent to having enough injectives because (-) is an exact

contravariant endofunctor, which sends projectives to injectives and vice-versa. Thus we’ll focus on
projectives.

25 Friday February 28th

Recall that A € Y is dominant iff for all @ € ®F, we have (A + p,a") € Z<°. Equivalently, as in
Proposition 3.5¢, A is maximal in its Wy- orbit.

25.1 Constructing Projectives

Proposition 25.1 (Dominant Weights Yield Projective Vermas, Projective Tensor Finite-Dime
If A € h” is dominant, then M()) is projective in O.
b. If P € O is projective and dim L < co< then P ®c L is projective.

Proof . a. We want to find a ¢ making this diagram commute:

vt e M(\)
¢
T
M-—" 5 pwt)eN —— 0

Assume ¢ # 0. Since M () € O,,, we have ¢(M(N\)) C N, WLOG, we can assume
M,N € O,,, and if v is maximal, p(v") is maximal. By surjectivity of m, there exists a
v € M such that v — p(v"). Then M D U(n)v is finite dimensional, so it contains a maximal
vector whose weight is linked to A since M € O,,.

But since A is dominant, there is no such weight greater than A, so v itself must be this
maximal vector. Then by the universal property of M()\), there is a map ¢ : M(A\) — M
where v* — v making the diagram commute.

Note nice property: Vermas are projective iff maximal in orbit.
b. We want to show F' = homp(P ® L, -) is exact. But this is isomorphic to

hOIIl(Q(P, hom(C(La ’ )) = hOHl@(P, LY ®c - )

Thus F is the composition of two exact functors: first do LY ®¢ -, which is exact since C is a
field, and homp (P, ) is exact since P is projective.
[ |

Example 25.1.
Let M(—p) be the Verma of highest weight p. This is irreducible because —p is antidominant,
and projective since —p is dominant. In fact W - (—p) = {—p} by a calculation. Thus

25 FRIDAY FEBRUARY 28TH 62



25.1 Constructing Projectives

so all 4 members of the highest weight category here are equal.

By convention, there is notation M(—p) = A(—p) and M(—p)¥ = V(—p).
Note that we always have Exto(L(—p), L(—p)) = 0, and every O,_, € M is equal to EB L(—p)®".

So this is referred to as a semisimple category.

Theorem 25.2(0 has Enough Projectives and Injectives).
O has enough projectives and injectives.

Proof .

Step 1

For all A € hY, there exists a projective mapping onto L()\). Clearly u := X\ + np is dominant
for n > 0, i.e. for n large enough there are no negative integers resulting from inner products
with coroots. Thus M (u) is projective, and since np € A, we have dim L(np) < co. This
implies P := M () ® L(np) is projective by the previous proposition.

Apply wp reverses the weights, so wg(np) = —np. Note that this doesn’t happen for all weights,
so this property is somewhat special for p. In particular, since np was a highest weight, —np is
a lowest weight.

By remark 3.6, P has a quotient isomorphic to M (i —mnp) = M(X). Thus P — M(\) — L()),
and L(\) is a quotient of a projective. This establishes the result for simple modules.

Remark: By theorem 3.6, P has a standard filtration with sections M (u + v) for
v € II(L(np)). In particular M(X) occurs just once since

dim L(np) —n, = dim L(1p)w(npy = dim L(np)n, = 1,

with all 4+ v > A.
Step 2
Use induction on Jordan-Hilder length to prove that any 0 # M € O is a quotient of a
projective. For £ = 1, M is simple, and by Step 1 this case holds.
Assume ¢ > 1, then M has a submodule L(\) obtained by taking the bottom of a Jordan-Holder
series, so there is a SES

0— LN SMEN o

By induction, since ¢(IN) = ¢(M) — 1, there exists a projective module @ 2, N which extends
toamap ¥ :Q — M.

If 1) is surjective, we are done. Otherwise, then the composition length forces 1(Q) = N, and
by commutativity there is a section v : N — 9(Q) splitting this SES. Thus M = L(\) & N,
and by 1, there are projectives P & () projecting onto each factor, so M is projective.

0 ——— L) —2— M L N 0
g
.
P
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25.2 3.9 Indecomposable Projectives

25.2 3.9 Indecomposable Projectives

Definition 25.2.1 (A Projective Cover).
A projective cover of M € O is a map 7w : Pyy — M where Py is projective and m is an
essential epimorphism, i.e. no proper submodule of P,; is mapped surjectively onto M by ;.

It is an algebraic fact that in an Artinian (abelian) category with enough projectives, every module
has a projective cover that is unique up to isomorphism.

See Curtis and Reiner, Section 6c¢.

Definition 25.2.2 (The Projective Cover for a Weight).
For A € h¥, denote 7y : P(\) — L()\) to be a fixed projective cover of L(\).

26 ? March 2nd

P
s
P(\) ——— L()) 0
p
P %} P(A) ————— 0
L(\)
Y pia
Ly ~ W
L(p)
M (1)
L(N)
MO
L(p)
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27 ? March 3rd
28 Monday March 16th

~

Proposition 28.1(Chains of Containments of Vermas for Dominant Integral).
Suppose A + p is dominant integral, then

o M(w-X) C M(X) forallwe W

o [M(A):L(w-A)]>0foralweW
More precisely, if w = s1 - - - s/ is reduced with s; = s, with a; € A and A\ = si---s1 - A, then

M(w- X)) =M(\,) C M(Ap—1) C - C M(Xo) = M(N)
Moreover (A, + p,aylq) € ZT for 0 < k <n—1 and so

)\n§>\n—1§§)\0

Proof .
By induction on n = £(w). The n = 0 case is obvious. For (w) =k + 1, write w’ = sj, - - - s1.
From section 0.3, (w') 'agy1 > 0. We can compute

/

(Ak + p, aZ_H) =W A+p, O‘Xﬂ)

= (W' (A +p), i41)

= (A +p (@) o)

= A+, () Lay1)Y)
VA

since A+ p € AT and (') tap,; € DT
|

This means that A\y+1 = Sk+1 Ak < A;. By proposition 1.4, reformulated in terms of the dot action,
we have a map M (Ag41) < M ()\g), and nonzero morphisms are injective by 4.2a.

Exercise (4.3) If A+ p € AT, Soc M(\) = M(w, - \), and moreover if A € A{ then the inclusions
in the proposition are all proper.

Remark For general p € A, it is not so easy to decide when M (w - pu) C M(p). The basic problem is
that Proposition 1.4 only works for simple roots, whereas we can have s - < u for v € T\ A
with no obvious way to constrct an embedding M (s - u) C M(p). See the following example.

Example 28.1.
Let g = s((3,C).

28 MONDAY MARCH 16TH 65



28.1 (4.4) Simplicity Criterion: The Integral Case

s[(3,C)

We don’t know if there’s a diagonal map indicated by the question mark in the following
diagram:

Ae AT

N:SQ‘A Sﬁ)\

54588+ A = Sq4 8\ = 5,

Next few sections: any root reflection that moves downward through the ordering induces a
containment of Verma modules.

28.1 (4.4) Simplicity Criterion: The Integral Case

Theorem 28.2(Vermas Equal Quotients iff Antidominant Weight).
Let A € b be any weight. Then M()\) = L(\) <= )\ is antidominant.

The proof for A integral is fairly easy, because antidominance reduces to a condition involving simple
roots, where we can use our Verma module embedding criterion from Proposition 1.4.

Proof (Integral Case).
Assume A € A.

= : Assume M () is simple but X is not antidominant. Then since A € A, (A + p,a”) is a
positive integer for some o € A. But then soA < A so M (s - A) C M(X) by 1.4 and 4.2. But
then N()\) # 0, which contradicts irreducibility.

<— : Assume A is antidominant. By proposition 3.5, A < w - A for all w € W. Since all
composition factors of M(\) and L(w - \) where w - A < A. This can only happen if w- A = A,
and so the only possible composition factor is L(\). Since [M(A) : L()\)] is always equal to
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28.2 Existence of Embeddings (Preliminaries)

one, M () is simple.
|

Remark The reverse implication still works in general if W is replaced by Wyy. To extend the
forward implication, we need to understand embeddings M (sg---A) < M(X) when 3 is not
simple.

28.2 Existence of Embeddings (Preliminaries)

Lemma 28.3 (Commuting Nilpotents).
Let a be a nilpotent Lie algebra (e.g. n~) and = € a,u € U(a), then for every n € Z* there
exists a t € Z" such that z'u € U(a)2™.

See Engel’s theorem

Proof .

Use the fact that ad z acts nilpotently on U(a), so there exists a ¢ > 0 such that (ad )7 u = 0.
Let £,,7,; be left and right multiplication by = on U(a). Then ad z = ¢, — r,, and ¢, ryad =
all commute.

Choosing t > q + n, we have

Il
™~
o
7~

. o
N—
=
T
N
o,
il
:s.

This will be useful when moving things around by positive roots that are not simple.

29 Monday March 30th

Reminder of what we did already: we started on chapter 4, going into more detail on the structure
of Verma modules and morphisms between them. We showed that the socle is an irreducible Verma
modules, any nonzero morphism is injective, and the dimension of the hom space is at most 1. We
ended showing a proposition about how to commute elements.
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29.1 Proof (of (b))

Proposition 29.1(Key Result: Containments of Vermas When Applying Weyl El-
ements).
Let A\, u € b and @ € A be simple. Assume that n := (A+p,a") € Z and M (s, -p) C M(p) C
M(X). Then either

a. n<0and M(\) C M(sq-A),or

b. n>0and M(sq-p) C M(sq-N) C M(N).
In either case, M (sq - pt) C M(sq - A).

Proof (of (a)).
Use proposition 1.4 (exchanging A and s, - A).

29.1 Proof (of (b))

Assume n > 0. Then M (s, - A) C M(\) by proposition 1.4. Set s = (1 + p,a”) € ZT. Denote
maximal vectors as follows:

e MY

%erm.q i
LN,

i - : e Mlsy: )

.y

L'.-",--:"l » "p* = U L " Aovnd WL € ?{(ru‘ﬁ

e § i
PULS -_;,C”; 3 M AL,

Apply the lemma about nilpotent lie algebras to n™, ¥, u, and n, then there exists a ¢ > 0 such
that yfu € U(n™)y?. Then

t n

Ya - ’U;\_ = y(txu’ ' Uj\_ S U(ni)ya : 'U;\’— c M(Sa : )‘)

Now there are two cases.
Case 1:

If t < s, we can apply yf{t to equation star to obtain y., - vj € M(sq - A). Thus we have the
containment we wanted to prove.

Case 2:

Suppose t > s. We can’t divide in the enveloping algebra, but recall the identity in lemma 1.4(c):

[wayh] = tyl " (ha — t+1).
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29.2

4.6: Existence of Embeddings

Thus

Calculating the bracket another way, the LHS is equal to mayi . v: —ytxy - vl and the second term

m

is zero, so this is in M (s, - A) by equation star. We can then iterate if ¢t — 1 > s, reducing the power

of ya

29.2

until we get down to vy - U; € M(sq - A), in which case we are done by case 1.

4.6: Existence of Embeddings

Theorem 29.2(Verma’s Thesis: Existence of Embeddings).
Let A € b and o € &1 and assume g == 5, - A < X\. Then M(u) C M ().

29.2.1 Proof

Assume A\ € A is integral and p is linked to A, all weights involved are integral. Without loss
of generality, u < A, since we can apply a Weyl group element to place it in the dominant Weyl
chamber.

1.

Since p is integral, choose w € W such that p/ == w™' - u € AT — p. Following the notation
in proposition 4.3, write w = s, - - 81, i), = S+ --51 - (. Then p' = po > p1 > -+ > iy = p,
which yields a chain of inclusions of Verma modules M (po) D M (p1) O - - -

. Set N =w A and Ay, = s ---s1- N so \g = N and \, = . Note that since i # X\, we have

P 7 k-

. How are pj and A related? Set wy = sy, - - Sk11. It can be checked that py, = w;lsawk A =

58, AL, Where 3, = ‘wk_ll € ®* is the choice of whichever is positive by Humphreys 1, Lemma
9.2. In particular, ux — Ax € Zp%.

. We have p/ = pog >+ > pg > pigr1 > -+ > pp, = p. Since X <y’ (because y’ is the unique

dominant weight in W - A but p < A, so the inequalities must switch at some k. So say A\ < pg
but Ag11 > prr1, where k is chosen to be the smallest index for which this happens. Note
that all of the weights are linked to A.

. We want to show that M (pr11) C M (Akr1), -+, M(p) = M () C M(An) = M(N).

. First, pgyr1 — Agr1 = Sk+1 - Bk — Sk+1 - Ak, Where the LHS is some negative times Si11, and

the RHS is equal to sxy1(ur — Ag), which is a positive times () by exercise 1.8. Since sj11
permutes the positive roots other than a1, this forces Br = Bri1 = arr1. So we have
Pk41 = Say,; Ak+1 Which by proposition 1.4 implies that M (1) C M (A1)

Combining 1 and 6, we have M (ugi2) = M(Sg12 - pre+1) € M(pgs1) € M(Ags1). This is the
setup of proposition 4.5 and wither alternative leads to M (pg42) C M(Akg2) = M (5a; 5 Met1)s

Since this increases the index, we can iterate step 7 to complete step 5 and get the desired
containment.
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30 Wednesday April 1st

Exercise Work through the steps for s((3), due next Thursday.
Preview of next sections:

e 4.8: Simplicity Criterion, General Case
— Now that we know M (s, - A) C M(A\) whenever s, < A for @ € &1 (and not just
a € A) we can easily complete the proof of theorem 4.4 by copying the argument from
the integral case.
e 4.9: Blocks of O, revisited
— Skip, mainly relevant for nonintegral weights (c.f. Proposition 1.13 for the description of
integral blocks)
e 4.10: Example: Antidominant Projectives
— Skip, at least for now

30.1 4.11: Application to sl(3,C)

The simplest nontrivial case, what can we say about the Verma modules?

ot [ ¥

Ak

e
"]

g 4

it
- ‘f: "
e

"

We have A = {a, 8} and @ = {a, 3,7 := a + #}. The Weyl group is

W ={1, 54,58, 5058, 585a, W0 ‘= 505850 = 535453} -

We first consider an integral regular linkage class W - A, and we way choose an antidominant A and
assume

A +p,a")eZ< Yacd" eg A=-2p
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30.1 4.11: Application to sl(3,C)

Then W)y, = {1}, given by the stabilizer of the isotropy subgroup, and |[W - A| = 6. So there are 6
Verma modules to understand, and we have the following diamond:

.Y

."’I/ \ . .

LR

TR
*{;1 St

“\ /

ony

=

The middle two edges are s., and each edge corresponds to an inclusion of Verma modules (with the
inclusions going upward). By Verma’s theorem, the Bruhat order corresponds to these inclusions.

1. M(X) = L(X) since A is antidominant by Theorem 4.4

2. By the same theorem, no other M (w - \) is simple. Then by Proposition 4.18, Theorem 4.2c,
we have Soc M(w - ) = L(A) for all w e W

3. Consider M (s, - A) and set p := s, - A and the only possible composition factors are L(u) and
L(X\) and [M(p) : L(p)] = 1. If we use Theorem 4.10, this multiplicity is 1 in the socle and
we're done. If we don’t, could it be larger than 1?7 Since Exto(L(N), L(A)) = 0, we can not
have the following situation:

The first extension doesn’t exist, since the higher L(\) would drop down to give the bottom
diagram, which contradicts Soc M (u) = L(\).

So the only possibilities are multiplicity 1, and M (s, - A\) = L(s4 - A) which lives over L()\), so
char L(sq - A\) = char M(sq - A) — char M(\).

Similary for M(sg - ).
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30.2 Chapter 5: Highest Weight Modules 11

4. For the higher weights in the orbit, we need more theory. We know there are inclusions
xr<w = M(xz-A) C M(w- \) according to the Bruhat order - so every edge in the weight
poset is a reflection, so use Verma’s theorem.

>1 7

[M(w-)\):L(a:')\)]:{_

0? 7
We'll skip 4.12,4.13, 4.14.

30.2 Chapter 5: Highest Weight Modules Il

Development by BGG after 1970s, based on partly incorrect proof in Verma’s thesis.

30.2.1 5.1: The BGG Theorem

Which simple modules occur as composition factors of M (\)?

Definition 30.0.1 (Strongly Linked Weights).

For pu, A € bY, write u T X if g = X or there exists an o € ® such that g = s4 - A < A,
ie. (A4 p,a¥) € Z7° Extend this relation transitively: if there exists aq,--- ,a, € ®T such
that 4 = (Say - *Sa,) * AT (Sag " Say. T -+ T Sa, A T A, we again write p T A and say p is
strongly linked to ), yielding a partial order on hY.

Theorem 30.1(Strong Linkage implies Verma Embedding).

Let p, A € hY.
o (Verma) If 1 A then M (p) — M (). In particular, [M () : L(u)] > 0.
e 777 ?77?

Corollary 30.2.
[M(A) : L()] £ 0 = M(u) = M(A).

The situation is not as straightforward as it might appear (and as Verma believed). Namely, if
0=MC--- C M,=M(\) is a composition series and if M;/M; 1 = L(u) > v, there need not
be any preimage of v: which is a maximal vector in M (\), leading to a map M (u) — M(X).

However, when this happens, there will always be some other M;/M;_1 = L(u) where a preimage
of a maximal vector is maximal in M ()), leading to the required embedding.

30.2.2 5.2 Bruhat Ordering

In the case of “p-regular” integral weights, the BGG theorem has a nice reformulation in terms of
W and the Bruhat ordering. Fix A € A antidominant and p-regular, so (A + p,a") € 79 for all
acdt,

As in the discussion of s[(3), this means that |[WW - A| = |W] and [M(w - ) : L(p)] # 0 implying that
w=x -\ for some z € W. What can we say about the relative positions of w and z?
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Suppose that w € W, € &1 and s, - (w-\) < w- A so that M (sqw-A) < M (w-\). Our assumption
is equivalent to

273 (w- A+ p,aY) = (w\+p),a")
=\ +pwtaY)
=\ +p (@ a)Y)
= wlacd = (wlsy)acd"
— l(w) > l(w') where w' = sqw

!/ Sa

— W — w.

31 Friday April 3rd

Recall from last time that we defined a new partial order for all positive roots generated by “reflecting
down”, namely strong linkage. We had a theorem: p T A = M (u) occurs as a composition factor
of M()\). We also have a side-arrow notation w’ % w indicates that w’ = s,w and w’ is shorter
than w. We conclude that - A Tw- -\ < x < w for z,w € W, where the RHS is the usual
Bruhat order and is notably independent of .

Corollary 31.1.
Let A € A be antidominant and p-regular and z,w € W. Then

[M(w-A):L(z-N)]#0 <= M(z-\) > Mw-\) < z<w

Note that this statement is why we use antidominant instead of dominant, since this equation
now goes in the right direction.

31.1 Jantzen Filtration

Theorem 31.2(The Jantzen Filtration and Sum Formula).

Given A € h¥, M () has a terminating descending filtration satisfying
a. Each nonzero quotient has a certain nondegenerate contravariant form (3.14)
b. M(\)" = N()\)
C.

Zchar M()\)' = Z char M(sq - M)

i>0 a>0,5q4 A<

(the Integer sum formula, very important)

Note that the sum on the RHS is over {a € @ES\] ‘ Sa A< /\} = (IJ;\F.
Fact Soc M(A) = L(s) for the unique antidominant p in Wy - A. Moreover, [M(A) : L(p)] = 1.

Now suppose M(A)" # 0 but M(\)"™ = 0. Each M(\)® D Soc M(\) = L(u), since they’re
submodules, and each M (s, - A\) D L(p), using the uniqueness of u. By looking at coefficients of
char L(u) on each side of the sum formula, we obtain n = ‘qﬁ‘_
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31.1 Jantzen Filtration

Exercise (5.3) When A is antidominant, integral, and p-regular, then n = ¢(w). More generally, for
nonintegral, n = £x(w) where £y is the length function of the system (Wy, Ay))-

Some natural questions:

1. Is the Jantzen filtration unique for properties (a)-(c)?

2. What are the “layer multiplicities” [M(\) : L(p)]?

3. Are the layers M (\) semisimple? If so, is the Jantzen filtration the same as the canonical
filtrations with semisimple quotients (the radical or socle filtrations)?

4. When M (p) C M(X), how do the respective Jantzen filtrations compare?

A guess for (4): Assume p T A, set r = ‘q);r’ _ ’q);r
Jantzen filtrations.

, which is the difference in lengths of the two

Is it true that:
F B I“'_l ]

MOy M > MOy MO o> M

4 i Ty

o
" L=

ML) M :"_..L'LI > e ;“4- frr.u‘} 2 (,..‘

with M () r]M()\)Z = M(u)"" for i > r?
This is called the Jantzen conjecture and turns out to be true.

Thought equivalent to KL-conjecture, but turned out to be deeper. See decomposition theorem,
sheaves on flag varieties, no simple algebraic proof until recently. See chapter 8.

Recall that we obtained a hexagon:

We have

<I>:;.)\:{76(1)*]37-(11)-)\)<w')\}:{a,a+6}

with corresponding weights s (w - A) = sg - A, sq - A. Thus we have a two-step filtration, and we’ve
worked out the characters of the pieces previously.
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31.2 Showing Jantzen Implies BGG

Thus

Zchar M (w - \)" = char M(sq - A) + char M(sg - \)
i=1
= char L(sq - A) + char L(sg - A) + 2char L(\)

where we know the last expression explicitly. Since n has the be the number of L(\)s occurring on

the RHS, we must have n = 2.

We can reason that M (w-\)?* = L()), since any composition factor in M (w - \)? recurs in M (w- )",
and so

char M(w - \)' = char N(w - \)
= char L(sq - A) 4 char L(sg - \) 4 char L(]).

We then obtain the following structure on the sections/subquotients of the Jantzen filtration

=2, 2 L L))
r"l h!- "‘-J = T— — —
El H_r _-«}'I"\I '_ # I""""I
————
) !

where the subquotients move upward through the diagram, e.g. the middle is M (w - \)* /M (w - )%
Exercise (Last Assignment)

1. Try to work on the Jantzen filtration sections for M (wg-A). List completely any additional
assumptions or facts needed to deduce M (wy - )\)i uniquely.

2. Continue 4.11 in the case where A is singular Does this allow you to deduce that structure
of all M(w - \) using the Jantzen sum formula?

3. Work out the non-integral case for s[(3,C). (There are four different cases to consider
here.)

31.2 Showing Jantzen Implies BGG
We'll prove that [M(A) : L(p)] #0 = u 1T A.

Proof .

By induction on the number of linked weights p < A

If A is minimal in its linkage class, then M(X) = L(\) so 4= X and A 1 A trivially.
Otherwise, inductively suppose [M()) : L()] > 0 with g < X. Then [M () : L(u)] > 0 since
M(A)!' = N()\). By the sum formula, [M(sq - A) : L(1)] > 0 for some a € ®F. Then s, - A < A
so the number of linked weights v < s, - A is smaller than for A.
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So by induction,

St e .0 O k- \sasimpltin o
F P 1'- " A : '.
L= 5, A -Soe ) " A T s oA 1 \.
e

and pu T A as required.

Example: sl(4,C) with Dynkin diagram - — - — -.

If A = (0,—1,0) € AT — p with coordinates with respect to the fundamental weight basis for A or
hY. Then take w = 5983, = 8352835182, then p=w- A= (1,-2,—1) and g — 2 - 4 = a1 + a3 so
T < .

However, Verma’s direct calculations in U(sl(4,C)) showed that M (x - p) ¢ M(u), so x - p Y p.

The explanation (due to Verma) is that = - p = zw - A, using the fact that s;, s3 commute,

Tw = (8352535152)5253
= 8352838351

— S$382S51.

and s983, 835281 are not related in the Bruhat order.

This is because there is no root reflection relating the two. Note that this can be seen by
considering subexpressions: a < b iff @ occurs as some deleted subexpression of b.

So it’s possible to have one weight less than another with no inclusion of the Verma modules.

32 Monday April 6th

Note that most of the theory thus far has not relied on the properties of C, so Jantzen’s strategy
was to extend the base field to K = C(T'), rational functions in T', then setting g = K ®c g. The
theory over K adapts to A = C[T], the PID of polynomials in one variable 7" with K as its fraction
field and the “Lie algebra” g4 = A ®c g.

Setup: Let A be any PID, for example Z or C[T], and M a free A-module of finite rank r. Let
e, f € M and suppose M has an A-valued symmetric bilinear form denoted (-, -). Since M is finite
rank, we can choose a basis {e;}", so the matrix F of this form relative to this basis has nonzero
determinant D depending on the choice of basis. A change of basis is realized by some P € GL(r, A),
giving F' = P'FP (note that forms change by a transpose instead of an inverse) and det P € A*.
Thus D only changes by a unit u = (det P)Z.

We can define the dual module M* = hom (M, A) which is also free of rank 7, and contains a
submodule M" consisting of functions e : M — A given by e’ (f) = (e, f) for any fixed e € M.
Surprisingly, this doesn’t give every hom: e.g. if the form only has even outputs. Since (-, -) is
nondegenerate, the map ¢ : M — M" sending e to e" is an isomorphism.

We'll now invoke the structure theory of modules over a PID: There exists a basis of M™ given by
{e+1i*}" where MY has a basis {d;e;}" for some scalars 0 # d; € A. We can define a dual basis
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of M given by {e;}" where € (e;) = d;;. We can similarly get a separate dual basis {f;} where
fil = diej.

We can compare these two bases:
(ei, ) = [ (ei) = dje(eq) = djoi;
(Formula 1)
,
Thus up to units, D = H d;, so this hybrid matrix is one way to compute this determinant.
i=1

Fix a prime element in A, then there is an associated valuation v, : A — Z* where v,(a) = n if
p" | @ but p"*! { a. Since p is prime, M := M/pM makes sense and is a finitely generated module

over the field A = A/pA; thus M is a vector space.
We'll now define a filtration: for n € Z*, define M (n) = {e eM ‘ (e, M) C p"A}. Then

M = M(0) D> M(1) D ---

is a decreasing filtration, with corresponding images M (n) that are vector spaces.

Lemma 32.1.
For A a PID, p € A prime, A = A/pA with valuation v, and M a free A-module with a
nondegenerate symmetric bilinear form wrt some basis of M having nonzero determinant D
Then
a. vp(D) = Z dim M (n).
n>0
b. For each n, the modified bilinear form (e, f), :=p "(e, f) on M(n) induces a nondegen-

erate form on M(n)/M(n + 1).

Proof (of (a)).

1. For f € M, write f = Zaijfj in terms of the given basis, and (e;, f) = a;d;. For n > 0,
we have

feMn) <
= v
<~
= v
This a; must be divisibly by p at least n — n; times. This M(n) is spanned by
{fi ni > n} U {pnfmfi n; < n}

2. So M (n) has basis {fz n; > n} and dim M (n) = # {z ‘ n; > n} In particular, M (n) =
0 for n > 0 since there are only finitely many n;. Thus
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froof (of (b).

1. Note that (e, f) € p"A = (e, f)n € A, so this is well-defined on M (n). To see that it’s
well-defined on M (n) we must show that e € pM (n).

(e,pM(n)), C pA
—s (e, M(n))n C p~"(pM, M(n)) C p~™ (M, M(n)) C p~"+pP A = pA

So there is an induced form (e, f), on M(n).
To show it’s nondegenerate, need to compute the radical.
e If f € M(n+1) then

(f, M(n))n = p~"(f, M(n)) € p"(f, M)ep "p" ™A =pA

so f €rad(-, - )n
e See notes.

33 Wednesday April 8th

Recall that we are setting up Jantzen’s filtration. Let A be a PID, p € A prime, A = A/pA, M
a free A-module of rank r, with a nondegenerate symmetric bilinear form (-, -) having nonzero
determinant wrt some basis of M. Define M (n), M (n) as before

Lemma 33.1.

1. v(D) = Z dim4 M (n)
n>0
2. For each n, the modified bilinear form induces a nondegenerate form on M (n)/pM(n)?
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33.1 Proof of Jantzen’s Theorem

33.1 Proof of Jantzen’s Theorem

Let A =C[T] and K = C(T) its fraction field, and let g4 = A ®c g and gx = K ®c g, which is a
Lie algebra that is split over K, i.e. every h € hx = K ®c h has all eigenvalues of ad h in K.

The theory we need carries over to the extended setting. The plan is the following:

e Construct and look at basic properties of Verma modules (1.3-1.4)
e Look at properties of their contravariant forms (3.14 - 3.15)
e Find a simplicity criterion (4.8)

We'll use Lemma 5.6 to construct filtrations on the weight spaces of the extended Verma module,
then reduce mod 7T (using evaluation morphisms) to assemble the Jantzen filtration for the original
C-module.

Given A € hY, set A\p = A\ + T, € ). For all a € ®, we have
()‘T + p, a\/) = ()‘ + P, a\/) + T(p, av) g Z,

since this is a linear polynomial. So Ar is antidominant.

Therefore M (A7) is simple, and equivalently (unique up to scalars) its nonzero contravariant form
is nondegenerate.

The module U(ga) = A®c U(g) is a natural “A-form” of U(gx) = K ®c U(g). This yields M (Ar)a,
an A-form of M (A7), where each weight space is an A-module of finite rank.

Some remarks about contravariant forms on highest weight modules: given M and such a form
(+,): M x M — C, the transpose serves as an adjoint and we have (uv,v") = (v, 7(u)v").

Distinct weight spaces are orthogonal, i.e. (M, M,) = 0 since

(hv,v') = p(h)(v,0)
= (v, ") = v(h)(v,0")

where p(h) # v(h), implying (v,v’) = 0.

We can compute

(wvt € My, w'vt € M) = (vF,7(u)uv') = a(vT, o)

for some a € A, since \r = A+ T, maps hy — A. We can use the decomposition U(g) =
U(h) @ (n~U(g) + U(g)n), where n' kills v and n~ lowers into an orthogonal weight space, and so
this pairing only depends on (vt,v™).

Note that the radical of this bilinear form is a maximal submodule.

The weights are of the form Ay — v for v € nt®* = AT, Apply lemma 5.6 to the A-form M,_, of
M (A7) ap—v to get a decreasing finite filtration of A-submodules

M)\—V(O) = MAT—U(l) DREED
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33.1 Proof of Jantzen’s Theorem

where M)y, _, (i) = {e € My, —y

(e, My, ) C T'A}.
For each i > 0, set M(\r)Yy = Z M), (7). This yields a decreasing filtration of A-submodules.
veAt

Next we want to “set T = 0”: formally, pass to the quotient M = M/TM over the field A =
A/TA = C. Since \p = A+ T, =0 A, we have M(Ar)a = M(\) and the filtration becomes a
decreasing filtration of M(\).

By the lemma, the sections of this filtration inherit nondegenerate contravariant forms, proving (a).
By the proof of that lemma, the filtration on each individual weight space terminates at 0.

Claim: Some M (\)"™! = 0.

Proof .

If not, since M(\) has finite length, we must have 0 # M(\)" = M(\)"™! = ... for some
n. Choose some u € h" such that M), = 0, but then 0 # M(\); = M(A),; = -+, a
contradiction.

For a proof of (c¢), we want to show Zchar M(\)' = Z char M(sq - A). We can show that the
i>0 acd+

o= dimM(A); L,

>0 I/EA»,T

=33 dim (M)AT_;(A —)
>0 v

=22 dim My, (i)e(A —v)

=22 dim My, (i)e(A —v)

= vp(Dy(Ar))e(A —v) Lemma 5.6a.

LHS is given by

where D, (A7) is the determinant of the matrix of the contravariant form on the Ay — v weight space
of M()\T)

Fact (Jantzen, Shapovalov): Up to a nonzero scalar multiple depending on a choice of basis of
Un™),
D,0¢) =TT II ((rpia¥) =)
a>0rez>0

where P is the Kostant partition function.

We can calculate vp of this, which doesn’t depend on the scalar:

()\T+p’av)_r:()\+p’av)—r+T(p,av)

_ UT():{

I A+pa’)=r>0 < acdf

0 else
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‘We then have

vp(Dy(Ar)) = Z Plv— A+ p,a)a).

ae@j
Thus the LHS is given by

c= Z Z Plv— O+ p,aV)a)e(\ —v)

veA] acdt

=3 3 PO)e\— (A +pa)a-o)

aG@ioEAi
= Z char M(sq - N),
+
acdy
where we’ve used what we know about characters of Verma modules.

Note that the proof of the determinant formula is technical.

We'll skip chapter 6 on KL theory.

34 Friday April 10th

34.1 Translation Functors

Extremely important, allow mapping functorially between blocks (recalling O = @ Oy, ) and in
good situations gives an equivalence of categories.

Definition 34.0.1 (Projection Functors).
A projection functor pry : O — Oy, where M = @MX“ = MXX,
m

Convention: From now on, all weights will be integral

Proposition 34.1(Properties of Projection Functors).
1. pr, is an exact functor.
2. hom(M,N) = @hom(pr)\M, pryN)

A
3. pry(MY) = (pr\M)”
4. pr, maps projectives to projectives
5. pr, is self-adjoint

Proof .

1. Given

oL NZp_o,
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34.1 Translation Functors

we can decompose this as
0 — @M 2 Dy B, ypr g,
A A A

which gives exactness on each factor.
We can move direct sums out of homs.

Y
Write pry <<@ MX*) ) and use theorem 3.2b to write as (MX*)V.

pry(P) is a direct summand of a projective and thus projective.
We have hom(pryM, N) = hom(pryM, pryN) = hom(M, pryN).

CINE N CORES

Definition 34.1.1 (Translation Functors).
Let A\, u € A with v = y — X integral. Then there exists w € W such that 7 := wr € A7 is in
the dominant chamber. Define the translation functor

T} = pry(L(7) ©c pry(M)),

where we use the fact that 7 dominant makes L(7) finite-dimensional.

This is a functor OX* — OXw,

-

Proposition 34.2(Propoerties of Translation Functors).

1. The translation functor is exact.
v

2. TH(MY) = (T4 M)

3. It maps projectives to projectives.

Proof .

1. It is a composition of exact functors, noting that tensoring over a field is always exact.
2. Use proposition 12, L(#) is self-dual, and AY ® BY = (A® B)".
3. Use proposition 1 and previous results, e.g. L ®c (-) preserves projectives if dim L < oo
(Prop 3.8b).
|

Proposition 34.3 (Adjoint Property of Translation Functor).
hom(T{'M, N) = hom(M, T;‘N ), which also holds for every Ext".

Proof .
We have
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34.1 Translation Functors

But L(7)" = L(—wo#) and —wo? = wow(\ — p) is the dominant weight in the orbit of A —
used to define Tﬁ\.
For the second part, use a long exact sequence — if two functors are isomorphic, then their
right-derived functors are isomorphic.

|

Does this functor take Vermas to Vermas? Le. do we have M(w - \) — M (w - ) when T{'O,, —
Oy,.?

Picture for sl(3,C):

This doesn’t always happen, and depends on the geometry.
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34.1.1 Weyl Group Geometry — Facets

Definition 34.3.1 (Facets).
Given a partition of & = ®Y% U QS; U @, a facet associated to this partition is a nonempty
set consisting of solutions A € F to the following equations:

Example: As, where & = {a, 8,a + 3}.

1. Take ®% = ®*, and by the orthogonality conditions, F = {—p} since it must be orthogonal
to all 3 roots. So the origin is a facet.

2. Take ®% {, B} and &}, = {a + 3}, so F = ) can not be a facet.

3. See notes

4. see notes

Note that F' D ﬁUE in general.

35 Monday April 13th

Reviewing the definition of facets. We partitioned ¢ into 3 sets CID%’i, some of which could be empty.
We had notion of upper and lower closure given by replacing the strict inequalities with inequalities
in condition (3) and (2) respectively.
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Definition 35.0.1 (Chambers).
If F is a facet with ®% = (), then F is called a chamber-

A facet with exactly 1 root in ®%, then this is called a wall.
Observations:

1. ot = @; always defines a chamber called the fundamental chamber and is denoted Cjy.
2. If F is any chamber, then F' = w - Cy for some w € W.

Proposition 35.1(Relation Between Facets and Chambers).

a. Every fa;cet Fis theAupper closure of some unique chamber C.
b. If F C C then F C C.

Proof .

a. If F'is given by <I>% U @; U &} and C pairs with o = @IJE and thus &, = ¢ U @%.
To see that C' # (), use remark (1) on page 132.
b. Obvious from above description of C.
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35.1 Key Lemma from 7.5

35.1 Key Lemma from 7.5

We’re focusing only on integral weights, and we want to calculate the translation functor of a Verma
T{'M(X). First step: project onto A block, but M () is in that block already. Then tensor with L(7),
then the product has a standard filtration with certain Verma section M (A + wv), each occurring
with multiplicity one. The weight & is the unique dominant weight in the orbit of y — A, one of the
Verma sections is in M (p). We plan to show that T{'M(X) = M(u) in “good” situations.

Lemma 35.2.

Let A, ;v € A be integral weights and v =y — X and 7 € AT ﬂ Wy (which is unique). Assume
there is a facet F' with A\ € F,u € F. Then for all weights v/ # v of L(¥), the weight A + 1/ is
not linked to A +v = p under W.

Proof .

Toward a contradiction, suppose there exists v # v in II(L(7)) with A+ € W - (A +v).
Define the distance between two chambers C, C’ as the number of root hyperplanes separating
them. Under the correspondence between chambers and W given by picking a fundamental
chamber, the distance corresponds to the difference in lengths between the corresponding Weyl
group elements.

So choose chambers C,C’ with F ¢ C, A+ v/ € (', and d(C, (") is minimal. We now go
through 14 easy steps.

1. The case d(C,C") = 0 is impossible, since this would force C = C’/ But C is a fundamental
domain for the dot action, where ¢’ > A+ 1/ # A +v =p € F C C. This contradicts C
being a fundamental domain, since each ? will be conjugate to a unique element.

2. The case d(C,C") > 0 implies there’s a hall H, n C' of C' separating C’ from C. Wlog
assume C’ is on the positive side of H, and a > 0 and C' is on the negative side. Since
F C C, we have (£ + ¢,a") <0 for all ¢ € F.

3. Reflect and set C” := s,C’, then d(C,C") < d(C,C") and we will be able to apply the
induction hypothesis.

4. By (2), A+ v/ + p,a”) > 0 since A + v/ was on the positive side.

5. By (2), (A4 p,a") < 0 since A + v/ was on the negative side.

6. By (4), \+ 7V >80 - (A+V) =50 A+ 5 =X = (A +p,a")a+ sqav =1" by just
applying the formula for the dot action.

7. By (5) and (6), sa’ < sq/ — (A + p,a’)a < v/, where the first and last terms are
weights of L(#), so v < /. In fact, this inequality is obtained by cancelling A and
adding/substracting multiples of «, so these come from an « root string.

8. Rewriting (6), we have so(A + /) = A+ 1" € 5,07 = C".

9. By 1.6 bullet (2) in Humphreys, " € TI(L(?)).

10. By the minimality assumed for v/, along with (3), (8), (9), we have "/ = v.
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35.2 7.6: Translation Functors and Verma Modules

11. Rewriting (7) and using the hypothesis v # v/, we can write s,2/ < v < v/ where the
inequality is strict because they are not equal. This is still an « root string of weights in
the simple module L(7) with v € Wp. The first inequality can not be strict, otherwise
v+ a would both be weights of L(¥), contradicting Humphreys 1.6 bullet 1. So st/ = v.

12. By (10), (11), and (6), sqv/ = v =1V" = 84/ — (A + p,a")a, so (A + p,a”) = 0.

13. Since A € F' by assumption, if « € @% then (&€ + p,a") = 0 for all ¢ € F. In particular,
for € = p = XA+ v, and combined with (12), this say (v,a") = 0 since the pairing is linear
in the first slot.

14. We're now done: combining (11), (13) yields v/ = sov = v — (v,a")a = v, which
contradicts v # /.

|

35.2 7.6: Translation Functors and Verma Modules

Theorem 35.3 (Translation Functors on Vermas for Antidominant Weights).
Let A, x € A be antidominant. Assume there is a facet F relative to the dot action of W with
A€ F and pu € F. Then for all w € W, we have

TEM(w - X) = M(w - p)
TYM(w-N)Y = M(w-p)Y.

Proof .

Apply the previous lemma to w - \,w -  and the facet w - F using v = w-pu — w - A. To
compute T4, first consider L(7) ® M (w - \). By Theorem 3.6, this has a standard filtration
with quotients M (w - A\ + v/') for v/ € TI(L(7)), potentially with multiplicity.

In particular, M (w - p) = M(w - A + v) appears exactly once. By the lemma, none of the
other highest weights w - A + ¢/ are linked to p. Thus decomposing the tensor product into
direct summands in infinitesimal blocks, the only summand in Oy, is M(w - ). Therefore
TYM(w - A) = pu(L(P) @ M(w - X\)) = M(w - p). The statement about duals follows from
translation functors commuting with taking duals.

[ |

36 Wednesday April 15th

Section 7.6, proved theorem about translation functors on Verma modules. We fixed an antidominant
weight, since we can apply elements of W to obtain the rest. We proved that translation functors
take Verma modules to Verma modules.

Corollary 36.1(Translations Have Standard Filtrations).
If M € O, has a standard filtration, then so does T/’\‘ M e O,.
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36.1 Translation Functors and Simple Modules

Proof .
By induction on the length of the filtration, where the length 1 case is handled by the theorem.
In general we have 0 — N — M — M (w - A) — 0 and since T/{L is exact, we can apply it

to get another exact sequence. 777 See notes.
|

36.1 Translation Functors and Simple Modules

Proposition 36.2(Translation Functors Applied to L for Antidominant Weights).
Let A\, u € A be antidominant with a facet F such that A € F' and p € F. Then for all w € W,
T{'L(w - \) is either L(w - p) or 0.

Idea: we're pushing A to something more singular.

Proof .
Apply the exact functor T} to the surjection M(w - X) — L(w - A) so obtain M (w - pu) — M
for some M. Since M is a quotient of a Verma module, it is a highest weight module of
highest weight w - . Suppose M # 0, we can apply T}’ to L(w - A) < M(w - A)" to obtain
M(w - p) — M < M(w - p)", a nonzero map. By Theorem 3.3c, the image is the socle, so we
obtain M = L(w - p).

[ |

It turns out that 7% = L(w - p) precisely when w - p € w-F (the upper closure, see Theorem 7.9
and example 7.7 for s((2,C)). Example: take p = —1.

So if we can figure out L(w - \) for A p-regular, we can determine the composition factors of all
Verma modules by “pushing to walls”. There’s also a need to “cross walls”, and there’s a nice rule
for what happens for Verma modules in this case. Going “off the wall” on the other side is more
complicated.

36.2 7.8: Category Equivalences

We saw in the case of sl(2,C) and sl(3,C) that the composition factors depended more on the Weyl
group than the highest weight. We want to show that T} gives an equivalence of categories between
Oy and O,. when A, i are antidominant and lie in the same facet. We'll first show that it induces
an isomorphism on the Grothendieck groups.

Proposition 36.3 (Isomorphism of Grothendieck Groups for Weights in a Common
Facet).
Suppose there is a single facet F' containing A, u. Then the obvious map is an isomorphism:

T : K(0)) = K(O,)
(M (w - N)] = [M(w - )]
[L(w - N)] = [L(w - p)].
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Proof .
Recall that {[M (w- A)] ‘ w e W} (and/or replacing by L) forms Z-basis for K(O,) and

similarly for p. So when [M] € K(O,) is written was a Z-linear combination of [M (w - A)], it’s
clear that Tlf‘T {'[M] = [M]. So these functors are mutually inverse.
By the previous proposition, if we take L instead, the result is either the identity or zero. But
zero is impossible by what we just proved, so we must have T}'[L(w - A)] = [L(w - p)] forcing
TYL(w - X) = L(w - ).

|

Since K(QO) = xo, the group of formal characters of modules in O, we in fact get

[M:L(w-N)]=[T¢M: L(w-p) YMeO.

Thus the A\, u don’t matter as much (as long as they’re in the same facet), and the w is what’s
important. There is a theorem (2005) that for any artinian abelian category, and isomorphism of
Grothendieck groups implies an equivalence of categories.

37 Wednesday April 22nd

For p € Q[z], we'll denote p[i] the ith coefficient.
For M € O or any module of finite length, we define its radical series:
rad’M = M, rad”™*M = rad(rad’M)

Note that the layers/subquotients are semisimple.

Dually, Soc M is the largest semisimple submodule of M, and iterating this yields the socle series.
Denote

Soc ;M := Soc "' M /Soc'M

the ith socle layer. The corresponding layers are the same as in the radical filtration, just with
reversed indexing.

For convenience, set

Qm,w = Pwowywoﬂﬁ(Q)

the “inverse” KL polynomial. Recall that a consequence of the KL conjecture is that [M,] =

> Quw(1)[La]

rz<w

The following theorem follows from the Jantzen conjecture

Theorem 37.1(Coefficients of Inverse KL Polynomials).

a.

Qzwli] = [radygw)—20Mw : L] = [Soc g(z)12iMuw : L]
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37.1 Tilting Modules (Ch. 11)

Note that Humphreys adds +1 here due to indexing.
b. If £ < w, then dim Ext! (L, L) = p(z, w).

That concludes the KL theory.

37.1 Tilting Modules (Ch. 11)

The Lusztig conjecture is an analog of the KL conjecture for representations of algebraic groups
in characteristic p > 0. It gives the characters of simple modules in terms of characters of known
“standard” modules. for p > h and the formulas are independent of p.

Holy grail: characters of simple modules!

?7 showed that that Lusztig character formula is correct for p > 0 but the bounds are very large. In
2016, Geordie Williamson found counterexamples to this conjecture for fairly large p.

Most recent work, suggests that more uniform formulas can be obtained using another family of
indecomposable representations, the tilting modules.

Definition 37.1.1 (Tilting Modules).

M € O is a tilting module if both M, MY have standard filtrations (quotients are Vermas).
Equivalently, adapts to settings in which there are standard and co-standard modules: M is
a tiling module iff M has a standard filtration (for O, sections are Verma modules) and a
costandard filtration (in O, sections are duals of Verma modules).

Note that a self-dual modules with a standard filtration is automatically tilting.

Example 37.1.
If \ is antidominant, M()\) = L(A\) = L()\)" is self-dual and thus tilting.

Example 37.2.

If A\ +p € A" is dominant integral, so wp - A is antidominant and integral, then P(wg - ) is
self-dual and hence tilting. Its standard filtration has each M (w - \) as a section exactly once,
see Theorem 4.10.

Proposition 37.2(Properties of Tilting Modules).

Let M be a tilting module.

MYV is tilting.

For N tilting, M & N is tilting.

Any direct summand of M is tilting.

If dim L < oo, then L ® M is tilting.

T{'M is tilting.

If N is tilting then Ext (M, N) for all n > 0 (take projective resolution and apply hom)

\ J

-0 0 O
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Proof .

a. Obvious since (M")" = M.

b. M @ N has a standard filtration by section 3.7, so does (M & N)" =2 MY @ N" (Theorem
3.2d)

c. From Proposition 3.7b direct summands also have standard filtrations, and the formula
used in the proof applies to the dual module here.

d. This follows from theorem 3.6 since L ® M (\) has a standard filtration and exercise 3.2
distributing duals through tensors.

e. This follows from (e) and (d).

f. In theorem 3.3d we proved Exty (M (), M(A\)Y) = 0 for all u, . In section 6.12 this is
extended to Ext™ and thus Ext™(M, NY) = 0 for any M, N with standard filtrations.

[ |

From now on, for simplicity we work in the full subcategory Oint of modules whose weights lie in A,
but the results generalize to arbitrary weights. Set I = K(Oiy) which is a subgroup of K(O).

In order to classify all tilting modules, it suffices to classify indecomposable by Proposition 11.1c.
These turn out to be classified by highest weight.

To prove existence, we’ll use translation functors to move to and from walls.

Theorem 37.3 (Translation Off the Wall for Antidominant Regular Weights).
Let A, i € A be antidominant with A regular (so in the antidominant chamber C) and p lies on
a single simple root wall H, ﬂ C (i.e. the stabilizers WS ) of p under the dot action is {1, s}
with s = s, for some a € A.)
Assume that w € W with ws > w, then

a. There is a SES (singular to regular, translation off the wall):

O—)M(w&A)—)T:‘M(w-u)—>M(w-)\)—>0.

b. The head is given by HeadT; :M (w-p) = L(w - \), and in particular the LHS is indecom-
posable and the sequence in (a) is non-split.

Also recall Proposition 3.7a: If M € O has a standard filtration and A € II(M) is maximal, then
M(X) < M and M /M (X) has a standard filtration.

s ~

Proposition 37.4 (Existence of Tilting Modules).
Let A € A:
a. There exists an indecomposable tilting module T'(\) € Oy such that dim 7' (A), = 1 and
weIl(T(N) = p < A. In particular, (T'(\) : M(X\)) =1 and M () = T'(N).
b. Every indecomposable tilting module in Oy, is isomorphic to T'(\) for some A € A.

38 Friday April 24th

Chapter 11: Tilting Modules.

Recall that these are defined by modules with both a standard and a costandard filtration.
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Theorem 38.1(7.14, Translation Off the Walls for Antidominant Regular
Weights).
Let A\, u € A be antidominant with A regular (so in the antidominant chamber C') and p lies on
a single simple root wall H,, ﬂ C (i.e. the stabilizers Wg ) of 1 under the dot action is {1, s}
with s = s, for some a € A.)
Assume that w € W with ws > w, then

a. There is a SES (singular to regular, translation off the wall):

O—>M(ws-A)—>Tﬁ‘M(w-u)—>M(w-)\)—>O.

b. The head is given by HeadTﬁ‘M (w-p) = L(w - A), and in particular the LHS is indecom-
posable and the sequence in (a) is non-split.

The SES here represents starting at the RHS, translating to get to a wall to get the middle term,
then translating off the wall and picking up an s term.

To see that standard and costandard filtrations exist, we can consider:
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Also recall Proposition 3.7a: If M € O has a standard filtration and A € II(M) is maximal, then
M(X) < M and M /M (X) has a standard filtration.

Theorem 38.2(Ezxistence of Tilting Modules).
Let A € A:
a. There exists an indecomposable tilting module T'(\) € Ojy such that dim 7'(\), = 1 and
weIl(T(N) = p < A. In particular, (T'(\) : M(\)) =1 and M () <= T'(\).
Note that this implies that T'(\) must lie in the single block O
M () and is indecomposable.

» since it has a Verma
b. Every indecomposable tilting module in Oy is isomorphic to T'(\) for some A € A.
c. T(A) is the only tilting module up to isomorphicin Oiy having the properties in (a).
d. {[T(N)]}scn is a basis for K = K(Ojny).

Proof (of (a)).

Existence is by induction on length in W along with translation to and from walls. Fix A € A
to be p-regular and antidominant. Consider the linked weights w - A and their translates to
walls. To start, set T(\) := M ()\) which has the properties in (a). Likewise for u € C, for C
the antidominant chamber, p is still antidominant, T\'M (A\) = M (p) again irreducible and
seta T'(u) == M (p)

For the inductive step, assume T'(w - 1) has been constructed for all 4 € w-C to T(w - \)
is defined. If s is a simple reflection with ws > w choose an antidominant integral weight p
with WS = {1, s} so we have defined T'(w - )T (ws - u). Apply the exact functor le‘ and use

theorem 7.14: T, :‘T(w - 1) has a two-step filtration with sections

- M(w - \)
" M(ws-\)’

where the top term is a non-split extension and the bottom is indecomposable with Head =
L(w - \).

The other sections M (x - ) of T'(w - p) have x - p < w - p. Applying T;‘ to these produces
2-step modules like NV but with highest weights either zs- A < ws - A, or x - A\, whichever is
greater.

Thus ws - A is the unique largest weight (occurring with multiplicity one) in the titling module
T:‘T(w - ) by Prop 11.1e. Set T'(ws - \) to be the indecomposable summand of this involving
the weight ws - A\, this has the required properties in (a).

We can now translate T'(ws- A) to the walls of ws - C, which were not already walls of w - C'. For
weights v in such walls, the translated module with have a 1-dim v-weight space M (Theorem
7.6), so we can take the indecomposable summand containing M to be M (v), completing the

inductive step.
|

Proof (of (b)).

Let T be any indecomposable tilting module having A as one of its maximal weights. By the
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remark concerning Prop 3.7a, there is an embedding M (\) < T at the bottom of a standard
filtration and T//M(\) has a standard filtration. Thus Ext!(T/M (X, T(\))) = 0, using Prop
11.1f and Exercise 6.12.

Applying hom(-,T(X)) to

0— MN LT —1/MO) —0

yields
hom (7, T(\)) e hom(M()\), T()\)) — Ext!(T/M()\),T(\) =0 — ---.

Thus f, is surjective, and the embedding M (\) < T'(A) lifts to a map ¢ : T — T'(\):
M(N) T
v ¢

M) —— T'(N\)

Similarly, reversing T, T'(\) we get the map 1) with is the identity on the specified submodules
of M()) in each. This we get endomorphisms ¢ o ¢ of T'(A), which is an isomorphism on the
A-weight space T'(A)y and of ¥ o ¢(T'), which is an isomorphism at least on the C- span of
vy € M(X) C T (although maybe not on all of Ty as claim in Humphreys).
By Fitting’s lemma (?) an endomorphism of a finite length indecomposable module is
either nilpotent or invertible. But the two compositions can not be nilpotent since they are
isomorphisms on Cvy viewed in T'(\) and in 7.

|

Proof (of (c)).
Take T to be a tilting module. . .

39 Monday April 27th

We get a non-split SES
0— M(zs-\) — T)M(z - p) — M(z-A) — 0.

Since w - p is the highest weight of T'(w - 1) and occurs with multiplicity one, apply this to all Verma
section M (z - p), including z = w in a standard filtration of T'(w - u), thus T;‘T(w - 1) has highest
weight ws - A with multiplicity one.

By Prop 11.1e and Theorem 11.2, T:T(w -p) = T(ws - A\) @ T where T is a tilting module in O,
having all weights less than ws - X. It suffices to show 7' = 0, or equivalently 74T = 0.

Lemma 39.1(Translating and Inverting Doubles the Character).
For A, i as above and any M € O,,, char Tf\‘Tj‘M = 2char M.

Proof: By writing char M in a basis of M (x-p) with x € W and xs > z, since M (xs-p) = M(z - p),
it suffices to show this for M = M (x - p). But T}’ Tl;\M (z - p) is given by applying T} to the original
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SES and we know
T{M(zs-A)=M(xzs-p) =Mz p) =T{M(z- N

Thus char T{'T} M (x - p1) = 2char M (x - ).
|

Now by the lemma, T{'T(ws - \) ® T{'T = T)‘\LTST(w - ) has formal character 2char T'(w - u). Since
it’s a tilting module,we must have TfT:T(w p) =T (w-p)@T(w-p). In particular, it has highest
weight w - p with multiplicity 2.

If we can show that T{'T(ws - \) already has w - p as a weight with multiplicity 2, it will follow that
the remaining term must be zero as desired.

Start with an embedding ¢ : M(ws - \) < T(ws - ). Using Theorem 6.13c, our Ext! vanishes
between Vermas and dual Vermas, and so we have Ext! (T (ws - \), M (w - AA)Y) = 0.

Dualizing, Ext*(M (w - \), T(ws - X)) = 0 and this sequence must split. Applying hom(-,T(ws - \)),
we get a LES

hom(T;‘M(w “A), T'(ws - \)) — hom(M (ws - \), T'(ws - \)) — Extl(M(w “A), T(ws-A)) — -+

Since the last term vanishes, a ¢ in the middle term lifts to the first term.

Proposition 39.2 (Injective Embedding of Vermas into Tilting Modules).
(ker (b)w-/\ =0.

Proof .

If not, since ¢ restricted to M (ws - \) is injective, and using the origin SES we must have a
preimage v € (ker @), of the highest weight vector in M (w - \).

But every z € T:‘M (w - ) can be written uniquely (since the SES splits as vector spaces) as
z=wuv+m where u € U(n") and m € M(ws - ). Then ¢(z) =0+ ¢(m) =m € M(ws-A) C
T(ws - A), since ¢ is the identity on this submodule. But then ¢ provides a splitting of the

non-split SES, a contradiction.
|

Thus ¢ induces a nonzero homomorphism

;b:M(w-)\)%’le‘M(w-,u)/M(ws-)\) — T(ws - N)/M(ws - ).

In particular, w - X is a weight of the quotient module, and is a maximal weight — keeping in mind
that T'(ws - A) has a standard filtration with sections M (z - \) for = < ws with M (ws - A) occurring
just once. The quotient module also has a standard filtration, so M (w - A\) must occur in the
standard filtration of T'(ws - A) along with M (ws - \).

Since w < ws, theorem 1.4 provides an injection M (w - A) < M (ws - X). Applying T}’ to these two
copies of M(w - \), we get w - u a weight with multiplicity at least 2.
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Corollary 39.3(Standard Multiplicities of Vermas in Tilting Modules).
Under the hypotheses of the theorem, (T'(ws - \) : M(zs-\)) = (T(ws - A) : M(z-N)).

Proof .

T(ws-\) = T:‘T(w - 1), and wlog < xs since the claimed formula is symmetric in z and xs

and zs - = x - u. Now tilting modules (and thus their filtration multiplicities) are determined

by their formal characters. Using 1’, we see that each occurrence of M (z - ) as a section of

T(w - ) leads to exactly one occurence of M (xs-\) and M (x - \) in the character of T'(ws - \).
[ |

Remark: Both the theorem and corollary can fail when ws < w.
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